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Introduction 

A. 21-Hydroxylase in the pathway of adrenal steroid biosynthesis 

There are four distinct cytochrome P450 enzymes for adrenal steroid biosynthesis: 

side-chain cleavage enzyme (SCC), 17a-hydroxylase, 21-hydroxylase, and 11~

hydroxylase, which, together with 3~-hydroxysteroid dehydrogenase (3~HSD), 

synthesize cortisol, the primary glucocorticoid. 

In adrenocortical cells, cholesterol is first converted by SCC to pregnenolone which 

is further modified to 17a-hydroxypregnenolone by 17a-hydroxylase. 17a

Hydroxypregnenolone serves as the substrate of 3~-HSD to form 17a

hydroxyprogesterone, which is converted by 21-hydroxylase to produce 11-deoxycortisol. 

Finally, 11-deoxycortisol is converted to cortisol, the primary glucocorticoid, by 11 ~-

hydroxy lase. 

Like other cytochrome P450 enzymes of the adrenal cortex, 21-hydroxylase is a 

cyclic AMP-inducible protein (Waterman and Simpson, 1985). In primary cultures of 

human adrenocortical cells, 21-hydroxylase, like 3~-HSD, 17a-hydroxylase, andDHEA 

sulfotransferase, is strongly dependent on ACTH, increasing 20-fold after 48 hours of 

ACTH treatment (Hornsby and Aldern, 1984;). Addition of ACTH or cyclic AMP analogs 

to cultured bovine adrenocortical cells, or administration of ACTH to animals, results in 

induction of the enzyme by a process involving increased transcription of the 21-

hydroxylase gene (Purvis et al., 1973; John et al., 1986). 

The mode by which ACTH, via cyclic AMP, causes induction of the steroidogenic 

enzymes has not been fully elucidated. Nuclear run-off experiments show that increased· 

intracellular cyclic AMP increases the rate of transcription of the steroidogenic enzyme 

genes and that the increase in transcription accounts for the majority of the elevation in 

levels of the mRNA and of the enzyme protein (John et al., 1986). Involvement of cyclic 

AMP-dependent protein kinase in 21-hydroxylase in~uction is shown in experiments using 

Yl cell (Kin) mutants with impairment of cyclic AMP-dependent protein kinase activity; 

they show poor induction of transfected 21-hydroxylase (Parker et al., 1986)._ 

An enhancer element was identified, by Parker's group, within the sequences from 

230 to 150 base pairs upstream of the transcription initiation site, which contains the 
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information for cell-specific. and hormonally regulated expression, and this expression 

requires the integrity of cAMP-dependent protein kinase (Handler et al., 1989). 

Comparisons of the murine 5' flanking sequence between 210 and 170 base pairs with 

those of the human and bovine 21-hydroxylase genes revealeda 40-base pair region that is 

highly conserved among all three species (Parker et al., 1986). 

Other intracellular messenger systems may coordinately regulate the synthesis of 

some of the steroidogenic enzymes in conjunction with ACTH and cyclic AMP-dependent 

protein kinase (A-kinase). There are many examples of protein kinase C (C-kinase) effects 

paralleling A-kinase effects; this overlap of intracellular regulatory systems has been termed 

synarchic messengers (Rasmussen et al., 1984). In cultured human adrenocortical cells, 

3b-hydroxysteroid dehydrogenase is induced by both the A-kinase and the C-kinase 

systems (McAllister and Hornsby, 1988; Hornsby, 1988). In many cells, activation of C

kinase results in the transcription of a set of genes (e.g. A, B, C, D, E), which might 

overlap the set of genes (e.g. C, D, E, F, G) induced by A-kinase (Angel et al., 1985; 

Rabin et al., 1986). There may be specific regulatory sequences in the 5' regions of those 

genes which respond to the C-kinase (Elsholtz et al., 1986). 

Previous work in our laboratory has established that the two intracellular second 

messenger systems, cyclic AMP (acting through cyclic AMP-dependent protein kinase) and 

diacylglycerol (acting through protein kinase C) are involved in the regulation of the 

steroidogenic enzymes. For example, cyclic AMP increased 17a-hydroxylase mRNA and 

enzyme activity, but 12-O.:.tetradecanoylphorbol-13-acetate (TPA), which was used as an 

activator of protein kinase C, inhibited the induction of the enzyme by cyclic AMP 

(McAllister and Hornsby, 1988). 

The regulation of 21-hydroxylase by these two intracellular second messenger 

systems has not been investigated, with the exception of one report, by Waterman's group, 

that 10~250 nM TPA lowered ACTH-stimulated 21-hydroxylase activity in cultured human 

adrenocortical cells (Mason et al., 1986;). They found that ACTH-treated human fetal 

adrenal neocortex cells secreted amounts of cortisol 10-50 fold greater than basal secretion; 

TPA (250 nM) addition with ACTH decreased cortisol secretion at least 75% on days 2 and 

3 of treatment. The decreased cortisol secretion correlated with decreased amounts of 21-

hydroxylase and other steroidogenic enzymes. They concluded that, in the presence of 

ACTH, TP A chronically inhibits both cyclic AMP synthesis and cyclic AMP-dependent 
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protein kinase action with resultant decreased steroidogenic enzyme synthesis and steroid 

production. 

The development of a specific cDNA probe for bovine adrenal 21-hydroxylase has 

accelerated the investigation of the regulation of 21-hydroxylase gene expression. Using 

an immunological screening tactic, P. White's group cloned a small 486 base pair fragment 

of bovine P450c21 cDNA (White et al., 1984). Based on White's sequence;W. Miller 

cloned the bovine P450c21 gene and demonstrated that there are two P450c21 genes in 

cattle. Sequencing of the entire gene showed that lt is 3447 base pairs long and is divided 

into 10 exons and 9 introns (Chung et al., 1985; Chung et al., 1986). At the same time, 

two other groups cloned bovine P450c21 cDNA. One of these, while not full length (1.7 

kb), was identified in a bovine adrenocortical cDNA libr~ by Waterman's group (John et 

al., 1986). The other cDNA, a full length clone, was cloned by Fujii-Kuriyama's group 

(Yoshioka et al., 1986), and has numerous differences compared with Miller's full length 

bovine P450c21 cDNA, including a 121 base 5' untranslated region and several nucleotide 

differences resulting in two amino acid differences. It is still not clear whether both 21-

hydroxylase genes are active, although there are two species of 21-hydroxylase mRNA 

shown on Northern blots of bovine adrenal RNA at 2.3 and 2.0 kb (John et al., 1986). 

For the study of the regulation of 21-hydroxylase, there is a need for a model cell 

culture system in which the gene is expressed and in which expression is regulated by 

second messenger systems. Other investigators have not established model cell systems in 

which 21-hydroxylase mRNA and enzyme activity are both regulated. In particular, M. 

Waterman's group used cultures of primary bovine adrenocortical cells grown in serum-
, 

containing medium. In these cells, the level of 21-hydroxylase mRNA and the amount of 

immunopr~cipitable 21-hydroxylase protein were increased by ACTH, but 21-hydroxylase 

enzyme activity was unaltered despite the changes in mRNA and protein (Funkenstein et 

al., 1983; John et al., 1986). 

The mouse adrenocortical tumor cell line, Yl, has been used extensively in 

investigations of adrenocortical regulation in culture. However, the Yl cell lost the· 

expression of 21-hydroxylase at an early point in the development of the line (Szyf et al., 

1989). The Yl cell has been transfected with the human or mouse 21-hydroxylase.genes, 

the treatment of which with ACTH increased 21-hydroxylase mRNA levels by up to 10-

fold, thus mimicking the observed effect of this hormone on 21-hydroxylase levels in 
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primary adrenal cultures (Parker-et al., 1985). K. Parker's group also found that the 21-

hydroxylase gene was poorly expressed and poorly regulated by ACTH when the 21-
1 

hydroxylase gene was transfected into a Yl mutant harboring a defective cyclic AMP-

dependent protein kinase, or when DNA constructs that contained fewer than 230 base 

pairs in the 5' flanking region of the gene were transfected into Yl cells (Parker et al., 

1986). However, the transfected Yl cell only shows how the transfected human or mouse 

21-hydroxylase gene is regulated by ACTH, which might not exactly reflect the regulation 

of the endogenous 21-hydroxylase gene. Thus, it is very necessary to study the regulation 

of the endogenous 21-hydroxylase gene. In this study, I used bovine adrenocortical cells 

and studied the regulation of the endogenous 21-hydroxylase gene by second messenger 

systems. 

