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Mechanical overload resulted in a significant increase in phosphorylated mTOR (Figures 4A and 4B)
and total mTOR (Figures 4A and 4C), but no significant differences between mouse strains were
noted. No significant strain by treatment effect was evident in phosphorylated or total mTOR protein
levels.
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Figure 4. Immunoprecipitated Phosphorylated and Total mTOR Protein in Control and
Overloaded Plantaris Muscles of Wildtype and FoxO1* Mice. Panel A: Representative western
blot (WB) analyses of immunoprecipitated (IP) phosphorylated (p-mTOR) and total mTOR protein
from wildtype control (WC), FoxO1*" control (FC), wildtype ablation (WO) and FoxO1*" ablation (FO)
conditions. Panels B and C: Quantification of western blot data for phosphorylated and total mTOR,
respectively. * significant main effect for treatment. P<0.05 for all significant differences. n=3 for all

groups. Data represented as means + standard error.
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Phosphorylated (Figures 5A and 5B) and total (Figures 5A and 5C) p70°¢ were significantly elevated
in plantaris muscles following mechanical overload compared to control muscle though no overall

differences between WT and FoxO1*/- mice were apparent. As with the upstream proteins, no strain
by treatment effect was noted in phosphorylated or total p70%.

Figure 5

wC FC WO FO

Phospho-p70 (Thr 389)

p-p70 (Thr 389) 06 - * — T

FoxO1

)
5 05
, )
Total p70 =z 0.4
& 03
2
GAPDH 8%
a2
@
o
Control Overload
Total p70

=N

&)

Densitometry (Arb. Units)
“ [N

o

Control QOverload

Figure 5. Phosphorylated and Total p70°®* Protein in Control and Overloaded Plantaris
Muscles of Wildtype and FoxO1*" Mice. Panel A: Representative western blot analyses from
wildtype control (WC), FoxO1*" control (FC), wildtype ablation (WO) and FoxO1*" ablation (FO)
conditions. Panels B and C: Quantification of western blot data for phosphorylated and total p7036k,
respectively. *, significant main effect for treatment. P<0.05 for all significant differences. n=6 for all
groups. Data represented as means + standard error.
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Phosphorylated 4EBP-1 had a tendency to be elevated in the muscles of FoxO1*/- mice (P=0.09;
Figures 6A and 6B). However, when expressed as a ratio of total:phosphorylated protein, any
potential difference was eliminated (Figure 6D). Mechanical overload resulted in significantly
decreased total 4EBP-1 protein expression (Figure 6C) and the difference remained significant when
expressed as the total:phosphorylated ratio (Figure 6D).
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Figure 6. Phosphorylated and Total 4EBP-1 Protein in Control and Overloaded Plantaris
Muscles of Wildtype and FoxO1*" Mice. Panel A: Representative western blot analyses from
wildtype control (WC), FoxO1*" control (FC), wildtype ablation (WO) and FoxO1*" ablation (FO)
conditions. Panels B and C: Quantification of western blot data for phosphorylated and total 4EBP-1,
respectively. Panel D: Total:phosphorylated 4EBP-1 ratio. &, trend for significant main effect for strain
(P=0.09); *, significant main effect for treatment. P<0.05 for all significant differences. n=6 for all
groups. Data represented as means + standard error.
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FoxO1-mediated inhibition of muscle hypertrophy is associated with elevations in
MAFbx/atrogin-1 gene and protein expression. MAFbx/atrogin-1 gene expression was globally

elevated in FoxO1*/- mice compared to WT mice and mechanical overload resulted in a significant
decrease in MAFbx/atrogin-1 gene expression compared to control muscle (Figure 7A). Protein levels
of MAFbx/atrogin-1 were not globally different between mouse strains; however, mechanical overload
resulted in significant reductions in MAFbx/atrogin-1 protein expression in FoxO1*" and WT mice
compared to their respective controls (Figure 7B and 7C). Further, FoxO1* control samples
displayed significantly elevated MAFbx/atrogin-1 protein compared to all other groups. Although

MAFbx/atrogin-1 gene expression was globally elevated in FoxO1*/-, total protein ubiquination was
not different between strains and did not appear to change after overload (Figure 7D).
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Figure 7. MAFbx/Atrogin-1 Gene Expression and Protein Ubiquination in Control and
Overloaded Plantaris Muscles of Wildtype and FoxO1*" Mice. (A) MAFbx/Atrogin-1 gene
expression, (B) Ubiquinated myosin heavy chain, and (C) Krypton stain for total protein ubiquination.
Lanes identified as wildtype control (WC), FoxO1*" control (FC), wildtype ablation (WO) and FoxO1*"
ablation (FO) conditions. &, significant main effect for strain; %, significant main effect for treatment.
P<0.05 for all significant differences. n=4-6 for all groups. Data represented as means * standard

error.
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DISCUSSION

The findings from this study demonstrate that FoxO1 overexpression in skeletal muscle suppresses
muscle hypertrophy. Markers of muscle hypertrophy including, total protein content, muscle mass,
and muscle fiber cross-sectional area increased following 2 wks of mechanical overload. However,
FoxO1 overexpression in skeletal muscle resulted in a dampened response compared to the
observed increases in age-matched wildtype animals. Opposite our hypotheses, the above noted
differences between mouse strains do not appear to be a result of quelled anabolic signaling through
Akt, mTOR or the associated downstream targets as no evident changes in phosphorylation status of
these proteins was detected. Additionally, the subdued response in hypertrophy observed with
overexpression of FoxO1 does not appear to be caused by an increase in catabolic activity of the E3
ubiquitin ligase MAFbx/Atrogin-1. Although proteolytic machinery was likely enhanced as a result of
increased FoxO1 expression, (globally higher MAFbx/atrogin-1 gene and protein expression in FoxO1
overexpressing mice), mechanical overload significantly reduced MAFbx/atrogin-1 gene and protein
expression in both mouse strains to a similar degree and there was no effect of FoxO1
overexpression on protein ubiquination. As such, our contention is that the decreased muscle size
conferred through FoxO1 overexpression is independent of signaling through the canonical
Akt/mTOR pathway.

