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Haploinsufficiency and Compensation: Effects of SF-1 Gene Dosage on
Adrenal Development and Function Michelle L. Bland

ABSTRACT

Developmental defects or reduced function of the adrenal glands impairs the ability of an

organism to respond to and survive stress. The orphan nuclear receptor steroidogenic

factor-1 (SF-1) is essential for adrenal development, and in vitro evidence suggests that

SF-1 regulates expression of genes required for steroidogenesis. As little is known about

SF-1’s in vivo role in regulating adult adrenal function, I asked how loss of one SF-1

allele affected adrenal function. I found that SF-1 heterozygous mice have small adrenals

and blunted corticosterone responses to stressors. Fewer cells are dedicated to the SF-1

+/- adrenal primordium early in development, but increased cell proliferation later in

development allows SF-1 heterozygous adrenals to approach but not attain wild type

adrenal size. Decreased SF-1 function in the cortex also disrupts adrenomedullary

development, leading to low catecholamine synthesis in SF-1 heterozygotes. I asked

whether decreased steroidogenic capacity contributed to adrenal insufficiency in SF-1

heterozygotes. While SF-1 levels are low in heterozygous adrenals, increased ACTH

signaling drives steroidogenic gene expression to high levels, leading to increased

corticosterone production on a per cell basis compared with wild type adrenals. Adrenal

insufficiency in SF-1 heterozygous mice is due to a developmental defect and not a

deficit of steroid production. I propose that functional redundancy for SF-1 exists in the

fetal and adult adrenal but not in the adrenogonadal primordium. Compensation for SF-1

haploinsufficiency maintains adrenal function at levels sufficient for basal function, but

adrenal insufficiency impairs physiological adaptation to severe stress.
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Chapter 1. Introduction

Adrenal hormones in the body’s response to stress

For most animals and humans, the daily business of life is filled with stress. Yet, for each

insult to the body, there exists a set of adaptive responses to offset the damage done.

Stretches of food scarcity are met with increased glucose production in the liver, utilizing

energy stored in fat and muscle. The body combats injuries such as surgery, hemorrhage,

wounds, and infections by increasing blood pressure, mobilizing glucose, and dampening

inflammation. Blood electrolyte imbalances are corrected by retaining or excreting

sodium and potassium as needed. This ability to maintain homeostasis in the face of

external threats is mediated in large part by steroids and catecholamines, the “stress”

hormones secreted by the adrenal glands.

Tissues that synthesize steroids and catecholamines are found in all vertebrate species;

the association of these tissues, however, varies among the classes of vertebrates (Figure

1) (Turner and Bagnara, 1976). The cortex and medulla differ in both their embryonic

origin and control of hormone secretion, yet they are tightly linked anatomically and

physiologically. Likewise, steroids and catecholamines differ in their modes and time

courses of action, yet they often work in concert to mediate physiological responses to

StreSS.
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Figure 1. Phylogeny of the adrenal gland.
The arrangement of steroid- and catecholamine-synthesizing tissues has changed over the
course of evolution. Schematic diagrams of kidneys (outlined), steroid-synthesizing cells
(gray), and catecholamine-synthesizing cells (black) in different vertebrate classes are
shown. In sharks and bony fishes (teleosts), catecholamine-synthesizing cells are found
near, but not always in direct association with cells that produce steroids. The frog
adrenal gland consists of catecholamine-producing cells that are interspersed with
steroidogenic cells that rest on the ventral surface of the kidney. In reptiles, chromaffin
cells aggregate at the periphery of the adrenal gland, partly surrounding the inner
steroidogenic cells; while in birds, chromaffin cells are dispersed throughout the adrenal
gland. Only in mammals is there a true steroidogenic cortex that surrounds the
catecholamine-producing medulla. (After Turner and Bagnara, 1976)

º



Adrenal development

In mammals, the steroid-producing adrenal cortex surrounds the catecholamine

producing adrenal medulla. Two distinct cell types, coelomic epithelial cells and neural

crest cells, interact during development to give rise to the adrenal cortex and medulla,

respectively. The adrenal cortex and gonads arise from a common population of

precursor cells, the adrenogonadal primordium, that is derived from the coelomic

epithelium of the intermediate mesoderm. This primordium is marked by expression of

the transcription factor steroidogenic factor-1 (SF-1) at embryonic day (E) 9.0 in the

mouse (Ikeda et al., 1994). At E10.0, primordial germ cells migrate to and colonize the

adrenogonadal primordia. At E11.0, adrenocortical and gonadal precursors separate, and

the adrenocortical blastema develops bilateral to the dorsal aorta and rostral to the

kidneys and gonads. Between E12.5 and E13.5, sympathoadrenal neural crest cells, the

adrenomedullary precursors, arrive at the growing adrenal cortex and begin to infiltrate it.

The adrenal cortex is encapsulated by E14.5, and by E16.5, distinct cortical and

medullary zones have formed, with the cortex surrounding the medulla (Morohashi,

1997). Adrenal size increases through the end of mouse gestation (19.5 days) and post

natally (Dallman, 1984).

In mice and humans, the fetal adrenal cortex is composed of a definitive (adult) zone that

surrounds a fetal zone. After birth, cell proliferation in the definitive zone and

programmed cell death in the fetal zone (occurring at puberty in male mice and after the

first pregnancy in female mice) lead to the structure of the adult cortex (Deacon et al.,

1986). The adult adrenal cortex is composed of four distinct, concentric zones that

.º



synthesize different hormones. The zona glomerulosa is situated directly under the

capsule and synthesizes the mineralocorticoid aldosterone'. The zona intermedia lies

between the zona glomerulosa and the zona fasciculata and does not appear to synthesize

hormones, based on lack of expression of enzymes that carry out late steps of

steroidogenesis. The zona fasciculata is adjacent to the zona intermedia and consists of

large cells arranged in columns that are separated by sinusoids. The zona reticularis lies

between the zona fasciculata and the adrenal medulla. Fasciculata and reticularis cells

synthesize the glucocorticoid corticosterone (in rats and mice, cortisol in humans). The

human zona reticularis also synthesizes the adrenal androgens: dehydroepiandrosterone

(DHEA), DHEA-sulfate, and androstenedione. In rats, the adult pattern of adrenocortical

zonation develops during late stages of fetal development (E18-P1, gestation is 21 days)

(Wotus et al., 1998).

Control of adrenal hormone secretion and mode of action

Seconds after exposure to a stressor, adrenal catecholamines are secreted into the

bloodstream, and glucocorticoids follow a few minutes later. The temporal differences in

catecholamine and steroid secretion reflect their separate controls by the sympathetic

nervous system and the hypothalamic-pituitary-adrenal (HPA) axis. Neurons in the

hypothalamus, medulla, and pons are among the first responders to a stressor. These

central neurons project to the spinal cord and synapse on sympathetic preganglionic

neurons that in turn synapse on sympathetic postganglionic neurons. Sympathetic

'While aldosterone deficiency contributes to morbidity in SF-1 knockout mice (discussed
below), the analysis of SF-1 heterozygous mice presented in this thesis did not extend to
measurements of aldosterone secretion, and for this reason, discussion of aldosterone
synthesis and actions will be minimal.



postganglionic neurons innervate target organs such as the heart, vasculature, and gut.

The adrenal medulla receives direct input from a sympathetic preganglionic nerve, the

cholinergic splanchnic nerve. Activation of acetylcholine receptors on adrenal medullary

cells leads to a rapid increase in intracellular calcium that triggers exocytosis of vesicles

containing either epinephrine or norepinephrine. Catecholamines bind to G-protein

coupled O.I., Cº-, and B-adrenergic receptors to exert their diverse actions on target tissues

(Young and Landsberg, 1998).

Corticosterone secretion is controlled by the hypothalamic-pituitary-adrenal (HPA) axis.

Three salient features of the HPA axis govern its activity: stress responsivity, negative

feedback, and circadian rhythmicity (Dallman et al., 1994). Within seconds of a stressful

stimulus, the paraventricular nuclei of the hypothalamus secrete corticotropin releasing

hormone (CRH) into the pituitary portal system. CRH stimulates synthesis and release of

the pro-opiomelanocortin derivative adrenocorticotropic hormone (ACTH) from anterior

pituitary corticotrope cells into the bloodstream. ACTH binds to its receptor in the

adrenal cortex and elicits glucocorticoid synthesis and secretion such that blood

corticosterone levels increase within a few minutes of exposure to a stressor.

Glucocorticoids mediate physiological responses to stress by activating intracellular

nuclear receptors, the glucocorticoid and mineralocorticoid receptors (GR and MR).

Binding of corticosterone to GR or MR in the cytosol promotes its translocation to the

nucleus, homodimerization, and transcriptional activation or repression of target genes

(Bamberger et al., 1996). Although the effects of steroid hormones are exerted on a



delayed, prolonged time course relative to catecholamine actions, glucocorticoid

signaling is often required for catecholamines to exert full responses (Sapolsky et al.,

2000). Importantly, glucocorticoids act via MR and GR in the brain to exert negative

feedback control of pituitary ACTH release, thereby terminating the stress response and

maintaining low corticosterone levels at the trough of the circadian rhythm (Bradbury et

al., 1994). Additionally, there is accumulating evidence to suggest that results of

glucocorticoid action, such as hepatic gluconeogenesis, can effect negative feedback

control of the HPA axis (Dallman et al., 2003).

The circadian rhythm determines overall activity in the HPA axis. In nocturnal creatures,

such as mice and rats, plasma ACTH and glucocorticoid levels peak upon waking in the

early evening and decline throughout the night, to reach a nadir in the morning (people

are diurnal and therefore exhibit an opposite HPA rhythm). Circadian rhythms also fine

tune the HPA axis; in rats, the HPA axis is most responsive to stress and negative

feedback by corticosterone in the morning (Akana et al., 1994). Food availability can

also entrain the circadian rhythm, and glucocorticoid rhythms can be shifted simply by

restricted daytime feeding of nocturnal animals (Krieger, 1980). The complexity

imposed on the HPA axis by variables including time of day, energy balance, negative

feedback, and stress generally allows for exquisite control of corticosterone secretion,

tuned to the level needed by the animal at a particular time.



Adrenal diseases in humans

Precise regulation of glucocorticoid levels is essential for normal homeostasis, and both

excessive and insufficient secretion of cortisol cause disease. Mild chronic stress that

results in slight elevations in circadian trough levels of glucocorticoids biases an

organism toward fat storage, gluconeogenesis, and immune suppression (Dallman et al.,

2000). Extreme glucocorticoid excess (Cushing's syndrome) leads to accumulation of fat

in the trunk, abdomen, back (buffalo hump) and face (moon face), hypertension,

decreased reproductive function, and impaired wound healing (Stewart, 2003). Deficient

cortisol secretion in patients with adrenal insufficiency leads to a debilitating array of

symptoms including malaise, fatigue, nausea, anorexia, and electrolyte imbalances that

can result in neural and cardiovascular dysfunction’. Numerous patients die each year

from untreated adrenal insufficiencies that manifest as adrenal crisis during severe

physiological stress. Fortunately, the symptoms of adrenal insufficiency can be

alleviated by daily administration of glucocorticoids and mineralocorticoids. In the case

of severe stress such as surgery or serious injury, large doses of adrenal steroids given

prior to or even shortly after stress prevent morbidity (Oelkers, 1996).

Primary adrenal insufficiency is most commonly caused by immune destruction of the

adrenals due to autoimmunity (Addison's disease), tuberculosis, or adrenalitis caused by

the opportunistic infections that plague AIDS patients, for example (Oelkers, 1996).

* While primary adrenal insufficiencies are usually diagnosed by noting the above
symptoms and conducting hormone stimulation tests, a telltale sign of disease is
hyperpigmentation. Lack of negative feedback by glucocorticoids leads to excess ACTH
that aberrantly activates melanocortin receptors in skin, resulting in a “healthy” tan in an
exceedingly unhealthy patient.

.



Less common causes of adrenal insufficiency are inherited disorders of steroid synthesis.

Congenital adrenal hyperplasia (CAH) is most commonly caused by deficiencies of 21

hydroxylase (CYP21A2, 90% of all cases) and 11B-hydroxylase (CYP11B1, 7% of all

cases). Mutations in these genes block cortisol production, thereby abrogating negative

feedback control of ACTH. Consequently, high ACTH levels in CAH patients drive

adrenal growth and steroidogenesis. However, metabolic blocks in glucocorticoid

synthesis cause steroid precursors to be converted to adrenal androgens, leading to

virilization in female patients (Cutler and Laue, 1990; White et al., 1994). Congenital

lipoid adrenal hyperplasia (lipoid CAH) is associated with mutations in StåR and side

chain cleavage (CYP11A1) and is characterized by primary adrenal insufficiency, XY sex

reversal, and hypogonadotropic hypogonadism in females. Mutations in StAR and side

chain cleavage block the conversion of cholesterol to pregnenalone, the first metabolic

step in steroid synthesis. High ACTH levels in lipoid CAH patients stimulate cholesterol

uptake but because steroidogenesis is blocked, cholesterol accumulates and eventually

leads to destruction of adrenal cells, thereby completely obliterating steroidogenic

capacity (Bose et al., 1996; Caron et al., 1997; Lin et al., 1995; Tajima et al., 2001).

Loss-of-function mutations in the orphan nuclear receptors SF-1 (discussed below) and

DAX1 are associated with dysfunction in the reproductive system and congenital adrenal

hypoplasia, a disease caused by defective adrenal development. In patients with DAX1

mutations, the adult adrenal cortex lacks a definitive zone and contains a large fetal zone

that does not support steroidogenesis, leading to severe adrenal insufficiency (Merke et

al., 1999; Zanaria et al., 1994; Zhang et al., 1998).



STEROIDOGENESIS AND THE DISCOVERY OF SF-1

ACTH has both acute and chronic effects on adrenal steroid synthesis.

The adrenal cortex is poised to produce steroids rapidly and on demand. In an

unstimulated adrenocortical cell, the steroid hydroxylases are inactive because

cholesterol, the substrate for steroidogenesis, is unavailable. Cholesterol is stored as

cholesteryl ester in lipid droplets, while the first steroidogenic enzyme, cholesterol side

chain cleavage (SCC), resides in the mitochondria. The cAMP-PKA signaling cascade

initiated by ACTH binding to its receptor stimulates steroid synthesis by activating

hormone sensitive lipase (HSL) and steroidogenic acute regulatory protein (StAR). PKA

phosphorylates HSL, allowing it to translocate from the cytoplasm to the surface of lipid

droplets, where it hydrolyzes cholesteryl esters to produce free cholesterol (Holm et al.,

2000; Kraemer and Shen, 2002). Activation of PKA also results in a rapid increase in de

novo synthesis of StAR protein as well as phosphorylation of StAR on two serine

residues (Arakane et al., 1997; Clark et al., 1994; Epstein and Orme-Johnson, 1991).

Newly translated, phosphorylated StAR carries out the rate-limiting step in

steroidogenesis by facilitating the delivery of cholesterol to SCC in the mitochondrial

inner matrix. Import of StAR into the mitochondria terminates its cholesterol-shuttling

activity, thereby providing exquisite regulation of steroidogenesis and plasma

corticosterone levels (Bose et al., 2002). Following its delivery to SCC, cholesterol is

converted to pregnenalone. Pregnenalone is converted to corticosterone by the sequential

actions of three microsomal enzymes: 3B-hydroxysteroid dehydrogenase (33-HSD), 21

hydroxylase (21-OHase), and 11B-hydroxylase (11B-OHase) (Figure 2).
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ACTH sets the steroidogenic capacity of adrenocortical cells by regulating expression of

steroidogenic genes in a cAMP-dependent manner. The tonic effect of ACTH on the

adrenal cortex was initially shown in experiments with hypophysectomized rats.

Removal of the pituitary leads to adrenal atrophy and low SCC levels, and treatment of

hypophysectomized rats with ACTH restores SCC levels and adrenal weight (Kimura,

1969). Later experiments demonstrated that ACTH coordinately regulates both mRNA

and protein expression of adrenal steroid hydroxylases. Treatment of primary bovine

adrenocortical cells with ACTH for 24 to 36 hours resulted in seven- to fifteen-fold

increases in levels of SCC, 21-OHase, and 11B-OHase (DuBois et al., 1981; Funkenstein

et al., 1983; Kramer et al., 1983). These enzymes could also be induced in primary

adrenocortical cells treated with cAMP analogues in the absence of ACTH (Kramer et al.,

1984). Following the cloning of the steroid hydroxylases in the mid 1980s, ACTH was

shown to regulate expression of SCC, 11B-OHase, and 21-OHase at the transcriptional

level (John et al., 1986).

The discovery of the coordinate regulation of steroid hydroxylase expression by ACTH

and cAMP led to a search for cAMP responsive elements (CREs) in the promoters of the

steroid hydroxylase genes. Initially, the minimal regions of the promoters needed for

cAMP inducibility were mapped and sequence analysis was carried out. Only the 11B

OHase promoter contained a consensus CRE that was important for cAMP-stimulated

expression (Mouw et al., 1989). For the mouse SCC and 21-OHase genes, cAMP

responsivity mapped to a conserved, common promoter element that did not match the

CRE consensus site (Rice et al., 1990a; Rice et al., 1990b). Similar elements were found

11



in the bovine 1 1/3-OHase promoter (Honda et al., 1990). Mutation analyses of

steroidogenic gene promoters showed that the conserved element, AGGTCA, conferred

basal, cell-type specific and cAMP-responsive expression to reporter genes.

Reasoning that a common transcription factor might bind to the AGGTCA element in the

steroid hydroxylase promoters, two groups independently cloned it. Morohashi's group

took the approach of purifying the protein, which they had named Ad4-binding protein

(Ad4BP), from bovine adrenal cortex (Morohashi et al., 1992). After microsequencing

the purified protein, degenerate oligonucleotides were used to amplify part of the Ad4BP

cDNA using PCR. This portion of the Ad4BP cDNA was used to screen a bovine

adrenal cortex cDNA library, yielding the full-length Ad4BP clone (Honda et al., 1993).

Parker's group noted that the response element identified in the steroid hydroxylase

promoters resembled response elements bound by members of the nuclear hormone

receptor superfamily (Rice et al., 1991). They screened a mouse Y1 adrenocortical cell

line cDNA library with a probe consisting of the DNA-binding region of RXRB, a known

nuclear receptor. This yielded a full-length clone they named steroidogenic factor-1 (SF

1) (Lala et al., 1992).

SF-1 is an orphan nuclear receptor

SF-1 belongs to the nuclear receptor superfamily of proteins. Members of this family are

defined by a highly conserved amino-terminal DNA binding domain (DBD) and a less

conserved carboxy-terminal ligand binding domain (LBD). As for other nuclear

receptors, SF-1's DBD consists of two zinc fingers that recognize specific nucleotides

!,

-

:
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constituting the nuclear receptor half site. Most nuclear receptors bind as homodimers or

heterodimers to response elements comprised of two nuclear receptor half sites, but SF-1

binds to a single half site as a monomer (Wilson et al., 1993). SF-1's DBD also contains

a nuclear localization sequence that is required for its constitutive import into the nucleus

(Hammer et al., 1999).

Many nuclear receptors are activated by small molecule ligands that can promote homo

or hetero-dimerization, DNA binding, recruitment of co-factors, and transcriptional

activation. In contrast, “orphan” nuclear receptors (so named because they have yet to be

“adopted” by ligands) exhibit full activity in the apparent absence of ligand and may be

regulated primarily by post-translational modifications. SF-1 is an orphan nuclear

receptor; it is constitutively nuclear and constitutively active in a variety of cell types,

and, to date, an obligatory ligand has not been identified for SF-1 (Hammer et al., 1999;

Mellon and Bair, 1998).

SF-1's amino-terminal DBD and its carboxy-terminal LBD are separated by a large,

central “hinge” region (Honda et al., 1993). The amino- and carboxy-ends of SF-1’s

LBD are flanked by activation function (AFH1 and AF2, respectively) domains that

contain the conserved activation function hexamer motif (LXXLL) required for

transcriptional activation (Mangelsdorf et al., 1995). Mutations in either AFH1 or AF-2

impair SF-1's transcriptional activity (Crawford et al., 1997; Desclozeaux et al., 2002;

Hammer et al., 1999; Ito et al., 1998) (Figure 3).

13
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Figure 3. Domain structure of SF-1.
The DNA binding domain (white), hinge region (pink), and ligand binding domain (blue)
of mouse SF-1 are schematized. Serine 203 (pink) and the surrounding MAPK consensus
site (discussed below) are shown above the hinge region. The activation function
domains at the amino- and carboxy-ends of the ligand binding domain are boxed, and the
activation function hexamer sequences are shown above. The locations of mutations in
human SF-1 (discussed below) are shown in red (asterisks).

