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The FOXO1 transcription factor orchestrates the regulation
of genes involved in the apoptotic response, cell cycle check-
points, and cellular metabolism. FOXO1 is a putative tumor
suppressor, and the expression of this gene is dysregulated in
some cancers, including prostate and endometrial cancers.
However, the molecular mechanism resulting in aberrant
expression of human FOXO1 in cancer cells is poorly under-
stood. We show here that FOXO1 mRNA is down-regulated in
breast tumor samples as compared with normal breast tissue.
Silencing of the microRNA processing enzymes, Drosha and
Dicer, led to an increase in FOXO1 expression. We also identi-
fied functional and specific microRNA target sites in the
FOXO1 3'-untranslated region for miR-27a, miR-96, and miR-
182, microRNAs that have previously been linked to oncogenic
transformation. The three microRNAs, miR-27a, miR-96 and
miR-182, were observed to be highly expressed in MCEF-7 breast
cancer cells, in which the level of FOXO1 protein is very low.
Antisense inhibitors to each of these microRNAs led to a signif-
icant increase in endogenous FOXO1 expression and to a
decrease in cell number in a manner that was blocked by FOXO1
siRNA. Overexpression of FOXO1 resulted in decreased cell via-
bility because of inhibition of cell cycle traverse and induction of
cell death. We have identified a novel mechanism of FOXO1
regulation, and targeting of FOXO1 by microRNAs may con-
tribute to transformation or maintenance of an oncogenic state
in breast cancer cells.

The Forkhead Box O subfamily of transcription factors
(FOXO) regulates a variety of important cellular processes
including metabolism, cellular differentiation, apoptosis, and
cell-cycle progression (1, 2). Acting as master cellular regula-
tors, FOXO transcription factors can both activate and repress
target gene expression (3).

The three predominant members of the FOXO family
(FOXO1, FOXO03a, and FOXO4) were first implicated in
tumorigenesis based on the observation that fusion proteins
resulting from chromosomal breakpoints exist in certain types
of cancers (2). Recent evidence suggests that FOXO proteins
function as tumor suppressors based on their role in regulating
cell-cycle progression and inducing apoptosis (4).

51 The on-line version of this article (available at http://www jbc.org) contains
supplemental Figs. S1-2 and Tables 1-3.
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One regulatory mechanism of FOXO1 activity is through
phosphorylation, primarily downstream of the insulin-stimu-
lated phosphatidylinositol 3-kinase/AKT/protein kinase B sig-
naling pathway, which results in nuclear exclusion (5-7).
FOXOL1 activity can also be regulated by acetylation (8) and
ubiquitination (9, 10). In addition to insulin, FOXO1 can be
down-regulated by other growth factors including estrogen (11,
12) and epidermal growth factor (13). The estrogen receptor «
also complexes with phosphorylated FOXO1 and mediates its
export from the nucleus. These mitogens are important for the
growth and survival of breast cancer cells and may contribute to
maintaining low levels of FOXO1 in breast cancer cells.

Although the activity of FOXOL1 has been well characterized,
very little is known about the regulation of FOXO1 expression,
particularly in breast cancer. FOXO1 is down-regulated in sev-
eral other cancers including endometrial carcinoma (14) and
ovarian cancer (15). In addition, restoration of FOXO1 expres-
sion in endometrial carcinoma cells decreases cellular prolifer-
ation (14). Although the role of FOXO1 in tumorigenesis is
not entirely clear, it has been hypothesized that the down-
regulation of this gene is an important step in tumor for-
mation. Recently, it was shown that FOXO1 is reduced in
certain endometrial carcinoma cells lines as well as endo-
metriod endometrial tumors (14). Subsequent analysis sug-
gested that the down-regulation of FOXO1 expression was
because of a post-transcriptional mechanism (14).

A novel class of small RNA molecules, microRNAs, has been
implicated in the post-transcriptional regulation of thousands of
mRNA transcripts resulting in decreased protein expression of
target genes (16). MicroRNAs are small ~21-25 nucleotide single-
stranded RNA molecules that negatively regulate gene expression
by binding to the 3’-UTR? of a target mRNA molecule resulting in
either degradation of the transcript or translational inhibition.
Recent studies have shown that many microRNAs work in con-
junction to fine tune protein expression on a global level (17, 18). In
addition, mice harboring knockouts in microRNA genes display a
variety of detrimental phenotypes such as severe immune defi-
ciency (19, 20) and stress-induced heart defects (21), and these
studies have emphasized the important role of these genes in tissue
homeostasis and disease.

Here, we show that FOXO1 expression is also down-regu-
lated in breast tumor samples compared with normal breast

2 The abbreviations used are: UTR, untranslated region; siRNA, small interfer-
ing RNA; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; BrdUrd,
bromodeoxyuridine; NGS, normal goat serum; WT, wild type; AAA, consti-
tutively active FOXO1 mutant.
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tissue. We hypothesized that the low levels of FOXO1 are a
consequence of microRNA regulation, and we subsequently
identified three microRNAs that directly target FOXO1 (miR-
27a, miR-96, and miR-182) and regulate endogenous protein
expression in MCF-7 breast cancer cells. Suppression of these
microRNAs resulted in an increase in FOXO1 protein and in a
decrease in cell number that was rescued by FOXO1 siRNA. In
addition, we show that overexpression of FOXO1 in breast can-
cer cells resulted in decreased cell number both through inhi-
bition of cell cycle traverse and increased cell death. This study
has identified a novel mechanism for the down-regulation of
FOXOL1 in breast cancer samples, and this may impact the
transformation of breast cells and maintenance of an oncogenic
state.

EXPERIMENTAL PROCEDURES

Cell Culture—MCF-7, T47D, MDA-MB-231, and MDA-
MB-435 cells were obtained through American Type Culture
Collection. MCF-7, MDA-MB-231, and MDA-MB-435 cells
were cultured in Dulbecco’s modified Eagle’s medium/F-12
media supplemented with 10% fetal bovine serum and 1% pen-
icillin/streptomycin (Invitrogen). T47D cells were cultured in
Dulbecco’s modified Eagle’s medium/F-12 media supple-
mented with 10% fetal bovine serum, 1% penicillin/streptomy-
cin, and 0.2 units/ml insulin (Sigma).

