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Steroids are synthesized mainly from the adrenal
glands catalyzed by steroidogenic enzymes; the
expression of these enzymes is controlled by tran-
scription factor steroidogenic factor-1 (SF-1;
NR5A1). To understand the physiological effect of
genetic changes on steroid secretion, we used
Cre-LoxP and gene targeting technology to mutate
the binding sequence for SF-1 (SF-1 response el-
ement) on the promoter of the mouse Cyp11at
gene, which encodes a critical enzyme for steroid
biosynthesis. The resulting Cyp11a1~~ mice ex-
pressed about 7-fold less cytochrome P450 side-
chain cleavage enzyme (CYP11A1) in the adrenal
and testis but expressed normal amounts of
CYP11A1 in the placenta and ovary. This tissue-
specific reduction of gene expression did not af-

fect basal steroid secretion but attenuated the cir-
cadian rhythm of glucocorticoid secretion. These
mice also failed to induce glucocorticoid secretion
in response to stress, leading to retention of
CD4"CD8* double-positive thymocytes. Unlike
complete Cyp11a1 disruption, which causes neo-
natal death, promoter mutation did not decrease
life span and caused no defect in reproduction.
Thus, CYP11A1 appears in normal mice to be ex-
pressed above the minimal required level, provid-
ing a large capacity for use in response to stress.
Mutation of the SF-1 response element of Cyp11at
results in reduced stress response due to de-
creased adrenal CYP11A1 expression and insuffi-
cient stress-induced glucocorticoids secretion.
(Molecular Endocrinology 22: 915-923, 2008)

TEROIDS ARE SYNTHESIZED mainly in the adre-
Snal cortex by the steroidogenic pathway. In this
pathway, steroids are converted from a common pre-
cursor, cholesterol, by the action of various steroido-
genic enzymes of which cytochrome P450 cholesterol
side-chain cleavage enzyme (CYP11A1, also known
as P450scc) is the first enzyme (1). Human patients
with CYP11A1 mutations suffer from adrenal failure (2,
3), whereas Cyp11a7-null mice die shortly after birth,
indicating that steroids are vital to maintain life (4).

Cyp11al is expressed abundantly in adrenals, go-
nads, placenta, and the central nervous system (5, 6).
The adrenal- and gonad-specific expression of
Cyp11ial is controlled by transcription factor steroido-
genic factor-1 (SF-1, now termed NR5A1). Two func-
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Abbreviations: CYP11A1, Cytochrome P450 cholesterol
side-chain cleavage enzyme; EIA, enzyme immunoassay;
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dogenic factor-1; SF1RE, SF-1 response element; U, up-
stream.
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tional SF-1 binding sites [SF-1 response element
(SF1RE)], P (proximal) and U (upstream), located at
—40 and —1600 regions of human CYP11A1 pro-
moter, are important for gene expression (7, 8). The P
site is essential for basal transcription, and both P and
U sites participate in hormone-responsive gene tran-
scription in the adrenal and testis (8).

The same P site is also important for Cyp771ai ex-
pression in placental giant trophoblast cell culture,
although it binds a different transcription factor, acti-
vator protein-2 (AP-2) (5). In the ovary, it binds another
ovarian protein, liver receptor homolog-1 (LRH-1),
which has been considered to be the probable steroi-
dogenic regulator activating Cyp77a7l expression (9).

Although the function of SF1RE has been analyzed
in vitro and in transgenic mice (7, 8), its physiological
function in vivo has never been investigated. In an
effort to understand the effects of genetic changes on
steroid secretion, in this report, we mutated the P site
of Cyp11al promoter by gene targeting. We obtained
surprising results showing reduced Cyp17al expres-
sion only in the adrenal and testis of mutant mice but
not in the ovary and placenta. Although mutant mice
were normal in their fertility, decreased Cyp771a7 ex-
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pression led to attenuated adrenal circadian rhythms
and reduced stress responses.

RESULTS

Mutation of the Proximal SF-1 Binding Site in the
Mouse Cyp11a1 Promoter

To understand the physiological function of SF1RE,
we mutated two nucleotides in the proximal SF1RE at
—38 to —46 of the mouse Cyp17ai promoter (Fig. 1A)
and examined the mutant’s ability to bind protein by
gel shift analysis. Radiolabeled mouse SF1RE formed
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Fig. 1. Mutation of the Proximal SF-1 Binding Site De-
stroyed lts Ability to Bind SF-1