Activating an orphan

Structural data have revealed the mechanisms underlying ligand-dependent activation of

nuclear receptors. Two major structural changes in the LBD are apparent upon ligand

binding. First, the hydrophobic ligand binding cavity is greatly compacted when

occupied by ligand; and second, the position of Helix 12 becomes ordered and helps to

form a “charged clamp” after ligand binding. These conformational changes result in

formation of a hydrophobic cleft or interaction surface that binds to LXXLL motifs

present in all nuclear receptor coactivators. Recruitment of coactivators is the first step in

forming a multi-protein complex that promotes gene expression (Glass and Rosenfeld,

2000; Rachez and Freedman, 2001).

While structural studies have clarified how ligand-dependent receptors are activated after

ligand binding, it is less clear how orphan nuclear receptors function in the apparent

14



absence of ligand. Posttranslational modification in response to growth factor and

peptide hormone signaling may provide a mechanism for ligand-independent activation

of nuclear receptors like SF-1. Although SF-1 response elements are required for ACTH

and cAMP-induced up-regulation of steroidogenic genes, the mechanism linking cAMP

and PKA with SF-1 remains elusive. SF-1 levels do not change in response to prolonged

ACTH treatment or withdrawal (Crawford et al., 1995; Enyeart et al., 1996; Nomura et

al., 1998). Additionally, SF-1 does not appear to be directly phosphorylated by the

cAMP-dependent PKA (Hammer and Ingraham, 1999). On the other hand, increases in

cAMP influence the dynamics of SF-1 cofactor recruitment, by direct phosphorylation of

these cofactors by PKA (Borud et al., 2002; Liu and Simpson, 1999).

Previous experiments from our laboratory showed that the mitogen-activated protein

kinases (MAPK) Erk2 and Erk1 phosphorylate SF-1 in vitro on a single serine residue

(Ser 203) located in the hinge region that connects the DBD and the LBD (Hammer et al.,

1999, M. Desclozeaux and HAI, unpublished data). This posttranslational modification

is needed for full transcriptional activity of SF-1, most likely because phosphorylation

enhances cofactor recruitment to target gene promoters. Replacement of serine 203 with

a non-phosphorylatable alanine residue (S203A) results in a 50-80% reduction in basal

level of SF-1 transcriptional activation and eliminates the increased activity stimulated by

the MAPK pathway (Hammer et al., 1999). Biochemical and biophysical data suggests

that Ser 203 phosphorylation stabilizes the LBD similar to ligand binding to a ligand

dependent receptor (Desclozeaux et al., 2002). Moreover, structural evidence suggests

that members of nuclear receptor subfamily V (SF-1 and LRH-1) adopt an active

conformation in the apparent absence of ligand (Sablin et al., 2003).
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Uncovering a broader role for SF-1

SF-1’s critical role in steroidogenesis was apparent from its involvement in cAMP

stimulated and basal transcription of the steroidogenic enzymes, studies that were

performed in cell lines. Indeed, SF-1's in vivo expression pattern fits its role as a

transcriptional regulator of steroidogenesis; it is expressed in the adrenal cortex, testicular

Leydig cells, and ovarian granulosa, theca, and corpus luteum cells (Ikeda et al., 1993).

SF-1 is also expressed in non-steroidogenic testicular Sertoli cells, pituitary gonadotrope

cells, and the ventromedial nucleus of the hypothalamus (Hatano et al., 1994; Ingraham et

al., 1994; Shinoda et al., 1995). SF-1 is expressed in the developing adrenals and gonads

from E9.0 (the adrenogonadal primordium stage), as well as in the embryonic pituitary

and hypothalamus (Ikeda et al., 1994).

SF-1’s developmental expression pattern indicated that it might regulate endocrine

organogenesis as well as hormone production. Indeed, targeted deletion of SF-1 in mice

revealed its essential role in adrenal and gonadal development. SF-1 knockout mice have

been generated by three laboratories, and by one of those laboratories twice (Luo et al.,

1994; Luo et al., 1995; Sadovsky et al., 1995; Shinoda et al., 1995). Each group reported

that SF-1 knockouts lack adrenals and gonads, as well as pituitary gonadotropes and the

ventromedial nucleus of the hypothalamus. These mice die shortly after birth due to

Severe adrenal insufficiency; but they can be rescued by injection of glucocorticoids and

mineralocorticoids. Further investigation showed that the adrenal and gonadal agenesis

in SF-1 knockout mice stems from apoptosis of adrenal and gonadal precursors at E12.0

(Luo et al., 1994). Lack of the gonadal hormones testosterone and Müllerian inhibitng
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substance manifests as feminization of the reproductive tract in male SF-1 knockout mice

(Roberts et al., 1999; Shen et al., 1994). The loss of pituitary gonadotrope function in

SF-1 knockouts is probably due to impaired expression of SF-1's target genes in the

pituitary: O -glycoprotein subunit, the luteinizing hormone B subunit, and the

gonadotropin-releasing hormone receptor genes (Ingraham et al., 1994). Later, the

hypothalamic defect was found to result from a failure of VMH neurons to terminally

differentiate in SF-1 knockout mice (Tran et al., 2003). These phenotypes demonstrate

SF-1’s pleiotropic effects and indicate that SF-1 likely plays distinct roles in different cell

types during development.

To date, three loss-of-function mutations in SF-1 have been described in humans. These

mutations are associated with adrenal insufficiency XY sex reversal, demonstrating a

conservation of SF-1 function in mice and humans (Achermann et al., 1999; Achermann

et al., 2002; Biason-Lauber and Schoenle, 2000). Analysis of these mutations illustrates

that SF-1 functions in a dose-dependent manner in human endocrine development. In

two patients, the mutations are heterozygous: the R255L mutant is transcriptionally

inactive, while the G35E mutation impairs SF-1’s ability to bind DNA (Achermann et al.,

1999; Biason-Lauber and Schoenle, 2000). The third mutation discovered, R920, also

decreases SF-1’s ability to bind DNA but less so than the G35E mutation. Consistent

with this milder phenotype, persons heterozygous for the R920 mutation do not present

with adrenal phenotypes, while a homozygous patient exhibits adrenal insufficiency and

XY sex reversal (Achermann et al., 2002) (Figure 3).
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SF-1’s role in glucocorticoid synthesis and adrenal development appears to be conserved

in vertebrates, and SF-1 has homologs in organisms ranging from fruit flies to cows. The

nuclear receptor fushi tarazu-factor 1 (Ftz-F1) is the Drosophila melanogaster homolog

of SF-1. Ftz-F1 regulates expression of fushi tarazu, a homeobox gene required for early

embryonic patterning events in flies (Lavorgna et al., 1991; Ueda et al., 1990). Orthologs

of SF-1 are expressed during adrenal development in zebrafish, frogs, and chickens and,

in some cases, have been shown to regulate expression of steroidogenic genes (Chai and

Chan, 2000; Ellinger-Ziegelbauer et al., 1994; Hsu et al., 2003; Kawano et al., 1998;

Smith et al., 1999). SF-1 is highly conserved in mammals, with over 90% amino acid

identity among mouse, rat, bovine, and human SF-1 (Parker and Schimmer, 1997).

Since its discovery, SF-1's role as a transcriptional regulator of adrenal steroidogenesis

has expanded. Multiple SF-1 response elements are found in the promoters of 33-HSD,

the ACTH receptor (MC2R), StAR, and the scavenger receptor-B1 (SR-B1), which

mediates the transfer of cholesterol from circulating high-density lipoprotein into

steroidogenic cells (Figure 4). These response elements are thought to be required for

basal and cAMP-stimulated expression of these genes (Cammas et al., 1997; Cao et al.,

1997; Lopez et al., 1999; Reinhart et al., 1999). To date, the in vivo requirement for SF-1

in adult steroidogenic gene expression has not been tested, and no developmental targets

of SF-1 in the adrenal have been identified (Hammer and Ingraham, 1999).
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Figure 4. Locations of SF-1 response elements in steroidogenic gene promoters.
SF-1 response elements are schematized as orange circles. Binding sites of other
transcription factors known to regulate steroidogenic gene expression are denoted with
blue ovals. The positions of nucleotides 100, 200, and 1000 base pairs upstream of
transcriptional start sites are shown with vertical gray lines.

What is SF-1’s role in adult adrenal function?

Results in primary cells and immortalized cell lines suggest that SF-1 is a principal

regulator of steroidogenic gene expression in the adrenal cortex. SF-1 is clearly essential

for adrenal development. The early adrenal agenesis and post-natal lethality of SF-1

knockout mice, however, precludes analysis of SF-1’s role in the adult adrenal gland.

While none of the original descriptions of SF-1 knockout mice reported a heterozygous

**
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phenotype, analysis of these mice could illuminate how loss of SF-1 function affects late

stages of adrenal development and steroidogenesis. I found that SF-1 heterozygous mice

have small, disorganized adrenals and blunted adrenocortical responses to stress.

Additionally, loss of SF-1 function in the cortex disrupts adrenal medullary development

and catecholamine production. Early adrenal development is profoundly affected by SF

1 haploinsufficiency, but increased proliferation in SF-1 heterozygous adrenals later in

development allows partial compensation for early defects. Moreover, in the adult,

adrenal cortex function can be stimulated to high levels by endocrine signaling. My data

demonstrate that SF-1 functions in a dose-dependent manner during adrenal

development. Compensatory mechanisms deployed late in development and in the adult

adrenal allow SF-1 heterozygotes to maintain relatively normal basal stress physiology,

but during severe physiological stress, corticosterone secretion is insufficient to maintain

homeostasis.

Chapter 2 of this thesis describes my original characterization of adrenal insufficiency in

SF-1 heterozygous mice. It is included as it appeared in the Proceedings of the National

Academy of Sciences, with some formatting changes. Chapter 3 describes the effects of

SF-1 haploinsufficiency on embryonic development of both the adrenal cortex and

medulla. Chapter 4 describes how adult SF-1 heterozygous mice compensate for small

adrenal size by increasing steroidogenic capacity per cell. Data presented in Chapters 3

and 4 have been submitted together for publication in Molecular Endocrinology. Chapter

5 is a general discussion of this thesis, with perspectives.
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ABSTRACT

Adrenal steroids are essential for homeostasis and survival during severe physiological

stress. Analysis of a patient heterozygous for the steroidogenic factor-1 (SF-1) gene

suggested that reduced expression of this nuclear receptor leads to adrenal failure. We

therefore examined SF-1 heterozygous (+/-) mice as a potential model for delineating

mechanisms underlying this disease. Here we show that SF-1 +/- mice exhibit adrenal

insufficiency resulting from profound defects in adrenal development and organization.

However, compensatory mechanisms, such as cellular hypertrophy and increased

expression of the rate-limiting steroidogenic protein StAR, help to maintain adrenal

function at near normal capacity under basal conditions. In contrast, adrenal deficits in

SF-1 heterozygotes are revealed under stressful conditions, demonians that normal

gene dosage of SF-1 is required for mounting an adequate stress response. Our findings

predict that natural variations leading to reduced SF-1 function may underlie some forms

of sub-clinical adrenal insufficiency, which become life threatening during traumatic

StreSS.
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INTRODUCTION

Physiological adaptation to infection, injury, and starvation requires an endocrine stress

response that is mediated by the hypothalamic-pituitary-adrenal (HPA) axis. In instances

of adrenal crisis or adrenal insufficiency, the inability to mount an adequate response to

acute physiological stress can lead to morbidity (Oelkers, 1996). In response to stress,

adrenal secretion of glucocorticoids is initiated by the hypothalamic neuropeptide

corticotropin releasing hormone (CRH), which stimulates pituitary release of

adrenocorticotropic hormone (ACTH). Activation of ACTH receptors in the adrenal

cortex promotes glucocorticoid synthesis and secretion; glucocorticoids then act on a

wide range of target tissues (Orth and Kovacs, 1992). Human diseases associated with an

impaired stress response arise from either primary defects in the adrenal or secondary

defects at the level of the hypothalamus or pituitary. Primary adrenal insufficiency is

most commonly due to bilateral adrenal gland destruction resulting from autoimmune and

infectious diseases, such as AIDS and tuberculosis. Other forms of primary adrenal

insufficiency result from inherited defects in cortisol biosynthesis and manifest as adrenal

hyperplasia due to lack of adrenal feedback in the HPA axis (Oelkers, 1996). Finally,

rarer forms of familial adrenal insufficiency are associated with mutations in members of

the nuclear receptor superfamily. For example, mutations in the X-linked gene Dax1 lead

to abnormal adrenal development resulting in adrenal hypoplasia, as well as

hypogonadotropic hypogonadism (Merke et al., 1999; Zanaria et al., 1994; Zhang et al.,

1998).
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A similar, but less well-characterized form of adrenal insufficiency was revealed by the

analysis of a single patient with a heterozygous mutation in the orphan nuclear receptor

steroidogenic factor-1 (SF-1). This individual was diagnosed with primary adrenal

insufficiency as well as XY sex reversal, suggesting that SF-1 functions in a dose

dependent manner in humans (Achermann et al., 1999). A large number of in vitro

studies have shown that SF-1 regulates multiple genes including those required for

glucocorticoid production and male sexual differentiation (Parker and Schimmer, 1997)

(Roberts et al., 1999). Indeed, SF-1 null mice lack adrenals and gonads, pituitary

gonadotropes, and the ventromedial nuclei of the hypothalamus and die shortly after birth

due to adrenocortical insufficiency (Ingraham et al., 1994; Luo et al., 1994; Sadovsky et

al., 1995; Shinoda et al., 1995). However, because SF-1 heterozygous (+/-) mice are

viable, we asked whether these mice might serve as a genetic model of human adrenal

insufficiency. Here, we show that while SF-1 +/- mice are externally indistinguishable

from their wild type littermates, they exhibit profound defects in adrenal development

leading to adrenal insufficiency.

MATERIALS AND METHODS

Animal experiments and hormone measurements

SF-1 wild type (+/4) and +/- mice (obtained from the Jackson Laboratory, Bar Harbor,

ME) were maintained on a C57BL/6J X FVB background. Similar adrenal growth

defects and adrenocortical insufficiency were observed in SF-1 +/- mice on a DBA/2J

inbred background (obtained from Dr. K. Albrecht, Jackson Labs, data not shown). Mice

were kept on a 12 hour light-dark cycle (lights on: 6 a.m. to 6 p.m.) and were given food
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and water ad libitum unless otherwise stated. Male mice 6-8 weeks old were used for all

experiments unless otherwise noted. For restraint experiments, blood samples were

collected from the tail vein of SF-1 +/-- and +/- mice at one and 30 minutes of restraint

stress carried out in a 50 ml conical tube. For food deprivation experiments, SF-1 +/+

and +/- mice were divided randomly into fed and fasted groups. After 48 hours of ad

libitum feeding or food deprivation, mice were euthanized by decapitation and trunk

blood and tissues were collected. Weight loss averaged 5.0 g for fasted +/4 mice and 5.6

g for fasted +/- mice. Thymus and spleen cells were harvested from fed and fasted mice

and 10° cells per sample were stained with propidium iodide (PI), anti-mouse CD4-PE

(Becton-Dickinson) and anti-mouse CD8-FITC (Pharmingen), analyzed by flow

cytometry using a FACScalibur (Becton-Dickinson), and Cell'Ouest software. LPS (E.

coli 0127:B8, Sigma) in 2% fetal calf serum was injected i.p. at a dose of 40 mg/kg at 8

a.m. in female SF-1 +/4 and +/- mice. Mice were euthanized by decapitation 24 hours

later and trunk blood was collected. Basal samples were collected at 8:00 a.m. and 5:00

p.m. within one minute of disturbing the mouse's home cage. Plasma ACTH,

corticosterone, leptin, and insulin were measured using either in-house (ACTH) or

commercially available (corticosterone: ICN; leptin and insulin: Linco)

radioimmunoassays. The glucose assay was performed on a Beckman LX-1 automated

clinical chemistry analyzer in the UCSF Clinical Laboratories. For measurement of

adrenal catecholamine content, +/4 and +/- adrenals were homogenized in 0.4 M

perchloric acid. Supernatants were assayed for norepinephrine and epinephrine by liquid

chromatography with electrochemical detection as described elsewhere (Eisenhofer et al.,

1986).
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Western and Northern analyses

For Western analyses, adrenals were sonicated in 2% SDS, 100 mM DTT, 60 mM Tris,

pH 6.8, and protein concentration was measured with a Coomassie Plus Protein Assay

(Pierce). Proteins (10 pig) were separated by SDS-PAGE, transferred to nitrocellulose,

blocked in 3% milk, and blotted overnight at 4°C with primary antibodies (rabbit anti-SF

1: 1:20,000; rabbit anti-StaR: 1:7,000; rabbit anti-SCC: 1:10,000; sheep anti-PNMT:

1:7,000, Chemicon; rabbit anti-TH: 1:5000, Pel-Freez; rabbit anti-actin: 1:2500, Sigma).

Membranes were washed, incubated with secondary antibody (sheep anti-rabbit

horseradish peroxidase (HRP), 1:10,000 or donkey anti-sheep HRP, 1:10,000) for two

hours at room temperature. After washing, the blot was developed with a

chemiluminescence kit (ECL, Amersham Pharmacia Biotech) and exposed to Kodak X

OMAT film. For Northern analyses, total RNA (10 pig) prepared from SF-1 +/+ and +/-

adrenals was separated by formaldehyde-gel electrophoresis, transferred to nylon

membranes, and hybridized overnight at 42°C with random-primed labeled DNA probes

for fragments of the mouse SF-1, mouse StâR, mouse MC2-R, and rat cyclophilin

cDNAs. Membranes were washed at high stringency (0.1X SSC, 0.1% SDS at 55°C) and

exposed to Kodak X-OMAT film.

Histological analysis

Adrenals were fixed overnight in 4% paraformaldehyde at 4°C and cryoprotected in 30%

sucrose in PBS. Adrenal sections were stained with hematoxylin and eosin (8 pum) or oil

red O (14 pum). For immunocytochemistry, adrenal sections (14 pum) were blocked for 30
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minutes in 10% normal horse or normal goat serum, incubated overnight at 4°C with

rabbit anti-TH (1:1000, Pel-Freez) or sheep anti-PNMT (1:1000, Chemicon), washed,

incubated for 2 hours at room temperature with goat anti-rabbit Alexa 488 (Molecular

Probes) or donkey anti-sheep Cy3, and examined by fluorescence microscopy. Cellular

hypertrophy was assessed by counting Hoechst-stained nuclei per 0.01 mm in three

sections per +/4 and +/- adrenal (n = 8 adrenals per genotype). Fetal adrenal cross

sectional area was quantitated with NIH Image 1.61.

Statistical analysis

Data are presented as means + standard error of the mean. Unpaired two-tailed T-tests

and analysis of variance were used to determine statistical significance.

RESULTS

SF-1 +/- mice exhibit decreased endocrine and physiological responses to stress

To determine whether SF-1 gene dosage affects adrenal function, we subjected SF-1 +/+

and +/- mice to different stress paradigms and measured circulating levels of two HPA

hormones, ACTH and corticosterone. Acute stress (restraint for 30 minutes) and chronic

stress (food deprivation for 48 hours) produced significantly lower plasma corticosterone

levels in SF-1 +/- mice compared to +/+ mice (Figure 1A,B). Moreover, in response to

inflammatory stress induced by injection of lipopolysaccharide, decreased corticosterone

levels were also observed in SF-1 heterozygotes (+/4; 113.0 + 8.7 pig/dl., +/-: 59.6 + 1.4

Mg/dl, p = 0.02, n = 4 per group). Thus, in all three experimental paradigms, loss of one

SF-1 allele results in a blunted adrenal response to stress.
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To assess whether a normal hypothalamic-pituitary hormone response to stress is

maintained in SF-1 +/- mice, plasma ACTH was measured under basal and stress

conditions. In response to chronic stress, decreased corticosterone levels in SF-1 +/-

mice were accompanied by higher ACTH levels, indicating that normal feed-forward

actions of the hypothalamus were intact (Figure 1C). Interestingly, evening ACTH levels

were also higher in +/- mice without the expected increase in evening corticosterone

levels, which tended to be decreased in +/- compared to +/+ mice (Figure 1D and data in

legend). Morning levels of ACTH were equivalent in +/+ and +/- mice, while morning

corticosterone levels tended to be decreased in +/- mice (data in Figure 1 legend). Taken

together, these data demonstrate that the HPA axis responds appropriately to lower

corticosterone output by SF-1 +/- adrenals at night and during stress, implying that

deficits in the stress response reside in the adrenal gland and not in the pituitary or

hypothalamus.