The balance between protein synthesis and protein degradation pathways in skeletal muscle
hypertrophy was recently examined by Stitt et al.(32) in which they showed that activation of Akt was
associated with a downregulation of the noted protein ubiquination genes, MuRF-1 and
MAFbx/atrogin-1 in cultured muscle cells. Interestingly, the supression in MuRF-1 and
MAFbx/atrogin-1 expression appeared to be largely mediated through FoxO1 as introduction of
mutant FoxO1 that is not responsive to Akt signaling prevented Akt-mediated suppression of MuRF-1
and MAFbx/atrogin-1 gene activity (32). The link between FoxO transcription factors and muscle size
regulation has been further substantiated through in vitro analyses using genetic downregulation
models. Specifically, Sandri et al. (31) reported that muscle atrophy induced through serum starvation
or glucocorticoid administration was associated with reductions in Akt-mediated signaling and
promotion of MAFbx/atrogin-1 gene expression. The increased MAFbx/atrogin-1 gene expression
was signficantly blunted via blockade of FoxO activity (FoxO3a; closely related FoxO homologue)
through induction of dominant negative forms of FoxO or infusion of inhibitor RNA directed against
FoxO. Findings by Kamei et al. (16), using a transgenic mouse model with skeletal muscle specific
overexpression of the FoxO1 protein, corrorobrates these in vitro findings by demonstrating that
FoxO1 supresses skeletal muscle size and increases the expression of various pro-catabolic genes
(e.g., MAFbx/atrogin-1, cathepsin L).

Considering this apparent relationship between FoxO1 and skeletal muscle size and the influence of
the Akt and mTOR-mediated signaling on increasing protein synthesis efficiency and/or capacity (9,
17,23,24) and regulation of genes known to boost protein ubiquination and proteosome mediated
degradation (16,31,32), our work has focused on investigating the impact of FoxO1 overexpression
on the activity of the major components within this complex signaling pathway. Opposite our
expectations, overexpression of FoxO1 in skeletal muscle resulted in an enhanced degree of basal
level Akt phosphorylation (i.e., non-overloaded muscle) compared to wildtype controls. Interestingly,
recent work in multiple cell lines (7) cardiomyocytes (25) has shown that FoxO overexpression results
in increases in basal Akt phosphorylation, corroborating our data. Furthermore, Moylan et al. (22)
recently reported that Akt phosphorylation was significantly elevated in mouse skeletal muscle cells in
vitro in the presence of the known atrophy inducing molecule TNFa. Thus, in keeping with these
findings, it appears that muscle atrophy induced through FoxO1 expression occurs not as a result of
suppressed Akt activity, but despite enhanced Akt signaling.
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Downstream of Akt, mTOR has been shown to be the primary kinase responsible for regulating p70°%
(Thr 389) and 4EBP-1(Thr 37/46) phosphorylation in response to growth stimulus (9,13,23,24).
mTOR is found in two protein complexes: TORC1 (mTOR, GRBL/LSTS8, raptor, rheb), which is
important for cell growth and TORC2 (mTOR, GRL, rictor), which is involved in cytoskeleton
orgranization (33). Recent work by Wu et al. (34) has suggested that overexpression of FoxO1 in
myocytes results in suppression of myotube formation. This is due primarily to degradation of certain
components of the TORC1 complex and downstream molecular targets, specifically mTOR and
p70%% while other downstream targets, namely Akt and 4EBP-1, remained unchanged (34).
Contrary to these findings, our current work suggests that the activity of the purported anabolic mTOR
and p70°% were not attenuated by FoxO1 overexpression when challenged with a growth stimulus.
Further, although 4EBP-1 phosphorylation had a tendency to be elevated in the control muscle with
FoxO1 overexpression, when expressed as a total: phosphorylation ratio there was no significant
effect of FoxO1. Additionally, no overt changes in 4EBP-1 gene expression were found indicating that
any potential differences in protein abundance observed were likely the result of post-translational
mechanisms.

While p70%° and 4EBP-1 have received much attention in the realm of regulating skeletal muscle
mass there remains controversy as to the significance of their contribution to muscle growth. Although
evidence points to the ability of p70°° to phosphorylate the S6 protein on the 40S ribosomal subunit
and subsequently promote protein translation initiation (23,27), cell growth is not always associated
with the upregulation of p70°% as research using genetic manipulations (e.g., p70°®* knockouts)
demonstrate cell growth in the absence of p70°% production (27,33). Furthermore, suggestions that
ribosomal S6 acts primarily in the translation of 5 TOP mRNAs upon activation by p70% (15)
appears controversial, as more recent findings suggest that mutation of S6 phosphorylation sites
significantly decreases muscle size but does not impact translation of 5 TOP mRNAs, nor does it
suppress protein synthesis (29). In addition, 4E-BP1, an inhibitory binding partner to the eukaryotic
initiation factor 4E, has been linked to muscle size regulation as its inactivation has been widely
observed in both in vitro and in vivo models of cell growth (1,2,26) and has been linked to the
promotion of skeletal muscle protein synthesis (2). Although a role of 4EBP-1 in skeletal muscle size
regulation has been shown, as TORC1-mediated phosphorylation of 4E-BP1 results in the
subsequent release of elF4E and formation of the elF4F-elF4G complex necessary for translation
initiation (2), a clear understanding is still lacking. Additional studies show that blocking the formation
of the elF4F complex does not appear to blunt muscle protein synthesis or mRNA translation (14) and
the expression of elF4E does not rescue muscle cells from atrophy associated with suppression in
p70%% activity (1,26). It is possible that 4E-BP1 regulation of the elF4F formation may not play a
primary role during skeletal muscle hypertrophy.

Our data, taken with the literature, suggests that lack of significant findings in the activity of these
signaling molecules associated with Akt and mTOR-mediated signaling may not be surprising given
their controversial role in supporting the growth of skeletal muscle. Importantly, the characterized
differences in fiber type and running wheel activity of FoxO1 overexpressing mice should be noted.
Kamei et al. reported that FoxO1 and associated isoforms (e.g., FoxO3a) have been shown to induce
muscle atrophy through induction of genes regulating protein ubiquination and proteasome mediated
degradation (16,31,32). As such, we addressed MAFbx/atrogin-1 gene and protein expression and
associated protein ubiquination as a potential indicator of protein degradation within skeletal muscle.
As reported previously (20), MAFbx/atrogin-1 gene expression was significantly reduced (~50%)
following 2-wks of chronic overload, which was consistent with our findings in both the wildtype and
FoxO1 overexpressing muscle. In addition, protein levels mirrored the gene expression data as
mechanical overload resulted in a reduction of MAFbx/atrogin-1 protein expression compared to
control. Thus, despite the significant increase in MAFbx/atrogin-1 gene and protein expression
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conferred through FoxO1 expression under basal conditions, the influence of mechanically
overloading the muscle resulted in attenuation in MAFbx/atrogin-1 activity.

