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ABSTRACT The S region of the murine major histocom-
patibility complex contains two structurally related genes
(21-OHase A and 21-OHase B) that encode 21-hydroxylase
(21-OHase), an enzyme essential for the synthesis of adrenal
steroids. Expression of these two genes has been analyzed by
using oligonucleotide probes specific for the 21-OHase A and B
genes and by DNA-mediated gene transfer. Hybridization of
the oligonucleotides to blots of BALB/c adrenal RNA demon-
strated that all 21-OHase mRNA is derived from the 21-OHase
A gene. Cosmids bearing either the 21-OHase A or B gene were
introduced into Y1 adrenocortical tumor cells by cotransfection
with pSV2-neo. Cells transfected with the 21-OHase A gene
expressed 21-OHase as determined by steroid metabolism and
by RNA blot hybridization; 21-OHase transcripts were not
detected in parent Y1 cells or in cells transfected with the
21-OHase B gene. Treatment of 21-OHase A transfectants with
adrenocorticotropin increased 21-OHase mRNA levels by up to
10-fold, thus mimicking the observed effect of this hormone on
21-OHase levels in primary adrenal cultures. The regulated
expression of the 21-OHase A gene in transfected Y1 cells
should provide a useful system for the investigation of factors
controlling the adrenal-specific regulation of 21-OHase activ-
ity.

Adrenal steroid biosynthesis requires the action of four
distinct cytochrome P-450 enzymes; these enzymes include
cholesterol side-chain-cleavage enzyme, 118-hydroxylase,
17a-hydroxylase, and 21-hydroxylase (21-OHase) (1). Adre-
nal 21-OHase has a molecular weight of 52,000, requires an
NADPH-dependent cytochrome reductase (2), and is primar-
ily responsible for the unique properties of the adrenocortical
steroids. A deficiency of 21-OHase is the most common cause
of congenital adrenal hyperplasia in man (3). Corticotropin
(ACTH) regulates the activity of 21-OHase by increasing its
synthesis (4). ACTH also regulates the transcription of the
other three adrenal cytochrome P-450 enzymes and cAMP
has been implicated as a mediator in this regulation (5-7).
The development of recombinant DNA probes specific for
the adrenal steroid hydroxylating enzymes has accelerated
the investigation of the regulation of their expression. Both
the human (8) and murine (9) 21-OHase genes have been
characterized by using a bovine cDNA probe. These studies
have defined two 2/-OHase genes within a duplicated seg-
ment of the class 3 region of the human and murine major
histocompatibilty complexes. The murine genes lie approx-
imately 4 kilobases (kb) 3’ of the genes for the murine
sex-limited protein and fourth component of complement
(C4) as shown in Fig. 1. The human 2/-OHase genes are in
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a corresponding position 3’ of the duplicated human C4
genes. By using analyses of restriction fragment polymorph-
isms of genomic DNA from 21-OHase-deficient patients,
White et al. (10) proposed that the human 21-OHase B gene
was responsible for all of the adrenal 21-OHase enzymatic
activity, whereas the 21-OHase A gene was functionally
inactive. The difficulties in molecular analysis of human
subjects precluded the definition of the basis for lack of
21-OHase A expression.

The availability of inbred mouse strains, the Y1 adreno-
cortical cell line that expresses many of the enzymes involved
in adrenal steroidogenesis (11), and cloned genomic frag-
ments containing the entire 2I-OHase A and B genes (9)
affords an excellent system in which to study the genetics and
regulation of expression of the 21-OHase genes. In this study,
we utilized 21-OHase A- and B-specific oligonucleotide
probes to show that only the 21-OHase A transcript is present
in BALB/c adrenal RNA. When cosmid clones containing
the intact 21-OHase A and B genes were used to transfect the
Y1 murine adrenocortical tumor cell line, only the cells
transfected with cosmids containing 21-OHase A expressed
21-OHase mRNA and enzymatic activity. These results
suggest that only the 2/-OHase A gene from the BALB/c
mouse is active. Furthermore, transcription of the 21-OHase
gene in Y1 cell transfectants was increased following treat-
ment with ACTH, suggesting that the transfected gene
retained the elements required for hormonal regulation.