Adrenal glucocorticoids mediate physiological responses to stress through their actions

on multiple target tissues. During food deprivation, glucocorticoids maintain circulating

glucose levels by activating lipolysis of fat stores and hepatic gluconeogenesis (Sapolsky

et al., 2000). We found that fasted +/- mice lost significantly less fat mass from perirenal

and subcutaneous white adipose tissues compared with fasted +/- mice (Figure 2A and

data not shown). Consistent with increased fat stores observed in fasted SF-1 +/- mice,

leptin levels were also elevated (Figure 2B). Moreover, fasting plasma glucose levels
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were decreased in heterozygous mice compared with their wild type littermates (Figure

2C). Thus, glucocorticoid effects on energy balance are impaired in SF-1 heterozygotes.

Glucocorticoids are potent suppressors of the immune response and at high levels cause

thymic atrophy (Ashwell et al., 2000; Chrousos, 1995; Cole et al., 1995a). This latter

phenomenon depends on a functional glucocorticoid receptor (GR) and involves

apoptosis of immature, double-positive thymocytes (CD4+CD8+)(Cole et al., 1995b;

Reichardt et al., 1998). We used FACS analysis to quantify the population of

CD4+CD8+ T-cells in fed and fasted SF-1 +/+ and +/- mice. As expected, there was a

significant decrease in the number of CD4+CD8+ cells in wild type mice after fasting

(Figure 3A,B); however, fasted SF-1 heterozygotes exhibited little or no loss of double

positive thymocytes (Figure 3B, right panel). Thus, while SF-1 +/- mice are capable of

mounting a glucocorticoid response to stress, albeit at lower levels than wild type mice,

this response is insufficient to cause apoptosis of immature T-cells. Collectively, our

findings that SF-1 heterozygous mice display attenuated glucocorticoid-mediated stress

responses raise the possibility that these mice would exhibit decreased survival outside of

the laboratory setting.

Loss of one SF-1 allele results in adrenal hypoplasia and altered gene expression

Given the established role of SF-1 in adrenal organogenesis, adrenocortical insufficiency

in SF-1 +/- mice could arise from decreased adrenal mass, which consequently would

limit their capacity to secrete glucocorticoids. Indeed, we found that SF-1 +/- adrenals

were significantly smaller than +/+ adrenals in adult male and female mice (Figure 4A

and data in legend). Marked adrenal hypoplasia was noted as early as embryonic (E) day

!
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15.5 and persisted at E18.5 (data in Figure 4 legend). Histological inspection of the

adrenal cortex in adult mice revealed normal zonation, but marked cellular hypertrophy

within the zona fasciculata (corticosterone-producing cell layer) of SF-1 heterozygotes.

Moreover, we observed striking dilation of the cortical vasculature as evident by the large

empty spaces present in the SF-1 +/- adrenal cortex (Figure 4B). Given the trophic

effects of ACTH on adrenal growth, it is likely that these gross changes in adrenal

cellular morphology are due to chronically elevated evening ACTH (refer back to Figure

1D) (Dallman, 1984).

SF-1 regulates the expression of multiple genes involved in steroidogenesis.

Consequently, decreased corticosterone output by SF-1 +/- adrenals might result not only

from reduced adrenal size, but also from decreased expression of SF-1 target genes, such

as the steroidogenic acute regulatory protein (StáR), the steroid hydroxylases (including

P450 side chain cleavage (P450SCC)), the ACTH receptor (MC2-R), and Dax1 (Cammas

et al., 1997; Kawabe et al., 1999; Parker and Schimmer, 1997). As expected, SF-1

mRNA and protein levels were reduced in SF-1 +/- adrenals. In contrast, basal mRNA

and protein levels of StAR were significantly elevated in SF-1 +/- adrenals and nearly

equivalent to wild type levels after chronic stress (Figure 4C,D). Similarly, MC2-R

mRNA expression was elevated in SF-1 +/- adrenals, while Dax1 mRNA expression

appeared unchanged (Figure 4C and data not shown). P450SCC protein levels were also

unchanged (Figure 4D). We noted equivalent oil red O staining of lipids in SF-1 +/+ and

+/- adrenals, suggesting that defects in cholesterol transport (Meiner et al., 1996; Plump

et al., 1996) are unlikely to contribute to the SF-1 heterozygote adrenocortical
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insufficiency (refer to Figure 5A). We posit that SF-1 +/- mice partially compensate for

their adrenal insufficiency through mechanisms such as cortical cellular hypertrophy and

increased expression of the rate-limiting steroidogenic protein StAR. Such adaptive

mechanisms likely result from elevated evening ACTH levels and permit SF-1 +/-

adrenals to function at near normal capacity during basal conditions (Dallman, 1984;

Lehoux et al., 1998).

SF-1 +/- adrenal medullae are hypoplastic and disorganized

Finally, we asked whether loss of one allele of SF-1, which is expressed in the cortex,

might affect the neural crest-derived component of the adrenal, the medulla. Oil red O

staining was used to distinguish the adrenal cortex from the unstained medullae and the

female X zone (Figure 5A). In SF-1 +/- males, the medulla is located in an eccentric

position with respect to the cortex, suggesting that medullary precursors fail to infiltrate

the cortical blastema during development, and therefore are not surrounded by the cortex

in the adult. In contrast, the unstained portion of the SF-1 +/- female adrenal is

concentric to the cortex (Figure 5A). However, further histological analysis revealed that

this central tissue consists primarily of the X zone and few chromaffin cells, unlike the

wild type female adrenal in which both the X zone and medulla are observed (Figure 5B).

The adrenal medulla participates in the stress response through synthesis and release of

the catecholamines epinephrine and norepinephrine. We found significantly reduced

adrenal catecholamine content in SF-1 +/- mice compared to +/+ mice, with equivalent

epinephrine to norepinephrine ratios (Figure 5C and data in legend). Tyrosine
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hydroxylase (TH) catalyzes the initial step in catecholamine synthesis and marks all

adrenal chromaffin cells. In a subset of chromaffin cells, epinephrine synthesis is carried

out by the enzyme phenylethanolamine-N-methyltransferase (PNMT), which is regulated

at the transcriptional level by glucocorticoids (Cole et al., 1995b; Finotto et al., 1999;

Jeong et al., 2000). In male and female +/4 adrenals, TH-immunoreactive cells were

found throughout the large, central medulla (Figure 6A and data not shown). In female

+/- adrenals, we observed a small number of centrally located TH-positive chromaffin

cells, confirming that the central portion of the female +/- adrenal consists largely of the

X Zone, while TH- and PNMT-immunoreactive cells were observed in an eccentric

location in male SF-1 +/- adrenals (Figure 6A,B). Finally, TH and PNMT protein

expression levels were found to be markedly lower in SF-1 +/- adrenals compared to +/+

adrenals (Figure 6C). Taken together, our data show that loss of one SF-1 allele has

dramatic consequences not only for adrenal cortex function, but also for the growth and

function of the medulla.

DISCUSSION

Our results in mice support the initial limited findings by Jameson and colleagues

suggesting that SF-1 gene dosage contributes to human endocrine disorders (Achermann

et al., 1999). In mice, SF-1 haploinsufficiency results in an adrenal developmental defect

that leads to an impaired stress response. SF-1 +/- adrenals compensate for their small

size by activating key genes in steroidogenesis and by hypertrophy of cortical cells.

Despite these compensatory mechanisms, stress-induced corticosterone secretion in SF-1

+/- mice is impaired greatly, illustrating the importance of organ size for maintenance of
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normal stress physiology. Furthermore, SF-1 +/- mice provide a new model of adrenal

insufficiency; one which is precluded in SF-1 null mice due to early lethality and

complete adrenal agenesis.

SF-1 heterozygotes exhibited marked reduction in both fetal and adult adrenal size

suggesting that the urogenital primordium, from which the adrenals, ovaries, and testes

develop, is smaller as a result of decreased SF-1 levels. Indeed, SF-1 heterozygotes also

have smaller testes (85.6 mg vs. 100.2 mg, p<0.05) and ovaries (3.9 mg vs. 6.5 mg,

p30.01) compared to wild type mice. The reduced size of adrenals and gonads in SF-1

+/- mice and the complete agenesis of these organs in SF-1 null mice illustrate that SF-1

acts in a dose-dependent manner. It will be of interest to determine whether other SF-1

expressing cell groups, such as the ventromedial nuclei of the hypothalamus and pituitary

gonadotropes, are similarly affected by SF-1 haploinsufficiency. Both the molecular

signals that activate SF-1 and the identity of SF-1 target genes in early adrenal growth are

currently unknown. However, it is unlikely that signals from the HPA axis are required

for adrenal organogenesis since deletions of the hypothalamic neuropeptide CRH and its

receptor CRH-R1, have no effect on fetal adrenal size as seen here (Smith et al., 1998;

Venihaki et al., 2000). We therefore conclude that SF-1 functions independently of the

HPA axis in adrenal development.

That SF-1 +/- adrenals contain an eccentric or poorly-formed medulla is a novel

phenotype and one which has not been reported to date for natural or genetically
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engineered strains of mice'. One might speculate that adrenal insufficiency or cortical

hypoplasia accounts for the eccentric position and small size of the medulla observed in

SF-1 +/- mice. However, this phenotype is not recapitulated in other genetic models of

adrenocortical insufficiency and reduced cortex size, such as GR, CRH, or CRH-R1 null

mice (Finotto et al., 1999; Muglia et al., 1995; Smith et al., 1998; Timpl et al., 1998).

Little is currently known about genetic pathways that regulate migration and infiltration

of neural crest-derived medullary precursors into the developing adrenal cortex and their

subsequent proliferation and differentiation into chromaffin cells. Recently, a careful

analysis of GR null mice has questioned the hypothesis that glucocorticoid signaling is

essential for chromaffin cell migration and differentiation (Finotto et al., 1999). Here,

our findings establish that full expression of SF-1 in the cortex is critical for organization

and growth of the medulla and further suggest that this nuclear receptor regulates genes

involved in cortical-medullary interactions during organogenesis. Interestingly, we noted

a sexual dimorphism in the location of the medulla in SF-1 heterozygotes; whether this is

due to sexually dimorphic expression of some SF-1 antagonist or co-factor is unclear at

this time.

SF-1 +/- adrenals contain dramatically lower levels of both norepinephrine and

epinephrine. This global loss of catecholamines is in contrast to CRH null mice where

TH expression and norepinephrine secretion are maintained at or above wild type levels,

while PNMT expression and epinephrine secretion are selectively reduced due to low

glucocorticoid levels (Jeong et al., 2000). Lower circulating glucocorticoid levels in SF

'The Jackson Laboratory, http://jaxmice.jax.org/index.shtml (2000)
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1 +/- mice do not appear to contribute to a selective loss of PNMT expression and

epinephrine synthesis. Although medullary hypoplasia in SF-1 +/- mice most likely

accounts for reduced TH and PNMT expression and decreased catecholamine content, we

are unable to exclude additional defects in medullary development or innervation that

may contribute to this phenotype. Finally, it will be of interest to determine whether low

adrenal catecholamines would impair energy homeostasis during food deprivation or

compromise the ability of SF-1 heterozygotes to thermoregulate as observed for TH null

mice, which lack both adrenal and sympathetic catecholamines (Thomas and Palmiter,

1997). Hormone replacement studies in SF-1 +/- mice will be necessary to assess the

respective contributions of adrenal glucocorticoids and catecholamines in mediating

physiological stress responses.

While our data clearly show that reduced SF-1 levels contribute to disease by disrupting

adrenal development, it is difficult to assess how SF-1 heterozygosity impacts adult

adrenal function. Indeed, one might predict that expression of SF-1 target genes, such as

StaR, MC2-R, and P450SCC would be decreased in SF-1 +/- adrenals. Instead, we found

either no change (P450SCC) or marked upregulation (StAR and MC2-R) of these targets

in SF-1 +/- adrenals, as well as in SF-1 +/- ovaries (MLB and HAI, unpublished

observations on StåR expression). For these SF-1 target genes, additional regulatory

mechanisms aside from SF-1 dosage must exist; these might include upregulation of

other transcription factors, enhanced activity of SF-1 by post-translational modification

(Hammer et al., 1999), or increased availability of a putative SF-1 ligand. Another SF-1

target gene with interesting implications in adrenal development and disease is Dax1 (Yu
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et al., 1998). Dax1 interacts with SF-1 and, at least in vitro, represses SF-1 activity

(Crawford et al., 1998; Ito et al., 1997; Nachtigal et al., 1998). While we do not observe

gross changes in Dax1 expression in SF-1 +/- adrenals, an altered SF-1:Dax1 ratio might

be predicted to affect SF-1 target gene expression in either the adult or fetal adrenal. For

example, the adrenal hypoplasia observed in SF-1 +/- mice may result from a decreased

SF-1:Dax1 ratio. However, this hypothesis is confounded by the relatively normal

adrenal structure observed in Dax1 null mice (Yu et al., 1998). Continued efforts using

compound heterozygotes or conditional alleles of SF-1 may help to resolve how

interactions between SF-1 and Dax1 regulate adrenal gene expression.

Our findings demonstrate that without the full complement of SF-1, development of both

the adrenal cortex and medulla is profoundly altered, leading to major deficits in the

stress response. Furthermore, the heretofore unrecognized haploinsufficiency of SF-1 in

mice now provides a genetic model to clarify the in vivo roles of this nuclear receptor in

adrenal biology and further delineate molecular mechanisms of stress disorders.
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Figure 1. Impaired stress response and altered circadian hormone secretion in
SF-1 heterozygous mice.
(a) Plasma corticosterone levels in SF-1 wild type (+/4, black bars) and heterozygous
mice (+/-, gray bars) after one (basal) and 30 minutes (restraint) of restraint stress (n =
11-12 per group). (b and c) Plasma corticosterone (b) and ACTH (c) levels in fed and
fasted SF-1 wild type and heterozygous mice (n = 4 per group). (d) Plasma ACTH
levels in SF-1 wild type and heterozygous mice at 8 a.m. and 5 p.m. (n = 8 per group).
Plasma corticosterone levels tended to be decreased in SF-1 heterozygous mice at 8
a.m. (+/4, 4.8 + 0.4 pg/dl; +/-, 2.8 + 0.2 mg/dl; n = 11-12 per group; p = 0.85) and at 5
p.m. (+/4, 11.5 + 1.0 pg/dl; +/-, 6.8 + 0.4 pg/dl; n = 8 per group; p = 0.075), although
these results fall short of statistical significance. *p < 0.05 vs. wild type, **p < 0.01 vs.
wild type.
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Figure 2. Physiological consequences of decreased corticosterone secretion
in fasted SF-1 heterozygous mice.
(a) Perirenal white adipose tissue (WAT) weight in fed and fasted SF-1 wild
type (+/4, black bars) and heterozygous mice (+/-, gray bars). Similar results
were obtained for subcutaneous WAT (data not shown). (b) Plasma leptin lev
els reflected fat mass in SF-1 wild type and heterozygous mice. (c) Plasma glu
cose levels in fed and fasted SF-1 wild type and heterozygous mice. For all
panels, n = 4 per group. Plasma insulin levels were significantly decreased in
fasted mice compared with fed mice, but did not differ between genotypes (data
not shown). *p < 0.05 vs. wild type, **p < 0.01 vs. wild type.
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Figure 3. Glucocorticoid-induced thymocyte cell death is absent in SF-1
heterozygous mice.
FACS analysis of thymocytes from fed (a) and fasted (b) SF-1 wild type (+/4) and
heterozygous (+/-) mice using CD4-PE and CD8-FITC (n = 4 mice per group). A
FACS analysis from one mouse of each group is shown with the percentage of
CD4+CD8+ cells per total cells analyzed shown in the upper right corner of each
graph. Data shown for the wild type fasted mouse reflects the strongest response.
The average number of CD4+CD8+ cells per total cells analyzed did not differ
between fed SF-1 wild type and heterozygous mice (+/4, 68.6 + 2.0%; +/-, 71.3 +
1.6%), but was significantly different between fasted groups (+/4, 33.1 + 3.6%;
+/-, 61.6+ 2.0%; p = 0.013).
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Figure 4. Altered histology and gene expression in SF-1 +/- adrenal cortex.
(a) Adult SF-1 wild type adrenals are significantly larger than heterozygous adrenals
(total adrenal weight: males: +/+, 3.3 + 0.06 mg; +/-, 1.4 + 0.02 mg; p < 0.01; n = 8 per
group; females; +/4, 6.5 + 0.06 mg; +/-, 2.3 + 0.08 mg; p < 0.01; n = 7 per group). Body
weight is equivalent in SF-1 wild type and heterozygous mice (data not shown). Adrenal
cross-sectional area is 2-3 times smaller in SF-1 heterozygous embryos compared to wild
type embryos at E15.5 (+/4, 0.148 + 0.001 mm2; +/-, 0.043 + 0.001 mm2; p < 0.01) and
E18.5 (+/4, 0.216 + 0.004 mm2; +/-, 0.090 + 0.001 mm2; p < 0.01). (b) Histological
analysis of SF-1 wild type and heterozygous adrenals. SF-1 heterozygous adrenals dis
play cortical cell hypertrophy (cells per 0.01 mm2; +/+, 90.1 + 0.9; +/-, 66.1 + 0.7; p <
0.01), dilated adrenocortical sinusoids, and a hypoplastic zona fasciculata (ZF) adjacent
to the zona glomerulosa (ZG). Bar = 50 pum. (c) Northern blot analyses of SF-1, StåR,
MC2-R, and cyclophilin (cyc) mRNA expression in SF-1 wild type and heterozygous
adrenals. While SF-1 heterozygous adrenals express lower levels of SF-1 mRNA, they
express higher levels of both the 3.4 and 1.6 kb StaR transcripts and the 1.7 kb MC2-R
transcript. (d) Western blot analyses of SF-1, StAR, SCC, and Actin protein levels in
adrenals from basal (fed) or stressed (fasted) SF-1 wild type and heterozygous mice.
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Figure 6 Altered histology and gene expression in SF-1 heterozygous
adrenal medulla.
(a) TH-immunoreactivity in female and male SF-1 wild type (+/4) and
heterozygous (+/-) adrenal medullae. Two examples of female +/- * M:
adrenals are included to demonstrate the extremes of phenotypic variabili- -

ty observed in female +/- medulla size. Bar = 250 pum. (b) Both SF-1 wild *
type and heterozygous adrenals express PNMT. Arrowheads point to
PNMT immunoreactivity in the adrenal medulla. Bar = 250 pum. (c)
Western blot analyses of TH, PNMT, and Actin levels in SF-1 +/+ and +/-
adrenals. º
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ABSTRACT

The orphan nuclear receptor steroidogenic factor-1 (SF-1) regulates adrenal development

in a dose-dependent manner. Here I show that SF-1 haploinsufficiency in mice leads to a

selective loss of adrenal precursors at the adrenogonadal primordia stage of development.

I found that homing of adrenomedullary precursors to the developing cortex at embryonic

day (E) 13.0 occurs normally regardless of SF-1 gene dosage, but later steps in medullary

development depend on full SF-1 function in the cortex. In SF-1 knockout embryos,

apoptosis leads to complete adrenal and gonadal agenesis; however, rates of cell death

did not differ between wild type and heterozygous embryos. Cell proliferation is

increased two-fold in SF-1 +/- adrenals from E13.5 through the end of gestation, allowing

heterozygous adrenals to approach but not attain wild type adrenal size. These results

demonstrate that SF-1 haploinsufficiency results from a defect at the earliest stages of

adrenocortical development. My findings suggest that functionally redundant

mechanisms for loss of one SF-1 allele exist in the late embryonic and adult adrenal but

not in the adrenogonadal primordia.
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INTRODUCTION

In mice, the adrenogonadal primordium is derived from the coelomic epithelium of the

intermediate mesoderm and marked by expression of SF-1 at embryonic day (E) 9.0

(Ikeda et al., 1994). Primordial germ cells migrate into the adrenogonadal primordium

from E10.0 to E11.0 (Bendel-Stenzel et al., 1998). At E11.0, the adrenogonadal

primordium splits into two separate populations of cells: the adrenal cortical blastema and

the gonadal primordia. Deletion of SF-1 in mice leads to complete adrenal and gonadal

agenesis, due to apoptosis of adrenal and gonadal progenitors beginning at E11.5 and

peaking at E12.0 (Luo et al., 1994).

