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Steroid hormone action is a complex process that is only recently beginning
to be understood. Steroid hormones interact with specific protein receptors and
cause an alteration in the genetic material of the nucleus. As a result of
these processes, gene activity is modulated and a response occurs (1). The
interactions depicted here are very specific and are dependent on ‘the presence
of the hormone, binding by its specific receptor, and the presence of the

genetic machinery to mediate the response.
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Figure 1
(from Ref. 64)

It is obvious that abnormalities at any step in this process will interfere

with the action of a particular hormone. Defects in the recepror or post-
receptor machinery will lead, for the most part to abnormalities in the action,
of one specific hormone (2). Abnormalities of steroid hormone production,

however, can result in far more profound effects. A blockade in the pathways of
normal steroid hormone synthesis leads to the accumulation of compounds that can
activate other members of the steroid hormone receptor family. Congenital
adrenal hyperplasia is a group of genetic disorders that is characterized by a
hyperplastic growth of the adrenal glands and disordered steroid hormone
me tabolism. The pathogenesis of these disorders has been worked out in the
recent past and will be the subject of today's review. These disorders touch on
many aspects of steroid hormone biochemistry and action, human genetics, and
molecular biology.
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(From Ref. 65)
The biosynthesis of steroid hormones is a fascinating process. In  this

process, the neutral lipid cholesterol, a normal constituent of lipid bilayers,
is transformed via a series of hydroxylations, oxidations, and reductions into a
vast array of biologically active steroid hormones (3). The majority of the
steroidogenic transformations occur in the adrenal, testes, and ovary, although
other tissues, particularly the liver and kidney, are also quite active.

The chemical nature of each steroid molecule determines the type of
hormonal activity that it will possess. The nature of this reactivity is
determined by the ability of each to interact with the specific receptors.
Thus, each of the five major classes of steroid hormone is characterized by the
invariant placement of certain functional groups on the steroid hormone
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backbone. Glucocorticoids:  hydroxyl groups on 118 and 2l,ketones at positions
3 and 20, and a double bond between carbons 4 and 5. Androgens: hydroxyl or
ketone at Cl7 and a ketone at position #3. Estrogens: oxygen at carbon 17, a
phenolic A ring. Although _not vyet visualized by crystallography, it is likely
that these characteristics give the molecule an intrinsic ability to interact
with one or more of the receptors.
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(From Ref. 4)

Congenital adrenal hyperplasia has been shown to be the result of defects
in one of several discrete steps in the steroid hormone biosynthetic pathway. A
listing of these defects is shown in Fig. 4. 21-Hydroxylase deficiency is by
far the most common cause of congenital adrenal hyperplasia, accounting for over
90% of cases. A defect in 118-hydroxylase is much less common, accounting for
perhaps 5-10% of cases. 17-Hydroxylase  deficiency, 33-hydroxysteroid
dehydrogenase, and desmolase deficiency are less common. | will focus, for the
most part on the various forms of 2l-hydroxylase and 1 13-hydroxylase
deficiency.

21-Hydroxylase Deficiency

Deficiency of  2l-hydroxylase results in an inability to  synthesize
cortisol, which requires a hydroxyl group at position 2l to be active as a

glucocorticoid. This inability to synthesize cortisol leads to a loss of
feedback inhibition on the pituitary and hypothalamus and a massive increase in
ACTH. This in turn results in an outpouring of adrenal steroids. Among the

principal products that accumulate as a result of this metabolic block are
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17-hydroxy pregnenolone and |7-hydroxy progesterone. Note that while a block in
21-hydroxylase prevents the normal synthesis of aldosterone and cortisol, the
conversion of these steroids to the androgens, androstenedione and testosterone,
occurs readily.

Clinical Spectrum

While the biochemical result of a block in 2l-hydroxylation is predictable,
the extreme variability in clinical presentation that results is remarkable.
Four overlapping clinical pictures have been described and designated simple
virilizing CAH, salt-wasting CAH, late-onset and "cryptic" CAH (5, 6, 7).
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Salt Wasting and Simple Virilizing CAH

