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MicroRNA-124 Suppresses the Transactivation of Nuclear
Factor of Activated T Cells by Targeting Multiple Genes and
Inhibits the Proliferation of Pulmonary Artery Smooth Muscle

Cells™

Received for publication, February 8, 2013, and in revised form, July 9, 2013 Published, JBC Papers in Press, July 12,2013, DOI 10.1074/jbcM113.460287

Kang Kang'', Xiao Peng*', Xiaoying Zhang*, Yuna Wang®, Lishu Zhang®, Li Gao®, Tingting Weng®,

Honghao Zhang®, Ramaswamy Ramchandran®, J. Usha Raj", Deming Gou™**, and Lin Liu®’

From the *College of Life Sciences, Shenzhen Key Laboratory of Microbial Genetic Engineering, Shenzhen University, Shenzhen,
Guangdong 518060, China, the §Depan‘menl‘ of Physiological Sciences, Oklahoma State University, Stillwater, Oklahoma 74078,
and the 1]Department of Pediatrics, University of lllinois, Chicago, lllinois 60612

hypertension.

(Background: The NFAT signaling pathway is linked to pulmonary arterial hypertension.

Results: MicroRNA screening revealed that miR-124 robustly inhibits NFAT activity, dephosphorylation, and nuclear translo-
cation of NFAT by targeting multiple genes, NFATc1l, CAMTA1, and PTBP1.

Conclusion: miR-124 is an effective and multipronged inhibitor of NFAT signaling.

Significance: miR-124 might be a potential immunosuppressant that may have biological effects linked to pulmonary arterial

N
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Abnormal proliferation and phenotypic modulation of pul-
monary artery smooth muscle cells (PASMC) contributes to the
pathogenesis of numerous cardiovascular disorders, including
pulmonary arterial hypertension (PAH). The nuclear factor of
activated T cells (NFAT) signaling pathway is linked to PASMC
proliferation and PAH. MicroRNAs (miRNAs) are small non-
coding RNAs that function in diverse biological processes. To
systemically identify the specific miRNAs that regulate the
NFAT pathway, a human primary miRNA library was applied
for cell-based high throughput screening with the NFAT lucif-
erase reporter system. Eight miRNAs were found to modulate
NFAT activity efficiently. Of them, miR-124 robustly inhibited
NFAT reporter activity and decreased both the dephosphory-
lation and the nuclear translocation of NFAT. miR-124 also
inhibited NFAT-dependent transcription of IL-2 in Jurkat T
cells. miR-124 exerted its effects by targeting multiple genes,
including a known component of the NFAT pathway, NFATc1,
and two new regulators of NFAT signaling, CAMTA1 (calmod-
ulin-binding transcription activator 1) and PTBP1 (polypyrimi-
dine tract-binding protein 1). Physiologically, miR-124 was
down-regulated by hypoxia in human PASMC, consistent with
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the activation of NFAT during this process. Down-regulation of
miR-124 was also observed in 3-week hypoxia-treated mouse
lungs. Furthermore, the overexpression of miR-124 not only
inhibited human PASMC proliferation but also maintained its
differentiated phenotype by repressing the NFAT pathway.
Taken together, our data provide the first evidence that miR-124
acts as an inhibitor of the NFAT pathway. Down-regulation of
miR-124 in hypoxia-treated PASMC and its antiproliferative
and prodifferentiation effects imply a potential value for miR-
124 in the treatment of PAH.

The nuclear factor of activated T cells (NFAT),* originally
identified in T lymphocytes, represents a family of Ca>" -depen-
dent transcription factors comprising four well characterized
isoforms, NFATc1 to -c4 (1-3). In resting cells, the phosphor-
ylated NFAT remains in the cytoplasm in an inactive form.
Dephosphorylation of NFAT by calcineurin, a Ca*>*/calmodu-
lin-dependent phosphatase, unmasks nuclear localization sig-
nals and results in its translocation from the cytoplasm into the
nucleus, where it binds cognate DNA motifs at enhancer sites
and regulates gene transcription (3). Functionally, it has
become increasingly clear that NFAT is operative not only in T
cells but also in other type of cells and regulates numerous
developmental programs in vertebrates (4).

