THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 22, pp. 16958 -16966, May 28, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Foxo3a Regulates Apoptosis by Negatively Targeting miR-21"

Received for publication, December 8, 2009, and in revised form, March 27,2010 Published, JBC Papers in Press, April 6, 2010, DOI 10.1074/jbc.M109.093005

Kun Wang and Pei-Feng Li'

From the Cancer Research Group, National Key Laboratory of Biomembrane and Membrane Biotechnology, Institute of Zoology,

Chinese Academy of Sciences, Beijing 100101, China

MicroRNAs are a class of small non-coding RNAs and partic-
ipate in the regulation of apoptotic program. Although miR-21
is able to inhibit apoptosis, its expression regulation and down-
stream targets remain to be fully elucidated. Here we report that
the transcriptional factor Foxo3a initiates apoptosis by tran-
scriptionally repressing miR-21 expression. Our results showed
that doxorubicin could simultaneously induce the translocation
of Foxo3a to the cell nuclei and a reduction in miR-21 expres-
sion. Knockdown of Foxo3a resulted in an elevation in miR-21
levels, whereas enforced expression of Foxo3a led to a decrease
in miR-21 expression. In exploring the molecular mechanism by
which Foxo3a regulates miR-21, we observed that Foxo3a bound
to the promoter region of miR-21 and suppressed its promoter
activity. These results indicate that Foxo3a can transcriptionally
repress miR-21 expression. In searching for the downstream
targets of miR-21 in apoptosis, we found that miR-21 sup-
pressed the translation of Fas ligand (FasL), a pro-apoptotic fac-
tor. Furthermore, Foxo3a was able to up-regulate FasL expres-
sion through down-regulating miR-21. Our data suggest that
Foxo3a negatively regulates miR-21 in initiating apoptosis.

miRNAs? are a class of small non-coding RNAs that mediate
post-transcriptional gene silencing. Recently, the work on
miRNAs renovates our understanding about apoptotic reg-
ulation. They can be classified as either pro- or anti-apo-
ptotic miRNAs (1, 2). For example, miR-1 participates in the
initiation of apoptosis (3), whereas miR-21 is able to inhibit
apoptosis (4). miRNAs are expressed at a constant level under
physiological condition, and their functions depend on their
expression levels. It remains a challenging question as to how
their expression is regulated in the apoptotic program.

The forkhead family of transcription factors is characterized
by the presence of a conserved 100-amino acid DNA binding
domain and participate in regulating diverse cellular functions
such as apoptosis, differentiation, metabolism, proliferation,
and survival (5). Foxo3a is a substrate of protein kinase Akt, and
its transcriptional output is controlled via phosphorylation. In
the absence of cellular stimulation and when Akt is inactive,
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Foxo3a is localized within the nucleus where it performs tran-
scription of target genes. However, upon phosphorylation by
Akt at Thr-32, Ser-253, and Ser-315, it binds to 14-3-3 and
cannot exert the transcriptional function (6).

Fas ligand (FasL) is a potential transcriptional target of
Foxo3a, but the transcriptional output can be either activation
or suppression. It has been reported that Foxo3a can stimulate
FasL expression, thereby triggering apoptosis (6). However,
there is also evidence showing that Foxo3a decreases the
expression of FasL (7). The molecular mechanism by which
Foxo3a regulates FasL expression remains further elusive.

miR-21 has been shown to regulate apoptosis by targeting
a variety of apoptotic factors. It contributes to glioma malig-
nancy by down-regulating matrix metalloproteinase inhibi-
tors, thereby leading to the activation of matrix metalloprotein-
ases and promoting invasiveness of cancer cells (8). It promotes
cell transformation by targeting the programmed cell death 4
gene (9). miR-21 is overexpressed in human cholangiocarci-
noma and regulates programmed cell death 4 and the tissue
inhibitor of metalloproteinase 3 (10). Given the important role
of FasL in apoptosis, it is not yet clear whether FasL can be a
target of miR-21 in the apoptotic machinery.

The expression levels of miRNAs remain constant under
physiological condition. Their alterations may cause the path-
ological disorders. miRNA expression can be regulated by tran-
scriptional factors. For example, miR-34a causes dramatic
reprogramming of gene expression and promotes apoptosis,
and it is transactivated by the tumor suppression gene p53 (11).
Serum response factor can directly bind to the promoter of
miR-1-1 and miR-1-2 genes and activate their expression (12).
Our recent work reveals that miR-23a is a transcriptional target
of nuclear factor of activated T cells ¢3 (13). Because the func-
tions of miRNAs are closely related to their expression levels, it
is important to explore the molecular mechanism governing
their expression. Foxo3a and miR-21 are involved in apoptosis,
but it is not yet clear whether there is an impact between these
two factors in the apoptotic machinery.

Lung cancer is the most common cause of cancer-related
death. Chemotherapy plays an important role for the treatment
of lung cancer, and doxorubicin is commonly used for lung
cancer therapy. However, a major obstacle of chemotherapy
is the cancer resistance. It is critically important to identify
the factors that participate in the regulation of cancer cell
apoptosis, so that novel approaches can be developed for cancer
therapy.

Our present work aimed at elucidating the molecular mech-
anism by which Foxo3a regulates the apoptotic program in
A549 human lung cancer cells. Our results revealed that Foxo3a
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transcriptionally represses the expression of miR-21. Further-
more, we identified FasL as a target of miR-21. In addition, we
found that Foxo3a regulates FasL through miR-21. Our data
shed new light on understanding the regulation of miRNA
expression and the relationship among Foxo3a, miR-21, and
FasL in the apoptotic cascades.

EXPERIMENTAL PROCEDURES

Cell Cultures and Treatment—Human lung cancer cells
(A549) and human neuroblastoma cells (SH-EP1) were grown
in Dulbecco’s modified Eagle’s medium; Invitrogen) supple-
mented with 10% fetal bovine serum, 100 units/ml penicillin,
and 100 ug/ml streptomycin in a humidified atmosphere of 5%
CO,at 37 °C. The treatment with doxorubicin (Sigma) was per-
formed as we described (14). The culture of cardiac fibroblasts
was performed as we described (15).

