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High Frequency of Nonclassical Steroid
21-Hydroxylase Deficiency

PuyLLis W. SPEISER,' Bo DUPONT,? PABLO RUBINSTEIN,> ALBERTO Piazza,*
ANDRUA KASTELAN,? AND MariA 1. NEw!

SUMMARY

Nonclassical steroid 21-hydroxylase deficiency is an autosomal reces-
sive disorder that is defined by clinical and hormonal criteria that
distinguishes it from the classical 21-hydroxylase deficiency. No esti-
mates of the gene frequency of nonclassical 21-hydroxylase defi-
ciency, also called attenuated, late-onset, acquired, and cryptic adre-
nal hyperplasia, have been published thus far. Here, we have used
HLA-B genotype data in families containing multiple members af-
fected with nonclassical 21-hydroxylase deficiency together with the
results of quantitative hormonal tests to arrive at estimates of gene
and disease frequencies for this disorder. We found nonclassical 21-
hydroxylase deficiency to be a far more common disorder than classi-
cal 21-hydroxylase deficiency, which occurs in 1/8,000 births. The
prevalence of the disease in Ashkenazi Jews was 3.7%; in Hispanics,
1.9%; in Yugoslavs, 1.6%; in Italians, 0.3%; and in the diverse Cauca-
sian population, 0.1%. The gene for nonclassical 21-hydroxylase defi-
ciency is in genetic linkage disequilibrium with HLA-BI4 in Ashkenazi
Jews, Hispanics, and Italians, but not in Yugoslavs or in a diverse,
non-Jewish, Caucasian group. The penetrance of nonclassical 21-hy-
droxylase deficiency gene in the HLA-BI4 containing haplotypes was
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incomplete. Thus, nonclassical 21-hydroxylase deficiency is probably
the most frequent autosomal recessive genetic disorder in man and is
especially frequent in Ashkenazi Jews, Hispanics, Italians, and
Yugoslavs.

INTRODUCTION

The classical form of congenital adrenal hyperplasia with steroid 21-
hydroxylase deficiency is transmitted by an autosomal recessive gene [1] and is
closely linked to the HLA-B locus on the short arm of chromosome 6 [2] with
peak total lod scores as high as 9.5 [3] and 15.65 [4] for 6 (recombinant fraction)
= 0. Linkage disequilibrium with the HLA-Bw47;DR7 haplotype segment has
been demonstrated [5—7], and more recently the gene has been further localized
to the C4 region of the HLA supergene by molecular genetic techniques [8, 9].
The frequency of the classical disease has been estimated at 1/8,000 by neonatal
screening of a homogeneous Caucasian population in Italy using a microfilter
paper technique [10]. In other studies throughout Europe and the United
States, the frequency of the disease ranged from 1/5,000 to 1/15,000 [11]. A
recent screening program for newborns in the state of Alaska using the
microfilter paper technique revealed an extremely high incidence of 1/684 of
classical 21-hydroxylase deficiency among Yupik-speaking Eskimos of western
Alaska [12]. Thus, in Yupiks, this disorder is as common a human autosomal
recessive genetic disorder as sickle cell anemia is in American blacks.

Nonclassical 21-hydroxylase deficiency, also called attenuated, late-onset,
acquired, and cryptic adrenal hyperplasia, although suspected in the past as a
cause of hirsutism in women [13], was first documented by hormonal measure-
ments in 1957 [14]. Nonclassical 21-hydroxylase deficiency was demonstrated
to be transmitted by an autosomal recessive gene and to be linked to HLA in
1980 [15]. Association with the HLA-BI4;DRI haplotype segment has been
noted, although linkage disequilibrium has not been rigorously established [15-
18]. Because of differences in both hormonal response to ACTH stimulation
and HLA-B associations, it has been suggested that the nonclassical disease
gene may be an allelic variant of the classical form of the 21-hydroxylase
deficiency gene [19]. In 1982, Kohn et al. presented detailed clinical and hor-
monal characterization of the symptomatic and asymptomatic forms of non-
classical 21-hydroxylase deficiency and calculated the peak total lod score for
linkage to HLA-B as 3.575 at 6 = 0 [20].

