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Introduction
The human fetal and adult adrenocortical glands produce corticosteroid hormones essential for pregnancy 
and body homeostasis. The adult adrenocortical gland is divided into three histologic and functional layers 
of  steroidogenic cells, each expressing specific sets of  enzymes. This results in the production of  mineralo-
corticoids in the outer zona glomerulosa (zG), glucocorticoids in the intermediate zona fasciculata (zF), 
and androgens in the inner zona reticularis (zR). Whereas mineralocorticoid synthesis is controlled by 
angiotensin II and K+ levels, both glucocorticoid and adrenal androgen synthesis are under the control of  
pituitary adrenocorticotropic hormone (ACTH). The human adrenal cortex undergoes deep remodeling 
during the perinatal period and postnatal life. From the 10th week of  gestation, the fetal adrenal cortex 
is divided into two distinct zones, the outer definitive zone, which remains minimally active until the end 
of  the second trimester, and a large inner fetal zone. The fetal zone expresses CYP17, an enzyme that 
enables the synthesis of  large amounts of  dehydroepiandrosterone (DHEA)/DHEA sulfate (DHEAS), 
which serve as estrogen precursors for the placenta (1, 2). Soon after birth, the outer definitive zone differ-
entiates into zG and zF, while the inner fetal zone undergoes a marked involution with a corresponding 
decrease in adrenal androgen levels. Subsequently, at around 6–8 years of  age, the emergence of  zR at the 
corticomedullary junction heralds the onset of  adrenarche and the return of  adrenal androgen production, 
including DHEA/DHEAS and androstenedione, leading to axillary and pubic hair development and pos-
sibly brain maturation (3, 4). While both the zF and zR express CYP17, the zR expresses high levels of  
the allosteric regulator cytochrome b5 (CYB5) rather than HSD3B2, which favors its 17,20-lyase activity 
leading to DHEA synthesis. The mechanisms underlying zR differentiation and the onset of  adrenarche 
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are still unknown, and genetically tractable animal models that undergo zR development are nonexistent. 
For example, the mouse adult adrenal cortex does not express CYP17 and does not develop a functional 
zR (5, 6). In the region in which the zR is found in primates, mouse adrenals are characterized by the pres-
ence of  a transient X-zone, derived from the fetal cortex, which regresses at sexual maturity in males and 
during the first pregnancy in females (7, 8). Lineage-tracing studies have shown that both adult definitive 
and fetal cortices derive from a common embryonic population of  cells expressing Sf1, through early acti-
vation (E11.5–E12.5) of  the specific fetal adrenal enhancer FAdE (9, 10). By E14.5, FAdE only drives Sf1 
expression in cells that will give rise to the fetal X-zone, whereas cells of  the definitive cortex use a yet to be 
identified adult enhancer to maintain Sf1 expression.

Once formed, the definitive cortex is continuously replenished with steroidogenic cells to compensate for 
cell death at the corticomedullary junction and to maintain adrenal size and function. Homeostatic renewal is 
supported by recruitment of capsular Rspo3+/Gli1+/Sf1– stem cells and subcapsular/zG Shh+/Wnt4+/Sf1+ pro-
genitor cells in a process that involves RSPO/WNT/β-catenin and SHH signaling pathways. This process even-
tually induces differentiation of progenitors into zG cells that are pushed in a centripetal fashion and converted 
into zF cells (11–14). Stem/progenitor reservoirs are themselves maintained through reciprocal signals, among 
which Rspo3 induces Wnt4 and Shh expression within steroidogenic cells and Shh in turn signals back to recruit 
capsular cells (14). In the adult cortex, WNT and PKA signaling pathways play essential and complementary 
roles in functional zonation. Gain- and loss-of-function models have shown that the RSPO/WNT/β-catenin 
pathway is a driver of zG identity, a repressor of zF identity, and has tumorigenic activity when constitutive-
ly activated (14–17). Reciprocally, constitutive activation of cAMP/PKA signaling was shown to inhibit zG 
fate, trigger zF identity, and counteract β-catenin–induced tumorigenesis (18, 19). Decreased PKA signaling, 
resulting from mutations in the ACTH receptor MC2R, or in its coreceptor MRAP, are associated with cortical 
atrophy, altered zF differentiation, and, yet, intact zG (20–22). In contrast, patients with unbuffered PKA activ-
ity, resulting from mutations in PRKAR1A (the regulatory subunit of cAMP-dependent PKA), develop micro-
nodular hyperplasia and glucocorticoid excess (ACTH-independent Cushing’s syndrome) (23). Strikingly, mice 
bearing adrenal-specific loss of Prkar1a (AdKO model) also develop Cushing’s syndrome and show zonation 
defects consisting of expansion of a third zone, with features typical of both zF and transient fetal X-zone (19). 
However, whether these cells originated from the fetal or definitive cortex was unclear.

In the present paper, we evaluated the role of  PKA signaling alterations in adrenal homeostasis and 
differentiation by generating mice with targeted Prkar1a genetic ablation specifically in the definitive (adult) 
cortex or in the transient (fetal) cortex and followed cell dynamics and cortex remodeling by lineage tracing 
of  mutant cells in both sexes. This enabled us to propose that PKA-mediated cortex remodeling not only 
influences the establishment of  adrenarche, but also is part of  sexually dimorphic mechanisms that could 
help to explain the overrepresentation of  adrenocortical diseases in women.