Cell Viability and Apoptosis Assays—Cell death was deter-
mined by trypan blue exclusion, and the numbers of trypan
blue-positive and -negative cells were counted on a hemocy-
tometer. Apoptosis was determined by the terminal deoxyribo-
nucleotidyltransferase-mediated TUNEL using a kit from
Roche Applied Science. The detection procedures were in
accordance with the kit instructions.

Constructions of Foxo3a and FasL RNA Interference (RNAi)—
The Foxo3a RNAi sense sequence is 5'-GAGCTCTTGGTGG-
ATCATC-3'; the antisense sequence is 5'-GATGATCCACC-
AAGAGCTC-3'. The scramble Foxo3a RNAi sense sequence is
5'-GGCGTAGTCGTAGTTCTCA-3'; the scramble antisense
sequence is 5'-TGAGAACTACGACTACGCC-3'. FasL RNAi
sense sequence is 5'-AAAGGAGCTGAGGAAAGTG-3'; the
antisense sequence is 5'-CACTTTCCTCAGCTCCTTT-3'.
The scramble FasL. RNAi sense sequence is 5'-TGGAAGAGA-
CAGTAGAGAG-3'; the scramble antisense sequence is 5'-
CTCTCTACTGTCTCTTCCA-3'. They were cloned into
pSilencer adeno 1.0-CMYV vector (Ambion) according to the
manufacturer’s instructions.

Constructions of miR-21 and FasL Promoters—Human
mir-21 promoter region was amplified from human genomic
DNA using PCR to generate wild type promoter. The large frag-
ment containing two Foxo3a potential binding sites (wild type
promoter-1, wt-1) was amplified using the forward primer, 5’'-
AAACCAAGGCTCTTACCATAGC-3'. The short fragment
containing one Foxo3a potential binding (wild type promoter-2
(wt-2)) was amplified using the forward primer, 5'-GCATGA-
GAGAGCCACTACCAAG-3'. Both fragments were amplified
using the reverse primer, 5'-TGGTACAGCCATGGAGATG-
TCA-3'. The promoters were cloned into the reporter plasmid,
pGL4.17 (Promega). The introduction of mutations in the puta-
tive Foxo3a binding site in wt-1 fragment (—197 to —191 wild
type, 5'-ATAAACA-3'; mutant, 5'-ACGGCCA-3’) was gener-
ated using QuikChange II XL site-directed mutagenesis kit
(Stratagene). Human FasL promoter region (from —3157 to
+2) was amplified using the same protocol as described for
miR-21. The forward primer was 5'-GTGACCTGTCCAGTT-
CACACAG-3’; the reverse primer was 5'-TGCATGGCAGC-
TGGTGAGTCAG-3'. The constructs were sequence-verified.

Preparation of miR-21 Expression Construct—miR-21 was
synthesized by PCR using human genomic DNA as the tem-
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plate. The upstream primer was 5'-GCATTATGAGCATTA-
TGTCAGA-3’; the downstream primer was 5'-CATACAGC-
TAGAAAAGTCCCTG-3'. The PCR fragment was finally
cloned into the Adeno-X™ Expression System (Clontech)
according to the manufacturer’s instructions.

Preparation of the Luciferase Construct of FasL 3'-UTR—
FasL with 3’-UTR was amplified by PCR. The forward primer
was 5'-GAGAAGCACTTTGGGATTCTTTC-3'". The reverse
primer was 5'-CCCTACAATTGCACTGGAAATAC-3'. The
PCR fragment was subcloned into the pGL3 vector (Pro-
mega) immediately downstream of the stop codon of the
luciferase gene. To produce mutated 3'-UTR, the mutations
(wild type 3'-UTR, 5'-ATAAGCTA-3’; mutated 3'-UTR, 5'-
ATCCATTA-3') was generated using the QuikChange II XL
site-directed mutagenesis kit (Stratagene). The constructs were
sequence-verified.

Preparation of FasL with 3'-UTR—FasL with the 3'-UTR was
from Origene. To produce FasL with mutated 3'-UTR, the
mutations (wild type 3'-UTR, 5'-ATAAGCTA-3’; mutated,
3'-UTR: 5'-ATCCATTA-3") was generated using QuikChange
II XL site-directed mutagenesis kit (Stratagene). The constructs
were sequence-verified. They were cloned into the Adeno-X™™
Expression System (Clontech) according to the manufacturer’s
instructions.

Immunoblot and Immunofluorescence—Immunoblotting
was carried out as we previously described (16). Cells were lysed
for 1 h at4 °Cin alysis buffer (20 mm Tris, pH 7.5, 2 mMm EDTA,
3 mM EGTA, 2 mm dithiothreitol, 250 mm sucrose, 0.1 mMm
phenylmethylsulfonyl fluoride, 1% Triton X-100) containing a
protease inhibitor mixture. Samples were subjected to 12%
SDS-PAGE and transferred to nitrocellulose membranes. Equal
protein loading was controlled by Ponceau Red staining of
membranes. Blots were probed using the primary antibodies.
The anti-Foxo3a and the anti-phospho Foxo3a antibody (Thr-
32) were from Cell Signaling. The anti-FasL antibody was from
Abcam. The anti-PCNA (proliferating cell nuclear antigen)
antibody and the anti-actin antibody were from Santa Cruz
Biotechnology. After four washes with phosphate-buffered
saline, Tween 20, the horseradish peroxidase-conjugated sec-
ondary antibodies were added. Antigen-antibody complexes
were visualized by enhanced chemiluminescence. Immunoflu-
orescence was performed as we described (17). The samples
were imaged using a laser scanning confocal microscope (Zeiss
LSM 510 META).