B. Significance of 21-hydroxylase gene regulation 

There are two major reasons for my studying the regulation of 21-hydroxylase gene 

expression by second messenger systems. First, 21-hydroxylase deficiency is the most 

common congenital disorder affecting the adrenal glands in humans, and there are still 

some features about this disease remaining unclear. Second, the study of regulation of the 

21-hydroxylase gene is the first thing we have to do to investigate the effects of cellular 

senescence on the 21-hydroxylase gene. 

There are many forms of 21-hydroxylase deficiency. However, they all have some 

features in common. There is always some degree of impairment of 21-hydroxylation in 

the zona fasciculata-reticularis of the adrenal cortex, So that 17a-hydroxyprogesterone is not 

converted to 11-deoxycortisol. Low cortisol production causes ACTH levels to increase, 

resulting in overproduction and accumulation of cortisol precursors, particularly 17a-

hydroxyprogesterone in the adrenal cortex. Peripherally, androstenedione is converted to 

testosterone resulting in various degrees of virilization (Hornsby, 1988). 

The possibilities for the molecular basis of the various forms of 21-hydroxylase 

deficiency include: 1) a deletion of all or part of the gene; 2) an alteration in the primary 

sequence of the gene, resulting in the production of no protein or of a protein with altered 

properties; or 3) an alteration in the upstream regulatory portion of the gene, leading to 

altered regulation of transcription. Most cases of 21-hydroxylase deficiency do not have a 
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complete lack of 21-hydroxylase enzyme activity in the adrenal cortex. A genetic 

abnormality in the regulatory region, other than deletion, must be responsible. Also, in 

mostcases, the enzyme appears to be selectively lacking from the zona fasciculata

reticularis which is responsible for glucocorticoid and androgen secretion, but present, to 

some extent at least, in the zona glomerulosa which is responsible for mineralocorticoid 

secretion (Stoner et al., 1986). It is necessary in these forms of the disease, comprising the 

majority of cases of 21-hydroxylase deficiency, to find an explanation for the distribution 

of the enzyme in the adrenal cortex (Stoner et al., 1986). 

In this study, the regulation of 21-hydroxylase gene expression was investigated. 

If this study could reveal how the 21-hydroxylase gene is regulated by two second 

messenger systems, it might help to explain why there is no complete lack of 21-

hydroxylase enzyme,activity in some forms of21-hydroxylase deficiency and the abnormal 

distribution of 21-hydroxylase in the adrenal cortex. 

In cellular aging of adrenocortical cells in culture, it was found that when primary 

bovine adrenocortical cells went through many passages, the 17a.-hydroxylase gene 

switched off in some of the cells. The activities of 21-hydroxylase and 11 ~-hydroxylase 

also declined in a continually growing culture_, with even faster rates (Hornsby et al., 

1989). If the switching-off process involves changes in trans-acting factors, other 

steroidogenic genes might be affected. However, much less was established about the 

basic regulation of 21-hydroxylase in comparison to 17a.-hydroxylase. Therefore it was 

first necessary to establish the conditions for regulation of 21-hydroxylase enzyme activity 

and mRNA levels. This information can then be used to study the effects of cellular 

senescence on adrenocortical cells in culture. 
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Results 

When I investigated the regulation of 21-hydroxylase by second messenger systems 

at both the mRNA and enzyme levels, I established a model cell system in which the gene 

is expressed and in which the expression is regulated by second messenger systems. 

In my model system, cell culture techniques were used. The advantage of using 

cell cultures is to have relatively well defined study conditions so that it is possible to obtain 

more reliable results. It is also easier to isolate RNA and to do enzyme assays from the 

cultured cells. 

The bovine adrenal glands were obtained from the local slaughter house. The 

adrenal cortices were separated from their capsules and medullas, then they were pooled 

together and chopped into small fragments. The small fragments were digested with 

collagenase and deoxyribonuclease into single cells, which were frozen until required for 

experiments. 

Secondary bovine adrenocortical cells (SBA Cs), instead of primary bovine 

·adrenocortical cells (PBACs), were used in this model cell system, because a large amount 

of SBACs were needed, since both RNA isolation and enzyme assays need to be done at 

the same time. Thus, PBACs were plated at the beginning with proper density followed by 

subculture to SBACs with a 1 to 5 split ratio. Tertiary bovine adrenocortical cells (TBACs) 

could not be used in this model system, because 21-hydroxylase activity decreased when 

the cells went through the passages from PBACs to TBACs. 

When SBACs reached 95% to 100% confluence, they were stimulated with either 

cyclic AMP or TP A or the combination of both cyclic AMP and TP A under 36 hours 

serum-free condition for RNA isolation, and 24 hours serum-free condition followed by 48 

hours serum-containing condition for enzyme assay. 

As mentioned previously in the introduction, M. Waterman's group used serum

containing medium through the whole experiment (including the cell plating, cell growth, 

and gene induction). Since I thought that there may be substances present in the serum 

which could affect .the level of 21-hydroxylase mRNA or enzyme activity, I used defined, 

serum-free medium for gene induction. For RNA studies, serum-containing medium was 

changed to defined, serum-free medium when the cells reached 95% to 100% confluence 

for 36 hours with or without the stimulus. For the enzyme assay, I found that cells gave 
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higher 21-hydroxylase activity when the serum-containing medium was changed to 24 

hours defined, serum-free medium followed by 48 hours medium in the presence of serum, 

than when changed to 72 hours defined, serum-free medium. Therefore, for the enzyme 

assay, defined, serum-free medium was partially used. However, 21-hydroxylase activity 

behaved qualitatively the same whether I used 24 hours defined, serum-free medium 

followed by 48 hours serum-containing medium, or 72 hours defined serum-free medium. 

Cyclic AMP instead of ACTH was used in this model system since it is the activator 

of A-kinase. It was added as 1 mM N6-monobutyryl-cAMP and 1 mM 8-bromo-cAMP, 
\ 

because there are 2 different sites on the receptor subunit of A-kinase that show preferences 

for these two cyclic AMP analogs (Beebe et al., 1984). Adding the two analogs together 

therefore.insures the maximum stimulation of A-kinase. 

For the 21-hydroxylase enzyme assay, I incubated the cells with serum-free 

medium containing 10 mM 21-deoxycortisol (21-d.F) for 2 hours (Hornsby, 1982). 

Product ( cortisol, F) was separated from the precursor steroids by HPLC. 17 a-

Hydroxyprogesterone, the natural substrate for 21-hydroxylase was not used in this assay 
because it is also a substrate for C17 ,20-lyase, producing androstenedione. Sine~ there 

would then be two enzymes competing for 17 a-hydroxyprogesterone, it would be difficult 

to determine 21-hydroxylase activity. 21-dF is not the natural substrate for 21-
hydroxylase, but it is not a substrate for C11,20-lyase. 

A. The regulation of 21-hydroxylase gene by cyclic AMP with high basal 

21-hydroxylase mRNA level and enzyme activity in cultured bovine 

adrenocortical cells. 

Previously, Waterman's ·group showed that ACTH (binding to the receptors on the 

cells and increasing intracellular cyclic AMP) elevated the level of 21-hydroxylase mRNA 

and the amount of 21-hydroxylase enzyme protein without a demonstrable change in 

enzyme activity in bovine adrenocortical cell culture, under serum-containing conditions 

(Funkenstein et al., 1983; John et al., ~986). In these experiments, there was very high 

basal activity of 21-hydroxylase, i.e., 21-hydroxylase activity when the·cultures were not 

exposed to any stimulus. 

When I examined the regulation of 21-hydroxylase gene expression by A-kinase in 
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my model system, in many cases, I obtained results similar to Waterman's (Figure 1). 

In Figure 1, a Northern blot was probed with 32P-labelled bovine 21-hydroxylase 

cDNA. The number below each lane is 21-hydroxylase activity expressed as pmoVlfr' 

cells/hour. Densitometric scanning of the autoradiograph showed a ratio of 2.6 for the 

increase in 21-hydroxylase mRNA caused by cyclic AMP in this experiment, but cyclic -

AMP only increased 21-hydroxyl~se enzyme activity 20% compared. with control. This 

result was similar to that previously reported (John et al., 1986). 



Figure 1: Effect of cyclic AMP on 21-hydroxylase mRNA and enzyme 

activity in cultured bovine adrenocortical cells. 

