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Shh signaling regulates adrenocortical development
and identifies progenitors of steroidogenic lineages
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The adrenal cortex is a critical steroidogenic endocrine tissue, gener-
ated at least in part from the coelomic epithelium of the urogenital
ridge. Neither the intercellular signals that regulate cortical develop-
ment and maintenance nor the lineage relationships within the
adrenal are well defined. We have explored adrenal Shh activity and
found that Shh is expressed in relatively undifferentiated steroido-
genic cells, which signal to the overlying capsule and subjacent
nonsteroidogenic mesenchyme cells that we also find are progenitors
of steroidogenic lineages. Shh-expressing cells also generate all ste-
roidogenic cell types, but not nonsteroidogenic ones. Shh mutant
adrenals have a thin capsule and small cortex. Our findings both
support a novel dual lineage, Shh-independent and Shh-dependent,
model of adrenocortical development, and identify distinct popula-
tions of adrenocortical progenitor and candidate stem cells.
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he adrenal gland contains a neuroendocrine medulla within a

steroidogenic cortex. The medulla produces catecholamines in
response to sympathetic inputs, while the cortex produces essential
steroids in response to hormonal inputs. Cortical production of
aldosterone regulates sodium retention and blood volume (1), and
is controlled by the renin-angiotensin system. Glucocorticoid out-
put, which mediates the stress response (2), is modulated by the
hypothalamic—pituitary—adrenal (HPA) axis. Although adrenocor-
tical function requires precise control of the steroidogenic cell
lineages, the developmental and postnatal mechanisms that regu-
late their production and maintenance are poorly defined (3).

The adrenal cortex is organized in concentric layers, with ste-
roidogenic cells arrayed in radial columns surrounded by a mes-
enchymal capsule. Murine steroidogenic cortical cells are organized
into three zones. The outermost zone is the aldosterone-producing
zona glomerulosa (ZG); the next zone is the zona fasciculata (ZF),
which produces the glucocorticoid corticosterone; and the inner-
most zone is the transient fetal/X-zone, a potentially catabolic
region that regresses in adults (4). The ZG and ZF express a shared
cohort of enzymes that catalyze the initial steps in the synthesis of
steroids from cholesterol, as well as zone-specific terminal enzymes
that catalyze the final steps: aldosterone synthase (Cyp11B2) in the
ZG and 11B-hydroxylase (Cyp11B1) in the ZF (3, 5).

During embryogenesis, the cortex develops from intermediate
mesoderm (Fig. S1). At approximately embryonic day (¢)9.5 in the
mouse, cells in the coelomic epithelium initiate expression of the
transcription factor SF1, a marker that defines steroidogenic cells
(6, 7) and delaminate into the mesenchyme, forming the nascent
adrenogonadal primordium (AGP) (8, 9). At approximately e10.5,
a subset of SF1-positive (SF1+) cells, at least some of which derive
from the coelomic epithelium (9), segregate dorsomedially from
the AGP and coalesce into the adrenal anlagen. Although the
inductive and migratory cues are not understood, adrenocortical
cells are specified by interactions between SF1 and other transcrip-
tion factors (10, 11). At e12.5-e13.0, neural crest medullary pre-
cursors invade the anlagen (10), as mesenchymal cells encapsulate
the gland. As the adrenal grows, SFl-dependent steroidogenic
enzyme expression begins, and steroidogenic zones segregate (12).
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Steroidogenic cell proliferation depends on B-catenin activity (13).
By e14.5, the first cells of the definitive adult cortex are forming the
ZF, while inner cortical cells form the fetal adrenal (14, 15). In mice
the ZG forms perinatally. The mechanisms that control these
differentiation processes are also not understood.

Adrenocortical progenitor and/or stem populations are thought
to contribute to homeostatic maintenance and remodeling of
steroidogenic lineages. Lineage analyses, BrdUAH thymidine
pulse—chase experiments, and tissue remodeling and regeneration
experiments all support the idea that most proliferation occurs near
the cortical periphery and that cells transit inward by centripetal
displacement to eventually die near the medullary border (reviewed
in refs. 3 and 16). It is believed that adrenal stem cells reside in the
outer cortex, either in an “undifferentiated zone” at the ZG/ZF
boundary (17, 18) or in the capsule or subcapsule mesenchyme,
from which they are recruited into the cortex to become steroido-
genic (3, 19). However, the molecular identity, specific location, and
mechanisms that regulate such adrenocortical stem/progenitor cells
are undefined.