Preparation of Subcellular Fractions—Subcellular fractions
were prepared as described with modifications (18). In brief,
cells were washed twice with phosphate-buffered saline, and
the pellets were suspended in 0.2 ml of ice-cold buffer (20 mm
potassium-HEPES, pH 7.8, 5 mM potassium acetate, 0.5 mm
MgCl,, and 0.5 mm dithiothreitol) containing a protease inhib-
itor mixture. The cells were homogenized by 12 strokes in a
Dounce homogenizer. The homogenates were centrifuged at
750 X g for 5 min at 4 °C to collect nuclei. The resulting super-
natants were centrifuged at 20,000 X g for 5 min at 4 °C to
collect the cytosolic fractions.

Chromatin Immunoprecipitation (ChIP) Analysis—ChIP was
performed as we and other described (19, 20). In brief, cells
were washed with phosphate-buffered saline and incubated for
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10 min with 1% formaldehyde at room temperature. The cross-
linking was quenched with 0.1 M glycine for 5 min. Cells were
washed twice with phosphate-buffered saline and lysed for 1 h
at 4°C in a lysis buffer. The cell lysates were sonicated into
chromatin fragments with an average length of 500 — 800 bp as
assessed by agarose gel electrophoresis. The samples were pre-
cleared with Protein A-agarose (Roche Applied Science) for 1 h
at 4 °C on a rocking platform, and 5 ug of specific antibodies
were added and rocked for overnight at 4 °C. The anti-NFAT4
antibody was from Santa Cruz Biotechnology. Immunoprecipi-
tates were captured with 10% (v/v) Protein A-agarose for 4 h.
Before use, Protein A-agarose was blocked twice at 4 °C with
salmon sperm DNA (2 ug/ml) overnight. For the analysis of
Foxo3a binding to the promoter of FasL, PCRs were performed
with the primers that encompass Foxo3a BS1 or BS2 of the
human FasL promoter. The oligonucleotides were as fol-
lows: BS1 (forward, 5'-GGATGGGCAGAATGTATCAGAG-
3’; reverse, 5'-GCCAATAACTTCCAAGTAGTTA-3'); BS2
(forward 5'-CAAGGCAAGAGGATTGCTTGAG-3'; reverse,
5'-ACCTGCTACACCCACTTTAGAA-3’). For the analysis of
Foxo3a binding to the promoter region of miR-21, the oligonu-
cleotides were as follows: BS1 (forward 5'-AAACCAAGGCT-
CTTACCATAGC-3' and reverse, 5'-CATTGCACTCCAAC-
TTGGGCAA-3'); BS2 (forward, 5'-CTCTGGTTTCAACAG-
ACACAAA-3’; reverse, 5'-TCTGGCCTGTTAAGATCGA-
ACC-3’). For the analysis of NFAT4 binding to the promoter
region of FasL, the oligonucleotides were as follows: forward,
5'-GGTATCCAGCGCTGATTTGCT-3'; reverse, 5'-ACCT-
CTCTCCAGTTCTCTTCT-3'.

Luciferase Assay—Luciferase assay was performed as we
described (13, 21). Briefly, for miR-21 and FasL promoters lucif-
erase assays cells were seeded in 24-well plates. They were
transfected with the plasmid constructs using the Lipo-
fectamine 2000 (Invitrogen). Each well contained 0.2 ug of
luciferase reporter plasmids and 2.5 ng of SV-Renilla luciferase
plasmids as the internal control. Cells were harvested at the
indicated times after transfection for the detection of luciferase
activity using the Dual Luciferase Reporter Assay kit (Promega)
according to the manufacturer’s instructions. 20 ul of protein
extracts were analyzed in a luminometer. Firefly luciferase
activities were normalized to Renilla luciferase activity.

For FasL 3’'-UTR luciferase assay, cells were co-transfected
with the plasmid constructs of 200 ng/well pGL3-FasL-3'-UTR,
400 ng/well miR-21, 20 pmol of either miR-21 antagomir or
antagomir negative control (antagomir-NC) using Lipo-
fectamine 2000 (Invitrogen). At 48 h after transfection, cells
were lysed, and luciferase activity was measured.

Analysis of miR-21, miR-670, and FasL by Quantitative
Reverse Transcription (gRT)-PCR—Stem-loop qRT-PCR for
mature miR-21 and miR-670 was performed as described (22)
on an Applied Biosystems AB 7000 Real Time PCR system.
Total RNA was extracted using Trizol reagent. After DNase I
(Takara, Japan) treatment, RNA was reverse-transcribed with
reverse transcriptase (ReverTra Ace, Toyobo). The levels of
miR-21 and miR-670 analyzed by qRT-PCR were normalized to
that of U6. U6 primers were: forward, 5'-CTCGCTTCGGCA-
GCACA-3'; reverse, 5'-AACGCTTCACGAATTTGCGT-3'.
qRT-PCR analysis for FasL was standardized to control values
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of glyceraldehyde-3-phosphate dehydrogenase. The sequences
of FasL primers were: forward, 5'-CTGAAGAAGAGAGGG-
AACCACA-3’; reverse, 5'-AGCTCCTTCTGTAGGTGGA-
AGA-3'. The sequences of glyceraldehyde-3-phosphate dehy-
drogenase primers were: forward primer, 5'-CCAAAAGGGT-
CATCATCTCTGC-3’; reverse, 5'-TGCTAAGCAGTTGG-
TGGTGCAG-3'.

Transfection of Antagomir—Chemically modified antag-
omir complementary to miR-21 designed to inhibit endoge-
nous miR-21 expression and antagomir-NC were obtained
from GenePharma Co. Ltd. The antagomir sequence was 5'-
UCAACAUCAGUCUGAUAAGCUA-3'. The antagomir-NC
sequence was 5'-CAGUACUUUUGUGUAGUACAA-3'. Cells
were transfected with the antagomirs or the antagomir-NC
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s instructions.

Statistical Analysis—The results are expressed as means *=
S.E. of at least three independent experiments. The statistical
comparison among different groups was performed by one-way
analysis of variance. Paired data were evaluated by Student’s ¢
test. p < 0.05 was considered statistically significant.

