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SUMMARY

Atrial natriuretic factor (ANF), a 28 amino acid peptide hormone, is the
majo1r secretory product of the heart. Because of its diuretic, natriuretic and
vasodilating activities, this peptide may be involved in the maintenance of proper
fluid and electrolyte balance and blood pressure control. In order to study the
transcriptional regulation of ANF, we have isolated the rat ANF gene and we
have established a system of cardiocytes 1n primary cell culture for studies on the
hormonal, tissue-specific and developmental regulation of the ANF gene. Using
this /n vino system, we have demonstrated that thyroid hormone increases ANF
mRNA levels about 2- to 4-fold in atrial and ventricular cells in primar)
cardiocyte cell cultures, respectivels. Similarly. glucocorticoids augment by about
3-fold both atrial and ventricular ANF mRNA levels 1n cardiac¢ cells in culture.
Glucocorticoids exert this effect at the transcriptional level probably via the
binding of glucocorticoid receptor to a DNA element in the distal 3'-flanking
sequences of the gene as suggested by DNA-med:ated transfection studies in
cardrocvte cultures In order to better understand the mechanisms governing the
cardiac-specific as well as developmental expression of thc ANF gene. we have
analyzed ANF prcmoter seguences by transient transfection studies in primar)
cardiocyte cultures OQur data show that the ANF promoter is active only in cells
of cairchac o1nigin Moreover, up to -1.6 kb of 5' upstream sequences are necessary
for full expiession of the ANF gene in cardiac cells Within these sequences. two
particular elements. a proximal and a distal, are necessary for full ANF
transcriptional activity The proximal element can confer cardiac specificity to an
otherwise non tissue-specific heterologous promoter Further upstream sequences.
bDetween -25 and -1 6 Kb appear to be implicated in the developmental control of
ANF gene expression, as assessed by differential actinvity in 1 and 4 day old
cultures Thus. we have shown that the ANF gene ic subject to at least three
distinct levels of transcriptional control each of which is mediated by specific

DN A elements located 1n the 5'-flanking sequences of the gene,.
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RESUME

Le facteur natriuretique des orerllettes (ANF) est une hormone peptidique
de 28 acides amines qui est secretee par le coeur et qui possede une achivite
diuretique. natriuretique et vasodilatatrice  Nous avons isole et sequence le gene
encodant I'ANF dans le but d’etudier sa regulation transcriptionnelle  Nous avons
etabli un systeme de cardiocytes en cultures primaires pour etudier les mecanismes
de regulation qui s’exercent sur le gene de I'ANF au cours du deyeloppement. ains
que ceux qut determinent sa specificite cardiaque et sa reponse aux hormones
Nous avons ainsi demontre que les hormones thyroidiennes augmentent d'enviton 2
a 4 tois les nneaux d"ARNm dans tes cellules auricutaires et ventriculanes en
culture primarire En outre. les glucocorticoides produisent une augmentation
d'environ 3 fois des nmiveaux d’ARNm de I'ANF dans les cellules aurnwculairss et
ventriculaires (m vino. Cet effet transcriptionnel semble etie medie par la Liison
du recepteur des glucocorticoides a un site de haison du recepteur (GRE) situe
dans les sequences 3 du gene Afin d’identitier les sequences d'ADN qui
determinent la specificite cardiaque et le niveau d’expression au cours du
developpement, nous avons etudie le promoteur du gene de rat de I'ANF par
transtection dans des cardiocytes en culture primaire Nos resultats vnt demontre
que le promoteur de 'ANF n’est actif que dans les cellules cardiagques. Jusqu'a -1 6
kb des sequences du promoteur sont necessaires pour sa reconnaissance dans les
cellules cardiaques et deux sous-élements presents dans cette region semblent
conferer cette activite Un de ces ¢lements confere une activite tissu-specifique a
un promoteur heterologue. Enfin, en utilisant des cultures provenant de rats de
differents dges. nous avons constate que les sequences distales. entre - 25 et -16
kb, semblent impliquées dans le contréle de I'expression du gene au cours du
développement. Le géne de IANF est donc sujet a au moins trois niveaux de
controle distincts qui semblent tous &tre conferes par des sequences regulatrices

specif'iques situées dans la region 3’ de ce géne.
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The true way goes over a rope which is not stretched at any great height but

Just above the ground.

It seems more designed to make people stumble than to be walked upon.

Kafka

% Learning is nothing without cultivated manners, but when the two are combined
in a woman you have one of the most exquisite products of civilization.

Maurois
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PREFACE

The present thesis. consisting ot 6 chapters. describes the genomic structure
and transcriptional regulation of the rat ANF gene. Chapter | s a literature
review which can be subdivided into three majer subsections. The first section
deals with the purificatuon of ANF, its primary structure, its biosynthesis and
processing  The biological actions and regulation of this peptide are equally
discussed The second section deals with the molecular bLiology of ANF. What is
known about 1ts gene structure and the various levels of control of the ANF gene
such as its developmental and hormonal regulation is included. The extraatrial
sites off ANF mRNA synthesis are aiso discussed. The third section consisis of a
general review on euharyotic gene regulation. The cis- and trans-acting elements
that control transcription are discussed. A look at two wmportant levels of
transcriptional regulation, hormonal and cell-type restricted. conciudes Chapter 1.

Chapters 2 to 5. inclusively, are comprised of scirenufic artucles. in their
original form. with some very minor modifications. in accordance with the McGill
University Guidelines Concerning 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 all other
requirements explained in Guidelines Concerning Thesis Preparation. Additional
material (procedural and design data as well 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 thesis should be more than a mere ¢ollection of manuscripts published or to be

published. 1t _must include a general abstract, a_full introduction and literature
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review and a final overall conclusion. Connecting texts which provide logical

bridges between different manuscripts are usually desirable in the interests of
cohesion."

In Chapters 2 and 3, the term pronatriodilatin (PND) appears frequently to
describe the pro-ANF moiety. However, following specific recommendations by a
special advisory Committee, the term PND was dropped and ANF thereinafter used
to refer to the gene and its pro-hormone. Thus, in all 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 all manuscripts (Chapters 2 to 5), the
laboratory director and co-director, Dr. J. Drouin and Dr. M. Nemer, respectively,
appear as co-authors.

Since. an examination of genetic sequence elements can offer certain clues
as to the presence of common regulatory elements or particular sequence motifs.
the characterization of ANF genomic sequences could serve as a useful tool
towards the improved understanding of cardiovascular endocrine function at the
molecular level. Thus, Chapter 2, The Gene for Rat Atrial Natriuretic Factor, s
published work (J. Biol. Chem. 260, 1985:4568-4571) that describes the isolauon and
characterization of the rat ANF gene. Authors in addition to myself and m)
directors include members of the laboratory of Dr. P. Davies who isolated the rat
ANF genomic clone. 1 was responsible for the subcloning, sequence determination
and analvsis of this clone.

Because of the documented notable effects of T, on the cardiovascular
system and on ANF peptide levels, a study was undertaken to assess the effect of
thyroid hormones on cardiac ANF mRNA synthesis. Chapter 3, Thyroid Hormone

Stimulates Rat Pronatriodilatin mRNA Levels in Primary Cardiocyte Cultures
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(Brochem  Birophys  Res Comnum. 146, 1987.1336-1341). describes the regulation of
cardiac ANF gene expiession. by thyroid hormones. 1n both atria and ventricles in
an (2 vre system of primary cardiocyte cultures which 1 have established.

The mounting evidence for glucocorticoild regulation of ANF peptide
synthesis and these hormones’ gencralized effects on the cardiac tissue incited us to
pursue a detasled study on the effects of these coricosteroids on ANF gene
expression. Hence. in Chapter 4. A Distal Cis-Acting Promoter Element Mediates
Glucocorticoid Stimulation of Cardiac ANF Gene Transcription. the same 1 vinro
system was used to evaluate the biochemical nature and the kinetics of
glucocorticord regulation of the ANF gene. The pharmacological properties of the
response were characterized. The transcriptional nature of this regulation is
confumed thiough transient DNA-mediated gene transfer assays in the primary
cardiocyte cultures, DNase 1 footprinting and gel retardation strudies were
executed by Dr. Y. L. Sun. Dr. T. Schmidt provided us with the glucocorticoid
receptor protein. This work has recently been submitted.

Given the surprising conservation of DNA sequence elements among several
species and the obvious involvement of ANF gene 5’-flanking sequences in the
hormonal regulation of ANF gene exoression., it was imperative to establish
whether the cardiac-specific and developmental expression of the gene could
equally be attributed to any particular sequence elements. Moreover, the very
limited knowledge regarding the cis- and trans-acting tactors that modulate
cardiac-muscle gene expression further stimulated such studies since the ANF gene
serves as an excellent and unique model towards this end. Chapter 3,
Identification of Cis-Acting Elements Involved in Cardiac-Specific and

Developmental Expression of the Rat ANF Gene. is a derailed study of the cis-




acting DN A elements of the ANF gene that mediate ats tssue-specitic and

developmental pattern of expression. For this work, 3° deletion mutants were
prepaied by Dr. I. Lihrmann. These DNA chimaerae were tested in transient cell
transtection assays. Dr I. Lihrmann performed the transtection studies m PCi2
cells. This manuscript has recently been submaitted

Finally, Chapter 6 includes a detailed discussion on the ANF gene regarding
its hormonal and developmental regulation A description of future prospects for
studies on the ANF gene is also included. A general biblhiography follows chapter
6 and includes the references cited in the general inuoduction and dJdiscussion.
References tor each individual articie (Chapters 2 to 3) are included within the

respective chapter,
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INTRODUCTION




1.1 BIOCHEMISTRY OF ANF

1.1.1 Historical Background

In 1956. Bruno Kisch first described the presence of small electron dense
bodies in the atrium of the guinea pig heart (Kisch, 1956) Later. similar findings
were reported in bovine. rat. and human cardiac atria (Kisch. 1959, Bompman: et
al. 1959, Batuig et al. 1961) Although only the occasional presence of atrial
specitic granules was described in mammahian sentricles (Kisch. 1963, Palade.
1961). the ventricles of lower svertebrates were found to contain moiphologically
similar granules (Bencosme and Beyer. 1971) A more detatled charactenization of
the atiial specific granules. carried out by Jamieson and Pallade (1964). suggested
that the granules were distinct fiom other known cellular bodies of fiposomal
nature The close association of the granules with an extensine Golgr complea. and
the presence of a simmlar material 1in both the Golgr cisternae and the granules
themselves strongly suggested that they were of secretory nature (Jamieson and
Pallade. 1964) It was not until 1976, two decades later. that a passible role tor the
atnal specific granules in fluid and sodium balance was established when Muaiie
and collaborators observed that atrial granularity was correlated with varmiations n
salt and water balance (Marie et al 19763 This hypothesss was confirmed by the
memorable expermment peiformed by de Bold (1981) and his colleagues.
demonstrating that the supernatants of atrial but not ventricular homougenates
could elicit a rapid natriuresss and diuresss  These activities were later ascribed
specifically to a substance stored within the atrial granules (de Bold et al. 1982,

Gaicia et al.. 1982). and termed atrial natriuretic factor, or ANF
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1.1.2 Purification and Identification of the ANF Peptides

The purification of atrial natriuietic factor (ANF) from the atria of both
rat and human cardiac tissue suggested that the biological activities associated with
ANF resided 1n a peptide of approximately 3000 daltons. although the existence of
longer 5 and 13 kDa forms were reported (Kangawa et al. 1984, 1984a. Kangawa
and Matsuo. 1984b, Thibault et al.. 1983, 1984, Gramme: et al.. 1983. Trippodo et
al. 1983) Furthermore. i1t was soon discorered that a potent \asorelaxant activin
could also be elicited from atrial but not ventricular tissue extracts Relaxation of
both vascular and non-vascular smooth muscle preparations was detected in the
presence of a protease sensitive atrial substance (Currie et al. 1983) Progressive
purification of this actinvity showed it co-chromatographed with the 3 kDa
natnuretc actinaty an all chromatographic systems tested (Giamme:r et al. 1983)

As mute groups 1eported the complete amino acid sequence of the 3 to 3
KDua rat and human peptides. 1t became apparent that \aiious amino-terminal
extensions of the same peptide were being isolated (Seidah et al. 1984, Kangawa et
al. 1984, 1984a. hangawa and Matsuo 1984b. Cutire et al. 1983a: Thibault et al.
1984). suggesung that the low molecular weight ANF peptides were products of a
larger precursor molecule  Nonetheless. the 3 hDa. 28 aa carboay-terminal peptide.
appeated to possess all of the biological activity and was identical 1n both the rat
and human. with the exception of a single amino acid substitution at position 110
W here methionine (Met) replaces 1soleucine (lle) in human ANF (Fig 1.1) (Thibault
et al. 1984, Kangawa et al.. 1984) In both species. the brologically active peptide
consists of a molecule having a disulfide linkage between 2 cvsteine residues
(Nangawa et al. 1984. 1984a). creating a ring structure which appears to be

essential for its activiny (Misono et al. 1984) 1t was not until 1987 that Thibault
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and collaborators succeeded in purifying the mtact 126 aa ANF piecuisor molecule

from rat atria. The precursor was detected by immunocytochenmistiy n all
granules. and was the predominant molecular weight form of ANF in the atna

(Thibault et al. 1987).

99 100 101 102 103 104 105 106 107 108 109 110 111 112 113
rat ANF Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-GLy-Arg-ile-Asp-Arg-ile-
(99-126) -

—_

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

99 100 101 102 103 104 105 106 107 108 109 110 111 112 113
human ANF Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-GLy-Arg-Met-Asp-Arg-lle-
(99-126) -_

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.]. Amino acid sequence comparison of rat and human ANF peptides The
caibovy terminal amino acids 99 to 126 of the pro- ANF molecule are lustrated
The cystemne residues forming a disultide linkage ate indicated and aminu acid 110
1s undetlined

Foliowing the development of a specific radioimmunoassay, the endocrine
nature of ANF was confirmed by the identification of ANF n the plasma
{Guthowsha et al. 1984, Tanaka et al. 1984) The plasma derived
immunoreactn ity had a similar mobility 1n reverse phase-high performance higuid
chromatography (RP-HPLC) as the low molecular weight atrial pepuide and
corresponded to the carboxy-terminal of the high molecular weight species H\\Fl_

126) (Schwartz et al.. 1985, Thibault et al. 1983)



1.1.3 Processing and Release of ANF
In several species. including human. it is now well established that the

circulaung form of ANF is the biologically active ANF (Gutkowska et al..

99-126
1984; Tanaka et al., 1984; Currie et al, 1984). Circulating ANF has an extremely
short halt hife of about 30 sec in the rat and 25 min. in man {Lut't et al., 1986:
Yandle et al. 1983) It appears to be metabolized primarily in the kidney with a

very high metabolic clearance rate (Hayashi et al.. 1987). The heart stores the

prohaormone form of ~\NFI_126 but secretes the processed peptide (ANFgg-me) (Fig.

.2, Schwartz et al.. 1985; Thibault et al.. 1986).

In contrast. cultured neonatal atrial and ventricular cardiocy tes both store
and secrete the uncleaved precursor (Bloch et al.. 1985 Glembotsk: et al.; 1983,
Bloch et al.. 1986), suggesting that maturation of the peptide is a post-secretory
event However, while serum has been shown to effect proteolysis. neither whole
blood nor plasma can efficiently cleave the substrate. making the circulatory
system an unhkely physiologically significant site of peptide maturation (Michener
et al.. 1986: Gibson et al.. 1987).

Several observations tend to suggest that ANF peptide processing occurs
within the cardiac tissue. In support of this view is the finding that ANFx-xze is
effectively processed when repertfused through an isolated rat heart (Michener et
al.. 1986). In addition, in the normal state, the intact ANF:-xze precursor has never
been detected in the circulation while both N- and C-terminal metabolites are
increased 1n blood in response to certain secretagogues such as d-arginine

vasopressin (d-AVP) (Michener et al., 1986). Recently, it has been shown that in

the presence of glucocorticoids. cultured atrial myocytes possess the ability to
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properly process ANF to a form chromatographically indistinguishable trom

1-126
ANFgg_m3 (Shields and Glembotski, 1988). This study suggests that the cardiocy tes
themselves or adjacent support cells have the intrinsic abilhity to effect proteolysis
perhaps 1n conditions tavoring the expression of an enzymatic component To
further support this view, immunocryoultramicrotomy studies have showa that the
peptide travels uncleaved from the Golgi complex to the mature secretory granules.
This suggests that maturation of the peptide is either directly associated with

exocytosis of the granular contents or mediated by the environment directly

adjacent to the cardiocytes, ~ithin the extracellular space (Thibault et al . 1989a)

1.1.4 Biological Actions of ANF

In additinn to its natriuretic, diuretic and vasodilatory properties. ANF acts
on many tissues and affects various hormones. Overall. the actions of ANF all
contribute to the lowering of blood pressure and the maintenance of cardiovascular
homeostasis.

At the level of the kidney, ANF stimulates glomerutar filtration rate (GFR)
(Cogan, 1986), promoting the excretion of water, sodium, chloride, magnesiui..,
calcium and phosphate ions (Winquist. 1987). Although ANF concentrations in the
physiological range in man (20.9 pmol/l) can produce a signifrcant natriuresis and
diuresis (Anderson et al., 1987), the natriuretic activity of ANF tends to decrease
somewhat at higher doses or after prolonged infusicn due to the ensuing
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 flow (Borenstein et al, 1983), and modulation of effects on sodium

handling in the distal nephron segment (Zeidel and Brenner. 1987), all presumably




contribute to the actions of ANF on the kidney.

At the level of the vasculature. ANF can lower blood pressure in both
normal and hypertensive subjects (Cody et al.. 1986; Tikkanen et al.. 1985a). /n
ritro, ANF relaxes isolated vascular smooth muscle segments (Garcia et al.. 1985).
The relaxant etfect 1s more prominent in the presence of vasoconstrictors like
angiotensin Il or noradrenaline (Winquist. 1987). In vivo, both strial extracts or
synthetic ANF peptides can elicit a decrease in cardiac output and peripheral
resistance (Ackermann et al. 1984; Hirata et al, 1985). ANF-mediated vascular
relaxation 1s associated with increments in ¢GMP (Winquist et ai.. 1984). Isolated
veins are generally unresponsive to ANF (Winquist. 1987).

ANF has also been shown to have various effects on other hormonal
systems. In particular, ANF decreases both basal and stimulated aldcsterone
release at the level of the adrenal by inhibitung early steps of the steroidogenic
pathway (Kudo and Baird. 1984; De Lean et al.. 1984; Chartier et al.. 1984) and,
rivo, elevated plasma aldosterone concentrations are reduced following ANF
infusion (Atarash et al.. 1985). There have been reports of an inhibitory effect on
glucocorticoid 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 ¢GMP increases
seem to be associated with the inhibitory effect 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 eliciting natriuresis and hypotension. ANF inhibits renin secretion
(Winquist. 1987). Elevations in tissue ¢cGMP levels have been observed in paralliel

with this action (Kurtz et al., 1986). Indeed, administration of ANF antibodies




with this action (Kurtz et al.. 1986) Indeed. administiation of ANF anubodies
results in increased plasma renin activity 1n rats (Naruse et al. 1983)

Vasopressin release from the posterior pituitary s also mhibited by ANF
(Samson. 1985). At high ANF concentrations. testosterone production by mouse
interstitial cells is stimulated (Bex and Corbin. 1985). On the other hand,
decreased progesterone secretion has been demonstrated in murine Lexdig tumus

cells tn response to ANF (Pandey et al.. 1985).

1.1.5 Regulation of ANF Secretion

Extensine studies have shown that the strongest stimulus for ANF secretion
15 atrial distension This etfect has been observed in both intact animals and n
isolated hearts (Dietz. 1984, Ledsome et al. 1986) Several physi logical states also
produce mcrements n plasma ANF levels, including head-out water immersion
tEpsrein et al. 1987) and changes in body posture (Larose et al 1983, It hay been
shown that episodes of atrmal o1 ventnicular tachycardia are associated with
elervated plasma ANF levels (Yamap et al. 1985 Tikhanen et al. 1985y Thi
effect has also been observed i yvivo where the frequency of contraction ol
isolated atria directly influences ANF secretion (Schiebinger and Linden 18806) In
addition. acute as well as chronic volume expansion 15 a strong stumulus fur ANF
release (Petterson et al. 1986, Metzler et al. 1987) as 1s acute i1sotunic sahne
infusion (Lang et al. 1983). Moreover. serveral pathological conditions lead tu
increased criculating ANF levels  chronic renal failure (Rascher et al 1985
myocardial infarction (Tomoda. 1988) congestive heart failure (Burnett et al. 1980,
Ding et al.. 1987. Cody et al. 1986) and hypertensive states (Imada et al. 1985,

Snajdar and Rapps. 1986: Mercadier et al . 1989)
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Several humoral factors are associated with the stimulation of ANF
secretion  In certain studies both « and § adrenergic agonists 1ncrease the i1elease
of ANF from perfused hearts and isolated atria (Ruskoaho and Leppaluoto. 1988.
Schiebinge:r 1987). and /1 viio infusion of noradrenaline to human subjects elicits a
signifiicant rise in plasma ANF levels (Sanfield et al, 1987) Howerer. the relative
1oles of o and B adrenergic stimulation have not been entirely clarified since 5
adrenergic stimulation is ineffective in eliciting a stimulatory response in several
cases (Shields and Glembotshi. 1989, Sonnenberg and Veress. 1984. Currie and
Newman. 1986) In an early publication. Sonnenberg and Veress have reported that
actnators of the phosphomositide system including a-1 adrenergic and muscarinic
cholinergic agonists are efficient secretagogues for ANF. These results hase been
corroborated by more recent work showing that actinators of protein hinase C. and
caleium aonophores do indeed mediate ANF release while protein kinase A
actinators are anhibitory (Shields and Glembotshi. 1989, Matsubara et al.. 1988. lida
and Page. 1988. Rushoaho et al.. 1985) In addition to these neurotransmitiess.
upioids and several anaesthetics have been shown to augment plasma ANF levels in
mract rats (Horky et al. 19835, Guthowsha et al.. 1988, Chen eq al . 1989)

Certain hormonal substances that modulate ANF synthesis and.or release
have also been identified. /fu vivvo. atrial cell cultures respond to dexamethasone.
testosterone and thyrord hormone (T3) stimulation by increased ANF synthesis and
secretion (Matsubara et al. 1987) This observation has been confirmed 1 1o
where hyperthyroid states are associated with elevated plasma ANF ':vels (Kohno
et al. 1986. Gardner et al, 1987a) Simularly, i vivo studies have shown that
glucocorticoid administration or elevated plasma cortisol levels correlate with

elevated plasma ANF both 1n rats and humans (Yamaji et al. 1988: Gardner et al..