9 

Secondary cultures of bovine adrenocortical cells were prepared as described in 

Methods. 5 mg total RNA from SBACs, which were incubated with either defined 

medium alone (Con) or with 1 mM N6-monobutyryl-cAMP and 1 mM 8-bromo-cAMP 

(cA) for 36 hours during the induction, was transferred to a nylon membrane after 

glyoxylation and electrophoresis in a 1% agatose gel. The Northern blot was probed with 

32P-labelled bovine 21-hydroxylase cDNA. A Hind III digest of DNA was used as size 

markers. Cyclic AMP increased 21-hydroxylase mRNA 2.6-fold by the quantitation of 
,, 

Northern-blot hybridization on autoradiographs using a Shimadzu Densitometer, The 

number below each lane is 21-hydroxylase activity expressed as pmol/105 cells/hour. The 

enzyme assays were performed ort cells that were_ grown at the same time as those for 

preparation of RNA, but the induction was under the 24 hours defined, serum-free medium 

followed by 48 hours serum-containing medium with or without cyclic AMP. Cells then 

were incubated with 10 mM 21-dF in defined medium for 2 hours to assay 21-hydroxylase 

activity. 
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B. Hypotheses for the high basal activity 

The question was why 21-hydroxylase activity was unaltered, when the level of 21-

hydroxylase mRNA and the amount of 21-hydroxylase enzyme protein were elevated by A

kinase (Funkenstein et al., 1983; John et al., 1986). The possible answer was that 21-

hydroxylase activity was already elevated by something in the culture environment before 

cell stimulation, which was suggested by the observed high basal 21-hydroxylase mRNA 
I 

level and enzyme activity (Figure 1). It is possible that there are some factors present in 

serum which could pre-activate kinase(s), and the pre-activated kinase(s) could elevate. the 

level of 21-hydroxylase mRNA and enzyme activity. Since there are many factors in 

serum, it is very difficult to identify which factor(s) could pre-activate kinase(s). 

However, it is possible to test whether kinase(s) were pre-stimulated by using kinase 

inhibitors. 

It is possible that C-kinase can be pre-activated by exposure to serum (Terada et al., 

1985; Imler et al., _1988; Lamph et al., 1988) and cause the high level of 21-hydroxylase 

mRNA and the enzyme activity (basal)~ To test this, TPA (activator of C-kinase) was 

used. IfTPA could elevate the level of 21-hydroxylase mRNA and the enzyme activity 

higher than the basal level of 21-hydroxylase mRNA and enzyme activity, it would suggest 

that C-kinase could increase the level of 21-hydroxylase mRNA and enzyme activity, thus, 

C-kinase could be one of the causes of high basal level of 21-hydroxylase mRNA and the 

enzyme activity. 

Staurosporine, an inhibitor of kinase, can also be used. It is expected that 

staurosporine might distinguish whether A-kinase or C-kinase was responsible for the high 
level of 21-hydroxylase mRNA and the enzyme activity, because the Ki for staurosporine 

on G-kinase is 0.7 nM, and the~ on A-kinase is 10 times higher. Therefore, if 

staurosporine is·used at 1 to 5 nM, it might inhibit C-kinase more than A-kinase; and if the 

level of 21-hydroxylase ~A and the enzyme activity with staurosporine at 1 to 5 nM is 

lower than that without staurosporine, it might suggest that C-kinase is more responsible 

for the high level of 21-hydroxylase mRNA and the enzyme activity"than A-kinase. 

However, it has been demonstrated that staurosporine is not a very specific inhibitor of 

kinases (Ruegg and Burgess, 1989). Thus, it can not be ruled out that other unknown 

kinases might also be responsible for the high basal level of 21-hydroxylase mRNA and the 
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enzyme activity. 

(1) TPA 

In this study, I examined the regulation of 21-hydroxylase enzyme activity by TP A 

under the same conditions utilized for studying the regulation of 21-hydroxylase activity by 

cyclic AMP as described for Figure 1, but with very low concentrations of TP A as 

compared to those used by Waterman's group. In Figure 2 left, TPA was used at 0.1 to 10 

nM. The TPA dose response curve shows that 21-hydroxylase activity was maximally 

stimulated by TPA at 0.3 nM (in other experiments, 1 nM TPA was found to be effective 

also), and was decreased by TPA at 10 nM. The cyclic AMP (cA) effect on 21-

hydroxylase activity (150 pmol/105 cells/hour) was less than the TPA effect (350 

pmol/105 cells/hour). 

Thus, C-kinase can stimulate 21-hydroxylase activity, but at very low 

concentrations of TP A. Therefore, pre-activation of C-kinase could be one cause of high 

basal activity of 21-hydroxylase~ Besides the significance of C-kinase to the basal activity 

of 21-hydroxylase, this study for the first time shows that TPA can stimulate 21-

hydroxylase activity, and for the first time shows that the regulation of 21-hydroxylase by 

second messenger systems is different from that of other steroidogenic enzymes such as 

17a-hydroxylase (McAllister and Hornsby, 1988). 
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Figure 2 left: The regulation of 21-hydroxylase by C-kinase activator, 

TPA. 

Secondary cultures of bovine adrenocortical cells were grown as described in the 

legend-for-Figure 1 ·and were incubated with different concentrations of TP A under the 

same conditions as previously described. The open squares represent the 21-hydroxylase 

activities at different concentrations of TP A. The circled filled square shows the 21-

hydroxylase activity stimulated by cyclic AMP analogs in this experiment. 

Figure 2 right: The inhibitory effect on the basal 21-hydroxylase activity by 

staurosporine, a kinase ·inhibitor. 

Secondary cultures were incubated with different concentrations of staurosporine 

under the conditions previously described. The open circles are the 21-hydroxylase 

activities at different concentrations of staurosporine. The circled filled circle is the 21-

hydroxylase activity stimulated by cyclic AMP in this experiment. 
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(2) Staurosporine 

As mentioned above, the Ki for staurosporine on C-kinase is 0. 7 nM, and the Ki on 

A-kinase is 10 times higher. ·If staurosporine is used at 1 to 5 nM, it may inhibit C-kinase 

(and possibly other kinases) more than A-kinase, and if the level of 21-hydroxylase mRNA 

and the enzyme activity with staurosporine at 1 to 5 nM is lower than that without 

staurosporine, it might suggest that A-kinase is less responsible for the high basal level of 

21-hydroxylase mRNA and enzyme activity. 

To test it, I incubated the cells with different concentrations of staurosporine in the 

same model system and I found that when staurosporine was used at 1 to 5 nM, it lowered 

the high basal 21-hydroxylase activity (160 pmoV105 cells/hour) by up to 80% (Figure 2 

right). On Northern blots, 1 nM staurosporine also lowered the basal level of 21-

hydroxylase mRNA (data not shown here). In this case, 21-hydroxylase activity 

stimulated by cyclic AMP ( circled filled circle) was even lower than the basal 21-

hydroxylase activity (21-hydroxylase activity without staurosporine). Therefore, the high 

basal activity of 21-hydroxylase could be due to pre-stimulated C-kinase. However, since 

staurosporine is not a very specific inhibitor of kinase (Ruegg and Burgess, 1989), when 

staurosporine at 1 to 5 nM inhibits more C-kinase than A-kinase, it also could inhibit other 

unknown kinases. Thus, it can not be ruled out that the lowered high level of 21-

hydroxylase mRNA and the enzyme activity also could be due to the inhibition of some 

unknown kinases. 

C. Conditions for elevation of both 21-hydroxylase mRNA level and 

enzyme activity by cyclic AMP. 

To obtain the best conditions to study 21-hydroxylase gene regulation, I varied the 

culture conditions, using different lengths of time to grow SBA Cs, different subculture 

densities, different batches of bovine or horse serum, and even different sizes of culture 

plate. When I stimulated the cells at different extents of cell confluence, I found that, under 

very confluent conditions (over 100% confluence, or 12 to 13 x 10 5 cells /cm2), the basal 

(Con) 21-hydroxylase activities were 6.7 or 11.0 pmoV105 cells/hour (Figure 3). These 

values were much lower than 105 pmol/105 cells/hour observed in Figure 1. Cyclic AMP 
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(cA) elevated the level of 21-hydroxylase mRNA 13.8 fold, and enzyme activity 6.3 fold 

(Figure 3 left), which were higher than 2.6 fold for RNA and 1.2 fold for enzyme activity 

obtained in Figure 1. But 1 nM TP A (1 nM TP A) only elevated the level of 21-

hydroxylase mRNA 1.6 fold (Figure 3 left) compared with the control (Con), which was 

lower than 2.42 in Figure 5. 1 nM TP A also elevated the level of 21-hydroxylase mRNA 

elevated by cyclic AMP 1.6 fold, and en~yme activity 1.47 fold (Figure 3 left). 