Pulmonary arterial hypertension (PAH) is a devastating, life-
threatening disorder characterized by elevated pulmonary vas-
cular resistance and pulmonary arterial pressure (5, 6).

“The abbreviations used are: NFAT, nuclear factor of activated T cells; PASMC,
pulmonary artery smooth muscle cell(s); HPASMC, human pulmonary
artery smooth muscle cell(s); PAH, pulmonary arterial hypertension;
miRNA, microRNA; SMC, smooth muscle cell(s); a-SMA, a-smooth muscle
actin; PMA, phorbol 12-myristate 13-acetate; gRT-PCR, quantitative
RT-PCR; EGFP, enhanced green fluorescent protein.
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Although the specific mechanisms responsible for the develop-
ment of PAH remain unknown, abnormal proliferation and
phenotypic switching of pulmonary artery smooth muscle cells
(PASMC) from a contractile, differentiated phenotype to a syn-
thetic, undifferentiated phenotype is an early event in this dis-
ease (7-9). A number of factors play roles in the abnormal pro-
liferation of PASMC, and hypoxia is one of the important
stimuli. Several recent observations suggest that NFAT family
members are involved in the development of PAH. NFATc2 has
been shown to be up-regulated and activated in PAH patients
(10). Also, in a mouse model of PAH, chronic hypoxia induces
the expression and activation of NFATc3, which may contrib-
ute to pulmonary hypertension and vascular remodeling (11,
12). Intriguingly, NFAT is also activated in hypoxia-treated
human PASMC (HPASMC) or the HPASMC isolated from
PAH patients, which is associated with increased cell prolifer-
ation and resistance to apoptosis (13). Conversely, the inhibi-
tion of NFAT by VIVIT (a competitive peptide that inhibits the
docking of NFAT to calcineurin) or cyclosporin A (an inhibitor
of calcineurin) suppresses hypoxia-induced proliferation and
leads to increased apoptosis of PASMC in vitro (14). These find-
ings support an important role for NFAT-mediated signaling in
the pathogenesis of PAH.

MicroRNAs (miRNAs) are a class of small non-coding RNA
molecules that post-transcriptionally down-regulate gene
expression by binding to the 3’-untranslated region (UTR) of
specific mRNA targets (15, 16). Recent studies have revealed
the importance of miRNAs in the development of PAH. miR-
143 and miR-145 are enriched in vascular smooth muscle cells
(SMC) and play an essential role in controlling the phenotypic
switch of SMC during vascular diseases (17—19). The extent of
miR-204 down-regulation correlates with PAH severity and
accounts for the proliferative and antiapoptotic phenotypes of
PAH-PASMC. Delivery of synthetic miR-204 into the lungs of
PAH rats significantly reduced disease severity (20). Our previ-
ous study has demonstrated the role of miR-21 in hypoxia-
mediated HPASMC proliferation and migration (21). Recently,
we found that miR-210, a major hypoxia-induced miRNA,
exerts an antiapoptotic effect and may contribute to the devel-
opment of PAH (22).

Although accumulating data have suggested that miRNAs
function in regulating SMC proliferation and differentiation
(23-25), whether this effect is achieved by regulating NFAT
signaling pathway through miRNAs is still unclear. In this
study, we performed a high throughput screening by using an
in-house-made miRNA expression library and NFAT luciferase
reporter system. We identified eight miRNAs that modulate
NFAT activity with at least 2-fold change. Among them, miR-
124 robustly suppressed NFAT activity and decreased both the
dephosphorylation and the nuclear translocation of NFAT by
targeting multiple genes. Functionally, miR-124, which is
down-regulated in both hypoxia-treated HPASMC and chronic
hypoxia-induced PAH mouse lungs, had both antiproliferative
and prodifferentiation roles. Our studies suggest that miR-124
might be a potential target in PAH therapy via its inhibition of
NFAT signaling.
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Suppression of NFAT Pathway by miR-124