From E11.0 onward, the mouse adrenal cortex develops as bilateral groups of cells lateral

and ventral to the dorsal aorta and rostral to the developing kidneys. The adrenal medulla

is derived from the neural crest, a group of cells that migrate from the neural folds to give

rise to a large number of far-flung cell types in the embryo including the sympathetic

nervous system, the enteric nervous system, the craniofacial skeleton, and melanocytes

(Sieber-Blum, 2000). The sympathoadrenal lineage of neural crest cells gives rise to both

the adrenal medulla and sympathetic ganglia. During their migration to their final

destinations, sympathoadrenal cells are induced to differentiate by bone morphogenetic

proteins (BMPs) produced by the dorsal aorta. BMPs induce sympathoadrenal

expression of the transcription factors Mash.1, Phox2a, and Phox2b. Phox2 proteins, in

turn, are necessary for BMP induction of the catecholaminergic enzymes tyrosine

hydroxylase (TH) and dopamine B-hydroxylase (DBH) (Lo et al., 1999; Pattyn et al.,

1999; Reissmann et al., 1996; Shah et al., 1996). In the mouse, sympathoadrenal neural
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crest cells arrive at the adrenocortical blastema between E12.5 and E13.5 and begin

infiltrating it to form the adrenal medulla. By E14.5, the adrenal is encapsulated and by

E16.5, the cortex surrounds the medulla (Morohashi, 1997). Normal medullary

development also requires full function of SF-1 in the adrenal cortex, as medullary

development is disrupted in SF-1 knockout and heterozygous mice.

SF-1 is required for adrenal development in a dose dependent manner. Deletion of SF-1

in mice results in adrenal and gonadal agenesis and postnatal lethality due to severe

adrenal insufficiency (Luo et al., 1994; Luo et al., 1995; Sadovsky et al., 1995; Shinoda

et al., 1995). SF-1 heterozygous mice have small adrenals that contain an eccentric

medulla that is not surrounded by cortex (Babu et al., 2002; Bland et al., 2000). To date,

SF-1 target genes in adrenal development have not been identified, and the steps of

adrenal development affected by SF-1 haploinsufficiency have not been determined. In

this study, we investigated the developmental mechanisms that underlie SF-1

haploinsufficiency. We find that SF-1 gene dosage is most critical at the earliest stages

of adrenal development and propose that compensatory pathways deployed later in

development allow relatively normal adrenal function in adult SF-1 +/- mice.

METHODS

Animal experiments

SF-1 +/+ and +/- mice (from Jackson Laboratory, ME) were maintained on a C57BL/6]

X FVB background. Dopamine ■ º-hydroxylase-nuclear Lacz (D/3H-nLacz) transgenic

mice (obtained from Dr. R. Kapur, University of Washington, Seattle) were crossed with
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SF-1 +/- mice (Kapur et al., 1991). Mice were kept on a 12 hour light-dark cycle (lights

on: 0600 h to 1800h) and were given food and water ad libitum. Animals were

maintained and cared for in accordance with National Institutes of Health guidelines and

experimental procedures were approved by the UCSF IACUC. Timed matings were used

for all experiments (noon on day of copulatory plug was designated E0.5). Embryos

collected prior to E13.0 were staged by somite number. Embryos were genotyped using

genomic DNA isolated from head or tail tissue and the following primers:

SF-1 forward: 5’-ACAAGCATTACACGTGCACC-3'
SF-1 reverSe: 5’-TGACTAGCAACCACCTTGCC-3'
Neo reverse: 5’-AGGTGAGATGACAGGAGATC-3'
LaCZ forward: 5’-GATTTCCATGTTGCCACTCG-3”
LaCZ reverSe: 5’-TCGTCTGCTCATCCATGACC-3'

Measurements of cellular proliferation and cell death

For bromo-deoxyuridine (BrdU) labeling, timed-pregnant mice received an

intraperitoneal injection of Brd'U (50 mg/kg, Sigma). Following a 1 h pulse, whole

embryos or fetal adrenals were collected, fixed overnight in 4% paraformaldehyde (PFA),

cryo-protected in 30% sucrose, and frozen in OCT" compound (Tissue Tek). Cryostat

sections (10 pm) were treated with 2N HCl at 37°C for 20 min to denature DNA, blocked

in 10% normal goat serum, incubated overnight at 4°C with rat anti-BrdU antisera (1:10,

Harlan Sera-Lab) and either rabbit anti-SF-1 (1:1000) or rabbit anti-phosphorylated

histone 3 (1:1000, Upstate Biotechnology), washed, and incubated for 2 h at rt with goat

anti-rabbit Alexa 488 and goat anti-rat Alexa 546 secondary antibodies (1:200 each,

Molecular Probes). Images were collected with a confocal microscope, and adrenal cross

section area and the number of Brdu-labeled and/or phospho-histone 3 (+) cells were

measured with NIH Image 1.61. The number of digitally-counted Brdu (+) and/or
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phospho-histone 3 (+) cells was confirmed by visual assessment to ensure appropriate

parameter settings. Apoptosis was detected using an in-house TUNEL assay as described

previously (Tran et al., 2003). For each section, the number of TUNEL (+) cells was

divided by the area of SF-1 immunoreactivity. For SF-1 -/- embryos, the average number

of TUNEL (+) cells per section was divided by the average area of SF-1

immunoreactivity in SF-1 +/- genital ridges.

Immunocytochemistry

For measurement of adrenogonadal primordia size, embryos were staged by counting

somites. Embryos were fixed as described above. Cryostat sections (10 um) were

blocked for 30 min in 10% normal donkey serum, and incubated overnight at 4°C with

rabbit anti-SF-1 (1:200) and goat anti-GATA-4 (1:500, Santa Cruz). The next day,

sections were washed, incubated for 2 h at rt with donkey anti-rabbit Alexa 488 (1:200,

Molecular Probes) and donkey anti-goat Cy3 (1:200, Jackson Immunoresearch). Images

were collected with a confocal microscope and the total areas of all SF-1 (+) cells and

SF-1 (+), GATA-4 (-) cells were measured with NIH Image.

fº-gal detection

For X-gal staining, embryos were fixed in 4% paraformaldehyde for 20 to 30 min on ice,

rinsed twice in 0.1M phosphate buffer, and incubated overnight at 37°C in FECN plus X

gal (25 hl X-gal stock (40 mg X-gal/ml dimethyl formamide) per ml FECN (0.21%

potassium ferrocyanide and 0.17% potassium ferricyanide in 0.1M phosphate buffer).
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After staining, embryos were washed in PBS, and photographed or prepared for cryostat

sectioning.

In situ hybridization

Sense and anti-sense digoxigenin-labeled riboprobes for StåR and SF-1 were prepared

according to the manufacturer’s instructions (Boehringer-Mannheim). For in situ

hybridization experiments, tissue sections were fixed in 4% PFA on ice for 5 min,

washed in PBS, incubated with 1 ng/ml Proteinase K (Ambion) in 10 mM Tris-HCl, pH

7.6 for 15 min, washed in PBS, acetylated with 1.5% triethanolamine, pH 8.0 for 10 min,

washed in PBS, and dehydrated in a series of ethanols. Sections were hybridized

overnight at 61°C with riboprobes diluted in hybridization buffer (50% formamide, 1X

Denhardt's solution, 5 mM EDTA, 10% dextran sulfate, 10 mM Tris-HCl, pH 8.0, 300

mM NaCl, 10 mM NaH,PO, and 500 pg/ml yeast tRNA). Following hybridization,

Sections were washed in 4X SSC for 10 min, 4X SSC, 50% formamide for 15 min, 2X

SSC for 20 min, 0.2X SSC for 20 min; all washes were performed at 61°C. Detection of

hybridized probes was carried out as described (Bulfone et al., 1993).

Western analysis

Fetal adrenals were collected at E18.5 and stored frozen at —80°C. Following genotyping,

adrenals were grouped by sex and genotype. Five to eight adrenal pairs were sonicated

together in 50 to 80 pil SDS sample buffer (2% SDS, 100 mM DTT, 60 mM Tris-HCl pH

6.8, and 1X Complete" protease inhibitors (Roche)). Proteins (8 pig) were separated by

SDS/PAGE, and western analysis was carried out as previously described (Bland et al.,
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2000). The rabbit anti-adrenal secretory protease antibody (used at 1:400 dilution) was a

generous gift of Dr. A. Bicknell (Univ. of Reading, Berkshire, UK).

RESULTS

Early adrenal development is severely compromised in SF-1 heterozygous mice

In mice and humans, SF-1 functions in a dose-dependent manner to affect adrenal

function. Here we carried out a detailed analysis to establish which stages of adrenal

development are compromised by SF-1 haploinsufficiency. Consistent with our previous

findings, SF-1 +/- adrenals were clearly smaller than +/+ adrenals at E18.5 (Figure 1A)

(Bland et al., 2000). However, earlier in development, at E13.5, we noted a more

dramatic difference in SF-1 +/+ and +/- adrenal size and shape. The wild type adrenal

cortex bulges from the ventral body wall and approximates its eventual adult shape, while

the heterozygous cortex is small and crescent shaped at E13.5 (Figure 1B).

Quantification of adrenal size throughout development revealed a twelve-fold decrease in

size at the earliest stages of development. However, at later time points, heterozygous

adrenals were only two-fold smaller than wild type adrenals (Figure 1C).

These data suggest that SF-1 +/- adrenals are faced with a growth disadvantage from the

earliest stages of their development. From E9.0 to E11.0, adrenocortical and gonadal

precursors are found in a common primordium. Just after E1.1.0, the adrenogonadal

primordia splits, and the adrenal cortex and gonad begin to develop separately. While

SF-1 is required for both adrenal and gonadal development, GATA-4 and its co-factor

FOG2 are required for gonadal development but are dispensable for adrenal development
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(Tevosian et al., 2002). GATA-4 is expressed in the developing urogenital ridge and

might be a specific marker for gonadal progenitors, unlike SF-1, which marks the whole

adrenogonadal primordium (Ikeda et al., 1996; Ketola et al., 1999). In comparing the

expression patterns of GATA-4 and SF-1 at E12.0, we found that, unlike SF-1, GATA-4

marks only gonadal progenitors (Figure 2A). At E10.5, SF-1, GATA-4 double-positive

cells were observed in the coelomic epithelium of the intermediate mesoderm, whereas

SF-1 single-positive cells were observed dorsal and somewhat rostral to the SF-1,

GATA-4 double-positive population (Figure 2B). The total area of the adrenogonadal

primordium did not differ between +/+ and +/- embryos (data not shown). However, the

percentage of SF-1 single-positive cells in the adrenogonadal primordia was decreased

significantly in SF-1 +/- embryos, suggesting that SF-1 gene dosage is most critical at the

onset of adrenal development (Figure 2C).

The SF-1 +/- adrenal cortex does not support normal medullary development

During mouse adrenal development, neural crest cells migrate from the neural folds to the

adrenocortical blastema at approximately E13.0 to form the adrenal medulla. SF-1 is not

expressed in neural crest cells or adrenomedullary cells at any time during development

or in the adult. Yet, SF-1 in the adrenal cortex is required for normal medullary

development, based on the fact that SF-1 +/- and -/- mice exhibit abnormal

adrenomedullary development (Bland et al., 2000; Luo et al., 1994). We asked whether

the decreased adrenocortical mass in SF-1 +/- and -/- embryos affected the initial

migratory events of neural crest cells that give rise to the adrenal medulla. We crossed

SF-1 +/- mice with mice expressing Lacz under the control of the human dopamine-g-
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hydroxylase (D/3H) promoter and examined migration of sympathoadrenal neural crest

precursors (B-gal (+)) to the adrenal cortex (Kapur et al., 1991). At E13.5, equal numbers

of B-gal (+) cells had migrated to the adrenal cortex in SF-1 +/+ and +/- embryos. We

observed an equal number of B-gal (+) cells at the same rostral-caudal location in SF-1 -/-

embryos, despite the lack of adrenocortical cells (Figure 3A). However, by E15.0, no

tissue corresponding to an adrenal medulla was found in SF-1 null embryos. In the

presence of one functional SF-1 allele, growth of the adrenal medulla was diminished,

and no appreciable infiltration of B-gal (+) cells into the adrenal was observed at E15.0 or

E16.5 compared to wild type (Figure 3B and data not shown).

Increased cell proliferation at late stages of SF-1 +/- adrenal development

We examined whether alterations in cell death and cell proliferation contributed to

decreased adrenal size in SF-1 +/- embryos. Here we confirmed the results of Luo and

colleagues that adrenal and gonadal agenesis in SF-1 -/- mice is due to programmed cell

death at E12.0 (Luo et al., 1994). However, rates of apoptosis did not differ between SF

1 +/4 and +/- embryos at any time point examined (Figure 4A,B and data not shown).

We next asked whether a proliferation defect could account for decreased adrenal size in

SF-1 +/- embryos. We expected that Brdu labeling and histone 3 phosphorylation

(indices of S phase and mitosis, respectively) would be decreased in SF-1 +/- embryos

(Goto et al., 1999; Gurley et al., 1978; Miller and Nowakowski, 1988; Wei et al., 1999).

While Brd U labeling did not differ between +/4 and +/- embryos at E12.5, it was

increased in SF-1 +/- adrenals compared with +/4 adrenals at E13.5 (Figure 5A,B).
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At E15.5 and E17.5, Brdu labeling and histone 3 phosphorylation were increased two

fold in +/- adrenals compared with +/4 adrenals (Figure 5C,D). Using double

immunocytochemistry for tyrosine hydroxylase and Brdu, we observed increases in both

cortical and medullary cell proliferation at these late stages of development in SF-1 +/-

adrenals (data not shown). In wild type adrenals, Brd'U-positive cells were found below

the adrenal capsule and in the center of the gland, while in SF-1 +/- adrenals, Brd'U-

positive cells were scattered throughout the gland, reflecting the altered arrangement of

the adrenal cortex and medulla (Figure 5C). It is likely that this increase in proliferation

underlies the remarkable increase in size observed in SF-1 +/- adrenals during

development. From E12.0 to E18.5, +/4 adrenals exhibit an approximately 45-fold

increase in size, while +/- adrenals increase in size approximately 185-fold.

SF-1 target gene expression during development

In the adult adrenal, SF-1 levels are decreased, but levels of SF-1’s steroidogenic target

genes are paradoxically elevated in SF-1 +/- mice compared with wild type mice (Bland

et al., 2000). We asked whether these expression patterns were established during

development. At E.12.0, SF-1 and StaR expression appeared to be decreased in the +/-

adrenocortical blastema (Figure 6A, left panels). At E13.0, SF-1 expression remained

low in +/- mice, but StåR expression appeared similar to wild type levels (Figure 7A,

right panels). Western analysis of fetal adrenal gene expression at E18.5 showed that SF

1 +/- adrenals had decreased SF-1 levels, slightly decreased SCC levels, but increased

StAR levels compared with wild type (Figure 6B). We also examined levels of adrenal

secretory protease (Asp), a membrane protease expressed in the adult adrenal zona
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glomerulosa. AsP cleaves the pituitary hormone pro-Y-MSH to produce an adrenal

growth factor during the compensatory adrenal growth response (Bicknell et al., 2001).

We found low, equivalent levels of AsP in wild type and heterozygous adrenals at E18.5

(Figure 6B). These results show that while expression of SF-1 target genes may be

impaired early in heterozygous adrenals, the adult pattern of gene expression begins to

take shape at the end of fetal development, suggesting that physiological regulation of

SF-1 targets might commence at this later stage.

DISCUSSION

Our results demonstrate the existence of mechanisms that allow compensation for SF-1

haploinsufficiency during adrenal development. The early growth defect in the SF-1 +/-

adrenocortical primordia is met with increased cell proliferation later in development that

allows +/- adrenals to approach but not attain +/4 adrenal size. However, impaired

adrenal cortex development disrupts adrenal medullary development in SF-1

heterozygous and knockout mice. Ultimately, increased cell proliferation in SF-1 +/-

adrenals cannot compensate for the early deficits in adrenal development. SF-1 +/-

adrenals do not secrete enough corticosterone to support normal physiological responses

to stress (Bland et al., 2000).

SF-1 gene dosage is most critical during the earliest stages of adrenal development as

evidenced by the severe loss of adrenocortical precursors in SF-1 +/- embryos at E12.0.

While our immunocytochemical analysis of GATA-4 and SF-1 at E10.0 revealed that the

size of the adrenogonadal primordium (SF-1 positive) does not differ in +/4 and +/-
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embryos, our findings suggested that fewer cells are dedicated to the adrenal (SF-1

positive, GATA-4 negative) in SF-1 heterozygotes at this stage of development. These

data suggest that SF-1 is important for expansion of adrenal progenitors in the

adrenogonadal primordia. In the pituitary, the bicoid transcription factor Pitx2 regulates

pituitary growth in a dose dependent manner and is known to stimulate cyclin D2

expression downstream of Wnt signaling (Gage et al., 1999; Kioussi et al., 2002; Suh et

al., 2003). It is tempting to speculate that in early adrenal development, SF-1 might

activate expression of a growth regulatory gene, perhaps downstream of growth factor

signaling. Alternatively, the dedication of a compartment of the adrenogonadal

primordium to the adrenal may rely on full SF-1 gene dosage. At this step, SF-1 could

act in concert with the signaling molecule Wnt4, which is thought to inhibit infiltration of

the gonadal primordium by adrenocortical precursors (Jeays-Ward et al., 2003).

Delineating SF-1’s role in the earliest steps of adrenal development will require

identification of SF-1’s embryonic target genes.

How can we reconcile the early growth defects in SF-1 +/- adrenals with their impressive

increase in cell proliferation later in development? At later stages of development,

decreased adrenal mass in SF-1 heterozygotes may be sensed, leading to increased

adrenal growth factor levels that drive cell proliferation in SF-1 heterozygotes. This

strategy would parallel the compensatory response to SF-1 haploinsufficiency in the adult

adrenal, in which elevated ACTH levels lead to increased steroidogenic capacity per cell.

Another anterior pituitary hormone, pro-Y-MSH, stimulates adrenal cell proliferation after

undergoing local proteolysis (carried out by adrenal secretory protease) that produces a
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shorter form with mitogenic activity (Bicknell et al., 2001; Dallman, 1984; Lowry et al.,

1983). This signaling pathway is thought to account for the compensatory adrenal

growth response after removal of one adrenal. The lack of this growth response in SF-1

+/- mice might suggest that SF-1 participates in pro-Y-MSH signaling (Beuschlein et al.,

2002). It will be of interest to determine whether ACTH or pro-Y-MSH promotes adrenal

development and whether SF-1 regulates components of the ACTH or pro-Y-MSH

signaling pathways.

Normal growth and survival of adrenal medullary cells depends on full SF-1 function in

the adrenal cortex. The initial migration of neural crest cells to the adrenal cortex (or its

approximate location) occurs normally regardless of SF-1 dosage, showing that neural

crest cells do not rely on signals from adrenocortical cells for proper homing. However,

at later stages of development, medullary cells are lost in SF-1 -/- embryos and the

medulla fails to infiltrate the small SF-1 +/- adrenal cortex'. One can imagine several

scenarios for SF-1’s non-cell autonomous effect on medullary development. One

possibility is that the SF-1 +/- fetal adrenal cortex does not produce sufficient

glucocorticoids to promote medullary development (Cole et al., 1995; Doupe et al., 1985;

Michelsohn and Anderson, 1992; Unsicker et al., 1978). However, careful analysis of

mice lacking the glucocorticoid receptor (GR) dispelled the hypothesis that

'The medullary phenotypes reported here are observed on a mixed C57BL/6 X FVB
background. SF-1 +/- mice on the DBA/2J background exhibit normal medullary
development (Babu et al., 2002). While this phenotypic difference is most likely
attributable to unknown modifier genes, it is intriguing that a polymorphism in SF-1 also
distinguishes the C57BL/6 and DBA/2J strains. Codon 172 of SF-1 is a serine in the
C57BL/6 strain and an alanine in the DBA/2J strain. This substitution has little effect on
SF-1’s transcriptional activity in vitro (Frigeri et al., 2002).

- ºSº

66



glucocorticoid signaling is essential for chromaffin cell growth and differentiation. GR

knockout mice exhibit normal medullary growth and marker expression (with the

exception of the GR target gene PNMT) (Finotto et al., 1999). Thus, while adult SF-1 +/-

mice exhibit adrenocortical insufficiency, it seems unlikely that decreased corticosterone

production during development would lead to the medullary defects observed in SF-1 +/-

adrenals.