To date, there have been no reports of the frequency of nonclassical 21—
hydroxylase deficiency in the general population. Screening newborns using
the microfilter paper method does not detect infants with nonclassical 21-
hydroxylase deficiency, as serum 17-hydroxyprogesterone (17-OHP) concen-
trations are below the lower limit of the sensitivity of this assay [12]. We have
therefore analyzed our patient population in an attempt to estimate the gene
and disease frequency for nonclassical congenital adrenal hyperplasia due to
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TABLE 1

21-HYDROXYLASE DEFICIENCY POPULATION

No. HLA-B

Total no. Total no. No. sib-pairs identical

patients families HLA-typed sib-pairs
Classical (all) ........... 214 167* 30 30
Salt-wasting .......... 116 89 12 12
Simple virilizing . ...... 94 76 16 16
Discordantt .......... 4 2 2 2
Nonclassical (all) ........ 100 43 18 14

* Seventeen of these families also have nonclassical patients.
+ HLA-identical sibs, one with proven salt-wasting and the other with no evidence of salt-wasting.

steroid 21-hydroxylase deficiency. We have found a surprisingly high fre-
quency of nonclassical 21-hydroxylase deficiency in the general population and
especially in Ashkenazi Jews.

SUBJECTS, MATERIALS, AND METHODS

The population studied consisted of 214 patients from 167 families with the classical
form of congenital adrenal hyperplasia due to 21-hydroxylase deficiency and 100 pa-
tients from 43 families with the nonclassical disease (table 1). A total of 283 obligate
heterozygote parents underwent ACTH stimulation tests. Eighty-seven percent of the
classical families included in this study and 60% of the nonclassical families have been
described [2-4, 7, 10, 15, 19-29]. Patients were of diverse ethnic backgrounds and were
drawn from the United States, Europe, and Israel. The subjects were classified as
nonclassical patients, classical patients, or heterozygotes, based on clinical and hor-
monal data. All patients underwent either 60-min ACTH, 0.25 mg Cortrosyn (Organon,
West Orange, N.J.). IV bolus or 360-min ACTH, 0.40 mg Cortrosyn given continuously
IV over 6 hrs. Radioimmunoassay of basal and stimulated serum 17-OHP, A4-
androstenedione (A4), dehydroepiandrosterone (DHA), testosterone (T), desoxycor-
ticosterone (DOC), corticosterone (B), cortisol (F), and aldosterone (aldo) was per-
formed by methods described [30-32]. The coordinates of the basal and stimulated
17-OHP values were plotted on nomograms that permit assignment of subjects to the
nonclassical, classical, heterozygote, or general population groups [28]. Patients with
classical or nonclassical 21-hydroxylase deficiency and all heterozygous subjects are
clearly distinguishable by these hormonal criteria; however, many members of the
general population demonstrate ACTH-stimulated 17-OHP values in the range of obli-
gate heterozygous subjects. Family members, other than parents of well-documented
patients, in whom possible recombinations between the steroid 21-hydroxylase
deficiency gene and the HLA-B or -DR locus could not be excluded were not used in the
construction of the nomograms [28].

HLA typing was performed on peripheral blood lymphocytes for the antigens of the
A, B, and C loci by the standard NIH two-stage microcytotoxicity test [33]. DR typing
was performed by a modified complement-dependent cytotoxicity technique [34].

HLA gene frequencies were calculated by the counting method, that is, by determin-
ing the proportion of genes expressing a particular HLA-B antigen relative to the total
number of antigens in a given patient group. HLA-B gene frequencies for the antigens
BS, B8, B14, B35, B40, and Bw47, which have been previously demonstrated to deviate
significantly in 21-hydroxylase deficiency syndromes from control groups, are shown in
table 24 and B. Relative risk for the classical and nonclassical forms of 21-hydroxylase
deficiency associated with a specific HLA antigen (table 3) was calculated by the
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method of Woolf-Haldane [36]. Significance for the gene frequencies was calculated by
the two-tailed Fisher exact method [37]. Conventional significance tests for relative
risks were performed as summarized by Rubinstein [38]. The control population for
each of the respective groups was ethnically matched. Because of the diverse composi-
tion of the group of ‘‘other Caucasians,”’ there was no appropriate control group and
statistical significance is not reported. Ninety-five percent confidence limits were cal-
culated by the formula for a binomial distribution [39].