Results
PKA activation in the definitive but not in the fetal cortex induces zonation defects and endocrine hyperactivity. We 
previously showed that adrenal-specific ablation of  Prkar1a using the Akr1b7-Cre driver in mice (AdKO 
mice) resulted in ACTH-independent Cushing’s syndrome and centrifugal expansion of  large fetal-like cells 
from the innermost cortex (19). Because the Akr1b7-Cre driver targets recombination to both the definitive 
(adult) and transient (fetal or X-zone) cortices (24), the origin of  these cells has remained elusive. To eluci-
date the cellular origin of  this Cushing’s phenotype, we conditionally deleted Prkar1a in the (a) fetal cortex, 
using FAdE-CreERT2 (Cre driven by fetal adrenal enhancer and proximal promoter of  Sf1 gene) (10), or (b) 
definitive cortex, using ASCre line [Cyp11b2tm1.1(cre)Brlt, Cre targeted to the genetic locus of  Cyp11b2, aldosterone 
synthase] (11) (Figure 1A). These mice will hereafter be referred to as FAdKO (fetal adrenal cortex KO) 
and DAdKO (definitive adrenal cortex KO). Recombination in the fetal cortex cells was induced at E14.5 
by tamoxifen treatment of  FAdKO mice, and samples were collected at 3 weeks and 7–14 months. Recom-
bination in the DAdKO model begins at E18.5, at the start of  zG differentiation, and continues as zG cells 
are continuously converted into zF cells, which migrate to the corticomedullary junction by approximately 
1.5 month (excepting X-zone). Samples were collected at 1.5, 3, 7, and 12 months.

Cell fate mapping of  cells derived from the fetal or definitive cortex, following deletion of  Prkar1a, was 
evaluated by lineage-tracing experiments using FAdE-CreERT2::Prkar1afl/fl::R26RmTmG/mTmG and AS+/Cre::Prk-
ar1afl/fl::R26RmTmG/mTmG trigenic mice, respectively (Figure 1A). Analysis of  fetal cortex-derived cells at 3 
weeks of  age, when the fetal X-zone reached its maximal size, revealed that GFP+ cells were restricted to 
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the inner part of  the X-zone, visualized using 20α-hydroxysteroid dehydrogenase (20αHSD) (7), in both 
control (Prkar1afl/+) and FAdKO mice (Figure 1B). In contrast, analysis of  definitive cortex-derived cells 
at 1.5 months of  age revealed radial columns of  GFP+ cells extending from the zG through the zF, with 
no staining in the X-zone (Figure 1B). At these early stages, Prkar1a deletion with either FAdE-CreERT2 or 
AS+/Cre had no obvious effect on adrenocortical organization. qPCR analyses showed no major alteration in 
Prkar1a levels in FAdKO adrenals (presumably reflecting the small proportion of  fetal cortex-derived cells) 
but confirmed a robust reduction in Prkar1a levels in DAdKO adrenals (Figure 1C). Together, these data 
establish that fetal and definitive cell lineages never overlap. Furthermore, they show that Prkar1a ablation 
has no obvious morphological effect on adrenal cortices at these early time points.

We next examined the long-term effect of  Prkar1a deletion in these two models. Surprisingly, analysis 
of  FAdKO adrenals from 7- to 14-month-old mice revealed no morphological alterations of  inner cortical 
cells and no recurrence of  fetal-like 20αHSD+ cells (Figure 1, D and E, bottom). The lack of  histological 
alterations in this model was also associated with normal basal glucocorticoid plasma levels and a normal 
response to dexamethasone-mediated hypothalamic-pituitary-adrenal blockade (Figure 1F). In contrast, 
analysis of  DAdKO adrenals showed alterations reminiscent of  AdKO mice (19). Indeed, DAdKO adrenals 
showed a time-dependent decrease in the size of  the zF and a concomitant expansion of  the hypertrophic/
eosinophilic 20αHSD+ cells in the innermost cortex (Figure 1, D and E, top). In addition to the dramatic 
morphological changes, DAdKO mice also demonstrated overt pituitary-independent Cushing’s syndrome. 
At 3 and 7 months of  age, DAdKO mice showed baseline hypercorticosteronemia and complete resistance 
to dexamethasone-induced hypothalamic-pituitary-adrenal axis suppression, associated to decreased circu-
lating ACTH concentrations (Figure 1F). Taken together, these data suggest that the Cushing’s syndrome 
that arises following loss of  Prkar1a results from cells derived from the definitive cortex.

Constitutive PKA activation induces conversion of  inner zF into functional zR. While we previously showed 
an expansion of  a fetal-like zone in AdKO mice (19), those studies could not establish the cellular origin 
of  this new zone. To address this question, we combined lineage-tracing analysis with immunohistochem-
istry for 20αHSD in 3- to 7-month-old mice. As expected, in control mice, cells comprising the X-zone 
(20αHSD+, GFP–) were completely distinct from cells of  the definitive cortex (20αHSD–, GFP+). In con-
trast, in DAdKO mice, the fetal-like zone was composed of  cells that expressed both 20αHSD and GFP 
(Figure 2A). This result demonstrates that this fetal-like zone arose from the conversion of  zF cells and is 
distinct from the X-zone. We next carried out qPCR analyses to measure time-dependent expression of  2 
X-zone markers (Akr1c18, encoding 20αHSD, and Pik3c2g, ref. 25) during expansion of  the fetal-like zone 
in DAdKO females and spontaneous regression of  the X-zone in controls (which occurs at ~5 months 
in virgin females, ref. 7). Molecular analysis revealed a marked increase in Akr1c18 expression in DAd-
KO adrenals from 7-month-old females (Figure 2B). In contrast, analysis of  Pik3c2g expression revealed 
a marked decrease in expression at 3 months in DAdKO, with undetectable expression in both control 
and DAdKO adrenals at 7 months, as expected following X-zone regression in controls (Figure 2B). This 
observation supports the conclusion that expansion of  the 20αHSD+ fetal-like zone in DAdKO adrenals is 
independent of  the X-zone and is paralleled by a premature regression of  the X-zone.

We next sought to gain additional insight into the steroidogenic potential of  this fetal-like zone. Immu-
nostaining of  adrenal sections from 7-month-old WT and DAdKO females showed that this zone expressed 
very low levels of  3β-hydroxysteroid dehydrogenases (HSD3Bs) and high levels of  CYB5 and CYP17, which 
is normally absent from the adult mouse adrenal gland (Figure 2C). The results were confirmed using West-
ern blot and qPCR analysis (Figure 2, D and E). qPCR analysis also revealed increased expression of  Sult1e1, 
which can be involved in DHEA sulfation (26) (Figure 2D). Taken together, decreased expression of  HSD3B 
(HSD3B2 in humans, HSD3B1 in mice), expression of  CYP17 and CYB5 (its allosteric regulator), and 
expression of  the potential for steroid sulfation are reminiscent of  the human zR (5, 27–32). To investigate the 
functional capacity of  these putative zR-like cells, we analyzed concentrations of  steroids relying on CYP17 
activity (Figure 2F). Remarkably, we observed a robust increase in cortisol, 21-deoxycortisol, androstenedi-
one, DHEA, and DHEAS concentrations in plasma and/or adrenals from DAdKO mice (Figure 2F). Alto-
gether, these data show that mice with constitutive PKA activation in cells derived from the definitive cortex 
develop a new innermost zone, which exhibits features that are highly reminiscent of  the human zF and zR.

