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To understand the role of microRNAs (miRNAs) in pituitary
development, a group of pituitary-specificmiRNAswere identi-
fied, and Dicer1 was then conditionally knocked out using the
Pitx2-Cremouse, resulting in the loss of mature miRNAs in the
anterior pituitary. The Pitx2-Cre/Dicer1 mutant mice demon-
strate growth retardation, and the pituitaries are hypoplastic
with an abnormal branching of the anterior lobe, revealing a role
for microRNAs in pituitary development. Growth hormone,
prolactin, and thyroid-stimulating hormone �-subunit expres-
sion were decreased in theDicer1mutantmouse, whereas proo-
piomelanocortin and luteinizing hormone �-subunit expres-
sion were normal in the mutant pituitary. Further analyses
revealed decreased Pit-1 and increased Lef-1 expression in the
mutant mouse pituitary, consistent with the repression of the
Pit-1 promoter by Lef-1. Lef-1 directly targets and represses
thePit-1promoter.miRNA-26b (miR-26b)was identified as tar-
geting Lef-1 expression, and miR-26b represses Lef-1 in pitui-
tary and non-pituitary cell lines. Furthermore, miR-26b up-reg-
ulates Pit-1 and growth hormone expression by attenuating
Lef-1 expression in GH3 cells. This study demonstrates that
microRNAs are critical for anterior pituitary development and
that miR-26b regulates Pit-1 expression by inhibiting Lef-1
expression and may promote Pit-1 lineage differentiation dur-
ing pituitary development.

The anterior pituitary is an essential endocrine organ in
the homeostatic regulation of vertebrates. It exerts its versa-
tile functions through five cell types, including corticotropes
secreting ACTH, thyrotropes secreting thyroid-stimulating
hormone (TSH),2 gondadotropes secreting luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH), somato-
tropes secreting growth hormone (GH), and lactotropes secret-
ing prolactin (PRL). The development of the anterior pituitary

is dependent on the expression of spatially and temporally reg-
ulated factors, most of which are still unknown (1).
The patterning of the anterior pituitary is directed by a com-

plexmix ofmorphogenetic signals that regulate development of
the endocrine cell type lineages (for a review, see Ref. 1). These
signaling molecules include sonic hedgehog (Shh), fibroblast
growth factors (FGF), bone morphogenetic proteins, Notch,
Wnt factors, and epidermal growth factor (EGF). There are
many transcription factors that control early pituitary develop-
ment and patterning. These include Pitx factors, Lim homeo-
domain factors (Islet-1, Lhx3, and Lhx4), Hesx1, Prop1, Six
homeodomain transcription factor, Pax6, and Lef-1, a compo-
nent of the Wnt signaling pathway. Pit-1, a POU domain tran-
scription factor, plays a major role in the differentiation of
somatotrope, lactotrope, and thyrotrope cell lineages. In con-
cert with these transcription factors, there are other factors that
interact to regulate the expression of multiple pituitary hor-
mones (1). A schematic of mouse pituitary development and an
expression time line of selected transcription factors are shown
in Fig. 1.
The requirement for Lef-1 in pituitary development was

shown in the Lef-1�/� null mice with changes in pituitary hor-
mone expression (2, 3). In theLef-1�/�mutantmouse pituitary,
Pit-1 expression was increased at embryonic day 14.5 (E14.5),
and the Pit-1 target genes TSH� and GH were also up-regu-
lated, whereas proopiomelanocortin (POMC) expression (not
activated by Pit-1) was unchanged (3). Lef-1 does not activate
Pit-1, GH, or TSH� expression but appears to attenuate Pit-1
expression. �-Catenin is required for Prop1 activation of Pit-1
expression, as noted for Prop1-�-catenin activation of Pit-1 (3).
MicroRNAs (miRNAs) are a class of recently discovered

small, endogenous non-coding RNAs that post-transcription-
ally regulate expression of protein-coding genes by targeting
specific mRNA through complementary sequences in 3�-un-
translated regions (3�-UTRs) (4). Animal miRNAs are imper-
fectly paired to the 3�-UTR of target mRNA and inhibit protein
production. ThesemiRNAs can also bind to other regions of the
mRNA to degrade the target mRNA or inhibit protein synthe-
sis. Although more than 800 miRNAs have been identified in
human and other eukaryotic species, the biological function
and the underlyingmolecularmechanisms ofmostmiRNAs are
still unclear. Recent studies revealed expression of many iden-
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tifiedmiRNAs in distinct areas of the adult mouse central nerv-
ous system, which suggests their specific functions within these
regions (5). An increasing number of developmental and phys-
iological processes have been found to rely onmiRNAs, but the
contributions of miRNAs to pituitary development are not
known (6–10).
In this report, a global approach was used to study miRNA

function in the anterior pituitary by conditionally deleting
Dicer1, an endonuclease essential for miRNA maturation.
The loss of mature miRNAs leads to dysmorphology and
hypoplasia in the anterior pituitary and multiple hormone
deficiencies resulting in growth retardation in the Pitx2-Cre/
Dicer1mutant mice. Moreover, we found that Lef-1 was up-
regulated in the mutant pituitary, consistent with its role as a
repressor of pituitary development (3). We demonstrate that
miR-26b directly targets the Lef-1 3�-UTR and represses
Lef-1 isoform expression in different cell lines. miR-26b
repression of Lef-1 results in an up-regulation of Pit-1 in
GH3 pituitary cells. In addition, miR-26b exerts different
effects on the Wnt-�-catenin signal response in tissues
expressing specific Lef-1 isoforms. These data reveal a new
mechanism for the control of Lef-1 expression by miR-26b
and a role for multiple miRNAs in regulating hormone
expression in the anterior pituitary.

