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SUMMARY 

Atnal natrJUretlc factor (ANF), a 28 amino acid peptide hormone, is the 

maJol secretor) product of the heart. Because of its diuretic, natriuretlc and 

\'asodilatlng actl\ ities, thls peptide may be involved in the mamtenance of proper 

fluid and electrolyte balance and blood pressure control. ln order to stud~ the 

transcriptlOnal regulatlOn of ANF, we have isolated the rat ANF gene and v.e 

ha l e c"tablJshed a system of cardiocytes Jfl primar)' cell culture for studies on the 

hormonal, tissue-specific and developmental regulatlOn of the ANF gene. Using 

thl~ 1/1 llflo s~stem, we ha\e demonstrated that thyrold hormone mcreases ANF 

mRNA le\els about" to 4-fold m atrial and ventr/cular cells in primaq 

cardlOc~ te cell cultures. respecti\ el~. Similarl~. glucùcortlcolds augment b) about 

3-fold both atrial and \entncular ANF mRNA le\els Jfl cardiac cells in culture. 

Glucocorticolds exert this effect at the transcriptional le\ el probabl~ \ la the 

bJlldJllg of glucocortlcoid receptor to a DNA element in the distal S'-f1anh.ing 

sequences of the gene as suggested b) DNA-medlated transfectlOn studies in 

cardlOC\ te cultures ln order to better understand the mechanisms gO\ erning the 

card lac-speclflc as \\ ell as de\ elopmental expression of th\. AI\:F gene. we ha\ e 

anal)zed A1\:F prcmoter sequcnces b~ transient transfection studies m pflmar~ 

cardloq te cultules Our Jata sho\\ that the ANF promoter is acti\ e onl~ ln cells 

of caldlac ollgin Moreo\er. up to -1.6 hb of 5' upstream sequencec; are necessar~ 

1'01 full expl eSSlOn of the AI\:F gene m cardlac cel!s \\ lthm these sequences. t\\'o 

partlculal elements. a proxImal and a distal, are necessar~ for full -\)\;F 

tl an~cI iptlonal actl\ Jt~ The proximal element can confer cardiac speclflcit) to an 

other\\ Ise non tis~ue-speclflc heterologous promoter Further upstream sequences. 

bet\\ een -~ 5 and -16 hb appear to be impllcated in the de\ elopmental control of 

-\1'IF gene expression. as assessed b) dlfferentlal actl\ it) in 1 and 4 da) old 

cultulcs Thus. \\e haH sho\\n that the ANF gene je subject to at least three 

dIstinct le\ els of transcflptlOnal control each of which is mediated b~ specllÏc 

D' -\ elements located Jfl the S'-f1anhmg sequences of the gene. 
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RÉSUMÉ 

Le facteur natfluretique Je,> oreJllerre!> (ANF) e!>t une hÙllllune pl!J)tldlqlle 

de ~8 aCides amines qUI est secretee pal le coeur et qUI pth~ede une .Ictl\ Ire 

diurc:rlque. natl'lUretlque et vasodJlatatl'lce Nous a\ ons Isole ct ~eqllenc(' le genc 

encodant l'ANF dans le but d'etudier sa regulatlon rransc1'lprlonnelle NùU'i 3\ on,> 

etabl1 un systeme de cardlOcytes en cultures prlnlalreS pour etudier le" l11eCanl~llle'i 

de regulatlOn qUI s'exercent sur le gene de l'ANF au cours du de\elnppemenr. rlln'>l 

que ceux qUI determlnent sa speCificite cardJaque et sa lept)!l,>e aux hOllllune" 

Nous a\ ons aJl1si demontre que les hormones th~ roidienne~ augmentent J'en\ Ilun :; 

a -+ l'OIS les nl\eaux d'ARNm dans les cellules aUriculaires et \entrlculalle,> en 

culture prln131re En outre. les glucocortl\;oide~ produlsenr une augmcnratlllll 

d'en\ iron 3 fOI') des nl\ eaux d'-\RNm de l'ANF dans Ie~ cellule~ 3Ullcullllr~~ t!t 

\entriculalres 11/ l'Il/II. Cet effet tïanscrlptlonnel ~emble etle l11edle pal la Ilal~,)n 

du recepteur des glucocortlcoides a un site de liaison du recepreur IGRE) )I!ue 

dans les sequences 5' du gene -\fln d'identifier les ~equence') d' -\DN qUI 

determJl1ent la specllïclte cardiaque et le niveau d'expl'e~slOn au COUI'> Ju 

de\eloppement, nous avons etudie le promoteur du gene de rat de l'-\NF par 

transfection dans des cardiocytes en culture primaire Nos re~ultat~ unt Jemontre 

que le promoteur de l'ANF n'est actif que dans les cellules cardiaques. Ju~qu'a -1 6 

kb des sequences du promoteur sont necessaires pour sa reconnal!>sance darl~ les 

cellules cardiaques et deux sous-élements presents dans cerre reglOn semblent 

conferer cette activlte Un de ces elements confere une actl\ He tl,)'iu-,>peclflque a 

un promoteur heterologue. Enfin. en utilisant des cultures provenanr de rat" de 

differents ages. nous avons constate que les sequences distales. entre - :; 5 er -16 

kb, semblent impliquées dans le contrOle de l'expressIOn du gene au cours du 

développement. Le gène de l'ANF est donc sujet a au mOll1s troIs niveaux de 

contrOle distincts qui semblent tous être conft:re~ par d(;!~ 'iequel1ce,> regulatrrce,> 

specifiques situées dans la region 5' de ce gène. 
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PREFACE 

The present thesls. I.:onslstlng of 6 I.:hapters. describes the genonllc structure 

and transcrtptlOnal regulation of the rat ANF gene. Chapter 1 IS a Iiterature 

reVle\v Whldl can be suboivided lOto three major subsections. The first section 

denls \\ Ith the purificatIOn of ANF, its primary structure. its biosynthesis and 

processing The blOloglcal actions and regulation of this peptide are equall) 

Jiscusseu The second section deals \0" ith the molecular biology of ANF. What is 

kno'\-n about ItS gene strul.:ture and the various levels of control of the ANF gene 

such as Its de\ elopmental and hormonal regulation is mcluded. The extraatnal 

sites of ANF rnRNA synthesls are also dlscussed. The thlrd seetJOn consists of a 

general re"iew on euJ..aryotic gene regulation. The cis- and trans-acting elements 

that control transcrtptlon are d Iscussed. A look at two Importlnt le\'els of 

transcriptlOnal regulation. hormonal and ce II-type restrtcted. concludes Chapter 1. 

Chapters :: to 5. inclusively. are comprised of sClentlfic articles. in their 

original form. wlth sorne very minor modlflcatJOns. 111 accordance with the McGill 

University Guidelines Concernmg Thesis Preparation (SectIOn 7) which reads as 

follows: "The candidate has the option. subject to the approval of the Department. 

of including as part of the thesis the text. or duplicated published text. of an 

original paper, or papers. In this case the thesis must still conform to ail other 

requirements explained in Guidelines Concerning Thesis Preparation. Additional 

muterial (procedural and deSign data as weil as descriptions of equipment) must be 

provided in sufficient detail (e.g. in appendices) to allow a clear and precise 

judgement to be made of the importance and originality of the research reported. 

The thesls should be more than a mere collection of manuscripts published or ta be 

published. It must include a general abstracto a full introduction and literature 
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revie\\' and a final overall conclusion. Connecting lexts which provide logieal 

bridges between different rnanuscripts are usually desira ble in the interests of 

cohesion." 

ln Chapters 2 and 3, the term pronatriodilatin (PND) appears frequently to 

descdbe the pro-ANF moiety. However, following specifie reeommendations by a 

special advisory Committee, the term PND was dropped and ANF thereinafter used 

10 refer 10 the gene and its pro-hormone. Thus, in ail other sections (Introduction, 

Chapters 4, 5 and Discussion), only ANF is used to describe the gene encoding this 

peptide. It is also important to note that in ail manuscripts (Chapten. : to 5), the 

laborator~ director and co-direetor, Dr. J. Drouin and Dr. M. Nemer, respecti\CI). 

appear as co-authors. 

Since. an examination of genetie sequence elements can offer certain clue~ 

as 10 the presence of cornillon regulator) elernents or partlcular sequence motifs. 

the characterization of ANF genomic sequences cou Id sen e as a useful 1001 

to\\ards the impro\ed understanding of cardiovascular endocrine funcllOn at the 

molecular le\ el. Thus, Chapter 2, Tbe Gene for Rat Atrial Natriuretic Factor, ISo 

published \\orh (J. B/OI. Chem. 260, 1985:4568-4571) lhat describes the Isolation and 

characterization of the rat ANF gene. AuthoTS in addition to rnyself and m) 

directors include members of the laboratory of Dr. P. Da'des who isolated the rat 

ANF genomic clone. 1 was responsible for the subcloning, sequence deterrnina tion 

and analysis of this clone. 

Beca use of the documented notable effeets of T 3 on the cardiovascu lar 

system and on ANF peptide levels, 8 study was undertaken to assess the effect of 

th~ rOld hormones on cardiac ANF mRNA synthesis. Chapter 3, Tbyroid Hormone 

Stimulates Rat Pronatriodilatin mRNA Levels in Primary Cardiocyte Cultures 
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(8W('/,('11I Rllll'lrn Rn Co m 11/111/. 146. 1987,1336-1341). descrtbes the regulation of 

cardlac ANF gene C!xplession. by thyrold hormones. 111 both atria and ventrtcles in 

un /II 1 If/II system of prlmary cardiocyte cultures whlch 1 have established. 

The mountlng evidence for glucocorticold regulation of ANF peptide 

synthesls and [hese hormones' gep.;rallzed effects on the cardiac tissue incited us to 

pursue li detutled study on the effects of these COrLlcosteroids on ANF gene 

expression. Hence. in Chapter 4. A Distal Cis-Acting Promoter Element Mediates 

Glucocorticoid Stimulation of Cardiac ANF Gene Transcription. the same III l'Ilro 

system was used to evaluate the blOchemical nature and the kinetlcs of 

glucocorticold legulatlon of the ANF gene. The pharmacologlcal propertles of the 

response \Vere charactenzed. The trunscriptlOnal nature of thls regulatwn is 

conflll1led thlough translent ONA-mediated gene transfer assays in the prlmary 

cnrd ioq te culture'). DNase 1 footprtnting and gel retardatlOn studies were 

executed by Dr, Y. L. Sun. Dr. T. Schmidt pro\ided us with the glucocorticoid 

receptor prote in. This work has recently been submnted. 

Given the surprismg conservation of DNA sequence elements among several 

species and the obvious in\'olvement of ANF gene 5'-flanking sequences in the 

hormonal regulation of ANF gene expression. it was imperative to establlsh 

whether the cardiac-speclfic and developmental expression of the gene could 

equall) be attributed to any particular sequence elements. Moreover, the very 

limited J..nowledge regarding the cis- and trans-acting factors that modulate 

cardiac-muscle gene ex.pression further stimulated such studies since the ANF gene 

serves as an excellent and unique model towards this end. Chapter 5, 

Identification of Cis-Acting Elements Involved in Cardiac-Specific and 

Developmental Expression of the Rat ANF Gene. is a deta iled stud y of the cis-
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de\ elopmen tal pattern of expression. For thls \\ orh., 5' deletllm mutants \\ cre 

prepaled b~ Dr. 1. Lihrmann. These DNA chlmacrae \"cre tes(cd III (J"(IIlSlent ~ell 

transfection assays. Dr 1. LlIHmann performed the transfectlOn studies JI) PCI: 

cells. This manuscl'lpt has recently been subm J(ted 

Flnally, Chapter 6 includes a detailed discussion on the ..\NF gene regardlng 

ItS hormonal and de\elopmental regulatlOn A description of future plospe-:ts for 

studies on the ANF gene is also included. A general blbllOgraph~ 1'0110\\5 chapler 

6 and includes the referenees clted ln the general inuoduction and JlscusslOn. 

References fol' each indi\ Idual artIcle (Chapters 2 to 5) are II1duded \\ Itilln the 

respective chapter. 
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INTRODUCTION 
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1.1 B10CHEMlSTRY OF ANF 

1.1.1 H i!tor ie.1 Blck grou nd 

ln 1956. Bruno k. Isch flrst described the presence of small ele~tron den!>e 

bodIes JO the atrium of the gUlnea plg neart (k.lsch. 1956) Later. slmilar ftndmg!> 

\\ere reported m bo\ me. rat. and human cardlac atria (k.lseh. 1959, Bomplanl et 

al. 1959. Batttg et al. 1961) Although onl~ the o~casJOnal pre!:len~e of atrsa1 

specifIe granules was described in mammallan \entrtele!"> (K Isch. 1965. Palade. 

19(1). the \entIicles of lo\\er \ertebrates "ere Îound (0 contalf1 mOlpho1ugl.:all~ 

slmllar granules (Bencosme and Be)er. 19711 '" more detatleJ charactellzutLon uf 

the atllal specIfIe granule5. earned out b) Jamleson and Pallade (196·h sugge~tcd 

that the granules \\ere distlllet flom othel I-.no\\n cellular budles of IJpl)~omal 

nature The ~Iose aSWclatlOn of the granules \\lth an e.\tensl\t' Golgi ~(Jl1lplc)o., und 

the pl e:.ence of a ~lnlllaJ materlul ln both the Golgi cisternae nnd the gl unule,> 

themseh es strongl\ suggested that the~ \\ ele of secretol ~ natui e (Janlle<,on nnd 

Pallade. 1 96.t) It \\ as not until 1976. t\\ 0 decader, later. that a possible role fcn thl: 

au tal specllï~ granules ln fluld and sodium balan~e \\ a~ establl!>hed \\ hen Malle 

and collaborators obsen ed that atflal granulaflt~ \\ as COI related H Ith \'art31Jl)1l~ ln 

salt and \\ater balance (Marre et al 1970) Thl~ h~pothesl'i \\a:. confilmed l~~ the 

memorable e\perlment pelformed b~ de Bold (1981) and hl~ colleague:.. 

demon~tratlng that the supernatants of atrlal but !lot \entrtcular hùmugenalt!<, 

~ould ellcÎt a rapld natfJureSIS and dJUreSI5 These aetJ\ Jtle5 \\ ere later a5~rlbt!d 

speeifjcall~ to a substance stored "Ilhrn the atrlal granule5 (de Buld et al. 1982. 

GaleJa et al.. 198~). and termed atrlal natrlUretlc factor. or A~r 
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1.1.2 Purification and Identification of the ANF Peptides 

The pu. if.eatlOn of atr.al natriu.et.e faelOr (<\NF) from the atrta of both 

rat and human cardlac tissue suggested that the blOlogiesl BetJ\ J!les associated \Vith 

ANF le!>lded ln a peptide of approxlmatel~ 3000 daltons. although the eXlstenee of 

longer 5 and J3 "Da forms were reported (Kanga"a et al. 1984. 1984a. Kanga\\a 

and Matsuo. 1984b. Thibault et al.. 1983. 1984, Grammel et al.. 1983. TJ'Jppodo et 

al.. 1983) Furthermore. It "as soon disco\ered that a potent \asorelaxant acti\ It~ 

could also be ellcJted l'rom atrlal but not \entrieular tissue extracts Relaxation of 

both \asculal and non·\ ascular smooth muscle preparations \\a5 detected in the 

pre~ence of a plotease 5ensJli\e atrial substance (Culrte et al. 1983) ProgressJ\e 

pUflf,catlOn of th.s actl\ It~ sho\\ed it co-chromatographed "ith the 3 "Da 

nalllllletic actl\lt~ fi) ail chlomatographle s~stem5 tc:sted (Glammel et al. 1983) 

-\~ mu. e ~. oup~ • epo. ted the ~'01l1plete a1l1inu aeld !:.equence of tht: .3 to 5 

"Da J'at and human peptides. JI beeame apparent that \ al IOUS amillo-terminai 

e\ten510n~ of the !:.ame peptide \\ere belng Isalated (Seidah et al. 1984. I\anga\\a et 

al. 1984. 1984a. "'anga\\a and Matsuo 1984b. CUille et al. 1983a: Thibault et al.. 

IQg4). 5uggesung that the 10" 1l10lecular \\e.ght ANF peptides "ele ploducts of a 

la.gel ple~'UI~UI J110lceule !\'onetheless. the 3 "Da.:8 aa earbox~-termillai peptide. 

appealed ta po~~ec;c; ail of the biologleRI Rctl\ It~ and \\as Identleal III both the rat 

and human. \\ Jlh the exception of a slllgie amino aeld substitutIOn at position 110 

\\ helc methlOnme (Met) replaces ISO leucine (Ile) m human ANF (Fig 1.1) tThlbault 

et al. 1984. Kanga\\ a et al.. 1984) ln both speeie5. the blOlogleall~ aell\e peptide 

conslsts of a moleeule ha\ mg a dlsulflde Jinhage berween : cysteine resldues 

Ih,anga\\a et al .. IQ84. 1984a). ereating a rmg structure ~hieh appears to be 

es~ential for its flet 1\ It~ (M,sono et al .. 1984) Ir \\as not untt! 1987 that Thibault 

" , 
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and collaboJ'atoJ's succeeded in pUlif)lOg the Intact 1:6 aa .\~r plecul~ul nlllk .. ·ult: 

t'rom rat alna. The precursor was delected b) Immunùc) tochemlstl ~ ln ail 

granules. and "as the predominant molecular \\elght form of Al\:f" ln the au Hi 

(Thibault et al. 1987). 

rat ANF 
( 99·126) 

human ANF 
(99·126) 

99 100 101 102 103 104 105 106 107 108 109 110 111 1 12 113 

S"O"U-"'O"'OS"OS"OC'L::::'O"'O"'O"'O"'O"PO"'O'"0 

GlY'Ala-Gln-Ser-GlY'leu-Gly-Cys'A~n-Ser-Phe'Arg'Tyr 

114 '15 '16 117 118 119 120 121 122 '23 124 125 126 

99100 101 102 103 104 IDS 106107108 109110 111 112113 

Gly·Ala-Gln·Ser-Gly·Leu-Gly·Cys·Asn·Ser·Phe·Arg-Tyr 
114 115 116 117 118 119 120 121 122 123 124 125 126 

Figure 1.1. Amino acid sequence comparison of rat and human ANF peptides The 
calbu\~ terminal amino acids 99 to 1:6 of the prL)-~!\:F molecule ale Illu,>trated 
The C~Sle1l1e resldues formlng a dlsulflde IlI1hage ale tndlcated and amlnv a"·ld 110 
15 undellined 

Follo\\ing the de\elopment of a specIfie radloll1lmUnOa~~H), the enducrlne 

nature of -\l\:F \\ as conflrmed b) the IdentIficatIOn of -\1\F JO the pla~l1la 

(Gutho\\sha et al. 1984_ Tanaha et al. 1984) The plasma derl\ ed 

1I1lmUnOreactl\ it~ had a simtlar mobiltt~ 111 re\erse pha~t!·hlgh perfùrman ... e Itquld 

chromalograph~ (RP-HPLC, as the 10\\ molecular \\t!lght !ltnal peptide and 

corresponded to the carbol(~-termmal of the hlgh molecular \\elght '>Pe~'le" (-,\'\.F 1_ 

l2G' (Sch\\artz et al.. 1985. Thibault et al. 1985' 
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1.1.3 Processing and Role.se of ANF 

ln se\(;!ral specles. including human. it is now weil established that the 

circulatlllg form of -\NF is the blOloglcally acti\-e ANF99_126 (Gutkowska et al.. 

1984; Tanaka et al.. 1984: Curne et al. 1984). Circulating ANF has an extremely 

short hall' IJt'e of a bout 30 sec III the rat and 25 mm. in man (Luft et al., 1986: 

'randle et al. 1985) It appears to be metabollzed pnmart1~ in the kidney with a 

ver~ hlgh metabolic clearance rate (Hayashl et al.. 198i). The heart stores the 

pro hormone form of -\~Fl-126 but secretes the processed peptide (ANF99_126) (Fig. 

1.2. Schwartz et al.. 1985: Thibault et al.. 1986). 

ln contra~t. cultured neonatal Jtrial and ventncular cardioc:.- tes both store 

and secrete the UnCle3\ed precursor (Bloch et al.. 1985: Glembotskl et al.; 1985, 

Bloch et al.. 1986). suggestlng chat maturatlÜn of the peptide is a post-secretory 

e\ ent Howe\ er. w hile serum has been shown to effect proteolysis. neither whole 

blooJ nor plasma can efficlently cleave the substrate. ma king the circulatary 

s~ stem an unilkely physiologically significant site of peptide maturation (Michener 

et al.. 1986: Gibson et al.. 1987). 

Several observatIOns tend ta suggest that ANF peptide processing occurs 

\vithll1 the cardiac tissue. In support of this view is the finding that ANF
l
_
126 

is 

efl'ectlvely processed when reperfused through an isolated rat heart (Michener et 

al.. 1986). In addition, in the normal state, the intact ANF
l
_
126 

precursor has never 

been detected in the circulation while both N- and C-terminal metabolites are 

increased ln blood in response to certain secretagogues such as d-arginine 

vasopress1l1 (d-A VP) (Michener et al., 1986). Recently, it has been shown that in 

the presence of glucocorticolds. cultured atrial myocytes possess the ability ta 



properly process ANF
l
_

126 
to a form chromurograplllcally indl~tlngulshabl:.! t'rom 

ANF 99-126 (Shields and Glembotski. 1988). This study suggests that the cardlùc) tes 

themselves or adjacent support cells have the intrmslc ablltty to efft:ct proteol)sl~ 

perhaps 10 conditions favoring the expressIOn of an enzymutlc ~omponent To 

further support this view. immunocryoultramicrotomy studies have ShOW.l that the 

peptide travels unclea ved l'rom the Golgi complex to the mature secretory granules. 

This suggests that maturation of the peptide is either direcfly assocluted wlth 

exocytosis of the granular contents or mediated by the environment dlrectly 

adjacent to the cardiocytes, Nithin the extracellular space (ThIbault et al. 1989a) 

1.1.4 Biologiesl Actions of ANF 

In addition to its natfluretic, diuretic and \'asodilator~ propertles. -\NF act~ 

on man) tissues and affects various hormones. Overall. the action!> of -\NF ail 

contribute to the lowering of blood pressure and the mamtenance of cardiovascular 

homeostasis. 

At the level of the kidney, ANF stimulates glomerular filtrallon rate (GFR) 

(Cogan, 1986), promoting the excretion of water, sodium. chloride. magnesiul,_, 

calcium and phosphate ions (Winquist. 1987). Although ANF concentratIOns in the 

physiologieal range in man (20.9 pmoljl) can produce a signlflcant natrlUresis and 

diuresis (Anderson et al.. 1987), the natriuretic activlty of ANF tends to decrease 

somewhat at higher doses or al' ter prolonged infusie·n due tù the enSUmg 

hypotension that results in decreased renal perfusion pressure (Seymour et al. 1985; 

Granger et aL, 1986). Renal vasodilation (Wakitani et aL, 1985), redIstribution of 

renal blood f10w (Borenstein et aL, 1983), and modula tlOn of effects on sodium 

handling in the distal nephron segment (Zeidel and Brenner. 1987), ail presumably 
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contrtbute to Ihe a,,;tlOm of ANF on the kldney. 

At the leveJ of the vasculature. ANF can lower blood pressure in both 

normal and hypertenslve subJects (Cody et al.. 1986; Tikkanen et aL. 1985a). III 

l'IlIU, ANF relaxes isolated vascular smooth muscle segments (Garcia et aL. 1985). 

The r~laxant effect IS more promment in the presence of \·asoconstl'lctors Iike 

angiotensin Il or noradrenaline (Winquist. 1987). III 1'/1'0, both striai extracts or 

synthetic AN F peptIdes can elicit a decrease in cardiac output and peripheral 

resistance (Ackermann et al.. 198~; Hirata et al., 1985), ANF-mediated vascular 

relaxation IS assoctated with increments in cGMP (\Vinquist et al.. 1984). Isolated 

vell1s are generally unresponSj\'e to .\NF (Winquist. 1987). 

AN F has also been shown to ha ve various effects on other hormonal 

systems. In partÎcular, ANF decreases both basal and stlmulated aldosterone 

release Jt the level of the adrenal by mhibulllg early steps of the steroidogenic 

pathway (Kudo and Baird. 1984; De Lean et al.. 1984; Chartier et al.. 198~) and, III 

l'II'U, elevated plasma aldosteroue concentratlons are reduced following ANF 

infusion (Atarashl et al.. 1985). There have been reports of an inhibitory effect on 

glucocorticold synthesis by the zona fasciculata cells (De Léan et al., 1984; Racz et 

al.. 1985), although most investigators report little or no effect on cortisone 

secretion (Atarashi et al., 1984; Campbell et al., 1985). Although cGMP increases 

Sfem to be associated with the inhibitory eHect on steroidogenesis (Higuchi et al., 

1986). the additIOn of a cGMP derivative does not seem to mimic the action of 

ANF (Elliott and Goodfriend. 1986). 

At levels elicltlllg natriuresis and hypotension. ANF inhibits renin secretion 

(Winqulst. 1987). Elevations in tissue cGMP levels have been observed in parallel 

wlth thls actIOn (Kurtz et al.. 1986). Indeed, adminIstration of ANF antibodies 
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\\ith this action (Kurtz et al.. 1(86) Indeed. admJllistlatlO11 of .\NF antlbndle ... 

results m Inereased plasma renm aetl\ It~ ln rats (Nat use et al. 1985} 

\' asopressin release from the posterlOl pltuitary IS also mhlbJtcd b~ A i\i F

(Samson. \985). >\t high ANF concentrations. testosterone production b~ m\lll~C 

interstitial cell~ is stimulated (Bex and Corbin. 1985). On the other ha nd. 

decreased progesterone secretion has been demonstrated III murllle Le~dlg IUl11ul 

cells ln response t'J ANF (Pande) et al.. 1985). 

1.1.5 Regulation of ANF Secretion 

ExtensJ\e studles ha\e shu"n that the strongest stll1wlu,> fOI ANF- seClellOIl 

I~ atnal dIstension Thl!> eHect has been obsen ed 111 both IOtact animab and 111 

i!>olated heart<, (Dletz. 1984. Ledsome et al. 1986) Se\eral ph~~i lùglcal stale,> al ... u 

produce tncrement~ 111 pla~ma -\]\.;F 1e\C1~. lodudmg head-ouI \'alel lmmcr~lon 

ItpSre1l1 et al. 1987) and change!> ln bod~ po~ture (Laro~e et al 1985, It ha., been 

5ho\\11 that eplsodes of atrlal 01 \entllculal tach~.:aldla ale as~ùclated \\lth 

e1e\ated plasma -\NF le\el~ (\ amaJI et al.. 1985. TJld,anen el al.. lYS), llm 

eft'ect ha~ al~o been obsened /11 IIlJ(/ \\here the frequellc~ 01 COI1IIU..:-tlUll ul 

i~olatt!d atna dlfectl~ lI1f1uence~ At\F sec.:retlOIl (Sehleblngel and LlI1uen 1986) ln 

addition. aeute as \~ell as chronic \olume expansIOn I~ a ~Irong stJlnulu~ fUI -\;\'f 

l'elea~e (Pettel'son et al.. 1986. Melzlel et al. 1987) a~ IS aeule I~otunlc ~allnt' 

mfuslOn (Lang et al. 1985). Moreo\er. se\eral pathologlcal cundlllUn~ lead tu 

increasecl ellculating ANF le\els ehronlc renal failure IRa~cher et al 1985, 

m~ocardjal II1farction (Tomoda. 1988) congestJ\e heart fallure (Burnett et al. 1986. 

DlJ1g et al.. 1987. Cod~ et al. 1986} and h~pertensJ\e state) (Jmada et al.. 1985. 

SnaJdar and Rapp~. 1986: Mercadier et al. 1989) 



, ... 

9 

Se\eral humoral faclOrs are aS<iociated with the stimulation of .\I\:F 

secretIOn ln certain studles both Q and {3 adrenerglc agonlsts Jncrease the lelease 

of .\]\JF l'rom perfu~ed hearts and isolated atrla (RusJ.-oaho and Leppaluoto. 198~. 

Schieblllgel 1987,. and (II l'Ill! infusion of noradrenaline to human subjects ellclts a 

51gnJfïcant rise in plasma ANF levels (Sanfleld et al., 1987) Howe\er. the relati\e 

1 ole~ of (} and (3 adrenerglc stimulation ha\ e not been entirel) c1arifJed sJnce li 

adrenelgic stllllulation IS ineffecti\e ln elkiting a stimulator~ response in ~e\elal 

case~ <Shleld5 and Glembots"i. 1989. Sonnenberg and \/eres5. 1984. CurrJe and 

i\e\1 man. 1(86) ln an earl~ publicatIOn. Sonnenberg and Veless ha\ e reponed that 

actl\atul5 of the phosphal11osltlde system sncludlllg <.r-l adrenerglc and muscannlc 

cIlùllllerglc agonlsts are efficient secretagogue~ for >\NF. These result5 ha\ e been 

-:Olrobolated b~ mOle recent \Iod, sho\\Jng that actl\atol5 of protein J.-inase C. and 

caklum lonophore, do IIldeed mecllate ANF release \\ hile protell1 hinase A 

actl\ator~ are J/lhlbitor) (Shields and Glembots"l. 1989. Matsubara et al.. 1988. lida 

and Page. 1'l8S. RU5J,.aaho et al.. 1985) ln additIOn ta thesc neui otranSOlmel s. 

ùplt)ld~ and ~e\elal anaesthetlcs ha\e been sho"n to augment pln,>ma .\i\'F le\els III 

InUICI lat' (HorJ,.~ et al. 1985. GutJ,.o\\sJ,.a ei al.. 1988. Chen el al. 1(89) 

Certain hormonal substance~ [hat modulate .\NF s)l1thesls and,or relea~e 

ha\e nlso been Identlfled. 11/ Il!JO. atrial cell cultules lespond to dexamethasone. 

testnsterone and th~ rOld hormone (T3) stimulatIOn b) increased >\NF synthesis and 

secretion (Matsubara et al. 1987) This observation has been confirmed 11/ 1"/111 

\\hCIC l1\perthyroid states are assoclated with ele\ated plasma ANF I~\els (Kohno 

et al. 1986. Gardner et al., 1987a) SlmJlarl~, 111 l'/I"U studles ha\e sho\\n that 

glucoçolticoid adm1l11stratJOn or ele\ated plasma cortisol le\els correlate \\ith 

ele\ated plasma ANF both ln rats and humans (Yamajl et al. 1988: Gardner et al.. 
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1(86) Furthelmore. it appear~ that -\NF could he In\ohed 111 tht' 

mineralocorticoid "escape" mechanislll ssnce the rlse 111 pla~l1la -\~f le\eb follo\\ ing 

minelalocorticoid admwIstration closel~ parallels thl~ phen011lenOl1 \Clld\lll el al.. 

1986: Ballermann et al.. 1986). The direct effect~ of cel'talll ph~swll)glcal ~tlmull 

and of steroid and thyroid hormones on ANF gene transcllption. are dl~cu)~ed 

belo\\ . 

1.1.6 Localization of Eurlltrial ANF peptides 

Although the atna are the maJul site'> 01 -\Ï';F ~~nthe~l~ -\~I 

Immunoreactl\ lt~ has been found in numel'ou~ exuaatrlal tlssue~ Il'e\ le\\ed b~ 

Gutho\\sha and l'oemel. 1989a) Eall~ reports descllbed the detectluil 01 -\;\,1 b\ 

Immunoc~tochemlcal studle~ in the rat sall\ar~ glantj<, (Cantin et al. 1(1)-1) 

Simtlal'I~. IIllJl1UnOI eactl\ e o.\NF has been Identlfled in cel tain \ asculal tissue':. :,llch 

as the pulmonal~ \eln and \enB cala (Toshlmol'l et al.. 1988. Larsen et al. 198'7 

1988. A~al et al.. 1987). "helt! ln l'odents these bluod \e,>seb contalll exten~llJll'" ul 

cardlac muscle cells 

High molecular \\elght immunoleactl\e -\Nf peptide \\a~ abu found ln 

\entllculal tIssue (I\emer et al.. J986) ln the 1 entrscle~. ul1llhe the atrIa tht' 

peptide IS not accumulated 111 secretol) granules but I~ lapldl) secreted thlough li 

constitutÎle path\\a~ (Bloch et al.. 1986) ln thls tissue. lt I~ partlcularl~ subJec{ lu 

lariou~ ph~slOlogjcal and hormonal ~tÎmull. resulllng III !lÎgnlflcant \aI18tI0I1,) 111 

peptide s~ nthe~ls 

ln the Jung. bath high and 10\\ molecuJar \\elght peptlde~ hale bt:c:n 

detected. both in the rat and human (Gutho\\ sha et al. ) 987; S\ft)IS and ('U(~.(j\\ ,>ha 

1988) Furthermole. secretion of the :8 a01I11O acid ANr flom !ung t1!l~ue ha,> bt:en 
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demonstrated l'rom pneumoc) tes in primar) cell culture and J/1 perfusate!> from 

l'iolated rat lung~ (Gut"ows"a et al.. 1987b, Matsubara et al. 1988a) -\ role for 

pulmonal ~ :"I\F J/1 certaJ/1 lung dlsorders may be possIble as it has been shown to 

confer a proteetl\e effect agamst pulmonary edema ()nomata et al.. 1987; Imamura 

et al. 1988). 