Analysis of FOXO1 Expression in Breast Cancer Samples—
Breast Cancer I quantitative PCR tissue arrays were purchased
from OriGene and used to assess the expression of FOXOL1.
This array consisted of cDNAs obtained from 48 samples rang-
ing from stage 0 (normal) to breast tumor stage III. All the
clinical information associated with each of these samples can
be found on the OriGene web site (Breast Cancer Panel 1).

Luciferase Constructs—The psi-CHECK™™-2 dual luciferase
reporter (Promega) was a kind gift from Dr. Henry Furneaux
(University of Connecticut Health Center, Farmington, CT).
All sequences were directionally cloned into plasmids cut with
Xhol and NotlI restriction endonucleases. Inserts were ligated
into the vector and transformed into DH5« competent cells.
Colonies were screened for inserts via colony PCR and standard
DNA sequencing. DNA from positive clones was purified using
the Qiagen Plasmid Midi kit and visualized on a 1% agarose gel
to verify accurate concentrations. Sequences cloned into the
psi-CHECK™™.-2 vector varied depending on the nature of the
assay. For the tiling assay, various regions of the FOXO1
3’'-UTR ranging from 164 to 416 bp in size were amplified using
gene-specific primers and cloned into the luciferase reporter
assay. DNA oligonucleotides for the sensor assay were pur-
chased from Integrated DNA Technologies (Coralville, IA) and
purified by desalting. The oligonucleotides were treated with
T4 polynucleotide kinase (Invitrogen), annealed, and ligated
into the psi-CHECK™.-2 vector. For the deletion mutant
experiments (Fig. 5D), DNA oligonucleotides matching 50 bp
of endogenous FOXO1 3'-UTR sequence were annealed and
inserted into the psi-CHECK™-2 vector. Mutants were gener-
ated by synthesizing oligos missing the endogenous predicted
microRNA binding site.

Luciferase Reporter Assays—The indicated cell lines were
transiently transfected with 100 ng of the indicated plasmid
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using Lipofectamine 2000 Transfection reagent (Invitrogen).
Cells were serum-starved for 4 h followed by adding back the
full media. Cells were harvested 24 h post-transfection by treat-
ment with trypsin, lysed in 1X Passive Lysis buffer (Promega),
and centrifuged at 14,000 rpm for 15 min. The supernatant was
assayed for firefly and Renilla luciferase activity following the
Promega protocol. Values were reported as relative Renilla to
firefly luciferase activity, and significance is reported as =S.E.

Quantitative Real-time PCR—mRNA transcripts were meas-
ured using a standard SYBR Green real-time assay. RNA was
isolated using the Trizol reagent (Invitrogen), and 1 ug of total
RNA was reverse-transcribed using the Superscript III enzyme
(Invitrogen). Real-time PCR was then performed on ¢cDNA in
an iQ Sybr Green Supermix (Bio-Rad) with gene-specific prim-
ers (supplemental Table S1). Amplicons were analyzed using
the AACt method, and data are represented as the mean of
three independent experiments *S.E.

Semiquantitative End Point Analysis of Mature MicroRNAs—
The protocol for the amplification and detection of mature
microRNAs using a stem-loop gene-specific reverse transcrip-
tion primer was adapted from Varkonyi-Gasic et al. (40).
Briefly, stem-loop primers were designed to specifically reverse
transcribe the mature microRNA of interest. The cDNA was
synthesized by incubating 1 ug of total RNA, 2 pmol of gene-
specific primer, and 0.5 mm dNTPs at 65 °C for 5 min. The
mixture was cooled on ice, 1 X first strand buffer (250 mm Tris-
HCI (pH 8.3), 375 mm KCl, 15 mm MgCl,), 5 mm dithiothreitol,
4 units of RNase Out, and 100 units of Superscript ™ III reverse
transcriptase (Invitrogen) were added to a reaction volume of
50 pl and incubated at 55 °C for 60 min, and then the enzyme
was inactivated at 70 °C for 15 min. To ensure no DNA contam-
ination was present, control reactions were performed as
described above without the addition of Superscript™ III
enzyme. Subsequent PCR amplification were performed by
combining 1X PCR buffer (200 mm Tris-HCI (pH 8.4), 500 mm
KCl), 1.5 mm MgCl,, 0.5 mm dNTPs, 0.2 um primers, 2 ul of
c¢DNA, 1 unit of Taq polymerase, and nuclease-free water in a
reaction volume of 50 ul. Primers were designed based on the
sequences of interest (supplemental Table S2). The tempera-
ture program was 95 °C, 5 min — [95 °C, 30 s — 55 °C, 30 s —
72 °C, 30 s] X 30 cycles — 72 °C 10 min. It should be noted that
microRNAs expressed at lower levels (such as miR-96) required
35 cycles of PCR amplification to visualize products. PCR prod-
ucts were resolved on a 10% nondenaturing acrylamide gel and
stained with ethidium bromide in 0.5X Tris borate-EDTA.

Antisense Inhibitors—MicroRNA expression was decreased
using miRIDIAN™ microRNA Hairpin Inhibitors (Dharma-
con) directed against hsa-miR-27a, hsa-miR-182, hsa-miR-96,
has-miR-183, hsa-miR-122, or Negative Control #1 (a non-tar-
geting sequence). Inhibitors were resuspended in nuclease-free
water at a stock concentration of 20 um and transfected into
MCEF-7 cells at the indicated final concentrations using Lipo-
fectamine 2000 (Invitrogen) in serum-free conditions.