Sonic hedgehog (Skh) encodes a secreted signal implicated in
adrenal development. Shh mRNA is expressed in the outer murine
adrenal cortex, and several human and murine hedgehog pathway
mutant phenotypes include adrenal aplasia or dysgenesis (20, 21).
Despite these data, neither the specific roles of Shh signaling in
adrenal ontogeny nor the signaling and responding cell populations
have been rigorously defined. Here we perform expression, mutant,
and lineage analyses of adrenal Shh activity to identify Shh signaling
and responsive cells and their roles in adrenal development and
differentiation.

Results

Shhis Expressed in Steroidogenic Adrenocortical Outer Zone Cells. We
identified Shh and the Shh pathway components Ptchl, Ptch2, Smo,
Glil, Gli2, and Gli3 as mRNAs enriched in the capsule and ZG, in
a differential screen comparing gene expression in rat adrenal ZG
plus capsule with inner zone plus medulla cells (Fig. S1). We
examined Shh expression in the mouse adrenal gland by in situ
hybridization or via the Shh"3Z (Shh-LacZ) reporter allele (22),
from €10.5 to adult ages. Shh expression was detected in cells
clustered at the cortical periphery, in SFI+ regions, from e€12.5 into
adulthood (Fig. 1 A-C and Fig. S1) but not in intermediate
mesoderm, gonad or dorsal aorta tissue (Fig. S1 and Tables S1-S5).

By comparing the distribution of LacZ+ Shh-LacZ nuclei with

Author contributions: P.K., A.P., and E.L. designed research; P.K., A.P., and E.L. performed
research; P.K., A.P., and E.L. analyzed data; and P.K. and E.L. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1P.K. and A.P. contributed equally to this work.

2present address: Department of Pathology and Cell Biology, Columbia University, New
York, NY 10032.

3To whom correspondence should be addressed. E-mail: elaufer@columbia.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0909471106/DCSupplemental.

PNAS | December 15,2009 | vol. 106 | no.50 | 21185-21190

-
<
=
]
=9
&2
o=
>

w

)



http://www.pnas.org/cgi/data/0909471106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909471106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909471106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909471106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/content/full//DCSupplemental
http://www.pnas.org/cgi/content/full//DCSupplemental

Lo L

/

1\

=y

[ Shh creT2. R26-X e14.5_] [ Shh creT2; R26-YFP Adult ] Ko
3 70 3
360
®
» 50
g 40
+ 30
cu5 20
* 10
0 f T T
ell.5 el25 el3.5
merge age
L [J Cyp11B-
l Cyp11B2+
—%— [l Cyp11B1+
501 T
e
40 7

Fig. 1.

30

201

Fraction of YFP+ cells (%)

6-7 days 13-14 days
Time of chase

Sonic hedgehog expression marks adrenocortical progenitors. (A—C) Shh expression in mouse adrenal cortex. (A) SF1 and Shh mRNA expression in

adjacent e12.5 transverse sections. Shh is expressed by SF1+ outer adrenal cortex, whereas SF1 is throughout adrenal cortex. Up, dorsal; left, medial. (B)
Coimmunofluorescence images showing colocalization of nuclear LacZ and SF1 in Shh-LacZ adrenal (blue arrows). (C) Coimmunofluorescence images showing
that most LacZ+ Shh LacZ cells do not coexpress Cyp11B2 or Cyp11B1. Note that weak nuclear B2 signal is nonspecific. (D-L) Adrenocortical Shh lineages defined
using constitutive and inducible Shh Cre drivers and R26-YFP, R26-LacZ, or R26-X reporter alleles. Recombined R26-X cells express membrane EGFP. (D-F)
Coimmunofluorescence images showing cells labeled by constitutive Shh9fPere Cre activity. (D) At e13.5, the adrenal contains numerous SF1+ LacZ+ cells (yellow
arrows). (E and F) At P12, labeled YFP+ cells coexpress Cyp11B2, Cyp11B1 (E), or 20aHSD (yellow arrow, F). (G-J) Representative coimmunofluorescence images
showing adrenocortical cells labeled by tamoxifen-inducible Shh creT2 Cre activity. (G) After a 5-day chase from e14.5, EGFP+ scc+ cells are clustered at the
cortical periphery. (H) By 28 days, the clusters have grown into radial columns. (/) After a 7-day chase in adults, 95% of YFP+ cells express either no Cyp11B2 or
Cyp11B1(Cyp11B-, yellow arrows) or Cyp11B2 (B2, blue arrow) and are in the zona glomerulosa. (J) After a 13-day chase, in adults 26 % of YFP+ cellsare Cyp11B1+
and in the zona fasciculata (B1, magenta arrows). (K) Quantification of lineage data from e11.5to e13.5. n = 8 Adrenals ate11.5, 4 ate12.5, and 6 at e13.5 (see
Table S6). Graphs, mean * SEM. (L) Quantification of data from (H and /). n = 3 Adrenals at 6-7 days; n = 4 at 13-14 days. Error bars, SEM (see Table S6). *, P <