Mechanisms underlying endocrine hyperactivity in DAdKO mice. Activation of steroidogenesis by ACTH/
PKA is considered to be mainly dependent on transcriptional stimulation of steroidogenic genes. However, 
steroidogenic output also depends on the availability of cholesterol, which is provided by cellular uptake of  
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Figure 1. Loss of R1α in the adult cortex lineage is sufficient to induce endocrine and zonation defects in females. (A) Experimental setup. Prkar1afl 
allele (R1α) was deleted in the adult (definitive) cortex using AS+/Cre or in fetal cortex using FAdE-CreERT2 lines. The R26RmTmG reporter was used to follow 
floxed allele recombination and for cell lineage tracing over time. (B) Coimmunofluorescent labeling of GFP (green) and 20α-hydroxysteroid dehydroge-
nase (20αHSD) fetal marker (purple) in adrenal sections from AS+/Cre::Prkar1a+/fl::R26RmTmG and AS+/Cre::Prkar1afl/fl::R26RmTmG nulliparous female mice at 1.5 
months and FAdE-CreERT2::Prkar1a+/fl::R26RmTmG and FAdE-CreERT2::Prkar1afl/fl::R26RmTmG female mice at 3 weeks. (C) qPCR analyses of Prkar1a expression 
in female adrenals. Lines in dot plots represent the mean relative quantification of Prkar1a expression (relative to the controls) for the different genotypes 
± SEM. (D) Histological examination (hematoxylin & eosin staining) shows an expansion of eosinophilic large cells from the inner cortex only occurring 
in AS+/Cre::Prkar1afl/fl adrenals. (E) Immunostaining of 20αHSD fetal marker. (F) Left: Plasma corticosterone levels in basal conditions or after dexametha-
sone suppression test (dex) in WT, FAdE-CreERT2::Prkar1afl/fl, and AS+/Cre::Prkar1afl/fl female mice of the indicated age. Right: Plasma adrenocorticotropic 
hormone (ACTH) concentration in 7-month-old AS+/Cre::Prkar1afl/fl females. Lines in dot plots represent the mean ± SEM. zG, zona glomerulosa; zF, zona 
fasciculata; zX, X-zone; Co, cortex; M, medulla. The double black arrows focus on hyperplasia. The black dots represent the border between the cortex and 
the medulla. Ø, under detection threshold. Statistical analyses were conducted by Student’s t test. *P < 0.05, ***P < 0.001. The number of samples is 
indicated above dot plots. Scale bars: 200 μm. Original magnification: ×2 (insets, D); ×4 (insets, B).
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lipoproteins, mobilization of intracellular stores, and de novo synthesis (33). To test which biosynthetic step(s) 
may account for endocrine hypercorticosteronemia in DAdKO mice, we carried out qPCR and genome-
wide expression analyses. Strikingly, although Star and Cyp21a1 mRNAs levels were upregulated 2-fold and 
CYP11A1 and CYP21 proteins were slightly increased in immunohistochemistry (Figure 3, A and B), most 
steroidogenic genes were either unaltered or modestly repressed in DAdKO adrenals (Figure 3A). This sug-
gested that increased corticosterone production is not the result of increased expression of key steroidogenic 
enzymes. In contrast, analysis of genes important for supplying adrenal cells with lipoprotein-derived cho-
lesterol substrate (Ldlr and Scarb1) and detoxifying steroidogenesis byproducts (Akr1b7) (34) revealed a more 
dramatic 5- to 6-fold upregulation (Figure 3A). Moreover, microarray analysis revealed that nearly every gene 
involved in de novo cholesterol synthesis was upregulated in DAdKO adrenals compared with control adrenals 
(Figure 3C). Gene set enrichment analyses (GSEA) analysis of a “cholesterol synthesis” gene set showed a 
robust positive enrichment in DAdKO adrenals (Figure 3D), which was confirmed by strong upregulation of  
mRNA levels for genes (3- to 8-fold) encoding key enzymes of the mevalonate pathway and for their common 
transcriptional regulator Srebf2 in qPCR (Figure 3E). Thus, we concluded that increased glucocorticoid produc-
tion in mice with adrenal-specific constitutive PKA activation could be largely the result of enhanced cholester-
ol uptake and de novo synthesis, allowing for increased substrate for downstream steroidogenic enzymes. Inter-
estingly, even though we confirmed that zG differentiation was markedly impaired by chronic PKA activation 
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.98394DS1), there was a significant increase in plasma aldosterone concentration in DAdKO mice com-
pared with WT mice, which was completely abrogated by genetic ablation of Cyp11b2 (ASCre/Cre::Prkar1afl/fl mice) 
(Figure 3F). Importantly, plasma renin activity was decreased in DAdKO mice, indicating primary hyperaldo-
steronism, while, as expected, lack of CYP11B2 resulted in a strong rise of plasma renin activity (Figure 3F). 
Note that the impairment of Cyp11b2 expression was milder in DAdKO adrenals than in Sf1–Cre::Prkar1afl/fl 
adrenals (50% vs. 95%, ref. 18) (Supplemental Figure 1D), maintaining aldosterone synthase activity above 
the critical threshold. Altogether, these data suggest that increased cholesterol supply, leading to increased flux 
through the steroidogenic pathways, is sufficient to induce overproduction of both corticosterone and aldo-
sterone in response to chronic PKA activation in cells of the definitive cortex. Interestingly, when compared 
with angiotensin II and plasma potassium, ACTH acting through PKA signaling was long regarded as a minor 
hormonal regulator of aldosterone secretion. However, there is growing evidence that ultrasensitivity to ACTH 
may account for primary hyperaldosteronism as a major cause of secondary hypertension (35, 36). Primary 
hyperaldosteronism found in DAdKO mice thus provides the first demonstration to our knowledge that genetic 
alteration in PKA holoenzyme subunits may affect aldosterone production.