Western Blotting—Whole cell lysates were prepared from the
indicated cell lines. Protein concentrations were quantitated
using a standard BCA assay, and samples were resolved on
either an 8% (Dicer, Drosha) or 10% (FOXO1, GAPDH, B-actin)
SDS-PAGE gel. The protein was transferred onto a nitrocellu-
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lose membrane, then blocked in 5% milk in 0.1% Tris-buffered
saline-Tween 20 (TBST) at room temperature for 1 h. All pri-
mary antibodies were obtained from Abcam, Inc. and were
incubated with the membrane at 4 °C overnight at the following
concentrations: «-FOXO1 (1:1000), a-GAPDH (1:10,000),
a-Dicer (1:1000), a-Drosha (1:2000), a-B-actin (1:2500). Mem-
branes were washed with 1X TBST and incubated with either
anti-mouse or anti-rabbit IgG horseradish peroxidase-conju-
gated secondary antibody, both obtained from Santa Cruz Bio-
technology. Protein expression was assessed by enhanced
chemiluminescence and exposure to Biomax Light film (East-
man Kodak Co.). Image ] software from the National Institutes
of Health was used to quantify band intensities.

siRNA Treatments—SMARTpool siRNA targeting Dicer,
Drosha, FOXO1, and GAPDH were obtained from Dharma-
con and used at a final concentration of either 80 nm (Dicer
and Drosha) or 100 nm (FOXO1 and GAPDH (supplemental
Fig. S5)).

Trypan Blue Cell Viability Assay—MCE-7 cells were plated
at 2 X 10° cells/well in 6-well culture dishes and transfected
with the indicated concentrations of empty vector or expres-
sion constructs. In some experiments, cells were transfected
with 40 nM antisense inhibitors to specific microRNAs alone or
inhibitors plus 100 nm siRNA targeting FOXO1 or GAPDH. At
the indicated time points, cells were trypsinized and stained
with trypan blue, and viable cells were counted four times for
each sample. Cell viability is expressed as a percentage of the
empty vector or mock-treated samples. Values are expressed as
the average percentage of viable cells +S.E. of three independ-
ent experiments.

BrdlUrd Assay—MCE-7 cells were plated at 1 X 10° cells/well
in a 6-well culture dish and transfected with 4 pg of empty
vector or expression constructs. Transfection was allowed to
proceed for 30 h, then BrdUrd was added to the cells at a final
concentration of 10 uM, and incorporation was carried out for
18 h. Cells were then washed and fixed in 3.7% formaldehyde
and acid-washed, and staining of BrdUrd was carried out using
the Ultravision Detection System kit (Thermo Scientific). Four
separate fields were counted for each sample, and percentages
represent the total number of BrdUrd-positive cells per treat-
ment normalized to the total cell number. Error bars represent
the S.D. of four independent experiments.

Microscopy—MCE-7 cells were grown on coverslips and
transfected with the indicated plasmids. Transfection was car-
ried out for 24 h, then cells were fixed with 4% paraformalde-
hyde and permeabilized with 1% Triton X-100 in phosphate-
buffered saline. Cells were blocked in 3% normal goat serum
(NGS), and an a-FOXO1 antibody was used at a dilution of
1:100 (Chemicon). An anti-rabbit fluorescein isothiocyanate-
labeled secondary antibody was used at a dilution of 1:50. Cells
were visualized using a Zeiss Pascal microscope at 40X with a
NA 1.2 water immersion objective. Images were processed and
analyzed using the LSM Image Browser.

Statistical Analysis—Values reported in all analysis were
expressed as the mean * S.E. However, Western blot quantifi-
cations were noted only as averages. Differences between treat-
ments and/or groups were analyzed using an unpaired Stu-
dent’s ¢ test. Statistical significance was accepted at p < 0.05.
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RESULTS

FOXO1 Levels Are Decreased in Human Breast Tumor
Samples—FOXO1, FOX03a, and FOXO4 mRNA expression
was measured in human breast tumor samples from a range of
tumor stages as well as in normal breast tissue samples by quan-
titative real-time PCR. FOXO1 mRNA levels were significantly
decreased by about 2-fold in all tumor samples as compared
with normal breast tissue (Fig. 14). Levels of FOXO3a and
FOXO4, however, did not differ significantly between the nor-
mal and tumor samples (Fig. 1, B and C).

We embarked on a study of whether the lower levels of
FOXOL1 in breast tumors were due, in part, to post-transcrip-
tional gene silencing for two reasons. First, FOXO1 displayed
apparent post-transcriptional regulation in a previous study of
uterine endometrial cancer. Second, the FOXO1 transcript
harbors a very large 3'-UTR (~3350 nucleotides), which is a
region that most often confers post-transcriptional regulation
through several mechanisms. MicroRNAs represent a subclass
of noncoding, regulatory RNAs that play a significant role in
posttranscriptional gene silencing. To test the hypothesis that
microRNAs target FOXO1 mRNA in breast cancer, key effec-
tors of the microRNA pathway were knocked down, and
FOXOL1 levels were assessed. Drosha is a nuclear RNase III
enzyme and is required for the first step in microRNA process-
ing, generating pre-microRNAs from primary-microRNAs.
Transfection of Drosha siRNA reduced Drosha protein to non-
detectable levels at 48 h, and these began to rebound at 72 h.
Knockdown of Drosha vyielded significantly (~2-3-fold)
increased FOXO1 mRNA and protein levels at 48 and 72 h (Fig.
2, A and B). To corroborate the findings from the Drosha
knockdown, we transfected cells with siRNA to Dicer. The
cytoplasmic RNase III, Dicer, is required for the last step in
microRNA processing that generates a mature microRNA
duplex from a precursor stem-loop form. Upon treatment of
MDA-MB-231 cells with Dicer siRNA, Dicer mRNA levels fell
by 12 h and rebounded by 48 h, presumably because Dicer is
needed for its own knockdown (Fig. 2C). Protein levels of Dicer
remained low after 48 h (Fig. 2D). This transient loss of Dicer
was associated with an ~2-fold increase (p < 0.05) in endoge-
nous FOXO1 mRNA and protein at 24 and 48 h. These data
support the possibility that microRNAs play a role either
directly or indirectly in the suppression of FOXO1 expression
in human breast cancers.