MATERIALS AND METHODS

Materials. Restriction and modification enzymes were
obtained from New England Biolabs and used according to
the manufacturer’s instructions. Media, serum supplements,
antibiotics, and geneticin (G418) were from GIBCO.
BALB/c mice (6- to 8-weeks old) were purchased from The
JacksonLaboratory.[y->2P]ATP,[a-32P]CTP,and[1,2-*H]pro-
gesterone were from New England Nuclear. The 15-base-
long oligonucleotides were synthesized by the solid-phase
phosphoramidite technique using an Applied Biosystems
(Foster City, CA) 380A synthesizer and purified by elution
from a 20% (wt/vol) polyacrylamide preparative gel. Silica
gel for thin layer chromatography (silica gel 60 GF,s4) was
purchased from Brinkman.

Cell Culture and DNA-Mediated Gene Transfer. Mouse Y1
adrenocortical tumor cells were maintained as monolayers in
150-mm plastic dishes with F-10 medium supplemented with
15% (vol/vol) heat-inactivated horse serum, 2.5% (vol/vol)
heat-inactivated fetal bovine serum, penicillin (200 units/ml),
and streptomycin sulfate (280 ug/ml). Gene transfer was

Abbreviations: 21-OHase, 21-hydroxylase; ACTH, corticotropin;
kb, kilobase(s).
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F1G. 1. Molecular map of the murine S region. The relative locations and orientations of S region genes are shown. Heavy bars indicate
positions of the E-7 and E-26 cosmids used in the transfection experiments. S region segments that encode the 21-OHase A and B genes have
been expanded below. The positions of the oligonucleotide probes specific for 2/-OHase A (v) and 21-OHase B (v) are indicated above the
inserts. Restriction sites for BamHI (B) and Bg! II (Bg) are shown relative to the 21-OHase A and B genes. The locations for E-7:1.3 (probe
1) and E-7:3.8 (probe 2) are indicated. The small arrows indicate the strategy used in sequencing the 5’ regions of the 2/-OHase genes. Slp,
sex-limited protein; C4, the fourth component of complement; 2/-OH A and B, 21-OHase A and B.

essentially as described (12, 13). Cosmid DNA (2 ug) was
mixed with 2 ug of pSV2-neo. These DNAs were incorpo-
rated into a calcium phosphate precipitate and applied to
150-mm culture dishes containing 5 x 106 cells in MEM Alpha
supplemented as above. Cells were cultured in the transfec-
tion medium for 24 hr, and then the medium was replaced
with supplemented F-10 medium. After an additional 24 hr of
culture, selection was initiated with G418 at 100 ug of active
form/ml and continued for 2 wk. Survivors were then cloned
and cultured in selective medium. ACTH regulation experi-
ments were performed by incubating Y1 cells and 2/-OHase
A transfectants in ACTH at 5 milliunits/ml for 24 hr.

Nucleic Acid Analyses. High molecular weight DNA and
total cellular RNA were prepared (14, 15) and Southern and
RNA blot analyses were performed as described (16, 17).
Nucleic acids bound to nitrocellulose were hybridized with
32p.labeled oligonucleotides by using standard conditions
(18). Oligonucleotide hybridizations were performed at 37°C
for 18 hrin 0.9 M NaCl/0.09 M sodium citrate/1x Denhardt’s
solution/100 ug of yeast tRNA/ml/0.1% NaDodSO,. Oligo-
nucleotide probes were used at a final concentration of 0.4
ng/ml. Filters were washed for two 30-min periods at 22°C
with 0.9 M NaCl/0.09 M sodium citrate/0.1% sodium pyro-
phosphate and then for two 30-min periods at 41°C with the
same solution. Restriction fragments of 2/-OHase A and B
were inserted into the phage M13 vector mp9 (19) and
sequenced by the dideoxy chain-termination technique (20).

Bioassay of 21-OHase Enzymatic Activity. Y1 adrenocorti-
cal tumor cells and G418-resistant transformants were cul-
tured in 16-mm multiwell dishes in F-10 medium without
G418 for 4-7 days. Cells were then incubated in 1 ml of fresh
medium containing [1,2-3H]progesterone (1 uCi; 1 Ci = 37
GBq) for 24 hr at 36.5°C. At the end of the incubation the
medium was removed, and 2 ug each of progesterone,
20a-hydroxyprogesterone, deoxycorticosterone, and corti-
costerone were added as carrier. Steroids were extracted into
5 vol of methylene chloride, washed with 1 ml of 0.1 M
NaOH, and chromatographed on a thin layer of silica gel in
chloroform acetone, 70:30 (vol/vol). Steroids were visual-
ized by using a 254-nm UV lamp. The steroid-containing
zones of silica gel, as well as the interzones, were scraped,
and radioactivity in the corresponding fractions was deter-
mined by scintillation spectrometry.

