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Transcriptional regulation of human CYPI1AI in gonads and adrenals

Ing-Cherng Guo', Meng-Chun Shih*?, Hsin-Chich Lan®, Nai-Chi Hsu?, Meng-Chun
Hu* & Bon-chu Chung®*

' Department of Veterinary Medicine, College of Bio-Resources and Agriculture, National Taiwan University,
Taipei, Taiwan; *Institute of Molecular Biology, Academia Sinica, Nankang, Taipei, 115, Taiwan, *Institutes
of Molecular and Cellular Biology and Department of Life Science, National Tsing Hua University, Hsinchu,
Taiwan; *Graduate Institute of Physiology, National Taiwan University College of Medicine, Taipei, Taiwan

Received 14 January 2007; accepted 27 February 2007
© 2007 National Science Council, Taipei

Key words: CYP11A1, P450scc, cholesterol side-chain cleavage enzyme, SF-1, adrenal, steroidogenesis,
steroid, gonad, transcription

Summary

The CYPI11AI gene encodes the cholesterol side-chain cleavage enzyme, also termed cytochrome P450scc,
which catalyzes the conversion of cholesterol to pregnenolone in the first step of steroid biosynthesis in
mitochondria. The adrenal- and gonad-selective, hormonally and developmentally regulated expression of
CYP11A1 is principally driven by its 2.3 kb promoter. Multiple trans-acting factors like SF-1, Spl, AP-2,
TReP-132, LBP-1b, LBP-9, AP-1, NF-1, and Ets control CYPI1AI transcription either through DNA-
protein interaction with their specific cis-acting elements or through protein-protein interaction between
each other, wherein SF-1 plays a central role in adrenals and testes. In addition to binding with its proximal
and upstream motifs, SF-1 also physically interacts with TFIIB, CBP/p300, TReP-132, and c-Jun/AP-1 to
specifically transmit the regulatory signals of cAMP. Other factors like Spl family members, AP-2, and
LBP-1b/LBP-9 may be other factors that play a role in CYPI11A]I transcription, particularly in placental
cells. The TATA sequence could also contribute to tissue-specificity and hormonal regulation of CYPI11A1
transcription. This article reviews recent studies focusing on adrenals and gonads.

Enzymes in steroid biosynthesis

Two categories of enzymes are involved in steroid
synthesis, including cytochrome P450 enzymes and
hydroxysteroid dehydrogenases (HSD). HSD pro-
teins have multiple isoforms; they can be classified
into two major classes, 3HSD and 178HSD, and
a few other minor classes. Cytochrome P450
enzymes are divided into two types according to
their intracellular locations, the mitochondrial
type I and the microsomal type II.

Cytochromes P450 constitute a superfamily of
membrane-bound heme-containing proteins with a
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characteristic shift of absorption peak from
420 nm to 450 nm after reduction by CO. These
cytochromes P450 function as monooxygenases
utilizing electrons donated from reduced nicotin-
amide adenine dinucleotide phosphate (NADPH)
to catalyze the hydroxylation and cleavage of
substrates. Type I enzymes are loosely associated
with the inner mitochondrial membrane, receiving
electrons supplied by an electron-transport system
composed of ferredoxin (a 14 kDa iron-sulfur
protein previously called adrenodoxin) and ferre-
doxin reductase (a 54 kDa flavoprotein also
named adrenodoxin reductase). These mitochon-
drial P450s include members of the CYP11 sub-
family like CYP11A1, CYP11B1 and CYP11B2.
The other steroidogenic P450s belong to the type
II enzymes, which are anchored on the inner
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membrane of endoplasmic reticulum and receive
electrons of NADPH principally through cyto-
chrome P450 oxidoreductase, an 82 kDa mem-
brane-bound protein. These type II enzymes
include CYP17, CYP21 and CYP19. To further
understand the characteristics of steroidogenic
P450s and their associated electron-transport sys-
tems, please read the articles reviewed by Payne
and Hales [1] and Miller [2].