0.05; **, P < 0.01. ¢, capsule; m, medulla; x, X-zone; zf, zona fasciculata; zg: zona glomerulosa. (Scale bars, 50 pm.)

the steroidogenic cell marker SF1, we found that all LacZ+ cells
also express SF1 (616 LZ+ SF1+/616 total LZ+ cells; Fig. 1B).
Most LacZ+ cells expressed neither Cypl1B1 nor Cypl1B2
(Cyp11B=; Fig. 1C). Using the Shhgere (Shh-gfpcre) allele, in which
a GFP-cre gene fusion replaces the Shh coding sequence (23), GFP
expression was detected only in peripheral cortical cells at e17.5 and
P20 (Fig. S1). Shh is thus expressed in relatively undifferentiated
steroidogenic cell clusters at the periphery of the adrenal cortex
from early organogenesis to adulthood.

Shh Expression Marks Progenitors of Functional Steroidogenic Cells.
We defined the Shh lineage using the cre driver alleles Shh-gfpcre
or Shh-creT2 (23) and several reporter alleles [R26-YFP; R26-
LacZ or R26-mR/mG (R26-X)] (24-26). Reporter expression
using the Shh-gfpcre driver was first detected at e11.5, when 1.1%
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of SF1+ adrenal cells were labeled (Fig. 1K and Fig. S2), which
increased to 75% at €13.5 (Fig. 1 D and K). We did not detect
labeled cells in the gonads or mesenchyme near the adrenal. We
also examined differentiation marker expression in the postnatal
Shh-gfpcre; R26-YFP lineage. At P12, YFP was expressed
throughout the cortex but not in the capsule or medulla (Fig.
1E). YFP expression colocalized with CypllB2 in the ZG,
CypllBl in the ZF, 20-alpha hydroxysteroid dehydrogenase
(20aHSD) in the X zone (4), and with the pan-steroidogenic cell
marker, cholesterol side chain cleavage enzyme (scc), in the ZG,
ZF, and X zones of both male and female adrenals (Fig. 1 E and
F and Fig. S2). The mRNA expression data plus these lineage
results reveal adrenocortical cells are thus the sole source of Shh
in or near the developing adrenal. Furthermore, Shh expression
marks progenitors of all adrenocortical steroidogenic cell types.

King et al.
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We next asked whether Shh expression marks progenitors after
anlagen segregation or postnatally. Shh-creT2; R26-X embryos were
exposed to tamoxifen at el4.5. After 5 days, small clusters of
EGFP+, scc+ cells were located at or near the cortical periphery
(Fig. 1G), which had grown into columns that extended from the
periphery almost to the medulla by 28 days (Fig. 1H). We also
examined adrenals of Shh-creT2; R26-YFP adult males treated with
tamoxifen. After 6-7 days, single YFP+ cells were scattered around
the cortical periphery, and all expressed scc (n = 126/126 YFP+
cells, Fig. S2). Of the YFP+ cells, 95% were in the ZG, and 49%
expressed neither Cyp11B2 nor B1, whereas the remaining 5% were
near the ZF/ZG boundary and expressed Cyp11B1 (Fig. 1 /and L).
At 13-14 days, clusters were larger and contained significantly more
Cyp11B1+ cells (26%; P = 0.004 vs. 67 days; Fig. 1/ and L). These
data demonstrate centripetal displacement of Shi descendants,
both embryonically and postnatally, into multiple functional adre-
nocortical zones.