Cushing’s syndrome and comorbidities in DAdKO mice. Glucocorticoid excess in Cushing’s syndrome leads 
to severe comorbidity, primarily affecting glucose, fat, and protein metabolism. This results in insulin resis-
tance, diabetes, obesity, skin fragility, and muscle atrophy (37, 38). Compared with control mice, 7-month-
old DAdKO females exhibited both obesity and skin alterations leading to alopecia (Figure 4A). DAdKO 
mice started to gain weight faster than controls, between 3 and 3.5 months of  age, and this difference was 
exacerbated with time, with an almost doubling of  body weight at 7 months (Figure 4B). Analysis of  body 
composition using EchoMRI showed that weight gain in mutants resulted from a 4-fold increase in the fat 
mass (Figure 4C). Female DAdKO mice also suffered from muscle wasting, illustrated by a 20% drop in 
gastrocnemius weight (Figure 4C). They also showed higher fasting glycemia, most likely resulting from a 
combination of  increased gluconeogenesis and insulin resistance (Figure 4D).

Onset of  Cushing’s syndrome and cortex alterations are delayed by androgens. In stark contrast to DAdKO 
females, which demonstrated overt Cushing’s syndrome by 3 months of  age, DAdKO males developed phe-
notypic alterations between 7 and 12 months (Figure 4, E and F, and Supplemental Figure 2). Lineage-tracing 
studies indicated that complete GFP staining of  the adult cortex took up to 7 months in mutant males (Figure 
4E), while the cortex was fully GFP labeled as early as 3 months in females (Figure 2A). These findings indi-
cated that adrenocortical turnover is slower in male mice compared with female mice, which may partially 
explain the delayed in manifesting the phenotypic changes. Consistent with this observation, qPCR analysis 
showed that Prkar1a deletion was similarly delayed in male adrenals (Figure 4G). Accordingly, deletion of  
Prkar1a in adult adrenocortical lineage resulted in zF disorganization and expansion of  20αHSD+/GFP+ 
inner zone after 3 months in females, while it took 12 months in males (Figure 4E). Independent of  the slower 
adrenocortical turnover in male mice, the marked delay in the onset of  Cushingoid features suggested that 
male sex steroids might play a role in suppressing the emergence of  this phenotype.
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Figure 2. Inner hyperplasia formed in AS+/Cre::Prkar1afl/fl mice (DAdKO) has reticularis characteristics. (A) Confocal analysis of coimmunofluorescent 
labeling of GFP (green) and 20α-hydroxysteroid dehydrogenase (20αHSD, purple) in 3-month-old nulliparous females. The white AS+/Cre::Prkar1afl/