RESULTS

Foxo3a Relocalization to the Nucleus and miR-21 Down-reg-
ulation Simultaneously Occur upon Doxorubicin Treatment—
We analyzed whether Foxo3a and miR-21 are involved in the
apoptotic program of doxorubicin. The immunofluorescence
of A549 cells revealed that Foxo3a was predominantly distrib-
uted in the cytoplasm in the control cells without treatment. In
contrast, Foxo3a was accumulated in the nuclei in response to
doxorubicin treatment. The immunoblotting of subcellular
fractions also revealed that Foxo3a was translocated from the
cytoplasm to the nuclei upon doxorubicin treatment (Fig. 1A4).
Because doxorubicin is a component of the standard chemo-
therapeutic protocol to treat neuroblastoma, we tested whether
it can also influence Foxo3a in the human neuroblastoma cell
line SH-EP1. A similar result was obtained in SH-EP1 cells (Fig.
1B). The subcellular distributions of Foxo3a are controlled by
its phosphorylation status (6). Accordingly, we detected the
subcellular distributions of the phosphorylated and nonphos-
phorylated Foxo3a upon doxorubicin treatment. We observed
a time-dependent elevation of nonphosphorylated Foxo3a in
the nuclei and a reduction of phosphorylated Foxo3a in the
cytoplasm in both A549 and SH-EP1 cells (Fig. 1C). These data
suggest that doxorubicin can induce the relocalization of
Foxo3a to the nuclei.

We detected the levels of miR-21 in cells upon doxorubicin
treatment. Doxorubicin induced a reduction in miR-21 levels in
A549 (Fig. 1D) and SH-EP-1 cells (Fig. 1E). To know if the
alterations of miR-21 is specific or not, we detected miR-670,
and no significant alterations in miR-670 levels were observed
(data not shown). Thus, it appears that miR-21 can be down-
regulated by doxorubicin.

Foxo3a Can Negatively Regulate miR-21 Expression—The
simultaneous alterations in Foxo3a and miR-21 led us to
consider whether these two events are related. To address
this issue, we produced Foxo3a RNAi constructs and tested
whether knockdown of Foxo3a can influence miR-21 levels.
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FIGURE 1. Doxorubicin induces a redistribution of Foxo3a from the cyto-
plasm to nuclei and a reduction of miR-21 levels. A, doxorubicin induces
Foxo3a redistributions from the cytoplasm to nuclei in A549 cells. A549 cells
were treated with 2 um doxorubicin (Dox). 1 h after treatment, cells were
collected for the analysis of Foxo3a by immunofluorescent staining (left
panel) or by immunoblotting with the cellular fractions of nuclei (N) or cytosol
(Q) (right panel). Cell nuclei were stained by 4',6-diamidino-2-phenylindole
(DAPI). Bar = 10 um. Proliferating cell nuclear antigen (PCNA) is a nucleic
marker. Tubulin is a cytosolic marker. B, doxorubicin induces Foxo3a redistri-
butions from the cytoplasm to nuclei in SH-EP1 cells. The experiments were
performed as described for A except that SH-EP1 cells were used. C, doxoru-
bicin induces a time-dependent redistribution of Foxo3a. A549 (left panel)
and SH-EP1 cells (right panel) were treated with 2 um doxorubicin. Cells were
harvested at the indicated times for the analysis of phosphorylated Foxo3a
(P-Foxo3a) and total Foxo3a in the cytosolic and nuclear fractions by immu-
noblotting. D and E, miR-21 is down-regulated by doxorubicin. A549 (D) and
SH-EP1 cells (E) were treated with 2 um doxorubicin. Cells were harvested at
theindicated times for the analysis of miR-21 by qRT-PCR. The levels of miR-21
analyzed by qRT-PCR were normalized to that of U6.*, p < 0.05 versus control.
Data are expressed as the mean = S.E. of three independent experiments.

The RNAI construct of Foxo3a but not its scramble form was
able to suppress Foxo3a expression (Fig. 24). Surprisingly,
knockdown of Foxo3a could attenuate the reduction of miR-21
induced by doxorubicin in A549 (Fig. 2B) and SH-EP1 cells (Fig.
2C). To further understand whether Foxo3a is able to influence
miR-21 expression, we detected miR-21 levels in cells express-
ing the constitutively active form of Foxo3a (caFoxo3a) (Fig.
2D). Enforced expression of caFoxo3a led to an elevation in
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FIGURE 2. Foxo3a can negatively regulate miR-21 expression. A, Foxo3a
RNAi induces a reduction of Foxo3a expression levels. A549 cells were
infected with the RNAi constructs of Foxo3a or its scramble form (Foxo3a-S-
RNAI). Cells were harvested at the indicated times for the analysis of Foxo3a
and P-Foxo3a by immunoblotting. Band C, knockdown of Foxo3a attenuates
the reduction of miR-21 levels induced by doxorubicin. A549 (B) and SH-EP1
cells (C) were infected with the RNAi constructs of Foxo3a or its scramble form
(Foxo3a-S-RNAI). 24 h after infection cells were treated with 2 um doxorubicin.
1 h after doxorubicin treatment miR-21 was analyzed by gRT-PCR. The levels
of miR-21 analyzed by gRT-PCR were normalized to that of U6. *, p < 0.05
versus doxorubicin alone. D, enforced expression of the constitutively active
form of Foxo3a (caFoxo3a) is shown. A549 cells were infected with the adeno-
viral construct of caFoxo3a. The adenovirus containing B-galactosidase
(B-gal) was used as a control. Cells were harvested at the indicated times for
the analysis of caFoxo3a expression by immunoblot. Eand F, enforced expres-
sion of caFoxo3a leads to a reduction of miR-21 levels. A549 (E) and SH-EP1
cells (F) were infected with the adenoviral construct of caFoxo3a. The adeno-
virus containing B-galactosidase was used as a control. Cells were harvested
at the indicated times for the analysis of miR-21 expression by qRT-PCR. The
levels of miR-21 analyzed by qRT-PCR were normalized to that of U6. *, p <
0.05 versus control. Data are expressed as the means = S.E. of three indepen-
dent experiments.

miR-21 levels in A549 (Fig. 2E) and SH-EP1 cells (Fig. 2F).
These data suggest that Foxo3a can negatively influence the
expression of miR-21.

