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SYED AHMED NASEERUDDIN 
The Regulation of Steroid 11~-Hydroxylase Gene Expression in Cultured 
Bovine Adrenocortical Cells·· 
(under the direction of PETER J. HORNSBY) 

Second messenger systems play an important role in regulating gene 

expression. Adrenocorticotropin (ACTH) acting through cAMP dependent 

protein kinase is known to induce the adrenal cytochrome P450 

steroidogenic enzymes, 11~-hydroxylase and 17a-hydroxylase by increasing 

transcription of the genes for these enzymes. In this thesis, activators of C

kinase and IGF-I were studied to examine their effects on enzyme activity 

and gene expression. 

IGF-I has an important function in llP-hydroxylase expression. An 

absence of IGF-1 results in a reduced level of both cAMP-stimulated 11~

hydroxylase enzyme activity and mRNA. This effect was specific for 11~- · 

hydroxylase, as 17a-hydroxylase mRNA levels and enzyme activity were not 

affected in the absence of IG F-1. 

Since these enzymes were regulated differently by IGF-1, it was 

possible they were. regulated differently by A-kinase activating agents. 

Although the agents stimulated both 17a-hydroxylase and llP-hydroxylase, 

llP-hydroxylase activity was more sensitive to cAMP levels, and declined at 

cAMP concentrations_ above 100 µM, suggesting that A-kinase may down

regulate in the presence of excess cAMP. 
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_Although some steroids serve as negative regulators of 11~

hydroxylase activity; it was unknown whether these effects were 

transcriptional. In the _presence of androstenedione, enzyme activity was 

inhibited, bt1st mRNA levels remained unchanged, suggesting a post

transcriptional 8:Ction. In the absence of ascorbate, which prevents 

oxidative damage. to. llf3-hydroxylase, the enzyme activity was decreased; 

mRNA levels- were unaffected, suggesting that ascorbate also acts post

transcriptionally. 

Effects of protein kinase C activation were analyzed using the phorbol 

ester, TPA. Although TPA alone had no effect, it decreased the levels of 

cAMP induced mRNA and enzyme activity of llf3-hydroxylase. 

Angiotensin II had similar effects. 

INDEX WORDS: llf3-hydroxylase, 17a-hydroxyiase, gene regulation, IGF-I, 
pseudosubstrate, ascorbate, A-kinase, C-kiriase, TPA. 
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Introduction 

The Physiological Regulation of Steroid llf>Hydroxylase 

The adrenal cortex synthesizes mineralocorticoids, such as 

aldosterone, and glucocorticoids, such as cortisol. These steroids are 

synthesized in the adrenal cortex by the actions of steroid 11(3-hydroxylase, 

steroid 17 a-hydroxylase, steroid 21-hydroxylase, cholesterol side-chain 

cleavage enzyme (SCC), and 3J3-hydroxysteroid dehydrogenase (3J3-HSD). 

The first four of these are cytochrome P450 enzymes. The process that leads 

to the production of the adrenal steroids involves two organelles within the 

adrenocortical cell. In the mitochondria, cholesterol is first converted by 

SCC to pregnenolone, which, in the endoplasmic reticulum, serves as a 

substrate for 3J3-HSD catalyzed production of progesterone. Progesterone 
. { 

serves as a substrate for either 21-hydroxylase to form deoxycorticosterone 

(DOC), or for 17a-hydroxylase to form 17a-hydroxyprogesterone, which is 

converted to 11-deoxycortisol by 21-hydroxylase. Both DOC and 11-

deoxycortisol are shuttled back to the mitochondria, where they serve as 

substrates for 11(3-hydroxylase to produce corticosterone or cortisol, 
. . 

respectively.· -A fy.rther oxidation of corticosterone catalyzed by the 18-

hydroxylase/corticosterone methyl oxidase activity of 11J3-hydroxylase gives 

1 



Figure 1. Pathway of steroid production_in bovine adrenocortical cells 

. (adapted; from Simpson and Wate~an, 1983). 
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rise to aldosterone. The final product that is secreted by the cells is either 

aldosterone or cortisol: these are circulated to other tissues where they 

exert their biological effects (Figure 1). 

3 

The different st_eroids are not produced by every ce~l in the cortex; 

rather, there is a zonation of the cortex in which one zone primarily 

produces one type of steroid (Hornsby, 1985). The mechanism causing this 

zon~tion is not yet und·e!stood, b~t seem~ to. involve -~zonal differences in the 

. levels of several :ker en~yrrl~s, inc,uding. st~rQid iill~hydroxylase, steroid 

17a-hydroxylase, steroid 21-hydroxyl~se, and 3~-hydroxysteroid 
. . 

dehydrogenase (31l-HSD). Thepe··m~y be a long-term regulation of 

expres~ion of the genes for th~ ~~rementioned enzymes, ~ossibly by varying 

levels of activity ·of cyclic AMP-dependent .proteirt Jrinas~ (A-kinase) ~d 
'4 -1- ' ' - . • 

protein kinase C (C~kinas_e), which.could re·sult in\the varying levels of 

enzyrile activity in each zone (Homs~y, 1988). 

Hormone action occurs through two mechanisms which operate at 

different time intervals: short-term actions occur in a matter of minutes 

and either increase the amount of substrate available to the enzymes or 

activate the enzyines, but do not involve the synthesis of new protein. Lo_ng

term, or chronic actions, require hours to·_days before.taking effect-and· 

generally involve new protein synthesis; these effects are important because 

they involve the regulation of gene expression. 1 

The pituitary hormone, adrenocorticotropin (ACTH), acts on the 

adrenal cortex (i) to increase the amount of cholesterol available for 

steroidogen~sis (Hornsby, 1988), and. (ii) to increase the transcription of 

genes for the sterofdogenic enzymes· (John et al., ·1986). ACTH activates 

adenylate cyclase ·to increase intracellular cyclic AMP (cAMP) levels. The 



increased cAMP is believed to regulate the transcription of the 

steroidogenic genes, via A-kinase. There is evidence that the 5' regions ·of 

the steroidogenic genes contain binding sites for cAMP responsive protein 

factors (Parker et al., 1986). 
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However, other second messenger systems, namely protein kinase C 

(C-kinase) or insulin/IGF-1-dependent tyrosine kinases may regulate gene 

expression. Once these kinases have been activated, they may 

phosphorylate trans-acting factors other than those phosphorylated by A

kinase. These intracellular proteins would then serve as messengers to 

bring about cellular responses such as increased transcription. A 

coordinated integration of different second messenger systems and trans

acting factors could cause an increase in the synthesis of all steroids, or 

alternately give rise to the productio~ of different steroids in the different 

zones. 

Clinical Relevance of llJ>Hydroxylase Regulation 

There are a number of clinical conditions in which it is important to 

understand the regulation of llP-hydroxylase. The llP-hydroxyl group is 

necessary for the activity of all biologically active corticosteroids. The loss of 

llP-hydroxylase activity results in reduced levels of cortisol, corticosterone, 

and aldosterone and results in an increase of deoxycorticosterone, a potent 

mineralocorticoid, which causes hypokalemia and high blood pressure, 

and androstenedione, which causes virilization (Neville and O'Hare, 1982). 



In hyperaldosteronism resulting from adrenal hyperplasia or tumor, the 

ability to down-regulate 11~-hydroxylase would be potentially important in 

reducing circulating aldosterone levels. In conditions of decreased 

androgen synthesis, such as those encountered with anorexia nervosa, 

changes in levels of 11~-hydroxylase could cause decreased cortisol 

5 

synthesis. · In one report, it was noted that in anorexic patients who were on 

recovery programs, an increase in plasma IGF-1 levels preceded the 

recovery of plasma cortisol and androgen levels (Winterer et al., 1985), 

which, in light of th.e results presented in. this thesis, could indicate a 

decreased level of.11~-hydroxylase protein in anorexic patients. In insulin-

dependent diabetes mellitus, a lack of insulin or IGF-I may have some 

effect on the levels of steroid hormones produced by these patients; a lack of 

adren~ s~eroids· could be a cause of several chronic complications seen in 

diabetic patients,. such as alteration~~~ the renin-angiotensin system. An 

understanding of the regulation of 11~-hydroxylase could help in treatment 

and management of these and other disorders involving the adrenocortical 

steroids. 

The Use of Cell Culture t.o Study.Adrenal Cytochrome P450 Gene· 

Regulation 

Cell culture has been used as an effective technique in which to study_ 

physiological properties of various agents. Early studies using cell culture 

primarily involved elucidation of steroid pathways. Later studies used cell 
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culture to investigate the maintenance of hormone responsiveness. of cells. 