A, Sequences of SF-1 binding site (SF1RE) in the mouse
Cyp11al proximal promoter. The mutated sequence in mtP is
represented by lowercase letters. B, Gel shift analysis for mtP
binding ability. Y1 nuclear extract was incubated with 32P-
labeled SF1RE, and the protein-DNA complex was competed
with unlabeled SF1RE or mtP or incubated with antibody
against SF-1 (SF-1 Ab). F, Free probe without protein extract.
C and D, Recruitment of endogenous SF-1 to the promoter.
Wild-type (WT) or mtP mouse Cyp171a7 2-kb promoter linked
to the LacZ vector or the LacZ vector alone without the
promoter (Basic) was transfected into stable Y1 cell clones
expressing 3xFLAG-SF-1. DNA was immunoprecipitated
with antibodies against FLAG before analysis by PCR using
primers that cover the regions between —74 of the Cyp11al
promoter to +126 of LacZ. C, Diagram of the Cyp17at pro-
moter region. Arrows indicate the locations of the primers
used for PCR analysis. D, Gel analysis of the PCR products
showing recruitment of Flag-SF-1 to the wild-type but not
mtP promoter. Input represents control PCR of DNA samples
before immunoprecipitation. No Ab represents control immu-
noprecipitation in the absence of antibodies. NC, Negative
control for PCR without the addition of any DNA.
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a complex with proteins in the Y1 nuclei extract (Fig.
1B). SF-1 antibody blocked the formation of this DNA-
protein complex, demonstrating the presence of SF-1
in the complex. In addition, the formation of this com-
plex was competed away by unlabeled mouse SF1RE
but not by unlabeled mutant oligo (mtP). Thus, this
mtP mutation prevents the binding of SF-1 to DNA in
vitro.

The ability of the mutant promoter to bind to SF-1in
vivo was further analyzed. Wild-type or mutant pro-
moter linked to a Basic LacZ vector was transfected
into a Y1 cell clone that overexpresses 3x-Flag-SF-1
(10). We used this cell line because its endogenous
Flag-SF-1 can be easily immunoprecipitated by the
anti-Flag antibody, thus alleviating the need for a good
quality antibody against SF-1 suitable for immunopre-
cipitation, which is not currently available. The amount
of endogenous Flag-SF-1 bound to the wild-type or
mutated DNA was assessed after immunoprecipita-
tion with the Flag antibody followed by analysis of DNA
by PCR (Fig. 1C). The input control examined the
efficiency of PCR before immunoprecipitation and
showed that the primers spanning SF1RE amplified
DNA from both the wild-type and mutant mtP promot-
ers but not from control Basic vector, which does not
contain the promoter sequence. When immunopre-
cipitation was performed in the absence of antibodies,
no DNA was precipitated. In the presence of the Flag
antibody, wild-type promoter was coprecipitated,
whereas mtP promoter was not. This experiment
showed that in vivo mutant promoter mtP failed to
recruit SF-1.

Generation of Mice with Proximal SF1RE Mutation

The mutation at SF1RE of Cyp77a7 was introduced
into mice through homologous recombination in em-
bryonic stem cells. During this process, the targeting
vector contains a neo gene inserted into intron 1 of
Cyp11al as a positive selection marker (Fig. 2A). The
resulting cells were then used to generate knock-in
mice with a mutation in the proximal SF1RE mutation.
Subsequently, the neo insertion in the mice was ex-
cised by the Cre recombinase. The final mouse line
has a mutation in the proximal SF-1 binding site and
the insertion of one and a half loxP sites in the intron
1 of Cyp11al. This allele was named mtP-L (abbrevi-
ated as L).

We have previously generated Cyp77a?~’/~ mice (4).
By intercrossing Cyp11a1*’- mice or Cyp11a1“" mice
with Cyp771a1*/~ mice, we generated two mouse
lines, Cyp11a1“* and Cyp11al ’“. The adrenal ex-
pression levels of CYP11A1 in these mouse lines were
determined by Western blotting followed by densito-
metric quantitation (Fig. 2B). Compared with their wild-
type littermates, adrenal expression of CYP11A1 was
reduced to 15% in Cyp77a’”" mice and 3% in
Cyp11al~"- mice. Thus, we have generated mice that
express less CYP11A1 in the adrenal glands through
the creation of a mutation in the SF-1 binding site.
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Fig. 2. Generation of Mice with Mutations in Cyp771a7 Pro-
moter Using the Cre-LoxP Strategy

A, Targeting strategy. The targeting vector contained a
mutation in the proximal SF-1 binding site (mtP), an insertion
of the neo gene flanked with loxP (arrowhead) sites in intron
1, and the diphtheria toxin (DT) gene at the 3’ end for negative
selection. The neo insertion in targeted alleles was later re-
moved by Cre recombinase. B, BamHI; H, Hindlll; N, Ncol; X,
Xbal. B, CYP11A1 (SCC) and B-actin (Act) expression in the
adrenal glands. Mouse genotypes are shown above; each
lane represents adrenal extract from one mouse. The relative
CYP11A1 expression levels in each genotype after normal-
ization to B-actin levels are shown below.

