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SOMMAIRE 

La montée préovulatoire d'hormone luténisante est le signal 

physiologique qui déclenche deux processus reproducteurs auciaux: l'ovulation 

et la lutéinisation. 

L'ovulation a été comparée à une réaction in f Imto i r e .  En effet, ces 

deux processus présentent des similarités histologiques et fonctionnelles, dont la 

présence de prostaglandines qui agissent comme médiateurs molédaires. La 

prostaglandine G/H synthétase-2 (PGIE-2) catalyse la première étape linutante 

de la biosynthèse de toutes les prostanoïdes à partir de l'aade arachidonique. 

Le premier article présenté dans cette thèse, dont l'objectif est d'élucider le rôle 

de la PGHS-2 dans le processus ovulatoire équin, porte sur l'isolement du 

transcrit primaire à partir d'une génothèque d'ADNc folliculaire. La 

caractérisation de la régdation de l'ARNm de la PGHS-2 a été réalisée à l'aide 

d'analyses de type Northem effectuées sur des foilicules préovulatoires isolés à 

différents moments après l'administration d'une dose ovulatoire d'hCG. Les 

résultats ont démontré qu'il y avait induction transitoire de 1'ARNm de la 

PGHS-2 à partir de la 30' heure post-hCG dans les cellules de la granulosa 

uniquement. Cette induction tardive de la PGHS2 équine a donc lieu environ 

10 h avant l'ovulation, un délai identique b celui qui a déjà été rapporté chez la 

vache et la ratte, dont le processus ovulatoire diffère pourtant au regard de la 

durée (respectivement 39-42 h, 28 h et 12-14 h chez la jument, la vache et la 

ratte). Globalement, ces données suggèrent donc que l'induction de la PGHS2 

est un élément déterminant de l'horloge ovulatoire chez les mammifères. 



L'élucidation des mécanismes fondamentaux qui régissent la durée du 

processus ovulatoire chez Les mammifères nécessitera des études comparatives 

de la régulation transcriptionneiie ovarienne de la PGHS-2 chez différentes 

espèces. La durée du processus ovulatoire équin et l'important retard de 

l'induction de la PGHS2 qui l'accompagne font de cette espèce un modèle 

approprié à l'étude de la régulation transcriptionneiie de la PGHS2 chez les 

espèces à long processus ovulatoire. Le gène complet a été isolé à partir d'une 

génothèque et caractérisé par anaiyses de séquences et d'extensions d'amorces 

afin de mettre au point les outils nécessaires à ces études. 

La lutéinisation conduit à la différenciation terminale des cellules de la 

paroi follidaire en cellules lutéales et s'accompagne d'un changement de la 

synthèse hormonale ovarienne predominante, qui passe de L'œstradiol-17B à la 

progestérone. On sait que ce phénomène exige la restructuration de la 

machinerie stéroïdogène, mais les mécanismes molécuiaires en jeu sont encore 

incomplètement +lucidés, particdièrement chez les grandes especes mono- 

ovulatoires. Une étape limitante initiale de la régulation de la stéroïdogénèse est 

le transport des molécules de cholestérol du cytoplasme à la membrane 

mitochondrienne interne. Bien qu'il ait été démontré qu'il dépend de l'action de 

la "steroidogenic acute regdatory protein" (StAR), la nature exacte du rôle de 

cette dernière demeure ne'buleuse. Un article annexé à cette thèse (Annexe i )  

porte sur l'isolement à partir d'une g é n o t . u e  d'ADNc foiiidaire de deux 

transcrits de la StAR, qui ne diffèrent que par la longueur de leur régions 3' non- 

traduites. Il a ainsi été possible d'étudier la régulation de la StAR équine dans 

des follicules préovulatoùes isolés à d i f f h t s  moments après l'administration 



d'une dose ovulatoire de hCG. Les analyses de type Northem effectuées sur des 

échantillons de paroi follicuiaire intacte (thèque interne et granulosa) n'ont 

révélé aucun changement signrficatif dans les niveaux d'ARNm de la StAR. Par 

contre, les analyses effectuées sur des cellules isolées de la granulosa ont permis 

de démontrer l'existence d'une induction de la StAR 30 h post-hCG associée à 

une augmentation des concentrations intrafolliculaires de progestérone. 

Contrairement aux cellules de la grandosa, les cellules de la thèque interne 

présentaient des niveaux élévés d'ARNm de la StAR jusqu'à 33 h post-hCG, 

niveau qui chutaient par la suite. Le résultat net de ces processus est une 

redirection graduelle de l'expression de la StAR de la thèque interne vers les 

cellules de la grandosa. Ce phénomène serait lié à la supposée dégénérescence 

de la thèque interne durant le processus ovulatoire chez la jument, chez qui le 

corps jaune (CL) serait formé uniquement de cellules dérivées de la granulosa. 

Le cholestérol peut être converti en progestérone par l'action successive 

du cytochrome P450 "cholesterol sideîhain deavage" (P450scc) et de la 3& 

hydroxystéroïdo-déshydrogénase/A5-A4 isomérase (3bHSD). Le deuxième 

article fait état du clonage des transcrits de la P450scc et de la 3pHSD équines 

réalisé dans le but de vérifier les effets de l'hormone hCG sur les niveaux 

dlARNm des enzymes de la synthèse de la progestérone dans les follicuies 

préovulatoues. Des follicules préovulatoues isolés à différents moments aprés 

l'administration d'hCG ont été soumis à des analyses de type Northern. Dans 

les préparations de cellules isolées, la thèque interne s'est avérée le site 

prédominant d'expression de la P450scc dans les foliicuies avant 

l'administration d'hCG. Par contre, le niveau de bands a diminué dans la 



thèque interne enke 33 et 36 h et a augmenté dans les cellules de la grandosa à 

39 h, de façon à rendre ces dernières le siège ptinapal d'expression de la P450scc 

à la fin du processus ovulatoire. Les niveaux d'expression les plus élevés ont été 

détectés dans le CL. Cette redirection de l'expression de la P450scc à l'intérieur 

de la paroi folliculaire (de la theque vers la grandosa) est similaire à ce qui a 

déjà été observé pour la StAR et pourrait donc aussi être bée à une possible 

dégénérescence de la thèque interne. Contrairement aux autres espèces, chez les 

équins l'expression de la 3fLHSD s'est avérée Limitée aux cellules de la grandosa 

et les niveaux de transcrits sont demeurés stables durant le processus ovulatoire. 

L'augmentation de la biosynthèse de la progestérone induite par la LH serait 

donc liée à la redirection de la StAR et de la P450scc de la thèque interne en 

dégénérescence aux cellules lutéinisantes de la grandosa. 

La progestérone peut être convertie en œstrogènes par l'action successive 

du cytochrome P450 17a-hydroxylase (P45017a) et du cytochrome P450 

aromatase (P450arom). Le troisième article présenté dans le cadre de cette thèse 

décrit l'isolement à partir d'une génothèque d'ADNc de transcrits équins de la 

P450i7a et de la P450arom pour étudier la régulation des enzymes équines de la 

synthèse des œstrogènes durant le processus ovulatoire. Le clonage moléculaire 

de la P450arom a produit deux ADNc distincts, l'un dérivé du promoteur If et 

codant pour une protéine de 503 acides aminé, l'autre dérivé du promoteur II et 

codant pour une protéine tronquée. Des foliides préovulatoires isolés à 

différents moments après l'administration de hCG ont été soumis à des analyses 

de type Northem. La régulation de l'ARNm de la P450arom s'est avérée 

biphasique: les niveaux les plus élevés se retrouvaient dans les ceildes de la 



granulosa à O h post-hCGf diminuaient de façon significative durant le 

processus ovulatoire à 12 et 24 h, pour ensuite augmenter à nouveau 30 à 39 

post-hCG et se maintenir dans le CL. Des sondes spécifiques employées pour 

détecter les variantes d'ARNm de la P450arom ont révélé que l'utilisation du 

promoteur II se traduisait par la production des transcrits dans le foüicules k O h 

post-hCG et dans le CL, tandis que le promoteur If était utiiisé exclusivement 

durant le processus ovulatoire. Cea représente un nouveau phénomène 

d'échange de promoteurs d'aromatase, un processus qui a aussi lieu notamment 

dans la cancérogénèse du sein et qui est responsable d'une surproduction 

d'œstrogène par les tissus cancéreux. Le follicule préovulatoire équin constitue 

donc un nouveau système modèle applicable à L'étude des mécanismes régissant 

l'échange de promoteurs d'aromatase. Les niveaux d'ARNm de la P45017a 

étaient élevés dans la thèque interne A O h, puis diminuaient de façon 

significative dans les follicules à 36 h et 39 h post-hCG et dans le CL, un 

phénomène vraisemblablement lié à la possible dégénérescence de la thèque 

interne. L'ensemble de ces données fournit des indices importantes sur la 

nature des mécanismes en jeu dans la chute de la biosynthèse des œstrogènes 

par l'hormone hCG dans les foîiicules préovulatoires au cours du processus de 

lutéinisation. Afin de produire les outils requis pour approfondir les études sur 

la régulation de la P45Oarom et de l'échange des promoteurs, les promoteurs II 

et If ont été clonés à partir d'une génotheque. Les sites de démarrage de la 

transcription ont alors été identifiés par l'analyse d'extensions d'amorces. 

L'analyse de séquences permit de révéler certains éléments r6gulateurs 

potentiels. 



Le récepteur nucléaire orphelin "steroidogenic factor-1" (SF-1) a la 

capacité de se lier à des élément régulateurs présents dans les promoteurs de 

divers hydroxylases stéroïdiennes et cette propriété est à l'origine de son 

isolement. Depuis, il a été démontré que le SF-1 assurait la régulation 

transcriptionnelle de tous Ies gènes stéroïdogènes étudiés dans les articles 2 et 3 

et dans l'Annexe 1. Cette uniformité contraste avec la variabilité des processus 

régulateurs de l'ARNm observé chez ces gènes et chez les différentes 

populations cellulaires. Dans le quatrième article, il est question du clonage du 

SF-1 équin et de la caractérisation de la régulation de son transcrit dans la 

thèque interne et les cellules de la pandosa après l'administration de l'hCG. 

Les liens éventuels entre la régulation des ARNm de la SF-1 et celle des différent 

gènes stéroïdogènes y sont également évoquks. Le clonage moléculaire du SF-1 

a aussi permis l'isolement fortuit d'un ADNc codant pour le NRSA2, un 

récepteur nucléaire orphelin proche parent, dont L'isolement à partir des tissus 

gonadiques n'avait jamais été rapporte. Les transcrits de SF-1 et de NR5A2 ont 

été isolés en fragments à l'aide d'une variété de techniques de clonage. 

L'analyse des séquences a démontré qu'ils codent pour des protéines à plus de 

60% similaires dont les domaines de liaison A i'ADN sont presqu'identiques, ce 

qui s'accorde avec Ies spécifiât& de liaison A l'ADN identiques du SF-1 et du 

NR5A2 humains. Des adyses  de types Northem et RT-PCR effectués sur 

différents tissus ont démontré un lien entre i'expression du SF-1 et des gènes 

stéroïdogènes dans la plupart des cas. Une exception: le CL, où les niveaux 

d'ARNm de SF-1 ont chuté de façon marquée par rapport aux niveaux retrouvés 

dans les follicules préovuIatoires et ce malgré une hausse des niveaux 



d'expression de la StAR et de la P450scc. La présence d'une forte expression de 

la 3&HSD et de la P450arom dans les cellules de la granulosa a d'abord semblé 

irréconciliable avec les bas niveaux d'ARNm de SF-1. Cependant, la forte 

expression du NR5A2 dans ces tissus, qui surpasse de loin celle du SF-1, 

pourait indiquer que le NR5A2 joue un rôle dans la régulation des gènes 

stéroïdogènes dans les cellules de la grandosa et le CL. Des analyses de type 

RT-PCR/Southem d'ARN folliculaire isolé à différents moments après 

l'administration d'hCG ont permis d'étudier la régulation des ARNm du SF-1 et 

du NR5A2 durant le processus ovulatoire. Comme c'est le cas chez la ratte en ce 

qui a trait au SF-1, des diminutions des niveaux d ' m m  de SF-1 et de NR5A2 

jusqu'au tiers de leurs valeurs initiales ont été atteintes à 30 h post-hCG dans les 

cellules de la grandosa. Ces processus de régulation de I'ARNm présentent peu 

de ressembIances avec ceux qui sont observés chez les gènes stéroïdogénes. Il 

existerait donc des mécanismes spécifiques de chaque gène qui agiraient en aval 

de la régulation de 1'ARNm du SF-1/NRSA2 pour gérer leur commande 

transcriptionnelle dans ce type cellulaire. Les niveaux d' ARNm du SF-1 d'abord 

élevés dans la thèque interne ont par Ia suite chuté de façon signrficative 36 h 

post-hCG, parallélement, on peut le supposer, à la ddgénérescence de ce tissu. 

Contrairement à la situation observée dans les ceiiules de la grandosa, la 

réguiation de I'ARNm du SF-1 dans la thèque interne ressemblait fortement à 

celie de la StAR, de la P450scc et de Ia P45017a; il y aurait donc un lien direct 

avec leur régulation transcriptionnelle. Le NR5A2, qui est exprimé dans les 

cellules de la granulosa, ne le serait pas dans la thèque interne. 



Globalement, ces études permettent de proposer un modèle de la 

commande de la stéroïdogénèse ovarienne chez la jument. La distribution 

tissulaire de l'expression des gènes stéroïdogènes dans les follicules 

préovulatoires équines démontre la prédominance de la voie A5 pour la 

biosynthèse de l'œstradiol-17b. Une fois le processus ovulatoire déclenché, on 

observe un déclin rapide de l'expression de la P450arom par l'intermédiaire du 

promoteur II et, par conséquent, une diminution relative de l'importance de 

cette voie métabolique. La biosynthèse de la progestérone est alors accélérée par 

la redirection de l'expression des gènes de la synthèse de la progestérone de la 

thèque interne en dégénérescence vers les cellules lutéinisantes originant des 

cellules de la granulosa. Le déclin de I'expression des gènes stéroïdoghes 

induit par 1'hCG dans la theque interne se déroule simultanément avec la perte 

de transcrits du SF-1, suggèrant ainsi un mécanisme simple et dépendant de la 

SF-1 pour assurer leur régulation üanscriptionneiie. La r4gulation des gènes 

stéroïdogènes dans les cellules de la grandosa et le CL semble bien plus 

complexe et pourrait dépendre en partie du NR5A2. Des études 

supplémentaires seront n&essaires pour arriver à démontrer le rôle du NRSA2 

dans la transactivation des gènes stéroidogènes ovariens. 



The preovulatory surge of luteinking hormone is the physiological 

trigger for two key reproductive processes: ovulation and luteinization. 

Ovulation has been likened to an inflarnmatory reaction in that both 

processes stiare similarities at the histological and fundional levels, such as their 

dependance upon prostaglandins as molecular mediators. Prostaglandin G/H 

synthase-2 (PGHS-2) catalyzes the first rate-limiting step in the biosynthesis of 

al1 prostanoids from arachidonic acid. To elucidate the role of PGHS-2 in the 

equine ovulatory process, the first article presented in this thesis reports the 

isolation of its primary transcript fiom a follicuiar cDNA library. Determination 

of the regulation of PGHS-2 mRNA was accomplished using Northem blots 

prepared frorn preovula tory follicles isola ted on a time-course af ter 

administration of an ovulatory dose of hCG. Results showed a transient 

induction of PCH!3-2 mRNA starting 30 h post-hCG which occurs selectively in 

granulosa cells. This late induction of equine PGHS-2 occured approximately 10 

h prior to ovulation, which is the sarne timespan that has been previously 

reported in cows and rats despite the very different overail lengths of their 

ovulatory processes (28 h and 12-14 h, respectively). Coiiectively, these data 

therefore suggest that P G m 2  induction is a determinant of the mammalian 

ovulatory dock. The fundamentai mechanisms underlying the length of the 

ovulatory process in mammals could therefore be reveaied by comparative 

studies of the ovarian transcriptional regulation of PGHS2 in different species. 

The length of the equine ovulatory process, with the accompanying extended 



delay before PGHS-2 induction, indicates that the mare represents an important 

mode1 to study the trazzscfiptional regulation of PGHS2 in species with long 

ovulatory processes. To generate the tools to commence these studies, the 

complete gene was isolated from a genomic library and characterized by 

sequence and primer extension analyses. 

Luteinization is a hormondy induced differentiation process of the 

steroidogenic ceils of the foiiide wail that is accompanied by a shift in the 

predominant overian hormonal product from estradiol-17B to progesterone. 

While this clearly requises the restructuring of the cellular steroidogenic 

machinery, the molecular bais  for it remains incompletely elucidated, 

particularly in large monoovulatory species. An initial rate-lirniting step in the 

regulation of steroidogenesis is the delivery of cholesterol substrate molecules 

from the cytop1asm to the rnitochondnal inner membrane. While this has been 

shown to be dependant upon the action of steroidogenic acute regulatory 

protein (StAR), the precise nature of its involvement in this process has yet to be 

dearly dernontrated. To study the regulation of quine StAR during follicular 

luteinization, an article annexed to this thesis (Annex 1) reports the isolation 

from a foliicular cDNA library of two equine StAR transcripts that differ only in 

the length of their 3'-UTR. The regulation of StAR mRNA in uivo was then 

studied in preovulatory foîüdes isolated on a time-course after the 

administration of an ovulatory dose of hCG. No sigxuficant changes in StAR 

mRNA levels after hCG treatment were found when anaiyses were perfomed 

on intact foiiide wali. Eowever, Northem blots perfomed on isolated 

granulosa cells showed an induction of StAR at 3Oh post-hCG, and this was 



associated with a rise in foiücular fluid concenirations of progesterone. In 

contrast, StAR mRNA levels were high in theca interna und 33h post-hCG and 

dropped dramaticaiiy thereafter. f i e  net result of these processes is a gradd 

redistribution of S tAR expression from the theca interna to the grandosa cek. 

f i s  may be linked to a putative degeneration of the theca intenia during the 

ovulatory process in mares, which would require that StAR expression be 

transferred to the granulosa cells that will form the corpus Iuteum (CL). 

Cholesterol cran be converted to progesterone by the successive actions of 

cytochrome P450 cholesterol side-diain cleavage (P450scc) and 3 8  

hydroxys teroid dehydrogenase/&A4 isomerase (3&HSD). To verify the effets 

of hCG on the mRNA leveIs of the progesterone-synthetic enzymes in 

preovulatory Eollicles, the second article detailed herein reports the doning of 

equine P450scc and 3bWD transcripts. Northern blot analyses were performed 

with preovulatory follicies isolated on a time-coourse foiiowing the 

administration of KG. IsoIated cellular preparations reveaied that theca 

interna was the predominant site of P450scc expression in follicles prior to hCG. 

However, transcript levds decreased in theca interna between W39h and 

increased in granuiosa ceUs at 39 h, making the granuiosa c d  layer the 

predominant site of P450scc expression at the end of the ovulatory proces. 

Highest levels of expression were detected in c o p r a  lutea. The observed 

redistribution of P45ûscc expression withùi the foilicle wall was similar to what 

was observed for StAR, and may &O be related to the putative degeneration of 

the theca intema. 'In contrast to other species, expression of 3 & E D  mRNA in 

equine preovulatory follicles was localized only in grandosa celis, and 
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transcript levels remainecl constant throughout the luteinization process. The 

LH-induced up-regdation of progesterone biosynthesis is therefore related to 

the redistribution of both StAR and P450scc from the degenerating theca interna 

to the luteinizing granulosa c d  layer. 

Progesterone can be converted to estrogens by the successive actions of 

cytochrome P450 17a-hydroxylaçe (P45017a) and cytochome P450 aromatase 

(P450arom). To study the regulation of the equine estrogen-synthetic enzymes 

during the ovulatory process, the third article presented in this thesis reports the 

isolation from a follicular cDNA library of equine transcripts encoding 

P45017a and P450arom. The molecular cloning of P450arom produced two 

distinct cDNAs, one was derived from promoter If and encoded a well- 

conserved 503-amino aad protein, the other was derived from promoter II and 

encoded a truncated protein. Northem blot analyses were performed using 

preovulatory follicles obtained on a tirnecourse after the administration of hCG. 

P450arom niRNA regulation was biphasic: levelç were highest in granulosa cells 

a t Oh post-hCG, decreased significantly during the ovulatory process at 12 and 

24h, and inaeased again between 30-39h post-hCG and in corpora lutea. 

Probes used to detect specific P450arom mRNA variants then revealed that 

promoter II usage accounts for the message present in follicles at Oh post-hCG 

and in corpora lutea, whereas promoter If is used exclusively during the 

ovulatory process. This represents a novel aromatase promoter switching 

phenornenon, a process that also occurs most notably in breast carcinogenesis to 

achieve malignant up-regulation of localized estrogen synthesis. The equine 

preovulatory foilicle thus provides an inducible mode1 system for the study of 



aromatase promoter switdung. Levels of P45017a mRNA were high in theca 

interna at Oh, but significantly decreased in foiiicles at 36 and 39h pst-hCG and 

in corpora lutea, which may abo be related to the putative degeneration of the 

theca interna. ûveraü, these data provide insights into the rnechanisms 

goveming the hCG-induced down-regdation of eshogen biosynthesis in 

luteinizing preovulatory foüiùes. To provide tools for the further study of 

P450arorn regdation and promoter switching, promoters II and If were cloned 

from a genomic library. Putative transcription start sites were then identified by 

primer extension assays, and potential regdatory elements were identified by 

sequence analysis. 

The orphan nudear receptor steroidogenic factor-1 (SF-1) was origindy 

isolated as a transcription factor capable of binding disaete regdatory elements 

present in the promoters of various steroid hydroxyiases. Since then, ali of the 

steroidogenic genes studied in artides 2 and 3 and in Annex 1 have been shown 

in other species to be transcriptionally reguiated by SF-1 in vitro , in apparent 

contrast with the varied, gene and cd-specific nahue of the observed mRNA 

reguiatory processes. The objectives of the fourth article presented herein were 

to clone equine SF-1 and to observe the regdation of its kansaipt in theca 

in terna and grandosa c& foiiowing hCG administration, to idenûfy possible 

Links between the regdation of SF-1 mRNA and those of the various 

steroidogenic genes. The molecular cioning of SF-1 resuited in the serendipitous 

isolation of a cDNA encoding die highly-related o r p h  nuclear receptor 

W A 2 ,  whose expression in gonadai tissues had not been previously reported. 

The SF-1 and NR5A2 transcripts were isolated in fragments by a variety of 



cloning procedures, and were found to encode proteins that are 60% identical to 

each other, with nearly identical DNA-binding domains that reflect the 

indistinguishable DNA-binding speaficities of their human homologs. 

Northem and RT-PCR analysis using various tissues then established a strung 

link between the expression of SF-1 and that of the steroidogenic genes in most 

tissues. One exception was the CL, in which SF-1 mRNA levels declined 

considerably compared to preovulatory follicles despite inaeased levds of StAR 

and P450scc expression. High levels of 3fLHSD and P450arom expression in 

granulosa ceils were also in apparent disagreement with low levels of SF-1 

&A. Interestingly, a role for NR5A2 in regulating steroidogenic genes in 

granulosa cells and CL was suggested by its level of expression in these tissues, 

which far surpasses that of SF-1. The regulation of SF-1 and NR5A2 mRNA 

throughout the ovulatory process was examined using an RT-PCR/Southem 

blotting technique on ovarian follicular RNA isolated on a time-course after the 

administration of hCG. in grandosa cells, approximately 3-fold decreases in SF- 

1 and NR5A2 mRNA levels were attained by 30h post-hCG, similarly to wfiat 

had been previously observed for SF-1 in rab. These rnRNA regdatory 

processes bore little resemblance to those observed for any of the steroidogenic 

genes, suggesting that gene-specific mechanisms act downstrearn of SF- 

I/NR5A2 mRNA regulation to govem their transcriptional control in this ceIl 

type. SF-1 mRNA levels were high in theca interna and dropped significady 36 

hours post-KG, also in apparent relation with the degeneration of this tissue. 

Unlike what was obsenred in grandosa cells, the regulatory pattern of SF-1 in 

theca interna apparently rnirrored those of StAR, P450scc and P45û~a, 



suggesting a direct link to their transcriptional regulation. Also contrary to 

what was observed in granulosa ceiis, W A 2  appears not to be expressed in 

theca interna. 

Collectively, these studies permit the formulation of a w o r h g  mode1 of 

the control of ovarian steroidogenesis in mares. The tissue distribution of 

steroidogenic gene expression in equine preovulatory follicles demonstrates the 

predominant use of the A5 pathway to direct the biosynthesis of estradiol-176. 

Following the omet of the ovulatory process, this pathway is down-regulated by 

the rapid dedine of P450arom gene expression via promoter JI. Progesterone 

biosynthesis is then specificaily up-regulated by the consolidation of the 

expression of the progesterone-synthetic gens in luteinizing granulosa ceh. 

The hCGinduced decline of thecal steroidogenic gene expression occurs in close 

paraliel with the loss of SF-2 transcripts, suggesting a SF-1 dependant 

mechankm for their transcriptional regulation. The regdation of steroidogenic 

genes in granulosa ceiis and CL appears considerably more complex, and rnay 

depend in part on NR5A.2. Confirmation of this will require the demonstration 

of the transactivation of these genes by NR5A2. 
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INTRODUCTION 

1. OveMew of the equine estrous cyde 

Ovulation, defined as the expulsion of the oocyte from the ovarian 

follicle, is a key process in the establishment of gestation. It is the culmination of 

an inûicately regulated series of physiological events that constitute the estrous 

cycle. 

The mare is referred to as a seasonal polyestrous animai, as it t y p i d y  

undergoes several cycles of sexual activity during the spring and summer. This 

is followed by an anestrous season of variable length that is prïmariiy 

dependant on photoperiod (1), as daylight modulates hypothalamic 

gonadotropin releasing hormone (GnRH) secretion (2). The transition from the 

breeding season to the anestrous season is neither sharp nor invariant, and 

mares may occasionally continue to cycle throughout winter rnonths, albeit at 

longer and more irreguiar intervals (1). However, the proportion of mature 

follicles that actually ovulate deches shatply during the anestrous season. 

Unlike other species, the equine estrous cycle is often defined as the 

duration between two ovulatory events, rather than the duration between the 

onsets of two periods of estrus (i.e. receptivity to the male) (1). The average 

duration of this cycle is 21 days (l), including a diestrus phase of 14 to 15 days 

followed by an estrus of 5 to 7 days (Figure 1). Ovulation typicaiiy occurs less 

than 48 h before the end of estms (l), and this marks day O of the cycle. 

Following the release of the oocyte, the follicle wali is reorganized into a 
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Figure 1. Follicular development, estmdiol secretion and 

circulating gonadotropin levels during the equine estrous cycle. 

(Adapted from teference 1) 

glandular tissue termed the corpus luteum (CL), and this represents the 

beginning of the Iuteal phase of the cycle. In most species, the CL is forrned 

from both steroidogenic cell layers of the ovulatory foiiicie: the grandosa ceils 

and the theca interna. In mares however, the theca interna appears to undergo a 

degenerative process that commences prior to ovulation and results in a CL that 



is derived prirnarily or exdusively from grandosa cells (3,4). Stnichually 

formed by day 3 of the cyde, the CL secretes maximai levels of progesterone, its 

main hormonal product, by day 6 (Figure 2) (1,5). The extent and duration of 

progesterone seaetion is apparentiy controlied by luteinizing hormone (Lw, 

and circulating progestone levels cordate with LH receptor expression in the 

CL (5). In the event that pregnancy does not occur or is not properly 

recognized, oxytocin-mediateci uterine prostaglandin F, (PGFA release results 

in the regression of the CL (5) begrnning on day 14, with an accompanying 

decrease in progesterone production (Figure 2). By means that have yet to be 

clearly elucidated in mares, the presence of the conceptus prevents luteal 

regression by interfering with PGF,, production (S), thereby insuring the 

maintenance of progesterone levels required for gestation. 

Follicular development is divided into several stages according to specific 

histological criteria. ûvarian follcles develop to the secondary follicie stage on 

a continuous basis without apparent need for the gonadotropins LH or foliicle 

stimulating hormone (FSH) (6). The actions of gonadotropins are however 

required at stages of development beyond the formation of the foiiicuiar fluid- 

filled antrum, which occurs when equine foilides attain approximateiy 300 pxn 

in diameter (6). Around the time of ovulation, a small group of a n d  foUdes is 

stimulated mainly by FSH secretion to grow to a diameter of 25-30 mm by the 

tirne of luteolysis (1). This degree of follicuiar growth during the luteal phase is 

not characteristic of most species, and large (>30 mm) foiiicies can develop even 

during the early luteai phase in the mare, though these typically undergo atresia 

(1). When this occurs, a second wave of foiiidar growth that will produce the 
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Figure 2. Development of the corpus luteurn, progesterone 

secretion and circulating PGFh levels during the equine estroua 

cycle. (Adapted from teference 1) 

ovulatory foiiicle is occasionally initiateci in the mid-luteal phase (1). 

S teroidogenesis in developing foiiicles occurs via a two-ceii mechanism. Thecd 

cells, under the influence of LH, produce androgens that cWhe aaoss the 

basement membrane to the granulosa c d  layer, which converts them to 

estrogens as directed by FSH (6,7). These estrogens then stimulate the mitotic 



division of the granulosa ceiis as weii as the expression of further FSH receptors, 

crea ting a positive feedback loop (8). 

Following the one- or two-wave recruitment process, a single foliicie (or 

occasionally two (1)) is selected and becomes Functionally dominant: its growth 

supplants that of the other follicles, which then undergo atresia. In mares, 

selection apparently occurs between days 14 and 17 of the cyde (6)) and marks 

the beginning of the foiiicular phase. The fundamental mechanism underlying 

this process remains elusive, but circulating FSH and LH levels are dearly 

involved (6,8). Rising levels of estrogen and inhibin production combine to 

inhibit the secretion of FSH, and this is linked to the onset of the atresia of the 

subordinate follicles. The dominant foliicie apparentiy escapes this fate by 

expressing LH receptors in its granulosa ceii layer, and the control of cellular 

prolifera tion and s teroidogenesis thus falls under the influence of LH (6,8). 

ConcurrentIy, luteolysis relieves the negative feedback of progesterone on LH 

secretion and i ts circuiating levels begin to rise, thereby stimuiating the 

hypertrophy of the thecal layer (6). This is associated with a massive increase in 

estrogen biosynthesis, which triggers the onset of behavioral estrus (Figure 1). 

Estrogen ab0 sets up a positive feedback loop, induchg a futther, rapid rise in 

LH secretion (1,8). Unlike other species in which LH seaetion is induced in a 

surge beginning approximately 24 h before ovulation (8), the inaease of 

circulating LH in mares is a more gradua1 process. Levels begin to increase 6 or 

7 days before ovulation, and do not peak until 1 to 3 days after ovulation occurs 

(6) (Figure l), suggesting that an undet-&ed ovulatory threshold levd of LH 

must be attained (1). Having attained a diameter of approximateiy 45 mm by 



the end of the follicuiar phase (6), the foIlicie ruptures 36-48 h after the 

attainment of the ovuiatory LH threshold, as deduced by the induction of 

ovulation by administration of human chorionic gonadotropin *CG) (9,lO). 

This interval, refered to as the ovulatory process, is considerably longer in mares 

than in other speaes, notably the rat and the cow which ovulate 12-14 h and 28 

h post-hCG, respectively (11,12). 

1.1 Physiology of the equine ovulatory process 

The rupture of the ovulatory foilide is a complex process that is 

associated with a number of alterations of the foilicie wall at the cellular, 

vascular and co~ect ive  tissue levels. To permit the expulsion of the follicle's 

contents a t i ts apex, the integrity of several layers must be compromised, 

inciuding the granulosa ceils, basement membrane, theca interna, theca extema, 

ovarian stroma, krnica albuginea and germinal epithelium (6). Whereas many 

processes occur simultaneously within these layers, they are presented herein in 

spaaal order for purposes of darity. 

In the granuiosa ceil Iayer, an accumulation of aad  mucosubstances 

occurs in response to the preovulatory rise in LH, resulting in a considerable 

thickening of the layer and the loosening of the celi's attachment to each other 

(3). This also occurs in other spe"es (13-15), though not to an extent comparable 

to the mare, who's grandosa ce& becorne entraped in an expansive mucoid 

web for reasons that have yet to be deterrnined. At the foiiidar apex, the 

granulosa cells that are fixed to the basement membrane lose their characteristic 



columnar appearance as collagenolysis causes the membrane to dissociate and 

fragment. The granulosa ceiis below this are lost and the dying c& release 

hydrolases that contribute to the degradation of the rernaining layers (6). 

Considerable changes aiso occur in the thecai layers. in a m e r  similar 

to an acute infiammatory reaction (16), inaeased vascularization, blood flow, 

leukocytic infiltration and vascular fenestration and dilation are observed. 

These lead to hyperamia, œdema and the formation of zones of hæmorrhage as 

the moment of ovulation approaches (3). As is observed in pigs, eosinophds are 

the predominant leukocytes that infiltrate the equine fouide wall(3,17). 

Neither the chemotactic agent involved nor the precise purpose for this 

eosinophilia has been determined, though it has b e n  suggested that infiltrathg 

Ieukocytes could secrete paracrine hormones such as cytokines and/or enzymes 

involved in follide waii rupture (18). This is contradicted however by leukocyte 

depletion studies in sheep that indicate that circulatory eosinophils are not 

Iikely to be required for normal ovulation to occur (19). in the equine theca 

interna, a unique degenerative process is induced by LH that is characterized by 

pyknosis and reductions in ceii size and number, leading to an overaii thinning 

of the layer (3). It has been proposed that this process is related to the decreased 

need for thecal androgen production at the end of the follicular phase (3), 

although why this does not also o c w  in other species remains unresolved. 

Other degradative processes concunently act upon the outer iayers. in 

the theca extema and tunica albuginea, extensive coiiagendysis leads to an 

overd decrease in the tende strength of the foilicle waii (6). Softening and 

deformabiiity of the foilide can thus be detected by palpation as ovulation 



becomes inuninent (3). Uitrasonography also shows changes in the appearance 

of the follicle, which tends to elongate with the apex pointing towards the 

ovulatory fossa; a distinctive site on the equine ovary's surface at which al1 

ovulatory events occur (6). The ovarian stroma between the theca externa and 

tunica albuginea is stretched and pressai aside duhg  foiiicle growth to an 

extent that it liiely provides no resistance to ovulation (6). At the apex, the 

germinal cells become pyknotic and loosen from the tunica albuginea, providing 

an additional source of hydrolases for the degradation of underlying layers (6). 

Vasoconstriction also occurs at the apex, hastening the local breakdown of 

tissues. 

Al1 of the aforementioned degradative processes result in the thinning of 

the apical follicle wall, forming a stigma which is eventualiy overcome by the 

hydrostatic pressure of the follicular fluid. While smooth muscle contractions 

have been obsewed at the base of the follicle during ovulation in mares (6), 

increases in intrafollicular pressure have not been observed, and are not 

believed to be involveci in inducing ovulation (6). 

1.1.1 Molecular aspects of follide wall rupture 

The observable histologicai changes in the foliicle w d  that accompany 

the ondatory process c m  be roughly categorized into vascular and proteolytic 

effects (18). Studies performed mostly with rodent models have shown that 

these are induced by distinct but overlapping sets of molecuiar mediators. 



A wide variety of vasoactive agents is believed to be involved in the 

ovulatory process. Among these, vasdar  endothelial growth factor (VEGF) 

apparently acts in response to the relative hypoxia of the inner follicular 

compartments by stirnulating angiogenesis and increasing vasdar  permeability 

(18). Ovarian production of the cytokine interleukin-1 (Xi-1) has been shown to 

be required for ovulation to occur, and may a d  by inducing the synthesis of 

hyaluronic acid, nitric oxide and prostaglandins and by ativating gelatinase 

(18). Inhibition of nitric oxide (NO) synthesis can suppress ovulation, indicating 

potentially critical roles for NO in ovarian vasodilation as well as 

steroidogenesis and suppression of apoptosis (18). Reductions in ovulation 

rates have aiso been observed upon antagonism of additional vasoactive agents, 

such as platelet activating factor (PAF), bradykinin and oxygen free radicals 

(18). The involvement of eicosanoids in ovulation has been extensively studied, 

and major roles have been proposed notably for prostaglanh E (PGE) and FI, 

(PGFJ in mediatirtg vasodilation in the follicle wail and vasocontriction at the 

apex, respectively (6). Evidence for this now exists at the physiologicaî, 

pharmacological and genetic levels. Prostaglandins have long been known to 

accumulate in the foiiidar fluid with the approach of ovulation (18), and this 

has been assoaated with the induction of prostaglandin G/H synthase.2 

(PGHS-2) in several species (11,12,20). Non-stemidal anti-inflammatory h g s  

(NSAiDs), which inhibit PGHS-2 activity (21), block ovulation in part by 

interfering with vascular responses to LH/hCG (18). Most convincingly 

however, ovulation has been found to be severely impaireci in PGHS-S-null 

mice (22). 



Many proteolytic activities have been identified within the follicle wall 

and foiiicular fluid. Arnong the Eirst identified were the tissue-type and 

urokinase-type plasminogen activators (PA and uPA), which are induced by 

LH and are able to activate collagenase (18). However, the relative importance 

of these enzymes has recently been downplayed by the generation of tPA/uPA 

double knockout mice, whose ovulation rate is only slightly reduced (23). More 

recently, zymographic analysis of LH-induced collagenolytic activity has 

implicated interstitial collagenase (now known as matrix metdoprotehase-1 or 

MM.-1) and collagenase type N (MMP-2) (18) in the breakdown of the 

connective tissue of the follicle wall. Fittingly, haeases in MMP-1 and MMP-2 

rnRNAs have been observed in rats following the initiation of the ovulatory 

process (18), along with MMP-9 which degrades coliagen type V (24). The 

significance of these data has however been bluned by additional hdings, such 

as the presence and activity of MMP-2 in foiiicles even before the LH surge, the 

decrease of MMP-2 activation by LH, and that MMP-9 n d  mice are fertile (24). 

Furthemore, tissue inhibitor of metalloproteinases-1 (TIMP-l), a potent 

collagenase antagonist, is induced in pardel with MMPs (18), although it may 

act primarily to protect surrounding tissues. in addition to their effects on the 

follicular vasculature, prostaglandins have also been proposed to mediate the 

proteolytic breakdown of the foliicle w d  in response to W. NSAïDs have been 

shown to inhibit follidar collagenolysis and can suppress the induction of 

MMP-1(18), suggesting that prostaglandins might be required to induce 

collagenase activity at the gene level. 



Two additionai molecular mediators have been proposed to play key 

roles in ovulation. One of these is progesterone, as pharmacologicai inhibition 

of its synthesis and action (18) has been shown to block ovulation. Furthmore, 

progesterone synthesis inaeases dramatidy during the ovulatory process (25), 

along with progesterone receptor expression (PR) (24). Most irnportantly, PR 

nul1 rnice show an anovulatory phenotype (26). It has been proposed that 

progesterone could act both by activating proteolysis (18) and by affecting 

vascular responses, possibly by activating a kaliikrein activity that would 

generate a vasoactive kinin (24). The second potentiaily important mediator of 

the ovulatory response is cyciin M, as mice lacking this gene also exhibit an 

anovulatory phenotype (27). Rather than from affecting the expression of other 

key genes, lack of ovulation in these mice apparentiy arises from insufficient 

numbers of granulosa celis, which faii to proliferate adequately. This gives cise 

to the notion that a threshold nuaiber of granulosa cells must be present w i t .  

the follicle to permit the onset of the ovulatory process (24). 

1.2 Cellular and biochemical aspects of luteinization 

Luteinization cm be broadly defineci as a differentiation process by 

which cellular components of the loilicle wail acquire the morphological and 

functional characteristics of the luteai cells that constitute the CL. This process 

is initiated by the preovdatory rise in LH, and begins prior to ovulation (28). in 

the mare, the granulosa celis are believed to be the major or sole cellular 

contributors to the CL; these differentiate into a ceIl type refered to as grandosa- 



lutein cells or Large luteal cells (3,4). At the cellular level, hypertrophy and 

increased cytop1asm:nuleus ratio is observed, and large luteal cells thereby 

become the largest steroidogenic ce11 type in the body (28). Further changes 

include increases in smooth endoplasmic ret idum and golgi apparatus, as well 

as in mitochondrial size and complexity (28). Gap junctions decrease in nurnber 

when luteinization is initiated, contributing to the dispersion of the granulosa 

cells (28). As with aU differentiation processes, decreased proliferative potential 

is also observed. While some degree of cellular division has been noted during 

luteal development in sheep (28), no mitotic figures were observed in equine 

luteinking granulosa cells following hCG treatment (3), and rat granulosa cells 

are considered to undergo terminal differentiation and complete cessation of 

division after the LH surge (24). The most important lunctional change that 

accompanies luteinization however is the shift of the major ovarian steroid 

hormone product from estradiol-178 to progesterone (Figures 1 and 2). 

1.2.1 Luteinization-associated modulation of gene expression 

Luteinization involves the reprograrnming of the folIicular cells to 

express a distinct, luteal-specilic complement of genes (25). Most studies 

addressing this have examined the gens implicated in ovarian steroidogenesis. 

These have s h o w  that several gens that are required for progesterone 

synthesis are induced foilowing the LH surge. Nameiy, steroidogenic acute 

regdatory pro tein (SM) mRNA is markedly induced in rat grandosa cells 

during luteinization (29-31), reflecting an increased need for cholesterol 



precursors. Similady, cytochrorne P450 cholesterol side-chain deavage 

(P450scc) mRNA levels are considerably higher in the CL than in preovulatory 

follicles in several species (32-38) (Figure 3). However, this induction 

apparentIy foliows a different tirnecourse from one species to another, and a 

transient downregulation of P450scc mRNA by the LH surge has been observed 

in bovine preovulatory follides (4,30,32,33,39,40). The expression of 3fb 

hydroxysteroid dehydrogenaselA5-A4 isomerase (3PHSD) cannot be detected 

in pig and sheep preovuiatory granulosa cells, but is abundant in CL (33,39,41). 

Consistent with this, a four order of magnitude 3&HSD activity inaease was 

observed when bovine preovulatory foliides were compared to corpora lutea 

(42). As the luteinization process results in the upregulation of progesterone 

production at the gene level, the downregulation of estradiol-17p synthetic 

genes aiso occurs. Notably, the foilicular expression of cytochrorne P450 17a- 

hydroxylase (P45017a) drops sharply following the LH surge in most species (32, 

39,43) (Figure 3), though levels apparently remain stable in humans, likely 

reflecting a speaes-specific variation in CL steroidogenesis (37). However, a 

deaease in cytochrome P450 aromatase (P450arom) mRNA occurs in al l  species 

reported so far (32, 34,39,44) (Figure 3). 