Biochemical properties of CYP11A1 in steroido-
genesis

All steroid hormones are derived from the same
precursor, cholesterol. The conversion of choles-
terol to pregnenolone is catalyzed by the
CYPI11A1 encoded by the CYP1IAI gene; this
enzyme is also termed cytochrome P450scc or
cholesterol side-chain cleavage enzyme. It is the
first and rate-limiting step of steroid biosynthesis.
Pregnenolone is transformed into various forms of
mineralocorticoids, glucocorticoids and androgens
in adrenal cortices, progestins and estrogens in
ovaries and placentae, and androgens in testes
through sequential oxidation-reduction reactions
catalyzed by other steroidogenic P450 and HSD
enzymes [3].

CYPI11A1l contains three kinds of enzymatic
activities. The 20- and 22-hydroxylase activities of
CYP11A1 catalyze hydroxylation of cholesterol at
carbon-20 and carbon-22, respectively. The result-
ing 20R-,22 R-dihydroxycholesterol is then cleaved
at the carbon 20-22 bond by the 20,22 desmolase
activity of CYPI1ALl resulting in the removal of
the six-carbon side chain and yielding the C21
steroid pregnenolone and isocaproaldehyde [1]. All
these three sequential reactions are catalyzed at a
single active site of CYP11A1 receiving three pairs
of electrons from NADPH via ferredoxin and
ferredoxin reductase [2].

Physiological phenotypes of CYP11A1 deficiency

In addition to CYP11A1, the initial step of steroid
biosynthesis requires Steroidogenic Acute Regula-
tory (StAR) protein, which is responsible for the
delivery of cytosolic cholesterol into mitochondria.
Mutations of St4AR and CYPI1AI cause congen-
ital lipoid adrenal hyperplasia (lipoid CAH) with

concomitant male sexual reversal. Patients with
lipoid CAH suffer from severe adrenal insuffi-
ciency and would not survive in the absence of
mineralocorticoid and glucocorticoid replacement
[4, 5]. Their plasma ACTH levels are high leading
to adrenal hyperplasia. As a result of glucocorti-
coid and mineralocorticoid deficiency, patients
have elevated plasma rennin activity. Similarly
the lack of feedback inhibition leads to increased
plasma concentrations of gonadotrophins. For
more detailed symptoms please refer to several
case reports [4-7] and the updated review article
[8].

The phenotypes of Cypllal-null mice are very
similar to that of human patients; for example,
exceedingly high levels of ACTH but very little
corticosterone and aldosterone in blood [9]. Exces-
sive amounts of lipid are accumulated in adrenals
and gonads, and these mice di¢ soon after birth if
they are not rescued by steroid injection. The male
Cypllal-null mice are feminized with female
external genitalia. They have undersized testes,
epididymes and vasa deferens. In addition, these
male Cypllal-null mice do not develop male
accessory sex organs such as seminal vesicle,
prostate, and penis; instead, the upper part of
vagina is formed [10]. Some excellent review
articles are helpful for readers to further under-
stand how StAR works in steroidogenesis [11] and
the role of CYP11A1 in embryonic development
[12, 13].

Characteristics of CYPI1A41 promoter

CYPI1A] is expressed in tissue-selective, hormon-
ally and developmentally regulated manners [12,
13]. In transgenic mice, the expression patterns of
the LacZ reporter gene driven by the 4.4 kb
S’-flanking region of CYPII1AI are similar to that
of CYP11A1I gene in the adrenal cortex and testis
Leydig cells [14]. It appears that the 4.4 kb 5'-
flanking region of CYPIIAI possesses regulatory
elements for CYPI11AI expression in adrenocorti-
cal and Leydig cells. The 2.3 kb CYPI/AI pro-
moter also leads to similar spatio-temporal profiles
of f-galactosidase as the 4.4 kb fragment in
transgenic mice [14, 13].