In the virilizing form of CAH, Vvirilization of affected females and

premature virilization of affected males is the predominant feature. The
simplified scheme of sexual differentiation shown in Figure 5 demonstrates the
genesis of the abnormalities that are encountered. In normal male sexual

differentiation, TDF (&) testosterone and dihydrotestosterone act to stimulate
the wolffian ducts to form the epididymis, vas deferens and seminal vesicle
(9.). Testosterone and dihydrotestosterone also act in the lower urogenital
sinus to effect the growth and differentiation of the prostate and the
virilization of the external genitalia. Note that a second product of the fetal
testes, mullerian-inhibiting substance (10), is responsible for the involution
of the mullerian-derived structures - that is, the wuterus and fallopian tubes.
Normal female development can be conceived as the same process in which the
three major mediators of male sexual development (mulilerian-inhibiting
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substance, testosterone, dihydrotestosterone) have been removed. Thus, in the
absence of mullerian-inhibiting substance, the mullerian rudiments develop into
the uterus and fallopian tubes. Likewise, in the absence of testosterone and
dihydrotestosterone, the wolffian structures and external genitalia do not
virilize. In female fetuses with 2l-hydroxylase deficiency, the enzymatic
blocks lead to accumulation of steroid precursors, particularly
17-hydroxyprogesterone and |7-hydroxypregnenolone. These in turn are converted
to androstenedione and dihydroepiandrosterone (DHEA). Thus, while the genetic
machinery is set default parameters (XX genotype, the presence of ovaries, the
absence of mullerian-inhibiting substance), the extragonadal production of
androgens effects the virilization of the external genitalia. Furthermore, as
there is no production of mullerian-inhibiting substance, the development of
mullerian-derived  structures such as the uterus and fallopian tubes s
unaffected. An interesting point is the invariant absence, even in Vvirilized
female infants, of virilization of the wolffian ducts structures. While the
reason for this is unknown, differences in the timing or quantity of adrenal
androgens produced has been invoked.

The second of these clinical pictures is termed "salt-losing" CAH. In  this
form of 2l-hydroxylase deficiency, as in the "simple virilizing" form of CAH,
females are virilized by the excessive production of adrenal androgens. In  this
form of CAH, patients manifest a mineralocorticoid deficient state and crises
that are characterized by vascular collapse, hyponatremia and hyperkalemia.

There has been much speculation regarding the differences that could lead
to the distinct clinical pictures that SWCAH and SVCAH represent. The simplest
possibility is  that the completeness of the blockade in 2l-hydroxylation
determines whether a patient presents with the virilizing or salt-wasting form
of CAH. In this work (ll), these patients were examined tfo ascertain the
production of compounds that accumulate as the result of 2l-hydroxylase

ACTH tests: 60-min ACTH-stimulated hormone concentrations of 17-OHP and a*

Classical CAH patients
SW +
Sw sv sV

60-min 17-OHP (ng/dl)
3

n* 3 6
Average 27,520 38,276  39.457
SD 14963 13,740 12,354

Minimum 16,260 23,300 16,260
Maximum 44,500 50300 50,300

60-min A (ng/dl)*
ne

3 4 T
Average 1,987 1,057 1,456
SD 1,903 430 1,244
Minimum 480 621 480

Maximum 4126 1,604 4,126

Figure 6
(From Ref. 11)

deficiency. As is evident here, the levels of |7-hydroxyprogesterone and
A*-androstenedione are similar in both the SV and SWCAH forms of CAM when ACTH
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stimulated levels of these hormones are examined. Thus, it does not appear to
be simply the amount of residual 2l-hydroxylase activity that is demonstrable in
any fashion. Since the major clinical difference between the SV and SW is in
the amounts of mineralocorticoid activity present, the expectation would be that
a difference would be most evident when mineralocorticoid production @ is
assessed. This point was examined by Kowarski and co-workers (12) using a
double label technique to directly examine the production of aldosterone in
patients with SW and SVCAH. In the SV form of CAH, the patients had elevated
aldosterone production rates when compared to normal controls. These eclevated
levels were hypothesized to result from the antimineralocorticoid activity of
progesterone and 17-hydroxyprogesterone (13, 14). Furthermore, these elevated
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(From Ref. 12)

levels of aldosterone production suppressed into the normal range [(ollowing
treatment with replacement doses of glucocorticoids. These results  are  in
contrast to the findings in patients with SWCAH. The patients with SWCAH had
low levels of aldosterone secretion. Equally important was the observation that
these patients were unable to stimulate aldosterone production under conditions
of salt restriction, a stimulus to aldosterone production in normal individuals.
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(From Ref. 12)

This implies that the defect in SWCAH is more severe than that present in SVCAH,
in that the production of aldosterone in SWCAH is low and unable to respond rto

stimuli of aldosterone secretion. This is despite the f{fact that the levels of
17-hydroxyprogesterone and adrenal androgens in fact do not allow these rtwo
types of patients to be distinguished. Perhaps the formation of aldosterone

synthesis is less impaired than that of cortisol in patients with SVCAH due, for
example, to the ability of the defective 2l-hydroxylases to retain the ability
to one substrate preferentially to another.