O ther no teworthy luteinuation-assoaated gene regdation processes 

have been identified in rodent granulosa cd models. Among these is the loss of 

cyclin D2 expression, with concurrent inaeases in ~21%' and p27L"p1 (24). This 

shift in the balance behyeen celi cyde activators and inhibitors lus been 

proposed to be the molecular basis for the cessation of granulosa cd 

proliferation following the LH surge (24). The type 118 regdatory subunit of 



Figure 3. Changes in ovarian gene expression 

associated with luteinization. (Adapted from 

reference 25) 

CAMP-dependant protein kinase (WB) is bdieved to limit the gonadotropin 

responsiveness of granulosa cells, and is sharply downregulated by the LH 

surge (25) (Figure 3). It had therefore been postulated that RI@ codd function 

to prevent premature luteinization (and/or ovulation) (25), although the fertile 

phenotype of subsequently generated iüïp nuil mice (45) apparently contmdicts 

this notion. Another potentidy important gene is a2-rnacroglobulin (cr2M), 

which is induced during the luteinization process (25). Whde its precise 

hc t ion  in ovarian physiology remains undertermined, cz2M is known to be a 

secretory protein that can trap and inactivate proteases, cytokines and growth 

factors (28). It could thus play a role in limiting the activities of coliagenases in a 

rnanner simiiar to TIMP-1, thereby contributhg to the tissue r e m a d h g  

involved in ovulation and luteinization. in addition, it could sequester 

cytokines and growth factors, either to inactivate them or to release them 



elsewhere to increase their local action (28). PR has been shown to be induced 

on a timecourse similar to PGHS-2 in rats (25) (Figure 3), and pharmacological 

evidence has shown that progesterone action is required for luteinization to 

OCN (25). This was further demonstrated at the genetic level with the 

generation of PR null mice which, in addition to being anovulatory, also show 

de fects in the luteinization process (26). 

2 Prostaglandins 

Prostaglandins (PGs) are members of the eicosanoid biomolecule family, 

which also includes prostacyclin, thromboxane, leukotrienes and lipoxins (46). 

Al1 of these are derived h-om open chah, 20-carbon polyunsaturated fatty aads, 

typically arachidonic aad. Whereas leukotrienes and lipoxins are formed 

directly from their parent fatty acid, prostaglandins, prostacyciin and 

thromboxanes are denved from a cyciic endoperoxide intermediate (Figure 4). 

Various classes of prostaglandins cm be synthesized from this transitional 

compound, and these are categorized into subfamilies according to specific 

structural criteria. While al1 prostagIandins consist of a cyclopentane ring to 

which two side chains are attached at positions 8 and 12, it is the nature of the 

additional substituents on the ring that categorizes them into a partidar series, 

which are named with the letters A through J. For instance, PGF compounds 

have hydroxyls at the C-9 and C - 1  positions, and PGE compounds are 

characterized by a hydroxyl and a ketone group. Additionai information in 

subscrip ts indicates the nurnber of double bonds in the molecule, and the letter 



Figure 4. Structure and biosynthetic pathways of selected eicosanoids. 

(Adapted from reference 46) 

a can be employed to denote that the C-9 substituent is located behind the plane 

of the ring, as in PGF,, (Figure 4) (46). 

2.1 Roles of prostaglandins in physiological and pathological processes 

Prostaglandins have long been known to function as potent 

auto&e/paracrine hormones. They are believed to be synthesized by Wtually 



every ceil type in the body, and have wide-ranging effects in processes ranging 

from normal metabolism to tumor growth (21). 

Among the weil established roles for prostaglandins is their modulation 

of glomerular hemodynamics in the rend rnedulla (21), resulting in an 

antihypertensive effect (46). Additionai roles in renal physiology include 

the modulation of sodium and water reabsorption, regdation of renin secretion 

(211, as well as potential involvement in the embryological development of the 

kidney itself (47,M). Similarly, prostaglandins are required for the maintenance 

of normal blood flow in the gastric mucosa (49). They are also involved in the 

maintenance of intestinal glandular architecture and local resistance to infection 

(21). Bone metabolism is mediated by prostaglandins, which can stimulate both 

its resorption and formation (21). This occurs at many levels, including the 

induction of osteoclast and osteoblast differentiation and adivity, and both 

stimulation and inhibition of coiiagen synthesis (21). Involvement of 

prostaglandins in the nervous system is wide-ranging, and includes important 

roles in brain development, selective synapse loss, fever response, hyperalgesia, 

and both inhibition and potentiation of adrenergic transmission (21,46). In 

addition to their nomid physiological roles, prostaglandins have been 

implicated in a number of pathological processes. These include infiammation 

and arthntis (21), Alzheimer's disease (211, and colorectal, prostate and other 

cancers (21,50-54). Proposeci mechanisms by which prostaglandins rnay 

contribute to tumorigenesis indude the increase of cellular adhesion to the 

ex tracellulm ma trix, augmented resistance to apoptosis, increased cellular 

proliferation, immunosuppression and stimulation of angiogenesis (55-58). 



Another system in which prostaglandins are known to play key roles is 

the f e d e  reproductive tract. IntrafoIlicular accumulation of prostaglandins is 

required for ovulation to proceed normally (22), and these may mediate both 

vascular and proteolytic aspects of follicle waU rupture (see section 1.1.1). 

Foliowing fertilization, roles have been proposed for prostaglandins in the 

preparation of the uterus to receive the embryo, as w d  as in mediating the 

ernbryo-uterine interactions required for implantation (21). Confirmation of this 

has corne from the analysis of PGHS-2 nul1 mice, who exhibit defects in 

ovulation, implantation and deadualization (22). PGF,, production is required 

for the initiation of luteolysis, and this originates from the ut- at the end of 

the luteal phase (see section 1) or from the fetus with the approach of parturition 

(59). Lu teolysis resul ts in the loss of progesterone synthesis, which induces 

rnyornetrial oxytocin receptor expression, which in tum permits the contractile 

response required to initiate parturition. Prostaglandins also stimulate uterine 

contractions more directly (21). 

2.2 Molecular biology of ovarian prostaglandin biosynthesis 

Arachidonic aad, the principal substrate for prostaglandin biosynthesis, 

is prinapally stored in an esterifieci state at the sn2 position of c d  membrane 

phosphoiipids (60). The obligatory Eirst step involved in prostaglandin 

formation in ali tissues therefore involves the hydrolytic release of arachidonate 

(Figure 5). This is believed to occur by the stimulus-induced activation of one or 

more isoforms of phospholipase A, (PLAJ, making arachidonate release the first 
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Figure 5. Schematic ovenriew of the biosynthesis of prostaglandin8 

and other eicosanaids. (Adapted from reference 46) 

regulated step in the acute phase of prostaglandin biosynthesis (a). Existing 

data tend to impticate cytosolic PLA, (cPLAJ in the acute/early phase of 

prostaglandin biosynthesis, as evidenced by overexpression studies and its 

rapid, Ca2+-induable association with membrane fractions (60,61). Conversely, 

latephase prostaglandin formation may resuit from a second isoform, termed 

soluble PLA, (sPLAJ. Unlike cPLA2, sPLA2 is a secretory protein that acts 

upon the surface of target cells, and its inhibition resuits in greatly reduced 

prostaglandin synthesis in cases tequiring a prirning or activation period (a). 



Evidence also exists for the involvement of a third isoform, cardiac PLA, in 

certain tissues (60). 

Following its release, arachidonate is converted to a cyclic endoperoxide 

by the action of prostaglandin G/H synthase (PGHS) (Figure 5), which is 

situated on the luminal surface of the endoplasrnic ret idum and the outer 

envelope of the nuclear membrane (60). Recent studies have demonstrateci the 

existence of two distinct genes encoduig isofotms of PGHS, named PGWS-1 (or 

cyciooxygenase-1, COX-1) and P G S 2  (or COX-2). While both forms catalyze 

the same reactions and share an overail 60% homology, they differ in other 

respects, including gene structure, substrate usage, gene regdation, tissue 

distribution, and mRNA splicing, stability and translational efficiency (21,60). 

In almost al1 cases, PGHS-1 is conçidered to play a housekeeping role, as it is 

constitutively expressed at low levels in most tissues (21). It is therefore 

associated with the homeostatic levels of prostaglandin production required for 

the maintenance of blood perfusion in the kidney and gastric mucosa, as weli as 

for thromboxane synthesis in platelets (21). PGHS2 however is normaliy absent 

from most tissues except specific regions of the kidney (62), prostate and brain 

(60), but is readily inducible by hormones, CAMP, infiammatory factors, growth 

factors, ttunor promoters and cytokines in a variety of ce11 systerns (21,60). 

Notable examples of PGHS-2 function in physiological and pathological 

processes inciude kidney development, turnorigenesis, embryonic implantation 

and mediation of inflammation, fever and pain (21). In the ovary, PGHS-1 is 

constitutively expressed in k a  interna (63). The preovulatory rise in 

prostaglandin accumuiation in the foiiicular fluid has however been 



unambiguously associated with the induction of PGHS2 mRNA and protein in 

the granulosa ceiis of several species (11,12,20). This is evidenced by the 

simultaneous nature of the rises in foiiidar prostaglandins and PGW2 

expression, as well as the lack of ovulatory prostaglandin induction in PGHS2 

nul  mice (22,47). 

Following PGH, formation by PGHS, specific prostaglandins are 

synthesised in given tissues according to the partidar downstream enzymatic 

machinery that they express (21) (Figure 5). High levels of both PGE, and PGF,, 

accumulate in the follicular fluid prior to ovulation (12,64-68). However, mice 

lacking the PGF,, recep tor (59) or different PGE, recep tor sub types (69) ovulate 

normaily, rendering uncertain the identity and mechanism of action of the 

prostaglandin(s) involved in foiiicle wall rupture. PGE synthase activity has not 

been widely studied, and two isoforms are believed to exist in rats that ciiffer by 

their tissue distributions and dependance on glutathione (70). Similady, two 

distinct proteins were isolated from sheep seminal vesicles that have different 

sizes and catalytic properties (71). A recent study has reported the cloning of a 

human PGE synthase (72), although whether it corresponds to the enzyme 

responsible for PGE, synthesis in preovulatory foiiicies remains to be 

determined. Conversely, PGF synthase activity has been extensively 

characterized, and two distinct transcripts have been cloned, known as the lung 

(73) and liver (74) forms. It remains to be determine4 however if these ociginate 

from distinct genes (75) or if either is involved in foiiidar prostaglandin 

synthesis. Furthemore, two alternative pathways for PGF, synthesis h m  



PGE, and PGD, have been proposed (75), and enzymes that might catalyze these 

reactions have yet to be identified. 

2.2.1 Prostaglandin G/H synthase-2 

Shortly after the cloning of P G S 1 ,  disaepancies were noted when 

hormone and cytokine-induced prostaglandin synthesis could not be associated 

with increases in PGHSl expression in fibroblast and grandosa ce11 systems 

(21,25). This led investigators to suspect the existence of a second PGHS 

isoform, and two an tigenically and structurally distinct PGHS pro teins were 

identified in rat tissues (63,76). Shortly thereafter, PGHS-2 cDNAs were cloned 

by several groups (11,77,78). 

2.2.1.1 Biochemisûy and enzymology of PGHS-2 

The human, rat and bovine genes encoding PGHS-2 have been cloned 

and characterized (79-al), and al i  consist of a highly conserveci 10 exon structure 

spread over approximately 8 kilobases (kb) of genornic DNA. The transcripts 

Vary in size in a species-specific manner from approximately 3.4 (human) (82) to 

4.0 kb (rat, moue) (78,83), with ciifferences arising mainly in the length of their 

3'-untranslated regions (UTR). All contain several repeats of the Shaw-Kamen's 

sequence in theh 3'-UT&, which have been associated with mRNA instability 

(84,85). The PGHS-2 protein has an apparent molecular weight of 

approximately 72000 despite a caldated size of 67000, a disaepancy which has 



been attnbuted to N-linked glycosylations (86). Crystallography studies have 

revealed the three-dimensional structure of the PGHS-2 protein (87), which is 

lughly similar to that of PGHS-l(88). Both consist of an amino-terminal 

epidermal growth factor module, a central region with four a-helices that serves 

as a membranespanning domain, and a carboxy-terminal catalytic domain. 

Two such proteins associate as head-to-tail homodimers, with each contributing 

two histidine residues that coordinate a heme group (88). 

Both PGHS enzymes are known to have dual eenzymatic activities that 

sequentially convert arachidonic acid to PGG, and then to PGH= thereby 

forrning the cyclic endoperoxyde molecule which serves as a substrate for the 

subsequent synthesis of al1 prostaglandins (Figure 6). A model describing the 

catalytic mechanisms involved has been proposed (60), and is supported by 

structural information provided by crystallography studies. This model 

describes a distinct active site for both the cyclooxygenase and the peroxydase 

activities. These sites are believed to act cootdinately; while the former is 

occupied by arachidonic aad, the latter binds an alkyl hydroperoxide. An 

arachidonyl radical is then formed by an electron transfer chah involving a key 

tyrosyl residue and the iron atom in the heme group, and this intermediate then 

reacts with oxygen to form PGG, (60). Interestingly, the cycimxygenase active 

site is the pharmacological target of aspirin (89), which functionally inactivates 

both PGHS-1 and -2 b y acetylating them at a single serine residue. Newer 

generations of NSAIDs however exploit the subtle ciifferences in the substrate 

access channels of the different PGH synthaçes in order to more selectively 



Figure 6. Dual enzymatic acüviües of 

prostaglandln GIH synthase. (Adapted from 

reference 60). 

target PGHS-2, thereby decreasing side-effects attributable to unwanted PGHS-1 

inhibition (87,90). 

2.2.1.2 Hormonal regulation of ovarian PGHS-2 expression 

A wide variey of bioative substances fsee section 2.2), including several 

hormones, have been shown to induce PGHS-2 expression both in vitro and in 

vivo in a number of ce11 types. Examples of these include osteoblasts, bone 

marrow ceiis, monocytes, synovial tissue, brain endothelid cells, microglial 

ceiis, intestinal epithelial cellç and endometriai cells (21,91,92). Another weii- 

documented ceii type in which PG-2 can be readily induced is ovarian 

granulosa ceiis. In culture, LH, FSH, GnRH, forskolin and IL-lp can aii induce 

PGHS-2 expression in this ceil type (11,67,93-96). In nivo, a transient induction 

of PGHS-2 has been observed in rat, bovine and equine granulosa ce& in 



response to the endogenous LH surge or the administration of hCG (11,12,20, 

67/95). The timecourse of PGHS-2 induction varies however from one species to 

another, occuring 2-4 h post-hCG in rats (11) versus 18 h in cows (12,95) and 30- 

33 h in mares (20). interestingly, these times relate directiy to the length of the 

ovulatory process in these species (see section 11, as in each case KHS-2 is 

induced roughly IO h before foiiide wall rupture mcurs. It haç therefore been 

suggested that PGHS-2 induction is a fundamental determinant of the length of 

the ovulatory process (20). Variations in length of the ovulatory process 

amongst species thus iikely result from underlying differences in PGHS-2 

transcriptional mechanisnu, aithough these have yet to be completely 

elucidated. 

2.2.1.3 Transcriptionai regdation of PGHS-2 in the ovary 

Many functional transcriptional elements have been identified in the 

PGHS2 promoters of several species. The use of partidar elements varies 

however as a function of ceil type and the nature of the agonist involved. For 

instance, a nuclear factor-~b (NFKB) element is implicated in osteoblast response 

to tumor necrosis factor a (97), a CAMP response element (CRE) is required for 

P G S 2  transcription in fibroblasts and vascular endothelium in response to 

certain stimuli (98,99), and an activator protein-1 (AP-1) site is invoIved in 

response to agoniçts such as bile acids and okadaic acid in certain c d  types 

(100,101). These and other studies therefore suggest b a t  the PGHS-2 promoter 

responds to various signalling pathways by the use of distinct transcriptional 



elements and mechanisms. in ovarian granulosa cells, two distinct elements 

have been implicated in the induction of PGHS-2 transcriptional activity in 

response to LH/hCG. The first is a CAAT box present in the rat promoter that 

binds CCAAT/enhancer-binding protein p (C/EBPB), whidi is itself induced by 

the LH surge (102). WMe this provided a simple mechanism for the 

transcriptional induction of PGHS-2, the involvement of the CAAT box was 

subsequently called into doubt by a similar study employing a larger fragment 

of the promoter (103). interestingly, PGHS-2 is induced normally in response to 

hCG in C/EBPf3 nul1 mice, but high rnRNA levels are maintained foilowing 

induction rather than dropping promptly again, as seen in wild-type animais 

(204). This suggests that the true role of C/EBPp rnay be to repress PGHS-2 

expression before and after its induction. In support of this theory, a recent 

study has shown a transient deaease in C/EBP$ protein levels in bovine 

granulosa cells that coincides temporally with the induction of PGHS-2 (79). 

The second important element is an E-box that has been characterized in 

both rats and cows (46,79). This region is absolutely required for PGHS2 

induction in granuiosa cells, and binds upstrearn stimulatory factor (USF). in 

addition to both the USF-1 and USF-2 proteins, significant arnounts of amino- 

terminal tnincated USF-2 (also known as mini-USF-2) have been shown to bind 

the bovine E-box prior to PGHS2 induction (79). As mini-US-2 lacks a 

transactivation domain, it has been proposed that it serves to repress 

transcription in a dominant negative fashion by competing with 

transcriptionally active USF for the binding site (79). Fittingly, EC-2 

induction coincides with the disappearance of mini-US-2 from bovine 



granulosa cells (79). On the conimry, sirnilar studies in rats showed no evidence 

of ovarian mini-USF proteins (103). It has therefore been postulated that speaes 

with long ovulatory processes delay the induction of FGHS-2 by expressing 

rnini-USF proteins to repress its hnscriptional activation until the appropriate 

moment (79). On the other hand, species with short ovulatory processes such as 

the rat rnay have different or no such mechanism. Confirmation of this will 

require the analysis of the KHS-2 transcriptional mechanisms in other species 

with short and long ovulatory processes. 

3. Steroid hormones 

Steroids are a subclass of an expansive family of chernical compounds 

known as terpenoids (46). Structurally, ail steroids are based on 

cyclopentanoperhydrophenanthrene, a saturated 17 carbon molecule arranged 

in a four ring configuration, to which are added various substituents (Figure 7). 

For purposes of classification and nomenclature, the six famiiies of steroid 

compounds that exhibit hormonal activity in mammals are considered to be 

derived from parent moledes. Narnely, progestins, glucocorticoids and 

rnineralocorticoids are related to pregnane, androgens to androstane, estrogens 

to estrane and vitamin D to cholesteroi (Figure 8). Specific compounds are then 

named by addition of the subtituent suffixes and their positions to the parent 

molecule, with the addition of the greek letter a if the substituent is above the 

plane of the ring, $ if it is bdow. For iristance, addition to an androstane parent 

molecule of a hydroxyl group beiow the plane of ring D at position 17, a keto 



Figure 7. Cyclopentanaperhydrophenanthrene. 

(Adapted from reference 46) 

Figure 8. The six ctasaer of mammalian hormonal rteroids, their 

parent molecules and tepmentative compounds (Adapted from 

reference 46) 

group at position 3 and unsaturation at position 4 results in a compound 

systematically named 17~hydroxyandrost~-3-one, trivially known as 

testosterone (Figure 8) (46). 

Categorization of a hormonal steroid into a specïfïc family is done 

according to both structural and biobgid criteria. Glucocorticoids and 



mineralocorticoids are 21-carbon molecules with 0x0 groups on carbons 3 and 

20, a hydroxyl group on carbon 21, a two-carbon side-chah at position 17 and a 

double bond at position 4. Glucocorticoids rnay also have additional hydroxyl 

groups at positions 11 and/or 17, whereas mineralocorticoids are characterized 

by a hydroxyl at position 11 and an aldehyde group at position 18. Vitamin D is 

in fact a secosteroid, characterized by breakage of the bond between carbons 9 

and 10. Androgens are 19-carbon compounds characterized by oxygen 

hctions on carbons 3 and 17. Estrogens have 18 carbons, oxygen functions at 

positions 3 and 17 and an arornatic A ring. Progestins, as represented by the 

naturally occuring progesterones, al1 consist of 21 carbons and 0x0 

hctionalities at positions 3 and 20 (46). 

3.1 Roles of steroid hormones in physiological processes 

Uniike prostaglandins, steroid hormones are synthesized by a few highly 

specialized tissues and exert their effects on a limited number of targets, which 

sre typically distant from the site of secretion. Glucocoticoids are synthesized 

in the zona retidaris and zona fasacdata of the adrenal cortex and are 

important mediators of intermediary metabolism. Their specific effeds include 

the s tirnula tion of hepatic gluconeogenesis and glycogenolysis, decreased 

penpheral glucose utilization, inaeased lipolysis and protein catabolism, and 

augmented water diuresis (105). Mineralocorticoids are produced in an adjacent 

region of the adrenai cortex, the zona glomedosa. These target mainly the 

distal tubuies of the kidney and promote sodium retention and potassium and 



hydrogen secretion, thereby exerting powerful effects on electrolyte balance and 

blood pressure (105). The synthesis of bioactive vitamin D requires the 

cooràina te action of the skin, liver and kidney. Its main target tissues are bone 

and the mucosal ceUs of the gastrointestinal tract, where it increases circulating 

calcium Ievels by promoting ik movement from bone and uptake from dietary 

sources (105). Testicular ancùogens are crucial for a series of developmental 

processes in the male, including the differentiation and growth of the 

reproductive tract, extemal genitalia and regions of the brain. At rnaturity, they 

also direct the development and maintenance of male secondary sex 

characteristics and sexual behavior, and are required for spermatogenesis. 

Furthemore, they exert anabolic effects in both sexes, as low tevels of adrenal 

androgen production also occurs in females (46). 

Estrogens and progestins are the two major steroid hormone products of 

the ovary. While the former are synthesized mainly by developing follicles, the 

latter are produced predorninantly by the corpus luteum. The physiological 

roles of estrogens are varied and are required throughout the reproductive cycle 

and certain phases of gestation in all species. They serve to modulate 

gonadotropin swetion, thereby coordinating follidar development and the 

rise in LH levels that is associated with ovulation (see section 1). Concmntly, 

they are required for the expression of behavioral esûus in most species, 

including the mare (105,108). Estrogen's effects on the tubular genitalia Vary 

amongst speaes, and typically include prohferation of the uterine endometriuni 

and fluid accumulation (46,107,108). This has not been reporteci in the mare 

however, dthough changes in the cervix and fluid accumulation in the oviduct 



and vagina have been noted during estm (108). During gestation, massive 

arnounts of estrogen synthesiç by the fetoplacental unit have been noted in 

several speaes such as horses and pigs. In pigs, these estrogens act as a 

luteostatic agent, thereby assuring materna1 recognition and maintenance of 

pregnancy (106,109). While estrogens are alça believed to be required for 

successful pregnancy in the mare, they apparentiy do not act in a luteotropic or 

luteostatic fashion (109). At parturition, estrogens act to initiate prostaglandin 

synthesis, resulting in the start of the acute phase of delivery (105,110). Many 

of the proposed physiological roles of estrogens were confimed by the 

generation of rnice with nuli mutations of cytochrome P W  aromatase 

(P450arom), the gene responsible for the final step in estrogen biosynthesis 

(111). Notably, these rnice were anovulatory, their avaries contained numerous 

atretic follicles and no corpora lutea, and had high levels of circuiating 

gonadotropins. Unexpectedly however, mde P4SOarom-null rnice also exhibit 

reduced fertility, which has been associated with a progressive reduction in 

spermatogenesis (112). Coupled to data obtained in an estrogen receptor gene 

knockout analysis (112,113), these results now indicate a previously 

unsuspected role for estrogens in maie reproductive functions. 

Progesterone is the main hormone responsible for progestin bioactivity in 

mammals (46). Traditionally, progesterone action has been associated primarily 

with the establishment and maintenance of pregnancy (26,46,115). This has 

been demonstrated in many species including the mare, in which progesterone 

coordinately affects the deveiopment of the embryo and the utems so as to 

permit implantation (26,114). Subsequently, continued progesterone secretion 



by the CL is an absolute requirement for the maintenance of pregnancy, k l y  

due to its stimulation of uterine secretions (109). Further roles for progesterone 

have been proposed in the modulation of gonadotropin secretion, the control of 

sexual behavior, ovulation and luteinization, and mammary gland development 

durirtg gestation (25,46,115) (see sections 1.1.1 and 1.2.1). These have been 

coniïrmed in a convincing fashion by the analysis of the phenotype of 

progesterone receptor-nd mice, which are characterized by ovulatory Mure, 

impaired luteinization, impaired response of mammary tissues to hormonal 

stimulation and failure to demonstrate sexual recep tivi ty response (26). 

Collectively, these data have expanded the roles of progesterone well beyond its 

estabiished functions in gestation, redefining it as a pleiotropic coordinator of 

diverse reproductive processes. 

3.2 Molecular biology of ovarian steroid hormone biosynthesis 

Ail naturally occuring hormonal steroids are synthesized from 

cholesterol(46). While it rnay be synthesized de novo from acetate by 

steroidogenic cells, it is believed that plasma lipoproteins represent the major 

supply of cholesterol for steroidogenesis (116). Consistent with this, hormonal 

induction of steroidogenesis stimulates the low density lipoprotein (LDL) 

receptor and accelerates LDL cholesterol uptake (36,116). Selective cholesterol 

uptake in steroidogenic tissues also occurs from high density lipoproteins, in 

part by the action of scavenger receptor, class B/type 1 (SR-BI) (117). The r a b  

limiting step of steroid hormone synthesis is catalyzed by cytochrome P450 



cholesterol side-chah cleavage enzyme (P450scc), which is situated in the inner 

mitochondrial membrane (118). CholesteroI delivery from intracellular pools to 

the mitochondria is therefore an important procedure which is likely to be 

regulated by hormonal stimuii (118). It has been proposed that this occurs by 

the transit of lipid vesicles dong intermediate Eiaments that then dock with 

mitochondria (118). Phosphorylation of cytoskeletal subunits has been 

suggested as a mechanism by which the rate of delivery of the vesicles may be 

modulated (118). By a means yet to be clearly elucidated, sterol carrier protein 2 

(SCM) then likely functions to promote the transfer of cholesterol from vesicles 

to mitochondria (118). Steroidogenesis activator protein (SAP), much like SCP2, 

can serve to accelerate steroid hormone production, and has been proposed to 

act in a manner similar to a heat shock protein, serving as a chaperon to help 

cholesterol transport proteins to interact with the mitochondria (118). 

While P450scc limits the rate of the chernical reactions involved in steroid 

hormone production, it has long been known that the acute response to 

steroidogenic stimuli is limited by the rate of cholesterol transfer from the outer 

to the inner mitochondrial membrane. One aitical mediator of this process is 

steroidogenic acute regdatory protein (StAR), a labile and tightly regulated 

pro tein which is believed to act at points of contact between the inner and outer 

membrane to promote cholesterol desorption from one membrane to another 

(119). Another protein known to be required for this transfer to occur is the 

peripheral benzodiazepine receptor (pBR) (120). It has been proposed that the 

membrane-spanning regions of pBR serve to form a pore through which 

cholesterol could be transferred (121). However, the precise mechanisms of 



action of StAR and pBR, as w d  as any cooperative mechanism that may exist 

between them, rernain to be demonstrated. 

Following i b  insertion into the inner mitochondrial membrane, 

cholesterol is cleaved by the P450scc enzyme complex to form pregnenolone 

(Figure 9) (116). in the corpus luteum, pregnenolone is then converted by 3& 

hydroxysteroid dehydrogenase/A5-A4 isomerase (3PHSD) to progesterone, its 

main hormonal product (46). in mature follicles, granulosa ceU-derived 

pregnenolone can be metabolized by two alternative steroidogenic pathways 

(123). Via the A4 pathway, progesterone is formed by 3$-HSD, and successively 

converted to 17a-hydroxyprogesterone, then to androstenedione by cytoduome 

P450 17a-hydroxylase/ 17-20 lyase (P45017a). In the A5 pathway, 3p-HSD and 

P45017a act in the reverse order, converting pregnenolone to 17a- 

hydroxypregnenolone, then to dehydroepiandrosterone and finally (by 

3B-HSD) to androstenedione (Figure 9). Mthough ovarian expression patterns 

of these enzymes suggest a functi~nai redundancy between the pathways, 

species-specific variations appear to exist that dictate the preferentiai usage of 

one or the other. Specifically, human, cow and sheep P45017a appears 

inefficient al, or incapable of, using 17u-hydtoxyprogesterone as a substrate, 

aeating a functionai blockage of the A4 pathway (123). Conversely, 17a- 

hydroxypregnenolone is a poor substrate for guinea pig P45017a, therefore 

requiring predorninant use of the A4 pathway (123). Similar studies in pigs and 

rats indicate no detectable substrate preference, suggesting that both pathways 

are used in these species (123). Equine ovarian steroidogenesis has not been 

extensively charactetized, and evidence exists pointing to the preferentiai use of 
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both pathways. While anaiysis of foilicular fluid steroids suggests A4 usage 



(108), the relative absence of 3fJ-HSD activity in equine theca interna compared 

to granulosa celis proposes that the opposite may be hue (34,40). 

The expression of P45017a is restricted to the theca interna (41,123), 

making it the obligatory site for ovarian androgen synthesis. These steroids 

then diffuse to the grandosa celi layer, which is the site of cytochrome P450 

aromatase (P450arom) expression in all species, including the mare (124). 

P450arom and 17-ketosteroid ceductase then convert androgens to estradiol-17b 

(46), the major and most potent of the estrogens synthesized in the ovary (108, 

110) (Figure 9). 

3.2.1 Steroidogenic acute regulatory protein 

The steroidogenic response to hormonal stimuli has long been known to 

occur in two phases; an acute phase which requires new protein synthesis and 

occurs within minutes (118) and a secondary phase which begins approximately 

one hour afterwards if the stimuius is maintained (118). Further studies 

identified the rate-limiting step in the acute steroidogenic response as being the 

transfer of cholesterol kom the mitochondriai outer membrane to the inner 

membrane, where it becornes accessible to P450scc (125). While the search for 

the labile protein responsibIe for this activity yielded several candidates (126), 

the most compelling evidence now implicates steroidogenic acute regulatory 

protein (StAR). StAR mRNA is rapidy induced in steroidogenic cells in 

response to hormonai stimuli and CAMP, and this closely paraiiels increases in 

steroid production (125). Furthmore, the introduction of a StAR cDNA into 



s teroidogenic as weil as non-steroidogenic ceiis resulted in increased s teroid 

production in absence of hormonal stimulus (125). The distribution of StAR 

expression is limited almost exdusively to steroidogenic ceh  (127-129), in 

which the protein has been localized to contact sites between the inner and outer 

mitochondriai membranes (130). Further genetic evidence of the role of StAR in 

steroidogenesis came with the discovery that lipoid congenitd adrenal 

hyperplasia (LCAH), a rare human autosomal recessive disorder, results from 

mutations in the StAR gene (131). LCAH patients suffer notably from profound 

adrenocortical insufficiency and male pseudohermapluoditism caused by 

insufficient fetai testosterone synthesis during development (132). This 

phenotype was closely mimicked when targeted StAR gene disruption 

expenments were performed in mice, who are ail born with female externai 

genitalia and die rapidly from respiratory failure, presumed to result from 

adrenocorticoid defiaency (133). 

3.2.1.1 Biochemistry and enymology of StAR 

The hurnan StAR gene consists of seven exons spread over approximately 

8 kb (134), and is trartscribed into a 1.6 kb major transcript dong with minor 4.4 

and 7.5 kb messages (127,129). Considerable variabiiity has ben observeci in 

the number and sizes of StAR traTLSCllpts in other species, Uely resulting from 

clifferences in 3' untranslated regions that have been proposed to influence 

translation (31,132,135-139). S U U  mRNAs are translateci into highiy conserved 

proteins of 284 or 285 amino acids which feature an N-terminal mitochondrial 



targeting sequence that is deaved following mitochondrial irnport, resulting in a 

mature protein of 30 kDa (140). Mutationai analyses (141,142) as weU as genetic 

data coilected from LCAH patients (143) have indicated that the enzymatic 

activity of StAR resides within its C-terminus. in addition, phosphorylation of 

StAR occurs in vivo at least at two protein kinase A sites, one of which appears 

to be required for fuli activity (144). 

An initial model describing the mechanism of SM action suggested that 

it forms a conduit for the transfer of cholesterol down the chernical gradient that 

exists between the mitochondrial membranes (126). This was consistent with its 

rapid mitochondrial import and processing and its localization at contact sites of 

the inner and outer rnitochondriai membranes. Recent data disproves this 

model however, as it has been ciearly shown that targeting to the mitochondria 

is not required for StAR action, suggesting that it acts on their outer membrane 

(141,142). In addition, it has been demonstrateci that S M  c m  function as a 

sterol transfer protein, likely enhancing the desorption of cholesterol molecules 

from one membrane to another (119). Current models therefore suggest that 

while StAR is directed to the mitochondria via its N-terminus, its C-terminus 

interacts with the outer mitochondrial membrane to direct cholesterol transfer 

(145) (Figure 10). Fial irnport into the mitochondria may therefore repreçent 

the mechanism by which StAR is ultimatdy inactivated (125,132). 

3.2.1.2 Hormonal regdation of ovariiin StAR expression 

It is now well established that S M  expression in steroidogenic cells is 



Figure 10. The known mechanisrn of StAR 

action. (Adapted ftom reference 126) 

regulated by tropic hormones which act via the cAMP/protein kinase A (PKA) 

signalling pathway (125,132). This was demonstrated notably in corpora lutea, 

as StAR expression in hypophysectomized sheep increased in response to 

exogenous LH (146). Further studies in other species confirmed that 

gonadotropins stimulate luteal StAR expression (142,147). Conversely, 

luteolytic stimuli such as PGF2a (31,38,146,148) or estradiol-17p deprivation in 

rabbits (149) resulted in losses of StAR expression. The granulosa cells of 

mahiruig follides express low levels of StAR (29,30), but this is markedly 

induced in vitro and in vivo by CAMP (29,150), eCG/hCG (30,31, lSl), FSH, 

forskolin and IGF-l(152-154). Shidies conducteci in an immature rat mode1 

have indicated that high levels of StAR expression in grandosa cells are induced 

in paraiiel with the onset of the lutwiization process, and this is presumably 

triggered in vivo by the LH surge (30,132). 

3.2.1.3 Transcriptional regdation of StAR in the ovary 



Initial evidence for the implication of the orphan nudear receptor 

steroidogenic factor-1 (SF-1) in the transcriptional regulation of StAR came 

when it was noticed that SF-1 nuii mice do not express StAR mRNA (155). 

Sequence analysis of rat, human, bovine and mouse StAR promoters reveaied 

several potential SF-1 binding sites, though transient transfection and 

electrophoretic mobility shift assays subsequently demonstrated vastiy different 

degrees of functional importance for each element (150,155-158). While these 

studies have established a role for SF-1 in the basai transcription of StAR in 

several speaes, it remains undear if or how CAMP acts upon SF-1 to up-regulate 

StAR expression in response to hormonal stimuli. This is underscored by one 

study indicating that an SF-1 element in the murine S M  promoter is not 

required for hormonal induction (155), though data from other reports impiy 

that species- and ce11 type-specific variations may exist (134,156-158). 

Recent data have identified additional transcription factors that may be 

responsible for the hormonal inducibility of the StAR promoter. Two C /EBP 

response elements have been identified in both the mouse and human 

promoters, and C/EBPP binds one of these with hgh affinity (159,160). 

C/EBPP binding was further shown to be required for both basal and inducible 

StAR transactivation, and it has been proposed to functionaüy interact with SF-1 

(125,159,160). Sterol regdatory element binding protein-la (SREBP-la) &O 

stimulates StAR promoter activity in transient transfections, dthough its 

binding site remains to be identified (161). Conversely, the transcription factor 

dosage-sensitive sex reversal, adrenai hypoplasia congenita, X chromosome, 



gene 1 PAX-2) binds a stem-loup stnicture in the StAR prornoter, thereby 

inhibithg transcription of the StAR gene (162). Furthermore, DAX-1 may also 

downregulate StAR expression by a direct, protein-protein interaction with SF-1 

(163). While both SF-1 and C/EBPB have been irnplicated in the regdation of 

the StAR promoter in the addt ovary as detailed above (150,158, lm), it 
r e m a h  to be shown if SREBFla, DAX-1 or other factors play important roles in 

ths tissue. 

3.2.2 Cytochrome P450 cholesterol side-diain cleavage 

Early studies suggested that the sequential conversions of choIestero1 to 

22-hydroxychoIesterol,20,22-hydroxycholesterol and pregnenolone were 

mediated by distinct enzymes (116). However, in vitro reconstitution assays 

employing purified proteins ultimately demonstrated that ali steps could be 

attibuted to a single protein cornplex, termed cytochrome P450 cholesterol side 

chah cleavage (P450scc) (116). 

3.2.2.1 Biochemistry and enzymology of P450scc 

The human gene encoding P450scc spans over 20 kb and consists of nine 

exons (164). This is transcribed into a single mRNA species of approximately 2.0 

kb that encodes a 520 aa protein (165) which is highly conserved throughout 

evolution, as demonstrated by the subsequent doning of P450scc from species 

ranging from rodents (166) to fish (167). The protein consists of an N-tennind 



mitochondrial leader sequence, followed by putative functional domains 

proposed to bind cholesterol substrate molecules, cuordinate a heme group and 

associate with components of the electron tramfer chah (168). Following 

translation, P450scc is trans1ocated to the mitodiondnal inner membrane by a 

poorly understood, ATPdependant mechanbm, and the leader sequence is 

cleaved by a specific peptidase (169). P45ûscc then associates with a larger 

complex of over 850 kDa that consists of 16 subunits (116). These rnitochondnal 

import and maturation steps are apparently obligatory, as hpropedy-targeted 

P450scc proteins fail to produce pregnenolone (170). 

P450scc catalyzes pregnenolone formation by the successive actions of 

three distinct catalytic activities; 22-hydroxylase, 20-hydroxylase and 20,22-lyase 

(Figure 11) (116). EIectrons required for these oxidations to wcur are donated 

by NADPH, and three such molecules are required per moIecule of 

pregnenolone generated (Figure 11). Rather than being used directly by 

P450scc, the electrons flow dong a chah, and are initialiy accepted by the 

flavoprotein adrenodoxin reductase, which is Loosely adherent to the inner 

mi tochondrial membrane. These are transferred to adrenodoxin, an iron/sdfur 

protein which diffuses freely in the mitochondrial matrix and ultimately binds 

P450scc, which then functions as the terminal oxidase (116,171). 

3.2.2.2 Hormonal regdation of ovarian P450scc expression 

A variety of hormonal agents have been shown to modulate P4SOscc 

mRNA levels in cdtured grandosa and thecal cells. These indude up- 



Figure 11. Enzymatic reactions catalyzed by the cytochrome 

P450 cholesterol sidethain cleavage complex. (Adapted from 

reference 46) 

regulations by FSH/IGF-l(172-176), activin (177), GH (178), CAMP (174,179- 

181), estradiol(35,182), prolactin (146), EGF (181) and LH (179), whereas long- 

term phorbol ester treatment (183) and angiotensin II (181) cause a down- 

reguia tion. S tudies performed in vivo have demonstrated that P450scc 

expression in rat granulosa ceiis inaeases in response to gonadotropins and 

CAMP (181) but, foilowing the LH surge, it becomes CAMP-independant and 

responds to different hormonal agents (166). The LH-induced luteinization 

process also leads to a rnarked upregulation of P450scc mRNA in several 

species, when levels present in luteal cells are compared to preovulatory 

granulosa ceils (32-38). The LH surge itself however has species-specific effects 

on P450scc expression in the short term, as a transient down-regdation has been 

obçerved in cows and monkeys (32,40,184), but no significant change has been 



observed in pigs or sheep (33,39), while P45Oscc rnRNA levels rise rapidy in 

rats (166). 

3.2.2.3 TranscriptionaI regulation of P450scc in the ovuy 

The transcriptional rnecf\anisms underlying the hormonal regulation of 

P450scc in granulosa ceils have been extensively studied in several species. 

Several key cis-acting elements have been identified, including an SF-1 element 

required for tissuespecific, CAMP-induced P450scc expression (185-188). A tink 

to the basal transcriptional madiinery is then provided by the coactivator CREB 

binding protein (CBP)/p300, which has k e n  shown to functionaliy bind SF-1 on 

the P450scc promoter and enhance transcription (189,190). Another nearby 

element binds the transcription factor Spl(187,191-194), and a direct, 

synergistic interaction between SF-1 and Spl has been proposed to occur in 

response to CAMP (190). Activator protein-2 (AP-2) binds Spl to activate 

P450scc transcription in ceils that do not express endogenous SF-1(194), but 

whether or not it plays a role in modulating P450scc expression in granulosa 

cells remains to be determined. 

3.2.3 3B-hydroxysteroid dehydrogenase/A5-A4 isornerase 

The conversion of AS-3&hydroxysteroids to A43-ketosteroids is 

catalyzed by 3f$hydroxysteroid dehydrogenase/A5-A4 isomerase (3&HSD), and 

is a required step in the biosynthesis of ail essentiai adrenai and gonadal steroid 



hormones (195) (Figure 12). Numerous cases of 3bHSD deficiency have been 

identified in humans. Confoundingly, while these patients suffer from adrenai 

hyperplasia and male pseudohermaphroditism resulting from insuffiaent fetal 

testosterone production, both sexes show signs of viriiization at pub* (196). 

Also unexpectedly, 3&HSD expression was found in non-steroidogenic tissues, 

such as sebaceous glands, kidneys and brain (196). Taken together, these data 

sugges ted the existence of a primary adrenal/ gonadal 3EHSD isoform, dong 

with one or more peripheral isoform(s) that could partiaily compensate for 

primary 3PWSD defkiency (195,1%). This notion was confirmed by molecular 

cloning, as two distinct 3&HSD genes have been identified in humans, dong 

with six genes in rats and mice and likely incomplete sets of orthologs in other 

species (195197). These isoforrns differ notably by their tissue distributions and 

mechanisms of gene regdation (197). The 3fbHSD gene expressed in aàrenai 

and gonadal tissues is refered to as type II in humans and type 1 in a i l  other 

species, reflecting the chronology of their cloning rather than their being distinct 

genes (197). 

3.2.3.1 Biochemistry and enzymology of 3&HSD 

The structure of human type II 3&HSD has b e n  characterized, and is 

split into four exons and three introns spread over approximately 7.8 kb (195). 

This is transcribed into a 1.7 kb mRNA (37,198) that encodes a highly conserved 

372 aa protein (195). 0 t h  3 W D  genes encode proteins of apparent 

molecular weights varying from 40 to 46 kDa (196,197) that share the structurai 



Figure 12. Enzymatic reactions catalyzed by 3fLhydroxysteroid 

dehydrogenaselA5-4 komerase in gonadal tissues. (Adapted 

from reference 46) 

hallmarks of the prirnary gonadai/adrenai isoform (195). Putative functiod 

domains include hvo trammembrane segments (195) which anchor the protein 

to both the endoplasmic reticulum and mitochondnai inner membrane (130, 

197). As is characteristic of members of the short chah alcohol dehydmgenase 

superfamily, 3PHSD aiso possesses an N-terminai GXXGXXG motif that is 

believed to bind the AMI? moiety of the cofactor NAD' (195). Another 

characteristic of this superfarnily is the YXXXK motif that localizes to the 

catdytic active site, and two such elements are present in most 3fbHSD 

homologs (195). Furthemore, one of these motifs is located within a region 

identified by labelling studies to be the site of steroid binding and isomerase 

activities (195). 



The conversion of A5-3&hydroxysterds to A43-ketosteroids involves 

the successive actions of 3&hydroxysteroid dehydrogenase and S A 4  isomerase 

activities. Protein pudication expiments as well as later in vitro expression 

studies were required ta demonstrate that bot .  activites mide  within a single 

3kHSD protein (195). A mode1 describing the catalytic mechanism has been 

developed from affmity radiolabelhg and inhibition data (195). This mode1 

suggests the existence of a single, bifunctional catalytic site that hctions 

initiaIly as a 3&hydroxysteruid dehydrogenase that uses NAD' as a cofactor. 