19086} Furthermore. it appears that ANF  could ULe invohved in the
mineralocorticoid "escape"” mechanism since the rise in plasma ANF levels following
mineralocorticoid administration closely parallels this phenomenon (Giehin et al.
1986: Ballermann et al.. 1986). The direct effects of certain physiwological stimuly
and of steroid and thyroid hormones on ANF gene transcription. are discussed

below.

1.1.6 Locelization of Extraatrial ANF peptides

Although the atria are the majur sites of  ANF  synthesis ANI
mmunoreactinity has been found in numerous extraatrial tissues ireviewed by
Guthowsha and Nemei. 1989a) Eaily reports described the detection ot ANE Dby
mmmunocytochemical studies in the rat salhivary glands (Cantun et al. 1984)
Simdariy. immunoieactive ANF has been identified in cettamn vascular tissues such
as the pulmonary vein and vena cava (Toshimor: et al.. 1988, Larsen et al. 1687
1988, Asai et al.. 1987). where 1 rodents these blood vessels contain extensions ol
cardiac muscle cells

High molecular weight immunoreactine ANF pepude was also found in
ventricular tissue (Nemer et al. 1986)  In the sentricles. unbike the atria the
peptide is not accumulated n secretory granules but is rapidly secreted thiough 4
constitutive pathway (Bloch et al.. 1986) In this tissue, it 15 particularly subject to
various physiological and hormonal stimuli resulting 1n significant vaniations in
peptide synthesis

In the lung., both high and low molecular weight peptides have been
detected. both in the rat and human (Guthowsha et al. 1987; Siro1s and Guthowsha

1988) Furthermore. secietion of the 28 amino acid ANF from lung tissue has been
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demonstrated from pneumocytes in primary cell culture and in perfusates from
isolated rat lungs (Guthowska et al.. 1987b, Matsubara et al. 1988a) A role for
pulmonairy ANF 1n certain lung disorders may be possible as it has been shown to
confer a protective effect against pulmonary edema (Inomata et al.. 1987; Imamura
et al. 1988).

The ANF peptide has also been identified in numerous sites of the
peripheral and central nervous systems. Using sensitive radioimmunoassays and
immunocytochemical techniques. ANF-like immunoreactin 11y has been reported n
several stiuctures of the sympathetic and parasympathetic autonomic nersous
systems (Debinshi et al.. 1986. 1987a; Morii et al.. 1987) and in se\eral locations of
the bramn (Inagam et al. 1989) The highest peptide concentration was found 1n
the rat hypothalamus and was estimated to be 10¢ 10 10° times less abundant than
i atig (Tanaha et al.. 1984 Morn et al. 1985. Zamu et al.. 1986. Imada et al..
1983) A survev on the distribution of brain ANF revealed it to be present
extensinely thioughout several regions including the midbrain. cortex. olfactory
bulb. thalamus and pontine medulia region (Morn et al.. 1983). In contrast to
pro-ANF in the atria. biain ANF appears to be stored in a low molecular weight
form cotresponding to 24 and 25 amino acid species (ANFloz/wa-]ze’ (Shiono et al.
19860). howesver. this question still remains contros ersial Although it has been
shown that the secretion of low molecular weight ANF s predominant from the
hypothalamus /1 vino (Tanaka and Inagami. 1986). a recent report demonstrates
the presence of considerable pro-ANF 1n perfusates from rat hypothalamic explants
tNissen et al.. 1989) Some activities associated with the central administration of
ANF  include inhibition of non-stimulated and angiotensin  fl-stimulated

dipsogenesis in rats (Antunes-Rodrigues et al . 1985: Masotto et al.. 19835). inhibition




of dehydration and hemorrhage-induced \asopsessin  release (Samson. 1983).

inhibition of firing of vasopressin neurons (Standaert et al. 1987). inhibition of
acetyicholine-induced CRF release from the hypothalamus (Takao et al. 1988) and
stimulation of natriuresis and diuresis in conscious hydrated rats (Istael et al.
1988).

In addition to these neuronal tissues, ANF immunoreactinigy was discovered
in both anterior (McKenzie et al.. 19835) and posterior hypophyses (Guthuwsha et
al. 1987a) While both the high and fow molecular weight pepuides were detected
in the anterior pstuitary (Guthowsha and Cantin, 1988a). only the 28 amino acid
form was found 1n the postertor gland (Guthowsha et al. 1987a) This 1s consistent
with the production of ANF by the hypothalamus. lthe othet postertor piturtacy
hormones such as oxytocin and yasoptessin In the anterior pituitary ANT
mmunoreactin ity appears to be associated with the gonadotiophs (MeKenzie et al
1985)  Although the actions of ANF n this tissue 1temain to be determined an
mhibitory eftfect of ANF on vasopressin release by the posterior pituitary has been
repotted (Obana et al., 1983, Januszewicz et al.. 1980)

In the peripheral nervous system. ANF was demonstrated n severdl gangli
of the autonomic system (Debinshi et al. 1986, 1987a, Morit et al 1987} and wn the
spinal cord (Moris et al, 1987). The low molecular weight peptide was found tu be
the predominant torm in all the tissues tested. ANF was tound 1u mhibit
notepinephrine release during sympathetic nerve stimulation 1n rat mesenter
arterjes (Nahamaru and Inagami, 1986) as well as 10 parnially inhibit catecholamine
synthesis by rat superior cervical gangha (Debinski et al. 1987)

The idenutfication of ANF immunoreactivity in cells of the adrenal medulla

(McKenzie et al.. 1983, Mukovama et al. 1988, Morel et al. 1988} led to the




the mature peptide were detected in the chromaffin cell granules. Likewise. both
forms are co-secreted by these cells (Nguyen et al. 1988)., Interestingly, ANF
peptide synthesis in these celfls 15 sumulated by phorbol esters and forskolin.
activators of pirotetn hinases C and A, respectively (Pruss and Zamir. 1987: Nguyen
et al., 1988). Although the role of ANF in the adrenal is not clear. possible
paracrine functions of ANF include 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 ANF has been detected in the digestive system. High
molecular weight pro-ANF was 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 high molecular weight species suggests local synthesis of ANF. The
exact role of ANF 1n this tissue remains unclear.

Other peripheral tissues were found to contain ANF. 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; Voilmar et al., 1988a),
Since ANF has been shown to diminish progesterone secretion from testicular
Leydig cells (Pandey et al. 1985), a similar function in the ovary might be
postulated.

Finally, in addition to blood, ANF has been detected in urine where it has
been shown to increase in congestive heart failure and to return to normal levels

following treatment (Ando et al., 1988).
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1.1.7 The ANF-Receptors and Signal Transduction Systems

Early observations that atrial honlogenates o1 synthetic ANF pepudes
stimulated cychic 37, 3 guanosine monophosphate (cGMP) levels 1n whole amimals,
crude adrenal membrane preparations or isolated vascular segments (Hamet et al,
1984; Waldman et al.. 1985, Winquist et al.. 1984) led to the conclusion that ¢cGMP
may act as a second messenger of ANF action. The correlation between ANEF-
induced stimulation of ¢GMP levels and the distribution of particulate guanylat
cyvclase suggested that this enzyme and not the soluble guanyiate cyclase. was
mmplicated (Tremblay et al. 1985, Winguist et al.. 1984) In fact. 1t was shown that
detergent dispersion of particulate guanylate ¢vicase resulted in a4 prepatation that
retained sensttnvity to ANF activation (Tremblay et al. 1983a). suggesting that the
receptor molecule and guanviate cyclase activity were either 1n close association oi
part of the same entity

Cross-linking  studies  with  jodinated-ANF  (1%1-ANF)  allowed  1the
idenutication of two tvpes of ANF cell surface binding sites, A jow moleculm
weight receptor with an apparent molecular weight of 60-70 kDa was 1adwlabelled
tiom cultured bovine smooth muscle cells as well as 1abbit aorta membranes
{Schenk etv al. 1983 Vandlen et al. 1985) Sinular studies also ievealed the
existence of a high molecular werght receptor of 120-180 KDa in various tissues
such as rabbit and bovine aortas and 1at and bovine adrenal cortex (Vandlen et al
1983: Schenk et al. 1983; Misono et al. 1985) Competition studies with natne
ANF peptides and modified ot tiuncated analogs showed the two recepturs wete
phaimacologically distinct. The high molecular weight seceptor was shown 1o have
more stringent constramts for binding of ANF while the more abundant low

molecular weight subtype could bind ANF analogs of varying biological potenvict




(Olins et al. 1988, Meloche et al. 1987, Leitman et al. 1986). Furthermore.
actination of guanylate cyclase and ¢GMP formation appeaied to be associated
solely with the high molecular form of the ANF-receptor (Leitman et al.. 1985).

Purification of the ANF receptor proteins by various groups showed that
guamlate cyclase activity indeed co-purifies only with the high molecular weight
120-180 kDa ANF-receptor. and that ANF binding and guanylate cyclase activities
ressde within the same polypeptide (Meloche et al. 1988: Kuno. 1986; Takavanagi
et al.. 1987, Arenjaniyil et al.. 1987)

A more detatled characterization of the two ANF receptor subtypes has
recently become available with the cloning ot the cyclase uncoupled. Jow moleculial
weight receptor (ANF-C receptor) as well as both bovine and rat cyclase-linked
high molecular weight ANF receptors (ANF A and B receptors) (Fuller et al. 1988:
Chinkers et al.. 1989, Lowe et al. 1989, Chang et al.. 1989, Schulz et al. 1989) The
isolation of a ¢cDNA clone corresponding to the bovine ANF-C 1eceptor showed 1t
encuoded a polipeptide containing a single potential transmembiane domain.
Binding of ANF and tiuncated or moditied analogs to this 1eceptor 15 consistent
with the higand binding speciticity previously described tfor the low molecular
weight ANF receptor subtype The tfunctional role attributed to these teceptors is
one ot a clearance site. pussibly providing a buffering siystem against large
fluctuations 1n plasma ANF levels (Maack et al, 1987). hence the name clearance
o1 C-regeptor.

Both rat and human biologically functional. cyclase-linhed receptors were
also recently cloned The isolation and characterization ot both rat and human
¢DN A clones revealed the presence of two distinct receptor subtypes, named ANF-

A and ANF-B receptors with different ligand binding specificities (Chang et al..




1989, Schulz et al. 1989) These cDNA's all encode muature protemns of 1048-1057

aa. having molecular weights of about 115 kDa and containing simgle membrane
spanning regions. in both the rat and human ANF A and B receptors. there lies
within the ntracellular portion of the protein two domains a protewnn hinase-like
domain and the guanylate cyclase catalyvtic domain {Lowe et al. 1989, Schulz et al.
1989) Since deletion mutagenesis studies revealed that the removal of the protein
hinase domain from the wild tyvpe receptor resulted in ligand independent
constitutive guanyiate cyclase activity. 1t has been postulated that the prutem
kinase domain 1s involved 1n the repression of guanylate ciclase activity,  Ligand
bimding seems to mediate a conformational change to overcome this inhibitory
interactuion  ATP binding seems to enhance the conformational change requued tor
catalvtic function (Chinkers and Garbers. 1989a)

The direct activation of guanylate cyvelase activity by ANF seceptor binding
1s 1epresentatine of a new paradigm in signal transduction systems <GNP s
believed to be the dnect mediator of smooth muscle relaxation (Winquist et al
1984 Fiscus et al. 19835y However. 1t s stll unclear whether 1t 1s directly
mvohved 1n mediating diuresis and natriures:s 1n the hidney. although particulate
guanylate cyclase activity 1s tightly correlated to ANF binding sites 1n the 1enal
segments (Tremblay et al. 1985, De Lean et al. 1985) In the adrenal. the
inhibition of aldosterone svnthesis does not appear to be directly mediated via
cGMP elevation (Elliot and Goodfriend. 1986. Matsuoka et al.. 1987). although ANI
was shown to stimulate particulate guanylate cvclase in this ussue More work 15
needed 1o further elucidate the mechamism by which ¢GMP modifies the

appropriate effectors that produce a physiological end response
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1.2 MOLECULAR BIOLOGY OF ANF *
1.2.1  Structure of the ANF Gene

Complementary DNA's (cDNA's) for pro-ANF have been cloned and
sequenced in various species including the rat, human, dog and rabbit (Mak: et al..
1984, Seidman et al.. 1984, Yamanaka et al.. 1984, Zivin et al.. 1984, Nakurama et
al. 1984, Oikawa et al. 1984, 1985) The structure of the pre-pro ANF as deduced
f1om the nucleotide sequence of these cloned ¢DNA's includes a hyvdrophobic
stietch of 23-23 amino acids. depending on the species. providing the signal tor
cottanslattonal transport through the endoplasmic reticuium

The rematning prohormone in all species 1s then constituted of an additional

120 anuno acids. the carboxy-ternunal of which geneiates the biologically actine

ANF pepude  Finally. an additional pair of arginine 1esidues are present at the
catboxy-ternmial extiennty of the rabbit. rat and mouse prohormones which must
be cleaved at very early processing stages as they have never been detected 1 the
stoted pro-ANF molecule (Fig 1.2)

A cvomparison ot the amino acid sequences between species has shown that
“38 " of pro-ANF amino acids are identical in the five species. and this homolog\
mmcreases 1o 93 3% when comparing the last 45 carbosy-termimnal amino acids
(Orthawa er al.. 1983).

The human. rat. mouse. and bovine genomic clones of the pre-pro-ANF have
also been isolated and sequenced (Nemer et al. 1984: Greenberg et al. 1984; Maki
et al. 1984a. Sexdman et al. 1984a; Argentin et al. 1985. Viasuh et al.. 1986)
These ANF genes are present as single copies in the haploid genome. the human
ANF gene has been localized to the distal short arm of chromosome | in band Ipi36

while the mouse gene is found on chromosome 4 (\ ang-Feng et al.. 1983)
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Figure 1.2 Translation and processing of the ANF pre-prohormone Translation
of ANF mRNA and peptide maturation steps of the pro-ANF in cardiac tissue are
shown. Abbreviations sig. signal peptide; ut. untranslated sequences.

In all species the gene consists of a similar structural organization of 3
exons separated by two introns. The first exon encodes the 35" untranslated

sequences. the signal peptide and the first few amino acids of the prohormone
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The second exon encodes the remainder of the piohormone. including the

biologically active poition of the peptide. while the third exon encodes the last one
o1 thiee aminou acids. depending on the species. For example. in the rat, mouse and
rabbit the terminal Tvr-Arg-Arg residues ate translated while in the human and
dog. only the final Tyr 1s present due a point mutation converung the Arg into a
stop codon A more detailed description of the rat ANF gene 1s to be found in
Chapter 2 of the present manuscript

The evolutionary conservation and hence the putative functional importance
ot the ANF gene sequences was assessed by DNA sequence comparnisons between
the 1at. human. and bovine genes {Argentin et at. 1983: Viasuk et al.. 1980). These
analises show a significant conservation of both structural coding sequences as
well as non-coding 3°-flanking sequences: while there appeais to be no evolutionain
pressute on intron sequences The conservation of the 3°-flanking sequences 1s

suggestine of conserved regulatory mechanisms for ANF synthests accross species

1.2.2 Tissues Expressing the ANF Gene

The availabilitn of ANF ¢DNA clones has permitted the identification of
ANT gene uanscnipts in various tissues  In aduit mammals. the major site of ANF
sy nthests 1s the catdiac atria. and 1t has now been weli established that in the rat.
the transcript accounts for about | to 3" of total atrial mRNA (Nakavama et al.
1984: Nemer et al. 1088) Later. it was unequnocally demonstrated using 11 situ
hybridization and Northern blot analyses. that the ventricles alsu express the ANE
gene at a level of about 1 of that in the atria in the adult rat and human (Nemer
et al. 1986: Gaidner et al. i1986a: Mercadier et al. 1989a). The level of ventricular

ANF mRN a synthesis is subject to both hormonal and non-hormonal modulation as
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s discussed in the following sections That the ventricular ANF peptide contributes
to the circulating plasma levels is demonsztrated by a recent study showing that
ventricular ANF secretion 15 important in cardiomyopaih'¢ hamsters w.th severe
heart failure (Thibault et al, 1989). Since the ventricles release ANF constitutinvels
(Bloch et al., 1986) while the atria store the peptide in granules. the modulation of
ventricular ANF synthesis can result 1n a significant contribution to plasma ANF
levels given this tissue's large mass

The detection of immunoreactive ANF n various extra-cardiac tissues has
prompted the examination of these tissues as honu fide sites of ANI  peptide
synthesis. Among these. the central nervous system has besn extensinelyv studied
for the piresence of ANF gene transcripts. particularly since ANF does not cross
the blood-brain barrier Indeed. the hypothalamus and pontine brainstem aie two
tissues i which ANF gene transcripts have been detected and where levels of ANF
mRNA have been estimated to lie in the range of 03 to 1"s of atnial ANF mRNA
levels (Gardner et al. 1987; Nemer et al. 1988) In addition. the cerebial coitex.
cerebellum and thalamus also appear to contain ANF mRNA but only at about
0.1% of atrial levels (Gardner et al.. 1987). At all these sites. the transcripts appeius
to be of the same length and possess the same 3" terminus as the atrial mRNA
Another tissue where ANF transcripts have been detected both by 1 suu
hybridization and Sl nuciease. mapping analyses 1s the anterior pitustary (Gardne
et al. 1986. Nemer et al., 1988). Here the ANF mRNA are less than 1% of atrial
levels and appear to arise from the gonadotrophs In addition. i wirie hybridization
studies have revealed the presence of ANF mRNA n about 3% of adrenal

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

ANF mRNA IrANF
Atrium +4+++4 +44+
NMentiicle ++4 +
Aottic aich + +
Adrenal Medulla + ++
Antenor pituitary + +
iHypothalamus ++ +
Pontine brainstem + +
Cerebral cortex + +
Cerebellum + +
Thalamus + +
Lung + +
Ovan + +
Olfactory bulb + +

ANF mRNA has also been detected in the aortic arch and thoracic aorta
(Gardner et al.. 1987b; Guthowskha and Nemer. 1989a). Similarly. within several
pulmonary vesicles containing an extension of atrial myocardium n the i..t. i suu
hybiidization studies have demonstrated the presence of ANF in atrial-like

granules (Springall et al.. 1988) Furthermore. using various techniques ANF
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transcripts have been detected in pulmonary tissue (Gardner et al.. 1986, Nemer et
al. 1988; Gutkowska et al.. 1989). Lung tissue contains less than 1% of atrial ANF
mRNA and 1s subject to regulation as can be seen in the model of congestive heart
failure where pulmonary ANF mRNA js induced (Guthowsha et al. 1989).

Finally both ANF peptides and transcripts have been detected in the rat
olfactory bulb. and ovaries (Gutkowska and Nemer. 1989a) Transcripts identical
to those found in the cardiac atria have been observed in the olfactory bulb In
conclusion. the extra-carJiac localization of ANF peptides and transcripts show
there 1s both gene transcription and mRN A translation at these sites  In sume

cases, secretion of the peptide has been demonstrated

1.2.3 Developmental Expression of the ANF Gene

Afthough in the adult heart ANF gene expression is significantly higher n
the atria than in the ventricular tissue. 1t undergoes. throughout the course of
development. a temporal pattern of expression Studies on the early maturation
stages of the rat heart have shown that the earliest time pomnt for ANF gene
transcription 1s on gestational day 8 (E8) (Zeller et al. 1987) Expression at this
time is localized to a subpopulation of mvocardial cells in the endocardial laver of
the heart. By day E9. prominent labelling of both atria and the primitine ventricle
15 evident. while complete septation of the heart and establishment of the fetal
circulatory system at dav E14 are accompanied by the presence of ANF mRNA m
both atria and ventricles (Zeller et al.. 1987) Following birth, ventricular ANF
mMRNA levels are at their highest on day 1, and atrial and \entricular ANF mRNA
levels are approximately equivalent (Wu et al. 1988, Wei et al.. 1987, Bloch et al.

1986).
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W h:ile ventricular ANF rapidly drops to near adult levels wiathin the first

weeh post-partum. atnial ANF mRNA's gradually rise to reach maximal levels
within the st two months atfiter birth (Chapter 3. Wesr et al. 1987; Wu et al.. 1988).
The immunoreactive cardiac ANF content closely parallels the temporal pattern of
ANF gene expression. Immunocytochemical studies have shown that while positinve
immunostainimg of the atrmal tissue for ANF was homogeneous. a more restrictine
pattern of immunocytochemical staining presailed in the ventricular tissue where
ANF contaimning myocytes were primarilv limited to the subendocardium (Btoch et
al 986" Wu et al. 1988) The plasma ANF levels were also assessed at different
time points on or around the day of birth, and 1t was observed that plasma ANF
levels in the fetus and within the first two days following birth are significantly
elevated but rapidiy diop thereafter (Wei et al. 1987, Wu et al.. 1988; Since there
15 a drop 1 sventricular ANF gene expression. it 1s tempting to speculate that the
high levels of tetal and neonatal plasma ANF are due to the elevated ventricular
tissue content of the peptide Certain factors. mmcluding the drastic change in the
pattein of blood flow and hormonal alterations following birth could contribute to
enhanced sectretion by this tissue,

When similar studies were conducted using human fertal tissues. atrial ANF
MmRNA levels were found to be some 3 1o 10 times more e¢elevated than in
ventricular tissue between 13 and 29 weeks of gestation (Gardner et al. 1989,
Mercadier et al. 1989%9a). In the human adult as in the rat. atrial ANF mRNA
levels are about 100 times more abundant than ventricular levels (Mercadier et al..
1089a) Similar patterns of distribution of ANF immunoreactivity are evident in
both the rat and human hearts, wheie ventricular ANF staiming 1s concentrated 1o

the subendocardium in both species (Gardner et al.. 1989),



1.2.4 Regulation of ANF Gene Expression

ANF gene expression is modulated by a series of hormonal and non-
hormonal factors. In conjunction with the isolation of a rat ANF cDNA,
Nakayama and his collaborators (1984) reported that atrial ANF mRNA levels
underwent a significant decrease as a consequence of water deprivation in rats.
This observation was later contirmed by others who showed 2- to 3-fold drops n
atrial ANF mRNA following several days ot dehvdration (Takayanag: et al.. 1983;
Zistein et al.. 1986). Plasma ANF levels also dropped in the dehvdrated srtate.
indicating that changes in ANF mRNA levels closely paralle!l alterations i plasma
ANF levels. Conversely, salt loading in the dehyvdrated rats resulted n a
concomittant rise tn ANF mRNA levels (Takavanag: et al.. 1983).