Late Onset or Attenuated CAH

While the incidence of the simple virilizing and salt wasting forms of CAH
preceded a precise understanding of their pathogenesis, the prevalence of the
late onset form of CAH was appreciated only as a result of adequate biochemical
tests.  The successful treatment of the more severe forms of CAH with cortisone,
led to trials of glucocorticoids in  women with virilization, particularly
hirsutism, and oligomenorrhea. While these therapies led to clinical
improvement in many cases, the suspicion that these disease entities were in
fact a mild form of CAH was disproven when biochemical specific markers of CAH
such as blood levels of 17-hydroxyprogesterone or wurinary excretion of
pregnanetriol were employed.
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While accounting for only a portion of women that present with hirsutism,
infertility or menstrual irregularities, it is clear that these can be caused by
21-hydroxylase deficiency (15, 16, 17). Affected patients typically present
with oligomenorrhea, acne, or hirsutism, or a combination thereof. Onset of
symptoms is often in adulthood but can occur in childhood. Cases of clearly
defined partial 2l-hydroxylase deficiency have been described that have
presented after normal pregnancies. Measurement of adrenal steroids indicate
increased secretion of 17-hydroxyprogesterone and adrenal androgens, albeit at
times with some overlap with normal individuals, particularly when measured in
the basal states. Thus, the clearest definition of this syndrome is dependent
on the measurement of 17-hydroxyprogesterone following infusion of ACTH (see
diagnosis, below).  While the mean levels of 17-hydroxyprogesterone are lower in
patients with late onset when compared to the SW and SV forms of CAH, there are
clearly patients with the late onset form that have |7-hydroxyprogesterone and
A%-androstenedione values that are in the range described for SV and SWCAH.
This raises an even more basic problem. Why do these patients not exhibit more
virilization? This point has not been elucidated. A number of theories bhave
been advanced to explain the pathogenesis of this syndrome. These center on
processes that permit the increased production of adrenal androgens but do not
lead to the signs of excessive virilization: 1) the defect is in fact acquired
and that the abnormalities of 2l-hydroxylase are not present in early life; and
2) a distinct genetic locus (loci) influences the ability of the defective
21-hydroxylase gene to effect virilization in  utero. One  interesting
possibility focuses on the enzyme 17-20 lyase. This enzyme controls entry of
steroids into the accumulated precursors (17-hydroxyprogesterone) into the
androgen pathway. _Changes in the quantity of this enzyme within the adrenal
gland would permit varying quantities of androgen to be produced. It is clear
that changes in the amount of 17,20 lyase activity occur at adrenarche (18).

Despite  the controversies surrounding its pathogenesis, current evidence
suggests that this form of 2l-hydroxylase deficiency is inherited as an
autosomal recessive trait that is allelic to the classic forms of CAH (19, 20).
Thus, this abnormality would appear to be caused by mild abnormalities of the
21-hydroxylase gene itself.

Cryptic 21-Hydroxylase Deficiency

The final form of 2l-hydroxylase deficiency was not appreciated until
specific biochemical tests were available. In 1980, Levine et al reported the
characterization of individual members within 8 families with classic CAH (21).
In this study, several individuals were found to have hormonal levels consistent

with mild 2l-hydroxylase deficiency. However, signs of excessive virilization,
hirsutism, oligomenorrhea, and infertility were absent. These patients were
detected by the presence of high 17-hydroxyprogesterone levels in the
unstimulated state. Further examination of these patients (22) showed that
their hormonal profiles were distinct from those of the normal population and
from patients believed to be CAH heterozygotes. Further investigations using

ACTH stimulated hormone measurements disclosed hormonal profiles that were
distinct from classic CAH (homozygous and heterozygous) and the normal
population (see diagnosis, below). However, even using hormonal measurements
obtained in the stimulated state, cryptic CAH and late onset CAH cannot be
distinguished.
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Diagnosis

In patients that present with the full blown picture of SV or SWCAH, the
diagnosis is not difficult to establish. Serum samples are examined for the
concentration  of l7-hydroxyprogesterone  and  for the levels of adrenal
androgens, specifically testosterone, dihydrotestosterone, and DHEA. In the

late onset and cryptic variants, however, the diagnosis may not be quite as
evident from baseline hormonal measurements. The reason for this is to be found
in an examination of the hormonal profiles present in these individuals
throughout the course of a day. Thus, while baseline measurements may show
overlap with normal individuals, levels of 17-hydroxyprogesterone and its
metabolites vary with the normal ACTH driven circadian rhythm (23, 24). In
these individuals, the diagnosis is established by examination of the hormonal
profile following stimulation of steroidogenesis by the infusion of ACTH (25).
In this protocol, which has received much use, ACTH (cotrosyn 0.25 mg) is
injected as a bolus between 0800-1000 AM. Blood samples are collected for
17-hydroxyprogesterone and A%-androstenedione at 0 and 60 min. A second
protocol uses slightly higher doses of ACTH (1-24) (0.4 mg) infused continuously
over a 6 h period. Using these criteria patients with all forms of
21-hydroxylase deficiency can be differentiated from unaffected individuals.
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Genetics