Foxa3a and miR-21 Cross-talk in the Apoptotic Program—
We tested whether Foxo3a and miR-21 are functionally related
in apoptosis. Enforced expression of miR-21 could attenuate
apoptosis induced by caFoxo3a in A549 (Fig. 34) and SH-EP1
cells (Fig. 3B). miR-21 also could inhibit apoptosis induced by
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FIGURE 3. Foxa3a and miR-21 cross-talk in apoptosis. A and B, enforced
expression of miR-21 attenuates apoptosis induced by caFoxo3a. A549 (A) or
SH-EP1 cells (B) were co-infected with the adenoviral construct of caFoxo3a or
miR-21.The adenovirus containing B-galactosidase (3-gal) was used as a con-
trol. Apoptosis was analyzed by TUNEL assay 48 h after infection. TUNEL-
positive cells were counted under the fluorescent microscope according to
the kit instructions. *, p < 0.05 versus caFoxo3a alone. C, enforced expression
of miR-21 inhibits apoptosis induced by doxorubicin. A549 cells were infected
with the adenoviral construct of miR-21 or B-gal. Cells were treated with 2 um
doxorubicin 24 h after infection. A TUNEL assay was performed 12 h after
doxorubicin treatment. The percentages of TUNEL-positive cells are shown in
the left panel. *, p < 0.05 versus doxorubicin alone. Representative photos of
TUNEL staining are shown in the right panel. Bar = 50 um. The nuclei with the
green color are TUNEL-positive. The nuclei were counterstained with 4',6-
diamidino-2-phenylindole (DAPI, blue). D, knockdown of miR-21 sensitizes
doxorubicin to inducing apoptosis is shown. A549 cells were transfected with
miR-21 antagomir or the antagomir-NC. 24 h after transfection cells were
treated with 0.2 um doxorubicin. A TUNEL assay was performed 12 h after
doxorubicin treatment. *, p < 0.05 versus doxorubicin alone or antagomir
alone. £, knockdown of endogenous Foxo3a attenuates apoptosis induced by
doxorubicin is shown. A549 cells were infected with the RNAi constructs of
Foxo3a or its scramble form (Foxo3a-S-RNAi). Cells were then transfected with
miR-21 antagomir or the antagomir-NC. 24 h after transfection cells were
treated with 2 um doxorubicin. Apoptosis was analyzed by TUNEL assay. *, p <
0.05 versus doxorubicin alone. Data are expressed as the mean = S.E. of three
independent experiments.

doxorubicin (Fig. 3C). We characterized the role of endogenous
miR-21 in the apoptotic program of doxorubicin. Doxorubicin
at a dose of 0.2 uM led to a less amount of cells to undergoing
apoptosis. However, knockdown of miR-21 resulted in a signif-
icant amount of cells undergoing apoptosis in response to the
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same dose of doxorubicin treatment (Fig. 3D). We tested
whether Foxo3a is involved in mediating the apoptotic signal of
doxorubicin. Knockdown of Foxo3a was able to attenuate apo-
ptosis induced by doxorubicin, but this effect could be abol-
ished by miR-21 antagomir (Fig. 3E). Collectively, Foxo3a and
miR-21 are functionally related in the apoptotic cascades.
miR-21 Is a Transcriptional Target of Foxo3a—The func-
tional correlation between Foxo3a and miR-21 necessitates the
elucidation of the mechanism by which miR-21 is regulated by
Foxo3a. Foxo3a is a transcriptional factor. Accordingly, we
tested whether the regulation of miR-21 by Foxo3a occurs through
a transcriptionally dependent or independent manner. To this
end, we analyzed the promoter region of miR-21. There are two
optimal Foxo3a consensus binding sites (Fig. 4, A and B). ChIP
assay revealed an increase in the association levels of Foxo3a with
BS2 in response to doxorubicin treatment. However, an associa-
tion of Foxo3a with BS1 was not detectable (Fig. 44). We tested
whether Foxo3a can influence miR-21 promoter activity. Wild
type miR-21 promoter (wt-1) demonstrated a low activity in the
presence of caFoxo3a. Also, the truncated form of wild type
miR-21 promoter containing only the binding site-2 (wt-2)
showed a low activity in the presence of caFoxo3a. However, muta-
tions in the Foxo3a consensus binding site-2 (BS2) could abol-
ish the inhibitory effect of Foxo3a on miR-21 promoter activity
(Fig. 4C). These data suggest that BS2 is the Foxo3a binding site.

Doxorubicin could induce a time-dependent reduction in
miR-21 promoter activity (Fig. 4D). Concomitantly, knock-
down of Foxo3a could attenuate the reduction of miR-21 pro-
moter activity induced by doxorubicin in A549 (Fig. 4E) and
SH-EP-1 cells (Fig. 4F). These data indicate that miR-21 can be
transcriptionally repressed by Foxo3a.

The Regulation of FasL by Foxo3a Is Not in a Transcription
Manner—Foxo3a and miR-21 cannot directly execute apoptosis.
Which molecules are their downstream mediators? Foxo3a has
been shown to either activate or suppress FasL transcription
depending on the cellular context (6, 7). We detected the levels of
FasL in response to doxorubicin treatment. An up-regulation of
FasL could be observed upon doxorubicin treatment (Fig. 5A).
Knockdown of FasL attenuated cell death (Fig. 5B), suggesting that
FasL participates in conveying the death signal of doxorubicin.