Adrenocortical Shh Signals Are Received by Nonsteroidogenic Cells.
Expression of the transcription factor Glil and the Shh receptor
Ptchl is induced by Shh signaling, and their elevated expression
marks cells transducing Shh signals (27, 28). We examined G/iI and
Ptchl mRNA expression and expression of the GlLIYZ (Glil-
LacZ) reporter allele (29) in and around the adrenal cortex (Fig. 2).
Atel2.5-14.5, both genes were expressed in mesenchyme surround-
ing the SFI+ cortex and in scattered cells within the adrenal (Fig.
2 A and D and Fig. S3). At later ages, expression was consolidated
into the inner capsule, and cells subjacent to the capsule with some
deeper in the cortex (Fig. 2E). Histochemically stained Glil-LacZ
cells were uniformly scattered over the surface of the adrenal, in
contrast to clustered Shh-LacZ cells, consistent with Glil expres-
sion reflecting dispersion of the Shh ligand (Fig. 2 B and C and Fig.
S3). At embryonic ages, the noncapsule cells were distributed
throughout the cortex, whereas postnatally they were primarily in
the ZG (Fig. 2). The LacZ+ Glil-LacZ cells do not coexpress SF1
(n = 0/551 LacZ+ cells at €16.5, n = 4 adrenals) or PECAM, an
endothelial marker (Fig. 2D).

We next asked whether cells descended from SF1+ cells might
express Glil, using Glil-LacZ; SF1-cre; R26-X mice (13). SFl-cre
induced recombination in all steroidogenic cortical cells but not
capsule or medulla (Fig. 2F and Fig. S4). In Glil-LacZ; SF1-cre;
R26-X adrenals, LacZ, and EGFP were not coexpressed (Fig. 2F).
These data indicate that Glil marks the inner capsule and a novel
noncapsule population that is neither endothelial nor steroidogenic.
The data further reveal that the adrenal response to Shh produced
by steroidogenic cells is restricted to nonsteroidogenic populations.

Cells That Express Gli1 Are Progenitors of Steroidogenic Lineages. The
discovery of Glil + nonsteroidogenic cells primarily at the cortical
periphery raised the novel possibility that some Glil+ SF1— cells
are progenitors of SF1+ steroidogenic cells. To test this we used a
Glil-creT? allele (28). We exposed Glil-creT2; R26-X embryos to
tamoxifen at e14.5 and analyzed adrenal tissue thereafter (Fig. 3
and Fig. S5).

After 1day (Fig. 34 and Fig. S5), EGFP+ cells were present near
the cortical periphery primarily in the inner capsule, with single cells
or small cell clusters present underneath the capsule. The majority
of these were SF1—. By 5 days (Fig. 3B and Fig. S5), there were
SF1+,scc+, EGFP+ clusters subjacent to labeled capsule cells, and
by 21 days clusters extended as far as 20 cell diameters into the
cortex (Fig. S5). After 4 months (Fig. 3C and Fig. S5), EGFP+ cells
were still present throughout the capsule and in scc+ clusters that
could extend to the medullary border. To determine whether Glil
descendants might initiate Shh expression, we labeled cells in
Gli-creT2; R26-X; Shh-nLacZ mice at €14.5 or P2 and chased for 4
or 7 days (Fig. 3D and Fig. S5). Some cortical EGFP+ cells were
also LacZ+, indicating that steroidogenic Glil descendants can
express Shh.