The requirement for SF-1 may be indirect; normal development of the adrenal medulla

may simply require sufficient adrenocortical mass. This hypothesis appears to be

confounded by the fact that mice with mutations in CRH, the CRH receptor CRH-R1, and

the pituitary corticotrope transcription factor Tpit all have small adrenal cortices as adults

and normal adrenal medullary structure (Muglia et al., 1995; Pulichino et al., 2003; Smith

et al., 1998; Timpl et al., 1998). However, since the effects of the CRH-RI and Tpit

mutations on embryonic adrenocortical development have not been reported, it is possible

that decreased adrenal cortex size occurs only post-natally, as occurs in CRH null mice

(Venihaki et al., 2000). Alternatively, SF-1 target genes may encode paracrine growth

factors that allow normal proliferation and infiltration of medullary cells into the cortex.

In the gonads and skin, target-derived growth factors support expansion and correct

localization of primordial germ cells and neural crest-derived melanocyte precursors,

respectively (Dolci et al., 1991; Wehrle-Haller and Weston, 1995). Whether cortex

derived signals are required for medullary development and whether such signals might

be direct targets of SF-1 transcriptional regulation remain to be determined.
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These data confirm and extend the essential role of SF-1 in early embryonic adrenal

development. While SF-1 haploinsufficiency is felt as early as E10.0, with a decrease in

adrenal progenitors, later in development, the SF-1 +/- adrenal seems hyperfunctional,

exhibiting increased cell proliferation compared with wild type. On the other hand, the

perturbations in adrenal cortex growth in SF-1 +/- and -/- embryos lead to defects in

adrenal medulla development. These findings lead us to question whether the alterations

observed in SF-1 +/- adrenals at later developmental stages are a direct effect of SF-1

haploinsufficiency per se or rather a response to small organ size in SF-1 heterozygotes.

To answer this question, SF-1 target genes in adrenal development must be identified.
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Adrenalsizeis
decreased
inSF-1+/-embryosthroughoutdevelopment.

(a)
GenitourinarysystemsweredissectedfromE18.5SF-1+/+,+/-,and-/-
embryos.Arrowspointtoadrenal glands.Bar=1mm;k,

kidney;
g,gonad;b,
bladder.(b)SF-1
immunoreactivity
in
transversesectionsof E13.5embryosshowsdecreasedadrenalcortexsize(arrows)

inSF-1heterozygotes.
Bar=250pum;sc,spi nalcord;da,dorsalaorta;g,gonad.(c)Adrenalsize(cross-sectionarea)is

decreased
in
heterozygousembry os(+/-,graybars)compared

towildtypeembryos(+/4,blackbars)fromE12.0toE18.5,
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GATA-4immunoreactivitydefines
a
subsetofcellsinthe
adrenogonadalprimordium.

(a)GATA-4(red)andSF-1(green)immunoreactivity
in
transversesectionsofE12.0embryos.SF-1andGATA-4 colocalize(yellow)

inthegonadsbutnotintheadrenals(arrows).Notedecreasedadrenalsizeinthe
heterozygous embryo.Bar=100pum;g,gonad;da,dorsalaorta;ce,coelomicepithelium.

(b)GATA-4andSF-1
immunoreactivity
in

longitudinalsectionsofE10.0embryos.ArrowspointtoSF-1positive,GATA-4negativecells(green)dorsaltotheSF 1
andGATA-4doublepositivecells(yellow)thatformthebulkofthe
adrenogonadalprimordia.Bar=100pum;m,

mesonephros.
(c)Thepercentage
ofSF-1positive,GATA-4negativecellsinthe
adrenogonadalprimordia
is
decreased

inSF-1heterozygousembryos
atE10.0.Theareaofthe
adrenogonadalprimordiawascalculated
by
measuringthearea ofallSF-1immunoreactivecellsin15-25sectionsperembryoforeachgenotype,

n=4
embryospergenotype.
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toX-gal staining
to
identifyneuralcrestcellsthatgiverisetotheadrenalmedullaandsympatheticganglia.(a)
Equivalent numbers

of
medullaryprecursors(blue)arrived
atthe
adrenocorticalblastema
orits
approximatelocation
atE13.5 inSF-1+/-,+/-,and-/-

embryos.Medullaryprecursorsappeared
to
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Figure 4. Increased apoptosis cannot account for decreased SF-1
heterozygous adrenal size.
(a) SF-1 immunoreactivity in genital ridges (green, left panels) and TUNEL
staining (for detection of programmed cell death, right panels) in adjacent
transverse sections of SF-1 +/+, +/-, and -/- embryos at E12.0. Arrows point
to TUNEL-positive cells in the knockout embryo. Bar = 100 pm; da, aorta;
m, mesonephros. (b) TUNEL-positive cells per genital ridge area in wild type
(+/4, black bars), heterozygous (+/-, gray bars), and knockout embryos (-/-,
white bars) from E11.0 to E12.0. Rates of apoptosis did not differ between
wild type and heterozygous embryos at any time point examined; although, as
expected, rates of apoptosis were increased in knockout embryos at E11.5 and
E12.0 (**p < 0.01 vs. wild type, n = 3-4 embryos per group).
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Figure 5. Cell proliferation is increased in SF-1 heterozygous adrenals.
Cell proliferation in embryonic adrenals was studied by measuring Brd'U incorporation
and Histone 3 phosphorylation (indices of S phase and mitosis, respectively). (a) Brd'U
(red) and SF-1 (green) immunoreactivity in transverse sections of SF-1 wild type and
heterozygous embryos at E12.5 and E13.5. Dotted lines outline the embryonic adrenal
cortex. Bar = 100 pum; g, gonad. (b) The ratio of Brd'U and SF-1 double-positive cells
(yellow) to the total number of SF-1 positive cells is increased in heterozygous embryos
(+/-, gray bars) compared with wild type (+/4, black bars) at E13.5 (*p < 0.05, n = 3 per
group) but not at E12.5 (p = 0.093, n = 4 per group). (c) Brd'U (red) and phospho-histone
3 (green) immunoreactivity in cross sections of SF-1 wild type and heterozygous
adrenals at E17.5. Bar = 100 p.m. (d) The number of Brd'U-positive cells per area of
adrenal is increased in heterozygous embryos (+/-, gray bars) compared with wild type
(+/4, black bars) at E15.5 and E17.5 (**p < 0.01, n = 4 per group). Phospho-histone 3
labeling (positive cells per 104 mm2) is also increased in heterozygous adrenals com
pared with wild type at both E15.5 (+/4:1.20 + 0.03; +/- 4.01 + 0.29; p < 0.01; n = 4 per
group) and E17.5 (+/4,0.99 + 0.03; +/-, 1.89 + 0.15; p < 0.01; n = 4 per group).
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Figure 6. Expression of SF-1, StAR, SCC, and Asp during adrenal development.
(a) In situ hybridization for SF-1 (left panels) and StaR (right panels) in transverse
sections of SF-1 wild type (top row) and heterozygous embryos (bottom row) at E12.0
and E13.0. SF-1 appears to be expressed at lower levels in heterozygous adrenals
(arrows) compared with wild type adrenals at both E12.0 and E13.0, while StâR expres
sion appears to be decreased in heterozygous adrenals compared with wild type at
E12.0, but not at E13.0; g, gonad. (b) Western blot analyses of StAR, SCC, SF-1, AsP,
and Actin levels in E18.5 SF-1 wild type and heterozygous adrenal glands.
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ABSTRACT

Steroidogenic factor-1 (SF-1) regulates adrenal development in a dose-dependent manner

and is thought to be the principal regulator of basal and cAMP-stimulated steroidogenic

gene expression in the adrenal. SF-1 heterozygous (+/-) mice have small adrenal glands

and exhibit blunted steroid secretion in response to stress, a deficit that may result from

decreased adrenal size or decreased steroidogenic capacity. ACTH stimulates high levels

of steroidogenic gene expression in SF-1 +/- adrenals, despite low levels of SF-1. The

increase in basal steroidogenic gene expression in SF-1 +/- adrenals is functionally

significant, as heterozygous adrenocortical cells in primary culture secrete more

corticosterone compared with an equal number of wild type cells. Upregulation of the

orphan nuclear receptor NGFI-B, which is known to also regulate steroid hydroxylases,

might account for increased steroidogenic gene expression in SF-1 +/- adrenals. These

results demonstrate that adrenal insufficiency in SF-1 +/- mice is due to a developmental

defect and not an intrinsic deficit of steroid production in the adult adrenal. In fact,

upregulation of SF-1’s steroidogenic target genes allows partial compensation for small

adrenal size in SF-1 heterozygotes. Our findings lead us to propose that functionally

redundant mechanisms for loss of one SF-1 allele exist in the adult adrenal.
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INTRODUCTION

Adrenal steroidogenesis is regulated both acutely and chronically to ensure that adequate

levels of glucocorticoids are available to the organism in times of physiological stress.

Acutely, activation of the ACTH receptor in the adrenal cortex stimulates caNP and

PKA, which then activate the steroidogenic acute regulatory protein (StAR). StAR

carries out the rate-limiting step in steroidogenesis by facilitating the transfer of the

steroid precursor cholesterol to the inner mitochondrial membrane (Clark et al., 1994).

The mitochondrial enzyme side chain cleavage (SCC) converts cholesterol to

pregnenalone, and microsomal enzymes convert pregnenalone to corticosterone. The

sequential actions of StAR and the steroid hydroxylases allow dramatic increases in

steroid secretion within minutes of exposure to stress.

Chronically, ACTH sets the steroidogenic capacity of the adrenal by increasing mRNA

and protein levels of steroidogenic genes in a cAMP- and PKA-dependent manner. The

cAMP-responsivity of steroidogenic gene expression maps to conserved elements found

in the promoters of genes such as the ACTH receptor (MC2R), StAR, SCC, and the other

steroid hydroxylases. These response elements are required for both cell-type specific

and cAMP-stimulated expression of these genes and are bound by the orphan nuclear

receptor steroidogenic factor-1 (SF-1) (Parker and Schimmer, 1997). SF-1 is therefore

presumed to be the principal regulator of basal, cell-type specific, and cAMP-stimulated

steroidogenic gene expression.
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The mechanism linking cAMP and PKA with SF-1-mediated increases in steroidogenic

gene expression, however, remains elusive. SF-1 is not phosphorylated by PKA, nor do

its levels change in response to prolonged ACTH treatment or withdrawal (Enyeart et al.,

1996; Nomura et al., 1998). SF-1 cofactors can be phosphorylated by PKA, but their

requirement in cAMP-stimulated transcription of steroidogenic genes is unknown (Borud

et al., 2002). SF-1 is phosphorylated by MAPK on serine (Ser) 203, and phosphorylation

of this site is required for full SF-1 activity via enhanced recruitment of cofactors

(Hammer et al., 1999). Whether this phosphorylation event occurs in response to ACTH

signaling or is required for full transcriptional activation of SF-1 target genes in vivo is

unknown. In fact, SF-1’s role in basal and cAMP-stimulated expression of steroidogenic

genes has not been formally tested in vivo.

It is clear that SF-1 is absolutely required for adrenal development. In mice, deletion of

SF-1 results in adrenal agenesis and postnatal lethality due to adrenal insufficiency (Luo

et al., 1994; Luo et al., 1995; Sadovsky et al., 1995; Shinoda et al., 1995). In humans,

mutations in SF-1 are associated with XY sex reversal and severe adrenal insufficiency

(Achermann et al., 1999; Achermann et al., 2002; Biason-Lauber and Schoenle, 2000).

SF-1 heterozygous (+/-) mice have small adrenals and blunted corticosterone responses to

acute and chronic stressors compared with wild type (+/4) mice (Babu et al., 2002; Bland

et al., 2000). ACTH responses to stressors are elevated in SF-1 +/- mice due to decreased

negative feedback of ACTH by corticosterone.
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Despite decreased SF-1 expression in heterozygous adrenals, levels of SF-1 target genes

such as MC2R, StAR, and SCC are paradoxically elevated in SF-1 +/- adrenals compared

with +/4 adrenals (Babu et al., 2002; Bland et al., 2000). In this study, we find that

ACTH drives expression of steroidogenic genes in SF-1 +/- adrenals, and that increased

expression of steroidogenic enzymes allows functional compensation for small adrenal

size in SF-1 heterozygotes. We propose that compensatory pathways deployed in the

adult adrenal allow relatively normal adrenal cortex function in SF-1 heterozygotes.

METHODS

Animal experiments

SF-1 +/4 and +/- mice (from Jackson Laboratory, ME) were maintained on a C57BL/6]

X FVB background. Mice were kept on a 12 hour light-dark cycle (lights on: 0600h to

1800h) and were given food and water ad libitum. Male mice 6-8 weeks old were used

for all experiments unless otherwise noted. Animals were maintained and cared for in

accordance with National Institutes of Health guidelines and experimental procedures

were approved by the UCSF IACUC. Animals were genotyped as described previously

(Tran et al., 2003). For dexamethasone experiments, +/4 (n = 5) and +/- (n = 5) mice

were injected i.p. with saline or dexamethasone sodium phosphate (0.5 mg/kg, Sigma),

twice per day (0900h and 1730 h) for three days. On the fourth day beginning at 0800 h,

mice were exposed to 10 min of restraint stress and decapitated. Thymus cells from

vehicle- and dexamethasone-treated mice were analyzed by flow cytometry as described

previously (Bland et al., 2000). Plasma and adrenal corticosterone were measured using

a commercially available (ICN) kit.
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Histological analysis

Adrenals were fixed overnight in 4% paraformaldehyde at 4°C and cryoprotected in 30%

sucrose in PBS. Adrenal sections (10 pm) were stained with toluidine blue O. Cellular

hypertrophy was assessed by counting Hoechst-stained nuclei per 0.01 mm in four

sections per +/4 and +/- adrenal (n = 4 adrenals per group).

Western and Northern analysis

Western analyses were carried out as described previously (Bland et al., 2000).

Additional antibodies used in this study were: rabbit anti-SR-B1 (1: 20,000, Novus

Biologicals), mouse anti-NGFI-B (1:10,000, a kind gift of Dr. J. Milbrandt, Washington

Univ., St. Louis, MO), and goat anti-mouse HRP (1:10,000, Bio-Rad). For Northern

analyses, total RNA (20 ug) prepared from SF-1 +/+ and +/- adrenals was separated by

formaldehyde-gel electrophoresis, transferred to nylon membranes, and hybridized

overnight at 42°C with random-primed labeled DNA probes for fragments of the mouse

SF-1, mouse LRH, rat NGFI-B, and rat actin cDNAs. Membranes were washed at

medium stringency (0.2X SSC, 0.1% SDS at 42°C) and exposed to Kodak X-OMAT

film. For Northern blot and electrophoretic mobility shift assay (see below) experiments,

radioactive signals were quantified with ImageOuant Mac software following exposure to

a phosphor-imager screen.
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Primary cell culture

Adrenals from female mice were dissected free of fat, minced, and washed in culture

medium (M-199 with 4 mg/ml BSA plus penicillin and streptomycin (P/S)). Cells were

incubated in dispersal medium (M-199 containing 20 mg/ml BSA, P/S, 2.5 mg/ml Type I

collagenase (Gibco), and 10 pg/ml DNase I) for 30 min at 37°C with shaking and were

dissociated by repeated pipetting every 10 min, filtered over 70 p.m. nylon mesh, washed

twice by centrifugation, and resuspended in culture medium. Cortical cells were counted,

and equivalent numbers of SF-1 +/4 and +/- cells were aliquotted into tubes (20,000

cortical cells/tube) and incubated in 950 ul culture medium at 37°C with 5% CO. After

1 hour, H2O or 8-bromo-cAMP (Sigma) at final concentrations of 0.1, 0.5, and 1 mM

were added in a volume of 50 ml. Cells were incubated for 90 min, pelleted by

centrifugation, and the supernatant was removed for corticosterone measurements. Cells

were lysed with 2% SDS, 100 mM DTT, 60 mM Tris-HCl (pH 6.8) and Western blot

analyses was carried out as described above. Small aliquots of +/4 and +/- cells were

plated on tissue culture slides coated with collagen and incubated overnight at 37°C, 5%

CO, in culture medium plus 10% fetal calf serum. The next day, cells were fixed with

4% PFA and stained with oil red O.

Electrophoretic Mobility Shift Assay

Nuclear extracts were prepared from adrenal glands collected under basal conditions at

5:30 p.m. Adrenals were cleaned of fat, homogenized in cold PBS, and centrifuged at

4000 rpm for 5 min. Cells from 8-12 adrenals were resuspended in 400 pil buffer A (10

mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5
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mM PMSF) and incubated on ice for 15 min before the addition of 25 pil of 0.1% NP-40

in buffer A. Nuclei were vortexed for 10 sec and centrifuged at 11,000 rpm for 30 min.

Nuclei were resuspended in 50 pil buffer C (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM

EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF), rotated at 4°C for 15 min and then

centrifuged for 5 min at 11,000 rpm. The supernatant was subjected to electrophoretic

mobility shift assays as follows: oligonucleotides encoding the SF-1 response element in

the human glycoprotein hormone o-subunit promoter (GSE, forward: 5’-

GCTGACCTTGTCGTCAC-3', reverse: 5’-GTGACGACAAGGTCAGC-3’) were

annealed and radiolabeled as described (Fowkes et al., 2003). In each binding reaction, 1

to 3 ug of adrenal nuclear protein extracts were mixed with the labeled probes in 20 pul

volume of 20 mM Tris (pH 8.0), 60 mM KCl, 2 mM MgCl, 1.2 mM DTT, 12% glycerol,

2.5 pig poly(dI-dC), 1% (w/v) BSA, incubated at rt for 5 min prior to the addition of 2 ul

of probe (200,000 cpm) and incubation for 15 min at 30°C. Typically, 8 ul of the

reaction mixture was resolved on a 5% native acrylamide gel, dried and visualized by

autoradiography. For all antibody gel-shift experiments, 0.1 to 3.0 pil of anti-phospho

SF-1 antiserum was added to the reaction to compete specific binding, and these samples

were incubated on ice for 60 min prior to addition of probe.

Statistical analysis

Data are presented as means + standard error of the mean. Unpaired two-tailed T-tests

and analysis of variance were used to determine statistical significance.
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IRESULTS

SF-1 +/- mice exhibit blunted corticosterone secretion and increased ACTH Secretion

compared with +/4 mice both basally and in response to acute and chronic stressors

(Bland et al., 2000). Accompanying SF-1 +/- adrenal insufficiency are paradoxical

increases in basal expression of genes essential for steroidogenesis such as StAR, SCC,

and MC2R. Elevated expression of these genes is likely to be a response to the increase

in basal levels of ACTH observed in SF-1 heterozygotes (John et al., 1986). We

hypothesized that elevated basal ACTH levels maintain adrenal function at high levels in

SF-1 heterozygotes. To assess the global and cellular compensation for SF-1

haploinsufficiency, we administered dexamethasone to inhibit pituitary ACTH secretion

and assessed adrenal histology and gene expression.

Corticosterone was measured in plasma collected following ten minutes of restraint stress

to confirm that pituitary ACTH secretion was inhibited by dexamethasone treatment.

Restraint stress produced increased plasma corticosterone in vehicle-treated +/+ and +/-

mice. However, dexamethasone suppressed endogenous secretion of corticosterone in

+/+ and +/- mice, indicating that pituitary ACTH secretion was also inhibited (Figure

1A). Glucocorticoids cause programmed cell death of immature, CD4, CD8 double

positive thymocytes (CD4°CD8’) (Ashwell et al., 2000; Cole et al., 1995). We

previously showed that chronic stress led to increased CD4°CD8’ thymocyte death in +/+

mice but not in +/- mice, consistent with the impaired corticosterone response to stress in

SF-1 heterozygotes (Bland et al., 2000). Here we asked whether impaired CD4°CD8’

thymocyte apoptosis in SF-1 heterozygotes was due to an intrinsic defect in the SF-1 +/-
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thymocyte response to glucocorticoids. Dexamethasone treatment resulted in high,

equivalent levels of CD4°CD8" thymocyte programmed cell death in +/4 and +/- mice,

demonstrating that SF-1 +/- thymocytes are indeed capable of undergoing glucocorticoid

induced apoptosis (Figure 1B and data in legend).

ACTH drives changes in gene expression and cell size in SF-1 +/- adrenals

ACTH is well known for its ability to maintain adrenal weight as hypophysectomy results

in adrenocortical atrophy and ACTH administration leads to adrenocortical cellular

hypertrophy (Dallman, 1984). SF-1 +/- adrenocortical cells are hypertrophic, consistent

with the basal increase in plasma ACTH observed in heterozygous mice. As expected,

dexamethasone treatment to block pituitary ACTH resulted in significant decreases in

wild type and heterozygous adrenal weight due to cortical cell atrophy (Figure 2A, B and

data in legend).