Moreover, our data has revealed that protein ubiquination appeared unaltered through FoxO1
overexpression. Though muscle mass was lower in control and overloaded muscle of FoxO1 mice,
active protein ubiquination does not appear to be the main factor mediating the reduced degree of
muscle growth observed. Importantly, previous research has predominantly studied acute muscle
atrophy occurring in the hours to days following FoxO1 activation in isolated cell culture
environments. Thus, it is possible that in this model of chronic FoxO1 overexpression, degradatory
responses may have already culminated resulting in a new set point for muscle mass. Also, it is
possible that some mechanisms may be in place within the cell to counteract continued ubiquination
and potential degradation of cytoskeletal components conferred through FoxO1 expression.
Alternatively, due to the rapid nature in which ubiquinated proteins are degraded by the proteasome,
it is possible that FoxO1 overexpression may have amplified the rate of ubiquination and subsequent
protein degradation within the muscle that was not captured in the ubiquination assay. Although not
significant in control muscle in either mouse strain, MyHC ubiquination was elevated during muscle
overload, which occurred concomitantly with an increase in muscle mass and cross sectional area in
both mouse strains. This response is not entirely unexpected bearing in mind the rate of protein
turnover in exercising muscle and the degree of protein degradation which has been observed in this
surgical overload model (10). Further, using a human skeletal muscle hypertrophy model, Leger et al.
(19) reported an increased phosphoryation of Akt and mTOR along with nuclear exclusion of FoxO1
in the weeks following resistance training. However, gene expression of MAFbx/atrogin-1 was
significantly elevated despite marked increases in muscle cross sectional area (10%). Although the
apparent differences between the studies may reflect species variability, differences in hypertrophy
induction, and/or time of sampling tissues, it is conceivable that increases in certain pro-catabolic
processes may be an integral part in ultimately facilitating skeletal muscle growth. Regardless, FoxO1
overexpression did not appear to differentially regulate MyHC ubiquination during mechanical
overload, suggesting that gross loss of contractile elements was not a causative agent of the growth
inhibition observed.

CONCLUSION

Overexpression of FoxO1 in skeletal muscle has a strong influence in suppressing skeletal muscle
growth. Although the mechanism for this action remains largely elusive, it is unlikely that this
suppression in growth is mediated through modulating mTOR and downstream signaling directly.
However, further research, specifically experiments focused on the outcome measure of protein
synthesis, is necessary to substantiate the ability of FoxO1 to impact anabolism in skeletal muscle.
Further research into the mechanisms of action related to FoxO1 in skeletal muscle may provide
breakthrough therapies for the treatment of muscle dysfunction associated with diseases of major
social impact, such as cardiovascular disease, renal disease, pulmonary disorders, and diabetes.
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miR-449a Contributes to Glucocorticoid-Induced
CRF-R1 Downregulation in the Pituitary During Stress

Takahiro Nemoto, Asuka Mano, and Tamotsu Shibasaki

Department of Physiology, Nippon Medical School, Tokyo, 113-8602, Japan

The hypothalamic-pituitary-adrenal axis is controlled by the feedback of glucocorticoids on the
hypothalamus and pituitary. Stress increases CRF, ACTH, and glucocorticoid secretion. The expres-
sion of not only CRF mRNA in the hypothalamus and proopiomelanocortin mRNA in corticotrophs,
but also CRF type 1 receptor (CRF-R1) mRNA and protein on corticotrophs are downregulated
through glucocorticoids. However, the mechanisms underlying the glucocorticoid-induced CRF-R1
downregulation are not fully understood. Short RNA molecules, called microRNAs (miRNAs), are
posttranscriptional regulators that usually induce translational repression or gene silencing via
binding to complementary sequences within target mRNAs. We hypothesized that glucocorticoids
may induce the expression of miRNAs in the pituitary, which are involved in glucocorticoid-
induced downregulation of CRF-R1. We found 3 miRNAs with sequences predicted to bind to the
CRF-R1 3’ untranslated region (3'-UTR) by database search. Expression of 1 of these miRNAs
(miR-449a) was significantly higher in the anterior pituitary of restrained rats than in that of
unrestrained control rats. Expression of miR-449a was evident in many anterior pituitary cells,
including corticotrophs. Although overexpression of miR-449a decreased CRF-R1 mRNA and
CRF-R1 protein expression, knockdown of miR-449a attenuated dexamethasone-induced suppres-
sion of CRF-R1 mRNA and CRF-R1 protein expression in the monolayer-cultured pituitary cells.
Notably, luciferase activity was significantly lower in cells cotransfected with a luciferase vector
containing the CRF-R1 3'-UTR and a miR-449a vector. miR-449a expression was significantly in-
creased by dexamethasone. Adrenalectomy attenuated restraint-induced increase in miR-449a
expression in the pituitary. These results indicated that miR-449a plays an important role in
stress-induced, glucocorticoid-mediated downregulation of CRF-R1 expression. (Molecular
Endocrinology 27: 1593-1602, 2013)

he hormones composing the hypothalamic-pituitary-

adrenal (HPA) axis including corticotropin-releasing
factor (CRF), ACTH, and glucocorticoids play important
roles in the stress response. Stress activates the synthesis
and release of hypothalamic CRF, pituitary ACTH, and
adrenal glucocorticoids (1-3). Corticotrophs in the ante-
rior pituitary are one key element in the regulatory
mechanism of the HPA axis; moreover, glucocorticoids
downregulate not only CRF mRNA expression in the hy-
pothalamus but also CRF type 1 receptor (CRF-R1) and
proopiomelanocortin (POMC) mRNA expression and
ACTH secretion in the anterior pituitary. Acute stress
downregulates CRF-R1 mRNA expression in corticotro-
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phs. It has been reported that glucocorticoid administra-
tion decreases CRF-R1 mRNA expression and CRF bind-
ing in the anterior pituitary of rats (4-9). However, the
mechanisms underlying this stress-induced CRF-R1
downregulation are not fully understood.

MicroRNAs (miRNAs) are short noncoding RNAs of
19 to 25 nucleotides and are endogenously expressed in
most eukaryotes. miRNAs posttranscriptionally regulate
gene expression via base pairing with the 3'-untranslated
region (3'-UTR) of target mRNAs, and this binding leads
either to mRNA cleavage or to translational repression
(10). Such miRNAs play important roles in myriad bio-
logical processes, including organism development and

Abbreviations: ADX, adrenalectomy; bw, body weight; CRF, corticotropin-releasing fac-
tor; CRF-R, CRF receptor; HPA, hypothalamic-pituitary-adrenal; LNA, locked nucleic acid;
miRNA, microRNA; POMC, proopiomelanocortin; rno, Rattus norvegicus; SDS, sodium
dodecyl sulfate; UTR, untranslated region.
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cell physiology (11, 12). We hypothesized that exposure
to stress may induce expression of specific miRNAs that
are involved in stress-induced CRF-R1 downregulation in
the pituitary. To test this hypothesis, we searched se-
quence database to identify miRNAs predicted to bind to
the CRF-R1 3’-UTR; we then examined 1) expression of
these miRNAs in the pituitary of rats exposed to restraint
stress and 2) the effects of overexpression or knockdown
of one such miRNA (miR-449a) on CRF-R1 mRNA and
CRF-R1 protein levels in the anterior pituitary cells. Fur-
thermore, to understand the regulation of miR-449a ex-
pression in the anterior pituitary, we assessed the effects
of glucocorticoids on miRNA expression in vitro and in
vivo and the effect of bilateral adrenalectomy (ADX) on
miRNA expression in the anterior pituitary of rats.