The ANF peptide has also been identified in numerous sites of the 

penphelal and central nenous systems. Using sensitIve radioimmunoassa~s and 

illlmllno-:~ tochemleal techlllque5. ANF-IiI\e immunoreactl\ lt~ has been reponed 111 

~e\ el al !,tl U-:tUI e5 of the s~ mpathetic and paras) mpathetlc autonomlc nel \ ous 

'i~stell1~ (Deblnsl--i et al .. 1986. 1987a; Morii et al.. 1987) and in 5e\eral locations of 

the braJl1 (Inagal1ll et al .. 1989) The highest peptIde concentration \\ as found ln 

the rat h~pothalamu5 and \\as estlmated to be 104 to 105 tlmes less abundant than 

ln atl HI (lanaha et al.. 1984: Morll et al. 1985. ZanlJJ et al.. 1986. Imada et al.. 

1985 ) -\ sun e\ on the dIstributIOn of brall1 :.. '\F re\ ealed it to be present 

extensJ\ el~ thloughout se\ el al reglon5 II1cludmg the midbrain. cortex. olfactor~ 

bulb. thalalllu~ and pontll1e medullal ~ reglOn (Morll et al.. 1985). In contrast to 

plü--\l\F ln the atna. blaln ANF appears to be stored in a 10\\ molecular \\elght 

fÙlm cÙllespondlng to ~4 and:5 amino acid spccles (A1\:F102/lU3_12C,) (Shiono et al. 

191.<6), IHH\e\el. thl~ questIOn !>till remaJ/1~ contro\erSlal :"Ithough it has been 

sho\\ n that the secrerlOn of 10\\ molecular v.eight A1\:F IS predol1lll1ant l'rom the 

h~ pothalamus 11/ '/l/(I (Tanaka and Inagami. 1986). a reeent report demonstrate5 

the pl esence of considerable pro-A1\:F 111 perfusates from rat h) pothalan1Jc explant5 

(~~ISsen et al .. 1989) Some actlvities assoclated with the central administration of 

-\i\F include mhibitlon of non-stlmulared and anglOtensln JJ-stimulated 

dipsogeneSlS 111 rats (Antunes-Rodrrgues et al. 1985: Masotto et al.. 1985). inhibitIon 
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of deh~ dration and hemorrhage-indu~ed \ a~opl essin release (Sa m~oll. 1985). 

inhIbitIOn of flrmg of \'asopre~sln neurons (Standaert et al. 19871. inhll'lllon uf 

acet)lcholine-induced CRF release from the h)pothalamu!> (Tahao CI al. 1(88) and 

stimulation of natriuresis and dJUresis ln conscious h)drated rab (lsiaci el al.. 

1988). 

ln addition to the~e neuronal tissues, ANF ImmunOlea~tl\ It) \Ioa!> dl~co\eled 

III both allterior (McKenzie et al.. 1985) and po!>tenol h)poph)~e~ (Gulhu\\5ha el 

al. 1987a) "hile both the hlgh and 10\\ moleculcll \\elght peptlde~ \\ele dClccteJ 

ln the anterlOl pltultal) (Gutho\\sha and CalltlO. 1988a). uni) the 28 dll1lnLl a~ld 

fOl111 \\a!> found m the posterlOI gland (Gutho\\sha et al. 198ïa) ThIS 15 conslstenl 

\\ Ith the ploductlOl1 of ANF b~ the h) pothalamus. Ilhe othet postel 101 pltllltal) 

hormones such as OX)tOCIO and \asoples!'JI) ln the antellOI pltUltel\ -\'\!r 

Il1111lUnulcactl\ It) appear!o tu be a!>suclated "\th the gonadotH)ph!:> (Î\kKenlle el al 

1985) -\Ithough the action!> of ANF ln thls tIssue lemaln to be determlneJ an 

Inhlbltol\ effect of ANF on \asopressll1 release b) the po~tellUl pltullal) ha~ l1een 

repÛI ted (Übana et al.. 1985. Janu~ze\\ icz et al.. 1(86) 

ln the pelipheral nc.!nou~ ~)stem. ANF \\a!> demomtrated ln ~e\elal ganglJa 

of the autonomi.: ~)ste/1l (Deblnshl et al. 1986. 198ïa. l'viol Il et al l'HIÎ) and III tilt.: 

spInal çOld (1'\'lurll et al. 1(87). The 10\\ l110leculal \\eight pc.!ptJde \\a5 found lu be: 

the predomlllant form in ail the tIssues tested. Al\.F "a~ found tu InhlbJt 

nOlepinephnne release durtng s) mpathetlc nene stImulatIon 1/1 l'al mesenlell" 

artel ies (l\.ahamaru and InagamJ, 1986) as \\.ell a!> to parTlall) InhlbJt catec:holamlnt.' 

S) nthesls b~ rat superror cen ical ganglla (Deblllshl et al. 1987) 

The identltïcatlo/1 of ANF ImmunoreactJ\ It) in cells of the adrenal meclulla 

(McKenzie et al.. 1985. Muho)ama et al.. 1988. Morel et al. 1988) leJ tü thl.: 
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the 111 a ture peptide were Jetected JO the chromaffin cell granules. Likewise, both 

t'orms are co-secreted by these cells (Nguyen et al.. 1988). Interestingly, ANF 

peptide synthesis in these cells 15 stlmulated by phorbol esters and forskolin, 

activators of plotell1 klllases C and A, respectlvely (Pruss and Zamir, 1987; Nguyen 

et al., 1988). Although the l'ole of ANF ln the adrenal is not dear, possIble 

paracl'lne functlOns of AN F indude the modulation of noradrenaline release 

(Drewett et al, 1988) and inhibItIOn of aldosterone synthesis in the adrenal cortex 

(De Léan et al, 1984). 

A small quantity of AN F has been detected in the digestive system. High 

molt!cular welght pro-ANF \\oas detected in the guinea pig intestine (Vollmar et aL 

1988) and in rat stomach and small intestine (Vuolteenaho et al.. 1988). The 

presence of the hlgh molecular welght speCles suggests local synthesls of ANF. The 

exact l'ole of ANF ln this tissue remains unclear. 

Other pel'lpheral tiss'Jes were found to contain AN F. For example, in the 

thymus the presence of high molecular weight precursor was reported (Vollmar and 

Schulz, 1988b). Rabbit ovary and bovine corpus luteum were found to contain 

both high and low molecular weight forms (Kim et al., 1989; Vollmar et al., 1988a). 

Since ANF has been shown to diminish progesterone secretion from testicular 

Leydlg cells (Pandey et al., 1985), a similar function in the ovary might be 

postulated. 

Finally, III addition to blood, ANF has been detected in urine where it has 

been shown ta increase in congestive heart failure and to return to normal levels 

following treatment (Ando et al., 1988). 



1.1.7 The ANF-Receptors and SjlnaJ Transduction Systems 

Earl~ obsenatiom that atrlal har.)Ogenate~ 01 :,~nthetl..: -\NI- peptIde!> 

stimulated qc\Jc 3'.5' guanosme monophosphate (cGMP) le\els ln "hole anllnah. 

crude adrenal membrane preparatIOns or isolated \ a!>culal segments (Hamet et al. 

1984~ \\aldman et al.. 1985. WioqulS{ et al.. (984) led ta the conclUSIOn that cGMP 

ma) act as a second messenger of ANF actIOn. The correlatIOn bet\\een Ar\f--

induced ~timulation of cGMP le\Cls and the dlstllbutlOn of partlculate guan~lall 

c\clase 5ugge5ted that thl~ enz~ me and not the soluble guan~ latt -:~ela~t:. \\tl\ 

lI11plkated nrembla~ et al. 1985. \\inqulst et al.. 1<J~4) ln faet. Il \\a~ sho\\ Il thui 

detelgent disper510Jl of particulate guan~late qlca:o.e resulted ln a plepnlallon that 

retalned semltl\ it~ to ANF actl\atlon (Trembla~ et al.. 1985a). sugge:.tlng that the 

receptor molecule and guanylate c~clase acti\ It~ \\ere elther ln close associatIon 01 

part of the :.ame entlt~ 

IdentIfIcation of t\\O t\pe!> of AI'\F cell surface blOding slle~. A io\\ mole~:ulal 

\\elght rt:.:-eptor \1 ith an apparent l110leculal "elght of 6(j·7U "Da \\a~ 13ululabellecl 

(Iom c,;ultuled bOl me smaoth mu!>de cell:. a:. \\dl a~ labblt Bona membrane ... 

(Scllent. et al.. 1985: Vandlen et al. 1985) Simllar s(udle~ also le\ealed tilt. 

eXlsten.:e of a high moleculul \\eJght re.:eptor of I~O·180 hDa JI1 \allOU~ tl~~ue~ 

such as rabblt and bo\ me aorta~ and lat and bo\ Ille adrenal c,;ortex (\'andlen et al 

1985: ~chell" et al. 1985; MI!>ono et al. 1985) CompetItIOn studle~ \'-'Ith natl\t' 

-\NF peptlde~ and modifled 01 tluncated analog~ sho\~ed the t\\ù receptur!> \\elt.: 

phalmacologicall~ dlstmct. The high moleculal \\eighlleceptùl \\li., ~ho\\n tu hale 

more stringent constralnts for bmdmg of ANF \1 hile the more abundant 1011 

moleculal welghr subt~pe could blnd ANF analog!> of \ur)mg blolaglcal poten":lc< 
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(Olin~ et al. 1988. Meloche et al. 1987. Leitman et al. 1(86). Furthermore. 

actl\atlon of guan~ late cyclase and cGMP formation appealed ta be assoclated 

solel~ \\ Ith the 11Igh molecular form of the ANF-receptor (Leltman et al.. 1985). 

PurificatIOn of the ANF receptor proteins b) \ariou~ groups sho\\ed that 

guan\ late c~ clase a\~ti\ It~ indeed co-purifies onl) "Ith the high molecular weight 

I~O-180 ~Da .\NF-n'ceptol. and that ANF bInding and guanylate c~clase acti\ ities 

re!>lde \\Jthll1 the same pol~peptide (Meloche et al. 1988: Kuno. 1986; Tahayanagi 

et al.. 1987. Arenlanl)J1 et al.. 1(87) 

.\ more detaJled chalacterlzatlon of the [\\0 Al\.F receptol !>ubt~ pe!> ha~ 

recentl~ become a\ ailable \\ Ith the clonmg of the q clase uncoupled. 10\\ moleculal 

\\elght re~eptol (.\NF-C receptol) as weil as both bo\ine and rat c)clase-Imhed 

hlgh I1wleculal \\elght ANF receptols (.\NF A and B receptolS) (Fullel et al. 1988: 

Chlnhers et al.. 1989. Lo\\e et al. 1989. Chang et al.. 1989. Schulz et al. 1989) The 

Isolation of a cDI\;.\ clone cOlrespondll1g to the bo\ine Al\.F-C leceptor sho\\ed It 

encuded a pol)peptldt' contallllng a sll1gle potential tran~memblane domaln. 

Bmdlng of ANF and tl uncated or modifled analog~ ta thi~ leceptol I~ consistent 

\\ Ith the ligand bindlllg ~peclflclt) pre\ lousl) descllbed 1'01 the 10\\ moleculal 

\\elght .\'\F receptol subt~pe The functlonal role attributed to thc~e leceptor~ I~ 

one ot CI çlearance sIte. pusslbl~ pro\ iding a buffermg s)stem agalllst large 

fluctuatluns ln pla~ma -\NF le\els (Maach et al. 1987). hence the nallle clearance 

01 C-I eceptor. 

80th rat and human biologlcall~ functional. c~ clase-Irnhed receptors \\ ere 

also recentl) cloned The IsolatIon and charactenzatlon of both rat and human 

cD!\:.\ clones re\ ealed the presence of two distInct receptor subt~ pe!>. named ANF

.\ and -\1\F-B receptor~ \\ ith different ligand bindlng speclflcitie5 (Chang et al.. 
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1984. Schull t!t al. 1989) The~e cDI\.A·~ ail elll.:ode mature IJllltcln~ of 1048-105-

aa. ha' Ing molecular "elghts of about 115 hDa and contallling ~lIlgle memblane 

spannlOg reglOn5. ln both the rat and human ANF A and B receptor~. therc Ile ... 

"ithin the IIltracellular portIOn of the protelll t\\ 0 domall1s a plolelll klllase-like 

domam and the guan~late c)clase catal~tic domam (Lo\\c et al. 1989. Schulz el al. 

1989) Sillee deletlon mutagenesl5 studles re\ealed that the remu,,,1 of the pn)\em 

hlna~e domall1 l'rom the "ild t~pe receplo/ resulted ln ligand Independenl 

con<;tltutl\e guan~latt! qclase aell\lt). It ha~ been poslulated thut the pluleln 

h/na5e doma/n /s ill\ohed m the repres5ion of guan)late c~~'la~t' dCtl\/I\, LIgand 

bll1dll1g Seell15 to medlate a conformatlOnal change tu O\t'ICOI11t' thl5 inhll)ltlll~ 

lille/action -\TP bindrng seems 10 enhance Ihe conformal/onal change re4ulled 1'01 

calahllc functlon (Chlnhe/s and Garbers. 1989a) 

The direct actl\atlOll of guan~ late qclase 3ell\ It\ b~ -\!\!F leceplui blndlng 

IS leplesenl3tl\t' of a ne" paradlgm ln signal transduction ~~stem~ 

belle\ed to be the dllect medlator of SIl1L)oth mU5cle relaxatIon (\\ lnqulsl et al 

1984 rl~eu~ et al, 1985) Ho\\e\er. lt IS still uncleal \\hether lt 15 dJlectl~ 

In\ohed ln medlatlOg diuresis and natrlureSIS ln the hldne~. although paltl.;ulate 

guan~late c)clase aeti"t) lS tlghtl) corl'elated to t\1\F blOdlng slte~ ln the lenaI 

segments (Tlembla) et al.. 1985, De Lean et a!. 1985) ln th~ ad/enal. tht: 

inhIbition of aldosterone synthe~ls does not appeal to be dlrectl) medtated \ la 

cGMP ele\atIon (Elliot and Goodfrrend. 1986. Mat'5uoha et al.. 1987). althùugh A~J 

\\as sho\\11 to stimulate particulate guan)late ('vclase JI1 thl~ t1s~ue More \~OIJ.. 1'> 

needed to further elucidate the mechanlsm b) \\ hlch cGMP modlf'le~ tht: 

appropl'late effectors lhat produce a ph)slological end response 
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1.2 MOLECULAR BJOLOGY OF ANF 

1.2.1 Structure of the ANF Gene 

COlllplementar) DNA's (eDNA's) for pro-ANF ha\e been c10ned and 

~equen~ed III \ anous spe~les JOcluding the rat, human. dog and rabblt (Maki et al .. 

1984. Seldlllan et al.. 1984, 'Iamanaha et al.. 1984. Zi\Jn et al.. 1984. Na"u~ama et 

al. 1984. Oika\\a et al. 1984.1985) The structure of the pre-pro ANF a~ deduced 

flolll the nucleotlde sequence of these cloned ~D~A's includes a h~dl'ophoblc 

stletch of :3-25 amll10 aClds. depending on the specles. pro\ Idll1g the signal 1'01 

~'ùtlnn~latlul1al trampOit through the endoplasmic letlculum 

The remalnlllg p!ohormone JO ail ~pe~le~ IS then constltuted of an addltlonal 

120 :Jl1llnu aClù5. the; carbox~-teI1l1Inal of \\hlch genelate~ the bJOloglcall~ BCtl\\! 

.\ \F peptide Flnall~. an additlOnal pair of arginlne lesldues are plesent at the 

~':1I bn\~ -tellllinai extlellllt~ of the labbit. rat and mouse pl ahormones \\ 11iCh must 

be c1ea\ed at \el~ eall~ proces5ing 5tage~ as the~ ha\e ne\er been detected III the 

-\ cùmparJ~on al the amlno aCld sequenl'~5 bet\\een specle~ ha~ 5ho\\ Il that 

-38 "" of plo-.\NF amino acids are identll.:al ln the tÏ\e 5peCle5. and tlll~ homolag~ 

IIh'rea~e~ to 933u" \\ hen comparing the las! 45 carbox~ -teJ'll1lnal anllllO aCld~ 

(01"8\\a et al.. 1985). 

The human. rat. mou~e. and bo\ ine genomic clones of the pre-pro-~NF ha\ e 

al50 been isolated and ~equenced (Nemer et al. 1984; Greenberg et al. 1984; Ma"i 

et al .. 1984a. Seldman et al.. 1984a: Argentin et al. 1985. Vlasu\- et al.. 1986) 

1 hese ~I\.F genes are present as single copies ln the haploid genome, the human 

-\I\:F gene has been locallzed 10 the distal short arm of chromosome 1 in band Ip36 

\\ hile the 1110U~t' g~ne is found on chromosome 41'1 ang-Feng et al.. 1985) 

l 
, 
, 
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Figure 1.2 Translation aDct processiDg of the ANF pre-prohormone Tran51atlon 
of ANF mRNA and peptide maturation steps of the pro-ANF in cardlBc tls5ue alc 
sho\\ n. Abbre\ iations' ~ig. signal peptide; ut. untranslated sequences. 

ln aIl speCles the gene consists of a 51milar structural organlzation of 3 

exons separated b~ t\\ 0 introns. The flrst exon encodes the 5' untl'anslatecl 

sequences. the signal peptide and the firs! few anllOO aCld5 of the prohornwf1<': 
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The !>econd exon encode!> the remaindel of the plohormone. 1I1cludmg the 

bl(jlogl.:all~ actl\e pCII(IOn of the peptide. \'hlle the third exon encode!> the last one 

01 thlee ammo aClds. dependlllg on the specle!>. For example. III the rat, mouse and 

rabbit the tel III 111 a 1 Tyr-Arg-Arg resldues ale translated "hile in the human and 

dog. nnl~ the fmal 1 ~r IS present due a pomt mutatIOn con\ertJOg the Arg IIlto a 

~tup codon A more detalled descnption of the rat ANF gene IS to be found ln 

Chaprer : of the present ma nuscrtpt 

The e\olutlonar~ conse"\ation and hen..:e the putall\e functlOnal Importance 

,l! the: -\ \. F gene !>equence!> \\ a~ a!>!>e~sed b~ DT\. ~ sequence ..:ompallson" bet\\ een 

the lat. human. and bo\ Ille genes (Argentin et al. 1985: \ la!>u\... et al.. 198t>l. The"e 

<InCl" ses ~ho\\ a slgnlflcant comen atlOn of both 5tructural codIllg 5equence5 a5 

"ell as nun-codlng 5'-fl!l'lkmg 5equences: "hile there appeals to be no e\Ollitlonal\ 

pl'e~~lIle on intr'on sequences The consen ation of the 5'-flan"ing sequences IS 

suggestl\e of consel\ed regulaton mechanlsms for -\NF s~nthesls accross specles 

1.2.2 Tissues [xpressing the ANF Gene 

The ll\ailablllt~ of Al\!F cDNA clone~ has pellllitted the IdentifIcatIOn of 

-\,r gene tlan~cllpt~ 111 \arJOus tl5sues ln adult mClmmals. the maJol !Ille of -\,'\F 

~~ nthe~l!> 15 the ~aldla~ atna. and 11 ha!> no\\ been \\ell establl!1hed that in the rat. 

the trallS~llpt accoul1ts for about 1 to 3"" of total atrial mR"'A (Na"a~ama et al. 

IlJ8-l; I\ellle .. et al. IQ88l Later. it \\a5 unequl\ocall~ demonstrated uSlng /JI '/Ill 

h~l1l'1dlzatlon and l\.orthern blot anal~se". that the \entl'lcles alsv express the Ai'ol-

gene ar a Ie\ el of about 1(ln of that III the atrla JO the adult rat and human (Nemer 

et al. lQ8b: Galdner et al. l'ISba: Mercadler et al. 1989a). The le\el of \entricular 

.\' F mR l\. '"\ s~ Illhesis is subject to both hormonal Rnd non-hormonal modulatIOn as 
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discussed in the following sections That the ventricular -'NF peptide contr ibutes 

to the clrculatmg plasma le\ els is demonstrated b~ a recent stud) sho\\ mg that 

'entricular ANF secretion IS important m cardiom) opathle hamsters \\ ,th se' ere 

heaTt fallure (Thibault et al., 1989). Since the \ entrlcles release ANF con~tltutl\ el) 

(Bloch et al., 1986) while the atria store the peptide in granules. the modulation of 

\entricular ANF synthesis can result ln a signlficant contribution to .Ia~ma ANF 

le\ els gh en this tissue's large mass 

The detectlon of immunoreacthe ANF ln varlOus extra-caldlac tlssue~ ha!> 

prompted the examlnatlon of the~e tissue~ as "olla ftdt sites of ANr peptide 

s)nthesls. r\mong these. the central nenou~ system has been extensl\eh studled 

for the ple~ence of ANF gene transcripts. partlcularl) SlDce -\NF due", nol cros, 

the blood-brain barrier Indeed. the h)pothal~mus and pontine braln",tem ale t\\ u 

tissues in \duch ANF gene transcrlpts ha\e been detected and \\ here le\Cls uf -\'\:F 

mRl'\A ha\e been estlmated to lie JO the range of 05 te ["0 of alliai ANF mRN-\ 

le\els (Gardner et al. 1987; Nemer et al .. 1988) ln addition. the cerebral cOltex. 

cerebellum and thalamus also appear to contarn ANF mRl\:A but onl) al abolll 

O.lq(J of atrial le\els (Gardner et al.. 1987). A.t ail these "'Ites. the tlam~"pts appeal 

to be of the same length and possess the saille 5' terminus as the atlwl mR~A 

Anotllel tISSUP. \\ here ANF transcnpts ha\ e been detecteù bL)th b~ /II \/llt 

h~ bridizatlOn and SI nuclease. mapping anal~ ses 15 the anterlOr pltultar ~ (Gardnel 

et al.. 1986. Nemer et al.. 1988). Here the ANF mRN-\ are less than IU'(I of atnal 

le\ els and appear ta arise fTom the gonadotrophs ln addition. /1/ Iifil h~ brJdlzatlUn 

studies have re\ealed the presence of ANF mRNA JI) about 15f~lJ of adrenal 

medullar~ cells (Morel et al.. 1988: Nemer et al. 1988). 
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TABLE 1.1 TISSUES EXPRESSING THE ANF GENE 

ANF rnRNA IrANF 

Atrium +++++ ++++ 

\ entl Icle +++ + 

AOltlc alch + + 

t\drenal Medulla + ++ 

-\ntellOI pHUltBI ~ + + 

H\po!halal11u~ ++ + 

PontIne blainstem + + 

Celeblal corte>. + + 

Cerebellum + + 

Thnlamu5 + + 

Lung + + 

0\31'\ + + 

Olt'aclon bulb + + 

-\:'\: F mR I\i -\ has also been detected in the aortlC arch and thoraclc Bona 

tCraldner et al.. 1987b: Gut"o\\sJ..a and Nemer. 1989a). Simi/arl). wJthin se\eral 

pu/mOJlar~ \cslcle~ cOI1talnJl1g an exten~lon of atnal m~ocardium ln the I"t. 1/1 \/111 

h~blldlzatlOl1 studies ha\e demonstrated the presence of ANF in atrial-li"e 

granule5 tSl'lJI1gal1 et al.. 1988) Furthermore. using \ ariou5 technIques .l,)\:F 
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transcripts ha\ e been detected in pulmonar~ tissue (Gardner et al.. 1986, Ncmel ct 

al. 1988; Gutkowska et al.. 1989). Lung tissue contains less than l!lu of atnal -\NF 

mRNA and IS subject to regulation as can be seen in the model of congestJ\e heart 

failure where pulmonar~ ANF rnRNA is mduced (GutJ...owsJ...a et al. 1989). 

Fmall) both ANF peptides and transcripts haH been detected ,n the rat 

olfactory bulb. and ovaries (Gutkowska and Nemer. 1989a) Transcript~ identlcal 

to those found in the cardlac atria ha\'e been obsen ed m the olfactory bulb ln 

conclusion. the extra-ca,Jlac localization of "-NF peptlde~ and tran5Crlpt5 sho\\ 

there IS both gene transcnptlOn and mRl\. -\ translation at these sJte~ ln SUI11C 

cases. secretion of the peptide has been demonstrated 

1.2.3 Developmental Expression of the ANF Gene 

-\Ithough ln the adult heart ANF gene expression is signifkantl~ hlghel ln 

the atna than in the \entncular tissue. It undergoes. throughout the COur<,e of 

de\ elopment. a temporal pattern of expression Studles on the earl~ maturation 

stages of the rat heart have shown that the earllest tlme pOJl1t for Al\F- gene 

transcription 15 on gestational da~ 8 (E8) (Zeller et al.. 1987) ExpreSSIOn at thi~ 

tlme is localized to a subpopulatlon of m\'ocardial ('ells ln the endocardlal la~ el of 

the heart. B~ da~ E9. promment labelllJ1g of bath atna and the prlmltl\ e \ entrlcle 

IS e\ ident. \\ Iule complete septation of the heart and esta bllshment of the l'etai 

circulator~ s~stem at da\ EI4 are accompanied b~ the presence of ANF mR:'\:A ln 

both atria and \entncles (Zeller et al .. 1987) Followmg bJrth. \entrIcular A1\ir 

mRNA le\ els are at their hJghest on da) l, and atrlal and \ entricular ANF mRj\.A 

le\ els are approximately equivalent (Wu et al. 1988, Wei et al.. 1987, Bloch et al. 

1986). 



'- \\ hile \entriculal ANF rapldl~ drop~ tu near adult leveh v,nhm the first 

\~eeh pù~[-pa/lu/l1. alrlHl ANF mRNA's graduall~ rise to reach maxima] le\els 

v,lthm the fllst tv..o month!> after blrth (Chapter S: \\el el al. 1987; \\ u et aL. 1988). 

The immunoleactj\ e cardiac ANF content closely parallels the temporal pattern of 

A1"F gene expre~~lOn. ImmUnOC)lOChemical studies ha\e sho\\n th~t \\hile positl\e 

lI11munostaJnlllg of the atnal ti~sue fOI ANF "as homogeneou~. a more restrIctl\ e 

patle/Il of /mmunoc~tochem/cal stammg pre\ailed in the \entricular tissue \\hel'e 

-\'\F contall1l11g m)OC~les ".ere prImarih Ilmlted to the subendocardlum (Bloch et 

al 1996' \\u et al. 1988) The pla~ma ANF le\els "ere also assessed at different 

tlllle pOlllt~ un or around the da~ of birth. and Il v..a~ obsened that plasma Al\F 

le\e1s ln the fetu~ and \\ IthJJ1 the fJr~1 [\\0 da~s followlIlg blrth ale slgll1flcantl~ 

ek\LHed but 13pldl\ dit))) thereaftel (\\ei et al.. 1987. \\u et al.. 19881 Since there 

I~ a dlop 111 \entrJcular A1'IF gene expressIOn. it 15 temptlng tu ~peculate that the 

hlgh le\els üf t'etai and neonatal plasma A1':F are due to the ele\ated \entflcular 

tl<;~lIt:! content of the peptide Certain faclOr~. JI1cludmg the drastlc change ln the 

patt~111 of blood f1o" and hormonal alteratlom 1'0110\\ 1I1g blrth could contribute tû 

enhanced secretion b~ this tissue. 

\\hen srl1lllar studles \~ere conducted usrng human t'etai tlSSU~S. aillai A\F 

mR:\..\ le\ els \\ere found to be sOllle 5 la 10 tlme~ more ele\ ated than ln 

\entriculal trs~ue bet\\een 13 and 29 \~eeh~ of gestation (Gardnel et al.. 1989. 

I\lercadlel et al.. 1989al. In the human adult as III the rat. atrJal ANF mRI\A 

le\ eb are about 100 trmes more abundant than \entrJcular le\el!> (Mercadier et al .. 

1989a) Similar patterns of distribution of ANF immunoreactJ\ ity are e\Jdent in 

büth the rat and human hearts. "heJe \entrJcular ANF stainmg IS concentrated tù 

the ~ubendocaldlul11 111 both specie5 (Gardner et al.. 1989). 
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1.2.4 Regulation of ANF Gene Expression 

ANF gene ~xpresslOn is modulated by a s~ries of hormonal lino non-

hormonal factors. ln conjunction \Vith the IsolatIOn of a rUl ANF ~DNA. 

Nakayama and his collaborators (1984) reported thal atnal ANF mRNo.\ le\el~ 

underwent a significant decrease as a consequence of water depl'lV3tlOn 111 rats. 

This observatlOn was later conflrmed by others who showed 2- to 3-fold drops ln 

atrial ANF mRNA following several days of dehydration (Taka~anagl et al.. 1985: 

Zisfein et aL. 1986). Plasma ANF levels also dropped 111 the dehydrateJ ,>tale. 

indicating that changes in ANF rnRN -\ levels dose1y paralle! allerallom ln pla~ma 

ANF levels. Conversely, salt loading tn the dehydrated rats resulted 1/1 a 

concomlttant rise !fi ANF mRNA le\ els (Taka yanagl et al.. 19851. 

A strong stimulus for o.\NF release t'rom the 3tnu is known ta be car(fluc 

muscle distension (Dietz. 1984). Hence. several studies were undertaJ...en to examllle 

the effects of volume overload on atrial and ventricular ANF gene expressIOn ln 

the rat. The results of such studies indicate thut both chronic und acute volume 

overload result in smaU. albeit significant increuses III atnal ANF rnRNA levels 

with more notable increases in left ventricular ANF mRNA levels (Lattlon et al, 

1986). \Vhen overload is induced by suprarenal aortic coarctatIOn ta lOcreuse 

intraventriculal' pressure, ANF immunoreactivity in the ventncular cells IOcrease~ 

(Gu et al., 1989). Following this manoeuvre, membrane bound electron dense 

granules begin to appear increaslllg proportionately with the number of days artel' 

coarctation. 11/ Hlll hybridizauon, 10 this mode l, reveals increased ventricular 

staining with increased pressure and duration of overload. ln a dlfferent study 

where experimental hypertension was IIlduced by coarctatIOn of the aorta. a 



bll)ha~lI': Inclea~e ln left \entrJculal ANF gene expression \\as obsened. The fir~t 

Inclea~c of about ~O-fold \Vas Independent of stable h~ pertenslon and h~ peilloph~ 

"hile the 5econd pea". "hich was IO-fold abo\e control \alues. \las achie\ed 

1'0110\\ ing the establishment of stable hypertension and hypeltroph~ (Mercadier et 

al. 1989) The authols conclude tha! the rnitial induction of the ANF gene ma~ be 

due to the marhed rncrease rn left-end diastollc pressure shortl~ follo\\ mg 

coa 1 cta t IOn It must be noted. ho\\e\er. that m~ocardlal rnfalct Jl1a~ be a 

complication of the model ft remalm clear. ho\\e\er. that in thl~ model A1\!F gene 

actl\ atlon IS a complex phenomenan and a multlfactol'lal response 

ln the model of the ~pontaneousl~ h~pertensl\e rats (SHRI and the stroke 

plane SHR (SHRSP) a progreSSl\e mcrease ln \entllculal A!\F mRN-\ \\as 

ob5el\eJ \llth the establishment of h~pertenslOn and h)pertroph~ (Aral et al. 

Cl/ntent -\t 6 \Ieeh, of age. befllie the establishment of h~pertenslon. 4-fold 

Ilh'lell\e, ln \entl'lculal Al\:F gene expression Ilere obsened 111 the SHRSP rat5 as 

l'ol11pared to l'ontlols. The Increase rose to 7- and 40-fold for The SHR and SHR~P. 

le5pectl\eh. at ~7 Ileehs of age Tissue ANF protem contents ln the \entrlcles 

\Iele alsu Inc:easecl ln thl~ ~tLJd~. Jt 15 the onset of h~pl:!rtroph~ that appeals lu 

a\.'(\)l11pan\ \entricular A.NF gene InductIon. InterestlOgl~. In our labolatol ~. JI has 

been found that ln 4 weeh old SHR. \entl'lcular ANF mRNA \Iele slgnlflcantl~ 

del'rea~ed compared to the normal anlmal5 (La\ Igne. 1988a) This ob~(;!I\ation 

suggests that IIlltlalh. lentllculal ANF gene expressIOn ma~ be deflclent rn SHR 

SlIl1l1arl~. ln cardlOl11~opathic hamsters wlth heart failure (Thibault et al.. 1989) 

and JI) human~ \\ Ith \elltrlcular hypertroph) (Nemer et al.. 1988). \ entricular -\f\F 

gene npres~lOn is induced about IOO-fold ln the formel. atl'lal A.NF mR!\-\ le\el~ 



ale ~ome\\hat reduced Ten-fold increases of .\NF r.,RN.\ le\t:I~ 111 the \el1tl'l~'k, 

of \ oung card lom\ opath le ha mstel ~ ha \ e been obsl!n ed a 1 the onsel or 

h~ pertloph~ but prlOl 10 ventflculal pressure II1Cleases (ThIbault el al., 1(89). 