On the right Northern blot in Figure 3, two species of 21-hydroxylase mRNA, at 

2.3 and 2.0 kb were separated, because the RNA on this blot was electrophoresed in a 

larger gel for a longer time. These two species of 21-hydroxylase mRNA were also 

detected by other researchers previously (John et al., 1986), but in this study, I found that 

the two species of mRNA are regulated separately. As shown in Figure 3 right, both the 

2.0 and 2.3 kb mRNA bands were observed in cells treated with cyclic AMP (cA), but 

when cells were treated with cyclic AMP plus 10 nM TPA (cA + 10 nM TPA), the intensity 

of the 2.3 kb band was reduced, but not the intensity of 2.0 kb band. 

The other thing that should be noticed in this experiment (Figure 3) is that the 

overall enzyme activities were lower than those obtained in Figure 1. Thus, 21-

hydroxy lase activity and mRNA accumulation could both be elevated by cyclic AMP, but 

only when associated with low ·basal 21-hydroxylase mRNA level and enzyme activity. 



Figure 3: Elevation of both 21-hydroxylase mRNA level and enzyme 
activity by cyclic AMP. 
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Secondary cultures of bovine adrenocortical cells were grown as described in 

methods except that, on the left blot, the subculture ratio from PBACs to SBACs was 1 to 

2.2 instead of the regular 1 to 5; on the right blot, the subculture ratio was 1 to 5, but cells 

spent 2 more days after SBACs reached confluence. Both experiments had very confluent 

cells, and under such conditions, the cells were incubated with cyclic AMP {cA), 1 or 10 

nM TPA alone, or cyclic AMP with or without 1 or 10 nM TPA. RNA isolation and 

electrophoresis, and enzyme assay were done as described for Figure 1. The two Northern 

blots here were both probed with 32P-labelled bovine 21-hydroxylase cDNA. The 

quantitation of Northern-blot hybridization for the left autoradiographs by Shimadzu 

Densitometer shows the following ratio: 1 / 13.8 / 1.6 / 19.8 in the order of Con/ cA / 1 

nM TPA I cA + 1 nM TP A. The number below each lane is 21-hydroxylase activity 

expressed as pmol/1 o5 cells/hour. 
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D. Regulation of 21-hydroxylase gene expression in cultured bovine 

adrenocortical cell,s with high basal 21-hydroxylase mRNA level and 
enzyme activity. 

1 6 

While I observed a pattern of 21-hydroxylase gene regulation with low basal 21-

hydroxylase mRNA levels and enzyme activity in very confluent ( over 100% confluent) 

cells, I also observed that there were other regulation patterns with high basal 21-

hydroxylase mRNA level and enzyme activity. In the next three figures, each one shows a 

Northern blot probed sequentially with 21-hydroxylase cDNA or 17 a-hydroxy lase cDNA. 

Each blot shows the same induction conditions: control, cAMP, 1 nM TPA, 10 nM TPA, 

cAMP with either 1 nM TP A or 10 nM TP A. Although the three figures represent the data 

from three different experiments, they all show high basal 21-hydroxylase mRNA level and 

enzyme activities, They also show different patterns of 21-hydroxylase gene regulation by 

TPAorcAMP. 

(1) High basal 21-hydroxylase, weak stimulation by cyclic AMP or 1 

nM TP A, synergism between cyclic AMP and 1 nM TP A. 

In this experiment (Figure 4 top), cells exhibited a high basal (Con) 21-hydroxylase 

mRNA level and enzyme activity compared with that in Figure 3. The whole experiment 

was performed using the same conditions as described in Methods except that the 

subculture ratio from PBACs to SBACs was 1 to 8.7 instead of 1 to 5. As a result, the 

cells took longer to reach confluence. However scanning of autoradiographs showed that 

cyclic AMP elevated the level of 21-hydroxylase mRNA 2.98 fold (cA) compared with 

control (Con), and_ 1 nM TPA elevated the level of 21-hydroxylase mRNA 1.84 fold, 

which were considered as weak effects compared with the 13.8 fold change in mRNA by 

cyclic AMP shown in Figure 3, and the 2.42 fold change in mRNA by 1 nM TP A obtained 

in Figure 5. The increases in enzyme activity caused by cyclic AMP as well as by 1 nM . 

TPA were 1.5 to 2 fold respectively. 10 nM TPA (10 nM TPA) elevated the level of 21-

hydroxylase mRNA 1.58 fold compared with the basal 21-hydroxylase mRNA level 

(Con), but only elevated the enzyme activity 1.1 fold. 1 nM TPA enhanced the level of 21-

hydroxylase mRNA elevated by cyclic AMP 1.3 fold (cA + l nM. TPA) compared with the 
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mRNA level elevated by cyclic AMP (cA), and enzyme activity 1.4 fold, which suggested a 

synergistic effect of 1 nM TP A and cyclic AMP. 10 nM TP A enhanced the level of 21-

hydroxylase mRNA elevated by cyclic AMP 1.1 fold (cA + 10 nM TPA) compared with 

the mRNA level elevated by cyclic AMP (cA), but not the enzyme activity. 

The same blot was probed with 17a-hydroxylase cDNA (Figure 4 bottom), which 

was used for comparison, because 17 a-hydroxy lase is another important steroidogenic 

enzyme and the regulation of 17a-hydroxylase by cyclic AMP and TPA has already been 

well established (Hornsby et al., 1987; McAllister and Hornsby, 1988). 

The Northern blot probed with 17a-hydroxylase cDNA (Figure 4 bottom) showed 

a low basal 17a-hydroxylase mRNA level (Con) compared with the RNA level elevated by 

cyclic AMP (cA) on the same blot. Cyclic AMP el~vated the level of 17a-hydroxylase 

mRNA. 1 or 10 nM TPA alone decreased the level of 17a-hydroxylase mRNA. When 1 

or 10 nM TP A were added together with cyclic AMP, the level of 17 a-hydroxy lase mRNA 

was lower·than the level observed with cyclic AMP alone. This regulation pattern of the 

17a-hydroxylase gene is consistent with what was found before (Hornsby et al., 1987; 

McAllister and Hornsby, 1988), and w~s quite different from the pattern of regulation of 

the 21-hydroxylase in this experiment. 
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Figure 4: High basal 21-hydroxylase mRNA level and enzyme activity, 

weak effect by cyclic AMP or 1 nM TP A, synergism between cyclic AMP 

and 1 nM TPA. 

Secondary cultures of bovine adrenocortical cells were grown as described in 

Methods, but subculture ratio from PBACs to SBACs was 1 to 8.7 instead of 1 to 5 as 

usual. Also, the cells took 8 days from PBACs to SBACs (usually takes 5 days), and 5 

days from SBACs to confluence (usually 3 days). In other words, the cells grew at a low 

growth rate and were therefore in culture for a longer time. RNA blotting and enzyme 

assays were done as described for Figure 1. The same Northern blot was probed with 
32P-labelled bovine 21-hydroxylase cDNA (top), or 17a-hydroxylase cDNA (bottom). 

There are 6 conditions on the blots: control (Con), in which the cells were incubated with 

defined, serum-free medium alone, cyclic AMP analogs (cA), 1 or 10 nM TPA, or cyclic 

AMP with either 1 or 10 nM TPA (cA + 1 nM or cA + 10 nM). The quantitation of 

Northern-blot hybridization for the top autoradiographs by Shimadzu Densitometer shows 

the following ratio: 1 / 2.98 / 1.84 / 3.75 / 1.58 / 3.38 in the same order labelled on the top 

of blot. The number below each lane of the top blot is 21-hydroxylase activity expressed 

as pmoVl o5 cells/hour. 
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(2) High basal 21-hydroxylase, no stimulation by cyclic AMP,· 
stimulation by 1 nM TP A. 

1 9 

In this experiment (Figure 5 top), the basal 21-hydroxylase mRNA level (Con) was 

high compared with the level of 21-hydroxylase mRNA with cAMP (cA) on the same blot, 

or the basal level of 21-hydroxylase mRNA (Con) obtained in Figure 3. The basal 21-

hydroxylase activity (Con) was also high (36.1 pmol/105 cells/hour compared with 6.7 or 

11.0 pmol/1<>5 cells/hour obtained in Figure 3). Cyclic AMP (cA) did not elevate the level 

of21-hydroxylase mRNA compared with the basal 21-hydroxylase mRNA level (Con) on 

the same blot, but elevated enzyme activity 1.5 fold. 1 nM TPA (1 nM TPA) elevated 21-

hydroxylase mRNA 2.42 fold compared with the basal level of 21-hydroxylase mRNA 

(Con), and enzyme activity 3.1 · fold, which was a stronger TP A effect compared with that 

obtained in.Figure 3 or 4. 1 nM TPA enhanced the level of 21~hydroxylase mRNA 

elevated by cyclic AMP ( cA + 1 nM TPA) 3.35 fold compared with the level of 21-

hydroxylase mRNA elevated by cyclic AMP (cA), and enhanced enzyme activity 1.87 fold. · 

10 nM TPA (10 nM TPA) lowered the basal 21-hydroxylase mRNA level 35%, but not the 

enzyme activity. 10 nM TPA also lowered the 21-hydroxylase mRNA level elevated by 

cyclic AMP (cA + 10 nM TPA) 13% compared with the level.of 21-hydroxylase mRNA 

elevated by cyclic AMP itself (cA). 