Materials and Methods

Animals

Wistar rats were maintained at 23°C = 2°C with a 12-hour
light, 12-hour dark cycle (lights on at 8:00 AMm, off at 8:00 pm).
They were allowed ad libitum access to laboratory chow and
distilled water. All experimental procedures were reviewed and
approved by the Laboratory Animals Ethics Review Committee
of Nippon Medical School.

Restraint stress exposure

Male rats (6 weeks old) were wrapped in a flexible wire mesh
(12 mm X 12 mm), and kept for 30, 60, 90, or 120 minutes
between 9:00 AM and noon in an isolated room (13, 14). Rats
were killed in the adjacent room immediately after stress expo-
sure, and their trunk blood and pituitaries were collected for
plasma hormone assay and mRNA and miRNA expression
analyses, respectively. Nonstressed control rats were housed in a
separate room from the stressed rats and were killed and sam-
pled in the same way as restraint-stressed rats.

Dexamethasone administration

Dexamethasone (30 and 100 pg/kg body weight [bw]) or
saline was injected ip into male rats (6-weeks-old). The rats were
killed 1 or 2 hours after injections, and their pituitaries were
removed and used for RNA extraction.

Adrenalectomy

Six-week-old male rats (n = 40) were anesthetized with pen-
tobarbital sodium and then were bilaterally adrenalectomized
(ADX); in parallel, 6-week-old male rats (n = 40) were sham-
operated. All rats were returned to their home cages and imme-
diately given a bottle of 0.9% NaCl. After a 3-day recovery,
each rat was restrained as described above. Trunk blood sam-
ples were used to measure plasma corticosterone levels to con-
firm successful ADX.
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Primary culture of pituitary cells

Six-week-old male rats (n = 30) were killed by decapitation,
and each respective pituitary was removed under sterile condi-
tions. All anterior pituitaries were collected, pooled together,
and then mechano-enzymatically dispersed as described previ-
ously (15). Briefly, tissues were washed twice in PBS and then
incubated at room temperature in the PBS containing 0.01%
dispase (Godoshusei) with constant stirring for 30 minutes. Af-
ter washing with PBS 3 times, cells were plated in 24-well plates
or 60-mm dishes and cultured with DMEM/F10 HAM culture
medium (Sigma-Aldrich Co) supplemented with 10% fetal bo-
vine serum and an antibiotics/antimycotic solution (Life Tech-
nologies). The cells were subsequently allowed to attach to the
plating surfaces for 4 days in a humidified 5% CO,/95% air
incubator set at 37°C. On the day of each experiment, culture
media were changed. Cells were treated with CRF at concentra-
tions ranging from 1 pg/mL to 100 ng/mL or dexamethasone at
concentrations of 1, 10, or 10 ng/mL for 1 hour. After incuba-
tion, the cells were assayed for miRNA expression.

Cell culture

Mouse ACTHoma AtT-20 cells were obtained from the Jap-
anese Collection of Research Biosources Cell Bank (Ibaraki,
Osaka, Japan). Cells were maintained in F-10 MEM supple-
mented with 15% donor horse serum and 2.5% fetal bovine
serum in a humidified 5% CO,/95% air at 37°C.

miRNA overexpression and knockdown

Each miRNA overexpression vector (pmr-mCherry-rno-
miR-449a or pmr-mCherry-mock) and miRNA knockdown
vector (pToughDecoy-miR-449a or pToughDecoy mock) was
purchased from Takara Bio. DNA fragments, which included
the miRNA or decoy expression units, were then cloned into the
pAxcwit2 cosmid vector (Takara Bio) (pAx-miR449a, pAx-
mock, pAx-decoy-miR449a, or pAx-decoy-mock). These cos-
mids were used according to the manufacturer’s instruction (Ta-
kara Bio) and the COS-TPC method to construct each
recombinant adenovirus. Primary cultured rat anterior cells or
AtT-20 cells were infected with adenovirus by adding the viruses
to culture media at a 10° multiplicity of infection. After 48
hours, culture media were removed, and fresh medium contain-
ing dexamethasone at a concentration of 10% ng/mL was added
to each culture; cells were then incubated for 1 hour. To check
whether a recombinant adenovirus successfully infected the
cells, a fluorescent microscope was used to assess red fluores-
cence 48 hours after transfection.

Exosome purification

Serum samples from trunk blood or culture media were cen-
trifuged at 3000g and 4°C for 30 minutes to remove debris. Each
250-pL sample (serum or culture medium) was mixed with Exo-
Quick exosome precipitation solution (System Bioscience, Inc)
according to the manufacturer’s instruction. Purified exosome
samples were resuspended in ultrapure water and were then
used for miRNA quantification analysis.

RNA extraction and real-time RT-PCR analysis

Total RNA was extracted from cultured pituitary cells and
rat pituitaries using RNAiso Plus (Takara Bio). For miRNA
expression analysis, first-strand cDNA was synthesized using 1
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Table 1. Primer Sequences of the Studied Genes
Accession Number
Genes Primers Length (bp) (GenBank)
POMC CCTCCATAGACGTGTGGAGCTG 151 (180-330) NM_139326
AAGGGCTGTTCATCTCCGTTG
CRF-R1 (CRHRT) TCGGCTTTCATCCTACGCAAC 112 (478-589) NM_030999

AATTGTAGGCGGCTGTCACCA

IGFBP7 CACGCGTCCAATTCCCAAG
TCTGAGAGCGCGTCAGCTACA
GAPDH GGCACAGTCAAGGCTGAGAATG

ATGGTGGTGAAGACGCCAGTA

147 (761-907) NM_001013048

143 (242-384) NM_017008

g denatured total RNA at 37°C for 1 hour; reactions were
terminated at 85°C for 5 minutes with the Mir-X miRNA First-
Strand Synthesis and SYBR qRT-PCR kit (Clontech Laborato-
ries Inc). For mRNA expression analysis, 0.5 pg denatured total
RNA and PrimeScript RT reagent kit with gDNA Eraser (Ta-
kara Bio) were used to synthesize first-strand cDNA; reactions
were incubated at 37°C for 15 minutes, 84°C for § seconds, and
finally 4°C for 5 minutes. Each PCR proceeded via denaturation
at 94°C for 5 seconds and annealing-extension at 60°C for 30
seconds for 40 cycles; SYBR premix Ex Taq (Takara) and spe-
cific primers for rat POMC, CRF-R1, IGFBP7, and GAPDH
(Table 1) were used. To normalize each sample for RNA con-
tent, GAPDH, a housekeeping gene, or U6 small nuclear RNA
(Clontech) were used for mRNA and miRNA expression anal-
yses, respectively. Diluted normal rat pituitary cDNA and the
second-derivative method were used as the standard and for
calculating cycle threshold values, respectively (16).