The incidence of CAH in the general population bhas varied from among
different reports. A summary of incidences ‘in several different populations
based on case surveys is indicated in Figure 9 (26). This summary reveals a
wide range of incidence, but that appears to be approximately | in 10-20,000.
Note that this is an estimate based on the identification of clinically affected
individuals and may thus represent an underestimation of its true incidence. In
1977, a rapid screen was developed, similar to that in use for phenylketonuria
that allows the determination of [7-hydroxyprogesterone levels in small samples
of blood. The application of this technique to the measurement of
17-hydroxyprogesterone has revealed an incidence that is similar in all
populations, except certain Alaskan Eskimos and a small town in France where a
founder effect and inbreeding have resulted in a quite high frequency.

Comparison of Classical Congenital Adrenal Hyperplasia Determined by
Screening and by Case Survey

Geographic Area and Screening (1978-1988) Case Survey (1965-19851
Population No. Tested Incidence  Reference Incidence  Reference
No. No.
Alaska, Yupik Eskimo 1,131 1:282* 22 1:490* 11
La Reunion, France, 14,987 1:2,141% 25
heterogeneous
Rome, Italy, white 22,400 1:5,580% 24
Emilia-Romagna, Italy, 73,000 1:14,600% 23
white
Lille/Lyon, France, white 173,662 1:12,000% 25 1:23.000 25
Japan, Asian 253,494 1:15,800 26 1:43,674 20
New Zealand
Heterogeneous 97,552 1:16,258 28
White 87,000 1:14,500
Scotland, white 119,960 1:17,098 1:20,907 19
Washington, 233,244 1:17,942
heterogeneous:
Illinois, heterogeneous: 120,000 1:13,333 1:15.000 10
1:26.792 9
1:40.000 12

*+ Sait-wasting form only.
t The average incidence in Mediterranean Europeans was 1:10.866 births.
$ Majority are white.

Figure 10

Following the discovery in 1977 that a tight genetic linkage existed betwecn
the human histocompatibility locus and the gene encoding the 21-hydroxylase
(27), HLA bhaplotyping has been employed in the genetic analysis of patients wirh
21-hydroxylase deficiency. For example, in Caucasian populations, the haplotype
Bw60 has been shown to be associated with a high incidence of the salt-wasting
form of 2l-hydroxylase deficiency. Similarly, SVAH is associated with HLA Bw5l.
Even nonclassic forms of the disease have been associated with specific
haplotypes particularly Bwl4 (28, 29, 30). These associations can be useful as
affected individuals can be typed as to their HLA haplotypes and the inheritance
of the affected alleles traced. This association has been used successfully,
particularly in combination with measurements of |7-hydroxyprogesterone in
amniotic fluid, to diagnose CAH in utero (31, 32).
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Molecular Genetics

As the HLA linkage data implied a structural relationship between the
histocompatibility locus and the gene encoding the 2l-hydroxylase enzyme, it was
natural to examine the nature of this linkage. This has been performed in both
mice and humans. Following the successful isolation of the bovine
21-hydroxylase, Perrin White wused his cDNA probe to examine overlapping
fragments gene fragments derived from the mouse histocompatibility locus (33).
In this way, he was able to demonstrate that two distinct regions of the genome
were identified. Subsequent analysis (34) indicated that in the mouse two
separate 2l-hydroxylase genes could be identified. Each 2l-hydroxylase gene was
located adjacent to the 3' terminal segment of the genes encoding a functional

(C4) and a nonfunctional (Slp) component of complement. Earlier work had
indicated that Slp and C#4 had arisen by a direct duplication of approximately
55 kb of chromosomal DNA. As the 2l-hydroxylase genes reside within this
region, they were presumably duplicated at the same time. Interestingly,
subsequent work has demonstrated that only one of these two 2l-hydroxylase is
functional (35) - that is, in the mouse only the A gene is expressed and encodes

a functional protein, while the B gene is not expressed and carries mutations
that have inactivated it (36) (see Fig. 11).
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The results of this analysis of the mouse 2l-hydroxylase genes have had
numerous parallels in" the analysis of the human 2l-hydroxylase genes. As |
mentioned, the extended haplotype HLA-(A3); BW47; DR7 is strongly associated
with the severe form of 2l-hydroxylase deficiency. Furthermore, it was known
that alleles of this haplotype also carry a null allele at the locus encoding
one of two forms of the fourth component of complement (C4). In 1984 Perrin