In the agarose gel used for this Northern blot, the two species of mRNA were not 

separated from each other. But there might be two species of mRNA in the 1 nM TPA lane 

as well as the cA + 1 nM TP A lane, because the bands in those two lanes are wider than 

those in rest of lanes. If this is true, it would suggest that, in this case, 2.3 kb mRNA was 

increased only by 1 nM TPA. 

To explain the regulation pattern obtained in this experiment, it is necessary to point 

out that the culture conditions were different from those described in Methods. In this 

experiment, PBACs were subcultured with a 1 to 2. 7 5 split ratio instead of the· regular 1 to 

5 split ratio. In other words, the cells were subcultured into SBA Cs at a higher density. 

These SBACs reached confluence in only one day compared to the three days required for 

cells split 1 to 5. 

When the same blot from high density cells was probed with 17a-hydroxylase 

cDNA (Figure 5 bottom), it showed that cyclic AMP (cA) did not elevate the level of 17a- -
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hydroxylase mRNA as much as that in Figure 4 compared with control (Con). 1 nM TPA 

(1 nM TPA) did not reduce the intensity of 17a-hydroxylase mRNA compared with 

control (Con). 1 nMTP A with cyclic AMP (1 nM TP A + cA) did not reduce the intensity 

of 17 a-hydroxy lase mRNA compared with the intensity of 21-hydroxylase mRNA with 

cyclic AMP (cA). 10 nM TPA (10 nM TPA) reduced the intensity of 17a-hydroxylase 

mRNA compared with control (Con). 10 nM TPA with cyclic AMP (10 nM TPA + cA) 

also reduced the intensity of 17a-hydroxylase mRNA compared with cyclic AMP alone 

(cA). Those results were as expected. In the Northern blot with 17a-hydroxylase cDNA, 

the basal 17a-hydroxylase mRNA level was high. Since the basal (Con) mRNA level 

were high not only on the Northern blot probed with 21-hydroxylase cDNA, but also on 

the one with 17a-hydroxylase cDNA, it suggests that the high basal 21-hydroxylase 

mRNA level might not be due to pre-activated C-kinase, because 17a-hydroxylase is 

known to be downregulated by C-kinase (Hornsby et al., 1987; McAllister and Hornsby, 

1988). 
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Figure S: High basal 21-hydroxylase mRNA level and enzyme activity, no 

effect by cyclic AMP, strong effect by 1 nM TP A. 

Secondary cultures of bovine adrenocortical cells were grown as described in the 

methods, but the subculture ratio from PBACs to SBACs was 1 to 2.75 instead of 1 to 5 

regularly. Since SBACs were grown in very high density, they only took one day to reach 

confluence (usually about 3 days). In other words, the cells in this experiment reached 

confluence with a faster growth rate and spent a shorter tim~ in the cultures. Under such 

conditions, -the cell incubation was done as described for Figure 4. The same blot was 

probed with 32P-labelled bovine 21-hydroxylase cDNA (top), or 17a-hydroxylase cDNA 

(bottom). The quantitation of Northern-blot hybridization for the left autoradiograph by 

Shimadzu Densitometer shows the following ratio: 1 / 0.65 / 2.42 / 2.18 / 0.45 / 0.74 in the 

same order as labelled on the top of blot. The number below each lane of the top blot again 

is 21-hydroxylase activity expressed as pmoVl05 cells/hour. 
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(3) High basal 21-hydroxylase, inhibitory effect of cyclic AMP, weak 

stimulation by 1 nM TP A. 

This is another experiment (Figure 6 top), in which I varied the culture conditions. 

The special culture conditions in this experiment were that PBACs were subcultured into 

SBACs with a 1 to 11 split ratio, which was very low density, then SBACswere 

stimulated by either cyclic AMP or TP A or both of them together when the cells reached 

50% confluence. The basal 21-hydroxylase mRNA level and enzyme activity in this 

experiment were high compared with that obtained in Figure 3. Cyclic AMP did not elevate 

the level of 21-hydroxylase mRNA and enzyme activity (cA), but tended to reduce the 

intensity of 2.3 kb mRNA when cells treated with cyclic AMP (cA) or cyclic AMP plus 1 

nM TP A ( cA + 1 nM TP A) compared with control. However, the hybridization scan 

values did not show large differences between control and cyclic AMP (1 versus 0.86), or 

between control and cA + 1 nM TPA (1 versus 0.78). This is probably because the 

densitometer value includes both the 2.0 and 2.3 kb bands. However,. it is apparent from 

the photograph of the Northern blot (top), that the lowered mRNA values in the cyclic 

AMP lanes result mainly from decreases in the intensity of the 2.3 kb band. 1 nM TPA 

elevated the level of 21-hydroxylase mRNA 1.55 fold, and enzyme activity 2 fold, which 

were not as strong as 2.42 fold for RNA and 3 fold for enzyme activity obtained in Figure 

5. 10 nM TPA elevated the level of 21-hydroxylase mRNA only 1.19 fold, and did not 

elevate the enzyme activity·. 

The same Northern blot (Figure 6 bottom) was probed with 17a.-hydroxylase 

cDNA. The basal 17a.-hydroxylase mRNA level (Con) was almost as high as the mRNA 

level with cyclic AMP ( cA) on the same blot. Cyclic AMP did not elevate the level of 17 a.

hydroxy lase mRNA. The intensity of 17a-hydroxylase mRNA with 1 nM TPA (1 nM 

TP A) was lower than control (Con).· The intensity of mRNA with cyclic AMP plus 1 nM 

TPA (cA + 1 nM TPA) was lower than that with cyclic AMP (cA) with (cA). The intensity 

of mRNA with 10 nM TPA was lower than the basal (Con) level of 17a.-hydroxylase 

mRNA. The intensity of 17a.-hydroxylase mRNA with cyclic AMP-plus 10 nM TPA (cA 

+ 10 nM TPA) was also lower than that with cyclic AMP alone (cA). Thus 1 nM TPA 

increases 21-hydroxylase mRNA level while it reduc_es the 17a.-hydroxylase mRNA 

level. 
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The basal (Con) level of mRNA was high on the Northern blot probed with 21-

hydroxylase cDNA as well as with 17a-hydroxylase cDNA, which was the same as that 

obtained in Figure 5. It was unlikely that the high basal 21-hydroxylase and 17a

hydroxylase mRNA level was caused by either pre-activated C-kinase or A-kinase, but it 

might be due to pre-activated unknown kinases. 
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Figure 6: High basal 21-hydroxylase mRNA level and enzyme activity, 

inhibitory effect of cyclic AMP, weak effect by 1 nM TPA. 

Secondary cultures of bovine adrenocortical cells were grown as described in 

Methcxls, but the subculture ratio from PBACs to SBACs was 1 to 11 instead of 1 to 5 as 

usual, and SBACs only reached 50% confluence before the induction, which took 5 days. 

In other words, the induction was done under the low cell density condition. The cell 

incubation was als~ done as described for Figure 4. The same blot was probed with 32P

labelled bovine 21-hydroxylase cDNA on the top, or 17cx-hydroxylase cDNA on the 

bottom. The quantitation of Northern-blot hybridization for the top autoradiographs by 

Shimadzu Densitometer shows the following ratios: 1 / 0.86 / 1.55 / 0.78 / 1.19 / 1.12 in 

the same order as labelled on the top of blot. The number below each lane of the top blot 

again is 21-hydroxylase activity expressed as pmoV105 cells/hour. 
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T~e experiments in my studies lie at different points on a spectrum of patterns of 21-

hydroxylase gene regulation, in terms of the basal 21-hydroxylase level. At one end of the 

spectrum, there are experiments in which there is low basal 21-hydroxylase. In this case, 

the cyclic AMP effect on 21-hydroxylase is positive and stronger than when there is high 

basal 21-hydroxylase, but the effect of 1 nM TPA on 21-hydroxylase is weaker. In other 

experiments, as the basal 21-hydroxylase level increases, the cyclic AMP effect on 21-

hydroxylase can be positive, zero, or negative. The effect of 1 nM TPA on 21-hydroxylase 

is always positive and stronger when the basal 21-hydroxylase level is higher. 