A strong sumulus for ANF release trom the atria is known to be cardiac
muscle distension (Dietz. 1984). Hence. several studies were undertahen to examine
the effects of volume overload on atrial and ventricular ANF gene expression in
the rat. The results of such studies indicate that both chronic and acute volume
overload result in small, albeit significant increases in atrial ANF mRNA levels
with more notabie increases in left ventricular ANF mRNA levels (Lattion ¢t al,
1986). When overload is induced by suprarenal aortic coarctation to increase
intraventricular pressure, ANF immunoreactivity in the ventricular cells increases
(Gu et al., 1989). Following this manoeuvre, membrane bound electron dense
granules begin to appear increasing proportionately with the number of days after
coarctation. [In siutu hybridization, 1n this model, reveals increased ventricular
staining with increased pressure and duration of overload. In a different study

where experimental hypertension was induced by coarctation of the aorta, a
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biphasic increase n left ventricular ANF gene expression was observed. The first
mciease of about 20-fold was independent of stable hypertension and hypertiophy
while the second peakh. which was 10-fold above control values. was achieved
following the establishment of stable hypertension and hyvpertrophy (Mercadier et
al. 1989) The authois conclude that the initial induction of the ANF gene ma\ be
due to the marhed increase in left-end diastolic pressure shortly following
coalctation It must be noted. however. that myocardial infaict may be a
complication ot the model It remains clear. how ever. that in this model ANF gene
actnation 1sa complex phenomenon and a multifactorial response

In the model of the spontaneousiy hypertensne rats (SHR) and the stroke
prone. SHR (SHRSP) a progressine increase in sentricular ANF mRNA was
observed with the establishment of hypertension and hypertrophy (Ara: et al.
1988) while no significant diffeiences were obseived 1n atrial ANF mRNA
cuntent At 0 weehs of age. before the establishment of hypertension. 4-fold
mcredases 1in ventricular ANF gene expression were observed in the SHRSP rats as
compared to contiols. The increase rose to 7- and 40-fold for the SHR and SHRSP.
respectinvely, at 27 weehs of age  Tissue ANF proten contents in the \entricles
wele aisu incieased  In this study. 1t 15 the onset of hypertrophy that appears 1o
accompany ventricular ANF gene induction. Interestingly. in our laboratory. 1t has
been tound that in 4 week old SHR. ventricular ANF mRNA weie signiticantly
decreased compared to the normal animals (Lavigne. 1988a) This obsetvation
suggests that mitiallv. ventiicular ANF gene expression may be deficient 1n SHR
Similarly. an cardiomyopathic hamsters with heart failure (Thibault et al. 1989)
and in humans with ventricular hypertrophy (Nemer et al.. 1988). \entricular ANF

gene expression is induced about 100-fold In the former. atrial ANF mRN A levels
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are somewhat reduced Ten-fold increases of ANF raRNA levels in the ventricles
of ‘oung cardiomvopathic hamsters have been observed at  the onset  of
hypertiophy but prior to ventricular pressure incieases (Thibault et al.. 1989).
Thus cardiac cell growth appears to be a significant stimulus foi ANF gene
remnduction 1n the adult. In humans. myocardial snfarction 1s also associated with
ventricular ANF gene activation with no effect on atrial ANF mRNA (Galipeau et
al. 1988)

In the arginme vasopiession (AVP) deficient Brattleboio 1at. ANF mRNA
and peptides in both atira and ventricles are incieased (Lax 1igne et al.. 1988) The
3" ancrease in plasma osmolality and sodium content 1n these rats probablh
accounts for the induction of ANF gene expression (2-fold) sn this model

Thus. these studies all tend to suggest that the ventricula) tissue 1s recruited
for ANF gene transcription and peptide synthesis following a strong stimulus  In
tact ventricular tissue is presumably more sensitive to induction than atrial tissue
and the left ventricle appears to be somew hat muie responsive tu strong stimuli n
several models of hypertiophy. such as deoxyeorticosterone (DOCA j-salt tieatment
aortocaval fistula. abdominal aoirtic constriction o spontaneous bnentricula
hypertiophy (Lattion et al. 1980, Day et al. 1987, Lee et al. 1988) left ventriculal
ANF mRNA levels are significantly induced with hittle o1 no effect on tight
ventiicular ANF mRNA levels  However. in the case of a slowly progressing
spontaneous bnentricular hypertrophy. right ventriculas ANF mRNA levels are
also mduced (Lee et al. 1988) This observation suggests that both ventsicular
chambers are equally subject to activation of ANF gene expression

ANF gene transcription has also been shown to be under hormonal contiul

Glucocorticoids stimulate ANF gene transcription both mvno and i v (Chapter
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4 Nemer et al an preparation, Day et al,, 1987, Gardner et al. 1986. 1988; In
primary  cardiocyte  cell  cultures. glucocorticoid induction of ANF gene
transcription is mediated directly via cardiac glucocorticoid receptor (Chapter 4)
While the gene 1s stimulated about 3-fold i yviro. in whole animal studies.
glucucorticoids induce ANF gene expression. approximmately 2- to 3-fold in the
ventiicular tissue and about 2-fold in the atria (Day et al.. 1987, Gaidner et al.
1986) Plasma ANF levels concurrently rise tollowing dexamethasone (DE\)
treatment 1n the intact rat (Gardner et al.. 1986). and ANF secretion Dy primary
cardiocyte cultures gs increased by DEN treatment (Matsubara et al.. 1987y Whale
some studies suggest that mineralocorticoids might also modulate atrial ANF
MRNA fevels. 1t is likely that such an effect 1s secendary to volume expansion in
the intact anmimal (Ballermann et al. 1986) The absence of a stimulation of ANF
gehe eapression in primary cardiocyte cultures when tieated with aldosterone (oul
unpubhished results) supports this hypothesis  Hence the implication of ANF in the
mineralocorticold  escape phenomenon 15 probably secondary to the \olume
expansion and sodium tetention that ensues mineralocorticoid administration,

-

The ANF gene 15 also induced by thyroid hormone (Ta) (Chapter 3) Qur m
viire studies have shown that both atal and sentricular cells respond to T3
treatment by 2- and 4-fold increases of ANF mRN A synthesis,  Cardiocy tes in
primaiy cell culture alsv secrete more ANF when stimulated with T3 (Matsubara et
al. 198%) /1nvno. hyperthyroidism in rats results in about 2-fold increases in total
attial and ventricular ANF mRNA content Conversely. hypothyroirdism elicits 2-
and 3-told diops in night atrial and total ventricula: ANF mRNA contents.

1espectinely (Ladenson et al.. 1988) Although T3 is known to have various effects

on mhocardial piotein synthesis (Morhin et al.. 1983: Dillman et al. 1983). the




observed effects of T, on both atrial and sentricular cells in culture indicate a
direct action of this hormone on ANF mRN A synthesis tChapter 3, Gardner et al,
1987a). In fact. T, also elicits a 2-fold increase 1n media ANF immunoreactin ity
from cultured cardiocytes (Gardner et al., 1987a, Matsubara et al.. 1987},

We have recently found that cajcium ionophore stimulates cardiac ANF
mRN\A levels (Argentin et al.. in preparation). This obsersation has recently been
reported by others. and it was demonstrated that calcium sonophore (AZ3187) and
phoibol ester (TPA) either alone or in combination ncreased atnial and
ventiicular ANF mRNA levels 2- and 35-fold. 1espectinely when cells were treated
tm vinoe (Lapointe et al 1990). The secretion of ANF 15 already known to be
promoted by these tieatments (Matsubara et al. 1988 Shields and Glembotshi

1989). Thus. ANF gene regulation mvolves a complex nterplay of multithormonal

and multifactoral contiols

1.3. GENE TRANSCRIPTION IN MAMMALIAN CELLS
1.3.1 Cis- and Trans-Acting Factors in Eukaryotic Transcription

It 1s a prime interest of euharyotic molecular biology to undeistand the
mechanisms by which specific genes are expressed n a tissue-spectfic and wus
temporal manner  The inttoduction of mutations into cloned genes has allowed the
identification of cis-acting DN A sequences necessaty for transcriptional regulation.
More recently. several techniques have been developed for the characterization,
purification and. in some cases. cloning of cDNAs corresponding to proteins that
specifically  bind to these regulatorn DNA sequences  Thus. at present. the

mechanmism by which specific protein-DNA interactions regulate gene expression 1s




under ntensive myestigation

Studies on the structural and functional organization of several euharyotic
genes have revealed the presence of some well conserved features which are
important for transcriptional control In the immediate vicinity of a gene's
transcriptional start site lies a control region generally referred to as the promoter.
Usually about 100 bp in length, promoters ensure accurate and efficient initiation
of transcription, they include the AT rich TATA motif and a cap site (Dvnan and
Tiian. 1985, Mcknight et al.. 1986). It is noteworthy that certain promoters. such
as those for "huuseheeping” genes. are devoid of TATA boxes but contain GC rich
elements instead (Bird. 1986) An additional series of sequence elements. upstream
of the TATA box have also been identified. Some of these are quite common, such
as the CCAAT box which 1s found in a multitude of genes. and the GGGCGG
element (Dvnan and Tjian. 1985) Mutations at these sites are often associated with
decreased promoter strength (Myers et al.. 1986. Dynan et al. 1985) In addition to
these upstieam promoter elements (UPE's). other less ubiquitous motifs that help
increase the 1ate of transcription have also been identified within the first 100 bp
ot several genes (Maniatis et al. 1987). Fou example. saturation mutagenesis studies
of the S-globm promoter allowed the precise locahization of a CACCC box at -93
bp i addition to a CCAAT box at -80 bp  Nucleotide substitutions within each of
these motifs resulted in dramatic drops of transcriptional activity (Myers et al..
1986)  Similarly. in the chichen ovalbumin gene. an upstream promoter element
Which 1s the binding site of the COUP and S$30011 proteins. is necessary for the
efficient transcription (Sagami et al. 1986)

Certain  ubigquitous transcriptional factors necessary for transcription

mitiation have been identified Although RNA polvmerase Il cannot alone
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accurately recognize the site of imtiation. several other tactors particapate n the
recognition of mumimal promoter sequences. [n Hela cell extracts at least tive
chromatographic fractions are necessary tor the formation of a transcriptional pre-
initiation complex on the human adenovirus major late promoter (Saltzman and
Weinmann, 1989). Although the tunctions of TFIl A, B. D. E and F are stll at
present not entirely clear. it 1s hnown that TFIl D s the only factor that binds
DNA. recognizing the TATA box (Saltzman and Wemnmann, [989). Currently. a
model involving the sequential assembly of these factors to form a pre-instiation
complex is described. Many other transcription factors are promoter specitic and
interact with cis-acting control elements For example, the Simian virus 40 (SV40)
early promoter contains a TATA box and sin randomly arranged GC Dboxes
{(GGGCGG) shown to bind the promoter specitic Spl factor. Origmally dentitied
from Hela ceil extract (Dvnan and Tpan, 1983). Spl binding sites exist . many
viral and cellular promoters. Two Spl binding sites are tound within the Herpes
simplex virus (HSV) thyvmidine kinase (TK) promoter, contributing to tull promoter
activity (Jones et al., 1985). Three such sites are also found in the mouse
dihydrofolate reductase gene (Dvnan et al, 1986) This factor has been cloned
from a Hela cell ¢cDNA library and its sequence shows it to be a member of the
zinc-finger DNA-binding protein family (Kadonaga et al.. 1987).

The frequently occurring CCAAT box is recognized by a multiplicity of
transcription factors. NFI/CTF consists of a family of CCAAT-box binding
polvpeptides able to activate transcription i wtro (Jones et al., 1985, Jones et al.,
1987); a different CCAAT binding protein, CBP or C/EBP. isolated from rat liver,
has distinct biochemical properties (Graves et al., 1986) Additional CCAAT
element binding proteins, such as CPl and CP2, that preterentialiyv bind the a-
globin and A-fibrinogen promoters have been idenutfied from Hela cell extracts
{Chodah et al.. 1988). CPl and CTF,/NFI can be distinguished on the basis of their

binding aftinities for different CCAAT box permutations Furthermore. the two



factors are antigenically distinct and thus probably do not arise trom closely
refated genes (Mitchell and Tjian. 1989)  Similarly. CTF NFI and C EBP are
encoded by two separate genes (Landschulz et al., 1988; Santoro et al.. 1988) While
C.EBP ULelongs to the leucine zipper family of transcriptional factors. CTF NFI
cannot be classified 1n any of the current subgroups (Landschulz et al. 1988a:
Johnson and McKnight, 1989) Biochemrcal evidence supports the notion that there
exists a variety of CCAAT box binding tfactors and that more than one type might
exist within the same cell (Johnson and McKnight, 1989).

While proximal promoter elements do contribute to proper and efficient
transcriptional inttiation. the contribution of additional modules is required for an

enhanced transcuiption rate (Dynan. 1989) Such elements. hnown as enhancers. are

classically recognized as DNA motifs that increase the rate of transcription of cis-
linked promoters. act 1n an orientation and position independent manner and can
actinate heterologous promoters (Atchison, 1988). The SV40 enhancer serves as a
classical example, possessing all of the above properties (McKnight and Tjian.
1986). In SV40. two 72 bp tandem repeats mediate a distance and orientation-
independent enhancement of transcription. The binding of nuclear proteins to
enhancer motif's has best been demonstrated within SV40 The transcription factor
AP-1 binds to the conserved TGANTC,AA site in the SV40 enhancer as well as in
several cellular genes. Indeed, AP-1 sites modulate phorbol ester induction of
collagenase. stromelysin and metallothioneinllA (metll,) genes (Angel et al. 1987).
It was rapidly realized that the AP-1 factor was a heterodimeric product of ¢c-jun
and c-fos proto-oncogenes. Both proteins contain a leucine repeat region, and 1t is
postulated that the proteins dimerize via the leucine-zipper domain (Landschulz et
al.. 1988a). The distinct transcription factor AP-2 binds the consensus
CCCCAGGC. occurring in several genes such as hmetll, and collagenase genes.
This factor 1s also sensitive to phorbol ester induction as well as cAMP elevating

agents (Imagawa et al, 1987; Chiu et al.. 1987).




W hile most viral enhancers aste functional n afl cell types. 1t 1y aom
uncommon for certam eukarvotic enhancers to function in a cellsspecific manner,
such as those found in the immunoglobulin heavy and light chain genes (Gillies et
al. 1983, Gerster et al. 1987) For example. the trequently seen octamer motid,
ATGCAAAT. has been shown to possess enhancer activity as well as 10 confer cell
specificity (Ondek et al. 1987, Falkner and Zachan. 1984) This mont 1s found
within the enhancers of SV40 and in the mmunoglobulin heavy chain dglh
enhancer and promoter When binding of protemns to the immunoglobulin gene
octamer was first demonstrated. two binding activities weie observed. une specitic
to lhmphoid cells and one ubiquitous (Singh et al. 1980) This 1s an example ol
two indistinguishable proteins binding to the same motif and behaving as positine
actinators of transcription n either a hhmphoid-specitic or ubiquitous manner
(Scheideret et al.. 1987, Fletcher et al.. 1987)

Enhancers can also be of the inducible type, functioning onily 1n respunse to
specific stimuli such as growth factors, second messengers. heavy metals or sterods
Such enhancers have been identitied in a number of genes including c-tos
(Treisman. 19835). pro-enhephatin (Comb et al. 1988) and metaliothionem genes
(INanin et al. 1984)  Usually it can be shown that very short 10 to I3 bp DN
elements can mediate an  induction upon both homologouus and heteroiogous
promoters {Manjatis et al. 1987: Elder et al.. 1988: Comb et al . 1988) Furthermore.
synergy between muluple regulatory elements 1s not uncommon and has been
demonstiated for glucocorticord and cAMP regulatory elements (Danesch et al
1987: Comb et al.. 1988).

While the presence of negatine cis-acting DNA elements has been well

studied 1n lower euharyotes such as veast (Brand et al. 1983). mounting evidence



points tu the existence of such negative elements o1 silencers in higher eukary otic
genes as well (Kuhl et al. 1987). For example. a negative regulatory element 1s
responsible tfor A-interferon gene repression 1in the uninduced state. whereas
mduction by viral agents or cytokhines is mediated by the same or an adjacent DNA
element (Fujita et al., 1988) The 1dentified negatine element has been shown to
repress transcription from a heterologous promoter (Goodbourn et all. 1986
Similarly 1t has been postulated that the embryonic sheletal myosin heavy-cham
gene 1s cell-specifically regulated by both positive and negative regulatory elements
(Bouvagnet et al. 1987) In the rat growth hormone gene (GH). cis-acting silences
elements are thought to restrict GH expiession to pituitary cells (Laisen et al.
1986a) The ability of the repressive elements to act on a heterologous pruomoter
suggests these sequences contain a mammalian silencer Indeed. extinction of gene
expression an pituitary-fibroblast cell hybnids. accompanied by activation of the
silencer and loss of specific nuclear factor binding. supports the notion that basic
mechanisms  prevent expression of nappiopriate genes in mappropriate cells
(Tupputi et al. 1988)

Various models have been pur forth for the mechanisms of both positive
and negative gene regulation  Some of the events implicated might include the
activation or anduction of positine and negative transcription  factols  ur.
alternatinely . the inactnation or displacement of activators and repressors  Studies
on prokaryotic repressor-operator Interactions hase helped generate a model tol
negative transcriptional effects. Binding of a repressor in close proximity to the
transcription nitiation unit, preventing access by RNA polymerase. 15 an example
of negatne regulation (Ptashne. 1988) Alternatively. protemn-protein intaractions.

rather than direct contact with DNA. may result in negative transcriptional effects




as is the case for GALS0 and GAL4 (Ma and Ptashne. 1987). A third mechanism

may be the direct competition of posttive and negative transcription factors for
overlapping DNA sequences as has already been observed in yeast (Nasmyth and
Shore. 1987) 1n higher eukaryotes. the following examples might be considered
The loss of a positive transcriptional factor following fusion of fibroblasts and
pituitary cells supnorts the notion that a positive trans-activator protem 1s
repressed following cell fusion (McCormich et al. 1988y On the other hand. 1t s
clear that 1n the case of most hormone dependent enhancers. an actnation of
transcription resuits f1om binding off an "actnated” receptor to specific cis-acting
elements (Beato et al. 1989) In contrast. hormone-mediated repression has been
attributed to the displacement of a positive trans-activator. such as a CANP
responsine tactor (CREB) Dby the steroid receptor (Akerblom et al. 1988}
Similarly. the competition between thyiowd and estrogen i1eceptors for binding tu
the estrogen response element can result in a transcniptional inhabition (Glass et al .
1988) Finally. post-tianslational modifications may  equally  be involved n
mediating proper activaung or repressing functions For example. several
transctiption factors requue phosphoryvlation for activity  Cichic AMP 1esponsive
element binding protems (CREB) exists as a mixture of inactive monomers and
actine dimers. phophoryiation favors dimetization and hence activity (Mitchell and
Tjian. 1989) Similatly. Spl. a heavily glycosylated protem. 1s inactne tollowing
treatment with wheat germ agglutimin, without altering 113 DNA binding activiny
(Mitchell et al. 1989). The future characterization of the nuclear pioteins invohed
in cell-type. temporal and nducible gene expression will undoubtedhv offer novel
and invaluable nformation necessary for  the elucidation of the arious

mechanistic features of gene transcription in euharyotic cells
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1.3.2 Regulation of Tissue-Specific Gene Expression

Tissue-specitic expression of several genes has been associated with the
presence of tissue specific transcription factors These include several liver (Fram
et al. 1990). pituntary (Bodner <t al.. 1988). Iy mphoid cell (Scheidereit et al.. 1987)
and muscle specific factors  Growth hormone factor 1 (GHF-1) or Pit-l is a
prruitary-specitic transcription factor that plays an in:nortant role in the expression
ot the growth hormone (GH) and prolacuin (Prl) genes (Castrillo et al. 1989:
Ingraham et al. 1988. Bodne: and Karin. 1987, Mangalam et al.. 1988). Pit-1 s
found i lactotiophs. somatotrophs and thyrotrophs (Bodner et al.. 1988. Ingiaham
et al. 1988. Crenshaw et al. 1989) although this protein binds oniy to specific sites
th buth the GH and Prl promoters. In the growth hormone gene. two Pit-] binding
sites dre Juedated within the proximal promoter region  These sites are crucial for
tull tissue-specific expression of the gene both m vivo (Nelson et al. 19861 and .
vvo (Liva et al 198%)  The situation 1s more complex 1n the prolactin gene where
there are two clusters each contaiming four Pit-1 binding sites It has been
suggested that the distal cluster 1s mainly responsible for tissue-specific Pri
expression (Nelson et al. 1980 1988) although the requuement of only the
Provimal regron has equally been documented (Cau et al.1987). Recently using a
transgenic animal model. 1t has been concluded that either the distal 1egion tused
to a herpes thymidine kimnase (TK) ninimal promoter or the proximal region alune
1s capable of duecting low level expression in the pituitary (Crenshaw et al. 1989)
However. a synergistic interaction between the distal and proximal elements was
necessary for high level expression in the transgenes Interestingly, removal of the
distal enhancer from 1ts normal context led to expression in thyrotiophs The

presence of endogenous Pit-1 in thyrotiophs and somatotrophs and the absence of




Pri expression in these cells suggest that restrictive mechanisms mediate the cell-

specific expiession of Pil (Crenshaw e1 al.. 1989)

Pit-1 has been cloned and characterized (Bodner et al.. 1988, Ingraham et 4l.
1988) and its functional domains identified (Theill et al. 1989) Pit-1 15 a
homeodomain protein with sequences distantly related to the Drosophita homeotic
genes. A helix-turn-helix region 1s characteristic of the homeodomam (Struhl
1989) Moreover. a POU domain. conserved among several transcniptional and
derelopmental factors including OTF-1, OTF-2 and un.-86 (Hen et al. 1988). 15
also found m Pit-| The obseivanion that GH gene extinction i tibroblust-
prturntary cell hybrids is accompanied by a loss of GHF-1 piotein and mRNA
supports the 1ole of this protein as a positive cell-specitic trans-actnator of the GH
gene (McCornuchk et al.. 1988)

Lymphoid-cell specific. octamer-binding factur (OTF-2). necessary 1o
mmunoglobulin gene expression. has been puitfied and chatactenized (Scheiderent
et al. 1987) The same octamer mot1t can be found in a variety of promouters and
bind 1o an ubiquitous factor (OTF-1) (Fletcher et al. 1987) Mhen present in the
hight and heavy chan promoters., however. this mout has been shown tu confer
I mphoid-specitic expression m yioveo (Warth et al. 1987 The puiified OTF-2
protem can actnnate transcription n non-lymphoid cell extracts and bind tu the
octamer element. producing footprints indistingmishable from thouse produced by
OTF-1 (Scheidereit et al. 1987) Cleariy. distinct promoter features governing cell-
specific versus ubiquitous factor binding. in this model. appear crucial
deternining the transcription of the proper gene in the proper cell 1ype

