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Transcription factor GATA6 is expressed in the fetal and adult adrenal cortex and has been impli-
cated in steroidogenesis. To characterize the role of transcription factor GATA6 in adrenocortical
development and function, we generated mice in which Gata6 was conditionally deleted using
Cre-LoxP recombination with Sf1-cre. The adrenal glands of adult Gata6 conditional knockout
(cKO) mice were small and had a thin cortex. Cytomegalic changes were evident in fetal and adult
cKO adrenal glands, and chromaffin cells were ectopically located at the periphery of the glands.
Corticosterone secretion in response to exogenous ACTH was blunted in cKO mice. Spindle-shaped
cells expressing Gata4, a marker of gonadal stroma, accumulated in the adrenal subcapsule of
Gata6 cKO mice. RNA analysis demonstrated the concomitant upregulation of other gonadal-like
markers, including Amhr2, in the cKO adrenal glands, suggesting that GATA6 inhibits the spon-
taneous differentiation of adrenocortical stem/progenitor cells into gonadal-like cells. Lhcgr and
Cyp17 were overexpressed in the adrenal glands of gonadectomized cKO vs control mice, implying
that GATA6 also limits sex steroidogenic cell differentiation in response to the hormonal changes
that accompany gonadectomy. Nulliparous female and orchiectomized male Gata6 cKO mice
lacked an adrenal X-zone. Microarray hybridization identified Pik3c2g as a novel X-zone marker
that is downregulated in the adrenal glands of these mice. Our findings offer genetic proof that
GATA6 regulates the differentiation of steroidogenic progenitors into adrenocortical cells.
(Endocrinology 154: 1754–1767, 2013)

Adrenocortical cells arise from a specialized region of
coelomic epithelium, the adrenogonadal primor-

dium, that also gives rise to gonadal steroidogenic cells
(1–3). The adrenal anlagen form when adrenocortical pro-
genitors in the adrenogonadal primordium delaminate
from the epithelium, invade underlying mesenchyme, and
associate with neural crest-derived precursors of adrenal
medulla (3). The fetal adrenal cortex in humans consists of
a large inner zone, known as the fetal zone, and a thin outer
rim of immature cells termed the definitive zone (4). The
fetal zone produces adrenal androgens, which the placenta

converts to estrogens that maintain pregnancy (4). After
birth, the fetal zone atrophies, and the definitive zone par-
titions into functionally distinct layers: the zona glomeru-
losa (zG), zona fasciculata (zF), and zona reticularis (zR),
which produce mineralocorticoids, glucocorticoids, and
adrenal androgens, respectively (4). In the mouse adrenal
gland, the zG and zF are well defined, but the zR is difficult
to discern (5). The postnatal mouse adrenal cortex con-
tains an additional layer, the X-zone, which develops ad-
jacent to the adrenal medulla. The X-zone is derived from
the fetal zone (4, 6, 7) and disappears at puberty in males
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and during the first pregnancy in females (5). Cyp17, a
gene required for the synthesis of sex steroids and cortisol,
is expressed in the mouse fetal adrenal but is normally
absent from the adrenals of postnatal mice (8); conse-
quently, the mouse adrenal does not produce androgens
and secretes corticosterone as its major glucocorticoid.

The definitive adrenal cortex is a dynamic organ in
which steroidogenic cells undergo constant turnover.
Stem/progenitor cells in the adrenal capsule and subcap-
sule differentiate and centripetally repopulate the cortex
(1). Lineage tracing studies suggest that these stem/pro-
genitor cells originate from the fetal cortex and capsule
(1–3). The proliferation, differentiation, and survival of
adrenocortical stem cells and their progeny are influenced
by a diverse array of extracellular signaling molecules,
including ACTH, angiotensin-II, insulin-related growth
factors, sonic hedgehog, and Wnt proteins (3, 9–11). En-
docrine and paracrine factors traditionally associated
with the function of gonadal steroidogenic cells, such as
LH, activins, and inhibins, also influence the differentia-
tion of adrenocortical cells (9, 12).

Several transcription factors have been shown to be
critical for adrenocortical homeostasis. The prototype of
these transcriptional regulators is steroidogenic factor 1
(SF1, Nr5a1), which is expressed in the fetal and adult
adrenal cortex and serves to promote cell growth, limit
apoptosis, and activate genes involved in steroidogenesis
(13–16). The activity of SF1 is modulated by Dax1
(Nr0b1), an X-linked gene that encodes a repressor of
steroidogenic gene expression (17). In response to ACTH,
SF1-positive subcapsular progenitors down-regulate
Dax1 and differentiate into adrenocorticoid-producing
cells. DAX1 deficiency in humans and mice leads to ex-
cessive differentiation of subcapsular progenitors and
eventual depletion of the stem/progenitor cell compart-
ment (18, 19).

Another transcription factor implicated in adrenocor-
tical development is GATA6 (20), which is expressed in
both the fetal and adult cortex (21–24). GATA6 acts in
synergy with SF1 and other transcription factors to en-
hance the expression of genes involved in adrenal steroid
biosynthesis (20, 23). In humans, GATA6 is hypothesized
to regulate the production of adrenal androgens and pos-
sibly glucocorticoids (22, 23). Promoter studies have iden-
tified several putative target genes for GATA6 in adrenal
cortex, including the steroid biosynthetic genes CYP11A1
(22), CYP17A1 (22, 25), HSD3B2 (26), CYB5 (27), and
SULT2A1 (22, 23, 28).

Although considerable circumstantial evidence impli-
cates GATA6 in adrenal steroidogenesis, genetic proof
that GATA6 is required for adrenocortical homeostasis is
lacking. Heterozygous loss-of-function mutations in hu-

man GATA6 have been linked to pancreatic agenesis, car-
diac malformations, and biliary tract abnormalities but
not primary adrenocortical defects (29–31). Gata6-null
mice die early in gestation (32, 33), so the role of this
transcription factor in adrenal function cannot be ascer-
tained from these animals. Here, we examine the impact of
GATA6 deficiency on adrenal gland development and
physiology by conditionally deleting Gata6 in murine ad-
renocortical cells using Cre-LoxP recombination with
Sf1-cre.