King et al.
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Fig. 2. Adrenocortical Shh signals are received by nonsteroidogenic cells.
Expression of the Shh targets Ptch1 and Gli1 in the adrenal gland. (A) Adjacent
sections showing SF1, Shh, Ptch1, and Gli1 expression in e13.5 adrenal tissue.
Ptch1 and Gli1 are expressed within and surrounding the SF1+ cortex. Up,
dorsal; left, medial; dotted line, coelom border. (B and C) X-gal-stained Shh
LacZ and Gli1 LacZ postnatal adrenals. Shh expression is patchy, whereas G/i1
is uniform. (D and E) Gli1 LacZ coimmunofluorescence comparison of (D) e14.5
Lacz, SF1 and endothelial PECAM or (E) P25 LacZ and Cyp11B1 expression. Gli1
is expressed in capsule cells, and in SF1-PECAM-Cyp11B1- subcapsule cells
(yellow arrows). Some LacZ+ cells are in the ZF (white arrows; E). (F) Coim-
munofluorescence comparison of SF1 lineage (EGFP+) with Gli1 LacZ expres-
sion (LacZ) reveals Gli1 is expressed in capsule (Tom+) and nonsteroidogenic
subcapsule (EGFP - Tom+) cells. Unrecombined R26-X cells express mem-
brane tdTomato (Tom). Scale bars, 50 um. Abbreviations: B1, Cyp11B1; C,
capsule; co, coelom; ZF, zona fasciculata; ZG, zona glomerulosa.

We also labeled cells at P23 and examined adrenals 21 days later
(Fig. 3E and Fig. S5). We detected both EGFP+ capsule cells and
EGFP+ subjacent clusters that were SF1+ and scc+, demonstrat-
ing that similar Glil lineages can be generated postnatally. Together
these data provide compelling evidence for the existence of long-
lived nonsteroidogenic progenitors of steroidogenic adrenocortical
cells, as well as additional evidence for centripetal displacement of
cells through the cortex.

Shh Modulates the Capsule and Regulates Steroidogenic Cells Indi-
rectly. The GIil and Ptchl expression data imply that steroidogenic
cells do not transduce the Shh signal. Thus, removing the obligate
Shh signal transducer Smo from the steroidogenic cells should not
affect adrenocortical development. We tested this using a condi-
tional Smo allele, Smo©° (30). SF1-cre; Smo©°/“° mice were viable,
and the weight (mutant, 1.8 mg/adrenal; control, 1.9 mg; P = 0.6;
Fig. S6), cortical size, capsule cell density, and differentiation of
SFI-cre; Smo©'C° adrenals were similar to those of controls (mu-
tant, 0.37 cells/um; control, 0.35 cells/um; P = 0.3; Fig. S6). We
confirmed recombination at the Smo® locus in the adrenal cortex
by genomic PCR (Fig. S6). These genetic data provide additional
evidence that although steroidogenic cells produce the Shh signal,
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Fig.3. Nonsteroidogenic cells that express Gli1 are steroidogenic progenitors. Gli1 lineage analyses were performed using tamoxifen-inducible Gli1-creT2 and
the R26-X reporter (R26-mR/mG). (A-C) e14.5 Embryos were tamoxifen treated and adrenals harvested after up to 4 months. (A) After a 1-day chase, there are
labeled SF1— capsule cells (green arrow) and small clusters of SF1— subcapsule cells (yellow arrows). (B) After a 5-day chase, there are larger subcapsule clusters
of labeled scc+ cells (blue arrows). (C) After a 4-month chase, labeled clusters extend from the capsule to the medulla. There are also labeled capsule cells. (D)
Gli1 creT2;R26-X;Shh-LacZ e14.5 embryos were tamoxifen treated and harvested after 4 days. EGFP+LacZ+ cell (yellow arrow) reveals Shh expression in Gli1
descendants. Note that the Shh-nLacZ allele is also floxed. Thus, LacZ labeling of EGFP+ cells is not quantitative, as it is restricted to cells with an unrecombined
Shh-LacZ allele. (E) P23 Gli1 creT2;R26-X male was tamoxifen-treated and adrenals harvested after 21 days. Labeled clusters of SF1+ cells extend from the

subcapsule into the cortex. Scale bars, 50 um. Abbreviations: ¢, capsule; ctx, cortex; m, medulla.

they do not significantly respond to it, and that Shh affects
steroidogenic cortical cells indirectly.

