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Dicer Deficiency Reveals MicroRNAs Predicted
to Control Gene Expression in the Developing
Adrenal Cortex
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MicroRNAs (miRNAs) are small, endogenous, non-protein—-coding RNAs that are an important
means of posttranscriptional gene regulation. Deletion of Dicer, a key miRNA processing enzyme,
is embryonic lethal in mice, and tissue-specific Dicer deletion results in developmental defects.
Using a conditional knockout model, we generated mice lacking Dicer in the adrenal cortex. These
Dicer-knockout (KO) mice exhibited perinatal mortality and failure of the adrenal cortex during
late gestation between embryonic day 16.5 (E16.5) and E18.5. Further study of Dicer-KO adrenals
demonstrated a significant loss of steroidogenic factor 1-expressing cortical cells that was histo-
logically evident as early as E16.5 coincident with an increase in p21 and cleaved-caspase 3 staining
in the cortex. However, peripheral cortical proliferation persisted in KO adrenals as assessed by stain-
ing of proliferating cell nuclear antigen. To further characterize the embryonic adrenals from Di-
cer-KO mice, we performed microarray analyses for both gene and miRNA expression on purified RNA
isolated from control and KO adrenals of E15.5 and E16.5 embryos. Consistent with the absence of
Dicer and the associated loss of miRNA-mediated mRNA degradation, we observed an up-regulation
of a small subset of adrenal transcripts in Dicer-KO mice, most notably the transcripts coded by the
genes Nr6éal and Acvric. Indeed, several miRNAs, including let-7, miR-34¢, and miR-21, that are
predicted to target these genes for degradation, were also markedly down-regulated in Dicer-KO
adrenals. Together these data suggest a role for miRNA-mediated regulation of a subset of genes that
are essential for normal adrenal growth and homeostasis. (Molecular Endocrinology 27: 754-768,
2013)

The adrenal glands are bilateral structures located su-  approximately embryonic day 9 (E9.0) (3). It is at this

perior to the kidneys that have essential functions in  time that steroidogenic factor 1 (Sf1), a key regulator of

maintaining electrolyte and metabolic homeostasis as
well as in regulating the stress response. The adrenal is com-
prised of two embryologically and functionally distinct cell
types: the adrenal cortex, which is derived from the coelomic
epithelia and intermediate mesoderm known as the urogen-
ital ridge, and the adrenal medulla, which is comprised of
neuroendocrine cells derived from the neural crest (1, 2).
The adrenal cortex initially forms as a coalescence of
cells known as the adrenogonadal primordium (AGP) at
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steroidogenic enzymes in the adrenal cortex and steroid-
secreting cells of the gonads, begins to be expressed in the
AGP (4). By E12.0, a distinct adrenal primordium con-
sisting of fetal adrenocortical cells separates from the
AGP. Medullary precursor cells from the neural crest be-
gin migrating into and populating the fetal adrenal cortex
(1). Shortly thereafter, mesenchymal cells from the sur-
rounding stroma coalesce to form the adrenal capsule,
which is where a population of adrenocortical precursor
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Abbreviations: Acvric, Activin A receptor, type IC; AGP, adrenogonadal primordium;
BAC, bacterial artificial chromosome; DAB, 3,3’-diaminobenzidine; DAPI, 4’,6-diamidino-
2-phenylindole; E9.0, embryonic day 9; FDR, false discovery rate; KO, knockout; miRNA,
microRNA; PCNA, proliferating cell nuclear antigen; Sf1, steroidogenic factor 1; UTR,
untranslated region.
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cells resides (5). As development progresses, the fetal ad-
renal cortex is replaced by the adult or definitive cortex,
which contains peripheral stem/progenitor cells that con-
tinuously replenish the dying cells of the inner gland
throughout the life of the organism (6).

MicroRNAs (miRNAs) are short, endogenous, non-
coding RNA transcripts first described in Caenorbabditis
elegans (7). The canonical function of miRNAs is the
posttranscriptional regulation of gene expression, a pro-
cess mediated by the binding of a given miRNA to par-
tially complementary sequences in the 3'-untranslated re-
gion (UTR) of the target gene mRNA. In conjunction with
a protein complex, known as the miRNA-induced silenc-
ing complex (miRISC), miRNAs bind to target mRNA
transcripts to inhibit translation either by destabilizing
the target transcript and facilitating degradation or by
inhibiting the translational machinery (8, 9). Both mech-
anisms have the effect of subsequently inhibiting the pro-
tein expression of specific genes within a cell, providing
an additional layer of regulatory control over gene
expression.

Dicer is the ribonuclease IIT enzyme required for mat-
uration of pre-miRNAs into double-stranded miRNAs.
Mice deficient in Dicer do not survive beyond E8.5, indi-
cating that miRNAs are crucial for normal development
(10). Recent studies involving tissue-specific Dicer-
knockout (KO) mice reveal that Dicer is required for nor-
mal organogenesis and maintenance in a variety of tissues
including heart, lung, skin, muscle, and the adrenal gland
(11-18). Dicer has been shown to be required for the
maintenance of both embryonic and tissue stem cells (19,
20), suggesting a role for Dicer and miRNA expression in
regulating organ formation and/or homeostasis.

In this study, we used a genetic approach to ablate
Dicer in the steroidogenic cells of the adrenal cortex. The
resulting adrenocortical Dicer-KO mice displayed normal
adrenal development through E14.5. However, by E18.5,
the adrenal cortex had completely failed, resulting in the
absence of cortical tissue, consistent with the similar re-
sults of a previous report (18). miRNA and mRNA array
analyses showed that adrenals from Dicer-KO mice had
distinct expression profiles relative to wild-type (WT)
controls, including the up-regulation of Nréal and
Acvrlc and concurrent down-regulation of several miR-
NAs, most notably let-7, miR-101b, miR-10a, and miR-
21. Importantly, these down-regulated miRNAs are
predicted to target the mRNA transcripts that are up-
regulated in Dicer-KO adrenals.

Materials and Methods
Mice

All experiments involving mice were performed in accor-
dance with an institutionally approved protocol under the aus-
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pice of the University Committee on Use and Care of Animals at
the University of Michigan. Veterinary care was provided by the
Unit for Laboratory Animal Medicine staff at the University of
Michigan based on standards in the Guide for Care and Use of
Laboratory Animals, the Animal Welfare Act Regulations, and
the Public Health Service Policy on Humane Care and Use of
Laboratory Animals.