More recently, cell culture has been used to study the 5' regulated elements 

of specific genes. 

The advent of chemically defined serum-free medium has facilitated 

. the study of a wide spectrum of stimulants which could not be studied 

previously. The experiments which established the ACTH regulation of 

llP-hydroxylase were performed in the· presence of serum. Serum has a 

variable composition and unknown levels of peptide hormones and other 

stimulatory agents. The effects of stim~ants other than ACTH which are 

normally present in serum, such as the angiotensins, insulin, and IGF-I 

can now be examined individually and in determined concentrations using 

serum-free medium. 

Cellular Senescence in Adrenocorti.cal Cell Cultures 

Adrenocortical cell cultures have been used as a model to study· 

aging. Changes in gene expression are observed as cells are continually 

grown in culture. The aging process is thought to involve either a 

malfunction of certain genes or a "switch off' of transcription of certain 

genes required to maintain cellular differentiated function. 

The activity of llP-hydroxylase in cultured cells rapidly declines, 

disappearing within three population doublings. 17a-Hydroxylase has been 

shown to "switch off' at a very slow rate as population doublings occur, 

while 21-hydroxylase activity declines at an intermediate rate (Hornsby et 

al., 1989). It would be of great use to understand the regulation of llP-
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hydroxylase to gain an insight into the "switching" process of 17a

hydro~ylase. , Since both 1 lP-hydroxylase and.17 a-hydroxylase are 

regulated by cAMP, a "switching off' of all cAMP regulated genes together 

would be an explanation. An understanding of llP-hydroxylase and 21-

hydroxylase regulation would indicate whether a "switch" in 17a

hydroxylase is likely to cause a switch in any of the other enzymes. 

In the following experiments, the regulation of llP-hydroxylase was 

studied in detail regarding the sensitivity of its ·enzyme activity and mRNA 

levels to IGF-I concentrations, to various agents that activate Protein 

Kinase A and to internal levels of cyclic AMP. The regulation of llP-

hydroxylase by C-kinase via TPA or angiotensin was also studied. In 

addition, the effects of pseudosubs~rates and an~ioxidants were examined. 

In all cases, the effects of the agents on. llP-hydroxylase were compared 

directly with the effects on 17a-hydroxylase, so as to reveal any similarities 

in the regulation of the two enzymes. Each regulational system studied is 

presented in a· separate. chapter. 



Chapter 1: Regulation of ll~Hydroxylase by Insulin-like Growth 

Fact.or-I and Insulin 

Introduction 

Fibroblast growth factor, angiotensin, thrombin, insulin, and 

insulin-like growth factor type I (IGF-1) increase adrenocortical cell growth 

in culture (Hornsby, 1984). Some of these factors that increase growth also 

have effects on adrenocortical cell differentiated functions (Gospodarowicz 

et al., 1977; Hornsby and Gill, 1977; Simonian et al., 1982). 

Previously, insulin at high concentrations (10 µM) was shown to 

enhance the ACTH induction of 17a-hydroxylase and llP-hydroxylase 

enzyme activities and to have other effects o~ steroidogenesis. Additionally, 

IGF-I at low concentrations and insulin a~ higher concentrations changed 

the pattern of cultured ~ovine adrenocortical cell pregnenolone metabolism, 

consistent with changes in 21-hydroxylase and llP-hydroxylase enzymatic 

activities (Penhoat et al., 1988). While 17a-hydroxylase mRNA levels and 

enzymatic activity ·were increased with ACTH activation of A-kinase, the 

level of enzyme activity, but not mRNA, was lower when insulin was absent 

(Hornsby et al., 1987). The effect of insulin and IGF-1 on the mRNA levels 

8 



of the s~roidogenic enzyme genes have not been reported previously in the 

adrenocortical cell, because experiments which ~tudied the regul~tion of·. 

11(3-hydroxylase and 17a~hydroxylase mRNA in cultured bovine. 

9 

adrenocortical cells · were performed in the presence of serum, and thus in. 

the presence of unknown levels of IG~ and insulin (John et al., 1986; Zuber 
. -

et-al., 1986). With the.-advent of serum-free chemically defined medium, it 

is possible to examine the effects of insulin and IGF-I on the regulation of 

the steroidogenic enzymes. 

Bovine ·adrenal cells are capable of synthe.sizing IGF-t (Penhoat et . 
' . ' -

al., 1989); this IGF-1 may have an autocrine effect on adrenocortical growth 

or maintenance of adrenal cell differentiated function in vivo. The fact that 

the adrenal cells synthesize their OWll IGF leads one to believe that these _ 

peptides exert s~me regulatory _effec~ on, ~lie ~xpres~ion of certain · . 

steroidogenic genes.· 
- . - . 

Insulin and_ IGF-I have been·. shown to regulate the respon~iveness of 

~_drerial cells to these hormone·s. PY regulati~n of ACTH and. A-II receptors 

(Penhoat-et,at,.:~~ 19~8). In the studietf~eported he~e, agents that byi)ass 

ACTH and A-Il pla~ma ll}.embt~e· recepto,rs w~re i{sed to activ~te A- .. 

kinase and- C-kinase. In.this way, possible indirect effects on steroidogenic 

enzymes via changes in plasma membrane receptor number were avoided. 

The effects of IGF~I ~d insulin, in conjunction with the known 

activator cyclic AMP, on both enzyme ac.tivity and mRNA levels for 11~.;; 

hydroxylase were studied. For comparison with 11~-hydroxylase;·the 

regulation of 17a-hydroxylase and 21-hydroxylase were studied. 
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Results 

' . ' 

Seconda~y cultured bovine ad~enocortical cells were prepared as 

described in Methods and incubated in seruIIl-free, defined medium with 

cholera toxin (a potent activator of adenylate cyclase in the adrenocortical 

cell), together with various levels of insulin or IGF-1. The incubation was 

continued· for 36 hours, when cultures were used for the preparation of 

RNA, and for 72 hours when used for _assay of enzymatic activity, 

incubation periods previously found to be optimal for induction (Hornsby et 

al., 1987). 

The enzyme activity of 11~-hydroxylase was assessed by measuring 
' ' 

the conversion of DOC to corticosterone in a two hour period. In the 

absence of IGF-1 or insulin, cholera toxin failed to increase llP-hydroxylase 

enzyme activity significantly (Figure 2). The inclusion of insulin over the 

concentration range of 10 nM to 1 µM, in the absence of cholera toxin, 

caused a dose-dependent increase in llP-hydroxylase activity. The same 

concentrations produced a synergistic response with cholera toxin. 

IGF-I alone at 10 nM increased enzyme activity to an extent 

comparable to that produced by 1 µM insulin and showed no further 

increase at higher concentrations. The addition of cholera toxin resulted in 

a 6-fold enhancement of activity over that produced by 10 nM IGF-1 alone. 

The effects of IGF-1 and insulin on the induction of llP-hydroxylase 

were compared to those on the induction of 17a-hydroxylase. Bovine 

adrenocortical cells were grown and stimulated as described in Methods for 

assay of 17a-hydroxylase activity. In contrast to the induction of llP

hydroxylase, cholera toxin stimulation of 17a-hydroxylase activity was seen 
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in the absence of insulin or IGF (Figure 3). Whereas insulin alone slightly 

increased 17a.-hydroxylase activity, IGF~I alone prod~ced a somewhat 

higher induction. When cholera toxin was added with IGF or insulin, 17 a.

hydroxylase showed no large difference in the level of enzyme activity 

stimulated. Cholera toxin produced a six-fold greater induction than IGF-I 

alone. 

The levels of i1p-hydroxylase and 17a.-hydroxylase enzyme activities 

were compared to levels of mRNA assessed by Northern blot analysis. For 

llP-hydroxylase, a single hybridizing mRNA species was observed in RNA 

from cultured bovine adrenocortical cells, with a size consistent with the 

reported full length llP-hydroxylase mRNA of 4.2-4.3 kb (Chua et al., 1987). 

Larg,er species at 6.2 and 7.2 kb reported in RNA from intact adrenal cortex 

(John et al., 1985), which may represent partially processed forms, were not 

observed in the cul~ured cells, although they were observed in RNA 

preparations from the intact adrenal cortex (data not shown). 