The NADH molecule that is generated by this reaction wouid then serve to 

induce a conformational change that activates the latent isomerase activity (1 95). 

The non-adrenal/gonadaI 3BHSD isoforrns have been shown to possess 

markedly different catalytic properties with respect to rate of catdysis, cofactor 

preference and affinity for various substrates (196). InterestingIy, mouse type N 

and V and rat type III 3kHSD apparentiy fimction as NADPH-dependant 3- 

ketosteroid reductases (196). As these are expressed in the kidney and male 

liver, this suggests that the3 principal role may be to inactivate steroid 

hormones such as dihydro testosterone (2%). 

3.2.3.2 Hormonal regulation of ovarian 3&HSD expression 

Several hormonal agents have been reported to moduIote 3&HSû 

expression in cuitured ovarian cells, inciuding trançforming growth factor-$ 

(123), insulin (123), insulin-like growth factor-8 (173), activin (123,177), FSH 

(173,177,199), hCG/LH (200,201) angiotensin II (123) and CAMP (1 23,200,201). 



Studies in vivo examining the regulation of 3 ~ H ç D  in ovarian interstitial and 

luteai ceiis have reported b t  hormonal stimuli such as LH and prolactin can 

up-regulate its expression (202-206). Conversely, luteolytic (i.e. high dose) 

treatments of prolactin (203,204) or PGF, (33,207,208) have the opposite effect 

on corpora lutea. Much like P450scc, higher levels of 3bHSD mRNA are 

present in corpora lutea when compared to preovulatory follicles in several 

species (33,37,39,41,42,209), indicatirtg that the LH-induced luteinization 

process up-regulates 3bHSD gene expression. However, the LH swge has 

species-specific effects in the short term, as it induces a transient down- 

regulation of follicular 3&HSD mRNA in cows (32), but a rapid inaease in 

monkeys (184). 

3.2.3.3 Transcriptional regulation of 3bHSD in the ovary 

Reports of the transcriptional regulation of 3bHSD have to this date been 

limited to the adrenai/gonadal isoform, and have examined only adrenai (210) 

and non-steroidogenic (206,210) ceii h e s .  Results have identified an SF-1 

element within the 3pHSD promoter that is required for a synergistic response 

to CAMP and phorbol ester (210). As gonadotropins act via both the protein 

kinase A an C pathways (211), it has therefore been inferred that gonadotropin- 

mediated control of 3pHSD expression occurs through SF-l(206). Similarly, a 

response element that binds signal transducer and activator of transcription-5 

(Stat5) has been implicated in the up-regdation of 3&HSD in response to 

prolactin (206). The notion that this could also apply to ovarian c d s  is 



supported by the fact that Stat5a/StatSb double knockout mice are infertile and 

do not form corpora lutea (212). However, a direct demonstration of the use of 

either the SF-1 or StatS elements in ovarian ce11 3fLHSD transcriptional response 

to hormonal stimuli has not been reporteci as yet. 

3.2.4. Cytochrome P450 1701-hydroxylase 

Cytochrome P450 17a-hydroxylase (F45017a) is another bifunctional 

steroidogenic enzyme, as it catalyzes androgen formation by the successive 

actions of its 17a-hydroxylase and 17,20 lyase activities (116) (Figure 13). In 

spite of irrefutable demonstrations that a sole protein is indeed responsible for 

both enzyrnatic activities, P45017a also acts as a single-function 17a-hydroxylase 

in the adrenal cortex to direct the synthesis of glucocorticoids and 

rnineralocorticoids (116). It has thus been proposed that tissue- and 

developmental stage-speafic mechanisms differentiaiiy regulate each activity, 

and P450i7a is the only cytochrome P450 enzyme in which this is believed to 

ocmr (213). P45017a is therefore refered to as the qualitative regulator of 

steroidogenesis, as it determines the identity of the final hormonal product by 

selectively applying either one or both of its enzymatic activities (213). 

3.2.4.1 Biochemistry and enzymology of P45017a 

Human P45017a is encoded by a single, 6.0 kb gene that is spiit into eight 

exons (116), and is transcribed into an mRNA of approximately 1.8 kb (37). This 



Pregnenolone 17o-Hydo~p Dehydroepiandro- 
pregnmolone sterone (DHEA) 

Figure 13. Enzymatic reactions catalyzed by cytochrome P450 l'la- 

hydroxylase in the ovary. (Adapated from reference 46) 

is translated into a protein with a single, bifwictional catalytic site and that 

features al1 of the structural haIlmarks of the cytochrome P450 family, including 

a heme binding site, a sterol binding site, and a domain that interacts with its 

electron transfer partner (116,213). Unlike P450scc, P45017a protein localizes to 

the smooth endoplasmic reticulum, and therefore accepts electrons from a 

distinct chah (1 16). While the eIectron transfer protein cytochrome b, can 

selectively augment P45017u activity, the flavoprotein P450 oxidoreductase (OR) 

alone suffices to deliver electrons front NADPH to P45017a, and is believed to be 

its sole redox partner under physiological conditions (213). 



The mechanism(s) by which the activities of P45017a are clifferentially 

regulated have been extensively studied, and are believed to involve only post- 

transcriptional mechanisms (213). As OR is considerably more abundant in 

testis than in the adrenal gland, it was suggested that a higher OR: P45017a 

molar ratio could favor the 17,20 lyase reation, thereby explainhg the higher 

rate of androgen production in gonadal tissues (213). This notion is supported 

by in vitro kinetic analyses in yeast that demonstrated that the 17,20 lyase 

reaction is more severely impeded than the 17a-hydroxylase reaction when OR 

concentrations are low (214). Furthemore, human patients suffering from 17,20 

lyase deficiency were shown to have mutations in the region of the P45017a 

protein responsible for interacting with OR, resulting in severely impaired 17,20 

lyase activity but only mildly diminished lïa-hydroxylase function (215). 

h o  ther mechanism involved in the differentiai regdation of P45017a adivities 

is CAMP-inducible serine/ threonine phosphorylation, which is associated with a 

selective increase in 17,20 lyase activity (216). W e  the mechanism by which 

phosphorylation accomplishes this remains to be elucidated, an inaease in 

P450iïa affinity for OR has b e n  proposed (213). Interestingly, polycystic ovary 

syndrome (POCS), a disorder characterized notably by ovarian and adrenal 

hyperandrogenism in women (217,218), is associated with kinase hyperactivity 

that results in insulin receptor hyperphosphorylation (219). It has therefore 

been postulated that a similar mechanism may result in P45017a 

hyperphosphorylation in POCS patients, thereby causing inapproprite 17,20 

1 yase activity levels and ensuing excess androgen production (220). 



3.2.4.2 Hormonal regulation of ovuian P45017a expression 

The expression of P45017a, which is essentially limited to the theca 

interna of ovarian follicles (32,34,39,221), is believed to be regulated in vivo 

primarily by LH during follicular development (220). The subsequent LH swge 

has species-specific effects on P45017a expression, varying f~om a slight down- 

regulation in humans (37) to near-silencing in cows, pigs and rats (32,39,43). 

This apparently reflects the distinct nature of the human corpus luteum, which 

retains the ability to synthesize signihcant amounts of aromatizable androgens 

(37). Severai additional factors have been identified that modulate P45017a 

rnRNA levels in various in vitro systems, induding insulin (222), IGF-l(220) and 

inhibin (223), which ail stimulate its expression. The opposite effect has been 

observed upon addition of TGF-8 (224,225), corticohopin-releasing factor (226) 

or activin (223). 

3.2.4.3 Transcriptional regulation of P450i7a in the ovary 

Two distinct regions of the human and bovine P45017a promoters have 

been associated with CAMP responsiveness (227,228). The first, termed CRSI, 

binds at least four nuclear proteins, two of which have been identified as being 

the TALE homeodomain transcription factors Pbx and Meisl(220,227,230,231). 

While C S 1  is clearly required for induable P45017a expression in adrenal ceils 

(232), studies in bovine thecal cells indicate that the second CAMP responsive 

region, CRSZ plays a more important role in the ovary (233). CRS2 consists of 



an overlap ping set of binding sites for the transcription factors SF-1 and chicken 

ovalbumin upstream promoter transcription factor (COUP-TF), which acts as a 

negative regulator by preventing SF-l binding (227,234). A functiondy similar 

sequence has been identifieci in the rat promoter that binds two additional 

positive transcriptional regdators; n m e  growth factor-induced gene B (NGF- 

IB) and the protwoncogene SET (235,236). While a role for SF-1 has been 

proposed in bot5 the basal and CAMP-induced transactivation of the P45017a 

promoter, evidence has &O ben obtained that its purpose is resûicted to basal 

transcription in ovarian celis (227-229,233,234). hdeed, an additional element 

that binds Spl is apparently required for CAMP-induced P45ûi7a transcription 

in thecal cells (237). Androgen receptor (AR) c m  bind to the CRS1 in testicular 

Leydig ceils, thereby providing a rnechanism for androgens to limit their own 

synthesis by downregulating P45017a transcriptional adivity (238). Similady, 

Müllerian inhibitory substance (MIS), a hormone irnplicated in sexual 

dif ferentia tion, can downregulate testicular androgen s ynthesis at the level of 

P450i7a gene transcription (239). However, roles for AR and/or MIS in 

modulating ovarian steroidogenesis at the transcriptional level have not been 

reported thus far. 

3.2.5 Cytodirome P450 aromatase 

The conversion of androgens to estrogens is perfonned by cytochrome 

P450 arornatase (P450arom). As evidenced by the phenotype of P450arom nuIl 

mice, this activity is absohtely required for normal reproductive functions, 



including the regula tion of gonadotropin secretion, follidar development, 

ovulation and spermatogenesis (see section 3.1). In addition, P450arom 

expression in the non-gonadal tissues of vertebrate species suggests further 

roles, such as the local synthesis of brain estrogens that plays a role in 

deterrnining sexually dimorphic reproductive behavior (240). Other sites of 

estrogen synthesis indude the placenta, liver, bone, skin and adipose tissue of 

certain speaes (241). While the physiological roles of these locally-produced 

estrogens rernain to be elucidated, dysregulation of P450arom expression has 

been observed in several pathological conditions, including endometriosis (242) 

and uterine and hepatic turnors (243-245). Most notably however, a dramatic 

up-regdation of P450arom expression can occur in breast tissues during 

carcinogenesis, thereb y generating estrogens that stimula te tumor growth in an 

autocrine/paracrine manner (246). This discovery has stimulated the search for 

specific pharmacological inhibitors of P450arom activity, which has been aided 

significantly by the development of computer models of the active site (246). 

3.2.5.1 Biochemistry and enzymology of P450arom 

The coding sequences of human P450arom are split amongst nine exons 

(numbered II through X) that span over 75 kb (247-249). Remarkably, at les t  

eight distinct non-coding first exons are known to exist, which are spread over 

at Ieast 40 kb and narned 1.1,1.2,1.3, L4,1.5, L6,2a and If (250,251). These are 

altematively spliced to exon II at a comrnon site, giving rise to transaipts that 

differ only in their 5'-untranslated regions. Use of each exon 1 is presumably 



linked to a distinct promoter, and transcription can also be initiated from the 

region immediately upstream of exon II, refered to as promoter II (252). Each 

P4SOarom promoter that has been characterized to date is stnicturally and 

functionaIly distinct, and includes dements involved in the response to 

particular stimuli (250). One consequence of this convoiuted regulatory 

mechanism is that promoter usage occurs in a t i s s u e - s e c  m e r .  For 

instance, FSH-responsive ovarian P450arom expression in the ovary is directed 

m a d y  by promoter Il (252,253), whereas promoter 1.4 controfs glucocorticoid- 

stimulated transcription in adipose tissue (250), and promoter If has been 

described as brain-specific and androgen-inducible (254,255). Regdation of the 

P450arom gene is rendered even more complex by several physioIogical and 

pa thological processes that induce promo ter switdiing. For instance, the 

P4SOarom transcripts present in porcine placental tissues in early pregnancy 

result from the use of a different promoter than those found in midpregnancy 

(256). Similarly, wMe promoter 1.4 is used in nonnal adipose tissue, transcripts 

derived from promoters 1.4,1.3 and iI are found in cancerous tissue; a switching 

mechanism that is likely aitical for the carcinogenic process itself (246,257-261). 

While best described in humans, the structure of the P450arom gene appears 

equally complex in other rnarnmalian species, who ali show evidence of 

alternative exon I usage (263-266). Furthermore, whiie P450arom is believed to 

be a singlecopy gene in humans (250), evidence exists for several distinct gens 

in pigs (267). 

The human P450arorn gene is transcribed into two mRNAs of 2.9 and 3.4 

kb that differ in the lengths of the 3'-untranslated regions (37), although the 



number and size of observable transcripts varies amongst species (181). The 

primary structure of the P45ûarom protein is highly conserved over 

considerable evolutionary distance, as evidence by its cloning from species 

ranging from humart to chicken to trout (262,268,269). It consists of 503 amino 

aads in mammalian speaes, and includes domains proposeci to bind heme, 

serve as a membranespanning region and bind substrate (250,270), dong with 

a site at which N-iinked glycosylation occurs (271,272). P450 arom lwalizes to 

the endoplasmic retidum, where it associates with the flavoprotein P450 

oxidoreductase (273). It is this protein that is reponsible for electron transfers 

from the three m o k d e s  of NADPH that required for P450arom action, which 

resuits in the loss of the carbon group at position 19 and the arornatization of the 

A ring (Figure 14). While the catalytic medianism remains to be conclusively 

elucidated, it is believed that two oxygen molecules oxidize the Cl9 carbon to 

form a 19-0x0 intermediate. A third molecule would most likely then form an 

unusual iron-peroxide intermediate with the heme group iron atom, which 

would in tum attack the 19-0~0 carbon, resulting in a one-step 

deformyla tion/aromatiza tion (274). This mechanism îs supported b y m o l d a r  

modeling techniques, which place key threonine (T310) and gIutamate (E309) 

residues in sufficient proximity to the heme-iron to participate in the catalytic 

process (250). 

3.2.5.2 Hormonal regdation of ovarian P45ûuom expression 



Figure 14. Enzyrnatic reactionr catalyzed by cytochrome P450 

aromatase in the ovary. (Adapted from reference 46) 

Experiments conducted in vivo using an immature rat mode1 have 

demonstrated that P450arom expression in the grandosa cells of developing 

follicles is controlled by FSH, and can be synergisticaliy augmented b y estrogen 

(181). The LH surge then rapidly and dramatically decreases P450arom mRNA 

levels in al1 species examined thus far (32,34,39,44,275), and this effect can be 

reproduced in uitro with cultured granulosa ceiis by treatment with LH, hCG or 

forskolin (181). interestingly, luteinized granulosa celis maintain a reduced 

level of P450arom expression via a CAMP-independant mechanism (181), 

leading to the specuiation that a switching mechanisrn occurs from CAMP- 

responsive to CAMP-independant promoter usage (257). However, this was 

later disproven by a study demonstrating that promoter II is the major regulator 

of P450arom expression in both grandosa cells and the corpus luteum (252). 



In uitro studies have identified additional hormonal agents capable of 

modulating P450arom expression. These indude prolacth, which can inaease 

P450arom mRNA in grandosa ceUs and dwease it in luteal cells (181). 

Similarly, while EGF treatment results in a down-regulation of P450 expression 

in grandosa cells, IGF-1 has the opposite effect, augmenthg P450arom mRNA 

in synergy with FSH (181). 

3.2.5.3 Transcriptional regdation of P450amm in thé ovary 

Whereas numerou regdatory elements have been identified that 

modulate P450arorn expression in response to various stimuli (250), only two 

have been identified in promoter il, the predominant promoter infiuenced by 

gonadotropin stimulation in the ovary (252,253). As FSH action is mediated by 

CAMP, initial searches centered around the identification of a CAMP-response 

element. This lead to the description of a site in the human, rat and bovine 

promoters that binds SF-1 and is responsible for both basal and inducible 

P450arom promoter activity (275-277). Subsequently, a sequence that differs 

o d y  slightly from a classic CAMP response element (CRE) was identified in 

human and rat that binds CAMP response element binding protein (CREB) and 

acts in synergy with SF-1 to promote inducible P450arom expression (276-278). 

Interestingly, the CRE element present in the bovine and porcine promoters 

features a 1 bp deletion h t  renders it non-fundional (279-281), indicating 

significant species-speafic differences in how P450arom is regulated. Studies in 

eutopic endometrial cells have shown that COUP-TF can compete with SF-1 for 



its binding site, thereby silencing P450arom expression (282). Conversely, 

endometreotic tissues show inappropriate high levels of P450arom mRNA, and 

this apparently resuits from SF-1 activating transcription by displacing COUP- 

TF (282). No evidence however &ts as yet for COUP-TF-mediated regulation 

of promoter ïI in grandosa cells. 

3.2.6 Steroidogenic factor-1 

Steroidogenic factor-1 (SF-l), also known as adrend-4 binding protein 

(Ad4BP), is a member of the NRSA subciass of nuclear receptors (283). 

SF-1 was originally isolated as a transcription factor capable of binding discrete 

regdatory elements present in the promoters of various steroid hydroxylases 

(284-287). Since then, its hown  scope of action has been largely expandeci. 

Notably, embryological expression studies and a subsequent gene knockout 

malysis have demonstrated a critical role for SF-1 in the development of the 

steroidogenic organs, as SF-1 nul1 mice exhibit adrenai and gonadal agenesis 

and male-to-female sex reversal (288,289). Similar studies further demonstrated 

that SF-1 is required for the proper development of ali levels of the 

hypothalamic-pituitary-gonadal axis (290). Specificaliy, SF-1 nuii mice are 

characterized by virtual ablation of their pituitary gonadotrope c e k  and regions 

of their dorsornedial and ventromedial hypothaiamic nucIei, resulting in 

inadequate LH, FSH and GnRH secretion (290). in adult tissues, SF-1 has been 

implicated in the transcriptionai regulation of a number of functionaiiy 

unrelated genes. In addition to the cytochrome P450 steroid hydroxylases (185, 



187-190,234-236,268,277,282,291-297), the list of SF-1 target genes now 

includes 3kHSD (210), StAR (150,155-159), adrenocorticotropic hormone 

receptor (298-300), Müllerian inhibiting substance (301,302), glycoprotein 

subunit a (303), LH bubunit (304-310), GnRH receptor (311-313), N-methyl-d- 

aspartate receptor subunit NR2C (314), prolactin receptor (315)) Leydig insulin- 

like gene (316), SR-BI (317)) a2-macroglobulin (318), high dençity lipoprotein 

recep tor (319), an ti-Miillerian hormone type ïi receptor (3201, small heterodimer 

partner (321)) oxytocin (322,323) and DAX-1 (285,324,325). The scope of SF-1 

action therefore defines it as a pleitropic regulator of diverse metabolic and 

developmental processes. 

3.2.6.1 Molecular biology of SF-1 

SF-1 is encoded by a sûucturally complex gene named after its Drasophila 

homolog fushi tarazu factor 1 (Ftz-FI). Ftz-FI has been cIoned in several species, 

and all genes identified thus far encode at least two transaipts (291). For 

instance, murine Ftz-FI is transaibed into four distind mRNA species, 

designated SF-1, embryonal long terminal repeat-binding protein 2 (ELPI), 

ELP2 and ELP3, which arise from the use of different promoters and splicing 

mechanisms (291). While the ELP transcripts are characterized by ciifferences in 

expression patterns, their functions remain largeiy unknown (291). The SF-1 

transcript encades a 461 or 462 aa protein (depending on species) that features 

an N-terminal DNA-binding domain consisting of two zinc finger modules, 

known as the P box and D box (291). While the P box of most nuclear receptors 



determines the site to which they bind, SF-1 mploys an additional domain, the 

A box, to contact DNA regions 5' of the hexamer half-site and dictate its overaii 

DNA-binding specificity (326). AIso unconventionally, SF-1 and a few other 

stnicturally related transcription factor are able to interad with DNA as 

monomers (326). Near the C-terminus of SF-1 is a region homologous to the 

ligand-binding dornains of ligand-activated nudear receptors (291). While SF-1 

is refered to as an orphan nuclear receptor due to its lade of a recognized ligand, 

one study has suggested that it may be activated by oxysterol binding (327). 

Recent studies however propose that this dornain is involved in mediating 

protein-protein interactions that modulate its transativational activity (301,328- 

330). Another functional dornain at the C-terminus of SF-1 is a short alpha helix 

h o w n  as activation function-2 (AF-2). AF-2 has been shown to modulate the 

transactivation activity of SF-1, and is absolutely required for the CAMP-induced 

transaiptional up-regulation of the P450t7a target gene (331). 

Additional mechanisms of SF-1 protein activity regdation have been 

elucida ted. A serine residue tha t is apparentiy phosphorylated by mi togen- 

adivated protein kinase has been implicated in reaviting the transcriptional 

cofactors GRIPl and SMRT, and this is required for maximal SF-1 activity (332). 

Phosphorylation of SF-1 at a putative C-terminai protein kinase A site has also 

been proposed as a means by which its tramadivationai properties rnay be 

activated (276,291,297). Additional studies have &O shown that SF-1 activity 

can be modulated by spedic protein-protein interactions. Notably, synergistic 

interactions between SF-1 and proteins such as Ptxl(333), Wilrns' tumor 1 (334), 

steroid receptor coactivator-1(328,330), SOX9 (301) and p300/CBP (189,330) are 



required for the transcriptionai activation of specific target genes. Conversely, 

SF-1 mediated transactivation has been shown to be antagonized by its 

association with DAX-1 (163,329,334) and the nuclear receptor corepressor N- 

COR (329). 

3.2.6.2 Hormonal regulation of SF-1 expression 

Few physiological processes have b e n  shown to impact significantly 

upon the transcriptional activîty of the SF-1 gene. Endogenous GnRH was 

shown to have an up-regdatory effect on SF-1 expression in the pituitary of 

gonadectomized rats, and a similar effect was observed when exogenous GnRH 

was administered to GnRH-deficient animais (335). In the rat ovary, the LH 

surge was shown to cause a transient down-regdatory effect on SF-1 rnRNA, 

protein and binding activity levels in grandosa cells (44,286,336). As this 

occurs in parallel with the LH-induced Ioss of P450arom expression and SF-1 is 

known to transactivate P450arorn promoter II (see section 3.2.5.3), it has been 

proposed that the down-regdation of SF-1 mRNA is the direct cause of the 

silencing of the P450arom gene (286,336). 

3.2.6.3 Transcriptionai regulation of SF-1 

The transcriptional mechanisms underlying SF-I expression have been 

studied in different ce11 culture systems. An E box in the SF-1 promoter that 

binds USF has been shown to be required for maximal expression in 



steroidogenic ceils (337-339). Additional elements within 90 bp of the 

transcriptional start site bind Spl and CAAT binding factor (338), although 

these do not appear to be required for promoter activity. 



HYPOTHESES AND OBJECTIVES 

It is weil established that the LH surge induces both ovulation and 

luteinization, and that these processes are associated with inaeases in follicuiar 

prostaglandin and progesterone biosynthesis, as weil as a decrease in estradiol- 

178 production. The overall hypothesis of the work presented herein is b t  

these events result from the modulation of the expression of specific genes. 

The general objective of this thesis was to elucidate some of the gene 

regulation events induced by the L,H surge that result in the preovdatory 

accumulation of prostaglandins in the follicuiar fluid and the changeover of the 

predominant steroid hormone product kom estradiol-17$ to progesterone. The 

studies also aimed to establish the mare as a mode1 for the study of ovarian gene 

expression in monoovula tory species, as features of the equine ovarian follicle 

render it particularly weil suited for such anaiyses. Speafic objectives were: 

1. To clone and characterize cDNAs encoding equine PGHS-2, StAR, P450scc, 

3Q-HSD, P45017a, P450arom and SF-1. 

2. To study the rnRNA regulation of these genes during the ovulatory process, 

as well as their cellular distribution within the foiiicle. 

3. To integrate these data into models describing the regulation of ovarian 

prostaglandin and steroid hormone biosynthesis, thus idenûfying the key 

genes involved in determinhg or rate-limiting steps. 

4. To generate the tools needed to investigate the transcriptional regulation of 

these key genes. This involved the cloning and characterization of 

segments of the PGHS2 and P450arom genes and promoters. 



Summary of article W 1  

Title: Molecular charaderization of equine prostaglandin G/H synthase-2 and 

regulation of its messenger ribonucleic aad in preovulatory foiiicles. Derek 

Boerboom and Jean Sirois. Jindocrinoloa 139(4):1662-1670 (1998). 

Thesis author's contribution to the work: As the primary author, 1 was 

responsible for al1 aspects of the production of this article. 

Summary : 

r Equine PGHS2 was cloned from a follicular cDNA library designed for that 

purpose. 

r Sequence analysis revealed an open reading frarne that encodes a 6Oearnino 

aad protein that is more than 80% identical to PGHS-2 species homologs, as 

well as numerous repeats of the Shaw-Kamen's sequence, a motif typicaiiy 

indicative of a short mRNA half-life. 

The complete equine PGHS2 gene was isolated from a genomic library and 

sequenced. The equine PGHS-2 gene stmcture is similar to its human 

homolog except for lacking sequence elements in introns 4,8, and 9 and in 

the 3'-UTR region of exon 10. Primer extension analysis indicated the 

transcription start site. 

r To characterize the regulation of PGHS-2 mRNA in equine foliicles before 

ovulation, preovulatory foliicles were isolateci during estrus on a time-course 



after an ovulatory dose of hCG. Results from Northem blots showed a 

transient induction of PGHS-2 mRNA starting 30 hours post-hCG which 

occurs selectively in gran dosa cells. 

Work's contribution to the advancement of science: 

This study provides for the first time the prhary structure of the equine 

PGHS-2 gene, transcript, and protein. 

It demonstrates a delayed induction of PGHS2 gene expression in equine 

granulosa cells, thus providing a mode1 to study the molecular basis for the 

late transcriptional activation of PGHS2 in species with long ovulatory 

processes. 

a Overall, it supports the putative role of PGHS2 as a determinant of the 

mammalian ovdatory dock, contributing to our knowledge of the 

fundamental mechanisrns governing the ovulatory process. 
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Synthase-2 and Regulation of Its Messenger Ribonucleic 
Acid in Preovulatory Follicles* 
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ABSTRACT 
To incrense our understanding of the moleculnr control of PG ayn. 

thesis in equine prwvulntory follicles. the specific objectives of this 
study were to clone and determine the prirnnry structure of equine 
prostaglandin C/H synthnse-2 (PGHS-2) and to characterize the reg- 
ulntion of PCHS-2 messenger RNA (mRNAi in folliclea before ovu- 
lation. A complementnry DNA icDNAi library prepared h m  folIic- 
ular mRNA m d  n genomic librnry were screened with n mouse 
PCHS-2 cDNA probe to isolnte the equine PGHS-2 cDNA aod gene, 
respectively. The expression librnry yielded three nearly ftJ1-length 
clones that differed only in their S'-ends; clones 3.5, and 6 were 2946, 
3138, nnd 3398 bp in length. respectively. The longest doue wns 
shown to stnrt 9 bp downstrenm of the transcription initiation site, as 
determined by primer extension nnnlysis, nnd to contnin 120 bp of 
5'-untranslated region (IITR), 1812 bp of open reading &me, and 
1466 bp of 3'-UTR. The open rending frnme encodes a 604amino acid 
protein that is more thnn 80% identicnl to PCHS-2 homologs inother 
species. Nurnerous repents (n = I l )  of the Shnw-Knmen's sequence 
i ATITA) are present in the 3'-UTR. n motif typidly  indicative of 
rnRNAs with n short hnlf-life. The complete equine PGHSdgene was 

P Gs, PROflACYCLiNS, and thromboxanes are members 
of the prostanoid family, a group of patent biological 

mediators involved in various physiological and patholog- 
ical processes (1-3). Their synthesis from anchidonic aàd is 
dependent on the expression of prostaglandin G/H synthase 
(PCHS; also known as cyclooxygenase), the fmt  rate-limiting 
enzyme of the PC biosynthetic pathway (1). Two isoforms of 
PGHS, referred to as PCHS-1 and PGHS2, have been iden- 
tified (4, 5). Although encoded by different genes, the two 
isozymes share a relatively conserved primary structure, as 
evidenced from an ovenll a% identity obsemed at the 
amino acid level in sheep (6, ï), chickens (8). nts (9), mice (10, 
I l ) ,  humans (12, 13), and guinea pigs (14). PGHSl and 
PGHS2 have the same homodimer/coordinated heme 
group structure and dual enzyrnatic activities, and both iso- 
forms are sensitive to nonsteroidal antiinflammatory dntgs. 
However, rnounling evidence points to distinct biological 
roles for each isoform as their patterns of expression and 
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Gnnt MT-13190 (ta 15). The nuclmtide sequencesreporled inthis paper 
have been submitted to GenBmk s v i t h  accession no. AT027334 and 

iaolnted and sequenced h m  a -17-kilobase done obtained h m  the 
anomic librnrv. The eauine PGHS-2 =ne sttucture i 10 exons and 9 
&rons; total l&gthof6991 bp) issimil&to its human homologexcept 
for laekinesequence elementa in introns 4.8. and 9 and in the 3'-UTR 
region of &on 10. % chnracterize the regulation of PCHS-2 mRNA 
in equine follicles before ovuiation, preowlatory fouides were iso- 
lnted during BAIUS. 0, 12,24.30.33.36. and 39 h (n = 4-5 folLicles/ 
time point) d e r  an ovulatory dose of hCG. Results h m  Northern 
blota sbowed signincant changes in steady state levels of PGHS-2 
mRNA in pmvulatory follides nRer hCG treatment IP < 0.051. The 
trnnscript remaineri undetectable between 0-24 h pst-hCG, first 
sppeared(-4 kilobases) onlynt 30 h, and reached maximal leveis 33 h 
post-hCG. PGHS-2 mRNA was selectively induced in ganuloaa cells 
and not in thecn interna. Thus. this study pmvides for the k t  time 
the primary structure of the equine PGHS-2 gene, tninscript, and 
protein. It also dernonstntes chat the induction of PGHS-2 gene 
exuresmon in eouine manulosa cells is a long moleculnr proceas (30 
h &-~cG), théreby imviding n model ta stÜdy the moleculnr bosis 
for the Iate tnwcriptionnl activation of PGHS-2 in species with a long 

regulation differ greatly (3-5). AIso, hrgeted gene disruption 
studies have revealed different phenotypes in PGHSl os. 
PCHS2 nuU mice (15, 16). 

in recent years, several studies have implicated PGHS 
enzymes in various reproductive functions, -including Iute- 
olysis (U), embryonic development and impianhtion (18- 
23). and parturition (24-31). Ovulation is another physio- 
logicat process during which PC synthesis is required. in rat 
preovulatory follides, there is a selective induction of 
PGHS2 messenger RNA (mRNA) and protein in grandosa 
cells before ovulation (32-36). The induction is rapid (-2-4 
h pst-hCC) and transient, and precedes follicular rupture by 
appmximately 10 h (36). This molecular process is aiso 
present in species with a long ovulatory process, such as 
cows (37,343). However, PCHS-2 induction in bovine gran- 
dosa cells is relatively delayed compared with that in rats, 
being expressecl onIy 18 h after hCG treahnent (37. inter- 
estingiy, as the interval from PCHS-2 induction to follicular 
ruptÜri is remarkably conserved in both specïes (-10 h), we 
pmposed that PCHS-2 could be one of the determinants 
involved in dichting the species-specific length of the ovu- 
latory process (37). 

Marked diferences in the time course of PCHS2 induc- 
tion among species have underscod the need to charader- 
ke the disîinct molecular rnechanisms involved in PGHS2 
gene expression in large monoovulatory species with a long 
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S' UTR (120 bp) ORF (1812 bp) 3' UTR (1466 bp) 

1 r n C T n r A  ~ A ~ C ~ b C * C - ~ C n r C n r C A C C C C O U C C C ~ E F G F F C a a  
t o t  ~ L C ~ C O C C C M ~ C C G C C C I G C T ~ ~ F C O D T ~ A C G C ~ G C U L F E F T ~ ; ~ ~ ~ ~ ~ ~ ~  

FIG. 1. himnry structure of the equine PGHS-2 cDNA. 4 Theequine PGHS-2 cDNA is composed of a 5'-UTR of 120 bp, an open reading frame 
of 1812 bp, nnd a 3'-UTR of 1466 bp. B. The complete nudeotide sequence wns derived h m  clone 6 ns described in Muterials and Methods. 
The translation initiation (ATG) nnd stop (TAG) codons are highlighted in bold. repeata of the Shaw-Kamen's sequence (AT1TA) in the 3'-UTR 
are underlined, and numberv on the [efl refer to the tint nucleotide on that line. The nudeotide sequence was submitted to GenBank (acmsion 
no. AF027334). 

ovulatory process. The mare is a valuable model to study the 
hormonal control of follicular PC synthesis before ovulation. 
The preovulatory follicle reaches a relatively large size 
(-10-45 mm) and can be identified in uivo by u l t r & ~ n & ~ h ~  
uu to 7 days before ovulation (39-41). Ovulation can be 
iAduced b y  administration of ~ C C .  and the interval from 
gonadotropin injection to follicular rupture is approximately 
36-48 h (42,43). It was recently shown that the induction of 
PC synthetic activities in equine follicles before ovulation is 
associated with the selective induction of PGHS-2 protein in 
granubsa cells (44). Its time course of induction (30 h post- 
hCG) is further delayed cornpered with that in cows, but the 
interval between PGHS2 induction and ovulation remains 
similar (-10 h), supporting the hypothesis that PGH.5-2 in- 
duction couId se& as a n  impartant signal to control the 
mammalian ovulatory clock (114,45). 

To further increase our understanding of the molecular 
controI of PC synthesis in equine follicles, the general ob- 
jective of this study was to characterize the regulation of 
follicular PGH5-2 mRNA before ovulation. The specific ob- 
jectives were toclone and determine the primary shucture of 
equine PGHS-2, and to characterize the expression of 
PGHS-2 mRNA in a developmental series of equine preovu- 

latory follicles isolated between 0-39 h aher the administra- 
tion of an ovulatory dose of hCG. 

Materials and Methods 
Materials 

Diethyldithiocarbmic add was purthjsed from S i p  Chemical Co. 
(St. Louis, MO); Lutdyse was o b t d  from Upiohn (Khmmo, Mn; 
hCC was purchased fmm The Buttier Co. ( ~ d h n b & .  OH); ~ o r n ~ k  
was obhined from b v e r  (Bayvet Division. Shawnee. KS); Torbugesic 
was purchwd h m  Fort Dadge laboatodes (Fort Dcdge, LA); h r -  
mosedm was obhined from SmithKline Beec., Animal Health (West 
Chester, PA); Biotmw nyIon membmes (0.2 pm) were p u c h a d  hum 
ICN Phiumaceutinls (Monwal, Canada); IGP1deoxy ( d m .  
[W~PI~ATP, [ ~ ~ I A T P ,  m d  [%IdATP were obtained from Mandel 
Scientific-New Enghd  N u d m  Life Science Products (Mississauga, 
Canada): Quiknyb hybridiation solution. Poly(A) Quick mRNA pu- 
rification kit. a d  ZAPtDNA/Cigapack cloning kit were p* 
from Stratagene Cloning Systems (h lob. a); TlUzol total RNA iso- 
htion reagent. RNA kdder 1024-95 Mabases (kb)L 1-kb kidder, syn- 
thetic oligonudeotides, m d  culture media were obtnined h m  Life 
Technologies (Gaithersburg, MD); RNAsih Primea-Gene labeling 
tern, DNAS-End Labeling System,md AMV rwersetmmcriptiise were 
purchased from Pmmegn (bhdison. Wl): Koddc X-Ontat AR film was 
obtnined from Eastmur Kodak(Rochester, NY];eIecfrophoretic reagents 
were pwchased from BieRad Labomtoties (Ridunond,CA);T4poIynu- 
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FK. 2. Prediaed nmino ncid sequence ofequine PGHS-2 and comparison with the human. rat. mouse. and chicken homologs. Identical midues  
are indicated by a printed p e n d .  The si al  peptide clenvage site is indicnted with an inverse triangle and the putative transmembrme region 
is double untlrdinrd. The tyrosine (~yr"F associnted with the Eydowygenaae naive site is undcrfined. heme coordination residues and 
Hiu3''l are overlined. and the nspirin-acetylatedserine residue (SeP16) is indiateci by a numbersign. Potentinl N-glycosylation sites nre mnrked 
with an autrrisk: note thnt residue 90 in the equine pmtein ia a serine and therefore m o t  be subject to N-linked glycosyletion as reported 
for PCHS-2 in ather specieu. Sequences of equine (Equ), human (hum). n t  (rat). mouse (mou). nnd chicken (chi) PGHS-2 were obtained a o m  

clratidr kinase and al1 sequennng reagents were obtained h m  Phm. 
macia Biotech ( M e  D'UrfP, Canada). 

Cloning and sequencing of the equine PGHS-2 
complementary DNA IcDNri) and gene 

To clone the equine PGHS-2 cDNA. m equine expression libary was 
made with RiVA extncted (Tiüzol. Life Technologies) h m  a preovu- 
iatory lollide isolated during estrus, 36 h after hCC trejtment (4). 
Polyadenylated Ipoly(A)'I RNA was purified with the Poly(A) Quick 
mRNh purification kit (Stratagene), and the libnry wiis mnstnided 
using the ZriP-cDNAICigapack cloning kit (Stratagene) FoUowing the 
mnufachuer's prolocol. One round of 300,000 plaques W~IS xreened 
rvith J 1.Z.k.b 5'-fragment of the mouse PGHS-2 cDNA generated by 
EcoM digestion (46). ï h e  probe WLS labeled with [u-qldCTP using the 
Prime- cen ne Iabehg system (Promega) to a finai speciâc sctivity 
greater Chan 1 j< 1@ cpm/pg DNA, m d  hybndiwtion w;is perfonned 
at 55 C with Quiiyt ,  hybndiuation solution (Stratagene). Positive 
clones were plaque purified through s e c o n d q  and te- saeening, 
and pBluescript phagemids containing the doned DNA insert were 
rxcised in vivo with the Ex-Assist/SOLR system (Stratagene). 

To clone the equine PGHS-2 gene, a genomic b b q  (Stnhgene) was 
m e d  accordhg to the mwufûctureis pmtocol with the mouse 
PGHW cDNA fragment dmribed above. Seven positive dones were 
identified h m  an initia1 round of .U)O,MM phage phquesxreened.They 

were punfied m d  initiaily andyzed by restriction endonudease map- 
ping with SUCI and Xbal iuid by Souhem blot analyses w i h  the m o w  
PCHS-2 cDNA probe. Fragments yielding a positive signd were 6 
cloned into the vector PCEM 3ZF( -1. Dartiillv sesuenced and mmuared 
with the human homalog (47). one-& the ini'tid ;iones. donc 3-16. was 
shown to conbin the complete m i n e  ~~2 aene as wweH *s upstream 
and downstream DNA se&nc&. ~ddit ional  &tricrion hgm&ts h m  
done 3- lb were subdoned in pCEM 3ZF(-). and the entire gent (exons 
m d  htrons) wassequenced. f i e  exonhntmn borders wereaetemiiiied 
by compIrison beiween the genomic m d  cDNA sequences. 

DNA mucncing w;u petformed bv the Ssnm dideoxv nucleotide 
chah te&tion &thod'(48) usmg t h c t 7 ~ e q u & a n ~  Kit (~h;trmacw); 
v e c t o r - b d  primers IT3, T7. or SP6) and speafic olip;onudmtide prim- 
e s  synthesitéd iis internai ~GHS~sequenc;?s were othned. ~ u d m t i d e  
md jmino acid analyses were performed uskig the FASTA pmgram of 
WI Package version 9.0 (Cenetics Cornputer Group. Madison, and 
the MacDNAçIS software version 20 (Hitachi, HiaIeah. FL). 

Primer eztension attalysis 

Primer extension a d y s i s  wiis perfomed in aqueous buffer iis de- 
saibed previousiy (49.50). Briefiy, total RNAwasextracted wibTRLol 
Kife Technoloeies) h m  ~ceovulatonr foiiides isoIatd O h fneeative 
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F[G. 3. Frimer extension ~ n l y s i s  ofequine PGHS-2 mRNAA, Sche- 
matic representntion of the stmtegy employed in primer extension 
analysiu. The lnbeled nntisewe 24-mer primer wna hybndized to RNA 
sarnples containing (iollicle isolated 36 h post-hCC) and not contain- 
ing ~follicle O h post-hCG) PCHS-2 mRNA. The armw indimtea the 
diiection of revéne transcription. and the reaction wns performed ns 
described in Materials and Methodu. B. The extended pmduct wos 
annlgzed on a 6% polyncrylamide gel, und its size was determined by 
cornparison with the products of an unrelated sequenMg reaction 
shown an the leo. Results with foilicular RNA isolnted 36 h pat-hCG 
show a doublet, with the most intense of the bonds representing a 
product 0181 bp. The size or the extension product was confirmed by 
camparison with the those of products of a sequencing reaction can- 
taining the same oligonucleotide used for primer extension and on 
equine PCHS-2 genomic clone spanning this region (dnta not shownJ. 
No extension prcduct was detected with RNA isolnted O h post-hCG 
cnegntive conlrol). 

from the equine PGHSZ cDNA and located between +M m d  +73 bp 
frorn the beginning of the longest cDNA clone was end Iabeled m d  
hybndized (50,000 cpm/reaction) to M pg total RNA at 30 C overnight 
in M +l buffer (1 sr NaCi; 167 msr HEPES. pH 7.5; m d  0.33 maw EDTA, 
pH 8.0). After precipitation. primer extension was perfonned by addiig 
3.5 4 4 msf dNTPs. 2.5 10 x RT buffer (0.5 si TNCI,  pH 82; M au 
MgCl:; 50 psi dithiothreitol; 0.5 v KQ: and 0 5  mg/ml BSA), 1.25 pi 
RNAsin. 18 4 HzO, m d  40 U M V  reverse tnnxriptitse m d  incubating 
a t  42 C for 90 min. After extraction m d  precipitation, the extension 
product was maiyzed by electrophoresis on a 6Y0 polyacrylamide-7 M 
urea gel. and its s u e  wcis deternüned by comparison with two sequrnc- 
ing reactions nin in adjacent lanes. One reaction involved the siune 
oligonucleotide used for primer extension and m equine -2 
genomic cIone spanning this region. whereas the other sequencing re- 
action used an uruelated primer and ;r iemplate of known sequence. 

Iso!ation and dissection of equine preouulatory fillicles 

Standtrdbred and Thoroughbred aires were t e m d  daiiy with t 
pony shilion for deteaion of estrus. m d  ovariiln foiüculardwelopment 
was monitored daiiy by triinsrectai real-time ultmsonognphy, as pre- 

O viously describeci (44) D u ~ g  estrus and when the pmvuhtory  foüicie 
reached 35 mm in diameter. hCG (WIO IU, iv) was administered. and 
ovanectomy was performed via colpotomy 0.12.24.30,33,36, m d  39 h 

post-hCG treatment with a chah (n = 4-5 follides/time point) 
(4). hiring the pmcedure, neuroleptanalgesia was induced w i h  a 
combination of xylazine (Rompun; 0.65 mg/kg, iv), butorphanol (Tor- 
bugesic; O.= mg/kg, iv), and detomidine (Dom- 0.M mglkg, 
iv). as ~iwious lv  d e d b e d  (44. The recovered o v w  wiis immersed in 
ic&olh ~agles'; M m  supple&ented with &NCII&I (50 U/rni)strep 
tomvcin (50 rie/ml; Life TechnoIoaies), ~-alut;imine (20 mm; iik Tech- 
nol&es), md-nonessential aminokids (0: msr: Life~~echnolo~ies). AU 
s n i d  procedures were oppmved by thecornit6 de déontolop;ieanide 
of the University of ~ o n k i l .  