Several liver-specific gene have been studied and consequently a few linver-

specific transcriptional factors have been identified 1In the human albumin gene
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thiee distinet cis-acting domains have been defined a negative regulatory regjon.
an enhancer that interacts with liver-specific factor LF-Bl and a promoter (Frain
et al. 1990) Remoral of the LF-B! binding domain results in a significant dirop of
activaty. Simdaily. in the human al-antitiypsin gene (alAT). two functional
domains have been defined by mutational analyses (De Simone et al . 1987). both of
which are required for tissue-specific expression in hepatoma cells  Two factors
identified from hiver nuclear extracts. were shown to bind the alAT cis-acting
domains  LF-Al and LF-Bl In the case of LF-Bl. a good correlation between

binding and transcriptional actnation were observed (Hardon et al. 1988)

1.3.3 Muscle-Specific Gene Expression

Relatinelv. httle 15 know about the ussue-specific expression of muscle
genes and parnculatly cardiac specific genes where the absence of cardrac-specific
cell hines has been a major diawback Nonetheless. several cardiac-specitic genes
are expressed in certamn embryonic sheletal muscle cells or myoblastic cell hines and
can thus be studied These inciude mvosin heavy and light cham. cardiac-actin
toponm and muscle creatine hinase genes

A well studied system s that of the human cardiac a-actin gene  This gene
envodes the major actm an adult mammalian heart but s also expressed at eaih
stages of muscle development (Miwa and kedes. 1987) Fine deletion mutagenes:s
and hinker scanning studies 1n C2 myogenic cells have revealed the importance of
two CA1G box (CCA+T rich)GGG) motifs in the proximal regulatory region of the
a-actin gene  The CArG mouf is highly conserved in the 5-flanking sequences of
cardiac actin in several species (Miwa and Kedes. 1987) Maximal promote:

actrvaty s dependent on the integrity of these motif's. contributing to tissue-specitic




expression of the gene. Binding to the proxtmal CA1G box by positive trans-acting

factors from both muscie and non-muscle nuclear extracts has already been shown
(Gustatson et al.. 1988} Hence, the CArG box binding protein (CBP) appears to be
an ubiquitous factor that might mediate muscle specificity thiough some highes
order interacticn with additional ancillary factors or via specific post-transiational
modifications. rendering the protein active solely 1n muscie cells (Gustat'son et al.
1988 ) 1t 15 interesting to note that the CArG box 1s equivalent 1o the serum
response element and binding of serum response factor (SRF) to CArG has been
demonstiated (Gustafson et al.. 1988) In fact. the binding of a total of f'nne
different factots on the cardiac a-actin gene piomoter 1llustrates the complex
nature of the nteractions that might be involved n the gene's regulation
tGustafson and kKedes. 1989),

Similar studies on the 1at embiyonic myosin heavy-chamm gene i C2
miotubes and myoblasts have revealed the binding of a positive transcription
factor (NFe) to a cis-acting element 1n the 3'-flanking sequences of the gene (Yu
and Nadal-Ginard. 1989). Although this factor 1s not tissue-specitic due tu 1ts
presence 1 myotubes. myoblasts and Hela cells. the authors claim 1t contributes to
full promoter activity in myotubes and myoblasts  Meanw hile. in the case of the
muscle creatine hkmase (MCK) gene. a myocyte-specific nuclear tactor was
identified (MEF-1) that was required for enhancer activity n sheletal mvoblasts
(Bushin and Hauschka. 1989) Although. the role of this element in cardiac muscle
has not been assessed in c¢ulture. a transgenic mouse model with sanous 5
promoter elements showed that the MEF-1 binding site also activates expresston in
cardiac muscle (Johnson et al.. 1989a) MEF-1 15 1dentical to or closely related 1o

MyoD. a myogenic detetmination factor. However. this factor s present only n
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sheletal muscle (Tapscott et al. 1988), thus. the authors suggest that in cardiac
muscle. the MEF-1 enhancer element may Dbe recognized by a related cardiac
protemn (Johnson et al. 1989a). Interestingly. in this svstem. of the two enhancer
regions analyzed. one was functional only 1n sheletal muscle while the other was
tunctional 1n both cardiac and skeletal muscles (Johnson et al. 1989a) Similarly.
diftferential regulation of the cardiac troponin T (¢TNT) gene in sheletal and
cardiac muscle has been demonstrated (Mar and Ordahl. 1988). MWhile only 129
nucleotides upstream ftrom the ¢TNT nitiation site ate sufficient for sheletal
muscle expresston an embrionic skeletal muscle cultures. additional upstream
elements are necessary tor cardiac cell expression 1n embryonic heart cell cultures
(Mar et al 1988a) The cardiac-specific element resides within a fragment
containing sequences between -268 and -201 bp  Other sequences. still furthe:
upstream. contribute to muscle-specitic enhancer activity. but are not required o1
basal expiression (Mar et al.. 1988a)

Recently  several sheletal muscle-specific DNA binding factors that are
capable of altering the fate of mesodermal cells by activating the myogenic
phenotype have been reported (Tapscott et al. 1988, Weintraub et al.. 1989: Wright
et al. 1989) MvoD myogenmn and mf-3 gene products are restricted exclusinelh
to sheletal muscle (Edmounson and Olson 1989, Wemntraub et al. 1989, Braun et al.
1989) Certamn structural sinulanities are retained among these proteins including a
basic region and a region of homology to the ¢-myc¢ oncogene Deletion
muatagenesis has revealed that a 68 aa segment containing these regions of MyoD
are sufficient fur converston of fibroblasts to muscle cells (Tapscott et al.. 1988).
It 1s interesting to note that these same regions are important for site-specitic DN A

binding  Indeed. the charactenstic stiuctures of these proteins consisting of a
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putative helin-loop-helix motitf followed directly by a basic region has led to the

suggestion that these proteins belong to a novel class of DNA tansctiptional
factors (Murre et al. 1989). The helix-loop-helix domain has the potential to form
two amphapathic helices separated by an intervening loop Other members of this
novel family include members of the Drosophila wchaeie-acure and vt gene
fanuly and mmmunoglobulin <E2 binding protems (Murre et al.. 1989) This 1egion
also appeais to be essential for dimerization

Transtection ct MyoD or myogenin ¢DNAs into fibroblasts leads to the
expression of several muscle-specific genes such as myosin-heavy cham and. n
fusion-promoting conditions. muscle creatine kinase and troponin-T (Edmonson and
Olson  1989) Recently. 1t has been demonstrated that the myocvte-specific
enhancer bindig protemn (MEF-1). necessary for full transcriptional activity of the
MCK gene. 15 antigenically related to MyoD (Bushin and Hauschha, 1989, Lassar et
al.. 1989 In fact. MyioD has also Leen shown to bind to the MCK enhances
tegions (Lassar et al. 1989) However. MyvoD s not present in all the cell lines that
express the MCK gene. and it has been repoited that MyoD 1s not imvolhved 1mn the
expression of the §-subunit gene of the murine acetylcholine receptor (Lassar et al
1989 Baldwin and Burden 1989 Thus seseral unanswered questions enian
regarding the tactors involved n the determination of muscle ditferentation and
gene expression  For example. 1t has been proposed that the pattern of myvogenn
eaptession n cultured cells 1s consistent with a 1ole 1 regulating the decision to
differentiate  Simple models based on the transient expression of myogenin versus
the constitutine expression of MyoD in myoblasts predict that myogenin has a role
in the regulation of determination (Miight et al. 1989) However. other MyoD-

telated proteins. such as myd (Pinney et al 1988) and mf-3 (Braun et al 1989)




Structural Feature

TABLE 1.2 CLASSIFICATION OF TRANSCRIPTIONAL REGULATORY

PROTEINS IN VERTEBRATES

Reference

Glucocorticoid receptor

Estrogen receptor
Progesterone
Spl
M
v-fos
C EBP
OTEF-1
OTF-2

. Pit-1
camre
MyvoD
CTF, NF-t

Thyroid hormone receptor

ZF

ZF

ZF

ZF

ZF

LZ

LZ

LZ

HTH, POU
HTH/,POU
HTH, POU
HLH

HLH

n.d.

Beato. 1989

Beato. 1989

Beato. 1989

Beato. 1989

Kadonaga et al.. 1987
Maki et al.. 1987

Van Beveren et al.. 1983
Landschulz et al.. 1988
Sturm et al. 1988
Scheidereit et al.. 1987
Ingraham et al, 1988
Murre et al.. 1989
Murre et al., 1989

Santoro et al, 1988

Abbreviations used: ZF, zinc finger; LZ, leucine zipper; HTH, helix-turn-helix;
POU, POU domain protein; HLH, helix-loop-helix

Unfortunately, no such cardiac

muscle-specific regulatory factors have thus far been identified, and the molecular

might be equally implicated in this tunction.
|
\

mechanisms governing cardiac myogenic determination are as of yet unknown,
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1.3.4 Steroid and Thyroid Hormone Regulation of Gene Transcription

The 1ecent isolation and characterization of several nuclear receptuor ¢DNAs
has revealed the existence of a superfamily of proteins that include {tfunctionaily
dnerse receptors. Members of this family include glucocorticoid. progesterone.
androgen, estrogen, mineralocorticoid. thyroid hormone, retinoic acid and vitamin
D3 receptois (Beato. 1989) Remaikably. all these 1eceptors retaimn a sinmlar general
organization and certain common structural features For example, each receptol
protein can be subdnided into three main domains a variable N-tertminal domain
that appears to have a modulatory eftect on trans-activation. a C-terminal domain
with ligand binding. transactivation. dimerization and nuclear tiansiocation
functions and a central cystein-rich DNA-binding domain (Beato. 1989) The DNA-
binding domain of these receptors 1s characterized by a panr of so-called “zinc-
fingers”. consisting ot 4 cysteines coordinated with a zinc atom n a tetiahedial
formation (Freedman et al. 1988, Severne et al.. 1988).

The most extensively studied steroid receptor s the glucocorticoid r1eceptor
although recent evidence supports similar mechanisms of action for other members
of this teceptor tamily tieviewed by Beato. 1989y  Indeed 1t has now been well
established that nuclear receptors. such as the glucocorticord receptur bind to high
affimity binding sites. 1eferred to as harmone responsine elements {HRLs) in the
chromatin It is generally held that the receptor-DNA interaction mediates the
hormonal response For example. in the presence of glucocotticoids, transcription
of the mouse mammary tumor virus (MMTV) DN A at the correct site of 1nitiation
1s rapidly and selectively increased (Yamamoto. 1985) In gene transfer studies.
glucocorticoids mediate a 50-fold induction of MMTV transcription when the HR1

15 present (Chandler et al. 1983). Consistent with the notion that hormonal
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regulation of gene transcription might involve sequence-specific receptoi-DNA
interactions. binding of partially purified glucocorticoid receptor (GR) to the HRE
has been demonstrated both i1 vivo and m vitio (Willman and Beato. 1986: Bechke:
et al.. 1986). It is interesting to note that while no clear consensus sequences for
progesterone. androgen or mineralocorticosd responsiveness have vet been defined.
the 15 bp glucocorticoid responsive element (GRE) can mediate induction by
progesterone. androgens and mineralocorticoids (Cato et al. 1986: Darbre et al.
1986: Catu et al. 1987, Strahle et al. 1987, Cato and Weinmann. 1988a). The
differential modulation by the appropriate hormone may be accounted for Dy the
abundance of the receptor. the unique contact each recepto: might have with the
HRE and or by the contribution of other trans-acting factors to a specific
hcimone-receptor interaction (Cato et al. 1988, Chalepakis et al.. 1988)

in addition to the viral promoter HRE. several cellulal sterotd-regulated
genes have Dbeen described and include the tyrosine amino transferase (TAT)
(Jantzen et al. 1987). human growth hormone (hGH) (Slater et al.. 1985). chichen
Ivsuzyme (chlys) (Renkhawitz et al. 1984) and the human metallothionein HA genes
(harmn et al. 1984). Comparison of the sequences within the glucocorticoid
receptor binding sites has 1evealed the presence of a well-conseived 15 bp mouf
(Fig 13) Methylation protection and interference. and DNase | footprinting
experiments have pointed to specific residues within this sequence that are
important for glucocorticoid receptor binding (Scheidereit and Beato. 1984). The
GRE appears to act as a typical hormone responsine enhancer and thus to function
at varving distances from the site of transcription initiation  In some cases. It is
located within just several hundred bp from the site of initiation (Renhaw itz et al.

1984). in others 1t may be as far as several hilobases away (Cato et al. 1984




Danesch et al.. 1987). while n the hGH gene it 1s located withun the transcription

unit (Slater et al.. 1985). There does. however. appear 1o be a posittional constraint
tfor functional cooperative interactions between receptor molecuies and or other
essential transcription factors (Schule et al.. 1988). In the case of the TAT gene,
tunctional cooperativity has been demonstrated betweer. two GREs (Jantzen et al.,
1987). It has also been demonstrated that when a 15 bp GRE is placed at a distal
position relative to the Herpes simplex virus thymidine kinase (HSV-TK)
minimal promoter. hormone-mediated nducton requires the binding site of an

additional transcripuon tactor in the vicinity of the GRE (Strahie et al.. 1988)

MMTV -181 GTTACAAACTGTTCT -67 Ham et al., 1988
MMTV -128 GGTATCAAATGTITCT -1l4 Ham et al., 1988
TAT -2508 TGTACAGGATGTITCT -2495 Jantzen et al., 1987
hGH +93  GGCACAATGTGTCCT  +107 Slater et al., 1985
hMetIl, -262 GGTACACTGTGTCCT -248 Karin et al., 1984
v v
{— ———>
GRE consensus : GGTAZANNNTGTTCAT

Figure 1.3 - Alignment of GREs identified 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 that both the progesterone and glucocorticoid receptors




act svneirgistically with several other transcription factors including the CCAAT

box. Spl. octamer (OTF). nuclear (NF I) and CACCC box binding tactors (Stidghle
et al. 1988; Schule et al.. 1988) A second glucocorticotd or progesterone binding
site can also act synergistically (Schille et al. 1988). However. hormone
inducibility in different cell lines varies with the transcription binding site and
hence with transcription factor presence and/or abundance (Strdhle et al.. 1988)
This probably explains the differential hormone inducibility of various genes in
different cell lines

It s interesting to note that the glucocorticoid receptor also acts as a
hormone-dependent negative transcriptional regulator. Sequences located upstream
of the bovine prolactin (bPrt) (Camper et al,, 1985; Sakai et al.. 1988). the a-subunit
of the ghcoprotern hormone (Ahkerblom et al. 1988) and the rat pro-
opromelanocorticotropin (POMC) genes (Drouin et al. 1989 are able to confei:
glucocurticoid-dependent repression to hinked 1eporter genes Mutagenesis studies
have shown that specific receptor-binding sites mediate negative regulation of Prl.
a-subunit and POMC gene expression (Sakai et al. 1988: Drouin et al. 1989). Such
negatne glucocorticoid responsive elements (nGREs) bear minimal resemblance to
the positine GRE consensus sequence It has been speculated that GR binding to
the nGREs mught alter the conformation of the receptor. causing 1t to act as a
repressor Alternatinvels. the GR-nGRE interaction may occlude the binding of a
transcriptional activator protein. thereby bringing about a repression (Akerblom ex
al. 1988).

Finally. recent inmvestigations have uncovered some of the binding
characterics of the glucocorticoid receptor. In the inactine state. the 94 KDa

monomeric receptor protein 1s usually associated with heat stoch protein 90 (hsp90)



(Denis et al.. 1988). In the presence of hormone. the ligand-ativated 1eceptor can

tform a homodimer (Wrange et al., 1989). 1t 1s the dimeric form that usually binds a
GRE (Tsai et al.. 1988; Erihsson and Wrange, 1990)

The thyroi:d hormone receptors constitute a distinct subtfanuly with greate:
similarity with the retinoic acid receptor Two tforms of thiroid hormone recepto
(TR) have been isolated and cloned, the o and # TR (Weinberger et al. 1986, Sap et
al.. 1986: Thompson et ai. 1987, Benbrook and Pfahe. 1987) TR are encoded by
the cellular homologue of the viral erbA oncogene (c-erbA) The a- and B-subty pes
have been mapped to human chiomosomes |7 and 3. respectively (Bradley et al.
1689) Aljternative splicing of the aTR gene n the rat gives rise to a tunctional
1TRa1 and a non-tfunctional rTRa2 (Bradley et al. 1989) The jatter form 1s unable
to mediate T3 dependent gene regulation (lzumo and Mahdavi. 1988) Simularh. nt
has been suggested that rTRA, and xTRﬁ'2 receptors arise trom the same gene where
xTRé,) vanscripts are restricted to the anterior pituitary (Hodin et al.. 1989) In
the heart. expiression of both a- and A-subtypes has been detected (Thumpson et al.
1687: lhoenig et al.. 1988) It 1s interesting to note that the human hTRua; hTRu,
and the hTR 3 receptors all possess similar affinities for hormone higands (Naka et
al. 1988) The molecular mechanism of thyroid-hormone medsated gene regulation
15 simtlar to that outlined tor steroids {Thompson and Evans. 1989) The receptol
has a nuclear localization and mediates hormone actions thiough dnect DNA
binding (Sap et al. 1986). Feu thyroid hormone responsive genes have been
studied: they inciude hypophyseal prolactin and growth hormone genes and
muscular myosin heavy chamn genes In the rat growth hormone gene (rGH) an

element within the first 200 bp of upstream sequences 1s sufficient for thyroid

hormone induction of gene transcription (Flug et al. 1987, Larsen et al 1980
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Thyroid hormone receptor binding to the rGH thyroid hormone responsive element.
TRE. has been demonstrated 1 1110 (Koenig et al., 1987: Glass et al.. 1987) The
TR has also been shown to bind the TRE of the rat thyrotropin 8 (rTSHA) gene.
exerting a negatine transcriptional regulation (Darling et al., 1989). As with the
glucocorticoid receptor. T,-mediated transcriptional regulation appears to be cell-
1\ pe dependent  Indeed. 1n non rGH expressing cells. such as mouse fibroblasts. T3
responsiveness is absent upon transfection of a rGH TRE-containing plasmid.
despite the existence of TR (Larsen et al.. 1986). Alternatireiy. the response may
be variable upon the cell-type tested as in the case of different priustary cell lines
Where either inhibition or stimulation of prolactin gene transcription 1n response 1o
T, 1s observed (Stanley. 1989),

In cardiac and sheletal muscles. members of the myosin heavy chain (MHC)
multigene family are under differential control n response to thyroid hormone
tlzumu et al. 1986, Chizzonite and Zak. 1984) Indeed. a heterogeneity 1n the
responses to thyroid hoimone has been obseived in different muscle types  The
opposite effects of thyroid hormone on o and AMHC gene expression in
ventiicular myvocardium (Lompre et al.. 1984) and the distinct responses to thyvioid
hormones of the 3-MHC gene observed in atrial versus ventricular tissues (1zumo el
al. 1986). clearlv 1llustrate the complexity of this system Similatly. the a-MHC
gene 15 independent of thyroid hormone 1n the atrium but highty dependent on T3
in the ventricle (l1zumo and Mahdayvi. 1988). More recently. the identification of a
cis-acting element i1esponsible for T3 responsneness in the a-MHC gene has been
teported (lzumo and Mahdavi. 1988). Using a myogenic cell line, 53'-flanking
sequences between -161 and -71 bp of the a-MHC gene were found to confer T

3

imducibihity - Moreover, the TRa, isoform was identified as the transcription factor

- L




.

R R el R L N

SETEE w M T

POPFP By vt per

48

involved

Although an analysis of the TREs from varnous T, responsnve genes has not
permitted the identification of a definitine TRE consensus sequence. Bient et al
(1989) do propose a consensus TR binding site based on 1 virre binding studies of
receptor to rGH TRE mutant oligonucleotidess AGGT(C A)A in at least two
copies. The authors show by DNA mutagenesis studies that the rGH TRE consists
of 3 subdomains (A. B and C) where domains A and B are impetfect direct repeats

and C 1s a divergent inverted copy (Brent et al.. 1989)

A B C
—_— ><
rGH -185 AGGTAAGATCAGGGACGTGACCGC -104

Interestingly. in the o-MHC gene. a conserved 13 nucleotide core element 1s
tfound 1n the non-coding strand within the T3 responsive sequences (Izumo and
Mahdav: 1988, As with the glucocorucoid. progesterone. androgen and
mineralocorticoid subtamily. cross-binding within the thyroid. retinoic acid (RAR)
and esuogen (ER) receptors on simitar HREs has been 1eported Indeed. the RAR
has been shouwn to bind TREs (L'mesono et al., 1988, Graupner et al. 1989) and TR
can equallhy bind an estrogen iesponsive element (Glass et al. 1988) This
promiscuity in nuclear receptor-DNA nteractions suggests that specificity in gene
regulation may be achieved by some higher order interactions among teceptor and
regulatory proteins or may be related to the subtie variations in the orgamization of

the individual DN A binding sites.
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SUMMARY

Arrial natriuretic factor (ANF). a peptide hormone rtecently isolated tiom
heart atria appears to play an mmportant role 1n the regulation of extracellular
flurd volume and biood pressute Indeed. natural and synthetic ANT rapidly and
markedly stimulate natriuresis and diuresis and produce smooth muscle relavation
Consistent with the hypothesis that ANF 15 a2 novel hormone, 1t was tecenthy shown
that ANF 1s piesent in circulanon and high aftfimty membiane receptors specitic
for ANF have been described n renal vascular, and adienal tissues These
important iological activities suggest that condiions ke hy pertension could be
assoctated with defectine ANF gene expression  We and others have shown by
cDN A cloning that ANF s part ot a farger precwisor pronatriodifatin (PNDy o W
now describe the 1solation and stuctural analysis of the 1at PND gene  Southern
blot analysis of 1at genomic DN A suggests the piesence ot a single PND gene pen
haploid genome  The PND coding sequences ate interupted Dy two short muons
A tong alternatng purne-pyrmudine tract fGTJQ(;—\TG((;TJ:— 15 tound 111 base
panns downstream of the polyvadenviation site. such sequences could adopt 7-DN A
configuration. and thev have been associated with seqguences that appear e
active in oantergente recombination Comparicon ot the rat and human PND
genomic sequences shows highest homolugy i d-tlanking as well as 1 coding
sequences  The rat PND gene will be a usetul model to study the physiology und

pathology of this important regulator of the cardiovascular svstem

INTRODUCTION
The finding of potent natniwienic, diuretic. and vasorelaxant peptides n
heart atria opens a new and potentially very imporant tield ot investigation foi

the understanding of cardiomvascular homeostasts n health and disease o8 20 The



stiucture of these recently isolated peptides was determined (3-8). and synthetic
atnal natnimetic facton (—\,'\F’)b_33 15 equipotent with the natural peptide (3)
Antibodies  raised agamnst synthetic  ANF  were used 1) to prove by
tmmunocytochemistiy that ANF 1s contained in atrial secretory granules (9) and 2)
to establish by radioimmunoassay the presence of ANF in circulation ¢10. 11,
Further support for the hormonal nature of ANF 15 provided by the finding of
specitic high-af ity receptor sites for ANF in renal. vascular. and adienal tissues
o A I In the latter ANF receptor binding parallels inhibition of steroid
production