EXPERIMENTAL PROCEDURES

Animals—All animals were housed in the ProgramofAnimal
Resources at the Institute of Biosciences and Technology, and
were handled in accordance with the principles and procedures
of the Guide for the Care and Use of Laboratory Animals (34).
All experimental procedures were approved by the Texas A&M
Health ScienceCenter InstitutionalAnimalCare andUseCom-
mittee. Mice carrying floxed Dicer1 alleles (Dicer1flox/flox) (11)
weremated tomice carrying a Pitx2-Cre (12) to generate Pitx2-
Cre;Dicer1flox/wt mice. Pitx2-Cre;Dicer1flox/wt mice were subse-
quently mated to Dicer1flox/flox mice to generate Pitx2-Cre;
Dicer1flox/flox mutant mice. Embryos were collected at various
time points, considering the day of observation of a vaginal
plug to be E0.5. Mice and embryos were genotyped by PCR of

DNA extracted from tail biopsies
or yolk sacs. Twenty-four mice
(mutant, n � 9; wild type, n � 15)
from three different litters were
subject to the growth curve study.
Animals were housed together
with littermate controls during
the study. The environment of the
animal rooms was controlled with
a 12-h/12-h light/dark cycle, a rel-
ative humidity of 45–55%, and a
temperature of 22 °C. The mice had
free access to tap water and stand-
ard pellet chow. The treatment was
blind to the mice genotype. Body
weights were taken at noon at the
specified time points.
MicroRNA Microarray—Pituitary

cell lines were cultured and cells
were harvested by scraping and pelleted by centrifugation,
and P0 mice tissue was harvested by dissection. Total RNAs,
including miRNAs, were prepared using the miRNeasy mini-
kit from Qiagen. LC Sciences performed the miRNA mi-
croarray analyses. Microarray assays were performed on a
mParaFlo microfluidics chip, and all samples underwent
quality control analyses immediately after receipt as well as
at each step through the process.
Expression and Reporter Constructs—The expression plasmid

containing the cytomegalovirus (CMV) promoter linked to the
mmu-miR-26b and mmu-miR-21 precursor was constructed in
pSilencer 4.1 (Ambion). Lef-1 �N, Lef-1 FL, and �-catenin S37A
expression plasmids were constructed in pcDNA 3.1 MycHisC
(Invitrogen) as described previously (13). Lef-1 3�-UTR and Lef-1
mutant 3�-UTR generated by mutagenesis were directionally
cloned into the pGL3 CXCR4 1P (Addgene, plasmid 11310),
(14), replacing the siRNA binding site by XbaI and ApaI.
The 7� TopFlash reporter plasmid was constructed into
luciferase vector by inserting seven Lef/Tcf binding sites
upstream of the minimal thymidine kinase promoter. The
Pit-1 promoter and Pit-1 expression vector have been re-
ported previously (15, 16). The shRNA constructs against rat
Lef-1 were from Origene (TG712526). All constructs were
confirmed by DNA sequencing.
Hematoylin and Eosin (H&E) Staining and Immuno-

histochemistry—Samples were fixed in 4% paraformaldehyde,
dehydrated, and embedded in paraffinwax. Sectionswere cut (7
�m) and stained with H&E. Immunohistochemistry was done
on 7-�m paraffin sections stained by an indirect immunoper-
oxidase method. Peroxidase activity was visualized with AEC
stain kit (Sigma). Antibodies were obtained and diluted
as follows: Pit-1 (Abcam, ab10623), 1:50; TSH� (Lifespan, LS-
C42182), 1:200; PRL, LH� (National Hormone and Peptide
Program), 1:200; ACTH (Abcam, ab74976), 1:200; GH (Abcam,
ab8490), 1:100; Lef-1 (Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA), sc-8591), 1:200. Secondary antibodies conjugated
with biotin were from Vector Laboratories and were used at
1:150 dilution.

FIGURE 1. Pituitary developmental time line. Shown is a time line of murine pituitary development and
expression of selected critical transcription factors and hormones. VD, ventral diencephalons; RP, Rathke’s
pouch.
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Cell Culture, Transient Transfections, Luciferase, and �-Ga-
lactosidase Assays—CHO, HEK 293 FT, GH3, �T3, and AtT20
cells were cultured in DMEM supplemented with 5 or 10% FBS
and penicillin/streptomycin and transfected by electropora-
tion. The procedures for transient transfections and luciferase
and �-galactosidase assays were described previously (17).
Transfected cells were incubated for 48 h. LiCl was added to the
appropriate cells at a final concentration of 10 mM 23 h before
harvest. The pcDNA3.1 empty vector or pSilencer 4.1 negative
control vectors were added to equalize the total amount of co-
transfected expression vectors.
Chromatin Immunoprecipitation (ChIP) Analysis—The ChIP

analysis was performed as described (18) using the ChIP
assay kit (Upstate Biotechnology, Inc.) with the following
modifications. GH3 cells were fed for 24 h, harvested, and
plated in 60-mm dishes. Cells were cross-linked with 1%
formaldehyde for 10 min at 37 °C the next day. Samples were
incubated with Lef-1 2D12 mouse monoclonal antibody
from Millipore overnight at 4 °C. Immune complexes were
washed consecutively for 5 min with each of the following
solutions: low salt immune complex wash buffer, high salt
immune complex wash buffer four times, and LiCl immune
complex wash buffer and TE buffer twice. An aliquot of the
immunoprecipitated DNA (3 �l) from non-transfected cells
was used for PCR (32 cycles). All reactions were done under
an annealing temperature of 61 °C. Two primers for ampli-
fying the Lef/Tcf binding site in the Pit-1 promoter are as
follows: sense, 5�-TTGCCTTCTCCTCACTTCGT-3�; anti-
sense, 5�-TATCAGCCGAGGTGAAAGGT-3�. All of the
PCR products were evaluated on a 1% agarose gel in 1� TBE
for appropriate size (322 bp) and confirmed by sequencing.
As controls, the primers were used without chromatin, and
normal mouse IgG was used replacing the Lef-1 antibody to
reveal nonspecific immunoprecipitation of the chromatin.
Real-time PCR Analyses and miRNA Expression—Total