RESULTS

Analysis of Expression of 21-OHase A and B mRNA Levels
in BALB/c Adrenal Glands. The extreme homology between
the 21-OHase A and B genes precluded the isolation of

restriction fragments that distinguished their gene products
by differential hybridization. We, therefore, utilized the
strategy shown in Fig. 1 to determine partial nucleotide
sequences of the 2I-OHase A and B genes. The two genes
differed by S nucleotides in 350 base pairs sequenced (un-
published data). These sequences were then used to synthe-
size specific 15-base oligonucleotide probes that differ by two
bases, designated 21-OHase a and 21-OHase b, respectively.
The sequences (21-OHase a: 5' TTCCGGAGCTTCCAT 3';
21-OHase b: 5 TTCCGCAACTTCCAT 3') are complemen-
tary to the DNA sequences that encode amino acids 22-27 of
the 21-OHase protein, based on approximately 70% homol-
ogy of the predicted amino acid sequence with that reported
for porcine 21-OHase (21). To confirm the appropriate
hybridization specificity of the probes, Southern blots of
BamH]I-digested plasmids E-7:6.7 and E-15:2.1, which con-
tain the subcloned 2/-OHase A and B gene segments,
respectively, were hybridized with nick-translated probe 1 or
with kinase-labeled 21-OHase a or b oligonucleotides. The
results (Fig. 2) clearly document appropriate hybridization of
the oligonucleotides: the 21-OHase a probe hybridizes with
the E-7:6.7 fragment but not with the E-15:2.1 fragment,
whereas the reverse pattern is seen with the 21-OHase b
oligonucleotide. Nick-translated probe 1, which contains a
1.3-kb Bgl I1/BamHI fragment derived from E-7, hybridizes
with both fragments (data not shown).

The oligonucleotide probes were hybridized to blots of
total adrenal RN As from male and female BALB/c mice (Fig.
2B). RNA samples from both males and females showed
hybridization of the 21-OHase a oligonucleotide with an RNA
species of 2.2 kb, corresponding in size to 21-OHase mRNA.
No signal was detected with the 21-OHase b oligonucleotide,
even when the autoradiogram was exposed four times as long
as shown in Fig. 2B. Similar results were obtained in two
separate experiments utilizing different adrenal RNA prep-
arations. Although the experiment shown in Fig. 2B suggests
a higher level of expression of 2I-OHase in female than male
mice, this has not been a consistent finding in other experi-
ments using different RNA preparations.

These results clearly indicate a markedly disproportionate
expression of the 2I-OHase A and B genes in BALB/c
adrenals. Given the limitations of our assay system, we
cannot exclude a low level of expression of the 2/-OHase B
gene; however, densitometric scans of the autoradiograms
indicate that this level is at most 5% that of the 21-OHase A
gene.

Analysis of 21-OHase Enzymatic Activity in Y1 Cells
Transfected with 21-OHase A and B Genes. G418-resistant
clones of Y1 cells were recovered after transfection with
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Fic.2. Hybridization with 2/-OHase A- and B-specific oligonucleotide probes. (A) Demonstration of specific oligonucleotide hybridization.
Plasmids E-7:6.7 and E-15:2.1, which contain the sequences found in the 21-OHase a and b oligonucleotides, respectively, were digested with
BamHI and analyzed by Southern blotting. Lanes 1 and 2, hybridization with the 21-OHase a oligonucleotide; lanes 3 and 4, hybridization with
the 21-OHase b oligonucleotide. (B) Blot analysis of adrenal mRNA. Total RNA was isolated from adrenals of male and female BALB/c mice,
and 15 pg of each RNA sample was analyzed by hybridization with the 21-OHase a and b oligonucleotides. Lanes 1 and 2, hybridization of male
and female samples with the 21-OHase a oligonucleotide; lanes 3 and 4, hybridization of male and female samples with the 21-OHase b

oligonucleotide. 21-OH a and b, 21-OHase a and b.

pSV2-neo and 21-OHase cosmid DNAs. These clones were
screened for 21-OHase activity by measuring the conversion
of [1,2-*Hlprogesterone to 21-hydroxylated products. In
parental Y1 cells, the [*H]progesterone was converted prin-
cipally to the 118,20a-dihydroxy derivative; less than 10% of
the radioactivity was found in association with the cortico-
sterone fraction (Fig. 3). The observations are consistent with
reports (22-24) indicating that Y1 cells metabolize steroids to
118,20a-dihydroxyprogesterone but do not produce 21-
hydroxylated steroid products. Incubation of Y1 cells with
[1,2-*H]corticosterone for 24 hr resulted in the accumulation
of more polar products (data not shown). Although these
polar products have not been identified, they may have
resulted at least in part from the conversion of corticosterone
to the 20a-hydroxylated derivative (22).