fl mice (DAdKO) arrows denote adult and fetal cortices. (B) qPCR analysis of Akr1c18 and Pik3c2g fetal markers in WT or AS+/Cre::Prkar1afl/fl (DAdKO) 
female adrenals. (C) Immunostaining and immunofluorescent analyses of HSD3B, CYB5A, and CYP17 from DAdKO 7-month-old females. The black 
and white double arrows denote inner hyperplasia. The black and white dots represent the border between the cortex and the medulla. (D) qPCR 
analysis confirms downregulation of Hsd3b1, upregulation of Cyp17a1 and Cyb5a, and, moreover, shows increased expression of Sult1e1 in DAdKO 
adrenals. (E) Western blot analysis of CYP17 and CYB5A protein accumulation in adrenal extracts from WT and mutant mice. Graphs showed quantifi-
cation normalized to quantification of GAPDH signal. (F) Cortisol, 21-deoxycortisol, and Δ4 androstenedione levels were measured by mass spec-
trometry in blood, dehydroepiandrosterone (DHEA) levels were measured by ELISA in adrenal extracts from adult mice (>7 months), and dehydroepi-
androsterone sulfate (DHEAS) levels were measured by RIA in blood. zG, zona glomerulosa; zF, zona fasciculata; zX, X-zone; Co, cortex; M, medulla. 
Lines in dot plots represent the mean ± SEM. Ø, under detection threshold. Statistical analyses were conducted by Student’s t test. *P < 0.05, **P < 
0.01, ***P < 0.001. The number of samples is indicated above dot plots. Scale bars: 200 μm. Original magnification: ×2 (insets, A); ×4 (insets, C).
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Figure 3. Endocrine overactivity is associated with upregulation of steroidogenesis pathway and cholesterol synthesis. (A) qPCR analysis of ste-
roidogenic gene expression in adrenals of DAdKO 7-month-old females. eChol/iChol, extra/intracellular cholesterol; Preg., pregnenolone; Prog., proges-
terone; DOC, deoxycorticosterone; Cort., corticosterone. (B) Immunostaining of CYP11A1 and CYP21 in adrenal sections from DAdKO 7-month-old females. 
(C) Color-coded heatmap shows expression of the 29 genes that are significantly deregulated (adjusted P = 0.05) relative to the cholesterol synthesis 
pathway. (D) Gene set enrichment analyses were performed using signatures gene set of cholesterol synthesis pathway by comparing gene expression 
data from WT and DAdKO female adrenals. Normalized enrichment score (NES) and false discovery rates (FDR) are shown on plots. The enrichment score 
plot corresponds to the 59 genes listed in Supplemental Table 3. (E) qPCR analysis of genes involved in de novo cholesterol synthesis in adrenals from 
7-month-old DAdKO females. (F) Plasma aldosterone levels were measured in WT and DAdKO mice. Plasma from ASCre/Cre::Prkar1afl/fl mice (knockout for 
Prkar1a and Cyp11b2 [aldosterone synthase]) was used as negative control. Plasma renin activity rate was compared in WT and DAdKO mice. ASCre/Cre mice 
were used as positive control for renin-angiotensin system upregulation. Lines in dot plots represent the mean ± SEM. zG, zona glomerulosa; zF, zona 
fasciculata; zX, X-zone; Co, cortex; M, medulla. The black double arrows focus on hyperplasia. If not otherwise mentioned, all statistical analyses were 
conducted by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001. The number of samples is indicated above dot plots. Scale bars: 200 μm. Original mag-
nification: ×2 (insets, B).
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To test this hypothesis, DAdKO and control male mice were castrated at 5 months, and their adrenal 
phenotypes were evaluated 2 months later (Figure 5A). As expected, in control males, castration at 2 months 
was sufficient to induce recurrence of  a secondary X-zone (20αHSD+), which was absent from sham animals 
(Figure 5B, left). Remarkably, these 20αHSD+ cells were clearly distinct from cells derived from the definitive 
cortex, marked by GFP. In contrast, castration of  DAdKO males induced formation of  a large 20αHSD+/
GFP+ zone, which was absent from sham mutants (Figure 5B, right). This phenotype, reminiscent of  the 
7-month-old female DAdKO adrenal, could be almost completely reversed by dihydrotestosterone (DHT) 
supplementation for 6 weeks, indicating that androgens were directly responsible for the emergence of  this 
zone and possibly for the delayed acquisition of  the phenotype in male mice (Figure 5). Consistent with 
these findings, qPCR showed that Akr1c18 was upregulated following both gonadectomy-induced (GDX-in-
duced) X-zone formation (in control mice) or GDX-induced zR-like zone formation (in DAdKO mice), 
while elevated expression of  Pik3c2g was only seen following GDX-induced X-zone formation (in control 
mice) (Figure 5C). To evaluate to what degree the castration-induced phenotype in male DAdKO mice 
resembled the female DAdKO phenotype, we explored basal and dexamethasone-suppressed corticosterone 
levels in sham and GDX (±DHT) males. As expected, we found that basal and dexamethasone-suppressed 
corticosterone levels were unaffected in 7-month-old DAdKO sham males compared with controls (Figure 
5D). In a similar fashion, GDX did not alter corticosterone levels in control males. In contrast, GDX in 
aged-matched DAdKO males triggered development of  an overt ACTH-independent Cushing’s syndrome 
(basal hypercorticosteronemia and resistance to dexamethasone suppression test) that was fully reversed 
by androgen replacement (Figure 5D, GDX, GDX+DHT). We further conducted a comparative microar-
ray analysis of  whole-genome expression in adrenals of  7-month-old mice from the 6 groups (DAdKO 
female, WT female, DAdKO male, WT male, GDX DAdKO male, and GDX WT male). Consistent with 
the GDX-unveiled KO phenotype in males, 256 genes were found upregulated and 183 were found down-
regulated in response to Prkar1a deletion in GDX males, while very few (only 10 and 2, respectively) were 
differentially expressed in intact KO males (Supplemental Figure 3A). Principal component analysis and 
unsupervised gene clustering showed that experimental groups segregated into 3 clusters: a Cushing cluster 
gathering DAdKO female and GDX DAdKO male subclusters, a female cluster containing WT female and 
GDX WT male samples, and a male cluster containing WT and DAdKO male samples (Supplemental Fig-
ure 3B). As shown for hypercorticism in DAdKO females (Figure 3A), Cushing’s syndrome unveiled by cas-
tration in DAdKO males was correlated with upregulation of  lipoprotein receptors and steroidogenic genes. 
As expected, this effect was reversed by androgen supplementation (Supplemental Figure 3C). In contrast 
to females, however, endocrine hyperactivity in castrated DAdKO males seemed less dependent on upregu-
lation of  de novo cholesterol synthesis genes. Although contribution of  the mevalonate pathway remains to 
be functionally assessed, this was reminiscent of  recent transcriptomic analyses in rat adrenals, suggesting 
that genes related to cholesterol homeostasis were more sensitive to hormonal regulation in females than in 
males (39). Altogether, these data establish that Prkar1a genetic ablation in the adult adrenocortical lineage 
leads to endocrine hyperactivity and conversion of  inner zF into a reticularis-like zone, which is unrelated to 
the X-zone. This phenomenon relies partly on sex-dependent mechanisms of  cortical renewal, on which the 
male androgenic milieu exerts a repressive action.