RNA, including miRNA, were prepared using the miRNeasy
minikit from Qiagen. The amount and integrity of the RNA
samples were assessed by measurement at 260 and 280 nm
and gel analyses. HEK 293 FT cells transfected with control
vector or miR-26b precursor were harvested 48 h post-trans-
fection. Quantitative real-time PCR for miR-26b, miR-24,
and miR-375 mature expression was done with TaqMan
MicroRNA assay probes (Applied Biosystems), including
miR-24 expression as a reference miR. GH3 cells transfected
with control vector, miR-26b precursor, Pit-1 expression
vector, and miR-21 precursor were harvested 30 h post-
transfection. Total RNA was reverse transcribed into cDNA
by the iScript Select cDNA Synthesis kit (Bio-Rad). Real-
time PCR was carried out in a total reaction of 25 �l contain-
ing 12.5 �l of iQ SYBR Green Supermix, 0.1 �M forward
primer, 0.1 �M reverse primer, 0.25 �l of cDNA template in
the MyiQ Singlecolor real-time detection system and ana-
lyzed by the MyiQ optical system software 2.0 (Bio-Rad).
�-Actin served as a reference gene for normalization of
GH mRNA levels. Rat GH and �-actin primer sequences
were from previous reports (19, 20). Lef-1 primer sequences
were 5�-GCAGCTATCAACCAGATCC-3� (forward) and 5�-
GATGTAGGCAGCTGTCATTC-3� (reverse). Dicer1 primer

sequences were 5�-GTGGTCTGGCAGGTGTACTA-3� (for-
ward) and 5�-ACTTCCACGGTGACTCTGAC-3� (reverse).
The thermal cycling profile consisted of 95 °C for 4 min, fol-
lowed by 40 cycles of denaturation at 95 °C for 30 s, annealing at
60 °C for 30 s, and elongation at 72 °C for 18 s. Sampleswere run
in triplicate. No-template control was run in each experiment.
Melting curve analyses were performed to confirm amplifica-
tion specificity of the PCR products, and all PCR products were
sequenced to confirm their identity.
Western Blot Assays—Expression of endogenous expressed

Lef-1 FL and Lef-1 �N isoforms were identified in CHO, 293,
AtT20, and �T3 cells using the Lef-1 antibody (Cell Signaling,
C18AT). Lef-1 expression in the rat GH3 cells was detected
using the Lef-1 2D12 mouse monoclonal antibody from Milli-
pore. Pit-1 expression was detected in GH3 cells using the Pit-1
mouse monoclonal antibody from Abcam. Approximately
20–30 �g of transfected cell lysates were analyzed in Western
blots. Following SDS-gel electrophoresis, the proteins were
transferred to PVDF filters (Millipore), immunoblotted, and
detected by specific antibodies and ECL Plus reagents from GE
Healthcare.
Statistics—Statistics were performed by two-sample t test. p

values less than 0.05 were considered to be significant.

FIGURE 2. Microarray analyses of three murine pituitary cell lines. Shown
is a heat map of miRNA expression. The miR-26 family is highly expressed in all
three pituitary cell lines as well as in the mouse whole body. �T3 (gonado-
trope), AtT20 (corticotrope), and GH3 (somatotrope) cell lines were used to
harvest miRNAs and compared with P1 newborn whole mouse miRNAs.
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RESULTS

Identification of Specific PituitarymiRNAs—To identify pitu-
itary-specific miRNAs, �T3 (gonadotrope), AtT20 (cortico-
trope), and GH3 (somatotrope) cell lines were used to harvest
miRNAs. Total miRNAs were fluorochrome-labeled and
hybridized to spotted miRNA microarrays, comprising probes
for all mouse/rat miRNAs in the latest version of the Sanger
miRBase database (Release 14.0). We compared the miRNA
expression profileswith P1newbornwholemousemiRNAs and
then identified several pituitary-specificmiRNAswith high lev-
els of expression in the pituitary cell lines (Fig. 2). We hypoth-
esized that some of the miRNAs directly targeted critical pitu-
itary transcription factors to regulate pituitary development
and terminal differentiation. PreviousmiRNA array analysis on
adult mouse pituitary (5) and our miRNA array analysis on the
three murine pituitary cell lines identified expression of the
miR-26 family in the pituitary.
Knock-out of Pituitary Mature miRNAs Results in Abnor-

mal Pituitary Development—To study the overall function of
miRNAs in pituitary development; we mated the mice carry-
ing floxed Dicer1 alleles (Dicer1 flox/flox) (21) to the mice
carrying a Pitx2-Cre allele (12) to generate Pitx2-Cre/
Dicer1flox/wt mice. Pitx2-Cre/Dicer1flox/wt mice were subse-
quently mated to Dicer1flox/flox mice to generate Pitx2-Cre/
Dicer1flox/floxmutantmice. Themutantmice are born the same
size with their wild type littermates, but they begin to show
growth retardation immediately after birth with an average
body size about half that of the wild type mice at 4 weeks of
age (Fig. 3A). The comparison of bodyweight betweenwild type
and mutant mice at specified time points was recorded on the
growth curve (Fig. 3B). Twenty-four mice (mutant, n � 9; wild

type, n � 15) from three different
litters were subject to the growth
curve study. The error bars indicate
the S.E. Pitx2-Cre expression occurs
specifically in the anterior pituitary,
oral epithelium, eyes, and limbs, and
the only region affecting growth
would be the anterior pituitary
gland, which regulates the endo-
crine system through hormone
expression (1, 12). Pitx2-Cre activity
was observed in the lineage of all cell
types of the anterior pituitary at
E16.5, confirmed by analyses of
LacZ activation (X-gal stain) in the
Pitx2-Cre/Rosa 26 reporter mice
(Fig. 3C).
The morphology defects of the