Imphcation of ANF n diseased states was first suggested by 1eports that
atnial ANE activaty s reduced 1n spontaneocusthy hypertensive rats (14) and i Biu
146 hamsters which are subject to hereditary cardiomvopathy (155 Adnunistration
of ssnthetic ANE o spontanevushy (10) and to expetimentallv (17 hypertensine
rats lowers blood pressure back to cantrol levels  These results point to a posuble
Ik berween  ANT expression and the development of hipertension and some
cardiomvopathies Molecular anahvsis of ANF gene structure and transciption will
help detme mechanisms invelved 1 the contiol ot ANF expression

Molecular clonme and <equencimg of rat 1823 and human (18, 24 235,
AN encoding ¢DNAs revealed that ANF s present at the carboxyl end of a large:
precursor molecule, pronatriodilatim (PND). elsew here referred 1o as proANF (20-

23bor procerdronatim (19) We now report the isolation and complete structure of

the rat pronatniodilatin (rP\D) gene

EXPERIMENTAL PROCEDURES
Genomic DNA Cloning - Genomic DNA was prepared fiom the testes of a

mature Sprague-Dawley rat (200 Standard molecular cloning technigues were used
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(27)  Rat DN A partially digested wit San3a was fractionated by size on a 10-40"
sucrose gradient. Saeu3a restriction {ragments in the range 13-20 kb were hgated
with the annealed arms of BamHI-digested A vector Charon 30 DNA  DNA was
packaged (Amersham) into phage A particles that were used to mfect Escherich
coli K802 The resulting library was screened without amphfication o
hybridization to nick-translated rat PND ¢cDNA Positive plaques were punitied
and a 42 kb EcoR] fragment containing the entine rat PND gene was subcloned i
the EcoR]1 site of pLC9

DNA Sequence Determination - The DN A sequence was determined by the
dideoxy method t28) Single-stranded DNA templates were obtained by subcluoning
m MI3mp8 and mpl (29). tragments of the 42 kb EcoRI tragment produced with
Bulll Pl Belll+EcoRL Byelll+Psul, HindNN+EcoRT and HidIHE+Pvl A speaiti
oligonucleotide primer (15-mer) was ssxnthesized by the phosphotriester method and
used tfor sequencing in the 5-flanking region  DNA sequences were compiled and
analvzed with computer programs adapted fiom Staden (30) o1 developed at the
Institut de recheirches chimques de Montreal by MO ALRha! tor a0 Vayv T30

Computer

RESULTS AND DISCUSSION
Rat genomic DNA was analvzed by Southern blotting to chatacterize the
P\D gene sequences (Fig 21). Nick-translated rPND ¢DN A hyvbridized to a single
band per digest (size 1 Kb ginven mm parentheses)  BamHl (123 LeaR1E (472
Hind 111 4.5, Apnd (32). Sul (105). and Vhul (84}  This simple pattern talen
together with the intensity of hybridization suggests the rPND gene 1y present as 4

[ ~
singe copy per haplord genome  When 4 \ 0¥ phages from a Sprague-Dawley rat
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genomie DNA hibrary were screened by hybridization with the same probe thiee
difterent recombinants. AJ1-3. were 1solated Altogether. 27 kb of rat genoumic
DNA were mapped from the overlap of rhages AJi and M3 (Fig 22a). The insert
of phage M2 is entirely contained within AJ3. The 42 kb EcoRl fragment which
contains all sequences hivbridizing wit the rPND ¢DNA probe was subcloned in
pUCY for further analysis  Subfragments of the rPND cDNA clone generated by
Bulll digestion were used as probes to map the 5 and 3° ends of the gene (Fig,
22b1 The 24 Kb region between the EcoRI1 and central Bg/ll sites was sequenced
by the dideosy chain termination nethod (28) The sequencing strategy 1
tustrated n Fig 2 2d.

The 1PND gene spans 13 kb including two short introns of 104 and 391 bp
that are flanked by typical exon-intron junction sequences (Fig 23). The first
exun contams S-untranslated sequences and sequences coding fo1 the signal peptide
and the tust 16 ammo acids of the pro-hormone  The central exon contains
sequences for most of the pro-hormone including ANF  The third exon encodes the
last thiee anmino acids which are not important for biological activity (31) and the
-untranslated region  The site of transcription mitiation which was determined
earlier by primer-estension on rat (18) and human (32) PND mRNA lies 30 bp
downstream of a pertfect TATAAA sequence Two AATAAA sequences ale present
m the Y-untranslated region about 20 and 30 bp upstream of polyadenylation sites.
three different cloned ¢DNAs (19-23) provide evidence for heterogeneous
polvadenviation an the region Aiachered by anows m Fig 23 An alternating
purme-pyrimidine tract (GT)QGATG(GT):7 1s present 111 bp downstream of the
polvadenylation site  Another (GT)n tract is present 3' of this one in the 1 kb

A pul-EcoR1 fragment (Fib 2b) as revealed by hybridization with s\nthetic (GT)]:
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Figure 2.1 Analysis of pronatriodilatin sequences in rat genomic DNA. Spiuguc-
Dawley tat testes DNA  digested to completion wiath ndicated  restiiction
endonucleases was sepatated by electiophoresis on u 1" agatose gel PND
sequences were detected bv habridization with the nick-uanslated 1PND (DN A

DN A marhker sizes are shown on left
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Figure 2.2 Structure of the rat pronatriodilatin gene.  «w. Rat genomic DN A
restniction map deduced from restriction mapping by double digestion of thiee
recombinant A phages. AJ1-3 The following symbols are used for restriction
enzyme cleavage sites EcoR1 (. Hind ML (%), Apnl (2). and BamHlI ) A Detailed
map of 42 kb EcoRI restriction fragment containing PND exon sequences (bars)
These sequences were localized by hybridization with cDNA probes and by DN A
sequencing  Symbols used Pyl (@ and Be/ll @ (. Schematio dragram of rPND
MR\ A showing regions present in each of the three exons The translated portion
of the mRNA 15 shown ds an open Aoy which includes the signal peptide sequence
(S1Gand the ANF sequence  The ANF sequence s preceded by a Aivhen vertical
lire o andicate the putatine nature of this processing site (3-8 /. Suategy used
tor DN A sequence determinateon 4irons helow the diagram of the 42 kb EcnRI
Fragment (as m by andicate the length and direction of sequence determination.
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Figure 2.3 DNA sequence of the rat pronatriodilatin gene. [Ihe sequence wa-
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sequence 1s present 1n the mouse PND gene at an equivalent position (37), however.
hybiridization of our human PND genomic clone (32) with the (GT) ~ probe does
not suggest the presence of a similar GT tract in the human gene

Comparison of the rPND gene sequence with the human PND (32) sequence
reveals a higher homology in the 5-flanking region than in the introns. the 3'-
untranslated region. or even the signal peptide-coding region (Fig 24) This
sequence conservation nught reflect a selective pressure to maintain 1mportant
regulatory sequences  As it is thought that the only structural constraints on signal
peptide function are appropriate length and hydrophobicity  (38). 1t 15 not
surprising to tind that sequences encoding the PND signal peptides are not highl
conserved  Similarly. the high conservation of sequences encading the N-terminal
region of PND suggests that these sequences play an important role. 1t was
sugeested that a peptide containing these sequences. cardiodilatin. has onl
vasorelasant activity without the natriuretic and diuretic activ ities associated with
ANTD (39 The large mntion of the rP\D gene s shorter than 1ts human
counterpart by roughly the length of the two 300-bp Alu r1epeated seauenves found
m the larter. indicating that the insertion ot these sequences in the human gene s
dorelatively recent event  Fuirthermore. significant sequence conservation is only
found at the ends of this intion  No sequences homologous to BI sequences the rat

equinalent of Alu repeated sequences. are found in the large rPND intron
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Figure 2.4 Homology of rat and human (32) PND gene sequences. Percentage
homology was computed from alignment of the two sequences with an algorithm
maximizing homology with the introduction of a minimal number of gaps (counted
as a nusmatch) Using this algorithm. two unrelated mammalian gene sequences

have bachground homology of about 50% Percentage homology 15 plotted against
the length (in bp) of the rPND DN\A sequence (50-bp window) numbered from the
site of imtiation for transcription (+1) The rat PND gene s llustrated

schematically Aefow 1o show relations between homolugy and regions of the
sequences The human PND gene has a similar organization except for the
presence of two Alu repeated sequences in the large intron  Abbreviations are as
m Fig 22 5-and 3-UT are 3" and 3-untransiated mRN\ A sequences
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CHAPTER 3

THYROID HORMONE STIMULATES RAT
PRONATRIODILATIN mRNA LEVELS IN PRIMARY
CARDIOCYTE CULTURES
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SUMMARY

Pronatriodilatin (PND) is the precursor for atrial natriurectic factor (ANF),
a hormone which plays an important role in cardiovascular homeostasis. Since the
effects of thyroid hormone (T,) on the cardiovascular and renal systems appear to
mimic those elicited by ANF, we studied the effect of T, on PND gene expression
using rat neonatal cardiocytes in primary cultures. Treatment of cardiocytes for
48 h with T, (5 X 10" M) results in a maximal increase in PND mRNA levels, this
increase 1s 2-fold n atrial and 4-fold in ventricular cell cultures These results
tahen together with a previous report showing decreased plasma ANF n
hypothyroid and increased plasma ANF n hyperthyroid rats suggest that at least
some of the cardiovascular and renal effects of T, may be mediated by a T,

dependent incirease 1n PND gene expression.

INTRODUCTION

Atrial natriurectic factor (ANF) 1s a 28 amino acid peptide hormone deri ed
from a 126 amino acid precursor, pronatriodilatin (PND). which 1s synthesized and
secreted by cardiac tissues (1. 2).  The primary acuons of ANF include the
telaxation of peripheral vascular tone and the regulation of fluid and electrolyte
balance through its diuretic and natriuretic effects on the hidney (1) Thus ANF
appears to oe an impoirtant modulator of cardiovascular homeostas:s

In order to better understand the physiological role of ANF, we have been
studying the interaction of ANF with other regulators of the cardiovascular
system. particulaily thyroid hormone  The effects of thyroid hormone on the
cardiovascular and renal systems are well documented (3) For example.
hvperthyroid states are characterized by decreased peripheral vascular resistance

and increased renal blood flow (3) On the cther hand. hypothyroid states are
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associated with increased peripheral vascular resistance. decreased glomerulan
filtration rate and increased total body sodium (4)

Since the effects elicited by thyroid hormone on the cardiovascular and
renal systems seem to mumic those induced by ANF. we hypothesized that ANF
could mediate the action of thyroid hormone  This hypothesis 1s suppoited by
recent data showing that plasma ANF levels are elevated 1n hyperthyroid rats (3)
and decreased in both hypothyroid rats (5) and humans (6) We therefore tested
the direct effect of thyroid hormone on PND gene expression using primai)
cardiocyte cultures  In this report we show that thyroid hormone specitically

sumulates PND mRNA levels in atrial and ventricular cardioeyte cultures

MATERIALS AND METHODS

Primary Cultures. Primary cardiocyte cultures were prepated using four
dav old Sprague-Dawley rats (Charles River) The atria and lower half of the
ventricles were removed aseptically and placed separately in Joklhik's medtitwed
Eagle’s medium (Gibco) The ussues were then minced and subjected tu three
sequential digestions of 20. 15 and 10 nunutes each in 1" collagenase (Couper
Biomedical) Bovine fetal calf serum (28 3"u) was added and the cells were filiered
thiough a 100 pm nylon mesh  The filtrate was centrifuged (2 minutes). and the
resulting cell pellet was resuspended in Dulbecco’s moditied Eagle's medium
(DMEN) with 15Y% fetal calf serum (FCS. Gibco) Atwrial cells were plated at a
density of 08 - 10 N\ 10° celis 9.6 cm, well (Falcon) while ventricular ceils were
plated at a density of 25 - 30 N 10% 25 em? flash (Falcon) After 24-48 h the
time required for the cells to adhere. the medium was replaced by a serum free.

hormone supplemented svnthetic medium, as described by Mohamed et al (70 In

order 10 test the effect of thyroid hormone on PND synthesis. cells were kept in
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the synthetic medium without thyroxine (T4) Truodothyronine (Ts) at a
concentiation of 1077 M or 5 X 1079 was then added for the indicated time

Northern Blot Analysis At the end of the experiment. cytoplasmic RNA

Y%

was extracted from control and T, treated cells using isotonic buffer and |
Nonidet P-40 as previously described (8) Northern blots were performed in the
standaird manner (9) except that 02 uM Nytran membranes (Schleicher and Schuell)
were used The membranes were prehybridized and hybridized in an aqueous
sulution containing heparin (10). Hybridizations were carried out overnight at
65“C. at a probe concentration of about I N\ 10° cpm ml  The radioactive probes
used were prepared by random priming (11) and labelled to a specific activity of
about 05 \ 10" dmp ug DNA A 600 bp rat PND cDNA clone (12) was used to
detect PND mRNA and a rat brain f-actin ¢DNA piobe (13) was used as an
internal control - In order to quantitate PND mRNA evels. autoradiograms were

scanned with a densitometer (BioRad. model 620) coupled to an integrator (N arian

CDS 401

RESULTS

The effect of T3 on PND gene eapression was evaluated by measuring PND
MRNA Jevels using Northern blot hybridizatton to a 1at PND ¢cDNA clone (12)
Tieatment of neonatal cardiocytes with T, at 107 or 5 X 1079 M led to a maximal
2-fuld increase in PND mRNA levels in atrial and 4-fold increase in ‘entriculal
cells (Fig 31 and Table 31) A similar effect was also observed by treating the
cells with thyroaine (T4) at a concentration of 10°'M  The specificity of the T3
mediated increase in PND mRNA levels was assessed by hybridization of the same
blots to a rat B-acuin probe, no effect of T3 on cyvtoplasmic B 4-acun mRNA was

observed (Fig 31) The effect of T3 on PND mRNA level was apparent at 12 h




fearhest pomt examied) and maximal at 48 h (Table 3 1) n agreement with uthe:

reports on the time course of T3 action in cultured cells (14). The stimulatory
effect of T, was near maximal at a concentration of 3 107 M which correlates
very well with the affinity of Tz for its nuclear receptor (Kd of 03 nM. ret 14
This in turn suggests that the effect of T, on PND gene expression may be at the

nuclear or transcriptional level,

. SR

B/7- ACTIN — e e we

Figure 3.1. Northern blot showing the effect of T, on ventricular PND mRNA

levels (top panel) in primary cardiocyte cultures. HyDbr.dization to a B-actin probe

was used as an internal control and is shown in the lower panel Lane | contains 3

pg of total RNA from rat ventricles. Lanes 2-4 contain 6 pg of total RNA from

untreated control cells (lane 2) and from cells treated with 5 X 107Y M T3 for 24 h

(lane 3), and 48 h (lane 4). RNA from control and experimental samples was
& extracied at the same time.
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TABLE 31 EFFECT OF T, ON PND mRNA LEVELS

TIME PND ACTIN mRNA:
(h)
Control 0 1.00 + 0.3
T, 10°"™M 24 209+061 *
T, 107'M 48 251 £ 1,02
At T, 5x107°M 48 193 £061 "
T, 107°M 48 167 +015
Control 0 10002
T, 5%x107°M 24 290 (n=1)
Ventricles T3 5x107°M 48 402 £042 %
T, 1077M 12 172£04
T, 107M 24 159 %027
T, 107M 48 389 + (.78 *

()

* values represent the ratios of PND actin mRNA and are eapressed as means =
SEND of tour different determinations
*p <003
DISCUSSION

We have used rat neonatal primary cardiocyte cultures to study the
regulation of PND gene expression by thyroid hormone Because thyroid hormone
has numerous eftects on the cardiovascular and renal systems. direct effects of the
hormone on PND gene expression may be difficult to assess in the intact animal
The tm vino system offers the possibility to study the effect of various hormones on

PND synthesis at the heart level. this system has already been used to document

the effects of glucocorticoids on cardiac PND mRNA levels (15). Furthermore.




measurements of mRNA Jevels ate a Dbetter indication of ANF synthesis than
measurements of peptide tissue content. which reflect the difference between
synthesis and release

In this report. we show that thyroid hormone treatment of cultured
cardiocytes leads to 2- to 4-fold increase in PND mRNA fevels  This result, taken
together with the two reports showing increased plasma ANF levels n
hyperthyrowd rats (3) and decreased plasma ANF levels in hypothyroid rats (3) and
man (6) indicates that thyroid hormone directly affects cairdiac PND gene
expression 1n the rat and possibly n man Since thyruid hormune action s
believed tu be mediated by specitfic nuclear recepturs (141 whose structure has
recently been elucidated (16. 17) our results suggest that thyiowd hormone affects
PN\D gene expression at the transcriptional level

Althuugh thyiroid hormone treatment results 1n stimulation ot PND mRN A
fevels both in atrmal and sentricular cardiocytes, the magnitude of stimulation s
different for the two ussues A similar situation has been reported tur the
differenual effect of thyroid hormone on atiial and ventricular 1sumyosins in the
rat (18 Taken together. these results indicate that ventiicles are moure tesponeine
tu thyioid hormone than atria perhaps as a result of varving levels of thyiord
hotmone recepturs 1n the tmo tissues

In c¢onclusion. the data presented in this report ndicate that thyroid
hormone acts on the heart not only to modulate the compusition of myosin
isoenzymes (18, 19) but also to stimulate the synthesis of ANF. 1its major secretory
product The stimulation of ANF synthesis can explam at least some of the bnow

cardiovascular and renal effects of thyroid 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

While the heart appears to be a target for glucocorticoids. specific cardiac
genes which are glucocorticoid sensitive have not yet been extensively studied. In
this report. we show that transcription of the atrial natriuretic factor (ANF) gene.
which encodes the heart major secretory product, is induced by glucocorticoids in
rat primary cardiocyte cultures In both atrial and ventricular cells. ANF mRNA
levels are increased 2- to 4-fold in a time- and dose-dependent manner. This
response to glucocorticoids is completely abolished by the specific antagonist
RU486. DNA-mediated gene transfer studies indicate that glucocorticoids affect
ANF gene transcription via a glucocorticoid response element located (GRE) 1n the
distal 5™-flanking sequences of the rat ANF gene at -960 bp DNase | footprinting
expeniments revealed a binding site for purified glucocorticoid receptor within the
ANF GRE  Mobility shift assays and competition experiments showed that binding
of the glucocorticoid receptor to the ANF sequence results 1n a DNA-protemn
complex similar to that of the well studied mammary tumor yvirus (MTV) GRE.
The stimulation of ANF transcription by glucocorticoids could mediate some of the
effects of glucocorticoids on the cardiovascular system and identifies the first

cardiac gene which 1s under glucocorticoid control

INTRODUCTION
Scveral studies have suggested thot glucocorticoids., which affect the
cardiovascular system 1n several wayvs (1). may act directly on cardiac tissues and
alter the expression of cardiac genes. Indeed. glucocorticoids affect cardiac
contraculity (2. 3) and cardiac weight (4) In the heart. glucocorticoids have also

been shown to induce several cardiac proteins w hose identity is still unknown (3. 6.




7) Glucocorticoid effects are mediated by specific intraceliular receptors. and.
such high aftinity glucocorticoid binding sites have been documented in cardiac
tissues (8. 9) Thus. 1t appears that the heart is a target for glucocorticoid action
although lirtle is known about specific cardiac genes which are glucocorticond
sensitive,

We and others (9, 10. 11, 12) have reported that glucocorticord
administration to intact or adrenalectomized rats induces atiial and ventriculan
expression of atrial natriuretic tactor (ANF). the heart major secietory product
{13) Other studies have shown that glucocorticoids stimulate sectetion ot ANF
peptides 1n primary cardiocyte cultures (14 13), suggesting that the ANF gene
might be one of the glucocorticoid sensitive cardiac genes

Glucocorticoids can affect gene expression at svarious levels ancluding
transcriptional and post-transcriptional stages. Transcriptional stimulation by
glucocoruicords tnvolves binding of the glucocorticoid receptor to specitiv DNA
elements usually present in the upstream region of target genes (16) In the present
report. we examined the mechanmisms involved 1n glucocorticoid stimulation vt ANI
gene expressson  using DNA-medrated gene transfer mio primary cardioente
cultures and 1 vino binding of purified glucocorticord receptor 1o upstieam tegwns
of the rat ANF gene. Our results indicate that glucocorticoids stimulate cardiae-
specific trtanseription of the rat ANF gene via a distal promoter element which

contains a glucocorticoid receptor binding site

MATERIALS AND METHODS

Cell Cultures Primary cardiocyte cultures were prepared using neonatal

Sprague-Dawley rats (Charles River) as previously described (17) Atrial and




- 5 D)
ventricular cells were plated at a density of | x 10° cells ¢m* 1in DMEM and

1537 FCS. following a pre-plating step 1o reduvce fibroblast contamination  For pre-
plating. cells were incubated in culture dishes twice for 30 min and the unattached.
myocvte enriched supernatant was recuperated and plated in Primaria culture
dishes (Falcon)  Myoevte cultures were about 80" homogeneous as judged by
staming with an antuANF antibody (Peninsula Labs). Atfter 24 h, the tume required
tor the c¢ells to adhere. the medium was replaced by a serum free. hormone
supplemented synthetic medium. as previously described (17). In order to test the
eftfect of steroid hormones on ANF synthesis. cells were hept in the syntheuc
medium without thyrosine (T ) and hydrocortisone (HC) for 48 h  Dexamethasone
and RU486 at varying a concentrations were then added for the indicated times

At this ume point, both steroid tree and steroid sumulated cells displaved
spontaneous contractility and were arranged 1n clusters of Dbeating myocytes.
forming extensine networhks as expected for such cells.

RNA Extraction and Analysis Total RNA was extracted from cardiocyte
cultures using the Nonidet P-40 procedure as previously described (17). Northern
blots were pertformed as betfore (17) using 0.2 um Nytran membranes (Schlewcher
and Schuell). The membranes were prehybridized and hybridized tn an aqueous
solution containing heparin  Hybridizations were carried out overmight at 63°C, at
a probe concentration of about 1 x 108 cpm m!  The radiocactive probes used were
prepared by random priming (18) and labelled to a specific actuvity of about
35 x 10° dpm, ug DNA A 600 bp rat ANF ¢cDNA clone (19) was used to detect
ANF mRNA and a rat brain g-actin cDNA probe (20) was used as internal control.
In order to quantitate ANF mRNA levels, autoradiograms were scanned with a

densitometer (BioRad. model 620) coupled to an integrator (Varian CDS 401).