MicroRNA Regulation of the FOXO1 3'-UTR—In mammals
microRNAs commonly form imperfect duplexes with target
sites within the 3'-UTR region of target mRNAs. The FOXO1
transcript harbors a very large 3'-UTR (~3350 nucleotides)
and, therefore, many potential microRNA binding sites. Pre-
dicted microRNA binding sites were mapped in the FOXO1
3’-UTR using target prediction databases (miRanda, Tar-
getscan, and PicTar; supplemental Fig. S2 and Table S3). Poten-
tial microRNA sites formed six clusters within the FOXO1
mRNA 3’-UTR. To test whether these regions contained bona
fide repressive elements, small sections of the FOXO1 3'-UTR
were cloned into a dual luciferase reporter system so that the
FOXOL1 sequence was inserted into the 3’-UTR of the Renilla
luciferase gene, and luciferase expression was compared with
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microRNA to the target sequence
provided would result in decreased
luciferase activity because of the
repressive nature of microRNAs in
most cellular contexts. Four of the
five microRNAs, as detected by the
corresponding sensor constructs,
displayed significant activity in
MCE-7 cells: miR-27a (~10-fold re-
pression), miR-182 (~3-fold repres-
sion), miR-96 (~2-fold repression),
and miR-183 (~2-fold repression)
(Fig. 4A). To ensure the specificity
of these interactions, mutant con-
structs were synthesized that con-
tained a 2-nucleotide change in the
seed region of the target sequence
(nucleotides 3 and 4). In each case
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the mutant construct abrogated
the repressive activity. It should be
noted that miR-96 and miR-182
possess identical seed sequences, so
overlap in their respective activities
may exist. Because miR-128 did
not display activity in MCEF-7 cells,
it was not further studied. Addi-
tionally, later studies on miR-183
(Figs. 5 and supplemental Fig. S3)
indicated that it neither interacted
with the predicted miR-183 site
in FOXO1 mRNA nor regulated
FOXO1 protein expression. Thus,

1A B WA further study focused on miR-27a,

Tumor Stage

miR-96, and miR-182.

FIGURE 1. FOXO1 expression in human breast tumor samples. FOXO1 (A), FOXO3a (B), and FOXO4 (C) mRNA
expression was measured using gene specific primers in various breast tumor samples representing several
stages and compared with normal breast tissue. Sample categories were distributed as follows: Normal (n = 7),
Stage I (n = 10), 1A (n = 13),11B (n = 7), llIA (n = 8). All samples were normalized to B-actin expression. *, p <

0.05; **, p < 0.01; ***, p < 0.001.

an empty vector construct in two different breast cancer cell
lines, MCF-7 and MDA-MB-231 cells. The six sections of the
FOXO1 3'-UTR (ranging in size from 164 to 413 base pairs)
were analyzed, and several sections conferred up to 1.5-fold
repression (Fig. 3). Five of the microRNA candidates (miR-27a,
miR-96, miR-182, miR-183, and miR-128) were predicted to
target the FOXO1 3'-UTR in two different locations (sections
204-492 and 1907-2247), and consequently, these micro-
RNAs were selected for further detailed analysis. Some of these
microRNAs are predicted to target FOXO3a (miR-27a, miR-96,
miR-182, miR-128) and FOXO4 (miR-96, miR-128). However,
the regulation of these isoforms was not pursued in this study as
the mRNA levels of these transcripts did not vary in normal
versus tumor breast tissue.

A dual luciferase reporter construct containing a target site
perfectly complementary to the microRNA of interest, termed
a “sensor” construct, was used to measure the endogenous
activity of the candidate microRNAs. The binding of a
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In addition to measuring the ac-
tivity of the candidate microRNAs,
the expression levels of the three
most active microRNAs, miR-27a,
miR-96 and miR-182, were assessed
using semiquantitative end point
PCR. Gene specific stem-loop reverse transcription primers
were designed for each mature microRNA, and PCR amplifica-
tion using gene-specific primers was carried out after cDNA
synthesis. Expression of miR-27a, miR-96, and miR-182 was
measured in four breast cancer cell lines (Fig. 4B), and all three
microRNAs displayed robust levels in the MCEF-7 cells. We also
examined FOXO1 mRNA and protein levels in the four cell
lines. Although levels are relative, MCEF-7 cells showed a
marked discrepancy between FOXO1 mRNA (Fig. 4C) and pro-
tein levels (Fig. 4D), suggesting microRNA-mediated transla-
tional repression rather than mRNA degradation as the pri-
mary mechanism of microRNA regulation. Therefore, we
focused on MCF-7 cells to validate putative microRNA target
sites and the effects of suppression of endogenous microRNA
levels on FOXO1 expression.

As previously stated, sections harboring base pairs 204 —492
(Site 1) and 1907-2247 (Site 2) of the FOXO1 3'-UTR each
contained one binding site for miR-27a, miR-96, and miR-182.
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FIGURE 2. Knockdown of Dicer and Drosha resulted in increased FOXO1 mRNA and protein levels. A, quanti-
tative PCRanalysis of FOXO1 and Drosha mRNA levels at the indicated time points post-transfection of Drosha siRNA
in MDA-231 cells. Relative mRNA expression was normalized to RPL-PO (B634). Error bars indicate the S.E. of three
independent experiments. B, representative Western blot of Drosha and FOXO1 protein levels after treatment of
MDA-231 cells with Drosha siRNA. Numbers represent the average -fold change compared with mock for three
independent experiments. C, quantitative PCR analysis of FOXO1 and Dicer mRNA levels at the indicated time points
post-transfection of Dicer siRNA in MDA-231 cells. Relative mRNA expression was normalized to RPL-PO (B634). Error
barsindicate the S.E. of three independent experiments. D, representative Western blot of Dicer, FOXO1,and GAPDH
mRNA after transfection with Dicer siRNA in MDA-231 cells. Numbers represent the average -fold change compared
with mock for three independent experiments. ¥, p < 0.05; **, p < 0.01. M, molecular mass standards.
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FIGURE 3. Repression of predicted microRNA target sites in the FOXO1
3’-UTR. Short fragments of the FOXO1 3’-UTR harboring predicted microRNA
sites were PCR amplified and cloned into a dual luciferase reporter plasmid. Nucle-
otides corresponding to the segments of the 3'-UTR tested are indicated. Luciferase
repression was conferred with Renilla activity and normalized to firefly activity.