In agreement with the results on enzymatic activity, in the absence of 

insulin or IGF-1 there was no detectable llP-hydroxylase mRNA in either 

the control or cholera toxin-stimulated samples (Figure 4, top) .. Upon 

addition of 10 nM_IGF-I, llP-hydroxylase m.RNA.was clearly detectable and 

was greatly increased by the addition of cholera toxin. · Consistent with the 

data on enzymatic activity, 10 nM IGF-1 gave maximal induction of llP-

hydroxylase mRNA. A higher concentration of IGF-1 (100 nM) produced no 

further increase. Insulin at 100 nM or 1 µM mimicked the effect of 10 rtM 

IGF-I. 



1.2 

The blot wa~ rehybridized with 32P-labelled cDNA for 17a-hydroxy

lase (Figure 4, center). As previously demonstrated (Hornsby et al., 1987), , 

cholera toxin produced a large increase in 17a-hydro~ylase mR~A in the 

absence of IGF or insulin. Unlike 1 lP-hydroxylase, maximum induction of 

17a-hydroxylase mRNA by cholera toxin did not require IGF-I or insulin. 

This is in agreement with the enzymatic activity seen in Figure 3. 

The membrane was rehybridized with 32P-labelled 21-hydroxylase 

cDNA (Figure 4, bottom). Like llP-hydroxylase, the induction of 21-

hydroxylase mRNA by cholera toxin is greatly enhanced by the addition of 

IGF-I or insulin. Like llP-hydroxylase, 21-hydroxylase mRNA was also 

detectably increased by IGF-I or insulin in the absence of cholera toxin. 

Discussion 

This is the first report of an IGF-I requirement for expression of one of 

the adrenocortical steroidogenic enzyme genes, llP-hydroxylase. 

Furthermore, there is evi~ence that 21-hydroxylase mRNA accumulation 

may have a requirement for_ IGF as well. In contrast, 17a-hydroxylase 

expression is not affected by levels of IGF or insulin. Presumably, the 

absolute requirement of IGF-I or insulin for induction o( llP-hydroxylase 

was not _detected previously because of the use of serum-co~taining 

medium. 

Tp.ese data confirm that mRNA levels of the three steroidogenic 

enzyme genes studied here, llP-hydroxylase, 17a-hydroxyla_se, and 21-

hydroxylase, are responsive to increased intracellular cyclic AMP 
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(Waterman and Simpson, 1985). They reveal, however, differences among_ 

the genes past the· stage of cyclic AMP activation_ of cyclic AMP-dependent 

protein kinase, which is thou~ht to m~diate increased transcription. 

Alternatively, IGF and: insulin might act to modulate the level,· activation, 

or activity of _the.cyclic AMP-dependent kina.se pathway. In either c~se, 

these data suggest that the regulation of transcription_by trans-acting 

factors in res-ponse .to cyclic AMP_-might differ ~mong the 11~-hydroxylase,. · 

21-hydroxylase, and 17 a-hydroxylase genes. 

Several genes in other steroidogenic tissues have beep. reported to 
- . ~ . ' 

' - . . .. 

res_pond to IGF and- insulin with increa-sed enzyme activity and 

transcription~ · IGF-I markedly increased the synthesis ofSCC and 

_ adrenodoxin proteins in porcine granulosa -cells (Veldhuis et-al., 19~6).· The 

effects were due to enhanced rates of protein synthesis, r~flecting either 

increased transcription or heigh~ned post-transcri~tional activity such as_ 

stabilization of mRNA species. Although insulin was shown to enhance 
. _- . . . - ,•. : 

P450 aromatase activity in human· endometrial tissue, the high 

concentratio~-~ ofinsulin. required tO-.e~icitth~:~ffec~_led the authors to. 

believe that the IGFs may ·play a role in the regulation of aromatase activity 
~ . - .,_ \ 

(Randolph et al.·, 1987). Indeed,:late~ work s~owed that I~F-I increased 

. both enzyme_ activity and_ mRN A. for aromatase in h~ari: ovarian cells 

--(Steinkampf ~t:al.,.1988). In' cultu~~d rat granulosa,cells-, 'IGF-I syn~rgized 

with follicle stimulating hormone-to induce· aromat~se activity (Adashi et 
. . .-. ·- . . . . .-~ .. - , . 

- ' . . . -

al., 1985). The authors·concluded that IGF-1, which is endogenously made 

in the granulosa cell as well as the adrenal (Adashi et ~l., 1985), may exer~ · 

-an autocrine effect in the granulosa cell by interacting with· granulosa cell 

receptors .to modulate cell grQwth and differentiation. -The IGF-I receptor 



mediated effects- could thus have both short-term_ and long~terni effects. 

The regulatlOn,of U~~hydro~yia;eand 21-hydroxylase is probably a long-

14 

.. term transcriptional regul~tion, and may share some elements co~on to 

SCC and aromatase. _ 

Previously it had·b~en-observed that 11~-hydroxyla~e enzyme activity-· 
- . . - .~. .,• : . . 

.. 

- was- high-·in· dense cultures of human_ adrenc:>~_ortica.1 c_eHs, but lower when 

. cellconfl~ericy~as lower (N!)yill8 alld O'HRre, 1978) .. The present work· 

suggests a possible explanation for this phenomenon. ·If human 

adrenocortical cells also· synthesize IGF-1, the dense pop·wation may be 

exposed to higher concentrations of-IGF-1 that may serve in an autocrine 

fashion to increase 11~-hydroxylase levels._ .Sparse cultures may have lower 

local_con_centrations ofIGF~I·which could cause decreased 11~-hydroxylase 

activity. 

It was noted that the expression of 11~-hydroxylase declines rapidly 

during senescence of bovine adrenocortical cells,. whereas expression of 

17a-hydroxylase persists to much later population doubling levels (Hornsby 

et al., 1989; Hornsby et al., 1989). The difference between the rates of decline 

of expre·ssion of these two genes in senescence may result from the loss of· 

an intracellular factor that is specifically responsive to IGF and has an · 

effect on gene expressio:n. In this case, IGF-1 would be incapable of 
. . 

stimulating 11~-hydroxylase activity, resulting in a decline of this enzyme · 

activity, while 17a-hydroxylase would still be expressed without the IGF 

responsive factor. 
. - . ' 

These data support the concept that many of the reported effects-of· 

insulin in the adrenocortical cell are mediated by the IGF Type I receptor . 

. In the present experiments, when IGF-I was compared to insulin, it was 



noted that one-hundred to one-thousand-fold more insulin was required 

than IGF to achieve the same level of enzyme activity. Effects of IGF 

achieved at 10 nM IGF were not surpassed by 100 nM or 1 µM ~nsulin. 
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These differences are characteristic of insulin effects- mediated via the IGF 

Type I receptor (Roth, 1988). 

Earlier failures to show effects of IGF-I at physiological 

concentrations in cultured bovine adrenocortical cells (Hornsby et al., 1987) 

probably resulted from the use of IGF preparations of low potency. This 

conclusion is supported by reassessment of the potency of IGF-I as 

compared to insulin in the ability to stimulate DNA synthesis in bovine 

adrenocortical cells in culture (C.Y. Cheng, unpublished observations). 

These experiments show stimulation of [3H]-thymidine incorporation into 

DNA by IGF-I at concentrations 2% of those required for insulin; prior 

measurements had shown insulin to be as potent, or more potent, than IGF 

(Hornsby et al., 1989). Both insulin and IGFs have been reported to be 

mitoge:n.ic for bovine and rat adrenocortical cells in culture. 

(Ramachandran and Suyama, 1975; Gill et al., 1977; Simonian and Gill, 

1979; Simonian et al., 1982; Ill and Gospodarowicz, 1982; Li et al., 1983; 

McAllister and Hornsby, 1987; Hornsby et al., 1987). The insulin group of 

peptides synergize strongly with either angiotensin or FGF (Gill et al., 1977; 

Simonian and Gill, 1979). Additionally, there was an acceleration of 

flattening following cyclic AMP-mediated cell rounding in the presence of 

insulin and IGF-I (Hornsby et al., 1989). 

This conclusion does not preclude effects of insulin on adrenocortical 

physiology mediated by the insulin receptor. Receptors for insulin have 

been demonstrated in adrenocortical t~ssue (Bergeron et al., 1980) but the 
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rat adrenal cell was reported to have a large number of receptors for IGF-I 

and relatively few for insulin (Pillion et al., 1988)~ Specific effects of insulin, 

on the function.of the adrenal ·cortex,in vivo have-been demonstrated (Piras 
• · • ..., . i• - •· • ., . 

and Piras, 1972) . 