Sf1-Cre mice were obtained and described previously (21,
22). Mice carrying the floxed Dicer allele (Dicer1™®4"/]) were
purchased from The Jackson Laboratory (Bar Harbor, Maine).
To obtain Sf1-Cre/Dicer'®”'** mice, Sf1-Cre/Dicer*"'**, and Di-
cer'®1°% mice were mated together. Females from each mating
pair were monitored for seminal plugs, and the morning of
detection was designated as E0.5. Pregnant females were killed
at the designated time points, and harvested embryos were
staged using Theiler staging criteria (www.emouseatlas.org).
Genotyping for the Sf1-Cre and Dicer'®* allele was performed as
previously described (21, 23).

Adrenal histology, immunohistochemistry,
and immunofluorescence

Tissues were fixed and paraffin embedded as previously de-
scribed (22), and 7-um sections were cut and placed on micro-
scope slides for further manipulation. Antigen retrieval for im-
munohistochemistry was performed as described previously
(22). Antibody staining was performed with VECTASTAIN
ABC kits (Vector Laboratories, Burlingame, California) accord-
ing to the manufacturer’s protocol. Tissue sections were blocked
in antibody diluent solution for 1 hour at room temperature and
then incubated overnight at 4°C with anti-p21 (1:100; BD
Pharmingen, San Diego, California), anti—cleaved-caspase 3 (1:
100; Cell Signaling Technology, Danvers, Massachusetts) or
anti-phospho-H2A.X (1:50; Cell Signaling). The following day,
sections were washed and incubated with biotinylated second-
ary antibodies for 1 hour at room temperature and subsequent
staining via 3,3’-diaminobenzidine (DAB) (Sigma, St Louis,
Misouri) was performed according to the manufacturer’s in-
structions. DAB-stained tissue sections were then counter-
stained with either diluted (1:10 deionized water) eosin or he-
matoxylin. Coverslips were mounted using Permount
(ThermoFisher, Waltham, Massachusetts) and sections imaged
using light microscopy.

Immunofluorescence was carried out in a similar manner
except that tissue sections were blocked with PBS/2% nonfat
dry milk/2% normal goat serum. Sections were then incubated
overnight at 4°C with anti-Sf1 (1:1000, custom antibody), anti-
tyrosine hydroxylase (1:300; Millipore, Billerica, Massachu-
setts), anti-proliferating cell nuclear antigen (PCNA) (1:500;
Santa Cruz Biotechnology, Santa Cruz, California), anti-CD3
(1:250; Abcam, Cambridge, Massachusetts), anti-CD68 (1:200;
Abcam), or anti-CD20 (1:100; Santa Cruz). The following
morning, slides were washed and incubated with Dylight 488-
conjugated goat antirabbit or Dylight 549-conjugated goat an-
timouse (1:1000; Jackson ImmunoResearch Laboratories, West
Grove, Pennsylvania) in the dark at room temperature for 1
hour. All antibodies were diluted in PBS containing 0.2 % nonfat
dry milk and 0.2% normal goat serum. The fluorescently la-
beled tissue sections were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) (1:1000; Sigma-Aldrich, St Louis, Mis-
souri) and coverslips mounted using Tris-buffered Fluorogel
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(Electron Microscopy Sciences, Hatfield, Pennsylvania). Sec-
tions were visualized by fluorescent microscopy.

Hematoxylin and eosin staining was performed by standard
procedures.

Microarrays

Timed matings were established to generate Sf1-Cre/
Dicer'®'°* KO embryos. At E15.5 and E16.5, embryos were
harvested from pregnant females, and adrenals from each em-
bryo were microdissected and stored separately in RNAlater
solution (Life Technologies, Carlsbad, California) until geno-
typing confirmed Dicer KO status. The adrenals from control
and Dicer-KO littermates were pooled separately from 4 indi-
vidual litters, resulting in a total of 4 control (cre™) and 4 Di-
cer-KO biological replicates at both E15.5 and E16.5. Total
RNA was isolated using the RNAqueous Micro kit (Life Tech-
nologies, Carlsbad, California) in accordance with the manu-
facturer’s protocol to preserve small RNA recovery. Isolated
RNA was quantified on a Nanodrop 2000c spectrophotometer
(Thermo Scientific, Wilmington, Delaware) and submitted to
the University of Michigan Microarray Core Facility where
samples were quality checked and finally analyzed with both
Affymetrix Mouse 430 version 2.0 gene expression arrays and
ABImiRNA OpenArrays. RNA preparation for the ABImiRNA
OpenArray platform was performed according to the manufac-
turer’s protocols (Applied Biosystems, Carlsbad, California).
Complete data from both arrays can be found in the Gene Ex-
pression Omnibus (GEO) series at accession number
GSE45812.

Quantitative real-time PCR

Up to 1 ug of total RNA isolated from E15.5 and E16.5
embryonic adrenals was reverse transcribed using the iScript
system (Bio-Rad Laboratories, Hercules, California) to generate
c¢DNA. The resulting cDNA was amplified with appropriate
primers using Power SYBR Green PCR Master Mix and ana-
lyzed on an ABI 7300 real-time PCR system. Data analysis was
performed using the 2~ 42T method (24). Gene expression was
normalized to mouse B-actin. Primers for each amplified gene
are as follows: B-actin (Actb), forward 5'-CTAAGGCCAAC
CGTGAAAAG-3" and reverse 5'-ACCAGAGGCATACA
GGGACA-3'; Nr6al isoform 1 (Nr6al_1), forward 5'-
GCAACGGTTTCTGTCAGGAT-3' and reverse 5'-GCC
AAGTGTTAAACTGTCAAGTCTCT-3’; Nr6al isoform 2
(Nr6al_2), forward 5'-GCTTGCCAGAGATCCGATAC-3’
and reverse 5'-AGTGCAGCACCACCTTAAAGA-3’; and
Nr6al isoform 3 (Nr6al_3), forward 5'-GAGAGCAAC
CAGCCCTCA-3" and reverse 5'-ATCCCTGAATGCCA
TGAATC-3'.

Statistical analysis

Microarray data were normalized using the robust multiar-
ray average (RMA) algorithm (25). miRNA data were normal-
ized to the U6 rRNA value on the corresponding subpanel of the
OpenArray. For both types of arrays, differential gene expres-
sion between conditions was determined using the limma pack-
age by applying linear modeling followed by the empirical Bayes
method to compute significance (26). The resulting P values
were adjusted for multiple testing by the Benjamini-Hochberg
method (27). Genes with an absolute log,-fold change greater
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than or equal to 1.5 with an adjusted P value < .05 were con-
sidered differentially expressed and statistically significant. For
DAVID analysis, each collection of differentially expressed
genes was evaluated for gene-enrichment by submitting the En-
trez Gene identifiers to DAVID (david.abce.nciferf.gov) and
running the default analysis. Functional classifications with a
false discovery rate (FDR) =5% were considered significant
(28). A modified Fisher’s exact test was used to assess over
representation of predicted binding sites for each of the differ-
entially expressed miRNAs in the 3’-UTRs of the up-regulated
gene list.