MATERIALS AND METHODS

Cell Culture—Human 293A, 293T, Jurkat T, and U2-OS cells
were purchased from the American Type Culture Collection
(Manassas, VA) and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum.
HPASMC (Lonza, Walkersville, MD) were cultured in SmGM-2
smooth muscle cell growth medium (Lonza). The medium for
HPASMC was changed every other day. Hypoxia treatment of
HPASMC was done in a special hypoxia incubator (Forma
3130, Thermo Scientific) infused with a gas mixture of 5% CO.,,
balance nitrogen to obtain ~3% oxygen concentration.

PAH Mouse Model—Chronic hypoxia-induced PAH in a
mouse model was developed as described previously (22). The
expression level of miR-124 was analyzed by quantitative PCR
using total RNA extracted from normoxia- and hypoxia-ex-
posed mouse lungs. snoRNA-202 was used as an internal con-
trol for normalization.

miRNA Expression Library and Plasmids—Approximately
300 primary miRNAs (~0.5 kb long) were PCR-amplified from
human genomic DNA and cloned after the EGFP stop codon in
the pENTR/CMV-EGFP and/or pFIV/CMV-EGFP vector
named pENTR/CMV-EGFP-miRNA or pFIV/CMV-EGEFP-
miRNA. Human Ubc (ubiquitin C) promoter-driven miR-124a-2
overexpression vector (pUbc/miR124a-2) was generated by
replacing the CMV-EGFP fragment in pENTR/CMV-EGFP-
miR124a-2 vector with the Ubc promoter, which was amplified
from pL-UGIP vector (Sigma). The pUbc/Control without
miRNA insert was also constructed and used as a negative control
vector.

To construct GFP-tagged NFATcl expression vector,
NFATcl cDNA with the complete coding region and its
3'-UTR was PCR-amplified from a mouse NFATcl cDNA
clone (IMAGE: 5354603) using the forward primer 5'-CAC-
CTCGAGCAATGCCAAGTACCAGCTT-3" and reverse
primer 5'-GAGAATTCACTGCTTTATTGGATTCATC-3’
and cloned into pAcGFP-C1 vector (Clontech) through Xhol/
EcoRI sites, resulting in pAcGFP-NFATc1-UTR. pAcGFP-
NFATc1 vector without the NFATc1 3'-UTR was constructed
by inserting the NFATc1 coding region, which was obtained by
PCR amplification with the same forward primer and a new
reverse primer (5'-GAGAATTCAGTTACTGCGGCTGTAG-
CCT-3"). We also constructed lentiviral vectors to express
three different NFATs (NFATc1, -c2, and -c3). NFATcl cDNA
fragment released from pAcGFP-NFATcl vector by Xhol-
EcoRI was subcloned into pLVX-puro vector (Clontech),
resulting in pPLVX-NFATcl. NFATc2 cDNA fragment with an
N-terminal c-Myc tag was PCR-amplified from a mouse NFATc2
plasmid (plasmid 11791, ordered from Addgene) using the
forward primer containing the c-Myc tag 5'-CACCGGTCTCG-
TCGACCACCATGGAGCAAAAGCTCATTTCTGAAGAGG-
ACCTCTCTCGAGCAATGGACGTCCCGGAGCCGCAG-3’
and the reverse primer 5'-CACCGGTCTCGAATTCTAGGT-
CTGATTTCGGGAGGGAGGTCCTGA-3’ (EcoR31I in bold-
face type) and cloned into pLVX-puro vector through Xhol-
EcoRlI sites, resulting in pLVX-cMyc-NFATc2. The NFATc3
c¢DNA fragment was PCR-amplified from human NFATc3
¢DNA clone vector (IMAGE: 100009844, ordered from Open
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Biosystems) using the forward primer 5'-CACCTCGAGCAA-
TGACTACTGCAAACTG-3' and the reverse primer 5'-GAG-
AATTCAGTTAGAGCCCATCAGATC-3' and cloned into
pLVX-puro vector through Xhol-EcoRI sites, generating a new
vector of pLVX-NFATc3.