* - 
The preovulstory follicle was dissecteci into three cellukr prepam- 

tions using a rnethodology previously describeci (W). ïhey  induded 
pieces of follicle wdl (th- interna with attadied p u l o s a  celis) and 
isolateci prepmtions of them interna md grmuIosa cells. AU samples 
were stored at -M C unal RNA extraction. 

RNA extraction and Northern blat analysis 

Tot11 ceiluhr RNA w;is extracteci from equine tissues wing m o l  
(Lie Technolotzies) and a K i e m t i n  iT 1200C Polvtron Homoeenizer 
(Fisher %ent&, ~airlawn, NJ).   or Northern aa*ly&, RNA sam& (10 
ria) were denstured at 55 C for 15 min in 5046 deionired fommidP6% 
f&ddehyde, electrophoresed in a lY0 fomldehyde-agsmse gel, and 
hansfemd ont0 a nylon rnembme as prwiously d e x n b d  (36,37). A 
ladder of RNA standards w;ls run with each gel. m d  ethidium bcomide 
(10 pg) was added to each wrnple before electrophoresis to compare 
RNA lmding and determine the migration of s m d x d s .  ï h e  membrane 
w;is b t  hvbridued to the nP-Iabeled wuine PCHÇZ cDNA arobe 
using&yb solution (Stmhgene) as ddesdibed above. After strihping 
the ndio~ctivitv with 0.1% 5% (standard niünecitntei-O.l%SDS for 30 
min at 100 C, ihe same blot w k  subsequentiy hybridized with a n t  
rlongation factor Tu (EFTu) cDNA js a control gene for RNA Iojding 
and t m f e r  (51). 

Statistical analysis 

Chimges in relative levels of mRNA during the ovulatory pmrosr 
were quantified by deteminMg on a u t o n d i o p m s  the optical density 
of the PCHSZ band with a cornputer-assisteci image malysir system 
(Collage Mocintosh pmgnm, Fotodyne, New Berlin, Wi). The EFlu 
signai il a h  sciuined m d  w d  to no&e results. For each duiar  
prepmtion, d a h  were expressed as ntios of PGHS-2 mRNA to EFCu 
m d  are presented as the mem z SEM (n = 4 foliides/tirne point). 
Oneway ANOVA was used to test the effect of time after hCG treatment 
on relative P G H S Z  mRNA lwels. When ANOVAs indiuted sienifiunt 
differences (P < 0.05). ü t t ~ e t t ' s  test was used for multiple comFarisons 
with the control (O h post-hCG). Data were tmnsformed ta logarilhms 
before d y s i s  when hetemgeneity of variance was observed with the 
Hartley test. Statistical malvses were performed usinp; the IMP Sortware 

Resulte 
Characterization of the equine PGHS-2 cDNA 

To done the equine PCEiS-2 cDNA, a follicular cDNA 
library was screened with a 5'-fngment of the mouse 
PGHS-2 cDNA probe (46). Twelve positive clones were iso- 
lated from an initial saeen of approximately 3.0 x 16 
plaques. Three of these primary candidates (dones 3,5, and 
6) were purifiecl through secondary and tertiary xreens, 
sequenced, and shown to be near full-length dones that 
differed only in their S'-ends; dones 3,5, and 6 were 2946, 
3138, and 3398 bp in length, respectively. The longest done 
(clone 6) contained 120 bp of 5'-untranslated region v), 
an open reading frame of 1812 bp, and a Y-UTR of 1466 bp 
(Fig. 1). The large 3'-UTR was found to contain numerous 
(n = 11) repeats of the Shaw-Kamen's sequence (ATiTA) 
(52), a motif typically assoaated with short hall-Me of 
mRNAs (Fig. 18). 
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Frc. 4. Compantive ruinlysis of the quine and human PGHS-2 gene stniaures. The cornpiete quine PGHS2 gene sequena was derived h m  
genomic clone 3-lb m d  wns submitted to GenBank (a-on no. AFû273353. Exon equencea are represented as b a s .  and size is stated in baee 
pairs. Intmns are shown ns linvs mnnecting the rxons. W stniehlral dementa are drawn to d e .  Dashed Iines designate the approxirnnte locations 
of regions present in the human. but not the equine, gene. Armwhds show the positions of the tnuishtion s m  (eriüi Il nnd atop (exon 101 codons. 

Exon Intron Exon 

FIG. 5. Exonlintmn boundnries of the 
GOO"~TGTC. . . 1 

equine PGHS-2 gene. Exonic sequencw 1 . . . A C G C A G ' ~ ~ ~ ~ ~ ~ ~ C .  . . 1 (802 bp) . . . CC~C~~C'~'AAATC. . . 2 
are presented in uppercase letien; in- 
tmnic sequences are shown in lowercase 

2 . . . C A A C A C ~ ~ ~ ~ C ~ ~ ~ C .  . . 2 (119 bp) . . . ttg~agC~~~TG€ùiT. . . 3 
Liters. ~umbers in superscript indicnte 3 . . .TAGTAT44 'gtaagt . . . 3 (647 bp) . . . CC~C~CJC~~~CAGAT. . . 4 
the first nnd lnst nucleotides of ench 

a c c o r ~ ~ n ~ e ~ e i r p o s i ~ ~ o n s  in the 4 . . . T G A A A G ~ ~ ~ ~ K ~ ~ ~ ~  - . - 4 (3% bp) . . . cttcagG5%AA~~. . . 5 
full-length CDNA [the f i i t  eight nucie- 5 . . . ~ ~ ~ ~ ~ ~ ' ~ ~ g t a a g a .  . . 5 (683 bp) . . . C C C C ~ ~ G ~ ~ ~ T G G A T .  . . 6 
otides of exon 1 (5'-C'iTGTCM-3') 
were derived fmm a eenomic hement .  6 . . . T A T C A G ~ ~ ~ ~ C C C ~ ~ .  . . 6 (129 bp) . . . C C ~ C ~ ~ A ~ ~ ~ T C A T T . .  . 7 
whereay the li<. CD*' is'hOm 7 . . . T G A T A G ~ ~ ~ ~ ~ c ~ ~ ~ c .  . . 7 USL bp) . . . a a a c a g ~ ~ ~ ~ ~ ~ G > ~ . ~ i .  . . 8 in Fig. 1). Sizes of introns rire indicated 
in parentheses and were precisely de- 8 . . .~~CAGG!~~~gtacgc. . . 8 (377'bp) . . . c c a ~ a g G ~ ~ ~ ~ G G c T .  . . 9 
termined by sequencing. 

Sirnilarities between the equine PGHS-2 coding sequence 
and other species homologs 

The amino acid sequence of quine PGHS2 was deducd 
h m  the coding region of the cDNA, and cornparisons were 
made with the human (13), nt (9), mouse (Il), and chicken (8) 
homologs (Fig. 2). Results showed that the open reading frame 
encodes an equine protein that is identical in length (604 amino 
acids) to PGHS2 of other rnarnrnalian species and is 1 mino 
acid longer th.m chicken PGIlSZ The quine enzyme appears 
to share al1 the important structural and functional domains 
irnplicated in P G W  fundion (Fig. 3). Cornparisons between 
equine PGHÇ-2 and other rnammalian homologs cwealed more 
than 80"/0 identity a! the arnino acid and nucleic aad IeveIs. 

Primer extension analysis 

To chancterize the cornpiete 5'-UTR of the @quine -2 
mRNA and identify the transcription initiation site, primer ex- 
tension analpis was performed fig. 3A) using a 24mer anti- 
se- oügonudeotide (SCGCTCCCAGGCAGTGCTCGAG- 

CAGY) and RNA extracteci frorn a preovulatocy folkie 
isoIated36 h pst-hCG treahnent. The extension products were 
cesolved on a 6% dmluring polyaccylamide gel, and their sizes 
were characterized by cornparison with an adjacent sequencing 
readioh Results showed the pmence of two extension prod- 
ucts Uiat differed by only 1 base, with their sizes correspondiig 
to 81 and 82 nudeutides Fg. 3). ïhe  81-nucieotide extension 
product was considenxi as the p ~ a p a l  kmaipt ion initiation 
site because the band had a greaterintemity(Fig. 38). Therefore, 
we condude h t  the longest cDNA done (done 6) begins 9 bp 
downstrearn of the SM site, and that the fuü-length 5'-UTR of 
the quine K H S 2  mRNA has 128 bp. No extension product 
w a  deteded when foliicular RNA isolateci O h post-hCG was 
used fig. 48). 

Prïmary structure of the equine PGHS-2 gene 

An equinegenomic iibrary (Stratagene) was xreened with 
a r n o w  KHS2 cDNA probe to done and characterize the 
primary structure of the equine PGHS-2 gene. Seven positive 
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RG. 6. Time-dependent reylntion ofequine PGHS-2 mRNAby hCG 
in equine follicles during the ovulntory process. Preparations of fol- 
licle woll lthecn interno with nttnched gryiulosn cells) were obtained 
fram preovulotory follicles isolnted 0.12,24,30.33.36, and 39 h after 
hCG. as describeci in Materials and Methodu. Snmples of totai RNA 
i 10 &me; two fallicies per time point) were nnnlyzed by Northern 
blotting using a 3ZP-lnbeled rquine PCHS-2 cDNA pmbe (Al. The 
same blot was stripped of radionctivity and hybridized with a CONA 
encoding nt EFTu 3s a contml gene for RNA loading(Bi.Brack& on 
the Iefl show the rnigrntions of 28s and 18s nbosomal bands, and 
mnrkers on the nghl indicnte the migrations of RNA standards. Fi- 
ters in A and B were expased to film nt -70 C for 8 and 2 h, respec- 
tively. 

ciones isolated €rom an initial round of 4 x ld phage plaques 
were ~urified and diancterized bv restriction endonuclease 
mapp& and Southern blot analisis. One clone (3-lb) con- 
hining an insert of approximately 17 kb was used to se- 
quence the complete PGHS-2 gene. The results showed that 
the equine gene is cornposed of 10 exons and 9 inhons and 
is 699 L bp in length. The first 8 bp in the s'-UR of exan 1, 
rvhich were absent in the longest cDNA clone, were shown 
to correspond to 5'-GîTGTCAA-3'. The structure of the 
equine gene is very sirnilar to that of the human gene, except 
for sequence elements lacking in introns $8, and 9 and in the 
region of exon 10 corresponding to the 3'-üTR (Fig. 4). The 
sizes of al1 intemal exons (exons 2-9) and the coding region 
of exons 1-10 are identical between the 2 speues. However, 
the length of the 5'-UTR of exon 1 and that of the 3'-UTR of 
exon IO differed (Fig. 4). The coding nucleotide sequence of 
the genomic clone was identical to that of the cDNAdanes. 
Figure 5 shows that intron size varies from 119 bp (ihon 2) 
to 802 bp (intron l), and that eadi splice site agrees with the 
consensus donor/acceptor (GT/ AG) sequence. 

- .  
To characterize the gonadotropin-dependent regulation of 

P i $ ?  m i A  during the ovulation procas in mares, a 

series of preovulatory follicles was isolated during es tm.  0, 
12,24,30,33,36, and 39 h after an ovulatory dose of hCG. 
Samples of total RNA extracted h m  the follicle wall (theca 
interna with attadied granulosa cells) were analyzed by 
Northern blotting using an equine PGHS-2 cDNA probe 
generated from clone 6. The results showed a marked reg- 
ulation of steady state levels of PGHS-2 transcript in equine 
follicles after hCG treatment (Fig. 6A). No PGHS-2 mRNA 
was detected between 0-24 h post-hCG. Transcripts (-4 kb) 
f i ~ t  appeared 30 h post-hCG treatment, reached maximal 
leveis at 33 h, and progressively decreased thereafter. Hy- 
bndization of the same membrane with a cDNA encoding rat 
EFïu confirmed uniform RNA loadiig (Fig. 68). 

To determine whidi ce11 type within the follicle wall ex- 
presses PGHS2 rnRNA, isolated preparationç of grandosa 
cells and theca interna were obtained from preovuIatoty 
follicles collected between 0-39 h after hCG treatment. Total 
RNA was extracted and analyzed by Northern blois as de- 
scribed above. The results clearly showed a selective expres- 
sion of PGHS2 in granulosa cells and followed a pattern 
sirnilar to that seen in the follicle wall (Fig. 7). No transcripts 
were detected in theca interna, except for a relatively weak 
signal in one sample (36 h post-hCG; Fig. 7) that probably 
resulted from contamination by granulosa cells. 

To quantify changes in relative levels of PGHS-2 mRNA 
d u ~ g  the ovulatory process, Narthem blots of total RNA 
extracted from follicle wall, granulosa cells, and theca interna 
were scanned and subjected to a densitometric analysis (n = 
4 follides/time point between 0-39 h post-hCG; Fig. 8). In 
addition to PGHS2, the EFtu band was also scanned to 
nonnalize for RNA loading and transfer. The results showed 
a significant increase (P < 0.05) in PGHS2 mRNA levels 
between30-36 h post-hCG in follide wall and granulosa c e h  
compared with levels present at O h (Fig. 8, A and B). in 
contrast, PGHS-2 signals remained very low or undetectable 
in al1 theca interna samples, and no signifiant differences 
were observed at any time point (Fig. 8C). 

Discussion 

This study characterizes for the first time the primary 
structure of the equine PCHS2 gene, W p t ,  and protein, 
and sequencing results further underscore the highly con- 
served nature of PGHS-2 across species. Comparative anal- 
yses showed that the deduced amino a a d  sequence of the 
equine protein was more than 85% identical to those of the 
human (13), rat (9), mouse (II), and guinea pig (14) ho- 
mologs. The equine PGHS2 protein consists of 604 amino 
acids as in other mammatian species. The enzyme has al1 
putative structural and functional domains involved in 
PCHS hc t ion ,  induding the axial and distal histidines in- 
volved in heme binding (53), a tyrosine residue essential for 
cyclooxygenase Eunction (W), and a serine known as the 
acetylation site for aspirin (54). Four putative N-linked gly- 
colysation sites are conserved, whereas one site present in 
PGHS-2 of other speùes is not present in the horse. The 
biological significance of this difference, if any, remains 
unknown. 

One interesthg structural feature of the equine PGHS2 
transaipt is the presence of numerous Shaw-Kamen's se- 
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Fie. 7. CeIl.specific induction of PGHS-2 mRNA in equine pmvulatory follicles. Isoleted preparntione ofgranuloea cells (Al and theen interna 
(BI were obtained fmm equine preovulatory follicles isolated between 0 4 9  h aiter hCG matment, aa described in Materials and Merhods. 
Samples of total RNA ( 10 &lane; n = 2 foUiclesitime) were anaiyzed by Northern blotting using n "P-labeled equine PGHS-2 &NA as pmbe 
[upperpanelsL. The same blota were stripped of rndioactivity and hybridized with a &NAenaiding rat EFTu na a contml gene for RNA loading 
(louer panels). Brackets on the lc/t show the migrations of 28s and 18s ribasomd bands. nnd markers on the right indicate the migrations of 
RNA standards. Fiitem in upper panels were exposed to film et -70 C for 8 h; !%ers in lower panels were exposed for 2 h. 

quences (5'-ATITA-3') in the 3'-untrawlated region. This 
motif has previously been shown to be present in several 
immediate early genes and to confer instability to mRNAs 
(52, 55). The number of repeats in equine PGHS2 (n = 11) 
is comparable to the numbers observed in PGHS2 of other 
species (n = 8-16) (8,9,11,13,14). Interestingly,aIthoughthe 
position of sevenl motifs varies among speaes, a group of 
five Shaw-Kamen's repeats is consistently found within the 
first 80 nucleotides downstream of the translation termina- 
tion codon of al1 PGHSZ tnnscripts (9,l l ,  13,141, suggesting 
their greater relative importance in mediating mRNA deg- 
cadation. Rapid turnover of PCHSZ mRNA has previously 
been shown in different ce11 types and probably relates to the 
need fora tight regulation of gene expression considering the 
potent biological effects of prostanoids (3-5). 

To date, the primary structure of the PGHS-2 gene had 
been chancterized only in hurnan (56) and mouse (57). This 
study documents the exon/intron organization of the equine 
gene. Compared with those of mouse and human PCHS2, 
the genomic structure of equine PGHS-2 is highly consenred, 
with 10 exons and nine introns (56,57). intemal exons 2-9 
and the coding regions of exons 1 and 10 of the equine gene 
are identicai in size to their human and mouse counterparts. 
However, differences are obsewed in the size of the untmns- 
lated region of exon 1: 129,134, and 122 nucleotides in length 
for the equine, human, and mouse genes, respectively (Il, 
56). Transcription of the equine PGHSZ gene starts at an 
adenosine residue, which is identical to the that in the rat (50) 
and mouse (11) but distinct from the hurnan cap site iden- 
tified as a cytidine (56). Also, important variations are ob- 
served among species in the length of the 3'-UTR in exon 10, 
which correlates with ovenll differences observed in the 

sizes of cloned cDNAs. Although rat and mouse PGHS2 
cDNAs are appmximateIy 4.0 kb (9, Il), equine and human 
cDNAs are relatively shorter, only 3.4 kb (13). Resulk from 
genomic sequencing in the horse show that the stretch of 
adenosines found at the end of our cDNA clones may, in fact, 
correspond to a 21-base adenosine repeat present in the cor- 
responding region of the PGHS-2 gene. This finding suggests 
that Our cDNA clones may have been reverse transcribed 
from an interna1 poly(A)+ sequence in the 3'-UiR instead of 
the poly(A)' hil, and therefore, the full-length cDNA could 
be longer than reported herein. S i i l a r  conclusions can be 
dmwn for the apparent srnaIl size of the human PGHS2 
cDNA (13,56). 

h unique time course of induction of PGHS-2 mRNA was 
obsemd in a series of equine preovulatory foüicles isolated 
behveen 0-39 h after hCG treahnent induction of PGHS2 
transaipt in granulosa celis was first detected only 30 h 
post-hCG. mis impressive delay in agonist induction of 
PGHS2 gene expression is unprecedented. in other ceIl 
types, the regdation of PGM-2 is more rapid, being induced 
within 1 h by 12-Gtetradecanoylphorbol-13-acetate or Iipo- 
polysaccharide in fibroblasts, macrophages, endoiheliai 
ceiis, and mesangial cells (11,13,58,59). Although PGHS-2 
is considered an early reçponse gene in fibroblasts, its very 
deiayed induction in equine grandosa ceüs suggests that it 
does not serve this role in ovarian cells. Wong et ai. (60) have 
shown that induction of PGHS2 transaipt by gonadotropins 
in rat grandosa cells is dependent on pmtein synthesis, 
which shows that it is not an early response gene in follicular 
cells. The cellular iocalization of KHS-2 mRNA in q u i n e  
follides complements a sirnilar result recently reported for 
the -2 protein (44). AIso, the delayed induction of the 
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FIG. 8. Relative levels of PCHS-2 mRNA in eouine orwvulatorv fol- 
Iiclcs isolnted between O und 39 h nRer hCG t r in tmek .  sample;(n = 
10 ug)oftotal RNAextracted from follicle wnll (A). mnnuloeacells(B). 
md thecn intemn (Cl were unalyzed by ~ o r t h e m  blotüng with th; 
equine PCHS-2 cDNA und ~ubsequent ly  with ra t  EFRi &NA as a 
control gene for RNA loading. M e r  automdiogriiphy (nlms not 
shown). the PGHS-2 signal iatensity wns quuntified by densitometnc 
analysis und normnlized with the  contml gene EFTii. Resulb nre 
presented as PGHS-2 mRNAlevelsrelative to EETu(menn 2 sm;n = 
4 follicledtirne point). Cotumns marked with an asteris& are signif- 
icmtly d i f i r en t  IP < 0.05) from t he  O h post-hCG vnlue. 

transcript coincides with the late detection of the proteinand 
of follicular PG synthetic activities (U,61).Collectively,these 
results clearly suggest that the transcriptional regulation of 
the PGHSZ gene in equine gnnulosa cells is a relatively long 
molecular process (30 h post-hCG) compared with its reg- 
dation in rat (2-4 h post-hCG) (36) and bovine (18 h post- 
hCG) (37) preovulatory follicles. The apparent relationship 
behveen the progressively delayed induction of PGHS2 
transcripts in species with long ovulatory processes further 
supports a putative role of PGHS-2 as a determinant of the 
marnmalian ovulatory clock (45). 

h summarv, this study documents for the f h t  tirne the 
primarystructure of the equine PGHS-2gene, tranxript, and 
protein. and comparative analyses furfiier underscore the 
highIy conserved structure of the enzyme across species. 
Studies of the regulation of PGHS-2 mRNA in qu ine  follicles 
during the ovulatory process reveal a tirne-dependent (30 h 
post-hCG) and granuiosa cellspecific induction of the tran- 
script. The regulation of PGHS-2 gene expression in equine 
grmuIosa cells is a uniquely delayed molecuiar event mm- 
par& with its regulation in follicles of other species with 

shorter ovulatory processes and its rapid agonistdependent 
induction in other ce11 types. The characterization of the 
equine PCHS2 promoter and the development of homolo- 
gous ovarian ceU culture system are currently underway to 
provide a mode1 to study the molecular bais for the delayed 
transcriptional activation of PCHç.2 in species with a long 
ovulatory process. 

We thsnk Dr. D. L S i o n s  (Brighm Young University. Salt h k e  
City, UT) for the m o w  PCHS2 cDNA, mi Dr. R Levine (Corne1 
University, New York. NYI for the n t  EFh cDNA 
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Equine P450 cholesterol side-chah cleavage and 3@-hydroxysteroid 

dehydrogenase/AS-A4 isomerase: molecular cloning and unique regdation of 

their messenger ribonucleic acids in equine foliicles during the ovulatory 

process. Derek Boerboom and Jean Sirois. Biolo of Remoduction (in press). 

Thesis author's contribution to the work: As the primary author, 1 was 

responsible for al1 aspects of the production of this article. 

O Cloning, sequencing and primer extension analyses were used to reveal the 

structure of the equine P~SOSCC and 3&HSD transcripts. 

O P450scc and 3kHSD open reading frames were found to encode 520 and 373 

amino aad proteins, respectively, that are highly consenred (6&79% 

iden tity) w hen compared to homologs of o ther mammalian species. 

O Northem blot analyses were performed with preovulatory foilicles isolated 

on a tirne-course foIiowing the administration of hCG. Isolated cellular 

preparations revealed that theca interna was the predominant site of P 4 5 0 ~ ~ c  

expression in follicles prior to hCG. However, trançcript levels deaeased in 

theca interna between 30-39h and inueased in granulosa cells at 39 h, 

making the granulosa ceil layer the predominant site of P45kc expression 



at the end of the ovulatory process. Highest levels of expression were 

detected in corpora lutea. 

In contrast to other species, expression of 3fbHSD mRNA in equine 

preovulatory follicles was localized only in granulosa cells. 3bHSD 

transcript levels remained constant throughout the luteinization process. 

Work's contribution to the advancement of science: 

This study characterizes for the first t h e  the complete structure of equine 

P~SOSCC and 3bHSD mRNA. 

0 It identifies novel patterns of expression and regulation of these transcripts 

in equine follicles prior to ovulation. The redistribution of P450scc 

expression within the follicle wall was similar to what was observed for 

StAR, and may be related to the putative degeneration of the theca interna. 

0 The study offers significant insight as to how the overall regulation of 

progesterone biosynthesis occurs throughout the ovulatory process. 

e This paper also integrates mRNA regulation data from article #3 and annex 1 

into a working mode1 of the overail regulation of follidar steroid hormone 

biosynthesis in mares. 
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The preovulatory LH rise is the physiological uigger of follicular luteinization, 

a process during which the synthesis of progesterone is markedly increased. To study 

the control of follicular progesterone biosynthesis in mares, the objectives of this study 

were to clone and characterize the equine cholesterol sideçhain cleavage cytochrome 

P450 (P450scc) and 3B-hydroxysteroid dehydrogenaselA5-A4-isomerase (36-HSD), 

and describe the regulation and cellular localization of their uanscripts in equine 

follicles during hCG-induced ovulation. Complementary DNA (cDNA) cloning and 

primer extension analyses revealed that the equine P450scc transcript is composed of a 

5'-untranslated region (UTR) of 52 nucleotides, an open reading frame (ORF) of 1560 

nucleotides, and a 3'-UTR of 225 nucleotides, whereas the equine 30-HSD mRNA 

consists of a 5'-UTR of 61 nucleotides, an ORF of 11 19 nucleotides, and a 3 '-UTR of 

337 nucleotides. The equine P450scc and 3R-HSD ORF encode 520 and 373 arnino 

acid proteins. respectively, that are highly conserved (68-79% identity) when compared 

to homologs of other mammalian species. Northern blot analyses were perforrned with 

preovulatory follicles isolated 0, 12, 24, 30, 33, 36 and 39 h post-hCG, and corpora 

lutea obtained on day 8 of the cycle. Results showed that levels of P450scc mRNA in 

follicular wall (theca interna with attached granulosa ceils) decreased after hCG 

treatment (30-39 h versus O h post-hCG, P < O.OS), and increased again after ovulation 

to reach their highest levels in corpora lutea (P < 0.05). Northern blocs on isolated 

cellular preparations revealed that theca interna was the predominant site of P450scc 

expression in follicles prior to hCG (P < 0.05). However, transcrîpt levels decreased 

in theca interna between 30-39 h (P < 0.05) and increased in granuIosa cells at 39 h ( P  

< 0.05). rnaking the granulosa ceIl layer the predominant site of P450scc expression at 

the end of the ovulatory process. A different pattern of regulation was observed for 38- 

HSD, as transcript levels remained constant throughout the luteinization process (P > 

0.05). Also, in contrast to other species, expression of 38-HSD mRNA in equine 
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preovulatory follicles was localized only in granulosa cells, and not in k a  interna. 

Thus, this snidy characterizes for the first time the complete structure of equine 

P450scc and 3B-HSD mRNA, and identifies novel patterns of expression and 

regulation of these transcripts in equine follicles prior to ovulation. 



INTRODUCTION 

The cholesterol side-chain cleavage cytochrome P450 (P~SOSCC), and its 

associated electron-transport chah, is the first rate-limiting and hormonally regulated 

step in the biosynthesis of steroids from choIesterol(1, 2). The enzyme is located on 

the matrix side of imer rnitochondrial membranes, and catalyzes the conversion of 

substrate cholesterol to pregnenolone, a common precursor to al1 steroid hormones. 

The primary structure of P450scc has been deduced from its cloning in various species 

(3-7). In hurnans, the P450scc gene spans more than 20 kilobases Rb), is spfit into 

nine exons, and encodes a transcript of about 2.0 kb and a protein of 521 amino acids 

(4, 8). 

Once produced from cholesterol, pregnenolone proceeds either via the A5 

steroidogenic pathway and undergoes lia-hydroxylation to become 17- 

hydroxypregnenolone, or enters the A4 pathway and is convened to progesterone (1, 

2) .  The enzyme 30-hydroxysteroid dehydrogenaselA5-A4-isomerase (3B-HSD) 

catalyzes the synthesis of progesterone from pregnenolone, as well as the conversion of 

other A5-3B-hydroxysteroids into the corresponding A4-3-ketosteroids (9-12). Thus, 

30-HSD is essential for the biosynthesis of al1 classes of steroid hormones, including 

progesterone, androgens, estrogens, glucocorticoids and rnineralocorticoids (9-12). 

The enzyme. located in the endoplasmic reticulum and in mitochondrial membranes 

(1 3- 15). is expressed to high levels in classic steroidogenic tissues (Le. gonads, adrenal 

cortex and placenta), as well as in various peripheral tissues where it could play an 

important role in intracrine steroid synthesis (9-12, 16). Multiple genes encoding 

distinct 3R-HSD isoforms have been characterized in humans, rats, mice and hamsters 

(reviewed in 9-12). They are expressed in a tissue-specific manner and are under 

distinct mechanisms of replation (9-12). The adrenallgonadal 3B-HSD isoform in 

humans is referred CO as type II, whereas the sarne isoform is designated type 1 in other 

species, in reference to the chronology of their cloning (10). 
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The LH preovulatory rise is the physiological trigger of follicular luteinization, 

a process during which progesterone biosynthesis is markedly increased (17). The 

moIecuIar basis of this event has been studied in various species, with results often 

revealing differences in the regulation and cellular distribution of key steroidogenic 

enzymes across species (18-24). The transcriptionai regulation of three steroidogenic 

genes, including the steroidogenic acute regdatory protein ( S M ) ,  P~SOSCC and 3B- 

HSD genes, are thought to play a major role in the control of progesterone biosynthesis 

(9, 25, 26). A recent study in the horse documented a unique inverse regulation of 

StAR rnRNA in theca interna and granulosa cells of equine follicles prior to ovulation 

(27). However, in contrast to other species, the gonadotropindependent control of 

P15Oscc and 3B-HSD expression in equine follicular cells has remained largely 

uncharacterized. Therefore, the general objective of this snidy was to describe the 

regulation of P450scc and 3B-HSD in equine preovulatory follicles. The specific 

objectives were to clone and characterize the prirnary structure of equine P450scC and 

3B-HSD, and describe the regulation and cellular localization of their transcripts in 

equine follicles during human chorionic gonadotropin (hCG)-induced ovulation. 



MATERIALS AND METHODS 

Materials 

Rompun was obtained from Haver (Bayvet Division, Shawnee, KS); 

Donnosedan was purchased from SrnithKline Beecham, Animal Health (West Chester, 

PA); hCG was obtained from The Buttler Company (Columbus, OH); Torbugesic was 

purchased from Fort Dodge Laboratories Inc (Fort Dodge, IA); Lutalyse was purchased 

from UpJohn (Kalamazoo, MI); [a3'~]dc'I'P, [y3'P]~TP and t3'S]d~TP were obtained 

from Mandel Scientific NEN Life Science Products (Mississauga, Ontario); TRIzol 

total RNA isolation reagent, RNA ladder (0.24-9.5 kilobases), synthetic 

oligonucleotides and culture media were purchased fiom Life Technologies Inc 

(Gaithersburg, MD); AMV reverse transcriptase, RNAsin, DNA 5'-End Labeling 

System, Prime-a-Gene labeling system and AMV reverse transcriptase were obtained 

from Promega (Madison, WI); Biotrans nylon membranes (0.2 pm) were purchased 

from ICN Pharmaceuticals (Montreal, Quebec); QuikHyb hybridization solution was 

obtained from Stratagene Cloning Systems (La Jolla, CA); T4 polynucteotide kinase 

and al1 sequencing reagents were purchased from Pharmacia Biotech Inc (Baie D'Urfé, 

Québec); Electrophoretic reagents were purchased from Bio-Rad Laboratories 

(Richmond, CA); and Kodak film X-OMAT AR was obtained from Eastman Kodak 

Company (Rochester, NY). 

Cloning of equine cytochrome P450scc and 3J-HSD cDNAs 

The equine P450scc and 311-HSD cDNAs were cloned usine an expression 

library prepared with mRNA extracted from an equine preovuiatory follicle isolated 

during estrus and with the ZAP-cDNAIGigapack cloning kit (Stratagene), as previously 

described (28). Approximately 100,000 phage plaques were screened with a 1.2 kb 

Eco R i  restriction fragment of the rat P450scc cDNA (3, and a 1.5 kb Eco RI 

restriction fragment of the bovine 311-HSD cDNA (29). Probes were labeled with [a- 
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"~ldeoxy-CTP using the Prime-a-Gene iabeling system (Promega) to a final specific 

activity greater than 1 x 10' cpm/pg DNA, and hybridization was performed at 55 C 

with QuikHyb hybridization solution (Stratagene). Positive clones were purified 

through secondary and tertiary screening, and pBluescript phagemids containhg the 

cloned DNA insert were excised in vivo with the Ex-AssistISOLR system (Stratagene). 

DNA sequencing (30) was performed using the T7 Sequencing Kit (Pharmacia), vector 

based primers (T3 and T7) and custom oligonucleotide primers (Gibco BRL). 

Nucleotide and arnino acid analyses were performed with the FASTA program of 

Wisconsin Package Version 9.0 (Genetics Cornputer Group, Madison, WI) and the 

MacDNASIS software version 2.0 (Hitachi, Hialeah, FL). 

Primer e-rrension analysis 

Primer extension assays were performed in aqueous buffer, as described (28, 

3 1). The prirners included a 30-mer antisense oligonucleotide 

5 ' -CTTTG ACC AAGACTGAGCGCAGAGGMGCC-3 ' corresponding to the region 

located between 28 and 57 bp from the beginning of the longest P450scc cDNA clone, 

and a 30-mer antisense oligonucleotide 5'-CACCCAGCCATGGGTAAACCTG 

TTAGAGTG-3' correspondin3 to the region located between 21 and 50 bp from the 

beginning of the longest 30-HSD cDNA clone. The primers were end-labelled (DNA 

5'-End Labeling System, Promega) and hybridized (50,000 cpmireaction) to 50 pg of 

total RNA extracted from a corpus luteum (10 pg; day 8 of cycle), and RNA extracted 

from spleen (negative conuol) at 30 C overnight in 30 pl of buffer (1 M NaCl, 167 mM 

HEPES pH 7.5 and 0.33 rnM EDTA pH 8.0). After precipitation, primer extension 

was performed by adding 3.5 pl of 4 mM dNTPs, 2.5 pl of 10X RT buffer (0.5 M 

Tris-CI. pH 8.2, 50 rnM MgCl?, 50 pM DTT, 0.5 M KCl, 0.5 mglml BSA), 1.25 pl 

RNAsin, 18 pl H20, 40 U AMV reverse transcriptase and incubating at 42 C for 90 

min. After extraction and precipitation, extension products were analyzed by 

electrophoresis on a 6% polyacryIamidel7M urea gel, and their size was determined by 
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cornparison with the products of either an unrelated equine sequencing reaction that 

served as a nucleotide ladder (3B-HSD), or a sequencing reaction that used a 

corresponding equine P450scc genornic clone (obtained by genomic library screening; 

Boerboom and Sirois, unpublished data). 

Isolation of equine preovulatory follicles and corpora lutea 

Equine preovulatory follicles and corpora lutea were isolated from Standardbred 

and Thoroughbred mares at precise stages of equine estrous cycle, as previously 

described (28, 32). Ovulation was induced with hCG (2500 IU, iv) during estrus when 

the preovulatory follicle reached 35 mm in diameter. The ovary bearing the 

presumptive preovulatory follicle was removed via colpotomy 0, 12, 24, 30, 33, 36 and 

39 hours post-hCG with a chain ecraseur (n = 4-5 follicles per cime point)(28). In this 

model, ovulation occurs between 39 and 42 h after hCG treatment (28, 32). Additional 

hemiovariectomies were performed during the luteal phase (day 8 of cycle) to isolate 

three corpora. The recovered ovary was kept in ice-cold Eagles's Minimal Essential 

Medium (MEM) supplemented with penicillin (50 U1ml)-streptomycin (50 pglrn!), L- 

dutamine (2.0 mM) and nonessential arnino acids (0.1 mM). Preovulatory follicles and - 
corpora lutea were dissected from the surrounding ovarian tissues with a scalpel. 

Follicles were dissected into three cellular preparations using a methodology previously 

described (28, 33). Briefly, the follicle was cut into several pieces, and under a 

dissecting microscope, the theca externa and other surrounding tissues were dissected 

away from the theca interna using fine forceps. The resulting theca interna with 

artached granulosa cells was subsequently referred to as a follicular wall preparation. 

Some pieces of follicular wall were further dissected into isolated preparations of 

granulosa cells and theca interna by gently scraping the theca interna with a bent glass 

Pasteur pipette. Granulosa cells were recovered by centrifugation. With this approach, 

the relative purity of each cellular preparation is thought to exceed 95% based on the 

selective expression of P450 17a-hydroxylaselC17-20 lyase and P450 aromatase 



rnRNAs by theca interna and granulosa cells, respectively (34). Al1 sarnples were 

stored at -70 C until RNA extraction. Animai procedures were approved by the 

institutional animal use and care committee. 

RNA extraction and Northern blof analysis 

RNA was exuacted from equine tissues using TRIzol (Life Technologies) and a 

Kinematica PT 1200C Polytron Homogenizer (Fisher Scientific). Northern bloc 

analyses were performed as described (28, 35). RNA samples (10 pg) were denatured 

at 55 C for 15 min in denaturing buffer, electrophoresed on a 1 % formaldehyde- 

agarose gel and transferred by capiltarity to a nylon membrane (28, 35). A ladder of 

RN.4 standards was nin with each gel and ethidium brornide (10 pg) was added to each 

sample prior to electrophoresis to compare RNA loading and determine migration of 

standards. Hybridization was performed using QuikHyb solution (Stratagene) and the 

following cDNA probes: a 0.7 kb Hind III/Pst I fragment of the equine P450scc 

cDNA, a 0.9 kb Hind III/Sac 1 fragment of the equine 3B-HSD cDNA, and the rat 

elongation factor Tu cDNA (EFTu) as a conuol gene for RNA loading (36). Each 

cDNA was labeled by random oligonucleotide-primed synthesis to a final specific 

activity greater than 1 x 10%pm/pg DNA using [a-"PldCTP and the Prime-a-Gene 

labeling system (Promega). and following the manufacturer's protocol. Stripping of 

hybridization signal between successive rounds of probing was achieved by soaking 

filters in O. 1 % SSC-O. 1 % SDS for 20 min at LOO C. 

Srarisrical analyis 

Relative levels of P450scc, 3B-HSD and EFTu rnRNAs were quantified by 

densitometric analysis of autoradiogram bands using a computer-assisted image analysis 

system (Collage Macintosh prograrn, Fotodyne Inc., New Berlin, Wi). Data were 

expressed as ratios of P450scc to EFTu, and 3B-HSD to EFTu prior to analyses (n = 4 

follicles (or mares)/time point). Statistical analyses were performed using IMP 
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Software (SAS Institue Inc, Cary, NC). One-way ANOVA was used to test the effect 

of t h e  after hCG on relative levels of P450scc and 36-HSD mRNAs. When ANOVAs 

indicated significant differences (P<0.05), the Tukey-Kramer test was used to compare 

individual means. 

RESULTS 

Characreri:arion of equine cytochrome P450scc 

Twelve positive clones isolated from the primary screening were selected for 

purification and in vivo excision, and extensive DNA sequencing was performed on the 

three longest cDNA clones. Results revealed that the longest equine P45Oscc cDNA 

consisred of a 5'-untranslated region (5'-UTR) of 14 bp, an open reading frame (ORF) 

of 1560 bp, and a 3'-UTR of 225 bp (Fig. 1). The coding region encodes a 520 amino 

acid procein. which is identical in length to that of goat (7). sheep (7), cow (3) and pig 

(6) P450scc. but one and six amino acid shorter than ba t  of the human (4) and rat 

protein ( 5 ) .  respectively (Fig. 2). 

Primer extension analysis was used to determine the size of the cornpiete 

P350scc 5'-UTR. A major 95-nucleotide extension product was produced when the 

primer was hybridized to a sarnple known to contain P450scc mRNA (corpus luteum) 

(Fig. 3A). From this result, it is deduced that the longest isolated P~SOSCC cDNA 

appeared to lack the First 38 nucleotides of the full-length transcript, giving a complete 

5 ' -UTR contains 52 bp. 

Characrerimion of equine 3 m D  

The three longest cDNAs obtained from an initial group of 12 positive clones 

were used for the characterization of equine 3B-HSD. Sequencing results showed that 

the longest equine 3B-HSD clone consisted of a 5'-UTR of 39 bp, an ORF of 11 19 bp, 
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and a 3'-UTR of 432 bp (Fig. 4). The 313-HSD coding region encodes a 373 amino 

acid protein that is highly homologous to the adrenal/gonadal 311-HSD isoform of other 

mammalian species (29, 3741) (Fig. 5). Putative functional regions include two 

YXXXK motifs that are characteristic of short-chain alcohol dehydrogenase active sites, 

an amino-terminal GXXGXXG motif thought to form a hydrophobic pocket involved in 

binding NAD + , and two hydrophobic domains involved in anchorhg 3B-HSD to 

membranes (9, 11, 42, 43) (Fig. 5). 

The length of the complete 5'-UTR of the equine 313-HSD rnRNA was 

determined by primer extension analysis. Results showed that a single 72-nucleotide 

extension product was produced when the primer was hybridized to RNA exuacted 

from a corpus luteum (Fig. 3B). Therefore, Our longest 313-HSD cDNA clone appeared 

to lack the first 22 nucleotides of the full-length transcript, giving a cornplete 5'-UTR 

of 61 bp. 

Rqularion of equine P450scc and 3J-HSD mRNAs in preovulatory follicles 

To characterize the regulation of P450scc and 30-HSD rnRNAs during the 

equine ovulatory process, Northern blot analyses were performed with preovulatory 

follicles isolated between O and 39 h afier an ovulatory dose of hCG, and corpora lutea 

obtained on day 8 of the cycle (Fig. 6). The equine P450scc mRNA appeared 

primarily as a transcript of 2.0 kb in size, but a less abundant transcript of 

approximately 4.0 kb was detected in samples containhg more P450scc (Fig. 6). Two 

transcripts of comparable intensities, 1.8 and 3.9 kb, were observed for 3B-HSD in 

folIicular extracts (Fig. 6). When data from al1 follicular wall samples (n = 41time 

point) were quantified by densitomeuic analyses and corrected with the control gene 

EFTu, results showed significant changes in levels of P450scc but not in 3B-HSD 

during the ovulatory process. Administration of hCG caused a decrease in follicuIar 

P450scc rnRNA, with levels at 30, 33-36 and 39 h k ing  signifiçantly lower than at O 

h ( P  < 0.05). Following ovulation, a significant increase in P450scc mRNA was 
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observed in corpora lutea (P C 0.01), whereas levels of 36-HSD remained constant 

during this period (P > 0.05). 

Cellular localization of P~SOSCC and 3 w D  expression in equinefollicles 

Northern blot analyses were perfonned on isolated preparations of granulosa 

cells and theca interna to study the relative conmbution of each steroidogenic ce11 type 

in follicular P450scc and 30-HSD mRNA expression. Prior to hCG treatment (O h), 

theca interna was clearly the predominant site of P450scc expression in the follicle, as 

Ievels of transcripts were higher in theca than in granulosa cells (P < 0.01, Fig. 7). 

Levels of P450scc rnRNA remained unchanged between O and 24 h in theca interna, 

but a significant decrease was observed at 30-39 h post-hCG (P < 0.05, Fig. 7). In 

granulosa cells, levels of P450scc vanscripts were relatively low and remained 

unchanged between O and 36 post-hCG, but a significant increase was observed at 39 h 

post-hCG (P < 0.05, Fig. 7). Interestingly, the predominant site of P450sCc mRNA 

expression in the preovulatory follicle switched from the theca interna Iayer at O h to 

the granulosa ceIl layer ar 39 h post-hCG (Fig. 7). 

The ceilular localization and regulation of 3R-HSD transcripts in equine ovarian 

cells differed from that observed for P450scc. Expression of 313-HSD mRNA was 

observed predominantly, if not exclusively, in granulosa cells (Fig. 7). The 

administration of hCG had no significant effect on 3B-HSD transcripts, with levels 

remaining unchanged in granulosa cells throughout the ovulatory process (P > 0.05, 

Fig. 7). A very weak 3R-HSD signal was detected in few theca interna samples, which 

likely resulted from contaminating granulosa cells. 