Materials and Methods

Experimental mice and surgery
Procedures involving mice were approved by the institutional

committee for laboratory animal care and were conducted in
accordance with the NRC’s publication Guide for Care and Use
of Laboratory Animals. Gata6F/F mice (Gata6tm2.1Sad/J) and
Sf1-cre mice [FVB-Tg(Nr5a1-cre)2Lowl/J] were obtained from
The Jackson Laboratory and genotyped as described (34, 35).
Gata6F/F mice were mated with Sf1-cre mice, and the resultant
Gata6F/�;Sf1-cre mice were mated with Gata6F/F mice to pro-
duce Gata6F/F;Sf1-cre mice. Weanling mice were gonadecto-
mized as described (36).

Histological analyses
Tissues were fixed overnight in 4% paraformaldehyde in PBS,

Bouin’s solution, or Müller’s fixative (37). Paraffin-embedded
tissue sections were stained with hematoxylin and eosin (H&E)
or Masson’s trichrome. For morphometric evaluation of cortical
area (38), the right adrenal glands from 3 control or mutant mice
were fixed in paraformaldehyde, and paraffin sections (5 �m)
were prepared from the whole organ. Every 10th section was
stained with H&E and digitally photographed at �50 magnifi-
cation. The cortical area (zG � zF) of 5 axial sections from each
adrenal was measured using ImageJ. Oil-Red-O staining was
performed as described (39).

Electron microscopy
Anesthetized mice were perfused with modified Karnovsky’s

fixative. Adrenal glands were postfixed with 2% OsO4 and em-
bedded in epon. Semi-thin sections (1 �m) were stained with
toluidine blue. Thin sections were stained with uranyl acetate
and lead citrate and examined by transmission electron micros-
copy (EM) (40).

Immunostaining
Immunoperoxidase staining was performed as described (41,

42). The primary antibodies were goat anti-GATA4 (sc-1237,
1:200; Santa Cruz Biotechnology, Santa Cruz, California), rab-
bit anti-proliferating cell nuclear antigen (sc-7907, 1:200), goat
anti-activated caspase-3 (sc-1225, 1:200), goat anti-GATA6
(AF1700 1:100; R&D Systems, Minneapolis, Minnesota), and
rabbit anti-tyrosine hydroxylase (TH) (AB152, 1:500; Chemi-
con, Temecula, California). Secondary antibodies were donkey
antigoat biotinylated IgG (1:1000; Jackson Immunoresearch,
West Grove, Pennsylvania) and goat antirabbit biotinylated IgG
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(NEF-813, 1:2000; NEN Life Science, Boston, Massachusetts).
The avidin-biotin immunoperoxidase system (Vectastain Elite
ABC Kit; Vector Laboratories, Burlingame, California) and di-
aminobenzidine were used to visualize bound antibody. A Cy3-
conjugated goat antirabbit secondary antibody (1:800; Jackson
Immunoresearch)wasused for immunofluorescencemicroscopy, and
slides were mounted with 4�,6-diamidino-2-phenylindole mounting
media (Vector Laboratories). Fluorescent staining of endogenous bi-
otin using fluorescein isothiocyanate (FITC)-streptavidin was per-
formed as described (43).

Assessment of adrenal and reproductive function
For plasma corticosterone and ACTH measurements,

8-week-old mice were decapitated at 8:00 to 9:00 AM with min-
imum handling, and trunk blood was collected in EDTA (44).
Restraint stress experiments were performed as described (44).
For the ACTH stimulation tests, the hypothalamic-pituitary-ad-
renal (HPA) axis was suppressed by sc injection of 5 mg/kg dexa-
methasone in sesame oil at 6:00 PM 1 day before and at 8:00 AM

on the day of testing (45). Mice were then anesthetized with
1%–2% isoflurane in 50% oxygen/50% nitrogen, and an ex-
ternal jugular venous catheter was placed to facilitate serial
blood sampling. At 9:00 to 10:00 AM, 1 mg/kg ACTH1–24

(Bachem, Torrance, California) was injected ip, and 40-�L blood
samples were collected at varying times after ACTH injection for
corticosterone measurements (45).

To assess the impact of HPA axis suppression on adrenocor-
tical apoptosis, mice were injected with 5 mg/kg dexamethasone
every 12 hours for 4 days (46). Adrenal glands were harvested the
following morning and immunostained for activated caspase-3.

Steroid hormone measurements were made using commercial
kits [estrone sulfate ELISA kit from Endocrine Technologies,
Newark, California; testosterone, 17�-OH-progesterone, corti-
costerone, and cortisol RIA kits from Siemens Healthcare Diag-
nostics (Erlangen, Germany); and ACTH RIA kit from MP Bio-
medicals (Santa Ana, California)]. Whole adrenal aldosterone
measurements were performed as described (47). Na� measure-
ments were made on heparinized blood using a Radiometer
ABL90 Flex blood gas analyzer. Plasma norepinephrine was
measured with a single isotope derivative method (48).

Fertility was evaluated by housing male and female mice with
wild-type C57BL/6 mice and measuring litter sizes (49). Sperm
motility was evaluated as described (50).

Quantitative RT-PCR
Total RNA was isolated and subjected to quantitative RT-

PCR (qRT-PCR) analysis as described (51). Expression was
normalized to the housekeeping genes Actb and Gapdh.
Primer pairs are listed in Supplemental Table 1 (published on
The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org).

Microarray analysis
RNA was isolated from whole adrenal glands using the

RNeasy Mini Kit (QIAGEN, Valencia, California), amplified
using the TotalPrep RNA amplification kit (Illumina, San Diego,
California), and hybridized on an Illumina Mouse6v2 oligonu-
cleotide array. Hybridization was performed by the GTAC Mi-
croarray Core facility according to standard protocols. Results
have been deposited at the GEO database (GSE40398).

Laser microdissection
Adrenal cryosections (10 �m) were collected on PEN-Mem-

brane slides (2.0 �m; Leica Microsystems, Wetzlar, Germany).
Tissue sections were fixed in ethanol (1 minute at �20°C),
stained with Gram’s crystal violet, and dehydrated by passage
through successively higher concentrations of ethanol followed
by xylene. Laser microdissection (LMD) was performed using a
Leica LMD6000 microscope. Dissectates were collected in RNA
extraction buffer (RNeasy Mini Kit) for qRT-PCR analysis.

In situ hybridization
Digoxigenin-labeled riboprobes were prepared as described

(52). In situ hybridization was performed on paraformaldehyde-
fixed, paraffin-embedded sections (53).