The human U6 promoter-driven RNAi vector was previously
generated in our laboratory (26). The siRNA sequences against
their targets are listed in Table 1. Most of them were selected
from published reports with validated silencing efficiency.
Short hairpin shRNA inserts from two annealed oligonucleo-
tides were cloned into pENTR/U6 vector through BamHI-Xhol
restriction sites. All of the constructs were confirmed by DNA
sequencing.

Lentivirus Package and Infection—High titer lentivirus was
packaged in 293T cells by co-transfecting a lentiviral vector and
Lenti-X HT packaging plasmids (Clontech) with jetPEI® DNA
transfection reagent (Polyplus Transfection, New York, NY).
The same amounts of lentivirus were used to infect HPASMC
cultured in 60-mm dishes in the presence of Polybrene (4
pg/ml).

NFAT-responsive Luciferase Reporter Assay—To screen the
miRNAs that regulate NFAT activity, an NFAT reporter assay
was carried out in 293A cells using NFAT reporter vector
(pGL4.30[luc2P/NFAT-RE/Hygro]) and normalization control
vector (phRL-TK) (Promega, Madison, WI). Briefly, 293A cells
(1 X 10% were added into each well and cultured overnight.
The cells were transfected with a DNA mixture containing 25
ng of pGL4.30, 2.5 ng of phRL-TK, and 75 ng of miRNA expres-
sion vector using Lipofectamine 2000 (Invitrogen). After a 32-h
transfection, cells were stimulated with PMA (10 ng/ml) and
ionomycin (1 um) for 18 h and then harvested for the luciferase
assay using the Dual-Luciferase® reporter assay system (Pro-
mega). Cells without stimulation were also included. For each
assay, the initial screen was run in duplicate. Compared with
the EGFP control vector, miRNAs that changed the NFAT
reporter activity greater than or less than 2-fold were selected
and subsequently reassayed on 24-well plates. To further
exclude the possibility that the miRNAs could be a global acti-
vator/inactivator of transcription, the Dual-Luciferase assay
was also performed with the backbone reporter plasmid,
pGL4.27, which does not contain the NFAT response element
in pGL4.3 vector.

Target Prediction and Verification—We applied the Target-
Scan algorithm to predict targets of miRNAs and then verified
them by a 3’-UTR reporter assay. The 3'-UTRs of predicted
target genes were PCR-amplified and inserted into a modified
pGL3 control vector through EcoRI-Xbal restriction sites,
resulting in pFLuc-3"UTR. NFATc1 3'-UTR was amplified with
the primer pairs 5'-GAGAATTCATACGTAACGACCTC-3'
and 5'-GGATCTAGAACTGCTTTATTGGATTCATCTC-3’
using mouse NFATc1 plasmid (Open Biosystems) as the PCR
template. PTBP1 3’-UTR was amplified from human genomic
DNA with the primer pairs 5'-GAGAATTCCCTGGCGACA-
ACTTCCATCATTC-3" and 5'-GGTCTAGACACAATACT-
GAGCCTGGAATTGCTG-3'. The primer set for human
CAMTAL1 3'-UTR was 5'-GAGAATTCTGCGAGGGTAGT-
AATCATC-3" and 5'-GGTCTAGACGAGGTTGGCAGTG-
AAAG-3'. To construct a mutated 3'-UTR reporter vector,
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four residues in the region that base-pairs with miRNA seeding
sequences were mutated by using the QuikChange site-di-
rected mutagenesis kit (Stratagene, La Jolla, CA). 293A was
seeded onto 24-well plates and used for the 3’-UTR reporter
assay. After the cells reached 80 —90% confluence, the cells were
transfected with 100 ng of 3'-UTR reporter vector, 700 ng of
miR-124-expressing plasmid or mutated miR-124 plasmid, and
10 ng of phRL-TK using Lipofectamine 2000. The pENTR/C-
MV-EGFP without miRNA sequences was used as a control.
Two days after transfection, the cells were harvested for the
Dual-Luciferase activity assay.