DISCUSSION 

In contrast to other species, the molecular control of follicular steroidogenesis 



has rernained largely uncharacterized in mares. Yet, this species 

provides an interesting mode1 for the study of gonadotropin-dependent gene expression 

in the ovary, considering the large size of the equine preovulatory follicle (40-45 mm in 

diameter), and the ability to precisely monitor follicular development by ultrasound 

imaging (44, 45). We have recently described the regulation of transcripts coding for 

key steroidogenic proteins and enzymes in equine follicles during the ovulatory process, 

including rnRNAs for StAR. cytochrome P450 17a-hydroxylaselC17-20 lyase 

(P450iia), and cytochrome P450 aromatase ( P ~ ~ ~ A R o M )  (27, 34). To provide a more 

complete understanding of the control of equine follicular steroidogenesis, the present 

study reports the molecular cloning and characterization of equine P450scc and 38- 

HSD, and the regulation and cellular localization of corresponding transcripts in a 

series of preovulatory follicles isolated between O and 39 h after an ovulatory dose of 

hCG. The equine P450scc and 30-HSD rnRNAs were found to encode 520 and 373 

amino acid proteins, respectively, which is highly similar in length to corresponding 

enzymes in other marnrnalian species (3-7, 29, 37-41). The amino acid sequence of the 

equine P450scc showed a high degree of conservation when compared to chat of other 

mammalian homologs (7 1-79% identical to goat, sheep, cow, pig, human and rat 

P450scc), particularly within regions proposed to be involved in binding the substrate 

and a prosthetic heme group (3-7). The deduced arnino acid sequence of equine 313- 

HSD was also highly similar to other species homologs, being 68-79% identical to rat 

(37). mouse (38), hamster (41), human (40), macaque (39) and cow (29) 

adrenal!gonadal-type 30-HSD. Additional studies will be needed to determine whether 

multiple isoforms of 30-HSD are present in the horse, as observed in numerous species 

(9- 1 2). 

To Our knowledge, the overall regulation of P450scc mRNA in equine follicles 

prior to ovulation is unique, and thus adds ta the diversity of paradigms observed for 

the control of P450scc expression in preovulatory follicles of other species (5, 19-21, 

46-51). Prior to hCG treaunent. P45OScc mRNA was relatively hiph in theca interna 
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and low in granulosa cells of equine follicles. which compares with observation in pigs 

(21, 50). but differs fiom reports in humans (19) and cows (20, 48) who express higb 

levels of transcripts in granulosa cells prior to LH/hCG surge. This finding suggests 

that the equine theca interna plays a major role in follicular steroidogenesis prior to the 

gonadotropin rise, as implied previously from the theca cell-selective expression of 

StAR and P4501k transcripts in equine follicles at this stage (27, 34). Induction of the 

ovulatoryIluteinization process with hCG leads to a down-regulation of follicular 

P450scc mRNA, and a unique cellular redistribution of the transcript. Similar studies 

in other species revealed that a down-regulation of P450scc also occurs in cows (20, 

48) after the LH surge, whereas transcript levels remain unchanged in porcine (21) and 

ovine (46) follicles, and increase in rat follicles after the surge (47, 51). However, the 

cellular redistribution of P450scc mRNA, defined as the disappearance of the transcript 

in theca interna and the concurrent increased expression in granulosa cells, is 

unprecedented in other species. This phenornenon could be related to the putative 

degeneration of the theca interna at the time of ovulation in mares. which is unique to 

this species and leads to the formation of a corpus luteum solely derived from grandosa 

cells (53). The timing of the loss of P450scc mRNA in theca interna coincides with the 

disappearance of StAR and P450iîa transcripts in this cell type (27, 34), providing 

hnher biochemical evidence for a putative demise of the equine theca interna prior to 

ovulation. The marked increase in P450scC expression observed in the equine corpus 

luteum is in keeping with observations in other species (20, 46, 49, 51, 53-55). 

The present smdy documents a novel pattern of 313-HSD mRNA expression in 

equine follicular cells during the ovulatory process. The presence 313-HSD transcript in 

equine granulosa cells and its absence or very low expression in theca interna conuast 

with findings in other species (19-21, 23, 24.46, 56, 57). However, this pattern 

agrees with a previous report showing that 313-HSD activity was present in granulosa 

cells of large foilicles isoiated during esuus but absent in theca interna of al1 equine 

follicles tested (58). Thus, the equine theca interna presumably does not produce much 
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progesterone in vivo, although elevated expression of StAR (27) and P450Scc mRNAs 

in this ce11 type suggests that it synthesizes large amounts of pregnenolone precursors. 

This mode1 is further supported by smdies in vitro showing chat cultures of equine theca 

interna secrete negligible amounts of progesterone, and that gonadotropins have no 

effect on its secretion (33). The apparent lack of modulation of 3B-HSD mRNA 

expression in equine granulosa cells during the ovulatory process contrasts with the 

down-regulation observed in cows (20). In other species such as the pig and the sheep, 

3B-HSD is not detectable in granulosa cells prior to ovulation, but is induced in the 

corpus Iuteum (2 1, 23, 46). The constant levels of 3B-HSD mRNA in equine granulosa 

cells suggest a nonlimiting role for this enzyme during equine terminal follicular 

steroidogenesis. However, the present study does not exclude the likelihood that the 

3B-HSD expression undergoes regulatory processes at other developmental stages, as 

reponed in other species (24, 46, 57, 59-61). The detection of two 3B-HSD transcripts 

of comparable intensities was unexpected. Whereas the smaller transcript is in keeping 

wirh the size of the cloned cDNA, the precise nature of the larger transcript remains 

unknown but could represent a product derived from an alternative polyadenylation 

site. as observed for chicken 3R-HSD (62), or a hybridization anifact. Likewise. the 

precise namre of a larger, albeit less abundant P450scc mRNA in some follicular 

samptes remains unknown. 

The molecular control of P450scc and 3R-HSD gene expression in equine 

ovarian cells remains to be characterized. Several repons in other species have 

implicated the orphan nuclear receptor steroidogenic factor-lladrenal4-binding protein 

(SF-1/Ad4BP) in the transcriptionai regdation of genes encoding steroidogenic 

enzymes, including P450scc (63-66) and 3B-HSD (10, 67). Recent studies have 

demonstrated that the LHIhCG surge results in a pronounced down-regulation of SF-1 

miWA in rat ganulosa cells (68, 69). Thus, the downrewlation of P450scc mRNA in 

equine follicles after the hCG treaunent could potentially result, at least in part, from a 

decrease in transcriptional activity due to a decline in SF-1. However, the fact that 30- 
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HSD mRNA levels were unaffected by hCG in equine follicles suggests that, although 

SF-1 likely plays a role in the control of equine steroidogenesis, additional ce11 type- 

and promoter-specific regdatory factors must be involved in the complex differential 

regulation of steroidogenic genes in theca and granulosa cells. 

A working mode1 for the control of equine follicular steroidogenesis is proposed 

based on results presented in this report and in previous studies (27, 32-34, 52, 58, 70) 

(Fig. 8). During the early follicular phase, the theca interna layer appears to be the site 

of very active steroidogenesis; the layer consists of plwnp polyhedral cells (32, 52) in 

which high levels of StAR (27). P450scc (this study) and P45017a mRNAs (34) are 

either predominantly or exclusively expressed. Since the theca interna expresses very 

low or undetectable levels of 3B-HSD mRNA (this study) or activity (58). and produces 

negligible amounts of progesterone in vitro (33), steroidogenesis likely proceeds 

primarily via the A5 pathway to generate the androgen dehydroepiandrosterone 

(DHEA) (Fig. 8). Estrogens would then be synthesized €rom DHEA by granulosa 

cells. which are the predominant, if not the only, follicular cells that express 3B-HSD 

mRNA (this study) and activity (58), P ~ ~ ~ A R O M  mRNA (55) and protein (70). and 

estradiol synthetic capacity (33) (Fig. 8). At the end of the ovulatory process, 

morphological studies revealed that the equine theca interna undergoes a putative 

degenerative process (32,52). Biochemically, this process is accompanied by an 

apparent loss of StAR (32), P450Scc (this snidy) and P45017a (34) in the theca interna 

layer, and an upregulation of StAR (32) and P~SOSCC rnRNA (this study) in granulosa 

cells, thus putting al1 enzymes required for progesterone synthesis (Le. StAR, P450scc, 

and 3R-HSD) in the same ceIl type (Fig. 8). These gonadotropindependent changes in 

enzyme expression would redefine the principal steroidogenic pathway from A5 to A4, 

with progesterone becoming the obligatory end product. An accessory role of the A4 

pathway during the early follicular phase is not excluded; low-level expression of 

P450scc in granulosa cells could lead to appreciable amounts of progesterone 

production in that tissue. Then, progesterone would be converted into andcostenedione 
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after diffusion to the theca interna layer (Fig. 8). Although this madel attempts to 

integrate current knowledge on the regulation of equine follicular steroidogenesis, its 

should not be viewed as the defuiitive paradigm but rather as a working madel from 

which hypotheses can be generated and tested. Importantly, additionai studies will be 

needed to establish a complete relationship between changes in transcripts, proteins and 

enzymatic ac tivi ties , and to unravel the molecular basis for steroidogenic gene 

expression in equine ovarian cells. 
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Fig. 1. Isolation and characterization of the nucleotide sequence of the equine P450scc 

cDNA. A ,  Schematic representation of the isotated equine P450scc cDNA clone. The 

cDNA is composed of a 5'-UTR of 14 bp, an ORF of 1560 bp, and a 3'-UTR of 225 

bp. B, Complete nucleotide sequence of the P45OSCC cDNA clone. The ORF is 

indicated by uppercase letters, the translation initiation (ATG) and stop (TGA) codons 

are highlighted in botd, the 5'-UTR and 3'-UTR are shown in lowercase letters, the 

polyadenylation signal is underlined. and numbers on the right refer to the last 

nucleotide on that line. The nucleotide sequence was submicted to Geni3ank (accession 

number AFO3 1664). 



1 ORF (1560bp)j 
3'-UTR (225 bp) 

5'-UTR (14 bp) 

A?UCCCU% CECUCCCCA OOeCTQLtci vavapptppt v t ~ ~ a a g g c  
ePqaqgatpp qucctatqqm ~cgcccqcq acccciptec tcagtccc~c 
ttccctvctc crctccgacc pstccvacpp gcmwtcw ccctciatw 
tcaaccgccc c a c f c a ~ f t ~  wgegtttcc ~ecttccccc tcctemccca 



Fig. 2. Predicted amino acid sequence of equine P450scc and cornparison with known 

mammalian homologs. The deduced amino acid sequence of the equine (equ) P450scc 

is aligned with the caprine (cap), ovine (ovi), bovine (bov), porcine (por), hurnan 

(hum), and rat homologs. [dentical residues are indicated by a printed period. The 

putative mitochondrial leader sequence cleavage site is indicated by an inverted 

arrowhead. The tïrst three boxed regions represent proposed substrate binding regions 

A, B and C, whereas the fourth box represents the proposed heme-binding region. 

Note that the third box also encompasses the domain proposed so bind adreno- 

ferredoxin. Numbea on the right refer to the last amino acid residue on that line. 
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Fig. 3. Primer extension analyses of equine P450scc and 30-HSD mRNAs. Two 

misense oligonucleotides corresponding to regions located within the first 60 

nucleotides of the cloned P450scc and 3R-HSD cDNAs were hybridized to RNA 

samples containing (corpus luteum [CL], day 8 of cycle) and not containing (spleen) 

P450scc and 30-HSD, and reverse transcription was perforrned as described in 

Marerials and Merhods. Extension products were analyzed on a 6% polyacrylamide 

gel, and their size determined by cornparison with the products of adjacent sequencing - 
reactions. Results reveal a 95-nucleotide (A) and a 72-nucleotide (B) extension product 

corresponding ro major transcription start sites of P45Oscc and 3B-HSD rnRNA, 

respectively . 
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Fig. 4. Isolation and characterization of the nucleotide sequence of the equine 

3R-HSD cDNA. A,  Schematic representation of the isolated equine 30-HSD cDNA. 

The cDNA is composed of a 5'-UTR of 39 bp, an ORF of 11 19 bp, and a 3'-UTR of 

432 bp. B. Complete nucleotide sequence of the 3B-HSD cDNA clone. The ORF is 

indicated by uppercase letters, che translation initiation (ATG) and stop (TGA) codons 

are highlighted in bold, the 5'-UTR and 3'-UTR are shown in lowercase letters. the 

polyadenylation signal is underlined, and numbers on the right refer to the last 

nucleotide on that line. The nucleotide sequence was submitted to GenBank (accession 

number AF03 1665). 
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Fig. 5 ,  Predicted amino acid sequence of equine 30-HSD and cornparison with known 

mammalian homologs. The deduced amino acid sequence of the equine (equ) 3R-HSD 

is aligned with the murine (mur), rat, hamster ( h m ) ,  human (hum), macaque (mac), 

and bovine (bov) homologs. Only primary adrenaltgonadal isoforms are represented. 

Boxed regions represent YXXXK motifs characteristic of short-chah alcohol 

dehydrogenase active sites. Double-overlined sequences are hydrophobic and may be 

involved in anchoring to membranes. The glycines involved in the formation of the 

hydrophobic cofactor-binding pocket are undef ined. Numbers on the right refer to the 

last amino acid residue on that Iine. 
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Fie. 6 .  Regulation of equine PJSOscc and 3B-HSD mRNAs in equine preovulatory 

follicles during hCG-induced ovulation. Preparations of follicular wall were obtained 

from preovulatory follicles isolated between O and 39 h after hCG, and corpora lutea 

(CL) were isolated on day 8 of the estrous cycle. Samples of total RNA (10 pgllane) 

were analyzed by Northern blotting using an equine P450scc cDNA probe (A), an 

equine 3R-HSD cDNA probe (B), and the rat elongation factor Tu (ElTu) as a control 

eene for RNA loading (0. Markers on the right indicate the size of the transcripts. 

FiIters in panels A. B and C were exposed to film at -70 C for 15,24 and 13 h, 

respec tively . 





Fig. 7. Relative changes of P450scc and 3B-HSD mRNA levels in equine follicie celis 

isolated between O and 39 h after hCG tnatment. Sarnples (n= 10 pg) of total RNA 

extracted from granulosa cells and theca interna were analyzed by Nonhern blotting 

with the equine P450scc cDNA, the equine 3B-HSD cDNA. and the rat elongation 

factor Tu (E lTu)  cDNA as a control gene for RNA loading. After autoradiography 

(films not shown), the signal intensity was quantified by densitometric analysis, and 

data from steroidogenic transcripts were normalized with the control gene EFTu. 

Results are presented as a ratio P450scc to EFTu ([P450sc~/EFTu] X LOO) and a ratio 

of 3R-HSD to EFTu ([3B-HSDIEFTuJ X LOO) (mean + SEM; n = 4 follicles [Le. 

rnares]/time point). Colurnns marked with an asterisk are significantly different 

(P< 0.05) from O h post-hCG. 
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Fig. 8. Proposed mode1 for the regulation of equine follicular steroidogenesis during 

the early (O h post-hCG, panel A), and late follicular phase (39 h post-hCG, panel B). 

The mode1 is based on the regulation and cellular localization of transcripts involved in 

equine follicular steroidogenesis as reported herein and in previous reports (27, 34), as 

well as on the cellular localization of steroidogenic enzymes (70) or activities (58), the 

steroidogenic capacity of equine follicular cells in vitro (33), and the histology of 

equine follicular cells during the ovulatory process (32, 52). For more details see text. 
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Summary of article $3 

Dual regulation of promoter II- and promoter if-derived cytochrome P450 

arornatase transcripts in equine grandosa ceus during human chorionic 

gonadotropin-induced ovulation: a novel mode1 for the study of arornatase 

promoter switching. Derek Boerboom, Abdunag Kerban and Jean Sirois. 

Endocrinoloa) 140(9):4133-4141(1999). 

Thesis author's contribution to the work: As the primary author, 1 was 

responsible for ail aspects of the production of this article. Second authorship 

credits reflect technical contributions to animal procedures. 

O Two distinct P450arom cDNAs were isolated from an equine foiiicular 

cDNA library. One was derived from promoter If and encoded a weii- 

conserved 503-amino acid protein, the other was derived from promoter II 

and encoded a truncated protein. A cDNA encoding P45017a was also 

cloned. 

O Northern blot analyses were performed using preovulatory foiiicies obtained 

on a tirnecourse after the administration of hCG. P450arom niRNA 

regulation was biphasic: leveis were highest in grandosa celis at Oh post- 

hCG, decreased significantly during the ovulatory process at 12 and 24h, and 

inaeased again between 30-39h post-hCG and in corpora lutea. 
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Probes used to detect specific P450arom rnRNA variants revealed that 

promoter II usage accounts for the message present in follicles at Oh post- 

hCG and in corpora lutea, whereas promoter If is used exdusively during 

the ovulatory process. 

LeveIs of P45017a mRNA were high in theca interna at Oh, but significantly 

decreased in follicies at 36 and 39h post-hCG and in corpora lutea. 

Equine aromatase promoters iI and If were cioned from a genomic library, 

and putative transcription start sites were identified by primer extension 

assays. Potential regdatory elements were identified by sequence anaiysis. 

Work's contribution to the advancement of science: 

O This study characterizes for the first t h e  the complete structure of two 

distinct equine P450arom transcripts, as well as the promoters that direct 

their expression. 

a It identifies novel patterns of expression and regulation of these transcripts 

in equine follicles prior to ovulation. The downregulation of P45017a may be 

related to the putative degeneration of the theca interna. 

+ It identifies a novel aromatase promoter-switching phenomenon in equine 

grandosa cells during foiiicular luteinization and provides a new mode1 in 

which aromatase promoter switching is induced in vivo. 

Findy, it offers significant insight as to how the overaii regulation of 

estradiol biosynâhesis occurs throughout the ovuiatory process. 
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AJ3STRACT 
Estradio1 bioqnthesisis nkey biochemid trait ofdevelopingioiiicIes. 

Ta study its regulntion in equinefollicles. theobjee9veaofthisahidy w m  
to clone m d  determine the s m c t u r e  a f  equine cytoehrwne P450 aro- 
matase tP?SOAROM). and charncterize the regdation of PWAROM 
and P450 17a-hydmxyldC17-20 lm LP45017a) RNAB 
tmRNAsi in uiun in quine preovdntory follicles isoiated duMg hCG 
induced onilation. W o  distinct P450AROM mmplementary DNAs 
(cDNhi were isolnted fmmnneguinepreovulnroryfoWeSNAIibrary. 
One clone woa 2682 bp in le* and included 115 bp of 5'-unhaneiated 
region (UTRI. 1509 bp of open rendhg h u e  encoding a weii c a n s e d  
543-umino acid pmtein. and 1058 bp of 3'-UTR Its 5'-morrt region rep 
resented the quine homolog of exon IF, pmviously deeigDated brain 
speafic. The other cDNA doue encoded n trunated pmtain and am- 
LaiDeci a distinct 5'-UTR chrinaeristic of t r a k p t s  derived üom pm 
moier LI. prwiausly idenrificd ;is the predominnnt Dvarian mRNA 
Norrhern blot ndyses were performed using prewtdabry follides a b  
tnined during estrus between 0-39 h the d m i n h a t i o n  of hCG 
and with corpon lutea isolated on day 8 of theestmus qcieIday O = day 
uf ovulation). The d t s  showed a b i p h i c  .qulnfion of P450AROM 
&VA expression: levels were highest in follicles nt O h post-hCC, de- 

creosed signiEicaatly during the wutnuiry prmesa at 12 and 24 h (P < 
0.05). a d  incrensed ngain between 3049 h p&hCC d in airpora 
l u t a  Whaa oligmudeotideu apeciiic for P450AROM mRNA variaDta 
were used as probes. a wveiewitching phenornenon was absenrad hW 
moter iI-derived tmmmipts nceounted for the mesadge present in fol- 
Licles atO h pcat.hCG and inmrpora ~ u b ,  wbere~~ppomoter iîdeiived 
mRNA was e x p d  exclusively during the wulatory pmcees (3049 
h poethCC). Lweh of P45Ol7a mRNA were hi& in faiiicies at O h, but 
si&eantIy d m d  aRer hCG crentment (P c 0.06). with h w t  
levels in follides at 36 and 39 h poet-hCGand incorpornlutea Northem 
blotn perfonaed on isolateci ceIIular preparationa mealed Lhat 
P450AROM and P45Olïa t r a d p t a  were IocaüzeddusàveLy hgnui- 
uimcells and theai interna, respectively. Equiae mamatase pmmotera 
II d lfwere doned h m  a genomic iibrary, and putative aansPiptimi 
start aites were &mkrïd by primer extension asaays. S e p a c e  
d p e a  identifieci distinct potentid cegulatory elementa ia each pm- 
moter. l'bug, this study identifia a muel ammatase promoter-mvitdiinp 
phenomenon inequinegrrinuloaoœih during foüieular luteinizatimand 
pmvides a new mode1 in whirh ammarose pmmoter s\oitchingie induced 
in uiuo. iEndocrindogy 140: 4i33-4141,1999) 

T HE AROMATASE cytochrome P450 (PQSOAROM), a 
product of the C(P19 gene, catalyzes the final rate 

lirniting step in the biosynthesis of estrogens from androgens 
(1-4) and is expressecl in the gonads and the brain of m a t  
vertebnte specïes (58). However, a more extensive tissue 
distribution of the enzyme has been reported in humans, 
including expression in the p tacenh, adipose tissue, üver, 
and skin (5-8). Placental expression of PGOAROM has a b  
been docurnented in cows (9, IO), pigs (1 1-13), and horses (9). 
.S singte CYPI9 gene spanning more that 75 kb and contain- 
ing nine coding exons (exons Li-X) has been identifiai in 
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humans (5,l4,15), but there is evidence for multiple disiinct, 
but closely relate& aromatase genes in pigs (13,16, 17). 
The t isçueqdic  distribution of several aromatiise tran- 

scripts has been linked in part to the use of different promoters 
(7,9,10,12,13,t8-21). Cn humans, these promaters d i  the 
synd-~esis of distinct ammatase messenger RNA (mRNA) vari- 
ants h t  ciiffer onIy by their 5'-noncoding teminii. At least nine 
5'-untranslatecf first wons, and thus mRNAs varianis, have 
been identifieci, including exons Ll ,  Lî, 13,1.4,1.5, L6, PU, 2a, 
and If (22). They are aIkmtively spliced into a common 5'- 
@ce arreptDr site fond 38 bp upstream of the translationstart 
site m exon 2 and generate -pis that have distinct, but 
overlapping. tissue distribution (ï). 

increasing evidence suggesk that swïtdiing of aromatase 
expression €rom one mRNA variant to another may be a key 
reguiatory mechanism in several physiotogicat and p a t b  
logical pmcesseç. Distinct aromatase transaipts are ex- 
presed in earlyos. midpregnancy in porcine placenta (12,13, 
23) as weil as in fehl m. adult human iiver (24). S e v d  
studks  have show that a similac switch occurs in healthy m. 
cancerous human breast adipose tissue (24-24). tt has been 
speculated that a switciüng mediawm may be involveci m 
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the ovuletion/luteinization procers (24). However, resuib 
from the study of Jenkins et al. (30) did not support thii 
concept, as  only promoter iiderived arornatase transaipts 
were detected in human follicles and corpora lutea. 

One key function of P45OAROM is to produce large 
amounts of estradiol in marnmalian preovulatory fouides 
(31), and the obligatory role of estrogen synthesis in female - .  

reproduction was recently highlighted rnice by targeted 
disnmtion of the CYPl9 eene (32). in conhast to that in other 

U .  

speciés, the molecular control of iollicular steroidogenesk in 
mares has remained largely unchancterized. Yet, the equine 
preovutatory follicle offers a good mode1 for the study of 
ovarian gene expression because it has a relatively largesize 
(40-50 mm in diameter), and its development c m  be pre- 
cisely monitored in vivo by ultrasound imaging (33, 34). 
Thetefore, the objectives of this study were to clone and 
determine the primary structure of equine P45OAROM, char- 
acterize the regulation of P450AROM and P4N 17a-hydrox- 
yIaseK17-20 lyase (P45017a) rnRNAs in a series of equine 
preovulatory follicles isolated during hCC-induced ovula- 
tion, and determine the cellular localization of each 
transcript. 

Materials and Methods 
Materials 

The quine gcnornic libnry and Quikiiyb hybridiution golution 
wcrc purch.ised from Strritagenr Cloniny Systems (La lo1la. CA); the 
l'rime-a-Gcne labcline svstcm and the ON&\ 5'-End Labelinn Svstem 
were obtained from P;k&a Corp. (Madison, WI); ~ i o t m  nyï&kem- 
brancs (0.2 run pore sue) wen. purchased fmm ICN Phjrmiiceutirjts. 
Inc. (hfontreai, Canada); [&"~]dcoxy (d)-ATP, [F'2PjdCP. 
[~"PIATP, and ['%~~ATP were obtainrd fmm Mandel Scientific NEN 
LifeSàcncc Producm (Missimup. Canada); TRhol total RNA isobtion 
rcagent, RNA ladder (0.24-9.5 kb), synthetic oligonudeotides, iuui cul- 
ture midia wem purchased from Life Technologies (GiWtersbq MD!; 
T4 polynuclcotide kinase and al1 sequencing rcagents weie purchad 
from Phrmaaa Biotech (Baie D'Urfé, Canada); K o d J  fdm X-ûmat AR 
was obtained from Eastman KodakCo. (Rochester, NY);electmphoretic 
reagents were purchased from Bio-Rad Labontaries, inc. (Richmond, 
CA); Lutalyse was obtained from UpJohn (Kalamazoo, MI); hCC w ~ s  
purdwse from The Buttler Co. (Columbus. OH). 

Cloning of equine cytochrome P450AROM and P45017a 
complementary DNAs fcDNAsl 

The equine P4MAROM m d  P4M17a cDNAs were doned h m  an 
cxprmsion Library prepxed from an quine pmvulabry foüide 
lated 36 h after the administrationof an ovulatory dose of hCC (ZK10 IU), 
as previousty dcxribed (35). r\pproximately 100.OW phage plaques 
wcrexreened, and hybridization was performed at55CwithQuiki-iyb 
hybridization solution (Stntagene). The pnbes. indudine a 5'. 1.0-kb 
ESORI restriction fragment of th; n t  PGOAROM cONA (J6)and a20-lrb 
XlioI restriction fragment of the bovine PGOl7acDNA (37). were labeled 
with [ a - S 2 ~ l d ~ ~ ~ ~ ~ i n g  the PrimeaGene labeling svstem (Promega 
Corp.) to a fiml specific activity p a t e r  han I x ld cpm/pg DNA. 
Positive clones rvere plaaue ~urified thmueh secondarv ;uid krtiarv 
scrcening, and p~lu~pt'ph;gemidscont&glhedo~d~~~& 
wcre excisecl in vnm with the %-t\ssist/SOLRsvstern (St r ; ibml .  DNA 
scqumcing was performcd by the Snger dideoxy nu&dé chain 
:erminatton mcthod (38) u s i n ~  the T7 Sr?quenan~ Kit (Pharmada Bi* 
tech), vector-based primers (fi and T7J-and &tom oiiwnudeotide 
primers (Life Technologies, hc.). Nudeotide md amino a d  analyss 
were performed using MacDNASIS software (version 2û. Hitachi. 
Hidcah. FL) and the FASTA prugam of W i m i n  Padrage(version9.0, 
Cenetics Computer Group, Madison, Wi). 

Isolation of equine preouulatory fillicles and Northern 
blot amiysis 

Ovarian foiiicuiiir deveiopment in Stiuutardbred and Thomughbred 
mares was monitod djllv bv ultnsononraphv (33). When the ~reovu- 
latory follide readied 35 &in diame& d L g  estrus, ovulaaon was 
induced with hCG (25W IU. iv). The ovary bearing the presumptive 
preovulatocy foüide was removed via colpotomy O, 12,24,30,33,36, and 
39 h pmt-hCC with a chain ea;wur (n = 4-5 foüides/time point) (35). 
Also, threecorpon lutes were isolatedonday 8 of theestrouscyde using 
the same appmch. The recovered ovary was kept in icen>ld Bgles's 
MEM supplemented with peniollin (M U/ml)-streptomycin (M &ml; 
Life Technologies, Inc.), L-gluhmine (20 w; Life Technologies, inc), 
and nonesential amino aads (0.1 w; Life Technologies, hc). Pieovu- 
latory bllides were dissected into prepantions of follide w;ill (theca 
inlem with attached grnulosa cells) and isolated th- intem iuid 
pdosaceiis. as derribed (35). NI sarnples were storeci at -70 Cuntii 
RNA extmctioa Animal procedures wereappmved by the iFstitutiona1 
;uùm;il use and care cornmittee. 

RNA w;is extr;icted fmm equine tissue usingTRIzo1 (LifcTedinoI+, 
k) .utd a K i n e m t i ~  PT I2MC Polytron Homogenizer (Fisher Sdaitific 
Fsirhwn, NJ). For Northemmlysis, RNA m p l e s  (10 wg) were denatured 
at 55 C for 15 mUi m denahuinn buffer, el-~horeed on a 12% a m  
anci tmferred by opilIantyt& nylonmemb&e,as Ppaviousiy d e k i i  
(353. A hdder of RNA s h n d d s  was nin with each d, and echidium 
bmmide (10 pg) was dded to eJdi ample before e~ect&~horesis to mm- 
parr RNA l&n ad determine the mimition of standards. Hvbridiw 
iim wùs perfo& using the Q W y b  &lution (Sûabgm) and the fol- 
lowinp; 63NA p& a OSkb EcpRI hment of the eauine P450AROM 
c ~ A ( c I o n e  ,<17), a LGkb E ~ N /  ~ i t r d m  fngmrnt of &e equine P85D17a 
cMJA, and the nt elong;;ition factor Tu cDNA ( W u )  as a mntrol gale for 
RNA loading iind trader (39). Bch cDNA was kbéled ming the"Prhe 
a k  Ijbeüng system as described above. and stripping of hybridivtion 
signai was achiwed by making fiiters in0.1Y0SX (standard dineamte)- 
0.1% SDS for M min at 100 C 

To study the speciiic regulation of pmmoter ïï- and pmmoter If- 
dcrived ammt;w transcripts in g n n u l m  cells. two oligonudeotides 
complementjry to unique sequences located at the 5'-end of each tran- 
script were Iabcled using the DNA 5'-End Lbeling System (Pmmega 
Corp.), and used as probes in Northem blot d v s i s .  h v  induded a 
2 4 - k  anüsense oli~onudcotide ~'GTCTCCTC~TCAC ~XACIT- 
TCC-3' complementarv to nudeotides 50 iind 73 in promoter lf-derived 
t-pt (done AL?; Fig. 1). and a 23-mer '~li~onudeotide 5'- 
CCAAAAGGTACAT CTAGGACTCC-3' complemenhry to nudeotides 
5 and 27 in pmmoter [Iderived P450AROM hanscript (done Al; Ag. 1). 

Cïoning dequine ammatase pmmoter II and pmmoter I f  

DNA seauences located immediatelv umtream of ammatase exon U 
and exon liwere doned using an quine b o m i c  libnry (Shtagene), 
followinp the m;uiufacturer's pmtocol. To done the eauine aromatase 
pmmo& U, appmximtely i x 10" genomic plaques were 
screened using a m d o m  primed, 05-kb EcoRI cDNA fiagrnent c o r n  
sponding to the 5 'wd of the equine ammatase pmmoter U-derived 
cDNA (dme Al, Fig. 1). To done the m m t a s e  pmmoter If, the same 
genomic phage phque werexreened with a radioactive DNA fmgrnent 
genemted by PCR and corresponding to the k t  7ï bases of the equine 
aromiase pmmter Lf-derived cDNA (done A17; Fig. 1). The latter 
pmbe was genmted by indusion of 0 5  mCi [U-~PI~ATP (6WO Ci/ 
mi) in a smdiird PUI ceaction mixture (XI) and bv usine done A17 
as template DNA, senre primer ~ ' -TK~A~Accc&cATCAT-  
TACT, and anrisaue primer 5'-CTGACTCTCCTGCTCACTICTACT- 
3'. The DNA mgmenkas purified by eiectrophoresis on a 24. a- 
geL S i  exon H and three exon If-containhg d o n s  were isolated h m  
the initial mund and were purified thmugh secondary and tectwy 
screming. After digestion with Saci, Southcm blot analyse were per- 
formed using oligonudeotide probes corresponding to the 5 ' 4  of 
eiidi equine aromtase tr;uwipt (same oligonudeotides d d b e d  for 
Narthem blots). Fragments yielding a positive signal were sukloned 
into the pBluerript plssmid vector (Strahgene) and sequenced usinga 
'17 Squencing Kit (Phmmàa Biotech) and Nstorn otigonudmtide 
primcrs (Life Technologies, hc). 
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Fic. 1. Cloning and characteriwtion of equine P450AROM. A, Sche- 
matic representation of two aromotme cDNA ciones (A17 and Al) 
isolateci by libnry smeening. Open and hatchrd boxes cepremnt re- 
gions with identical and divergent nudwtide sequences, respectively. 
Black and white arrowheads indicate start codons and stop codons, 
reswctively. The ~utntive exon Uexon 2 (y21 and exon Uexon 9 W9) 
*pl& jun&ons O? clone A l  are indicated. The complek nudi t ide  
sequence ofeoch clone has been deposited in CenBank(AF031521 for 
A l ï ;  MO31520 for Al). 8, ~ucleotide sequence of the 5'-end of done 
A17 and Al .  Nucleotides in the 5'-UTRateshowninIoweruisele#ers, 
wherens nucieotides in the codiig region are shown in uppereose 
ktters. The divergent region of the 5'-LPPR of clones Al7 and Al  is 
~toticued. C. Deduced amino aeid sequence of eqaine (equ) 
P450AROhI and compruison with the human (hum) homolog. Iden- 
tiwl residues nre indimted by a printed period. Baxedregioru include 
3 putative membranee~anniw dom& (1). an 1 helixthoueht toserve 

the substnte-bindi& podrei (II). a cooserved regione&rnpm& 
a putative ck5lPdependent protein h e  phomhorylatini eite (III). 

- - 7  

m d  the heme-binding region (IV). 

Primer extension analysis 

Primer mtcnsion analyses w a c  perfonned in queous buffer, as pre- 
viously d m i  (35). To detennine tk putative tmmription stutsia of 
ihe pmrnoter ïidrrived transaipt, the primer extension -y used RNA 
clincted h m  a corpus luteum (M pg day 8 of cycle), a tissue known to 

the *ai lccabxi beiween +5ï iind +80 bp fmm the beginning of c h  
A l  IFig. lb). RNA isolated h m  spleen w e d  as a q a t i v e  mrihoL The 
putative tansaipiion mt site of the pmmoier If-derived ammatase tran- 
s u i ~ t  wiis dete& usina RNA utracted from mdoça cells of a 

cokponding to the @on lwted behveen +5i and 480 bp from the 
begnning of clone A17 (Fi% Ib). RNA isolaad h m  spleen and mrpus 
luteum served as the neptive mnmL The extension pmduc6 were ana- 
lyred by eiectmphoresis on a 6% po1y;icryWe-7 M uiea gel, id the 
pubtivc si- of hjrisaiption initiation were det& by mpjrisom 
with adjjœnt sequencing mixtions tlut used the same oiigunudeotides as 
primers and two mrrespondiig arorrwtiise genomic clones that mntlined 
these regions as tempkter. 

Statistical analysis 

Relative levels of P450AROM m d  PJM17a mRNAç were quantifieci 
by densitometric mlysis of autondiogr;irn bands usiq a cornputer- 
aisteci imge d y s i s  systrm (Collage Macintosh program. Fatdyne, 
Inc., New Berlin, WI). The EFTu signal was also quantificd and used to 
n o d i e  resdts. Data were e x ~ d  as ntim of F45ûAROM to m u  
and PW)ila to EFTu (n = 4 follides/ time point). One-wiiy ANOVAw* 
used to test the heffect of t h e  after hCG on relative lev& of Iy4%AROM 
and P4M17a mRNAs. Whcn ANOVhs indicarcd signifiant differenm 
(P < 0.05). Dunnett's test was wd for multiple cornparisans with the 
control (O h pst-hCC). Shüs t id  -lyses wëre perf6rrned using 
software (SAS institute, inc., Cary, NC). 

Resulb 
Chmcterization of equine cytochmmes P450AROM and 
Pd501 7a cDNAs 

Eighteen positive clones were originaiiy purified after 
screening the equine expression Library with the rat aro- 
ma& cDNA. Five of thern, designated Al ,  A6, A12, A13, 
and A17, were selected for DNA sequencing, as others ap- 
peared to represent shorter fragments of the same cDNAs. 
Sequence analysis revealed that the dones correspondeci to 
distinct aromatase trzinscripk, represented by done A17 
(sirnilar to A12 and A6) and clone Al (simiiar to A13; Fig. 1). 
Clone A17 was 2682 bp in length and included a 5'-untrans- 
lated region (UTR) of 115 bp, an open reading h m e  of 1509 
bp, and a 3'-UTR of 1058 bp. The open reading frame en- 
coded a 503-amino acid protein that uiduded al1 conserved 
features characteristic of cytochrome P450AROM, such 3s a 
membrane-spanning region, an I helix, a hem-binding re- 
gion, as weii as a domain encompassing a putative CAMP- 
dependent protein kinase phosphorylation Rte (Fig. 1). The 
S'-end of done A17 (bases 1-77; Fig. 18) was found to be the 
quine homolog of aromatase exon If, often designated as 
brain specific (21, 41-43). Clone A17 was designated as a 
promoter lf-derived aromatase transcript in contrast, the 
5'-end of done Al (bases 1-61; Fig. IB) represented the 
region ùnmediately upstream of exon a. This latter region 
has previously been doned by RT-PCR from equine tissues 
(9), and is known to be the ptimary mRNA species present 
in grandosa cells of several species (9,18,30,36). Clone Al 
was designated a promoter Udenved tranxript However, 
done Al was short and encoded a tnincated 347-amino aàd 
protein ladring important 3'shuchiral elements such as the 
heme-bindingdo& (data not shown). Database homology 
searches showed that homologous sequences ceased after the 
splice iunction between exo& 8 d 9 ,  suggesting that the 
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clone may be a splice variant or an artifact of the doning 
process. 

Twelve P45017a clones were isolated from the equine 
cDNA library using a bovine homologous probe. Partial 
DNA sequencing of one selected clone showed that it was 
identical to an equine testicular P45017a cDNA previously 
characterized (data not çhown) (44). 

Regulation of equine P350AROM and P45017a rnRNAs in 
preouulatory follicles 

Changes in leveis of aromatase mRNA during the ovula- 
tion-iuteinization process were studied by Northem blots 
using a cDNA probe common to both hanscripts. Results 
showed a biphasic pattern of aromatase expression after 
gonadotropin treahnent (Fig. 2). High levels of aromatase 
mRNA weredetected in walk of follicles isolated before hCG 
(O h; Fig. 2A), but a marked drop in transcripts was observed 
12 and 24 h post-hCG (P < 0.05). Then, aromatase levels 
increased again bei~veen 30 and 39 h post-hCG and were 

elevated in mature equine corpora lutea @gg 2A). TO assess 
the cellular localization of the aromatase message within the 
folüde wali, Northern blots were perforrned on isolated 
preparations of grandosa cells and theca interna. Resulk 
showed that expression of aromatase transcripts was re- 
stricted to the grandosa ceii layer and foiiowed a pattern 
similar to that obsewed in foliicle wall (Fig. 3).The size of the 
P150AROM mRNA was approximately 3.0 kb in most sam- 
ples, with the exception of those isolated before hCG treat- 
ment (O h post-hCG), where transcripts of about 4.0 and 1.2 
kb were also observed. No aromatase tmnscripîs were de- 
tected in theca interna (Fig. 3). 

The concomitant reguiation of P450t7a mRNA in equine 
preovulatory follicles and corpora lutea was studied by 
Northem blots using the same membranes. Levels of 
P45017a mRNA were high in folücles at O h, but signifiuntly 
decreased after hCG treatment (P < 0.05), with lowest lev& 
in follides at 36 and 39 h post-hCG and in corpora lutea (Fig. 
28). When Northern blots were performed with îsolated cel- 
lular preparations, no P45017a mRNAs were detected in 
granulosa cells, except for a relaüvely weak signal in a few 
samples, probably resuiting from contamination by theca 
interna celis (Fig. 3). In contrast, Pe5017a expression was 
high in theca interna of follicles isolated between 0-33 h 
pst-hCG, but dropped markedly thereafter (P 0.05; Fig.3). 

4S Differential expression of prornoter II- and If-deriued 
28s t 

C 
'4.4 ammatase tmnscripb 

w * ) I c @ w ( ~ #  The potential regulation of hvo distinct aromatasemRNAs 
leS L -24 in granulosa cells was studied using mRNA-spdc, end- 

- . labeled oligonucleotide probes representing either promoter 
iI- or pmmoter lfderived transcripts. nie results nrggested 
the presence of successive aromatiw promoter-switdùng 

0 0 9***19999&49+ e e  events during follicular luteinization and corpus luteum f& 
mation. Levels of promoter iiderived banscripts w m  high 

B. 17a before hCG treatrnent (O h), dropped drastically after hCG 
4 *= treatment, and remained very low before ovuIation (Fig. 4A). 

-4.4 Conversely, promoter If-derived rnRNAs were undetectable 

#.@*,* * . at O h, but were induced between30-39 h post-hCG (Fig. 4B). 
-24 interestingly, the process reversed iüeif after ovrilation, as 

10s C promoter lfderived mRNA disappeared and promoter U- ' derived hrnrmpk reappeared in the corpus luteum (Fig. 4). 
The summation of promoter [I- and promoter tf-denved 
aromatase rnRNAs seemed to represent the o v d  aromatdse 

Qh4@4+@+!?9994+ d e  expression detected using a nonspedïc probe (Fig. 3). 
C. EFTu 

Cloning of ammatase promoters IT and and 
ras c 

-24 
chamcte~ration of putatiue transcription initiation siles 

-1.4 
To determine the complete structure of the 5'-UTR of each 

aromatase transcript and idenhfy potential regdatory e l e  
R G  2. Redation of P45OAROM and P45017o &A in equine mats  hvolved in theirexp-on, the Ç'-flankhg @om of 
prwvulatory follicies. ~repnrahoions of follide wall were obtained fmm exon and exon 1f were doned kom an equine genomic preowlatory folrides isoloted between 0-39 h after hCG, and two 
corpcn lutea (CL) were isolatedonday 8 of the estmu cycie. Samples L i b ~ r a s r  A ~ ~ r o x i m a t e l ~  kb &putative promoter 
of totd RNA (10 d a n e ;  two follides p r  cime point) were anal+ sequenced, and potential cis-actuip; elements were identifiecl 
by Northern bbtt&g using an quini P ~ S O ~ O M  (A), an eq&e from a trmsaiption factor database (Eigs. 5 and 6). The 
P45017o cDNA (BI. and the nit elongntion factor Tu (EETu) as a equuie aomatase promoter n con* a co-ed 
contml gene for RNA londing (C). Brnckets on the ft$ show the mi- e gation of 28s 18s nbosomal bands, md on the righr binding ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~ ~ ~ g ~ ~ ~ ~  factor-1 (SE') 
indiate the migration of RNA standards. i?iiters in A, B. and C were ment involved in a-d~adent -independent q- 
exposeci to film at -70 C for 1.5.4. and 2 h. respeetively. dation in grandosa celis of other specïes (4547) (Fïgs. 5 and 
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FIG. 3. fieplation o f  P450AROM and P45017rr mRNA in grandoan ceus a d  th- interna of equine preovulatory folücles. Ieolated prepa- 
rarions of firanulosa ceils (Ai and theca rnterna(3) were o h b u m l  h m  quine pmvuiatory foUcles koInted btween 0-39 h after hCG Sampk 
of totai RVA 110 d a n e ;  a = 2 follides/tirnei were anaiyzd by N o r t h m  bloîting using au equine PGOAROM (a), nn equine P45017a cDNA 
h l ,  u d  rhe rat elongatioa îactor Tu (EFTu) as n control gene for RNA loading (cl. in addition, prepamtiona of the- inhm (R; O hl  and of 
3 corpus luteum (CL: dny 8 or cycle) were included in A, whereaa aamples o f  gronuioâii c e b  (GC; 39 hl nnd of n corpus luteum (CL; day 8 of 
cyc1e)were included in B. Bmckers on thelefi show themigrationoP28Siuad I8S riboaorna1 bands. andmnrk8montherightindicot.e the migration 
of RNA ~tandards. GramIosa ceU fiitem in a, b, and c were expoeed to filmat -70 C for 1.4, and 2 h, Rapectively, whereaa theu internaiiiten 
in a, b. and c were exposed For 1.5. 4, and 2 h, reqmtively. 