In situ hybridization and immunohistochemistry

A digoxigenin-labeled locked nucleic acid (LNA) probe
against Rattus norvegicus (rno)-miR-449a was purchased from
Exiqon. Rat pituitaries were cryosectioned, dried for 30 min-
utes, and then fixed in 4% paraformaldehyde. Sections were
permeabilized by proteinase K (10 pg/mL) for 10 minutes at
37°C and postfixed with 4% paraformaldehyde at 4°C. Sections
were acetylated in 0.25% acetic anhydride and 1.16% trietha-
nolamine (Wako Pure Chemicals Inc) before prehybridization.
Sections were prehybridized in 50% formamide hybridization
buffer for 60 minutes, and then the sections were hybridized
with denatured probe in 50% formamide hybridization buffer
at 54°C overnight. The slides were washed in decreasing salt
solutions (4X,2X, and 0.5 X saline sodium citrate). Signals were
detected by antidigoxigenin-alkaline phosphatase conjugate
(Roche Diagnostics GmbH) followed by detection with ni-
troblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate
(Roche).

Upon completion of the chromogen reaction, slides were
treated in 0.3% H,O, for 30 minutes at room temperature;
sections were then incubated in 10% normal goat serum for 20
minutes and then incubated with an antibody to B-endorphin
(1:5000) for 18 hours at 4°C (17). Sections were incubated with
a secondary biotinylated goat antirabbit IgG (1:200 dilution;
Vector Laboratories, Inc) for 30 minutes. Sections were then
incubated with an avidin-biotin-peroxidase complex (Vector)
for 3 minutes at room temperature; the Vector diaminobenzi-
dine kit (Vector) was used to visualize the antibody-peroxidase
complex. When the staining had reached appropriate intensity,
the tissue was rinsed in PBS, dehydrated with a graded series of
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alcohol solutions, cleared with xylenes, and covered with Vecta-
Mount (Vector) and a coverslip. Images were captured with a
microscope (AX-80; Olympus) and a color digital camera
(DP72; Olympus); the cellSens software (Olympus) was then
used to digitize the images.

The 3’-UTR assay

RT-PCR using forward primer (GCTAGCTGCAAGCT-
CACTGACGAGCC) and reverse primer (TCTAGAGGACTG-
GACCATTCTAACCC) were used to amplify a segment of
CRF-R1 3’-UTR sequence (AF039203) that contained an miR-
449a binding sequence from normal rat anterior pituitary RNA;
this amplified segment was designated CRF-R1 3’-UTR (wt)
(see Figure 3E). We also synthesized a negative control oligonu-
cleotide with a mutant miR-449a target site. CACTGCCA was
mutated to TCCACACG; additionally, the In-Fusion cloning kit
(Takara Bio) was used to generated a mutant variant of the
CRF-R1 3’-UTR. This variant was designated CRF-R1 3’-
UTR (sc). The CRF-R1 3’-UTR fragment and the correspond-
ing negative control variant were subcloned into pmir-GLO
vector (Promega) to generate pmir-GLO-CRF-R1 3’-UTR
(wt) and pmiR-GLO-CRF-R1 3’-UTR (sc), respectively (18).
HEK293 cells were seeded in 60-mm dishes, and Multifectam
(Promega) was used to cotransfect cells with a target plasmid
(2.5 pg) (pmir-GLO-CRF-R1 3'-UTR [wt], pmir-GLO-CRF-R1
3’-UTR [sc] or pmir-GLO mock) and a miRNA plasmid (pmr-
mCherry-miR-449a or pmR-mCherry mock plasmid). Cells
were collected 48 hours after transfection, and the dual-lu-
ciferase reporter assay system (Promega) was used according to
the manufacturer’s instruction to measure enzyme activity.

Antibodies against CRF-R

Goat anti-CRF-R1 antibodies, C-20 (sc-1757), and V-14 (sc-
12381), were purchased form Santa Cruz Biotechnologies, Inc.
C-20 antibody recognizes both CRF-R1 and CRF-R2, but V-14
antibody recognizes only CRF-R1. We compared the quality of
images with both antibodies (Figure 1F). The CRF-R1 signals on
Western blots changed in parallel with the CRF-R1 mRNA sig-
nals generated via real-time PCR (Figure 1, E and H). The esti-
mated molecular masses of CRF-R1 and CRF-R2 were almost
identical (CRF-R1, 45.3 kDa; CRF-R2, 46.0 kDa) when calcu-
lated based on amino acid sequence of the processed proteins. A
previous immunohistochemical study showed that the C-20 an-
tibody resulted in strong staining in the rat pituitary, but the
N-20 antibody, which is specific for CRF-R2 antibody, resulted
in quite weak staining in rat pituitary; together, these findings
indicate that CRF-R2 expression in rat anterior pituitary is quite
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Figure 1. Plasma ACTH and corticosterone levels and POMC mRNA
expression in the anterior pituitary are higher in restraint-stressed rats
than in unstressed controls; in contrast, CRF-RT mRNA and CRF-R1
protein levels in the anterior pituitary are lower in restraint-stressed
rats. Rats were exposed to restraint stress for 30, 60, 90, or 120
minutes. A-D, Plasma ACTH (A) and corticosterone (B) and POMC
mRNA (C) and CRF-R1 mRNA (D) in the anterior pituitary were assayed.
E, Image of Western blots bearing signals from anti-CRF-R1 antibody
were compared. CRF-R1 protein expression in the anterior pituitary
was assayed. F, A typical image of a CRF-R1 Western blot. G, Values of
these signals, determined as described in Materials and Methods.
mRNA and protein expression levels are shown as percentage of
nonrestrained control (non); n = 6. *, P < .05 vs nonrestrained
control.

low (19). The C-20 antibody reportedly recognizes a glycosy-
lated form of CRF-R1 that is approximately 60 kDa (20). On
Western blots, the C-20 antibody and V-14 antibody each rec-
ognizes the same two bands; one band was probably the 40-kDa
unglycosylated form of CRF-R1, and the other band was prob-
ably the 60-kDa glycosylated form of CRF-R1; these molecular
masses were the same as those reported previously (20). Western
blots probed with C-20 were compared with those probed with
V-14; no additional band that might have corresponded to
CRF-R2 was evident on the blots probed with C-20. Because the
C-20 blots were clearer than the V-14 blots, we measured C-20
signals from the 60- and 40-kDa bands and used these values to
represent CRF-R1.