Figure 7 shows a spectrum of 21-hydroxylase gene regulation by cyclic AMP and 

TPA, which is a hypothesis based on my study. 

Culture conditions are shown on the bottom, because I found that different 

regulation pattern in the spectrum was correlated to different culture conditions. The 

regulation pattern with low basal mRNA level and enzyme activity tends to relate to low 

growth rate, high cell density, and long length of cell growth time, and the regulation 

patterns with high basal is correlated to high growth rate, low cell density, and short length 

of cell growth time. 

There are three curves in this figure. One of them is "Basal", which represents the 

21-hydroxylase mRNA level and enzyme activity when cells are not stimulated with cyclic 

AMP or TPA. In my study, I found that the basal level can be low (Figure 3), or higher 

(Figures 4, 5, and 6); therefore, this figure shows a "Basal" curve from low 21-

hydroxylase mRNA level and enzyme activity to higher ones. 

In contrast to basal 21-hydroxylase levels of mRNA and enzyme activity, cyclic 

AMP-stimulated levels of mRNA and enzyme activity seem not to correlate with culture 

conditions (horizo_ntal line marked + cAMP). Therefore, the difference between the basal . 

and the cyclic AMP-stimulated level can be positive, zero, or negative depending on where 

the experiment falls in the spectrum of culture conditions. 

Low (1 nM) TPA seems to increase 21-hydroxylase levels ofmRNA and enzyme 

activity over the basal level in all experiments, irrespective of where they fall in the 

spectrum of culture conditions. However, the increase is larger when the basal level is 

higher (curve marked+ 1 nM TPA). 

To illustrate the spectrum of 21-hydroxylase mRNA level and enzyme activity 

regulated by cyclic AMP and TPA, I chose four experiments which showed different 
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regulation patterns within this spectrum. The four experiments are indicated as (3 ), ( 4 ), 

(5), and (6) below the curves. 

(3) represents the regulation pattern in Figure 3, which shows a low basal 21-

hydroxylase mRNA level and enzyme activity, strong cyclic AMP effect on 21-hydroxylase 

mRNA level and enzyme activity, but low 1 nM TPA stimulation of 21-hydroxylase 

mRNA levels and enzyme activity. 

(4) represents the regulation pattern in Figure 4. Figure 4 shows relatively high 

basal 21-hydroxylase mRNA level and enzyme activity, weak cyclic AMP effect, compared 

with the cyclic AMP effect of (3), and weak 1 rtM TP A effect on 21-hydroxylase mRNA 

_level and enzyme activity compared with 1 rtM TP A effect of (5), but synergistic effect 

between cyclic AMP and TP A (circled overlapped point). 

(5) shows the regulation pattern in Figure 5, which shows high basal 21-

hydroxylase mRNA level and enzyme activity, no cyclic AMP (compared with its "basal"), 

but strong 1-nM TPA effect on 21-hydroxylase mRNA and enzyme activity. 

(6) is the regulation pattern in Figure 6. It shows high basal 21-hydroxylase 

mRNA level and enzyme activity compared with the "basal" of (3), an inhibitory cyclic 

AMP effect on 21-hydroxylase mRNA compared with its own "basal", and weak 1 nM 

TPA effect on 21-hydroxylase mRNA compared with that of (5). 
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Figure 7: The spectrum of regulation of 21-hydroxylase gene expression by 

cyclic AMP and TP A. 

A range of responses of 21-hydroxylase to cyclic AMP and TP A was observed in 

cultures under different conditions. 

"Basal"- the 21-hydroxylase mRNA level and enzyme activity when cells are not 

stimulated. 

+ cAMP - 21-hydroxylase mRNA level and enzyme activity when cells are 

stimulated with cyclic AMP. 

+ 1 nM TPA- 21-hydroxylase mRNA level and enzyme activity when cells are 

stimulated with 1 nM TPA. 

(3), (4), (5), and (6) represent the experiments used to describe the regulation 

spectrum. 
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Discussion 

1. High basal 21-hydroxylase activity and the effect of cyclic AMP 

on 21-hydroxylase mRNA level and enzyme activity. 

As mentioned-before, previous studies from M. Waterman's group showed that 21-

hydroxylase mRNA level and protein, but not the enzyme activity, could be increased by 

ACTH (John et al., 1986a;). In this study, the regulation of 21-hydroxylase by the A

kinase system was investigated using analogs of cyclic AMP, which directly work on A

kinase, instead of ACTH (acting on A-kinase through cyclic AMP). It was found that both 

21-hydroxylase mRNA level and enzyme activity could be increased by cyclic AMP, but 

only when the basal 21-hydroxylase level and enzyme activity was very low. When the 

basal 21-hydroxylase mRNA level and enzyme activity were high, the change in enzyme 

activity was less than the change in mRNA, which was very similar to Waterman's results. 

To investigate what could cause the high basal 21-hydroxylase mRNA level and enzyme 

activity, TPA and staurosporine were used and they suggested that pre-stimulated C-kinase 

and/or other unknown kinases could be responsible for th~ elevated basal 21-hydroxylase 

activity (Figure 2 and 6). However, A-kinase also could increase the basal 21-hydroxylase 

activity (Figure 5). Kinases could be pre-stimulated by the factors present in the serum, or · 

they could be left over from serum, since the incubation for RNA isolation was done only 

in defined, serum-free medium. Factors could also be from the cells themselves. There are 

many factors in serum, so that it would be very difficult to identify which ones might pre

stimulate kinases and cause the high basal activity of 21-hydroxylase. Thus, it is very 

difficult to control the growth environment. . 

Cell density was also considered as one of the factors causing the high basal 

activity. It was noticed that when cells grew very confluent, the basal 21-hydroxylase 

mRNA level and enzyme activity were not very high, and the cyclic AMP effect on 21-

hydroxylase mRNA level and enzyme activity was strong, but the overall 21-hydroxylase 

activity was low (Figure 3). When the cells were sub-confluent, the·basal 21-hydroxylase 

mRNA level and enzyme activity were high, and the cyclic AMP effect was weak (Figure 1 

and 2). However, it is not clear how cell confluence· could affect the basal activity of 21-

hydroxylase. 



29 

2. The ·effect of TPA on 21-hydroxylase activity. 

Previously, Waterman's group showed that lO to 250 nM TPA inhibited 21-

hydroxylase activity (Mason et al., 1986). In this study, TPA at low concentrations (0.3 -

1 nM) elevated 21-hydrpxylase mRNA level and enzyme activity (Figure 2 left and 5). The 

explanation for the inhibition of 21-hydroxylase activity by the high concentration of TP A, 

obtained by M. Waterman's group, could be that a high concentration ofTPA 

downregulates C-kinase (Cochet et al., 1986). When the concentration of TPA is very 

high, C-kinase could be fully occupied by TPA and the whole complex could be degraded 

faster by proteases so that C-kinase could not stimulate 21-hydroxylase activity. 

However, this is the first study to demonstrate that 21-hydroxylase gene expression 

is up-regulated not only by A-kinase but also by the C-kinase second messenger systems, 

and that there is a synergistic effect of A-kinase and C-kinase on 21-hydroxylase activity 

(Figure 4). This observation may be relevant for some features of 21-hydroxylase· 

deficiency. There are many forms of 21-hydroxylase deficiency. In some forms, patients 

still have residual cortisol in their plasma, which could be explained by a mutation in the 5' 

region of the 21-hydroxylase gene which is sensitive to A-kinase activation. When the 21-

hydroxylase gene fails to respond to A-kinase, it still might response to C-kinase. Thus, 

upon up-regulation of 21-hydroxylase by C-kinase, patients still could synthesize some 

. cortisol. The up-regulation of 21-hydroxylase by TPA could also explain the abnormal 

distribution of 21-hydroxylase in the adrenal cortex in some forms of 21-hydroxylase 

deficiency. Under normal conditions, the zona glomerulosa is predominantly under the 

regulation of C-kinase, with the A-kinase system playing a lesser role (Hornsby, 1988). 

The function of the zona fasciculata, however, is under the tegulation of A-kinase more 

than C-kinase. If the 21-hydroxylase gene loses its sensitivity to A-kinase due to the 

mutation in the 5' region, it still could respond to C-kinase and there would be more 21-

hydroxylase in the zona glomerulosa than in the zona fasciculata. 