We tested whether the up-regulation of FasL is related to
Foxo3a. Knockdown of Foxo3a attenuated FasL protein levels
upon doxorubicin treatment (Fig. 5C). Surprisingly, FasL
mRNA levels were not significantly altered by knockdown of
Foxo3a (Fig. 5D). Human FasL promoter region contains 2
Foxo3a consensus binding sites (Fig. 5E). We performed a ChIP
assay to detect whether Foxo3a binds to these sites upon doxo-
rubicin treatment. The ChIP assay revealed that there was no
detectable association between Foxo3a and the consensus
binding site-1 (BS1) or binding site-2 (BS2) (Fig. 5F). We tested
whether caFoxo3a can influence FasL. mRNA levels and pro-
moter activity. caFoxo3aled to no significant alterations in FasL
mRNA levels (Fig. 5G) as well as FasL promoter activity (Fig.
5H). We sequenced the promoter region of FasL (3157 bp) and
found no mutations in this region. We used NFAT4 as a posi-
tive control because FasL promoter contains NFAT4 binding
sites (23). We tested whether NFAT4 can bind to the promoter
region of FasL in the primary cardiac fibroblasts. NFAT4 asso-
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FIGURE 4. miR-21 is a transcriptional target of Foxo3a. A and B, Foxo3a binds to the miR-21 promoter. The
promoter region of miR-21 contains two optimal Foxo3a binding sites. Cells were treated with 2 um doxoru-
bicin and harvested at the indicated times for the ChIP analysis. Chromatin-bound DNA was immunoprecipi-
tated with the anti-Foxo3a antibody. Anti-FasL antibody was used as a negative control (A). The wild type
miR-21 promoters (wt-1 and wt-2) were linked to luciferase (Luc) reporter gene. The mutations were introduced
to the consensus binding site-2 (m-BS2) (B). C, Foxo3a inhibits miR-21 promoter activity. HEK293 cells were
infected with adenoviral caFoxo3a or (8-galactosidase (8-gal)). 24 h after infection cells were transfected with
the constructs of the empty vector (pGL-4.17), wt-1, wt-2, or the mutated promoter (m-BS2), respectively. The
expression levels of Foxo3a were detected by immunoblotting (upper panel). Firefly luciferase activities
are shown in the lower panel. D, doxorubicin induces a reduction of miR-21 promoter activity. A549 cells were
transfected with the constructs of the empty vector (pGL-4.17) or miR-21 wt-1. 24 h after transfection cells were
treated with 2 um doxorubicin and collected at the indicated times for luciferase assay. E and F, knockdown of
Foxo3a attenuates the reduction of the promoter activity upon treatment with doxorubicin. A549 (E) and
SH-EP1 cells (F) were infected with the adenoviral RNAi constructs of Foxo3a or its scramble form (Foxo3a-S-
RNAI) and then transfected with the constructs of the empty vector (pGL-4.17) or miR-21 wt-1 promoter. Cells
were treated with 2 um doxorubicin. Firefly luciferase activities are shown in the lower panel. The expression
levels of Foxo3a were detected by immunoblot (upper panel). *, p < 0.05 versus wt-1 plus doxorubicin. Data are
expressed as the mean = S.E. of three independent experiments.

ciation with FasL promoter could be detectable (Fig. 5I). Taken
together, these data suggest that Foxo3a does not transcription-
ally regulate FasL expression upon doxorubicin treatment.
miR-21Is Able to Regulate FasL—The deficiency of Foxo3a to
transcriptionally regulate FasL led us to search for other mecha-
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nisms that account for the up-regula-
tion of FasL upon doxorubicin treat-
ment. miRNAs can suppress gene
expression, whereas doxorubicin can
induce a reduction of miR-21 expres-
sion. These lines of evidence encour-
aged us to test whether miR-21 par-
ticipates in the regulation of FasL.
Enforced expression of miR-21 could
attenuate the elevation of FasL levels
induced by doxorubicin (Fig. 6A).
Knockdown of endogenous miR-21
augmented FasL expression (Fig.
6B). To understand whether miR-21
can directly target FasL, we ana-
lyzed the 3'-UTR region of FasL and
observed that miR-21 is a potential
target of FasL (Fig. 6C). A luciferase
assay revealed that miR-21 could
suppress the translational activity of
FasL. Introduction of mutations in
the 3’-UTR region of FasL led to the
failure of miR-21 to repress FasL
translation (Fig. 6D). These data
suggest that FasL is a direct target of
miR-21.

To know whether the endogenous
miR-21 can regulate FasL translation,
the cells were transfected with the
constructs of FasL 3’-UTR and then
exposed to doxorubicin. Treatment
with doxorubicin led to an elevation
in the luciferase activity of wild type
3’-UTR but not the mutated 3'-UTR
(Fig. 6E), suggesting that endogenous
miR-21 can target FasL 3'-UTR.

We finally tested whether miR-21
regulates FasL expression via target-
ing its 3'-UTR. FasL with wild type
3’-UTR expressed at a low level in
the presence of miR-21. Introduc-
tion of mutations in the miR-21
binding site abolished the inhibitory
effect of miR-21 on FasL expression
(Fig. 6F). Taken together, it appears
that miR-21 can inhibit the transla-
tion of FasL.

DISCUSSION

The growing evidence has shown
that miR-21 is an oncogenic miRNA
and is highly expressed in a variety
of malignant tumors (24, 25). It is

still a challenging question as to how the expression of miRNAs
is regulated. Our present work demonstrated that miR-21 can
be transcriptionally suppressed by Foxo3a. We further identi-
fied FasL as a target of miR-21. In particular, we found that
Foxo3a can up-regulate FasL through down-regulating miR-21.