Gene frequency of the nonclassical disease was analyzed by two separate methods:

1. Hormonal Analysis

Since the disease is transmitted by an autosomal recessive gene, parents of a classical
or nonclassical proband are obligate heterozygotes. The haplotypes of these obligate
heterozygotes that are not transmitted to the respective probands represent an a priori
random sample of the haplotypes in the population.

Families with offspring with classical 21-hydroxylase deficiency. If the proband has
classical 21-hydroxylase deficiency, then the parents are obligate heterozygotes for the
classical 21-hydroxylase deficiency, that is, they carry the classical 21-hydroxylase
deficiency allele (fig. 14). If one or both parents of a child with classical 21-hydroxylase
deficiency manifest biochemical evidence of nonclassical 21-hydroxylase deficiency
upon hormonal testing, then the allele not transmitted to the proband is, of necessity, a
nonclassical allele (fig. 1B). Thus, these parents with nonclassical 21-hydroxylase
deficiency represent compound heterozygotes, the genotype of which can be repre-
sented as 21-OH def*¢*¢/21-OH def™!¢. (Compound heterozygotes are thus defined as
individuals who are heterozygous for two different abnormal alleles at the same locus.)

Families with offspring with nonclassical 21-hydroxylase deficiency. If the proband
has nonclassical 21-hydroxylase deficiency, then the parents may be heterozygotes for

A
;b c/d A !

a/b c/d
a/c
a/c
B
a/b c/d B %
a/b c/d
a/c
Fic. 1.—Possible 21-hydroxylase deficiency
genotypes of parents with classical offspring. a’c
refers to nonclassical 21-hydroxylase deficiency Fic. 2.—Possible 21-hydroxylase deficiency

haplotype (21-OH def™i!), P refers to classical ~genotypes of heterozygous, unaffected parents
21-hydroxylase deficiency haplotype (21-OH  with nonclassical offspring. See figure 1 for key
defscvere). to symbols.
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TABLE 3

RELATIVE Risk

HLA-B ANTIGENS

PATIENT GROUP B14 Bw47 B35 B8 BS B40
Nonclassical:
1. Ashkenazi Jewish ................ 17.1 0 0.4 0.4 1.0 0.9
2. Hispanic ...................o.... 229 0 0 0 0.7 3.1
3. Yugoslavs ....................... 0 3.5 0.7 0 1.4 0
4. Italian ............ccvvnnnnnnn, 51.5 0 0 1.4 0 8.5
5. *“‘Other Caucasians” .............. 87 0 0 0 0.8 0
Sum of above ethnic groups 1-4* ...31.9 1.9 0.4 0.4 0.6 1.9
Classical:
1. Ashkenazi Jewish ................ 1.5 0 4.0 0 33 0
2. Hispanic ......................0. 0 0 1.7 0 2.1 1.1
3. Yugoslavs ....................... 0 1.6 1.4 0.3 1.4 0
4. Italian ................ccovieennn. 1.3 2.6 1.3 0.15 1.0 2.6
S. **Other Caucasians™ .............. 0.1 22.7 2.0 0.8 0.7 3.2
6. Black .............. ..ol 0 0 1.8 0 2.5 0
All classicalt ......................... 0.6 10.3 15 0.5 1.2 24
Salt-wasting ....................ooul 0.1 153 1.5 0.4 0.9 37
Simple virilizing ...................... 1.2 4.7 14 0.6 1.4 1.3

NotE: Underlined values are significant at least to the level of P < .05. Significance is not reported for *‘other
Caucasians’’ for lack of an appropriate control group. Please see table 24 and B for composition of this group.

* The ‘“‘sum of above ethnic groups 1-4"" served as a control.