Quantitative RT-PCR—To measure mRNA expression lev-
els, total RNA was extracted with the miRNeasy minikit
(Qiagen, Valencia, CA) and treated with an RNase-free DNase
set (Qiagen). 1 ug of total RNA was reverse-transcribed using
Moloney murine leukemia virus reverse transcriptase (Invitro-
gen) with oligo(dT),; plus random hexamer primers (Pro-
mega). qRT-PCR was performed with gene-specific primers
and SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA) on an ABI 7300 real-time PCR system (Applied Bio-
systems). The expression level of each gene was normalized to
the internal control, B-actin gene, and the expression level of
each mRNA was calculated using the 27 **C. method.

The mature miR-124 expression level was determined using
our recently developed S-Poly(T) miRNA assay (27). The miR-
124 expression level was normalized to the expression level of
U6 (in human samples) or snoRNA-202 (in mouse samples) and
calculated using the 2~ **C. method.

NFAT Dephosphorylation—Cells cultured on 6-well plates
were co-transfected with 300 ng of pLVX/CMV-cMyc-
NFATc2 and 1500 ng of plasmid encoding mature miR-124
(PENTR/CMV-EGFP-miR124a-2), miR-375 (pENTR/CMV-
EGFP-miR-375), or EGFP without miRNA sequences (pENTR/
CMV-EGFP). After a 2-day transfection period, cells were
treated with 1 um ionomycin for different times, and then the
total proteins were extracted for Western blotting with c-Myc
antibody to determine phosphorylated and dephosphorylated
NFAT based on the change in their mobility. Using miR-375 as
an unrelated control miRNA, the effect of miR-124 overexpres-
sion on the dephosphorylation of endogenous NFATc3 in 293T
and HPASMC was determined by Western blotting with
NFATc3 antibody.

NFAT Nuclear Translocation—First, we determined the
effect of miR-124 on AcGFP-tagged NFATc1 nuclear translo-
cation. U2-OS cells cultured on 24-well plates were co-trans-
fected with 100 ng of pAcGFP-NFATc1 and 600 ng of plasmid
encoding miR-124 (pUbc/miR-124a-2) or miR-375 (pUbc/
miR-375) using Lipofectamine 2000. Another control group of
pUbc/Control without miRNA sequence was also included.
After 2 days of transfection, cells were treated with ionomycin
(1 um) and PMA (10 ng/ml) for 1 h and then fixed and stained
with 4/,6'-diamidino-2-phenylindole dihydrochloride (DAPI;
300 nm; Molecular Probes, Inc. (Eugene, OR)). The AcGFP and
DAPI images were taken from at least five different fields in
each well and overlapped to determine whether AcGEFP-
NFATc]1 localization was predominantly nuclear or cytoplas-
mic. Similar experiments were carried out on the same cell line
by co-transfecting c-Myc-tagged NFATc2 plasmid (pLVX-
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cMyc-NFATc2) and the plasmid expressing EGFP-tracked
miR-124 (pENTR/CMV-EGFP-miR-124a-2), miR-375 (pENTR/
CMV-EGFP-miR-375), or EGFP alone (pENTR/CMV-EGFP).
After a 1-h stimulation with ionomycin/PMA, cellular localiza-
tion of cMyc-NFATc2 was detected by immunostaining with
an anti-tag primary antibody (c-Myc) followed by a Cy5-conju-
gated antibody.