.In summary, the~e d~ta ,add' to the existing literature indicating 
. . . 

- several important roles for IGF in the adrenal cortex. 



Figure 2. Induction of 11~-hydroxylase enzyme activity by ~holera toxin has 

an absolute requirement for IGF-I or insulin. 

Secondary bovine adrenocortical cell cultures were prepared as 

described in Methods and the cells in~ubated with insulin or IGF-1 at the 

indicated concentrations with or without cholera toxin for 3 days in serum.

free medium. Enzyme assays were performed for 11~-hydroxylase as 

described in Methods. The points represent the enzyme activity levels from 

two replicates, while the bar represents the mean value. (Con: control [no 

IGF-1 or insulin]; CT: 1 nM cholera toxin). 
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· Figure 3. Induction of 17 a-hydroxylase enzyme actiyity is independent of· 

IGF or insulin. 

. Secondary bovine adrenocortical cells cultures were prepared and 

treated as described in Figure 2. 17cx-Hydroxylase activity was measured as 

described in Methods.· The bars represent the values from single 
. ' 

determinations. (Con: control [no IGF or insulin]; ·cT: · 1 nM chole-ra toxin; 

Ins: insulin; IGF: IGF-I). 
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Figure 4. Induction of mRNA synthesis for 11~-hydroxylase and 21-

hydroxylase, but not 17a-hydroxylase, by cholera toxin has an absolute 

requirement for IGF-I or insulin. 

Secondary cultures of bovine adrenocortical cells were prepared as 

described in Methods and incubated with insulin or IGF-I at the indicated 

~oncentrations with or without cholera toxin for 36 hours for RNA 

preparation. (Con: control [no IGF-I or insulin]; CT: 1 nM cholera toxin; 

Ins: insulin; IGF: IGF-I). Northern blotting was performed as described in 

Methods, using 10 µg glyoxylated total RNA. The membrane-bound nucleic 

acids were hybridized with 32P-labeled cDNA for 11~-hydroxylase (top 

autoradiogram), rehybridized with 32P-labeled cDNA for 17a-hydroxylase 

(center), and 32P-labeled cDNA for 21-hydroxylase (bottom). Sizes in kb are 

indicated. 



Chapter 2: Regulation of 11(3-Hydroxylase by Increased 

Intracellular Cyclic AMP 

Introduction 

The stimulatory actions of cyclic AMP on 11~-hydroxylase in primary 

bovine adrenocortical cell cultures have been established at the levels of 

enzyme activity (Hornsby, 1980), mRNA accumulation (John et al., 1985), 

and transcriptiqn of the gene (John et al., 1986). 

Previously, it was reported that several activators of intracellular 

cyclic AMP increase the synthesis of 11~-hydroxylase protein and 

translatable mRNA (Boggaram et al., 1984). ACTH and cholera toxin 

potently induced 11~-hydroxylase whereas PGE2 was less effective. 

However, possible differential effects of these ~ctivators on 11~-hydroxylase 

mRNA levels were not investigated previously. 

There are several agents which can be used to activate A-kinase, but 

they have different mechanisms of increasing intracellular cAMP. An 

equimolar _mixture of cyclic AMP analogs passes through the cell 

membrane and has its effects directly, without activation of adenylate 

cyclase. Each of the analogs specifically binds one of the two cyclic AMP 

binding sites on the receptor subunit of A-kinase,. eliciting a stronger effect 

than using one analog alone. Cholera toxin, a bacterial peptide, ADP-
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ribosylates the membrane bound G
8 

protein, resulting in a continuous 

activation of adenylate cyclase; this leads to increased intracellular cAMP 

levels, causing activation of A-kinase. ACTH, a peptide hormone, binds to 

a cell surface receptor and activates adenylate cyclase through a Gs 

mediated process. Forskolin is a steroid-like compound isolated from the 

Coleus plant; it traverses the cell membrane and binds to the catalytic 

subunit of adenylate cyclase, resulting in-increased cAMP production. 

Prostaglandin E1 activates adenylate cyclase via a cell surface receptor 

which is specific for the E series of prostaglandin. 

In light of the observations that IGF-I had specific effects on llP

hydroxylase, 17a.-hydroxylase, and 21-hydroxylase mRNA levels, it is 

possible that these enzymes differ in their sensitivity to the various agents 

that increase A-kinase activit:y. To pursue this question, enzyme assays 

and Northern blots were used to analyze the effects of cholera toxin, 

forskolin, prostaglandin Ei, Cortrosyn (ACTH) and cyclic AMP analogs on 

the induction of these enzymes. . 

Results 

Bovine adrenocortical cells were grown as described earlier to 

analyze the effects of cyclic AMP activators on enzyme activity as well as 

mRNA for llP-hydroxylase, 17a.-hydroxylase, and 21-hydroxylase. 

llP-Hydroxylase enzyme activity was stimulated by all activators of 

intracellular cyclic AMP (Figure 5, left). Cholera toxin and forskolin were 

the most effective inducers, while ACTH, cyclic AMP analogs, and PGE1 

were less effective. 17 a.-Hydroxylase enzyme activity was induced by all 
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agents. The level of induction between the·best inducer (forskolin) and the 

weakest (PGE1) differed by only 2-fold (Figure 5, center). Forskolin was also 

the most potent stimulus for 21-hydroxylase activity, with cyclic AMP 

analogs and PGE1 being substantially less effective (Figure 5, right). 

N orthem blot analysis showed that all the agents increased the· levels 

of mRNA for 11J3-hydroxylase, but that cholera toxin seemed to be the best 

stimulus (Figure 6, top). 17a-Hydroxylase mRNA was strongly induced by 

all the agents, with the exception that the level induced by PGE1 was 

significantly lower (Figure 6, center). 21-Hydroxylase mRNA, was equally 

stimulated by all the agents (Figure 6, bottom). 

Discussion 

The results obtained from the Northern blots indicate that the 

stimulatory actions of A-kinase activating agents on 11J3-hydroxylase 

enzyme activity result from increases in 11~-hydroxylase mRNA. ·The 

order of potency of the agents in increasing 11J3-hydroxylase mRNA is 

consistent with the order of potency of the agents in increasing enzyme 

activity. However, there was not a linear relationship between mRNA 

levels and enzyme activity, since a weak stimulator such as PGE1 caused a 

lesser increase in enzyme activity than would be expected from the mRNA 

level induced~ _ 

The regulation of 21-hydroxylase was similar to that observed with 

11J3-hydroxylase; there were larger differences in enzyme activity among 

the agents. than was apparent from the mRNA levels. 
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In contrast, 17arhydroxylase mRNA synthesis showed strong 

induction by all agents excep_t PGE1; furthermore, PGE1 was also the least 

effective at increasing enzyme activity. · 

Generally, for-all enzymes, the enzyme activity levels are primarily 

determined by the mRNA levels. However, the non-linear relationships· 

between enzyme activities and mRNA levels: suggest_ th-at A-kin'.ase · 

_ stimulation of these enzymes may be complex, involving bot_h pre- and post- _ 

transcriptional controls. These could be ~ttributable to a variety of events, . 

. sue~ as processing, transport, and turnover of the primary transcript, or 

events during and following translation. 



Figure 5. Differential stimulation of steroidogenic enzyme activities by 

agents that increase intracell~ar cyclic AMP in cultured bovine 

adrenocortical cells. 

Secondary_:cultures of bovine _adrenocortical _cells were prepared as 

described in Methods. Cells wer,~ incubated with agents in serum-free 

medium with 100 nM insulin for· 3 days for induction ·of enzyme activities. 

Enzyme assays and estimation of:c~lt~umber for llf3:-hYd!oxyl~se, 17a.-

hydroxylase,-ail? 21-hydroxylase were perfor;med as described in Methods. 

The levels of enzyme.activity from two.:.:replicates are plotted, while the 

mean is represented by tli~ bar. (Con: control [10·0 nM insulin]; CT: 1 nM 

cholera toxin; cAMP: 1 mM N-6-monobutyryl cyclic AMP and 1 ·mM 8-bromo 

cyclic AMP; Fk: 10 µM forskolin; ACTH: .1 µM ACTH; PGE1: 10 µM 

prostaglandin E1). 
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_ Figure 6. Differential induction of steroidogenic enzyme mRNAs by agents 

that increase intracellular cyclic AMP in cultured bovine adrenocortical 

cells. 