Statistical methods
The Student’s t test (two-tailed) was used for statistical anal-

ysis, and significance was set at P � .05.

Results

Conditional deletion of Gata6 in SF1-positive cells
results in mice that are viable and fertile

The 129.B6 mice bearing a floxed allele of Gata6
(Gata6F) (34) were crossed with FVB mice harboring an
Sf1-cre transgene (35). Studies have shown that Cre-me-
diated recombination converts Gata6F into a null allele
(54, 55). As demonstrated by Rosa26 reporter analysis
(http://cre.jax.org/Nr5a1/Nr5a1-creNano.html), Sf1-cre
is expressed in both the fetal and adult adrenal cortex;
extra-adrenal sites of Sf1-cre expression include gonadal
somatic cells, hypothalamus, and pituitary. Intercrosses of
Gata6F/F and Gata6F/�;Sf1-cre mice yielded Gata6F/F;Sf1-
cre mice, hereafter referred to as Gata6 conditional knock-
out (cKO) mice, in the expected Mendelian ratio (42 cKO
of 173 total � 1:4) and the expected sex ratio (21 male and
21 female � 1:1). Gata6F/F or Gata6F/�;Sf1-cre mice were
used as controls for the analyses described below; neither
of these strains had an abnormal phenotype.

Immunohistochemistry and RNA analyses docu-
mented the reduced expression of Gata6 in the adrenal
glands of cKO mice. Consistent with published reports (1,
21, 56), nuclear GATA6 immunoreactivity was observed
in capsular, subcapsular, and scattered vascular cells in the
adrenal cortex of adult control mice (Figure 1A). In cKO
mice, there was decreased GATA6 immunostaining in
subcapsular cells, where Sf1-cre is active (3, 57), but per-
sistent GATA6 immunostaining in capsular and vascular
cells, where Sf1-cre is inactive (Figure 1B). In situ hybrid-
ization confirmed that Gata6 mRNA was markedly re-
duced in the adrenal subcapsule of adult cKO mice com-
pared with controls (Figure 1, C and D). qRT-PCR
analysis of adrenal glands from female mice of varying
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ages [embryonic day 17.5 (E17.5), postnatal days 10 and 21
(P10 and P21), and adult] showed that Gata6 mRNA, nor-
malized to �-actin mRNA, was significantly reduced in the
mutant adrenals at all ages examined (Figure 1E). Similarly,
qRT-PCR analysis of whole adrenal gland RNA demon-
strated that Gata6 mRNA was lower in 1-month-old cKO
male mice than in age-matched controls (0.02 � 0.01 vs
0.14 � 0.06, respectively; n � 4 per group; P � .05).

Gata6 cKO mice were viable and appeared healthy.
The growth curves of cKO and control mice were indis-
tinguishable (Figure 1, F and G). Although Gata6 is ex-
pressed in gonadal somatic cells (20, 58, 59) and Gata6
mRNA levels were lower in the ovaries and testes of cKO
mice than in age-matched controls (Supplemental Figure
1, A and B), cKO mice had no obvious reproductive phe-

notype. At 3 months of age, ovarian
mass (Supplemental Figure 2A),
plasma estrone sulfate levels (Sup-
plemental Figure 2B), testicular mass
(Supplemental Figure 2C), sperm
motility (Supplemental Figure 2, D
and E), plasma testosterone levels
(Supplemental Figure 2F), and sem-
inal vesicle mass (a proxy for circu-
lating testosterone; Supplemental
Figure 2G) were similar in cKO and
control mice. When mated with
wild-type mice, both female and
male cKO mice produced viable
pups at rates similar to control mice
(Supplemental Figure 2, H and I).
Gonadal histology appeared normal
in the cKO mice (data not shown).
The absence of a reproductive phe-
notype suggests that pituitary go-
nadotrope function is intact in cKO
mice, which is relevant to interpre-
tation of the adrenocortical pheno-
type described below.

Adrenal glands of Gata6 cKO
mice are small and have a thin
cortex with cytomegalic
changes

Although gonadal development
appeared unperturbed in the Gata6
cKO mice, adrenal development was
grossly abnormal. At 3 months of
age, adrenal gland mass was signifi-
cantly decreased in cKO mice com-
pared with controls (Figure 1H).
This decrease, which was replicated
in cKO males, virgin females, and

parous females, was attributable to cortical thinning (Sup-
plemental Figure 3). A reduction in adrenal mass was also
evident at 1 month of age in cKO males (1.8 � 0.0 vs 0.8 �
0.03 mg, P � .05) and females (2.0 � 0.25 vs 0.9 � 0.19
mg, P � .05). At E17.5, however, there was no discernible
difference in adrenal gland size between cKO and control
mice (Figure 2, C and D and data not shown). Theoreti-
cally, the reduced size of the adrenal glands in Gata6 cKO
could result from decreased cell proliferation; however,
adult cKO and control female adrenals showed no differ-
ences in immunostaining for the proliferation marker pro-
liferating cell nuclear antigen (data not shown).

Light microscopy (Figures 2, A and B, and 3, A and B)
and EM (Figure 3, C and D, and Supplemental Figure 4, A