We have carefully characterized the 2.3 kb
CYP1141 promoter in placental JEG-3, adrenal
Y1 and NCI-H295 cells, and identified several
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Figure 1. Locations of cis-acting elements within 2.3 kb 5"-
flanking region of human CYPI/Al. The cAMP-inducible ba-
sal promoter within —155 bp upstream from the transcription
start site harbors the proximal cAMP-responsive sequences
(P-CRS), an AP-2-binding motif (GCCTTGAGC) at —-44/
=36, and the TReP-132-binding sequence at —155/-131. P-
CRS is composed of the TATA box (TTATAA) at —29/-24,
an inverted SF-1-binding site (TGGCCTTGA, termed P) at
—46/-38, and an imperfect Spl-binding site (GGGGAG-
GAG) at —117/-109. SF-1 directly associates with TFIIB.
AP-2 perhaps competes with SF-1 for binding to its motif
that largely overlaps with P site; otherwise, it is also capable
of interacting with Sp1/Sp3 independently of its binding site.
TReP-132, in addition to binding with the —155/-131 se-
quence, also physically interacts with SF-1 and CBP/p300. In
placental cells, the —155/~131 TReP-132-binding sequence is
alternatively bound with the homo- or hetero-dimers of LBP-
1b and LBP-9. The —117/-109 Spl-binding site may be also
recognized by Sp3 and Sp4. At least three negative control-
ling elements scatter within —350/-230 (R1), —600/-350 (R2),
and —2300/-600 (R3), respectively; interestingly, the repressor
at —2300/-600 is active in JEG-3 but not in Y1. The up-
stream cAMP-responsive sequences (U-CRS) consists of a
core SF-1-binding site (TCAAGGTCA, termed U) at —1617/
-1609, and two flanking TRE/CRE-like sequences, CI
(TGATGTCA) at -1633/-1626 and C2 (TGACTGA) at
—1559/-1553. U-CRS does not function in placental cells that
lack SF-1 expression. Two adrenal-selective enhancers (AdE),
which function selectively in steroidogenic cells, include the
downstream —1875/-1845 AdEl harboring an imperfect Spl-
binding site (GGGGTGG), a NFl1-binding motif (TGG(C/
A)(N)sGCCAA) and a consensus Ets-binding sequence
(CGGAAGT), and the upstream AdE2 at —1898/-1880 with
another imperfect Spl-binding site (GGGGAGG).

important cis-elements as shown in Figure 1.
Basically, four regions of cis-acting elements have
been analyzed. To unify nucleotide positions, this
review uses the deposited sequences of CYPIIAl
promoter as a standard to describe their locations
(GenBank, Accession no.: M60421) [16]. The
cAMP-inducible basal promoter, termed proximal
cAMP-responsive sequences (P-CRS), is located
within —120 bp upstream from the transcription
start site, and contains the TATA box (TTATAA)
at —29/-24, a inverted SF-1-binding site
(TGGCCTTGA, termed P) at —46/-38, and an
imperfect Spl-binding site (GGGGAGGAG) at
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—117/-109 [17]. At least three negative controlling
elements scatter within —350/-230, —600/-350,
and —-2300/-600, respectively; interestingly, the
repressor at —2300/—-600 is active in JEG-3 but not
in Y1 [18]. An upstream cAMP-responsive se-
quences (U-CRS) consists of a core SF-1-binding
site (U element, TCAAGGTCA) at —1617/-1609,
and two flanking AP1/CREB-binding sites, C/
(TGATGTCA) at —1633/-1626 and C2 (TGACT-
GA) at —1559/-1553 [19, 20]. Two adrenal-selec-
tive enhancers (AdE) include the downstream
—1875/-1845 AdEI harboring an imperfect Spl-
binding site (GGGGTGG), a NF1-binding motif
(TGG(C/A)(N)sGCCAA) and a consensus Ets-
binding sequence (CGGAAGT), and the upstream
AdE2 at —1898/-1880 with another imperfect Spl-
binding site (GGGGAGG) [21].