Thus, each construct (Site 1 or Site 2) was transfected into
MCEF-7 cells either alone or with antisense inhibitors to miR-
27a (Fig. 5A), miR-96, or miR-182 (Fig. 5B). A non-targeting
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greater repression (~2-fold) than
each site alone (~1.5-fold). To test if
the candidate microRNAs exam-
ined specifically targeted these
predicted regions, antisense inhibi-
tors directed against the individual
microRNAs (or an unrelated se-
quence) were co-transfected with
the reporter constructs, and lucifer-
ase activity was measured in MCEF-7 cells. Inhibitors against
miR-27a, miR-182, and, unexpectedly, against miR-96, relieved
repression, indicating that these microRNAs are responsible
for the microRNA-mediated repression observed (Fig. 5C).
This series of experiments was followed by insertion of 50-bp
regions encompassing either the endogenous miR-27a or
miR-96/182 sites into the luciferase reporter vector. Both
sites conferred ~1.5-2-fold repression of luciferase activity
(Fig. 5D). Excision of the endogenous site (AmiR-27a or
AmiR-96/182) abrogated repression. As mentioned above,
the endogenous miR-183 site was devoid of suppressive
activity in MCEF-7 cells.

MicroRNAs Regulate Cell Proliferation and Survival Specifi-
cally through Their Suppression of Endogenous FOXO1I Protein—
To assess the role of microRNA regulation on endogenous
FOXO1 protein expression, antisense inhibitors directed
against miR-27a (Fig. 6A) or miR-96 and miR-182 (Fig. 6B)
were transiently transfected into MCF-7 cells and levels of
FOXOL1 protein were measured by Western blot. Inhibitors
directed against miR-122, a liver-specific microRNA, were
used as a negative control. Knockdown of the indicated
microRNAs was confirmed using semiquantitative end point
PCR analysis (Fig. 6, A and B, lower panels). Endogenous
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A previous study in MCF-7 cells
showed that overexpression of
FOXO1 decreased cell number
and colony size (22). In this study
we examined cell counts but also
BrdUrd incorporation and cleaved
poly(ADP-ribose) polymerase as
assays of cell cycle and terminal
cell death, respectively, in breast
cancer cells overexpressing FOXOL.
MCE-7 cells (which contain very
low levels of FOXO1 protein) were
transiently transfected with con-
structs expressing either wild-type
FOXO1 (WT)* or a constitutively

Comp Mut active FOXO1 mutant (AAA)* that

miR-27a miR-182 miR-96 miR-183

miR-128 cannot be phosphorylated and is,

therefore, contained to the nucleus.
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Overexpression of FOXO1 was con-
firmed by Western analysis (supple-
mental Fig. S4A4). In addition, proper
localization of the FOXO1 expression
constructs were confirmed using con-
focal microscopy (supplemental Fig.
S4B). Cells transfected with empty
vector did not express any fluores-
cence (data not shown). Overex-
pression of FOXO1 protein was
detected in MCF-7 cells transfected
with either a wild-type FOXO1 con-
struct (WT) or the mutant con-
struct (AAA). Overexpression of the
wild-type FOXO1 construct re-

T47D MDA-231 MDA-435

sulted in protein primarily localized

D MCF-7

T47D MDA-231 MDA435 to the cytoplasm (presumably from

FOXO1

C e——

regular turnover), whereas the
mutant construct displayed protein
primarily confined to the nucleus.

B | e o

Functionality of the vectors was also
tested by measuring the regulation

of known downstream targets of

FIGURE 4. MicroRNA expression and activity in breast cancer cell lines. A, microRNA activity in MCF-7 cells was
assessed using a dual luciferase reporter construct containing either a target sequence fully complementary to the
microRNA (Comp) or a mutant sequence harboring a two-nucleotide change in the seed region of the target site
(Mut). Activity is expressed as Renilla luciferase activity normalized to firefly luciferase activity to control for transfec-
tion efficiency. Values are represented as the average of three independent experiments £S.E. B, semiquantitative
end point PCR analysis of the expression of miR-27a, miR-182, miR-96, and 5 S ribosomal RNA in breast cancer cell
lines. PCR products were resolved on non-denaturing acrylamide gels and stained with ethidium bromide. RT,
reverse transcription. C, quantitative PCR analysis of FOXO1 mRNA in four breast cancer cell lines. Samples were
normalized to RPL-PO (BL34) expression. D, Western analysis of FOXO1 and GAPDH levels in breast cancer cell lines.

FOXO1 protein levels were increased by up to 3-fold in a
dose-dependent manner upon knockdown of miR-27a, miR-
96, and miR-182, indicating that these microRNAs coordi-
nately regulate the expression of endogenous FOXO1. As
discussed above, knockdown of inactive miR-183 had no
effect of FOXO1 protein (supplemental Fig. S3). These data
support the hypothesis that FOXO1 expression is repressed
at the post-transcriptional level by one or more microRNAs.