Secondary cultures of bovine adrenocortical cells were prepared as 

described in Methods. Cells were incubated with agents in serum-free 

medium with 100 nM insulin for 36 h6urs prior to preparation of RNA. 

RNA was isolated and 10 µg total RNA per sample were glyoxylated and 

electrophoresed on 1 % agarose and blotted onto nylon. The nucleic acids 

were hybridized with 32P-labeled cDNA for llP-hydroxylase (top); it was 

then rehybridized with the cDNAs for 17a-hydroxylase (center) and 21-

hydroxylase (bottom). (Con: control [100 nM insulin]; CT: 1 nM cholera 

toxin; cAMP: 1 mM N6-monobutyryl cyclic AMP and 1 mM 8-bromo cyclic· 

AMP; Fk: 10 µM forskolin; ACTH: 1 µM ACTH; PGE1: 10 µM prostaglandin 

E1). 



Chapt.er 3: Differential sensitivity of the st.eroid hydroxylases 

to cyclic AMP concentrations 

Introduction 

The experiments presented so far show that there are differences in 

the response of three of the steroidogenic enzymes to the various agents that 

activate cAMP dependent protein kinase. One possible explanation for 

·these differences would be that the agents differ in the levels of intracellular 

cyclic AMP they produce and that each of the three steroidogenic enzyme 

genes studied has a differing dose-response relationship to intracellular 

cyclic AMP levels. In particular, the observation that both 11~-hydroxylase 

and 21-hydroxylase activities were lower when induced with cyclic AMP 

analogs than when induced with forskolin or cholera toxin suggested that 

the concentration of the analogs (N6-monobutyryl cyclic AMP and 8-bromo 

cyclic AMP) was not optimal for induction of these two enzymes. This 

problem was addressed by constructing a dose-response curve for 11~-

hydroxylase enzyme activity to cyclic AMP an~logs and comparing this to 

the enzyme activity of 17 a-hydroxylase, for which the concentration of cyclic 

AMP used had been optimized (Hornsby et al., 1987). 

· A 1:1 mixture of N6-monobutyryl cyclic AMP and 8-bromo cyclic AMP 

was used in these experiments based on studies showing that a mixture of 

an N6 substituted analog and a C-8 substituted analog synergistically 

ai 
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acti~ate cyclic AMP-dependent protein kinase in mammalian cells (Beebe e.t 

al., 1986). The two cyclic AMP binding sites on the receptor subunit of cyclic 

AMP-dependent protein kinase have differing affinities for these two 

classes of analog (Beebe et al., 1984). 

Results 

To compare the sensitivity of induction of l ll3-hydroxylase activity by 

cAMP analogs with that- of 17 a~hydroxylase, secondary cultured bovine 

adrenocortical cells were incubated with.serial-<lilutions of an equimolar 

mixture of the cyclic AMP analogs N6-monobutycyl cyclic AMP and 8-
/ 

bromo cyclic AMP from 1 mM each to 1 µM each. After three days, enzyme 
- -

activities were determined (Figure 7). For both, enzymes, the response_ 

curve was biphasic, _ with a maxi~al response in_ the range of 20-100 µM 

analogs, where_ the :r,espon&e was equivalent to that of cholera toxin. 
,_ -

However, the- decline in response- at.-higher ,con<;entrations- was much more 

marked for_ lll3-hydroxyla~~ th~ for 17a-hydroxylase. 

The experiment -shown in _Figure 7 was performed 1n the presence of 
' -

100 nM insulin before it was 'known that 10 nM IGF-I-was optimal for 11~.; 
" - . ··,-

hydrmcylase. Therefore, ·an ad~ttonal experiment was performed· to_ assess 

the effects of optimal cyclic AMP:·analog concentrations in the presence of 

10 nM IGF-J. The maximally effective concentration of cyclic AMP analogs 

from Figure 7 (27 µM) and the concentration used in the previous chapters 

(1 m.M) were compared in the presence and absence of IGF-1 (Figure 8). As 

with insulin, 27 µM cyclic AMP analogs were maximally effective in 

stimulating both lll3-hydroxylase and 17a-hydroxylase enzyme activities, 



28 

whereas 1 mM concentrations were much less effective for llf3-

hydroxylas·e,·but approximately equipotent with 27 µM for 17a-hydroxylase. 

The level of stimulation at 27 µM cyclic AMP analogs alone was very high 

for 1_7a-hydroxylase, but only slightly above control levels for 11P~ 

hydroxylase, reaffirming the requirement for IGF-I for induction of llf3-

. hydroxylase activity. 

Discussion 

The data from the effects of different concentrations of cyclic AMP 

analogs on llf3-hydroxylase and 17a-hydroxylase have both practical and 

theoretical implications. A practical implication is that the previously used 

concentration, 1 mM of each analog, is not optimal. It was confirmed that 

the lower concentration is maximally effective for both enzymes either in 

the presence of insulin or in the presence of IGF-I. Thus for llf3-hydroxy

lase, the combination of 27 µM cyclic AMP analogs and 10 nM IGF is 

clearly optimal. The level of 17a-hydroxylase induction does not differ 

greatly with cyclic AMP analogs between 27 µM and 1 mM; for 1 lf3-

hydroxylase, however, a drop in activityjs seen at the higher 

· concentrations, both with insulin and IGF-I. Cholera toxin, on the other 

hand, does elicit levels _of activity that are closer to the maximal activities 

observed for both the enzymes. 

It is ·not clear why there is a _decrease in induction of llf3-hydroxylase 

. enzyme activity at higher levels of cyclic AMP. The data from this 

experiment raise the question of whether there may be a down-regulation of 

A-kinase at high levels of cyclic AMP analogs in the cell. It is well known 
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that prolonged exposure to high levels of phorbol esters, activators of protein 

kinase C, causes a down-regulation of C-kinase (Cochet et al., 1986). 

However, there are no comparable reports of down-regulation of A-kinase. 

Most other reports using these analogs have exposure times of minutes to 

hours instead of days. Also, other research has used one analog,, or the 

other, but not both; the use of both causes a synergistic effect on A-kinase 

(Beebe et al., 1986), which could lead to a down-regulation of A-kinase. 

Thus it may also be that the differing responses of 11~-hydroxylase 

and 17a-hydroxylase to various activators of protein kinase A, and their 

differing responses to concentrations of cyclic AMP analogs, are two 

aspects of the same phenomenon. The common mediator in both cases 

could be the final level of activation of cyclic AMP-dependent protein kinase 

over the 36-72 hour period required for increased synthesfa and translation 

of the mRNAs that encode these enzymes. 



- Figure 7. The cyclic AMP sensitivity of 11~-hydroxylase enzyme activity 

differs from that of 17a-hydroxylase. 

Secondary bovine adrenocortical cell cultures were prepared and 

treated as described earlier. Cells were incubated in serum-free medium 

(containing 100 nM insulin) with serial dilutions of an equimolar mixture 

of N6-monobutyryl cyclic AMP and 8-bromo cyclic AMP over the 

concentration range of 1 mM per analog to lµM per analog. Levels of 11~

hydroxylase and 17a-hyclroxylase enzyme activity were assayed and plotted 

as a function of cyclic AMP analog concentration. ·The response to 1 nM 

cholera toxin ( CT) is also shown. 
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Figure• 8.· Low -concentrations of cyclic AMP analogs .. are -':also -niore effective 

in the presence of IGF~I._ 

Secondary bovine adre~oco~ical cell cultures were prepare.d and -

treated as described earlier. Cells were incubated in serum-free medium 

with two dilutions· of an equimolar mixture of N6-monobutyryl cyclic AMP 

and 8-bromo-cyclic AMP with or without 10 nM IGF-1. Levels of 11~

hydroxylase and 17 a-hydroxy lase enzyme activity were assayed~ ( Con: 

._ control [no insulin or IGF]; l<;}F: 10 nM• IGF-1; cA: 27 µM, 1 mM N6-

monobutyryl cyclic AMP and 8-bromo-cyclic AMP). 
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Chapter 4: Effects of Steroid Pseudosubstrat.es on 1113-Hydroxylase 

Introduction 

llP-Hydroxylase in the bovine adrenocortical cell may be inactivated 

by an oxygen-radical mediated process when attempted hydroxylation of 

pseudosubstrate steroids occurs (Hornsby, 1988). Steroids that inactivate 

llP-hydroxyl~se at high concentrations include cortisol,_ corticosterone, and 

androstenedione; aldosterone does not have this effect (Horns~y and 

O'Hare, 1977; Hornsby, 1~80; Crivello et al., 1983). In the presence of 50 µM 

cortisol, llP-hydroxylase activity declined with an accelerated time-course, 

its half-life being 6 hours (Hornsby, 1980). The addition of 5 mM ascorbate 

with the cortisol increased the half-life to 28 hours. Ascorbate therefore 

protects the enzyme and also enhances the stimulation of llP-hydroxylase 

enzyme activity·by cholera toxin (Hornsby et al., 1985). 