Besides our results, several groups have found
additional elements in CYPI/A! promoter. The
—155/-131 element interacts with TReP-132 (tran-
scriptional regulating protein of 132 kDa), which
is expressed in a broad spectrum of tissues and
physically binds to SF-1 together with CBP/p300
synergistically activating CYPI11A41 promoter [22,
23]. The same sequence is also bound to two long
terminal repeat binding proteins, LBP-1b and
LBP-9; which form homo- or hetero-dimers to
modulate CYPIIAl transcription [24]. The
GCCTTGAGC motif of rat Cypllal promoter
identical to —44/-36 of human CYPIIAI also
interacts with alpha isoform of activating protein-
2 (AP-2) to govern Cypllal promoter in human
placental cells [25].

Physiological and intracellular regulations of steroid
biosynthesis

Steroids are synthe$ized mainly from the adrenals
and gonads. In the adrenals, steroidal secretion in
response to environmental stimuli or physiological
conditions is stimulated by pituitary adrenocortico-
tropin (ACTH) in the hypothalamic-pituitary-adre-
nal axis (H-P-A axis). ACTH is again regulated by
hypothalamic  corticotropin-releasing hormone
(CRH). Similarly, synthesis of sex steroid hormones
in testes and ovaries is controlled by the hypotha-
lamic-pituitary-gonadal axis (H-P-G axis). The com-
ponents of the H-P-G axis include the hypothalamic
gonadotropin-releasing hormone (GnRH), pituitary
gonadotropins (GTH), and gonadal steroids.
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Pituitary GTH is composed of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH).

Within both H-P-G and H-P-A axes, two
negative feedback loops operate to prevent exces-
sive secretion of tropic signals. The short loop is
executed by pituitary hormones that inhibit the
release of hypothalamic releasing hormones; and
the long loop is accomplished by steroid hormones
that inhibit the release of both pituitary tropic
hormones and hypothalamic releasing hormones.
These negative feedback loops prevent target
steroidogenic tissues from being over-stimulated
by tropic signals.

ACTH and GTH are the major tropic hor-
mones secreted from the pituitary for the stimu-
lation of adrenal cortices and gonads, respectively.
When binding to their cognate G-coupled recep-
tors, these tropic hormones activate the mem-
brane-bound adenylyl cyclase that catalyzes the
synthesis of cyclic AMP, which functions as
the second messenger to transmit tropic signal of
the first messenger, ACTH or GTH.

The activated cAMP signaling acutely stimu-
lates steroid biosynthesis by increasing the avail-
ability of cholesterol for the CYPI11A1l enzyme.
Both cholesterol esterase and StAR are activated
leading to facilitated conversion of cholesterol
ester to the free form and the delivery of cytosolic
cholesterol into mitochondria, respectively. The
long-term effect of cCAMP signaling takes hours to
occur. It stimulates expression of steroidogenic
genes to maintain long-term secretion of steroid
hormones. A recent article reviewing the interplay
between H-P-A and H-P-G axes is recommended
for further reading [26].

Tissue selectivity and hormonal regulation
of CYP11A1 promoter activity

Differential functions of P-CRS and U-CRS

The expression of CYPI1A1 typically responds to
chronic effect of cAMP. Both CYPI1A4I protein
and mRNA levels are increased several hours after
cAMP treatment in both adrenal Y1 and placental
JEG-3 cells, but the mechanisms for this cAMP-
stimulated CYPI11AI expression in these two cell
types are different [27, 28].