The expression levels of CYP11A1 in the gonads
were also examined. Similar to that in the adrenal,
expression of CYP11A1 in the testis was reduced in
Cyp11a1“" mice when compared with their wild-type
littermates (Fig. 3A). The CYP11A1 expression levels in
the ovary and placenta, however, were not affected by
the mutation (Fig. 3A). Thus, the mutation of SF1RE in
the Cyp11al promoter appears to have different ef-
fects in different tissues.

Immunohistochemical staining was employed to
further characterize the effect of promoter mutation
on Cyp1iatl expression. CYP11A1 was detected in
both zonae glomerulosa and fasciculata of the adult
wild-type adrenal gland (Fig. 3B). In Cyp11a1‘“*
mice, this expression was reduced in both adrenal
zones; the zona glomerulosa seemed to be more
severely affected (Fig. 3C). In the testis, CYP11A1
signal was found in the Leydig cells (Fig. 3D), but it
was reduced in a high proportion of Cyp7171a1“*
Leydig cells (Fig. 3E). In the Cyp11a?““ ovary,
CYP11A1 expression in the corpus luteum, theca,
and stroma was as strong as in the wild-type ovary
(Fig. 3, F and G). CYP11A1 expression in the giant
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Fig. 3. Tissue-Specific Reduction of CYP11A1 Expression in
Cyp11a1“* Mice

A, Western blot analysis of CYP11A1 (SCC) expression
levels in ovary, placenta, and testis. Actin is used as an
internal control. B-I, Immunohistochemistry of CYP11A1 ex-
pression, which is reduced in mutant (L/L) adrenal gland (C)
and testis (E) but normal in the ovary (G) and placenta (I)
compared with their wild-type counterparts (B, D, F, and H).
Scale bar, 100 um. CL, Corpus luteum; Dc, decidua; F, zona
fasciculata; G, giant cells; L, Leydig cells; M, medulla; St,
stroma; T, theca; ZG, zona glomerulosa.

trophoblast cells of wild-type and Cyp171a1“* pla-
centa was also equally strong (Fig. 3, H and I). These
results confirm our Western blot data showing that
mutation of the proximal SF-1 binding site in the
promoter resulted in reduced CYP11A1 expression
in the adrenal and testis but had no effect in the
ovary and placenta.

Because the expression of CYP11A1 was reduced
in the adrenal of Cyp77a7“" mice, we tested whether
this caused a reduction of adrenal CYP11A1 enzy-
matic activity. The adrenals from Cyp77a?™’* and
Cyp11a1“" mice were cultured in the presence of
20a-hydroxycholesterol as a substrate, and the for-
mation of pregnenolone by the catalysis of CYP11A1
was measured. The Cyp77a?“" adrenal produced
lower levels of pregnenolone than the wild-type adre-
nal (Table 1), indicating reduced adrenal enzymatic
activity. Thus, consistent with the reduction in protein
amounts, the enzymatic activity of the Cyp17a71“~" ad-
renal was also reduced.
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Table 1. Cyp77a1“" Mice Have Lower Adrenal CYP11A1 Enzymatic Activity but Normal Circulating Steroid Hormones Levels

Hormones

Cyp11al™'™*

Cyp1iatt

CYP11A1 enzymatic activity
Pregnenolone (ng/adrenal)
Steroid hormones

71+22(n=4)

2.6+ 0.4 (=47

Pregnenolone (ng/ml) 39*x05(n=29) 59+10(n=7)
Progesterone (ng/ml) 73+19(n=7) 40+x6MNn=7)
Aldosterone (ng/ml) 185 =28 (n = 11) 148 =19 (n = 6)

Corticosterone (ng/ml)

18.4 + 2.6 (n = 8)

171+ 0.9 (n = 8)

Adrenal CYP11A1 enzymatic activity assay was performed by incubating adrenals with 20a-hydroxycholesterol, and the secretion
of pregnenolone into the culture medium by the catalysis of CYP11A1 was measured. To measure blood steroid hormone levels,
blood was withdrawn from mice at 0900 h and steroids were measured by commercial RIA or EIA kits. All values are shown as

the mean * sem.
a P <0.01.

Cyp11a1-* Mice Have Normal Life Span and
Normal Fertility

The Cyp171a1“" mice had similar life span to the wild-
type mice, but about 40% of these mutant mice died
readily before the age of 5 wk. This fragility seems to
be associated with the status of nursing. Cyp77a7-“
mice could survive to adulthood and lived as long as
their wild-type littermates if they were given enough
nursing by their mother when their litter size was re-
duced to around half. This indicates that Cyp77a7“*
mice have a normal life span if they pass through the
initial difficulty. The survival of most Cyp17a7“" mice
indicates that lower than normal levels of CYP11A1
are not necessarily lethal.