White (37) examined the structure of the 2l-hydroxylase gene in patients known
by  bhaplotyping to be homozygous for this type of severely abnormal
21-hydroxylase allele. When analyzed in this manner DNA from a patient
homozygous for the normal HLA haplotype and without CAH shows two distinct
bands. By contrast, DNA prepared from a patient homozygous for the HLA-BW47
associated form of 2l-hydroxylase deficiency shows only a single band. This was
felt to be consistent with the model shown in this figure. [t was suggested
that in this patient with severe CAH and C#4A deficiency that there was a
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deletion of a segment of DNA that encoded one complement locus and one
21-hydroxylase gene. This hypothesis was advanced without a clear understanding
of the structure of the two duplicated 2l-hydroxylase alleles. In particular,
this idea did not explain how the deletion of only one of two 2l-hydroxylase
genes leaas o a deficiency state.

GLo 2104 21-0H
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DP  DQ DR C2 8F GC4A 48 B C A
SB_00 P e
CLASS 11 CLASS 111 CLASS |

Figure 12

In 1985, Carroll et al (38) elucidated the structures and relative positions
of the 21-hydroxylase and C4 genes in the human chromosome 18 (Fig. 12). They
found that as in the mouse, there are in fact two 2l-hydroxylase genes, situated

at the 3' terminal side of the two functional complement genes. These have been
designated the A and B genes. The nature of these two 2l-hydroxylase genes is
therefore critical. Do these in fact represent interchangeable, functional

genes, or do they each subserve distinct functions? A year later Higashi et al
(39) isolated and sequenced each of these genes. They found that these two
genes were not interchangeable and that in fact only the B gene is able to
encode a functional protein - the A gene containing insertions and deletions
that render it nonfunctional. Thus, a simple model was apparent for this form
of severe CAH in which the affected individual contains two chromosomes, each
containing deletions that remove the functional 21-hydroxylase B gene.

Subsequent to the initial study referred to above, however, many papers have
been published regarding the phenomenon of gene deletion that was originally
described in reference as the cause of CAH. Several of these studies have cast
doubt on this mechanism as a cause for CAH. The confusion that has centered on
the evidence that was presented as supporting gene deletion as a cause of the

more severe types of 2l-hydroxylase deficiency. Many of the initial studies
used only a small number of restriction enzymes to analyze the DNA of these
patients. Subsequently, several analyses indicated that instead that a process

termed gene conversion (40) might be occurring. This term, first coined in
yeast genetics, indicates a process whereby two closely related genes become
identical. Although a number of mechanisms have been proposed, that the end
result of such a conversion would be the creation of two nonfunctional genes.
Note that the examination of the DNA of such a patient if not performed with
multiple restriction enzymes would lead to a pattern consistent with a deletion.
It is clear from the more recent examinations of this region of the genome using
both 2l-hydroxylase and C&4 probes that +this region of the genome is highly
polymorphic. I would say that the evidence taken as a whole (summarized in
Table 1) suggests that both processes occur and that the frequency of each
process varies in the population examined. It is extremely interesting to note
that even in those cases where single mutations have been identified within the
21-hydroxylase B gene, these point mutations are normally found within the
nonfunctional 2l-hydroxylase A pseudogene. This implies that the process of
gene conversion may in fact be quite difficult to detect as it may affect only



parts of the normally functional B gene.
the alleles associated with
cryptic 2l-hydroxylase deficiencies).

analyze

DELETIONS/INSERTIONS

the less

TABLE 1|

References Number Family Study Type of Investigation

(37) 1 Yes Southern, HLA

(41) 22 (unrelated) No Southern, HLA

(42) 126 haplotypes Yes Southern, HLA

(43) 20 patients No Southern

(44) 6 patents Yes Southern,
multiple enzymes,
HLA, hormonai

(45) 51 Yes Southern,
multiple enzymes,
HLA

(46) 12 Yes Southern,
DNA sequencing

(47) 35 No Southern
(4/210H)

(48) 33 Southern
(C4/210H)

(49) Review

(50) 11 No Southern (oligo)