Results

Sf1-Cre/Dicer'®/'°* (Dicer-KO) mice die shortly
after birth

The Cre-mediated excision of Dicer in the developing
adrenal cortex resulted in a marked adrenal defect that
proved to be lethal. Based on our breeding strategy, embry-
onic and postweaning offspring were expected to demon-
strate Mendelian genotypic ratios in which 25% of progeny
should have been positive for the Sf1-Cre/Dicer'®'°* geno-
type. However, of 52 mice genotyped at weaning, none were
Dicer-KO animals. The expected Mendelian ratios for the
Sf1-Cre/Dicer'™/°* genotype were seen only at the embry-
onic stages. Of 96 embryos tested, 25 were Sf1-Cre/
Dicer'™'°*, Mortality among Sf1-Cre/Dicer'™”°* animals
occurred 1 to 2 days after parturition, with no Sf1-Cre/Di-
cer'™1°% offspring surviving beyond this time point. We con-
clude that Sf1-Cre/Dicer'™'** offspring invariably died
shortly after birth, presumably due to adrenal failure. This
perinatal lethality in Dicer-KO animals is supported by a

previous report (18).

Dicer-KO mice exhibit adrenal failure late in
embryonic development

To determine the developmental stage at which Dicer
is essential for adrenal organogenesis, we performed de-
tailed analyses of adrenals from embryos at 3 embryonic
time points: E14.5, E16.5, and E18.5. Grossly, there was
no appreciable difference between control and Dicer-KO
adrenals at E14.5 or E16.5. However, the size of the ad-
renals in E18.5 Dicer-KO animals was markedly smaller
than control counterparts (Figure 1A), consistent with
either growth failure or destruction of the developing ad-
renal cortex. We then analyzed the histology of Dicer-KO
adrenals. We were unable to detect significant histologi-
cal changes at E14.5 (Figure 1B) between control and
Dicer-KO adrenals. This implied that the fetal adrenal
cortex in Dicer-KO animals underwent normal specifica-
tion and formation and that Dicer loss in Sf1-positive fetal
adrenal cells was not detrimental to early adrenal devel-
opment. However, as shown in Figure 1B, the adrenal
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Figure 1. Analysis of adrenals from Sf7-Cre/Dicer/>* mice. A, Gross

photos of adrenals and kidneys from E16.5 and E18.5 Dicer-KO (cre™
KO) embryos and cre™ littermate controls (WT). Photos of the E16.5
time point were taken at a 2X higher magnification than the E18.5
photos. B and C, Histological comparison of adrenal sections from
Dicer-KO (cre* KO) embryos and cre™ littermate controls (WT) at
E14.5, E16.5, and E18.5 by hematoxylin and eosin (H&E) (B) and
immunofluorescent straining (C) for Sf1 and tyrosine hydroxylase (Th).
In C, sections were counterstained with DAPI (blue) before visualization
and images were merged to show colocalization. Images in B and C
are taken at X100 magnification.

cortex from E16.5 Dicer-KO animals appeared smaller in
cross-sections but maintained distinct cortical and med-
ullary demarcations. The most significant phenotype in
Dicer-KO animals occurred at E18.5. Adrenals from Di-
cer-KO animals at this time point demonstrated a marked
loss of Sfl-expressing cortical cells, albeit with some
E18.5 Dicer-KO adrenals exhibiting more residual Sf1-
expressing cortical cells than others (compare Figures 1C
and 2B), consistent with the stochastic nature of cre-me-
diated excision that, together with other genetic and en-
vironmental factors, routinely results in phenotypic vari-
ability. Regardless, there was a consistent, dramatic loss
of Sf1-expressing cortical cells in all E18.5 Dicer-KO ad-
renals compared with control (cre™ littermates) adrenals.
Interestingly, the adrenal medulla, which is derived from
a separate cell lineage than the cortex, persisted in the
Dicer-KO adrenals.
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Immunofluorescent staining was also performed on
control and Dicer-KO adrenal sections. At E14.5, both
the adrenal cortex and medulla appeared to be intact, as
evidenced by anti-Sf1 (cortex-specific) and anti-tyrosine
hydroxylase (medulla-specific) staining (Figure 1C).
However, at E16.5, the Sf1-positive cortex is dramatically
thinner in the KO mice compared with control mice. By
E18.5, Dicer-KO animals had very few residual Sf1-ex-
pressing adrenocortical cells. Tyrosine hydroxylase-ex-
pressing medullary cells persisted at E18.5 in Dicer-KO
adrenals, despite the severe cortical failure (Figure 1C).

In summary, Dicer-KO adrenals initiate organogenesis
normally, as evidenced by the formation of the fetal ad-
renal cortex, followed by the normal infiltration of neural
crest-derived medullary precursor cells and encapsulation
by mesenchymal cells of the surrounding intermediate
mesoderm. However, beginning at E16.5, Dicer-KO ad-
renals exhibited a gradual loss of Sfl-positive cortical
cells that resulted in the complete absence of the cortex by
E18.5. This marked phenotype was incompatible with
life, as evidenced by the perinatal lethality observed in
Dicer-KO animals.

Embryonic Dicer-KO adrenals exhibit normal
proliferation but evidence of increased cell death

We next examined cortical cell proliferation and apo-
ptosis. In the adrenal, proliferating cortical cells are most
abundant in the outer peripheral region of the newly
forming definitive cortex (29). Adrenal sections from con-
trol and Dicer-KO embryos were co-stained with anti-Sf1
and anti-PCNA to localize proliferating cells. Staining
with PCNA alone is shown in Figure 2A and the co-
localization in Figure 2B. Our results demonstrated that
proliferating cells localized to the peripheral cortex re-
mained detectable in Dicer-KO adrenals, suggesting that
loss of Dicer in definitive cortical cells did not preclude the
proliferation of peripheral cells. However, although over-
all proliferation in the adrenal cortex (reflected in PCNA
immunoreactivity) did not differ between control and KO
adrenals, the number of PCNA-stained Sf1-positive cells
did appear to be somewhat diminished in Dicer-KO ad-
renals, particularly in the older E18.5 mice. However, the
decrease in number of Sfl-expressing cells in E18.5 Di-
cer-KO adrenals may be confounding the interpretation
of whether loss of proliferation resulted in decreased Sf1
cells or vice versa.