Two cAMP-responsive sequences, P-CRS and
U-CRS, are responsible for basal and

cAMP-responsive CYPI1AI expression. P-CRS
functions as the basal promoter with cAMP-
inducible activity in both Y1 and JEG-3, and U-
CRS mainly confers cAMP-responsiveness in Y1
[18]. Both CRS sequences contain an SF-1 site, P
site in P-CRS and U site in U-CRS. The basal
CYPIIAI promoter activity is lost in P mutants
but retained in U mutants in Y1 and transgenic
adrenals and testes; moreover, the adrenals and
testes of transgenic U mutants lose response to
ACTH and hCG stimulations simultaneously [29].

SF-1 sites in both CRS sequences are important
for CYP11AI expression; the P-CRS is responsible
for the basal activity, and the U-CRS is associated
with hormonal regulation. However, why is the
same SF-I motif associated with apparently dif-
ferent functions in both CRS? It is probably
because SF-1 element alone does not efficiently
activate transcription; instead, the multiple pro-
teins interacting with SF-1 also contribute to
function. Sequences surrounding SF-/ sites in
P-CRS and U-CRS are very different. In P-CRS,
the Spl site and other sites as well as TATA box
are present, while in U-CRS two TRE/CRE-like
elements are present (Fig. 1). Depending on its
promoter context and the neighboring interacting
proteins, SF-1 functions in P-CRS and U-CRS
may not be identical.

Role of P-CRS in tissue selectivity of CYPI1IAI
promoter

The CYP11AI promoter is active in steroidogenic
tissues; on the contrary, they are inactive in kidney
COS-1 cells [15, 17]. That is why kidney does not
secret steroids. The lack of SF-1 may be one of
reasons for the silence of CYPI1AI promoter in
non-steroidogenic tissues [29]. We have shown that
SF-1 interact with transcription factor IIB (TFIIB)
physically [30]. This interaction will probably
stabilize the binding of transcription factor IID
(TFIID) to the TATA box and the assembly of
other general transcription factors and RNA
polymerase II to form the transcription pre-initi-
ation complexes. When COS-1 is supplemented
with SF-1, the CYP11AI promoter becomes active
[15, 17].

Placental JEG-3 represents a different situa-
tion. JEG-3 cells express CYP11A41 and produce
steroid hormones, but they do not express SF-1
[18, 28]. JEG-3 perhaps uses alternative factors to
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Table 1. The studied interactions of trans-acting factors regulating CYP/{/A/ transcription.

Interaction Trans-acting factor Reference

DNA-Protein TATA-binding protein 17
SF-1? [20], [29]
AP-2 [25]
Spl, Sp3, Sp4 [18], [21]
TreP-132 [22]
LBP-1b°, LBP-9® [24]
AP-1, CREB/ATF [20], [3]
NF-1 [21]
Ets [21]

Protein-Protein SF-1, TFIIB [30]
SF-1, TReP-132, CBP/p300 [22], [23]
SF-1, c-Jun/AP-1 [30]
Sp1/Sp3, AP-2 [32]

“SF-1 does not express in placental cells.
*LBP-1b and LBP-9 are placenta-specific proteins.

replace the role of SF-1. Several nuclear factors
have been shown to exhibit placenta specificity to
replace SF-1 function. LBP-1b bound to -155/
~131 1is suggested to stimulate CYPIIAI tran-
scription in JEG-3 under the modulation by its
dimer partner, LBP-9 [31]. TReP-132, another
transcription factor binding to -155/—131 and
physically interacting with CBP/p300, may be
another transactivator stimulating CYPIIA]
expression [22, 23]). AP-2 also controls rat Cypllal
promoter activity in human placental cells by
interacting with the motif identical to the —44/-36
sequence of human CYP/1A1 that largely overlaps
the SF-1-binding sequence of —46/—38 in adrenals
and testes [25]. A study of ovine CYPI1A41 in JEG-
3 showed that AP-2 can induce Spl/Sp3 transac-
tivation and this activity is independent of AP-2
binding site [32]. About the interactions of trans-
acting factors with their DNA motifs and between
each other to regulate CYPII A/ transcription are
summarized in Table 1.