+ The *‘sum of all controls (plus North American Caucasians)’’ served as a control.

either the classical or nonclassical gene, as the child could be either a compound
heterozygote 21-OHdef**¥*"*/21-OHdef™!¢ (fig. 2A) or a homozygote for the mild
deficiency 21-OHdef™!¢/21-OHdef™!¢ (fig. 2B) [20]. Results of the ACTH test do not
distinguish between parents who have the genotypes 21-OHdef severe/21-OH"™2! and 21-
OHdef™9/21-QH"™a!,

If, as indicated above, the parent on hormonal testing with ACTH proves to be a
patient with nonclassical 21-hydroxylase deficiency, then that parent could be a com-
pound heterozygote or a homozygote for the mild deficiency [20]. Figure 3 demonstrates
the possible 21-hydroxylase deficiency genotypes of parents and offspring in families in
which both a child and a parent have been diagnosed as patients with nonclassical 21-
hydroxylase deficiency upon hormonal testing. In these families, there are no classical
patients who allow us to identify the parental HLA haplotype linked to a classical
genetic defect. In possibilities A, B, and C of figure 3, the haplotype of the affected
parent not transmitted to the proband must carry the nonclassical gene, while in pos-
sibilities D and E, the haplotype of the affected parent not transmitted to the proband
could carry a classical gene. We excluded the affected parents of offspring with non-
classical 21-hydroxylase deficiency from this analysis to avoid the possible error shown
in figure 3D and E unless the haplotype not transmitted to the proband also carried
HLA-BI4, which we document here to be in genetic linkage disequilibrium with the
nonclassical 21-hydroxylase deficiency gene. This exception applied to three Ashkenazi
Jewish families. In these families, there was a high probability that the haplotype not
transmitted to the affected offspring carried a nonclassical genetic defect. Two addi-
tional Ashkenazi Jewish families were included although the haplotype not transmitted
to the affected offspring carried B40 and B8 antigens, respectively, because these anti-
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S
S

a/c

a/b c/d

a/c

a/b c/d

a/c

Fic. 3.—Possible 21-hydroxylase deficiency genotypes in families in which both an offspring and
a parent have been diagnosed as patients with nonclassical 21-hydroxylase deficiency upon hor-
monal testing. See figure 1 for key to symbols.

gens, which are not found in any Ashkenazi classical patients, were present in some
nonclassical Ashkenazi patients.

The occurrence of nonclassical 21-hydroxylase deficiency in these parents was de-
tected by hormonal criteria using the nomograms referred to above [28]. By counting the
incidence of nonclassical 21-hydroxylase deficiency in parents, we could estimate the
frequency of the nonclassical deficiency gene relative to the presumed normal genes
(table 4).

Thus, for example: (1) There were 94 parental haplotypes in our Ashkenazi Jewish
families. (2) Of these 94, 47 are obligate carrier haplotypes and the other 47 haplotypes
represent, a priori, a random sample of (normal and 21-hydroxylase-deficient) haplo-
types in the population. (3) Among the parents, we found nine who were actually non-
classical patients rather than heterozygotes upon hormonal testing. (4) Therefore, the
gene frequency, g, for the nonclassical 21-hydroxylase gene is estimated as: 9 non-
classical genes/47 random genes = .191 or Y% (95% confidence limits: .092-.333).
(5) Heterozygote frequency = fq = 2(.191) (.809) = .309 or approximately %s. (6) Non-
classical disease frequency = g .037 or Y27 by Hardy-Weinberg Law for a population
at equilibrium [40] (95% confidence limits .008—.111, or % to Yizs). This analysis was
carried out for each ethnic group studied.

II. Sib Pair Analysis

This method of analysis was used to confirm the above method. HLA genotypes of
sib-pairs in families with two or more similarly affected members in 1 generation were
analyzed according to the method quoted by Thomson and Bodmer [41]. Among the
families with nonclassical 21-hydroxylase deficiency, 14 of 18 sib-pairs were HLA-
identical. Among the four sib-pairs who were not identical, one sib-pair shared no HLA
haplotype and three sib-pairs shared one haplotype. (1) 3 (affected sib pairs shared only
one haplotype)/18 (total number of sib pairs) = .167. (2) By reference to table 2 in
Thomson and Bodmer [41], .167 yields a nonclassical gene frequency of .1 or 10% (95%
confidence limits are approximately .009-.324). (3) Heterozygote frequency: 2pq =
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2(.1)(.9) = .18 or ¥ to Y people. (4) Expected nonclassical disease frequency: ¢* = .01
or Y100 (95% confidence limits are .00008—.105).