ACTH is known to upregulate expression of many SF-1 target genes required for

Steroidogenesis including MC2R, StAR, and SCC (Simpson and Waterman, 1988).

Despite decreased SF-1 expression, steroidogenic genes are expressed at high levels in

SF-1 +/- adrenals, consistent with the high basal ACTH levels observed in these mice

(Bland et al., 2000). Inhibition of pituitary ACTH secretion resulted in decreased but

equivalent levels of StAR, SCC, and the plasma membrane cholesterol receptor SR-B1 in

+/+ and +/- adrenals with no effect on SF-1 levels (Figure 2C). These results

demonstrate that ACTH maintains high expression levels of SF-1 target genes in SF-1 +/-

adrenals.
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SF-1 +/- adrenals have increased capacity for corticosterone production

We asked whether increased steroidogenic gene expression might lead to increased

steroidogenic capacity per cell, therefore allowing compensation for small adrenal size in

SF-1 heterozygotes. Indeed, SF-1 +/- adrenals contain more corticosterone per mg

adrenal weight compared with +/4 adrenals (+/+: 70.0 ng/mg, +/-: 115.9 ng/mg). These

findings predict that corticosterone secretion per cell would be increased in SF-1 +/-

adrenals. To test this hypothesis, we cultured equal numbers of SF-1 +/4 and +/-

adrenocortical cells and stimulated cells with increasing amounts of 8-bromo-cAMP

(8Br-cAMP). Morphology of cultured adrenocortical cells was similar in +/+ and +/-

preps (Figure 3A). Western analyses confirmed that SF-1 +/- adrenocortical cells indeed

contained higher levels of StAR and SCC but lower levels of SF-1 compared with +/4

adrenocortical cells (Figure 3B). Cells from SF-1 +/- adrenals secreted significantly

more corticosterone in response to 0.1 mM, 0.5 mM, and 1 mM 8Br-cAMP compared

with +/-H adrenal cells. Moreover, unstimulated SF-1 +/- cells secreted more

corticosterone compared with unstimulated +/4 cells (Figure 3C).

Mechanisms underlying increased SF-1 target gene expression in SF-1 +/- adrenals

SF-1 is considered to be the primary regulator of basal and cAMP-stimulated

steroidogenic gene expression in the adrenal. Yet, SF-1 +/- adrenals have low levels of

SF-1 and high levels of SF-1 target gene expression. We asked how this might be

achieved downstream of increased ACTH signaling. Phosphorylation of SF-1 on serine

(Ser) 203 enhances SF-1’s ability to recruit transcriptional coactivators, thereby

increasing SF-1's transcriptional activity (Hammer et al., 1999). We assessed the basal
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phosphorylation state of SF-1 in +/+ and +/- adrenals using an antibody directed against

phospho-Ser 203 of SF-1 to supershift SF-1 bound to its response element in

electrophoretic mobility shift assays. This antibody detects phosphorylated SF-1 but not

the non-phosphorylatable serine to alanine mutant (Desclozeaux et al., 2002) (M.

Desclozeaux, I. Krylova, P. Tran, MLB, and HAI, unpublished data). We found that the

ratio of phosphorylated SF-1 to total SF-1 was only slightly increased in +/- adrenals

compared to +/4 adrenals (Figure 4A and data in legend).

We next asked whether other transcription factors similar to SF-1 were upregulated in

SF-1 +/- adrenals. The orphan nuclear receptor liver receptor homologue-1 (LRH-1) is

highly homologous to SF-1 and can regulate expression of SF-1 target genes such as

StåR, SCC, 1 1/3-hydroxylase, and SR-B1 (Schoonjans et al., 2002; Sirianni et al., 2002;

Wang et al., 2001). Thus while LRH-1 could functionally replace SF-1, we could not

detect appreciable levels of LRH-1 transcripts in +/+ or +/- adrenals by Northern or RT

PCR analysis (data not shown). The orphan nuclear receptor nerve growth factor

induced-B (NGFI-B) is homologous to SF-1 and binds as a monomer to similar DNA

response elements (Wilson et al., 1993a). ACTH induces expression of NGFI-B in the

adrenal cortex, and NGFI-B participates in ACTH-inducible expression of 21

hydroxylase (Crawford et al., 1995; Davis and Lau, 1994; Wilson et al., 1993b).

Northern blot analysis showed a 1.4 fold up-regulation of NGFI-B in adult heterozygous

adrenals compared with wild type, while SF-1 expression was decreased in heterozygous

adrenals (Figure 4B). Western analysis showed equivalent NGFI-B levels in E18.5 +/4

and +/- adrenals (Figure 4C). In contrast, NGFI-B was markedly upregulated in adult +/-
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adrenals compared to +/+ adrenals. Additionally, in the adult but not in the fetal adrenal,

NGFI-B was hyperphosphorylated (Figure 4D). Finally, I excluded that diminished levels

in a putative repressor of SF-1, Dax1, might account for the upregulation of SF-1 target

genes. Instead, I found equivalent levels of the Dax 1 protein in wild type and

heterozygous adrenals, with or without dexamethasone treatment (Figure 4E).

DISCUSSION

Our results demonstrate the existence of mechanisms in the adult adrenal that allow

compensation for SF-1 haploinsufficiency. Decreased adrenal size in SF-1 +/- mice

results in impaired corticosterone responses to stress. SF-1 +/- mice compensate for

decreased plasma corticosterone levels by increasing pituitary ACTH secretion. ACTH,

in turn, drives high expression levels of MC2R, StAR, SCC, and SR-B1 in +/- adrenals.

On a per cell basis, SF-1 +/- adrenocortical cells produce more corticosterone per dose of

cAMP than +/4 adrenocortical cells. These changes permit SF-1 heterozygotes to

maintain relatively normal basal glucocorticoid secretion, but they do not allow full

compensation for small adrenal size during physiological stress (Bland et al., 2000).

Ultimately, increased cell proliferation in SF-1 +/- adrenals cannot compensate for the

early deficits in adrenal development. SF-1 +/- adrenals do not secrete enough

corticosterone to support normal physiological responses to stress. However, the

elevated ACTH levels observed in +/- mice stimulate steroidogenic gene expression and

raise steroidogenic capacity per cell, ensuring relatively normal basal corticosterone

secretion (Bland et al., 2000; Luo et al., 1994). Our data point to mechanisms in the

adrenal that allow normal expression of genes required for adrenal function despite
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decreased expression of an important transcriptional regulator. Are heterozygous levels

of SF-1 sufficient to maintain SF-1 target gene expression at supernormal levels in +/-

adrenals or are other mechanisms such as ligand availability, post-translational

modification, or upregulation of other transcription factors employed?

Increased ligand availability is an unlikely mechanism because neither an exogenous nor

an endogenous obligatory ligand has been identified for SF-1, and SF-1 is constitutively

active in a variety of steroidogenic and non-steroidogenic cell lines (Mellon and Bair,

1998). Furthermore, biochemical, biophysical, and structural evidence suggests that

members of nuclear receptor subfamily V (SF-1 and LRH-1) adopt an active

conformation in the apparent absence of ligand (Desclozeaux et al., 2002; Sablin et al.,

2003). It therefore seems unlikely that increased ligand availability underlies the increase

in steroidogenic gene expression in SF-1 +/- adrenals. In GR +/- mice, expression of GR

target genes such as phenylethanolamine-N-methyltransferase is decreased, despite a

two-fold increase in plasma levels of the GR ligand corticosterone (Cole et al., 1995).

Therefore an increase in ligand availability in another model of nuclear receptor

haploinsufficiency does not allow compensation for decreased receptor levels.

Phosphorylation of SF-1 on Ser 203 by MAPK promotes SF-1 transcriptional activity by

increasing coactivator recruitment to target gene promoters (Hammer et al., 1999). The

signaling pathways leading to increased SF-1 phosphorylation in vivo are unknown. In

the mouse adrenocortical Y1 cell line, binding of ACTH to its receptor activates not only

cAMP-PKA, but also Ras-Raf-MEK, leading to phosphorylation of MAPK.
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Furthermore, inhibition of MEK impairs ACTH signaling in Y1. cells (Le and Schimmer,

2001). Increased coupling of the ACTH receptor to the MAPK pathway in vivo might be

predicted to lead to increased phosphorylation of SF-1 on Ser 203. However, we did not

detect significant differences in the ratio of phosphorylated to total SF-1 in +/+ and +/-

adrenals.

Increased or decreased activity of other transcription factors may underlie the paradoxical

increases in SF-1 target gene expression in SF-1 +/- adrenals. For example, the orphan

nuclear receptor Dax1 represses SF-1 activity in vitro (Crawford et al., 1998; Ito et al.,

1997; Nachtigal et al., 1998). However, Dax1 is expressed at equivalent levels in SF-1

+/+ and +/- mice, and loss of Dax1 does not lead to further increases in SF-1 target gene

expression in SF-1 +/- adrenals (Babu et al., 2002). We found upregulation of the nuclear

receptor NGFI-B in SF-1 +/- adrenals, consistent with ACTH's known role in regulating

NGFI-B expression (Davis and Lau, 1994). NGFI-B and SF-1 bind similar response

elements, and therefore NGFI-B may be able to compensate for decreased SF-1 levels in

SF-1 +/- adrenals (Wilson et al., 1993a). Although NGFI-B may regulate ACTH

stimulated gene expression in the adrenal cortex, it is clearly functionally redundant with

some other transcription factor, as NGFI-B null mice have unimpaired corticosterone

responses to stress and wild type levels of a known NGFI-B target gene, 21-hydroxylase

(Crawford et al., 1995). Whether the increase in NGFI-B levels in SF-1 +/- adrenals is

required for increased steroidogenic gene expression remains to be determined. This

could be tested by crossing SF-1 +/- mice with NGFI-B null mice and assessing adrenal

function and gene expression.

93



Our data lead us to question SF-1's precise role in the adult adrenal gland. While full SF

1 gene dosage is required for normal adrenal development, adult adrenal function can be

stimulated to supernormal levels by endocrine signaling in cells containing half the

normal levels of SF-1. The increase in steroidogenic capacity in SF-1 +/- adrenocortical

cells is particularly unexpected given the central role that SF-1 has been thought to play

in coordination of adrenal steroidogenesis. We propose that functional redundancy for

SF-1 exists in late adrenal development and in the adult adrenal. Future experiments

aimed at generating a temporal-specific SF-1 deletion in the adult will be essential for

dissecting SF-1’s well-established role in adrenal development from its less-defined role

in regulating adult adrenal steroidogenesis.
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Figure 2. Dexamethasone treatment normalizes cellular hypertrophy and
steroidogenic gene expression in SF-1 +/-adrenals.
(a) Toluidine blue O staining of adrenal cross sections shows that in vehicle-treated mice,
SF-1 heterozygous adrenocortical cells are significantly larger than wild type cells (cells
per 0.01 mm2: +/+, 98.4 + 0.4; +/-, 73.2 + 0.3; p < 0.01 vs. wild type). Dexamethasone
treatment resulted in adrenocortical cellular hypotrophy that normalized differences in cell
size between wild type and heterozygous adrenals (cells per 0.01 mm2: +/4-, 100.7 + 0.6;
+/-, 108.3 + 0.6, p = 0.06 vs. wild type). Bar = 50 pum; m, medulla. (b) Dexamethasone
treatment (dex, gray bars) led to decreased adrenal weight in wild type and heterozygous
mice compared with vehicle treatment (veh, black bars), *p < 0.05 vs. vehicle. SF-1
heterozygous adrenals weighed less than wild type adrenals regardless of vehicle or dex
amethasone treatment (**p < 0.01 vs. wild type; n = 4 per group). (c)Western blot analy
ses of SF-1, SCC, SR-B1, StAR, and Actin levels in adrenals from vehicle- and dexame
thasone-treated SF-1 +/-- and +/- mice. The second and fourth lanes (+/- veh) of the
bottom panel blot were overloaded (compare Actin levels).
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Figure 3. SF-1 +/- adrenocortical cells have increased steroidogenic
capacity.
(a) SF-1 wild type and heterozygous adrenocortical cells in primary cul
ture show similar morphology and oil red O staining. Bar = 25 pm.
(b) Western blot analyses of SF-1, StAR, SCC, and Actin levels in wild
type and heterozygous adrenocortical cells in primary culture. (c) Wild
type and heterozygous cortical cells (20,000 cells per tube, two tubes
per treatment) were incubated for 90 min with vehicle or 8Br-cAMP at
the concentrations indicated. Corticosterone secreted into the media
was measured by radioimmunoassay. Heterozygous cells (+/-, gray
bars) secreted more corticosterone than wild type cells (+/4, black bars)
in response to 0.1 mM 8Br-cAMP, *p < 0.05. Differences in corticos
terone secretion at 0.5 mM and 1 mM 8Br-cAMP did not reach statisti
cal significance due to variability (p = 0.12 and p = 0.11, respectively).
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Figure 4. Upregulation of NGFI-B in SF-1 +/- adrenal glands.
(a) Electrophoretic mobility shift assay of SF-1 from wild type (+/4) and heterozygous
(+/-) adrenal nuclear extracts binding to the GSE from the a-glycoprotein subunit pro
moter. The positions of the SF-1-DNA complex and free probe are indicated (arrows).
Increasing amounts of phospho-Ser 203 antibody resulted in the formation of a larger
protein complex (arrowhead). Quantitation of results of three separate experiments
revealed that, at the highest antibody concentration used, the ratio of shifted to total SF
1 did not differ between genotypes (+/4, 52 + 2%; +/-, 58 + 7%; p = 0.68). (b) Northern
blot analyses of NGFI-B, SF-1, and Actin mRNA levels in SF-1 wild type and heterozy
gous adrenals. NGFI-B was upregulated 1.4 fold, and SF-1 was expressed at 1.8 fold
lower levels in heterozygous adrenals compared with wild type adrenals. (c and d)
Western blot analyses of NGFI-B and Actin levels in E18.5 (c) and adult (d) SF-1 wild
type and heterozygous adrenals. (c) At E18.5, NGFI-B was expressed at equivalent
levels in wild type and heterozygous adrenals. (d) NGFI-B was upregulated in adult
SF-1 heterozygous adrenals compared with wild type. NGFI-B migrates as a series of
bands due to hyperphosphorylation. (e) Dax1 levels were equivalent in SF-1 wild type
and heterozygous adrenals from mice treated with vehicle or dexamethasone.
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Chapter 5. Discussion and Perspectives

Thesis summary

SF-1 was discovered as a transcriptional regulator of cAMP-stimulated adrenal

steroidogenic gene expression. Deletion of SF-1 in mice revealed its essential role in

early adrenal, gonadal, pituitary, and hypothalamic development. SF-1’s in vivo role in

late adrenal development and steroidogenesis remained obscure due to early adrenal

agenesis and postnatal lethality in SF-1 knockout mice. I asked how loss of one SF-1

allele affected adrenal development and endocrine function. I found that SF-1

heterozygous mice have blunted corticosterone responses to acute and chronic stressors.

SF-1’s dual role in adrenal development and steroidogenesis prompted the question of

whether SF-1 haploinsufficiency arises just from developmental defects or also from

decreased steroidogenic capacity. Adrenal development is severely impaired in SF-1

heterozygotes, with a vanishingly small number of cells dedicated to the adrenal cortex at

early stages of development. Increased cell proliferation at later stages of development

rescues the SF-1 heterozygous adrenal growth disadvantage, to a point. A striking

consequence of impaired adrenocortical development in SF-1 heterozygotes is disrupted

medullary development and function. In adult SF-1 heterozygotes, elevated ACTH levels

drive steroidogenic gene expression to such an extent that steroidogenic capacity is

increased on a per cell basis, ensuring relatively normal basal adrenocortical function.

Ultimately, though, increased cell proliferation does not allow SF-1 heterozygous

adrenals to attain wild type adrenal size, and this results in adrenal insufficiency.
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Three major biological concepts are addressed in this thesis. The first concept is

haploinsufficiency. Why is adrenal growth so profoundly affected by SF-1

haploinsufficiency early in development, but so robust at later stages? The second

concept is the interaction between the adrenal cortex and medulla, two tissues of different

embryonic origin. What mechanisms underlie SF-1's cell non-autonomous regulation of

medullary function? The third concept is compensation and the ability of signaling

pathways to sense and adjust to perturbations in organ growth and function. How is

adrenal mass sensed during development and what growth factors drive adrenal cell

proliferation in SF-1 heterozygotes? Does compensation for adrenal insufficiency in SF

1 heterozygotes require SF-1 or does it involve other transcriptional regulators?

Haploinsufficiency

By definition, haploinsufficiency occurs when a loss of function in one allele of a diploid

locus leads to a dominant phenotype'. Of course, not all genes are susceptible to

haploinsufficiency. For genes encoding enzymes, loss-of-function mutations are usually

recessive. This is because most enzymes have such immense catalytic power that the

change in metabolic flux following a two-fold drop in enzyme concentration is small. On

the other hand, transcription factors are particularly prone to haploinsufficiency; in

humans, over two-thirds of disease-causing mutations in transcription factors are

dominantly inherited (Veitia, 2002).

' Haploinsufficiency can also result from monoallic expression of a gene. The
transcription factor Pax5, is expressed from only one allele in a stochastic manner in B
cell progenitors. Pax5 heterozygous mice, therefore, exhibit loss of a subset of B cells,
depending on whether the wild type or null allele is switched on at early stages (Nutt et
al., 1999).
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Phenotypes caused by transcription factor haploinsufficiency arise because target gene

expression is impaired. Activating gene expression requires the formation of multi

protein complexes at response elements in gene promoters. Transcription factors interact

with each other and components of the transcriptional machinery in a cooperative manner

that often requires strict stochiometry. Relative decreases or increases in one component

or another can influence transcriptional activation. A clear example comes from the

biology of sex determination in mammals, which depends on the formation of

transcription factor complexes that activate downstream effectors of the sex

determination pathway.

Human sex determination is highly sensitive to gene dosage; heterozygous mutations in

genes encoding the transcription factors Wilms’ Tumor 1 (WT1), SF-1, and Sox9, and

duplication of the region of the X chromosome containing Dax1 lead to XY sex reversal

(Achermann et al., 1999; Barbaux et al., 1997; Foster et al., 1994; Zanaria et al., 1994).

These transcription factors regulate expression of Müllerian inhibiting substance (MIS), a

peptide hormone that stimulates regression of the Müllerian ducts in males. SF-1 and

WT1 physically interact to synergistically activate MIS expression, and Dax1 antagonizes

the synergy between SF-1 and WT1 by interacting with and repressing SF-1. In humans,

increased Dax 1 dosage or decreased SF-1 or WT1 dosage disrupt MIS expression.

Regulation of MIS is therefore highly sensitive to dosage of at least three different

transcription factors that interact at one SF-1 response element in the MIS promoter

(Nachtigal et al., 1998). Furthermore, decreased dosage of any of these factors could

affect expression of the others, since Sox9 activates expression of SF-1, and SF-1
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regulates Dax1 expression (Kawabe et al., 1999; Shen and Ingraham, 2002).

Interestingly, sex determination in mice is relatively impervious to decreased gene

dosage; XY sex reversal is observed only in mice with null, but not heterozygous

mutations, in SF-1, Sox9, and WT1.