Thus cardlac cell gro\\th appears to be a slgnlflcalll stimuluc, fOl ",NF gene 

rell1ductlon ln the adult. In humam. ll1~ocardlal InfarcllOI1 I~ also as~oCHlted \\ IIh 

\entricular ANF gene actÎ\ation ~lth no effect on atrial -\NF mRl\:A (uallpeau et 

al.I'l88) 

ln the algJlllne \asoplession (AVP) deflclent BlatrlebulU Jat. .... I\F mRl\A 

and peptJde~ III both atlla and \entneles are Inclea~ed (La\ Igne et al.. 1(88) lh\;' 

5"" Increa~e III plasma osmolalJt~ and sodium contenl 111 these 1 ab pl ubabl\ 

aeeounts for the inductIOn of ANF gene exple<;~lon (2-fold) ln tlm model 

Thus. these studies ail tend to suggest that the \entrleulal tJs~ue IS recrlllll!d 

fOI .\~ F gene tl a mcriptlOn and peptide s~ nthesis follo\\ ing a Slrong ~III11U 1 u~ ln 

faet \entneular tissue is pre<;umabl~ more sensltl\e 10 induction than atrial tl~"Ut' 

and the let't \entrlcle appears to be some\\hat mUle responsJ\e lu stlong 'itlll1ull 111 

se\elal mùdel~ of h~pertloph~. such a~ deùx~cùrtlcùsterune (DOC-\)-~all Ile<ltmenl 

aonoca\ al fislula. abdominal aOI tiC constnetioll 01 <;pollt3neou,> bl\ entlldJ!:l1 

h~peltlopl1\ (Lattlon et al. 198b. Da~ et al. 198ï, Lee et al. 1988) left \elllll':lIl:tl 

A~F I1lR~·\ le\el~ are slgnificantl~ mduced \\Ith Ilnle 01 Ilu eft'ecl Ull IIghl 

Howe\er. in the ca~e of Il 510\\ I~ plugrt:,smg 

spontaneous bJ\entrtculal h~peltroph~. rtght \entnculal ANF mR1\.A le\els élie 

al<;o 1I1duced (Lee et al.. 19881 This obsenation suggest~ [hat both \entJ ICulal 

chambels are equall\ subJect [0 actÎ\atlon of ANF gene expre:,SIOIl 

Af\.F gene transcrtptlOn has also been sho\\ Il tll be under hOll11ullul cOlltlul 

Glucoeortlcoids stlmulate A,f\:F gene tlanScrlptloll both /II 1I1(} and /II 11/1 li IChaptel 
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~ T\,erllt:r çt al ln preparatIon, Da) et al., 1987, Gardner et al.. 1986,1988) ln 

plrl11al~ ~aldlO\,.')te cell culture~. glucocorticoid inductIOn of ANF gen~ 

tranSCllptlon is medlated dlrectl) \ ia cardlac glucocortlcold receptor (Chaptel 4) 

\\ hrle the gene IS stlmulated about 3-fold 1/1 Ill/O. In whole anImai studies. 

glucucoi tlcolds rndu-:e AN F gene expre~slon. approxlI11atel) ~. tu 3-fold JJ1 the 

\ entllcular tissue and about ~·fold in the atrla (Da~ et al.. 1987, Galdnel et al.. 

1'186) Pla~ma A.NF le\ els concurrentl~ flse folJowing dexamethasone (DE\) 

Ileatll1enl 111 the IntacT rat (Gardner et al.. 1986). and ANF secretIOn b~ primar~ 

,"'aldluc~te -:ulture~ I~ mcreased b) DE\ tleatment (Matsubal3 et al.. 1987). \\hrle 

,>ome studles suggest that rnrneralocorticoids mlght also modulate atnal ANF 

mR'''' le\eb. Il is li"el~ that such an effect I~ secondar) to \olume expanSion in 

tilt: Intnct anrl11al (Ballermann et al. 1986) The absence of a stimulatIOn of ANF 

gt:l1ç nple~Slùn lJ1 pllmal~ cardloc)te cultures \l'hen tleated \~Ith aldo~telone (OUI 

ul1publl~hed le~Ulb) ~upport~ thi5 Il)p()the~l~ Hence the Impllcatrun of ANF ln the 

I11rl1t:ralUcorrÎCOld escape phenol11enol1 IS probabl) ~econdal ~ 10 the \ olume 

e'pun,lon and sodIum letentlon that en~ue~ mrneralocorticold adll1l11lstratron, 

The A1\,F gene 15 also Induced b~ th~ rOld hormone (T?) (Chaptel 3) OUI /1/ 

" 
IIIl,l studie5 ha\e shol\n that botll alliai and \entl'Iculal cells respond to T

3 

trealment b~ ~. and 4-fold lIl~rea!:>e!:> of ANF mRNA s)nthesls, CaldlOqte,:> ln 

pl 1 11H11 \ cell culture also secrete more ANF when stlmulateù \"'ltl1 T
3 

IMatsubala el 

al. 1987) 1/1 1/1(/. h~perth)roldlslll ln rats results rn about 2-fold rncreases JIl total 

atllal and \cntriculUI "NF mRNA content Con\er~el). h~poth)rOldisll1 ellclts~. 

and 3-Îold dlop~ ln rrght atlial and total vpntrlcular ANF I11RI\i,o\ content~. 

les.pectl\el~ (Laden~on et al.. 1988) Although T3 is hnown ta hale \ arious effect~ 

on ll1\ocardlal plotell1 s~l1tllesis (Mor"lll et al.. 1983: Dillman et al. 1983). the 



obsened effects of T
3 

on both Rtrlal and \entriculal cells 10 culture IndicRte n 

direct actIOn of thls hormone on L\l\:F mRl'. ~ s)nthesis ,Chaptel 3, Gardnel et al, 

1987a). In fact. T
3 

also ellcib a ~-fold IOcreasc 111 medIa L\NF Immunorea~tl\lt~ 

l'rom cultured cardlOc~tes (Gardner et al.. 1987a, Matsubara et al.. 1987). 

\\e ha\ e recentl~ found that calcIUm IOnophore stlmulate~ cardiac L\NI

mR'\A le\els (ArgentIn et al.. in preparation). ThiS obsenatJOn has recentl~ been 

reported b~ others. and it "ae:; demonstrated that ca lclum lonophore (A~3187) and 

phol bol estel (TP-\l. elthel alone 01' ln combinatlon IIlClea5ed aIllai and 

\entllcular Al"F n1Rl'\A le\els~· and 35·fold. le~pectJ\eh \\hen celh \'cre trcateJ 

11/ 11111' (Lapointe et al )990). The ~ecretlon of Al\F 1'> alread~ knll\\11 t(l be 

promoted b~ these tleatments (Matsubara et al. 1988: Shleld<; and Glembot~"1 

1989). Thus. ~~F gene regulatiun In\ol\e~ a ~ulllplex Interpla~ uf multlholmunal 

and l11ultifactollal contlol<; 

1.3. GEN E TRA NSCRIPTION IN MAMMALJAN CELLS 

1.3.1 Cis- and Trans-Acting Factors in Eukaryotic Transcription 

Il 1:' a pl 1111 e intel e., t of eu ho a 1 ~ a III..' III U 1 ecu Jal b 10 log ~ t l1 und e 1 SI a n li t he 

mechanl5m~ b~ \\ hlch ~peciflc gen~s ale expless~d ln a tlssue·~pec!l'Ic and UI 

temporal ma nncl The inti od uClioll of muta t Ions Into cloned gene5 has allo\\ ed the 

IdentifIcatIOn of C'1~-a":lIng DN ~ seQuence~ necessal~ 1'01 transcnptional regulauon. 

~Iole recentl~. ~e\eral technIques ha\e been de\eloped 1'01 the charactertzatwl1. 

pUrification and. in some cases. clonlng of cDl\-\s correspondlng 10 plotelll~ thal 

specitïcall~ bind to these regulaton Df\:A sequences Thu'i. at present. the 

mechanlsm b~ \\hich specifie protetn-D~.\ II1telactions regulate gene expleS~lOn I~ 
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undcr lIltensi\ e In\ estigatlOn 

Studle~ on the structural and functlOnal organlzatJOn of several eu"ar~otic 

genes ha\e re\ealed the presence of sorne v.ell consened features \\hich are 

important for transcrlptional control ]n the immediate "ic1l1It~ of a gene's 

transcrlptlOnal star! sIte lies a control region generall~ referred to as the promoter. 

Usuall~ about 100 bp ln length. promoters ensure accurate and effIcient initIation 

of transcriptIon, the) include the AT rich TATA motif and a cap site (Dynan and 

T,ian. 1985. McJ-.nlght et al.. 1986). It IS notev.orth) that celta1l1 promoters. such 

as those 1'01 "huuseheeplIlg" genes. are de\ old of T A TA boxes but contam GC rich 

t>lements Instead (Bird. 1986) An additlOnal series of sequence elements. upstream 

of the TAT-\ box ha\c also been Identifled. Some of these are qUlte COl11l11on. su ch 

a~ the CC-\-\T box \\I1I.::h IS found ln a multitude of genes. and the GGGCGG 

element (D\ nan and Tjlan. 1985) Mutations at these sites are often assoclated \\ Ith 

decleased promotel strength (M)els et al.. 1986. D)nan et al. 1985) ln addItion ta 

these upstleam promotel elements (UPFs). other less UblqUltous motifs that help 

II1crease the late of transcription haH also been Identifled \\ ithll1 the fl/'st 100 bp 

of se\ elal genes (Manlatls et al. 1987). FOI example. saturatIon mutagenesls studles 

ut' Ihe ,3-glubll1 plomotel allo\\ed the precIse lucalllatlOll of a CACCe box at -95 

bp ln additIOn to a CCA -\ T box at -80 bp NucleotIde substitutIons \\ itllln each of 

the~e motifs resulted in dramatlc drops of transcriptional acti, Jt~ (M)ers et al.. 

1986) Sill1ilarl~. in the chichen 0\ albumin gene. an upstream promoter element 

\\ luch IS the binding site of the COUP and S3001l proteim. IS necessal ~ for the 

effICIent transcription (Sagaml et al. 1986) 

Certain ubiqullous transcriptional factors necessar) for transcription 

lI1itiatlon ha\e been identified Although RNA polymerase Il cannat alone 
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accurately recognlze the site of initiation. sevel'al other t'actol'> panlClpatc III the 

recognition of minimal promoter c;equences. In Hela cell eXlr:lcts at ka,,( lï, e 

chromatographie fractions are necessary for the formation of a transcl'lptlonal pre

initiation complex on the human adeno\ Irus major la te plomoter (Saltzmun Jnd 

Weinmann. 1989). Although the funetlons of TF1! .\. B. D. E and F are still at 

present not entirely clear. it IS known that TFII D I~ the LJnl~ factol that IHnds 

DNA. recognillng the TATA box (Saltzman and Welnmann, 19S9). Currentl~. a 

model invoh ing the sequential assembly of these factors to form a pre-InitiatiOn 

complex is descrlbed. Many other transcription factors are prOIlh)ter specifie and 

interaet wlth cis-aetlng control elements FOI example. the SJllllan \ 111I~ .. H) (S\'-lOI 

earl~ promoter contams 3 TAT.\ box and ')1\ randoml~ arranged GC bllXl!S 

(GGGCGG) sho\\ n ta blnd the promoter specifie Spi factol. Origlllali ~ lÙentlfled 

l'rom Hela cell extract (Dynan and TJJan, 1983). Spi bllldlllg site" c.!'(J~t ln many 

viral and cellular promoters. Two Spi binding sites are found wlthm the Herpes 

SImplex virus (HSV) thymidine kina<;e (TK) prornotel'. ~ontribulll1g 10 full pronwter 

activity (Jones et aL. 1985). Three su ch sltes are aiso found ln the mou,>e 

dihydrofolate reductase gene (Dynan et aL, 1986) ThiS factor has been cloned 

from a Hela cell cDNA library and its sequence shows it ta be a membt!r of the 

zine-tïnger DNA-binding protein fam"y (Kadonaga et al.. 1987). 

The frequently occurring CCAAT box is recognlzed by a multipliclt~ of 

transcription factors. N FljCTF conslsts of a fanllly of CCA AT-box binding 

pOlypeptides able to acti'vate transcription /Il l'Il/() (Jones et al .. 1985. Jones et al.. 

1987); a different CCAAT bmding prote in. CBP or C/EBP. lsoluted t'rom rat liver, 

has distinct biochemical properties (Graves et al .. 19861 AddltlonaJ CCAAT 

element binding protell1s. such as CPI and CP~, that preferentlally blnd the Q

globin and 1-fibrtnogen promoters have been identlfled l'rom Hela cell extracts 

(Chodah et al.. 1988). CPI and CTF:NFf can be distlngul,>hed on the ba'iis of Ihel .. 

binding affinities for diffcrent CCAAT box permutatlon~ Furtherrnorc. the IwO 
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( l'al:tors are unllgenll:ally dlstinl:t and Ihus probably do nOI anse l'rom dosel~ 

relaled gene~ IMllchell and Tjian. 1989) SlInliarly. CTF NFI and C EBP are 

t.!nwtktl b~ IwO separate genes (Landschulz et al.. 1988; Santoro et al.. 1988) Whlle 

C. EBP belong~ to the leucllle zIpper famtly of transcriptlOnal factors. CTF NFf 

cannot be ç(a~sltïed ln an y of the current subgroups (Landschulz et al.. 1988a; 

Johnson and ivkK nlght. 1989) Biochemlcal evidence supports the notion that there 

e:osts a variety of CCAAT box b1l1ding factors and that more than one type might 

exist wlthin the same cell (Johnson and McKnight. 1989). 

WllIle proxImal promoter elements do contl'lbute to proper and effiCIent 

transcriptlOnal initiatIOn. the contributIOn of additional modules is requlred for an 

enhanced trllnscllptlOn rate (Dynan. 1989) Such elements. "nown as enhancers. are 

c1assically recognlzed as DNA motifs that Increase the rate of transcription of cis-

( 
11Ill-.ed promoters. act ln an o/'lentation and position I11dependent manner and can 

actl\ate heterologous promoters (Atchlson. 1988). The SV40 enhancer senes as a 

c1asslcal example. possesslllg ail of the above propenle5 (McKnlght and TJian. 

1986). In SV40. two 72 bp tandem repents mediate a dIstance and o/'lentation-

independent enhancement of transcription. The blndin~ of nuclear protell1S to 

enhancer motifs has best been demonstrated within SV40 The transcription factor 

AP-I blllds to the conserved TGANTC/AA site in the SV40 enhancer as weil as in 

several cellular genes. Indeed, AP-I sites modulate phorbol ester 1l1duction of 

collagenase. stromelysin and metallothioneinll
A 

(metrI
A

) genes (Angel ct al., 1987). 

ft was rapidly realized that the AP-I factor was a heterodimeric product of Ç-/l1Il 

and c- fll\ proto-oncogenes. Both protems conta in a leucine repeat reglOn, and It is 

postulated that the proteins dimerize via the leucine-zipper domain (Landschulz et 

al.. 1988a). The dlstlllet transcription factor AP-2 binds the consensus 

CCCCAGGC. occurrlng in several genes such as hmetfl
A 

and collagenase genes. 

This factor 15 also sensItive to phorbol ester IIlductlOn as weil as cAMP elevating 

agents (Imagawa et al. 1987; ChlU et al.. 1987). 



\\ hile most \ irai enhancers ale functlonal ln ail \:cll t~ pc~. Il I~ Ih1t 

uncommon fOI certaJO eukaryotlc enhancers to functlon III a cell-speclfk mannel. 

su ch as those round ln the Inlnlunoglobulin hea\ ~ and Iight dl81n genes (GJlllc~ et 

al. 1983. Gerstet et al. 1987) For example. the frequelltl~ !>ecn octamel Il'lllill . 

..\ TGCAAAT. has been sho" n to possess enhancel aetl\ It~ as \\ ell a!> to cunret ccli 

specificin IOnde" et al.. 1987. Fal"ner and Zachan. 1984) Thl~ motif I!> t\llInd 

\\ IthIn the enhancer5 of S\'40 and JO the Immunoglobulll1 hca\ ~ chain (lglI) 

enhancer and prollloter When bIndlOg of protem~ tu the 1n1lllUnoglohuiln gent: 

oetamer \\as flrst demonstrated. t\\O blOdmg actl\ltle~ \~ele obc,cned. unc ~peclfk 

to I~ mphùld cell~ and one ublquitous (SlOgh et al. 1986) ThiS 15 an c\umpk ut 

t\\O indl~tll1gulshable plotems bll1dlOg to the ~ame motif and beha\ IIlg a~ pO'.>I!I\t' 

actl\8tors of tranSCription ln elth\!r a I~mphold-~peclflc or UhlQlIltlllJ'1 IlHlnnCI 

(Scheidelelt et al .. 1987. Fletchel et al.. 1(87) 

Enhance,s can also be of the mducible t)pe. fun~·tlOnlng onl~ 'Il ,espuJ1"c; (II 

specJlïc stimuli such as gro\\lh factors. second l1les5enge,~. hea\) nll~tal ... or ~teluld\ 

Such enhancel's ha\e been Identll'Ied JI) a number of gene, Includrng .. :-111\ 

(Tlcisman. 1(85). pro-enhephalm (Comb et al.. 1988) and metalllHhwl1cln gellt:'> 

!I,alln et al .. 1984) L ~uall~ it can be shù\\11 Ihat \CI) 5hurt lU tu 15 bp D\. \ 

demenl~ can medlate an inductIOn upon both homologuus llnd hetclolog()ll~ 

promoters (Manlatis et al. 1987: Eider et al .. 198K: Comb et al . 1988) Furthermolt:. 

s~ nerg~ bet\\een mult,pk reglllator) elell1ent~ I~ not un~ommon anJ ha~ bel!n 

demon5tlated fOI glucoconicold and cAMP regulator) elements (Dane~.:h et al 

1987: Comb et al.. 1988). 

\\hlle the presence of negatl\e cis-actLng D1\IA element!> ha" becn "cil 

studied 111 lo\\er eu"ar~otes such as yeast (B,and et al. 19851. mountlng e\ Idc'h:t: 
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, .. 
pOlnt~ tu the exi~tence of ~uch negatJ\e elements 01 silencels in higher euhar~otic 

gene~ a~ \\ell (I\uhl et al. 1987). For example. a negathe regulator:- element IS 

re.,pon~lble 1'01 ~"Jnterferon gene represslOn III the uninduced !ltate. I\herea~ 

IIlductlon b~ lirai agents or qto"lIles is medJated b:- the same or an adjacent DNA 

element (FuJita et al.. 1988) The Identlfied negatlle element has been sho\\ n 10 

reples~ tramcription from a heterologou~ promotel' (Goodbourll et ail. 198u). 

SimJinrl~ Il has been postulated that the embr~onlc sl-.eletal m~o~1Jl heal :--chall1 

gene 1<; ceIJ'speciflcaJI~ regulated b~ both posllile and negatile regulaton elements 

(BulIlagnet et al. 1987/ ln the rat grolqh hormone gene (GH). ds-actlng ~ikncel 

element~ are thought to l'esTrict GH explession to pltuital~ cells (Lalsen et al .. 

IlJtlbal Tht: abllitl of the lepreSSl\e e1ements tu aet on a heteJologou~ pJùll1ùtel 

'iuggesb the~e sequences eontaln a mammalian silencer Indeed. extJJ1ctlon of gene 

npre:'~1011 111 pltultar~-flbloblast cell h:-bllds. aceompanled b:- actl\atlon of the 

~ilencel and lo~~ of speeJ!ïc nuclear factor blndlng. SUppOI'l~ the notion that ba:'lc 

mechanl~ll1:, ple l elll expressIOn of InapplOpl'l3te gene!> ln l/lappropl13te cells 

(llipputi et al. 1988) 

\allllll~ modeh hale been put forth for the mech3nlsm~ of buth posltlle 

and negall\ e gene regulation Some nf the elent!> Impllcated might II1cluck the 

dell\ atlon ùl IIlductJOn of positJ\ e and negatÎl e transCrlptlO1l fae[U1 ~ UI. 

all~I/Hltllel~. the InactJ\RtIO/1 or dl~placement of RctilCllOrs and repressor~ Studles 

llll pro"al~otJc rcpressor-operatol IIlteraetion~ hale helped genelate a model fOI 

negatl\C transcl'lptJOnal effects. BlIldmg of a repressor ln close proxlmit\ to the 

trans';llption lI1itiatlOn unit. prelentmg aCees~ b~ RNA poJ)l11erase. IS an example 

l1f negatllt' regulatJO/1 (Ptashne. 1988) Alternatllel). proteJl1-plotelll Int3ractlon5. 

rathel than dilcet contact \\Ith DNA. m3~ result in negatile transcriptional effeC'ts 



as is the case for Go\L80 and G-\L4 (1\1a and Ptashne. 19871. -\ tlllrd Illcehanls/11 

ma~ be the direct competition of poslti\e and negati\e transcription t'aetms t'lH 

o\erlapping DNA sc:quences as has alread~ been obsened III ~east (Na5m~th and 

Shore. 1987) ln higher eukar~otes. the follo\\ Ing example~ mlght be consldered 

The 1055 of a positÎ\e transcriptional factor follo\\ing fUSIOn of fibroblasls and 

pituitar) cells sup',orts the notion that a posJti\e trans-acti\ator proteln IS 

repressed folio" lOg cell fusion (!\1cCormlck et al. 1(88) On the other hand. Il 15 

cleal that 111 the case of most hOltnone dependent enhancer5. an actJ\atlOn of 

transcription results flom bll1dlllg of an "actn3ted" receptol ta speeltïc ci,,-aetil1g 

elements (Bearo et al. 1(89) ln contlast. hormone-medHlted repre~~ion has been 

3ttl'lDuted to the dlsplacement of a pOSltJ\ e trans-actl\ atol. such as a c·\:\lP 

responSI\e factor (CRES). b) the steroid receptor (-\"elblom et al. 14gg) 

SlmJl3rl~. the competition bet\\een th~lold and estrogen leeeptors fOI l'indll1g tu 

the estrogen response element can rec,ult in a transcllptional inhibition (Gla<;s et al. 

1988) FJI1all~. post-tlan,latlOnal lllodifl\;atlOns l1la~ equall~ be il1\ohed 1/1 

mediatll1g propeT aell\ allng 01 repressmg funetlOns For examp1t:. ~e\ cra J 

transcliptlon factors requlle phosphol~latlon for actl\lt~ C~cll': AMr le~pon~l\e 

element bindtng protel11S (CRES) eXlsts as a mIxture of ina.:tl\e ll1onomer<; and 

a.:tl\ e dlmels. phophol ~ lat Ion fa \ ors dlmel izatlon and hence aetl\ It~ (1\1ltchell and 

Tjian. 1989) SlmJlall~. SpI. a hea\J1~ gl~cosylated protelll. 15 mactl\e follo\\rng 

treatment \\ \lh \\ heat germ agglutll1l11. \\ tthout altering ItS Dl\. A bmdll1g aell\ It~ 

(Mitchell el al. 1(89), The future charactenzatlOn of the nuclear plotems lI1\ohed 

in cell-t)pe. temporal and mduclble gene explesslOn \\Jll undoubtedh off CI no\el 

and tn\ aluable mformatlOn neees;ar~ 1'01 the elucldatlon of the \ anous 

mechanlstlc feature5 of gene transcriptIOn JI) eu"anotlc cell; 
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1.3.2 Regulation of Tissue-Specifie Gene Expression 

Tls~ue-speclflc expression of 'ie\ eral genes ha<; been as~ociated \\ ith the 

ple!>ence of tl~~ue ~pecitïc tramcriptlOn factors These mclude se\eral li\er (Frall1 

et al. 1990,. pltultar~ (Bodner d al.. 1988). 1~I'lphold cell (Scheidelelt et al.. 1987, 

anJ mu~ç/e ~peclflc factol S Gro\\th hormone factor 1 (GHF-IJ or Pit-I is a 

pltultar~-~pt'ClfIC transcription factor that pla~~ an in;nortant role in the expreS~lùn 

01 the glo\\lh hOIJl1ùne (GH) and plolactln (Prl) genes (CastrllJo et al.. 1989: 

In),uaham et al.. 1988. Bodnel and Kalln. 198"7. Mangalam et al.. 1988). PIt-! l~ 

ruund ln lactotloph~. ~omatotrophs and th~rotroph~ (Bodner et al.. 1988. Inglaham 

et al. 1988. Clensha\\ et al. 1989) although thl~ protell1 blnd~ ùnl~ to specifIe sJte~ 

ln buth the GH and Prl prOlllOter~. In the gro\\th hOlmone gent'. t\\O PIt-! blndtng 

'Ite', :Ill 11I1.':ited \\lIhll1 the proxImal promotel reglOn These sJ(e~ are ,:ruclal fOI 

full tl,>,uL'-<;peclfll.' explec,~lon of the gent' both /II II/III (~el)on et al. 19861 and /l, 

l/l(l (Llla et al 1Y8~) The Situation I~ mOle comp!ex III the prolactln gene \\here 

IhL'lt' dIt' l\\u ç/u~tt'r~ euch -:untarnlng fOUI Pll-I blnding ~Jte~ It ha~ been 

)ug!2L'<,ted that the dlc;tal clu<;ter IS malnl~ rec;ponsible fOI tissue-specIfie Prl 

nplt'~SI(ln (i'.elson et al.. 1986 1988) although the lequllement of on" the 

1111\\ll11al reglUn hac, equal/\ been documented (Cau et 31.1987). Rlcentl~ u~lng 3 

tlan,>gel1l": nl1lmal mode!. Il ha~ been concluded that eithel the dl~tal legion lu!:.ed 

tu a helpt:~ th~l11ldlBe "wase IT .... ' mI/limaI promotel or the prOXJllla! regJOn tllune 

1 <, .: li pnb 1 e 0 f d Il e c tIn g 10\\ 1 e \ el exp 1 es sIon in the pIt u i t a r ~ (C 1 en S h a \1 et aI..l 989 ) 

Ho\\e\el. a s~nerglstlC Intelactlon bet\\een the distal and proxImal elemente, \\as 

ne~e~sal \ for hlgh le\ el expressIOn 111 the transgencs Interesttngl~, remo\ aloI' the 

dIstal enhancer l'rom It~ 110l'mal context led to expleSSlon ln th) rOlloph:. The 

plt;'~en.:t;' of endogenoll:, Plt-I in th)rotlophs and somatotrophs and the absence of 



Prl expre!)sion in the,>e ~ells sugge,>t that re3trlctl\e Ille.;hanl!)m~ llIedlate Ihe ~'c:II

specifie explesslon of Pli ICrensha\\ et al.. 1(89) 

PIt-1 ha5 been cloned and ~haractellzed (Bodnel el al.. 1988. Ingrahalll el dl. 

1988) and It~ functlOnal domains Identlfled (Thelll et al.. 1(89) PII-I I~ il 

homeodomall1 protem "lIh 5equell~e5 dlstantl~ related to the Dl'o~ophda hOmelltl1.' 

gelle~. 0\ hellx-turn-hellx region IS characteristÎl:' of the homeodoJl1alll (Struhl 

1989) Moreo\ et. a POU domalO. come" ed 8mllng !)e\t!1 altI ail'>'; 1IJ)lwIH\ 1 and 

de\elopmental factor5 Includlng OTF-I. OTF-~ and ullv86 (Hell et al. 1988,. h 

al~u found 111 Pit-l The ob~el\atlOn that GH gene extin..:tlùn lJ1 flblublaq-

pJtuJtal~ cell h~brJds is accompanled b~ a los~ of GHF-I plotel)) and mRI\.·\ 

~uppt)rts the Iole of thi~ prote III a~ a po~itl\e cell-5peclfll': lIan~-acll'atul or Ihe CH 

gent' It\lcColmlck et al.. 1988) 

L~mphùid-çeJl ~peclflc. ùctamel'-bindlllg factui (OTF-;::I. nt:ce~~al~ 'I)I 

Imm ulloglobulJl1 ~ene expl ession. ha~ been pUllfled and cha 1 aClellzed ,SdH:idel CH 

c::t .il. IlJ87, The same octumel motIf cau be found ln (:1 'arlt't\ ut plumulel!) and 

blnd tl) an UblQUltoU5 factol IOTr-l) ,Fletchel \!t al. 198~) \\hen ple~ent III thl 

Iight and hea\ \ chain promoter~. hù\\e'el. thl~ motif ha~ been ~h()1\ n lu ..:unfel 

I~ mpl)L)ld-spe~lfl~ e\pression /II 1 Il () (\\ Irth et al. 198'7) The pUllfl(:d OTr--~ 

plotell1 -:an actl\ate tran~clïptlOn III non·l~mphold -:ell extla-:b and bine! tu tht 

octamer element. producing footPllllt5 indistinguishablt: t'rom thll~e pludul.·ed b\ 

OTF-l (SChelderelt et al. Iq87) Clearl~. dist1l1ct promotel feature~ gl)\ernlng ccll

~peclfk \ ersu~ ublQuitous factor bJl1dlng. III thl~ model. appeal CI uClal 111 

determlning the transcl'lption of the propel gene ln the propel cell t~ pe 

Se\eral Iilel'-speciflc gene hn\e been studled and con~equentl~ a fell Inel-

speclfiç tlanscriptlonal factols ha\e been Identifiee! ln the human albull1i1l gene 
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thlee dIstinct cis-actlng domallls ha\ e been defined a negati\ e regulatol ~ 1 egion. 

an enhancel that mteracts \\ Ith II' er-speclflc factor LF-BI and a promott'I (F,alll 

et al.. 1990) Remo\al of the LF-BI blllding domain results m a slgnlflcarH drop of 

actl\Jt~. Sll1lrlall~. in the human Cll-antitl)psin gene (ClIAT). t\\0 functional 

domaJl1~ haH been defined b) mutatlOnal anal)ses (De SImone et al. 1987). both of 

Il hlch art! requlred 1'01 tissue-speclflc explessJOn ln hepatoma ceJls T\\o factol~ 

Idt!lltifïed t'rom lJ\el nuclear extract~. \\ere SIH)\\n to bind the ùlAT ci~-actJllg 

domaills LF--\I and LF-BI ln the case of LF-BI. a good correlation betl\een 

blndll1g and tran:.crlptional actJ\8tlOn Ilele ob~e/'\ed (Hardon et al. 1988) 

1.3.3 Muscle-Specifie Gene Expression 

Relatl\eh. hule 1:' kno\\ about the tlssue-speclflc eXJ)leSSlOn of mu',,:le 

gene, and paltlcl/lall) cardlac specIfie gene~ \lhele the absence ut' cardlac-spt!Crfï~ 

,:dl Ill1e<; ha~ been a I11OlIOI dlélllbad, Nonetheless. se\elal caldiac-spe':lflc gene~ 

.Ile exple~"ed in celtaln embJ'\ol1lc sl..eletal musde cell~ or m~oblaqlc cell Ilne~ and 

can tllll' be studled The~e incliide m\05111 hea\ \ and light Ch3111. caldiac-actlll 

tl \)1'011111 and l11u~.:le creatllle "lI1ase genes 

-\ \1 ell :.tudled !:»~tem I~ that of the human cardl3c ù-a.:tlll gent: Thl~ gene 

elhudt.''1 tht.: l11aJ\)J actlll 111 adult rnHll1mallan heart but I~ abl} e>.ple,,~ed al eall~ 

~tage~ l)f musl'le de\elopl11ent (Mma and Kede~. 1987) FJJ1e deletwl1 mutagenesl~ 

(lno 1111"el scannlng ~tudle~ JO C~ m~ogel1lc cells ha\e re\ealed the Impollflnce of 

t\\O C-\IG box (CC(A+T rich)eGG) motIfs ln the proximallegulatol) reglOl1 of lhe 

ü-a':llll gene The CArG motIf is hlghl) consened ln the S'·f1an"lng sequence" of 

ealdlae actJl1 Jl1 se\elal specles (MI\\a and Kedes. 1987) 1\1 a x 1 ma 1 promotel 

:/,'tl\ I{\ 1" dependent on the integrrt~ of these 11101It\. contrrbut/llg to tissue-specIfie 



exples~lOn of the gene, Bindtng ta the ploxlmal CAIG box b\ pCl 51tl\C tral\~-a-.:tlng 

factors l'rom both muscle and non-muscle nuclear extraclS has alread) been sho\\ n 

(Gustafson et al.. 1')88) Hence. the CArG box btnding protetn (CBP) appeal~ to be 

an ubiquitous factor that might mediate musde 5peclflctl~ thlough som~ hlghel 

order interactIon ,\ith addltional ancillary factors or ,ia spedflc po~t-tramlatlOnal 

modlfJcations. rendering the prote in aetne solel~ ln musde celb (Gustafson et al. 