Immunocytochemistry. In order to assess the homogeneity of the myooyte

cultures. selected culture dishes were fixed in Bouin and stored with a polycional

antibody raised against rat ANF ¢ (Peninsuta Labs). or with normal rabbu

99-12
serum as previously described (21, 22
Plasmid Constructions. A previousty subcloned (23) 703 bp rat ANF

promoter fragment (EcoRI g, Vihol ) containing \Yhg polvlinkers was inserted

0 +40
mto the Yhagl site of the promoterless pOGH yvector (24) which contains sequences
encoding the human growth hormone (hGH) gene An EcoRl fragment containimg
sequences trom -3700 to -640 bp was excised from a 12 kb BumHl genomie
fragment (23) and inserted in the E(oRI1 site of the -\K\'F_MU-OH plasmud  The
resulting plasmud (ANF_3 7-GH). containing 3.7 kb of 5 upstream sequences. was
then digested by appropriate restriction enzymes to generate various 3 deletions

Transient Cell Transfection Assays. DNA was introduced mto the primaty
cardiocyte cultures and other cell lines using a modification of the calcium
phosphate precipitation technique (25) DNA concentrations in the lineay range of
transfection efficiency were chosen Two ug of DNA ml of medium was used tu
tianstect cells  The formation of a fine DNA Calcium phosphate precipitate was
allowed to form by incubating the cells overnight at 379C and 3" C(): The next
day. cells were fed with the appropriate medimim The cell media was collected J4§-
72 h after transfection for hGH assays In selected experiments. RS\ -luciteruse
was used as internal control and luciferase activity was assaved i cell extracts
using a LK B luminometer as previous!y deseribed (20)

hGH Immunoassays. The hGH secreted into the cell culture medium was
measuted directly Trom 100 ul aliquots of medium after spinning duwn any cellula

debiis hGH immunoassays were performed using the Allegro hGH kit (Joldon).



following manufacturers instructions.

Receptor Footprinting. A 332 bp Snabl-Hindlli fragment of the ANF
promoter. corresponding to sequences -1029 to -697 bp. was 3' end-labeled at the
Snahl site using [773%-PJATP and T, polynucleotide hinase Purified rat liver GR
was obtained as a previously described (27). The binding reaction. DNase digestion
and gel electrophoresis were performed essentially as described by LeFebre et al.
(28) except that binding reactions were carried out 1n  0.02% Triton. 0 16% BSA. 4
mM DTT. 50 mM NaCl. 20 M TrisHCI (pH 74). 1| mM EDTA and 12% ghcerol
Typically. binding reactions were carried out with 1 fmole of labeled DNA and
varving amounts of purified receptor  The amount of receptor was quantitated
using a recently developed radioymmunoassay (29),

Gel Retardation Assays. A 32 Dbp double strand oligonucleotide
corresponding  to 948 to -979 bp of the rat ANF promoter (3'-
AGACTGCCTGTTTGTGTTCTGAGGATGCCAGA-3") and a mouse mammat)
tumor virus (mMTN) GRE probe containing sequences -191 to -139 bp (5'-

GTTTATGGTTACAAACTGTTCTTAAAACAAGG-3') (30) were both 5 end-
labeled as described above Gel retardation assays with both ANF-GRE and
NINITV -GRE probes were performed according to the protocol of Erihsson and
Wriange (31)

Methylation Interference. Double-stranded oligonucleotides. 5' end-labeled
on one strand. were subjected to DMS treatment for 5 mun (32) Methyiated probes
were used for binding and gel retardation assays as described above. Protein-

bound and free DNA were excised from the gel, eluted and cleaved according to

standard protocols




RESULTS

Immunocytochemical Staining of Cardiocyte Cultures. In order to assess to
homogeneity of both atrial and ventricular cultures. staining with a specific ant
ANF anuibody was performed on cells growing in hormone supplemented medium
As can be seen in Fig 4.1, the vast majority of the cells in culture were arranged
in clusters, had a morphology typical of cardiac myocytes and stained positinely
for ANF  These cultures were previously shown to contain endogenous ANF
mRNA that can be modulated by thyroid hormone (17)

Glucocorticoid Regulation of ANF mRNA Levels in Cardiac Cells. We and
others (9-12) have shown that glucocorticoids increase the level of ANF mRNA in
atria and yentricles of intact or adrenalectomized rats In order to determine
whether the effects of glucocorticoids on cardiac ANF mRNA levels are due tu a
duect action on ANF-expressing cells. we tested the effect of various
glucocorticoids on atrial and ventricular neonate cardiocytes maintained in primaiy
culture.

Since tissue culture medium contains 14 uM hydrocortisone. we first assessed
the effect of removal of glucocorticoids from the medium on ANF mRNA levels,
As ilustrated in Fig. 4.2a foi1 ventricular cells. removal of steroiwds from the culture
media lead to a progressive decrease in ANF mRNA levels in both atrial and
ventricular cell cultures, this decrease was maximal after 48 h of cultute m
steroid-deprined medium when ANF mRNA Jevels were 4 times lower than in cells
cultured with steroid-supplemented medium  Glucocorticoid with frawal had no
visible effect on cardiocy te morphology. size or number and there was no effect on
the amount of total RNA extracted from dishes treated or not with hydrocortisune

Furthermore. the glucocorticoid sensitivity was specific to the ANF gene as there
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Figure 4.1, Immunocytochemical staining of ventricular (a) and atrial (c) cells
with an antiANF antibody Non-immune normal rabbit serum is used in
ventricular (b) and atrial (d) cells as a negative control.
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was no detectable effect on cytoplasmic B8/4-actin or on a-actin mRNA (Fig 4.4a),

Addition of 1077 M dexamethasone (DEX) or 10" M hydrocortisone for 24 h
to steroid deprived cultures reversed the effect of glucocorticord withdrawal and
produced a 3-fold increase in the steady state level of ANF mRNA When cells
were exposed to 1077 M dexamethasone for varying amounts of time (Fig 4.2b).
ANF mRNA levels were maximally induced after 6 hours of treatment (the earliest
time point examined) in ventricular cells (Fig. 42b) and after 12 h of treatment
(the earliest trme point examined) 1n atrial cells (data uot shown)

The dose dependence of ANF mRNA stimulation by DEX was determined
by incubation of cardiac myocyte primary cultures with increasing concentrations
of DEN\ for 48 h In ventricular cells. a 6 nM concentration of DEX was required
to produce a half-maximal stimulation of ANF mRNA levels (Fig. 4 3a). In atrial
cells. the apparent ED50 was higher at 15 nM (Fig 43b) This suggests that
ventricular cells are more sensitive to glucocorticoids than their atrial counterp-rt

Glucocorticoid Receptors and Dexamethasone Stimulation of ANF Gene
Expression To determine whether DEX stimulation of ANF gene expiession was
mediated by cardiac glucocorticord receptors. we used the glucocorticoid antagonist
RU486 which 1s known to compete glucocorticoid action at the receptor level (33)

Tieatment of cardiomyocyte cultures with RU486 alone for 24 h did not
modify ANF mRNA levels (Fig 4.4). On the other hand treatment of cells with
either DEXN or hydrocortisone resulted in a similar 3-fold increase in ANF mRNA
levels Simultaneous treatment with RU486 (10° M) and DEX (10°7 M) blocked the
DE\ mediated increase of ANF mRNA in both atrial and ventricular cells (Fig
4 4b). These data are consistent with a glucocorticoid receptor mediated effect

and. taken together with the obseryed rapid stimulation of mRNA levels. suggest a
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Figure 4.2. Effect of glucocorticoids on steady state ANF and B/v actin mRNA
levels were quantitated by densitometry following Northern blot hybridization a)
Effect of hydrocortisone removal from culture media. Steroid-supplemented
medium contained 5 ug/ml (14 ygM) hydrocortisone (17).
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Figure 4.2b) Effect of DEX on ANF mRNA levels. Followmg 48 h of deinduction,
cells were stimulated with 107 M DEx for various time periods.
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Figure 43. Dose-dependent induction of ANF mRNA levels in both atrial (a) and
ventricular (b) cells, Cells were stimulated with increasing concentrations of DEX
for 24 hours An ED50 of about 15 and 6 nM is seen in atrial (a) and ventricular

(b) cells. respectively,
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transcr:puonal regulaton of ANF gene expression by glucocorticoids.

Effect of Glucocorticoids on ANF Promoter Activity. In order to determine
whether glucocorticord mediated induction of ANF mRNA levels was due to
transcriptional activation of the ANF gene, we tested the effect of glucocorticoids
on rat ANF promoter tragments transtected in primary cardiocyvte cultures. The
activity of a 37 kb promoter tragment was induced 2-fold by a 24 h DEX
treatment of transiently transfected ventricular cultures (Table 1), The same
treatment produced no eftfect on the activity of viral promoters such as RSV
(Table 1) or TK (not shown) and there was no effect of DEX on the activity of the
promoterless pOGH plasmud (not shown). These results indicated that a least part
ot the glucocorticoid effect was at the transcriptional level.

We next mapped the cis-acting element required for glucocorucoid response
using a series of 5" promoter deletions The same stuumulatory etffect of DEX was
observed on promoter fragments containing at least 1 kb of upstream sequences;
however, a deletion at -700 bp completely abolished the DEX effect (Table 1).
These results suggested that the glucocorticoid response element (GRE) was located
between -700 at -1000 bp

Binding of Purified Glucocorticoid Receptor to the ANF GRE. Next, we
examined whether sequences between -700 and -1000 bp contained glucocorticoid
receptor binding (GRE) sites. In footprinting experiments, purified rat liver
glucocorticoid receptor (27) bound an element located between -952 and -976 bp
(Fig. 4.5). This element showed sequence homology with consensus GREs (34); in
particular, the TGTTCT hexamer motif which is invariably present in all GREs is

completely conserved in the ANF GRE. Binding ot the GR to the ANF element

was further investigated using mobility shif't assays. A 32 bp do.Dble stranded
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Figure 4.4 Effect of RU486 on DEX-mediated induction of ANF mRNA levels in
atrial cells. Following deinduction, cells were treated for 24 h with 1077 M DEN
o1 1075 NM RU486 or both 107° M RU486 alone has no effect on ANF mRNA but
completely abol'~hes the DEN-mediated induction a) Autoradiogram of a
Noirthein blot showing the hybridization 1 pg of toral atrial RNA to an ANF
¢D\A probe and subsequently to a 8§ yactin ¢cDNA as nternal control
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Figure 4.4b) Densitometric analysis of the autoradiogram. The data presented are
from one experiment that illustrates results obtaincd on at least three separate
occasions both 1n atrial and ventricular cells



TABLE 4.1 Glucocorticoid responsiveness of various 5’ deletion mutants of ANF promoter

- DEX + DEX +DEX/-DEX

| ; -w»@gmm_{“héﬂ 0.74 + 0.02|1.45 + 0.07 2.0
-3.7kb ! o
(g JQH_-J 123 * 023|198 * 0.12 1.7
-1.6kb {n=2) {n=3)
| RE————| hGH 0.91 * 0.06|163 % 0.14 1.8
-1.0kb (n-6) (n6)
B hGH 0.98 * 0.09|1.00* 0.13 1.0
-640bp {n=6) (n=6)
RSV [ hGH | ! 210 * 0.05[183 ¢ 0.02 1.1
{n=2) {n=2)

Secretion of hGH was taken as a measurement of tansfected gene activity Values are represented relative to -640ANF-GH
+ SE N of the number of indicated determinations
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obhgunucleonde contamning the GR footprint on the ANF promoter was used along
with an ohigonucleotide of similar length corresponding to the -191 to -159 bp GRE
of the mouse mammary tumor virus (MTV. ref. 30) Binding of GR to both
oligonucleotides (Fig. 406a) produced a DNA-protemn complex of similar mobility
which would correspond to binding of a GR dimer to the DNA (31) An
additional. lower migrating complex was observed with the ANF oligonucleotide:
this complex was seen in some experiments with the MTV GRE albeit to a much
iower extent (not shown). Addition of a polyclonal antibody specific to the rat GR
(35) to the binding reaction resulted n an upward shift of both bands (Fig 46b)
mdicating that both complexes contained GR Furthermore. both bands were
readily competed by a 3-fold molar excess of MTV GRE oligonucleotide (Fig 4 6d).

Finally. methylation interference studies showed that only methylation of
the two guanosine residues present within the hexame: interferes with binding of
GR to the ANF sequences. interestingly. both the upper (Bz’ and lower (Bl)
complexes showed an identical pattern of interference which was very similar to

that obtained with the MTV GRE (Fig 4.7). Together. all these data suggest that

GR binds to the ANF sequence in dimeric ‘Bz) and monomeric forms
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Figure 4.5 Polyacrylamide gel showing DNase I footprinting of purified GR on
the distal ANF promoter fragment The various lanes represent a G-ladder of free
DNA (G) and DNase 1 digestion of DNA bound by 0. 9 and 16 fmole of GR.
respectively  The ANF fragment was 5’ end labeled at the Snuhl site (-1029 bp)

The gel corresponds to the non-coding strand
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BNTV rANF

Probe + GR —, “N

Free Probe —, ..

Figure 4.6 Analysis of GR binding to the ANF GRE using gel shift assays a)
Comparison of GR complexes obtained with synthetic oligonucleotides
corresponding to the mMTV-GRE (-191 to -159 bp) and ANF-GRE (-948 to -979
bp)
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Figure 4.6b) Addition of anti-GR antibody to ANF-GRE'GR complexes cause an
upward mobility shift of the complexes. indicating the presence of GR molecules
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Competitor DNA ANF GRE MTV GRE
1
Fold excess : 0 3x 10x 30x . 0 3x 10x  30x

Figure 4.6c) Binding of GR to the ANF GRE is competed by the MTV-GRE.
Binding reactions were carried out using 5 fmole of iabelled ANF-GR in presence
of the indicated amount of competitor DNA. Both ANF and MTV GREs compete
equally well for GR binding
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residues interfering with GR binding are indicated by an arrowhead 1n the bottom
panel
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DISCUSSION

Atrial natriuretic factor (ANF), a recently identified cardiac hormone,
appears to play an important role in blood pressure regulation. ANF lowers blood
pressure by 1ts action on multiple target tissues including the adrenai gland where
ANF nhibits both mineralo- and glucocorticoid production (36). The data
presented n this paper indicate that glucocorticoids in turn directly alter ANF
gene expression and that at least part of this effect occurs at a transcriptional
level.

In order to study the direct effect of glucocorticoids on the ANF gene. we
used a primaiy cardiocyte culture system where ANF mRNA and peptides are
readily detected. Because of possible differences in the regulation of sentricular
versus atrial ANF gene expression, atrial and sentricular myocytes were cultured
sepatately. The quantitative difference observed between atrial and ‘entricular
ANF mRNA levels at the neonatal stage are maintained when these cells are
cultured Indeed. there is about a 5- to 8-fold difference 1n the amount of ANF
gene transcripts both in cultured cells and in age-matched neonatal rats (2 1o
(data not shown) Treatment of these cultures with DEX lead to a significant 3- to
4-tfold increase of ANF mRNA Jevels both in atrial and ventricular cells. The
effect of DE\ was both time and dose dependent and completely abolished by the
specific glucocortiocid antagonist RU486, Both DEX deinduction and induction
were 1apid a 75% drop in expression was achieved in less than 48 h. and a
subsequent maximal tnduction was observed after only 6-12 h of stimulation,

Although both atrial and ventricular cells responded to DEX stimulation.
ventricular cells displayed increased sensitivity to hormonal stimulation as revealed

by the difference in the observed ED.’s in the two tissues This differential




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 ventricles (11 and Nemer et al., i1n preparation). A similar
increased sensitivity to glucocorticoid induction of ANF release has been reported
by others in ventricular cell cultures (14). This difference is not due to changes in

glucocorticoid receptor levels or affinity in ventricular tissues as similar levels of

receptor protein with identical ligand affinity are present in atria or ventricles
(Nemer and Antakly, in preparation). A similar differential sensitivity to
glucocorticoids has been reported for the induction of the liver tyrosine amino
transferase (TAT) gene in two different hepatoma cell lines (37) that had similai
glucocorticoid receptor levels (38). Interestingly, regulation of the ANF gene in
atrial and ventricular cells displays differential sensitivity to other hormones like
thyroid hormone (17) suggesting the presence of a factor in ventricular cells which
is permissive for hormonal regulation of the ANF gene.

In order to test whether stimulation of ANF mRNA levels occurs at
a transcriptional level, we tested glucocorticoid responsiveness of various ANF
promoter fragments. Glucocorticoids increased by 2 fold the activity of several
ANF promoter fragments containing at least 1.0 kb of upstream sequences in
cardiac cells. suggesting that at least part of the glucocorticoid stimulation of ANF
gene expression is at the transcription level  This result is in agreement with an
independent study which also suggested a transcriptional effect of glucocorticoids
on the ANF gene based on i wnio transcription assays (39) and with preliminary
data suggesting that a 2.4 kb fragment of the rat ANF promoter 15 responsive 1o
glucocorticoids (40). The discrepancy between the 2 fold effect observed on ANF

promoter activity and the 3 fold stimulation of endogenous ANF mRNA levels,
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raises the possibility that glucocorticoid response eclements 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 this element contributes to regulation of the ANF
gene by glucocorticoids remains to be tested. Alternatively, glucocorticoids may
act at a transcriptional as well 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 1s worth mentioning that glucocorticoid stimulation of
ANF promoter activity is restricted to cardiac cells. Indeed, no effect of the
hormone could be detected on ANF promoter activity in several non cardiac cell
lines such as adrenal chromaffin cells (PC12), pituitary somatotrophs (GH3) and
fibroblasts (L). This suggests that glucocorticoid responsiveness of the ANF
promoter requires the presence of cardiac specific trans-acting factor(s). These
factors may be stimulated by the hormone or they may cooperatively interact with
the glucocorticoid receptor. Such tissue specific hormonal regulation has been
observed for some hepatic and pitutary genes like tyrosine aminc transferase (42)
and prolactin (43). In the case of prolactin, it was shown that the estrogen
receptor binds to a distal promoter element and interacts cooperatively with the
pituitary-specific transcription factor, Pit-1, to induce prolactin expression.
Whether the glucocorticoid receptor interacts with a putative cardiac-specific
factor that binds both the proximal and distal elements of the ANF promoter, (our
unpublished data) will be further investigated.

Finally, i wo, binding studies using purified rat liver glucocorticoid
receptor revealed high affinity binding of the receptor 10 an element within the

promoter region which 1s required for glucocorticoid stirmulation. Gel shift and




methylation assays confirmed the specificity of this binding Interestingly,

glucocorticeid receptors bind to the ANF sequence in both dimeric and monomeric
forms. Indeed, most of the weli studied GREs contain three base pairs, the
trinucleotide ACA, 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. It is interesting to note that, in
the ANF GRE, the ACA trinucleotide is present on the opposite DNA strand
relative to the TGTTCT hexamer This results 1n the presence within the GRE of

an inverted repeat instead of a dvad symmetry,

v
MMTV GRE GGTACAnnnTGTTCT
CAATGTnnnACAAGA
v v
v
ANF GRE GCCTGTnnnTGTTCT
CGGACANnnACAAGA
\v)

While there is no report on positive GREs with such a feature,
glucocorticoid receptor binding sites that considerably diverge from the consensus
GRE have been documented for negatively regulated genes (44, 45) Thus. GR 15
capable of binding to degenerate DNA consensus sequences. Whether the ANF-
GRE can mediate transcriptional actination by glucocorticoids 1s presently being
tested.

In conclusion. the present study provides evidence for transcriptional
regulation of the ANF gene by glucocorticoids via a distal promoter element which

contains a binding site for the glucocorticoid receptor  The molecular events

leading to the increased expression of the ANF gene in situations of hormonal
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. imbalance. such as in Cushing’s disease (46), may explain some of the poorly

understood effects of glucocorticoids on the cardiovascular system.
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CHAPTER 5

IDENTIFICATION OF CIS-ACTING ELEMENTS INVOLVED IN
CARDIAC-SPECIFIC AND DEVELOPMENTAL EXPRESSION OF
THE RAT ANF GENE



ABSTRACT

Expressivn of atrial natriuretic factor (ANF)., a 28 aa peptide hormone
synthesized predominantly in cardiac tissues, is under differential developmental
regulation 1n atria and ventricles. In order to study molecular mechanisms
involved in cardiac-specific and developmental expression of ANF. we hase
analyzed cis-acting elements of the rat ANF gene. Using transient transfections
into primary neonatal rat cardiocyte cultures and a fusion gene containing ANF 5°-
flanking sequences linked to the human growth hormone (hGH) gene as reporter.
we have established that cis-acting elements within the gene's 5°-flanking sequencss
conter cardiac-specific expression to the ANF gene Progressive 5' deletions
res ealed that 1.6 kb of upstream sequences were sufficient for maximal expression
in cardiac cells. Furthermore. two elements located between -1 6 and -1.0 kb (distal
element) and -640 and -136 bp (proximal element). were idenufied as being
necessary for full promoter activity in these cells The importance of PE was
contirmed by using an internal deletion mutant (deleted from -700 to -136 bp) All
the 3" deletion mutants of the ANF gene are nactive in non-cardiac cells with the
exception ot the shortest dzletion (to -136 bp) The promoter activity observed in
L cells with the internal deletion mutant (-700 and -136 bp) suggests the presence
of a 1epressor element upstream of -136 bp which would be actine solely in non-
cardiac cells. Both PE and DE increased the activity of the thymidine kinase (TK)
promoter 1n cardiac cells Thus, the cell-type and developmental control of ANF
gene expression appears to be mediated by a complex interaction of various 3'-

flanking elements,

INTRODUCTION

Eukaryotic gene expression is controlled by cis-acting DNA elements usuaily
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found within the 3'-flanking regions of a gene (Mamwatis et al. 1987, McKnight et
al.. 1982). Recent studies suggest that tissue-specific gene expression is determined
by an interaction of such cis-acting elements with specific trans-acting tactors (tfor
review see Mitchell and Tjian). Although the mechanisms governing the tissue
specific expression of several genes, such as growth hormone and immunoglobulin
genes (Castrillo et al, 1989; Scheidereit et al, 1987). are becoming clearer, the
events underlying the expression of cardiac muscle-specitic genes 1s not well
understood and 1s currently under intensive investigation. Of particular interest
are the cardiac actin. troponin and muscie creatine kinase genes (Miwa et al., 1987;
Muscat et al.. 1988 Mar et al., 1988). Although certain cis-acting sequences have
been attributed to the cardiac specific expression of the latter two (Johnson et al.
1989: Mar et al.. 1988a), cardiac-specific trans-acting factors have vet to Dbe
identitied.