To determine whether Shh is required in the steroidogenic
cortex, the apparent Shh source, we used a conditional Shh allele,
Shh©° (31). SF1-cre; Shh®/~ mice were viable. The adrenal glands
were small (mutant, 0.8 mg/mouse; control, 4.0 mg/mouse; P =
0.001; Fig. 4 A4 and G), with the right visibly smaller than the left
(Fig. S6). They also had a dramatically thinned and asymmetric
cortex covered by a thin capsule (mutant, 0.08 capsule cells/um;
control, 0.35 cells/um; P = 9 X 1075; Fig. 4 D and H). Cortical
features and zonal steroidogenic enzyme expression, as well as
medulla size, appeared normal (Fig. 4 B-D), although ZF cells were
hypertrophic, presumably to compensate for the smaller number of
steroidogenic cells (Fig. 4 C and E). We observed similar pheno-
types at e18.5 (Fig. S6). This excludes the possibility that these
phenotypes are secondary to HPA axis activity defects, because
although SF1-cre is expressed in the hypothalamus and pituitary,
pituitary POMC derivatives are not required for prenatal adreno-
cortical development (32).

To address whether the hedgehog signaling was completely
removed from the conditional mutant, we examined SFI-cre;
Shhe*'=; Glil-LacZ adrenals. We detected LacZ expression in
scattered capsule cells in the mutant, which were substantially fewer
than in controls (Fig. 4E). Thus, residual hedgehog activity might
partially ameliorate the conditional null phenotype. We therefore
examined adrenals in Shh '~ embryos and found that at e14.5 and
€16.5 they were also much smaller than those in control Shh™*/*
embryos (Fig. 4F and Fig. S6). LacZ expression was not detected
in the €16.5 Shh~'~; Glil-LacZ adrenal capsule (Fig. S6). Vascu-
larization appeared normal, consistent with healthy mutant tissue.
These results demonstrate that an adrenal cortex forms even in the
complete absence of Shh.

21188 | www.pnas.org/cgi/doi/10.1073/pnas.0909471106

Discussion

We have identified Glil and Shh expression as markers of distinct
adrenocortical progenitor and candidate stem populations, and Shh
signaling as a major regulator of adrenal development and, prob-
ably, postnatal maintenance. Together these data lead us to propose
a novel dual lineage model of adrenocortical development that also
has implications for postnatal regulation of the gland.

Gli1 and Shh Lineages. Our lincage data identify Glil+ and Shh+
cells as two populations that contain adrenocortical progenitors.
Glil + cells convert from a nonsteroidogenic, SF1— identity to a
steroidogenic SF1+ phenotype and subsequently contribute to all
steroidogenic lineages. Glil descendants also persist and generate
steroidogenic cells for months. The relationship between capsule
and subcapsule mesenchyme, both of which express Glil, is unclear,
and thus either might house founder cells of steroidogenic lineages.
Salmon and Zwemer (19) found that trypan blue staining of the
capsule progressively labeled more central adrenal regions, which
suggested that adrenocortical cells are descended from the capsule;
however, these observations could not be repeated (33, 34). Our
results provide direct experimental evidence in support of this idea.

Shh is expressed by clusters of predominantly undifferentiated
cells localized in the ZG. Descendants of Shh+ cells can differen-
tiate into all steroidogenic cell types and grow into radial centripetal
columns, although they do not contribute to the capsule or medulla.
Thus Shh expression marks exclusively steroidogenic progenitors.
One Shh lineage is established at the earliest stages of adrenal
anlagen formation and is independent of Shh signaling. A second
class of Shh+ cells is descended from Glil+ cells, which are
responding to Shh signals. Although the relative contribution of
each type of Shh+ cell to the mature adrenal remains to be
determined, their descendants are probably functionally equivalent,

King et al.
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Fig. 4. Shh signaling is required for cortical growth and capsule mainte-
nance. Adrenal phenotypes in steroidogenic cell conditional SF1-cre;Shh<®'~
and Shh~'~ mutants. (A) Adult (3-month) adrenals are small after conditional
deletion of Shh (Shh©°). (B) Oil red O staining of neutral lipids, hematoxylin
counterstain. (Insets) High magnification. (Cand D) Cyp11B2, Cyp11B1(C) and
scc (D) are expressed in appropriate zones in SF1-cre; Shh“~ adrenal sections.
(D) Adult SF1-cre; Shh®/~ mutant adrenals have a thin capsule (brackets). (E)
Coimmunofluorescence images showing Gli1 LacZ expression in control (left)
and SF1-cre; Shh~ (right) adrenal sections. LacZ+ cells (yellow arrows) are
more sparse but presentin mutant adrenal capsule. (F) An SF1+ adrenal cortex
forms in Shh~'~ mutants, but at e14.5 is much smaller than in controls. (G)
Quantification of adrenal weights. Shh*, n = 3 mice; SF1-cre; Shh<'~, n = 3.
Error bars, SEM (see Table S6). (H) Quantification of capsule cell density. Shh*,
n =4adrenals; SF1-cre; Shh“~, n = 3. Error bars, SEM (see Table S6). Scale bars,
50 wm. B1, Cyp11B1; B2, Cyp11B2.