Some work on the pseudosubstrate effects of androgens on murine 

17a-hydroxylase showed that androgens were capable of causing a loss of 

17a-hydroxylase protein (Hales et al., 1987). However, these investigators 

also found that, in the mouse, low levels of androgens, which did not elicit a 

pseudosubstrate effect, did suppress levels of mRNA for 17a-hydroxylase. 

Thus, for murine 17a-hydroxylase, androgen precursors have two modes of 

action on 17 a-hydroxylase. First, there is a direct inactivation of the 

32 
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enzyme at high concentrations of androgens which serve as 

pseudosubstrates. Second, there is an apparent decrease in the rate of 

murine 17a-hydroxylase transcription by androgens, presumably acting 

through the androgen receptor~ For rat 11~-hydroxylase, experiments in 

vivo using androgens have also suggested that there may be an effect of 

androgens on expression of llP-hydroxylase mRNA or protein (Brownie et 

al., 1988). These results obtained from in vivo experiments may represent 

either direct or indirect effects of androgens on the adrenal cortex. 

Thus, it is possible that the androgen effect on 11~-hydroxylase could 

be two-fold, a pseudosubstrate effect on the protein as well as a receptor

mediated effect on its mRNA. For ascorbate also, it is possible that the 

enhancement of enzyme activity might occur at the level of transcription, 

rather than a more distal point. To resolve these questions, the effects of an 

androgen pseudosubstrate and of ascorbic acid on the enzyme activity and 

·mRNA levels of llP-hydroxylase were studied using the methods previously 

described. 

Resulta 

It was confirmed that the omission of ascorbic acid from the defined 

serum-free medium used for llP-hydroxylase induction resulted in a lower 

level of cholera toxin-stimulated enzyrile activity (Figure 9). It was also 

confirmed that addition of 10 µM androstenedione depressed the cholera 

toxin-stimulated enzyme activity by 50%. The combination of addition of 

androstenedione with omission of ascorbate did not appear to have any 

different effect from that of androstenedione alone. - - · 
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To investigate whether any of the effects of androstenedione or 

ascorbate were due to changes in 11~-hydroxylase mRNA levels, RNA was 

prepared from cells after incubation with cholera toxin with or without 

androstenedione or ascorbate. Clearly neither the presence of 

androstenedione nor the absence of ascorbic acid causes a decrease in 

cholera toxin-induced 11~-hydroxylase mRNA (Figure 10, top). 

Rehybridizing the blot with cDNA f~r 17a-hydroxylase also showed that 
. . . 

neither treatment decreases mRNA for 17a-hydroxylase (Figure 10, 

bottom). 

Discussion 

The effect_of androgen pseudosubstrates on 11~-hydroxylase enzyme 

activity is at some point after mRNA transcription. The levels of cholera 

toxin stimulated mRNA do not seem to be decreased in the absence of 

ascorbic acid indicating that it also appears to have post-transcriptional 

_ effects on 11~-hydroxylase. Ascorbic acid may possess the capability to bind 

to the 11~-hydroxylase protein at a site close to the site of formation of 

oxygen radicals without interfering with the substrate binding site (Sato 

and Zannoni, 1976). Ascorbate is a powerful antioxidant in biological 

systems and is capable of inhibiting lipid peroxidation (Leung et al., 1981). 

Although ascorbate is a two-electron acceptor, it has a stable one-electron 

oxidized form which may serve as an oxygen radical sink in the 

adrenocortical cell (Hornsby and Crivello, 1983). Thus both agents appear 

to act at some point after transcription of the gene. 



Figure 9. Ascorbic acid and androstenedione effects on induction of 11~

hydroxylase enzyme activity. 

Cultures of secondary bovine adrenocortical cells were prepared and 

treated as described earlier. Cells were incubated in serum-free medium 

with or without 2 mM ascorbic acid (normally present in the medium) 

together with cholera toxin or androstenedione. The levels -of enzyme 

activity from triplicates is plotted as points while the mean is represented by 

the bar. (Con: control [2 mM ascorbate]; CT: 1 nM cholera toxin; AD: 10 

µM androstenedione; Ase: 2 mM ascorbic acid; no Ase: ascorbic acid 

omitted). 
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Figure 10. Neither ascorbic acid omission nor addition of androstenedione 

decreases m.RNA for 11~-hydroxylase or 17cx-hydroxylase. 

Secondary cultu~es were prepared and treated as previously 

described for,preparation of RNA. The blot was hybridjzed with 32P-labeled 

cDNA for ll~~hydroxylase (top) and then rehybridized mth the cDNA for 

17cx-hydroxylase (bottom). (Con: control [2 mM ascorbate]; CT: 1 nM · 

cholera toxin; AD: 10 µM androstenedione; no Ase: ascorbic acid omitted). 
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Chapter 5: Regulation of llf>hydroxylase by Activation of Protein Kinase C 

Introduction · 

The ro~e of protein kinase C in the induction and suppression of gene 

transcription in the adrenal gland has only recently been recognized. C

kinase is normally activated by diacylglycerol generated from 

phospholipase C cleavage of phosphatidylinositol-triphosphate. Phorbol 

esters such as 12-0-tetradecanoyl-phorbol-13-acetate (TPA) are substitutes 

for diacylglycerol aD:d .serve as selective ac;tivators of C-kinase (Kikkawa et 

al., 1983). Previous studies had:_shown that 50 nM TPA in conjunction with 

A-kinase activation was ab~e~to del?ress· all the steroidogenic enzymes by at 

· 1eastfifty percent (Mason ~t-al., 1986). However in later work, it was 

observed tha.t_.the concentration of TP A requireq to inhibit cyclic AMP-
. : - . - . - " 

induced 17 a~hydroxylase 'and sulfotransferase by fifty percent was about 1 . 

nM; this same concentration of TPA produced a three fold increase in cyclic 

AMP induced 3~-hydroxysteroid dehydrogenase activity (3~-HSD) 

(McAllister and Hornsby~ -1988). Cyclic AMP coupled with low doses of TPA 

(a non-physiological inducer) or angiotensin II (A-II), a physiological 

hormone, enhanced 3~-HSD activity; at higher doses inhibition did occur. 

:r1 -



Thus the conclusions drawn from previous experiments (Mason et al., 

198~) were based on doses of TPA that were much too high, and possibly 

even cytotoxic. 

It was therefore necessary to reexamine the effect of phorbol ester 

activation of C-kinase on 11~-hydroxylase activity. Induction of 11~-
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hydroxylase was conducted in the presence of a fixed concentration of cyclic 

AMP analogs and a variable concentration of TP A. After the dose-response 

curve for enzymatic activity was determined, maximally effective 

concentrations of TPA were used to examine the effects of protein kinase C 

activation on 11~-hydroxylase m.RNA by Northern blotting. 

Angiotensin II (A-II) stimulates C-kinase through diacylglyceride 

(DAG) and increased intracellular calcium (Barrett et al., 1988). In the 

adrenocortical cell, A-II increases the flux through the steroidogenic 

pathway and causes a greater secretion of aldosterone. The actual 

mechanism of this effect at the molecular level has yet to be investi_gated; 
'. 

there is a possibility that A-II affects the expression of 11~-hydroxylase 

through C-kinase and/or calcium. A slight stimulation of 11~-hydroxylase 

activity by A-II has been reported (Hornsby, 1980). Since angiotensin is a 

physiological hormone, it is important to understand how this· hormone is 

regulating the expression of 11~-hydroxylase. The secretion of aldosterone 

is known to be under.the-control of the renin-angiotens1n sys,tem. However, 

·_ it is not known whether:this regulation is transcriptional or post

transcriptional. Thus, the effects of the physiological hormone, 

angiotensin, were compared with those of phorbol esters on 11~-

-_____ hy_cfoox-ylaseenzyriieactivity. -
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The effects of A-II were studied in the presence of A-kinase activation 

by cyclic AMP analogs or cholera toxin. Since A-II acts through G 

proteins, results obtained from·experiments studying A-II effects during 

A-kinase activation may be affected by changes in adenylate cyclase 

activation. Thus, dose-response curves for the action of A-II on 11~-

hydroxylase activity were determined either in the presence of cholera 

toxin, or cyclic AMP analogs, which bypass events at the plasma 

membrane to activate A-kinase. 