PKA-dependent accelerated cortex renewal is counteracted by androgens. To investigate the mechanism(s) 
that support cell renewal upon constitutive PKA activation, we analyzed the rate of  recombination in 
lineage-tracing experiments. Lineage tracing at 3 months showed that, in control females, numerous radial 
GFP+ columns of  zF cells did not reach the medulla and even some cortical areas were still nonrecombined 
(Tomato+). In contrast, Prkar1a genetic ablation resulted in complete GFP labeling of  the cortices in age-
matched DAdKO glands (Figure 6A). Quantification of  GFP mRNA levels confirmed that constitutive 
activation of  PKA let to a 3-fold increase in the rate of  recombination in female mice (Figure 6B). To test 
whether mutant adrenals showed changes in cell proliferation, we performed a BrdU pulse-chase exper-
iment and also quantified Pcna transcripts in 7-month-old females. Surprisingly, whereas the number of  
BrdU-labeled cells was not altered, Pcna expression was even decreased in DAdKO adrenals (Supplemen-
tal Figure 4A). These data indicated that accelerated lineage tracing (marking cell renewal) after Prkar1a 
ablation was not accompanied by an increase in cell division but rather an acceleration of  the centripetal 
differentiation process. The adrenal capsule and subcapsular/zG region harbor stem/progenitor cells, the 
progeny of  which contribute to the homeostatic maintenance and renewal of  the cortex (40). We used our 
microarray data to evaluate the role of  constitutive PKA activation on progenitor compartment homeosta-
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Figure 4. Cushing’s syndrome due to loss of R1α in the adult cortex develops in a sex-dependent manner. (A–D) Female data. (A) Image of 
7-month-old DAdKO females showing fat distribution compared with WT. (B) Body weight (g) follow-up of WT and DAdKO females (mean ± SEM) 
from 2.5–7 months of age. (C) EchoMRI analysis of lean and fat mass distribution (%) in 7-month-old females and changes (mg) in gastrocnemius 
weight (mean ± SEM). (D) Fasted blood glucose concentration (mg/dl) and insulin tolerance test (ITT, % of baseline) in DAdKO females (mean ± 
SEM); statistical analysis was conducted by 2-way ANOVA followed by Bonferroni’s test. (E–G) Male data. (E) Coimmunofluorescent labeling of GFP 
(green) and fetal marker 20α-hydroxysteroid dehydrogenase (20αHSD, purple) in AS+/Cre::Prkar1afl/fl::R26RmTmG male mice. The white dots represent 
the border between the cortex and the medulla. zX, X-zone; Co, cortex; M, medulla. (F) Plasma corticosterone levels in basal conditions and after 
dexamethasone suppression test (dex) and body weight of DAdKO males. Ø, under detection threshold. (G) qPCR follow-up of Prkar1a expression in 
adrenals from FAdKO and DAdKO males. Lines in dot plots represent the mean relative quantification of Prkar1a expression (relative to the control 
counterparts, white bars) ± SEM. If not otherwise mentioned, all statistical analyses were conducted by Student’s t test. *P < 0.05, ***P < 0.001. The 
number of samples is indicated in curves or above dot plots. Scale bars: 200 μm.
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Figure 5. Reticularis-like formation may be stimulated by castration in mutant males. (A) Experimental set up. In male mice, X-zone regresses 
at puberty and secondary X-zone regenerates after gonadectomy (GDX) or regresses upon androgenic (dihydrotestosterone [DHT]) supplementa-
tion (GDX+DHT). Prkar1a was deleted in adult cortex (from E18.5), and castration was performed at 5 months, i.e., 2 months before dissection, at 
7 months. DHT treatment was performed during the last 6 weeks. (B) Effects of gonadectomy and androgen replacement on X-zone and reticu-
laris-like occurrence. Coimmunofluorescent labeling of GFP and 20α-hydroxysteroid dehydrogenase (20αHSD) in adrenal from controls (AS+/Cre::Pr-
kar1a+/fl::R26RmTmG) and DAdKO (AS+/Cre::Prkar1afl/fl::R26RmTmG males. (C) qPCR analysis of Akr1c18 and Pik3c2g X-zone markers in castration exper-
iments. Lines in dot plots represent the mean relative quantification of gene expression (relative to the gonadectomized WT) ± SEM. (D) Plasma 
corticosterone levels in basal conditions or after dexamethasone suppression test (dex) in gonadectomized (GDX) DAdKO males in comparison to 
WT. Lines in dot plots represent the mean ± SEM. Statistical analyses were conducted by 1-way ANOVA followed by Bonferroni’s test. *P < 0.05, 
**P < 0.01. Ø, under detection threshold. zX, X-zone; Co, cortex; M, medulla. The white dots represent the border between the cortex and the 
medulla. The number of samples is indicated above dot plots. Scale bars: 200 μm. Original magnification: ×3.5 (insets, B).
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sis. We extracted expression levels of  a list of  28 genes expressed or functionally linked to the progenitor 
compartment and found that 18 of  them were significantly (t test, adjusted P < 0.05) downregulated in 
Prkar1a-knockout adrenals compared with WT adrenals (Supplemental Figure 4B). We further confirmed 
by qPCR that Prkar1a ablation in steroidogenic cells resulted in the downregulation of  all stem/progenitor 
markers (12, 14, 41–43) from either capsular or subcapsular compartments (Supplemental Figure 4C). The 
SHH and RSPO/WNT/β-catenin signaling pathways play an essential role in adult cortex maintenance 
and renewal (12, 14). Interestingly, even though the mutant cortex was fully recombined by 3 months, 
expression of  Shh, Gli1, Wnt4, and Rspo3 was unaltered at this stage in DAdKO female adrenals; however, 
we observed a 50% decrease in their expression at 7 months (Supplemental Figure 4D). This suggests that 
PKA activation does not directly inhibit expression of  regulators of  progenitor homeostasis, but rather 
accelerates cortical renewal, eventually resulting in relative depletion of  the progenitors pool.

Delayed acquisition of  phenotypic features in male DAdKO mice suggested that androgens may 
be inhibiting cortical cell turnover. Consistent with this, recombination evaluated by GFP accumula-
tion was significantly increased following GDX and decreased after DHT supplementation (Figure 
6C). This was also associated with decreased expression of  Shh and Rspo3, as in female mutants, 
which was restored by DHT supplementation (Figure 6D). Recently, WNT/β-catenin signaling has 
been shown to inhibit PKA signaling and zF differentiation, promoting the undifferentiated state of  
progenitors (17). Interestingly, the androgen receptor has been shown to signal through and cooperate 
with WNT/β-catenin signaling in prostate cancer (44, 45). We thus hypothesized that the inhibito-
ry effect of  androgens on cortical cell turnover could rely on stimulation of  WNT signaling, which 
would repress PKA activation. Consistent with this hypothesis, expression of  β-catenin target genes 
Axin2, Lef1, and Lrp5 decreased after GDX and was restored after DHT supplementation (Figure 6E). 
Although the mechanism underlying the positive effect of  androgens on WNT signaling is still unclear, 
our microarray (Supplemental Figure 3B) and qPCR data (Figure 6E) show a large overexpression 
(40-fold) of  the WNT inhibitor Frzb/Sfrp3 following castration, which is reversed by DHT. This was 
consistent with previous data showing that Frzb was one of  the genes with the most sexually dimorphic 
expression pattern in mouse adrenals (46). This suggests that androgens could stimulate WNT signal-
ing in the adrenal through repression of  FrzB/SFRP3 expression.

Altogether, our data show that constitutive PKA activation in definitive steroidogenic cells accelerates 
zG-driven adrenal cortex renewal. This results in increased zF differentiation (at the expense of  zG iden-
tity) and final conversion into a reticularis-like zone at the corticomedullary junction. This is correlated 
with increased recruitment and eventually exhaustion of  both capsular and subcapsular progenitors. This 
phenomenon is counteracted in male adrenals by a positive effect of  androgens on WNT signaling, which 
antagonizes PKA signaling and cortical cell turnover.