Western blotting of CRF-R1
The anterior pituitary tissues or call lysates were lysed with
Tris-Nonidet-EDTA (TNE) buffer (10mM Tris-HCI [pH 7.8],

Mol Endocrinol, October 2013, 27(10):1593-1602

1% Nonidet P-40, 150mM NaCl, and ImM EDTA) containing
the Complete proteinase inhibitor cocktail (Roche). Lysates
were subjected to centrifugation to remove debris; and the pro-
tein concentrations in each supernatant was measured. Fach
sample of protein extract (20 ug) was mixed with 3X sodium
dodecyl sulfate (SDS) sample buffer (200mM Tris-HCl [pH
6.8], 30% glycerol, 6% SDS, 0.03% bromophenol blue, and
3% B-mercaptoethanol); each mixture was then boiled for 5
minutes. Proteins in each sample were then separated by SDS-
PAGE and transferred onto polyvinylidene difluoride mem-
branes. The membranes were blocked with 10% nonfat dried
milk and incubated with anti-CRF-R1 antibodies (1:1000). The
membranes were washed and then incubated with horseradish
peroxidase-conjugated antigoat IgG (Jackson ImmunoResearch
Laboratory). ChemiDoc XRS (Bio-Rad Laboratories, Inc) and
SuperSignal West Dura Extended Duration Substrate (Thermo
Scientific) were used to detect and measure CRF-R1 immuno-
reactive signal. After detecting CRF-R1 signal, each membrane
was incubated in restore PLUS Western blot stripping buffer
(Thermo Scientific) to remove the C-20 antibodies and
incubated with mouse anti-actin monoclonal antibody (Progen
Biotechnik) and then horseradish peroxidase-conjugated anti-
mouse IgG (Jackson ImmunoResearch). The actin immunoreac-
tive signals were detected and measured to normalize for equal
loading and blotting efficiency. CRF-R1 expression levels were
calculated as follows: (intensity of 60-kDa band + intensity of
40kDa band)/intensity of actin. Data are shown as a percentage
of nonstressed or control values.

Statistical analysis

A 1-way ANOVA followed by Turkey’s post hoc test or
2-way ANOVA with a Bonferroni correction for multiple com-
parisons was used for each statistical analysis; Prism version 5.0
software (GraphPad Software, Inc) was used for all calculation.
For each study involving pituitary cell culture, 2 independent
replicate experiments were performed using identical protocols.
For real-time RT-PCR data, all results are expressed as percent-
age of control values. Statistical significance was defined as
P <.05.

Results

Restraint stress increases miR-449a expression in
the anterior pituitary

Restraint stress significantly increased plasma ACTH
(853.8 * 183.5 pg/mL at 30 minutes and 775.4 = 42.8
pg/mL at 60 minutes) and corticosterone (1385.9 = 112.1
ng/mL at 30 minutes and 1171.1 = 131.9 ng/mL at 60
minutes) levels. Levels of each hormone had decreased
from peak levels by 90 and 120 minutes (Figure 1, A and
B). Restraint stress also significantly increased POMC
mRNA expression at 30 minutes (1.5 = 0.1-fold vs non-
restrained control), at 60 minutes (1.6 + 0.2-fold vs non-
restrained control), and at 90 minutes (1.6 = 0.2-fold vs
nonrestrained control) in the anterior pituitary (Figure
1C). The restraint stress-induced increases in POMC
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mRNA level had subsided to baseline levels by 120 min-
utes. Restraint stress significantly decreased CRF-R1
mRNA expression in the anterior pituitary at 60 minutes
(65.0% = 10.7% of nonrestrained control), at 90 min-
utes (56.%8 * 9.9% of nonrestrained control), and at
120 minutes (39.7% = 6.9% nonrestrained control) (Fig-
ure 1D).

We detected CRF-R1 protein in the pituitary using
anti-CRF-R1 antibodies (Figure 1E). The immunoblots
produced with the C-20 antibody were clear with less
background than those produced with V-14; therefore,
we used the C-20 blots to measure CRF-R1 protein ex-
pression in the anterior pituitary. A representative immu-
noblot of CRF-R1 protein from the anterior pituitary of
restrained rats is shown in Figure 1F. Restraint stress sig-
nificantly decreased CRF-R1 protein expression levels at
60 minutes (61.2% = 9.7% of nonrestrained control), at
90 minutes {(49.0% = 7.6% of nonrestrained control),
and at 120 minutes (32.3% * 5.3% of nonrestrained
control) in the anterior pituitary (Figure 1G).

The miRBase (www.mirbase.org) and TargetScan
(www.targetscan.org) databases were searched to iden-
tify miRNAs predicted to bind to the CRF-R1 3'-UTR.
We found 3 miRNAs, rno-miR-34a (MI0000877), rno-
miR-34c (MI0000876), and rno-miR-449a (MI0001650),
that have sequences predicted to bind to CRF-R1 3’-UTR.
Expression of miR-449a, but not of miR-34a or miR-
34c¢, was higher in the anterior pituitaries of restraint-
stressed rats than in those of unstressed rats (Figure 2,
A-C); therefore, we focused on miR-449a expression.
Restraint stress significantly increased miR-449a ex-
pression in the anterior pituitary (2.0 = 0.5-fold at 30
minutes, 2.2 * 0.2-fold at 60 minutes, 2.7 + 0.7-fold at
90 minutes, and 2.0 *= 0.1-fold at 120 minutes vs non-
restrained control).

Expression of miR-449a in the anterior pituitary
of rats

Pituitary gland tissue sections were double labeled via
immunohistochemistry with anti-B-endorphin antiserum
and in situ hybridization with a miR-449a LNA or a
scrambled LNA negative control probe. Signals from the
miR-449a LNA probe were evident in many pituitary
cells, including corticotrophs that costained with anti-B-
endorphin antiserum (Figure 2, D and E); in contrast, no
signal from the negative control probe was evident in any
cells.