7A). However, a CAMP response element (CE)-Iie region 
known to bind CAMP-biding protein (W) in rat and 
human (45,481, but not in bovine (49), ovarian tissues is not 
conserved in the horse (Fig. 78). AIignment of the k t  250 
bases of the equine promoter If with-the correspondiig hu- 
man and mouse regons shows a remarkable level of homol- 
ogy among specis (90% and 96% identity between equine 
and murine, and equine and humansequences, respectively). 
This region teatures sevenl perfectly conserved elements, 
notabiy overlapping c-myc and GRE consemus sites. Al- 
though genomic clones ranged in size h m  about 12-25 kb, 
no single done was found to indude both promoters, indi- 
cating k a t  these equine aromatase promot& are separated 
by at least several thousand bases as teported in humans (7). 

Primer extension analysis of prornoter iiderived mRNA 
revealed a single putative tranmiption start site correspond- 
ing to a cytosine residue Iocated 3û bp downstrem of a 
consem~s TATA box (Figs. 5 and 8). This cytosine tesidue 

was positioned 16 bp upstream of the B a t  base of the am- 
matase cDNA done Al  (Fig. 1), indicating that the total 
length of the 5'-üTR of promoter iiderived ûanscripts is 115 
bp. Primer extension analysis of promoter lf-derived tran- 
scripts identifieci a maior putative bançmption initiation site 
at  a cytosine residue located 31 bp downstream of a con- 
sensus TATA box (Figs. 6 and 8). The critena used to select 
th& band as a major site was the presence of a strong signal 
with the granulosa ceii RNA extract (which contains pro- 
moter Ifderiveci mRNA) and the absence of a signal with the 
corpus luteum extract (whidi dws not contain pmmoter 
lfderived mRNA; Fig. 4). The cytosine residue was located 
16 bp upstream of the first base of the aromaîasecDNA clone 
A17, giving an overaii length of93 bp for exon If and a total 
Iength of 131 bp for the Y-UTR of promoter 1 fderived tran- 
scripts. Longer, but Iess abundant, extension products were 
observeci ~6th promoter lfderived lransaipts (data not 
shown). ïhese products were apparentiy transcribed down- 
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ik. 4. Differentiol reylation of pmmater II- and lfderived a m  
matase transcripts in grmuloea ce% after hCC treatment. Northern 
blot rinalysis ww performed uaing RNA extra& from gmnulasa 
cells of equine preovulntory isotnted becween O39 h after hCGtreat- 
ment [IO d a n e ;  two fotlicles per lime point). in addition, preparn- 
tions of thecn interna (TI; O hl and of û. corpus luteurn (CL dny 8 of 
cycle) were included in the s m e  blot. Hybndizntion w u  performed 
using end-labled mtisense oligonucleotides speeinc for promoter 
iIderived iAmm II; A) and prornoter li-derivd (Amm 1C; B) tran- 
scripts. as describecl in Matenals and Methods. Bmcketa on Be  lefi 
show migration of 28s and 18s r i h o m d  bands, and markerson the 
right indicate migration of RNA standards. Filten in A and B were 
exposed to film at -70 C for 4 days. 

Stream from two additional TATAA elements found in the 
promotcr I f  at positions -87/-92 'and -Ill/-116 (+1 = 
maior putative transcription initiation site). These TATA 
boxes are also conserved in the mouse and h ~ n a n  promoter 
l f  (21,41), but their relative hnctional significance has not 
been detennined. 

Discussion 

This study is the first to report ivi arornatase promoter- 
switching phenomenon in granulosa cells during foUicuIar 
luteinization and provides a novel mode1 in which aromatase 
promoter switch& is induced in oim. To date, promoter 
switching had been reporteci in dishntly separated devel- 
opmenhl (12.23) or pathological(24-27,50) stages in uiim, 
and in human mononuclear lwkemic TH?-l ceüs and pe- 
ripheral blmd lymphocytes in vitro (51, 52). in the present 
study, a Fine t&-course dissection of the regdation of cy- 
tochrorne P4SOAROM was realized in preovuiatory follides 
of mares, a species with a relatively long ovuiatory process 
(36-48 h from hCG to ovulation) (53,s). The doning of two 
distinct equine foüicuIar aromatase tr;uiscripts and studies 
on their expression afier hCGiduced luteinizztion/ovuis- 
tion revealed a dua1 replation of promoter Il-and p m o t e r  
lf-derived transaipts in grandosa celIs. The down-reguia- 
tion of promoter iï-derived rnRNAs with the accompanying 
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Frc. 5. Isolation and chnracterization ofeqniue ammarrilie pmmotar 
m. A DNA IiaEment loeated imrnediatelv unstrenm of exon II waa 
isolnted h m  k equine pnomic library: ~kc1eotid.e sequenees are 
numbed according to the putative tmnscription iniüntionsik (+Il 
shown in Fig. 7. Selected potentid cis-acting pmmoter elementa are 
underlined, whereas sequenees representing exon EI nre in bddfw. 
The nacleotide iequence has been d e w t e d  in G e n û d  lncœsmion 
no. AF031893). 

induction of promoter 1 E-derived mRNAs in granulosa celIs 
after hCG treatment imply a first switching phenomenon, 
whereas the presence of promoter 11-derived transcripts and 
the diiappearance of pmmoter Ifderiveci transcripts in cor- 
pon lutea suggest a second switching event. The use of 
altemate aromahse promotes was thought not to occur 
during the ovulatory process, as promoter D-derived mRNA 
was found to pcedominate in human fouides and corpus 
luteum (30). However, this latter study does not contradict 
Our results, as it did not analyze sampIes from the time 
window in which switching orrurred in equine grandosa 
celh. Further studies wiU be needed to determine whether 
aromatase promoter switching during foliicuiar luteinization 
also arrurs in humans or other animal species. 

Thedevateci expression of promoter Ilderived aromatase 
trJNcripts in v i n e  foiiides before hCG treahnent is in 
keeping with previous reports showing that it is the pre- 
dominant rnRNA species in grandosa ce& (18,3,36,49). 
Also, the selective Ioailization of aromatase mRNA in gran- 
ulosa cells agreg with theimmunohisiodiemicdlocaluation 
of the protein in equine foiiïcies (55,56), and the steroido- 
genic capaaties of isolated equine foiiicular ceüs in aiho (57, 
thus resolving a previous controversy on the site of estrogen 
biosyntheçis in the equine foiiide (34). This study reports the 
doning and dianderization of the equine aromatase p r e  
moter iL Some of the moIecuIar medianisms involveci in the 
reguiation of this promoter have been studied in other spe- 
cies, and at  least hvo cis-elemenk appear crucial for CAMP- 
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Fic. 6. Isolation and chnracterization of equine mrnntase pmmoter 
1C. A DNA froment includinrr exon If as well III its 5'-fîankine 
sequences wna Eointed from equine pnomic library. ~ u c l w t i d ~  
sequences arc numbered nccording to the putntive traasaiption ini- 
tiation site ( + 1) shown in Fig. 7. Selected potentiai &-acting pro- 
moter elements are underlined. whereas intronic sequences 3' ofexon 
I f  arc in boldface. The nucleotide sequence has been depoeited in 
CienBank laccession no. AF031894). 

dependent and -independent expression in hurnan and rat 
grmuIosa cells (45.18). A fint element, a consensus SF-1- 
binding site conserved in al1 species, appears to mediate both 
constitutive and inducible aromatase transcription (45-47). 
A second element, a CRE-like element to which CREB can 
bind, appears required to achieve optimal tramaiptional 
activity in rats and humans (44, 47). However, this latter 
element is poorly consewed in other species and contains a 
1-bp deletion in the equine (thii study), bovine (49), and 
porcine (16) promoters. fn cattle, this deletion was initidy 
thought to be responsible for the lack of aromatase expres- 
sion in bovine lutealcells. However, a sit~directed rnuhgen- 
esiç study designed to mnder the bovine CRE-tike site iden- 
tical to its human counterpart resulted only in partial 
restoration of CAMP-inducible promoter activity in luteal 
celIs, suggesting that other elements are involved (49). The 
marked drop in promoter iiderived aromatase transaipts in 
equine follicles after hCG treahnent agrees with a similar 
down-replation in other species after the LH surge m m%o 
(36,55-61). in mt granulosa cells, the decrease in promoter 
ii activity and aromatase mRNA was assoàated with a drop 
in SF-1 and in the A kinase regdatory subunit type II N b ) ,  
but not in CREB expression or binding activity (47,60,62). 

The observed induction of promoter Ifdenved aromatase 
hamcnpb in quine  granulos celis is novel Exon ifantain- 

A. Promoter iI Ad4BP/SF-1 element 

horse TGAGA--CC. C- 
cow TGAGACTCTA C- 
pig TGAGACTCTG C-G 
human TGAGACTCTA C-G 
fat TGAG--TCTC C-T 

B. Pmmoter ii CRE-like element 

home TAATTCGGAG TTCX-GTTAC 
cow TAATTGAGAA CTCA-GTCAC 
pig CAATTGGGAA TTCA-GTCAT 
human CRATTGGGAA -C 
rat CAATTGAGTA -C 

Frc. 7. Homologg anniysis of putative ammatase cis-acting pmmoter 
elements. Selected equine putntive aromatase pmmoter elementa are 
aligned with correspondhg sequences h m  di species homologri char- 
ncterized to date. A, A d r e d  4 bindiig protein lA&BPI/SF-1 element 
in nmmntase pmmoter II (- 13W- 123; see Fig. 5). B. CRE-üke Se- 

quence in nmmntase pmmoter II (-2081-201: see Fig. 5). 

ing mRNA was originaiiy doned from bnin tissues and has 
been desaibed as brain specific (21,4143). However, several 
aromatase expression studies have shown a wt IiSSLfe distri- 
bution for many aromahse mRNA specks (7,10,24), suggest- 
ing that the tissue çpeafiaty mode1 for aromahçe pmmoter 
w g e  may be oversirnpüfied. This view is also supported by 
recent reports, includig ttiiç one. that show the use of alter- 
native ammatase promoters in a given h e  (10,12,20, s27). 
The rnolecular mmediiinimis involved in promoter Ifderiveci 
aromatase expression have not been char&eri;ced, which con- 
hasts with studies on pmmoter II. Although promoter If has 
previously been doned in humans (41) and rnice (ïl), no reg- 
ulatory eiemenb have been functionally identifiecl. Potentiai 
&-acting elements indude the highly co~ecved, overiapping 
c-ntyc and glucocorticoid response eiement identified in hotses 
(this study), hum;ins (41), and mice (2). Recent studies have 
shown arÏ increase in c-nyc expression in rat p u l o s a  celIs 
during hCG-imduced luteinbation (62,63). A h ,  a gIucocorti- 
coid respanse cis-element present in the human ammatase p m  
rnoter L4 is required (in conjunction with glucocorticoids) for 
cytokineinduceci transcription in adipocytg via the Janus ki- 
nase/STAT (signal transducer and activator of transaiption) 
pathway (H). Whether these pathways are involved in pm 
moter Ifdesiveci uornatase expsession in equine grandosa 
crlh mnaim to be detennuied 
This study provides a h t  ch;iraaerîzation of the regula- 

tion and cellular localization of cytochrome P4917a tram 
scripts in equine preovulatory foficles. Selective expression 
of P45017a mRNA in the theca interna layer is nmilar to 
reports in other species (58,59,61,65) and supports studies 
in vitro showhg that secretion of androgens was obsewed in 
cuiîures of equine theca interna cells, but not in those of 
grandosa celis (57). No major changes were observed in 
leveis of P4SOlïa rnRNA in theca interna between O and 33 h 
post-hCG, but a marked drop occurred thereafter- Cornpa- 
rable los of P4927a mRNA has been observed in bovine 
(58), porcine (61), and rat (66) th- interna a h  the LH 
surge. interestingly, the tirne course of P45017a rnRNA dis- 
appearance (between S 3 6  h post-hCG) was distinct hm 
that of prornoter II-derived aromatase transcripts in gram- 
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Frc. 8. Putative transcription initiation sites of promoter II- and pro- 
moter lfderived ammntûse rransuipts. Pnmer extensionanalyses were 
performed using antisense olipnuclmhdes mmplementary ta 5'-UTR 
regions of pmmoter II- nnd pmmoter lfderived m n m i p î a  (A and B. 
resaectivelv). Prirnen were hvbridizd ta RNA samolen cauîainh?~* 
m o k  11d~rived tmnscripts i&rpus h u m ;  A) and promoter lfd&bed 
mRNA (manulasa cells 30 h wst-hCC; 8). and extension d m  were 
dd on n 6% polyncryimide gel, XI desuibed in Mate* and 
Methais. Resulta reveded 96-nuclmtide extension producta mneapond- 
ing ro t he  puutive tmnscription initiation sites of prwnoter ii- and 
promoter lfderived nmmntose mRNA 

losa cells (between 0-12 h post-hCG), suggesting the pres- 
ence of separate down-rcgulatory mechanimis in each fol- 
licular ce11 type. However, the dwease in P45017a tranxript 
in theca interna coincides precisely with the 10s of steroi- 
dogenic acute regdatory protein mRNA in theca interna (67). 
This apparent reduction in thecal steroidogenic capaaty 
could relate to the reported demise of the Iayer at the tirne 
of ovulation in mares (34, 68). Despite high levels of aro- 
matase transcripts in the quine corpus Iuteum, estrogen 
biosynthesis is very lirnited d u ~ g  the luteai phase (34). 
lnsuffiaent luteal P45û17a expression, and thus aromatiz- 
able androgen substrats, has been proposed to be rate-üm- 
iting in luteal estrogen synthesis (69). 

in summary, this study reports the cloning and charac- 
tenzation of two equine aromatase tnnscripts, as weii as 
approxirnately 1 kb of genomic ~e~uences'~utatively in- 
volved in their transcription. This study provides a first 
chancterization of the regulation and cellular lacaiization of 
the P450AROM and P4017a rnRNAs durhg the ovulatory 
pmcess, with mulü indicating that the classic hvo-ceU(theca 
intema/granulosa cells), twc-gonadotropin (i.,K/FSH) 

model for estradiol production is operative in the mare. Most 
importantly, we report the presence of a novd aromatase 
promoter-mitchhg phenomenon in equine granulosa ceiis 
during fokcular Iuteinization, draracterized by a down-reg- 
dation of promoter U- and an up-regdation of promoter 
If-derived ûanscripts after hCG treatment. This phenome- 
non apparently reverses itself after ovulation, as promoter 
ii-derived mRNAs become elevated, whereas those derived 
from promoter if disappear in the corpus luteum. Consid- 
ering ihe potential role of aromatase piornoter switching in 
various physiological and pathological processes and the 
uncharacteiized nature of i& molecdar control, we propose 
that the quine preuvulatory follide provides a valuable 
model system to study this phenomenon. 

We h n k  Dr.J S. Richards (hylar Collegeof Medicine, Houston,TX) 
for the rat P450AROM cDNA, Dr. M. R W a t e m  (Vanderbilt Uni- 
versity, NashviUc, TN) for the bovine PJ5017a cDNA, and Dr. R. Levine 
(Comeii University, [hm, NY) for the nt EF-Tu cDNA. 
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Summary of artide #4 

Expression and regdation of transcripts encoding two members of the hWA 

subfamily of orphan nuclear receptors, steroidogenic factor-1 and NR5A2, in 

equine ovarian ceiis during the ondatory process. Derek Boerboom, Nicolas 

Pilon, Ramin Behdjani, David W. Siiversides and Jean Sirois. End-oloa (in 

press). 

Thesis author's contribution to the work: As the primary author, 1 was 

responsible for al1 aspects of the production of this article. Secondary authorship 

credits reflect contributions to experimentd design. 

Summary: 

rr The equine SF-1 and NR5A2 primary transaipts were isolated in fragments by 

a combination of cloning processes. They were found to encode proteins that 

are 60% identical to each other, with nearly identical DNA-binding domains 

that reflect the identical DNA-binding specificities of their human homologs. 

s Northern anaiysis established a clear relationship between the expression of 

SF-1 and that of the steroidogenic genes in 4 tissues except grandosa cells 

and CL, in which very Iow levels of SF-1 mRNA often contrat with hi& levels 

of StAR, 3&HSD, P450scc and P450arom expression. Conversely, a role for 

NR5A2 in regulating steroidogenic genes in these tissues is suggested by its 

level of expression, which far surpasses that of SF-1. 



The regulation of SF-1 and NR5A2 mRNA throughout the ondatory process 

was examineci using an RT-PCR/Southern blotting technique on ovarian 

follicular RNA isolated on a time-course after the administration of hCG. in 

granulosa cells, approximately 3-fold decreases in SF-1 and NR5A2 mRNA 

levels were attained by 30h post-hCG. Different regulatory patterns were 

observed in theca interna, as SF-1 rnRNA levels were high und 33 hours post- 

hCG and dropped signihcantly thereafter. NR5A2 appears not to be expressed 

in theca interna. 

Workls contribution to the advancement of science: 

0 This study repork the novel cloning of equine SF-1 and NR5A2. 

0 It demonstrates a regulatory pattern of SF-1 in theca interna that apparently 

rnirrors the regulation patterns of S M ,  P450scc and P45017a, suggesting a 

direct Mc to their transcrip tional regulation. 

O It documents for the first tirne the expression of NR5A2 in granulosa cells and 

in the CL. Its high level of expression in these tissues, combined with its 

presumed DNA binding specificity, suggest that it could function as a 

courtterpart of SF-1 to regulate the transcription of steroidogenic genes. This 

partiaiiy resolves a paradox, as the proposeci transcriptional regulation by SF-1 

of al1 steroidogenic genes in aU ovarian ceil types could dilficultly account for 

their differential rnRNA regulatory patterns. 

Finally, it provides novei insight into the control of ovarian steroidogenesis, 

permitting rehements to the working modei presented in article #2. 



Expression and Regdation of Transcripts Encoding Two Members of the 

NR5A Subfamily of Orphan Nudeaar Receptors, Steroidogenic Factor-1 and 

NR5A2, in Equine ûvarian Cells During the Ovulatory Process* 

Derek Boerboomt, Nicolas Pilon$, Ramin Behdjani, David W. Silversides 

and Jean Sirois1 

Centre de Recherche en Reproduction Animale, Faculté de Médecine 

Vétérinaire, 

Université de Montréal, C.P. 5000, Saint-Hyacinthe, Québec, Canada, JE 7C6 

Key Words: SF-1, NR5Ala, NR5A2, orphan nuclear receptor, messenger 

RNA, granulosa cells, theca interna. follicle, ovary, horse, 

s teroidogenesis 

'This study was supported by Natural Sciences and Engineering Research 

Council of Canada grant OPGû171135. The nucleotide sequences reported in 

this paper have been submitted to GenBank with accession numbers 

AF157626, AF168796, AF2039Il and AF203913. t Suppotted b y a Medical 

Research Councii (MRC) of Canada Doctoral Research Award. $ Supported 

by a Fonds pour la Formation de Chercheus et IrAide à la Recherche Doctoral 

Research Scholarship. 3 Supported by a MRC Scientist Award. 

Correspondence: Dr. Jean Sirois, Faculté de Médecine Vétérinaire, Université 

de Montréal, C.P. 5000, Saint-Hyacinthe, Que-, Canada, J2S 7C6. Tel: 450- 

773-8521 (ext. 8542), Fax: 45û-778-8103, e-mail: siroisje@medvet.umonkea~.ca. 



Running tide 

Regdation of SF-1 and NR5A2 rnRNAs in equine foiiides 



Abstract 

Steroidogenic factor-1 (SF-1, NR5Ala) is a member of the NRSA 

nuclear receptor subfamily and has been implicated as a key transcriptional 

regulator of al1 ovarian steroidogenic genes in vitro. To establish links 

between the expression of SF-1 and that of the steroidogenic genes in vivo, the 

objectives of this study were to done equine SF-1 and examine the regulation 

of its rnRNA in follidar ce& during human chorionic gonadotropin (hCG)- 

induced ovulation. The equine SF-1 primary transcript was cloned by a 

combination of reverse transcription-polymerase chah reaction (RT-PCR) 

techniques. Results showed that the transcript was composed of a 5'- 

untranslated region (UTR) of 161 bp, an open reading frame (ORF) of 1386 bp 

that encodes a highiy-conserved 461-amino acid protein, and a 3'-UTR of 518 

bp. The cloning of SF-1 also led to the unexpected and serendipitous isolation 

of the highly-related orphan nuciear receptor NR5A2, which was shown to 

include a 5'-UTR of 243 bp, an ORF of 1488 bp and a Y-UTR of 1358 bp. The 

NR5A2 ORF encodes a 49Samino acid protein that is 60% identical to SF-1, 

including 99% similar DNA-binding domains. Northem blot analysis 

revealed that SF-1 and NR5A2 were expressed in aU major steroidogenic 

tissues, with the exception that NR5A2 was not present in the adrenal. 

Interestingly, NR5A2 was found to be by far the major NRSA subfamily 

member expressed in the preovuiatory follicit and the corpus luteum. Using 

a semi-quanti tative RT-PCR/Southern bb tting approach, the regulation of 

SF-1 and NR5A2 mRNAs in vivo was studied in equine fo1licuIar celis 

obtained from preovulatory follides isolated between O and 39 h post-hCG. 

Results showed that the theca interna was the predorninant site of SF-1 



mRNA expression in the foiiicle, and that hCG caused a significant decrease 

in SF-1 levels between 12-39 h in theca interna and between 24-39 h post-hCG 

in granulosa ceils (P < 0.05). In contrast, the granulosa ce11 layer was the 

predominant, if not the soie, site of NR5A2 mRNA expression in the foliicle. 

Importantly, MA2 was much more highly expressed in granulosa cells than 

SF-1. The administration of hCG caused a significant deaease in NR5A2 

transcripts in grandosa cells at 30,36 and 39 h post-hCG (P < 0.05). Thus, this 

study is the first to report the concomitant regdation of SE1 in becs interna 

and grandosa ceUs throughout the ovulation/luteinization process, and to 

demonstrate the novel expression and hormonal regulation of NR5A2 in 

ovarian cells. Based on the marked expression of NR5A.2 in equine granulosa 

and luteal cells and on mounting evidence of a functional redundancy 

between SF-1 and =A2 in other species, it is proposed that NR5A2 may 

play a key role in the regulation of gonadal steroidogenic gene expression. 



Introduction 

The recently-defined nuclear receptor subfamily NRSA indudes three 

highly-related orphan type receptors, so named for their la& of a known 

ligand (1). One member of this subfamiiy is steroidogenic factor-1 (SF-1, 

NRSAla), also known as adrenal 4binding protein (Ad4BP) (2). SF-1 was 

originally isolated as a transcription factor capable of binding discrete 

regulatory elements present in the promoters of vanous steroid hydroxylases 

(3). Embryological expression studies (4) and a gene knockout analysis (5) 

have subsequently demonstrated a critical role for SF-1 in the development of 

the steroidogenic organs, a role that has been extended to ai i  levels of the 

hypothalamic-pituitary-gonadal axis (6, 7, 8). Further insight into potential 

roles of SF-1 has been obtained by the identification of numerous genes whose 

t-ranscrip tional activity it appearç to modulate. In addition to the cytochrorne 

P450 steroid hydroxylases (3), the list of SF-1 target genes now indudes 3 8  

hydroxysteroid dehydrogenase/A5-A4 isomerase (3g-HSD) (9), steroidogenic 

acute regulatory protein ( S M )  (3), ACTH teceptor (10, Il), Muilerian 

inhibitory substance (12, 13), LH &subunit (14,15), GnRH receptor (16, 17), 

oxytocin (18, 19), Dax-1 (20, 21) and several others (22-30). Considering the 

roles of these genes in various metabolic and developmental processes, it is 

evident that the functions of SF-1 extend weU beyond those that originally 

prompted its discovery. Several studies on the regulation of SPI  activity 

have focused on post-translational mechanisnis, inciuding phosphorylation 

(31), po tential ligands (32-341 and assoâated proteins (12,354). However, 

few studies have identified physiological processes that modulate SF-1 

activity at the transcriptional tevei. GnRH has been reported to up-regulate 



SF-2 mRNA levels in the pituitary (42), wMe a transient down-regdation of 

SF-1 mRNA has been observed in ovarian cells following the LH surge (43- 

45). 

Another member of the NR5A orphan nudear receptor subfamily is 

NR5A2 (I), that has been previously termed hBlF (46), LRH-2 (GenBank 

accession nurnber M81385), PHR-1 (47), xFFZrA (48), FTF (49) and CPF (50). 

NR5A2 and SF-1 have been found to share a high degree of structural 

sirnilarity, notably w i t h  regions refered to as the hybrid P box, the A box 

and the T box. As these structures are directly or indirectly implicated in 

determining and interacting with the binding site, it was proposed that both 

receptors share identical DNA binding mechanisms and specificities (51). 

This has subsequently been demonstrated by severai groups (27,46,48-50), 

and both nudear receptors were found to transactivate at least one comrnon 

promoter (27). interestingly, M A 2  has a h  been shown to transactivate a 

hepa tic steroid hydroxylase gene (50). While these data suggest a functional 

redundancy behveen the receptors, no overlap in their tissue distributions has 

been reported, and no roIe for NR5A2 in processes such as gonadal 

steroidogenesis has been proposed. 

A recent series-of studies examined the regdation and cdlular 

dis tribu tion of transcrip ts encoding various steroidogenic pro teins and 

enzymes throughout the quine ovulatory process (52-54). It was shown that 

hCG triggers a marked dom-regdation of StAR (54), P45Oscc (53) and 

P45017a (52) mRNA in theca interna pnor to ovulation. Different M A  

regdatory processes were obsewed within the grandosa ceil layer, in which 

P450arom expression was abrogated by administration of hCG (52), while 

StAR (54) and P450scc (53) were induced and 3&HSD expression did nui Vary 



(53). Considering the divergent regdation of steroidogenic transcripts during 

the equine ovulatory process, it is likeiy that factors other than SF-1 are 

involved, or that CO-activators and CO-repressors enter into play to activate 

and silence transcription in a time-, tissue- and gene-specific manner. The 

objectives of this study were to clone equine SF-1 and to characterize the 

regulation of its transcript in theca interna and granulosa cells following hCG 

administration to identify possible links between the regulation of SF-1 

rnRNA and those of the various steroidogenic genes. As a serendipitous 

finding, this paper also reports the cloning of equine NR5A2 and its novel 

expression in granulosa and luteal cells. 



Materials and methods 

Mn terials 

Human CG was purchased frorn The Buttler Co. (Columbus, OH); 

Biotrans nylon membranes (0.2 pm) were purchased from ICN 

Pharmaceuticals (Montreal, Canada); [a-=P]dCTP and [(x-%ld~TP were 

ob tained from Mandel Wentific-New England Nudear Life Science Products 

(Mississauga, Canada); QuikHyb hybridization solution and ExAssist/SOLR 

system were purchased from Stratagene Cloning Systerns (La Joila, CA); 

TRIzol total RNA isolation reagent, RNA ladder [0.24-9.5 kilobases (kb)], 1-kb 

ladder, synthetic oligonucleoticies, S'-RACE System for Rapid Amplification 

of cDNA Ends, Superscript II and culture media were obtained from Life 

Technologies (Gaithersburg, MD); Prime-a-Gene labeling system, Access RT- 

PCR kit, pGEM-T easy Vector System 1 and AMV reverse transcriptase were 

purchased from Promega (Madison, WI); Kodak X-Omat AR film was 

obtained from Eastman Kodak (Rochester, NY); electrophoretic reagents were 

purchased from Bio-Rad Laboratories (Richmond, CA); Taq DNA 

polyrnerase, RNAguard and ail sequencing reagents were obtained from 

Pharmacia Biotech (Baie D'Urfd, Canada). 

IsoIation ofeqiiine tissues and RNA extraction 

Equine preovulatory follicles and corpora lutea were isolated at 

specific stages of the estrous cycle from Standardbred and Thoroughbred 

mares as previously described (55). Briefly, follicular development was 

monitored by rea1-the ultrasonography during estrus. When preovulatory 

foilides reached 35 mm in diameter, the ovulatory process was induced by 



injection of hCG (2500 lu, iv) and unilateral ovariectomies were performed 

via colpotomy using a hain ecraseur at 0,12,24,30,33,36 or 39 h post-hCG 

(n=S/ time point), as desaibed (55). Corpora lutea (CL) were isolated by the 

sarne method on day 8 of the eshous cycle (n=3; day O = day of ovulation). 

Follicles were dissected into preparations of follicie wall (theca interna with 

attached granulosa cells) or further dissected into separate isolates of 

granulosa cells and theca interna. Male gonadal tissues were obtained from 

the large animal hospital of the Faculté de Médecine Vétérinaire (Université 

de Montréal) following a routine castration procedure, and other tissues were 

obtained at a local slaughterhouse. Al1 animal procedures were approved by 

the institutional animal use and care cornmittee. Total RNA was isolated 

from tissues using TRIzol reagent (Life Technologies) according to 

manufacturer's instructions using a Kinematica PT 1200C Polytron 

Homogenizer (Fisher Saentific). 

Cloning of the equine SF-2 hanscript 

The equine SF-1 transcript was isolated in fragments using a 5-step 

cloning strategy (Fig. 1). First, a reverse transcription-polyrnerase chah 

reaction (RT-PCR) technique was performed using 5 pg of total RNA isolated 

from adrenal gland, corpus luteum and foiiicle wali (Fig. 1Ba). Reverse 

transcription reactions were done with poly-dT oligonucieotides and either 

Superscript II (Life Technologies) or StrataScript RNase H' reverse 

transcriptase (Stratagene) essentialiy under the manufacturer's recommended 

conditions. These reactions were pooled and used as a template in a PtR 

reaction that induded ptimers desi@ by sequence alignrnents of known 

SF-1 species homologues (Fig. 1C). Amplification was performed as 



previously described (56) using Taq polymerase (Pharmacia) and an 

Omnigene TR3 SM5 thermal cycler (Hybaid Limited) for 40 cycles of 94 C for 

45 seconds, 58 C for 1 minute and 72 C for 90 seconds. FoIlowing 

electrophoresis on a 1.2 % TAE-agarose gel, the DNA fragment was excised 

and ligated into the pGEM-T easy vector (Promega) according to the 

manufacturer's instructions. DNA sequencing was performed using the T7 

Sequencing kit (Pharmaaa Biotech) with vector-based (Sp6 and T7) and 

custom oligonucleotide primers (Life Technologies, Inc.). A 545 bp equine SF- 

1 sequence was generated and submitted to GenBank (accession number 

AF168796). 

The S'-RACE System for Rapid Amplification of cDNA Ends, Version 

2.0 kit (Life Technologies) was empioyed to obtain transcript sequences 

upstream of the RT-PCR product (Fig 1Bb). Reverse transcription was 

performed as directed using 5 pg of total RNA from granulosa cells. 

Following TdT tailing, nested PCR reactions were performed with 

appropriate oligonucleotides (Fig. 1C) and Taq DNA polymerase (Pharmacia), 

using 35 (first reaction) or 30 (second reaction) cycles of 94 C for 30 seconds, 

55 C for 1 minute and 72 C for 2 minutes, with a final 7-minute extension step 

at 72 C. The largest 5'-RACE products were isolated and sequenced. A 3'- 

RACE technique was used to obt& sequences downsheam of the SF-1 PCR 

product (Fig. 1Bc). Reverse transcription was performed using 5 pg of RNA 

from corpus luteum, to which 500 ng of polydT oligonucleotide (Fig. 1C) was 

added and the mixture heated to 70 C for 5 minutes. RNAguard (39 units, 

Pharmacia), AMV-RT (10 units, Promega) and dNTPs (200 pM each finaI) 

were added and the reaction incubateci at 42 C for 1 h. Nested PCR reactions 

were peiformed using appropriate oligonucleotides (Fig. 1C) and 40 @es of 



94 C for 1 minute, 60 C for 1 minute and 72 C for 4 minutes. As the 3'-end of 

the 3'-RACE product contained non-homologous sequences, RT-PCR was 

used to clone the balance of the coding region (Fig. 1Bd). Oligonucleotide 

primers were designed from the 3'-RACE product and 3'-UTR sequence 

aIignments of al1 known SF-1 species homologues (Fig. 1C). The RT-PCR 

reaction was performed using the Access RT-PCR kit (Promega) as described 

below, except 40 amplification cycles were used and 100 ng of granulosa ce11 

total RNA served as the template. A final 3'-RACE was performed to isolate 

the remainder of the 3'-UTR (Fig. 1Be). The procedure was done as described 

above, except reverse transcription was performed with 4 pg of preovulatory 

granulosa ce11 RNA, appropriate primers (Fig. 1C) and the cyciing conditions 

were 94 C for 30 seconds, 55 C for 1 minute and 72 C for 4 minutes. 

Cloning of the equine NR5A2 and GAPDH franscripts 

The 5' SF-1 RT-PCR doning product (Fig. 1Ba) was used to saeen an 

equine cDNA library prepared from a 36h post-hCG preovdatory follicle (55) 

with the intent to isolate a full-length SF-1 cDNA clone. The probe was 

labeled to a specific activity of greater than 108 cpm/kg of input DNA by 

means of the Prime-a-Gene labeling kit (Prornega) foiiowing manufacturer's 

instructions. Approximately 100,000 phage plaques were screened, and 

hybridization was performed using QuilcHyb solution (Stratagene). Primary 

screening yielded seven weak positive clones that required a one-week 

exposure at -70 C to X-OMAT AR film (Eastman Kodak Co.) to be dearly 

identified, and only one clone was successfully purified through secondary 

and tertiary rounds of saeening. The ExAssist/SOLR system (Stratagene) 

was used for in vivo excision, producing the cDNA clone inserted in the 



pBluescript vector, and sequencing was performed as described above. 

Cornparison with available GenBank sequence data revealed that the clone 

was the equine homologue of NEA2 (1). As the NR5A2 cDNA clone was 

incomplete at both the 5'- and 3'-end (Fig. 2Ba), the RACE procedures 

described for SF-1 were repeated. The conditions used for 5'- and 3'-RACE 

were the same as for SF-1, except for the use of gene-specific oligonucleotides 

(Fig. 2C) and a temperature of 58 C for the annealing step in the 3'-RACE PCR 

reactions. Whereas the S'-RACE was successful (Fig. 2Bb), an improperly 

spliced 3'-RACE product was obtained for NRSA2 (Fig. 2Bc), requiring that an 

additional RT-PCR cloning procedure be performed to obtain the 

downstream coding regions (Fig. 2Bd). The reaction was performed as for SF- 

1, except that 100 ng of total RNA from a corpus luteum was used as a 

template. A final 3'-RACE procedure under the same conditions as for SF-1 

permitted the isolation of the rexnaining portion of the 3'-UTR (Fig. 2Be). 

To generate an interna1 standard for RNA loading and amplification, 

an equine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA 

fragment was isolated by RT-PCR. Reaction conditions were the same as 

those that generated the original SF-1 cDNA fragment, except the 

oligonucleotides 5'-AGGTC CACCA CCCTG TTGCT GTA-3' and 5'-CCTTC 

ATTGA CCTCA ACTAC ATGGT-3' were used and the annealing step of the 

PCR reaction was carried out at 55 C. The resulting 828 bp product was 

sequenced and submitted to GenBank with accession number AF157626. 

Norfhem analysis 

RNA samples (10 pg) were processed, electrophoresed on 1.2% 

formaldehyde-agarose gels and transferred to nylon membranes as 



previously described (55). A ladder of RNA standards was run with each gel, 

and ethidium bromide (10 pg) was added to each sample before 

electrophoresis to compare RNA loading and determine the migration of 

standards. Hybridization was performed using QuikHyb solution 

(Stratagene) and several equine cDNA probes, including SF-1, NR5A2, 

P450arom (52), P450scc (53)) P45017a (52), 3fbHSD (53), StAR (54) and 

GAPDH. Each cDNA was labeled using the Prime-a-Gene labeling system as 

described above, and stripping of hybridization signal between successive 

rounds of probing was achieved by soaking filters in 0.1% SSC-0.1% SDS for 

15 min at 90-95 C. Following autoradiography at -70 C, a computer-assisted 

image analysis system was used to capture and digitize the images (Collage 

Macintosh program, Fotodyne, New Berlin, Wi). 

Semi-qmn fitative RT-PCR and Southern analysis 

The Access RT-PCR Systern (Promega) was used for semi-quantitative 

analysis of SF-1, NR5A2 and GAPDH levels in theca interna and granulosa 

cells isolated between 0-39 h after hCG treatment. Reactions were performed 

as directed by the manufacturer, using the oligonucleotide pairs 5'-CCCGA 

GCTCA TCCTG CAGCT G3' and 5'-CTGGC GGTCC AGCTG CAGCG-3' for 

SF-1,s'-AGAAA GCGTT GTCCC TACTG TCG-3' and 5'-TCTGG CTCAC 

ACTTC AAAAG RCC-3' for NR5A2 and 5'-ATCAC CATCT TCCAG 

GAGCG AGA-3' and 5'-GTCTT CTGGG TGGCA GTGAT GG3' for GAPDH. 

These reactions resulted in the generation of 429,539 and 341 bp products, 

respectively. Each reaction was performed using 100 ng of total RNA, and 

cycling conditions were one cycle of 48 C for 45 minutes and 94 C for 2 

minutes, followed by a variable number of cydes of 94 C for 30 seconds, 55 C 



for 1 minute and 68 C for 2 minutes. The number of cycles used was 

optimized for each gene in prelirninary experiments to fall within the linear 

range of PCR amplification, and included 16, 10 and 10 cydes for SF-2, 

NR5A2 and GAPDH, respectively. FoUowing PCR amplification, sampIes 

were electrophoresed on 2% TAE-agarose gels and transferred to nylon 

membranes as previously described (56). The membranes were probed with 

the corresponding radiolabeled cDNA fragment as described in Northern 

analysis. After autoradiography, films were scanned using an IBM Fiatbed 

Scanner and Corel Photo-Paint version 6.00 software (Corel Corporation). 

Signal strength was quantified by density analysis of the digital images using 

NIH image software version 1.61 (NM, Bethesda, MA). 

Statistical nnnlysis 

One-way ANOVA was used to test the effect of time after hCG on 

levels of SF-1, NR5A2 and GAPDH transcript levels in theca interna and 

granulosa cells. When ANOVAs indicated significant differences (P c 0.05), 

Dunnett's test was used for multiple cornparisons with the control (O h post- 

hCG). SF-1 and NR5A2 levels were normalized with GAPDH, and results are 

expressed as means f SEM (n = 4 follides [i.e. mares]/time point). No 

difference was observed in GAPDH levels at any time point between O and 39 

h post-hCG (P c 0.05). Statistical analyses were performed using JMP 

software (SAS institute, Inc., Cary, NC). 



Cloning nnd c h a ~ a c t ~ z a t i o n  of cDNAs encoding equine SF-1 and NRSA2 

To done the equine SF-1 primary transcript, reverse transcriptions of 

steroidogenic tissue RNA were pooled and amplified by PCR using 

oligonuc~eotides designed by sequence aiignment of known SF-1 species 

homologs. The resulting cDNA fragment (Fig. 1Ba) was then employed as a 

probe to isolate a clone from a equine foliicular expression library (55). As no 

SF-1 dones were obtained, 5'- and 3'-RACE were used to isolate the balance of 

the SF-1 transcript. While the S'-RACE reaction produced a cDNA fragment 

encompassing al1 upstream coding regions as well as a considerable amount 

of 5'-UTR (Fig. lBb), the 3'-RACE experiment generated a truncated product 

(Fig. 1Bc). This latter product consisted of a few hundred bases of coding 

sequences followed by a consensus splice junction and non-homologous 

sequences, and most likely resuited from inappropriate priming of intronic 

sequences. An RT-PCR cloning strategy was therefore employed to obtain all 

remaining downstream coding sequences (Fig. 1Bd). Following this, the 3'- 

RACE protocol was successfuily applied, generating a fragment representing 

al1 the remaining 3'-UTR (Fig. 1Be). The deduced equine SF-1 transcript 

includes a 5'-UTR of 161 bp, an open reading frame (ORF) of 1386 bp that 

encodes a highly-conserved 461-amino acid protein, and a 3'-UTR of 518 bp 

(Figs. 1A and 3A). 

While atternpts to done SF-1 from a follicular cDNA library failed, they 

resulted in the unexpected isolation of the highly-related orphan nuclear 

receptor W A 2 .  The single cDNA clone obtained was incomplete at its 5'- 

end and contained a consensus splice junction followed by non-coding 



sequences at its 3'-end (Fig. 2Ba). A combination of 5'- and 3'-RACE was 

performed to further characterize the NR5A2 transcript. Whereas al1 relevant 

5' sequence information was obtained (Fig. 2Bb), the 3'-end remained 

incomplete (Fig. 2Bc). To conclude the isolation of the NR5A2 primary 

transcript, an RT-PCR product encompassing sequences downstream of the 

first 3'-RACE product was generated (Fig. 2Bd), and was followed by a 

second 3'-RACE (Fig. 2Be). The complete deduced NR5A2 hanscript includes 

a 5'-UTR of 243 bp, an ORF of 1488 bp that encodes a highly conserved 495- 

arnino acid protein, and a 3'-UTR of 1358 bp (Figs. 2A and 3B). 

When translated, the deduced primary transcripts were found to 

encode orphan nuclear receptors that are more dosely related to each other 

than to any other known members of the nuclear receptor family. When their 

sequences are aligned, an overall homology of approximately 60% is 

observed, most of which is clustered within the putative DNA- and ligand- 

binding domains (Fig. 4). Direct cornparison of the DNA-binding domains 

of SF-1 and NR5A2 to each other and to their human homologs reveals a 90% 

or higher degree of identity, and a 99% or higher degree of similarity (Fig. 4B). 

This includes the near-perfect duplication of the hybrid P box, A box and T 

box regions, which are aitical determinants of DNA-binding speafiaty (51). 

In addition, a serine residue located in the AF-'I domain of SF-1 whose 

p hosp horylation has recently been implica ted in mediating cofactor 

recruitrnent (31) is a h  present in NR5A2 (Fig. 4A). 