Figure 1. Conditional mutagenesis of Gata6 in SF1-positive cells results in mice that grow
normally but have small adrenal glands. A and B, Adrenal glands from 3-month-old control (A,
Ctrl) or cKO (B) parous female mice were subjected to GATA6 immunoperoxidase staining and
then counterstained with toluidine blue. In control mice, nuclear GATA6 immunoreactivity was
evident in capsular cells, subcapsular cells, and scattered endothelial cells. In cKO mice, there was
reduced GATA6 immunoreactivity in subcapsular cells, where Sf1-cre is known to be active, but
persistent GATA6 staining in capsular cells (arrowhead) and endothelial cells, where Sf1-cre is
inactive. The arrow highlights ectopic medulla cells. Scale bars, 30 �m. Adrenal glands from 2-
month-old control (C) or cKO (D) virgin female mice were subjected to in situ hybridization using
a digoxigenin-labeled Gata6 antisense riboprobe and alkaline phosphatase-conjugated
antidigoxigenin antibody Fab fragments, followed by counterstaining with nuclear fast red. Note
the reduced levels of GATA6 mRNA in subcapsular cells of the cKO adrenals. Scale bars, 30 �m.
E, qRT-PCR analysis of Gata6 mRNA in whole adrenal glands from control and cKO female mice
at varying ages. Results were normalized to �-actin mRNA (*P � .05, n � 3–4 per group).
Similar results were obtained when results were normalized to Gapdh mRNA (data not shown). F,
Growth curves for control and cKO male mice. G, Growth curves for control and cKO virgin
female mice. H, Average adrenal masses of 3-month-old male, virgin female, and parous female
mice (*P � .05, n � 3 per group). The inset shows the gross morphology of adrenal glands from
3-month-old control (left) and cKO (right) male mice.
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and B) showed that differentiated steroidogenic cells
were present in the zG and zF of adult Gata6 cKO mice,
but the adrenocortical architecture was abnormal. The
fascicular arrangement of zF spongiocytes was dis-
rupted, and cytomegalic changes were evident (Figure 2,
A and B). Cytomegaly, a hallmark of adrenal dysfunc-
tion associated with Dax1 deficiency (17, 18, 60) and
other genetic disorders (61– 66), is thought to be a com-
pensatory response to a reduced number of cortical cells
or to progenitor cell exhaustion (19). Cytomegalic
changes were also seen in E17.5 Gata6 cKO adrenals
(Figure 2, E and F, and Supplemental Figure 5), imply-
ing that deletion of Gata6 in SF1-positive cells impacts
both fetal and postnatal adrenocortical development.
The finding of cytomegaly in the fetal adrenal excludes
the possibility that the phenotype is secondary to an
HPA axis defect, because although Sf1-cre is expressed
in the hypothalamus/pituitary, pituitary secretion of
ACTH and other proopiomelanocortin derivatives is
not required for prenatal adrenocortical development in
the mouse (66, 67).

Oil-Red-O staining, which in steroid-producing tis-
sues detects primarily cholesteryl esters, was increased
in the zF of Gata6 cKO mice (Supplemental Figure 4,
C–F). Increased Oil-Red-O staining of zF cells has been

reported in mice with impaired steroidogenesis
(39, 68, 69).

Ectopic chromaffin cells in the adrenal glands of
Gata6 cKO mice

Adrenocortical dysplasia in the Gata6 cKO mice was ac-
companied by disorganization of the adrenal medulla. In
adult cKO mice, ectopic islands of chromaffin cells were ev-
ident in the periphery of the adrenal glands, as highlighted by
immunostaining for TH (Figure 2, G–J) and by Müller’s
chromaffin stain (Figure 2, K and L). In some regions of the
cKO adrenals, finger-like projections of chromaffin cells ex-
tended to capsule. Ectopic chromaffin cells were observed in
cKO mice between the ages of 1 and 6 months. Misplaced
chromaffin cells also were evident in the adrenals of E17.5
cKO mice (Supplemental Figure 5), reinforcing the premise
thatablationofGata6 inSF1-positivecells impactsbothfetal
and postnatal adrenal development. Although chromaffin
cells were ectopically located in the cKO mice, qRT-PCR
analysis showed that TH mRNA levels, normalized to �-ac-
tin, were similar in adrenal glands of cKO and control mice
(0.32 � 0.9 and 0.30 � 0.8, respectively, n � 4 per group).
Plasma norepinephrine levels were comparable in cKO and
control mice (1.36 � 0.36 and 1.40 � 0.25 ng/mL, respec-
tively, n � 5 per group).

Figure 2. Adrenocortical cytomegaly and ectopic chromaffin cells in Gata6 cKO mice. A and B, Toluidine blue-stained semi-thin (1 �m) sections
of adrenal glands from 2-month-old control (Ctrl) and cKO female mice, respectively. zF spongiocytes were larger in cKO than in control adrenal
glands, and the fascicular arrangement of spongiocytes was disordered. C and D, Gross morphology of adrenal glands (circled) from female E17.5
control and cKO mice, respectively. E and F, H&E-stained adrenal glands from female E17.5 control (E) and cKO (F) mice. Note the cytomegalic
changes (large cells with large nuclei and prominent nucleoli) in the fetal adrenal cortex of the cKO mice. G–J, TH immunoperoxidase staining of
3-month-old male control (G and I) and cKO (H and J) adrenal glands. Note the ectopic islands and finger-like projections of immunoreactive
chromaffin cells in the mutant adrenal glands (J, arrowhead). K and L, Chromaffin staining of 1.5-month-old virgin control (K) and cKO (L) adrenal
glands using Müller’s reagent. The arrowhead highlights a cluster of ectopic medullary cells in the cKO adrenal. Scale bars, 2 �m (A and B), 0.5
mm (C and D), 10 �m (E and F), 200 �m (G and H), 50 �m (I and J), and 100 �m (K and L). m, medulla.
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Accumulation of dysplastic cells in the adrenal
subcapsule of Gata6 cKO mice and concomitant
upregulation of gonadal-like markers

The adrenal capsule of Gata6 cKO mice appeared
thicker than that of controls (Figure 3, A–H), which could
reflect decreased stretching of the capsule by the smaller
cortex. Additionally, the cKO adrenals had an expanded
subcapsular cell compartment. Adrenal subcapsular cell
hyperplasia is a common finding in aged mice (70) and in
certain inbred strains after gonadectomy (9) but is uncom-
mon in nongonadectomized young mice. Subcapsular cell
hyperplasia was consistently observed in nongonadecto-
mized male and female cKO mice as young as 1 month of
age. The hyperplastic subcapsular cells (Figure 3D, arrow-
heads) had the morphologic features of type A cells (9),
nonsteroidogenic cells that accumulate in the subcapsular
region of gonadectomized mice and resemble the gonadal
stroma of postmenopausal ovaries (71). Type A cells are
spindle-shaped, basophilic cells that stain with anti-
GATA4 and contain few lipid droplets (Figure 3, D, F, H,
and J) (9, 72). FITC-streptavidin, which labels endoge-
nous biotin in steroidogenic and presteroidogenic cells,
does not stain type A cells (Figure 3, I and J) (43). The
accumulation of spindle-shaped, basophilic, GATA4-pos-
itive cells in the adrenal subcapsule has been reported in
other genetically engineered mice (46, 73, 74) and is hy-
pothesized to reflect a block in adrenocortical cell differ-
entiation. Weak GATA4 immunoreactivity was also seen
in some zF spongioblasts (Figure 3, G and H) and in a
subset of subcapsular cells that colabeled with FITC-
streptavidin, surmised to be cells with steroidogenic po-
tential (Figure 3J).