as there is no evidence for functionally distinct lineages distributed
radially around the gland. Thus our data argue strongly for dual
adrenocortical origins: a primary lineage derived from SF1+
coelomic epithelium, and a secondary lineage derived from SF1—
mesenchyme, either of which might contain adrenocortical stem
cells.

The adrenal cortex appears as the adrenal anlagen segregates
from the rostral adrenogonadal primordium (3, 10, 35). Prior
lineage experiments revealed a coelomic epithelial contribution to
the cortex (9). Our Glil lineage data define a mesenchymal SF1—
contribution that likely begins after Shh expression is initiated in the
adrenal anlagen. However, recent SF1 lineage data appear to
conflict with the idea that these cells are initially SF1— (15). Fate
maps generated using a small SF1/Ad4BP fetal adrenal enhancer
element to drive inducible Cre expression labeled the entire cortex
into adulthood after Cre induction at el1.5. This suggests that
progenitors of all cortical cells transiently express SF1. If so, our
Glil lineage results suggest that these progenitors generate mes-
enchyme that forms the capsule or subcapsule. However, a much
larger SFI-cre transgene (13) does not label the capsule, and thus
the smaller transgene might display ectopic mesenchymal expres-
sion at early developmental stages.
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Fig. 5. Two-lineage model of adrenocortical development. (A) Diagram of
transverse section of embryo. 1, Primary adrenal lineage delaminates from the
coelomic epithelium, initiates Shh expression (blue “olives’’) and induces G/i1
expression (yellow) in surrounding mesenchyme. GliT1+ cells convert into
secondary adrenal lineage and initiate Shh expression (green “olives”). 2,
Shh+ cells continually induce G/i7 in overlying mesenchyme, as differentiating
cells down-regulate Shh. (B) Mature gland, with potential capsule-derived
signal (arrow) and cell types descended from G/i7+ or Shh+ cells. (C) Signaling
between primary 1° and secondary 2° adrenal lineages and mesenchyme.
Thick arrows, signals; thin arrows, lineages. Abbreviations: d, dorsal aorta; n,
notochord; nc, neural crest; nt, neural tube.

Functions of Shh. Our data reveal multiple adrenocortical require-
ments for Shh signaling. These include effects on capsule
thickness and growth of the cortical SF1 population. Our Glil
and Ptchl expression data argue that the effects on the capsule
are probably direct, whereas, in combination with the Smo
mutant data, the effects on the SF1+ cells are indirect.

Removing Shh signaling reduces the capsule to a single cell layer
over much of the cortex. This might result if Shh is a capsule cell
mitogen or trophic factor or a chemoattractant for noncapsule
mesenchyme. Alternatively, Shh might maintain capsule progeni-
tors, which otherwise could be rapidly depleted as the nascent
adrenal grows. Although mechanisms controlling capsule growth
and maintenance are poorly understood, the capsule is thickened in
adrenals mutant for MC2R, the ACTH receptor (36). This might
reflect feedback signaling between the MC2R+ cortex and the
overlying capsule, perhaps via MC2R regulation of Shh expression.

The second major Shh phenotype is the failure of the SF1+
population to expand normally, resulting in a smaller cortex. One
cause of this defect might be failed recruitment of nonsteroidogenic
mesenchymal cells into the cortex. Shh signaling might regulate the
transition of responsive progenitors into steroidogenic lineages,
with reduced signaling causing a smaller cortex. Alternatively, Shh
might maintain progenitor potency and/or competence to respond
to non-Shh cues. In support of these ideas, hedgehog signaling is
known to regulate stem cell niches in multiple organs (37, 38). Shh
might independently also regulate mitogenic secondary signals
from capsule mesenchyme to the steroidogenic cells. Wnt family
growth factors are candidates, as B-catenin is required for SF1+ cell
proliferation and survival (13), and hedgehog and Wnt signals
frequently are regulated reciprocally (38).