3. Basal 21-hydroxylase mRNA level and enzyme activity and 

different patterns of 21-hydroxylase gene regulation by two second 

messenger systems. 
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The patterns of regulation of 21-hydroxylase gene expression by two second 

messenger systems had been very confusing until the role of basal activity of 21-

hydroxylase was noticed in this study. It is now clear that different levels· of basal activity 

of 21-hydroxylase were associated with the different patterns of regulation (Figure 3, 4, 5, 

and 6). There are basically two groups of 21-hydroxylase gene regulation in terms of basal 

activity of 21-hydroxylase: the low basal 21-hydroxylase mRNA level and enzyme activity 

group and the high basal 21-hydroxylase mRNA level and enzyme activity group. In the 

low "basal" group, the effect of cyclic AMP on 21-hydroxylase mRNA level and enzyme 

activity were strong, but TP A effect was much less. In the high "basal" group, cyclic AMP 

effect of 21-hydroxylase mRNA level and enzyme activity were variable. It could be less 

effect, no effect, or even a reduction of 21-hydroxylase mRNA level and enzyme activity. 

The TP A effe~t was strong in the high "basal" group. It suggested that high basal activity 

sometimes was associated with C-kinase, in other words, the high basal activity probably 

meant there was more C-kinase in the culture environment, since strong TPA effect was 

often correlated with the high basal activity. Another thing that.needs to be noticed here is 

that different regulation patterns tend to relate to different culture conditions. However, it 

is not clear how these conditions cause the different regulation patterns. There is a 

tendency for low basal 21-hydroxylase mRNA level and enzyme activity to be correlated 

with low growth rate, high cell density, and long length of cell growth time, while high 

basal level is correlated with high growth rate, low cell density, and short length of cell 

growth time (Figure 7). 

The reduction of 21-hydroxylase mRNA level and enzyme activity in the presence 

of cyc~c AMP (Figure 2 right and Figure 6 top) could be due to the interaction between A

kinase and pre-stimulate~ C-kinase and/or pre-stimulated unknown kinases. When C

kinase or an unknown kinase was pre-stimulated, the A-kinase system might down

regulate C-kinase or the unknown kinase so that the mRNA or enzyme activity stimulated 

by cyclic AMP was even lower than the basal activity pre-stimulated by C-kinase or by 

unknown kinase. 

4. The relationship between 21-hydroxylase mRNA and enzyme 
activity. 
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It had been expected that there would be a correlation between mRNA level and 

enzyme activity during the study of the regulation of 21-hydroxylase gene. However, it 

was very often found that there was a dissociation between them; usually the changes in 

mRNA level exceeded the changes in enzyme activity, especially when the basal 21-

hydroxylase mRNA levels and enzyme activity were high (Figure 1, 4, 5, and 6). 

There are three possibilities. First, it is possible that there is a limit to the ability of 

mRNA to ,be translated to enzyme protein. If the 21-hydroxylase gene is induced at its 

maximum, which is probably the case when the basal activity is very high, only a fraction 

of the mRNA could be translated to enzyme protein, thus, there will be a dissociation 

between 21-hydroxylase mRNA and enzyme activity. Second, the mRNA might tum over 

faster, and is not available for translation, which also could cause a dissociation between 

mRNA and enzyme activity. Third, since there are two species of 21-hydroxylase mRNA 

and they are regulated separately (Figure 3 right), it is possible that one of them is 

translated less than the other one,. which also could produce the dissociation between 

mRNA and enzyme activity of 21-hydroxylase. 

5. Model of regulation of 21-hydroxylase gene by A-kinase and C

kinase. 

In many cells, activation of C-kinase results in the transcription (Angel et al., 1985; 

Rabin et al., 1986). There may be specific regulatory sequences in the 5' regions of some 

genes which respond to th~ C-kinase (Elsholtz et al., 1986). Before I started my work, it 

was not known whether the 21-hydroxylase gene has sequences that may be responsive to 

the C~kinase system, but my study showed the 21-hydroxylase gene responds not only to 

A-kinase, but also to C-kinase. It suggests that the 21-hydroxylase gene has the sequences 

which are responsive to C-kinase. 

Based on my study, a regulation mode is shown in Figure 8, which suggests how 

A-kinase and C-kinase might regulate 21-hydroxylase gene expression. 

There are A-kinase and C-kinase responsive regions in the 5' region of the 21-

hydroxylase ·gene.· TPA activates C-kinase. Activated C-kinase will phosphorylate certain 

protein(s), C-kinase factor, which then binds to the C-kinase responsive region to increase 
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the transcription of the 21-hydroxylase gene. Cyclic AMP works in the same way as TPA 

but through A-kinase and A-kinase factor. There might be some unknown kinases which 

would also regulate 21-hydroxylase gene expression through their own kinase factors 

binding to the 5' region. Interactions among different kinase systems (shown as crossed 

arrows) might also affect the 21-hydroxyiase gene expression. The interaction could be 

synergistic or antagonistic. A-kinase and C-kinase systems show a synergistic effect on 

21-hydroxylase in my study, for example, 1 nM TPA elevates the level of 21-hydroxylase 

mRNA and enzyme activity elevated by cyclic AMP. The inhibitory cyclic AMP effect on 

21-hydroxylase mRNA level and enzyme activity, when the basal 21-hydroxylase mRNA 

and enzyme activity are high (Figure 2 and 6), could be due to the antagonistic interaction 

between A-kinase and the unknown kinase. 
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Figure 8: Model of regulation of 21-hydroxylase gene by A-kinase and C

kinase. 

21-Hydroxylase (21-0H); cyclic AMP ( cAMP); diacylglycerol (DG), activator of 

C-kinase; crossed arrows represents the interaction between A-kinase and C-kinase; "?" 

means that it is not clear what might activate unknown kinases. 
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Conclusions and Summary 

This study has investigated how· two second messenger systems regulate 21-

hydroxylase gene expression in a bovine adrenocortical cell culture. It is the first study 

where the regulation of both 21-hydroxylase mRNA level and enzyme activity by second 

messenger systems has been observed in a cell culture system. It has revealed the patterns 

of regulation of 21-hydroxylase gene expression by A-kinase and C-kinase systems and 

has tried to elucidate the possible rationale behind the very complex regulation patterns. 

1. 21-Hydroxylase mRNA level as well as enzyme· activity can be increased by 

cyclic AMP, under conditions in which there are low basal levels of 21-hydroxylase 

mRNA and enzyme activity (Figure 3). 

2. 21-Hydroxylase mRNA level and enzyme activity can be elevated by TPA (0.3 

or 1 nM), most strongly when there is a high basal 21-hydroxylase mRNA level and 

enzyme activity (Figure 2 l~ft, 5), which is different from the regulation of 17 a~ 

hydroxylase, and it is the first time to suggest that 21-hydroxylase is up-regulated by the C

kinase system rather than down-regulated as Waterman's group suggested. 

3. 1 nM TPA enhances the cAMP effect on 21-hydroxylase mRNA level and 

enzyme activity when a strong TPA effect on 21-hydroxylase mRNA and activity is 

obtained (Figure 5). 

4. 10 nM TPA lowers the 21-hydroxylase mRNA levels and reduces enzyme 

activity. It also reduces the stimulatory effect of cyclic AMP (Figure 3 right). 

5. The high basal 21-hydroxylase mRNA level and enzyme activity could be due 

to pre-activated unknown kinases by the factors present in the culture environment (Figure 

2, 5, and 6). 

6. The 2.3 kb 21-hydroxylase mRNA species can be regulated separately from the 

2.0 kb species (Figure 3 right). The 2.3 kb 21-hydroxylase mRNA can be induced either 

by cAMP or TP A (Figure 3 right and Figure 5 top), while the 2.0 kb always exists even in 

control (Figure 3 right). 

In summary, the pattern of regulation of 21-hydroxylase gene expression can be 

divided into two groups in terms of the basal activity: (a) low basal 21-hydroxylase mRNA 

level and enzyme activity with strongly ·elevated 21-hydroxylase mRNA level and enzyme 

activity by cyclic AMP, and weak effect on 21-hydroxylase mRNA level and enzyme 
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activity by 1 nM TP A; (b) high basal 21-hydroxylase mRNA level and enzyme activity with 

weak effect, no effect, or even reduction of 21-hydroxylase mRNA level and enzyme 

activity by cyclic AMP, but strong TPA effect on 21-hydroxylase level mRNA and enzyme 

activity. 
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Methods 

Bovine adrenocortical cell culture preparation. Adrenal glands were obtained from 

2-3 year old steers at a local abattoir and were transported to the laboratory in phosphate

buffered saline. All subsequent steps were carried out in a 1: 1 mixture Dulbecco's 

modified Eagle's medium (DME) and Ham's F12 medium (Fl2) with 10 % fetal calf 

serum. After the glands were trimmed of fat, they were cut into 0.5 cm thick slices. The 

capsule and medulla were cut away from the cortex, which was chopped into small 

fragments with a scalpel. A cell suspension was prepared from the fragments by 

incubating them for 2 hours with 2.5 mg/ml collagenase (Sigma Type I) and 0.1 mg/ml 

deoxyribonuclease (Sigma, crude from beef pancreas) followed by repeated flushing 

through a pasteur pipette. The suspension was filtered through Teflon mesh of 7 4 mm 

pore size (Spectrum Medical Industries). The cells were then diluted to an appropriate 

concentration with 1:1 DME/Fl2 medium with 10% horse serum and 2% fetal calf serum. 