1988) It 15 tnterestlng to note that the CArG box 15 equi'alent to the ~elUIll 

response element and blndlng of serum response factol (SRFl tel C.l,rG hac; becn 

demon su a ted (G usta fson et al.. 1988) ln facl. the btndlng of a total of fl\ e 

dlfferenl factols on the cardlac ù-actll\ gene plomotel IIlustrate~ the -.:omple\ 

nature of the rnteractlons that Jlllght be Jn' oh ed III the gene's regulutlOll 

((,u:>tafson and "ede~. 1(89), 

Simtlal studies on the lat embl~onlc m~o!:>in he,l\~-chaJll gcnc 111 C: 

m)otube~ and m~oblast~ ha\e re\ealed the bindJl1g of a po~iti\e tram,,'llption 

factor (NFel tO acis-acting element \0 the 5'-f1anl'dng sequcn-.:e~ 01 the gene (') LI 

and '\.adal-Glnard. 1989). Although thls factol IS not tissue-~pecJtlc due tu It,> 

plesence II) m~otubes. m~oblasts and Hela cells. the authllr!> claml Il contrihutt:" tll 

full promOICI acti\ it~ ln m~otube<, and m~obla<;ts Mean" hile. in the ca'>e 01 the 

Illmcle CJ'e~Hlne hlnase (MC"1 gene. li m~oqte-speclflc nucleal factlll \\li'> 

Identlfled (MEF-Il that \\as requll'ed for enhancel acti\lt~ III s,",eletal m\obla,>t<, 

(Bu~hin and Hauschha. 1989) .\lthough. the role of thl!> elemenr JI1 cardlac l11u~,,'k 

has not been assessed ln culture. a transgenlc mou!>e model "lth \ aIIOU'> 5' 

PIOl11oter elements !>ho\\ed that the MEF-I blndmg site al~u actl\ate'o expre'o!>101l III 

caldlac muscle (Johnson et al.. J989a) MEF-I I~ Identl\:al to or clo~el~ related tu 

1\'I)oD. a l11\ogenlc detell11lnatlOn factol. Hl)\~ e\ el'. thl~ faclOI I~ ple~ent onl~ ln 
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( ,>~eletal mu~cle (Tapscott et al. 1988). thus. the authors suggest that in cardlac 

mu~cle. the MEF-I enhancer element ma~ be recognized b~ a related cardial' 

prutelll (Johmon et al. 1989a). Interestmgl~. In thls system. of the t\\O enhancer 

reglUn~ anal~zed. one \~a~ functlOnal onl~ ln sJ...eletal muscle while the othel \~as 

t'unçtional ln bath caldiac and si-.eletal muscles (Johnson et al. 1989a) Slmllarl~. 

dlfferentlal regulatlon of the cardial' troponin T (cTNT) gene in sJ...eletal and 

caldlae mu~cle ha~ been demon~trated (Mal and Ordahl. 1988). \\hile onl~ 129 

nucleotlde~ up~tleam 1'10111 the eT;\.T "lItlBtlon site ale sufflclent fOI sJ...eletal 

mll~cle expl e~~1t)J1 ln embr~ onle "J...eletal mu~ç1e cuitui es. addltlOnal Upstl eam 

elel11e/1t~ are llece~~al~ 1'01 caldlae cell expleSSlOn 1/1 el11br~onic heart cell culture~ 

U""ll et al 1 988 a ) The cardlac-speeific element reslde5 \\ Ithin a fragment 

conta i/1l/1g ~eLjuences bet\\ een -268 and -201 L'p Othel sequenee~. still fUI thel 

lIpstream. cüntrJbute 10 mllscle-c,peelflc enhaneer aeti\ It~. but are not lequlred 1'01 

ba~al expleSSlOn (l\1ar et al.. 1988a) 

Rei.:entl~ ~e\ eral s~eletal mu~cle-~peclflc D'A. bll1dmg factol!> thal are 

capaL'1e uf altellng the fate of me~odelmal eell~ b~ aetJ\ating the m~ogenlc 

phenllt~pe ha\e been l'epolted napscott et al. 1988. \\elntraub et al.. 1989: \\rtght 

et al. 1(89) \h()O m~ogenln and 111\1'-5 gene ploducts ale l'estlicted exclusJ\el:-

ln ~"eletal muscle (Edmùnson and Ohon 1989. \\ell1traub et al. 1989. Braun et al. 

198(1) (CI tain structural simllalities ale retalned among these plotem~ mcludlng a 

ba~I~' leglon alld a reglon of homolog~ to the C-I1II'(, oncogene Delet Il)n 

I11Jtagellesis ha~ le\caled that a 68 aa ~egment contaming these reglOns of M~oO 

alc !>ufflclent fur eOn\elSIOn of flbloblasts to muscle cells (Tapscott et al.. 1988,. 

It IS Interestlng to note that these same regions are Important for slte-speclflc DI\;.l, 

l'Inti Ing 1 ndeed. the .:haractell<;tk <;tlll.:ture<; of the~e prOie in~ conslstlng of a 
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putathe hell,-Ioop-helix motif follo\\ed d"c('tl~ b~ a basl~' leglOll ha~ led to tht: 

suggestion that these prolein~ belong to CI \1Lne! da!>~ of D!\.A lIam~'llptJt)nal 

factors (l\1urre et al. 1989). The help(-Ioop-hellx domaln ha5 the potentml 10 form 

{\\O amphlpathlc helices sepalated b~ an Intenening lùùp Othel members of thl~ 

no\el famtl~ 1I1c1ude member~ of the Drosophila lI('l!lIflt'-U<IIIt' and 111/\1 gene 

fal1ltl~ and Immunoglobulin /CE: blndlng proteln~ (Murre et al.. 1989) Thl~ regiun 

also appear 5 ta be essentlal fOI dlmel ization 

Transfectlon cf M~oD or m~ogerlln cD~As Into frbrobJasl~ leads Il) the: 

c\presslOn of se\ el al muscle-speclflc genes such a~ 11l~ oSln-hea \ \ cha 111 and. 111 

fuslOn-promotll1g conditions. muscle creatine "ina~e and tlopunlJ1-T (Edmon\un and 

Oison 1989) Recentl~. il ha~ been demon'5trateo that the m~ù~'\te-spCclrl~ 

enhancer bindlllg protell1 (MEF-I J. nece~~:lr~ fOI full transertptronal aetl\ It\ uf the 

:\ICI\. gene. 15 :1ntlgenlcall~ reJated to f\1~oD (Bus"ln and HaU5ch"a. IqSlJ. La~\al t:t 

al.. 19891 ln ract. f\1~oD ha~ al':>ü been sho\\ 11 to bllld to the MCI\. enhan~'el 

t!\ples~ the \1C1\. gene. and it ha, been lepolted that f\1\oD I~ not In\tl\l"d ln Ih" 

e\pleS'iIOn l1f the ,Ç-subunit gene uf the l11Urlne ace!~kholille leCe)1!\l1 (La~~al et al 

1989 Bald\\lll and BUlden 19891 

legardlng the tactt)IS In\ohed ln the determlllatlOn or mu~cle dltferentlatilln and 

gene expre~slùn FOI exampk. Il has been proposed that the pattel n of 111\ ugellll1 

e>.preSSlll\1 111 cultuled cells 15 cOl1c;istent \\ Ith a Iole 111 regulatlng the dt:clslon tu 

dlffelelltIate Simple models based on the tran51e11t explt's,s,lOn of l1l\ogenlll 'el~ll~ 

the Cün!>l1!utl\e expression of ~1~oD ln m~oblas!!> pledlC! Ihal m~ogenlfl ha~ a IUle: 

in the regulation of determl11ation (""gh! et al. 1989) Ho\\e\el. othel ~1\lJJ)-

1 el fl te li pro t e III ~. suc h as m ~ ct (p 111 n e ~ Cl ail <) 8 S) a n ct n1\ f -5 (B 1 a U Il et 3 1 l ') g 9 ) 
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TABLE 1.2 CLASSIFICATION OF TRANSCRIPTIONAL REGULATOR) 

Glucocorticold receptor 

Th) raid hormone receptor 

Estrogen receptor 

Progesterone 

SpI 

C-II/Il 

\-fo\ 

C EBP 

OTF-I 

OTF-2 

Pit-I 

C-lIll'(, 

r"lyoD 

CTF, NF-I 

PROTEINS IN VERTEBRATES 

Structural Feature Reference 

ZF 

ZF 

ZF 

ZF 

ZF 

LZ 

LZ 

LZ 

HTH, POU 

HTH/POU 

HTH 1 POU 

HLH 

HLH 

n.d. 

Beato. 1989 

Bearo. 1989 

Beato. 1989 

Beata. 1989 

Kadonaga et aL 1987 

Maki et al.. 1987 

Van Beveren et al.. 1983 

Landschulz et al.. 1988 

Sturm et al. 1988 

Schelderelt et al.. 1987 

Ingraham et al. 1988 

Murre et al.. 1989 

Murre et al.. 1989 

Santoro et al. 1988 

Abbrevlations used: ZF, zinc finger; LZ, leucine zipper; HTH, helix-turn-helix; 
POU, POU domain protein; HLH, helix-Ioop-helix 

might be equally implicated in this function. Unfortunately, no such cardiac 

musde-specific regulatory factors have thus far been identitïed, and the molecular 

mechanisms governing cardiac myogenic determination are as of yet unknown. 



1.3.4 Steroid and Thyroid Hormone Regulation of Gene Transcription 

The lecent isolation and chalacterlzatlOn of se\t!lal nuclerll rCI.'eptul \.'D~-\s 

has re\ ealed the existence of a superfamll\ of proterns th:H IOclude functlonall~ 

dJ\erse receptors. Members of thls famrl~ mclude glucocortlcoid. pruge~telllnc. 

androgen. estrogen, mineralocortlcoid. th) roid hormone. rctlnOIC acid and \ itamin 

D3 receptols (Beato. 1989) Remal"abl). aIl these leceptols retalll a sln1llal gencl:1I 

organJzation and certam corn mon structural features FOI example. each receptol 

ploteln ean be subdl\ ided into three malll domains a \aflable N-tellll1nal domall1 

that appears to ha\ e a modulaton effect 011 trans-aetl\ atlOn. aC-termInai domaJll 

\\!th ligand blndlng. transacti\8t10n. dlmCflzatlon and nucleal tJanslocatlon 

fUlletlOns and a central c)steln-rJch DNA-blndlllg dOl11am (Beato. 1989) The [)~..\

l~l11dlng domal\) of these receptors IS charactellzed b) a pau of sl)-ealkd "zilh:

t Il1gels". conslstJl1g of 4 c)steines coordlnated \\ Ith a Zllh: atom ln a tetlahedlal 

fOI Jl1atlOll (Fleedman et al. 1988. Se\elne et al.. 1988). 

The most extenSI\ el) studled sterOld receptol IS the glucocorticOld 1 e..:eptol 

althùugh lecent C\ Idence SUPPOI ts simtlar mechanlsms of actIon 1\)1 othel mcmbe'" 

of thlc, Icceptor tamil) (le\le\\ed b) Beato. 1989} Indeed lt ha, Ilu\\ been \\ell 

estat'Iish~d that nu.:leal reçeptol~. ~uch as the glucücultlçuld It!ceptul bllld tll hlgh 

afftnlt~ bmdlJ1g sItes. leferred to as hürmone respon~l\e clements (HRLs) 111 the 

chromatin Ir is general1~ held that the rcceptor-Dt\ -\ interactIon mediate5 the 

hOll11onal response Fol' example. in the presence of glueoeoltll.'olds. transcrrptlon 

of the mouse mammar~ tumor \irus (MMT\') D'\-\ at the correl..·t site of Inltlatlun 

I~ rapidl) and ~eleetl\el~ Incleased n amamoto. 1985) ln gene t1ansfel ~tlldle .... 

glucocorticoids mediate a 50-fold induction of MMT\ transcrIption \\ hen the HR 1 

lS present (Chandler et al.. 1983). Con~lstent \\ ith th~ notIon that hormonal 
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1 egulatlon of gene transcription might In\ oh e sequence-speciflc receptol -DNA 

interactIOns. bindJl1g of partiall:. purified glucol:orticoid leceptor (GR) to the HRE 

ha~ been demonstrated both 11/ l'/l'II and /1/ "/(/11 (Willman and Beato. 1986: Beder 

et al .. 1986). It is mterestlng to note that while no clear consensus sequences fol' 

pr ogesterone. androgen or mlneralocorticoJd respons/\ eness ha \ e ~ et been defJned, 

the 15 bp glucocorticoid responsi\e element (GRE) can mediate inductiOn b~ 

progesterone. androgens and mlneralocortlcoids (Cato et al. 1986: Darbre et al.. 

IQ86: Catu et al. 1987. Strahle et al. 1987, Cato and \\emmann, 1988a), The 

drfferentHll modulatIon b~ the applopllate hormone ma~ be accounted for b~ the 

abundance of the leceptor. the unIque contact each receptol Il1lght ha\e "Ith the 

HRE and 01 b~ the contflbutlOn of othel trans-actl11g faclols to a specifie 

11l 1 nw n e -1 e cep tOI 1 n tel aI:l Ion (C a t 0 et al. 1 988. Cha 1 e pa h 1 set aI..l 988 ) 

ln addition to the \lIal promotel HRE. se\elal cellulal sterold-regulated 

gene~ ha\e been desclibed and 1I1clude the t~roslne amino transferase (T.\T) 

(Jantzen et al. 1987). human gro\\th hormone (hGH) (Slatei et al .. 1985). chichen 

I~~ul\me (chL~~) (Renha\\ltz et al. 1(84) and the human metallothionein liA genes 

(1':lJ'ln et al.. 198-lJ, Compalison of the sequences \\Ithm the glucocoltlcold 

1 ecep!ül blnding sites has 1 e\ ealed the presence of a \\ ell-consel \ ed 15 bp motIf 

(Frg 1 3) Meth~ lation protection and interference. and D1\ase 1 footpr1l1tJllg 

e",peI111lent~ ha\e pointed to speclflc resldues within thls sequence that are 

important for glucocortlcoid receptor blnd1l1g (Scheldereit and Beato, 1984). The 

GR E appears to act as a t~ pical hormone responSi\ e enhancer and thus to functJon 

at \al~ 1I1g distances from the site of transcflptlon mltlatlon ln some cases. It i, 

located \\ ithlll just seHral hundred bp from the site of mitiatJOn (Renha\\ itz et al.. 

198-1). 111 others li ma~ be a" far as se\eral hilobases a\\a~ (Calo et al. 198-1: 



Danesch et al.. 1(87). while 10 the hGH gene It 15 lo~ated wlthlll the trall~alptl\ln 

unit (Slater et al.. 1985). There does. however. appear to be II posltlùnal -:onstra IIlt 

for functional cooperative interactIOns between receptor molecules and or (Hher 

essential transcription factors (Schùle et al.. 1988). In the ~a~e of the TA T genc. 

functional cooperativity has been demonstrated betwee'. two GRE~ (Jantzen et al.. 

1987). It has a150 been demonstrated that when a 15 bp GRE i5 pla~ed at a distal 

position relative ta the Herpes simplex virus thymidine kinase (HSV -TK) 

minimal promoter. hormone-medlated InductIOn requlres the blllding sIte of an 

additlonal transcriptIOn factor in the vleinlty of the GRE (Strâhk et al.. \988) 

MMTV -181 GTTACAAACTGTTCT -67 Ham et al., 1988 

MMTV -128 GGTATCAAATGTTCT -114 Ham et al., 1988 

TAT -2508 TGTACAGGATGTTCT -2495 Jantzen et al., 1987 

hGH +93 GGCACAATGTGTCCT +107 Slater et al., 1985 

hMetII
A 

-262 GGTACACTGTGTCCT -248 Karin et al., 1984 

< > 
GRE consensus G G TAC A N N N T G TTC T 

~ ~ 

Figure 1.3 - Alignment of GREs identifled in several cellular genes. A dyad axis 
of symmetry is indicated by the arrows. Interfering methylated guanine residues 
are indicated by arrowheads. (Beato. 1989). 

Indeed. it has been shown tha t both the progesterone and gl ucocorti~oid reçeptor~ 
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a~t ~\ nel glstlcall~ \ .. lth several other transcription factors includlng the CCAAT 

box. SpI. octamer (OTF). nuclear (NF 1) and CACCC box bindmg factors (Stlàhle 

et al. 1988: Schule et al.. 1988) A second glucocorticold or progesterone binding 

site can also act synergJSticall) (Schüle et al.. 1988). Howe\'er. hormone 

inducibilit~ in different cell lines \ aries with the transcriptIon binding site and 

hence v. ith transcription factor presence and/or abundance (Strahle et al.. 1988) 

Thl~ probabl~ explains the dlfferential hormone inducjbiljt~ of \arious genes 1/1 

dlHerent cell Ilnes 

It IS mtere!:>tmg ta note that the glucocorticoid receptol also acts a~ a 

hormone-dependent negath e transcriptlOnal regulator. Sequences located upstream 

of the bo\ ine prolactlll (bPr!) (Camper et al.. 1985: Sa"ai et al .. 1988). the o-subullJt 

of the gl)coprotell1 hormone (A"erblom et al. 1988) and the rat pro-

opJOmelanocortlcotropln (POMC) genes (DroulIl et al. 1989) are able to confel 

glucLlcul't1coid-dependent represslon ta Im"ed leportel gene!:> !\1utagenesls !:>tudles 

ha\e shu\\n that spe-:lf,,: receptol-blndlllg sItes medlate negatl\e regulatlon of Prl. 

Q-slIbunlt and POMC gene expression (Sal--al et al. 1988: Drouln et al. 1989). Such 

negatl\e glu~o~oltl~oid lesponsiH elements (nGREs) bear mlOlmal lesemblance ta 

the Pll"tl\ e GR E consensus sequence It ha!:> been ~pe~ulated that GR bindlng to 

the nGRb I11lght allel the conformation of the receptOI. causing It ta act a!:> a 

rep)'es~ol AlternatJ\ el~. the GR-nGRE mteractlon ma~ occlude the bmding of a 

transcriptlOnal acth ator protetn. thereb~ brmging about a repreSSlOn (Aherblom et 

al. 19881. 

Flnall~. recent Ill\estJgatlOns ha\e uncoHred some of the bindlllg 

characterics of the glucocortlcoid receptor. In the inactl\e state. the 94 "Da 

llll1nomerJ~ receptol prorein le; usuall~ associated v. ith heat stod prote in 90 (hsp90J 



(Denis et al.. 1988). ln the plesence of hOlmone. the ligand-atJ\ated leceptol CHn 

form a homodlmer (\\ range et al.. 1989). It 15 the dimeJ'J': forlll that usuall~ blnd~ a 

GRE (Tsai et al.. 1988; Erll-sson and "range. 1(90) 

The th~ ro:d hormone receptors constltute a distlncl subfal11lh "Ith greatel 

simliarit~ \\ ith the retinoic aCld receptor T\\o for ms of {h~ rOld hOI mone receptol 

<TR) ha\e been isolated and cloned. the 0' and /3 TR (\\ell1bergel et al. 1986. Sap et 

al.. 1986: Thompson et al. 1987. Benbrool-- and Pfahe. 1987) TR ale I.!ncoded b~ 

the cellulal homologue of the \ irai erbA. oncogene (c-erbA) Tile Q- and 8-subt\ pn 

ha\e been mapped to human chlomosomes 1'7 and 3. respecli\el~ (BI:tdk~ el al. 

IQ89, -\Iternatl\e spllclng of the ,~TR gene 10 the rat gl\CS l'Ise to a functlonal 

ITRù 1 and a non-functJünal rTRÙ:
2 
(Bladle~ et al. 1989) The lattel form I~ unabk 

tu medlate 13 dependent gene regulutlon (lzumo and l\1ahda\l. \QS8) SllllJ\arl~." 

has L'een sugge!>ted that rTR/1 1 and ITR'~2 receptors arise 1'10/11 the sal11e gene \\ht'I~ 

lTRc~2 tlan~cl'lpts are reslricted to the anlerlOl pilultal ~ (Hodll1 el al.. 1989) ln 

the heart. explession of both Q- and p'·subt~pes has been detected fThuf11p~ol1 et al. 

198'7: h.oenlg el al.. I(88) It IS interestlng to note Ihat the human hTR,t) h rRtI;! 

and the hTR~i' receplOIS ail possess slmilar affl11ltle~ for hOlnh1nt: ligand ... l'\:aLli et 

al. 1988) The moleculal mechanlSIl1 of th~J'old-horll1one medfaled ge'le rl.!~ula(lun 

15 51n1llal to that outlmed for sterold~ (Thompson and E\ an~. 1989) l he re\"'cptul 

has a nuclear localizatlon and medlales hormone actIOns thlough dlleet D1'\·\ 

bll1dlllg (Sap et al.. 1986). Fe" th~roid hormone respon~l\C gene~ ha\e been 

sludied: the~ JI1clude h~poph~seal prolactJl1 and gro\\th hOlmone gene~ and 

mus~ulal m~osm hea\~ cham gene~ ln thc rat growth hormone gene (l'Cd-l, an 

element \\ithm the lïrst ~OO bp of upstream sequence,; IS sufflClent 1'01 th~IOId 

hormone induction of gene t1an~crJplion (Flug el al. 1987. Lal~en Cl al 198ü) 
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Th~lold hOlmont: receptor binding to the rGH thyroid hormone respomi\e element . 

TRE. has been demonstrated III Ilf/o (Koenig ct al., 1987; Glass et al.. 1987) The 

TR has al~o been sho\\ n to bind the TRE of the rat th~ rotropm f3 (rTSHf3) gene. 

exerring a negatl\e transcriptional regulatlOn (Darllllg et al., 1989). I\s \\ Ith the 

glucocor ticord receptor. T 3-medrated transcriptional regulation appears to be cell-

t~ pe dependent Indeed. JO non rGH expressing eells. such as mouse flbroblasts. T 3 

respOIlSI\ eness is absent upon transfection of a rGH TRE-contaming plasrnid. 

despltc the eXistence of TR (Larsen et al.. 1986). Alternatj\ej~. the response ma~ 

he 1 ana ble uplln the ce"-t~ pe tested as in the case of drHerent puuJtar~ cell line~ 

"here euhel lnlllbition 01' stimulation of prolactin gene transcriptIOn ln respome tn 

13 l~ obsellccI (Stanle~. 1989). 

ln cardlac and ~"eletal mu~c1es. members of the m~oslI1 hea\~ chain IMHC) 

l11LJltigene f:lJlli1~ tlle L1ndel differentlal control JI1 le~pon~e TO th~rold hormone 

IIZlIl11U et al. 1986. CIHzzonlte and Za". 1(84) Indeed. a heterogeneJt~ 111 the 

re<.,pnnses tn th~rold hOlmone has been obsel\ed 111 diffelent muscle t~pe5 The 

UPp,)\dte effects of th~ roid hormone on 0- and B-1\1HC gene expreS510n JI) 

\entllculal f1hocardlulll (Lompre et al.. 1984) and the dIstinct rewonse~ ta th~IOld 

hOlllh)neS of the ~~-MHC gene obsen ed 111 atrIal \ el sus \ entneular tissues (llUIllO et 

al. 1486). ckarl\ J1lustlate tht: complexit~ of ThIS s~stem SimIlall~. the Q-tvlHC 

gene IS II1dependent of th~rold hormone 111 the atrium but hlghl~ dependent on T
3 

in the lentride (lzulllo and Mahda\l. 1988). More recentl). the identJ!ïeatlon of a 

':Is-nctlng element lesponslble for T
3 

responslIeness in the Q-MHC gene has been 

replH'tecl llzunw and Mahda\ 1. 1988). USlng a m)ogenic ceIJ line. S'-flanhlng 

seqllen.:e5 bet\\een ·161 and -71 bp of the Q-MHC gene \\'ere found to confer T
3 

Ilhjll('ll'dlt~ !\tùl eùl el'. the TRQ} isoform \\ as identified as the transcription factor 
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in\ohed 

Although an analysis of the TREs from \ arlou~ T 3 respon~l\ e gene~ ha' nut 

permitted the identification of a definit/\ e TRE consensus sequence. Blent et al 

(1989) do propose a consemus TR bindmg site based 011 //1 1f(1/I bmdmg ~tudle~ nI' 

receptol to rGH TRE mutant olJgonucleotjde~' AGGT(C A)A in at least t\\L1 

copies. The authors show b~ DNA mutagene!>ls studies that the rGH TRE wml!>b 

of 3 subdomams (A. Band C) where domains A and B are Impetrect dllect lepeuI" 

and C IS a dl\ergent itl\erted cop~ (Brent et al.. 1989) 

B C 
------> > <------

rGH -183 AGGT -\AGATCAGGGACGTGACCGC -164 

Interestll1gl~. In the cr-MHC gene. a consened 13 nucleotide core element I~ 

found ln the non-codlng strand \\ Ithln the T
3 

reSpOIlSI\ e sequences (Izl/mo and 

\lahda\1 19881. As \\ /th the glucocOrtlcoid. progestelone. a nd/ ogen fi nd 

mineralocortlcoid subfamJl~. cros~-btnding \\Ithin the th~rold. retmolc acid (R-\Rl 

and estlogen (ERl leceptols on simlfal HREs ha~ been /epol'led Indeed. the R-\R 

has becn sho\\n to bl11d TREs (l'mesono et al.. 1988. ulaupnel et al. \(89) and TR 

can equaJJ~ bind an estrogen tesponsl\e element (Glas~ et al. 1488) l hls 

pIOmI5CUIt~ ln nuclear recepto/-DI\. A Interactions suggests that !>peclflclt~ ln gt'nt' 

regulatioll ma) be achle\ed by some hlghet order IIlteractions among leceptol and 

regulator~ proteills or ma~ be related to the subtle \ anat/ons III the organmltlO/1 of 

the indh idual Dl\: A bindmg sites. 
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CHAPTER 2 

THE GENE FOR RAT ATRIAL NATRIURETIC FACTOR 



='0 

SUMMARY 

-\tl'ial natriuretl-: factol (-\I\:F). a peptIde horllh)Jle lecent" IS~)IHted 1'1<..1\\\ 

heart atna appeal's to pla~ an Il11pOI tant role 111 the regulatlOn l)! c\tJul.'ellulul 

lÏuld \olume and blood pleSSUle Indeed. natural and s~nthetl': -\'\r lapldh and 

marl..edl~ stlmulate natrJurec;i~ and dllJre~l<; and produce !.J11uL1th mu~-:le lelaxHtlll\1 

Consistent \\ith the h~pothesls that -\~F 1'> a \1o\el hOlmone. Il \\8e; lecentl\ shù\\1l 

that -\I\;F IS plee;ent 111 cIrculatIon and 11Igh afflnlt\ meml'13ne rel.'eptür~ spedfl. 

fOI -\~F ha\e been desl.'ribed ln lenal \3s..::ulal. and adlenal tl~~lIe.., 

Important blolo~lcal actl\ltle<, <,uggest that 1.\)Jldltlon.., Ilf.c h~peltcn~ILln .:uuld hl 

aS~t)':lated \\Jth defectl\e -\"-F gene explesslOn \\e and uthel~ IHI\e !>huIIIl bl 

I.'D'\~ c10ning that -\"\F IS parI of a larger preCllI~l)1 plOlH\lrlOdllalll1 IP'\Di \\l 

no\\ descllbe the Isnlatltln and Qlul.'tulal an:1I:'iI~ (lI' the laI P'D gene 5()Ulhelll 

haplt"d genome The P'\D c(Jdlng ,>cquenl.'e" ale inlerlllpled b: 1\\11 ~lhlJl Inll\ll1-. 

palis do\\ nstream of the p!)l~ adenliatJl)11 ~Ile. sUl.'h ~eqllenl.'e, .:uuld adllPl 7-D"\ \ 

c;equen-:e, The rat P"-D gen:.! \\111 be a u~eful mtldel III ..,Iud\ the ph\c.,lulug\ and 

patholog~ llf thi~ Importanl regulalnl of the cardr()la~culal ~\<;(ell1 

INTRODUCTION 

The flnding of potent natlluletlC. dluretl~·. and \asurela>;Hlll pepllde, III 

heart atrra open'> a Ile\\ and r(ltenlrall~ 'cr~ Important fIeld of rn\Cstlgallon f(lI 

the under~lal1dlng of ..::aldlnlas~ul:11 hllnH!Osta51~ ln health and dl\<':d'l' Il 
... 
_1 r hl: 
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~tluctule of thec,e le.:entl\ Isolated peptlde~ "a~ determmed (3-8). and s~nthetl..:' 

atllal natriUletll. fal.'tol (-\~r\'_33 I!:> equlpotent \\Ith the natural peptide (3) 

o\ntlbudle~ rUlsed agaln~t s~nthetll.' .\NF \\ere used )) to pro\e b~ 

II11I11UnOC\tochenllstl\ that -\f\oF I~ I.'ontalned ln atnal ~ecretol\ granules (91 and 2) 

tu establlsh b~ radlolmmunoa!:>~a~ the pre,ence of A;-"'F ln circulation (10. 1 JI 

Fllnht'I SllppOlt for the hormonal nature of o\l\.F IS pro\ Ided b~ the fmdlf1g of 

SPCl'lfl..:' high-afflfllt\ leceptol slte~ 1'01 Af\F ln renal. \asculal. and adlenal tissues 

ln the lattel -\I\.F receptor brndrng parallels IIlhlbitlon of sterold 

)lI ùdlll.'t H)n 

Iml'II~'atllJn of --\'\,r ln dl,ea,ed <;tates \\a., flJ'st sugge~ted ln lepurt~ that 

atllal --\'\,1 actl\lt\ IS ledul..ed ln spontancL)ll,l~ h~pertensJ\e rab (1~1 and III SIU 

1-16 hal11~tel" \\ hll.'h ale ,>ublect tl) heledlt:H\ cardlolll\opatl1\ (15) -\dmrnl<;tratlo/l 

llf ,\nthetl~ .... ",. tl! "'lh)ntanellll.,l~ (161 and to e\pellmentalh (I~, h~peltel1'>I\e; 

lat~ Ill\\CI'o bltlt)d pleSSUle ba.:'~ tn .:',)ntrol le\el ... Thcse re,ults pOint tCi a plw'lble 

Ifni l'et\\een \'\,1 e\l'le'>,IOI1 and the de\elupment of h~perten~lùn ünd some 

~'''ldlllm\Op:lthle,> \Iule.:ulal anal\'>I, lit --\'\r gene structure clnd tlanSCllptlùn \\111 

hel" dellne Il}(~I..'hanbm~ In\l)llt:d III the cunllul LIt -\\.F e\plC:~Slun 

\1,del'U!.11 ,:I,)n,nL .!lllj "'elJllt'Il~'ln~ lit lat rI8':'1 and hUlllan (I~.:-I '::5, 

\\.I elh.'l)dln~ d)\.-\~ Ic\ealed that -\\.F I~ ple.,ent at the .:albo\~1 end of a lalgC:1 

l'le~l/I'''11I nwle .. 'uie. prunatrrudllatln (PI\.DJ. el~n\l1ele refeJred TO a~ pro-\1\:F (:0-

:3Il)1 plll~"'''dlünatlll1 (19, \\e no\\ repolt the Isolation and complete strut.lule of 

the rat l'lunatllodllatln (rP'\D, gene 

EXPERIMENTAL PROCEDURES 

Genomic DNA Cloning . Genornlc Dl\. -\ \\ as prepa red flom the testes of a 

llI.lIl/le Sl'laguc-D3\11e~ 1~1l (:61 Standard l110leculal .:Ionlng technique" "ere u~ed 



(:71 Rat D"-.:-' partlall~ dlgested "It 5"1/3a I\a~ frn.:tlulHltcd b~ ~I'C Uil d IO--Hl" .. 

su.:ru!>e gradient. Sult3a restriction fragment<, ln the range I:'-~O I--b \\crc IIgatcd 

I\ith the annealed arms of BamHI-dige!>ted .À \c':lor Chalon :'0 D1\-\ D1\-\ \\:1' 

pacl--aged (Amersham) Inla phage À panleles that I\ere u~ed to Infe~'t EI(htllIJI/" 

('ull K 80: The resultlng Ilbrar~ "as screened \\ Ithllut amplification l\lJ 

1)\ brtdlzation to nICI---translated rat PI\. D cDN-\ 

and a 42 hb E(oRI fragment contalnlng the entlle rat Pl\:D gene \\a, ~ubcluned ln 

the E( /IR 1 site of pl ('9 

DNA Sequence Determination - The D'- .... sequence I\a~ detcltnlncd b\ tht' 

111 \113mp8 and mp9 (29), Iragment~ of the 42 \..b EcoRI Ilagl11enT pluùuced Illth 

il::/II P'II. B::III..-EloRI. B,!.:III+PI/1. H/IIdlll+EtoRI and Hllldlll+1'111 

ollgùnu.:-leùTlde pllJ11el (IS-mer) Ila~ ~lntheslZC~d l'~ Ih!.: phosl'lwlll(:'>ICI Illctlwd and 

u:.ed fOI )equen':lng in the S'-flanJ..lng leglon D~-\ ~equenLe~ "Clt: Lumpdnl and 

anahzed \\ith computel programs adapted t'Ium Staden nÛI 01 de\elùp~'d at tht 

Ilblltut de rechelches clllllque~ dt' rvluntreal b\ \1 \llkhaii lOI a \ ,1\ -)(1 

RESULTS AND DISCU'-;~ION 

Rat genuJ11lc D'--\ I\as anal~led b\ ~outheln blottlllg tu chaladelllC the 

P'\D gene sequen('es (Fig:; 1 J. l\icJ..-translated rPI\.D cD'- -\ 11\ brldlzed Tl' a ~Inglt: 

banJ per digest (size 111 J..b gl\en In parenthe<:;e~) BOI1/HI II:; 51 LC/lR.1 ,~:: J 

HI/ldlll (~,I), A 1'1/1 (5~,. SI/I (105), and \l'ul (841 Thl~ Simple pallCln lalen 

together \\ IIh the Inlen!>Jt~ of h) brtdlzatlOn ~ugge~ts the rPl\D gene I~ prc:~cn( LI, .1 

~lnge Cûp~ pel haplold genomc \\hen 4 \ 105 phage~ l'rom a ~prague-LJa\\ ln rat 
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gCI1\)Jl1I~ 01"\A Iibrar~ \\fre screened b~ h~bl'idizatlùn \~Ith the same probe thlee 

dlfterellt recombinanb. ÀJI-3. \\ere Isolated Altogether. ~7 J..b of rat gen0mic 

DI\; .... \\ ere mapped l'rom the 0\ erlap of r: hages ).J 1 and ),J3 (Fig ~ ~a J. The Insert 

of phage ÀJ~ IS entlrel~ cùntaln!'d "Ithln .>.J3. The 4~ J..b EcoRI fragment \\hich 

contalns ail sequences h\ bT'ldlzing \\ Il the rPND cD1\;A probe \\ as subcloned In 

pl'C9 for further anal~sis Subfragments of Ihe rPND cD;-"A clone generated b~ 

Bt:1I1 dIgestIOn" ele used as plobes 10 map the 5' and 3' ends of the gene (FIg . 