(51) 68 Yes Southern

POINT MUTATIONS

(extensive)

i3

No studies have yet been performed to
severe

forms of CAH (adult onset,

Remarks
Deletion of 210H-B Gene

Frequent deletion and
duplications

-looked at C4 locus
as well; deletions identified

-C4 & 210H examined
-20H-B deletions identified

Gene conversion inferred

No gene deletions
All due to gene conversion

Homozygous haplotype cloned, found
210H-B gene converted to 2I10H-A gene

13/15 chromosomes show absent TAQI
fragment; anaiysis indicates deietions

Deletions of Cu4, 21OH-A, and
210H-B detected

Frequem gene converisons

Extensive Analysis

Small murtations (65%)
alterations of 210H-A gene
conversion (11%), 210OH-B
deletion (10%)

-3 murations, one s

rermination

-mutations shareg with
21-OH-A pseudogene

-ile 472 converted o Asn
is present n
21-OH-A pseudogene

-several poin* murations In
21-OH-B gene - many share-
with pseudogene

-C4B converted o C4A

Reference Pauenr: Type Number Family Study Type of Investgauon Remarks
(52) SWCAH I No -DNA sequencing
-oligonucleotide premature
Southerns
(53) Classic CAH 1 No -DNA sequencing
-oligonucleotide -mutation
Southerns
(54) SWCAH 1 No -DNA sequencing
(55) Classic CAH 3 No -DNA sequencing

-point mutations {(missense,
splicing defects) found 1n
210H B gene - rhese also
founa in 2101 A pseudogen«
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Summary

Current biochemical and genetic evidence (see below) suggests that CAH
represents a spectrum of clinical disease that 1is caused by variations in
severity of the enzymatic defect. Thus, SWCAH would appear to be caused by
defects severe enough to impair synthesis of cortisol and aldosterone, SVCAH
would represent disease that is less severe impairing cortisol synthesis but
leaving sufficient aldosterone synthesis intact to allow sodium homeostasis. It
is clear that on the whole, the disturbances that cause the late onset and
cryptic forms of CAH are milder still. It does appear that in these latter two
syndromes that other factors may be affecting the degree of virilization present
in affected individuals.

118-Hydroxylase Deficiency

Deficiency in 1l-hydroxylase of steroids is an autosomal recessive disorder
that accounts for approximately 5% of individuals with CAH. As with
21-hydroxylase deficiency, the enzymatic defect leads to the accumulation of
steroid precursors proximal to the enzymatic block and the overproduction of
adrenal androgens. Thus, as in CAH due to 2l-hydroxylase deficiency,
virilization of affected female infants and signs of premature sexual maturation
in male infants can be observed. A distinct difference between this form of CAH
and the 2l-hydroxylase deficiency form of CAH is the overproduction of
l1-deoxycortisol or DOC. In this situation, as in the deficiency of
21-hydroxylase, ineffective steroidogenesis drives the pituitary to produce high
levels of ACTH which drive the production of DOC. These inappropriately
elevated DOC levels in turn lead to volume expansion and hypertension.
Hypertension, in fact, is the only clinical {inding that would lead to the
diagnosis of 118-hydroxylase deficiency, as opposed to 21-hydroxylase
deficiency.

Figure 13 (56) demonstrates the range of findings encountered in patients
with l1B-hydroxylase deficiency in a series of 25 patients. Patients with the
more sever forms tended to be diagnosed earlier in life. As is evident, a wide
range of abnormalities were found at presentation, from genetic females with
male external genitalia (patient 10) to adult women with hirsutism and
oligomenorrhea (patients 24 and 25).

The diagnosis of 118-hydroxylase has not been as well standardized as has
been done for 2l-hydroxylase deficiency. The usual studies include measurement

of ll-deoxycortisol, which should be elevated. Measurement of plasma renin
(which is suppressed due to the I|l-deoxycorticosterone overproduction) is also
performed. Finally, the production of 1l-deoxycorticosteroids can be inferred

by the quantitation of tetrahydro-1l-deoxycortisol (THS) in the urine.
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Clinical data on patients with classic congenital adrenal hyperplasia due to 118-hydroxylase deficiency (group A)

CAatdi- BAatdi- Height SDS Testicular Breast Blood pres-
. . . Pubic : .
Patient no. agnosis agnosis ———————— hair® volume  develop- sure (mm Chief complaint
(yr) (yr) CA BA (ml)® ment® Hg)
Males
1 0 -1.2 1 1 n Salt wasting
2 0 -0.3 1 1 n Salt wasting
3 6.4 13.2 +4.1 =21 3 2 130/80 Pseudoprecocious puberty
4 6.5 135 +27 =30 3 4 2 130/90 Tall stature, early puberty, gynecomastia
5 10.9 17.0 +14 =34 4 10 2 145/100 Pseudoprecocious puberty, hypertension,
hypokalemia
6 18.2 Adult -2.7 =27 6 13 165/110 Hypertension, hypokalemia, muscular
weakness and cramps
Females