qRT-PCR confirmed that Gata4 mRNA levels were
significantly greater in the adrenal glands of 1-month-old
female cKO mice than in age-matched control mice (Sup-
plemental Figure 6). Other gonadal-like transcripts sig-
nificantly upregulated in the cKO adrenals included the
type A cell marker Amhr2 (36, 75), the subunits of activin
and inhibin (Inha, Inhba, and Inhbb), and forkhead tran-
scription factor Fkhl18 (Foxs1) (76). Tcf21 (Pod1/capsu-
lin/epicardin), a transcription factor expressed in adrenal
capsule (77) and gonadal somatic cells (78) where it serves
to repress SF1, was upregulated, too. There was signifi-
cantly reduced expression of the zG differentiation marker
Cyp11b2 in the cKO adrenals and a trend toward reduced
expression of two zF differentiation markers (Cyp11b1
and Cyp21a1), although the changes in the latter 2 mark-
ers did not reach statistical significance. There was no
significant change in the expression of Star, Cyp11a1, Sf1,
or Dax1, pansteroidogenic genes required for steroid bio-
synthesis in both adrenocortical and gonadal cells. Other
genes implicated in adrenocortical function that showed

Figure 3. Capsular and subcapsular changes in the adrenal glands in Gata6
cKO mice. A and B, Semi-thin sections of adrenal gland from 2-month-old
control (A) and cKO (B) virgin female mice. Note the thickened capsule in the
mutant adrenal gland (yellow arrow). C and D, EM of adrenal glands from
2-month-old control (C) and cKO (D) virgin female mice. Note the
accumulation of type A cells (arrowheads) beneath the capsule. E and F, H&E-
stained control (G) and cKO (H) adrenal glands from 3-month-old parous
female mice. Note the thickened capsule and the accumulation of basophilic
type A cells in the subcapsule (arrowheads). G and H, GATA4 immuno-
peroxidase staining of adrenal glands from 3-month-old control (G) and cKO
(H) parous female mice. Note the intense nuclear immunoreactivity in the
subcapsule of the cKO adrenal gland. GATA4 immunoreactivity was also
evident in some zF cells of the cKO mice. I and J, Adrenal glands from 2-
month-old control (I) and cKO (J) virgin female mice stained with FITC-
steptavidin and anti-GATA4 (Cy3-labeled secondary antibody). Dashed lines
indicate the surface of the capsule. FITC-streptavidin labels steroidogenic and
presteroidogenic adrenocortical cells (43). Nonsteroidogenic type A cells
exhibit nuclear GATA4 immunoreactivity but do not stain with streptavidin (J,
arrowheads). *, Note the rare subcapsular cells that stain with both
streptavidin and anti-GATA4 (J) and are surmised to have steroidogenic
potential. Abbreviations: c, capsule cell; cl, capillary lumen. Scale bars, 10 �m
(A, B, and E–H), 2 �m (C and D), and 30 �m (I and J).
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no change in expression included the following: Pbx1, a
transcription factor gene that regulates adrenal growth
(79, 80), Pref1 (Dlk1/FA1/PG2/ZOG), a gene that is ex-
pressed in the subcapsule (81, 82) and is hypothesized to
regulate stem/progenitor cells (2), and Mcm4, a chromo-
some maintenance gene (73, 83).

Functional consequences of Gata6 deletion in
adrenocortical cells

Basal and stress-induced corticosterone levels appeared
lower in 2-month-old cKO than in control mice, but these
results did not reach statistical significance (Figure 4A).
Basal ACTH levels were indistinguishable in Gata6 cKO
and control mice (Figure 4B). Serum aldosterone levels
(Figure 4C) and whole adrenal aldosterone content (Fig-
ure 4D) were significantly reduced in cKO mice compared
with controls, although no differences in blood sodium
levels (Figure 4E) were detected. ACTH1–24-induced cor-
ticosterone secretion after overnight dexamethasone sup-
pression of the HPA axis, a sensitive measure of adrenal
steroidogenic capacity (45), was significantly reduced in
the cKO mice (Figure 4F).

Inner cortical cells of the mouse adrenal normally un-
dergo apoptosis in response to prolonged dexamethasone
suppression of the HPA axis. Interestingly, cortical cells of

cKO mice were resistant to dexamethasone-induced apo-
ptosis (Figure 4, G–K), a phenotype previously reported in
older wild-type rats (84) and in a mouse model of Carney
complex characterized by ectopic adrenocortical expres-
sion of Cyp17 and circulating cortisol (46). At 3 months
of age, Gata6 cKO mice had plasma 17�-OH-progester-
one and cortisol levels below the limit of detection (�0.1
ng/mL and �2 �g/dL, respectively, n � 5 per group).

Absence of an X-zone in the adrenal glands of
Gata6 cKO mice

The adrenal X-zone first appears at 2 weeks of age as
clusters of eosinophilic cells at the corticomedullary junc-
tion. In males, the X-zone soon ceases to grow and dis-
appears by the onset of puberty (85). In females, the X-
zone continues to enlarge until 5 weeks of age, eventually
undergoing fatty degeneration in older, nulliparous fe-
males (85). During the first pregnancy, the X-zone rapidly
involutes (85). Growth of the X-zone is enhanced by LH,
whereas apoptosis of this zone is triggered by activin (86,
87). Orchiectomy of weanling male mice induces a sec-
ondary X-zone (88).