anterior pituitary were observed
from E14.5. The anterior pituitary
in the P0 Dicer1 mutant mouse is
hypoplastic. A ventral bulge was
observed near the mid-sagittal plate
from E14.5 to P0 (Fig. 4A). Immu-
nohistochemistry was performed
on P0wild type (F/F) and Pitx2-Cre/
Dicer1mice pituitaries to determine

hormone expression levels using GH, PRL, TSH�, LH�, and
ACTH antibodies (the ACTH antibody recognizes both ACTH
and POMC). GH, PRL, and TSH� expression in mutant pitu-
itaries was decreased, whereas ACTH/POMC and LH� expres-
sion was not affected compared with wild type pituitaries (Fig.
4B). These results suggest defects in hormone expression in
somatotropes, lactotropes, and thyrotropes. The decreased GH
and TSH� correlate with the mice phenotype of growth retar-
dation. The presence of pituitary hormones (albeit at low levels)
by specific cell lineages suggests normal cell type differentia-
tion; however, defects in cell proliferation could contribute to
the hypoplastic pituitary. The unchanged ACTH/POMC level
suggests relatively normal development of the corticotrope cell
lineage.
The generation of somatotrope, lactotrope, and thyrotrope

cell lineages depends on the function of the tissue-specific
POU-class homeodomain transcription factor, Pit-1 (officially
Pou1f1) (22). The decreased GH, PRL, and TSH� expression
suggested suppressed Pit-1 function, and we found that Pit-1
expression was decreased at E15.5 and P0 (Fig. 4C). Among
numerous transcription factors that regulate Pit-1 expression
and Pit-1 lineage development, Lef-1 has been reported as a
potent repressor (3). Lef-1 is a DNA-binding protein and is
expressed in the pituitary gland, teeth, kidney, and skin during
mouse embryonic development (2). The Ensemble database
records four Lef-1 isoforms transcribed by two different pro-
moters. The P1 promoter generates three long isoforms by
alternative splicing (the longest isoform is defined as Lef-1 full-
length (FL)), and the P2 promoter generates a short isoform
lacking a �-catenin binding domain (Lef-1 �N), which is con-
sidered a dominant-negative isoform (23, 24).

FIGURE 3. Phenotype of Pitx2-Cre/Dicer1 conditional knock-out (cKO) mouse. A, the mutant mouse (left) at
4 weeks old is significantly smaller compared with the wild type mouse (right). B, growth curve of wild type and
Dicer1 mutant mice (mutant, n � 9; wild type, n � 15). Error bars, S.E. The mutant mice are growth-retarded as
adults. C, Pitx2-Cre is highly expressed in the anterior pituitary at E16.5 as assayed by analysis of Rosa 26
reporter/LacZ activation (X-gal stain). These data demonstrate that Cre expression driven by Pitx2 is expressed
in all pituitary cell lineages.
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In the pituitary, Lef-1 expression reappears at E13.5 in the
anterior gland following initial transient expression at E9.0 (3).
In the Lef-1 knock-out mouse pituitary, not only Pit-1 but also
hormones secreted by Pit-1 lineage cells are up-regulated (3).
The Prop1 mutant mice phenotype and a previously reported
mechanism suggest that Lef-1 represses the activity of the
Prop1 and �-catenin complex on the Pit-1 promoter (3, 25).
Consistent with this mechanism, Lef-1 expression was up-reg-
ulated in the Dicer1 mutant anterior pituitary at E15.5 and P0
(Fig. 4D), which would contribute to decreased Pit-1 expres-
sion. Due to the absence of mature miRNAs by pituitary-
specific Dicer1 deletion, Lef-1 up-regulation may be attributed
to the loss of specific miRNA regulators that repress Lef-1
expression.
Pitx2-Cre Dicer Deletion Knocks Down Mature miRNAs in

the Pituitary—MaturemiRNAs are decreased in the Pitx2-Cre/
Dicer1f/f mutant mice. The pituitaries of mutant and wild type
mice were dissected 4 weeks after birth. Real-time RT-PCR
experiments demonstrate reduced Dicer expression in the
mutant pituitaries (Fig. 5A). The mature miRNAs of unrelated

miRNA families, miR-24, miR-26b,
and miR-375, were measured by
real-time PCR using Taqman
probes (Fig. 5A). �-Actin served as
the reference gene for normaliza-
tion ofmiRNA andDicer levels. The
PCR products from dissected pitu-
itaries of wild type 4-week mice are
shown in Fig. 5B. The PCR products
frompituitary cell lines are shown in
Fig. 5C. Experiments were repeated
three times each frommultiple sam-
ples, and p values are shown. The
residual miRNA and Dicer1 expres-
sion is derived from the posterior
pituitary where Pitx2-Cre is not
expressed, andwe are unable to reli-
ably dissect the posterior region
from the anterior region.
Lef-1 Represses Pit-1 Promoter

Activity—The Pit-1 promoter con-
tains a Lef-1/Tcf DNA binding ele-
ment, which is conserved in rats and
mice (Fig. 6A). The Pit-1 220-bp
minimal promoter was co-trans-
fectedwith the Lef-1 FL or Lef-1�N
expression plasmids into both GH3
and HEK 293 FT cells. Both iso-
forms significantly repressed Pit-1
promoter activity �3-fold in these
cells (Fig. 6, B and C). Because HEK
293 FT cells do not express pituitary
factors like Prop1 and Pit-1, the
background levels of luciferase ac-
tivity from thePit-1 promoter are rel-
atively low. In theGH3cells, theback-
ground levels of luciferase activity
from the Pit-1 promoter were in-

creased due to endogenous factors, such as Pit-1. However,
because Lef-1 repressed thePit-1promoter in bothGH3andHEK
293FTcells, thesedata revealedanalternativemechanismofLef-1
repression independent of Prop1 and other pituitary factors.
A ChIP assay demonstrates endogenous Lef-1 binding to the