We further analyzed the fertility of Cyp171a mice
by mating them with other mice. Both Cyp17a7“" and
Cyp11a1~"" mice in both genders delivered their off-
spring with similar litter size when compared with con-
trol mating pairs (Cyp17a1*’- X Cyp11a1*’") (Table 2).
Their frequency of pregnancy was also normal. Thus,
the mtP mutation did not affect the fertility of mice.

The normal fertility in female mice was expected
because ovarian CYP11A1 expression was normal. It
was, however, unexpected that male mice also had
normal fertility. We examined sperm counts and sperm
motility; none of these parameters had any apparent

1L/L

Table 2. Cyp717a1“* Mice Maintain Normal Litter Size
Mating Pairs (Female X Male) Litter Size

FILX+/+ 6.1 + 2.6 (=17
F/LX +/L 6.1 + 1.5 (n=28)
LLX+/— 5.7 + 1.7 (n=34)

+/-% UL 5.7 + 2.5 (n=393)

—/Lx —/L 5.7 + 1.7 (h=10)

X+ 6.2 +0.22

Mice carrying the mtP mutant allele (L) in the Cyp77al gene
were mated with other alleles in all combinations, and their
litter sizes were counted. Values are shown as the mean = sp.
2 Data are cited from Mouse Genome Informatics (MGI): http://
www.informatics.jax.org/external/festing/mouse/docs/C57BL.
shtml.

defect (data not shown). Testis histology also ap-
peared normal even though Cyp17a7 expression in the
Leydig cells was reduced (Fig. 3, D and E, and data not
shown). Serum testosterone level in adult Cyp77a7-"
mice was also normal (4.2 = 0.9 ng/ml, n = 6). The
normal level of testosterone despite reduced Cyp171at
expression can explain why these mutant mice have
normal fertility.

Cyp11a1 Deficiency Blunts Corticosterone
Circadian Rhythm and Stress Response

Because adrenal Cyp77a7l expression is reduced in
the mutant mice, we checked whether this affected
steroid concentration. Serum was withdrawn from
both wild-type and mutant mice at 0900 h, and levels
of adrenal steroids were measured. The concentra-
tions of pregnenolone, progesterone, aldosterone, and
corticosterone in the Cyp77a7“"* mice were not sig-
nificantly different from those in the wild-type mice
(Table 1). Thus, the reduced expression of Cyp1ial
does not appear to affect steroid output during
daytime.

Mice are nocturnal animal with a circadian pattern of
corticosterone secretion reaching the lowest level in
the early morning followed by a slow increase to a
maximum in the evening (Fig. 4A). Cyp11a1“" mice,
however, secreted only half the amounts of normal
corticosterone at both 1400 and 1900 h, although a
small circadian increase was noted. Therefore, insuf-
ficient adrenal CYP11A1 expression failed to support a
nocturnal increase in corticosterone secretion.

Corticosterone is a stress hormone, which is se-
creted upon stimulation by a stress (11). To assess the
response of corticosterone secretion to stress, mice
were restrained for 10 min to create an acute mild
stress, and their plasma corticosterone levels were
examined. Although the basal corticosterone levels
were comparably low and were stimulated by restraint
stress in wild-type and Cyp77a?*’* mice, the stimu-
lated corticosterone levels in Cyp77a7“- mice were
less than half the amounts of controls (Fig. 4B). Plasma
ACTH levels, on the contrary, were equally increased
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Fig. 4. Cyp17a1“* Mice Had Attenuated Circadian Cortico-
sterone Rhythm and Stress Response

A, Plasma corticosterone concentrations from 8-wk-old
+/+ (n = 4 or 5) and L/L (n = 6 or 7) male mice at different
times of the day; B and C, plasma corticosterone concentra-
tion (B) and plasma ACTH concentration (C) in 8- to 12-wk-
old +/+ (n = 8), +/L (n = 8 or 10), and L/L (n = 8) male mice
at basal conditions or restrained in 50-ml conical tubes for 10
min are shown as mean = sem. *, P < 0.05; **, P < 0.01
compared with the wild-type mice.

in all mice after restraining (Fig. 4C). This indicates that
all these mice sense and respond to stress in the
pituitary by secreting ACTH, but Cyp71a7“" mice fail
to secrete enough corticosterone upon ACTH stimu-
lation because of the decreased CYP11A1 level in their
adrenals.