Tissue distribution of equine SF-2 and NR5A2 

The isolation of an NR5A2 cDNA from an ovarïan foiiidar cDNA 

library was unexpected, as previous studies have reporteci the expression of 



M A 2  in adult tissues as being limited to liver and pancreas (46,49,50). An 

RNA blot was prepared from different equine steroidogenic and non- 

steroidogenic tissues and probed with the NR5A2 cDNA, as well as with SF-1 

to compare distribution patterns. Results clearly show a single 4.6 kb NRSA2 

transcript that is very highly expressed in fernale gonadal tissues and to lesser 

degree in testis (Fig. 5). Overexposures showed low mRNA levels in liver, 

uterus, thymus and the head of the epididyrnus (data not shown), but no 

transcript was detected in the adrenal gland. Conversely, SF-1 mRNA was 

detected in equine adrenals as weU as in other major steroidogenic organs, 

albeit to considerably lower levels than those of NR5A2 in preovulatory 

follicles and corpora lutea (Fig. 5). Low levels of SF-1 were detected in the 

spleen when the blot was overexposed (data not shown). The sarne 

membrane was reprobed with equine cDNAs encoding several steroidogenic 

enzymes. Results show a relationship between the expression of SF-1 and 

that of the steroidogenic enzymes with a few notable exceptions, such as the 

lack of aromatase signal in the adrenal gland (Fig. 5). Also, an apparent 

discrepancy occurred during the transition from the preovulatory foiiicle to 

the corpus luteum (CL), during which a drop in SF-1 rnRNA levels was 

associated with a marked increase in StAR and P450scc transcripts. In 

contrast, NR5A2 expression remained at relatively high levels in the 

preovulatory follicle and the corpus luteum. 

Expression and replation of equine SF-1 and NR5A2 mRNA in granulosa cells and 

theca interna during the ovulatory process 

To further examine the regdation of the NRSA nuclear receptors in 

foilicular cells, SF-1 and NR5A2 expression was studied in granulosa ceiIs and 



theca interna throughout the equine ovulatory process (i.e. between O and 39 

h post-hCG). Results obtained using a semi-quantitative RT-PCR/Southem 

blotting technique showed that the theca interna was the predominant site of 

SF-1 expression in the foilicle waii (Fig. 6). Levels of SF-1 mRNA in theca 

interna were high pnor to hCG treatment (O h), and subsequently deaeased 

in a biphasic manner; as an initial hvo-fold drop induced within 12 h (P < 

0.05) was followed by another signifiant decrease between 33 and 36 h post- 

hCG (P < 0.05) (Fig. 68). in granulosa ceUs, a significant decrease in SF-1 

mRNA levels was also observed after hCG treatment (Fig. 6A). Levels 

observed at 24 h were approximately 2.5-fold lower than at O h (P < 0.05), and 

did not Vary significantly thereafter (Fig. 6A). 

When NRSA2 expression was exarnined in follicular cells, results 

clearly showed that the granulosa ce11 layer was the predominant, if not the 

sole, site of NRSA2 expression (Fig. 7). importantly, when considering the 

number of amplification cycles used for SF-l(16 cycles, Fig. 6) and NR5A2 (10 

cycles, Fig. 7), it becomes apparent that NR5A2 is much more highly 

expressed in granulosa cells than SF-1. The administration of hCG caused a 

significant decrease in NR5A2 banscript levels at 30,36 and 39 h (P < 0.05, 

Fig. 7A). The absence of an effect at 33 h post-hCG was attributed to the 

heterogenous results obtained at this tirne point, which resulted from two 

mares that apparentiy did not respond to hCG (note high SEM at 33 h post- 

hCG, Fig. 7A). Contrary to grandosa ceiis, exkemely low levels of NR5A2 

were observed in theca interna prior to hCG (Fig. 73). Although a modest 

increase in NR5A2 transcripts was observed at 36 and 39 h post-hCG, the 

physiological nature of this finduig remains to be verified. 



Discussion 

The equine preovulatory foiIicle has recently been used as a mode1 to 

examine the effects of hCG on the expression of several steroidogenic gens, 

including StAR (54), P450scc (53), 3f3-WSD (53), P450i7a (52) and P450arom 

(52). In response to Ws stimulus, each of these transcripts was found to 

undergo a different regdatory process, and their cellular localization within 

the follicle wail varied in a gene-specific and tirnedependent fashion (52-54). 

Using other mode1 systems, the orphan nudear receptor SF-1 has been 

proposed as a cornrnon transcriptionai regulator of all these key ovarian 

steroidogenic genes (3). However, the precise mechanisms by which SF-1 

could generate diverse mRNA regdatory pattern in ovarian cells in response 

to hCG remain to be ehcidated. To determine if the regulation of SF-1 mRNA 

represents an important level of conml in the equine ovary, this study reports 

the cloning of equine SF-1 and the regulation of its transcript in the foiiicle 

wall compartments during hCG-induced ovulation and luteinization. 

Unexpectedly, o u  cloning efforts also led to the serendipitous isolation of a 

cDNA encoding the orphan nuclear receptor NRSA2, a member of the NR5A 

subfamily that also indudes SF-I (1). 

The ptesent study is the first to document the concomitant regulation 

of SF-1 in both granulosa cells and theca interna throughout the 

ovulation/ luteiniza tion process in zn'vo. At though o u .  data indicate that SF-1 

transcripts were present in both fouicuiar ceil types, the equine theca interna 

appeared as the predomlliant site of SF-1 mRNA expression, as previously 

observed by in situ anaiysis in murine follicles (57). The expression and 

regulation of thecal SF-1 mRNA before and foiiowing hCG administration 



ciosely paralleled those of the equine thecal steroidogenic genes StAR, 

P45Oscc and P45017a (52-54). Most notably, a marked decrease in the mRNA 

Ievels of al1 these genes was obsemed a few hours before ovulation (ie. at 36 h 

and 39 h post-hCG). As previously pointed out for thecal steroidogenic genes 

(52-54), the down-regulation of SF-1 with the approach of ovuiatiun coincides 

with the proposed degeneration of the thecal layer, a process unique to the 

equine follicle that leads to the formation of a corpus luteiun derived solely 

from grandosa cells (58, 59). This finding could provide a putative 

rnechanism for the trançcriptiond down-regula tion of s teroidogenic genes in 

thecal cells, in whch the level of SF-1 expression represents a key rate- 

limiting factor. It is also tempting to propose that the deaease in SF-I mRNA 

could represent a consequence of degenerative (and Iikely apoptotic) 

signaiing processes that presumably occur in the equine theca interna prior to 

ovulation. in granulosa cells, the down-regdation of equine SF-1 mRNA by 

hCG is in agreement with similar reports in rats that demonstrated losses of 

SF-1 transcripts, protein and DNA-binding activity in response to 

gonadotropin (43-45). This down-regdation of SF-1 in rat granulosa ceiis has 

been correlated with the LH/hCG-induced abrogation of P450arom 

expression (43-45). The same relationship is not as ciear in equine foilicles, as 

the near complete loss of P4SOarom mRNA (12 h pst-hCG; 52) o c m e d  prior 

to the first significant drop in SF-1 transcript (24 h post-hCG; this study). 

A ~ O ,  transcrip ts for other steroidogenic gens such as StAR and P45ûscc were 

shown to be induced in granulosa ceils after hCG treatnient in vivo (53, S), 

whereas 38-HSD levels were not found to Vary in equine grandosa ceiis 

foliowing hCG (53). Thus, mechanisms other than regdation of SF-1 mRNA 

must corne into play to ensure gene-specific control of steroidogenesis in 



equine granulosa cells, and are likely to include post-transcriptional 

mechanisms such as the regulation of SF-1 translation, phosphorylation and 

association with cofactors. 

This report is also the first to demonstrate the expression of NR5A2 in 

gonadal tissues, as well as hormonal regulation of its &A in ovarian cells. 

NR5A2 expression has previously been localized in Iiver and panaeas, but 

not in reproductive organs (46,49,50). hterestingly, results from the present 

study indicate that follicuIar NR5A2 expression is primarily, if not solely, 

localized to the granulosa ceU layes. Even more unforeseen, levels of NRSA2 

mRNA far surpassed those of SF-1, thus rnaking it the predorninant NR5A 

subfamily receptor present in granulosa cells. NR5A2 was also the 

predominant NRSA nuclear receptor mRNA present in the corpus luteum. 

Considering that the equine corpus luteum is thought to be derived solely 

from granulosa celis (58,59), our results suggest that NR5A2 could function 

as an important transcrip tional reguiator in these cells at various stages of 

differentiation (i.e. in bot .  unluteinized and Iuteinized cells). For example, 

the elevated expression of NR5A2 hanscripts in equine granulosa ceh  and 

the corpus luteum closely paralleb that of promoter II-denved P450arom 

mRNA (52). The very high Ievels of expression of other steroidogenic genes 

such as StAR and P450scc in the equine corpus luteum (53,54) also coincide 

well with those of NR5A2. Although these evidences remain circumstantial, 

the potential role of another nuciear receptor closely related to SF-1 involved 

in the transcription of steroidogenic genes should be considered. In contrat 

to granulosa and luteal ceb, the expression of NR5A2 transcripts in theca 

interna was extremely low. The modest inaease in thecal mRNA levels 

observed in the hours just prior to ovulation (i.e at 36 and 39 h post-hCG; 



ovulation occurs between 39 and 42 h post-hCG in this mode1 160,611) should 

be interpreted with caution. In fact, we believe that this finding could be 

artefactual since the complete separation of grandosa cells from the theca 

interna becomes inaeasingly diffidt between 30 and 39 h post-hCG in mares 

as a result of the copious synthesis of mucosubstances by granulosa cells (58). 

The presence of only a few contaminating granulosa cells in the theca interna 

preparation would likely be suffisent to generate the low levels of NR5A2 

transcript observed by RT-PCR. In situ hybridization or 

irnrnunohistochemistry analyses will be required to resolve this issue. 

The predominant expression of NR5A2 over SF-1 (NR5Ala [Il) in 

granulosa cells and the corpus luteum raises the obvious question of its role in 

the ovary. Equine SF-1 and M A 2  share important structural features, such 

as 99% sirnilar DNA binding domains featuring nearly identical hybrid P box, 

A box and T box elements. The A box is of particular interest as it appears to 

dictate the overall DNA-binding specificity of the receptor by contacting 

DNA regions 5' of the hexamer half-site (51). It therefore seems likely that 

both equine SF-1 and NR5M will be found to share the same DNA-binding 

properties, as demonstrateci for their human homologs (46,48-50). Another 

key structural element that is very similar in equine SF-1 and NR5A2 is the 

putative ligand-binding domain, which for SF-1 has been suggested to bind a 

small molecule ligand (33) or to mediate protein-protein interactions that 

modulate transcriptional activity (12, 35, 36, 38). The consenred 

phosphorylatable serine residue in the AG1 domain of M A 2  could also be 

involved in reauiting transcriptional cofactors such as GRIPl and SMRT, as 

reported for in SF-1 (31). Interestingfy, human SF-1 and NR5A2 (known as 

FIT (491) have recently been shown to transactivate at least one promoter in 



common (27). Thus, based on the marked expression of NR5A2 in 

granulosa/luteal cells, on the mounting evidence of a potential functionai 

redundancy between SF-1 and NR5A2 and on the demonstrated ability of the 

human homolog of equine NR5A2 to transactivate a hepatic steroid 

hydroxylase gene (cholesterol 7a-hydroxylase; 50), we believe that NR5A2 

may play a key role in the regdation of gonadal steroidogenesis. 

in sumrnary, this study reports the cloning and charaderization of two 

members of the equine NR5A nudear receptor subfarnily, and the regulation 

and cellular localization of their transcripts in equine follicles during hCG 

induced ovulation in vivo. The most signifiant finding of this study resides 

in the novel localization and elevated expression of NR5A2 transcript in 

gonadal cells, and in its potential implication in the control of ovarian 

steroidogenesis. Future studies will be required to demonstrate that NR5A2 

can transactivate classic steroidogenic target genes in granulosa cells, and that 

gonadal expression of this nudear receptor is consewed in other speaes. 
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Fig. 1. Cloning strategy for equine SF-1. A, Schematic representation of the deduced 

SF-1 primary transcnpt. Lines indicate untranslated regions (UTRs), the open box 

designates the open reading frame (ORF). The sizes of the complete transcript as well 

as each structural element are indicated in base pairs (bp). The nucleotide sequence of 

the deduced SF-1 transcript has been deposited in GenBank with accession number 

AF2039 1 1. B, Cloned cDNA fragments. Each fragment is schematically represented, 

with its identity indicated on the nght dong with its position in the deduced transcript 

sequence in parentheses. The gray box represents intron sequences that are excluded 

from the deduced transcript. Arrows indicate the position and orientation of the 

oligonucleotides employed in the cloning processes, with nurnbers indicating theu 

identity. C, Oligonucleotides used in the various cloning procedures. Ali primers 

were employed only in PCR reactions except those noted with a single asterisk, which 

were used for reverse transcriptions, and the one noted with a double asterisk, which 

was used for both reverse transcription and PCR. Oligonucleotides 4 and 6 are 

components of the 5'-RACE System for Rapid Amplification of cDNA Ends kit (Lïfe 

Technologies). 





Fig. 2. Cloning strategy for equine NR5A2. A, Schematic representation of 

the deduced NR5A2 primary transcript. Lines indicate untransIated regions 

(UTRs), the open box designates the open reading frame (0R.F). The sizes of 

the complete transcript as well as each structural element are indicated in 

base pairs (bp). The nucleotide sequence of the deduced NR5A2 transcript has 

been deposited in GenBank with accession number AF203913. BI Cloned 

cDNA fragments. Each fragment is schematically represented, with its 

identity indicated on the right along with its position in the deduced 

transcript sequence in parentheses. The gray boxes represent intron sequences 

that are excluded from the deduced transcript. Arrows indicate the position 

and orientation of the oligonucleotides employed in the cloning processes, 

with numbers indicating their identity. C, Oligonucieotides used in the 

various cloning procedures. Al1 are primers were employed only in PCR 

reactions except the one noted with a single asterisk, which was used for 

reverse transcription, and the one noted with a double astmiik, which was used 

for both reverse transcription and PCR. Sequences of oligonudeotides 4,6,8, 

10 and 12 are reported in Fig. 1. 





Fig. 3. Primary structure of equine SF-1 and NR5A2 cDNAs. AI Complete 

nucleotide sequence of equine SF-1, as deduced fiom the cloned fragments 

described in Fig. 1. B, Complete nucleotide sequence of the equine NR5A2, as 

deduced frorn the cloned Fragments described in Fig. 2. For each transuipt, 

the ORF is indicated by uppercase Iettms, the translation initiation (ATG) and 

stop (TAA) codons are highiighted in bold, the 5'-UTR and 3'-UTR are shown 

in lowercase letfers, and numbers on the left refer to the first nucleotide on that 

line. 



1 actgcccgcc tgccgccagc cgcggcgcga aggagttcct gtgtgcccac 
5 1  ggtcyccact accctgcctg qcccaccgcg gcctcccctc ggaccccegg 

!O! cgcccactgt ccaccctcat ccagcgtgca gctcqccctc cgccccgcgg 
: 5  1 acgccgcggg m C ? A T  TCGTACGXG FSX;ACCTGCA CCXCFXR 
2 O 1 CCCGTGTG'X CGGACAWGT WCGGCTAC CRCTASGGGC 
251  CGXAGCTCE ;LRGGGC?TCT TCrVlCCGCAc GCEGCAGAAC mAAGCACT 
!O 1 ACACGTGCAC CGXGXCCAG GCKCUGA TCGRGWjAC GCTCCGC. 
! 51 C C m r C C C T  ?cTGmxm mG;iAGTCC c T G m  GÜATGCGCCP 
4 O! MAAGCCGTG CGlWTGACC GCITGCGCCX; TGGCCGC;LAC ASlTTXX 
4 5 1  CCA'KTACAÀ GCûûGCCGG GîCCïûUW XGCARRAWM CGCACmIT 
30 1 Cr&CGWrCi WIXMGCT GGAGACACCC CCCCCAATGG CXGTllCCCCC 
551 TCCGcCCfcT c m c c u ;  ACTACATCCT GCC- LTGCATGTGC 
50! Cl'GlGCCChà UXCCPGGCC TCTGCTCCXC CTGCTGM;CC ACTGGGCCUU: 
5 5 1  mTGGGGCCC CIGCCCTGCC CATGGCCOPG CCCAGC;(CCA XCGa;ccPfl 
70: GCCTGGCTAC CPCTATCCTG c m -  CCGPGCCATC ARGTCTGAGT 
75!  ACCCGGAGCC C T A C W  CC'TCCGCAGC C'KXCCACC CTATGM-PAC 
30 1 CCAGAGCtCT 'PCTCCU;GGG GCCPCGCCTC CCfGRGCTCA TC- 
55 i CTn;CAGCIY; GACCCGCIICG AGGACCACGT TCGGGCCCGC ATCATQ;GCP 
30: SCC.XA&h A C C A G î W  GGCCGCCCCC XCCntCCïW GKCTïUW 
;5: ~ T t C n ; r c C h  CCITGGCCGA CCAGACCTKl ATCPCCâWG lECWiUW 

1 j O 1 A C K R ~ ~  A T G m  AGGAG'ITGGA GGTGGCCGXC cAGXGXK 
1,3 5 l TGCTGCAG.4 c?WïWXC GRGCPGCTGC ETTGACCA TATCTACCCC 
! 10 1 CACNTCCACC ACGCC;UGGA GGGCAGCACC c ' K C i W K A  CCGGCCAGCA 
! !5! C C n ; C m  .4CCACUYrcC Ci%iCCCACGC CGGCICACTG CIY;CATGGGC 
i 2 O l . G G E C X C G  CGCCCAGGAG CTCGTGCTGC AWiTGUCGC GCTGCAGCTG 
1251 GACCC;CCAGG RGITICITCTG CCTûliCGTIC CICATCCTCT ~~ 
12 O! . ;TCMG'ITC TTGMTMCC XXGCCTGGT GAAGGIlüCT U\GW\GAAGG 
:!51 CChlTACCGC CCIY;CPCGAT TACACCCKT CXlCACPXCC GCRCrCXGGG 
1 J G 1  G C X i G I T C C  A c X X C T X T  K T G T û C E  GTGGAGGTGC GGGCACTGAG 
14 51 G i T C C A m  iu\GCAATACC TïiTACCACàA GCACCK;GGC rV\CWV;3iTGC 

15 11 1 CtCGCii;rGL\ CCM;CTCjiTC GAGATGCPGC &+KOXCA CRCTPQIgcc 
!551 :çggctgggt ggggtcgggc cggggccggg ggaggctcac agcutcccct 
16111 gctgccctcc agatggttga tcccatcgtg cccacccagg agccccaccc 
1 6 5 1  tgtagcccct gcccctgagc tctccgaagc cctgtgtt tg ggaaqgcggq 
!:O1 tgaaggtggg cagggcctgg ctqaggtggg gtggccccta ttagccactg 
!:SI gcactagcct gccactcaga gtgccccaag gaggcagctg ccacccactc 
XCl cctccccctq cccctactcc cagctgtctg tcctggagtc tggagcacag 
1851 gtccaggggg caggtcgggg attccctcgt gggcctccat gtcccttggg 
'i901 tcagaggtca cctcttcccc ccctcctgga aacagaggca gagagaggtt 
1951 gagcgggtca gctgggagag aagagagggt ccctagccct ccgccacagc 
:Cl31 gcccaggagq gaagccctct gtttcgtaaa ctaggaacaa actgagcttg 
-05l caaaactgga aaaaa 

O. NR5A2 
1 atggtttaca gcaggccact aatgcgggaa aaagtacaga gtceaggqaa 
51 agactggcce gtaaccetgc gagttcctgg a t t c t t t cc t  ct tctctcct 
101 t t t t a c t t t t  t c t taac t t t  cactaagggt tactatagtc tgatgtgttc 
151 cccccaaggc cagaaaattt gacaagctgt acctttccct gtgctcaacg 
201 actcccgccg caagccagag gaccgcccac agcctcacga agaAlWTW 
251 Ci'- TACXGGGAT Tl'- CTGWV\ACCA TGGACPCACA 
301 OYATïGlKiT CTCACImAA AATGGTWAT TACTCCTATG ATGAGG;lfCT 
351 GGAM;AGCPC TGPCCCGTCT GKGAGATAR AGPGT[1"TM;G TACtACTAfX 
401 GPCPCCPUC CTGTCAAAGC TGCAAGGGGT TITPTAAGCG ;IACAGKCM 
451 AATAATAAAA GGTACACAE TATXAAMC CAGAACTGCC MATPGlLCAA 
501 AACRCAGAGA m m  CCT- A- T'mm'- 
551 TPFGAATGAA GCTAGAAGCG ûTA&E€CG ACCGAATKG TGWXGW 
601 iiATAAL;TTFG GGCCAATGTA CPACRGGGAC AGGGCCCTGA XGAGGA4 
651 GAAACCCCTC ATPXAKûA ATCG;\CTTM GCTGGAXGCC ATGTCTCAM; 

701 TGATCCiU;GC <VLTC;CCCTCT GXEWWA P3'CcTcn;c CATCCAGAAC 
751 ATCCA'iTXC CCKCWiG CCTACCTCK; A h K X X X  
801 CACGCACTAT GACAGAAGTC CClTïûTAAC CPCCCCCATP NXATGllCGA 
051 -rG€wma TGGEAGCCMj OZAGG'TTACC ARACCPACAG ccxcnlrcc 
901 AGCGWXA TCAAATCCGA GTACCWAC CCCPPMCGI GCTCACGV;A 

951 GTCRATMTG GGCTATTCCT ACA'PGGATM; T I X C A G X C  iu;CrCCCCGG 

LOO1 C û A G î A '  ~ T C T ( ; R T A  eCCGRACTIT TCMGTGTCR GCCXATGAC- 
LOS1 CCICAAGTCC ACGCÇAAA;IT CATGGCCPAT TTCCAGCAAG X G W C A A  
Il01 CCGCAMlAAG CATaMAGc - TGGGcrrZATG n;CAATrATGC 

1151 CCGA- cxTcmmx A l ' l m m x r  GGGCCAGG;U; T m =  
I20L mm TrAxmxA TGACmTG ,laxmaw A!2MmwE 
1251 GRGPGAGCK: ' M ' A A m G  ACUCATTX C C û X N G K  GPAfATüGM 
1301 AG3AüGK CATCITCCK; GTTACCGGGC U W Q E G A  CTATPCCATC 
13 51 A'ITGCCPCCC AGGCrC;GGCC ( 2 f X W M C  RATCPCATGA GTATCCACX 
L401 GWOITAOPG GCAAAGCTTC GTEXWCA GTPTGATîM CGA- 
1451 RTGK%hA ATPCITGGTG CrCmAG'lT TiuNCiïM ~~W 
1501 iw'pTccRGc TGGTAGAAGG TGTCCAGGAA CAAGTîMTG CCGCCCTFCT 
L55l GGACTACACC ATGTGCAACT AhcAaaU mGGGCAGC 
1601 rrCmrrrCG ACPACCKAA ArrCGCGCCA TCAGïATM:A 7 
L651 TRCCTCACT ACAAGCACLT GAACGGGGAC GPGCCCTACR ATARCCRlCT 
L701 C;iTlGWiTG TlXhTGCM ~~ Agtcacaacc cgcaggagcc 
L751 ctgctttcaa a a c m g a  qaccgqtggq ggtgggaggg gagaagaaca 
1001 ggaggaaaga aagaaaacaa aaacactctg aactgctcca agcaacacta 
La51 attaaaaacc tggtttaaag atattgaatt taaaaaggca caacaaccca 
1901 atactcagta gcaaataagt gatgtatcag ggtacttgta ctgcaactgt 
L951 gaatcgaagt cttcacatcc ccagagqagc ccacgcaaag gacactgtaa 
2001 cggaqcggac tgaactcqcc ggggaatacc agtgccgcgr ccgaacqgga 
2051 atggacgaaa cgat tc t tg t  atatttaaac tgatctccgc cgtqaagaaa 
2101 tttagcaacc gatctgtgct attaattagg ctctgacagc gggggatttg 
2151 agcttacaga attcctccac ggtaaagcgg aacggaaaca a t t c t m g a  
2201 tccatcagcc ggacctataa tagcctgtcc cccctccttt cgaggaccca 
2251 qcaccctctg tcctgtgatc gcggaacctg tgctaaggac ctgtgctgtg 
2301 ccacacccac tq tagctcc accaaat tac gaaaagccta attttgaatg 
2351 cctgtgccct agactcqcaa acagctaata agagcagtct attaatctgt 
2401 tagcttgcca t t t taaatat  gtcctgggtt ggtctgtcat gtgttcacaa 
2451 cgttaaaaaa agcaggcagt atccctcttc tgaccttcta gaagcgttaa 
2501 ctaatattag ggaaatgact acaaactttc aaagcaacgc cccatagtcc 
2551 aagcaagcca qccct tg t t t  ctgctactgt taccgaaatg cggctctggc 
2601 attgctggat ttcataaaaa ataaaacatg aaccatattt cgccaggctg 
265 1 tcagatagtc acag t tctaa gtagttaaaa accaaaccaa agcatgctaa 
2701 gctatqcaaa aagacgggaa aggatgagct gataaattqa gtgactcgag 
2751 gttcgttcct gtcacaattq aacatcccct atacgtaaat ggaaacagtg 
2801 a t t t t t aca t  qtggcctgga aagacattaa agcaattcaa atcttcccca 
2851 gaagggaaag qaagagagtg atactgacct tttcaagtca :agaccaaag 
2901 tctgccacag aacaaacatt gqaggacaaa gaattgcaaa caaqttctcc 
2951 agqagacact atcagcatta ttaacatgca gtgccacaga catggagatc 
3001 t t qcc t ta t t  tcacaattct aaaaggtagc tgtgcaqatg cgqatcaaca 
3051 t t t a t t t caa  ataaagtatt aacaaagtcc aataaaaaa 



Fig, 4. Predicted amino acid sequences of equine SF-1 and NR5A2. A, 

Alignment of the equine SF-1 and NR5A2 proteins. Identical residues are 

linked with a colon, similar residues with a printed period. Gaps in protein 

sequences created to optimize alignment are indicated with hyphens . 

Numbers designate the sequence position of the last residue in that row. The 

first boxed region encornpasses the DNA-binding domain, the second box 

represents the putative ligand-binding domain. Sequences representing the 

hybrid P box, T box, A box and activation hct ion-2  (AF-2) regions are 

overlined. A conserved, phosphorylatable serine residue required for maximal 

SF-1-mediated transcription is indicated with an asterkk . Sequence analysis 

and alignment was performed using MacDNASIS software version 2.0 

(Hitachi, Haleah, FL). B, Quantification of the homology between SF-1 and 

NR5A2 within the highly-conserved domains. Equine SF-1 and NR5A2 

domains are compared to each other and to their human homologs. Eq= 

equine, hu= human, id= identity, si= similarity, aa= amino acids. 
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Fig. 5. Expression of SF-1 and NR5A2 mRNAs in equine tissues. Samples of 

total RNA (10 pg/lane) extracted from various equine tissues were analyzed 

by Northem bIotting using labeled cDNA probes, as described in Materials 

and Methods (follicle walI = theca interna with attached granuiosa cells of a 

preovula tory forlicle isolated prior to hCG treatment). The same membrane 

was probed and stripped successively to produce the images shown. The 

cDNA probes used, along with exposure times to film (in hours) were as 

follows: SF-1 (21 h), NR5A2 (16 h), StAR (16.5 h), P450scc (1 h), P450r7a (14.5 

h), 3p-HSD (2 h), P450arom (1 h) and GAPDH (93 h). Apparent molecular 

weights are expressed in kilobases (kb). 
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Fig. 6. Regdation of SF-1 mRNA by hCG in equine follicular ceils during the 

ovulatory process. Preparations of granulosa cells (A) and theca interna (B) 

were isolated from equine preovulatory follicles obtained 0, 12,24,30,33, 36 

and 39 h post-hCG, and samples (100 ng) of total RNA were analyzed by a 

semi-quantitative RT-PCRISouthern blotting technique, as described in 

Mn terids nnd Methods. After autoradiography, the SF-1 signal intensity was 

quantified by densitometric analysis and normalized to the control gene 

GAPDH. Results are presented as a signal ratio of SF-1 to GAPDH (mean I 

SEM; n = 4 samples [Le. mares] per time point). No significant difference of 

GAPDH rnRNA levels was detected between 0-39 h post-hCG. Bars marked 

with a single asterisk are signihcantly different from O h post*hCG, whereas 

those marked with a double asterisk are significantly different from the 33 h 

time point ( P  < 0.05). Inserts show representative results of SF-1 mRNA levels 

from one sample per time point. Numbers of PCR +es for each gene were 

within the linear range of amplification, and represented 16 and 10 cycles for 

SF-1 and GAPDH, respectively. 
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Fig. 7. Regdation of NR5A2 mRNA by hCG in equine follicular cells during 

the ovulatory process. Preparations of granulosa cells (A) and theca interna 

(B) were isolated from equine preovulatory follicles obtained 0,12,24,30,33, 

36 and 39 h post-hCG, and samples (lm ng) of total RNA were analyzed by a 

semi-quanti ta tive RT-PCR/Southern blo tting technique, as described in 

Mnterirrls and Methods. After autoradiography, the NR5A2 signal intensity 

was quantified by densitornetric anaiysis and normalized to the control gene 

GAPDH. Results are presented as a signal ratio of NR5A2 to GAPDH (mean 

f SEM; n = 4 samples [Le. mares] per thne point). No signifiant difference of 

GAPDH mRNA levels was detected between 0-39 h post-hCG. Bars marked 

with an asterisk are significantly different fiom O h post-hCG (P c 0.05). lnserts 

show representative resdts of NR5A2 mRNA levels from one sample per 

time point. Numbers of PCR cydes for each gene were within the linear 

range of amplification, and represented 10 cycles for NR5A2 and GAPDH. 
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GENEML DISCUSSION 

A primary objective of the work presented in this thesis was to establish 

the mare as a model for the study of the moleculai. control of ovarian gene 

expression in monoovulatory species. The mare was chosen due to several 

characteristics of its ovarian physiology that are weli suited for the required 

analyses. Notably, the large size of the equine preovulatory follicle facilitates 

the isolation of the different cellular components of the foiîicle wall, and 

provides samples of sufficient size to perform multiple quantitative assays. 

Also, precise uitrasound imaging techniques are available to monitor follicular 

development in vivo, and the mare's processes of follicuiar recruitment, 

seiection, and dominance are sirnilai: to those of other monoovulatory speaes (6, 

340). Despite these advantages, the equine model for the study of ovarian gene 

expression has remained as yet largely uncharacterized. This thesis therefore 

reports a senes of cloning and mRNA regdation studies that elucidate some of 

the gene regdation events induced by the LH surge in the equine o v q .  The 

conclusions drawn from these results are grouped hereafter in four main 

sections. 

The regdation of PGHS-2 mRNA in equine preodatoiy follicles supports 

its putative role as a determinuit of the mammaiian ovulatory dock 

To study the genes involveci in ovafian prostagIandin biosynthesis, the 

firs t article presented herein characterized the primary structure of the equine 



PGHS-2 gene, transcript and protein. The coding regions and the intron/exon 

structure of the equine gene were found to be highly conserved with respect to 

their species hornologs (79-81). A few variations among species were observed 

however, most notably in the length of the transcript 3'-UTRs. Genomic 

sequence analysis indicated that our equine cDNA done and the published 

hurnan transcript were most likely reverse transcribed from internai poly(A) 

sequences in the 3'-UTR rather than the poly(A) tail. Isolation of the cornplete 

equine and human PGHS2 3'-UTRs will therefore require additional 

experimental procedures, such as 3'-RACE. Another intereshg structural 

feature of the equine PGHS2 3'-UTR is the presence of numerous Shaw- 

Kamen's sequences, a motif known to confer instability to immediate early gene 

rnRNAs (84,85). Our sequence analysis demonstrated that a group of five 

Shaw-Kamen's repeats is consistently found immediately downstream of the 

termination codon in ali PGHS-2 species homologs characterized thus far (78, 

82,83,341), suggesting their greater relative importance in mediating rnRNA 

degradation. Mutational analysis will however be required to conEirm this 

hypo thesis. 

in order to determine the regdation of PGHS-2 rnRNA during the 

ovulatory process, Northern blotting was performed using RNA extracted h m  

a series of equine preovulatory foliicles isolated between &39 h after hCG 

treatment. A unique timecourse of P G B 2  mRNA induction was observed in 

granulosa ceiis as it was first detected at 30 h post-hCG, contrasting with other 

cell types in which it is typically induced within 1 h by various agonists (78,82, 

342,343). Although PGHS2 is considered to be an early response gene in most 



ce11 system, the greatly delayed induction that we observed suggests that it 

does not serve this role in equine grandosa ceils. This is further supported by 

another study showing that PGHS-2 induction by gonadotropins in rat 

granulosa cells is dependent on protein synthesis (344). Most significantly, the 

delayed induction of equine PGHS-2 occurs approximately 10 h prior to 

ovulation, which is the same timespan that has been previously reported in 

cows and rats despi te the very different overall lengths of their ovula tory 

processes (28 h and 12-14 h, respectively). Cwnulatively, these data therefore 

suggest that PGHS-2 induction is a determinant of the m m a l i a n  ovulatory 

dock (345). The length of the equine ovulatory process, with the accompanying 

extended delay before PGHS-2 induction, indicates that the mare represents an 

important mode1 to study the transcriptional regulation of PGHS-2 in species 

with long ovulatory processes. 

Insight into the mechanisms underlying the species-specific length of the 

mammalian ovulatory process has been provided by a recent study examining 

the transcriptional regulation of PGHS-2 in bovine grandosa cells foiiowing the 

administration of hCG (79). This study suggests that PGHS-2 induction occurs 

upon the alleviation of two negative regdatory processes; the binding of 

C/EBPB to a CCAT box element and the binding of mini-USF-2 to an E-box 

element. This is supported by the demonstration that a transient decrease in 

C/EBPB protein levels and mini-USF-2 binding activity occur in bovine 

granulosa cells in a m e r  that is temporaiiy coincident with the induction of 

PGHS-2. Conversely, similar studies in rats showed no evidence of ovarian 

mini-USF proteins (103). We can therefore postdate that species with long 



ovulatory processes such as the cow and the mare could conceivably delay the 

induction of PGHS-2 until the appropriate moment by speahc transcriptional 

repression mechanisms, perhaps involving C/EBP$ and mini-USF-2 in both 

species. On the other hand, species with short ovulatory processes such as the 

rat may have different or no such mechanisms. Comparative analyses of the 

transcriptional mechanisms involved in ovarian PGHS-2 induction in additional 

spedes with long and short ovulatory processes di ultirnateiy be required to 

elucidate the fundamental working of the mammaiian ovulatory dock. 

The cellular distribution and hormonal regulation of steroidogenic mRNAs 

define the biochemical pathways that direct equine ovarian steroidogenesis 

Another main objective of this work was to study the hormonal 

regulation of genes involved in ovarian steroidogenesis. Articles two and three 

and Annex 1 therefore report the doning and characterization of equine 

transaip ts encoding StAR, P4SOsccl 3bHSD, P450i7a and P450arom and 

examined their regulation during the ovulatory process. 

Annex 1 reports the doning of two distinct equine StAR transcripts. 

These were found to encode a protein that la& the amino-terminal motif for 

mitochonàrial two-step cleavage identified in murine StAR (140), which has 

recently been proposed to be the mechanism by which StAR proteins are 

ultimately inactivated (125). Considering that the human, bovine, and porcine 

StAR proteins also lack this motif (127,137,138), it could be specuiated that 

proteolysis occurs at a different site in these species, that a different inactivation 



mechanism may be involved, or that proteolytic cleavage may not in fact be 

required at any step of StAR action or inactivation. Eluadation of the true 

function of StAR deavage has been difficult, as amino-terminal truncated 

proteins remain functional but are not specificaily targeted to rnitochondria 

(141,142). Proof of the proteolytic inactivation hypothesis will ultimately 

require a demonstration of the inactive state of the hwncated StAR proteins 

present within the mitochondria. 

The key Finding presented in Annex 1 is the reciprocal regdation of StAR 

transaipts by gonadotropins in each cellular cornpartment, the net result of 

which is the systematic redistribution of StAR expression from the theca interna 

to the granulosa ceiis. While the pattern of induction of StAR mRNA in equine 

granulosa ceiis compares with that observed in an immature rat mode1 after 

hCG administration (30,31), the concomitant loss of StAR expression in theca 

interna represents a novel finding. Although the biological sigruficance of the 

loss of thecal StAR transcripts remains to be precisely estabiished, we beiieve 

that it could be a consequence of a putative degenerative process of the equine 

theca interna (4,346). In conkast to other species, the theca intema in mares 

undergoes a process resembling apoptosis with the approach of ovulation, and 

apparently does not contribute to the formation of the corpus luteum (4). The 

redistribution of StAR expression codd therefore represent the means by which 

the steroidogeneic potential of the foiiicle is kansferred from the degenerating 

theca interna to the luteinking grandosa ceU layer. This wodd promote the 

luteinization-induced shift of the predominant steroid hormone product from 

estradiol-17b to progesterone, as StAR expression is transferred from the 



androgen-synthetic theca interna to the luteinizing granulosa celis that wdi 

eventually form the corpus luteum. In support of this, artide two &O 

demonstrates a signrficant rise in follicular fluid concentrations of progesterone 

that parallels the increase in steady state levels of StAR mRNA in granulosa 

cells. The induction of StAR expression in granulosa cells rnay thus be 

considered a moledar rnarker of the onset of follicular luteinization. 

Importantly, article two demonstrates that a similas regulatory process 

also occurs with P450scc. Prior to hCG treatment, P450scc mRNA was found to 

be relatively high in theca interna and low in granulosa celis of equine follicles, 

as has been observed in pigs (39,347), but unlike humans (348) and cows (32,40) 

who express high levels of P450scc transcripts in granulosa ceils prior to the 

LH/ hCG surge. Induction of the ovulatory/luteinization process with hCG was 

then shown to cause a down-regdation of follicular P450scc mRNA, and a 

cellular redistribution of the transcript to the luteinizing granulosa celis that is 

unprecedented in other species. This provides further evidence that the mare 

transfers the steroidogeneic potential of the follide from the degenerating, 

androgen-synthetic theca interna to the progesterone-synthetic luteinizing 

granulosa cells during the hours preceding ovulation. 

Article hvo also documents a novel pattern of 3&HSD mRNA expression 

in equine follicular cells during the ovulatory process. The presence of 3 B B D  

transcript in equine granulosa ceils and its complete absence in theca interna 

contrast with findings in other species (32,33,39,41,209,34&350). Thus, the 

equine theca interna presumably does not produce progesterone in uivo, 

although elevated expression of StAR and P450scc rnRNAs in this c d  type 



suggests that it synthesizes large amounts of pregnenolone precursors. This is 

further supported by studies in uifro showing that cultures of equine theca 

interna secrete negligible amounts of progesterone, and that gonadotropins 

have no effect on its secretion (7). The apparent lack of modulation of 3bHSD 

mRNA expression prompts us to propose that it represents an unregulated, 

non-rate-limiting step in equine ovarian steroidogenesis. 

Article three provides a characterization of the regulation and cellular 

localization of cytochrome P45017a transcripts in eequine preovulatory follicles. 

Expression of P45017a mRNA was found to be confined to the theca interna as 

reported in other speaes (32,34,39, Zl), and this supports studies in vitro 

showing that secretion of androgens was lirnited to equine theca interna cells 

(7). A marked drop in P45017a mRNA levels was then shown to occur in theca 

interna 33 h post-hCG, preasely as observed for StAR and P450scc, however this 

was not accornpanied by the redistribution of P45017a expression to the 

granulosa cell layer. As this presumably leads to the loss of follidar androgen 

synthesis, the loss of P45017a expression likely represents the means by which 

estradiol-17B synthesis is ultimately down-regulated, and this can therefore be 

directiy linked to the preovulatory degeneration of the theca interna. 

The hCGinduced regulation of P450arom mEWA was also examined in 

article three. In agreement with prior imrnunohistochemical and biochemical 

analyses (7,124,351), an elevated level of promoter II-derived P450amm M A  

was detected selectively in grandosa cells before hCG treahnent, thus redving 

a previous controversy on the site of eskogen biosynthesis in the equine foWe 

(346). FoUowing the administration of hCG, P4SOarom expression was sharply 



downregulated as has been observed other species (32,34,39,44,275), and this 

event likely represents the inunediate cause of the luteinization-associatecl 

reduction of estrogen biosynthesis. P450arom mRNA levels were then shown to 

re-increase notably in the CL, reflecting the limited but fundionaily sigruficant 

estrogen-synthetic potentiai of the ovary during the luteal phase (346). 

Taken together, our steroidogenic gene mRNA regdation data alIow us 

to formulate a working model for the control of equine follidar steroidogenesis 

that is presented in article two. During the early follicular phase, 

steroidogenesis proceeds essentially via the A5 pathway, with the androgen 

dehydroepiandrosterone @HEA) being synthesized in thecal ceils in which 

StAR, P450scc and P45017a are either predominantly or exclusively expressed. 

DHEA then diffuses to the granulosa ce11 layer, where it serves as a substrate for 

estrogen synthesis by 3&HSD and P450arom, in agreement with the dassic two- 

cell, two-gonadotropin model of ovarian steroidogenesis. Foilowing the 

LH/hCG surge, P450arom expression is sharply downregulated, which is the 

likely primary event that results in the luteinization-associated reduction of 

estrogen biosynthesis. The subsequent loss of P45017a in the degenerating 

theca interna then results in the abrogation of the androgen-synthetic potential 

of the follicle, further enhancing the drop in estrogen production by vastly 

reducing P450arom substrate availability. As additional consequences of the 

degeneration of the theca interna, StAR and P450scc are redistributeci to 

granulosa cells, thereby consolidating the expression of the enzymes reqwred 

for progesterone synthesis (i.e. StAR, P4Sûscc, and 3&HSD) in the celis that will 

form the corpus luteum. These gonadotropindependent changes in enzyme 



expression would redefine the principal steroidogenic pathway from A5 to A4, 

with progesterone becorning the predominant and obligatory end product. The 

induction of P450arom expression in the late follicular phase and in the CL 

would explain the low but functionaliy important level of estrogen synthesis by 

these tissues during the luteal phase (346), although the lack of P45017a 

expression at these stages suggests that cirdating androgens wodd be the only 

available source of substrate. Low levels of P450scc expression in the granulosa 

cells of follicles before the LH rise would suggest a certain degree of alternative 

usage of the A4 pathway for estradiol biosynthesis. in this manner, resultant 

pregnenolone couid be converted immediately to progesterone by 3&HSD that 

is expressed in the same celi type, which could subsequently diffuse to the theca 

interna for conversion into androgen by P45017a. The lack of StAR expression in 

granulosa cells at this stage would however severely limit the availability of 

cholesterol substrate molecules for P450scc. Furthemore, should the cataiytic 

properties of equine P450i7a resemble those of humans, cows and sheep (123), 

progesterone would represent a poor substrate for conversion to androgens, 

further reinforcing the functional blockage of the A4 pathway that is implied by 

the cellular distribution of the steroidogenic enzymes within the follicle wall. 