Pit-1 promoter. Non-transfected GH3 cells were used because
these cells endogenously express Lef-1 and Pit-1. Mouse
Lef-1 monoclonal antibody was used, and Pit-1 promoter
chromatin was amplified by PCR using primers specific for
the Pit-1 promoter flanking the Lef/Tcf binding site (Fig.
6D). The primers amplified a 322-bp product from the anti-
body IP and chromatin input (Fig. 6D, lanes 5 and 3, respec-
tively). The primers did not produce the product from nor-
mal mouse IgG IP control (Fig. 6D, lane 4). More controls
included using primers that amplify a distal downstream
region (exon 3) of the Pit-1 gene. The primers recognize the
input chromatin (lane 7) but not the Lef-1 antibody IP prod-
uct (lane 9) or the IgG control (lane 8). These data correlate
with the co-transfection data to demonstrate the direct
repression of the Pit-1 promoter by Lef-1. Considering this,

FIGURE 4. Pituitary dysmorphology, hypoplasia, and hormone deficiencies in the Pitx2-Cre/Dicer1 con-
ditional knock-out (cKO) mouse. A, hematoxylin and eosin-stained pituitaries reveal an abnormal ventral
bulge in the anterior lobe and hypoplasia in Pitx2-Cre/Dicer1 mutant pituitaries compared with wild type mice
from E14.5 to P0. B, hormone deficiency in P0 Pitx2-Cre/Dicer1 mutant mice. Immunohistochemistry in P0
pituitaries demonstrated decreased expression of GH, PRL, TSH�, and LH� in the mutant pituitary, whereas
ACTH/POMC expression is similar to wild type. C, immunohistochemistry using a Pit-1 antibody reveals
decreased Pit-1 expression at E15.5 and P0 in mutant pituitaries compared with wild type pituitaries. D, immu-
nohistochemistry using a Lef-1 antibody demonstrates increased Lef-1 expression in E15.5 and P0 mutant
pituitaries compared with wild type pituitaries. WT, wild type mice; scale bars, 100 �m. All histology panels are
sagittal sections of embryonic or P0 pituitary.
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combined with the previously reported in vivo study and
Prop1-related repression mechanism, we conclude that
Lef-1 is a potent repressor of Pit-1 expression. The expres-
sion of ectopic Lef-1 isoforms has been reported (13). Fur-
thermore, real-time RT-PCR of Lef-1 isoform-transfected
GH3 cells reveals a 55% decrease in GH expression by Lef-1
�N and a 35% decrease in GH by Lef-1 FL (Fig. 6E). To
confirm the specific role of Lef-1 in regulating GH expres-
sion, shRNA against rat Lef-1 significantly increased GH
expression in GH3 cells (Fig. 6F). As a control we demon-
strate that shLef-1 decreases Lef-1 expression by 70% in
transfected GH3 cells (Fig. 6G). Thus, Lef-1 represses Pit-1
and subsequently GH expression.
miR-26b Targets Lef-1 Expression—The immunohisto-

chemistry data revealed increased Lef-1 expression in the
Dicer1 mutant mice, suggesting a potential role for miRNA
regulation of Lef-1. Because we are interested in the role of
Lef-1 during developmental processes and Lef-1 plays a
major role in pituitary development, we asked if Lef-1 was a
target of miRNAs and which miRNAs regulate Lef-1 expres-
sion. miRNA target prediction programs like TargetScan
and PicTar revealed several miRNAs that have conserved
binding sequences in the Lef-1 3�-UTR among vertebrates,
including the miR-26 family. The miR-26 family contains
miR-26a-1, miR-26a-2, and miR-26b, which have indepen-
dent transcription mechanisms but highly identical mature
sequences, including the same seed sequence (Fig. 7, A and
B). The miRNA microarray analyses revealed that the miR-
26b mature sequence was among the 20 highest expressed
miRNAs in adult mouse pituitary and murine pituitary cell
lines. Combined with the significant increase in Lef-1 ex-
pression in the mutant mice pituitary, the miR-26 family

may be an important miRNA regulator of Lef-1 in mouse
pituitary development. To investigate the miR-26 family
function and relation with Lef-1, we cloned miR-26b into the
pSilencer 4.1 vector and murine Lef-1 3�-UTR (which is
shared by all Lef-1 transcripts) into the pGL3 vector between
the luciferase ORF and SV40 PA terminator. The luciferase
assay revealed that miR-26b repressed the Lef-1 3�-UTR
luciferase activity in HEK 293 FT and CHO cells, whereas it
did not repress the Lef-1 mutant 3�-UTR, which had six
nucleotide mutations in the predicted target site (ACU-
UGAA to UGAACUU; Fig. 7C). A titration of miR-26b
revealed a dose response to the repression of the Lef-1
3�-UTR, as shown in HEK 293 cells (Fig. 7C). In HEK 293 FT
cells, only the endogenous Lef-1 FL isoform was detected by
Western blot, and transfection of miR-26b knocked down
Lef-1 FL expression (Fig. 7D). CHO cells endogenously
express only the Lef-1 �N isoform (13), and this isoform was
knocked down by transfection of miR-26b (Fig. 7E). As a
control, the miR-26b expression level in transfected HEK
293 FT cells was assessed by quantitative PCR. Mature miR-
26b was significantly increased in cells transfected with the
miR-26b precursor vector (Fig. 7F). miR-24 served as the
reference gene for normalization of miR-26 expression levels
in each experiment.
miR-26b Represses Lef-1 and Increases Pit-1 Expression in

GH3 Cells—Consistent with the Lef-1 immunohistochemis-
try data, Lef-1 was widely expressed in pituitary cell lines.
The AtT20 mouse pituitary cell line expressed Lef-1 FL,
Lef-1 �N, and an intermediate isoform, whereas the �T3
pituitary cell line expressed an intermediate isoform (Fig.
8A). The Lef-1 intermediate isoform (containing the �-cate-
nin binding domain) is derived from alternative splicing of