.: ':bl lhe ~4 hb region bel\\fen the EwRI and central B;:III sites \\as sequenced 

I~\ the dldeù\\ chain terminatlon method (~8) 

IJlustl:lted 111 FIg::; :d. 

The sequencing strateg:- I~ 

lhe IP\D gene spans 13 \..b Includlng t\\O short mtrons of 104 and 391 bp 

rhat ale flanked b~ t~plcal exon-Intl'on Junctlon sequence,> (FIg::; 3). The first 

c\ul1 l'untalns 5'-untran~lated sequences and sequences codll1g 1'01 the sIgnai peptIde 

and the fllst 16 anllno aCld!> of the pro-holmone The central e\on contains 

sequclh'e" 1'01 most of the pro-hollllüne Includlng -\I\,F The thlrd exoll encodes the 

laq II1Iee <iIllIlW aCld~ \\hlch ale not Illlportant for olL1loglcal actl\it~ (31) and the 

;'-lInlI:1n~laleci leglon The sile of tramcrlptlon II1ltlatlon \\hlch was determll1ed 

caillel l~~ pIIJllel-è\tel1~101l un lat (181 and human (3~) P~D mR'\.-\ Ile~ 3CJ bp 

(h'\\lhtle:ul1 01 a perfect T \ fA .... -\ sequence T\\o A-\T-\-\A. sequences ale present 

ln tilt' ;'-untl3Ilslated n:gIOn about :0 and 30 bp upstream of pol~aden~latlOn ~ites. 

tlllt.!t.! dlffelt!nt cloned cDt\-\s (19-~3) prolide e\ldence for heterogeneoll~ 

pu" adel1\ 13tlOn III the l'eglùn nlt/, I,('ret! b~ (/JIU\\' III FIg .: 3 A.1l alternatln~ 

JiUllne-plrtlllldlne tract (GT)9GATG(GT)~7 IS present III bp do\\nstream of the 

1'l1I\:lden~ lalion site -\nother (GT)n Iract is present 3' of t/lIS one in the 1 U~ 

A/'III-E('oRI fragment (Flb :l~) as re\ealed b~ h~bridlzatlon \\Ith sInthetic (GT)l~ 
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Figure 2.1 Analysis of pronatriodilatin sequences in rat aenomic DNA. ~pl aguv 
Da\\k~ lai lesle~ 0'-.\ dlgested to completlon \\Ith Indll.'aled le\l/JCII\J1l 
endonuclease~ \\a<:> sepalaled b~ elect/ophort'''/<; 0/1 il 1"" agaICi'c.: gel P'-D 
sequence5 IIl'le dele.:teJ b\ h~brJdlzation \\Ith the nl":~-lIanslaleJ 11''\.0 -.O'\.-\ 
D'\. -\ 11131 "el Slzes are shCl\\ 11 on lef! 



, 55 

>.JI 
(J 

AJ2 • • .. AJ3 

! ! î ! t î ~ î t J 
î ,2Kb, 

f f J c!lJ ..... /t t 
.....- \ 

.....- \ .....-
\ .....-

.....- \ ......-
......- \ 

......- , 
......-

........- , 
b 

........-
! Z l ' . ,500bf), ,.....-

f ,., 1 1 • " \ ", " / \1 
, , " , 

" ' " / Il " 
\ ' " / Il 

" " Il " / \' " 1 Il \' " ~ Exon 2 ~ Exon 3 " / Exon 1 
" \ \ " c ~SIGI TI@ " poly A ,20Obf 

d t" 1 
T ! 

....--. ~. , • ......-j ~ 

t----+- ..--- • l , 1 

-----

Figure 2.2 Structure of the rat pronatriodilatin gene. u. Rat genùm ,-: D"-\ 
leQII.:lIP/l m:lp dedll('ed l'rom re<;trlcllon mapplng LH double digestion of tillee 
le\.'umblnalll À phage~ . .>.JI-3 The follo\\lng s~mbùl~ are used 1'01 restrl.:tlon 
e/ll\me çle.1\age ~Ites EloRI (.). Hllldlii li), "-/'1/1 Cl. and BUIIIHI (CJI l,. Oetaded 
Jl1:lp of ~: hl' EloRI re<;tll.:tlon fragment ('untall1lng Pl'.O exon sequence5 (bars) 
The~e <,eqllelh:e<, lIele locallzed b~ h~brJdlzatlon \\Ith cD1\,:A proL'es and b\ D;'\.-\ 
~equen,"'lng S~l11buh u~ed PIII (e) and BI..'/II (.J l, Schematl': dlaglam of rP:\O 
mR" -\ slhl" Ing reglOn, present ln each of the three el(on~ The translated portion 
l'II the mR"·\ I~ ShO\\1l as ail 11/' 1'1/ ho\ \\hich Includes the signai peptide sequence 
(~I(Ji and tht' -\l\.F sequelh'e The -\"F ~e'1uence I~ preceded b~ a hlli/\t'Il Il'1!l1l11 

il'" tll IIhll.:ate The putJtl\C nature of thls prllçe~slng sile (3-8) d. Strateg~ used 
1,,1 [)".\ ,t'qulIl-:e deterl11111alll lf l -/1111\\\ he/ol\ the dlaglam of the~: J...b [(oRJ 
(ragme'nt 1:1, III l') Il1lil('ate the length and dilection of sequenct' deterl11lnatJon, 
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~cquen.:e 15 pre5cnl ln the mouse PI\:D gene at an equJ\alenl posJllOn (37), hOlleler. 

h~blldizalion of our human P~D genoml': clone (32) '\Ith the (GT)12 plobe doe~ 

not suggest the presence of a simllar GT tract ln the human gene 

Compaflson of the rPND gene sequence \\ Ith the human PND (3:) sequence 

rCI eals a hlghel homolog~ in the 5'-f1an"ing reglOn than tn the Introns. the 3'-

untranslaled leglOn. or elen the signai peptide-codlng reglOn (Fig : 4) Thl~ 

~equcnce consenatlOn mlght reflect a selectJ\e pressure to mamtall1 Impoltant 

legulatul~ sequences As Il is thought that th~ on" structural constratnlS on signal 

peptide functlon ale applOpl'Jale length and h~drophoblclt~ (38). Il 15 not 

qllPllSll1g to flnd that sequences encodlng the Pl\D signai peptides are not hlghl~ 

Clll1Sel \ ed Slmtlarl~. the high cOl1sen atlon of sequences encoJlI1g the ~-tell11l11al 

re!lll,n ut' Pl\D suggesl~ that these sequence~ pla~ an Important l'ole. It Il as 

~lIg~eqed thal a peptide contalnlng these sequence~. caldJOdtlatln. has ünl~ 

1 s"olda\ant a.:tll 11\ \\ Ithollt the natrlurellC and dluretlc actll Itles associatecl Illth 

The lalge Inllon of the rP'\D gent: I~ sholtel Ihan Il'> human 

~'lIunlelpall L)~ roughl~ Ihe Ienglh of the tllO 300-bp Alu lepeateJ seouellce~ faund 

ln Ihe l:l1tel. Indl.:atJl1g that the Imertlon 01 the~e sequences ln the human genc IS 

.1 1t'latJ\eh It'.:ent elcnt FUllhell11Vle. slgl1lflcant sequence COnSeI\3tl(,n i~ unl~ 

t'l,und al the end~ of thls Intlon i\u sequences homologous to BI sequellce~ the lat 

cljlll\alent Llf Alli repeated ~equences. are fotlnd m the large rPl\.D mtron 
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Figure 2,4 Homology of rat and human (32) PND BeDe sequences, Pcr~enlagt: 
homolog~ \\as computed from alignment of the l\~O sequen~e~ \~ Ith an alguflthl1l 
maxll11lzing homolog\ \\ Ith the introduction of a minimal number of gap~ (courHed 
a~ a Il1lsmatch) L'slI1g thl~ algoflthm. t\~O unrelated rlal11malHll1 gcne sequel1-.c, 
h:l\ e bac"ground hOl11olog\ of about 5û'l'1! Percentage homolug\ IS plutteù agulnst 
the length (ln L'p) of the rPND D'\A, sequence (50-bp "Indu\\) nUl11bereù flOI11 the: 
site of 1I11tlation for tranSCrIption (+11 lhe rat P\:D gene l~ I1lustrated 
schematlcall\ "t'fOIl to sho" relatIOns bet\\een hon1ûlug~ élnd reglUns of the: 
sequences The human P\JD gene has a slmllar organlzatlon ncept for the 
presence of t\\O Alu rereated sequences rn the large Intron Abbre\ 13tIU/1, ale a., 
rn Fig"'''' 5'- and 3'-l Tare 5' and )'-untranslated mR '\A scquen.:e, 
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CHAPTER 3 

THYROID HORMONE STIMULATES RAT 

PRONATRIODILATIN mRNA LEVELS IN PRIMARV 

CARDIOCYTE CULTURES 
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SUMMARY 

Pronatriodilatm (PND) is the precursor for atrial natriurectic factor (ANF), 

a hormone whlch plays an important role in cardiovascular homeostasis. Since the 

effect!> of th~ roid hormone (T
3

) on the cardio\ascular and renal systems appear to 

mlmlc those ellcited b~ ANF, 'We studied the effect of T 3 on PND gene expressIOn 

uSlDg rat neonatal cardiocytes ID primary cultures. Treatment of cardioc) tes for 

48 h \\ Ith T 3 (5 \. 10-9 M) results in a maximal increase in PND mRN A le\ els, thls 

IIlcrease IS ~-fold ln atrial and 4-fold ID \entricular cell cultures These results 

tahen togethel wlth a pre\IOUS report sho\\ing decreased plasma A~F ln 

h~poth~roid and II1crea!>ed plasma Al\:F 111 h~perth~roid rats suggest that at least 

som~ of the cardio\ asculal and renal effects of T 3 ma) be medlated b) a T 3-

dependent InCl ease ID Pt\ D gene expre!>slOn. 

INTRODUCTION 

Atrial natriulecllc factor (At\F) IS a 28 an1IDO aCld peptide hormone den\ed 

flom a 1~6 am1l10 aCld precursor, pronatrlOdllatln (Pi\D). whlch 15 syntheslzed and 

!>eci eted b~ cal dlac tl!>sues (1. 2). The pnmar) a.:tlOns of AI\F IDclude the 

lela\atlon of pelipheral \a5cular tone and the regulation of fJuld and electl'ol)te 

balance through ItS dluretlc and natrIuretic effects on the hldne) li) Thus A!\:F 

appeal's to üe an important modulator of cardlO\ascular homeo!>tasls 

In ordtl to better understand the physlOlogical role of ANF, we ha\e been 

stud~ mg the interactIOn of ANF 'WHh other regulators of the cardlÜ\·ascular 

s)stem. partlculall~ th~roJd hormone The effects of th)rold hormone on the 

~aldlü\ascular and renal s)stems are weil documented (3) For example. 

ll\perth~loid states are characterized by decreasetl pertpheral \ascular resistance 

and In.-:reased renal blood fIo\\ (3) On the ether hand. hypoth~rold states are 
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assoclated \\ith increased perlphelal \asculal resistancc. decrea~cJ gllllnclulal 

filtratIOn rate and IOcreased total bod~ sodium (4) 

Since the effects ellcited b~ th) roid hormone on the cardio\ asculul and 

renal s)stems seem to mlmlC those mduced b) ANF. \\e h)pothe~lzed that -\l\F 

could medlate the action of th)rold hormone This h)pothesis I~ ~uPPùlted b~ 

recent data sho\\ing that plasma ANF le\els are ele\ated III h~perth~rold rat~ (5) 

and decreased 111 bath h) poth) roid rats (5) and humam (6) \\e therefore te~tcd 

the dll'cct effect of th~roid hormone on P~D gene e.l(prcs~JOn u~1I1g plimaJ~ 

caldloc~te cultures 1 n th 1 S r e port \\ e S ho \\ t ha t th) 1 Ù 1 d ho r m ù Il C S P e (ï r I~' a Il ~ 

stll1lulates Pl\D mRi\ -\ leHls in atnal and \ entflcular cal dJ(lc~ te cullUle~ 

MA TERIALS AND METHODS 

Primary Cultures. Prrm:lr~ caldlOc~tc culture" \\CIC plcpuled U~lllg fULII 

da\ old Sprague-Da\,le~ rats (Charles Rl\er) The atlia and lo\\er hall' of the 

\ entrJcJes \\ ere remo\ ed aseptlcall) and placed separatel~ 111 Joh.lll,\ muJrt Icd 

Eagle's medIum (Glbco) The tIssues \\ere then I11lnced and subJected tu thlee 

~equentIal dlgestlùm of ~O. 15 and 10 mlnute~ each in l"" cullagena~e t(.UUpt:1 

Blûl11edlcal) BO\JI1e fetal calf serum (.~8 5"11) \\as added and the ~elh \\ere filreled 

thlough a \00 j..t111 n~ Ion me~h The filtrate \\ a~ centflfuged (: ml'1ute~l. and th~' 

resultJng cell pellet \\as resuspended ln Dulbecco's modJflecl Eagle'~ medium 

(D\1E\l) \\Jth 15\!o l'etaI calf serum (FCS. Glbco) Atnal cell~ \\ere plated at a 

denslt~ of 08- 10 \. 106 cells 9.6 cm z "ell (Falcon) whdc \entrlcular cell" \\Cle 

plated at a denslt) of : 5 - 30 \. 106
, ~5 cm 2 f1a~" (Falcon) Aftel 2..J-..J8 h {lu: 

tllne requlred for the cells to adhere. the medium \\as replaccd b~ a ,erum fn:e. 

hOI'llOne supplemented synthetlc medium. ae; descflbed b~ Mohamed et al 17, ln 

ordel to test the eHect of th\roid hormone on P~D ~~nthe'l~. celh \\ert: kept ln 
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the ~~ nthetle medIum without th) roxine (T
4

) TrJJodoth) ronine (T
3

) at a 

concenlJ a t IOn of 10-7 M or 5 X 10-9 Wa5 then added for the mdlcated time 

Northern Blot Analysis At the end of the experiment. c)toplasmic RNA 

\\a~ extraeted l'rom control and T
3 

treated cells uSlllg Isotonlc buffer and I~(J 

l\.onldet P-40 a~ pre\ JOusl) descflbed (8) Northern blots \\ere performed ln the 

standard manner (9) except that 0: J.LM N)tran membranes (Schleleher and Schuell) 

\\ el e used The membranes were preh) bndized and h) bndlzed in an aqueous 

~ulutl(1n cOll181nlng hepann (10), H)bndizatJOns ",ere carned out o\ernlght at 

65"C. al a probe concentratIon of about 1 .'\ 106 cpm ml The radlOaetl\e probes 

used \\ele prepared b~ randolll prIlllmg (II) and labelled to a specifIe aell\ lt~ of 

nbuut 05 '\ 10'! dlllp f.1g D!'\:" A 600 bp rat P1\D cDl\A clone (1:2) \\as used 10 

deleel P:'\D mR;,\:" and a rat bram j3-actln eD!'\A plobe (13) \\a5 used as an 

Il1leln,i1 \,unllal ln arder to quantltate Pl\.D IllR;,\:" !e\el!). 8utoradlOgrams \\ere 

s.:nnned \\ Ith a densllometer (BIORad. model 6:0) cou pied to an Integralor (\ arlan 

CDS -101) 

RESULTS 

l he efrect of T3 on Pl\.D gene expressIOn \\as e\alualed b) measunng P'\D 

IllR,\·\ !e\t'h u~lng l\ortheln blot h)bridlzatiOn to a lat PI\D cD!'.:" clone (12) 

Tleatl11ent of neonatal eardiOC) tes wlth T
3 

at 10-7 or 5 .\. 10-9 M led to a maximal 

:-fuld lIlcrease ln Pl\D mRI\A le\el~ ln atrial and 4-fold increase ln \entriculal 

.:dl~ (Fig 3 1 and Table 3 1) A slmilar effect was also obsen ed b) treating the 

.:dh \\lIh th)IOXlne (T4 ) at a concentratIon of 1O-7M The sreelflclt~ of the T
3 

medlated inerease ln PND mR1\A le\ els \las assessed b) h) bndizatlOn of the same 

blots tll a ra t 13-aet 111 probe. no eHeet of T 3 on cytoplasmlc /3 ~1-aetln mRNA \\ as 

l) he 1 \ e li (F 1 g ; 1 ) The el' l' e c t 0 f T 3 0 n P N D III R i\: Ale \ el \\ a sap par e n t aIl::; h 
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I,e, 

(earlle!~t pOint examllled) and muxlIllal at 48 h (Table 31) ln agreement \\ IIh uthel 

reports on the tlme ...:ourse of T
3 

a...:tlon ln ...:ultured ..:ells (14). The ~tlmulator~ 

effect of T 3 was near maxImal at a ...:oncentratlon of 5 '~ 1O-':J :VI whl...:h .;orrelate" 

\eq weil \\'lIh the affintty of T
3 

for its nuclear receptor (Kd of 03 nM. rel' 14) 

This 111 turn suggests that the effec! of T
3 

on PND gene npresslOn may be at the 

nu...:lear or transcrtptlOnalle\el. 

1 2 3 4 

PND --+-

fi/i- ACT/N 

Figure 3.1. Northern blot showing the erreet of T on ventrieular PND mRNA 
levels (top panel) in primary cardiocyte cultures. Hytr,dll3tlOn to a ,B-actln probe 
\Vus used as an internai ..:ontrol and is shown ln the lower panel Lane 1 contaln<, 3 
f-Lg of total RNA. l'rom rat \oentricles. Lanes 2-4 contaln b /-tg of total R:-.IA t'rum 
untreated control cells (lane 2) and from cells trcated Wllh 5 X IO-~ :VI T

3 
t'or 24 h 

(Iane 3), and 48 h (lane 4). RNA t'rom ...:ontrol and exper1l11ental )alllplt:~ wa,> 
extracted at the same time. 
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T A.BLE 3 1 EFFECT OF T 3 ON PND mRl\: A. LEV ELS 

TIME Pl\:D ACTll\I rnRNAt 
(h) 

Control 0 1.00 ± 0.3 

T
3 

10-7M 24 2.09 ± 061 * 
T3 

10-7M 48 2.51 ± 1.02 ... 

Atrra T
3

5x10-9M 48 1 93 ± 0.61 ... 

T
4 

10-9M 48 167±015'" 

Control 0 1 00 ± 02 

T )xI0-8J\1 24 290 (n= 1) 
\elltrl.:le~ T~ ) x 10-91\1 48 4.02 ± 042 >< 

T3 
1 0-7~1 1':; 1 ï':; ± 04 

T
3 

10- 71\1 24 159 ± 0':;-; 
T

3 
10- 71\1 48 389 ± 0.78 '" 

.. \allle,> represent the ratlO5 of P:'\D actln mR:'\A. and are expre5sed as meal15 ± 
~ [ \ 1 II f fou 1 dl f fer en t de ter m ln a tlCi n ~ 
>< p < 005 

DISCUSSION 

\\e ha\e used rat neonatal prlrnar~ cardlOqte cultures ta stud~ the 

regulalion of Pi\D gene expressIOn b~ thyrold hormone Because th~rold hormone 

has llllmer01l5 effects on the cardlO\ascular and renal s~stems. dIrect effects of the 

llLH mone on Pi\: 0 gene expressIOn ma~ be dIl'flcult ta assess JI1 the intact anll11al 

The /II II{lO ~~5tem offers the posslbJ!lt~ to stud~ the effect of \arlÜUS hormone5 on 

P:'\D 5~nthe~l~ at the heart le\el. this s)srem has alread) been u5ed ta document 

the t:ffel.'ts of glucocortrl.'olds on cardial.' Pl\:D mRl\:A. le\els (1)). Furthermore. 
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measUlement~ of mRNt... le\els ale a bettel Indication üf ·\i'\F s~nthe~l~ than 

measurements of peptide tissue content. \\hll.:h rerlect the dlffelen~:e bel\\et"n 

s~ nthesls and release 

ln thls report. \Ne sho\N that thyrold hormone treatmenl of CUIIUI cd 

cardloc)tes lead~ ta 2- ta 4-fold lncrease ln PI\IO mRNo\ k\d~ l hl~ le~ull. tu"en 

together \\Ith the !\NO reports sho\\ing Increased pla~ll1a o\1\:f le\eh ln 

h~pelth~rold rats (5) and decreased plasma A~F le\eh JI1 h~poth~IUIJ rab ()) and 

man (0) indlcates that th~roid hormone dlrectl~ affecb caldHl~' Pl\.O gcne: 

expleSSlon JI1 the rat and possibl~ JI1 man SlI1ce th~IUld hOlll1une actlull 1" 

be1H~\ed tv be medl8ted b) specJlïc nuclear lecepturs (I.tl \\hu:,e ~t!lI..:tllte h.\\ 

le:entl~ been elucldated (lb. Ii), Our re::.ulb ~uggesl Ihat th\IUld hUlfllulle a'I'cd'> 

P'\D gene t\preSSlOn at the transcnptlonal k\el 

-\Ithuugh th~ IOld hormone treatment resu!ts ln sttJ1lulatlun ut P'\lJ JllR,\·\ 

k\tJ:, both 111 atnal and \entrJcular cardlOc~te::.. the magnItude: uf ~llInulall\J1l 1"> 

dlffetent fOI the 1\\0 tIssues A slmllal sItuatIOn has beell Ic:pulted tut Ihe: 

dJlÏelentJal effect of th~lold hormone on atllal and \entllculat l~lIm~U~lns III the: 

laI (18) Ta"en logether, the~e results II1dlcate that \etHtl..:les ate mute le<,pUn'l\L' 

tu tl1\tOld hotlllone than atna perhaps a::. a re~ull of \al\lng Je\eh ut th)tuld 

hot mone 1 eceptul ~ 111 the t\\ 0 tl~sues 

ln conclusIOn. the data pre~ented ln thl~ report Indlcalt: thal th~ IUld 

hormone acts on the heart not onl~ to modulate the compusHlon ot J11~O~ln 

Isoenz~mes (18.19) but also to stimulate the s)nthesl~ of A!\F. lb major seçretut~ 

proJuct The stImulatIOn of ANF s~ nthesls can explatn at least some ur the ~ n()\~ 

catdlo\ asculal and renal effects of th) roid hormone 
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CHAPTER 4 

A DISTAL CIS-ACTING PROMOTER ELEMENT MEDIATES 

GLUCOCORTICOID STIMULATION OF CARDIAC ANF GENE 

TRANSCRIPTION 
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SUMMARY 

\\ hile the heart appears to be a Target for glucocorticolds. specifie cardlac 

genes \\ hlCh are glucocortlcoid sensJtJ\'e ha\ e not yet been extensJ\'el) studied. In 

thlS report. \\e sho\\ that transcriptIOn of the atnal natrlUretlc factor (ANF) gene. 

\\ hich encodes the heart major secretofJ product, is induced b) glucocorticoids in 

rat pllmar::. cardlOcyte cultures In both atrial and \entncular cells, ANF mRNA 

le\ els are lI1creased 2- to 4-fold in a time- and dose-dependent manner. ThIs 

re~ponse to glucocorticOlds is completel) abollshed b::. the specifIe antagonist 

Rl'486, OJ\-\-medlated gene transfer studles mdlcate that glUCOCOrtlcoids affect 

At\.F gene tranSCriptIOn \la a glucOCOrtlCOld response element located (GRE) ln the 

dl~tal 5'-flanhll1g sequences of the rat AJ\F gene at -960 bp O]\.ase 1 footprll1ting 

expelll11ents re\ ealed a bll1dll1g site for punfled glUCOCOrtlCOld receptor \\ Ithll1 the 

-\'\F GRE MobJlIt) shlft assa::.s and competitIOn expenments sho\\ed that bindlng 

of Ihe glu':ùcorIlcold receptor to the ANF sequence resulrs JI1 a 01\ A-proteJl1 

cumplex sll11l131 to that of the \\ell studied mammar::. tumor \ irus l.\1T\ ) GRE. 

The ~tll11ulatlL1n ùf ANF transcrIption b::. glucocortlcold~ could medlate some of the 

et'ft'crs of glucocorticoids on the cardio\ascular s::.stem and Identifies the first 

cal dl8C gene \\ hlch l~ under glUCOCOrtlCOld control 

INTRODUCTION 

Sc\elal studies ha\e suggested thet gIucocortlcoids. \\hlCh affect the 

caldlo\a~cular s::.stem JI1 se\eral wa::.s (1). ma) act dlrectl::. on cardlac tissues and 

altel tht' expressIOn of cardmc genes. Indeed. glucocortlcoids affect cardlac 

contlactrlit::. (~. 3) and cardlac welght (4) In the heart, glucocorticolds ha\e also 

l'een ~hù\\ n to induce se\ eral cardiac plotell1S \\ hose ldentit::. is still unhno\\ n (5. 6, 



, 
7) Glucocortlcoid effects are mediated b~ specifIe Intracellular reeeptol s. and. 

sueh hlgh afflnlt) glucocortleold bindlng sites ha\e been documented ln e31dlac 

tissue~ (8. 9) Thus. It appears that the heart is a target for glu-:ùeortlcold actIOn 

although lutle is hno\\-n about specIfIe cardlae genes \\ hlch are glucoeorllcol(.l 

sensitJ\ e. 

\\e and others (9, 10. II. I:!) ha\e reported that glucocortlcold 

admllllstratlOn to Intact or adrenalectomlzed rats induces allIai and \entllculal 

e'l.pleS~lOn of atflal natriuretic factor (A~F). the heart major ~ecletOI\ plodll\.'t 

(13) Othel studlC!s ha\e sho\\n that glucocoltJeold~ sllfl1ulalC! ~eCIC!llvl1 vi -\"\r 

peptlde~ li) prlmar~ cardlOC)te cultures (l-l 15), sugge!>tlng that the -\'\.F genc: 

I11lght be one of the glucocortlcold sensltl\ e cardlac genes 

Glucocortlcolds can affect gene expres510n al \aflOU~ k\d!> Includlng 

II ansl.'llptional and po~t-transcflptlOnal stages. 

glucocol tlcolds lm oh e5 blOdll1g of the glucocortlcold receptOI tu ~pe~'lfl\. O~-\ 

e1ements usuall) pre~ent 111 the upstream reglon of target genes (16) ln the ple~ent 

repolt. \\e examlned the mechanlsms In\ohed In glucocoltlcoid 5tlll1ulatlun ul ·\,\1 

gene e\plessJO/1 USH1g Dl\:A-medla,ed gene tran5fel JI1tû pI1l11:11~ C3ldIU.\te 

cultule5 and /II IIlJO bllldlng of pUflfled glucocortlcÙIJ lc\.'eplù! 10 up~tteam Ic:glull\ 

of the rat Al\F gene. Our results indlcate that glucocortkold5 stlll1ulate \.'aIJlal.'-

specif,,; tlanScrlptlOn of the rat Al\F gene \ la a distal promoter element \~ hlch 

conta 1I1S a glucocortJcold receptor bllldmg site 

MA TERIALS AND METHODS 

Cell Cultures Pflmar) cardloc)te culture~ \\ere prepnled uSlng n~vnatdl 

Sprague-Da\\le) rats (Charles Rl\er! as pre\JOusl) descllbed (17) Atrral and 
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\ cntrll,;ular cclh \"crc plaled al a denslt~ of 1 x 105 cells 
., 

cm- ln DI'vIEM and 

15°'1) i=C~. followlng a pre-platlng slep to rede.;c fibroblast contammatlOn For pre-

platmg. ~elis were In~ubated ln .:ulture dishes tWlce for 30 111111 and the unatra.:hed. 

111~()cyte \!nfl~hed !>uiJernatant was recuperated and plated ln Pnmana culture 

:V1~o,:yt\! .:ultures wele about 80°'0 homogeneou~ as judged b~ 

!>[Uilling \VIth .ln antlAi\JF a!1tlbod~ (Penlnsula Labs). -\ftel 24 h. the ul11e requtrc:d 

1'01 the cdls to adhere. lhe mcdlUm \\ as replaced by a serum fret!. hormone 

~upplel11ent\!d s~ !1thetl\; medIUm. a~ pre\ lousl~ described (17). ln order to test the 

effecl 01' slerold hormones on -\NF s:- nthesis. cells were hept in the s~ nthetlc 

medium 1\ltlwut [h:-ruxlne (T
4

) and hydrocortisone (HC) for 48 h Dexame.hasane 

Jnd RL-l8b J[ \ ar:-mg a .:oncentratlOns were then added for the Indlcated lunes 

-\t thl~ ume pOIll!. bath sterold free and sterold stlmulated cells dlspla~ed 

spon[aneou~ contractdll) and \\ere arranged III clu~ters of beatlng m:-oc~tes. 

formlng \!\tenSl\e netwürh~ as e,<pected for such cells. 

RNA Extraction and Analysis Total R~ -\ \\as extracted l'rom cardiac~ te 

cultures uSlOg the Nanidt!t P-40 procedure as pre\ lously described (l7l. ~orthern 

blots \\ere performed as befort! (17) uSlI1g O.: J.LIll Nytran membranes (Schlelcher 

and Schuell). The membranes were preh~ bndlzed and h;. bndized 10 an aqueous 

solutlon contatnll1g heparm HybridlzatLOns were carned out o\'ernlght at 65'C, at 

a prob~ conc~ntration of about 1 x 106 cpm ml Th~ radIOactIVe probes used were 

plepared b~ random primmg (18) and labelled ta a specifîc actlvit: of about 

-) 5 .1( 109 dpm, J.Lg DNA A 600 bp rat ANF cON A clone (19) was used to detect 

-\NF mR~A and :1 rat bram p-actin cDNA probe (~O) was used as internaI control. 

ln order to quantLtate ANF rnRNA levels. autoradiograms were scanned \Vith a 

densltometer (BJORad. model o~O) coupled to an IIltegrator (Vanan CDS 401). 
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Immunocytochemistry. In order to asse% the homogenelt~ of the 11» lh:~ te 

cultures. selected culture dlshes were fixed ln Bouin and stored wlth a pol~clonal 

antlbod~ raised agamst rat ANF99_126 (Peninsula Labs). Or \\ Ith normal rabbll 

serum as pre\ JOusly described (21,22) 

Plasmid Constructions. A pre\ ioust) subcloned (23) 703 bp ratA 1\. 1-

promoter fragment (E,'uRI_
64o 

\lhuI
Ho

) contamJng \ha pOlylmhels wa~ in~erted 

IIHO the .\ hal site of the promoterless pOGH \ ector (:~4) \\ hlch conta lm sequence~ 

encudlng the human gro\\th hormone (hGH) gene A.n E(oRI fragment contllll1l11g 

sequences l'rom -3700 10 -640 bp \\as excised l'rom a 12 hb 8,J 1/1 1-1 1 genol1llc 

flagmelll C:~3) and JI1serted ln the E(oRI site of the ~\\:F "4 -GH pla~ll1ld The 
-b U 

rc::sultlng plasmld (AI\:F_
37

-GH). contalnlng 3.7 hb of 5' upstream sequCIlt.:es. \\a~ 

then dlgested b) appropnate restrictIOn enz~me:, to generate \arlOu:, 5' dektlom 

Transient Cell Transfectjon Assays, DI\. -\ \\ a:, Illtroducc::J IIltu lht! pl 1111(11 ~ 

calJloc~ te cultures and other cell lines u:,rng a mudlflcatlon of the cah:IUI1l 

phosphate preCipitatIOn technique (25) DI\;~ con.;entratlon~ ln the Ilneal lange of 

tl ansfectlon efflclenc~ \\ ere chosen T\\'o J.lg of Dl\:A ml of meu lum \\ a~ lI~eu lu 

tlansfect cells The f'JrmatlOn of a l'me D~A CalCIum phosphatt! ple':IJ)ltat~ \~a~ 

allo\~ed to form b~ Incubatlllg the cell:, o\ernl~ht at y;,o( anLl 3" .. CO.., 1 hl' nnl 

da~. cells \\ele fed \\lth the approprla!e medllJI11 The cell media \~a~ colkcteJ 48-

7: h at'tel transfectlon for hGH assa~:, ln selected experllnent~. R~\ -lu"llelu"\! 