Discussion
The zR represents the innermost zone in the adrenal cortex whose development is required to initiate 
and support adrenarche, the prepubertal increase in adrenal androgen output that is thought to have 
evolved in human and great apes to promote brain maturation (reviewed in ref. 3). The cellular origin of  
the zR and the physiological mechanisms controlling its emergence and growth remain elusive. Because 
rats and mice lack postnatal expression of  CYP17 in the adrenal, they have long been considered as non-
relevant experimental models to study adrenarche. However, the spiny mouse has been shown to express 
CYP17 and to produce adrenal-derived androgens from an individualized zR (47–49). This provides cues 
for possible usefulness of  rodent models to explore underpinnings of  adrenarche. Our data establish that 
constitutive PKA activation (driven by Prkar1a genetic deletion) in the definitive cortex lineage of  mice is 
a driving force to initiate and propagate the development of  a reticularis-like zone, presumably through 
the conversion of  the innermost fasciculata cells. This was demonstrated by morphological changes, 
acquisition of  the necessary enzymatic machinery, and endocrine activity and raises the possibility that 
adrenarche in humans may result from activation of  PKA signaling. A central role for PKA in this devel-
opmental process agrees with previous observations showing dexamethasone suppression of  adrenal 
androgens (50–52) and a failure of  children with ACTH receptor defects to experience adrenarche (53). 
Although ACTH/PKA signaling may be considered as an obligatory mediator of  adrenarche, ACTH 
levels do not parallel rise in DHEA (54, 55). Despite numerous efforts, spread over decades, the existence 
of  a specific hormonal inducer of  adrenarche has not been identified (for review see refs. 3, 4, 56). Lack 
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of  adrenarche in patients with an atrophic adrenal cortex lead to the hypothesis that adrenal growth 
mediated by trophic hormones, such as ACTH, should also be a determinant for the inner cortex to reach 
a critical size (depth) that in turn would trigger zR development (53, 57, 58). Time lapse between fetal 
zone regression and zR/adrenarche onset may vary greatly among primates, from 6–8 years in humans 
to near synchronicity in the baboon (59). Interestingly, we observe a 1-year lag time between X-zone 
regression and pseudo-zR detection in DAdKO male mice (Figure 4E) that is reduced to a nearly syn-
chronous event in gonadectomized DAdKO males or in intact DAdKO females (Figure 2A and Figure 

Figure 6. Constitutive activation of PKA signaling accelerates cortex renewal and stem/progenitor recruitment in an androgen-dependent manner. (A) 
Lineage-tracing studies showing change in centripetal cell turnover in adrenal cryosections from control (left) and DAdKO females (3 months). GFP and 
Tomato mark recombined and nonrecombined cells, respectively. Scale bars: 200 µm. (B) The rate of recombination in female adrenals was assessed by 
quantification of eGFP transcripts using qPCR. Lines in dot plots represent the mean relative quantification of eGFP expression (relative to the control 
counterparts) ± SEM. Statistical analyses were conducted by Student’s t test. (C) The rate of recombination in male adrenals was assessed by quantifica-
tion of eGFP transcripts using qPCR. Lines in dot plots represent the mean relative quantification of eGFP expression (relative to the control counterparts) 
± SEM. Statistical analyses were conducted by 1-way ANOVA followed by Bonferroni’s test. **P < 0.01. (D and E) qPCR analyses of subcapsular (Shh)/
capsular (Gli1) progenitor markers, of ligand/receptor genes (Rspo3, Wnt4, Lrp5), WNT target genes (Axin2, Lef1), and Frzb WNT repressor. Lines in dot 
plots represent the mean quantification relative to WT 7-month-old mice of gene expression ± SEM. Statistical analyses were conducted by 1-way ANOVA 
followed by Bonferroni’s test. *P < 0.05, **P < 0.01, ***P < 0.001. The number of samples is indicated above dot plots.
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5B). Our data demonstrate that the combined actions of  unbuffered PKA signaling and a low androgenic 
milieu result in increased capsular/subcapsular progenitor recruitment, accelerated cell turnover, and, 
consequently, stimulation of  cortical growth, potentially leading to a critical mass able to support the 
emergence of  a zR (Figure 7). Eventually, this critical size triggers, by yet unknown sensing mechanisms, 
conversion of  innermost zF cells into zR-like cells and growth of  this new layer.

Beyond providing insights into the complex mechanisms that orchestrate adrenal zonation and 
zR onset, our data reveal clear sex differences in cortex remodeling capacity, with DAdKO female 
mice showing faster adult cortical cell renewal than DAdKO males. We show these differences have 
substantial consequences on adrenal disease susceptibility. Using lineage-tracing studies and hormonal 
challenge, we establish that resistance of  males to develop cortical alteration and Cushing’s syndrome 
following Prkar1a genetic ablation relies on “protective” and reversible action of  androgens competing 
with PKA signaling to slow down recruitment and centripetal differentiation of  subcapsular/capsular 
progenitors into steroidogenic cells. By contrast, permissive (low-androgen) conditions encountered 
in females would favor PKA-prone cell turnover and cortex replenishment with mutant steroidogen-
ic cells. The mechanism underlying androgen-dependent inhibition of  PKA signaling remains to be 
elucidated but could involve the RSPO/WNT/β-catenin pathway that is found substantially sustained 
under androgenic conditions in DAdKO males (Figure 6, D and E). Adrenocortical diseases occur 
generally earlier and are more frequent in women, with a sex ratio ranging from 1.5 to 3 for adrenal 
cancer (60, 61), Cushing’s syndrome (62), or Carney complex nodular hyperplasia (63). Although sex 
steroids should be involved in this sex predilection, no supporting mechanisms have been identified 
so far. Based on our findings, we speculate that sex-related differences in the regulation of  progenitor 
homeostasis, cortical cell turnover, and steroid biosynthetic pathways could account for the higher 
incidence and morbidity of  adrenocortical lesions in women.