Light microscopy showed that young virgin female
cKO mice lacked an X-zone (Figure 5, A and B). More-
over, there was no evidence of adipocyte accumulation at

Figure 4. Assessment of adrenocortical function in Gata6 cKO mice. A, Morning plasma corticosterone levels under basal conditions and after 30
minutes of restraint-induced stress in 8-week-old female control and cKO mice (n � 4–6 per group). B, Morning plasma ACTH levels in 8-week-
old male control and cKO mice (n � 4–14 per group). C, Serum aldosterone levels in 8-week-old female control and cKO mice (*P � .05, n � 6–7
per group). D, Aldosterone content in whole adrenal glands from 8-week-old male control and cKO mice. E, Blood Na� concentration in 8-week-
old male control and cKO mice (n � 10 per group). F, Plasma corticosterone levels in 8-week-old male control and cKO mice after overnight
dexamethasone suppression and administration of ACTH1–24 at time 0 (*P � .05, n � 3 per group). G–J, Immunoperoxidase staining for cleaved
caspase-3 (Casp-3), a marker of apoptosis, in the inner cortical cells of 5-month-old female control (G and I) and cKO (H and J) treated with vehicle
alone (G and H) or dexamethasone (I and J) for 4 days. K, Quantification of apoptotic cells (Casp-3 positive) in the adrenal cortex of untreated or
dexamethasone (Dex)-treated mice of both genotypes (*P � .05, n � 6 per group).
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the corticomedullary junction suggestive of fatty degen-
eration of a preexisting X-zone (Supplemental Figure 7, A
and B). EM of the juxtamedullary region of control virgin
female mice demonstrated cells with the hallmarks of the
X-zone, including dense cytoplasm, abundant smooth en-
doplasmic reticulum (ER), and peculiar mitochondrial
complexes consisting of flattened mitochondria alternat-
ing with ER cisternae (Figure 5, C and E) (85). In contrast,
the adrenal glands of age-matched virgin female cKO mice
lacked EM evidence of X-zone cells. Instead, cells with
ultrastructural features of zR (85), such as electron-lucent
lipid droplets and numerous ellipsoidal mitochondria,
abutted the medulla (Figure 5, D and F). Orchiectomy
induced a secondary X-zone in control mice (Figure 5, G
and I) but not in cKO mice (Figure 5, H and J). Consistent
with the morphologic findings, qRT-PCR analysis showed
significantly decreased expression of the X-zone marker
Akr1c18, which encodes 20�-hydroxysteroid dehydroge-
nase (89), in nulliparous female and orchiectomized male
cKO mice (Supplemental Figure 7C).

Overexpression of sex steroidogenic
differentiation markers in the adrenal glands of
gonadectomized Gata6 cKO mice

In genetically susceptible strains of mice, the hormonal
changes associated with gonadectomy can elicit subcap-
sular accumulation of not only nonsteroidogenic type A
cells but also sex steroidogenic type B cells (9). When
Gata6 cKO and control mice were orchiectomized to
monitor secondary X-zone formation, we observed ex-
pansion of the adrenal subcapsular cell compartment in
cKO compared with control animals (Figure 5, G and H).
Similarly, ovariectomy induced pronounced subcapsular
cell hyperplasia in the adrenal glands of cKO vs control
mice (Figure 6, A and B). GATA4 immunostaining dem-
onstrated large, wedge-shaped lesions of gonadal-like cells
in the cKO adrenal glands (Figure 6D). Only small col-
lections of GATA4 immunoreactive cells were seen in con-
trol adrenals (Figure 6C). qRT-PCR analysis of orchiec-
tomized and ovariectomized mice showed that type A
(Amhr2 and Gata4) and type B (Cyp17 and Lhcgr) dif-
ferentiation markers were significantly overexpressed in
adrenal glands from cKO vs control mice (Figure 6, E and
F). Gli1, a gene normally expressed in the inner capsule
(3), also was overexpressed in the adrenal glands of gon-
adectomized cKO mice (Figure 6, E and F). Additionally,
Tcf21 was overexpressed in the adrenal glands of gonad-
ectomized cKO mice (Figure 6, E and F), and in situ hy-
bridization showed that Tcf21 mRNA localized to gonad-
al-like cells in the subcapsular region (Supplemental
Figure 8). Although the sex steroidogenic markers Cyp17
and Lhcgr were markedly upregulated in the adrenal

Figure 5. Absence of an adrenal X-zone in Gata6 cKO mice. Adrenal glands
from control (A, C, E, G, and I) or cKO mice (B, D, F, H, and J) were processed
for light (A, B, G, and H) or EM (C–F). A and B, Trichrome staining of 1-
month-old female adrenal glands highlights the lack of an X-zone in the
mutant. C–F, Adrenal glands from 2-month-old virgin female control mice
contain cells with the ultrastructural features of the X-zone, including dense
cytoplasm, abundant smooth ER, and distinctive mitochondrial complexes
consisting of flattened mitochondria alternating with ER cisternae (*). The
2-month-old virgin female cKO adrenal glands lack cells with the hallmarks of
X-zone; instead, cells with ultrastructural features of zR, including electron-
lucent lipid droplets and numerous ellipsoidal mitochondria, abut chromaffin
cells in the adrenal medulla. G and H, H&E staining of adrenal glands from
2-month-old control or cKO male mice. I and J, H&E staining of adrenal
glands from 2-month-old male mice that were subjected to orchiectomy at 3
weeks of age. Note the secondary X-zone in the orchiectomized control mice.
In contrast, the adrenal glands of orchiectomized cKO mice lack an X-zone
and have pronounced subcapsular cell hyperplasia (arrowheads). Scale bars,
10 �m (A, B, and G–J), 250 nm (C and D), and 25 nm (E and F).
Abbreviations: m, medulla; x, X-zone.
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glands of the cKO mice 3 to 6 months after ovariectomy,
there was no histological evidence of ectopic sex steroid
production (75); submaxillary glands had no sign of an-
drogen stimulation, and uteri were hypoestrogenic.

Microarray hybridization identifies Pik3c2g as a
novel X-zone marker that is underexpressed in the
adrenal glands of Gata6 cKO mice

To identify other genes dysregulated by conditional
mutagenesis of Gata6, we performed microarray hybrid-
ization with mRNA isolated from whole adrenal glands of
2-month-old virgin female cKO (n � 3) and control (n �
3) mice. Consistent with aforementioned qRT-PCR re-
sults, microarray analysis showed upregulation of Amhr2
(9-fold), Tcf21 (3-fold), and Fkhl18 (2-fold) and down-
regulation of Akr1c18 (9-fold) in the cKO adrenal glands.
Interestingly, conditional deletion of Gata6 was associ-
ated with marked (	40-fold) downregulation of Pik3c2g,
a phosphoinositide-3 kinase (PI3K), in 3 probe sets on the
microarray. qRT-PCR analysis confirmed that the ratio of
expression of Pik3c2g in 1-month-old female cKO vs con-
trol adrenals was 0.01 (P � .008; n � 3 per group).