III. Association with HLA-B14

Linkage disequilibrium between HLA-BI4 and the gene for nonclassical 21-
hydroxylase deficiency was analyzed for each ethnic group (table 5A) by studying the
parental haplotypes not transmitted to the affected offspring. As in the hormonal test,
this haplotype was considered a random parental haplotype. The raw data were arrayed
in two-by-two contingency tables (table 54) that allowed us to analyze the genetic
association of nonclassical 21-hydroxylase deficiency with HLA-BI4, using the statistics
indicated in table 5B derived from Thomson and Bodmer [41].

RESULTS

Association between HLA-B and Classical and Nonclassical
21-Hydroxylase Deficiency

Nonclassical Patients

Analysis of the HLA typing data showed a highly significant increase in the
frequency of HLA-BI4 among all nonclassical patients in each ethnic group
studied, except Yugoslavs, when compared with ethnically matched controls
(table 2A). The highest gene frequency for B4 was exhibited by the Ashkenazi
Jewish nonclassical patient group (69.6%, P < .001) compared with ethnically
and geographically matched controls (12%). HLA-BI4 was associated with
DRI in 28 of 29 Ashkenazi Jewish haplotypes and in 45 of 49 haplotypes in the
overall nonclassical population where both HLA-B and -DR typing was per-
formed. Further, B35 was significantly decreased in all nonclassical ethnic
patient groups except Yugoslavs. The other notable association with the non-
classical gene is the increased frequency of HLA-B40 in Italians. The fact that
the decrease in the frequency of HLA-B8 did not achieve overall statistical
significance among nonclassical patients reflects the relatively high frequency
of B8 in patients of Italian origin.

Classical Patients

In contrast to the nonclassical patients, B/4 was not increased in classical
patients. However, Bw47 was increased to a significant degree in classical
patients from all groups (table 2B). Forty-two percent of the patients with Bw47
were of Anglo-Saxon origin, while no Ashkenazi Jewish patient carried the
Bw47 antigen. HLA-Bw47 was associated with DR7 in 16 of 16 haplotypes
where both HLA-B and -DR typing was performed. B35 and B5 were
significantly increased in Ashkenazi Jewish families but not strikingly increased
among other ethnic groups. B40 was significantly increased in patients of Italian
origin. HLA-B40 was also increased in all groups of classical patients, a conse-
quence of the high B40 frequency in salt wasters, while B8 was decreased,
confirming our previous report [29].

Relative Risks

The relative risk (table 3) for nonclassical disease with the B14 antigen was
31.9 overall, while it was only 1.9 for Bw47. There was a low risk of both



660 SPEISER ET AL.

TABLE §

GENETIC AsSOCIATION BETWEEN HLA-B14 AND NONcLAsSICAL 21-HYDROXYLASE DEFICIENCY

A. Raw data: analysis of parental haplotypes not transmitted to offspring with either classical or
nonclassical 21-hydroxylase deficiency distributed according to their HLA type and ethnic group

B14 + B14 — Row total
Ashkenazi Jewish:
Haplotype without 21-OH deficiency
BEME . ..iiitiiiiii i 3 33 36
Haplotype with 21-OH deficiency
BEME ... b 6 3 9
Columntotal ................ 9 36 45 = N = Grand total
Hispanic:
Haplotype without 21-OH
deficiency gene ................ 0 18 18
Haplotype with 21-OH deficiency
F-23 1 TN 2 1 3
Columntotal ................ 2 19 21
Yugoslav:
Haplotype without 21-OH deficiency
BEME ...t 0 32 32
Haplotype with 21-OH deficiency
BEME . ovvvrttriien e 0 4 4
Columntotal ................ 0 36 36
Italian:
Haplotype without 21-OH deficiency
BEME ...t 3 90 93
Haplotype with 21-OH deficiency
BeME ...ttt 5 0 5
Columntotal ................ 8 90 98
*‘Other Caucasians’’
Haplotype without 21-OH deficiency
BEME ..ttt 1 52 53
Haplotype with 21-OH deficiency
BEME ...t 1 1 2
Columntotal ................ 2 53 S5
Sum of above ethnic groups:
Haplotype without 21-OH deficiency
BENE .. 7 225 232
Haplotype with 21-OH deficiency
BENE ... 14 9 23
Columntotal ................ 21 234 255