Therefore, we then determined whether Dicer loss in
the adrenal cortex induced cell cycle arrest and apoptosis.
In adrenals from E14.5 embryos, staining for the apopto-
sis markers, Cdknla (p21) and cleaved-caspase 3, was
limited primarily to the cortex and was clearly increased
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Figure 2. Assessment of proliferation in adrenals from Sf1-Cre/Dicer'™’'®* mice.
Immunofluorescent staining of adrenals from Dicer-KO (cre™ KO) embryos and cre™ littermate
controls (WT) at E14.5, E16.5, and E18.5. A, PCNA alone. B, Sf1 (green) and PCNA (red). Images

are taken at X100 magnification.

in Dicer-KO adrenals compared with their WT litter-
mates (Figure 3, A and B). This was surprising because we
were unable to otherwise appreciate an apparent pheno-
type in Dicer-KO adrenals at this time point. A similar
increase in apoptotic markers was seen at E16.5. In addi-
tion, phospho-y-H2A.X staining was present in Di-
cer-KO adrenals at E14.5 and E16.5, consistent with dou-
ble-stranded DNA damage (Figure 3C). In summary,
Dicer-KO adrenals showed evidence of increased cell cy-
cle arrest and apoptotic activity in the cortex, consistent
with the loss of Sfl-positive cortical cells observed at
E18.5.

Dicer-KO adrenals demonstrate a unique mRNA
expression profile

Dicer-KO mice demonstrated marked hypoplasia of
the adrenal cortex that began with increased cellular
death at E14.5 and continued until E18.5, at which time
the adrenals demonstrated a marked decrease in Sf1-ex-
pressing cortical cells. Whether this adrenal failure re-
flected dysregulation of miRNA biogenesis or a cellular
toxicity effect resulting from the accumulation of unpro-
cessed pre-miRNAs is unclear. Further analysis assessed
gene transcript expression in both control and Dicer-KO
adrenals at E15.5 and E16.5.

Mol Endocrinol, May 2013, 27(5):754-768

Figure 4 shows heatmaps from
Affymetrix arrays illustrating the
differentially expressed gene tran-
scripts in Dicer-KO adrenals com-
pared with control adrenals at E15.5
(Figure 4A) and E16.5 (Figure 4B).
Shown are only those genes that
have greater than 1.5-fold change
and P = .05. In E15.5 Dicer-KO ad-
renals, 10 differentially up-regu-
lated and 19 differentially down-
regulated genes observed
relative to control adrenals. Simi-
larly, there were fewer differentially
up-regulated genes in E16.5 Di-
cer-KO adrenals than differentially
down-regulated genes (19 up-regu-
lated vs 31 down-regulated). Most
of these differentially expressed
genes were observed in both E15.5
and E16.5 in Dicer-KO adrenals
(detailed in Table 1).

Differentially ~ down-regulated
gene transcripts in Dicer-KO adre-
nals included those related to ste-
roidogenic pathways, such as
Cyp11b1, and 2 of the most down-
regulated transcripts common to
both E15.5 and E16.5 time points, Akr1d1 and Adh7.
Additionally, Frzb, a secreted Wnt antagonist, was also
highly down-regulated in E15.5 and E16.5 Dicer-KO ad-
renals. This result was intriguing, as data from our lab

E18.5

PCNA

were

IPCNA

and others demonstrate a role for the Wnt/B-catenin
signaling pathway in adrenal development and mainte-
nance and in the pathology of adrenocortical neoplasia
(22, 30, 31).

When we compared all of the differentially up-reg-
ulated transcripts in Dicer-KO adrenals relative to con-
trol adrenals at E15.5 and E16.5, genes related to in-
flammatory and immune processes appeared to be
overrepresented in the data. We performed a DAVID
(Database for Annotation, Visualization, and Inte-
grated Discovery) analysis that identified enriched gene
ontology (GO) terms and functionally related gene
groups. Comparison across time points and genetic
background (cre” control vs Dicer-KO) demonstrated
that E16.5 Dicer-KO adrenals were particularly en-
riched for GO terms related to immune and inflamma-
tory response pathway genes (Table 2). These data are
suggestive of an inflammatory process or a cell-medi-
ated immune response occurring in Dicer-KO adrenals
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Nr6algenomic locus. Importantly,

Cre” WT

cret KO

only primers for isoform 2 would
be expected to amplify the portion
of the Nr6al sequence present in
the BAC. Therefore, to specifically
determine the extent of isoform 2
expression from the BAC, we first
determined Nr6al isoform-spe-
cific transcript levels in the adre-
nals of adult mice carrying the Sf1-

p21

Cre transgene without the floxed

Cre” WT |

cretkKo|

Dicer allele compared with the ad-
renals of WT animals. Although
we observed no increase in expres-
sion of Nr6al isoforms 1 and 3, a
minor increase in expression of
Nré6al isoform 2 indicated only
modest 3’ transcriptional leakage
from the transgene (Figure 5A). In
contrast, when we examined iso-

Caspase 3

Cre” WT

cret KO o

s &
Nl 8 s

Satel

b

form expression in the adrenals of
the Dicer-KO mice (Sf1-Cre/Dicer-
lox/lox) compared with the adrenals
of WT animals (4 samples at E15.5
and 4 at E16.5), we observed a sig-
nificantly higher levels of isoform
2 (up to 20-fold) as well as a 2- to
10-fold up-regulation of isoforms
1 and 3, confirming a bona fide
i | up-regulation of Nr6al in Di-

H2A.X

A

Figure 3. Assessment of cell cycle arrest/apoptosis and DNA damage in adrenals from Sf7-Cre/
Dicer'®’°* mice. DAB immunohistochemistry of adrenals Dicer-KO (cre™ KO) embryos and cre™
littermate controls (WT) at E14.5, E16.5, and E18.5. A, p21 (Cdkn1a), a cell cycle inhibitor. B,
Cleaved-caspase 3, an apoptotic marker. C, Phospho-y-H2A.X, an indicator of DNA damage
repair. Tissues were counterstained with hematoxylin or eosin. Images are taken at X100

magnification.

that could either contribute to or be a consequence of
the observed cortical cell death.