FIGURE 5. miRNAs are down-regulated in the Pitx2-Cre Dicer1f/f mutant mice. A, real-time RT-PCR of Dicer1 expression and Dicer1-dependent miRNA
expression in normal and mutant pituitaries. Four-week-old Dicerf/f and Pitx2-Cre/Dicerf/f pituitaries were dissected, and total RNA was isolated for real-time
RT-PCR using Dicer1 primers and TaqMan probes for miR-24, miR-26b, and miR-375. �-Actin primers were used as a reference. B, real-time PCR products from
the analyses in A. C, RT-PCR products using the miRNA probes and RNA extracted from pituitary cell lines. The Dicer1 and Dicer1-dependent miRNAs are
significantly down-regulated. The residual miRNA and Dicer1 expression comes from the posterior part of the pituitary, where Pitx2-Cre is not expressed, which
was not dissected from the anterior pituitary region. Error bars, S.E.
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the full-length Lef-1 RNA and has been identified in human
and mouse tissues and cultured cells (26–28). The increased
Lef-1 expression and subsequent decreased Pit-1 expression
in the Dicer1 mutant pituitary could be due to several pitui-
tary miRNAs. Thus, we asked if miR-26b effectively re-
pressed Lef-1 expression in a pituitary cell line endogenously
expressing Lef-1 and Pit-1. GH3 cells are of rat origin and
appear to express only the alternatively spliced Lef-1 inter-
mediate isoform, and transfected miR-26b effectively re-
pressed the endogenous Lef-1 intermediate isoform in GH3
cells (Fig. 8B). miR-26b was transfected in GH3 cells, and the
lysates were probed for Pit-1 expression. As expected, Pit-1
expression was increased in the presence of miR-26b in the
GH3 cells (Fig. 8C). As a control, we demonstrate that HEK
293 FT cells do not endogenously express Pit-1, but trans-
fected Pit-1 is shown by Western blot. Furthermore, we
assessed GH expression levels in miR-26b-transfected cells
by real-time PCR (Fig. 8D). GH expression was significantly

increased in miR-26b-transfected cells compared with cells
transfected with pSilencer negative control or miR-21
(which served as a negative control). GH expression acti-
vated by transfected Pit-1 was used as a positive control.
�-Actin served as the reference gene for normalization of
GHmRNA levels. The PCR products of GH, Lef-1, and �-ac-
tin primers were subject to gel analyses to demonstrate
primer specificity (Fig. 8D; all PCR products were sequenced
to confirm their identity). Taken together, these data reveal a
novel pathway and mechanism for the regulation of Lef-1
expression by miR-26b and the subsequent regulation of
Pit-1 and GH expression.
miR-26b Inhibits the TopFlash Reporter in HEK 293 FT

Cells but Activates TopFlash in CHO Cells—Lef-1 is an
important component involved in the Wnt-�-catenin signal
response. Without the Wnt-�-catenin signal, the Lef-1 FL
isoform is associated with the TLE-Groucho complex and
represses Wnt target gene expression. When the Wnt-�-

FIGURE 6. Lef-1�N and Lef-1 FL isoforms repress Pit-1 promoter activity. A, schematic of the minimal Pit-1 220-bp promoter with the Lef-1 DNA
binding element. B, Lef-1 isoforms repress Pit-1 promoter activity. The pA3-Luc reporter plasmid with rat Pit-1 220-bp promoter upstream of the
luciferase gene was co-transfected with Lef-1�N or Lef-1 FL isoforms in GH3 cells. �-Galactosidase was used as an internal control for transfection
efficiency. Error bars, S.E. p values are shown. C, the Pit-1 promoter was co-transfected into HEK 293 FT cells with expression plasmids Lef-1�N or Lef-1
FL isoforms. D, a chromatin immunoprecipitation assay reveals endogenous Lef-1 binding to the Pit-1 promoter chromatin in GH3 cells. The Pit-1
promoter with Lef-1 binding site and location of PCR primers are shown at the top. The gel with the specific PCR products from the immunoprecipitated
chromatin and controls are shown at the bottom. E, GH expression is decreased in GH3 cells transfected with Lef-1 isoforms. Real-time RT-PCR
experiments demonstrate that Lef-1 represses endogenous GH expression. F, GH expression was increased in GH3 cells transfected with shRNA against
rat Lef-1. pSilencer 4.1 negative scrambled control vector (pSi-neg) served as a negative control. Pit-1 expression vector served as a positive control.
G, shRNA against rat Lef-1 leads to 70% knockdown of endogenous Lef-1 in GH3 cells measured by real-time PCR. Experiments were repeated three
times, and all products were confirmed by sequencing. Error bars, S.E. p values are shown.
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catenin signal is activated, �-catenin binds to Lef-1 FL and
replaces the TLE-Groucho complex to activate Wnt target
gene expression (29). The Lef-1 �N isoform lacking the
N-terminal �-catenin binding domain represses Wnt target
gene expression. miR-26b may affect theWnt-�-catenin sig-
nal response by inhibiting Lef-1 expression, whereas other
�-catenin targets, such as Tcf factors, may neutralize the
effect. To test if the Wnt-�-catenin signal response was
affected by miR-26b, we performed the TopFlash assay with
the luciferase vector containing seven Lef/Tcf binding
sequences upstream of the thymidine kinase minimal pro-
moter. Transfection of the miR-26b expression plasmid in
HEK 293 FT cells (which endogenously express the Lef-1 FL
isoform) revealed a direct repression of TopFlash reporter
activity with increasing concentrations of miR-26b (Fig. 9A).
The Lef-1 �N isoform was co-transfected in CHO cells with
the TopFlash reporter, and as expected, it repressed the Top-

Flash reporter (Fig. 9B). Furthermore, co-transfection of
constitutively active �-catenin activated the TopFlash
reporter in CHO cells (Fig. 9B). However, the �-catenin acti-
vation is attenuated by Lef-1 �N isoform co-expression,
which cannot bind �-catenin and competes with other Tcf
factors for DNA binding elements in the TopFlash reporter
(Fig. 9B). In CHO cells, miR-26b activates the TopFlash
reporter by repressing Lef-1 �N isoform expression (Fig.
9C). The addition of LiCl to the CHO cell media, which
stimulates �-catenin nuclear localization, caused an increase
in TopFlash reporter activity. Transfection of miR-26b re-
sulted in a further increase in TopFlash activity due to the
repression of Lef-1 �N expression (Fig. 9C).