Results 

To determine the effect ofTPA._on ll~~hydroxylase· activity, secondary 
- . . ' - . 

bovine adrenocortical-cells were incubated with ·serial dilutions of TPA 

from 0.03 nM to 10.0 nM in the presence or absence of lmM cAMP analogs. 

After three days, enzyme activitiefwere determined (Figure 11). In the 

absence of.cAMP stimulation, TPA had very little· effect o·n,'the basal enzyme 

activity. Dramatic effects of TP A_ were seen ifr t~e presence of cAMP. As 

the concentration of TPA increased; the cAMP~stimttlated level of 1113-

hydroxylase declined linearly, reaching a minimum at 3 nM TPA. There 

was a depression of approximately fifty percent at this level of TP A. 

The effect of angiotensin on 1113-hydroxylase activity.was determined 

_by usi~ primary bovine a~renocortical cells; the cells were incubated with 

serial dilutions of A-II from 10 nM to 10 µM-in the presence or absence of 

either 1 mM cAMP analogs or CT. After three days, enzyme activities were 

determined (Figure 12). In the absence of stimulation by- either cAMP 

analogs or CT, A-II had no effects on the basal enzyme activity. In the . 



. presence. o_f either cAMP analogs or CT, A-II ca_µs~d a' iinear decline of 

enzyme activity as its concentr~ticin increas~d. ::: The ·cAMP-stimulated 
. . . . . . 

enzyme activity reached· a minimum at 1 µMA-II, with a fifty percent 

depression of enzyme activity. 
? 
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To investigate ·whether the effects of protein kinase C ·activation were· 

through changes in 11~-hydroxyl~se mRNA levels, RNA was prepared 

from cells after incubation with cyclic AMP analogs with··or witho_ut .TPA. 
~ 

A concentration of 3 nM TPA suppressed the increase in 11~-hydroxylase 
.. - -

mRNA seen with cyclic AMP·(Figure 13, top). Rehybridizing the blot with 

cDNA for 17a-hydroxylase also showed that TPA treatment decreases 
' . . 

mRNA for 17 a-hydroxylase, a·s. previously reported (Hornsby et al., 1987) 

(Figure 13, bottom). Northern blots using·A-II at 10 µM also showed a 

depression of cyclic AMP-stimulated 11~-hydroxylase mRNA and 17a

hydroxylase mRNA (not shown) which aJso reaffirmed that the effects of 

A-II, like TPA, are on 11~-hydroxylase mRNA levels .. 

Discussi on. 

The activation of C-kinase by phorbol ester ·appears. to have little effect. 

on basal 11~-hydroxylase activity or mRNA in adrenal cells. The effects of 

TPA on cyclic AMP stimulated enzyme activity are· much more 

pronounced. · Increasing levels of TP A depress the levels of 11~-.hydroxylase 

enzyme activity. This result is similar to.that obtained for the effect ofTPA 

on cyclic AMP-stimulated 17a-hydrox;ylase repo~ted-previoU:sly (Homsbyet 

al., 1987; McAllister and Hornsby, 1988). The effects of_TPA on mRNA for 
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both 11~-hydroxylase ~d 17a-hydroxylase showed the decrease in enzyme 

activity is directly related to a decrease in the level of mRNA. 

The effect of A-II closely mimics the effect of TPA on 11~-hydroxylase 

induction. This relationship reaffirms that the effects due to TPA, a non

physiological agent at nanomolar concentrations, were not cytotoxic effects, 

because the· effects were duplicated by a physiological hormone. 

Angiotensin, as dtscussed above, activates C-kinase as does TPA, so it 

would be expected that their effects on the ·depression of cyclic AMP 

stimulated enzyme activity should_be similar. 



Figure 11. TPA depresses induction of 11~-hydroxylase enzyme activity. 

Secondary bovine adrenocortical cell cultures were prepared and 

treated as described earlier. Cells were incubated in serum-free medium 

with or without 1 mM_ N6-monobutyryl cyclic AMP and 1 mM, 8-bromo-cyclic 

AMP .. For each concentration of TPA, enzyme activities-both in the 

presence and-absence· of cyclic AMP analogs were determined in duplicate 

and are plotted. Control values were determined in six replicates. The solid 

lines connect the mean values. 
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Figure 12. Angiotensin II suppresses 11~-hydroxylase enzyme activity. 

· Primary bovine adrenocortical cell cultures were· prepared as 

described in Methods and were treated as desctjbed earlier. Cells were 

incubated in serum-free medium with or without_ 1 mM. N6-monobutyryl 

cyclic AMP and 1 mM 8-bromo-cyclic AMP or 1 nM cholera toxin. For each 
.. 

concentration of TP A, enzyme activities in the presence· or absence of cyclic 

AMP analogs or cholera toxin were determin~d and are plotted. The solid 

lines connect the mean values .. · 
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Figure 13. TPA depresses levels of 11J3-hydroxylase mRNA as well as those 

of 17a.-hydroxylase. 

Secondary cultures were prepared and treated as previously 

described for preparation of RNA. ·The blot was hybridized with 32P-labeled 

cDNA for 11(3-hydroxylase and then rehybridized with the cDNA for 17a.-

hydroxylase. (Con: control [16 nM insulin]; cAMP: 1 mM N6-monobutyryl 

cyclic AMP and 1 mM 8-bromo-cyclic AMP; Tl?A: 3 nM TPA). 
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Conclusions and Summary 

These results have helped to elucidate the regulation of steroid 11~

hydroxylase at a:molecula~:-lev~l. ·_ Pretjou~ly, it-was.known that the 
' . . :" ' . 

enzym~ activity is' stimulated by ACTH. This thesis has built on that 

-original observation- and sho~ni several other agents that are regulators of 

the expression of this enzyme .. 

. ·. . . : . . ' 

I. IGF-I is~ crucial fact.qr that is ~~quired for the ade_quate expression of 

11~-hydroxylase, and to some extent, 21-hydroxylase. Without IGF or 

insulin, cyclic AMP induction of these enzymes is not possible. 

II. ln the presence of low IGF or high insulin, all the A-kinase activators 

induce both enzyme activity and-mRNA levels to some extent, although -

PGE1 is a weaker effectorthanthe others. 

III. The level of intracellular cyclic AMP is crucial to the induction of 11~-· 

hydroxylase, whereas 17a-hydroxylase does not appear to be sensitive to 

high levels of cyclic AMP. Thus 11~-hydroxylase is more sensitive to the 

level of A-kinase activation than 17a-hydroxylase. 

45 
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IV. The effects of pseudosubstrates and ascorbic acid on the activity of 11~

hydroxylase appears to occur at a site distal to mRNA accumulation. 

Although there is not an absolute requirement for ascorbic acid for 

induction of enzyme activity, optimal enzyme activity is not achieved in its 

absence. 

V. The activation of C-kinase by either TPA or angiotensin II in the 

absence of cyclic AMP does not appear to induce 11~-hydroxylase enzyme 

activity or m.RNA levels. These agents do, however, strongly modulate the 

activation achieved by cyclic AMP activation. 

In summary, this research adds to the prior knowledge on the 

regulation of 11~-hydroxylase m.RNA ·and enzyme activity in the 

adrenocortical cell by adding the regulatory properties of the IGF/insulin 

and protein kinase C systems onto the established regulation by cyclic 

AMP, as well as clarifying some of the effects of different activators of 

intracellular cyclic AMP. These results also provide insight into the 

regulation of both 21-hydroxylase and 17a-hydroxylase, and may elucidate a 

mechanism which explains the differential decline of steroidogenic enzyme 

activities as cells are aged in culture. 