Table 5 continued on next page
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TABLE 5 (continued)

B. Analysis of linkage disequilibrium by ethnic group

Pa Pp Pap D D/Pap P x =+ SE
Ashkenazi Jewish .......... 083 200 .133  .093 .699 <.001 .667 + .158
Hispanic .................. 0 143 095  .082 .863 <.014 1.000
Yugoslav .................. 0 11
Italian ..................... 032  .0s1 .051 .047 922 <.0001 625 + 171
Other Caucasian ........... 019 .038 .018 .017 .937 <.09 .500 = .354
Sum of above ethnic
GroOUPS ......vviirinnnn .031 090 .055 .047 .833 <.0001 .667 = .103

Norte: The designations a, b, ¢, and d refer to the cells of the 2 x 2 contingency tables as indicated in table 5A.
N=a+b+c+d. Py, =alla +b) = frequency of B14 in 21-hydroxylase normal haplotypes not transmitted to
affected offspring. Pp = (¢ + d)/N = frequency of the nonclassical 21-hydroxylase deficiency in haplotypes not
transmitted to the affected offspring. Pop = ¢/N = frequency of the haplotype containing both nonclassical 21-
hydroxylase deficiency and HLA-B14 alleles. D = | bc — ad | /N? = linkage disequilibrium between B14 and the
nonclassical 21-hydroxylase deficiency gene. D/P,p = linkage disequilibrium standardized for the frequency of
the haplotype containing both the nonclassical 21-hydroxylase deficiency and HLA-B14 alleles. P = level of
significance of linkage disequilibrium between B14 and the nonclassical 21-hydroxylase deficiency gene cal-
culated from the 2 x 2 tables (Fisher exact method). x = c/(a + ¢) = penetrance of the nonclassical 21-
hydroxylase deficiency gene in B14-containing haplotypes. SE = standard error.

classical and nonclassical disease with the B8 antigen.The relative risk for non-
classical disease was less than one for subjects with BS and B35, and slightly
greater than one for the B40 antigen. Table 3 also gives the relative risks of
classical 21-hydroxylase deficiency. For the Bw47 antigen, it was 4.7 in the
case of the simple virilizing form and 15.3 in the salt-wasting form. The antigens
BS5, B35, and B40 were associated with small increases in relative risk for
classical disease, while B14 showed a reduced risk.

Nonclassical 21-Hydroxylase Deficiency Gene Frequency

I. Hormonal analysis (table 4). Analysis of hormonal data in Ashkenazi
Jewish families yielded a nonclassical 21-hydroxylase deficiency gene fre-
quency of .191 and a disease frequency of Y27 derived from Hardy-Weinberg
Law. In Hispanic and Yugoslav subjects, the disease frequencies were Y53 and
Ye3, respectively. Italian subjects showed a disease frequency of '333. The
lowest frequency was found among the subgroup of ‘‘other Caucasians”
(Y1,000), which includes many Anglo-Saxons. For the total combined ethnic
groups, the disease frequency was Y. The heterozygote frequency ranged
from a high of approximately Y5 in Ashkenazi Jews to a low of Vi4 in ‘‘other
Caucasians.”’ Ninety-five percent confidence limits for gene, disease, and
heterozygote frequencies are given in table 4.