AUGUST 28, 2009+VOLUME 284-NUMBER 35 VASEMB

FOXO1 (p21 and SOD2) by quanti-
tative real-time-PCR (supplemental
Fig. S4, C and D, respectively). To
assess if FOXO1 overexpression had
a functional consequence, MCEF-7
cell viability was measured by
trypan blue staining. MCF-7 cells
were seeded out in equal numbers
and transfected with 2 ug of FOXO1
constructs or empty vector. Cells were harvested at 24-h time
points and stained with trypan blue, and viable cells were
counted in triplicate (Fig. 7A). Expression of wild-type FOXO1
(WT) resulted in a 25% decrease in cell viability 72 h post-
transfection. A more dramatic result was observed with over-
expression of the constitutively active mutant FOXO1 (AAA),
which resulted in a dose dependent decrease in cell viability
reaching a 70% decrease 72 h post-transfection. The percentage
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FIGURE 6. Regulation of endogenous FOXO1 levels by miR-27a, miR-96,
and miR-182. MCF-7 cells were treated with antisense inhibitors targeting
miR-27a (A) or miR-96 and miR-182 (B), or the unrelated microRNA miR-122
(Ant-122) at the indicated concentrations. Cells were harvested 48 h post-
transfection, and FOXO1 and GAPDH levels were measured by Western anal-
ysis. Numbers represent the average -fold change compared with mock for
three independent experiments. Knockdown of endogenous microRNAs by
the appropriate inhibitors was verified using semi-quantitative reverse
transcription-PCR.

of viable cells for each treatment was normalized to the number
of viable cells transfected with equivalent concentrations of
empty vector.

To further expand these studies, BrdUrd staining was con-
ducted to observe the effects of FOXO1 overexpression on cell
proliferation. MCEF-7 cells were transfected with either empty
vector, wild-type FOXO1 (WT), or mutant FOXO1 (AAA), and
the percentage of BrdUrd-positive cells was assessed 24 h post-
transfection (Fig. 7B). MCE-7 cells overexpressing wild-type

MicroRNA Regulation of FOXO1 in Breast Cancer

FOXO1 (WT) had ~30% decrease in proliferation, whereas
cells overexpressing the mutant FOXO1 protein (AAA) had an
~50% decrease in cell proliferation. To evaluate whether the
observed decrease in cell viability was also because of the induc-
tion of apoptosis, cleaved poly(ADP-ribose) polymerase ex-
pression was measured after overexpression of FOXOI1 in
MCE-7 cells (Fig. 7C). A significant increase in cleaved poly-
(ADP-ribose) polymerase was observed after transfection of
either wild-type FOXO1 or mutant FOXO1, and overexpres-
sion of these constructs was confirmed in these samples. Levels
of GAPDH were assessed as a loading control and remained
unchanged after overexpression of FOXOL. These results show
that the restoration of FOXO1 in MCF-7 breast cancer cells
results in reduced cell number because of a decrease in prolif-
eration and induction of apoptosis. This phenotype is further
exacerbated when a FOXO1 constitutively active mutant is
overexpressed.

Next, we examined whether the down-regulation of miR-
27a, miR-96, or miR-182 reduced cell number in a manner that
could be “rescued” by siRNA to FOXO1. Again, antisense
inhibitors against either miR-27a, miR-96, or miR-182, but not
miR-183, increased endogenous FOXO1 protein levels in
MCE-7 cells (Fig. 8, A-C, supplemental Fig. S3A), and this was
associated with a ~30—-40% reduction in cell number by 72 h
relative to mock-transfected controls (Fig. 8, D—F). Co-trans-
fection with FOXO1 siRNA, but not GAPDH siRNA, signifi-
cantly blunted the effects of the antisense inhibitors against
miR-27a, miR-96, and miR-182. These data provide direct evi-
dence that the specific suppression of FOXO1 contributes to
the growth-promoting actions of these three microRNAs in
MCE-7 cells.

DISCUSSION

The FOXO gene family encodes tumor-suppressive tran-
scription factors that regulate multiple aspects of cell cycle tra-
verse and survival. With respect to estrogen-dependent breast
cancer, it should also be noted that FOXO1 heterodimerizes
with estrogen receptor « and inhibits its transcriptional activ-
ity. A previous study showed that the overexpression of FOXO1
in MCE-7 cells resulted in decreased cell number and colony
formation (22). In the present study we extended these findings
by showing that overexpression of FOXO1 strongly inhibited
proliferation and induced cell death in breast cancer MCE-7
cells. The dysregulation of cell cycle and evasion of apoptosis
play a pivotal role in the development of cancer, and changes in
FOXOL1 expression and/or activity likely contribute to tumor
progression. Although numerous studies have addressed the

FIGURE 5. Repression of predicted microRNA target sites in the FOXO1 3[prime]-UTR in MCF-7 cells. Short fragments of the FOXO1 3’-UTR harboring
predicted microRNA sites were PCR-amplified and cloned into a dual luciferase reporter plasmid. Site 1 corresponds to nucleotides 204-492, and Site 2
corresponds to nucleotides 1907-2247 of the FOXO1 3'-UTR. Luciferase repression was conferred with Renilla activity and normalized to firefly activity.
A, luciferase repression of Site 1 and Site 2 followed by treatment with antisense inhibitor against miR-27a (Ant-27a) or a scrambled inhibitor (Ant-Neg). *, p <
0.05 for inhibitor treatment versus Site alone. B, luciferase repression of Site 1 and Site 2 followed by treatment with antisense inhibitor against miR-96 (Ant-96),
miR-182 (Ant-182), or a scrambled inhibitor (Ant-Neg). *, p < 0.05 for inhibitor treatment versus site alone. C, Site 1 and Site 2 were cloned into the 3'-UTR of the
luciferase reporter plasmid. The vector containing Site 1 and Site 2 was treated with antisense inhibitors against the indicated microRNAs or a scrambled
inhibitor. Error bars represent the S.E. of three independent experiments. *, p < 0.05; 1, p < 0.05 for inhibitor treatment versus Site 1 + Site 2 alone. D, smaller
sites encompassing the predicted target site and endogenous flanking sequence (50-bp total insert size) was cloned into the dual luciferase reporter plasmid.
White bars represent predicted Site 1, and black bars represent predicted Site 2 for each indicated microRNA. Luciferase repression was conferred with Renilla
activity and normalized to firefly activity for the empty vector (pMRE-@), the endogenous site (FOXO1), or the same site with the microRNA binding site deleted
(AmiR). Error bars represent the S.E. of three independent experiments. *, p < 0.05; **, p < 0.01 for endogenous site versus parent vector or site mutant.
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FIGURE 7. Restoring FOXO1 expression in MCF-7 cells results in decreased cell proliferation and induction of apoptosis. A, MCF-7 cells were seeded at
equal densities and transfected with the indicated amount of DNA. Empty vector (Empty), wild-type FOXO1 (WT), and constitutively active mutant (AAA). Viable
cells were counted after staining with trypan blue at the indicated time points post-transfection. B, BrdUrd incorporation in MCF-7 cells transfected with empty
vector, wild-type FOXO1 (WT), or mutant FOXO1 (AAA). C, Western blot of cleaved poly(ADP-ribose) polymerase (c-PARP; top panel) after transfection with the
indicated vectors. Middle panel, overexpression of FOXO1 was confirmed. The Western blot is a representative analysis from three independent experiments.
All error bars represent the S.D. from four independent experiments. *, p < 0.05; **, p < 0.01.