qRT-PCR analysis of whole adrenal glands from con-
trol mice showed that Pik3c2g expression correlated with
the presence of an X-zone; ie, Pik3c2g mRNA was de-
tected in adrenal glands from virgin females, gonadecto-
mized females, and gonadectomized males but not from
postpubertal males or parous females (Supplemental Fig-
ure 7D). To confirm that Pik3c2g is expressed specifically
in the X-zone, we performed LMD on adrenal glands from
virgin female control mice (Figure 7, A–F). qRT-PCR anal-
ysis showed that expression of Pik3c2g, like that of
Akr1c18, localized to the X-zone fraction and to a lesser
extent the medulla fraction (Figure 7, C and F). Expression
of Akr1c18 (and Pik3c2g) in the medulla fraction presum-
ably reflects the well-documented phenomenon of infil-
tration of the medulla by X-zone cells (4, 6, 7, 43, 85).
FITC-streptavidin staining (43) demonstrated such mis-
placed X-zone cells in the medulla of control but not cKO
mice (Figure 7, G and H). As further proof that Pik3c2g is
expressed in X-zone cells, we compared Pik3c2g and
Akr1c18 transcript levels at different stages of adrenal
development (Figure 7, I and J); the age-dependent ex-
pression of Pik3c2g in whole adrenals from control and
cKO mice mirrored that of the prototypical X-zone
marker, Akr1c18. We conclude that Pik3c2g is a novel
marker of the adrenal X-zone.

Discussion

Like other epithelial tissues, the adrenal cortex regenerates
through activation of endogenous stem cells, but the mo-

Figure 6. Gonadectomy promotes differentiation of gonadal-like cells
in the adrenal glands of Gata6 cKO mice. A and B, H&E stain of
adrenal glands from control (A) or cKO (B) mice that were
ovariectomized 3 months earlier. Note the large, wedge-shaped,
subcapsular lesion in the cKO adrenal. C and D, GATA4
immunoperoxidase staining highlights gonadal-like cells in the
subcapsular region of the control (C) and cKO (D) mice. The cKO
adrenals contained many more GATA4 immunoreactive cells than
control adrenals. Scale bars, 100 �m (A–D). E and F, Relative
expression, normalized to �-actin, of transcripts in whole adrenal
glands from gonadectomized cKO vs control mice. Shown are results
for male (E) and female (F) mice. The female mice were 3 months after
ovariectomy, whereas the male mice were 40 days after orchiectomy
(*P � .05, n � 3–4 per group).
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lecular pathways controlling the
maintenance and differentiation of
adrenocortical stem/progenitor cells
are not fully understood (2, 3, 13,
90). Cells in the adrenal capsule and
subcapsule are essential components
of the adrenocortical stem/progeni-
tor cell niche (2, 3). Our findings sug-
gest that GATA6, a transcription
factor expressed in the adrenal cap-
sule and subcapsule, regulates adre-
nal homeostasis and function by in-
fluencing the differentiation of
adrenocortical stem/progenitor cells.
As summarized in Figure 8A, condi-
tional deletion of Gata6 in SF1-posi-
tive cells produces a pleiotropic phe-
notype that includes 1) a thin,
cytomegalic adrenal cortex, 2) de-
creased expression of the zG differen-
tiation marker Cyp11b2 and an atten-
dant reduction in serum aldosterone
and whole adrenal aldosterone con-
tent, 3) blunted production of cortico-
sterone in response to exogenous
ACTH, and 4) the spontaneous accu-
mulation of nonsteroidogenic cells ex-
pressing gonadal-like markers includ-
ing Gata4 and Amhr2. At least one of
these phenotypic changes, cyto-
megaly, reflects loss of Gata6 function
in fetal tissue, because it is evident pre-
natally. The remaining changes could
reflect loss of GATA6 function in ei-
ther fetal or postnatal adrenocorti-
cal tissue, because SF1-positive
cells in the fetal adrenal contribute
to long-term repopulating cells in
the adult cortex (4).

It has been proposed that stem/
progenitor cells in the adrenal cap-
sule and subcapsule are multipoten-
tial, capable of differentiation into
either adrenocortical lineages or go-
nadal-like cells (Figure 8B) (2, 9, 46,
56, 90). Certain genetic factors or
hormonal manipulations, such as
gonadectomy, have been shown to
favor gonadal-like differentiation in
the adrenal cortex (2, 9, 46, 56, 90).
The accumulation of cells expressing
Gata4 and Amhr2 in the adrenal

Figure 7. Pik3c2g, a gene downregulated in the adrenal glands of Gata6 cKO mice, is a
novel marker of the X-zone. A–F, qRT-PCR analysis of gene expression in microdissected
adrenal zones. Cyrosections of adrenal glands from 1.5-month-old nulliparous female
control mice were stained with crystal violet and subjected to LMD. Dissectates were
collected from 4 regions [medulla (m), X-zone (X), zF, and zG plus capsule (cap)] (A) and
then subjected to qRT-PCR (B–F). The zone-specific markers examined included TH (medulla),
Akr1c18 (X-zone), Cyp11b1 (zF), and Cyp11b2 (zG). Results were normalized to �-actin and
TH expression (*P � .05, n � 3 per group). The zonal expression pattern of Pik3c2g is
identical to that of the prototypical X-zone marker Akr1c18. The detection of Akr1c18 (and
Pik3c2g) mRNA in the medulla fraction partly reflects infiltration of the medulla by X-zone
cells. G and H, FITC-streptavidin staining demonstrates such misplaced X-zone cells in the
medulla of control (G, arrowheads) but not cKO (H) mice. Scale bars, 150 �m (I and J). qRT-
PCR analysis of Akr1c18 (I) and Pik3cg2 (J) in whole adrenal extracts of nulliparous female
control or cKO mice of varying ages. Results were normalized to �-actin expression (*P �
.05, n � 3– 4 per group). The developmental expression pattern of Pik3c2g mirrors that of
Akr1c18.
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subcapsule of young Gata6 cKO mice suggests that
GATA6 inhibits the spontaneous differentiation of stem/
progenitor cells into gonadal-like cells. The marked over-
expression of Lhcgr and Cyp17 in the adrenal glands of
gonadectomized Gata6 cKO mice compared with controls
implies that GATA6 also limits sex steroidogenic cell dif-
ferentiation in response to the hormonal changes that fol-
low gonadectomy. Whereas GATA6 appears to inhibit sex
steroidogenic differentiation, GATA4 is thought to pro-
mote this process. Gata4 is expressed in the gonadal-like
cells that accumulate in the adrenal subcapsule of gonad-
ectomized mice (9), and targeted mutagenesis of Gata4
attenuates the ovariectomy-induced accumulation of sex
steroidogenic cells in the adrenal subcapsule of mice (75).
Collectively, these findings offer genetic proof of the long-
standing hypotheses that GATA6 promotes adrenocorti-
cal differentiation, whereas GATA4 drives gonadal-like
differentiation (2, 9, 56).