DISCUSSION

This study reveals an essential role of miRNAs in develop-
ment of the anterior pituitary. Loss of Dicer1 function in the

FIGURE 7. MicroRNA-26b directly targets the Lef-1 3�-UTR and represses Lef-1 expression. A, microRNA-26 (miR-26) family members are highly
identical, and miR-26b is evolutionarily conserved among several vertebrate species. B, the potential miR-26b binding sites in the Lef-1 3�-UTR are highly
conserved among different species. C, miR-26b targets the Lef-1 3�-UTR. The 3�-UTR of Lef-1 mRNA, and the Lef-1 mutant 3�-UTR with mutations
engineered in the region complementary to the miR-26b seed region (ACUUGAA to UGAACUU), were inserted into the pGL3 vector. Transfections of
CHO cells and HEK 293 FT cells were performed using the indicated combinations of plasmids. CHO and HEK 293 FT cells were transfected as previously
described (13). To control for transfection efficiency, all transfections included the SV-40 �-galactosidase reporter (0.5 �g). Cells were incubated for 48 h
and then assayed for luciferase and �-galactosidase activities. The activities are shown as mean -fold activation compared with the luciferase plasmid
without miRNA expression and normalized to �-galactosidase activity � S.E. from three independent experiments. p values are shown; ns, not
significant; pSi-neg, pSilencer 4.1 negative control vector. D, miR-26b represses endogenous Lef-1 FL isoform expression. Western blot of Lef-1 FL
protein in control or miR-26b precursor transfected HEK 293 FT cells 48 h post-transfection. Expression of other Lef-1 isoforms were not detected in HEK
293 cells. GAPDH is shown as a loading control. PBS, pcDNA3.1 empty vector, and pSi-neg vector served as controls. E, miR-26b represses endogenous
Lef-1 �N short isoform (lacks the �-catenin binding domain) expression. Western blot of Lef-1 �N protein in control or miR-26b precursor-transfected
CHO cells 48 h post-transfection. GAPDH is shown as a loading control. The Lef-1 FL isoform was not detected in CHO cells. F, miR-26b expression level
in transfected HEK 293 FT cells assessed by quantitative PCR. Mature miR-26b was significantly up-regulated in cells transfected with miR-26b precursor
vector. This experiment was done to demonstrate that transfected miR-26b was expressed at high levels. miR-24 expression level served as the reference
gene for normalization of miR-26b expression in each experiment. Error bars, S.E. p values are shown.
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anterior pituitary progenitor cells leads to anterior pituitary
branching; decreased GH, PRL, and TSH� expression; and
growth retardation of the mutant mice. Pit-1 was down-regu-
lated, resulting from increased Lef-1 expression, which can
attenuate Pit-1 expression. Loss of mature miRNAs increased
Lef-1 expression and revealed that Lef-1 expression in the pitu-
itary was regulated by miRNAs.We demonstrate that miR-26b
directly targets the Lef-1 3�-UTR and represses Lef-1 isoform
expression in pituitary and non-pituitary cell lines. miR-26b
inhibition of Lef-1 increases Pit-1 and GH expression in GH3
cells (Fig. 10).
A previous study revealed that Lef-1 interacts with Prop1

and represses the activity of the Prop1-�-catenin complex
on the Pit-1 promoter (3). However, an independent Prop1-
�-catenin mechanism is revealed, where Lef-1 directly binds
the Wnt response element in the Pit-1 promoter and re-
presses Pit-1 activation in concert with other inhibitory fac-
tors (Groucho) without �-catenin. The dominant negative
Lef-1 �N isoform is not responsive to �-catenin and may
negatively regulate Pit-1 expression independently of �-
catenin. The Lef-1 �N isoform may also bind the Wnt re-
sponse element in the Prop1 promoter and indirectly atten-
uate Pit-1 expression. Therefore, distinguishing Lef-1
isoform expression patterns during pituitary development
would be critical to understanding the overall role of Lef-1 in
pituitary development.

Wnt signaling is critical for pituitary cell proliferation and
differentiation. �-Catenin is a cofactor for the Lef-1 and
Prop1 transcription factors that bind to specific gene targets.
The Lef-1-�-catenin complex activates the c-Myc and cyclin
D1 promoters to enhance cell proliferation (30, 31), whereas
Prop1-�-catenin activates the Pit-1 promoter and triggers
terminal differentiation (3). miR-26b may regulate a differ-
entiation pathway by reducing the Lef-1 inhibition of Pit-1
expression (Fig. 10). However, the underlying mechanism
may be more complicated. Reducing Lef-1 expression by
miR-26b may shift more �-catenin to the Prop1-�-catenin
complex and enhance Prop1-specific targets like Pit-1 to
promote cell differentiation.
As previously reported, the Lef-1 �N isoform competes

with the Lef-1 FL isoform and other Tcf factors for DNA
binding to their target sites. There is a role for miR-26b in the
Wnt-�-catenin signal response due to its repression of spe-
cific Lef-1 isoforms, which are differentially expressed in
tissues and cells. In HEK 293 FT cells, the Lef-1 FL isoform
and �-catenin proteins interact, bind to the seven Lef-1 DNA
binding elements, and activate the TopFlash reporter. miR-
26b represses Lef-1 FL expression and decreases TopFlash
reporter activity. However, in tissues and cells like CHO cells
(which only express the Lef-1 �N isoform), the Groucho
repressor interacts with the Lef-1 �N isoform to inhibit the
TopFlash reporter, which cannot be derepressed by �-cate-