mechanisms by which FOXO1 protein activity and subcellular
localization have been reported, little is known about the regu-
lation of FOXO1 expression levels.

The levels of FOXO1 proteins are depressed in a variety of
cancers, including prostate cancer, glioblastoma, and endome-
trial carcinoma (14, 23-25). Goto et al. (14) found that FOXO1
mRNA is ~6-fold less in endometriod endometrial tumors
compared with normal cycling endometrium. This group also
measured the mRNA levels of the two other ubiquitously
expressed FOXO family members, FOXO3a and FOX0O4, and
found that the levels of these messages remained unchanged
between endometrial tumors and normal tissue. Similarly, in
this study we have shown that FOXO1 mRNA is also down-
regulated >2-fold in breast tumor samples compared with nor-
mal breast tissue. In contrast, the expression of the other FOXO

23212 JOURNAL OF BIOLOGICAL CHEMISTRY

family members (FOXO3a and FOXO4) that are expressed in
breast did not vary significantly between normal and tumor
breast tissue. FOXO3a and FOXO4 expression may change in
response to specific conditions. For example, paclitaxel has
been shown to induce FOXO3a in taxane-sensitive MCF-7
cells, resulting in the increased expression of the pro-apoptotic
protein, Bim (26).

The mechanism by which FOXO1 expression is suppressed
in breast or any other cancer has not been established. Goto et
al. (14) addressed this question in endometriod endometrial
carcinoma using two endometrial carcinoma cell lines, HEC-1B
cells and Ishikawa cells. Ishikawa cells express FOXO1 at barely
detectable levels, and these were not increased by proteasome
inhibition. The authors also found that the low levels of FOXO1
in Ishikawa cells were not because of promoter methylation or a
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decrease in promoter activity. Subsequently, they measured the
rate of FOXO1 mRNA turnover in each cell line and discovered
that cells that expressed low levels of FOXOL1 protein (Ish-
ikawa) had a much faster rate of mRNA decay (half-life of ~1.8
h) compared with the HEC-1B cells (half-life of ~4.5 h), which
express higher levels of FOXOL1 protein. Based on this evidence,
the authors concluded that the down-regulation of FOXO1 in
endometrial carcinoma cells was because of some form of post-
transcriptional regulation.

One centrally important mode of post-transcriptional regu-
lation is the repression of mRNA transcripts by microRNAs.
Therefore, we hypothesized that microRNAs may play a role in
maintaining low levels of FOXO1 in breast cancer cells. We
examined the potential involvement of microRNAs in three
general ways. First, we knocked down two centrally important
enzymes in microRNA biogenesis. Drosha excises the stem-
loop microRNA precursor from within the longer transcribed
primary-microRNA form. Dicer subsequently removes the
hairpin from the precursor structure, yielding a microRNA:
microRNA* duplex from which one strand is incorporated in
the microRNA-induced silencing complex to repress the target
mRNA molecule. In this study the knockdown of either Drosha
or Dicer led to a significant, severalfold increase in the FOXO1
mRNA and protein levels in the MDA-MB-231 breast cancer
cell line. This finding provides evidence that microRNAs are
important for the suppression of endogenous FOXO1 expres-
sion in some forms of breast cancer but does not indicate
whether FOXO1 mRNA is, in fact, a direct target of one or more
microRNAs.

Second, we gained experimental evidence of putative
microRNA target sites within the long FOXO1 mRNA 3'-UTR.
In examining the human FOXO1 3'-UTR for potential
microRNA target sites, we observed several clusters of target
sites. As some microRNAs display cell-specific expression and
not all predicted sites are functional, it was not surprising to
observe that only some of these fragments conferred significant
repression. However, two of these segments, termed Site 1
(nucleotides 1-205) and Site 2 (nucleotides 1907-2247) con-
ferred a significant degree of repression, and further analysis of
these sites led to the finding that miR-27a, miR-96, and miR-
182 were predicted to target each site. Of note, miR-96 and
miR-182 are transcribed from the same polycistronic
microRNA cluster and have identical seed sequences. Thus,
miR-96 and miR-182 are likely to have similar levels, and would
be predicted to potentially share many of their targets. Addi-
tionally, functional compensation of target repression may
occur in the absence of one of the microRNAs.

Analysis of miR-27a, miR-96, and miR-182 levels and activity
in four breast cancer cell lines revealed that MCE-7 cells dis-
played the most robust expression. Interestingly, this was cor-
related with discordant mRNA and protein levels. Further anal-
ysis of these sites in the luciferase reporter assay showed that

antisense inhibitors against miR-27a, miR-182, or miR-96 spe-
cifically blocked the repressive action of these sites. It should be
noted that in this case, luciferase repression was not relieved to
the level of the empty vector, and this could be because of over-
lap of coordinate microRNA regulation of these sequences. We
also observed significantly greater repression when both sites
were combined, as opposed to that conferred by each site alone.
Other studies have demonstrated the coordinate regulation of a
single mRNA transcript by multiple microRNAs. Krek et al.
(27) , the group that developed PicTar in a mammalian system,
tested the prediction that the Mtpn gene was coordinately reg-
ulated by let-7, miR-124, and miR-375 using Western blot anal-
ysis and a functional luciferase assay. They observed that the
exogenous addition of each individual microRNA in MIN6
mouse pancreatic cells was sufficient to regulate protein
expression of Mtpn and repress luciferase activity of a construct
harboring the Mtpn 3'-UTR. Furthermore, the greatest amount
of luciferase repression was observed after the addition of all
three microRNAs simultaneously, reinforcing the additive
effect of combinatorial regulation by multiple microRNAs (27).
In the present study we also observed significantly more repres-
sion from two cluster sites than by either site alone.