Effect of miR-449a expression levels on CRF-R1

mRNA and protein expression in vitro
Overexpression of miR-449a in monolayer-cultured

anterior pituitary cells significantly decreased CRF-R1
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Figure 2. Restraint stress increases miR-449a expression in the
anterior pituitary (AP). Rats were exposed to restraint stress for 30, 60,
90, or 120 minutes. Anterior pituitaries were assayed for miR-449a (A),
for miR-34a (B), and for miR-34¢ (C). miRNA levels are shown as
percentage of nonstressed control (non); n = 6. *, P < .05 vs
nonrestrained control. D, Expression of miR-449a in the anterior
pituitary of rats was measured. A typical micrograph of anterior
pituitary tissue subjected to in situ hybridization with a miR-449a LNA
probe (purple) and immunohistochemistry with anti-B-endorphin
antibody (brown) is shown. Double-positive cells are indicated by
arrowheads. E, Digoxigenin-labeled mutated (scrambled) LNA probe
was a negative control for miR-449a signal in the anterior pituitary of
rats. Scale bar, 20 um.

mRNA expression (73.9% =+ 5.2% of mock) and
CRF-R1 protein expression (71.3% * 0.9% of mock)
(Figure 3, A-C); in contrast, expression of IGFBP7
mRNA, which is reportedly expressed in corticotrophs
and negatively regulated by glucocorticoids (21), was not
affected by miR-449a overexpression (Figure 3D). When
miR-449a was coexpressed with pmir-GLO-CRF-R1 3'-
UTR in HEK293 cells, luciferase activity was significantly
lower than that of mock-transfected cells (85.2% * 1.1%
for 2.5 pg and 76.2% * 4.3% for 7.5 ug of pBA-449a
transfection compared with that of pmr-GLO-mock
cotransfectant), whereas there was no change in luciferase
activity in cells that coexpressed miR-449a with pmr-
GLO-CRF-R1 3'-UTR (sc) (Figure 3, E and F). The
ToughDecoy system was used for knockdown of miR-
449a expression in monolayer-cultured anterior pituitary
cells (Figure 3, G-I) or in AtT-20 mouse ACTHoma cells
(Figure 3, J and K); miR-449a knockdown did not in-
crease the basal CRF-R1 mRNA and CRF-R1 protein
levels in either cell type, but it did significantly attenuate
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Figure 3. Effects of miR-449a expression on CRF-R1 mRNA and CRF-R1 protein expression and
CRF-R1 3’-UTR luciferase reporter. Anterior pituitary cells were infected with recombinant
adenovirus expressing miR-449a (pCherry 449a) or mock (pCherry mock). A-D, After 48 hours,
miR-449a (A), and CRF-RT mRNA (B), CRF-R1 protein (C), and /IGFBP7 mRNA (D) were assayed.
The levels are shown as percentage of those with pCherry mock; n = 6. *, P < .05 vs pCherry
mock. E, The nucleotide sequence of CRF-R1 3’-UTR is shown. The miR-449a target site is
underlined. The transcriptional termination codon is in bold. HEK293 cells were cotransfected
with pmir-GLO-CRF-R1 3’-UTR (wt), pmir-GLO-CRF-R1 3'-UTR (sc) (which has a scrambled miR-
4493 target site), or pmir-GLO mock plasmid and pmr-mCherry-miR-449a (pCherry 443a). F,
After 48 hours, luciferase activity in each sample was assayed. The levels of luciferase activity are
shown as percentage of pmir-GLO mock; n = 6. *, P < .05 vs pmir-GLO mock. G-K, Cultured
anterior pituitary cells (G, H, and I) and AtT-20 mouse ACTHoma cells (J and K) were infected
with recombinant adenovirus expressing ToughDecoy-miR-449a (TuD-449) or mock (TuD mock).
After 48 hours, expression of CRF-R1 mRNA (G and J) and protein (H and K) and IGFBP7 mRNA

(I) were assayed. The levels are shown as percentage of those in saline-treated TuD mock; n = 6.

*, P < .05 vs TuD mock. Abbreviation: co, control; DEX, dexamethasone.

the dexamethasone-induced decrease in CRF-R1 mRNA
(Figure 3, G and J) and CRF-R1 protein (Figure 3, H and
K) expressionsin each cell type without affecting dexa-
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methasone-induced suppression of
IGFBP7 mRINA expression (Figure 3I).

Regulation of miR-449a
expression in the anterior
pituitary of rats

Treatment with dexamethasone
for 1 hour significantly increased
miR-449a expression at concentra-
tions of 1 ng/mL (1.6 = 0.1-fold), 10
ng/mL (1.7 = 0.2-fold), and 10%
ng/mL (2.1 * 0.2-fold), whereas
there was no change with CRF treat-
ment in monolayer-cultured anterior
pituitary cells (Figure 4A). Dexameth-
asone decreased CRF-R1 mRNA ex-
pression (74.6% = 17.6% of control
for 10 ng/mL and 58.1% = 5.8% of
control for 10? ng/mL) (Figure 4B)
in vitro.

Expression of miR-449a in the
anterior pituitary was significantly
higher in dexamethasone-injected
rats than in saline-injected control
rats (2.3 = 0.5-fold for 100 ug/kg
bw at 1 hour and 2.3 = 0.3-fold for
100 ug/kg bw at 2 hours vs saline-
injected rats) (Figure S5A). Dexa-
methasone significantly decreased
CRF-R1 mRNA expression (90.8%
+ 1.0% at 1 hour, and 85.0% =
2.9% for 30 pg/kg bw and 85.1% =
2.3% for 100 pg/kg bw at 2 hours,
of saline-injected control) (Figure
5C) and CRF-R1 protein expression
(79.3% *= 2.5% of saline-injected
control for 100 ug/kg bw at 2 hours)
(Figure 5D) in vivo.

ADX blocked the restraint-in-
duced increase in miR-449a expres-
sion in the anterior pituitary (Figure
6A). Although restraint stress de-
creased CRF-R1 mRNA expression
(Figure 6B) and CRF-R1 protein ex-
pression (Figure 6C) in sham-oper-
ated and ADX rats, the restraint
stress-induced decrease in CRF-R1
mRNA and protein expression was
significantly diminished in ADX rats
compared with those of sham-oper-

ated rats at 60, 90, and 120 minutes and at 90 and 120
minutes, respectively (Figure 6, B and C).
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Discussion

We found that CRF-R1 mRNA and CRF-R1 protein ex-
pression in the anterior pituitary was downregulated by re-
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Figure 5. Dexamethasone increases miR-449a expression in the
anterior pituitary and decreases CRF-R1T mRNA and CRF-R1 protein
expressions in the anterior pituitary of rats. Dexamethasone or saline
was injected ip into rats. A-C, Anterior pituitary miR-449a (A), CRF-R1
mMRNA (B), and CRF-R1 protein (C) levels were assayed. miRNA, mRNA,
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The Endocrine Society. Downloaded from press. ine.org by [${indivi Jser.display

1599

mend.endojournals.org

250
200
150
100

50

AP miR-449a expression >

non 30 60 90 120 non 30 60 90 120

restraint restraint

O

140
120
100
80
60
40
20

] sham -operated
B ADX

CRF-R1 protein expression

non 30 60 90 120

restraint

Figure 6. ADX attenuates restraint-induced miR-449a expression and
suppression of CRF-R1 mRNA and CRF-R1 protein expression. ADX or
sham-operated rats were restrained for 30, 60, 90, or 120 minutes.
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P < .05 vs nonrestrained control. Abbreviation: AP, anterior pituitary.

straint stress; our findings were consistent with those from
previous studies (22). Glucocorticoid administration de-
creases not only CRF-R1 mRNA expression but also
CRF-R1 protein expression (6, 23), and glucocorticoids,
which are increased in response to stress, are involved in the
downregulation of CRF-R1 expression during stress (3).
However, the mechanisms underlying the stress-induced
downregulation of CRF-R1 are not fully understood (5-7).