The most up-regulated gene in Dicer-KO adrenals at
both E15.5 and E16.5 time points was Nr6al, or germ
cell nuclear factor (Genf), followed by a consistent in-
crease in expression of a number of other genes, most
notably Acvric (Alk7). The interpretation of Nr6al
expression levels, however, is confounded by the exper-
imental design. The presence of approximately 10 kb of
the 3’ end of Nré6al in the bacterial artificial chromo-
some (BAC) used to generate the Sf1-Cre transgene
potentially contributed to the observed increased
Nr6al expression in Sf1-Cre/Dicer'®°* mice. There-
fore, using adrenals from E15.5 and E16.5 control and
Dicer-KO embryos, we performed quantitative real-
time PCR of the 3 Nr6al isoforms expressed from the

cer-KO adrenals (Figure 5, B and
C). Taken together, these data con-
firm that Nr6al was up-regulated
resulting from loss of Dicer in the
adrenal cortex.

Down-regulated miRNAs in

Dicer-KO adrenals are predicted to target up-
regulated gene transcripts

To determine which specific miRNAs were affected in
Dicer-KO adrenals, we analyzed RNA isolated from
E15.5and E16.5 WT and Dicer-KO adrenals on OpenAr-
ray miRNA arrays. As expected, differentially expressed
miRNAs in Dicer-KO adrenals were down-regulated rel-
ative to controls; miRNAs with greater than 1.5-fold dif-
ference and P = .05 are displayed on the heatmap shown
in Figure 6. Of these differentially expressed miRNAs, 16
were common between E15.5 and E16.5 (detailed in Ta-
ble 1). Of these down-regulated miRNAs, miR-34¢, miR-
21, miR-10a, and let-7d were among the most interesting
candidates for future studies due to the large body of
literature available regarding their function.
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Figure 4. Gene expression differences between adrenals from control and Sf71-Cre/Dicer®’'* embryos at E15.5 and E16.5. Heatmaps generated
from Affymetrix gene expression arrays illustrate differentially expressed genes in adrenals from Dicer-KO and control (WT, cre™ littermates)
embryos at E15.5 (A) and E16.5 (B). Data were filtered by excluding probe sets with an FDR of =.05 and a log,-fold change of =1.5 or =—1.5.
Yellow bars indicate an increase over the mean chip intensity, and blue indicates a decrease over mean intensity. FC represents log,-fold change
between the 4 Dicer-KO litters/replicates compared with the 4 WT litters/replicates.

To identify predicted targets of miRNAs, we used both
TargetScan (targetscan.org) and miRanda (microRNA.
org). We compared the predicted targets of differentially
expressed miRNAs with genes that were differentially ex-
pressed in both E15.5 and E16.5 Dicer-KO adrenals. The
intersection of these, along with the number of specific
miRNA sites in each gene, is shown in Table 3. Interest-
ingly, 4 genes that were elevated both in E15.5 and in
E16.5 Dicer-KO adrenals, Nr6al, Igdcc3, Acvrlc, and

Greb1l, were consistently identified as targets for a small
subset of miRNAs that were commonly down-regulated
in E15.5 and E16.5 Dicer-KO adrenals (Table 3). This
subset includes let-7, miR-10a, and miR-21. Using a mod-
ified Fisher’s exact test, we found that there was a signif-
icant overrepresentation of targets for let-7d (P < .01)
and miR-101b (P < .01) in the differentially expressed
gene list at E15.5. Finally, we compared the predicted
binding sites (as suggested by the TargetScan algorithm)
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Table 1. Differentially Expressed mRNAs and miRNAs in
Adrenals From Dicer-Deficient Mice Compared With WT
Littermates

Genes Differentially
Expressed in Adrenals
from E15.5 and E16.5
Dicer-KO Embryos

miRNAs Decreased in

Increased in Decreased in Both E15.5 and E16.5
Dicer-KO Dicer-KO Dicer-KO Embryos
Acvric Abcb1b miR-674"
Crym Adh7 miR-10a
Greb1l Agtr1b miR-21
lgdcc3 Akri1d1 miR-501"
Nréal Ar let-7d
Procr Cpb1 miR-107
Spp1 Cst8 miR-672
Trimé Frzb miR-34c
Gjal miR-34b-3p
Hao2 miR-292-3p
Mgst2 miR-193"
Ms4ail0 miR-202
Prkar2b miR-293
miR-365
miR-34c¢”
miR-674

for let-7 in the 3’-UTRs of Nr6al and Acvric. As illus-
trated in Table 4, the seed sequences recognized by let-7
are strongly conserved among vertebrate organisms.
Shown are human, mouse, dog, and horse, but other spe-
cies as evolutionarily distant as elephant exhibit similar
conservation. This phylogenetic conservation of pre-
dicted let-7 binding sites among various species supports
the notion that these binding sites may indeed be func-
tional. Similar analyses for predicted miR-10 and miR-
101 interactions with Nr6al are shown in Table 4. In
summary, results from the arrays performed on E15.5
and E16.5 control versus Dicer-KO mouse adrenals re-
vealed a unique gene expression profile. The set of ele-
vated transcripts was enriched for genes implicated in the
immune/inflammatory response, suggesting a potential
contributory component to the apoptosis and ultimate
aplastic phenotype observed in Dicer-KO adrenal glands.
A number of other transcripts, most notably coded by
Nr6al and Acvrlc, were also highly up-regulated in Di-
cer-KO adrenal glands. Concurrent miRNA profiling
suggested a strong correlation between these two differ-
entially expressed genes and down-regulated miRNAs
that may target them.

Because the mRNA array data indicated that immune
response genes were elevated in adrenals from Dicer-KO
embryos, we examined expression of CD3 and CD20,
representative of T cells and B cells, respectively, and of
CD68, which is expressed on cells of the macrophage
lineage and elevated in the mRNA array. Little or no
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staining was observed in E14.5 or E16.5 control of KO
adrenals. However, adrenals from E18.5 Dicer-KO em-
bryos displayed immunoreactivity with both anti-CD68
and anti-CD3, whereas their WT littermates did not (Fig-
ure 7). The B cell marker, CD20, was not detected in
either controls or Dicer-KO adrenals (data not shown).