II. Sib-pair analysis. Gene-frequency analysis by the sib-pair method for
closely linked recessive disease susceptibility genes [41] is based on the princi-
ple that as the disease gene becomes increasingly rare, a greater proportion of
affected sib-pairs is expected to be HLA-identical. Thus, the proportion of sibs
sharing both, one, and zero haplotypes allows calculation of the gene frequency
in the population. Among classical patients, 30 of 30 sib-pairs were HLA-
identical, whereas among nonclassical patients, only 14 of 18 sib-pairs were
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HLA-identical. The frequency of nonclassical 21-hydroxylase deficiency dis-
ease calculated as discussed by Thomson and Bodmer [41] was V100 (see SUB-
JECTS, MATERIALS, AND METHODS above).

By both methods of calculation, the frequency of nonclassical disease is at
least Y100 in the Ashkenazi Jewish population and is also very high in other
populations (table 4).

II1. Linkage disequilibrium (table 5A and B). Linkage disequilibrium be-
tween HLA-BI14 and the gene for nonclassical 21-hydroxylase deficiency was
statistically significant in Ashkenazi Jews, Italians, and Hispanics; the sample
size was small, however, in the latter group. Genetic linkage disequilibrium
was not significant in the group of ‘‘other Caucasians.’”’ In the Yugoslavs,
linkage disequilibrium could not be calculated because B/4 did not occur in any
haplotype not transmitted to the proband. The mixed ethnic group also showed
significant linkage disequilibrium, but this was an obvious consequence of
the high values in the Ashkenazi Jewish, Italian, and Hispanic populations. The
linkage disequilibrium remained surprisingly high and homogeneous after the
values were standardized for the frequency of the haplotype containing both
B14 and nonclassical 21-hydroxylase deficiency (D/Pap).

Finally, the penetrance (as defined in table 5B) of the hypothetical nonclass-
ical 21-hydroxylase deficiency gene is not complete, its average estimate being
.667 = .103. Although this figure is obviously low for monofactorial genetic
traits, it is of the order of magnitude found in several studies of HLA-associated
disease: in ankylosing spondylitis, it has been estimated as .38 = .06 [42],
which is not statistically different from our findings. Additionally, the variable
expressivity of the clinical condition contributes to this phenomenon.

DISCUSSION

In this study, we have documented that nonclassical 21-hydroxylase defi-
ciency is probably the most frequent autosomal recessive genetic disorder in
man (fig. 4), clearly evident in the overall Caucasoid population. When groups
of different ethnic background were analyzed separately, the nonclassical 21-
hydroxylase deficiency occurred with higher frequency in Ashkenazi Jews,
Hispanics, and Yugoslavs than in the éther ethnic groups. It would be desirable
to increase the size of each ethnic group studied in order to narrow the
confidence limits so that one might ascertdin whether any ethnic group has a
statistically higher frequency of the disofdér than another. A routine screening
test at the popiilation level, currently not available, would be a valuable means
of increasing the patient sample. Although the microfilter method can detect
elevated serum 17-OHP levels in the patiénts with the classical disorder, it is
not sufficiently sensitive to detect the lower serum 17-OHP levels observed in
the nonclassical disorder [12]. Since the ACTH test is burdensome, we have
therefore relied on analytical family studies for the analysis herein.

Establishing the precise disease prevalence in each ethnic group is poten-
tially important in understanding the origin and the currently extremely high
frequency of the nonclassical 21-hydroxylase deficiency mutation. In general,
the high frequency of a mutation such as nonclassical 21-hydroxylase
deficiency is attributable to genetic drift or to variation in fitness, and the
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DISEASE FREQUENCY:

AUTOSOMAL RECESSIVE GENETIC DISORDERS
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Fic. 4.—The disease frequencies of nonclassical 21-hydroxylase deficiency and classical 21-
hydroxylase deficiency relative to other common autosomal recessive disorders. The latter fre-
quencies derived from Behrman et al. [43]. Bars represent the 95% confidence limits.