\~ as u5ed as internai control and Iuclferast' actl\ it~ \\ a5 aS5a~ eJ 111 cell n 11 act~ 

u~lIlg a LKB IUl11l11ometer as pre\ lousl~ de5':f1bed (26) 

hGH ImmunoBssays. The hGH secreteu Into the cell cullule meLlium \\'1" 

mea~uled dIn:ctl~ l'rom 100 J.ll aliquots of medium aftel Wlnnlllg clu" Il an~ cellulal 

deblls hGH immunoassa~s \ .. 'ere performed using the Allegro hGH kit (Jaillon,. 
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1'0110\\ Ing manufacturers Instructions. 

Receptor Footprinting, A 33~ bp Sllahl-HlIIdlli fragment of the ANF 

promolel. corresponding 10 sequences -1029 to -697 bp, \Ioas 5' end-Iabeled at the 

.)I/ahl SJle uSlng [')-32_p]ATP and T
4 

pol~nucleollde kmase Purifled raI li\er GR 

\\as oblalned as a pre\iousl~ descrlbed (~7). The binding reactlon. D)\:ase digestIOn 

and gel electrophoresls \\ere performed essf'ntlall~ as descrlbed b~ LeFebre et al. 

(::;81 ex ce pt that bmdlng reactlOns ".ere carried out m O.O~~U Triton. 0 16l~o BSA. -+ 

m;"l DTT. SO mM NaC!. ~O M TrisHCI (pH 74), 1 mM EDT A and 1 ~C}o gl) cerol 

T~ pl~'al1~, blndlllg reaetlOns were carned out \\ ith 1 fmole of labeled Dl\. A and 

1 al \ Ing amounls of punt'Ied receptol The' amount of receptol \\ as quantltated 

u~lng il /e('entl~ deI eloped radlolmmunoassa~ (~9). 

Gel RetardBtion Assays, A 3: bp double strand ollgonucleolide 

CUI r('~pondlng lL1 -948 ta -9ï9 bp of the rat Al\:F promOler (S'

AG -\CTGCCTGTTTGTGTTCTGA.GGA TGCC A.GA-3') and a mouse mammal) 

tumol Ilru~ (mt'dT\) GRE probe contammg 5equences -191 to -IS9 bp (S'

GTTT -\ TGGTT AC.AAACTGTTCTT AAAAC AAGG-3') (30) \Hre both S' end-

IJbeled as descllbed abOIe Gel reta/datlon assa~s \\lth bOlh A!\F-GRE and 

\I\IT\ -GRE probe~ \\e/e perfurl11eJ aecoldmg 10 the prolol.:ol of El'Ih~50n and 

\\langc(31) 

Methylation Interference, Double-stranded oligonucleotldes, 5' end-Iabeled 

un llJ)e 51land, \\ere subJecled to DMS trealmenl for 5 mIn (32) Meth)lated probes 

\\ el e used for binding and gel retardatwn assays as described abo\ e. Protein

bùund and free Dl'\A \\ere excised from the gel, eluted and clea\ed aceordmg 10 

stJndald plolocols 
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RESULTS 

ImmunocYlochemical Staining of Cardiocyte Cultures. ln ordel lO a~se~~ tu 

homogeneit) of both atrial and ventricular cultures. staining \\ Ith a speclfl~ UI)(I 

ANF antlbod~ was performed on cells growing 111 hormone supplemented medium 

As can be seen in Fig 4.1. the \ast maJont) of the cells JI1 culture \\Cle 811angeJ 

in clusters. had a morphology tYPlcal of cardlac m~oc~tes and stalned posltl\cl~ 

for Af\JF These cultures were pre\iousl) shown to cantain endogenou~ ANF 

mRNi\. that can be modulated b) thyrold hormone (17) 

Glucocorticoid Regulation of ANF mRNA Levels in Cardiac Cells. \\ t: and 

others (9-1~) ha\e sho\',n that glucocOrtlCOlds Il1crea~e the le\el uf ANF mRl\:A 111 

atfla and \entrtcles of Intact or adrenalectoI11lzed rats ln order to determll1e 

"hether the effects of glucocorttcolds on cardlac A~F mR~A le\eb are due lU li 

du eet actlOn on ANF-e\pre~slng ce115. \H tC5tcd the cfrcct of \ [lIIOU~ 

glucocortlcoids on atflal and \entrtcular neonate caldioqtes ma1l11all1ed ln plll1H1l) 

cuitul e. 

Sll1Ce tissue culture medium contalns 14 J.LM h}drocortisone. \\ e f'lrst aS5e~~ed 

the effect of remo\al of glucocorticoids from the medium 911 A~F mRl\.A le\ t:l~ . 

..\5 Illustrated in FIg. 4.2a fOI \ entrtcular cells. remo\ aloI' 5terolds l'rom Ihe cuitul e 

media lead to a progressJ\ e decrease JI1 ANF rnRNA le\ els JI1 both at! lai and 

\ entl'lculal cell cultures. this necrease "'as maxImal artel ·t8 h of cultui e ln 

sterold-deprJ\ed medIum wh en ANF mRNA le\els \\ere 4 tJme~ lo\\er than rn cell~ 

cultuled \\Jlh sterold-supplemented medium Glucocorucold \\1(11 !!a\~al had nu 

\ ISlble effect on cardloC) te morpholog~. Slze QI' number and there \\ a5 no effect on 

the amount of total RNA extracted from Gishes treated or not \\'Ith h)dro,;-urtl:,une 

Furthell1lore. the glucocorticold sensiti\it) \\as speCIfIe to the Al\.f gene as thell: 
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Figure 4.1. Immunocytochemical staining of ventricular (a) and atrial (e) eeUs 
with an antiANF antibody Non-immune norma 1 rabbit serum is used in 
\entricular (b) and atrial (d) ceHs as a negative control. 
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\\ as no detecta ble effect on cytoplasmic 11/')'-actin or on a-actin mR N A (Fig 4.4a). 

AdditIOn of 10-7 M dexamethasone (DEX) or 10-6 M hydrocortisone for 24 h 

to steroid deprived cultures reversed the effect of glucocortlcold withdrav.-al and 

produced a 3-fold increase in the steady state lev~1 of ANF mRNA When cells 

were exposed to 10-7 M dexamethasone for varying amounts of tllne (Fig 4.2b). 

ANF mRNA le\ els were maximally induced after 6 hours of treatment (the earliest 

tlllle point exammed) in ventricular cells (Fig. 42b) and after 11 h of treatment 

(the earliest tlme pomt examined) ln atrial cell!> (data Ilot shown) 

The dose de pend en ce of ANF mRNA stimulation b~ DEX was determined 

b) incubatJOn of cardiac myocyte primar) cultures with increasing concentrations 

of DE\. for 48 h ln \entneular cells. a 6 nM concentration of DEX \\as required 

to produee a half-maxmlal stimulatJOn of ANF mRNA le\ els (Fig. 43a). ln atrial 

çel1~. the appalent ED
50 

\\as hlghel at 15 nM (Fig 43b) ThiS suggests that 

\enlliculal cells ale mOle sensltJ\e to glucocorticolds than theu atnal counterp"l'! 

Glucocorticoid Receptors and Dexamethasone Stimulation of ANF Gene 

Expression To detelmlne whether DEX stimulation of ANF gene explession \\as 

mediated b~ cardiac glucocorticold receptors. we used the glucocortlcold antagonist 

Rli486 \\hlch 15 "no\\'n ta compete glucocorticoid action at the receptol le\el (33). 

TI ealment of cardlOmyoc) te cultures with R U486 alone for :4 h dld not 

modlf~ AI'\F mRNA le\els (Fig 4.4). On the other hand treatment of cells with 

elthel DE\. or h)drocortlsone resulted in a slmJlar 3-fold increase ln ANF rnRNA 

leI els SlIllultaneous treatment with RU486 (10- 5 M) and DEX (10- 7 M) blocked the 

DE\ mediated increa~e of ANF mRNA in both atrial and \entricular cells (Fig 

44b). These data are consistent with a glucocorticoid receptor medlated effeet 

and. tahen together \\'Ith the obsen ed rapld stimulation of mRNA le\ els. suggest a 
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Figure 4.2. Effeet of glueoeorticoids on steady state ANF and f3/"f aetin mR]\;A 
le' els were quantitated by densitometry following Northern blot hybridization a) 
Effeet of hydrocortisone removal from culture media. Steroid-supplemented 
medium contained 5 IJg/ml (14 IJM) hydrocortisone (17). 
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Figure 4.2b) Effeet of DEX on ANF mRNA levels. Following 48 h of deinduetion, 
eells \\ere stimulated with JO-7 M DEA for various time periods. 
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Figure 4.3. Dose-depcndcnt induction of ANF mRNA JeveJs in bath uria! (a) and 
vcntricular (b) ceUs. Cells were stimulated with increasing concentrations of DE'\ 
for ~4 hours An EDso of about 15 and 6 nM is seen ln atrial (a) and \entrJcular 
(b) cells. respectl\ely. 
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tran~crll ... ,lOnal It!gulatwn of ANF gt!nt! expresSIOn by glucocorticolds. 

Effeet of Glueoeortieoids on ANF Promoter Aetivity. In ordt!r to determine 

whetht!r glucocorttcold medlated inductIOn of ANF mRNA levels \Vas due to 

tramcrtptlOnal activatIOn of the ANF gene, we tested tht! effect of glucocOrtlCOlds 

on rat -\NF pr0moter fragments transfected m prtmary cardiocyte cultures. The 

actlvlty of a 3 -; kb promoter fragment was tnduced :-fold by a 24 h DEX 

treatment of translently transfecteè ventrtcular cultures (Table 1). The same 

treatment produced no effect on the actlvlty of viral promoters such as RSV 

(Table 1) or TK (not ~ho\Vn) and there was no effect of DEX on the acti\ Ity of the 

promoterless pOGH plasmld (not shown). These results mdlcated that a least part 

of the glucocortlcold effect \Vas at the transcnptlOnal le\'el. 

\Ve next mapped the cls-actlng element reQutred for glucocOrtlCOld response 

USlllg a sertes of 5' promoter deletlOns The same sumulatory effect of DEX was 

obsen ed on promoter fragments contain1l1g at least 1 kb of upstream sequences; 

however. a deletlOn at -700 bp completely abollshed the DEX et'fect (Table 1). 

These results suggested that the glucocorticoid response element (GRE) \Vas located 

between - 700 a t -1000 bp 

Binding of Purified Glueoeorticoid Reeeptor to the ANF GRE. Next. we 

examined whether sequences between -700 and -1000 bp contained glucocorticoid 

receptor bindmg (GR E) sItes. In footprinting experiments, purified rat liver 

glucocorticold receptor (:7) bound an element located between -952 and -976 bp 

(Fig. 4.5). Thi~ element showed sequence homology with consensus GREs (34); 10 

particular. the TGTTCT hexamer motif which is JOvariably present in ail GREs is 

completely conserved in the ANF GRE. Binding of the GR to the ANF element 

\Vas t'urther mvestlgated using mobtiity shift assays. A 32 bp do .• ble stranded 
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Figure 4.4 Efreet of RU486 on DEX-mediBted induction of ANF mRNA levels in 
atrial eells. Follo\\ mg demductlOn. cells \\ ere treated for ~4 h \\ Ith 10-7 ~1 Dl \ 
01 10-5 1\1 RL:..tS6 or bath 10-5 M RU486 alone has no effe.:t on Af\.F mR:-~A but 
completel~ abol',hcs the DE'\.-medlated InductIon a) AutoradH.Jgrnm of a 
~oltheln blot sho\\lng the h~brldlzation 1 J-Lg of total atrIal R~A tu an A:-"F 
cD'\:-\ probe and subsequentl~ to a /3 '1 actln cD:\A a~ internaI control 
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Figure 4.4bl DensJtometnc analySJS of the autoradiogram. The data presented are 
l'rom one experlment that illustrates results obtaincd on at Jeast three separate 
o~C'aslOm both Jlî atria 1 and ventricular cells 
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TABLE 4.1 Glucocorticoid responsiveness of various 5' deletion Inutants of ANF prornoter 

- DEX + DEX +DEX/-DEX 

- ----~-----[_~G_H-J 0.74 :!: 0.02 1.45 :!: 0.07 2.0 

(n-2) (n-2) 

-3.7kb 

I------~@----ŒGH~J Il.23 ! 0.2311.98! 0.12 1.7 

-1.6kb 1 (n-2) (n-3) 

f 1!~§J ~_H J 1 0.91 ! 0.0611.63! 0.14 1.8 

-tOkb 1 (n-6) 1 (n-6) 

r--[h~~J 1 0.98 ~ 0.0911.00 ~ 0.13 tO 
-640bp (n-6) (n-6) 

[Bsv-f-hGH] 2,10 ! 0.05 1 1.83 ! 0.02 1.1 
(n-2) (n-2) 

~t'çll'linf1 (Ir h<.;11 \\:1e: 1:11-,ell:le::1 1lH':1QlleIlH'1I1 (lI' Ilal1slected gene acti\JlY Values are represented relative to -640ANr-GII 

~ S r 1\1 01 the nUIll\lrr (lI' indlc1!ed t!rlrlllllll:lll\llle: 
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,)II~unu\..lc..otldt! ..:ontalnlng the GR t'ootpllnt on the -\.NF promoter \\a~ used Jlùng 

\\1111 ail ùllgonudeotlde of slmtlar length ~orresponding ta the -191 to -159 bp GRE 

of the mou~c l11ammar~ tumor virus (MTV. rel'. 30) Btnding of GR ta both 

ollgonudeotldes (Fig. 46a) prodll~ed a DNA-protetn ~omplex of slmJlar mobJllty 

\\llI~h \\ould ~orrespond to btndtng of a GR dimer to the ON-\. (31) -\.n 

additlOnal. lower migratJng ~omplex was obsened with the -\.NF ollgonucleotide: 

tlll~ ~ol1lplex \\3S seen ln some experlments wlth the MTv GRE albelt to a mu~h 

iowt!r cxtent (not shown). Addition of a poly~lonal 3ntlbod~ spe~lfl~ to the rat GR 

(35/ to thc blndlng rea~tlon resulted 111 an upward sillft of both bands (FIg -l6b) 

II1ÙI':3{Jl1g that buth ~omple1{es ~ontall1ed GR Funhermort!. both bands were 

leadtl~ ..:ompeted bya 3-fold molar ex..:ess of MTV GRE ollgonucleotlde (Fig -l6d). 

Ftnall~. methylatlOn II1terference studies showed that only meth~ latlOn of 

tht! t\\O guanoslne resluues present withtn the hexamel tnterferes wlth blnding of 

GR to the -\.N F sequen~es. tnteresttngl~. both the upper (Bz) and lo\\'er (81) 

~omple1{cs shov\"cd an Identlcal pattern of interferen~e whlch was \ery slmllar to 

that obtatned \ .... ith the MTV GRE (Fig 4.7). Together. ail these data suggest that 

GR blllds to the ANF sequence in dimeric (B
2

) and monomeric forms 
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Figure 4.5 Polyacrylamide leI showiol DNase 1 footprioting of purified GR on 
the distal ANF promoter fragment The varlOUS lanes represent a G-Iadder of free 
Dl\ -\ (G) and DNase J digestion of DNA baund b~ O. 9 and 16 fmole of GR. 
respeC'ti\el~ The ANF fragment was 5' end Jabeled at the SI/ah! 5Ite (-lO~9 bp) 
The gel corresponds ta the non-codIl1g strand 
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JIJ«'I rUP 

Probe + GR --+ 

Pree Probe --+ 

Figure 4.6 Analysis of GR binding to the ANF GRE using gel shift assays a) 
Compal'ison of GR complexes obtained with synthetic oligonucleotides 
('orresponding ta the mMTV-GRE (-191 to -159 bPJ and ANF-GRE (-948 to -979 
bPI 
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Anti-GR + + 
GR + + 

Figure 4.6b) Addition of anti-GR antibod~ to ANF-GRE'GR complexes cause an 
up\'\ard mobilit) shift of the complexes. indicating the presence of GR molecules 
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eoapetitor ONA ANF GRE MTV GRE 

!lold excess 
-----------------.I~I----------------, 

3x 10x 30x o 3x 10x 30x 0 

Figure 4.6c) Binding of GR to the ANF GRE is competed by the MTV-GRE. 
BlI1ding reactlOns were carried out using 5 fmole of labelled ANF-GR in presence 
of the tndicated amount of competitor DNA. Both ANF and MTV GREs compete 
equall~ \\ell for GR bllldmg 
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Methylation Interference with GR Bindinl 

+ Strlrld - StrAnd 

..--
G 9';. ... G QI' 

/~ - /1 ... -- T 
C A 
T A 
T C - - G A 
T C - G A 
T \A 

\l 
G 
A 

\1 C ~7' 

A Q~2 

• -976 ) -952 
GACTGCCTGTTTGTGTTCTGAGGAT 

CTGACGGACAAACACAAGACTCCTA 

• 

Figure 4.7. Tht! techniques used for methylation Interferençe are detaJied ln 
Material and Methods. F is free [,l"A. BI and B

2 
correspond to the lo\\er and 

upper bands. respecti\ely. obtained following blllding of GR to the ANF-GRE. G 
residues interfering with GR binding are indlcated b) an arrowhead ln the bottolll 
panel 
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DISCUSSION 

A triai natriuretic factor (ANF), a recently identified cardiac hormone, 

appears to pla) an important l'ole in blood pressure regulation. ANF lowers blood 

pres~ure b) Its actIOn on multiple target tissues includmg the adrenal gland where 

ANF tnhlblts both mtneralo- and glucocorticoid production (36). The data 

presented 111 thls paper indicate tha~ glucocorticoids in turn directly alter ANF 

gene expressIOn and that at least part of this effect occurs at a transcriptional 

le\e1. 

ln order to study the direct effect of glucocorticoids on the ANF gene. \\e 

used a primai ~ cardlOc) te culture system where ANF mRI\IA and peptides are 

l'eadil~ detected. Because of possIble dlfferences in the regulation of \ entTlculal' 

\ersus atrial ANF gene expression. atrial and \entricular m)oC)tes ~ere cultured 

sepal atcl~. The quantitati\ e difference obsened between atflal and \ entricular 

.\f\;F mRNA le\els at the neonatal stage are mamta1l1ed ~hen these cells are 

cultuled Jndeed. there is about a 5- to 8-fold dlfference 111 the amount of Al';F 

gene tl'anscnpts both in cultured cells and ln age-matched neonatal rats /Ill/l'V 

(data not sho\\n) Treatment of these cultures \\Jth DEX lead to a slgnlflcant 3- to 

~-fold Increase of ANF mRNA le\ els both 111 atnal and \ entricular cells. The 

effect of DE'\ "as both time and dose dependent and completel) abollshed b) the 

~peclflc glucocortiocld antagonist RU486. Both DEX deinduction and induction 

\\ el e 1 apld a 75% drop in expression was achle\ ed in less than 48 h. and a 

subsequent maximal mductJOn was obsened after only 6-12 h of stImulation. 

-\Ithough both atrial and \ entricular cells responded to DEX stimulation. 

\ entricular cells dlspla)ed 1I1creased sensitl\'lty to hormonal stimulation as revealed 

b) the dJt'felence in the obsened EDso's in the t\\O tissues This differential 
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sensitivity of the ANF gene to hormonal stimulation in the two heart compartments 

is consistent with the in vivo data showing a larger glucocorticoid induction of 

ANF mRNA in ventrieles (II and Nemer et al., ln preparation). A simJlar 

increased sensitivity to glucocorticoid induction of ANF release has been reported 

by others in ventricular eell cultures (14). This difference is not due to changes in 

glueocorticoid receptor levels or affinity in ventricula r tissues as !>imilar le\ els of 

receptor protein with identical ligand affinity are present in atria or ventflcle!> 

(Nemer and Antal..!y, in preparation). A similar differential sensJti\'it~ to 

glucocorticoids has been reported for the inductIOn of the liver tyrosine amino 

transferase (TAY) gene in two different hepatoma cell lines (37) that had similal 

glucoeorticoid receptor levels (38). Interestingly, regulation of the ANF gene in 

atrial and ventricular cells displays differential sensltinty ta other hormones li"e 

th~ rOld hormone (17) suggestÎng the presence of a factor in ventnculal cells \\ hich 

is permissi\'e for hormonal regulation of the ANF gene. 

ln order to test whether stimulation of ANF rnRNA levels occurs at 

a transcriptional le\·el. we tested glucocorticoid responsi\eness of various ANF 

promoter fragments. Glucocorticoids increased by 2 fold the activlly of SC\ el al 

ANF promoter fragments containing at least 1.0 kb of upstream sequence!> in 

cardlac cells. suggesting tha t at least part of the glucocorticoid stimulatIOn of AN F 

gene expression is at the transcription le\ el This result is in agreement wlth an 

independent study which also suggested a transcriptional effect of glucocorticoid~ 

on the ANF gene based on III l'ilia transcriptIOn assays (39) and with prelJmlOaq 

data suggestmg that a 2.4 kb fragment of the rat ANF promoter IS responslve to 

glucoeortieoids (40). The discrepancy between the 2 fold effeet obsened on ANF 

promoter activlt) and the 3 fold stimulatIon of endogenous ANF mRNA levels, 
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raises the possibility that glucocorticoid response elements within the gene may 

contribute to full glucocorticoid effect. In This regard, it is worth mentioning that 

a sequence with high homology to classical GREs is present in the second intron of 

the ANF gene (23,41). Whether thls element contributes to regulation of the ANF 

gene by glucocorticoids remains 10 be tested. Alternatively, glucocorticoids may 

act at a transcriptlOnal as weil as a post transcriptional level to regulate ANF gene 

expression, an effect of glucocorticoids on ANF mRNA stability has indeed been 

suggested by others (39). It IS worth mentioning that glucocortlcoid stimulatIOn of 

ANF promoter aethity is restricted to cardiae cells. Indeed, no effeet of the 

hormone could be detected on ANF promoter aetivity in seHral non cardiac cell 

lines sueh as adrenal chromaffin cells (PCI2), pituitary somatotrophs (GH 3) and 

flbroblasts (L). This suggests that glucocorticoid responsiveness of the ANF 

promotel requires the presence of cardiac specific trans-acting faetor(s). These 

factors ma~ be stimulated b~ the hormone or the~ ma~ cooperatlvel) interact with 

the glucocortlcoid receptor. Such tissue specifie hormonal regulatIOn has been 

obsen ed for some hepatic and pitutary genes liJ...e tyrosine amine transferase (42) 

and prolactin (43). In the case of prolactin, it was shown that the estrogen 

receptor bmds to a distal promoter element and interacts cooperatI\ ely wlth the 

pituitan-specifIC transcriptIon factor, Pit-l, to induce prolactin expressIOn. 

\\ hether the glucocorticoid receptor mteracts with a putative cardiac-specific 

factor that binds both the proximal and distal elements of the ANF promoter, (our 

unpubllshed data) will be further investigated. 

Finall), 111 l'Il/O, binding studies using purified rat liver glucocorticoid 

receptor re\ ealed high affinity binding of the receptor to an element within the 

plomotel' reglOn whlch IS required for glueocortlcoid stimulation. Gel shift and 
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methyJation assays confirmed the specificity of this bmding Interestlllgl) . 

glucocorticoid receptors bind to the ANF sequence in bath dimeric and monomeric 

forms. Indeed, most of the weli studied GREs contain three base pairs. the 

trinucleotide AC A, upstream of the conserved TGTTCT hexamer (34). This 

sequence is part of an imperfect second hexamer that is thought to bind a second 

GR monomer on the same side of the DNA helix. lt is interestmg to note that, in 

the ANF GRE, the ACA trinucleotide is present on the opposite DNA strand 

relatÎ\'e to the TGTTCT hexamer This results 10 the presence withlll the GRE of 

an in\ erted repeat mstead of a dyad symmetry. 

\l 
MMTV GRE GGTACAnnnTGTTCT 

CAATGTnnnACAAGA 
\l \l 

\l 
ANF GRE GCCTGTnnnTGTTCT 

CGGACAnnnACAAGA 
'V 

While there is no report on positive GREs with such a feature. 

glucocortJcoid receptor binding sites that considerably dJ\ erge l'rom th~ con~ensu~ 

GRE ha\e been documented for negatJ\ely regulated genes (44. 45) Thu~. GR J~ 

capable of blOdlOg to degenerate DNA consensus sequences. Whether the ANF-

GRE can mediate transcriptional actl\auon by glucocorticoids JS presentl) being 

tested. 

ln conclusIOn. the present study pro\ ides evidence for transcrlptional 

regula tion of the ANF gene by glucocorticoids \ ia a dJstal pramater element which 

contains a binding site for the glucocorticoid receptor The molecular e\ ents 

leading ta the increased expression of the ANF gene in situatJOns of hormonal 
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Imbalance, such as in Cushing's disease (46), rnay explam sorne of the poorly 

understood effects of glucocorticoids on the cardiovascular system. 

-----------------------------------------------------



97 

ACKNOWLEDGEMENT 

The authors than" LIse Laroche for the preparation of this manus~'rlpt 
This \\or"- ~as supported b~ grants from the Medical Re~earch CouncJl of Canada. 
the Quebec Heal t Foundation and FCAR, Quebec. MN IS a Scholal of the FRSQ 
and JD is a MRC SClentist. 

REFERENCES 

Baxter. J.D., and Rousseau, G G. (1979) in. Balder JD and Rousseau GC, 

(eds) Glucocorticold Hormone Action, Sprmger \. erlag. Ne\\ \ orh. 12-24 

.., 
Baxter. J.D. (1976) Pharmacol. Ther. 2:605-669 

3 Leung. K .. and Munch. A (1975) Ann Re\ Ph)sJOI 37 245-~72 

4. Hichs. D.C. Lee. J.A. K ilgore. B.S. Bu rnett. C R .. Schede\\ le. 1-1.1-... H ughe~. 

E.R. and Eiders. M.J. (1982) Ann Clm Lab SCI 12477-483 

5. hell:-. F J. and Goldspmh. D F. (1982) BlOchem J 208147-151 

6 :'\ichols. /I...R .. McNall~. 1\1. Campbell. J H .. and Fundel. J \\ (191')4) J 

H ~ pertens. 2.663-669 

7 1\lchols. /I...R .• Traq. K.E .. and Fundel. J \\. (1984) J. Sterold BlUchem ~I 487-

496 

g Fundel. J.\\ .. Du \ al. Doo and Me) er. P. (1973) Endocr1l1ulog~ 93.130CJ-1308 

9 l\emel. M. Antahl~. Too Sarrieau. A. La\igne. J.Poo and Drouln. J (1986) J 

Sterold BlOchem 25: 1 06S 

10 Gardner. D.G .• Hane. S .. Trache\\shi, 0 .. Schenh. D .. and Baxtcr. J.O. (1986) 

BlOchem Bioph~s Res. Commun 139:1047-1054 

Il Da~. M.L., Schwartz. Doo Weigand. R.C.. Stochman. PT. Brunnet. SR 

Toluna~. H.E. Curne. MG. Standaert. DG. and Needleman. P fl987) 

H~ pertenslOn 9.485-491 



98 

, 

" 
GarcIa. R. Debmshi, W, Guthowsha. J, Kuchel. 0 .. Thibault. G. Genest. j. 

and Ca n tIn, M. Biochem Biophys. Res. Comm 131 :806-814 

13 Guthowska. J.. and Nemer. M. (1989) Endocr Re\. 10519-536 

14. Mat~ubara. N., Hlrata, Y .. Yoshimi, H .. Takata, S .. Takagi. Y., Yamane. '} .. 

Umeda. '}., Nlshlhawa, M. and lnada, M. (1987) Biochem. Bioph)s. Res. 

Commun 145'336-345 

15. Shields. PP. Glembots"l. CC (1988) J. BIOl. Chem 263'8091-8098 

16. Yamamoto, KR. (1985) Annu Re\'. Genet. 19'209-252 

17 Argentin. S .. DrouJn ,J., and Nemer. M. (1987) Biochem Bioph)s. Res 

Commun. 146:1336- 1 341 

18. Felnberg. A.P .. Vogelstein. B (1983) Anal. Bioehem 132:6-13 

1') ZJ\ in. R.A. Condra. J.H .. Dlxon. R.A., Seidah. N.G., Chretien. M .. Nemer. M .. 

Chamberland. M. and DrouJn. J. (1984) Proe Natl. Acad. SCI. USA. 81:63::5-

63::9 

20 Farme!. R .. \\ an. K.M Ben-Ze'e\. A., and Penman. S. (1983) Mol. Cell. Biol. 

3.182-189 

21 Nemer. M. La\ il~ne. J.P., Drouin. J., Thibault. G., Gannon. M .. and Anta"l) 

.T (1986) Peptides 7'!147-1152 

..,.., 
Antahl~. T .. Sasaki. A .. Liotta. A.S .. Palho\its. M .. and Krieger. DT. (1985) 

~3. A.rgentJI1. S ... Nenler, M ... Drouin, J., Scott .. G." Kenned) .. K., and Davies .. P. 

(1985) J Biol. Chem. 260:4568-4571 

24. Selden. R.F.. Burke Ho\\ ie. K., Rowe, ME., Goodman. H.M .. and Moore. 0.0. 

( 1986) Mol Cell. BIOl. 6.3173-3179 

25 Chen. c.. and Oha)ama. H. (1987) Mol. Cell BIOl. 7:2745-2752 



.. 

99 

16 De Wet, J R., Wood, K, DeLuca, M., Hellns"i, DR, and Subramani, S. (1987) 

Mol. Cel!. Bio. 7:725-737 

27. Schmidt, T.J., Miller-Dlener, A., Webb, M.L., and Litwack, G.H. (1985) J. Biol 

Chem. 260.16255-16262 

~8. LeFeb\ re. c., Imagawa, M., Dana, S., Grindla). J.. Bodner. M. and Karin, M. 