Ching and Vilain (21) recently reported adrenal Shh and Gli gene
expression patterns and described SF1-cre; Shh©/° adrenal phe-
notypes. They detect Shh mRNA expression in subcapsular cortical
cells, and Gli1, Gli2 and GIi3 expression at the margin of the cortex.
Similar to our results, they find that conditional S/ mutant adrenal
glands are small, with an eccentric medulla but normal zonation.
They also detect reduced proliferation in the mutant cortex, which
we have not examined. In contrast to our results, they describe loss

PNAS | December 15,2009 | vol. 106 | no.50 | 21189

DEVELOPMENTAL
BIOLOGY


http://www.pnas.org/cgi/data/0909471106/DCSupplemental/Supplemental_PDF#nameddest=ST6
http://www.pnas.org/cgi/data/0909471106/DCSupplemental/Supplemental_PDF#nameddest=ST6

Lo L

P

1\

=y

of the right adrenal gland in adult mutant animals. We always found
a right adrenal gland, although, unlike the left adrenal, it was
located deep within adipose tissue. Whether this difference is due
to genetic variation or to other causes is unclear.

Two-Lineage Model of Adrenocortical Development. Our data lead us
to the following model of adrenocortical development (Fig. 5).
Adrenal anlagen formation, in which SF1+ cells delaminate from
the adrenogonadal primordium, occurs independent of Shh signal-
ing and establishes a primary adrenal lineage. These cells then
initiate Shh expression, and nearby mesenchymal cells convert to a
steroidogenic identity, perhaps dependent on Shh signaling, thus
forming a secondary adrenal lineage. Surrounding mesenchymal
cells encapsulate the gland, concurrent with investment by medul-
lary sympathoadrenal neural crest cells. Although rudimentary
capsule formation is Shh independent, capsule maturation and
maintenance are not. Newly converted secondary adrenal cells at
the cortical periphery rapidly up-regulate Shh expression. Some of
their descendants and those of the primary lineage down-regulate
Shh expression and continue to differentiate, while centrally dis-
placing older cells. A bootstrapping circuit is thus established
between cortical cells that signal via Shh to the overlying mesen-
chyme to modulate further recruitment of cells into the cortical
lineage, and this system functions into adulthood to maintain the
cortex and capsule.

The adrenal cortex remodels in response to physiological changes
in the salt/water balance or stress levels, via either the renin-
angiotensin system or the HPA axis. Each system is thought to
mobilize or to repress progenitor and/or stem populations as
needed to modulate steroidogenic capacity (18, 39). Shh expression
is likely to identify outer cortical cells that are targeted during
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remodeling. It will be interesting to learn how these cells and Shh
signaling contribute to these processes.

Experimental Procedures

Rats and Mice. All live animal procedures were performed according to
Columbia University Institutional Animal Care and Use Committee or UK
Home Office guidelines in the Animal (Scientific Procedures) Act 1986. Male
Sprague-Dawley rats (Charles River Laboratories) and mice (Table S1) were fed
standard laboratory chow. Noon on the day of the vaginal plug was consid-
ered embryonicday 0.5. CreT2 activity was induced by IP injection of 0.5 mg to
6 mg of tamoxifen (50 mg/ml in corn oil).

Immunostaining, in Situ mRNA Hybridization, and LacZ Histochemistry. Serial
cryosections (5 um) were cut from tissue fixed in 4% paraformaldehyde in PBS
at 4 °C for less than 2 hours for immunostaining or overnight for in situ
hybridization. Immunostaining was performed at 4 °C overnight with primary
antibodies (Table S4), followed by secondary antibodies (Table S5) for 1-2 h at
RT and counterstaining with H33342 or Toto3. Nonradioactive section in situ
hybridization probes are detailed in S/ Experimental Procedures. LacZ activity
was detected by X-gal staining for 4 hours to overnight (24).

Quantification and Statistical Analyses. All analyses are based on examination of
three or more adrenal glands. For lineage and capsule density analyses, cells were
counted in at least three sections per adrenal gland. Wet adrenal glands were
weighed after removal of adherent fat. P values were calculated using unpaired
heteroscedastic two-tailed t tests, and values of P < 0.05 were considered
significant.
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