One can also imagine that low levels of a transcription factor could result in decreased

occupancy of its response elements in target gene promoters. This is predicted to lead to

decreases in the probability that a target gene will be switched on, leading to stochastic

delays or interruptions in target gene expression (Cook et al., 1998). An elegant

demonstration of the importance of transcription factor levels and response element

occupancy comes from the biology of pharynx development in C. elegans. The C.

elegans forkhead transcription factor PHA-4 specifies pharyngeal identity by directly

activating most, if not all, genes involved in pharynx development. Incredibly, pharynx

genes with high affinity PHA-4 binding sites in their promoters are activated early in

development, and those with low affinity sites are activated later. Furthermore, swapping

high affinity PHA-4 binding sites with low affinity sites results in delayed gene

expression, and vice versa. PHA-4 levels are low at the beginning of development and

increase over the course of pharynx organogenesis; artificially lowering PHA-4 levels

delays the onset of PHA-4 target gene expression (Gaudet and Mango, 2002). The

prediction from these studies is that when transcription factor levels are low, target gene

expression will be delayed and genes with high affinity sites will be preferentially

activated. Accordingly, late genes with lower affinity sites will be expressed when

transcription factor levels have increased.
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SF-1’s role in early adrenal development

SF-1 could act analogously in early adrenal development (Figure 1). SF-1 levels should

be low in wild type embryos at the onset of its expression at E9.0, and even lower in

heterozygous embryos. Consequently, early target gene expression could be impaired

greatly in SF-1 heterozygotes. There is some evidence of a developmental delay in SF-1

target gene expression in SF-1 heterozygotes. By non-radioactive in situ hybridization

(which this author acknowledges to be a qualitative approach), StåR levels are decreased

in heterozygous embryos at E12.0, but appear to reach wild type levels at E13.0. Perhaps

by E13.0, SF-1 levels have reached a threshold level required for normal StåR expression

in SF-1 heterozygotes. Alternatively, other transcriptional activators of StåR may have

been induced in the adrenal by E13.0. The same may hold true for other targets of SF-1

in development.

wild type heterozygote
r r

\– \

Figure 1. Model of SF-1 haploinsufficiency at early stages of adrenal development.
Gene expression in the adrenogonadal primordium may be highly sensitive to SF-1
levels. In SF-1 heterozygous cells (right), altered ratios of SF-1 to transcriptional
repressors (red) and activators (green) could disrupt formation of complexes required for
activation of gene expression. Alternatively, response elements in target gene promoters
may not be fully occupied when SF-1 levels are low, leading to impaired gene
expression. These models assume that SF-1 is the principal regulator of its target genes in
early development and that other transcription factors do not compensate for low SF-1
levels.
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To date, no SF-1 target genes in the adrenogonadal primordium have been identified.

Microarray technology may be the best way to identify SF-1’s developmental targets.

Gene expression can be compared in wild type and knockout genital ridges at E11.0,

before the onset of apoptosis in the SF-1 knockout. What might be the function of SF-1’s

targets in early development? Two important biological processes are at work in the

adrenogonadal primordium: the population of adrenal and gonadal progenitors must be

expanded, and separate identities of adrenal and gonadal cells must be established. SF-1

may regulate genes involved in cell cycle progression or maintenance of stem cell

identity. Decreased expression of these genes in the SF-1 heterozygous adrenogonadal

primordium could have severe consequences for later adrenal growth. Finally, how

adrenal and gonadal cells differentiate from a common population of precursors is

unknown. One hypothesis is that distinct transcription factors co-expressed with SF-1

direct adrenal versus gonadal differentiation. For example, Sox9 and GATA-4 in gonadal

cells of the adrenogonadal primordium may activate expression of gonadal-specific

genes. It will be of interest to determine whether adrenal-specific transcription factors

interact with SF-1 to direct expression of the adrenal phenotype in the primordium.

Compensating for SF-1 haploinsufficiency

My findings demonstrate that SF-1 gene dosage is most critical at the onset of adrenal

development. SF-1 heterozygotes compensate for a small pool of adrenal progenitors at

early stages of organogenesis by augmenting both adrenal growth and function.

Increased cell proliferation at late stages of development and increased steroidogenic
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capacity allow SF-1 heterozygous adrenals to function at high, albeit insufficient levels in

the adult mouse.

How organ size is regulated

Organ size is controlled by genetic pathways that precisely regulate cell size and cell

number. Mitogens promote cell proliferation by stimulating production of cyclins that

activate cyclin dependent kinases to stimulate progression from G1 to S phase of the cell

cycle. Increased levels of mitogens accelerate cell cycle progression and stimulate cell

growth (Conlon and Raff, 1999). Elegant analyses of growth factor availability and cell

proliferation come from studies of the dependence of oligodendrocyte proliferation on

platelet-derived growth factor (PDGF) secreted by neurons in the spinal cord. Both

PDGF levels and oligodendrocyte proliferation decline before birth, but overexpression

of PDGF in transgenic mice leads to increased proliferation and excessive production of

oligodendrocyte progenitors (Calver et al., 1998). In primary cultures, saturating levels

of PDGF accelerate the cell cycle in oligodendrocytes, and declining PDGF levels lead to

decreased cell proliferation and exit from the cell cycle (van Heyningen et al., 2001).

What processes lead to decreased growth factor availability over time? A couple of

models have been proposed to account for the relationship between growth factor levels

and target cell proliferation during development. First, the metabolic consumption of

growth factors, including their internalization and degradation by target cells, may simply

lead to decreased growth factor levels and, in turn, decreased target cell proliferation.

Therefore, in a small population of cells, growth factor concentrations would remain

t
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elevated until cell proliferation led to increased organ mass (Gomer, 2001). A second

model assumes a more active role for a target population in adjusting growth factor

availability. Organ mass might be signaled during development by the secretion of

tissue-specific growth-inhibitors. Such inhibitors would accumulate in proportion to the

mass of an organ and, at a threshold level, would inhibit growth factor production,

leading to decreased cell proliferation (Bullough, 1973). The regulation of final organ

size by a tissue-specific growth inhibitor is thought to occur in muscle. Growing muscles

secrete myostatin, a TGF-B family member, that seems to be required for inhibition of

muscle growth, since myostatin knockout mice have muscles that are two to three times

larger than wild type muscles (McPherron et al., 1997).

Adrenal growth in SF-1 heterozygotes

At late time points in organogenesis, SF-1 heterozygous adrenals seem hyperfunctional

and not haploinsufficient. Although paradoxical, increased cell proliferation seems an

appropriate response to the early growth disadvantage faced by SF-1 heterozygous

adrenals. In parallel to the endocrine compensation for blunted steroid secretion in adult

mice, perhaps decreased adrenal mass is sensed and leads to increased growth factor

signaling that drives cell proliferation in SF-1 heterozygotes.

How might this occur? A clue comes from GR knockout mice, in which glucocorticoid

signaling is severely impaired. Adrenal cell proliferation is increased in GR knockout

embryos compared with wild type, suggesting that glucocorticoids might exert some kind

of negative feedback control of adrenal growth (Finotto et al., 1999). In rats, adrenal

º
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corticosterone content increases with adrenal mass during development (Wotus et al.,

1998). Therefore, glucocorticoids could signal adrenal mass to a growth factor source.

What is the adrenal growth factor? Two candidates are ACTH and pro-y-MSH, both

derivatives of the pituitary hormone precursor POMC. ACTH causes hypertrophy of

adrenocortical cells, probably by stimulating protein synthesis. Pro-Y-MSH stimulates

cell proliferation in the adrenal cortex during the compensatory adrenal growth (CAG)

response to unilateral adrenalectomy (Dallman, 1984). Pro-Y-MSH promotes cell

division, but only after local proteolysis produces a shorter form that has mitogenic

activity in the adrenal (Lowry et al., 1983). Following unilateral adrenalectomy, the

enzyme adrenal secretory protease (ASP) is upregulated in the cortex of the remaining

adrenal; AsP cleaves pro-Y-MSH to produce the adrenal mitogen N-POMC 1-52

(Bicknell et al., 2001).

There is evidence to suggest that POMC derivatives regulate fetal adrenal growth. In the

mouse anterior pituitary, POMC expression begins at E12.5 (Japon et al., 1994). POMC

null mice are reported to have small adrenals with altered cortical morphology prior to

birth (Hochgeschwender et al., 2001). In fetal sheep, plasma levels of pro-Y-MSH are

very high during the last third of gestation, and infusion of fetal sheep with pro-Y-MSH

results in a 25% increase in fetal adrenal weight (Ross et al., 2000; Saphier et al., 1993).

POMC derivatives could be important for inducing high levels of cell proliferation in SF

1 heterozygous adrenals during development. One potential model is that decreased

embryonic adrenal mass may lead to low plasma corticosterone levels that would
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insufficiently inhibit POMC expression. Indeed, glucocorticoids have been shown to

inhibit POMC expression in the fetal pituitary (Scott and Pintar, 1993). This might result

in increased availability of POMC-derived growth factors that would drive adrenal cell

proliferation (Figure 2). This hypothesis could be tested by crossing SF-1 heterozygous

mice with POMC null mice (Yaswen et al., 1999). If POMC peptides are required for

increased proliferation in SF-1 heterozygous adrenals, then SF-1 wild type and

heterozygous adrenal cell division rates should be similar on a POMC null background.

Figure 2. Model for proliferative signaling in late SF-1 +/- adrenal development.
Although faced with a severe, early growth disadvantage, SF-1 heterozygous adrenals
exhibit increased rates of cell division later in development. A speculative schematic for
the regulation of proliferation in SF-1 heterozygous adrenals is shown. Low
glucocorticoid (GC) levels in SF-1 heterozygotes lead to increased pituitary POMC
expression and increased availability of pro-Y-MSH. Pro-Y-MSH is cleaved by the
membrane protease AsP to generate the adrenal growth factor Y-MSH (N-POMC 1-52).
Y-MSH binds to an unknown receptor to stimulate signaling pathways leading to cell
division. SF-1 or other factors may be required for Y-MSH signaling.
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A full dose of SF-1 is required for a normal compensatory adrenal growth response. SF-1

heterozygous adrenocortical cells fail to proliferate following removal of one adrenal,

while wild type adrenals exhibit normal CAG (Beuschlein et al., 2002). The underlying

defect is unknown. CAG is neurally mediated; lesions of the ventromedial hypothalamus

(VMH) or the spinal cord block the response (Engeland and Dallman, 1975; Engeland

and Dallman, 1976). The VMH fails to develop normally in SF-1 knockout mice.

Although the structure of the VMH is thought to be relatively normal in SF-1

heterozygotes, it is possible that subtle defects in VMH function might prevent a normal

CAG response (Shinoda et al., 1995; Tran et al., 2003).

Alternatively, SF-1 heterozygous adrenocortical cells might have exhausted their

proliferative capacity at some point during development or SF-1 adrenals may lack

cortical stem cells. These mechanisms could also explain the failure of SF-1

heterozygous adrenals to reach wild type adrenal size during late stages of development.

Alternatively, SF-1 may be an essential component of mitogenic signaling by N-terminal

POMC peptides that promote CAG. AsP is not upregulated in SF-1 heterozygous

adrenals during CAG (Beuschlein et al., 2002). In contrast, I observed equal levels of

AsP in SF-1 wild type and heterozygous adrenals at E18.5. It will be of interest to

determine whether AsP or the unidentified N-POMC 1-52 receptor is a target gene of SF

1 or whether SF-1 is required for N-POMC 1-52 signaling.

112



Interaction between the adrenal medulla and cortex

The adrenal cortex and medulla mutually regulate each other's development and function.

Glucocorticoids stimulate expression of the catecholamine-synthesizing enzyme PNMT

through glucocorticoid response elements in the PNMT promoter (Ross et al., 1990;

Wurtman and Axelrod, 1966). In primary culture of adrenocortical cells, corticosterone

secretion is promoted by co-culture with medullary cells (Ehrhart-Bornstein et al., 1998).

SF-1 is expressed only in the adrenal cortex, yet loss of SF-1 function disrupts both

adrenal cortical and medullary development (Bland et al., 2000; Luo et al., 1994).

Similarly, mice homozygous for a null mutation in the medulla-specific transcriptional

co-activator Cited2 lack both the adrenal cortex and the medulla (Bamforth et al., 2001).

My results support the hypothesis that adrenomedullary development is dependent on full

growth and function of the cortex. I found that the adrenal cortex is not required for

homing of sympathoadrenal precursors to the adrenal, since this occurs normally

regardless of SF-1 gene dosage and, consequently, adrenal cortex mass. In contrast, later

steps of medullary development are sensitive to disrupted adrenocortical function.

Adrenal medullary cells are lost by E15.5 in SF-1 knockout embryos, and the medulla

adopts an eccentric position in SF-1 heterozygous adrenals. SF-1 heterozygous adrenals

are reminiscent of reptilian adrenals in which the cortex and medulla are apposed (refer

back to Chapter 1, Figure 1). Perhaps over the course of evolution, SF-1 has acquired

new target genes that are required for infiltration of the cortex by medullary precursors.
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SF-1 heterozygous adrenals express lower levels of the medullary enzymes tyrosine

hydroxylase and PNMT and contain 80% lower levels of both norepinephrine and

epinephrine compared with wild type adrenals. These medullary defects are unlikely to

stem from low glucocorticoid concentrations in SF-1 heterozygous adrenals. First, there

was not a selective loss of the glucocorticoid-regulated conversion of norepinephrine to

epinephrine. Second, adrenal corticosterone content per tissue weight is actually

increased in SF-1 heterozygotes. Rather, I believe that disrupted development leads to

decreased medullary size and perhaps impaired medullary function due to impaired

expression of some unknown genes. Finally, it remains a distinct possibility that

adrenocortical insufficiency in SF-1 heterozygotes arises, at least in part, because of

impaired medullary function. Given the gain of function in SF-1 heterozygous

adrenocortical cells on a per cell basis, such an impairment seems unlikely.

SF-1’s role in the adult adrenal cortex

SF-1 response elements are required for basal and cAMP-stimulated expression of

steroidogenic genes (Parker and Schimmer, 1997). SF-1 is therefore thought to be the

principal transcriptional regulator of adrenal steroidogenesis. One of the most surprising

findings of this thesis is that despite low SF-1 levels, SF-1 heterozygous adrenocortical

cells have increased steroidogenic capacity per cell compared with wild type cells. SF-1

target genes are expressed at high levels in SF-1 heterozygous adrenals compared with

wild type. Increased steroidogenic gene expression probably maximizes the amount of

corticosterone that can be generated on demand during stress or the normal drive of the

circadian rhythm in SF-1 heterozygotes. Inhibition of pituitary ACTH secretion leads to
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low, equivalent levels of steroidogenic genes in wild type and heterozygous adrenals. A

caveat of this finding is that we did not lower SF-1 heterozygous ACTH levels to wild

type levels; instead, ACTH levels in both wild type and heterozygous mice were inhibited

by very high levels of dexamethasone. If ACTH levels in SF-1 heterozygotes could be

clamped to match wild type ACTH levels, different effects might be observed. SF-1

heterozygous steroidogenic gene expression might drop to wild type levels or there might

be a greater loss of function. The latter case would reveal an essential role of SF-1 in

basal steroidogenic gene expression.

Since compensation for small adrenal size in adult SF-1 heterozygous mice occurs by a

cell-nonautonomous, endocrine mechanism, SF-1’s role in adrenal steroidogenesis

remains unclear. First, haplotype sufficiency may underlie the phenotype observed in

adult SF-1 heterozygous mice: the low SF-1 levels in heterozygous adrenals may simply

be sufficient to achieve the high expression levels of SF-1 target genes.
-

Alternatively,

NGFI-B may cooperate with SF-1 to induce steroidogenic gene expression in SF-1

heterozygous (and wild type) adrenals (Figure 3A). The in vivo requirement for SF-1 in

the transcriptional regulation of steroidogenesis should be tested more rigorously.

Chromatin immunoprecipitation could be used to examine occupancy of SF-1 response

elements by SF-1 and NGFI-B basally and in response to cAMP or ACTH treatment.

Alternatively, RNAi could be used in primary adrenocortical cells to assess the effects of

lowering SF-1 expression on basal and cAMP-stimulated steroidogenic gene expression

and corticosterone production.

*
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The most rigorous in vivo test of SF-1’s importance in the adult adrenal would be

provided by a conditional knockout of SF-1 in adult mice. This could be done by

introducing a tet-responsive system into the SF-1 locus, as has been done with the

endothelin receptor-B locus (Shin et al., 1999). This is no small feat. The tet-dependent

transcriptional activator t'■ A must be expressed in the same cells as SF-1 and tet

responsive elements must be integrated within the SF-1 promoter. Assuming this could

be accomplished, the in vivo function of SF-1 could be assessed by administering dox to

adult mice to extinguish SF-1 expression and measuring steroidogenic gene expression

and corticosterone responses to stress (Figure 3B-D).

!"
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Figure 3. Models of SF-1’s function in adult adrenal steroidogenesis.
In these models, the proximal response element mediates basal expression, and the distal
element mediates camp-stimulated expression, as is the case for SCC (Hu et al., 2001).
(a) In SF-1 heterozygotes, ACTH signaling drives steroidogenic gene expression to the
extent that corticosterone (GC) production per cell is increased over wild type. It is not
clear whether SF-1, NGFI-B, or an unknown factor mediates the increase in steroidogenic
gene expression. (b — d.) Use of the “tet-off” system to create a conditional knockout of
SF-1 in the adult adrenal. The transcriptional activator t'TA (dark blue) is expressed in the
adrenal cortex. Administration of doxycycline (dox) represses tta activation of the SF-1
promoter containing tetO response elements (yellow). Each schematic shows effects of
extinguishing SF-1 expression in adult mice treated with dox. (b) SF-1 is required for
basal and cAMP-stimulated gene expression. Steroidogenic gene expression is very low
and corticosterone responses to stress are severely impaired. (c) SF-1 is required only for
basal gene expression, and another factor such as NGFI-B mediates camp-responsivity.
Basal steroidogenic gene expression should be very low, but chronically elevated ACTH
induces steroidogenic genes, permitting corticosterone responses to chronic stress. (d) In
the unlikely situation that SF-1 is not required for adrenal steroidogenesis, SF-1 null cells
behave like wild type. In this instance, NGFI-B or unknown factors (purple) regulate
basal and cAMP-stimulated steroidogenic gene expression.
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The physiological performance of an organ depends on its size and its functional

capacity. In the end, even after compensatory pathways that promote increased growth

and adrenocortical function have been induced, SF-1 haploinsufficiency causes adrenal

insufficiency. The requirements for SF-1 during early and late adrenal development and

in the adult are likely to vary based on the different sensitivities of these processes to loss

of one SF-1 allele. It now seems evident that while SF-1 is a chief regulator of adrenal

development, it may not be as crucial in the transcriptional regulation of steroidogenesis

as previously thought. Deeper understanding of SF-1’s embryonic and adult functions

will require identification of SF-1’s developmental target genes and generation of a

conditional deletion of SF-1 in adult mice. Transcription factors often play different roles

in developing and adult organs.

. . 'Y',

º

2.

118



REFERENCES

Achermann, J. C., Ito, M., Hindmarsh, P. C. and Jameson, J. L. (1999). A mutation
in the gene encoding steroidogenic factor-1 causes XY sex reversal and adrenal failure in
humans [letter]. Nature Genetics 22, 125-6.
Bamforth, S. D., Braganca, J., Eloranta, J. J., Murdoch, J. N., Marques, F. I.,
Kranc, K. R., Farza, H., Henderson, D.J., Hurst, H. C. and Bhattacharya, S. (2001).
Cardiac malformations, adrenal agenesis, neural crest defects and exencephaly in mice
lacking Cited2, a new Tfap2 co-activator. Nat Genet 29, 469-74.
Barbaux, S., Niaudet, P., Gubler, M. C., Grunfeld, J. P., Jaubert, F., Kuttenn, F.,
Fekete, C. N., Souleyreau-Therville, N., Thibaud, E., Fellous, M. et al. (1997). Donor
splice-site mutations in WT1 are responsible for Frasier syndrome. Nat Genet 17,467-70.
Beuschlein, F., Mutch, C., Bavers, D. L., Ulrich-Lai, Y. M., Engeland, W. C.,
Keegan, C. and Hammer, G. D. (2002). Steroidogenic factor-1 is essential for
compensatory adrenal growth following unilateral adrenalectomy. Endocrinology 143,
3.122-35.

Bicknell, A. B., Lomthaisong, K., Woods, R. J., Hutchinson, E. G., Bennett, H. P.,
Gladwell, R. T. and Lowry, P. J. (2001). Characterization of a serine protease that
cleaves pro-gamma- melanotropin at the adrenal to stimulate growth. Cell 105,903-12.
Bland, M. L., Jamieson, C. A., Akana, S. F., Bornstein, S. R., Eisenhofer, G.,
Dallman, M. F. and Ingraham, H. A. (2000). Haploinsufficiency of steroidogenic
factor-1 in mice disrupts adrenal development leading to an impaired stress response.
Proc Natl Acad Sci U S A 97, 14488-93.
Bullough, W. S. (1973). The chalones: a review. Natl Cancer Inst Monogr 38, 5-16.
Calver, A. R., Hall, A. C., Yu, W. P., Walsh, F. S., Heath, J. K., Betsholtz, C. and
Richardson, W. D. (1998). Oligodendrocyte population dynamics and the role of PDGF
in vivo. Neuron 20, 869-82.
Conlon, I. and Raff, M. (1999). Size control in animal development. Cell 96, 235-44.
Cook, D. L., Gerber, A. N. and Tapscott, S. J. (1998). Modeling stochastic gene
expression: implications for haploinsufficiency. Proc Natl Acad Sci U S A 95, 15641-6.
Dallman, M. F. (1984). Control of adrenocortical growth in vivo. Endocr Res 10, 213
42.
Ehrhart-Bornstein, M., Hinson, J. P., Bornstein, S. R., Scherbaum, W. A. and
Vinson, G. P. (1998). Intraadrenal interactions in the regulation of adrenocortical
steroidogenesis. Endocrifev 19, 101-43.
Engeland, W. C. and Dallman, M. F. (1975). Compensatory adrenal growth is neurally
mediated. Neuroendocrinology 19, 352-62.
Engeland, W. C. and Dallman, M. F. (1976). Neural mediation of compensatory
adrenal growth. Endocrinology 99, 1659-62.
Finotto, S., Krieglstein, K., Schober, A., Deimling, F., Lindner, K., Bruhl, B., Beier,
K., Metz, J., Garcia-Arraras, J. E., Roig-Lopez, J. L. et al. (1999). Analysis of mice
carrying targeted mutations of the glucocorticoid receptor gene argues against an
essential role of glucocorticoid signalling for generating adrenal chromaffin cells.
Development 126, 2935-44.
Foster, J. W., Dominguez-Steglich, M. A., Guioli, S., Kowk, G., Weller, P. A.,
Stevanovic, M., Weissenbach, J., Mansour, S., Young, I. D., Goodfellow, P. N. et al.