Another possibility for the cell type-specific
expression of CYPIIAI may be controlled by its
TATA sequence of CYPIIAI. It is known that the
distinct 74TA4 sequences constitute individual
promoters with discrete functions by interacting
with the cell type-specific general transcription
factors [33]. We have changed the TATA sequence
of cAMP-inducible CYP/1AI into that of cCAMP-
insensitive RSV (Rous sarcoma virus) by site-
direct mutagenesis; this completely abolishes the
cAMP responsiveness of P-CRS in adrenal

NCI-H295 cells [17]. The presence of SF-1 does
not enhance cAMP response in NCI-H295 cells
when the TATA box of CYPJ1AI is mutated. This
result indicates that selective types of general
transcription factors participating in TATA-
assembled RNA polymerase Il complexes might
be the other determinants than SF-1 for the tissue-
specific activity of CYPI11A1 promoter.

Role of U-CRS in hormonal regulation
of CYP11A41 promoter

U-CRS of the CYPI1A41 promoter contains an SF-
I-binding U site and two TRE/CRE-like sites, C!/
and C2, that bind to AP1/CREB-like proteins in
response to cAMP [34]; it functions in an ACTH/
cAMP-regulated manner [35]. The fact that U-
CRS has no function in JEG-3 that lacks SF-1
indicates the indispensable role of SF-1 in U-CRS
[18, 19]. The U mutants in transgenic mice cannot
be stimulated by hormones, confirming the essen-
tial role of U-CRS in hormonal regulation of
CYPI11A1I promoter in testes and adrenals [29].
Playing a pivotal role, SF-1 interacts with AP-1
for full U-CRS activity [15, 34]. In JEG-3 and
COS-1; the 2.3-kb CYPI1AI promoter is stimu-
lated by exogenous SF-1. In addition, c-Jun
synergistically interacts with SF-1 to activate the
2.3-kb CYP1141 promoter in JEG-3, but not in
COS-1 cells [15]. The interaction of SF-1 and c-Jun
is through physical association between the amino
acids 1-1609 of c-Jun and the Ftz-F1 box-Pro
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cluster (FP region) of SF-1 [30]. The synergism of
SF-1 and AP-1 seems steroidogenic cell-specific.
What contribute to the tissue-specificity of
U-CRS? The factors interacting with AdE and
P-CRS, particularly TATA box, are all good
candidates. Further detailed studies are expected
to answer the question. '

Role of Spl in CYPI1AI promoter

In P-CRS, an element at —117/-109 binds to Spl,
which is ubiquitously distributed in a variety of
tissues. The Sp1 site of P-CRS enables the minimal
promoter of B-globin, including an SF-/ site and
the TATA sequence, to respond to cAMP stimu-
lation [18]. In general, Spl assists gene transcrip-
tion. Beside —117/-109 of P-CRS, two Sp/ sites
are located within AdEIl and AdE2 of —1900/
—1840. The AdE region enhances CYPI11A1 basal
promoter activity in steroidogenic cells like adre-
nal Y1 and NCI-H295, testis MA10 and placental
JEG-3, but not in non-steroidogenic cells like
kidney COS-1 and fibroblast Rat-1 [21]. Collec-
tively, Sp1 seems to cooperate with steroidogenic
transcription factors to enhance the basal and
cAMP-inducible activities of CYPIIA] promoter.
Similarly, the transcription of ferredoxin, a partner
of CYPI11A1, is also controlled by two Spl sites
proximal to RNA initiation site [36, 37].

Spl is a protein family consists of many
members [38]. All these members can potentially
bind to the same Sp/ site in the promoter; for
example, Spl, Sp3 and Sp4 can bind to the —118/
—100 element of bovine CYPI/1A4 promoter [39],
and Spl/Sp3 bind to the —112/-89 and —80/-57
elements of ovine CYPII1AI [32]. This adds
another layer of complexity for regulated
CYPI1IAI expression.
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