Abnormal Cyp11a1““ T Lymphocyte
Development When Stressed

Glucocorticoids induce the apoptosis of CD4"CD8™"
double-positive thymocytes during thymocyte devel-
opment (12). We analyzed the composition of devel-
oping T cell precursors in mouse thymus after 48-h
starvation stress. Fasting caused a decrease in dou-
ble-positive thymocytes in wild-type mice, but the per-
centage of CD4"CD8" thymocytes in Cyp171a1“-and
Cyp11a1~"" mice either did not decrease much or was
unaffected (Fig. 5). Therefore, the apoptosis of
CD4"CD8" double-positive thymocytes is blocked
when corticosterone secretion was impaired.

Low CYP11A1 Expression Perturbs Adrenal
Structure

The adrenal glands are the organs responsible for
circadian and stress-induced corticosterone secre-
tion. We examined the histology of Cyp17a1“" adrenal
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Fig. 5. Altered thymocyte composition in stressed
Cyp11a1“" mice. Percentage of CD4"CD8" cells in total
thymocytes determined by FACS analysis in 9- to 12-wk-old
+/+ (n=8),+/L(n=8),L/L(n=28),and —/L (n =7 or 9) male
mice are shown as mean = sem. *, P < 0.05; **, P < 0.01
when comparing mutants with wild-type (+/+) mice.

glands to see whether impaired stress response af-
fects adrenal structure. The Cyp77a71“" adult adrenal
was slightly larger than the wild-type, and the cortical
zonation was also slightly disturbed (Fig. 6, A and B).
We also observed numerous vacuolar structures in
zonae fasciculata and glomerulosa (Fig. 6B). There
were large lipid droplets as revealed by Oil red O
staining (Fig. 6, C and D). At the ultrastructural level,
wild-type adrenocortical cells contained characteristic
tubulo-vesicular internal membranes in the mito-
chondria. By contrast, in Cyp77a1-~" adrenocortical
cells, this structure was poorly formed, and the cris-
tae were not readily discernable (Fig. 6, E and F).
Insufficient CYP11A1 expression thus results in dis-
turbed adrenal structure, oil accumulation, and mi-
tochondrial abnormality.

Old Cyp11a1-"* Mice Developed Adrenal
Hyperplasia

We observed slightly larger adrenal glands in young
Cyp11a1“"mice and found that this condition worsened as
mice became older. Figure 6G shows that the adrenal gland
of an 18-month-old Cyp77a7~"- mouse was much bigger
than the wild-type adrenal of the same age. Another mouse
line, Cyp11a1%’S, which has the mutation in the SF1RE of
the promoter with a shorter insertion of one LoxP sequence
in the first intron, is also partially defective in corticosterone
secretion (Hsu N.-C., M. C. Shih, C.-C. Huang, and B.-c.
Chung, unpublished data); this Cyp77a7¥® mouse also
had bigger adrenals. Histological analysis of these adrenal
glands from older mice revealed severe hyperplasia and
hypertrophy with the presence of many syncytial lipid struc-
tures at the junction between medulla and cortex (Fig. 6l).
Although syncytial lipid structures were also found in wild-
type adrenals, they were much smaller and less frequent.
Thus, small deleterious disturbances to the adrenal glands
were cumulative and became pathologically abnormal
upon aging.

DISCUSSION

In this study, we created a mutation in the proximal
SF-1-binding site of the Cyp17a7 promoter and found
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Fig. 6. Adrenal Histology of Cyp17a7-Deficient Mice
A and B, Hematoxylin and eosin staining of 8-wk-old adrenal
glands, with arrows indicating vacuoles; C and D, Oil-red-O
staining; E and F, electron micrograms of adrenocortical mito-
chondria; G, adrenal glands of 18-month-old mice of various
genotypes (indicated); H and |, adrenal histology of 18-month-
old +/+ (H) and L/L (l) mice after hematoxylin and eosin stain-
ing. Arrows indicate vacuolar structures. Asterisks indicate syn-
cytial lipoid structures. Scale bar, 100 um (A, B, H, and I). C,
Cortex; F, fasciculata; G, glomerulosa; M, medulla.

this mutation reduced adrenal and testicular gene ex-
pression but had no effect to the ovary and placenta.
In addition, we found that reduced Cyp177a7 expres-
sion attenuated diurnal corticosterone secretion and
reduced response to stress. This study provides a
better understanding of the threshold requirement in
different steroidogenic tissues for Cyp171ai expression.