7 0 +0.6 1 1 n Ambiguous genitalia 3¢

8 0.1 -15 1 1 n Ambiguous genitalia 3
9 20 -14 1 1 n Ambiguous genitalia 2

10 5.5 11.0 +34 =30 3 1 150/110 Male external genitalia (hypospadia)

11 5.8 +4.1 3 1 130/70 Ambiguous genitalia 1

12 6.2 10.8 +0.5 =4.1 3 1 n Ambiguous genitalia 1

13 12.7 14.0 +0.8 -0.1 3 1 160/80 Clitons hypertrophy

n, Normal blood pressure (45) on repeated measurements: SDS, standard deviation scores; CA, chronologic age; BA, bone age.
® Pubic hair and breast development stages according to Tanner (40).

® Testicular volume according to Zachmann et al. (42).

¢ Rating of ambiguous genitalia according to Prader (41).

Clinical data on patients with mild congenital adrenal hyperplasia due to 113-hydroxylase deficiency (group B)

CA at di- B . Height SDS . Testicular Breast Blood pres-
. 3 A at diag- Pubic g .
Patient no. agnosis F———" —— rair volume develop- sure (mm Chief complaint
(yt) - CA BA (ml) ment Hg)
Males
14 8.1 10 +22  +05 1 1 105/65 Tall stature
15 9.4 12.8 +19 -08 3 4 105/65 Early puberty
16 15.6 Adult -1.8 =286 5 140/80 Bilateral cryptorchidism, acne
17 17.5 Adult =29 =30 5 10 155/90 Acne
Females
18 0 -1.3 1 1 80/40 Ambiguous genitalia 1
19 29 2.5 +0.1 +1.6 1 1 145/85 Ambiguous genitalia 1
20 75 11.0 +30 -09 4 1 95/60 Ambiguous genitalia 1
21 76 10.2 +23 =08 3 1 95/60 Tall stature, premature pubarche
22 83 11.0 +29 =02 2 1 110/70 Premature pubarche
23 8.5 10.0 #2T +09 1 1 110/70 Tall stature
24 19.7 Adult -09 =09 6 57 130780 Hirsutism, oligomenorrhea
] 236 Adult 5 37 130/80 Hirsutism, oligomenorrhea

“ Previous estrogen treatment.

Figure 13

Figure 14 demonstrates the salient features of such patients (57). Note in
the basal state, that the patient produces high levels of [l-deoxycortisol and
DOC, compared to normal individuals, while cortisol production is impaired.
Notably, despite the low levels of aldosterone assayed, plasma renin activity is
low, presumably as a result of the volume expansion  mediated by
deoxycorticosterone, a weak mineralocorticoid.
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Case reports: urinary steroid excretions and plasma cortisol, corticosterone and 11-deoxycortisol

levels
Jac. Jos.
Urine 17-ketosteroids (mg/24 hr) 17.0 4.0
17-ketogenic steroids (mg/24 hr) 315 11.2
17-hydroxysteroids (mg/24 hr) 22.0 7.6
Pregnanetriol* (mg/24 hr) 0.09 0.06
Tetrahydrodeoxycorticosterone (ng/24 hr) 800 200
Aldosterone (ng/24 hr) 1 )f
Plasma Cortisol (1g/100 ml) 0.3 0.3
Corticosterone (ig/100 ml) 0 0
11-deoxycortisol (1g/100 ml) 20 125

* Determinations were kindly performed by Dr. S. Saez, Unité de Recherches—INSERM, Lyon (France).

Figure 14
The changes «caused in one of these patients by salt restriction,
dexamethasone, and ACTH is shown in Figure 15. In response to salt restriction,
plasma renin activity and aldosterone production remain low. If dexamethasone

regimen, DOC production drops and plasma renin begins to
this is a rise in aldosterone production, even prior to
These studies suggest two things.  First, they support
the concept that overproduction of DOC maintains a volume expanded state.
Second, is that the observed rise in aldosterone, itself an [|18-hydroxylated
steroid, following suppression of ACTH production with dexamethasone has
suggested to others that the [|18-hydroxylase mechanism in the glomerulosa might*
be distinct from that present in the fasciculata and reticularis.