Discussion

Dicer inactivation has been associated with cellular senes-
cence, apoptosis, and reduced proliferation in a number
of biological models (32-35). We hypothesized that Dicer
inactivation in the developing adrenal cortex would result
in organ failure. Despite normal fetal adrenal formation
at early stages, Dicer-KO animals exhibited severe adre-
nal aplasia at E18.5. Because Sf1 is expressed early in
adrenal development, between E9 and E10, we expected
Cre-mediated excision of Dicer to occur in this timeframe
with concomitant early adrenal failure. However, the on-
set of phenotypic changes in Dicer-KO mice was not ev-
ident until E14.5 to E16.5. This delay may be due either to
varying half-lives of Dicer protein and/or of mature miR-
NAs in the developing adrenal or to differing temporal
sensitivities of the adrenal to miRNA-mediated gene reg-
ulation. A significant delay has been reported between
Cre-mediated Dicer excision and depletion of specific
miRNAs in the developing mouse inner ear and in Pur-
kinje cells (36, 37). We observed increased apoptosis at
E14.5 in Dicer-KO adrenals, which coincides with the
time at which the fetal cortex begins to transition to the
adult cortex (38). Our lab has recently defined a subset of
fetal adrenocortical cells that undergo a change in tran-
scriptional programming, populate the adrenal capsule,
and become adrenal stem/progenitor cells responsible for
maintaining the adult adrenal cortex (Wood, M. A., and
G. D. Hammer, manuscript submitted for publication)
(5). Such a transition would be predicted to require sig-
nificant changes in gene regulation and could make the
adrenal cortex more vulnerable to Dicer inactivation.
The phenotype observed in the adrenal cortex of Di-
cer-KO animals could not be clearly associated with a
change in proliferation but with increased cell cycle arrest
and apoptosis. As cited earlier, many of the previous tis-
sue-specific Dicer loss-of-function studies reported an in-
crease in apoptosis. Additionally, it is known that Dicer
inactivation in primary cell cultures results in the induc-
tion of a DNA damage checkpoint, and subsequent
p192.p53 signaling, leading to increased cellular senes-
cence (32). The increased phospho-y-H2A.X staining ob-
served in Dicer-KO adrenals was consistent with DNA
damage. Adrenals from Dicer-KO embryos also demon-
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Table 2. DAVID Enrichment Analysis lllustrating Differentially Expressed Genes Enriched for Specific GO Terms in
Adrenals From E16.5 Dicer-KO Compared With Control (Top) and in Adrenals From E16.5 Compared With E15.5
Dicer-KO (Bottom)?

Gene Ontology Gene List Fold Enrichment P Value

Enrichment in GO terms in differentially expressed genes in adrenals
from E16.5 embryos

Innate immune response 5.22 9.72 x 1077
Positive regulation of immune response 5.20 227 X 1078
Activation of immune response 5.19 1.78 X 107>
Immune effector process 4.73 1.36 X 107°
Positive regulation of immune system process 4.34 713 x 107°
Regulation of cytokine production 4.29 471 x10°°
Positive regulation of response to stimulus 4.00 6.00 x 1077
Regulation of cell activation 3.82 1.92 x 1072
Cell activation 3.78 472 x 1078
Leukocyte activation 3.40 6.92 X 10°©
Immune response 3.32 2.48 x 107"
Response to wounding 3.1 2.07 X 1077
Cell surface 2.83 8.55 X 107°

Enrichment in GO terms in differentially expressed genes in adrenals
from E16.5 compared with E15.5 embryos

Adaptive immune response 12.58 1.80 X 107>
Inflammatory response 8.05 2.36 X 1077
Response to wounding 6.53 522 X 1078
External side of plasma membrane 6.19 3.07 X 107°
Cell surface 5.86 6.22 X 1077
Immune response 5.45 578 X 1078
Carbohydrate binding 5.36 3.33x10°°
Defense response 5.06 1.17 x 107°

@ Data are filtered for FDR =0.05 and fold changes =1.5.

strated a significant up-regulation of the apoptosis sult of oversaturating the endogenous miRNA processing
marker, cleaved-caspase 3, and of p21, a cell cycle inhib-  machinery, and evidence of toxicity (39, 40). It is un-

itor that in part mediates cellular senescence. known what effects the analogous overabundance of im-
Because Dicer is required for proper processing of — mature miRNA species may have on cellular homeostasis.
miRNAs, Dicer loss would be expected to result in the Dicer is also reported to exhibit miRNA-independent

accumulation of precursor miRNAs, which could have  cell survival functions, which could be contributing fac-
toxic effects. Mice injected with short hairpin RNA vec-  tors in Dicer loss-of-function phenotypes. A recent report
tors into the liver exhibit a decrease in the expression of by Kaneko et al (41) demonstrates the requirement for
several liver-specific miRNAs, which appears to be a re-  Dicer in clearing Alu and Alu-like B1/B2 RNAs in the
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Figure 5. Quantitative real-time PCR to confirm Nréa7 expression in adrenals from Sf7-Cre/Dicer'®/°* and Sf1-Cre—only tissues. Total RNA was
isolated from adrenals and reverse transcribed and quantitative PCR performed as described in Materials and Methods. A, Comparison of Nréa1
expression in adrenals from adult mice expressing only the Sf7-Cre transgene (Cre), relative to WT animals. B and C, Expression of the three Nr6a7
transcript isoforms in 4 individual samples of E15.5 and E16.5 Sf1-Cre/Dicer®’'** adrenals relative to their corresponding WT control samples.
Statistical significance was determined using unpaired t tests. *, P < .05; **, P < .01; *** P =< .001.
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Figure 6. Differentially expressed miRNAs in adrenals from Sf7-Cre/Dicer'®/'®* embryos. Heatmaps were generated from OpenArray rodent
miRNA analysis as described in Materials and Methods. A, Differentially expressed miRNAs at both E15.5 and E16.5 in Dicer-KO adrenals relative to
control (WT, cre™ littermates) adrenals were filtered to select only those whose expression was changed significantly with a P value = .05. Only
miRNAs with a log,-fold change of =1.5 or =—1.5 were included. FC represents log,-fold change between the 4 Dicer-KO litters/replicates/samples

compared with the 4 WT samples.

retinal pigmented epithelium of humans and mice, respec-
tively. Loss of Dicer in these cells resulted in degeneration
of the retinal pigmented epithelium and was not depen-
dent on dysfunctional miRNA biogenesis. Similarly, Di-
cer has been implicated in the silencing of centromeric
chromatin and regulation of differentiation in mouse em-
bryonic stem cells through a non-miRNA-dependent

mechanism (19). These reports support the possibility
that Dicer loss-of-function phenotypes, although due pri-
marily to impaired miRNA biogenesis, may also be the
result of defects in other Dicer-dependent pathways such
as RNA interference.