Overexpression of miR-124 and IL-2 mRNA Expression Assay—
One ml of lentivirus expressing primary human miR-124a-2 or its
mutant miR-124a2m was used to transduct Jurkat T cells cultured
in 100-mm dishes containing 8 ul/ml Polybrene. The infected Jur-
kat T cells were selected with puromycin (0.5 pg/ml) in the
medium 2 days after infection. The same amount of selected
Jurkat T cells were seeded onto 35-mm dishes and treated with
ionomycin (0.5 um) and PMA (10 ng/ml) for 6 h, and then the
total RNAs were extracted, and the mRNA expression of IL-2
mRNA was detected by a qRT-PCR assay. The forward primer
sequence is 5'-CCCAAGAAGGCCACAGAACT-3'. The re-
verse primer sequence is 5'-TGCTGATTAAGTCCCTGGGT-
CTTA-3'. For transient transfection, Jurkat T cells were trans-
fected with 50 nM miR-124 mimic or mimic control (Ruibo
Biotechnology, Guangzhou, China) by using Lipofectamine
2000. 6 h after transfection, cells were transferred into fresh
medium and cultured for an additional 42 h. Then cells were
either left untreated or treated with ionomycin/PMA for 6 h
before total RNA extraction.

Western Blot—Cells were collected and dissolved in mRIPA
mammalian protein extraction lysis buffer (50 mm Tris-HCl,
pH 7.5, 150 mm NaCl, 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, and 1 mm EDTA) supplemented with protease inhibi-
tor mixture (Roche Applied Science). The same amount of
protein samples were fractionated by electrophoresis on SDS-
PAGE and electroblotted to nitrocellulose membrane. After
blocking with 5% fat-free milk in TTBS (20 mm Tris-HCI, pH
7.6, 150 mm NaCl, and 0.1% Tween 20), the blot was incubated
with the corresponding primary antibodies followed by horse-
radish peroxidase-conjugated secondary antibodies (1:10,000
dilution). Then the membrane was developed with SuperSignal
West Pico Chemi-luminescent Substrate (Thermo Scientific,
Waltham, MA) and exposed to x-ray film. The primary anti-
bodies used are as follows: mouse monoclonal anti-NFATcl
(1:1000 dilutions; Santa Cruz Biotechnology); rabbit anti-
NFATc3 (1:500 dilutions; Santa Cruz Biotechnology); goat poly-
clonal anti-PTBP1 (1:1000; Abcam), mouse monoclonal anti-
DsRed (1:3000; Clontech); rabbit polyclonal anti-CAMTA1
(1:500; Sigma); mouse monoclonal anti-c-Myc (1:3000; Sigma);
mouse monoclonal anti-B-tubulin (1:5000; Sigma); rabbit poly-
clonal anti-PCNA (1:1000; Proteintech Group); mouse monoclo-
nal anti-a-smooth muscle actin (e«-SMA; 1:1000; Sigma).

Statistical Analyses—Each experiment was repeated at least
three times. Data are presented as means * S.D. Statistical anal-
ysis of the data was performed using a standard two-sample
Student’s ¢ test. Statistical significance was determined using a
two-tailed distribution assumption. Asterisks and double aster-
isks represent a significant difference between values of exper-
imental pairs with p < 0.05 and p < 0.01, respectively.
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RESULTS

High Throughput Screening of miRNAs in Regulating NFAT
Signaling Pathway—W e constructed an miRNA library overex-
pressing ~300 human primary miRNAs and performed the
first round of screening in 96-well plates in duplicate using
293A cells and pGL4.30 NFAT luciferase reporter. The screen-
ing was done under unstimulated and PMA/ionomycin-stimu-
lated conditions. Compared with the miRNA control vector,
any miRNAs that changed the NFAT reporter activity with a
>2-fold cut-off were considered as a hit. miRNAs that had
error bars inside the cut-off were excluded. Using these criteria,
20 miRNAs were identified in an initial screening (Fig. 14),
which can be divided into six groups based on their effects on
NFAT activity under unstimulated and/or stimulated condi-
tions: 1) miR-124a-1, miR-124a-2, miR-124a-3, and miR-15b
down-regulated NFAT signaling under both conditions; 2) miR-
424 down-regulated under the unstimulated condition; 3) miR-
367 down-regulated under the stimulated condition; 4) miR-524
up-regulated under the unstimulated condition; 5) miR-9 -1, miR-
29b-1, miR-339, miR-328, let-7f-2, miR-134, miR-150, miR-23b,
let-7c, miR-330, miR-23a, and miR-125a up-regulated under the
stimulated condition; and 6) miR-375 down-regulated under the
unstimulated condition and up-regulated under the stimulated
condition.