(1987) EMBO J 6:971-981 

29. Antakly. T., Raquidan, O., O'Donnell, D., and Katnlcl-.., L. (I990) 

Endocrinology 126'1821-18~8 

30 Scheldereit. C .. and Beato, M (1984) Proc Natl. Acad. SCI USA 81:30:9-3033 

31 Erihsson. P .. and Wrange, 6. (1990) J. Biol. Chem 2653535-3542 

32. Maxam. AM, and Gilbert, W. (1977) Proc Natl Acad Sei. USA 79.5650-

33. Coutard, M .. and Du\al. D. n985) J. SterOld Biochem 23291-297 

34. Beato. M. (1989) Cell 56:335-344 

35. Hoech. \\ .• and Groner, B. (1990) J Biol. Chem 265:5403-54-08 

36 De Lean. A .. Racz. K., Guthowska. J. Nguyen. T.-T .. Cantlll. M .. and C,ene~t. 

J. (1984) Endocrinolog) 115:1636-1638 

3ï Mil1er. PA. anù SmlOns Jr. SS (1988) Endocl'inolog) 122'2990-:~998 

38. Simons Jr., S.S .. MIller, P.A., Wasner. G .. MIller, N.R .. and Mercier. L (1988) J. 

steroid BJOchem 31.1-7 

39. Gardner. D.G .. Gertz, B.J., Deschepper, C.F., and Kim, D.Y. (1988) J. CIIIl 

Imest. 82'J:~75-1281 

40. Seidman. C.E .. Wong. D.W .. Jarcho, J.A., Bloch. K.D., and Seidman. J.G (1988) 

Proc. Natl. Acad. SCI. 85'4104-4108 

41. Seidman. C.E .. Bloch. K.D., Klein. K.A., Smith, J.A .. and Seldman, J G. (1984) 

Science 226: 1206- 1209 



100 

4~ Strahle. U., Schmid, W., and Schütz, G. (1988) EMBO J. 7.3389-3395 

43 Simmons, D.M., Voss, J W., Ingraham, H.A., Holloway, J.M., Broide. R.S., 

Rosenfeld. MG, and Swanson, L.W. (1990) Genes Dev.4:695-711 

44 Drouin, J., Trifiro, M.A., Plante, R.K., Nemer, M., Eriksson, P., Wrange, Ü. 

( 1989) Mol Cell Biol. 9:5303-5314 

45 Sakai. 0.0., Hel ms, S .. Carlstedt-Duke, J., Gustafsson, J.A. Rottman, F.M .. 

Yamamoto. K.R. (1988) Genes De\'. 2:1144-1154 

46 Yamaji. T., Ishibashi, M. 'Vamada, A., Takaku. F., Itabashi. A .. Katayama. S .. 

Ishii, J .• Takami. M., Fukushima, T. (1988) J. Clin. Endocrinol. Metab. 67.343-

35~ 



" 

101 

CHAPTER 5 

IDENTIFICATION OF CIS-ACTING ELEMENTS INVOLVED IN 

CARDIAC-SPECIFIC AND DEVELOPMENTAL EXPRESSION OF 

THE RAT ANF GENE 
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ABSTRACT 

Expre~~iun uf atrial natriuretic factor (ANF), a 28 aa peptide hormone 

S) nthesized predominantly in cardiac tissues, is under differential de\'elopmental 

regulatlon ln atrJa and ventricles. ln order to stud) molecular mechanisms 

lI1\olved in cardlac-speclflc and developmental expression of ANF, ~e ha\e 

anal) zed cls-actmg elements of the rat ANF gene. Using translent transfections 

II1to prJ/llar) neonatal rat cardlOcyte cultures and a fUSIOn gene contammg ANF 5"

flanl'dng sequences linhed to the human gro\\ th hormone (hGH) gene as reporter. 

\\e ha\e establlshed that cls-acting elements wlthm the gene's 5'-flanhmg sequences 

cùnfel cardlac-speciflc expressIOn to the ANF gene ProgressÎ\ e 5' deletions 

re\ ealed tha t 1.6 hb of upstream sequences were sufflClent for maximal expressIOn 

in cardIa,,; cells. Furthermore, t~o elements located bet\\een -1 6 and -1.0 kb (distal 

e1ement) and -640 and -136 bp (proxImal element). \\ere identlfled as being 

necessan 1'01 full promoter actl\ It) JI) these cells The impol tance of PE \\ as 

confïl med b) usmg an InternaI deletlOn mutant (deleted l'rom -700 to -136 bp) AlI 

the 5' deletlOn mutants of the ANF gene are nactl\e m non-cardlac cells \\lth the 

exception of the shortest d~letlOn (to -136 bp) The promoter actl\lt) obsened in 

L cells \\ith the internaI deletlOn mutant (-700 and -136 bp) suggests the presence 

of a leplessor element upstream of -136 bp whlch \\ould be actJ\e solel) in non

,,;aldlac cells. 80th PE and DE mcreased the acthit) of the thymidll1e kinase (TK) 

plomotel 111 caldla" cells Thu5, the cell-type and de\elopmental control of ANF 

gene expressIOn appears to be medlated by a complex interaction of various 5'

flanhll1g elements. 

INTRODUCTION 

Euhar~otic gene expression is controlled by cis-acting DNA elements usuall) 
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round within the 5'-flanl-.ll1g reglon!> of a gene (Mal\latl'> et al, 1987, i"h;KllIght et 

al.. 198~), Recent studies suggest that tissue-speclflc gene expressIOn IS deterl11l1lcd 

by an interactIOn of such cis-acting elements \VIth speclfic trans-acttng factors (for 

reVlew see MItchell and TJianl. Although the mechanlsms gO\enHng the ll~SUC 

specifie expression of several genes, sueh as growth hormone and 1l11lllunoglobulln 

genes (Castrdlo et al, 1989; Scheidereit et al, 1987), are bel.:onllng -:lcarer, the 

events underlying the expression of cardia..: musde-~pe..:t!ïc genes 15 not weil 

understood and IS currently under intensIve In\estlgarÎol1. Of partlculnr Il1terest 

are the cardiac actin, tropol1In and muscle creat1l1e kinase genes (iVli\~a et al.. 1987; 

Muscat et al .. 1988: Mar et al., 1988\. -\lthough certall1 cls-actmg ~e4uence,> ha\e 

been attributed ta the cardiac speclfic expressIOn of the larter t\ .. o Uohnson et al, 

1989; Mar et al., 1988a), cardlac-specdïc trans-actlOg factors ha\e yet to oe 

identified. 

The atnal natriuretic factor gene (ANF) encodes a J:0tent endogenou,> 

diuretic, natfluretlc and vasodilating peptide that is secreted l'rom the heurt in 

response to various physlological stlmu!l (for review see Baxter and Gardner, 1988). 

ln the adult heart, ANF is predominantly syntheslzed and stored 10 secretory 

granules of the atria although it is also present at much lower Jevels in the 

'ventricles. where peptide storage is not very prominent. Indeed, NOl thern blot 

analysis has revealed that ANF mRNA is present at levels about 100-fold lower ln 

the ventricles than in the atna of adult rats (Nemer et al, 1986}. ln the newborn 

rat, however, atrial and ventricular ANF mR!'JA levels are almost equlvalent 

(Bloch et al.. 1986). 

We have isolated and sequenced both the rat and human ANF genes and 

have shawn that a high degree of homology eXlsts between the two specles JO thelr 

prOXimal 5'-f1an"-ing sequences, suggestlng the presenl.:c of putative weil con~erved 
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regulator) element5 \\ithin this region (Argentin et al., 1985). In older to address 

the questions of tissue speclficity and developmental ,-ontrol of ANF expresswn, 

\\ e undertooh an analysis of the rat ANF gene promoter. Using 5' and internai 

deletwn mutants as weil as chimeric constructs contalfling certam regions of the 

rat ANF gene linhed to a heterologous promotel, we were able to Identlf) t\\'o 

element!> tha tare responslble for promoter acti"lt) m cardiae eells, whereas the~ 

appea r to be mactl\ e in other eells. Thus. \~ e ha\'e defmed tv,o cardiac-speeific 

legulator~ domalns \~ Ithln the ANF gene 

MA TERIALS AND METHODS 

Ccli Culture. Atnal and \entricular cardiocyte cultures \\ere prepnred from 

1 ùa~ old and 4 da~ old Sprague Dawle) rats (Charles Rh er). Atnal and 

\ entl'lculal tls!>ues \\ ere aseptieall) remo\ ed and \\ ashed \\ ith Johllh 's modlfled 

Eagle's medIum (Glbco) The tissues were then minced and subjected to three 

5equential dlgestiom of 30, ~O and 10 min. each in 0.10() collagenaoe (Cooper 

BlOmedicalsl To stop the enz)matic dIgestion, cold fetal calf serum \\as added to 

a fll1al concentration of 28.5%. Undlgested tIssue remnants \\ele remo\ed b) 

fIltel'lng thlough a 100 J.tM n)lon mesh The cell-containing fIltrate \\as then 

centl'lfuged and the resultlng cell pellet \\as resuspended ln Dulbeco's modified 

Eagle's medIum (DMEl'vl) supplemented wlth 15% l'etaI calf serum To ellminate 

flblLlblaSl5. the cells \\ere prt:-plated for ~-30 minute periods. whereb) the 

unattached cardlOcyte-el1flched cells were collected The cardlac cells \\ ere plated 

- ., 
in Plimalia (Falcon) plates al a densJt~ of 1 x 10) cells/cm-. To mamtam cardlac-

en! Iched d!ffel entlated cell cultures, the serum supplemented medIUm \\ as replaced 

16 h later b~ a serum-free hormonall~-defmed medium (Mohamed et al. 1983) 
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Figure 5.1 Postnatal pattern of ANF Bene expression iD ventriçular tissue A ~ r 
rnRKA le\ els. corrected for total rnRNA using an olJgo dT probe, are plotted on 
the ~-axis as a function of age. Each value represents the average of at least 4 
separate determinaIJons. 
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Figure S.2 Immunocytochemical staining of atrial and ventricular cells with 8n 
snti-ANF Bntibody. A 1:1000 dilution was used for atrial cells (a) and 1'500 
dilution \\ as used for \ entflcular cells (b). Non-Immune serum sen ed as a negati\ e 
('ontlol in a plate containmg \entricular cells (e). PositJ\ e immunostaining is 
appalent in bath atrtal and \entrieular cells. 
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Non-l1l~ ûç~ te enriched cell culture!l \\-ere obtained b~ mallltallllng the:: cdb in li 

mitogen-nch medium contatntng 15% FCS, (Kohtz et al., 1989). 

Cells ",ere transfected about ~4 h after the initiai platlng Land PCI:: celb 

- '") 

were plated at a denslt)' of about 02 x 10' cells{ cm- and maintained in DME1\'t 

medium supplemented wlth 10(\'Î) FCS or DME supplemented \\ Ith S\l" FCS and 

Ser:\.-tend (Hana). Fresh medium was added to the cells 4-5 h prlOr ta transfectlon 

Plasmid Constructions. A previously subcloned 703 bp ANF promoter flagment 

l'rom position -640 ta +40. containlllg Xbal pol~ Itnhers. was 111 se 1 ted into the .\.bal 

site of the promoterless pOGH \eetor. contall1lJ1g sequences encodlOg the human 

gIO\\ th hormone (hGH) gene (Selden et al. 1986). This plasnlld (-0 o4Al'<F·GH) \\as 

tested and found to ha\e slgnltïeant. but 10\\ promotel aetl\ It~. thu~. fUlthel 5' 

sequences \\ele obtained and subcloned as fol1o\\s. An EcuRI fragment cOl1tuJI)ing 

sequences bet\\een -3700 and -640 bp was excised flom a 12 hb Bml/HI genol1l1c 

flagment (Argentin et al.. 1985). purified on agarose gel and inserted InlO the 

[t'uRI site of -064ANF-GH. The resulting plasmid (-3.7ANF-GHl. containll1g 37 

hb of 5' upstream sequences ",as then dlgested b~ \arJOus re~trictlon enz~me~ to 

obtain the 5' deletlÛn and internaI deletion mutants (Fig 54) FOI hetelûlogou~ 

promotel constructs. t\\O different fragments of the A.NF promotel \\ere ~ubcloned 

Into the pol) linhel site of two plasmlds contalnlllg short Herpe~ ~Implex \ HUS 

th)midine hmase gene (TK) promoters (-81 and -109 bp) fused to the lucifera~e 

cDl\ A. (De \\et et al.. 1987) Brlerl). -2.4A.NF-GH \\as dlgested \\!th Hll/dIl and 

SllahI (positions -1600 ta -1000). The blunt ended H/IIdll-Sl/ahl fragment \\ a5 then 

inserted and Iigated to the Smal site of pTK8) -lue and pTK) 09-luc SlmJlarl). 

HflldIll digested -24A.NF-GH ",as used to produce a fragment \\ 1th pO~1l10n~ -700 

to -136. ThiS element was JI1serted into the HlIIdllJ ~Ites of pTK 81-1 uc and 

-' 
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pTK 109-1uc. Standard procedures were used to Identif) recombinants containing 

both orientatIOns of inserted ANF fragments (Maniatis et al., 198~) 

Transient Expression Assays. To introduce foreign DNA into cells. a 

modifIcation of the calcIUm phosphate precipItatIOn technique was employed (Chen 

et al. 1987) DNA concentratIOns in the Imear range of transfection efficlenq 

\\ ere ch05en ~-4 {lg of ON A/ml of medIUm were used to transfect cardlac ce Ils. 

The formation of a fine DNA-calcium phosphate precipita te was allo\\ ed to form 

b~ incubating the cells o\'ernlght at 37 Oc and 3% CO2. The next da~. cells were 

fed \\ ith the appropria te medium Cell media and cell extracts \\ere collected 48-

7':. h aftel tlansfectlOll for hGH assays and luciferase assa~s. respecti\el~. 

hGH ImmunoBssBYS. The hGH secreted lOto the cell culture medIum was 

measured dlrectl) l'rom 100 {lI aliquots of medium aftel sp;nnmg do\\ n an) cellular 

debll~ hGH Immunoassa)s v .. ere performed b) the Allegro hGH kit (Joldon). 

1'0110\\ Ing the manufacturer5 intructions. 

LuciferBse Cell extracts were obtained b) scrapmg cells in a luclferase 

1~~15 buffel (01 M KP04 (pH7.8) and 1 mM DTT), splnnmg do\\n the cell pellet 

and then l~ smg cells m the same buffer contammg 0.51~U NNO. Cells \\ ere 

le5uspended and left on ice 5 mmutes; cellulal ctebns were spun do\\n at 14K fOI 

15 mll1 at 4 Oc. The resulting supernatant \\as stored at -~OoC until luciferase 

a ssa ~ . 

Luciferase acti\ it) was detel mlned as folIo," s in cell extracts. A 50 J.d 

leaction containing 0.1 M KP04 (pH 7.8), 0.005M ATP, O.OIM MgCI2 and the cell 

extract \\as added to a lumll10meter cu\ette To thls. 100 J.d of O.OOIM luciferin 

\\as injected. and Ilght emission was automaticall) recorded. TOlal protein in the 

extl'acts \\ as detel'mtned by the method of Bradford (1976) 
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RNA Analysis. RNA \\-as prepared b) the guanldiul1l thlO~~ an3te phelllli 

extraction method described b~ Chomczynisl-.I et al. 1987 Total mRN.\ "as 

quantitated by h)bridlzation with [32p] labelled ollgodT l2_18 (Suggs et al.. 1(81) 

Northern blots \\ere performed as pre\ iously described (Nemer et al.. 1(86) and 

autoradlOgraphs were quantitated b) densitometrlc scannll1g 

Immunocytochemistry. A triai and \ entflcular cells were flxed Wilh ·Plo p

formaldeh~ de. After dehydration 111 graded alcohols. the cells \\ ere prein~u ba leu 

fOlIO mm at 37 Oc in IOllo normal goat serum. A pol)clonal rabblt anIIANF--\b 

"as then applled o\ernlghl at 4 oC at 1.500 and 11000 dilutions ln \entrt~ulal and 

atrial cells. respecti\el). Non-immune serum at the appropliate dilutIon "as used 

as a negatl\e contlol. The Vectastam ABC hlt (Vectol Lab .. Burlmgame. CA) \\a~ 

used to re\eal antiANF stall1ing as follo\~s The cells \\ el e tl eated "ith 

biotln~ laled goat antl rabbll IgG at a 1.100 dIlutIOn 1'01 30 mIn at room 

tempelature follo\\ed b) the Vectastam A and B reagent~ (A\ ldln DH and 

Blotln~lated Hoseradlsh Peroxldase H. respectl\el)) each at a 1.100 dtlutJOn. al~u 

fOI 30 min. at room temperature Finall~ the peroxldase substrate 

dlaminobenzldine tetrah)drochloflde (DAB) \\as added (015'~()) along \\Jlh 003"" 

h~ dlogen perox ide. and cells were mcubated 111 the dal" al J'oom temperatllre fUI 

6-8 min. 

RESULTS 

Developmental Expression of the Rat ANF Gene. In older to e~tabli5h the 

pattern of atnal and \entrlcular ANF gene expreS~lOn du ring cardtac de\clopml:!nt 

\\e anal)zed ANF mRNA le\els as a function of age in rats. On the da~ of blrth . 

.\:'\F mRl\.A le\ els are about 5 tO 8 limes higher in atria compared to \cntricle~ 
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The!reafter. ventflculal ANF mRNA levels drop rapldl~ Wlthlll the! first ~e!eh 

~hlie atnal ANF mRNA levels rlse. resultmg in the 100-fold difference in ANF 

mRNA levels ln these two tissues m the adult rat (Nemer et al.. 1986: Fig. 5.1 J; at 

da~ 4. ventflcular ANF mRNA levels resemble adult levels. In atflal cells. ANF 

mRNA levels appear to rise about 2-fold overall throughout the course of 

de\ elopment (data not shown). In keepmg with the III 1'/1'0 pattern of ANF 

expressIOn, in cell culture. there IS about a 4- to 5-fold difference in the le\ el of 

ANF mRI\lA between atrial and ventrlcular cells of 1 d old rats. thls \alue flses to 

about 8-fold ln 4 da~ old rats (data not shown). Smce the /II 1'IlW model of 

cardlOc~ tes ln pflmary cell culture closely resembles the tissue /Il 1/1'0. ~e used the 

s)stem of CaldlOC)tes from 1 and 4 da) old rats to stud) the ANF promoter ln the 

de\ elopmental expression of ANF 

In order to assess the homogeneJt~ of primary cardiocyte cultures. cells were 

stamed \\Jth an anti-A.NF antibody Immunocytochemical anal)sls of the cell 

cultures showed that a pOSitive immunoreaetion IS produced ln almos! aIl eells 

(about 70-80%) ln both the atnal (FIg 5.2a) and 'ventncular (Fig. 5 :b) cultures. In 

control \\elIs, treatment of cells with non-immune serum showed no staming (Fig. 

5.:c) As expected. ventflcular cells which secrete ANF eonstJtuti\ely (Bloch et aL 

1986). ga\ e a weaker immunocytoehemical staining than atrial eells. In addition, 

the general apperanee of the cell cultures conflrms the finding that cardlOeytes 

mahe up a large fraction of the plated cells since about 80% of the cells displa) 

spontaneous eontraetility and the typical network formation of beating cell 

clusters 

Cardiac-Specific Expression of the ANF Gene is Determined by 5'-Flanking 

Sequences. Transient transfectÎon assays were used ta 10calÎze rat ANF pramater 
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sequences In\ohed in the tissue-speclfl\; expres~ion of the gene -\ plaslllld 

containing 3.7 ~b of 5' upstream sequences lin~ed to the human gl 0\\ th hOll1lùnc: 

(hGH) reporter gene was tested along with a positJ\e control pla~mld. cunt3J111ng 

the \iral Herpes simplex \Ïrus thimidine kinase (TK) promoter (Fig 5 J and 54) 

These plasmlds were introduced JI1to \ arJOus cells' atrlal and \'entrt..:ului 

pnmar) cell cultures of neonatal rats. non-m)ocyte ennched prlmar) cell cultule~ 

(mostl) flbroblasts). flbroblast L cells. and adrenal medullan pheochromoc~ tüma 

PC1~ cells The results from these assa)s indlcate that the plasJl1ld containing 3.ï 

(...b of 5' upstream sequences (-3 7ANF-GH) contall1S sequence~ requllecl for C8Idla..:

specifie expression of the ANF gene (Fig. 5 3) A~ expected. the plollloter is about 

5-fold less acti\e ln \entnculal versus atnal cells On the othel hand. thl~ 

promotel \~as almost mactJ\e In the non-ANF eXpieSSIng cell~ 

Localization of Cis-Acting Elements Governing Tissue-Restricted and 

Developmental Expression of ANF. ln ordel to locallze the Dr-.; <\ element~ 

re5ponslble 1'01 cardlac-speclflc expressIOn of ANF. we constructed a sellC5 of 5' 

deletion mutants of the ANF promotel (Fig. 54) These pla5mids "cIe ll1lJoducc::d 

along \\ith pRSV-Luc. as an Internai contlo!. Into elght cell t)pe~ Atnal and 

\entllculal cardJOqtes. from both 1 and 4 da) old nt:onatal rab. \\ere te~teJ to 

determme \\ hether cis-acting DI\: A sequence~ \\ ere responsLbIe 1'01 the 

de\ elopmental expressIOn of ANF. In addition, cardiac non-m~ oC) tes. L cells and 

PC 12 \\ ere tested ta assess the tissue specifJcit~ of the AN F promoter 

The 5' deleuon mutants appear to be inactl\e or exhibJt \er) 10\\ 

transcriptlOnal acthity In the non-ANF ex pressing cells. such as cardlac non

m~ OC) tes. L an PC1~ cells (Fig. 5.5) The -1.6ANF-GH plasmid IS at lea~t 75 times 
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Figure S.3 Cardiac-specific activity of the ANF promoter. The histogram 
represents aetl\ Jt) of the full ANF promoter (-3.7 ANF-GH) relath e to \ iraI 
promoter aetl\ it) (pTK-GH) Whlch 15 tahen as 100% Eaeh point represents the 
mean ± SEM of se\ eral determinatlOns: 1 day old atrial myocytes (AM) n = 5. 1 d 
old \entrJculal m)oC)tes (VM) n = 6, cardiac non-m)oC) tes (NM) n = 4, fibroblast 
L cells (L) n = 3, adrenal medullary cells (PCI2) n = JO. 

more actJ\e in the ventrJcular myoeytes than in the non-cardiac cells. This 

dlfferenee rises to at least 16-fold when non-cardiac cells are compared 10 atnal 

m) OC) tes (data not shown). The smallest deletion mutant, howe\ er, -O.14ANF-GH. 

exhiblls hlgher promoter acti\ it) in the L cells and in the fibroblast enriched 

eardiac cells (FIg 5.5). ThIs acti, ity may suggest the presence of a repressor 

.. , , 
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element upstream of -136 bp. acti\e in certalll non-expresslIlg ~t'Ih 01 tu the: 

presence of sequences that contrlbute to the mamtenance of cal dlac-I e5trlcted 

expressIOn since act!\ It)' m cardJac cells J5 also reduced \\ Jth thJS deletron mutant 

lndeed. thls rrse in transcrrptlonal acthl!) wJth the -136 bp deletlon mutant can be 

used as an indIcatIon of fibroblast or non-rn~oq te proliferatIOn III cardioc~ te 

cultures.In ans" ermg the questIOn of promoter-dependent de\ elopmental regulatlOn 

of Al\:F. our data clearl) sho\\s a greater o\erall distal plomoter acti\ it~ 111 the 1 d 

old rats \eISUS the 4 d old rats III ventricular cells (FIg 5.6a and b) A 51gniflcanl 

dlfference of about 3-fold (p < 0.001) ln promotel actl\ It~ \\as obseJ\ed for mû!:.1 5' 

delelion mutants bet\\een the 1 and -1 da) old \entJ'Jculal cel15 l\:u ~uch 

slgnlfJcant dlfference III Al'\F promoter acti, It~ \\a5 obsened 111 the 1 and 4 da) 

old utrlal Cel15. Thi5 15 comistent \\ Ith the de\elopmenlal pattern uf exple~~lun 

obsened ln the endogenous A)'\F mRNA le\els (Fig 51) 

ln the cardlac cells. the same general expressIOn cun e 15 obtamed 1'01 both atllal 

and \entricular cells and shows that -1.6 kb of upstream sequence5 produce 

ma> Imal tt anscriptlOnal acth lt~ in both cell t) pes (Fig. S.:)) As 15 best exempllfled 

b~ the \ entfleular cells and confll med m the atrtal cel/s. plomotel aetl\ It) dl ùp5 2-

to 3-fold (p < 0.001) \\hen sequences up to -1.0 hb ale deleted ln both 1 and ..j J vlJ 

1 at5. ..\ second ~- to 3-fold drop 1/1 aeu\ it) (p < 0.001) IS obsen ed \\ hen sequence" 

bet\\een -700 bp and -136 bp are deleted at both ages Similar results are obsened 

m the atrlal cells. Thus, two reglOns. a distal one bet\\een -16 and -10 I-..b (D[) 

and a proximal one bet\\een -700 and -136 bp (PEl contflbute to plomoter aetl\ It~ 

ID cardiac cells. Funhermore, a slight but consistent and signiflcant (p < 0001) 

J'epl esslon appears to be contributed b~ the sequence5 ber\\ een -~.5 and -1.6 h b 
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~hGH 1 
-3.7ANF-GH 

-3.7kb 

-2.6kb hGH -2.6ANF-GH 

hGH -2.4ANF-GH 
-2.4kb 

hGH -'.6ANF-GH 
-'.6kb 

-1.0kb 
hGH -',OANF-GH 

_S40bpL_-{ hGH -O.64ANF-GH 

-136b~ hGH -O.14ANF-GH 

Figure S.4 S' deJetioD frasmeDu of the rat ANF promOler. Various restrictJOn 
enï) mes ~ ere used to generate a series of sequential 5' deletion mutants of the rat 
A!\F promoter. These constructs, dlrecting human gro\\-th hormone (hGH) reporter 
gene e\pession. "ere tested in \'arious cell types. 
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To conflfm the Importance of the proximal promotel elemcnt 111 ..:tll dHl": 

expression. an internai deletion was obtained bet\\een -700 and -13b bp t'Iom a 

plasmid contaming 2.4 I-..b ûf S' upstream sequences (-~ 4.1,l'iF-GH) (Table 5.1) .1,~ 

can be seen from Table S.1 this deleuon resulted m a 4- to S-fold drop 111 Al'F 

promoter actl\ it) in cardiac cells. indlcaung the presence of an Important poslti\ c 

regulator) element wlthm thls DNA fragment. ln L cells. this same deletlOn led 10 

an mClease of about ~-fold in promotel acthJt~. supporting the h)pothesis that a 

negatJ\e regulaton element upstream of -136 bp is actl\e m certain non-cardtac 

ce Ils 

Heterologous Promoter Constructs. ln arder ta determll1e \\ hethel the 

proxllllai and dIstal promoter elements can confer cardlac-~peclfJc exprc:'s~tOn DNA 

flagments correspondll1g ta PE and DE \\ere mserted upstream of t\\O dlfferent 

Tk-lucifeJase leponer genes which contained euher 8101 109 bp TI\. S'-tïanhlng 

sequences. SlmJ!ar resuIts \\ere obtall1ed \\ith both lepolters. data fOI pTI"SI-luc 

ale plesented in Table S.2 These constructs \\ere tested b~ transfectlon in bath 

cal diae and L cells. Luciferase acti\ it) \\as corrected for prote in content and 

tlan~fectlOn efficienc~ was assessed \"Ith an II1ternal control pla~mld pRS\ -GH 

Onl) the prOXImal .\NF gene fragment (-700 to -134 bpi mcreased slglllflcantl~ the 

acti\it) of the reporter (Table 5.:) This Illerease \\as onl) obsened 111 e31Jl3c 

cells and in onl) one orJentatJOn of the ANF fragment ln additIOn. both fragment 

produced a slight increase in cardlac and L ceIJ~. In one or both Oflentatlom 

These results mdtcate that at least the prOXImal and possibl~ the dIstal element (p L 

and DE) can mediate a tissue-specifie actlvating function upon a heterologll~ 

promoter. 
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Figure S.S Activities of ANF S' deletion mutants in various cell types. 1 Ill' )" dl'Il'tw'n mut:tnl~ \\l'Il' Il',>tl'd in 1 li old 
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Figure 5.6 Transcriptional activities of ANF 5' deletion mutants in 1 and 4 d old 
atrial and ventricular ceUs. A series of 5' deletion mutants were tested in 1 day 
old and 4 day old ventrlcular (a) and atrial (b) eells. Transeriptional actlvity, 
represented on the y-axis. is given relative to the TK promoter. Each point 
represents the mean ± SEM of n = 3 to 6 values for ventrlcular cells. and n = ... to 
14 values for atrinl cells. The data were compiled from at least three separate 
experiments. 
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Table 5.1 Effect of proximal element deletion in cardiac 

and L cells. 

-2.4kb 
1 

-2.4kb -690 -140 ~ 
1--------.... 1 ! GH 
1 V 

-2.4ANF-GH 

-2.4ANF -GH 
dei 

Plasmid hGH activity*(ng/ml) 

cardiac Fibroblasts 
cells L cells 

-2.4ANF-GH 1.97 0.90 

-2.4ANF -GH 0.42 2.73 
dei 

Table S.l The deletioD of DucJeotides from ·640 to ·140 bp results in the removal 
of the proximal element. The aet!\ It)' of this deletion mutant in ventrieular 
cardJOq tes and flbroblast L cells is giHn fiS ng 'ml of hGH. The ,·alues represent 
an a\ erage of at least 4 separate deterrnmations. 



-700 

~ 
-136 

-1.6 

• 
-1.0 

Table 5.2 Activity of heterologous promoter constructs in 

cardiac cells and fibroblasts. 

Plasmids Cardiac cells Fibroblasts 

-81 

r·~~.K.· .J . ~ lUC 1.0 + 0.23 1.0 + 0.30 

ANF 
-81 

~ ____ ~~.~~1·· -. LUC 3.01 + 0.28 2.89 + 0.89 

-136 

ANF -81 

[_~~.~l· .-. LUC 13.85 + 1.76 3.34 + 0.71 

-700 

ANF -81 

~._.!~ __ J-- -. LUC 
2.30 + 0.21 1.90 + 0.92 

-1.0 

ANF -81 

I._.~.~~.]._--. LUC 
0.93 + 0.36 1.87 + 0.54 

-1.6 

Table 5.2 Heterologous promoter constructs were tested in both 1 and 4 day old ventricular cells and fibroblast L 
cells. \ "IIIl''' ~h()\\ Il rOI Cil dl,\( \.'l'II" 1 l'I'I l"(' Il 1 Il'''trll'' nhl:lIlll'd :11 1 d,l\ llid \ t'Il!II~III:1I I."ell~. \ :tlue" repre"pnl Ihe Ilwall ± 
SI 1\1 of Il = 1 10 -t de1PII1III1:111011' 1!lI (':II dl,lI." \.'l'II" alld Il = , III 6 l'or L ('l'II .. l'rom al 1(':1<;1 1\\0 "eparale l''iperrment". 
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DISCUSSION 

Using DNA-mediated gene transfer studies, we haH shown that acth it)' of 

the ANF gene promoter is restricted to cells of eardiac origin, specifically to the 

atflal and \'entricular myocytes of the heart (Fig. 5.3). Expression in non-myocytes 

su ch as L. PC 12 and non-myocyte enriched (mostly fibroblasts) primar) cardiac cell 

cultures is signiflcantly lower than in cardiac eells Only 1.6 kb of ANF 5'

upstream sequences are ~ufficlent for promoter activit) JO cardiac cells, and 

successJ\e deletlons dov"nstream of -16 kb result in further reductions of ANF 

plomoter actl\ Il) (FIg 56). 

SlI1ce prlmary cell cultures contall1 a heterogeneous cell populatlon. se\.eral 

plecautions were taken 111 arder to maintain a high praportJOn of cardioqtes in 

these cultures. ReductIOn of non-m) ocyte cell proliferation v. as achie\ ed thraugh 

a comblnation of technIques JI1cluding differential plating. the use a a serum-free 

hOI monall) defJl1ed medIum and hlgh plating densJt) (Blondel et al.. 1976: 

Cla)comb. 1980: Mohamed et al.. 1983; Libb). 1984; Mdlalt et al. 1986: Speichel et 

al. 1981) ln Our cultures. both atrial and \'entflcular m)oc)tes dlspla)ed 

spontaneous conl! actlle acti\ Il) and \\-ere arranged in the t) pical cluster-Ilke 

faslllon expected of such cells ln culture. The estJmate b) sImple obsen ation that 

70-80"" of the cells were m) acytes was conflrmed b) immunoC) tochemical staining 

of these cells for ANF (Fig 52). In contrast. cells malntamed in a mitogen-Tlch 

medIum contall1mg 15(~tJ fetal calf serum \\ere morphogicall) \er) different and 

exhlblted slgnlflcant prolJt'eratJOn of non-m)ocyte cells ln these cells. ANF 

plomotel aetl\ Il) \\as undetectable (Fig. 5.3 and 5.5). but like in fibroblast cells. 

e\pression of the shortest deletJOn mutant was significant (Fig. 5.5). \\'Jth respect 

tD thls obsen ation. a recent report (Seidman et al 1988) suggested that ANF 
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promoter acti\ it) is non-existent 10 neonatal ventrlcular cells \\ hile 6~O bp of ;' 

sequences result in \ irtually background chloramphenlcol acet~ 1 transfel as\! (C -\'1'1 

reporter gene expression in atrial cells. The use of mitogen-rich culture conditions 

fa\ oring the proliferation of non-myocytes could explam both the absen~e of ANF 

promoter acti\it) in neonatal ventflcles, that are hnown to express ANF, and the 

\ er~ 10\\ le\ el of CAT acti"Jty in atrial cells Furthermore, the use of the CAl 

reporter gene assay, which is about IO-fold less semitl\e than the hGH reporter 

gene assa) (Selden et aL, 1986), could also ha\e contributed ta the \eq 10\1 

promotel actj\ Hies obtatned III the cardiac ce Ils. A report b) \\ u et al (1989). 