Two ml of the medium containing the cells were then transferred to a 10 cm plastic tissue 

culture dish and 15 ml ofF12 containing 10% horse serum and 2% fetal calf serum were 
added to the dish. The dishes were then incubated in a humidified CO2 incubator at 370c 

for 18 hours. After 18 hours, the medium was renewed to remove unattached cells and the 

dishes were left for 3 more days at 370c. (Gospodarowicz et al., 1977). Cells were stored 

frozen in 5% dimethyl sulfoxide until required for experiments. 

Cell growth. Frozen primary bovine adrenocortical cells (PBACs) were thawed 

and plated in culture dishes coated with fibronectin. PBACs were grown in a 1 :_ 1 mixture 

ofDME/Fl2 medium with 2% fetal bovine serum (Irvine Scientific, Irvine, CA), 10% 

horse serum (Sigma), 100 ng/ml of partially purified brain fibroblast growth factor, 100 

ng/ml insulin, 2 mM ascorbic acid, 20 nM selenite, 1 mM a-tocopherol, and antibiotics. 
The gas phase used was. 5% 02, 90% N2, and 5% CO2. After PBACs became confluent, 

they were subcultured into secondary bovine adrenocortical cells (SBACs) with 1 to 5 split 

ratio in more dishes using 2.5 mg/ml Pronase (Sigma) in order to supply enough cells for 

both enzyme assay and RNA isolation. 

Defined· medium. Induction of 21 ~hydroxy lase gene for RNA isolation was 
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investigated by changing the medium to defined, serum-free medium comprised of 

DME/F12 1:1, 50 mg/ml BSA, 100 ng/ml insulin, 2 mM ascorbic acid, 20 nM selenite and 

1 mM a-tocopherol, with or without the addition of cyclic AMP and/or TPA for 36 hours. 

Enzyme assay. For assay of 21-hydroxylase activity, the induction of21-

hydroxylase gene was done under 24 hours defined medium followed by 48 hours serum

containing conditions with or without the addition of cyclic AMP analogs artd/or TP A. 

Then the medium was changed back to defined medium. The cells were incubated in 1 ml 

of defined, serum-free-medium containing 10 mM 21-deoxycortisol (21-dF). After 2 

hours, steroids were extracted from the medium using 8 volumes methylene chloride and 1 

volume water. Product (Cortisoi, F) was separated from precursor steroids by HPLC 

using methanol:water gradients (Hornsby and Aldem, 1984). 

Countin~ cells, The medium was removed when the substrate incubation was 

finished. 1 x Trypsin, EDTA were added to cells. The cells were kept as monolayer until 

being counting. To count the cell number, cells were flashed off the dishes and isoton was 

added to the cells. · The counting was performed in the Coulter Counter .. Conversion rates 

for enzyme activities were calculated by comparing peak areas for substrate and products 

with peak areas of known amounts of standards, calculating percent conversion to product, 

and converting percent conversion to pmol from the known amount of precursor added. 

Conversion rates were .expressed as pmoVl o5 ceHs/h. 

RNA pre12aration. RNA was isolated from cell cultures by adding 5 ml RNAzol to 

one 10 cm plate with confluent cells. RNAzol contains phenol, guanidinium thiocyanate, 

and 2-mercaptoethanol (Cinna/Biotecx Laboratories International, Inc.). 1/10 volume of. 

chloroform was added to the RNA homogenate. DNA and protein were removed by 

centrifugation at 12,000g for 15 min. at-4°c. 1 volume isopropanol was added to RNA 

aqueous phase and stored at -200c for 45 min. RNA formed a pellet by centrifugation at 

12,000g for 15 min. at-4°c. The pellet was washed by 75% ethanol followed by 

centrifugation at the same speed as above except at room temperature for 8 min. The 

second wash was performed in 100% ethanol. 

RNA concentrations were measured by fluorescence in the presence of ethidium 
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bromide at 10 mg/ml in a fluorometer. 

Northern blots. 5 mg of total RNA sample was glyoxylated in 80% DMSO, 8% 

glyoxal, 15 mM sodium phosphate, pH 6.5, and 0.3% SOS. The glyoxylated RNA was 

blotted onto a nylon membrane (Pall Biodyne) after electrophoresis in 1 % agarose in 10 

mM sodium phosphate buffer. 

Clone pBC21-1 was derived from a bovine adrenal cDNA library by Michael 

Waterman and colleagues, University of Texas Health Science Center, Dallas (John et al., 

1986a;). It contains a 1128 base pair region that encodes the C-terminal 376 amino acids of 
bovine cytochrome P45021 as well as 535 base pairs of 3'-untranslated sequence. pBC21-

1 was labelled with 32P-dCTP by the random primer method using a kit which contains 

BSA, reagent mix, and Kienow polymerase enzyme (Pharmacia). 

Filter prehybridizations were carried out in 50% deionized formamide, 5xSSC, 

0.05 M sodium phosphate, pH 6.5, 5xDenhardt's solution, 0.2% SDS, 10 mg/ml poly 

adenylic acid, and 200 mg/ ml salmon sperm DNA at 550c for 1 hour followed by 

washing at 420c for at least 1 hour. Hybridizations were in 25% deionized formamide, 

5xSSC, 0.2% SDS, 0.02 M sodium phosphate, pH 6.8, lxDenhardt's solution, 10% 

dextran sulfate solution, 10 mg/ml poly adenylic acid, 100 mg/ml salmon sperm DNA, and 

· 100,000 cpm/cm2 of 32P labelled pBC21-1 (4 to 8x108 cpm/mg prepared with 

oligolabelling kit from Phannacia) by oligolabelling reaction (Maniatis et al., 1982). 

Washing. Low stringency washings of the filters were carried out in 2xSSC, 0.1 % SOS 

at room temperature for 15 min .. High stringency washings were in 0.lxSSC, 0.1 % SDS 

at 5o0c for 20 min .. 

Autoradiograph. The membranes were exposed wet to X-ray film (Kodak 0-mat). 

Quantitation of Northern-blot hybridization on autoradiographs was performed using 

Shimadzu Densitometer. 
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Abstract 

21-Hydroxylase is one of the enzymes synthesized by adrenocortical cells. It is 

involved in the biosynthesis of the glucocorticoid hormone, cortisol. A deficiency of this . 

enzyme is the most common congenital disorder affecting the adrenal glands. Previous 

works in our laboratory found that the cellular senescence took place in 21-hydroxylase 

gene in a continually growing culture. Thus, it is important to study 21-hydroxylase and to 

determine the factors involved in the regulation of this enzyme. 

In this study, I established a model cell system in which the 21-hydroxylase gene 

was stably expressed and the enzyme activity and mRNA level were both regulated by 

intracellular second messenger systems, cyclic AMP (acting through cyclic AMP-dependent 

protein kinase) and 12-O-tetradecanoyl-phorbol-13-acetate (TPA) (acting through protein 

kinase C). It was found that 21-hydroxylase mRNA level and enzyme activity could both 

be elevated by cyclic AMP. Cyclic AMP was added as 1 mM N6-monobutyryl cyclic AMP 

and 1 mM 8-bromo cyclic AMP. A TP A dose response curve was made and it showed that 

the maximum elevation of 21-hydroxylase mRNA and enzyme activity was at 1 nM TPA 

(in some experiments 0.3 nM TPA was found to be more effective), which was not found 

before because other investigators have been using at least 10 times higher concentrations 

of TP A. The combined cyclic AMP and 1 nM TP A treatment showed a synergistic effect 

on 21-hydroxylase mRNA level and enzyme activity. This suggests that cyclic AMP is 

required for the induction of 21-hydroxylase gene and TPA plays a complementary role in 

enhancing this induction. This study has also revealed that different regulation patterns of 

21-hydroxylase gene by two second messenger systems are correlated with different level . 

of basal 21-hydroxylase mRNA and enzyme activity. It is also found that two species of 

21-hydroxylase mRNA are regulated separately. 
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