To confirm the results above, we performed a second round
of screening in triplicate in 24-well plates. With the same crite-
rion of a >2-fold cut-off value, 11 miRNAs (miR-424, miR-367,
miR-29b-1, miR-339, miR-328, let-7f-2, miR-134, miR-150,
miR-23b, let-7¢, and miR-330) did not pass the second round of
the screening (Fig. 1B). To further eliminate false positive hits,
we used a backbone luciferase reporter plasmid containing a
minimal promoter and luciferase gene but without the NFAT
response element (pGL4.27) as an additional control. When
each of the nine miRNAs that passed the second round of the
screening was co-transfected with the pGL4.27 vector, only
miR-375 significantly increased the luciferase activity under the
stimulated condition (Fig. 1C). Therefore, miR-375 was
excluded from the miRNA list linking to NFAT pathway and
used as an unrelated control miRNA in this study. In summary,
we identified eight miRNAs that regulate the NFAT pathway
among ~300 miRNAs.

In silico analysis using miRbase showed that miR-124a-1,
miR-124a-2, and miR-124a-3 are transcribed from different
locations in the human genome but express the same mature
sequence of miR-124. All three isoforms of miR-124 inhibited
NFAT reporter activity (Fig. 1B). Because we were interested in
the miRNAs with inhibitory effects on NFAT activity that
might be developed as possible therapeutic agents in PAH
where NFATs are activated in hypoxia-treated PASMC (13), we
focused on miR-124 in subsequent studies.

miR-124 Represses NFAT Dephosphorylation—To further
confirm the inhibitory effect of miR-124 on NFAT activity, we
determined whether miR-124 could block the calcineurin-de-
pendent dephosphorylation of NFAT in response to stimula-
tion. NFATc2 was selected for the dephosphorylation assay
because it has a very clear band in the Western blot, and also its
molecular weight is relatively smaller than that of other NFAT
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FIGURE 1. Screening for miRNAs involved in the regulation of NFAT reporter activity in 293A cells. A, 293A cells cultured on 96-well plates were
transfected with a mixture of three plasmids: one expressing NFAT pathway firefly luciferase reporter (pGL4.30), another expressing Renilla luciferase (phRL-
TK), and a third plasmid expressing EGFP-tracked pri-miRNA or miRNA control (miR-Con) of EGFP without any miRNA sequences. 32 h after transfection, cells
were stimulated with PMA (10 ng/ml) and ionomycin (1 um) for 12 h or left unstimulated for the same time and then lysed for Dual-Luciferase activity assays.
firefly luciferase activities in lysates were normalized to those of Renilla luciferase for each transfection. The results were expressed as ratios of the relative
luciferase activities over that in the miRNA control vector under unstimulated (dark gray columns) or stimulated (dark gray columns) conditions. B, from the
initial screening, 20 miRNAs that changed the NFAT reporter activities by >2-fold were selected for further verification in 24-well plates under unstimulated
and stimulated conditions. The results shown are means = S.D. (error bars) (n = 4). **, p < 0.01 versus miRNA control. C, a backbone luciferase control vector,
pGL3.27, was co-transfected with phRL-TK and a plasmid expressing miRNA or EGFP control (Con) to determine the background of reporter gene activity under
the stimulated condition. The data are presented as means * S.D. (n = 4). **, p < 0.01 versus control.