FIGURE 8. miR-26b represses Lef-1 intermediate isoform expression and activates Pit-1 expression in GH3 cells. A, Western blot shows endoge-
nous expression of Lef-1 FL isoform in HEK 293 FT cells. ATt20 cells express both Lef-1�N and Lef-1 FL isoforms as well as an intermediate isoform. �T3
cells mainly express the intermediate isoform. 20 �g of cell lysates were loaded in each lane. B, miR-26b repressed Lef-1 intermediate isoform expression
in GH3 cells. GH3 cells were transfected with miR-26b, and endogenous Lef-1 expression was detected with the Lef-1 antibody from Millipore. GAPDH
expression served as a loading control. C, transfected miR-26b in GH3 cells reveals increased endogenous Pit-1 expression. As a control, Pit-1 was
transfected in 293 cells, and Pit-1 was detected using the Pit-1 antibody. �-Tubulin expression acted as a loading control. D, GH mRNA expression was
increased in miR-26b-transfected GH3 cells. miR-21 was used as a control and does not affect GH expression. GH expression in Pit-1-transfected cells
was used as a positive control. �-Actin served as the reference gene for normalization of GH mRNA levels. Experiments were repeated three times each
from multiple samples, and p values are shown. The PCR products from the GH, Lef-1, and �-actin primers are shown, and all products were sequenced
to confirm their identity. Error bars, S.E.
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nin. miR-26b represses Lef-1 �N
expression and the repressor com-
plex, which allows other Tcf fac-
tors to bind (32) and activate the
TopFlash reporter.
The branching phenotype of the

Pitx2-Cre/Dicer1 mutant pituitary
reveals that miRNAs may affect the
signal pathways involved in cell pro-
liferation, including the FGF and
Wnt signaling pathways. It is re-
ported that Wnt5a is involved in
pituitary shaping, and Wnt5a knock-
outmicehaveanother typeofbranch-
ing phenotype (33). It is possible that
some of the factors in Wnt5a signal-
ing are subject to miRNA regula-
tion, and their expression may be
altered in the Dicer1 mutant mice.
Experiments are under way to ana-
lyze these developmental effects
and to determine the molecular
mechanisms of other pituitary-spe-
cific miRNAs.
This report reveals an essential

role for miRNAs in pituitary devel-
opment and demonstrates a new
mechanism for miR-26b regulation
of Lef-1 and Pit-1 expression. It is
clear that other miRNAs are also
required for normal pituitary devel-
opment, and we are currently iden-
tifying othermiRNApituitary target
genes. Perturbations in miRNA ex-
pression may be causative for clinical
pituitary disorders, and screening for

FIGURE 9. miR-26b represses or activates 7� TopFlash reporter activity dependent on the Lef-1 isoform
expressed in a specific cell line. A, the 7� TopFlash reporter plasmid was constructed into a luciferase vector
by inserting seven Lef/Tcf binding sites upstream of the minimal thymidine kinase promoter and co-trans-
fected into HEK 293 FT cells (which express only the �-catenin-associated Lef-1 FL isoform) with titrated
amounts of miR-26b precursor plasmid. Co-transfection of increased amounts of miR-26b plasmid resulted in
a corresponding decrease in TopFlash reporter luciferase activity. The pSilencer 4.1-negative (pSi-neg) control
plasmid was transfected to equalize the total amount of co-transfected expression vector. Transfections were
performed as described in the legend to Fig. 6. B, the Lef-1 �N isoform represses TopFlash reporter activity. The
Lef-1 �N isoform lacks the �-catenin binding domain and is a dominant negative Lef-1 isoform (only Lef-1
isoform expressed in CHO cells). The TopFlash reporter plasmid was co-transfected in CHO cells with the Lef-1
�N isoform expression plasmid and/or the constitutively active �-catenin expression plasmid. The pcDNA3.1
empty vector was added to equalize the total amount of co-transfected expression vectors. C, miR-26b acti-
vates 7� TopFlash reporter in CHO cells. The 7� TopFlash reporter plasmid was co-transfected into CHO cells
with the pSilencer 4.1-negative control vector or the miR-26b precursor plasmid. LiCl (10 mM) was added to the
indicated cell media. CHO cells do not endogenously express the Lef-1 FL isoform but do express the Lef-1 �N
isoform, which is not responsive to �-catenin (13). Therefore, repression of Lef-1 �N expression by miR-26b
increases TopFlash reporter activity due to other endogenous Tcf factors. The activities are shown as mean
-fold activation compared with the luciferase promoter plasmid without miRNA or �-catenin expression and
normalized to �-galactosidase activity � S.E. (error bars) from 2–3 independent experiments. p values are
shown; ns, not significant.

FIGURE 10. Model for the mechanism of miR-26b regulation of Lef-1 and Pit-1. Without miR-26b, �-catenin binds Lef-1 or Prop1 in response to Wnt
signaling. The Lef-1-�-catenin complex activates c-Myc and cyclin D1 promoters and enhances cell proliferation. The Prop1-�-catenin complex activates the
Pit-1 promoter and triggers terminal differentiation of pituitary cell types. However, during normal pituitary development, miR-26b expression reduces Lef-1
attenuation of the Pit-1 promoter by inhibiting Lef-1 expression. This mechanism would promote cell lineage differentiation at later stages of development by
Pit-1.
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specific miRNAs could identify miRNA deficiencies or overex-
pression in abnormal pituitary tissues. Lef-1 is an important
transcription factor involved inmany developmental processes,
and miR-26b could be a major regulator of Lef-1 in a variety of
tissues and cells.
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