\\ hele the human ANF gene promoter (hANF) \\a5 tested JI1 a simJlar wa), also 

described undetectable CAT activit) ln Hntrlcular cells Ho" e\ el. the)!: 

in\estigatols also made use of culture conditions that fa\ol flbroblast 01 non

m~ oc~ te proliferatIon 

The ANF gene follo\\'s a de\ elopmental pattern of expl e~~lon as \\ t. and 

other5 (\\u et al. 1998; WeI et al.. 1987; Bloch et al 1986) ha\e 5ho\\n. and it I~ 

clear that in the neonatal state. both atrial and \entllcular cells express the gene at 

slmilar le\els ln Iight of thls, the absence of ANF promoter act"lt) ln \entlÎ<.:ular 

cells. as descl'lbed b~ Seldman et al and \\ u et al. IS unexpected \\ e ha\ c te<,tcd 

bath 1 and 4 da) old atnal as weil as \ entrlculal cell cul!Ure~. anù \ al JalIU/1<, 111 

the le\Cls of promoter dependence were observed in agreement \'vlth A]\. F\ 

tempOl al pa \te 111 of expressIOn. Indeed, the reglOn bet\\ een -~.5 and -1.6 h.b 5eem~ 

to be impllcated JI1 the de\elopmentaJ regulatlon of the gene b~ mediallng a 

certain degree of repressor function ln 4 d old rats, these sequence~ ~eem tu 

contribute to a pronounced suppression of distal ANF promoter actl\ It) A~ 

expected from 111 l'Iro observations, ln atflal cells. slmilar le\ els of promoter 
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ae!l\ lt) werc obsencd JO the 1 and 4 d old eells 

Our data also show that 1.6 kb 5'-flanking sequences are required for 

expressIOn in cardlac cells. Two elements appear 10 contribute significantly to this 

acth lt~. eaeh producing a 2- to 3-fold enhancement, these are situated ben\ een -1.6 

and -1.0 kb (DE) and between -640 and -136 bp (PE) While it has been shown that 

the human gene requires a single proximal tissue-specifie positi"e regulatory 

element. located \l,'ithin the first 400 bp of 5' upstream sequences (Wu et al., 1989; 

Field et al .. 1988), our \\ork suggests that the rat gene requires addJtional 5'-

fJanking sequences. In agreement \\ith our results. a pre\ ious stud) concluded that 

sequences bet\\'een -24 and -064 kb cOntain important regulatol ~ sequences. but 

the 10\\ C,; T actl\ itles measured in those expenments pre\ ented further 

~ollduSlOns to be made regarding the role of the proximal regions of the plomotel 

(Seldman et al. 1988) 

The t\\O positi\e regulator) regions that we ha\e Identified \\ere compared 

fÙI sequence simllarJt~ to the human ANF gene. and \\e haH obsened that the 

slI1gle posJtI\e proximal element (hPE) identJtïed ln the human gene (Lapointe et 

al. 191)81 has a hlgh degree of homolog~ \\Ith short sequence elements found 

\\ ithin both PE and DE. It can be noted that a relati\el~ weIl consened 

llctanu..:leotlde sequence IS present in both the PE and DE of the rat gene. 

-364 
PE 

-1137 
DE 

TGGGTGTGG 

***** *** 
TGGGTATGG 

Extensi\e sequence analyses ha\e also re\ealed the presence of other 

sequences ha\ ing signiflcant similarity with some of the muscle-specifie promoter 

I1hlll!'S that ha\ e been eharacterlzed. A perfeet CArg box. CCAAA TAAGG. is 
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located on the non-coding strand at about -410 bp and a second It:s~ "ell cÙl1!:>el\ed 

element. CCAAAGAAGA, IS located at -1.6 k b (Mlv. a et al.. 1987). These cOll1clde 

\\ ith the PE and DE. respectl\ ely. T\\o sequences resembling the cardlac tropOnl11 

T heptamer, CATTCCT. were found at -2757 and -3058 bp Uvlar et al. 1988). 

\\ hether these elements contribute to the cardiac-specific expressJOn of ANF \\ tll 

be determmed by more direct mutational analyses. 

The dlfferential aetl\ ity obsened for the PE fragment 111 cardlac cells and 

in non-m~ oq te cultures and L eells was intrJgu1l1g The consistent and slgniflcant 

increase in acti\ It) obsen ed 111 the latter tv. 0 cell t) pes aftel deletion of PE kd u~ 

to propose the presence of a repressor Just upstream of -136 bp ThiS h)pothesls 

\\ as further supported b) the 1I1ternaJ deletlon mutant of PE (Table 51) On the 

other hand. in both atrlal and \entrlcular cells. thls same PE flagmenl confeled 

posltl\e regulalor) actl\it) The presence of a negalne regulalor) sequence actne 

onl) ln cena1l1 non-ANF expresslI1g cells 15 1I1lereslIng. ho\\e\er. a SlIl1llal 

phenomenon \\as found 10 exist 111 the embr)onic ~heletalm)osin hea\ )-chain gene 

promoter (Bou\agnet et al.. 1987) and in the rat gro\\lh hormone (rGH) gene 

(Lalsen et al.. 1986). ThIS mechanlsm ma) be Implieated 111 the exl1l1etJOn of -\l\:r 

gene expl ession in non-expressing eells as has been suggested ln the case of rGH 

(Tripputi et al.. 1988) It IS temptlng 10 speculate lhal such a repressor mlght be 

acti\e exclusi\el) in cells of mesodermal origin such as flbroblasts The notion 

lha t su ch cells ha\ e the patential of con\ erslOn ta cells of m) ogenlc IJI1eage b) the 

introduction of the sheletal muscle specifie MyoD prote in (Tapseolt et al 1988). 

allo\\s one to suppose thal the repressor might be In\ohed 111 the mamtenance ùf 

these cells' phenot) pe 

ln an attempt to better assess the funCllonal role of the PE and DE 
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heterologou~ promoter constructs contaming the PE and DE in both orientatJOns 10 

front of pTK81 and pTK 109 minimal promoters were prepared The PE was found 

to confer a pOSltl\ e regulatory effect on both minimal TK promoters, when tested 

ln cardlac cells. The greater magnitude of enhancement observed with this element 

ln the 3' to 5' OrtentatJOn might be a consequence of fa\ ora ble posltional 

i:1teractions bet\\een the ANF and TK promoter elements. The 10\\ but signiflcant 

acti\ ation of transcnptlOn obtallled III cardlac cells with DE is consIstent with an 

enhancer-Ilhe actlvit) resldmg withm this domain as well Ho\\e\ er. the slmilar 

acti\ it~ detected ln L eells suggested that thls aetl\ It) might not be cell-specifie. 

It 15 possible to en\lsage a cooperatl\e interactJOo between the DE and PE 

element~. Indeed, the requirement for cooperative interactIOns has alread~ been 

demonstrated in the case of OTF-:;. \\here both oetamer and heptamer elements of 

th~ 1I11l11unoglobultn prol11oters are requtred for effiCIent bindJl1g (Poellmger et al. 

1989). In hindsight. it might not ha\ e been \ er) surpflSing to flnd a modest 

enhancel'-Ilhe aetl\ it) III L cells since the PE fragment eontains the ubiquitous 

enhancer oetamer motif that ean actJ\ate tlanseflption \ia the bJndlJ1g of the OTF-

tl'anscrlPtlOnal factor (Fletcher et al. 1987) \\ e ha \ e e\ Idence. b) gel 

Ict31datlon studie~. that the oeta-motIf is protected m both cardlac and non-cardiac 

cells. but the pl'otein-DNA complexes obsen ed with dlfferent tIssue ex tracts are 

dlfferent (-\. Ardatl. unpubllshed obsenatlOns). No lranserlptional acthation upon 

the hetelologous promotel v. as obsen ed w ith the DE III L cells Thus. these 

obsel\ation!> are consistent with a cardiae-specifie transcriptional activator bindmg 

to the PE and possibly DE elements 

ln conclusion. \\ e ha \ e found that the rat ANF gene is transcriptionall~ 

legulated b~ 5' cis-aetl/lg elements. The temporal pattern of ANF gene expression 
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seems to be under the control of upstream distal S'-flanking !.equen.:es \\ hi;._ t\\ 0 

distinct elements. a proximal and distal one, appear ta be neceSSUI) 1'01 cardia~

restricted and hlgh JeveJ expressIOn of the gene in both atrial and \entflculal .:dls 

These t\\O elements probubl~ function in a co-operati\e manner to elkit full 

transcrrptional acth It)' from the ANF promoter in the proper cell t) pe. 
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CHAPTER 6 

DISCUSSION 



6.1 GENERAL DISCUSSION AND CONCLUSION 

1".., 
.)-

The present wor" descnbes the structure and transcnptlOnal regulatlOn of 

the l'nt ntnal natrturetic factor gene. The l'esults obtatned in thls stud) provide a 

deepel' Insight Into the mul[Jfactortal modes of ANF gene expressIOn. We have 

obsened at lenst three disttnct levels of ANF gene regulation' hormonal, 

developmental alld tlssue-restncted. The complex nature of -\NF gene control and 

ItS JI1terestlllg pa ttern of develop",ental regulation in cardiac tissue pro\' ide an 

excellent model for the study of cardiac muscle-speclflc gene expression. 

6.1.1 The ANF Gene 

We haH sho\vn that the rat ANF gene consists of three exons separated by 

tH·O short IIltrons (Chapter 2). Most of the weil conserved sequence elements 

generall)' found III eukaryotlc genes are present in the ANF gene. TYPlcal exon-

Il1tl'on junctlon )equences are found as weil as a perfect TATAAA box at -30 bp, 

although a consensus CCAAT box element IS absent The presence of several 

alternatlng pUrine-pyrimidine tracts both 111 the 3' downstream and in the 5'-

flanking sequences at about -1.2 kb present an interesting characteristic of this 

gene. The exact role of such sequences, capable of assuming a Z-DNA 

i:onflguration, remains unclt:ar at this time although a possible involvement in 

recombinatoflal or deletion events has been postulated (Nordheim an Rich, 1983; 

\\ells et al, 1982, Freund et aL, 1989). It is interesting ta note that an alternating 

punne-p) rimldine tract has also been observed wlthin an intron of the brain 

natrlUretic peptide (BNPl (our unpublished results). This cardiac and brain peptide 

IS a new member of the l'amily of natriuretic peptides. The presence of such 

sequence similari[Jes suggest it is a member of the natriureiÏc hormone family. 

Indeed, the presence of an alternating purine-pyrimidine tract has also been 
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reported ln the mouse gene (SeH.lman et al.. 199·l1 altl10ugh none ~eem~ Il) be 

present ln the human gene (Argentin et al.. 1985). SIO~e flunhlng 5' 01 3' bo\ Ille 

ANF gene sequences are not avatlable. It I!> dlffjçult to ..l!>!>e~~ the pre.,en~e of 

purine-PYrimidine tracts 111 this specles: although the presence of su~h .,equen~es 

cannot be ruled out (Vlasuk et al.. 19E6: Seldman et al. 198'+. :-.Jemer et al. 198.+). 

The mamtenance of high sequence homo log) between SIlnllar genes in 

different mammalian specles IS not surpnslng. Protem-codlng. bUI not 1I1110n 01 3 

untranslated sequences. are weil conserved as wou Id be e'\pecred for the 

evolutlOnary pressures exerted on a blOloglcally act!\ e peptide (Chapter 2: Vla~ud 

et al.. 19861. For example. over 81% sequence homolog) IS mUII1t[llneJ wlthlll the 

second exon. peptide coding sequences bet\\-een bO\llle \eISUS human. rat and 

mouse specles (Vlasuk et al. 1986/. On the other hand. presen~e of homologH!'> in 

the promoter suggests a pressure to conserve regulatol ~ sequences ln the )'-

flanking reg ion. Over 70°'0 sequen.:e homology is retamed between bo\ Ine \ er!>u!> the 

rat. mouse and human species (Vlasuk et al.. 1986). Between the human and rat 

genes. the homology rises to close to 90% for the )'-flanhlOg reglon5 (Chapter 2). 

This may be indicative of the presence of important regulatory elemenls wlthln 

thIS region. Indeed, a stretch of very weil consened nucleotldes can be t'ound al 

the le\'el of the putative CCAAT box (GA AT) (Chapter 2, Nemer et al, 1984, 

Seidman et al.. 1984; Vlasuck et al, 1986). It is noteworthy that DNase 1 

footprintll1g studles carned out in our laborat0r~ ha\e demonstrated blndlng of 

nuclear prote lOS to thls element in the rat ANF gene SlDlIlarl~. a \\-ell-conser'ved 

sequence motif that may have a functlOnal role 111 ANF gene expre!>slOn IS found 

in both rat and human genes (PE2) (Chapter 5). Thu~. DNA sequence analyses 

have been useful for predicting putative genetlc regulator~ elements ln Ihe ANF 
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gene 

6.1.2 Thyroid Hormone Regulation of ANF Gene Expression 

ln arder to ~tudy the direct eHect of vanous hormones on ANF mRNA 

levels. an (Il l'Il/O system of pnmary cardiocyte cultures \Vas established. Such an 

ea!>tly ~ontrolled system allows to test the direct action of varlOus agents at the 

le\el of the heart ln thls system. clear induction of ANF mRNA levels by thyroid 

hormone (T
3

) was observed. The physiological slgnlficance of thls result is 

supported by the observatIOn that 1/1 l'(\'(). the hyoerthyrold state is characterized by 

effects that 111111111': those induced by ANF. such as decreased penpheral vascular 

reSlstance and Increased renal blood flow (Mor\...in et al.. 1983). Moreo\'er. in whole 

an Ima 1 stud les. bath cardl3c ANF mR N A and plasma ANF le\ els are ele\'ated Ifl 

the h~ perthYlold state (Ladenson et a:'. 1988; Kohno et al.. 1986; Gardner et al.. 

1987). Thu!>. the direct effect of T
3 

at tl,e cardiac level appears to be translated 

into 11Igher circulatlllg ANF levels and consequent perlpheral actIOns. 

The tïndlng that T
3 

directly affects the ANF gene is not surprislllg slflee 

other cardiac genes are regulated. either positively or negatively, by thyroid 

hOllllone. The multigene t'amily of Q- and ,B-myosin heavy-challl (MHC) genes 

senes as an example of cardlac genes that are dlfferentlally regulated by thyroid 

hormone (Izumo et al. 1986). Moreo\'er, a heterogt!neity in the responses to thyroid 

hormone IS dlsplayed by the various myosm Isoforms when tested in different 

muscle t~pes (Lompre et al.. 1984; Izumo et al., 1986). Thus, the MHC genes are 

affected b~ T 3 in a complex and highly tissue-specifie manner (Gustafson et al.. 

1986) The absence of a response to thyroid hormone by the cardiac Q-actlll 

demonstrates that the effect of T
3 

is not a generalized one (Winegrad et al.. 1990). 

GI\ en the current model for the meehanism of thyrold hormone action in the 



135 

nudeus (Thompson and E\ans. 1(89). II 15 hlghly probable that ~:lIdla~ rh~ rnld 

hormone receptors (Thompson and E\ans. 1989: Koenig et al. 1988. O<;t~ et al. 

1988) mediate T
3 

Induction, la speclflc thyroid hOI mone reSpl)n~e elelllents (rRb) 

in the DN A The presence of bath lX and i3 thyrold hormone receptol e,p"e~~Il)Jl ln 

curdiac tissue has been documented and , .. ould support thls h~ püthesl'l (Thompson 

and Evans. 1989; Koenig et aI..1988). Since only steady state mRN:-\ k\ds \\er\! 

measured in the case of ANF (Chapter 3), an effect of T
3 

on elther t1ans..::rlptlOllul 

acti\'ation of the gene or mRN:-\ stabilizatlOll may be postulated Howe't!I. gnen 

the early onset of ANF mRN:-\ inductIOn observed (12 hl. the direct Interu~tlon of 

the th~ rOld hormone receptor wlth an -\N F TRE mlght be ~onsldereJ Sille\! the 

TRE consensus sequences that ha\e been characterlzed remuln eon~llkrably 

degenerate (Brent et al. 1989). it IS difflcult ta assess the pre~ence of slIeh an 

element III the rat ANF gene. DNA-medlated gene transfer and receptor blndll1g 

studles \\ ith ANF promoter sequences mlght rI! \ I!al the presencl! of a funetiunal 

th~ raid hormone responslve motif Wlthln thls gene The Importance of 5'-f1ankll1g 

sequences in thyrold hormone medtated regulatlOn of thl! ù-m~OSIl1 hea"y-chaln 

gene in l'etai heart cells has already been demonstrated (Gustat'son et al. 1(87), 

and the TRE has been mapped to specllïc 5' sequences (Izumo and Mahduyi. 1988) 

6.1.3 Glucocorticoid Regulation of ANF Gene Expression 

Glucocortlcoids medlUte various effects on the cardlOvascular system More 

specifically, ANF peptide secretion in prlmary cardlùcyte culture~ and ANF plu!:>mu 

levels in rats are elevated followlIlg dexamethasone treatment (Matsubara et al, 

1987. Day et al., 1987. Gardner et al., 1986). \Ve have sho\'vn that glueocortl\;olds do 

indeed modulate ANF gene transcription in myocardlal cells (Nemer et al. 1987 

abs: Argentin et al. 1987 abs: Chapter ~). Thl!, effect has nlso been ob~er\ el.! /II 



136 

1/111 (Gardner et <lI.. 1986: Nemer et al., in preparatiOn), where adrenalectomlzed 

and Intact rats respond ro DEX treatment with Increased cardiac ANF mRNA 

le\els, The venrncular rissue seems to be more responslve ta glucocorricoid 

stllnulutlOn II/ 1/\'1} (Day et al., (987), -\Ithough slmtlar levels of inductIOn are 

observed II/ l'II/0, a differential sensltivity to glucocorticoids betv.een atnal and 

ventricular tissue was observed (Chapter 4). This is not uncommon and has equally 

been obsened ln response to T 3 (Chapter 3), Similarly, p-MHC gene regulation in 

response ta T 3 IS notably more important in ventricular than in atrial tissue (lzumo 

et al.. (986), 

The DE"\. effect on ANF mRNA accumulation is maximal at a very eady 

tllne point (6 hours) (Chapter 4). suggestmg that glucocortlcolds affect -'\NF gene 

rranscriptlOn DNA-mediated gene transfer studles wIth vanous 5' deletlOn 

mutants of rhe ANF promoter contïrmed thIS hypothesls BIIldIl1g of the 

glUCOCOrtICOld receptor to a glucocortlcold responslve element (GRE), suggesrs that 

tramcI'lptlonal actIvatIon results from the binding of GR to ~NF sequences, 

Although an average 3-t'0Id induction of endogenous ANF mRNA IS observed in 

the II/ 1'/lIU system of cardiocyte cultures, only a >fold inductIOn in reporter gene 

exr:,resslon in response to DE'\. is observed in the cell transfectlon system This 

obsel'\atIOn suggests that glucocortlcoids may have an mRNA stabilizing effect in 

addlrion ta a direct transcrtptlOnal actIvation Such a stabilizing effect has been 

IOdependentl J suggested by others (Gardner et al, (988), Alternatively, a second 

GRE consensus sequence, sItuated in the second intron of both rat and human 

gene~, might conrrtbute to ANF transcrlptional activation in the presence of DEX, 

although thls hypothesis remains to be tested, 
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From OUI' data. a model for hormone-JepenJent -\N F gent! .\.:tl\ ~\!l\ln m,\~ 

be envisaged Btndlng of the GR to the upstream GR blndlng 'jlte!. probabl~ 

through interal~tlOns with other nuclear protelns (Ptashne. 1988). enhances 

transcrIptIon l'rom the AN F promoter The obsen atlon that a nll~le:1I pmtelll 

binds to a site in very dose proxlmity to the GR E Ie!!llh ~ome! !>upPO! t to th 1'> 

notion (our unpublished observations). Indeed. the! absenCe! of ho! l11one-dependent 

gene actl\atlon III non-cardlac cell lines supports the Ide!3 that othe! ce!II-~peclflc 

nuclear protellls are required for thls response. The posslbLllt) of a ~oopetatl\ It~ 

between the GR and other nuclear factors has already been demon!>tl3ted (Stràhle 

et al.. 1988). ln facto the requirement for ..::oopelatl\e Interaction!> mlght al!>u help 

expIa in the differentlal senslti\lt~ of atrtal versus \entllculal tissue~ to 

glucocorticolds. The greater abundance or avatlablllt) of an auxlltar~ factor mtght 

help increase transcnptlOnal inductlÛll b~ glucocortl':Olds ln venu l\.:ular cells. 

lnterestingly. a similar situation was obsen ed 111 response to th~ rOld hormone 

where \ entrtcular tissue tS again subject to an tncreased hormonal sensitl\' Ity. 

6.1.4 Cardiac-Specific and Developmental Expression of the Rat ANF Gene 

Recently, the cis-actmg elements regulatlllg several cardl3c-sp(!cd'i...: gen(!~ 

ha\e been studled (Mar and Ordahl. 1988, Johnson et al. 198(3) How(!\er, since 

most of these genes encodmg contractale protetns, such as ...:urdluc ~-a...:tll1 and 

myoslll genes. are also expre~sed in cerratn m~ oblastlc cdl Illles and sheletal muscle 

they have been essenttally studled ln non-cardia...: muscle eells (Mlwa et al. 1987, 

Gustafson and Kedes, 1989). Consequently, cardlae-speclflc nuclear factor.., have 

not been well studied The A:-.JF gene whleh is hlghl~ specIfIe to curdla...: mu..,...:k 

cells. serves as an excellent model for the study of cardiae-speclflc nuclear fa...:tor~ 

and cis-actlng elements. Indeed. the ANF promoter IS InactIve In other muscle cell~ 
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,u-.h a~ H9C:: I.!l11br~f)nll.! myoblasts or s ... eletal Illusde l.!el15 (our unpubli5hed 

observatIons). 

ln the present \Vork. transfection III prirnary cardiocyte cultures wlth ANF

hGH h~ brld genes has permitted the assessment of putative regulatory reg IOns that 

1111ght be III \ oh ed in the cell-type and de\'elopmentall) -restrtcted mode of ANF 

gene expressIOn. The marked nucleotlde sequence homology in the S'-flankmg 

regions of the human and rodent genes strongly supports the notIOn that certain 

well-consel \ed DNA elements mlght have such a regulatory functlOn (Chapter :). 

Our studle!:> confirm thls hypothesls as maximal ANF gene transcrtptJOn requlles at 

least 16 kb of S'-tïan"lng sequences (Chapter 5) The cIs-acting e1ements that 

contl'lbute to can../mc-cell restrtcted expression appear ta be localized wlthlI1 these 

16 h.b and can further be dissected lOto proximal and distal regulatory elements 

(Chapter 5) 

It IS interestlllg ta note that fol' the human ANF gene. onl~ the first 400 bp 

are suftïcient for the proper atrtal-speclflc expression of the gene ln transfecrion 

and rransgenlc anImal studies (Wu et al.. 1989; Field. 1988) whlie ventricular 

expressIOn was undetactable in these reports ft rema Ins unclear whether the 

absence of ventricular reporter gene expression was due 10 a lac!.. of sensltl"lty of 

the assay or insufficient promoter acrlvity for ventricular expleSSlOn (\Yu et al.. 

1989; FIeld. 1988). In the transgenic animal model, howe"er, ventrtcular ANF 

expressIOn was observed only early on ln development (FIeld. 1988). Perhaps the 

presence of a distal promoter element. as observed in the rat gene. may be required 

for full and heijce detectable transcriptional aetn lt) in the ventl'lcles. The 

repetltion of a \\ell consened sequence motIf that blnds cardiac specdÏc nuclear 

proteins in bath the proximal and distal elements of the rat gene support this 



notion. Su~h a requirement t'or ~ooperatlvlly '''oulu Ilut be ~ulpll~lng gl\èn Ihe 

synergism required between several cis-acting elements for full trall'>~llp{)unal 

actl\ Ity in the C:1~e of ~everal other promoters mduding the prola..:tln gene 

(Crenshaw et al.. 1989). 

The presence of silencer elements. active !fi both utnal anu \entrJcular ~e1I~. 

and at both ages tested. at varymg degrees. was surpnslng At present. ,\C ha\ e 

not studled nudear prateln bindll1g ta these sequence~ nOI hu\ e we te.,ted the 

acti\ It) of these sequences in a heterologous prol11oter s~stel11 Nonethde~'i. 

repressar aetl\ lty assoclated \VIth these sequenœs (-25 to -1 /) hb) I~ 'ilgnlflcanr. No 

such effect has been reported for the human -\NF gene although thls que'>tJon \\'a!> 

not weil In\e~tlgated (LapoIllte et et al. 1988). On the othel hand. a 'lmall but 

possibl~ s;gniflcunt repressor acti"it~ \Vas obsenable \VIth the 25 h.b -\NF S

deletlon mutant of the lat -\NF promoter when te~ted 111 a(Jlal celi'> (SeIUIll:l11 c::t 

al.. 1988). \\ hIle an /Il j'Iro functlon for these clements has not ~ et bec::n 

demonstrated. such negative cis-acting clements hu\e been describcd 111 other 

muscle-speciflc genes such as the m~osIn heuv)' chum and tropollm gene~ 

(Bouvagnet et al.. 1987; Mar et al.. 1988a). The suppressIOn of ventrll.:ular .'NF 

gene expression wlth age might be attflbuted ta these ANF S'-flanklng element'> 

Indeed. in 4 d old rats. sequences between -2.5 and -16 \-..b appeal to meJlllte a 

suppression on the distal and proximal actlvatlOg dements. renderlng them about 

3-fold less active in the older rats than ln the 1 d old animais The 11H01 veillent of 

these sequences in de\ elopmental regulatlon /1/ "(\'U cun probably best be tested ln a 

transgenlc animal mode!. 

Finally. we ha\'e observed an unusual action of the proximal fragment 10 

certall1 non-cardiac cells such as cardiac non-myocytes and L cells The 5' dektlUl1 
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01 the proxllnal fragment results ln a marked activatIOn of ANF promoter actl\ It~ 

ln non-myoq tes and L cells (Chapter 5). Similarly. the internai deletlon of 

proxImal fragment gives rlse to the same effect. Unfortunatel~. it eould not be 

reprod uced III the heterologous promoter s~ stem. suggesting it is a promoter-specltÏc 

phenomenon Posslbly, the proper position and context of specifie trans-actlllg 

factors is necessary to observe this functJOn. Alternatlvel). the homologous 

promorer or a dlfferent hererelogous promoter possesslllg dlfferent basal actlvity 

mlghr be necessary to observe this effect. Indeed. the protection of the proximal 

element motif (PE2) III non-cardlac eells. such as L cells. by a factor different 

l'rom rhat seen ln the heart has been observed. Although the exact molecular 

mechanlsms of thls effect are unkno\Vn. it IS possible that a distinct or modltïed 

tramcJ'1ptlOnal factor ma) be responslble for this differentJal effect in certain 

non-cardiac cells. ln contrasr. no su ch activity \Vas observed III other 

differentiated cells such as GH3 or PCI2 cells 

ln Iight of the data herein presented along wlth more recent III l'illu DNA 

blllding studles (A. Ardatl. unpubltshed observations). it is pOSSIble to propose a 

tentarl\ e model for the mechanlsm of ANF gene regulation that is summarized in 

Figure 6.1. We can see, from thls cartoon. that the ANF gene appears to be 

regulated by a complex interplay of pOSItive and negative regulatory elements: a 

tlssue-speciflc proximal fragment, an actlvating distal fragment. a 5'-f1anking 

repressor fragment (posslbly invohed in de\'elopment) and a glucocorticoid 

responSI\ e e1ement. 

Clearly, there remain many unanswered questions regarding the regulation 

of this unique heart-specltïc gene, that deserve further investigation. While we 

no\\ ha\ e some dues as to the DNA and protein elements lIlvolved in ANF gene 
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-:ontrol (Fig. b.l). much mort! work nt!t!ds to bt! Jont! to t'ull~ unJerst,lllJ the! pn!~I~C 

mechanlsms Jnd interactIOns that are IIlvohed. 
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Figure 6.1. Mode! for transcriptiona! regulation of the ANF gene. PE-2 and DE-2 
refer to blllding sites for cardiac-specifk nuclear protems and GRE refers to 
putative glucocorticOld response element + and - refei tO actJ'JJung and represslilg 
domains. respectively. 

6.1.5 Future Prospects for Studies on the ANF Gene 

The discovery of the ANF gene, encoding one of very few non-.;ontractlie 

cardiac proteins. has led to a rapid unravelling of its blOchemical. pharmacological 

and molecular genetie properties. In dealing with the latter. we have been able to 

demonstrate that ANF is a complex gene subject to multiple levels of regulation. 

The temporal pattern of ANF gene expression, its sensitlvity to both hormonal and 

physiological factors and its restriction to cardlac cells make for an excellent 

model of study. For example, the availabaIlty of cardlac cell cultures that 

represent distinct stages of differentiation allow for the use of the A~F gene as a 

useful tool in studies of cardiac cell growth. Likewise, events leadlng ta cardlac 

hypertrophy. as mediated by growth factors or other agents. may equally be 

examined using the A~F gene marker. The molecular events triggertng the:;e 



pal tl.:ular ':t!llular ')tates -:an thus be exarnllled more closel~. 

On a narrower 'icope. as a direct consequence of the present \\01'''. future 

\\01''' may be directed towards finer studies on the hormone and cardiac-speclfic 

regulutory reg IOns that ha\e been Idenlified. We already ha\e e\ldence for the 

blnding of tissue-specifie nuclear proteins to sequence elements wlthlll the DE and 

PE The use of fine deletlOn or Im"er scannmg mutants of the nuclear proteln 

binding sites (PE2 and DE2) mlght help remforce a fUnCtlOnal l'ole for these 

ekments. Loss of nuclear factor bindlng on mutated PE2 and DE2 motifs. 

accompanled b~ loss of function would help conflrm the current h~ pothesls that 

cal dlac specJ!ïc nuclear protelns bllld to these elements to direct cardiac-specltïc 

gene expressIOn Since no cardlac-specific nuclear transcriptIOn factor has yet been 

Identltïed. a great contl'lbutlOn to the understandmg of muscle-specltïc gene 

exple~SIOIl would be the Isolation and characterizatlOn of such a factor. 

Furthermore. a great deal of wor" could be directed towards the 

undersrandmg of the repressor sequences between -2.5 and -16 kb. that seem to 

modulate the temporal pattern of ANF gene expressIOn. More retïned deletlOn 

mutants along wlth DNase 1 footprllllmg and gel retardatton studles on these 

sequences are required 10 precisely plllpoint the elements 111\ olved It would 

ultimatel~ be IIlterestmg ta 1'0110\\ ANF gene expressIOn III transgenlc mice where 

these sequences have been altered. Defective developmental control of ANF gene 

expre~slOn a~ a result of such manipulations would confirm their role in 

de\ elopment. 

Finall~. to date. it remams unclear as to whether thyrold hormone action is 

medlUted \ lU thyrold hormone receptor bindlng to a thyrold hormone response 

element (TRE) III the -\NF gene. o\lthough the early onset of T
3 

action on ANF 



mRNA InductIOn (Chapter 3) suggests to II direct trall'iClïptlOllal .ICtl\t1tlllll. DN \. 

mediated transfection studies ln cardiocytes. 'ilmil:u ta those carrted out ln Chapter 

4. would help identlfy a TR E. 

ln conclusion. the ANF gene serves as an t!xcellent model for the 'i(Uù) of 

\·arious molecular a~pects of cardtac tissue. MechanlSll\S gO\ernlng c:lldlaC cell 

grov..th. differenttation. hormone responslveness and cell-speclflc gelle actÏ\anon 

are ail questions that deserve further Il1vesllgation and thut ll1a~ consequentl~ be 

answered UStng the AN F gene as a tool 
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CLAIMS TO ORIGINALITY 

The pre~ent \Vor!.. descrlbes t'or the t'irst time: 

AI The genomic sequence of the rat atrial natrluretic factor gene 

BI The establishment of an 11/ l'llI'o model conslstmg of prllnary atrial and 
ventricular cardlOcyte cultures that e';press the ANF gene 

Cl The thyrold hormone-Illediated induction of ANF IllRNA le\els ln the 111 

l'IliO cardlOc~ te culture system 

Dl The glucocortlcold-medlated Induction of ANF mRNA through a direct 
effect at the card IOcyte level 

El The requlrement ot' a distal glucocortlcold response element ln the ANF 
gene 5'-tïanhlng sequences for a transcriJjtlOnal response to glucocortlcoids 

FI The lequirement of --\NF ds-acting sequences for cardiac-speclflc expression 
of the gene 

GI The 10ca!JzatlOn of {\VO speclfic cls-actlng dOlllams ln the 5'-flanking region 
contrlbutlng to hlgh level cardtac-specific expression of the ..\.NF gene 

Hl The presence of a regulatory .jomain III the S'-f1ank1l1g reglOn of the --\NF 
gene contrtbuttng ta the differentlal pattern of ..\.NF promoter actlvlty at 
dlt'ferent stages of development. 
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