Differential Effects of Cyp711a1 SF1RE in Different
Tissues

The mutant mice described in this report had a muta-
tion in the proximal TAGCCTTGA sequence (P site),

Shih et al. ¢ Tissue-Specific Cyp171al Promoter Function

which binds transcription factors like SF-1 (13), LRH-1
(14), and AP-2 (5). This mutation resulted in reduced
CYP11A1 expression in the adrenal and testis, con-
firming our earlier data obtained in cell culture (7) and
in transgenic mice (8,15). The inability of this mutation
to affect ovarian and placental CYP11A1 expression,
however, came as a surprise. This site was shown by
deletion analysis to be important for rat Cyp771a7 ex-
pression in the ovarian cells (16, 17). In addition, it
binds another ovarian protein, LRH-1, which has been
considered to be the probable steroidogenic regulator
in the ovary (9). Despite these data, our results un-
equivocally demonstrate that this P site alone is not
required for CYP11A1 expression in the ovary. Al-
though this P site is dispensable for Cyp17al expres-
sion, it may still have a role in transcription. Maybe
many cis-regulatory sequences can stimulate gene
expression simultaneously, and in the absence of this
P site, other regulatory sequences can compensate for
it in the ovary.

The control of CYP11A1 expression in the placenta
is also not clearly understood. Placental AP-2 binds to
the P site to activate CYP711A17 (5). Because our data
show this P site is not important by itself, this cis-
element is probably redundant. Many other placental
factors, like the long terminal repeat binding protein
(LBP-1b) and the 132-kDa transcriptional regulating
protein (TReP-132) (18, 19), have been shown to play
a role in CYP11AT1 transcription via sites neighboring
the P site. These are possible candidates that may
take over the P-site binding protein to drive Cyp717al
gene expression in placenta.

Physiological Requirement for Cyp11a1
Expression

Cyp11a1“”" mice grew normally and were fertile, al-
though they expressed only 15% of the normal
amounts of CYP11A1. This indicates that 15% of
Cyp11al expression is sufficient to support life and
that animals have evolved a large reservoir of
CYP11A1 of which normally only a small amount is
used to support basal activities. We show this large
reservoir is required for stress response, under which
condition larger amounts of CYP11A1 are needed for
sufficient steroid secretion. This implies that up to
85% of CYP11A1 is kept in reserve for spontaneous
reactions to stress.

We did not see any reproductive defects in male and
female Cyp17a71“" mice. This was expected of female
Cyp11a1“" mice, because Cyp77al expression in
their ovary was normal. In the testis, despite reduced
Cyp11al expression, testosterone secretion was still
normal, and male Cyp77a7“" mice reproduced nor-
mally. This indicates that the capacity of CYP11A1 in
wild-type testis Leydig cells is very high, and a fraction
of it is already adequate for supply of androgens. The
lack of reproductive phenotype also indicates that
contrary to our common belief, the proximal SF1RE in
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the Cyp117al promoter is dispensable for reproductive
function.

Adrenal Structure Affected by Steroid
Insufficiency

Cyp11a1“" mice express low levels of CYP11A1 and
exhibit a stress-related corticosterone insufficiency
phenotype. This phenotype can also be found in SF-1
heterozygous mice (20). SF-1 heterozygous mice have
smaller adrenals (21), yet Cyp77a1“" mice have pro-
gressively larger adrenals. This is because the growth
of Cyp11a1“" adrenals is increased by raised ACTH,
which may be stimulated from time to time by minor
stresses in the animal room such as cage changes and
occasional handling.

Our histological data showed both hyperplasia and
hypertrophy. Hyperplasia is caused by long-term
ACTH overstimulation. Hypertrophy is probably a
pathological presentation of adrenal CYP11A1 defi-
ciency. Indeed, we observed vacuoles in and around
the adrenal cortex. These pathological changes were
cumulative and worsened with the age of the animals.

Abnormal mitochondrial structure seems to be in-
dicative of steroidogenic capacity of the cell. Although
exhibiting tubulo-vesicular structure in wild-type ste-
roidogenic cells, mitochondria in Cyp77a1-"* cells had
reduced steroidogenic capacity and reduced number
of cristae. The Cyp77a?/~ mitochondria without ste-
roidogenic capability had completely lost cristae (22).

Consequences of Impaired Stress Response

Under prolonged stress, the number of CD4*CD8"
thymocytes is aberrantly higher in Cyp77a7“- mice
(Fig. 5). The elimination of double-positive thymocytes
is an important step controlled by glucocorticoids dur-
ing T cell development (23), and failure to do so could
result in autoimmune diseases. Lewis rats with an
impaired hypothalamic-pituitary-adrenal axis were
more susceptible to streptococcal cell wall-induced
arthritis (24). Thus, it will be interesting to see whether
the Cyp171a71“" mice have problems in immune func-
tions such as susceptibility to autoimmune diseases.

MATERIALS AND METHODS

Gel Shift Assays

The gel shift experiments were performed using 10 g Y1 cell
extract for each reaction as previously described (7). Se-
quences of the oligos used in gel shift are as follows: SF1RE,
CAGCTTCTCTCTTAGCCTTGAGCTGGTGG, and mtP, CAGC-
TTCTCTCTTAGAATTGAGCTGGTGG.