Clones of Y1 adrenal cells isolated after transfection with
the 21-OHase A gene fell into three distinct categories (Fig.
3). Some clones, such as IC4, incorporated little radioactivity
into the corticosterone fraction and appeared to be negative
for 21-OHase activity. In this regard, these clones resembled
the Y1 parent. Clones such as IIA1 converted [*H]proges-
terone to a product which migrated with corticosterone. The
amount of radioactivity in the corticosterone fraction was
equal to that associated with 118,20a-dihydroxyprogester-
one, and more polar products did not accumulate. Thus,
these clones were positive for 21-OHase activity. IIA3 and
related clones also converted [*Hlprogesterone to corticos-
terone as well as to more polar products. Inasmuch as the
total amount of radioactivity in the corticosterone and more
polar fractions exceeded the amount in the 118,20a-
dihydroxyprogesterone fraction (Fig. 3), these clones were
defined as strongly positive for 21-OHase. Of 29 transfectants
screened, 14 had 21-OHase activity by these criteria. Of these
clones, 8 were strongly positive for 21-OHase activity.

Demonstration of 21-OHase mRNA in Transfected Y1 Cells.
Total cellular RNAs from nontransfected Y1 cells and from
transfectant clones were prepared and characterized by RNA
blot analysis. No 21-OHase mRNA was detected in the
nontransfected Y1 cells, but analyses of E-7 transfectants
(Fig. 4A) demonstrated the presence of 21-OHase mRNA
which comigrates with adrenal 21-OHase mRNA. An addi-

tional RNA species of approximately 4 kb is also detected in
blots of RNA from adrenals and E-7 transfectants. Although
this molecule has not been characterized fully, it most likely
represents a precursor of the mature 21-OHase mRNA.
Alternatively, it could result from aberrant processing of the
21-OHase transcript. A positive correlation was found be-

200

Y1 IC-4

T T T T T T T T T

T T T T T T T 7T

o

T rrr ey

cpm x 1072
8

IIA-3

Fi1G. 3. Demonstration of 21-OHase activity in Y1 cells trans-
fected with the 21-OHase A gene. Y1 cells and clones transfected
with E-7 DNA were incubated with [1,2-3H]progesterone for 24 hr
and steroid products were analyzed by thin layer chromatography on
silica gel. Progesterone, 20a-hydroxyprogesterone, deoxycorticos-
terone, and corticosterone were identified on the basis of migration
of external standards. Inasmuch as an external standard for 118,20a-
dihydroxyprogesterone was not available, this compound was iden-
tified on the basis of the migration of the major, UV-absorbing
endogenous steroid produced by Y1 cells (22). Zones of silica gel
containing the reference steroids as well as interzones were counted
for distribution of radioactivity. The figure shows the relative
positions of the standards on the gel: 1, front; 2, progesterone; 3,
20a-hydroxyprogesterone; 4, deoxycorticosterone; 5, 118,20a-
dihydroxyprogesterone; 6, corticosterone; and 7, origin.
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F1G. 4. RNA blot analysis of Y1 transfectants. (A) Demonstra-
tion of 21-OHase mRNA in E-7 transfectants. Total RNAs were
isolated from untransfected Y1 cells and transfectant clones and
analyzed by RNA blot hybridization. The filter was hybridized with
nick-translated probe 2. Lanes: 1, 5 ug of BALB/c adrenal RNA; 2,
16 ug of Y1 RNA; 3, 16 ug of transfectant IC1 RNA; 4, 16 ug of
transfectant IC4 RNA; 5, 8 ug of transfectant IC5 RNA; 6, 8 ug of
transfectant IIA3 RNA. (B) ACTH regulation of 2I-OHase expres-
sion. Y1 cells and transfectant clones ICS and IIA1 were incubated
for 24 hr, with (+) or without (—) ACTH (5-milliunits/ml). Total
RNAs were isolated and 15 ug of each sample and 5 ug of BALB/c
adrenal RNA were analyzed by RNA blotting with nick-translated
probe 2.

tween the 21-OHase mRNA levels and the 21-OHase meta-
bolic activity described above (Fig. 3). Thus, transfectants
ICS and IIA3, which exhibit the highest functional activity,
also have the strongest signals in blots.