To address the molecular basis of the Dicer-KO adrenal
phenotype, we profiled mRNA and miRNA expression in Di-

Table 3. Intersection of mMRNAs and Predicted Targets of miRNAs That Are Differentially Expressed in Adrenals From

Dicer-KO Embryos?

E15.5 Differentially Expressed miRNAs

E16.5 Differentially Expressed miRNAs

miRNA Predicted Targets =~ Number of Predicted Sitess ~ miRNA Predicted Targets =~ Number of Predicted Sites
let-7g Nr6al 2 let-7d Nréal 2
let-7-d lgdcc3 2 Igdcc3 2
Acvric 1 Acvric 1
Greb1l 1 Greb1l 1
miR-101b Nréal 1
Acvric 1
Greb1l 1
miR-10a Nréal 1 miR-10a Nréal
miR-21 Acvric 1 miR-21 Acvric
miR-182 Acvric 1
miR-362 Greb1l 1

@ Shown are only those predicted by both TargetScan and miRanda.
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Table 4. Conservation of Selected miRNA Target Sequences in Nréal Transcripts in Mouse (Mmu), Human (Has),
Dog (Cfa), and Horse (Eca)?

Nr6a1_Let-7(370)

Nr6a1_Let-7(1228)

Nr6a1_miR-10(2290)

Nr6a1_miR-101(4416)

CUACCUCA CUACCUCA

Mmu UGACAAAGACAACUACCUCA GGG--CAUUAAACUACCUCA
AUGGAAACAGGU UGUUUCUAAGGG

Hsa UGACAAAGAUGACUACCUCA GGGG-CUUUAAAUACCUCA
AUGGAAAUGGGG GGUUCCUAAUGG

Cfa UGACAAAGACGACUACCUCA GGGGCCUUGAAACUACCUCA
GUGGAAAGGGAG UAUUCCUAAGGG

Eca UGACAAAGACGACUACCUCA GGGG-CUUUAAACUACCUCA

GUGGAAAGGGGG

UGUUCCUAAGGG

ACAGGGUA
GGCUUCUUUUAAACAGGGUA
AAGUAAAUGGGC

GGCUUUUUUUAAACAGGGUA
AAGUGAAUGUGU

GGCUUUUUUUAAACAGGGUA
AAGUGAAUGUGU

GGCUUUUUU-AAACAGGGUA
AAGUGAAUGUGU

GUACUGUA
AGCAAGUAUUAGGUACUGUA
UUUGAACCAAUA

AGCAAGUGUUAGGUACUGUA
UUUGAACCAAUA

AGCAAAUGUUAGGUACUGUA
UUUGAACCAAUA

AGCAAAUGUUAGGUACUGUA
UUUGAACCAAUA

@ Consensus miRNA seed/binding sequences are underlined, and the nucleotide position in the transcript is shown in parentheses.

cer-KO adrenals at E15.5 and E16.5. It should be noted that
cell death is evident as early as E14.5 (Figure 3) and could
indicate an early decrease in cortical cell number, potentially
confounding interpretation of these results. Thus, the initial or
primary effect of loss of Dicer remains unclear. However, to
additionally control for potential changes in gene expression
secondary to changes in cell mass, we calculated the expression
levels of the up- and down-regulated genes in comparison with
B-actin in the expression arrays. By this calculation, all genes
listed as regulated in Table 1 remain respectively up- or down-
regulated in Dicer-KO compared with WT adrenals, consistent
with an overall regulation of gene expression per unit cell mass.

Cre”WT

CD3/Th

CD68/Th

Figure 7. Expression of CD3 and CD68 in adrenals from E18.5 Sf1-Cre/Dicer®”* embryos.
Immunohistochemistry of adrenals from E18.5 Dicer-KO (cre™ KO) embryos and cre™ littermate controls
(WT). Top panel shows immunofluorescence staining for CD3 (red) and Th (green). Bottom panel shows
immunofluorescence staining form CD68 (red) and Th (green). Sections were counterstained with DAPI

(blue) before visualization, and images were merged to show colocalization.

cret KO

The mRNA microarray revealed a significant down-
regulation of numerous potentially interesting genes such
as Frzb, Adh7,and Akr1d1. Frzb, a secreted antagonist of
Wnt signaling (42, 43), is of particular interest based on
the significant role of Wnt/B-catenin signaling in adrenal
development. Our lab and others have shown that canon-
ical Wnt/B-catenin signaling is required for normal adre-
nal development and maintenance because targeted dis-
ruption of B-catenin in the mouse adrenal results in
marked adrenal hypoplasia and stabilization of B-catenin
is associated with hyperplasia and ultimate tumor forma-
tion (22, 31, 44). Because Frzb is specifically expressed in
the rodent adrenal (45), a significant
down-regulation of a Wnt inhibitor
such as Frzb may reflect a compen-
satory increase in Wnt/B-catenin sig-
naling in Dicer-KO adrenals.
Akrldl codes for a 5B-reductase
that is responsible for the 58 reduc-
tion of corticosterone and cortisol as
well as androstenedione, progester-
one, and 17-OH-progesterone (46).
Its potential function in the metabo-
lism of steroid hormones and its
down-regulation in the setting of Di-
cer loss-of-function suggest a possi-
ble role for Akr1d1 in the develop-
ing mouse adrenal cortex. Likewise,
perturbation of Adh7 expression is
interesting in that it is expressed in
both the embryonic and adult mouse
adrenal cortex (47). Adh7 is an alco-
hol dehydrogenase that serves as a
dehydrogenase in the oxidation of
retinol, a required step in the synthe-
sis of retinoic acid from vitamin A.
Although its exact function in the
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adrenal gland is not fully understood, it has been hypoth-
esized that Adh7 expression in the developing adrenal
may facilitate the synthesis of retinoic acid, which could
be distributed to the embryo in an endocrine manner (48).
Furthermore, Adh7 expression in the adult adrenal cortex
has been described as a radial, spoke-like distribution.
Given that cortical maintenance and differentiation is be-
lieved to originate from a population of adrenal progen-
itor cells residing in the outermost subcapsular region of
the adrenal (5, 6), it is also possible that Adh7 may have
an important function in regulating this process.