JOURNAL OF BIOLOGICAL CHEMISTRY 16963



Foxo3a Targeting miR-21

FasL| — = —— = B [— == FasL
AcCtin| e a— - —— 9 40 IEIACUH
Doxorubicin 0 5 15 30 60 -%. 30
Time (min) g 20 *
= 10
c Immunoblot 8 o
Izl Doxorubicin - + + +
rask FasL-S-RNAi - - + -
Actin s gmmmm—— FasL-RNAi - - - +
Doxorubicin - + + + D .
Foxo3a-S-RNAi - - + - < 15 Real time PCR
Foxo3a-RNAi - - - + 5 " 1.2
o 09
E _|§ 0.6
&~ 03
G T w 0
FOXO3a consensus sequence  TAAA A Doxorubicin - + + +
. A Foxo3a-S-RNAi - - + -
FasL promoter elements: Foxo3a-RNAI - - - +

Foxo3a BS1 Foxo3a BS2
—ATAAACAHATAAATAAGTAAATAAATA- F

CHIP: Foxo3a BS1

250bp—»|
o Toorr— I >+
< Real time PCR 250D,
g,1? oot —
€08
238 04 CHIP: Foxo3a BS2
@© . 250bp—»|
£ - —
caFoxo3a (h) - - 12 2448 100bp—>
H 35 Doxorubicin (min) 0 5 153060 -

Input - - - - - +
Foxo3a + + + + + -

2.8
21

Luciferase
activity

1.4 | CHIP: NFAT4 BS
0.7 250bp
0 100bp
FasL-Luc + + + + Doxorubicin(h) 0 2 4 - -
B-gal (h) - 48 - - Input - - - + -
caFoxo3a (h) - - 24 48 negative - - - - +

NFAT4 + + + - -

FIGURE 5. Foxo3a regulates FasL expression independent of the transcriptional manner. A, doxorubicin stim-
ulates FasL expression. A549 cells were treated with 2 um doxorubicin and harvested at the indicated times for the
analysis of FasL by immunoblotting. B, knockdown of FasL attenuates cell death induced by doxorubicin. A549 cells
were infected with the adenoviral RNAi constructs of FasL or its scramble form (FasL-S-RNAi) and then treated with 2
um doxorubicin. FasL was detected by immunoblot. Cell death was analyzed by trypan blue exclusion 24 h after
doxorubicin treatment. *, p < 0.05 versus doxorubicin alone. C and D, knockdown of Foxo3a reduces FasL protein
but not mRNA expression levels. A549 cells were infected with the adenoviral RNAi constructs of Foxo3a or its
scramble form (Foxo3a-S-RNAi) and then treated with 2 um doxorubicin. FasL protein levels were analyzed by immu-
noblotting (C), and its mRNA levels were detected by qRT-PCR (D). The values of FasL mRNA analyzed by qRT-PCR
were normalized to that of glyceraldehyde-3-phosphate dehydrogenase. E, the promoter region of human FasL
contains two Foxo3a consensus binding sites. F, Foxo3a does not bind to FasL promoter, analyzed by ChIP assay.
Cells were treated with 2 um doxorubicin and harvested at the indicated times for the ChIP assay. PCR primers
encompassing Foxo3a potential binding site-1 (BS7) and binding site-2 (BS2) were used. G, caFoxo3a induces no
significant alterations in FasL mRNA levels. A549 cells were infected with the adenoviral caFoxo3a. The adenoviral
B-galactosidase (B-gal) was used as a control. Cells were harvested at the indicated times for the analysis of FasL
mMRNA by gRT-PCR. The values of FasL mRNA analyzed by gRT-PCR were normalized to that of glyceraldehyde-3-
phosphate dehydrogenase. H, caFoxo3a induces no significant changes in FasL promoter activity. A549 cells were
infected with the adenoviral caFoxo3a or B-galactosidase and then transfected with the luciferase construct of FasL
(FasL-Luc) or the empty vector pGL4.17. Firefly luciferase activities were normalized to Renilla luciferase activities.
Data are expressed the ratios of FasL-Luc/the empty vector pGL4.17. , NFAT4 binds to FasL promoter analyzed by
ChlIP assay. The primary cardiac fibroblasts were treated with 2 um doxorubicin and harvested at the indicated time
for the ChlIP assay. The anti-actin antibody was used as a negative control. The results are expressed as the mean +
S.E. of three independent experiments.

Our results provide novel evidence revealing that miR-21 can
be a linker between Foxo3a and FasL, and Foxo3a may promote
apoptosis by targeting the anti-apoptotic miRNA, miR-21.
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Foxo3a participates in the regula-
tion of apoptosis by targeting the
apoptotic factors such as FasL (6)
and Bim (26). However, it remains
controversial as to the transcrip-
tional output of Foxo3a in regulat-
ing FasL. There is evidence show-
ing that Foxo3a can up-regulate
FasL expression (6). In contrast, the
opposite evidence demonstrates
that the transcriptional output of
Foxo3a is the suppression rather
than activation of FasL (7). Such a
discrepancy raises a question as to
whether Foxo3a can directly target
FasL. The results obtained from
our present study demonstrate that
Foxo3a can induce an elevation
in FasL, but it does not regulate FasL
expression through a transcrip-
tional manner. Out data further
revealed that Foxo3a inhibits miR-21
expression and suppresses FasL
translation. Thus, it appears that
miR-21 is a linker between Foxo3a
and FasL. Our results shed new light
on understanding the relationship
between Foxo3a and FasL.

The growing evidence has shown
that miR-21 is highly expressed in a
variety of malignant tumors (25).
It is up-regulated in laryngeal carci-
noma tissues (27) and human
cholangiocarcinoma (10). miR-21 is
higher in estrogen receptor-a-posi-
tive tumors, and estradiol inhibits
miR-21 expression in MCF-7 human
breast cancer cells (28). miR-21 is
abundantly expressed and is a puta-
tive oncogenic miRNA in head and
neck cancer (29). Overexpression of
miR-21 can be observed in multiple
myeloma and is associated with
its pathogenesis (30). Elevated
expression of miR-21 in hepadnavi-
rus-associated hepatocellular carci-
noma contributes to the malignant
phenotype (31). Foxo3a function is
dependent on its phosphorylation
by Akt with the nonphosphorylated
but not the phosphorylated form to
elicit transcriptional activity (6). Akt
plays a key role in promoting cell
survival and is highly active in many
malignant tumors. Based on our