Here, we identified 3 miRNAs (miR-449a, miR-34a,
and miR-34c) that were predicted to bind to CRF-R1
3'-UTR based on database search. Expression of miR-
449a, but not of miR-34a and miR-34c, was increased in
the anterior pituitary of restraint-stressed rats. Overex-
pression of miR-449a suppressed CRF-R1 mRNA and
CRF-R1 protein expression, and conversely, knockdown
of miR-449a attenuated dexamethasone-induced sup-
pression of CRF-R1 mRNA expression and CRF-R1 pro-
tein expression in monolayer-cultured rat anterior pitu-
itary cells. The sequences of miR-449a and its binding
region of CRF-R1 3’-UTR are 100% homologous among
human, mouse, and rat. Furthermore, we showed that
knockdown of miR-449a in AtT-20 cells also attenuated
dexamethasone-induced suppression of CRF-R1 mRNA
and protein expression. These results indicate that stress
downregulates the expression of CRF-R1 mRNA and
CRF-R1 protein through glucocorticoids and that miR-
449a contributes to the glucocorticoid-induced down-
regulation of CRF-R1 expression in the anterior pituitary
(Figure 7). However, factors other than miR-449a also
seem to contribute to the glucocorticoid-induced down-
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Figure 7. Proposed mechanism of stress-induced CRF-R1
downregulation. Stress activates the HPA axis. CRF from the
hypothalamus stimulates ACTH secretion by corticotrophs via activated
CRF-R1, and ACTH then stimulates the adrenal gland to produce
glucocorticoids. The hypothalamus and pituitary hormones are
regulated via negative feedback inhibition by glucocorticoids:
glucocorticoids downregulate CRF mRNA expression in the
paraventricular nucleus of the hypothalamus (PVN); glucocorticoids
also downregulate CRF-R1 and proopiomelanocortin (POMC) mRNA
expression and ACTH secretion from corticotrophs. Here, we showed
that glucocorticoids increased the expression of miR-449a and that
miR-449a then inhibits CRF-R1 mRNA expression and translation in the
anterior pituitary of restrained rats. However, the mechanism by which
glucocorticoids activate miR-449a transcription remains unclear.

regulation of CRF-R1 because the restraint stress-induced
increase in miR-449a expression was completely blocked
by ADX, but the restraint stress-induced decrease in
CRF-R1 mRNA and protein was not completely blocked
by ADX. A change in CRF-R1 mRNA stability may also
be important to CRF-R1 downregulation during stress
because glucocorticoids may also decrease CRF-R1
mRNA stability (8). Furthermore, because intracerebro-
ventricular injection of CRF decreases CRF-R1 mRNA
expression in the anterior pituitary of ADX rats (3), not
only glucocorticoids, but also other factors, such as CRF,
seem to be involved in stress-induced downregulation of
CRF-R1 expression.

Transcription of all miRNAs is controlled by RNA
polymerase II, and primary miRINAs are processed in the
nucleus (24-26), but little is known about the signaling
pathways that control miRNA expression. We did not
find a glucocorticoid-responsive element near the miR-
449a coding region; therefore, additional studies are
needed to clarify the detail of intracellular signaling path-
ways leading to a glucocorticoid-induced increase in miR-
449a expression.

Cells expressing CRF-R1 mRNA are widely distrib-
uted throughout the rat brain and pituitary (27, 28), but

The Endocrine Society. D from press.

Mol Endocrinol, October 2013, 27(10):1593-1602

dexamethasone administration did not cause changes in
CRF-R1 mRNA expression in the intermediate lobe of
pituitary or in brain regions such as frontal cortex, olfac-
tory bulb, and amygdala (7). Our double-labeling tech-
nique involving in situ hybridization and immunohisto-
chemistry showed that miR-449a was widely expressed in
many pituitary cells, including corticotrophs. Taken to-
gether with previous published results, our current results
indicated that glucocorticoid-induced downregulation of
CRF-R1 may involve miR-449a only in anterior pituitary
cells. Recent findings have revealed that miRNAs inhibit
expression of many types of receptors: miR-133b inhibits
epidermal growth factor receptor (29), miR-126 inhibits
vascular endothelial growth factor receptor 2 (30), let-7b
inhibits GH receptor (31), and miR-376a and miR-376c
inhibit IGF-1 receptor (32). However, little is known
about the physiological role of miRNAs in expression of
pituitary hormone receptor. The current study provides
new insight into understanding the function of miRNAs
in the regulation of the HPA axis response to stress.

The miRNA identified in this study, miR-449a, has not
been thoroughly studied. However, several research
groups have demonstrated that human miR-449a acts as
a tumor suppressor in prostate, bladder, and lung cancers
(33-35). In general, each miRNA has multiple target
genes (36). Actually, rat miR-449a has approximately
500 potential target genes based on analysis of the Tar-
getScan database. Additional studies are needed to fur-
ther clarify the roles of miR-449a that do not involve
CREF-R1 suppression in corticotrophs.

Recent findings show that miRNAs are released from
cells in small vesicles, which are called exosomes, and that
exosomal miRNAs are stable in blood and in extracellular
fluids (37, 38). We detected miR-449a not only in the
anterior pituitary cells but also in exosomes in culture
medium of pituitary cells and in serum of rats (data not
shown). Serum exosomal miR-449a increased in parallel
with miR-449a mRNA expression in the anterior pitu-
itary of restrained rats. Because miR-449a is expressed in
the brain and various peripheral tissues (39), the origin of
serum exosomal miR-449a is unclear. However, the an-
terior pituitary could be one site of origin of the miR-
449a—containing exosomes found in peripheral circula-
tion because exosomal miR-449a in serum and exosomal
miR-449a in culture media increased during restraint
stress and after dexamethasone treatment, respectively.
Exosomes carry proteins, RNAs, and miRNAs; they are
released into extracellular fluids, and they mediate cell-
to-cell signaling in a paracrine manner (40); therefore,
miR-449a-containing exosomes may have a paracrine
role in the anterior pituitary. Moreover, because se-
quences of miR-449a and miR-449a target sequences in
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CRF-R1 3'-UTR are 100% identical between human and
rats, measuring exosomal miR-449a in serum is probably
practicable and may provide new insights into the patho-
physiology of stress-related disease in humans.

In summary, our findings indicate that pituitary miR-
449a has an important role in glucocorticoid-induced
downregulation of CRF-R1 mRNA expression and
CRF-R1 protein expression in the corticotrophs of the
anterior pituitary in stressed rats.
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