The atrial natriuretic tactor gene (ANF) encodes a fpotent endogenous
diuretic. natriuretic and vasodilating peptide that is secreted from the heart in
response to various physiological simulr (for review see Baxter and Gardner, 1988).
In the adult heart, ANF is predominantly synthesized and stored in secretory
granules of the atria although it is also present at much lower levels in the
ventricles, where peptide storage is not very prominent. Indeed, Notthern blot
analvsis has revealed that ANF mRNA is present at levels about 100-fold lower 1n
the ventricles than in the atria of adult rats (Nemer et al, 1986). In the newborn
rat, however, atrial and ventricular ANF mRNA levels are almost equivalent
(Bloch et al.. 1986).

We have isolated and sequenced both the rat and human ANF genes and
have shown that a high degree of homology exists between the two species in ther

proximal 5-flanking sequences. suggesting the presence ot putative well conserved
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regulatory elements within this region (Argentin et al,, 1985). In order to address
the questions of tissue specificity and developmental control of ANF expression,
we undertooh an analysis of the rat ANF gene promoter. Using 5 and internal
deletron mutants as well as chimeric constructs containing certain regions of the
rat ANF gene linked to a heterologous promoter, we were able to idenufy two
elements that are responsible for promoter activity in cardiac cells, whereas they
appear to be mnactine in other cells. Thus. we have defined two cardiac-specific

regulatory domains within the ANF gene

MATERIALS AND METHODS

Cell Culture. Atrial and ventricular cardiocyte cultures were prepared from
I day old and 4 day old Sprague Dawley rats (Charles River). Atrial and
ventricular tissues were aseptically removed and washed with Joklik's modified
Eagle's medium (Gibco) The tissues were then minced and subjected to three
sequential digestions of 30. 20 and 10 min. each in 0.1% collagenase (Cooper
Biomedicals) To stop the enzymatic digestion. cold fetal calf serum was added to
a tinal concentration of 28.5%. Undigested tissue remnants were removed Dby
filtertng thiough a 100 gM nylon mesh The cell-containing filtrate was then
centrituged and the resulting cell pellet was resuspended in Dulbeco’'s modified
Eagle’'s medium (DMEM) supplemented with 15% fetal calf serum To eliminate
fibtoblasts. the cells were pre-plated for 2-30 minute periods. whereby the
unattached cardiocvie-enriched cells were collected The cardiac cells were plated
in Primairia (Falcon) plates at a density of | x 109 ceHS/cm:. To maimntain cardiac-
enriched differentiated cell cultures, the serum supplemented medium was replaced

16 h later by a serum-free hormonally-defined medium (Mohamed et al. 1983)
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Figure 5.1 Postnatal pattern of ANF gene expression in ventricular tissue ANF
mRNA levels. corrected for total mRNA using an oligo dT probe, are plotted on
the y-axis as a function of age. Each value represents the average of at least 4
separate determinations.
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Figure 5.2 Immunocytochemical staining of atrial and ventricular celis with an
anti-ANF antibody. A 1:1000 dilution was used for atrial cells (a) and 1300
dilution was used for ventricular cells (b). Non-immune serum served as a negative
control in a plate containing ventricular cells (c). Positne immunostaining is
appatent in both atrial and ventricular cells.




Non-myocyte enriched cell cultures were obtained by maintaming the cells in a

mitogen-rich medium containing 15% FCS, (Kohtz et al., 1989).

Cells were transfected about 24 h after the initial plating L and PCI1Z cells
were plated at a density of about 02 x 105 c:ells,cm2 and maintained in DMEM
medium supplemented with 10% FCS or DME supplemented with 3% FCS and
Ser\-tend (Hana). Fresh medium was added to the cells 4-3 h prior to transtection
Plasmid Constructions. A previously subcloned 703 bp ANF promoter fragment
from position -640 to +30. containing Xbal polslinkers. was inserted into the Nbal
site of the promoterless pOGH \ector. containing sequences encoding the human
gtow th hormone (hGH) gene (Selden et al. 1986). This plasmid (-0 64ANF-GH) was
tested and found to have significant. but low promotes activity. thus. further 5
sequences were obtained and subcloned as follows. An EcoRI fragment contamming
sequences between -3700 and -640 bp was excised fiom a 12 kb BaumHI genomig
fragment (Argenun et al. 1985). purified on agarose gel and inserted into the
EcoR] site of -064ANF-GH. The resulting plasmid (-3.7ANF-GH). containing 37
kb of 3' upstream sequences was then digested by various restriction enzymes 10
obtain the 5" deletion and internal deletion mutants (Fig 34) Foi heteiologous
promoter constructs. two different fragments of the ANF promoter were subcloned
into the polvlinker site of two plasmds containing short Herpes simplex ‘virus
thymidine hinase gene (TK) promoters (-81 and -109 bp) fused to the luciferase
cDNA (De Wer et al.. 1987) Briefly, -24ANF-GH was digested with Amdll and
Snubl (posttions -1600 to -1000). The blunt ended Hwidll-Snubl fragment was then
inserted and ligated to the Smal site of pTK8&I-luc and pTK109-luc  Similarly.
Hind111 digested -2 4ANF-GH was used to produce a fragment with positions -700

to -136. This element was inserted into the Hendlll sites of pTK8I-luc and
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pTK 109-luc. Standard procedures were used to identify recombinants containing
both orientations of inserted ANF fragments (Maniatis et al., 1982)

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 linear range of transfection efficiency
were chosen  2-4 ug of DNA/m] of medium were used to transfect cardiac cells.
The formation of a fine DNA-calcium phosphate precipitate was allowed to form
by incubating the cells overnight at 37 °C and 3% COz. The next day. cells were
fed with the appropriate medium Cell media and cell extracts were collected 48-
72 h after tansfection for hGH assays and luciferase assays. respectively.

hGH Immunoassays. The hGH secreted into the cell culture medium was
measured directly from 100 pl aliquots of medium after spinning down any cellular
debris hGH immmunoassays were performed by the Allegro hGH kit (Joldon).
following the manufacturers intructions.

Luciferase  Cell extracts were obtained by scraping cells in a luciferase
Ivsis butfer (01 M KPO4 (pH7.8) and | mM DTT), spinning down the cell pellet
and then lysing cells in the same buffer containing 0.5% NPJ40. Cells were
resuspended and left on ice 5 minutes; cellular debris were spun down at 14k foi
15 min at 4 °C. The resulting supernatant was stored at -20°C until luciferase
assay.

Luciferase activity was deteimined as follows in cell extracts . A 30 ul
reaction containing 0.1 M KPO4 (pH 7.8), 0.005M ATP, 0.01M MgCl2 and the cell
extract was added to a luminometer cuvette To this, 100 ul of 0.001M luciferin
was injected. and hight emission was automatically recorded. Total protein in the

extracts was determined by the method of Bradford (1976)
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RNA Analysis. RNA was prepared by the guamdium thiocyanate phenul
extraction method described by Chomczynisht et al. 1987 Total mRNA wgs
quantitated by hybridization with [32P] labelled oligodT |~ ;g (Suggs et al., 1981)
Northern blots were performed as previously described (Nemer et al. 1986) and
autoradiographs were quantitated by densitometric scanning

Immunocytochemistry. Atrial and sventricular cells were fixed with 4% p-
formaldehyde. After dehydration in graded alcohols, the cells were preincubated
for 10 min at 37 °C in 10% normal goat serum. A policlonal rabbit anttANF-AD
was then applied overnmight at 4 °C at 1,500 and ] 1000 dilutions 1 ventriculatr and
atrial cells. respectively. Non-immune serum at the appropriate dilution was used
as 4 negatine conuiol. The Vectastain ABC kit (Vector Lab.. Burhingame. CA) was
used to reveal antiANF staining as follows The cells were treated with
biotinylated goat anti rabbit 1gG at a 1.100 didurtion for 30 min at room
temperature followed Dby the Vectastain A and B reagents (Avidin DH and
Biotinslated Hoseradish Peroxidase H. respectively) each at a 1.100 dilution. also
for 30 min. at room temperature Finally the peroxidase substrate
diaminobenzidine tetrahydrochloride (DAB) was added (013%) along with 003"
hydiogen peroxide. and cells were incubated in the daik at room temperature fur

6-8 min.

RESULTS
Developmental Expression of the Rat ANF Gene. In oirder to establish the
pattern of atrial and ventricular ANF gene expression during cardiac derelopment
we analyzed ANF mRNA levels as a function of age in rats. On the day of birth,

ANF mRNA levels are about 5 to 8 times higher in atria compared to ventricles
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Thereatter. ventriculat ANF mRNA levels drop rapidly within the first week
while atrial ANF mRNA levels rise, resulting in the 100-fold difference in ANF
MRNA levels in these two tissues in the adult rat (Nemer et al.. 1986: Fig. 5.1); at
day 4. ventricular ANF mRNA levels resemble adult levels. In atrial cells. ANF
mRNA levels appear to rise about 2-fold overall throughout the course of
development (data not shown). In keeping with the m riro pattern of ANF
expression, in cell culture. there 1s about a 4- to 5-fold difference in the level of
ANF mRNA between atrial and ventricular cells of 1 d old rats. this value rises to
about 8-fold in 4 day old rats (data not shown). Since the  wiro mode! of
cardiocytes 1n primary cell culture closely resembles the tissue 1n 1ivo, we used the
system of cardiocytes from | and 4 day old rats to study the ANF promoter in the
developmental expression of ANF

In order to assess the homogeneity of primary cardiocyte cultures. cells were
stained with an anti-ANF antibody Immunocytochemical analysis of the cell
cultures showed that a positive immunoreaction is produced 1n aimost all cells
(about 70-80%) in both the atrial (Fig 5.2a) and ventricular (Fig. 52b) cultures. In
control wells, treatment of cells with non-immune serum showed no staining (Fig.
3.2¢)  As expected. ventricular cells which secrete ANF constitutively (Bloch et al..
1986). gave a weaker immunocytochemical staining than atrial cells. In addition,
the general apperance of the cell cultures confirms the finding that cardiocytes
mahe up a large fraction of the plated cells since about 80% of the cells display
spontaneous contractility and the typical network formation of beating cell
clusters

Cardiac-Specific Expression of the ANF Gene is Determined by 5’-Flanking

Sequences. Transient transfection assays were used to localize rat ANF promoter
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sequences nyvolved in the tissue-specific expression of the gene A plasmud
containing 3.7 kb of 3' upstream sequences linked to the human giowth hormone
(hGH) reporter gene was tested along with a positive control plasmid. contaiming
the viral Herpes simplex virus thimidine khinase (TK) promoter (Fig 53 and 5 4)

These plasmids were introduced mto various cellss atrial and ventriculal
primary cell cultures of neonatal rats. non-myocyte enriched primary cell cultutes
(mostly fibroblasts). fibroblast L cells. and adrenal meduliary pheochromocytoma
PCI12 cells The results from these assays indicate that the plasmid containing 3.7
Kb of 3 upstream sequences (-3 TANF-GH) contains sequences requued for cardiac-
specific expression of the ANF gene (Fig. 33) As eapected. the promoter is about
5-fold less active in yventricular versus atrial cells On the other hand. this
promoter was almost inactine 1n the non-ANF expiessing cells

Localization of Cis-Acting Elements Governing Tissue-Restricted and
Developmental Expression of ANF. In order to localize the DNA elements
responsible for cardrac-specitic expression of ANF. we constructed a series of 3
deletion mutants of the ANF promoter (Fig. 54) These plasmids were mntioduced
along with pRSV-Luc. as an internal conuol. into eight cell types  Atrial and
ventricular cardiocytes. from both 1 and 4 day old neonatal rats. were tested to
determmme whether cis-acting DNA sequences were responsible for  the
developmental expression of ANF. In addition, cardiac non-myocytes. L cells and
PC12 were tested to assess the tissue specificity of the ANF promoter

The 3% deletion mutants appear to be inactive or exhibit very low
transcriptional activity in the non-ANF expressing cells. such as cardiac non-

myocytes. L an PCI2 cells (Fig. 3.5) The -1.6ANF-GH plasmid 15 at least 735 times
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Figure 5.3 Cardiac-specific activity of the ANF promoter. The histogram
represents actinity of the full ANF promoter (-3.7ANF-GH) relative to \iral
promoter activity (pTK-GH) which 1s taken as 100% Each point represents the
mean = SEM of several determinations: 1 day old atrial myocytes (AM) n = 5. 1d
old ventricuiar myocytes (VM) n = 6, cardiac non-myocytes (NM) n = 4, fibroblast
L cells (L) n = 3, adrenal medullary cells (PC12) n = 10.

more actine in the ventricular myocytes than in the non-cardiac cells. This
difference rises to at least 16-fold when non-cardiac cells are compared to atrial
myocytes (data not shown). The smallest deletion mutant, however, -0.14ANF-GH.
exhibits higher promoter activity in the L cells and in the fibroblast enriched

cardiac cells (Fig 5.5). This activity may suggest the presence of a repressor




element upstream of -136 Dbp. active in certain non-expressing cells o1 to the

presence of sequences that contribute 1o the maintenance of cardiac-restricted
expression since acuvity in cardiac cells 15 also reduced with this deletion mutant
Indeed. this rise in transcriptional activity with the -136 bp deletion mutant can be
used as an indication of fibroblast or non-myocyte proliferation 1n cardiocyte
cultures.In answering the question of promoter-dependent developmental regulation
of ANF. our data clearly shows a greater overall distal promoter activity in the 1. d
old rats versus the 4 d old rats in ventricular cells (Fig 35.6a and b) A significant
difference of about 3-fold (p < 0.001) in promotes activity was obseived for most 3
deletion mutants between the 1 and 4 day old ventricular cells Nu such
sigmificant difference 1in ANF promoter activity was observed in the 1 and 4 da)
old atrial cells. This 15 consistent with the developmentai pattern of expressiun
observed in the endogenous ANF mRNA levels (Fig 51)

In the cardiac cells. the same general expression curve 1s obtained tor both atual
and sentricular cells and shows that -1.6 kb of upstream sequences produce
ma»imal transcriptional activity in both cell types (Fig. 3.5) As 1s best exemphitied
by the ventricular cells and confumed in the atrial cells. promoter activity drops 2-
to 3-fold (p < 0.001) when sequences up to -1.0 kb are deleted 1n both 1 and 4 d old
rats. A second 2- to 3-fold drop in actinvity (p < 0.0G1) 1s observed when sequences
between -700 bp and -136 bp are deleted at both ages Similar results are observed
in the atrial cells. Thus, two regions, a distal one between -16 and -10 kb (DL)
and a proximal one between -700 and -136 bp (PE) contribute 1o promoter acti ity
in cardiac cells. Furthermore, a slight but consistent and significant (p < 000}

repiession appears to be contributed by the sequences between -2.5 and -1.6 kD
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Figure 5.4 5' deletion fragments of the rat ANF promoter. Various restriction
enzymes were used to generate a series of sequential 5° deletion mutants of the rat
ANF promoter. These constructs, directing human growth hormone (hGH) reporter
gene expession, were tested in various cell types.



To confirm the importance of the proximal promoter element n cardiac

expression. an internal deletion was obtained between -700 and -130 bp fiom a
plasmid containing 2.4 kb of § upstream sequences (-2 4ANF-GH) (Table 3.1}  As
can be seen from Table 3.1 this deletion resulted in a 4- to 5-fold drop in ANF
promoter activity in cardiac ceils. indicating the presence of an important positive
regulatory element within this DNA fragment. In L cells. this same deletion led to
an increase of about 2-fold in promoter activity, supporting the hypothesis that a
negatine regulatory element upstream of -136 bp is active in certain non-cardiac
cells

Heterologous Promoter Coanstructs. In order to determine whether the
proximal and distal promoter elements can confer cardiac-specitic expression DNA
fragments corresponding to PE and DE were inserted upstream of two different
TK-luciferase 1eporter genes which contained either 81 or 109 bp Tk 3-flanking
sequences. Simular results were obtammed with both 1eporters, data for pTh8I1-luc
are presented in Table 3.2 These constructs were tested by transfection in both
cardiac and L cells. Luciferase activity was corrected for protein content and
uanstfection efficiency was assessed with an internal control plasmid pRSV-GH
Only the proximal ANF gene fragment (-700 to -134 bp) increased signmificantly the
activity of the reporter (Table 3.2) This increase was only observed in cardiac
cells and in only one orientation of the ANF fragment In addition. both fragment
produced a slight increase in cardiac and L cells. in one or both orientations
These results indicate that at least the proximal and possibly the distal element (PL
and DE) can mediate a tissue-specific activating function upon a heterologus

promoter.
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Figure 5.6 Transcriptional activities of ANF 5’ deletion mutants in 1 and 4 d old
atrial and ventricular cells. A series of 5 deletion mutants were tested in | day
old and 4 day old ventricular (a) and atrial (b) cells. Transcriptional activity,
represented on the y-axis. is given relative to the TK promoter. Each point
represents the mean + SEM of n = 3 to 6 values tor ventricular cells, and n = 4 to
14 values for atrial 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
| |—GH -2.4ANF-GH
-2.4kb -690 -140 —
L rGH -2.4 ANF -GH
| \/ del
Plasmid hGH activity'(ng/ml)
cardiac |Fibroblasts
cells L cells
-2.4ANF-GH 1.97 0.90
-2.4AN§”-GH 0.42 2.73

Table 5.1 The deletion of nucleotides from -640 to -140 bp results in the removal
of the proximal element. The activity of this deletion mutant in ventricular
cardiocytes and fibroblast L cells is given as ng‘ml of hGH. The values represent
an average of at least 4 separate determinations.




Table 5.2 Activity of heterologous promoter constructs in
cardiac cells and fibroblasts.

Plasmids Cardiac celis Fibroblasts
-81
['“?k“ ] - » LUC 1.0 s 0.23 1.0 + 0.30
-81
ANF 3
___ﬂ,*ﬂ‘ } -» LUC 3.01 s 0.28 289 0.89
-700 -136
ane 8
44— 7] s Luc 13.85 s 1.76 3.34 s 0.71
-136 -700;;
ANF B
TR 1 . Luc 2.30 s 0.21 1.90 . 0.92
-1.6 10
ANF f—‘w—- 0.93 . 0.36 1.87 . 0.54
4——{ TK j-—-_. LuUC : : : : : .
-1.0 16

Table 5.2 Heterologous promoter constructs were tested in both | and 4 day old ventricular cells and fibroblast L
cells. Values shown Tor cardiac cells represent results obtamed 1 day old ventiscular cells.  V alues represent the mean #
SIM of n = 3 to 4 determuinations for cardiac cells and n = 3 10 6 Ffor L cells from at least two separate cxperiments.




DISCUSSION

Using DNA-mediated gene transfer studies, we have shown that activity of
the ANF gene promoter is restricted to cells of cardiac origin, specifically to the
atrial and ventricular myocytes of the heart (Fig. 5.3). Expression in non-myocytes
such as L. PC12 and non-myocyte enriched (mostly fibroblasts) primary cardiac cell
cultures is significantly lower than in cardiac cells Only 1.6 kb of ANF 5'-
upstream sequences are sufficient for promoter activity in cardiac cells, and
successine deletions downstream of -16 kb result in further reductions of ANF
promoter activity (Fig 356).

Since primary cell cultures contain a heterogeneous cell population, several
precautions were takhen in order to maintain a high proportion of cardiocytes in
these cultures. Reduction of non-myocyte cell proliferation was achiexed through
a combination of techniques including differential plating. the use a a serum-free
hormonally defined medium and high plating density (Blondel et al. 1976:
Claycomb. 1980; Mohamed et al. 1983; Libby. 1984; Millart et al. 1986: Speicher et
al. 19681) In our cultures, both atrial and ventricular myocyvtes displayed
spontaneous contiactile activity and were arranged in the typical cluster-like
fashion expected of such cells in culture. The estimate by simple observation that
70-80" of the cells were myocytes was confirmed by immunocy tochemical staining
of these cells for ANF (Fig 52). In contrast, cells maintained in a mitogen-rich
medium containmg 135% fetal calf serum were morphogically very different and
exhibited significant prolhiferation of non-myocyte cells In these cells. ANF
promoter activity was undetectable (Fig. 5.3 and 5.5). but like in fibroblast cells.
expression of the shortest deletion mutant was significant (Fig. 5.5). With respect

to this observation. a recent report (Seidman et al 1988) suggested that ANF




promoter activity is non-existent in neonatal ventricular cells while 640 bp of 3

sequences result in virtually background chloramphenicol acetyv! transferase (CAT)
reporter gene expression in atrial cells. The use of mitogen-rich culture conditions
favoring the proliferation of non-mvocytes could explain both the absence of ANF
promoter activity in neonatal ventricles, that are hnown to express ANF, and the
very low level of CAT activity in atrial cells Furthermore. the use of the CAT
reporter gene assay. which is about 10-fold less sensitive than the hGH reporter
gene assay (Selden et al. 1986), could also have contributed to the very low
promoter activities obtained in the cardiac cells. A report by Wu et al (1989).
where the human ANF gene promoter (hRANF) was tested in a similar way. also
described undetectable CAT activity n ventricular cells However. these
investigators also made use of culture conditions that favor fibroblast o1 non-
myocyte proliferation

The ANF gene follows a developmental pattern of expiession as we and
others (Wu et al. 1998; We: et al.. 1987; Bloch et al 1986) have shown. and it 1s
clear that in the neonatal state. both atrial and ventiicular cells express the gene at
similar levels In hight of this, the absence of ANF promoter actinvity in ventricular
cells. as described by Seidman et al and Wu et al. 1s uneapected We have tested
both | and 4 day old atrial as well as ventricular cell cultures. and variations 1n
the levels of promoter dependence were observed in agreement with ANF'
tempoial pattein of expression. Indeed, the region between -2.5 and -1.6 kb seems
to be implicated 1n the developmental regulation of the gene by mediating a
certain degree of repressor funciion In 4 d old rats, these sequences seem to
contribute to a pronounced suppression of distal ANF promoter activity As

expected from i vivo observations. in atrial cells. similar Jevels of promoter




actinity were observed in the | and 4 d old cells

Our data also show that 1.6 kb 5’-flanking sequences are required for
expression in cardiac cells. Two elements appear to contribute significantly to this
activity, each producing a 2- to 3-fold enhancement, these are situated between -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-specific positive regulatory
element, located within the first 400 bp of 5’ upstream sequences (Wu et al., 1989;
Field et al.. 1988), our work suggests that the rat gene requires additional 5'-
flanking sequences. In agreement with our results. a previous study concluded that
sequences between -24 and -064 kb contain important regulatory sequences. but
the low CAT activities measured in  those experiments prevented further
conclusions to be made regarding the role of the proximal regions of the promote:
(Serdman et al. 1988)

The two positive regulatory regions that we have 1dentified were compared
to1 sequence similarity to the human ANF gene. and we have observed that the
single positinve proximal element (hPE) identified 1n the human gene (Lapointe et
al. 1988) has a high degree of homology with short sequence elements found
within both PE and DE. It can be noted that a relatively well conserved

ovctanucleotide sequence 1s present in both the PE and DE of the rat gene.