present finding that Foxo3a can negatively regulate miR-21
expression, it is reasonable to speculate that the abundant
expression of miR-21 in malignant tumors may be related to the
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FIGURE 6. FasL is a target of miR-21. A, enforced expression of miR-21 atten-
uates FasL elevations induced by doxorubicin. A549 cells were infected with
the adenoviral miR-21 or B-gal. 24 h after infection cells were treated with 2
um doxorubicin. Cells were harvested 1 h after doxorubicin treatment for FasL
analysis by immunoblotting. The upper panel shows a representative blot.
The lower panel shows the quantitative analysis of FasL levels. The films were
densitometrically scanned using NIH ImageJ. The ratios of FasL to actin
are shown. *, p < 0.05 versus doxorubicin alone. Data are expressed as the
mean = S.E. of three independent experiments. B-gal, B-galactosidase.
B, knockdown of miR-21 leads to an elevation in FasL levels. A549 cells were
transfected with miR-21 antagomir or the antagomir-NC. Cells were har-
vested at the indicate times for FasL analysis by immunoblotting. C, the
miR-21 targeting sites in FasL 3’-UTR are conserved. D, miR-21 suppresses
FasL translation. HEK293 cells were transfected with the luciferase constructs
of wild type FasL-3'-UTR (FasL-3’-UTR-wt) or the mutated FasL-3'-UTR (FasL-
3'-UTR-mut) along with the expression plasmids for miR-21, miR-21
antagomir or antagomir-NC. *, p < 0.05 versus FasL-3'-UTR-wt. E, doxorubicin
can promote the translational activity of wild type FasL-3'-UTR but not the
mutated FasL-3’-UTR (FasL-3’-UTR-mut). A549 cells were transfected with the
luciferase constructs of wild type FasL-3'-UTR or the FasL-3'-UTR-mut and
then treated with 2 um doxorubicin and harvested at the indicated times for
the luciferase assay. The luciferase activity (Luc) of each construct before
doxorubicin treatment was taken as 100%. F, miR-21 can suppress the expres-
sion of FasL with wild type but not mutated 3'-UTR. A549 cells were co-in-
fected with the adenoviral miR-21, B-galactosidase, wild type FasL-3'-UTR
(FasL-3'-UTR-wt) or the mutated FasL-3'-UTR (FasL-3'-UTR-mut). FasL expres-
sion was detected by immunoblotting.

high activity of Akt. Future studies are required to test this
hypothesis.

It is of note that miR-21 contributes to cancer resistance to
therapies. For example, miR-21 is overexpressed in glioblas-
toma and mediates chemoresistance to the chemotherapeutic
agent VM-26 in glioblastoma cells (32). The tumor necrosis
factor-related apoptosis-inducing ligand in combination with
miR-21 suppression leads to a synergistic increase in caspase
activity and a decrease in cell viability in human glioma cells
(33). Our data that Foxo3a can transcriptionally down-regulate
miR-21 may warrant future studies to develop a therapeutic
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approach to target miR-21 by modulating Foxo3a in cancer
treatment.

Our present work revealed that the transcriptional factor
Foxo3a can suppress miR-21 expression. There are reports
showing that miR-21 can be transcriptionally up-regulated.
The transcription factor AP-1 plays a key role in tumorigen-
esis, and it can induce miR-21 expression (34). Signal trans-
ducer and activator of transcription 3 (Stat3) is implicated
in the pathogenesis of many malignancies and essential for
interleukin-6-dependent survival and growth of multiple
myeloma cells. Interleukin-6 can induce miR-21 expression
through Stat3 (4). It is possible that miR-21 can also be directly
or indirectly regulated by other transcriptional factors in the
apoptotic cascades. For example, p53 activation leads to Foxo3a
phosphorylation and subcellular localization changes that
result in inhibition of Foxo3a transcription activity (35). It
would be interesting to elucidate whether p53 can target
miR-21 through Foxo3a.

Foxo3a is able to transcriptionally repress gene expression
(7). Our present work revealed that Foxo3a could transcription-
ally repress miR-21. Other transcriptional factors also can
either activate and/or suppress gene expression. For example,
in response to p53 transcriptional stimulation, 38 genes are
up-regulated, and 24 genes are down-regulated (36). p53 can
up-regulate the pro-apoptotic factors such as Bax (37), PUMA
(38, 39), and Bad (40) but down-regulate the anti-apoptotic
factors such as glutathione S-transferase-« (41) and Survivin
(42).

Our present study demonstrated that FasL is a target of
miR-21. miR-21 has been shown to suppress other apoptotic
proteins. For example, it can suppress tissue inhibitor of met-
alloproteinases 3 (10). miR-21 targets the network of p53, trans-
forming growth factor-3, and mitochondrial apoptosis tumor
suppressor genes in glioblastoma cells (43). miR-21 promotes
glioma invasion by targeting matrix metalloproteinase regula-
tors (8). Programmed cell death 4 is an important functional
target of miR-21 in breast cancer (44) and colorectal cancer
(45). Apoptosis can be initiated through the extrinsic and
intrinsic pathways. In particular, there is cross-talk between
these two pathways (46 —48). FasL can trigger the activation of
extrinsic apoptotic pathway by promoting DISC formation
(49). It is necessary to elucidate the consequences of miR-21
regulation on FasL in apoptotic cascades.

Doxorubicin is an important component for the treatment
of lung cancer and neuroblastoma. Induction of cancer cells
to undergo apoptosis is a cellular basis of doxorubicin effect.
However, a major obstacle of doxorubicin treatment is cancer
resistance. Our present work demonstrated that miR-21 is neg-
atively regulated by Foxo3a in both A549 and SH-EP1 cells
upon doxorubicin treatment. We identified FasL as a new target
of miR-21. Furthermore, Foxo3a can regulate FasL through
miR-21. Future studies are required to delineate whether doxo-
rubicin has a similar effect in other types of cancer cells. Over-
all, based on our findings, combinatorial therapies for cancer
treatment may be developed by targeting the Foxo3a-miR-21-
FasL pathway.
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