Plasmid

The Cyp11al promoter fragment (—2000 to ~+8) was re-
leased from the 129/SvJ BAC clone by digestion with EcoRlI
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and Bssl. This fragment was first subcloned into pSK vector
and then into ppgal-Basic vector after digestion with Hindlll
and Smal. The mtP plasmid was generated from the
pBgal-WT by primer-based mutagenesis. The mutant oligo is
CCACCAGCTCAAttCTAAGAGAGAAGCTG.

In Vivo DNA Binding Assay

The recruitment of endogenous SF-1 protein to the promoter
DNA was analyzed in a Y1 stable cell line that overexpresses
3XFLAG-SF-1 (10). These cells (7.5 X 10° cultured overnight
in 100-mm plates) were transected with 3 ug wild-type or
mutant plasmid and cultured for another 48 h. Cells were then
cross-linked with 1% formaldehyde for 10 min before the
reaction was stopped with 0.125 m glycine for 5 min at room
temperature. Nuclei were collected by low-speed centrifuga-
tion, dissolved in 300 wl SDS buffer [50 mm Tris-HCI (pH 8.1),
10 mm EDTA, 1% SDS, 1x Complete protease inhibitor cock-
tail], and sonicated at high speed for 30 sec on and 30 sec off,
six times, in Bioruptor (Diagenode Inc., Liege, Belgium). Sol-
uble DNA was diluted 10X in dilution buffer [0.01% SDS,
1.1% Triton X-100, 1.2 mm EDTA, 16.7 mm Tris-HCI (pH 8.1),
167 mm NaCl, 1xX Complete protease inhibitor cocktail] and
precleared by incubation with 95 ul protein A agarose/salmon
sperm DNA (50% slurry) (Millipore, Billerica, MA) for 2 h, and
200 wl of the solution was saved as input control. The rest of
the samples were reacted with 1.5 pg anti-FLAG M2 antibody
(Sigma Chemical Co., St. Louis, MO) followed by rabbit an-
timouse IgG overnight at 4 C and then incubated with 30 ul
protein A agarose/salmon sperm DNA (50% slurry) for 1 h at
4 C. The agarose beads were washed two times with each of
the following buffers for 4 min at 4 C: low-salt wash buffer
[0.1% SDS, 1% Triton X-100, 2 mm EDTA, 20 mm Tris-HCI
(pH 8.1), 150 mm NaCl], high-salt wash buffer [0.1% SDS, 1%
Triton X-100, 2 mm EDTA, 20 mm Tris-HCI (pH 8.1), 500 mm
NaCl], LiCl wash buffer [0.25 m LiCl, 1% NP-40, 1% deoxy-
cholate, 1 mm EDTA, 10 mm Tris-HCI (pH 8.1)], and 1X
Tris-EDTA buffer (pH 8). DNA was eluted from protein A
agarose by 250 pul elution buffer (1% SDS, 0.1 m NaHCO,)
two times at room temperature. The cross-link in DNA was
reversed in 20 ul 5 M NaCl and 10 ng RNase A at 65 C for 4-6
h. DNA was then eluted in 10 pl 0.5 M EDTA, 20 ul 1 ™M
Tris-HCI (pH 6.5), and 2 ul 10 mg/ml proteinase K at 55 C for
1 h. The precipitated DNA was cleaned up by phenol-chlo-
roform extraction and 2-propanol precipitation and analyzed
by 24 cycles of PCR amplification using primers spanning
the proximal of mouse Cyp17a1 promoter and pg-gal vector
(forward, GAGGTCACCGCTCCATCAGC; reverse, CCAGAC-
CAATGCCTCCCAGA).

Generation of Mice with Cyp171a1 Promoter Mutation

A 2-bp mutation changing the SF-1 binding site at —46/—38
of Cyp1ial from TAGCCTTGA to TAGaaTTGA was gener-
ated by site-directed in vitro mutagenesis. This mutation was
introduced into embryonic stem cells by homologous recom-
bination followed by blastocyst injection. Heterozygous mice
harboring the mutation were then selected and mated with
Ella-Cre mice, which contain universal Cre recombinase (25).
The details for the generation of these mutant mice will be
described elsewhere (Hsu, N.-C., M.-C. Shih, C.-C. Huang,
and B.-c. Chung, manuscript in preparation). The resulting
mutant mice, named Cyp17a71“", contain a mutation in the
promoter and a concomitant insertion of one and a half loxP
sites in the first intron. All the mice were backcrossed to
wild-type C57BL/6 for four to 10 generations.