discrimination between these is all the more interesting because of the linkage
disequilibrium with the HLA haplotype. Significant disequilibrium between
alleles at two tightly linked loci may have been fixed by chance, which is most
probable for groups like Jewish people, who have undergone many abrupt
changes in population size and geographic distribution. If the mutation affected
a Bl4-carrying haplotype, for example, this haplotype may have increased in
frequency through founder effects and sufficient time would not yet have
elapsed to allow for the achievement of equilibrium. Alternatively, if the
similarities in the disease frequency and HLA association among different
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ethnic groups are borne out by analysis of larger samples, selective influences
underlying the maintenance of the linkage disequilibrium might be a likely
explanation. Since the clinical syndrome resulting from the homozygous state
may include infertility in both sexes, some sort of selective advantage for the
heterozygote that outweighs this reduced fertility appears to be necessary for
the maintenance of the high disease prevalence.

A decreased frequency of B35 and B8 was noted in all groups of Caucasoid
patients with nonclassical 21-hydroxylase deficiency except Yugoslavs and
Italians. The implications of these negative associations are currently under
study [9]. One might speculate as to whether there is some ‘‘protective’” effect
conferred by these HLA-B associations.

The linkage disequilibrium between HLA-BI4 and the gene for nonclassical
21-hydroxylase deficiency in Ashkenazi Jews, Italians, and Hispanics suggests
that the nonclassical 21-hydroxylase deficiency mutations might be the same in
these populations and different from that of the classical 21-hydroxylase
deficiency, which is in association with Bw47. Also, the mutation in Yugoslav
patients with nonclassical 21-hydroxylase deficiency, which is not in associa-
tion with HLA-BI4 (as also found by Brkljacic et al. [44]), may have an inde-
pendent origin from that found in Ashkenazi Jewish, Italian, and Hispanic
patients. This question might be resolved when the mutation is studied at the
molecular level.

Bonne-Tamir [45] reported that BI4 is specifically increased among Ash-
kenazi Jewish families and not among Sephardic and Oriental Jews. Since B4
is found in linkage disequilibrium with the nonclassical 21-hydroxylase
deficiency gene, the mutation probably occurred during the early second mil-
lenium, A.D., at which time world Jewry was consolidated into German-Polish
(Ashkenazi), Spanish (Sephardic), and Near Eastern (Oriental) communities.

The high frequency of the 21-hydroxylase deficiency must be taken in the
context of the linkage disequilibrium maintained by many HLA-A, B, C, and D
antigens. The classical 21-hydroxylase deficiency gene has been mapped in the
region adjacent to the C4 complement locus between HLA-B and D [9]. Recent
studies have specified the defect at the DNA level in patients with the classical
21-hydroxylase deficiency and HLA-Bw47 [8]. In normal subjects, there ap-
pear to be two 21-hydroxylase genes near the two C4 complement genes, while
in patients with classical 21-hydroxylase deficiency linked to HLA-Bw47, one
of these 21-hydroxylase genes is deleted [8, 9]. Selective defects in expression
of HLA class I (i.e., HLA-A, -B, -C) region genes and HLA class Il (i.e., HLA-
DR, -DQ, -DP) region genes have not been described. In contrast, selective
defects in the expression of HLA-class III region genes are quite common. For
example, selective defects in expression of complement C4A (Rodgers antigen)
occurs in 2% of the population and selective defects in expression of C4B
(Chido antigen) occurs in 5% of the population [46—48]. We now describe that
selective defects in expression of 21-hydroxylase resulting in late-onset 21-
hydroxylase deficiency occurs in 1% of the population, while classical 21-
hydroxylase deficiency occurs in .01%-.02% [11]. These findings indicate that
the HLA-class III region probably contains a chromosomal segment that is
subject to frequent mutation (i.e., mutational ‘‘hot spots’’).
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Molecular genetic analysis of the C4/21-hydroxylase region suggests that
mutations in this region resulting in deletions or gene duplications could cause
sufficient misalignment of chromosomes to reduce the likelihood of recombina-
tion [9]. This could be responsible for an apparent suppression of recombina-
tion within the HLA region and thereby provide a mechanism for maintenance
of positive genetic linkage disequilibrium between HLA alleles at different loci.
Future studies at the molecular level are obviously required to specify the
genetic defect in the nonclassical form of steroid 21-hydroxylase deficiency.
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