-364

PE TGGGTGTGG
137 X Kk ok k k % %
DE TGGGTATGG

Extensive sequence analvses have also revealed the presence of other
sequences having significant similarity with some of the muscle-specific promoter

motifs that have been characterized. A perfect CArg box. CCAAATAAGG. is




located on the non-coding strand at about -410 bp and a second less well conserved
element. CCAAAGAAGA, 15 located at -1.6 kb (Miwa et al.. 1987). These cotncide
with the PE and DE. respectively. Two scquences resembling the cardiac troponin
T heptamer, CATTCCT, were found at -2757 and -3058 bp (Mar et al, 1988).
W hether these elements contribute to the cardiac-specific expression of ANF will
be determined by more direct mutational analyses.

The differential activity observed for the PE fragment in cardiac cells and
in non-myocyte cultures and L cells was intriguing The consistent and significant
increase in activity observed in the latter two cell types atf'ter deletion of PE led us
to propose the presence of a repressor just upstream of -136 bp This hypothesns
was further supported by the internal deletion mutant of PE (Table 31) On the
other hand. in both atrial and sventricular cells. this same PE fragment confered
positine regulatory actinity  The presence of a negative regulatory sequence active
only n certain non-ANF expressing cells 1s interesting. however. a similal
phenomenon was found to exist 1n the embryonic sheletal myosin heavy-chain gene
promoter (Bouvagnet et al., 1987) and in the rat growth hormone (rGH) gene
(Laisen et al.. 1986). This mechanism may be immplicated in the extincuon of ANF
gene expiression in non-eapressing cells as has been suggested 1n the case of rGlH
(Tripputi et al. 1988) It 1s tempting to speculate that such a repressor might be
active exclusinely in cells of mesodermal origin such as fibroblasts  The notion
that such cells have the potential of conversion to cells of myogenic lineage by the
introduction of the sheletal muscle specific MyoD protein (Tapscott et al 1988,
allows one to suppose that the repressor might be involied in the maintenance of
these cells’ phenotype

[n an attempt to better assess the functional role of the PE and DL

-
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heterologous promoter constructs containing the PE and DE in both orientations in
front of pTK8! and pTK109 minimal promoters were prepared The PE was found
to confer a positive regulatory effect on both minimal TK promoters, when tested
tn cardiac cells. The greater magnitude of enhancement observed with this element
i the 3" to 5 orientation might be a consequence of favorable positional
interactions between the ANF and TK promoter elements. The low but significant
activation of transcription obtained 1n cardiac cells with DE is consistent with an
enhancer-lihe acuvity residing within this domain as well However. the similar
activity detected 1n L cells suggested that this acti ity might not be cell-specific.
It 15 possible to envisage a cooperatine interaction between the DE and PE
elements. Indeed. the requirement for cooperative interactions has already Dbeen
demonstrated in the case of OTF-2. where both octamer and heptamer elements of
the immunoglobulin promoters are required for efficient binding (Poellinger et al.
1989). In hindsight. it might not have been iery surprising to tind a modest
enhancer-lihe activity i L cells since the PE fragment contains the ubiquitous
enhancer octamer motif that can activate tianscription via the binding of the OTF-
b transcriptional factor (Fletcher et al. 1987) We have evidence. by gel
tetardation studies, that the octa-motif is protected in both cardiac and non-cardiac
cells. but the protein-DNA complexes observed with different tissue extracts are
different (A. Ardati. unpublished observations). No iranscriptional activation upon
the heterologous promoter was observed with the DE in L cells Thus. these
observations are consistent with a cardiac-specific transcriptional activator binding
to the PE and possibly DE elements

In conclusion. we have found that the rat ANF gene is transcriptionally

regulated by 3' cis-acung elements. The temporal pattern of ANF gene expression




seems to be under the control of upstream distal 3'-flanking sequences whiie two

distinct elements. a proximal and distal one, appear to be necessaiy fo1 cardiac-
restricted and high level expression of the gene in both atrial and ventricular cells
These two elements probabiy function in a co-operative manner to elicit full

transcriptional activity from the ANF promoter in the proper celi type,
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CHAPTER 6

DISCUSSION




6.1 GENERAL DISCUSSION AND CONCLUSION

The present work describes the structure and transcriptional regulation of
the rat atrial natriuretic factor gene. The results obtamned in this study provide a
deeper insight into the mulufactorial modes of ANF gene expression. We have
observed at least three disunct levels of ANF gene regulations hormonal,
developmental anud tissue-restricted. The complex nature of ANrF gene control and
1ts interesting pattern of developmental regulation in cardiac tissue provide an

excellent model for the study of cardiac muscle-specific gene expression.

6.1.1 The ANF Gene

We have shown that the rat ANF gene consists of three exons separated by
two short introns {(Chapter 2). Most ot the well conserved sequence elements
generally tound 1n eukarvotic genes are present in the ANF gene. Typical exon-
mtron junction sequences are found as well as a perfect TATAAA Dbox at -30 bp.
although a consensus CCAAT box eclement 1s absent The presence of several
alternating purme-pyrimidine tracts both in 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
contiguration, remains unclear at this time although a possible involvement in
recombinatorial or deletion events has been postulated (Nordheim an Rich, 1983,
Wells et al. 1982, Freund et al,, 1989). It is interesting to note that an alternating
purine-pyrimidine tract has also been observed within an intron of the brain
natriuretic peptide (BNP) (our unpublished resuits). This cardiac and brain peptide
1S a new member of the family of natriuretic peptides. The presence of such
sequence similarities suggest it is a member of the natriuresic hormone family,

Indeed. the presence of an alternating purine-pyrimidine tract has also been




reported tn the mouse gene (Serdman et al. 19841 although none seems o be

present 1in the human gene (Argenun et al., 1985). Since flankig 5" o1 3" bovine
ANF gene sequences are not avatlable. 1t s difficult to assess the presence of
purine-pvrimidine tracts in this species; although the presence of such sequences
cannot be ruled out (Vlasuk et al.. 1986; Seidman et al. 1984, Nemer et al. [984).
The maintenance of high sequence homology Dbetween similar genes in
different mammalian species 1s not surprising. Protein-coding. but not mntion o1 3
untranslated sequences. are well conserved as would be expected ftor the
evolutionary pressures exerted on a biologically active peptide (Chapter 2; Viasuchk
et al.. 1986). For example, over 81% sequence homology 15 mamtained within the
second exon. peptide coding sequences between bovine versus human, rat and
mouse spectes (Viasuk et al, 1986). On the other hand. presence of homologies in
the promoter suggests a pressure to conserve regulatory sequences In the 3'-
flanking region. over 70% sequence homology is retained between boyine versus 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 53-flanking regions (Chapter 2).
This may be indicative of the presence of important regulatory elements within
this region. Indeed. a stretch of very well conserved nucteotides can be tound at
the level of the putative CCAAT box (GAAT) (Chapter 2, Nemer et al. 1984,
Seidman et al. 1984; Vlasuck et al, 1986). It is noteworthy that DNase |
footprinting studies carried out in our laboratory have demonstrated binding of
nuclear proteins to this element in the rat ANF gene Similariy, a well-conserved
sequence motf that may have a funcuonal role in ANF gene expression 15 found

in both rat and human genes (PE2) (Chapter 5). Thus, DNA sequence analyses

have been useful for predicting putative genetic regulatory elements in the ANF




gene

6.1.2 Thyroid Hormone Regulation of ANF Gene Expression

In order to study the direct effect of various hormones on ANF mRNA
levels. an (i vuro system of primary cardiocyte cultures was established. Such an
easily controlled system allows to test the direct action of various agents at the
level of the heart In this system. clear induction of ANF mRNA levels by thyroid
hormone (T;) was observed. The physiological sigmificance of this result is
supported by the observation that 1 vivo, the hynerthyvroid state is characterized by
etftfects that mimic those induced by ANF, such as decreased peripheral vascular
resistance and increased renal blood flow (Morkin et al., 1983). Moreover, in whole
amimal studies, both cardiac ANF mRNA and plasma ANF levels are elevated in
the hyperthviord state (Ladenson et ai.. 1988; Kohno et al.. 1986; Gardner et al..
1987). Thus. the direct effect of T, at e cardiac level appears to be translated
into higher ¢irculating ANF levels and consequent peripheral actions

The finding that T3 directly affects the ANF gene is not surprising since
other cardiac genes are regulated. either positively or negatively, by thyroid
hotmone. The multigene family of o and B-myosin heavy-chain (MHC) genes
serves as an example of cardiac genes that are differentially regulated by thyroid
hormone (lzumo et al, 1986). Moreover, a heterogeneity in the responses to thyroid
hormone 15 displaved by the various myosin 1soforms when tested in different
muscle types (Lompre et al. 1984; Izumo et al.,, 1986). Thus, the MHC genes are
attected by T, in a complex and highly tissue-specific manner (Gustafson et al.
1986) The absence of a response to thyroid hormone by the cardiac a-actn
demonstrates that the effect of T& is not a generalized one (Winegrad et al., 1990).

Given the current model for the mechanism of thyroid hormone action in the




nucleus (Thompson and Esans. 1989), 1t 1s highly probable that cardiac thyrowd

hormone receptors (Thompson and Evans. 1989: Koenig et al. 1988, Osty et al,
1988) mediate T3 induction via specitic thyroid hormone response elements ( FREs)
in the DNA The presence of both @ and 3 thyroid hormone receptor expression mn
cardiac tissue has been documented and would support this hypothesis (Thompson
and Evans. 1989; Koenig et al..1988). Since only steady state mRNA levels were
measured in the case of ANF (Chapter 3), an effect of T3 on etther transceriptional
activation of the gene or mRNA stabilization may be postulated However, given
the early onset of ANF mRNA induction observed (12 h), the direct interaction of
the thyroid hormone receptor with an ANF TRE muight be considered Since the
TRE vconsensus sequences that have been characterized remamn considerably
degenerate (Brent et al. 1989), it 15 difficult to assess the presence of such an
element 1n the rat ANF gene. DNA-mediated gene transfer and receptor binding
studies with ANF promoter sequences might reveal the presence of a functional
thyroid hormone responsive mout within this gene The importance of 5-flanking
sequences in thyroid hormone mediated regulation of the a-myosin heavy-chain
gene in fetal heart cells has already been demonstrated (Gustatson et al. 1987),

and the TRE has been mapped to specific 5" sequences (lzumo and Mahdavi, 1988)

6.1.3 Glucocorticoid Regulation of ANF Gene Expression

Glucocorticoids mediate various effects on the cardiovascular syvstem More
specifically. ANF peptide secretion in primary cardiocyte cultures and ANF plasma
levels in rats are elevated following dexamethasone treatment (Matsubara et al,
1987. Day et al., 1987, Gardner et al., 1986). We have shown that glucscorticoids do
indeed modulate ANF gene transcription in myvocardial cells (Nemer et al. 1987

abs; Argentin et al. 1987 abs; Chapter 4). This effect has also been observed
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1vo (Gardner et al.. 1986: Nemer et al. in preparation). where adrenalectomized
and tact rats respond to DEX treatment with increased cardiac ANF mRNA
levels,  The ventricular tissue seems to be more responsive to glucocorticoid
sumulation ¢ vive (Day et al., 1987).  Although similar levels of induction are
observed n wvino. a differential sensitivity to glucocorticoids between atrial and
ventricular tissue was observed (Chapter 4). This is not uncommon and has equally
been observed in response to T, (Chapter 3). Similarly, 8-MHC gene regulation in
response to T, 1s notably more important in ventricular than in atrial tissue (Izumo
et al.. 1986).

The DEX effect on ANF mRNA accumulation is maximal at a very early
time point (6 hours) (Chapter 4), suggesting that glucocorticoids affect ANE gene
transcription DNA-mediated gene transfer studies with various 35° deletion
mutants of the ANF promoter confirmed this hyvpothesis Binding of the
glucocorticord receptor to a glucocorticoid responsive element (GRE). suggests that
transcriptional activation results from the binding of GR to ANF sequences.
Although an average 3-tfold induction of endogerious ANF mRNA s observed in
the m viro system of cardiocyte cultures, only a 2-fold induction in reporter gene
exgpression in response to DEX is observed in the cell transfection svstem This
observation suggests that glucocorticoids may have an mRNA stabilizing effect in
addition to a direct transcriptional activation Such a stabilizing effect has been
independently suggested by others (Gardner et al, 1988). Alternatively, a second
GRE consensus sequence, situated in the second intron of both rat and human

genes, might contribute to ANF transcriptional activation in the presence of DEX,

although this hypothesis remains to be tested.




From our data. a model for hormone-dependent ANF gene activation mas

be envisaged Binding of the GR to the upstream GR binding site. probably

through interactions with other nuclear proteins (Ptashne. (988). enhances
transcription from the ANF promoter The observation that a nuclear protemn
binds to a site in very close proximity to the GRE tlends some support to this
notion (our unpublished observations). Indeed. the absence of hormone-dependent
gene activation n non-cardiac cell lines supports the idea that other cell-specific

nuclear proteins are required tor this response. The possibdity of a cooperativity

between the GR and other nuclear factors has already been demonstiated (Strahle
et al.. 1988). In fact. the requirement for cooperative interactions nught also help
explain the differenual sensitivity  of atrial versus sentrnicular  tissues to
glucocorticoids. The greater abundance or availabihity of an auxihary factor might
help increase transcriptional induction by glucocorticords 1n ventricular cells.
Interestingly. a similar situation was observed in response to thyroid hormone

where ventricular tissue 15 again subject to an increased hormonal sensitivity,

6.1.4 Cardiac-Specific and Developmental Expression of the Rat ANF Gene
Recently, the cis-acting elements regulating several cardiuac-specific genes
have been studied (Mar and Ordahl, 1988, Johnson et al, 1989a) However, since
most of these genes encoding contractile proteins. such as cardiac e-actin and
myosin genes. are also expressed in certain myoblastic cell lines and sheletal muscle
they have been essentially studied in non-cardiac muscle cells (Miwa et al. 1987,
Gustafson and Kedes, 1989). Consequently, cardiac-specitic nuclear factors have
not been well studied The ANF gene which is highly specitic to cardiac muscle
cells. serves as an excellent model for the study of cardiac-specitic nuclear tactors

and cis-acting elements. Indeed. the ANF promoter i1s tnactive in other muscle cells




such as H9CZ cmbryonic myoblasts or sweletal muscle cells (our unpublished
observations).

In the present work, transfection in primary cardiocvte cultures with ANF-
hGH hybrid genes has permitted the assessment of putative regulatory regions that
nmight be involved in the cell-type and developmentally-restricted mode of ANE
gene expression. The marked nucleotide sequence homology in the 5’-flanking
regions of the human and rodent genes strongly suprorts the notion that certain
well-conserved DNA elements might have such a regulatory function (Chapter 2).
Our studies confirm this hypothesis as maximal ANF gene transcription requiies at
least 16 kb of 5-flanking sequences (Chapter 5) The cis-acting elements that
contribute to cardiac-cell restricted expression appear to be localized within these
16 kb and can further be dissected into proximal and distal regulatory elements
(Chapter 3)

It 1s interesting to note that for the human ANF gene. only the first 400 bp
are sufficient for the proper atrial-specific expression of the gene 1n transtection
and transgenic ammal studies (Wu et al., 1989; Field, 1988) while ventricular
cxpresston was undetactable in these reports It remains unciear whether the
absence of ventricular reporter gene expression was due to a lack of sensitivity of
the assay or insufficient promoter acuvity for ventricular expression (Wu et al.,
1989; Field. 1988). In the transgenic animal model, however, ventricular ANF
expression was observed only early on 1n development (Field, 1988). Perhaps the
presence of a distal promoter element, as observed in the rat gene. may be required
for full and heuce detectable transcriptional activity in the ventricles. The
repetition of a well conserved sequence mouf that binds cardiac specific nuclear

proteins in both the proximal and distal elements of the rat gene support this




notion. Such a requirement for cooperativity would not be surprising given the

synergism required between several cis-acting elements tor full transcripuonal
activity in the case of several other promoters including the prolacun gene
(Crenshaw et al., 1989),

The presence of stlencer elements, active n both atrial and ventricular cells.,
and at both ages tested. at varying degrees. was surprising Al present. we have
not studied nuclear protein binding to these sequences noi have we tested the
activity of these sequences in a heterologous promoter system Nonetheless.
repressor activity associated with these sequences (-23 to -1 0 kb) s sigmificant, No
such effect has been reported for the human ANF gene although this question was
not well nvestigated (Lapownte et et al. [988). On the other hand. a small but
possibly significant repressor activity was observable with the 235 kb ANF 3
deletion mutant of the 1at ANF promoter when tested n atrial cells (Serdman et
al. 1988). While an 2 wro function for these elements has not yet been
demonstrated. such negative cis-acting e¢lements have been described in other
muscle-specific genes such as the myosin heavy chain and troponin genes
(Bouvagnet et al.. 1987; Mar et al., 1988a). The suppression of ventricular ANF
gene expression with age might be attributed to these ANF 3-flanking elements
Indeed. in 4 d old rats. sequences between -2.5 and -1 6 kb appear to mediate a
suppression on the distal and proximal acuvaung elements, rendering them about
3-fold less active in the older rats than 1n the | d old animals The involvement of
these sequences in developmental regulation  veve can probably best be tested in a
transgentc animal model.

Finally, we have observed an unusual action of the proximal fragment in

certain non-cardiac cells such as cardiac non-myocytes and L cells The 3 deletion




=

140

ot the proximal fragment results 1n @ marked acuivation of ANF promoter activity
i non-myocytes and L cells (Chapter 3). Similarly. the internal deletion of
proximal fragment gives rise to the same effect. Unfortunately, it could not be
reproduced in the heterologous promoter system, suggesting it is a promoter-specific
phenomenon  Possibly, the proper position and context of specific trans-acting
factors is necessary to observe this function.  Alternatively, the homologous
promoter or a different heterelogous promoter possessing different basal activity
might be necessary to observe this effect. Indeed. the protection of the proximal
element motif (PE2) 1n non-cardiac cells, such as L cells. by a factor different
from that seen in the heart has been observed. Although the exact molecular
mechamisms of this effect are unknown, it 15 possible that a distinct or modified
transcriptional tactor may be responsible tfor this differential effect in certain
non-cardiac cells. In contrast. no such activity was observed n other
differentiated cells such as GH3 or PCI2 cells

In light of the data herein presented along with more recent 1 vitio DNA
binding studies (A. Ardati, unpublished observations). it is possible to propose a
tentatine model for the mechanism of ANF gene regulation that is summarized in
Figure 6.1. We can see, from this cartoon, that the ANF gene appears to be
regulated by a complex interplay of positive and negative regulatory elements: a
ussue-specific proximal fragment, an activating distal fragment, a 3'-flanking
repressor fragment (possibly involved in development) and a glucocorticoid
responsive element.

Clearly, there remain many unanswered questions regarding the regulation
of this unique heart-specific gene, that deserve further investigation. While we

now have some clues as to the DNA and protein elements invelved in ANF gene
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control (Fig. 0.1), much more work needs to be done to tfuily understand the precise

mechanisms and interactions that are involved.

DE-2 GRE PE-2 CCAAT
T SRR
Ll 11
[ 7
Distai domain Proximal domain
L] ¢ 1 ] t
-3500 2500 -1500 -1000 -500

Figure 6.1. Model for transcriptional regulation of the ANF gene. PE-2 and DE-2
refer to binding sites for cardiac-specific nuclear proteins and GRE retfers to
putative glucocorticoid response element + and - refer to activating and repressing
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-contracule
cardiac proteins, has led to a rapid unravelling of its biochemical. pharmacological
and molecular genetic 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 sensitivity to both hormonai and
physiological factors and its restriction to cardiac cells make for an excellent
model of study. For example, the availabiity of cardiac cell cultures that
represent distinct stages of differentiation allow for the use of the ANF gene as a
usetul tool in studies of cardiac cell growth. Likewise, events leading to cardiac

hypertrophy. as mediated by growth factors or other agents. may equally be

examined using the ANF gene marker. The molecular events triggering these
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particular cellular states can thus be examined more closely.

On a narrower scope. as a direct consequence of the present work. future
work may be directed towards finer studies on the hormone and cardiac-specific
regulatory regions that have been identified. We already have evidence for the
binding of tissue-specitic nuclear proteins to sequence elements within the DE and
PE The use of fine deletion or linker scanning mutants ot the nuclear protein
binding sites (PE2 and DEZ2) mught help remnforce a functional role tor these
elements. Loss of nuclear factor binding on mutated PE2 and DEZ motifs.
accompanied by loss of function would help confirm the current hypothesis that
cardiac specific nuclear proteins bind to these elements to direct cardiac-specitic
gene expresston  Since no cardiac-specific nuclear transcription tactor has vet been
wdentified. a great contribution to the understanding of muscle-specific gene
expression would be the isolation and characterization of such a factor.

Furthermore., a great deal of work could Dbe directed towards the
understanding of the repressor sequences between -2.5 and -16 Kkb. that seem to
modulate the temporal pattern of ANF gene expression. More refined deletion
mutants along with DNase | tootprinting and gel retardation studies on these
sequences are required to precisely pinpoint the elements involved It would
uftimately be interesting to follow ANF gene expression 1n transgenic mice where
these sequences have been altered. Defective developmental control of ANF gene
expression as a result of such manipulations would confirm their role in
development.

Finally. to date, it remains unclear as to whether thyroid hormone action is
mediated via thyroid hormone receptor binding to a thyvrotd hormone response

element (TRE) in the ANF gene. Although the early onset of T3 action on ANF




MRNA induction (Chapter 3) suggests to a direct transcriptional actnation, DN \-

mediated transtfection studies in cardiocytes. similar to those carried out in Chapter
.

4. would help identify a TRE.
In conclusion, the ANF gene serves as an excellent model tor the study of

various molecular aspects of cardiac tissue.  Mechanisms governing caidiac cell

growth. differentiation. hormone responsiveness and cell-specific gene activation
are all questions that deserve further mvesugation and that may consequently be

answered using the ANF gene as a tool
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CLAIMS TO ORIGINALITY
The present work describes tor the first time:
The genomic sequence of the rat atrial natriuretic factor gene

The establishment of an i riuro model consisting of primary atrial and
ventricular cardiocyte cultures that express the ANF gene

The thyrowd hormone-mediated induction of ANF mRNA levels 1n the n
virro cardiocy te culture svstem

The glucocorticord-mediated induction of ANF mRNA through a direct
effect at the cardiocyvte level

The requirement of a distal glucocorticord response element in the ANF
gene 3'-flanking sequences for a transcriptional response 1o glucocorticoids

The 1equirement of ANF cis-acting sequences for cardiac-specific expression
of the gene

The localization of two specific cis-acting domains in the 5'-flanking region
contributing to high level cardiac-specific expression of the ANF gene

The presence of a regulatory domain in the S-flanking region of the ANF
gene contributing to the differential pattern of ANF promoter activity at
different stages of development.
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