is then added to this
rise. Concomitant with
stimulation with ACTH.
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These observations have generated a great deal of interest in the enzyme
that catalyzes steroid 11B-hydroxylation. This enzyme has been purified and
extensively characterized (58). As expected, it is a typical cytochrome P-450
enzyme and is located within the mitochondria. What came as quite a surprise
was the discovery that his single cytochrome P-450 was capable of catalyzing not
only the [lB-hydroxylation of steroids but the 18-hydroxylation and [8-aldehyde
synthesis reaction as well. Thus, it would appear that a single enzyme s
responsible not only for the Ill-hydroxylase reaction that is crucial to the
synthesis of cortisol in the fasciculata and reticularis but also for the
terminal steps in the synthesis of aldosterone as well. This poses a major
difficulty in understanding adrenal steroid biosynthesis as it has been well
accepted that the adrenal «cortex is divided both morphologically and

functionally in  its production of  steroids: the glomerulosa  producing
aldosterone and the fasciculata and reticularis producing cortisol. Thus, even
though [1B8-hydroxylase is present in both the glomerulosa and fascularis, the

synthesis of aldosterone occurs predominately in the glomerulosa.
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While these findings may cloud the issue of compartmentalization of
L18-hydroxylation, a corollary of these observations is that defects in distinct
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functional sites of this single polypeptide might lead to different clinical
pictures. Thus, a defect leading to an abnormal Il-hydroxylase function would
lead to the picture of classic CAH caused by Il-hydroxylase deficiency.
Likewise, according to this scheme, specific defects in the more terminal steps
catalyzed by the 18-hydroxylase or of the 18-hydroxyl oxidase function of the
P-450-118 could lead to a selective disorder in aldosterone synthesis.

Molecular Biology

Recently, cDNA clones encoding the bovine and human 118-hydroxylase have
been isolated (59, 60). Early indications were that a relatively uncomplicated
picture would emerge - that is, that a single gene encoded the [18-hydroxylase
that was located on human chromosome 8 (59) However, more recent reports have
indicated that this may not be so simple. Kirita and coworkers have recently
reported the nucleotide sequence of two related P-450 (113) molecules derived
from their analysis of several adrenal Il-hydroxylase cDNA bovine sequences
(61). By analysis of bovine adrenal RNA and DNA they were able to conclude that
at least two distinct genes exist and are expressed. More recently, these
investigators have shown that these mRNAs result in the production of two
proteins. This  then  still leaves open the possibility that distinct
l18-hydroxylase genes may be involved in the synthesis of I|l-hydroxylated
glucocorticoids in  the reticularis and for aldosterone in the glomerulosa.
Notably, a recent article (3) references unpublished observations that indicate
the existence of at least two tandemly repeated l1B8-hydroxylase genes.

The characterization of the defects in the 118-hydroxylase are as yet quite
rudimentary. In fact, the only study published thus far on the subject is one
that supports the multifunctional catalytic activity ascribed to
113-hydroxylase. In this study (62) an RFLP was uncovered using the
l13-hydroxylase as probe that segregates with a defect in the terminal step in
aldosterone biosynthesis (corticosterone methyl oxidase 1I).

Treatment

The effects of treatment with suppressive doses of glucocorticoids is
miraculous. The goal of therapy, of «course, is to provide adequate
glucocorticoids to allow the feedback suppression that is impossible without
effective synthesis of cortisol. One of the most impressive representations of
the physiologic results of this therapy is this simple graph, which shows the
average final height attained of CAH patients stratified by their ages at the
time that suppressive therapy became available (63). It is evident that as a
result of this therapy that individuals with that were previously destined to
premature closure of the epiphyses, instead are able to attain their normal
heights. Replacement therapy of patients with the salt-wasting form of CAH
would also include supplementation with fluorinef. Patients with- the salt-
losing form should have the adequacy of this therapy assessed by measurement of
plasma renin activity.
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Figure 17
Conclusions

Heterogeneity characterizes both the phenotypes and enzymatic defects that
underlie congenital adrenal hyperplasia. A variety of molecular defects have
been described that are thought to be responsible for CAH caused by
21-hydroxylase deficiency, ranging from deletions to point mutations to gene
conversions. This, in - turn, appears to result from a remarkable degree of
plasticity at the 2l-hydroxylase loci within the general population.

Although less common than 2l-hydroxylase deficiency, CAH due to
l18-hydroxylase deficiency appears to be caused by defects in a cytochrome P-450
that catalyzes multiple steps of steroidogenesis in addition to
l13-hydroxylation. Recent studies at the protein and DNA levels provide direct
evidence of a link that has long been suspected between the [[3-hydroxylase and
the catalysis of the terminal steps in the synthesis of aldosterone.
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