MATERIALS AND METHODS 

. Cell Culture 

The preparation and storage of primary cells were carried out as 

previously reported (Hornsby and Gill, 1977). Vials of cells were thawed, 

diluted, and plated into fibronectin coated plates in 44% Dulbecco's 

Modified Eagle's Medium (DME) and 44% F-12 nutrient medium (both from 

Gibco). with 9_% Horse Serum (Sigma), 2% Fetal Bovine Serum (Armour 

Pharmaceutical Co~), 0.9% FGF, 0.1 µg/ml Insulin, 0.005% Fungi.zone, 1% 

Penicillin/Gentamicin, ~O nM selenium, 1 µM·vitamin E, and 2 mM 

a~corbate. Cells were maintained in this medium, with periodic changes to 

fresh medium every two· days. · Prior to induction, the cells were switched 

to serum-free defined medium [described above except for lack of sera and 

additi9n of 50 µg/ml BSA (Sigma)]. The cult.ures were maintained in a 

. humidified incubator at 37°C containing 90% N2, 5% 0 2, and 5% CO2• At 

times when IGF-I was used it was obtained from Imcera (human 

recombinant IGF-I reconstituted in 10 mM sodium .acetate buffer). 

Enzyme Induction 

Enzyme induction was carried out in defined medium, so that factors 

in serum which could alter the results were not presen~. Cells were used at 

47 
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a density of 105 cells per 2 cm2 well. The inducers were added in serum

free medium. The length of exposure to the inducers was 36 hours if the 

cells were to be used for RNA isolations, or 3 days if the enzyme activity was 

to be measured. In the latter case, the induction medium was removed 

after the 3 days, and medium containing the substrate was added to the 

cells for 2 hours for 11~-hydroxylase and 21-hydroxylase assays, and 1 or 2 

hours for 17a-hydroxylase assays. For measuring 11~-hydroxylase activity, 

10 µM deoxycorticosterone is used as the substrate; for 17a-hydroxylase 

activity, 10 µM progesterone is used; for 21-hydroxylase activity, 10 µM 21~ 

deoxycortisol is used. The cells were incubated with the substrate for 1 or 2 

hours, after which the medium was removed and extracted with methylene 

chloride, and the cells were trypsinized for estimation of cell number using 

a Coulter counter. 

Enzyme Activity A.says 

Enzyme activity was assayed by HPLC of the steroid products isolated 
r 

from the media. The isolated products were loaded onto the HPLC in 20% 

methanol in water, and a methanol gradient from 20-100% was used over a 

time period of ·27 minutes, which gives an adequate separation of the 

products. The products were detected by UV absorbance at 240 run, and 

identified by comparison with _retention times of known standards. The 

· peaks were integrated and percent conversion of the substrate was 

calculated by a computer aided plotting function. Percent conversion is 

defined as (peak area of product/total peak area) x 100. 
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Quantitation of Cell Number 

Cell number was m~asured by removing the cells from dishes by 

incubation with calcium-magnesium-free PBS containing 0.05% trypsin 

and 0.025% EDTA for 1-2 min at room temperature. Cells were then diluted 

into an isotonic buffer and immediately counted in a Coulter Counter 

(Model ZBI). 

Isolation-of RNA from Cultured Cells 

Secondary Bovine Adrenocortical cells (SBACs) were plated into 10 

cm plates and all~wed to_ grow_in serum-containing medium to a density of 

-107 cells per plate. At this· point, the cells were transferred t~ serum-free 

medium containing the stimulant for a period of 36 hours. After this 

period, the cells were lysed in RNAzol obtained from Cinna/Biotecx 

Laboratories. (phenol, guanidinium isothiocyanate, and J3-mercaptoethanol) 

according to:the manufacturer's protocol. After a chloroform extraction 

and an isopropanol precipitation, the purified RNA pellets were stored in a 

suspension of sarkosyl, ~-mercaptoethanol, ammonium acetate, and 

ethanol at -60°C. Quantitation of recovery was based on fluorometric 

determinations of ethidium. fluorescence of the samples with a standard 

· level of fluorescence of a known amount of calf liver RNA. 

Bacterial Transformation and Plasmid Preparation 

The pf311-9 plasmid, a generous gift from P. White, has been fully 

characterized and documented (Chua et al., 1987). It was used to 

transform competent RR-I cells following standard protocols (Mania~is et 

al., 1982). · The plasmid confers ampicillin resistance, so any bacterial 
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colony that grew on ampicillin plates contained the plasmid. One such 

colony was used for amplification and isolation of p~ll-9. The amplification 

wa~ done according to a standard protocol (Maniatis et al., 1982). Isolation 

of plasmid was performed using a pZ523 plasmid isolation column (5 Prime 

-> 3 Prime, Inc.) following the manufacturer's protocol. The plasmid is 

stored as a TE/ammonium acetate/ethanol suspension. Its identity was 

confirmed by an EcoRI digest which generated the proper sized fragments, 

3.2 kb for the insert, and 2.8 kb for the remaining plasmid. 

Isolation of the 1113,-Hydroxylase cDNA Insert 

Several methods of isolating the 3.2 kb cDNA encoding 11~

hydroxylase out of the 6.0 kb plasmid have been employed, including NA45 

paper DNA extraction from regular agarose, electroelution of DNA out of 

· agarose, and isolation of DNA in low melting point agarose. Of these 

methods, the first two methods gave very small yields and/or contamination 

of the insert. The low melting agarose method seems to be the simplest, 

cleanest, and most productive method currently available, especially since 

the agarose (Seaplaque Agarose, FMC Bioproducts) is compatible with 

oligolab_elling reactions and contains no inhibitors of Kienow polym~rase. 

The p~ll-9 plasmid was digested with EcoRI for 12 hat 37°C to liberate the 

-3.2. kb cDNA. The digest was then precipitated by ethanol, dried, and 

redigested for 6 hours by Dral, which cleaves the remaining 2.8 kb plasmid 

i~to two smaller fragments with sizes of 1..8 kb and LO kb. A 1.0% low 

melting gel with 0.01% ethidium.bromide was prepared using TAE buffer 

(40 mM Tris base, 1 mM EDTA, pH to 8.2 with glacial acetic acid). The 

digest was electrophoresed for 100 min. at 35 Vat 4°C to giv~ an adequate 



separation betwee~ the plasmid fragments and the insert. The insert

containing gel was then excised and diluted 1: 1 with water; after a 

preliminary melting to make a homogeneous s·olution, the insert was 

stored at -60°C and used for labelling reactions. 

SCJp.4belling of cDNA Inserts 

Radioactive· probes were produced. using the technique of 

oligolabelling fo-Uowing·Pharma~ia's protocol. Usually, 50 ng of DNA_is 

· labelled using 50 µCi of [a.-~2P]-4CTP, the Klenow fragment from E. coli, · 

and oligoriucleotide primers. After a 30% incorporation of radioactivity 
. . . . 

was detected by•scintillation counting, the labelling was stopped and the 
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- probe was purified through .a Biospin chromatography column (Bio-Rad) . 

. Gel Electrop~resis Qf Denatured RNA· 

Equivalent amounts of RNA were pelleted- and then_ glyoxylated in 

DMSO at 50°C for 1 hour (Anderson and Young, 1-985). A 1% agarose gel in 

10 mM phosphate buffer was prepared, and the samples were_ loaded with 

HindIII digested lambda_ DNA as a marker in one of the lanes. The 

minigels were run at 5 V/cm gel length (usually about 100 mA) for about 3 

h, vlith a change of buffer every hour. 

Northern Transfer t.o Nylon Membrane -

Gels were blotted onto nylon membrane (Pall Biodyne) using a 

modification of E. M. Southem's method. The RNA was blotted in 20xSSC 

for 3 days to ensure the transfer of large molecular weight RNA species. 
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After transfer., the membrane was baked for 1 hour at 80°C to bind the RNA 

to the nylon. 

Northern Prehybridimtion, Hybridimtion, and Aut.oradiograpby 

Northern prehybridization was done in the presence of formamide 

. and Denhardt's solution. In order to decrease -background hybridization, 

sheared and denatured salmon sperm DNA and E. coli tRNA were also 

included in the prehybridization which was carried out at 50°C for 1 h 

followed by at least 2 h at 42°C. The hybridization solution is much like the 

prehybridization with the addition of 10% sodium dextran sulfate to . 

· increase the probe's concentration [by decreasing the volume the probe can 

occupy].· The prehybridization solution was discarded and replaced by the 

hybridization mix containing the probe at a minimal concentration of 50,000 

cpm/cm2 of membrane. Hybridization was carried out at 42°C overnight. 

This was followed by 3 low stringency washes (2xSSC, 0.1% SDS) at room 

temperature and 2 high stringency washes (0.lxSSC, 0.1% SDS) at 50°C. 

Membrane hybridization was visualized by exposing the membrane to 

autoradiographic film (Ko~ak X;Omat AR) at -60°C with two Cronex 

intensifying screens (Dupont). Afterwards, the autoradiograph was 

deve~oped. 
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