Figure 7. Model describing the role of PKA signaling in adrenal zonation, cortex replenishment, and interplay with testicular androgen. Solid gray arrow 
shows the main process of cell renewal occurring through recruitment of Shh+ subcapsular progenitors that differentiate as zona glomerulosa (zG) cells. 
Dashed gray arrow shows alternative renewal pathway relaying on the recruitment of capsular Rspo3/Gli1+ stem/progenitor cells that are essential to main-
tain Shh and Wnt4 expression within subcapsular/zG cells and can, to a less extent, regenerate subcapsular progenitors. Large light green arrows symbolize 
the accelerated centripetal conversion of zG cells toward zona fasciculata (zF) identity and, subsequently, to cells with zona reticularis (zR) identity that 
eventually accumulate and expand (large dark green double-headed arrow) as cortex reaches critical size. Horizontal green bar–headed line and arrows show 
effects of constitutive PKA activation that represses zG identity and promotes zF and zR conversion. Horizontal blue arrows show positive effects of testic-
ular androgen on maintaining stem/progenitor pools, at least, through increased activation of WNT/β-catenin signaling. Large orange arrow symbolizes the 
process of fetal X-zone formation occurring through recruitment of precursor cells maintaining FAdE active at E14.5, regardless of PKA activation.
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In conclusion, we have identified PKA signaling as a central regulator of  definitive inner cortex zona-
tion, including conversion of  zF into zR, and thus as a possible mediator of  adrenarche. Our study further 
identifies the progenitor compartment as an important target of  PKA action promoting cortex renewal in a 
sex-dependent manner, in which androgens act as negative regulators. These findings could potentially lead 
to new insights to help explain the overrepresentation of  adrenocortical diseases in women.

Methods
Mouse. The AS+/Cre (11), R26RmTmG (64), Prkar1afl/fl (65), and FAdE-Ad4BP-CreERT2 (FAdE-CreERT2) 
(10) mouse lines have been described previously. Mice were all maintained and bred on a mixed back-
ground. Throughout, WT refers to AS+/Cre::Prkar1a+/fl::R26RmTmG/mTmG, AS+/+::Prkar1a+/fl::R26RmTmG/mTmG, or 
AS+/+::Prkar1afl/fl::R26RmTmG/mTmG. We did not observe any discernible difference among these genotypes (or 
with FAdE-CreERT2). For quantification of  Prkar1a transcripts, only AS+/+::Prkar1a+/fl::R26RmTmG/mTmG and 
FAdE-CreERT2::Prkar1a+/fl::R26RmTmG/mTmG animals were used as controls. For quantification of  Cyp11b2 
transcripts, only AS+/Cre::Prkar1a+/fl::R26RmTmG/mTmG animals were used as controls due to replacement of  
the Cyp11b2 gene by the Cre gene. Littermate control animals were used in all experiments. Cre activation 
during development was obtained by administration of  a single dose of  tamoxifen (3 mg per 20 g of  body 
weight by force feeding) in pregnant females carrying E14.5 embryos followed by 2 injections of  750 μg 
progesterone (just after and 8 hours after force feeding).

Hormonal manipulations. Mice were injected subcutaneously with dexamethasone 21-acetate for 5 days 
in order to deplete endogenous ACTH production (75 μg twice daily in corn oil). For androgen supplemen-
tation, 5.5-month-old male mice were injected subcutaneously with 5α-androstan-17β-ol-3-one for 5 weeks 
(75 μg twice daily in corn oil).

Proliferation assays. Mice were injected i.p. with 50 mg/kg BrdU for 2 consecutive days and were 
sacrificed 1 day later.

Analysis of  hormone levels. Blood samples were collected as previously described (19), and intra-adrenal 
steroids extraction was mentioned in ref. 18. Corticosterone and DHEA levels were determined by ELISA 
using commercially available kits (AR E-8100, LDN, and CAN-DH-490, Diagnostics Biochem). DHEAS 
levels were determined using RIA (66). ACTH levels were determined by multiplex assay (MPTMAG-49K, 
Merck Millipore). Aldosterone, cortisol, 21-deoxycortisol, and androstenedione levels were determined by 
LC-MS/MS (67). Renin activity rate in plasma was determined using a Fluorometric Sensolyte 520 Mouse 
Renin Assay Kit (AnaSpec Inc.).

Body composition analysis. Fat mass versus lean mass repartition of  7-month-old wild-type and mutant 
mice was determined using Echo Magnetic Resonance Imaging (QMR EchoMRI-900TM).

Insulin tolerance test. Insulin tolerance test was conducted on 4- to 6-month-old female mice fasted for 
6 hours before intraperitoneal injection of  1 IU/kg of  body weight of  human insulin (Actrapid, Novo 
Nordisk) diluted in saline solution. Blood glucose concentration was determined using glucometer and 
Accu-Chek Active strips (Roche).

Immunohistological and Western blot analyses. Immunohistological and Western blot analysis methods 
have been previously described (18). See Supplemental Table 1 for conditions used.

Real-time PCR analysis. Total RNAs were extracted from 3-week-old to 14-month-old adrenal glands 
cleaned of  adherent fat using the RNAII nucleotide extraction kit (Macherey Nagel) or the RNAque-
ous-Micro Kit (ThermoFisher Scientific), especially for 3-week-old adrenals, following the manufacturer’s 
instructions. Primer pairs are listed in Supplemental Table 2.

Microarray analysis of  gene expression. Adrenal gene expression profiles for four 7-month-old AS+/Cre::Pr-
kar1afl/fl and four WT littermates were analyzed using Affymetrix Mouse Gene 2.0 ST Arrays (raw and 
processed data are deposited on NCBI GEO platform [GSE103899]). Gene expression was normalized 
by RMA (Affy R package), and genotype comparisons were performed with the t test. All P values were 
adjusted by the Benjamini-Hochberg correction method. Heatmaps were generated with Excel and repre-
sent color-coded individual mean-centered gene expression levels (in the log2 space) in 4 WT and 4 knock-
out adrenals. Genes were ordered according to the mean fold change (log2). The genes used in GSEA are 
listed in Supplemental Table 3.

Statistics. Statistical analyses were conducted by 2-tailed Student’s t test with Welch correction or 1-way 
ANOVA followed by Bonferroni’s multiple comparison post-hoc test. P values of less than 0.05 were considered 
significant.
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