Although young Gata6 cKO mice exhibit both a de-
creased capacity to produce glucocorticoid in response to
exogenous ACTH and decreased basal serum aldosterone
levels, the mice do not have overt adrenocortical insuffi-

ciency. It is conceivable that the hormonal abnormalities
associated with conditional mutagenesis of Gata6 will
worsen with age, as is the case in DAX1 deficiency. In both
humans and mice, loss-of-function mutations in DAX1
cause excessive differentiation of subcapsular progenitors
and eventual depletion of the stem/progenitor cell com-
partment (18). The adrenal glands of older DAX1-defi-
cient males are characterized by a disorganized steroido-
genic cortex that contains cytomegalic cells and impaired
basal glucocorticoid production (19, 91). Other mouse
mutants with aberrant adrenocortical differentiation
overproduce adrenocorticoids as they age (46, 92); for
example, constitutive activation of �-catenin signaling en-
hances differentiation of zG cells at the expense of zF cells,
resulting in age-dependent hyperaldosteronism (74). Fu-
ture experiments will assess age-related changes in the
phenotype of the Gata6 cKO mice.

Along with cortical abnormalities, the adrenal glands
of fetal and adult Gata6 cKO mice exhibit medulla defects,
which manifest as chromaffin cells in the periphery of the
gland (Figure 8A). Ectopic chromaffin cells have been re-
ported in mice with alterations in adrenocortical �-catenin
signaling (37), sonic hedgehog signaling (66), and SF1
function (47). Comparing a series of conditional mouse
models generated with Sf1-cre, Huang et al (37) concluded
that the adrenal cortex is dispensable for chromaffin cell
differentiation but necessary for the subsequent growth
and organization of the medulla. These same investigators
noted that balanced �-catenin signaling in SF1-positive
cortical cells is critical for proper organization of medulla
cells in the developing adrenal gland (37). Loss of GATA6
function has been linked to aberrant �-catenin signaling in
other tissues, such as pulmonary epithelium (93, 94), rais-
ing the possibility that �-catenin signaling is dysregulated
in the adrenal glands of cKO mice.

Another distinctive feature of the Gata6 cKO adrenal is
absence of an X-zone (Figure 8A). The X-zone is analo-
gous to the fetal zone of the human adrenal. Both zones are
located in the juxtamedullary region and regress with age
(4). Activin induces apoptosis in the mouse X-zone (86)
and human fetal zone (95). Lineage tracing studies indi-
cate that the X-zone is a remnant of the mouse fetal adrenal
cortex (6, 7), and mutations in the gene encoding DAX1
in mice and humans (96) cause lack of regression of the
X-zone and fetal zone, respectively. Abnormalities in X-
zone formation or regression have been reported in other
mutant mice. Like Gata6 cKO mice, acd/acd mice lack an
X-zone and have adrenocortical dysplasia, although the
developmental defects in acd/acd mice are more severe and
are associated with frank adrenocortical insufficiency
(61). Pbx1 haploinsufficiency reduces the size of the X-
zone but does not eliminate it (80). In female Prop1�/�

Figure 8. A, Schematic depiction of phenotypic changes in the
adrenal glands of young adult Gata6 cKO mice. This cartoon was
adapted from drawings by Martinez and colleagues (46, 92)
summarizing the phenotype of mice with an adrenocortical-specific
deletion in Prkara1. Abbreviations: c, capsule; m, medulla, X, x-zone.
B, Adrenocortical and gonadal steroidogenic cells arise from a
common pool of progenitors. GATA6 promotes adrenocortical
differentiation, whereas GATA4 promotes gonadal-like differentiation.
Targeted mutagenesis of Gata6 is associated with spontaneous and
gonadectomy-induced expression of gonadal-like markers.
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mice, the X-zone is underdeveloped and undergoes early
regression (44). Mice harboring an Sf1 mutation that elim-
inates sumoylation exhibit persistence of the X-zone (47).
Similarly, parous female mice with an adrenocortical-spe-
cific deletion in Prkara1, encoding the type 1 �-regulatory
subunit of cAMP-dependent protein kinase A, display per-
sistence of a large X-like zone (46, 92). Whether the ab-
sence of an X-zone in Gata6 cKO mice reflects a lack of
progenitor proliferation or early degeneration of a nascent
zone is unclear. Gata6 is not expressed in the X-zone of
postnatal mice (Supplemental Figure 7, E–H), arguing that
the effect of Gata6 ablation on X-zone development may
be indirect. The increased expression of Inhba and Inhbb
in the cKO adrenal raises the possibility that local pro-
duction of activins by gonadal-like cells causes precocious
X-zone degeneration.

Using microarray hybridization, the Pik3c2g gene,
which encodes a class II PI3K containing a C2 domain
(97), was found to be markedly downregulated in the ad-
renal gland of nulliparous female Gata6 cKO mice. LMD
established that Pik3c2g is a novel marker of the X-zone.
The precise biological function of Pik3c2g in the adrenal
X-zone or in other organs is unknown, but this subset of
PI3Ks is known to phosphorylate phosphatidylinositol
(PI) and PI4P but not PI(4,5)P2 (97). C2 domains are
Ca2�-dependent phospholipid-binding motifs that medi-
ate translocation of proteins to membranes.

In summary, conditional mutagenesis of Gata6 in SF1-
positive cells of the mouse results in a complex adrenal
phenotype, highlighted by aberrant differentiation of ad-
renocortical stem/progenitor cells into gonadal-like cells,
ectopic chromaffin cells, and absence of an X-zone. By
studying the abnormalities in these mice, insight may be
gained into the regulation of normal and pathological ad-
renocortical cell development. Based on analogous con-
ditional mutagenesis studies of Gata6 in pulmonary (93,
94) and intestinal epithelia (55, 98), we speculate that
GATA6 may regulate the balance between stem/progen-
itor cell expansion and differentiation in the adrenal
cortex.
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