The altemate use of two P450arom promoters during the ovulatory process 

provides an inducible mode1 system ta study P45ûivom pmmoter switching 

Article three also reports the doning of two distinct equine follicular 

P45Oarom cDNAs derived from transcripts that arise from the alternative use of 



h o  distinct promoters, II and If. This was unexpected given that promoter II- 

derived mRNA was shown to be the only form expressd in human follides and 

corpus luteum (252), whereas promoter If-derived rnRNA was origirially doned 

frorn brain tissues and has been described as brain-specific (254,266,352,353). 

However, several recent studies have shown a vast tissue distribution for many 

P450arom rnRNA species as well as the use of alternative P450arom promoters 

within a given tissue (247, 256-260, 264,265,354). This strongly suggests that 

the traditional mode1 describing each promoter as being tissue-speafic is in fact 

a misleading oversimplification. 

Analysis of the relative contribution of each promoter to ovarian 

P45Oarom expression revealed a novel promoter switching phenomenon. The 

down-regdation of promoter II-derived mRNAs after hCG treatment was found 

to be foilowed by an induction of promoter If-derived mRNAs later in the 

ovula tory process, implying a first switching phenomenon. The presence of 

promo ter II-derived transcrip ts and the disappearance of promoter 1 f-derived 

transcripts in the CL suggests that a second switching event occurs at an 

undetermined moment foiiowing ovulation. The use of altemate P450arom 

promoters was thought not to occur during the ovulatory process, as promoter 

II-derived mRNA was found to predominate in human foiiides and corpus 

luteum (252). Our resuits do not contradict this however, as our anaiysis 

included samples representing a more minute dissection of the ovulatory 

process than previous studies. Also, it rernains possible that P450arom 

promoter switching during foiiicuiar luteinization is a process unique to mares. 

To date, P450arom promoter switching had ben reported only in distantly 



separated developmental(256,265) and pathological(245,257-260) stages in 

vivo, and in human mononuclear ieukemic THP-1 cells and peripherai blood 

lymphocytes in uifro (251,355). Considering this and proposed role of P450arom 

promoter switching in consequential processes such as carcinogenesis, we 

propose that the equine prmvulatory follicle represents a valuable mode1 

system to study this phenornenon, particularly given the induable nature of the 

promoter switch by a known agonist (i, e. LH/hCG). 

To provide insight into the transcriptional mechanisms involved in 

ovarian P450arom promoter switching, article three also presents the cloning 

and preliminary characterization of equine promoters II and If. Sequence 

analysis led to the identification of a site identical to that present in the hurnan, 

rat and bovine promoters that binds SF-1 and has been shown to be responsible 

for both basal and induable P450arom promoter activity (275-277). The CRE- 

like element present in the human and rat promoters that binds CAMP response 

element binding protein (CREB) and acts in synergy with SF-1 to promote 

inducible P450arom expression (276-278) is not conserved however in equine 

promoter II. The corresponding region features a 1 bp deletion similar to that 

identified in the cow and pig that is believed to render the element non- 

functional (279-281). The mechanisms reponsible for the observed regdation of 

P450arom promoter II in response to hCG remain largely conjectural. In rat 

granulosa ceils, the decrease in promoter 11 activity was assoaated with 

concomitant drops in SF-1 mRNA and binding activity (44,276,336). The 

modest, gradual &op that we observe in equine SF-1 mRNA levels in response 

to hCG however seem unlike1y to account for the marked and rapid down- 



regulation of promoter II-denved P450arom mRNA (article four). We therefore 

speculate that additionai post-transcriptional mechanisms regulate SF-1 activity 

in response to hCG. These rnay include one or several processes identified in 

the regulation of other SF-1 target gens, induding ligand binding (327), 

protein-protein interactions (301,328-330) and serine phosphorylation (276,291, 

297,332). Ln addition, studies in eutopic endometrial c e h  have s h o w  that 

COUP-TF can compete with SF-1 for its binding site, thereby silencing 

P450arom expression (282). COUP-TF-mediated silencing of transaip t i o d  

activity has also been demonstrated for the P45017a gene (227, BI), but its 

function in regulation P450arom promoter II in granulosa cells rernains 

unknown. Unlike promoter II, the molecular mechanisms involved in promoter 

lf-derived P450arom expression have not been characterized. Potentid as- 

acting elements identified by sequence analysis in article four include highly 

conserved, overlapping c-myc and glucocorticoid response elements (GRE) also 

identified in the human (254) and mouse promoters (266). Recent studies have 

shown an increase in c-myc expression in rat grandosa cells during hCG 

induced luteinkation (336,356), which would provide a simple mechnism for 

promoter If induction. We can aiso speculate that the GRE may be reguiated by 

the androgen receptor, which binds the same element. The devance of this 

mechanism relates to the extended delay between the down-regdation of 

P450arom mRNA (which occurs at 0-12 h post-hCG) and P45017a mRNA (at 30- 

33 h post-hCG), which aiiows for the possibility of a transient excess in 

androgen production. These androgens could then activate P45ûarom promoter 

If via the androgen receptor binding the GRE, thereby up-regulating P450 arom 



activity late in the ovulatory process. This could serve as a limiting mechanism 

to prevent the accumulation of excess androgens in the follicular fluid. 

Altematively, P450arom promoter If activation during the ovulatory process 

may serve no useful function whatsoever. Gene knockout analyses that target 

specific P450arom promoters will dtimately be required to elucidate the specific 

biological functions of each type of transcript. 

Putative roles of SF-1 and SF-2 in the gene regdation of equine ovarian 

steroidogenesis 

In apparent contrast with the varied steroidogenic gene mRNA 

regdatory patterns presented in articles two and three and in Annex 1, SF-I has 

been proposed to be a cornmon transcriptional regulator of al1 the key ovarian 

steroidogenic genes (155,156,IS8,185,188,210, 234,276,277,286,297). To 

identify possible links between the regulation of specific steroidogenic genes 

and that of SF-1, article four reports the cloning of equine SF-1 and the 

regulation of its mRNA in the foilide wali compartments by hCG. in addition 

to a conserved SF-1 transcript, our doning efforts also produced a cDNA 

encoding NPWM, a member of the same nuclear receptor subfarnily as SF-1 

(283). These were found to share many structural features, such as 99% similar 

DNA binding domains that have been shown to confer identical DNA-binding 

properties to their human homologs (357-36û). For this and other reasons, we 

suspect that NR5A2 may play a d e  in the regdation of gonadal 

steroidogenesis, and have decided to name it SF-2. 



Regdation studies similar to those performed for PGHS2 and the 

steroidogenic genes demonstrated an approxirnately threefold dom-regdation 

of SF-1 rnRNA by hCG in granulosa cells by 30 h post-hCG. The poor 

resemblance behveen this SF-1 mRNA regulation pattern and that of any of the 

steroidogenic genes led us to conclude that it is unlikely that the regulation of 

SF-1 at the mRNA level represents a key mechanism governing steroidogenesis 

in granulosa cells. Again, post-transcriptional mechanisms such as the 

regulation of SF-1 translation, phosphorylation and assoaation with cofactors 

would have to corne into play to ensure proper gene-specific regulation. 

Conversely, SF-1 mRNA levels in the theca interna before and following hCG 

administration were found to closely parallel those of the thecal steroidogenic 

genes StAR, P450scc and P45017a. This allows for a simple mechanism for the 

hanscriptional regulation of steroidogenic genes in thecal cells, in which the 

level of SF-1 expression is the key ratelimiting factor for all target genes. As the 

down-regdation of SF-1 with the approach of ovulation coincides with the 

apparent degeneration of the thecal layer in the mare, we speculate that the 

regulation of SF-1 mRNA rnay be linked to apoptotic signalling processes. 

Therefore, the LH-induced passage from the estrogen-synthetic preovulatory 

foliicle to the progesteronesynthetic corpus luteum could be an apoptosis- 

dependant process, at least in the mare. 

Article four also demonstrates for the first time the expression of SF-2 in 

gonadai tissues, as w d  as hormonal regulation of its rnRNA. Similarly to SF-1, 

SF-2 mRNA levels dropped 3-fold by 30 h post-hCG in granulosa cells. UnIike 

SF-1 however, granulosa ceils and the grandosa cell-derived CL represent the 



sole sites of SF-2 expression within the ovary. Furthermore, Northern and semi- 

quantitative RT-PCR analyses demonstrated that SF-2 expression levels in these 

tissues greatly surpass those of SF-1, making it by far the major NRSA subfamily 

recep tor present in granulosa ceiis at al1 stages of luteinization. Given the 

proposed functional redundancy between SF-1 and SF-2, we propose that SF-2 

could function as a major transcriptional regulator of steroidogenic genes in 

these cells. In apparent agreement with this, several discrepancies were noted 

between the expression of SF-1 and that of different steroidogenic genes. Most 

notably, a sizeable induction of StAR and P45ûscc was observed when their 

expression in the CL was compared to late-stage ovulatory follicies, despite a 

rnarked decrease in SF-1 expression. While this could be explained by 

mechanisms such as SF-1 protein stabilization or inaeased coactivator activity, 

SF-2 activity may also be invoked given its abundance in Luteal ceüs. 

Carefd examination of the studies that have identified SF-1 as a 

transactivator of steroidogenic gene promoters reveals that supershift analyses 

were typicdy performed using polycional antisera that have yet to be shown to 

distinguish between SF-1 and SF-2 (158,185,187,277). Our SF-2 structure and 

expression data therefore argue that the identity of the transcription factor that 

binds steroidogenic gene promoters in granulosa and luteal c& is not 

conclusively established, and SF-2 rnay weil have been systematically mistaken 

for SF-1 in earlier studies. Demonstration of this wiU first require assays 

showing that SF-2 can also transactivate estabiished SF-1 ovarian target gens. 

Subsequently, the synthesis of antibodies that can distinguish between SF-1 and 

SF-2 wiil be required in order to perform supershift analyses that wili 



demonstrate the true identity of the transcription factor that regulates each 

promoter. 

in conclusion, the data presented in this thesis represent sigruficant 

advancements in our understanding of the gene regdation events induced by 

the LH surge. Notably, they illustrate the molecular mechanisrns underlying 

the preovulatory accumulation of prostaglandins in the follicuiar fluid and the 

changeover of the predominant ovarian hormone product from estradiol-17p to 

progesterone. In addition, they identify a P450arom promoter switching 

phenornenon in granulosa cells, thereby providing a novel inducible mode1 for 

the study of this potentially crucial process. Finally, they report the expression 

of the NR5A subfamily orphan nuclear receptor SF-2 in ovarian cells, whose 

charactenstics and expression patterns indicate that it may be a key regulator of 

ovarian steroidogenesis. 
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Human Chorionic Gonadotropin Induces an Inverse 
Regdation of Steroidogenic Âcute Regdatory Protein 
Messenger Ribonucleic Acid in Theca Interna and 
~ranulosa Cells of Equine Preovulatory Follicles* 

ABDURWG KERBANt, DEREK BOERBOOMS, AND JEAN SIROIS 
Centre de  Recherche en Reproduction Animale, Faculté de Médecine Vétérinaity. Université de 
Montréal, Saint-Hyacinthe, Québec, Canada J2S 7C6 

~ S T R A C T  
The time- and gonadotropin-dependent regulntion of stemidogenic 

acute reylatory protein (StAR1 hm not been chnracterized in uivo in 
preuvulotory folliclw of lnrge monoovulntory species or sexually mn- 
ture mimals. The objectives of this study were to clone equine SiAR 
and describe the replation of its messenger RNA (mRNA) in equine 
follicles nfter the administration of an ovulntorv dose of hCG. The 
~creening of nn equine follicle complementnry DNA (cDNA) library 
with n mouse StAR cDNA probe revealed two forms of eauine SiAR 
that differ only in the length of their 3'-untrnnslnted region(3'-LJT'~); 
a long form of2918 bp and n short fomof 15% bp. TheStARlongfonn 
cDNA contnins a 5'-UTR of 117 bp, nn open mndiig frnme (ORF) of 
855 bp, nnd a 3'-UT8 of 1946 bp. Primer extension analysis showed 
tha t  the cDNA cIone lncked the first 10 bp of the primary   an script. 
giving a total of 127 bp for the complete StAR 5'-UTR The ORF 
encodes a 285.nrnino acid pmtein thnt is 86-90% identical toStARof 
ather species chnrncterized to dnte. The reylntion ofStARmRNAin 
ciuo was studied in equine preovulntory follicles isolated during es- 

T HE BIOSYNTHESIS of al1 steroid hormones begins in 
mitochondria with the conversion of cholesterol to 

pregnenolone by the cytochrome P.150 cholesterol side-chain 
cleavageenzyme complex (P450scc) (1.2)- Adequatedelivery 
tif hydrophobie cholesterol to the inner mitochondrial mem- 
bnne, where resides P.150scc, is a key nte-limitingstep in the 
acute regdation of stemidogenesis (3-5). Although the 
rnechanism of intracellular transport of cholesterol to the 
mitochondrion remains unresolved, its k i l ~ l o c a t i ~ n  from 
the outer to the inner mitochondrial membrane appears to 
involve a protein originally described by Orme-Johnson and 
collaborators (6,7) and rrcently purified, cloned, and named 
steroidogenic acute regdatory protein (SUR) by Clark et al. 
(8). StAR is a phosphoprotein synthesized in the cytosol as 
a short-lived 37-kDa precitaor that iç pmcessed into more 
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mis at O, 12.24.30.33.36, nad 39 h (n = 4-5  foliicles/time paint)rtRer 
an o v u l a t o ~  dose of hCG. Results nom Noderri  blets showed no 
significant &nages in StAR mRNA levels after hCG treatment when 
nadmes were ~erfonned on intact foKcle wall (thecn interna with 
otto&ed grnn~loea cells). However, Northem blots performed on 
isolated follide ceüs revenled an un# regdation of SUR 
mRNA. In granulosa cells, SUR t m ~ c r i p t s  were undetectable nt O h 
but were significantly increased at 30 h pst-hCC, ond this induction 
was associateri with n rise in foiüculnr Uuid concentrations of pro- 
gestemne (P < 0.05). In contrnst, StAR mRNA levels were high in 
theca interna nt O h. remaïneci unchanpl u t i l 3 3  h pst-hCG, nad 
dropped dromnticalIy thereafter(P < 0.05). Thus,this studydescribes 
the primary structure of equine StAR, documents the regulation of 
StAR mRNAin viuo in prwvulatory follietes of a large monaovulntnry 
species, and identifies n novel inverse regdation of StAR rrnnscripts 
in theca interna and granulosa ceUs of equine foüides belore ovuia- 
tion. ü%n&crinology 140: 667-674, 1999) 

stable 30-kDa proteins after mitochond~a[ irnport (9-11). 
interestingly, the 37-kDa precursor protein i s  believed to 
represent the active fonn of StAR invoIved in moving dio- 
lester01 across mitochondrial membranes, whereas the role, 
if any, of the 30-kDa proteins remains unknown (12,13). nie 
deduced arnino acid sequence of the ÇtAR protein has been 
characterized in mouse (a), human (14), cow (13, n t  (t6-19), 
sheep (20), pig (21), and hamster (22). 

The critical role of StAR in stemid hormone synthesis has 
been clearly demonstrated using various models, includig 
a biocheminiiy defined in oitro system (Il), cultures of intact 
c e k  (14, î3). and a targeted gene disniption approach to 
generate StAR knockout mice (24). Moreover, the finding 
that mutations within the StAR gene are responsible in hu- 
m m  for congenital lipoid adrenai hyperplasia, an autoso- 
mal recessive disease in which the synthesis of a11 adrenal 
and gonadal stemid is severely impaired, further under- 
scores the importance of the protein (25,26). 

Resulk from recent studies have documented the pattern 
of expression and regulation at StAK in ovarian ceik during 
various physiological processes. High levels of StAR mes- 
senger RNA (mRNA) and protein were observecl in co'poia 
luteum of sheep (ZO), cows (15,21, u), rak (18,28), humans 
(29,30), and pigs (31 ). Luteal StAR Lranscnpts were increased 
by LH and GH in hypphysertomized sheep (20) and by 
1 7 ~ t x a d i o l  in rabbits (32). in contrast, regression of the 
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D corpus luteum is accompanied by a marked deaease inStAR 
expression (20, 27, 28,30). StAR is a h  regdateci in a gona- 
dotropin-dependent and stage-specific manner during fol- 
iicular development (17, 29, 31, 33). Experïments ni vitro 
showed that gonadotropins and activatoa of the protein 
kinase A pathway up-regulate StAR expression in granulosa 
cellç (16, 27, 29, 33-36), whereas PCF2, and phorbol 12- 
myristate 13-acetate appeared to be negative regdatocs of 
StAR expression in vivo and irr vitro (20,28,29,33). Theequine 
CC/hCG-treated immature rat mode1 was used to study the 
control of StAR expression in vivo in pmvdatory follicles 
(17,33). However, the regulation of follicular StAR in a more 
physiological system using sexually mature animals has not 
been chancterized, and in-depth studies in large monwvu- 
latory species are lacking. Therefore, the general objective of 
this study was to use the equine preovulatory follicle as a 
mode1 to study the cell-specific and time-dependent c e p  
lation of StAR by gonadotropins iri vivo. The specific objec- 
tives were to clone and chancterize equine StAR, describe 
the reguiation of its mRNA in preovulatory folIides after the 
administration of an ovulatory dose of gonadotropins, and 
determine the contribution of theca interna and granulosa 
cells to foilicular StAR expression. 

Materials and Methods 
Materials 

Lutalyse was purchased from UpJohn (K3Lim~w. MI); hCG was 
obtdinrd from The Buttler Co. (Culurnbus, OH); Totbugesic was pur- 
chased from Fort Dodge Labonlories, in~. (Fort Oodge. IA); Rompun 
was obtained fmm Haver (byvet Division.Shawnee. KS); Dormosedan 
ivas purchased from SmithKline Beecham. Animal Health (West Ches- 
ter, PA); RNAsin. Prime-a-Gene Iabeling system. DNA 5'-End LIbeling 
Systcm, and AMV reverse tranxnptm wcre abtairied h m  Pmmega 
Corp. (Madison. WI): Biomw nylon membmes (02 m) were pur- 
chased from ICN Pharmaceuticals. Inc. (Montreai, Canada); 
[o-"PldCTP, [~-':P]ATP. md  [%jditTP were obhined h m  Mjndel 
Scientific New England Nuclear Life Science Producis (Missiuuga. 
Canada); TRIzol total RNA isolation reagetit, RNA ladder (0.24-95 b), 
synthetic oligonucleotides. and culture media were purchasPd fiom Life 
Technologies (Gaithersburg, MD); Quikiiyb hybridiition solution was 
obtained from Shtagene Cloning Systems (LJ JoUa, CA); T4 polynu- 
cleotide b a s e  and al1 sequencing reagenis were p u c h a d  h m  Phw- 
macia Biotech (Baie D'Urfe, Canada); Kodak fiIm X-Onit AR was ob- 
tained from Eastman Kodak Co. (Rochester. NY); electrophoretic 
reagents were pu rchad  from Bio-Rad Lrrbontories, ïnc (Richmond. 
CA). 

Cloning a n d  sequencing of equine S M  

To clone the equine StAR camplementq DNA (cDNA), an expres- 
sion library prepared with equine follicle mRNA (37) was m e n e d  with 
a mouse S t M  cDNA (8). ï he  probe wils label4 with [tPPIdeoxyCIT 
using the Prime-axene labeling system (Pmrnega Corp.) to s final 
specific activity greater than 1 x lû" cpm/pg DNA. Appmxhately 
IW,ûûû phage plaques werescreened. w d  hybndization was perfonned 
at 55 C with QuikHyb hybridiwtion solution (Shhgene). Positive 
clones were plaque punfied through secunda- and tertiary saeening. 
and plluescript phagernids containhg the cloned DNA msert were 
e x d  in vira with the Ex-&sist/SûLR system (Shhgene). DNA 
squencing was performed by the Sanger didmxynudmtide diiwi ter- 
numtion method (38) using the 'l7 sequencing kit (Phamtacid Biotech) 
and vector-bmd primers Ci3 and 'lil, and speufïc primers synthesued 
as mternal StAR sequences were obtained. Nudeotide and amino aad 

D analyses were performed using the FASTA prognm of Wisconsin Pack- 
age version 9.0 (Genetia Computer Gmup, Madison. Wï) and Mac- 
DNASLS software version 2.0 (Hitachi, Hialeah. FL). 
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Primer extension analysis 

Primer extension mIysis was perfonned in aqueous buffer as pre- 
viously desaibed (37.39). The reaction used total RNA extra& with 
TRIzolCLifcTechnologies) homacorpus luteum isolated on day 8 of the 
estrous cycle and h m  spleen (n~giltive controI), and a 30-mer antisense 
oügonucleotide S'CG~CCGAGGCr\CIGCTGGAGGAG-3' corre- 
sponding to 56-75 bp of the longest StAR cDNA clone (Fig. 1). The 
extension pmduct was d y z e d  by electrophoresk on a 6% polyaayl- 
amide-7 M urea ge1.and itsske wss determined by cornparison with the 
pmducts of an unreiated quencing ceaction run in adjacent hes .  

Isolation a n d  dissection of equine pmuu la to ry  follicles 

StmdIrdbred md Thomughbred mares were teased daily with a 
p n y  s u o n  fmdetection of estnis,and ovorian follicul~r development 
was rnonitored daiiy by tramrectal real-time ulhsonography (40). Ovu- 
lation wirs induced during esmis with hCG {Zûü IU, iv) when the 
preovuiabry foilid? reached 35 mm in dhmeter. ûvariectomy wirs 
performed via colpatomy O, 12.24,30.33,36, and 39 h post-hCG with 
a chiiin eaaseur (n = 4-6 follicles/time point) (41). During the proce- 
dure, neurdeptdgesia was induced with a combination of xylazine 
(Rompun; 0.65 mg/ kg, iv), butorphmol (Torbugesic; 0.005 mg/kg, iv), 
and detomidine (Domosedan: 0.02 mg/ kg, iv), as desaibed previously 
(42). The recovered ovary was kept in ice-cold bgles's MEM supple- 
mented with penicilfin (M U/mlMeptornycin (50 &ml; Life Tech- 
nologies), tglutarnine (20 a; Life Technologies), and nonessenaiil 
amino ad& (0.1 mra: Life Technologies). b c h  preovulatory follide wiis 
dissecteci into three cellular prepmtions, as previously desaibed (42, 
43). They induded pieces of follicle waU (theca interna with atbched 
granulou ceih)and isolated prepantions of theca interna and grandou 
ceUs. AU m p l e s  were stored at -7û C until RNA ext~actior~ Animal 
procedures were approved by the mimai researdi cornmittee of the 
University of Monhral. 

RnrA extraction und Northern bfot anulysis 

Totd RNA was extncM with nüzol (Lik Technologies) using a 
Kinernatica P ï  t2UK Polytron hamogenizer (Fisher Scimtific Interna- 
tional, inc.. Pittsburgh. PA) h m  quine tissues. For Northern analysis, 
RNA simples (10 pg) were denatured at 55 C for 15 min in 50% deion- 
ized formImidc6l fomldehyde, electmphoresed in a 1% fomolde- 
hydeagivosegel, and h;uisferred onfo a nylon membrane as previously 
desaibed (3i3. A ladder of RNA stand& was nin with each gel, and 
ethidiurn brocnide (10 pg) was added to each ample before electro- 
phoresis to compare RNA loading and determine the migration of stan- 
dards. The membnne was tüst hybridized to the q-labeled equine 
S M  cDNA pmbe using QuüiHyb solution (Strahgene, La Job.  CA). 
After stripping the ndimaivity with 0.196 SSC-0.1% SDS for 30 min at 
100 C, the s m e  blot was subsequently hybridized with a nt elongation 
fiidor Tu ( W u )  cDNA as a contml gene for RNA loading and tramfer 
W. 

Pmgestemne RLA 
Nonexhacted diquots of foilicuhr fluid were assayed for pmgester- 

one bv a swafic R h  (4% The sensitivitv of the ~ s s ~ v  wiis 729 r>a/assav 
tube,kdihe inha-and inte-y cwfhcientp of v;riÿtions w& 11.4% 
and 18.6%. respectively. 

Onewav M O V A  was used to test the effect of Lime d e r  hCG 
adrninistrakon on relative StAR mRNA levelr m d  concentrations of 
progesteme in faLi& fluids. When ANOVA. indiateci silpiintuit 
differences (P < 0.05). Dmit 's test was used for multiple corniarisons 
with the control (O h pst-hCG). Data w w  kansfonned to Iogaritiuns 
before and* when hetemgeneity of inriance was observed with the 
H d e y  test. Staüstid malyses were perfomed umig software h m  
SAS instiîute, Inc (Cary. N a .  Rehtive Ievels of StAR mRNA were 
quantified by determining the opticd density of the StAR band on 
aulondiograms with a cornputer-assisted i m g e  4 y s i s  system (Col- 
hge Miicintosh pmgnm. Fatadyne. Inc, New Berlin, WI). The EFïu 
si& was ;ilso quantifid and used to normalize resuits. For each 
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cellular prepantion, data were express4 3s ntios of StAR mRNA Io 
EFTu and are presented as the mean r SEM (n = 4 foliides/time point). 

Resulta 
Characteruation of the equine StAR cDNA 

Twelve positive clones were isolated from an equine fol- 
licle c D N A  libnry after an initial saeening of approximately 
100,000 phage plaques. DNA sequencing analyses revealed 
that the clones represent two forms of equine StAR, a short 
form composed of 1599 bp (clone 10-1) and a long lorm of 
2918 bp (clone 1-2). The short and long dones had S'-un- 
translaied regions (5'-üTR) of 114 and il7 bp, respectively, 
and a common open reading h r n e  (ORF) of 855 bp (Fig. 1). 
f-iowever, they differed in the lengths of their 3'-UTR, cor- 
responding to 630 and 1946 bp in the short and long forms, 
respectively (Fig. l), 

The coding region of equine StAR c D N A  encodes a 285- 
amino acid protein, whidi is identical in length to human 
(Id), pig (21), and bovine StAR (15,21), but is one amino aad  
longer h a n  those of the mouse (S), rat (17-19)' and hamster 
(22) proteins (Fig. 2). Comparison aaoss species indicates 
that the amino acid sequence of equine StAR is highly sirnilar 
to that of other mammalian homologs, being W/O, 89Y0, a%, 

87%, 87%, 86%, and 88% identical to the human, porcine, 
bovine, murine, rat, hamster, and ovine StAR. Cornputer 
anaiysis of the StAR protein sequence using Prosite PC/Gene 
(Oxford Molecular Croup, inc., Oxford, UK) identified sev- 
eraI potential phosphorylation sites, induding two CAMP- 
and &MP-dependent protein kinase (Sep and sr'%), t h e  
protein kinase C (Th?, Ser13, SerlB"), and four casein kinase 
II (Sep', Sep, e, v) phosphorylation sites. Aho, a 
putative mitochondrial transit peptide was predicted in po- 
sitions 1-55. 

Length of the StAR 5'-üTR 

Primer extension analysis was used to determine the full 
length of the StAR5'-UTR One major extension product was 
produceci with RNA extracteci from a corpus luteum, 
whereas none was generated when negative conirol spleen 
RNA was used (Fig. 3). The size of the extension product. as 
determllied by cornparisons with an unrelateci sequencing 
reactîon nrn in adjacent Ianes, was 85 nudeotides. Thedore, 
our longest StAR cDNA done (clone 1-2) appears to Iack 10 
nudeotides of the pritnary tmmcript, suggesüng a hll- 
length Y-UTR of 127 nuckotides. 
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Frc. 2. Deduced nmino ncid sequence of equine iequ) S a  and mm- 
pnrivon with humnn (hum), pig, bovine (bovi. mouae (mou), rat, ham- 
yter ihnm), nnd ovine (ovi) homologs. Ovine StAR has oot bcaa tüiiy 
chamcterized, and only n partial sequence is shown. Identical resi- 
dues are indicnted by nprintrcfperiud. Potential phoephmylatimsitea 
for uUv1P- and cCbiP-dependent protain kinase (A). pmtein kinase C 
(Bi,  and casein kinnse LI (C) are highlighted in bold u p p e m c  tetters. 

fnuerse regulation of S M  mRNA in granulosa c e b  and 
theca interna 

To study potential changes in StAR rnRNA levels duting 
equine follicular luteinization, preovulatory follides were 
isolated between 0-39 h post-hCG and Northern blot anai- 
yses were performed on RNA extracted from intact folide 
wall (theca interna with attached granulosa cells).StAR tran- 
scripts of approxirnately 3.0 kb were detected in w a k  of 
follicies isolated at O h. and administration of hCG had no 
significant effect on relative transcript LeveIs (Fig. a). How- 
ever, higher levels of StAR mRNA were obsemed in hvo 
corpora lutea obtained on day 8 of the estrous cyde (Fig. 44. 

To determine the relative contribution of eadi stemide 
genic ce![ type in follicular StAR mRNA expression, North- 
ern blots were prepared from isolated preparations of gran- 
dosa cells and theca interna. Results revealed anunexpected 
reciprocal regulation of StAR transcripts by hCG in each ceU 
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Ro. 3. m e r  extension analyaia of equine StAR mRNA. A labeled 
30-mer antisense oligonudeotide complementary to the region h m  
a-75 bp of the StAR long form &NA (Fig. 1) wns hybridized to RNA 
snmples wntaining(corpus luteum) and not mntaining(spleen)StAR, 
and primer extension was performed as described in Materials and 
Melhods. Reactions were nnalyzed on a 6% polyaerylnmide gel, and 
the size of the extended pmduct wns determineci by mmparison with 
the pmducts of M unrelated eequencing reaction s h o w  on the lefi. 
The results show a 85-nucleotide extension pmdud corresponding to 
a major transcription initintion site. No extension product was de- 
tected with RNA isolnted h m  spleen (negative contml). 

type. in granulosa cells, StAR was undetectable or present at 
very low levels behveen 0-12 h post-hCC, but the ttanxript 
increased between 24-39 h (Fig. 5A). in contrast, levels of 
StAR mRNA in theca interna were high before hCG injection 
(O h), rrmained relatively constant until33 h post-hCC, and 
then dropped dramaticalfy at 36 and 39 h post-hCG (Fig. 6A). 
Unifotm RNA loading in al1 Northern blots was confirmed 
by hybridjzation with a cDNA encoding the rat efongation 
hctor Tu (Figs. 48, SB, and 68). 

To pmvide a quantitative estimate of the relative changes 
in StAR mRNA during the gonadotropin-induced luteiniza- 
tion process, Northern blots were prepared h m  follicle wall, 
theca interna, and granulosa cells of four separate preovu- 
latory follides isolated at each time point behveen 0-39 h 
pst-hCG,and resuIts were quantified bydensitornetricanal- 
yses. No significant changes were obsemed in the relative 
IeveIs of StAR tcanmïpts in follicle wall (Fig. 7A). However, 
this apparent constant expression of follicular StAR con- 
cealed a significant inmase in message levels in the gran- 
dosa ceIl layer, first detected at 30 h post-hCG (Fig. ïB), and 
a signifiaint drop in StAR transcripb in the theca interna 
Iayer at 36 and 39 h post-hCG fig. 7C). 

Follicular Puid concentrations of progesterone 

Concenirations of progesterone were measured in foUic- 
ular fluid of preovulatory follides isoiated between 0-39 h 
post-hCG to assess whether the regulation of StAR rnRNA in 
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FIG. 4. Regdation of SWR mRNA by hCC ia equine preovulatcry 
follicles. Repnrations a f  follicle wnil (theca interna with attachai 
grnnulosa cellsi were obtained h m  preovulntory follides isalated 0, 
12, 24, 30. 33. 36. and 39 h nRer hCG treatmenf as deacribed in 
:Claterials and M e i b d s .  In addition, two corpom lutea (CL) were 
isolnted on dav 8 af the estrous cvcle. Sam~les of totd RNA (10 
@me; two foilicles p r  time poiutÏwere anaiyzed by Norrbern blot- 
t im us in^ û "P-labelrd eauine StAR cDNh C robe (A). The aame blot 
wns ritribd of radioactiv& and hybridized with n &NA eneodiag 
the n t  EFhr ;is a wntml gene for RNA londing (BI. B m b t s  on the 
lefi show migration of 28s nnd 18s riboaornal bands. md marlern on 
the righi indicate the migration of RNA sandards. Fiitem in A and 
Li were exposed to lilm nt -70 C fur 4 nnd 2 h, respectively. 

granulosa and theca interna related to changes in progs- 
terone biosynthesis. Progesterone IeveIs were relatively Iow 
in follicles isolated before gonadatmpin treahnent (O h post- 
hCC; 53.6 i 21.1 ng/rnl) and remained unchanged at 12 and 
24 h (Fig. 8). However, foHicuIar fluid concentntions of pro- 
gesterone were significantly increased at 30 h and reached 
maximal levels at 39 h post-hCG (783.0 2 246.1 ng/ml). 

Previous reports have used the equine CG/hCGprimed 
immature rat mode1 to study the regulation O€ StAR in fol- 
licles in vivo (17, 33) and cultures of gnnulosa cells to in- 
vestigate in vitro some of the molecular mechanisms of StAR 
expression (16, 27, 29, 33-36, 46). Thi çtudy is the first to 
document the precîse tirne-course and cell-speafic regula- 
lion of StAR mRNA in ~izu in preovulatory folIides of a large 
monoovulatory species and sexualIy mature animais. The 
mare was selected as an animal mode1 for sevenl reasons: the 
prwvulatory follicle reaches a relatively large sïzc (40-45 
mm in diameter), its development can be p-y moni- 
tored in ~ i r w  by ultrasound imaging, and the process of 
equine folIicular recruihnent, selection, and dominance is 
similar to that of other species (40,47). Results pmvide w- 
idence for a novel inverse regulation of StAR trarwripb in 
theca interna and granulosa celk of equùie preovuIatory 
follicles in response to an ovulatory dose of hCG. Ah, the 
siudy reports for the fint tirne the doning of quine S U R  

F~G. 5. Regulntian of StAR mRNA by hCG iri gmnulosa & of 
equine p m l n t a t y  follicles. isolated preparntions of grandasa ceUs 
wem abtained h m  equine preovulatory follicles isolated between 
0 3 9  h nfter hCG batment, os described in M a t e d ~  and M e t W .  
tn addition, preparntions of  thecn iaternatTk O hl and corpus luteum 
(CL; dny 8 oCcyde) were isolated. Samples of totai RNA (10 d a n e ;  
n = 2 foiiicidtime) were analyzed by Northern blattïng uaing a 
"P-labled equine S M  &NA probe (A). The same blots were 
stnppd ofrndionctivity and hybridizedwith a cDNAencoding the rat 
EF%I as a mntml gene for RNA loading (BI. hackeb on thelep show 
the migration of2ûS and 18S riboaornai bends, and mnrkm on the 
rrght uidicate the migration ofRNAstnndards. Fiters in A d  B were 
expaed to 6ku nt -70 C for 6 nnd 2 h, resptively. 

frorn which the complete prirnary structure of the StAR pro- 
tein is deduceci. 

Comparative analyses undencore the highly conserveci 
nature of StAR amss species, with the amino acid sequence 
of the equirie protein &ing more than 86% identical io that 
of other species (iî, 23). However, although the equine pro- 
tein a p p e l s  to contain a putative mitochondrial transit p e p  
tide within the first 55 amino aads, it does not have the 
consensus motif for mitochondrial two-step cIeavage iden- 
tified in mouse StAR (8). mis divergence from the murine 
sequence is also observed in human (14), bovine (19, and 
porcine StAR (SI) and argues against a criticai role for this 
region in StAR action. indeed, mounting evidence in the 
mouse cIearly shows that the steroidogenic action of StAR 
instead invoIves C-terminal domains (48,459. The activity of 
the protein appears to lie ouiside of the mitochondna, and 
mitochondnal import is not required for S M  action (48,49). 
Camputer analysis of the equine SLAR amino a a d  sequence 
a h  revealed several potential phosphorylation sites that 
could maduiate the activity of the protein. AIthough the 
funaional role of each site remains tube established, resdts 
indicate that the potential phosphotylation site Iocated at 
serine 195, shown in human and mouse to regdate StAR 
activity (50), is conserveci in the equine protein. 

Norîhern blot analyses revealed the prescice of one major 
StAR transaipt of about 3.0 kb in folücular extracb and a 
minar band of about 1.8 kb in a few samples. The finding of 
multiple equine StAR ùamcripts is in agreement with the 
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Fic. 6. Regulntion of StAR mRNA by hCC in theen interna of equhe 
preovulatory follicles. Isolnted preparntions of theca interna were 
obtnined from equine preovulatory follicles isolnted between 0-39 h 
d e r  hCG trentment, ns described in Matenals and Methods. In 
addition. snmples ofgranulosn cells (GC; 39 h) ondeorpus luteum (CL; 
day 8 of cycle) were isolnted. Samples of totnl RNA (10 d a n e ;  n = 
2 folliclesltime) were nnalyzed by Northern blotting wiag a =P- 
labeled equine S M R  cDNA probe (A). The snme blots were etripped 
of rndionctivity and hybridited with a cDNA encocüng the rat EFTii 
as a cantrol gene for RNA Ionding (Bi. Brackets on the le0 show 
migration 0128s and 183 ribosomnl bands. and markers on theright 
indicate migrationof RNAstmdnrdu. Fiitem in A m d  B wereaxposed 
to iilm at  -70 C for 4 and 2 h. respectively. 

results in other species. Three mRN& have been observed 
in mice and rats, including two major bands of 3.4 and 1.6 kb 
(17, 51). One major transcript of 1.6 kb and two minor 
mRNAs of 4.4 and 7.5 kb have been reported in human 
tissues (14,52), hvo tnnscripts of 3.0 ad 1.8 kb were detected 
in bovine tissues (15,21,34,52), and up to three transcripts 
have b e n  reparted in the pig (21,34). Only one StAR mRNA 
of 2.8 kb has been observed in sheep (20). Our cloning results 
suggest that differences in the lengths of transcripts are at- 
tributable to variations in the 3'-UTR, as the short f o m  
equine StAR measuring 1.6 kb appeared denved from an 
interna1 polyadenylation signal (5'-GATAAA-3') located 22 
bp from the end of the clone. However, the fundional sig- 
nificance, if  any, of multiple StAR transaipts remains 
unknown. 
One key linding of the present study is the tedpracal 

regulation by gonadoîropins of StAR transaipts in theca 
interna and gnnulosa cells of equine preovulatory foüides. 
This result clearly highlights the importance of defining the 
contribution of each steroidogenic ceIl type, as Notthem 
blots from whole follicular wall extracts could have errone- 
ously Iead to the conclusion that hCC had no effect on StAR 
expression in equine lollides. The pattern of induction of 
StAR mRNA in equine gnnulosa ce& compares with that 
observed in the immature n t  mode1 after hCG administra- 

O tion in viuo (17, 33) and with the ability of agonists of the 
protein kinase A pathway to up-regulate StARexpression in 
granulosa ceIls in oiho (16,27,29,33-36). Aiso, absence of the 

le 1 Fallicle wall 

"'I Th'""' 
$12 

Hours after hCG 
hc. 7. Kelntive changes in StAR mRNA leveh in equine foiiïcle c e b  
isolnted between 0 3 9  h nRer hCC treatment. Srnules (n  = 10 M) 

StAR cDNA and subsequ&tly wiih the rat EFTu ~ I N A  as a cantml 
gene for RNA loadiag. After autorndiography (6ims not showd, the 
StAR signal intensity wna quantined by densitametric analysis and 
normaiiied with the mntrol gene EFRt. Results are presented as 
SîAR mRNA levels relative ta EFh(mean 2 SM; II = 4 foüiclarltime 
point). Columns mrirked with an asterid are signiiïcantly diaerent 
iP c 0.051 h m  O h pst-hCG. 

tmnscript in equine granulosa ceUs isolated before gonado- 
tropin treatment is consistent with results obhined in cattie 
(53). interestingly, the inaease in steady state levels of StAR 
mRNA caused by hCG paralleleci a significant rise in hKc- 
ular fluid concentratio& of progesterine, suggesting a ünk 
between StAR exvcession in ennuIosa celis and the o m t  of 
follicular lutein&tion in v i u l ~  more precise understanding 
of its relative role in the equine follide should resdt h m  
further studies on the characterization and gonadotropin 
regulation of key enzymes involved in equine follicuiar ste- 
roidogenesis. However, a relationship between StAR and 
steroid hormone production ha been dearly estabrished in 
various systems (11, 14, 23). 

in contrast to granulosa cells, high levels of StAR mRNA 
were observed in theca interna of equine preovulatory fol- 
Iides isolated before hCG treatment This observation is not 
surprinng considering the hypertrophieci and highly steroi- 
dogenic appearance of the theca interna Iayer in equine p r e  
ovulatory foliicles isolated during early estrus, a s  character- 
ized under Iight miaoscopy (54). A b ,  elevated Ievels of 
StAR transaïpts have been reported in theca interna of large 
follides in n t s  (17, 33), cows (53), and humans (29, 30). 



229 

REGULATION OF StAR IN EQUINE PREOVULATORY FOUZCLES 673 

Frc. 8. Follicular ffuid concentrations of progestemne in equine pte- 
ovulntory iollicles. Prewulntory follicles were iaolnted between 0 3 9  
h nRPr hCC treatment. and foiücular fluid concentratione of pmges- 
terone were determined by specific W. R a u h  are ahown as the 
mean t S ~ I  (n = 5 iollidesltime point, 0-30 and 36 h pose-hCC, n = 
6 follicles. 33 h post-hCC; n = 3 follicles. 39 h pst-hCG). C o l m m  
rnarked iuithnn aaterisk nre significnntly difirent (P < D.06) h m  O h 
pst-hCC. 

Horvever, whereas StAR mRNA remained rdatively con- 
stant until 33 h post-hCG, a dnrnatic loss in the transcript 
occurred thereaftcr in theca interna. ïhis loss is cell type 
spccific, as a concomitant increase in StAR was observed-in 
the neighboring granulosa cell layer. To our knowledge, this 
is the first time thst such a reciprocal regulation of StAR 
mRNA was simulhneously observed in distinct ceUuiar 
compartments of ovarim follicles or any other steroidogenic 
tissue. The loss of ÇtAR traiinscript in equine theca interna 
occurred 6-9 h before the expected time of ovulation (37). 
Although the biological significance of the lossof StAR han- 
script remairis to be precisely established, we believe thrit it 
could represent the first biochemical consequence of a pu- 
tative degenerative process in theca interna ofquine follides 
just before ovulation (54.55). Van Niekerketal. (54) reported 
that, in contrast to other species, the theca interna degener- 
ates at the time of ovulation in mares, and therefore does not 
contribute to the formation of the corpus luteum. Interest- 
ingly, the abrupt disappearance of StAR between 33-36 h 
post-hCG couId suggest a timing for the onset of the degen- 
erative process, thereby providing a pandigm to study its 
molecular regulation. 

in summary, this study describes the primary structure of 
equine StAR and reports the doning of two trançcripts that 
difler primarily in the length of the 3'-UTR. The q u i n e  
protein iç composed of 285 arnino acids, and its sequence is 
highly homologous to b a t  of other species. The gonado- 
tropin-dependent and cell-specific regulation of StAR 
mRNA in vivo wasstudied ina senesofpreovulatoryfollides 
isoIated before and after hCG treahnent ne results revealed 
a unique inverse regdation of StAR mRNA in quine  fol- 
licuhr cells, with hCG causing an induction of StAR tran- 
scripts in granuiosa cellç and the disappearance of the mes- 

O sage in theca interna. Although thesechanges are beiieved to 
reIate to the luteinization of granulosa cells and a putative 
degeneration of theca interna before ovulation in mares, h- 

ture studies are needed to better understand the precise role 
of StAR during equine toüicular steroidogenesis. 
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