Animals and Treatments

Mice were housed in standard conditions in a 14-h light, 10-h
dark cycle and were given food and water ad libitum following
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guidelines approved by the Institutional Animal Care and Use
Committee. Lights were turned on at 0500 h and off at
1900 h. For restraint stress analysis, male mice were singly
housed for 1 wk and then immobilized in 50-ml conical tubes
for 10 min. For fasting experiments, 8- to 9-wk-old male mice
were given water ad libitum but deprived of food for 48 h. For
circadian corticosterone measurement, blood samples were
collected from adult male mice within 2 min from the tail vein
at the indicated times.

Enzyme Activity Assay

Adrenals were taken from male mice and cultured in 0.5 ml
DMEM/F12 medium containing 10 um Trilostane to block
3B-hydroxysteroid dehydrogenase activity. The substrate for
CYP11A1, 20a-hydroxycholesterol (12.5 um), was added into
the medium 30 min later and incubated for another 4 h.
CYP11A1 enzyme activity was determined by measuring the
amounts of secreted pregnenolone from the medium by a
commercial enzyme immunoassay (EIA) kit (ALPCO Diagnos-
tics, Salem, NH).

Blood Analysis

All mice were singly housed for 1 wk before blood samples
were collected either from tail veins or by decapitation within
1 min of disturbing the mice. Plasma ACTH, corticosterone,
and TNFa were measured by RIA (for corticosterone from
ICN Biomedicals, Inc., Palo Alto, CA; and for ACTH from
Nichols Institute Diagnostics, San Juan Capistrano, CA) or
ELISA (Endogen, Rockford, IL) kits according to the manu-
facturers’ instructions. Serum pregnenolone, progesterone,
and testosterone were measured by EIA (for pregnenolone
from ALPCO Diagnostics, and for progesterone from Assay
Designs, Inc., Ann Arbor, Ml) or RIA (for testosterone; DSL,
Inc., Webster, TX) kits according to the manufacturers’
instructions.

Western Blotting

Mouse tissues were homogenized in lysis solution [100 mm
potassium phosphate (pH 7.8) and 0.2% Triton X-100], and
protein concentration was determined using the Bio-Rad
Protein Assay Kit (Bio-Rad, Hercules, CA). Proteins (10 ug)
were separated by SDS-PAGE and transferred to nitrocellu-
lose membranes. Membranes were blocked in 5% skim milk,
reacted with rabbit antibody against human CYP11A1 (1:10%)
and then incubated with goat antirabbit horseradish peroxi-
dase, followed by chemiluminescent detection.

Histological Analyses

Individual organs were fixed in Bouin’s solution for 24 h,
embedded in tissue embedding medium Paraplast (TYCO
Healthcare, Mansfield, MA), and sectioned. For morphologi-
cal examination, tissue sections were stained with hematox-
ylin and eosin and Oil red O. For P450scc expression anal-
ysis, tissue sections were immunostained with antihuman
CYP11A1 antibody (26) using the ABC kit (Vector Laborato-
ries, Inc., Burlingame, CA), and visualized by staining with
3,3’-diaminobenzidine as previously described (5).

Flow Cytometry Analysis of Thymus Cell Subsets

Cells were released from individual thymus glands with a
glass tissue grinder and prepared as single-cell preparations
in RPMI medium containing 10% fetal calf serum. Thymus
subsets were determined by staining single cells with fluo-
rescein isothiocyanate-conjugated anti-CD4 (clone GK1.5;

Shih et al. ¢ Tissue-Specific Cyp171al Promoter Function

eBioscience, San Diego, CA) in combination with phyco-
erythrin-conjugated anti-CD8 (clone 53-6.7; eBioscience)
monoclonal antibodies. The percentage of each cell subset
was determined by flow cytometry using FACScalibur (BD
Biosciences, San Diego, CA).

Ultrastructural Studies

Tissues were fixed in 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2) overnight followed by washing in 0.1 m phos-
phate buffer (15 min, three times). After re-fixation in 1%
osmium tetroxide for 2 h at room temperature, they were
washed in phosphate buffer, dehydrated in a graded series
(80, 50, 70, 80, 90, 95, and 100%) of acetone/phosphate
buffer for 15 min each, equilibrated, and embedded in ERL
4206 epoxy resin. For transmission electron microscopic
studies, ultrathin 80-nm sections were mounted on coated
50-mesh copper grids, contrast stained with aqueous solu-
tions of uranyl acetate and lead citrate, and viewed and
photographed using an FEI Tecnai TM G2 transmission elec-
tron microscope.

Statistical Analysis

All blood analysis data were evaluated by Student’s t test and
are shown as mean * sem. The cumulative survival rate was
calculated using the Breslow Generalized Wilcoxon Test in
SPSS software (SPSS Inc., Chicago, IL).
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