More importantly, however, the array data revealed
down-regulation of miRNAs predicted to target Nr6al
and Acvrlc, which were both significantly up-regulated
in Dicer-KO adrenals. Nr6al (Genf) and Acvrlc (AIR7)
are implicated in developmental processes in other tissues
and organs. Most provocative are the known roles of
these genes and associated pathways in gonadal develop-
ment. Because the gonad and adrenal share their embry-
onic origin and the activation of unique genes specify
adrenal versus gonadal fate, it is intriguing to speculate a
role for these genes in fate determination during organo-
genesis. Although Nr6al and Acvrlc have both been
shown to be expressed in the developing adrenal gland at
E14.5 (49), their function in the embryonic adrenal is not
known. Nr6al is important in germ cell and neuronal
development (50) and is a paralog of Sf1, residing a mere
13 kb downstream of Sf1 on chromosome 2 (51). Despite
the close proximity to Sf1, the expression pattern of
Nr6al is relatively distinct, and an insulator defining a
transcriptional boundary between SfI and Nr6al has
been previously described (52). Nr6al is transiently up-
regulated after retinoic acid-induced differentiation of
embryonic stem cells (53) and is a potent transcriptional
repressor of the stem cell pluripotency factor Oct4 (54).

Acvrlc (Alk7) is a member of the TGF- receptor su-
perfamily and is the preferred receptor for activin AB,
activin B, and Nodal (53, 56). Nodal is a secreted ligand
belonging to the TGF-S superfamily and is responsible for
mesendoderm formation, node formation, and left-right
patterning in the mouse (57, 58). It is also able to induce
caspase 3-dependent apoptosis by activating Alk7 signal-
ing in a variety of cell types, including the ovary and
placental trophoblast cells during follicular atresia and
placentation (59-63). There are no published reports of
Acvrlc expression or function in the adrenal cortex, al-
though its role in the ovary, an organ with a common
development origin with the adrenal cortex, has been de-
scribed (64). Our laboratory and other groups have de-
tailed a role of TgfB2 and inhibin in the specification of
adrenal (versus gonadal) fate of progenitor cells. In the
absence of inhibin and unopposed TgfB2 signaling, pe-

mend.endojournals.org 765

ripheral adrenocortical progenitor cells assume a gonadal
fate, replete with theca and granulosa lineage and follic-
ular structure (65). Although intriguing, it is unknown
whether Acvrlc (Activin A receptor, type IC), despite
functioning as a receptor for certain activin family li-
gands, has a direct role in this previously observed
phenomenon.

Interestingly, the literature provides circumstantial ev-
idence of cross talk between the Nr6al, Acvrlc, and Wnt/
B-catenin pathways. It is known that Nr6al represses the
expression of Criptol1, a member of the epidermal growth
factor-Cripto1/FRL1/cryptic family, which is capable of
significantly =~ enhancing Nodal-mediated signaling
through Acvrlc (66). In contrast, Criptol is a target of the
canonical Wnt/B-catenin signaling pathway and is acti-
vated by lymphoid enhancer factor/T-cell factor tran-
scription factors (67). Our previous studies have demon-
strated that active B-catenin is present in the peripheral
cortical cells of the adrenal gland as early as E14.5; these
cells are believed to receive Wnt signals from the adrenal
capsule (2). Further study would be required to evaluate
the potential interaction of these signaling pathways in
the normal developing adrenal.

The miRNAs found to be significantly down-regulated
in E15.5 and E16.5 Dicer-KO adrenals provide several
interesting avenues for further study. miR-34¢, miR-21,
miR-10a, and let-7d play roles in a variety of physiolog-
ical processes including tumorigenesis. Let-7, the second
miRNA to be described after lin-4, regulates developmen-
tal timing in nematodes (68). In addition, it is known to
regulate the oncogenes RAS (69), HMGA2 (70), and
MYC (71) as well as proliferation pathways in human
cells (72). miR-34 can act as a tumor suppressor down-
stream of p53 and promote cell cycle arrest, apoptosis,
and senescence (73, 74). In contrast, evidence supports a
role of miR-10a in retinoic acid-induced differentiation of
neuroblastoma cells (75) and regulation of Bcl-6, a gene
involved in the development of diffuse large B cell lym-
phoma (76). miR-21 is implicated in the regulation of
aldosterone synthesis in the H295 human adrenocortical
carcinoma cell line (77) and is believed to promote tumor
metastasis and tumorigenesis by targeting phosphatase
and tensin homolog (PTEN) (78). Because the pathways
responsible for organism development and the pathology
of cancer often coincide, knowledge of the role of these
miRNAs in cancer should be helpful in elucidating their
function in developmental processes.

We found that Nr6al and Acvrlc are predicted targets
of a subset of miRNAs that are significantly down-regu-
lated in Dicer-KO adrenals, including let-7, miR-10a,
miR-21, miR-182, miR-101b, and miR-362. These asso-
ciations suggested that after the loss of Dicer function,
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underexpression of specific miRNAs may result in dere-
pression of Nr6al and Acvrlc. When we compared the
predicted let-7 binding sites in both Nr6al and Acvric,
we found that these sequences were highly conserved be-
tween mouse, human, and other organisms, suggesting
these sites may be evolutionarily conserved to maintain
functional miRNA-mRNA interactions. Multiple exam-
ples of miRNA regulation of nuclear receptors can be
found in the literature. Let7 not only regulates Dauer
Formation 12 (DAF12) in C. elegans but also has been
shown to regulate mammalian homolog of taillness
(TLX) (Nr2el), thereby affecting balance between neural
stem cell proliferation and differentiation (79, 80). The
estrogen receptor-a is regulated by miR-22, -206, -221,
and -222, and the vitamin D receptor is negatively regu-
lated by miR-27b and -125b (81, 82). Specifically in the
adrenal gland, it has been reported that miRNAs 96,
-101a, -142-3p, and -433 are elevated upon ACTH stim-
ulation and in turn down-regulate the glucocorticoid re-
ceptor (Nr2el) (83). Additional experiments are required
to empirically confirm the miRNA-target associations re-
ported here and to establish whether derepression of
Nr6al and Acvrlc by these miRNAs is a result of the
Dicer-KO phenotype or is contributory to it.

This study provides evidence for the requirement of
Dicer in the developing mouse adrenal cortex. Although
the work builds upon a similar phenotypic report of ad-
renocortical demise in the absence of Dicer (18), our work
uncovers a set of miRNAs enriched in the developing
adrenal and down-regulated in the absence of Dicer that
potentially control critical milestones of adrenal organo-
genesis. The correlated changes in mRNA expression pro-
vide insight into potential roles of adrenal-expressed
miRNAs and their target genes in adrenocortical devel-
opment. Further efforts that focus on these miRNA-
mRNA networks will be essential next steps in under-
standing the role of miRNA-mediated gene expression in
adrenocortical cell fate, specification, and homeostasis.
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