Third, we demonstrated that the microRNAs identified
above regulate endogenous FOXO1 expression. In MCF-7 cells
treated with increasing doses of antisense inhibitors, it was
shown that knockdown of either miR-27a, miR-96, or miR-182,
but not the unrelated miR-122, significantly increased endoge-
nous FOXO1 levels by severalfold. Although FOXO/Daf-16 has
been shown to repress the expression of a specific microRNA
(lin-4), our findings provide the first evidence of the direct reg-
ulation of endogenous FOXO1 expression by specific micro-
RNAs (28).

Previous to this study, miR-27a was implicated in breast can-
cer as an oncogenic microRNA. Mertens-Talcott et al. (29)
found that miR-27a is highly expressed in breast cancer cells,
and inhibition of this microRNA using antisense molecules in
MDA-MB-231 cells decreased cell proliferation. This group
also found that antisense RNA directed against miR-27a
decreased the percentage of cells in S phase and increased the
percentage of cells in the G,-M phase. Interestingly, the authors
suggest that miR-27a targets genes involved in regulating the
G,-M phase of the cell cycle and identify one potential target
(Myt-1) (29). In a separate study, Scott et al. (30) reported that a
pro-apoptotic dose of the inhibitor of histone deacetylases,
LAQ824, rapidly decreases miR-27a levels in breast cancer
SKBr3 cells. miR-27a was one of four microRNAs significantly
up-regulated in renal cell carcinoma compared with normal
kidney (31) and acts as an oncogene in gastric adenocarcinoma
(32). miR-27 has also been linked to hepatic stellate prolifera-
tion, in which it targets the retinoid X receptor (33). These
findings provide supporting evidence that miR-27a can act as
an oncogenic microRNA and warrant further study of miR-27a

FIGURE 8. Inhibiting miR-27a, miR-96, and miR-182 results in decreased cell viability because of increased FOXO1 expression. A-C, Western blot
analysis of FOXO1 expression after the treatment of MCF-7 cells with antisense inhibitors (Ant) to miR-27a (A), miR-96 (B), or miR-182 (C) or inhibitors plus siRNA
to either FOXO1 or GAPDH. Treatments were carried out for 48 h. B-Actin was used as a loading control. D-F, MCF-7 cells were plated at 2.5 X 10° cells per well
and treated with either 40 nm antisense inhibitors (Ant) to miR-27a (D), miR-96 (E), or miR-182 (F) or inhibitors plus siRNA targeting FOXO1 or GAPDH. At each
time point wells were trypsinized, stained with trypan blue, and counted four separate times using a hemacytometer. Bars represent the average number of

viable cells =S.E. of three independent experiments.
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regulation of downstream targets of FOXO1 to better charac-
terize the involvement of miR-27a in maintaining a state of
uncontrolled cell growth.

Although miR-96 and miR-182 have not been studied previ-
ously with respect to breast cancer, previous work has shown
that miR-96 and miR-182 are dysregulated in human disease,
including a variety of cancers. Loscher et al. (34) showed that
miR-96 and miR-182 are down-regulated in a mouse model of
retinitis pigmentosa. These microRNAs are contained in a gene
cluster harboring miR-96, miR-182, and miR-183, and this clus-
ter is frequently amplified in advanced human melanoma (35)
and melanoma cell lines (36). It has also been shown that
miR-96 and miR-182 are overexpressed in colorectal cancer
(37), classic Hodgkin lymphoma tumors (miR-182) and cell
lines (miR-96) (38), and chronic myeloid leukemia cells (39). A
recent study implicates miR-182 in the promotion of mela-
noma metastasis. Overexpression of miR-182 in melanoma cell
lines resulted in enhanced oncogenic properties, such as
anchorage-independent growth and increased colony forma-
tion on soft agar as well as invasion and metastasis in vitro (36).
Furthermore, this study identified a FOXO family member,
FOXO3, as a direct target of miR-182. These studies implicate
miR-182 and miR-96 as oncogenic microRNAs because of their
frequent overexpression in cancers and the observation that
their identified target genes are involved in the regulation of cell
proliferation and apoptosis.

In summary, this study demonstrated that of the three ubiq-
uitously expressed FOXO family members, FOXOL1 is selec-
tively down-regulated in breast cancer as compared with nor-
mal tissue. We also demonstrate that FOXO1 expression is
regulated by multiple microRNAs (miR-27a, miR-96, and miR-
182) that have previously been implicated in oncogenesis.
These microRNAs directly target various regions of the 3'-UTR
to repress endogenous expression of FOXO1. Blockade of these
microRNAs led to restoration of FOXO1 expression. The res-
toration of FOXO1 expression in MCE-7 cells resulted in
reduced cell number, decreased cell cycle traverse, and
increased cell death. This effect was further pronounced when a
constitutively active mutant FOXO1 protein was overex-
pressed. Additionally, suppression of FOXO1 restoration by
siRNA specifically blocked the anti-proliferative effects of
microRNA down-regulation, thereby functionally linking
microRNA expression, FOXO1 expression, and cell prolifera-
tion and/or viability. These findings indicate that antisense tar-
geting of miR-27a, miR-96, and miR-182 along with monitoring
of microRNA and FOXOL1 levels may be of therapeutic and/or
prognostic value in breast cancer.
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