*! Y,

119



(1994). Campomelic dysplasia and autosomal sex reversal caused by mutations in an
SRY-related gene. Nature 372, 525-30.
Gaudet, J. and Mango, S. E. (2002). Regulation of organogenesis by the Caenorhabditis
elegans FoxA protein PHA-4. Science 295,821-5.
Gomer, R. H. (2001). Not being the wrong size. Nat Rev Mol Cell Biol 2, 48-54.
Hochgeschwender, U., Bui, S. and Brennan, M. B. (2001). Adrenal gland development
in POMC null mutant mice. In Endocrine Society Meeting, (ed. Denver, CO.
Hu, M. C., Hsu, N. C., Pai, C. I., Wang, C. K. and Chung, B. (2001). Functions of the
upstream and proximal steroidogenic factor 1 (SF-1)-binding sites in the CYP11A1
promoter in basal transcription and hormonal response. Mol Endocrinol 15, 812-8.
Japon, M. A., Rubinstein, M. and Low, M.J. (1994). In situ hybridization analysis of
anterior pituitary hormone gene expression during fetal mouse development. J Histochem
Cytochem 42, 11.17-25.
Kawabe, K., Shikayama, T., Tsuboi, H., Oka, S., Oba, K., Yanase, T., Nawata, H.
and Morohashi, K. (1999). Dax-1 as one of the target genes of Ad4BP/SF-1. Mol
Endocrinol 13, 1267-84.
Lowry, P. J., Silas, L., McLean, C., Linton, E. A. and Estivariz, F. E. (1983). Pro
gamma-melanocyte-stimulating hormone cleavage in adrenal gland undergoing
compensatory growth. Nature 306, 70-3.
Luo, X., Ikeda, Y. and Parker, K. L. (1994). A cell-specific nuclear receptor is
essential for adrenal and gonadal development and sexual differentiation. Cell 77,481
90.
McPherron, A. C., Lawler, A. M. and Lee, S.J. (1997). Regulation of skeletal muscle
mass in mice by a new TGF-beta superfamily member. Nature 387, 83-90.
Nachtigal, M. W., Hirokawa, Y., Enyeart-VanHouten, D. L., Flanagan, J. N.,
Hammer, G. D. and Ingraham, H. A. (1998). Wilms' tumor 1 and Dax-1 modulate the
orphan nuclear receptor SF-1 in sex-specific gene expression. Cell 93, 445-54.
Nutt, S. L., Vambrie, S., Steinlein, P., Kozmik, Z., Rolink, A., Weith, A. and
Busslinger, M. (1999). Independent regulation of the two Pax5 alleles during B-cell
development. Nat Genet 21,390-5.
Parker, K. L. and Schimmer, B. P. (1997). Steroidogenic factor 1: a key determinant of
endocrine development and function. Endocr Rev 18, 361-77.
Ross, J. T., Bennett, H. P., James, S. and McMillen, I. C. (2000). Infusion of N
proopiomelanocortin-(1-77) increases adrenal weight and messenger ribonucleic acid
levels of cytochrome P450 17alpha-hydroxylase in the sheep fetus during late gestation.
Endocrinology 141, 2153-8.
Ross, M. E., Evinger, M. J., Hyman, S. E., Carroll, J. M., Mucke, L., Comb, M.,
Reis, D. J., Joh, T. H. and Goodman, H. M. (1990). Identification of a functional
glucocorticoid response element in the phenylethanolamine N-methyltransferase
promoter using fusion genes introduced into chromaffin cells in primary culture. J
Neurosci 10, 520-30.
Saphier, P. W., Glynn, B. P., Woods, R. J., Shepherd, D. A., Jeacock, M. K. and
Lowry, P. J. (1993). Elevated levels of N-terminal pro-opiomelanocortin peptides in
fetal sheep plasma may contribute to fetal adrenal gland development and the pre
parturient cortisol surge. Endocrinology 133, 1459-61.

120



Scott, R. E. and Pintar, J. E. (1993). Developmental regulation of proopiomelanocortin
gene expression in the fetal and neonatal rat pituitary. Mol Endocrinol 7, 585-96.
Shen, J. H. and Ingraham, H. A. (2002). Regulation of the orphan nuclear receptor
steroidogenic factor 1 by Sox proteins. Mol Endocrinol 16, 529-40.
Shin, M. K., Levorse, J. M., Ingram, R. S. and Tilghman, S. M. (1999). The temporal
requirement for endothelin receptor-B signalling during neural crest development. Nature
402,496-501.
Shinoda, K., Lei, H., Yoshii, H., Nomura, M., Nagano, M., Shiba, H., Sasaki, H.,
Osawa, Y., Ninomiya, Y., Niwa, O. et al. (1995). Developmental defects of the
ventromedial hypothalamic nucleus and pituitary gonadotroph in the Ftz-F1 disrupted
mice. Dev Dyn 204, 22-9.
Tran, P. V., Lee, M. B., Marin, O., Xu, B., Jones, K. R., Reichardt, L. F.,
Rubenstein, J. R. and Ingraham, H. A. (2003). Requirement of the orphan nuclear
receptor SF-1 in terminal differentiation of ventromedial hypothalamic neurons. Mol Cell
Neurosci 22, 441-53.
van Heyningen, P., Calver, A. R. and Richardson, W. D. (2001). Control of progenitor
cell number by mitogen supply and demand. Curr Biol 11, 232-41.
Veitia, R. A. (2002). Exploring the etiology of haploinsufficiency. Bioessays 24, 175-84.
Wotus, C., Levay-Young, B. K., Rogers, L. M., Gomez-Sanchez, C. E. and Engeland,
W. C. (1998). Development of adrenal zonation in fetal rats defined by expression of
aldosterone synthase and 11beta-hydroxylase. Endocrinology 139, 4397-403.
Wurtman, R. J. and Axelrod, J. (1966). Control of enzymatic synthesis of adrenaline in
the adrenal medulla by adrenal cortical steroids. Journal of Biological Chemistry 241,
2301-5.

Yaswen, L., Diehl, N., Brennan, M. B. and Hochgeschwender, U. (1999). Obesity in
the mouse model of pro-opiomelanocortin deficiency responds to peripheral
melanocortin. Nat Med 5, 1066-70.
Zanaria, E., Muscatelli, F., Bardoni, B., Strom, T. M., Guioli, S., Guo, W., Lalli, E.,
Moser, C., Walker, A. P., McCabe, E. R. et al. (1994). An unusual member of the
nuclear hormone receptor superfamily responsible for X-linked adrenal hypoplasia
congenita. Nature 372, 635-41.

º'

º

121



-
ºf ■ ºillºlºyº_--> * cº º º ". 7 º º, Li 3 RARY sº º ...)/ le--- L! B RARY & [...] º, O 2– º […] º Cº- […] 'o.

J.*
C Cº.

& - *

Q 6. o *... [...] sº º […] sº
--- w o - *2. º - -°. [] & c %2. | sº ºvº gº º º C º(C º, * -g ºf G 11 **, sº ■ * > º, %, sº

-
º C.T. . .

%2. Sº
º

4 ºut■ /º º º■ ºciº &
* /º//l/?'Q 2. Sº Jº■■ º■ .■ co is 4.

---
sº ºw *-- - ºº *4. º sº º * 1. cº o º RARY º º

º * 'do º º, , V/ s º, Lia RARY & [...] º..) s [...] %, L! B. RA R_Y Sº [...] º*o C […] º CC. ~ C
-

& »O º
s º, » ^c I & - */ [...] & c- -.so o, sº * & ºvºi g ■ º º, º t ■

-º -
º Q.

- *

& Q3 ºf 3 IT & / Q ** Q., ºr2
-

42 º -

~, ■ a. º * Sº pººl■ lº
- º, f******** {{T}yºu /l/r/ð *2 S -****

-
ºvº-º/ ºr & & C). º/ . . . . . ºvi -oº: !/? /º s' º 7/7, 7 º/'. *L) CO _º «». -- A- sº 9.y sº "... *- -

sº % ~~~~~~~~ “...) Sº º w * Cy - - - - - - - -> */-
--

- - -
Sº 'º

*S O ) -*, o * - A ºr -->

o º º º L! ºf A. : º
- - & .* / * 3. 2, I Fºº e sº

- ** / º º * * Nº º º […] * ,º, sº [...] º, L13 RA R_Y º […] 'o. sº •o[...] 2- 9 –– So C C.
o? ºf sº

-"

7/C * I sº sºon” -- *T/C * I s Jºg in º. --º
& *:

º ~ ‘’A & º, sº º //ºo º
- - -

*2 S
- * - - ~ :- - - - **- ".

Fºnci % is cºp*/º º Sºciº S 4. ºf ºy sººft.cºco > *. *- º

--
Sº º -S- -sº º

-
-

º

zºº. 1 --

- &- º º º, ) Sº 2. L.
º º & º L. BRARY & º, O■ lº is *>

sº º wº ºv \º wº º S. -3 RARY sº […]” sº L_1 *. 9 *... [- - -º -ºO o o o o º º ** * * * - -

o” *c & º & ■ º sº ºf vº: T T[…] sº - C -- ºgº º -
tº - - -

>
-

º - --o - ! sº 4 º' º, -
º Sº * º, NS" º

-- * -- * S C. ºf ■ º,
-

ºf r %s ºut■ º
--

º c) ºf nº 9 ºr & -º //, º cºco
* -º- *

** º

-
*** * * *** -

Sº tº es
º* * O - &

-

º /
-

-

º º 1) sº & LIBRARY s º 17 2-2tº Hº Caº ** sº […]” … [] "e

---

-

- -
~ -

C º
& Qe ■ o & C; | Sº A.

•o D so º [...] sº ºf º, º ~. C & _º -
º *w- -3 vug in *. * - C º s' ºsvgain & T. ! { *

-

* % - -

º º %, sº
º

º, sº
-

*** c :
-

% sº * - % s dº'º !/?? / ■ º 3. ! & Fº C. ...) Sº &1/?? / / /??(J 2. (7/7, f/7.7/10,CO & & * -º - Sº Z, º ºr sº º, .
sº cºº/* *** sº O)) *...* Liénary sºr-■ º& Go º & ...) º º, 3 RAR Y > 2,J/) sº, º, Lie RARY sº [-º, tº º Tº sº [] ".

ºr [...] J. 9 Qe & º- º C.
º •o º C. [...] º fººt ºn a º [] s - / …? º,[…] & cºgin º Cl s -(■ º s ºvºi gº º, º

-

sº t C
sº ~ 2 º

as dºjº. ºº, dºg■ , º/
º, ºr

, sº ** a ºf a o 2 <> Q. 2 - -2 - º --- **** *.S. ºut■ º
* s' A-. C º/7′. ■ º

-
º

§ 2. º rºtº■ .■ co sº &:
- - « *-

* AL.
- - º zº º ch - º

-> (12 º º, © º | 5 º º, LI tº RARY º
5* º / º y * %, L. B. RA R_Y sº º, º/ / S’ | *O \- -º, wº [T] O 49 Qe sº –– °C, sºo º o º ºLºlº, [...] sº sº *… [...] § ~ & Clsº sºon « Lºlºº sº ºvºi 3 in º sº ■ %, sº º º, sº (*

■ Co. tº w *z, * cº■ t-1 º 2.S.- -4- *:

*/
* - º, & *... *s ºut 1/?? º ºt, frº■■ .■ o cº º -

ºff incºrd sº
-

sº ºw *- ~, Cº. O) le *—º. 1tº º *- o O & º *~ :

B RARY * Lºº. O■ ) s […]” LeRARY [] ”, * [TºCº.

%.
-

º

w C s * & •o.* s º º * - º
o o o D o […] * ~ : Tº -

S c. [...] s * […] sº -10 °. & Q is ºf G|T- * A. c.

[] sº -: ■ C %. sº Jºº■ & IT º, º (! º, sº * *- - - - - - - --- * * * * * *** * : * * : *-

2, º £4, sº o º f º º Q., - **** cº- 4.S Cº.º *** * y
% Nº *** * %.S. Cºlº■ . º ºf cy!!//ºcº sº, -- ~!sº •).7/7, frºCºco sº %.

w -
sº º *- & ºs’ “º

**

** *

-
º * * * * ~ C º / le s

[…]”. LIBRARY * I º, 9/15 tº tº Enº. O
º

* - -

* °. gº Qe -

•. & *.. [T o” °. [...] sº ■ º, [. sº tº- - ex º -o, & º Sº ºvº. 3 IT * gº *, *
Tº º º º ~º * º ~ º sº *

3 vº. 3 IT * º 3. ***** °º ºf
*

º, sº (Y 7–
-

º, S tº
” Sº 2 * Sº dº / ■ ºlº Q º cº jº'■ ■ º º

º

}//ºl■ / º 2. -Yº, fºcíº is a * - A) º º C.
-

sº º,A) º ■ , º ºr sº º O)) sº º Li■ , RARY sº º
* * -º- º º *.. / A * º º - is ºr Sº º,o
* * $." º L. B. RA R_Y > f – º, A- º º cº C.

- º [T] º, cº […] Qe -$ --- |-- *

y > -

» C. | º ~ °, [...] sº cº- º º
- * - ºf -- -> :[] s -((C º, º ºf g in º. º v

-sº ■ * -

wo
+º

ºvº■ J 17 *2. 42 º' º ºf ■ º º sº ~
-

4s ºpiº■ /º
-

!," fºr ■ º
**

pº■■ ºC º C■ º ºci■ coº



Jº Jº a ºf [ . ) 2 - ºr A -- . . . . . . . . * > Y7-71//- 1. A 'AA' ..."*/ *S. Sº tº cº/ ºn tºld º' % U.J.) / º º
* * * : º,

º Cº■ º sº,
3.
%. 115 RARY sº º * Lºs RARY sº º )))ºn tº tºº. O) º, tºº sº. . /
º º, L. J s ºº

A-
º r~, - -*. Ll sºº º, […] º 4.tºo c.º.

º º, sº ** {_ wºº "I■ u
--> º […] º, RARY S L. J º, º 4–2 º [T] *. KARY s L.*

5. *o sº S. » -| º
- º

º º {- |
- &

- + º º

* - º Aºº■ G 1-l º, [] ■ C I/(' ”, º Aºvº º in º | || s - , , , º,* * * ~7.
c º→

-º - -42 & * y

S. & "Yº ■ ºn, in a
º

Sº {}
- -

% S- * */ S’
-

º
º tºpºn■ º º, º Jºco º12 º/º

º ºg
º,

-

* , ºo, gº º º, º 'º. * . . .

| º, O/), º […] tº B RARY s Lºl º, O/) , [T º, Li B Fºx & 9
-

--

ºCze -- cº C. _* > ry F-r
-C. o - -

C ■ ºlº AQ■ vº Q T %. [...] º * I■ º º, T n sº º wº *: I T. º, º
L. | sº

ºy=º *z, * ** a ~ º, sº * --> ~, 72. sº
. . . . . . .” º/º 2.S.

- - ** ** }}}}//? / / /*T "… . ºº § ". - sº, Cº. fººd sº, 0.05/01/2-■ / ?// \- sº º, ... },N a
º * -

A- sº
- -

.* - - º,

ARY ºf jº, O■ ) sº ---. Library ºr ■ º. On sº, º, .
I 9 *. […] º

-

[- ºo | | º L. º, - sº ■ º º,
- Sº “Tº * - sº ºvºgº º sº º/C ■ º ºvºi.*

sº Q. * sº 29.21/?? / *... sº & *... s. º ---,º, cºncº■ o sº,
* // sº º cyºn incº º, º/º

º sº *. & "3, S- "1- *O Tº y «. f º O J &c. a *
º, L■ B RARY º º, tº 72– º %, LIBRARY spºº, )/

*

4–
tº 0 sº […]” _º - ---

O 2 •o t~ S. -- º >
- - -

sign”. L. sº * I■ o º, […] sº Aºvº. 3 in º [...] º º ■ º º {,

*

º ** > ºy, º- c- (
- -- -*4. sº º º

-
~, */ sº L/C. * *4”9 ºncº, º º■ º | Sº , ºwºf a {{■ º

- * * .* º "If? I wº ºn f

-

º º sº °, A-" sº a* CX-7/1//ºld ■ ºut sº º,
º

// > sº ■ º Li BRARY ºt º, O) ! sº lif RAR's sº, lº
C J º --- ‘o [T] º

- wº |--
* *2. & °o > * S. _º

-
>

º | *
-

| | º |
-

| |
- ºº AQ: Vºig in °, s (■ C * sº Aºivºj B n º, s

*
u■ C ºsº º, sºº º, * ---, º, sº

º ºf º %. V.,..., 7 *.S. 2001/ny ■ º * *
O -

----- A- **º
-

º sº

º- O/ l º sº ** º º -º, º sº […] ”. Li BRARY sº º, t
77– º [T] ”. Li B ■ º ºn

º Qe sº ºo &º L.
O º --- "…

- - - -*.O º > * * r -C º -A * - - -* L-J & sºlº - * [ _ º Q | º
-

- º
º º'-'º ºvugin º. º■ C ºr 's sºvº an º,
º º, sº º, sº

e
%, sº * sº, -- º ~ //

- * : *** º cºlº■ ?
* º, sº C■ .

*
*z, * ºf ■ º "… Sº

- *º, º º■ º | Sºnº º º
- 3. - .* *

ARY }/) is
* º [ºn º i

-
& º

[...]” O), tºtº ºt. &
() º - * ~ *

&
- C C. A º
º > º - º --- > º - -| º C. | * ~ -

|
* * º [ º * : * ~ +. º, c-- /, 7 ( ■

- - ** -

- Sº c (/(' º * A ºn º | º l■ º ". . . sºvº º in
* * ->

-

º Sº

º :) º
tº º sº

-

º ~,

AS' º
_

%, sº nº ■ º. 42 & sº :* , , , , " ... ºnº ***, * * * * º U. º, '''''{ . 2. * * * * * * * * * * *, * * > 0 º'º, º/* , , º' .
º, CY4, Jºo º 4 º ºf º s & CYº/? //º º 44, ºf \

º * %. º, *- ~~Jº * - a * * A- ‘Y
tºº, L13 RARY & º, y) gº º, Li ■ º RARY Sº, , º, )ºn tº Lº Q tº * L.

º 1, *

* *

•

º
º º, -S *

*
*} *

Sº º --a sº 'o | t ºº * C o
- * -

ºf I º [] º º(C º I T is ºvº all º, s º(
y º

A■ ºo º Aº, 7- º, sº ºut■ º S º, sº o 'º º, sº ºn-
* .

- º se * ---. sº-> ** e- * - - * , º -º º – - “. ". . . .

ºs---
º * , cº/Jº■ ., ■ º is a

-

º º■ ºvo
-- - - º *-

- -º cº º sº º o 2 * * * tºº & C, º 6. / O O -, * *

f
º […] º, 1. 3 RAR Y S’ L ºr- º, 4. s T- º, 1 : 5 RA ■ º Y sº | 4.

*
|

- - * * - :

!. | 3.
-

•o º
-

º […] J’ ---- º, - r º *--> * -

- - -
. S. --> * * * º, | & c- 2-y º, ---- S * * º L l &’

**-

º A ºvel 3 in º. º (■ º, º Aºvº G 17 º, -- s * º
Sº /º º sº ºy ** * * º sº ~, º, º * *º , , , ºf , ; ; ; ; ; / , , , , , º, º, & i. -* - ^ Sº ~ *d, *z, * , /º...º. o AS 4 º