21-OHase mRNA was not detected in seven E-26-trans-
fected clones. These transfectant clones had between 3 and
10 additional copies of the 2I-OHase B gene as assessed by
increases in the relative intensity of 2/-OHase B-related
bands versus 2/-OHase A-related bands on Southern blot
analyses (data not shown). Although cosmid E-7 also con-
tains the gene for sex-limited protein, no expression of this
gene was detected in RN A blot analyses of transfectants (data
not shown).

ACTH Regulation of 21-OHase Gene Expression. ACTH
increases 21-OHase levels in primary adrenal cultures (4);
we, therefore, examined its effect on 21-OHase mRNA in Y1
cells and E-7 transfectants. Nontransfected Y1 cells and
transfectant clones IC5 and IIA1 were incubated for 24 hr in
F-10 medium containing 5 milliunits of ACTH/ml. Total
cellular RNAs were prepared and the amount of 21-OHase
mRNA was determined by RNA blot hybridization. The IIA1
clone reproducibly showed at least 10-fold increases in
21-OHase mRNA following ACTH treatment (Fig. 4B). The
ICS transfectant, which has higher basal levels of 21-OHase
mRNA than IIA1, showed a smaller but significant increase
in 21-OHase expression. These data thus strongly suggest
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that the transfected 2I-OHase gene retains sequences in-
volved in ACTH transcriptional regulation.

DISCUSSION

Previous studies have defined two murine 2/-OHase genes
encoded by the S region of the H-2 complex (9). In this report,
we utilize gene-specific oligonucleotide probes and DNA-
mediated gene transfer to explore the expression of these
genes. Our results demonstrate that 2-OHase A is expressed
in adrenal glands and transfected Y1 cells, whereas no
expression of 21-OHase B is seen. We cannot exclude the
possibility that 2/-OHase B is expressed in other tissues;
however, we have not detected any 21-OHase RNA in blots
of kidneys, liver, testes, or ovaries (unpublished data).
Further studies are needed to define whether the apparent
nonexpression of 2/-OHase B results from a defect in the
structural gene or from altered regulatory sequences. White
et al. (10) have proposed that only the human 2/-OHase B
gene is expressed, but were not able to define the molecular
basis for nonexpression of the human 2/-OHase A gene.
Transfection experiments using human 21/-OHase genes and
Y1 cells should provide new information regarding expres-
sion of the human 27/-OHase genes. In addition, this meth-
odology may provide new insights into the molecular mech-
anisms underlying human 21-OHase deficiency in patients
with congenital adrenal hyperplasia.

The expression of 21-OHase A by E-7 transfectants raises
several interesting questions. Y1 cells in culture do not
normally express 21-OHase, despite the presence of the
21-OHase genes on Southern blots (unpublished data). Why
then is the transfected 21-OHase A gene expressed in Y1 cells
following DNA-mediated gene transfer? Perhaps the simplest
explanation is that expression of the endogenous 21-OHase
is prevented by mutations in regulatory or structural elements
of the 21-OHase genes. Alternatively, the presence within the
genome of extra copies of the 21-OHase A gene may serve to
saturate a soluble repressor molecule. This would presum-
ably allow expression of both the endogenous and transfected
genes. Finally, the detectable expression of 21-OHase
mRNA in E-7 transfectants may merely reflect the presence
of multiple copies of this gene. Further studies are required
to examine these possibilities.

The transfected genes studied in this report display tissue-
specific expression; transfection of E-7 confers 2/-OHase
expression to Y1 adrenocortical tumor cells but not to L cells
(unpublished data). Moreover, the sex-limited protein gene,
which is normally expressed only in hepatocytes (25), is not
expressed in Y1 cells. Further analysis of Y1 transfectants
may allow the definition of factors involved in tissue speci-
ficity, such as tissue-specific enhancers or soluble regulatory
factors.

Our results indicate that the expression of 2-OHase in E-7
transfected Y1 cells is regulated by ACTH. It is perhaps not
surprising that this is the case, since Y1 cells have been noted
previously to regulate the synthesis of other steroidogenic
enzymes such as 118-hydroxylase and adrenodoxin (26, 27).
In view of recent reports that demonstrate a role for cAMP
in ACTH effects on adrenal cells, it will be very interesting
to analyze the 21-OHase response to ACTH in a mutant Y1
line deficient in cAMP dependent protein kinase activity (28).
The Y1 transfectants may thus provide an excellent model for
further studies of the mechanism of regulation of adrenal
steroidogenesis.
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