members. We co-transfected miR-124a-2, miR-375, or miRNA
backbone EGFP control vectors with the c-Myc-tagged NFATc2
overexpression plasmid (pLVX/CMV-cMyc-NFATc2) into 293T
cells and monitored the electrophoretic mobility of the c-Myc-
NFATc2 after stimulation with ionomycin at different time points
with anti-c-Myc antibody. The phosphorylated and dephos-
phorylated NFAT can be clearly distinguished based on its
change in mobility on SDS-PAGE. NFATc2 proteins were
dephosphorylated upon stimulation. However, overexpression
of miR-124 significantly inhibited NFATc2 dephosphorylation
(Fig. 24). The dephosphorylation rate (defined as a ratio of
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dephosphorylation relative to phosphorylation) is shown in Fig.
2A. After 60 min of stimulation, the dephosphorylation rate of
NFATc2 in the miR-124 overexpression group decreased more
than 6-fold compared with that in the backbone EGFP control
group (Fig. 2A4). For miR-375, the dephosphorylated NFATc2
was higher than that of phosphorylated NFATc2 after 40 min of
stimulation. Next, we measured the effect of miR-124 on the
dephosphorylation of endogenous NFAT. As shown in Fig. 2B,
overexpression of miR-124 inhibited the dephosphorylation of
NFATc3 in ionomycin-stimulated 293T cells when compared
with that in the overexpressed miR-375 control group. These
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FIGURE 2. miR-124 represses NFAT dephosphorylation, nuclear translocation, and its downstream target of IL-2. A, 293T cells cultured on a 6-well plate
were co-transfected with c-Myc-tagged NFATc2 overexpressing plasmid (pLVX/CMV-cMyc-NFATc2) and a plasmid encoding miR-124a-2 (pENTR/CMV-EGFP-
miR-124a-2), miR-375 (pENTR/CMV-EGFP-miR-375), or pENTR/CMV-EGFP control vector (Con). Two days after transfection, cells were treated with 1 um
ionomycin for 0, 20, 40, or 60 min, and the total proteins were then extracted for Western blot with anti-c-Myc antibody. The dephosphorylation rate of NFATc2,
defined as a ratio of the intensity in dephosphorylated NFATc2 (bottom band) over that in the phosphorylated form (top band), was calculated according to the
Western blot data. B, 293T cells were transfected with the plasmid encoding miR-124a-2 (pENTR/CMV-EGFP-miR-124a-2) or miR-375 (pENTR/CMV-EGFP-miR-
375). Two days after transfection, cells were left or treated with 1 um ionomycin (lono) for 60 min, and the total proteins were then extracted for Western blot
with NFATc3 antibody. The phosphorylated and dephosphorylated NFATc3 are indicated. C, U2-OS cells on 6-well plates were co-transfected with pAcGFP-
NFATc1 and plasmid pUbc/miR-124a-2, pUbc/miR-375, or pUbc/Control. Two days after transfection, cells were stimulated with ionomycin (1 um)/PMA (10
ng/ml) for 1 h or left unstimulated for the same time and then fixed and stained with DAPI. The AcGFP and DAPI images were taken from at least five different
fields in each well and overlapped (Merge) to determine AcGFP-NFATc1 nuclear localization. D, U2-OS cells were co-transfected with pLVX-cMyc-NFATc2 and
the plasmid expressing mature miR-124 (pENTR/CMV-EGFP-miR-124a-2), miR-375 (pENTR/CMV-EGFP-miR-375), or EGFP alone vector ()ENTR/CMV-EGFP). Two
days after transfection, cells were stimulated with ionomycin (1 um)/PMA (10 ng/ml) for 1 h and then fixed and stained with anti-c-Myc primary antibody
followed by a Cy5-conjugated secondary antibody. The localization of cMyc-NFATc2 (red color) and co-transfected miRNA with EGFP maker were determined
under an inverted fluorescence microscope. DAPI nuclear staining was merged with the red color to determine the cMyc-NFATc2 cellular localization. E, Jurkat
T cells were infected with lentivirus encoding wild-type miR-124a-2 or its mutant (miR-124a2m) and selected with puromycin for a week. The expression level
of miR-124 was detected by qRT-PCR. The values are shown relative to the value obtained from blank control without viral infection. F, the mRNA expression
level of IL-2 was measured by gqRT-PCR in the stable selected Jurkat T cells overexpressing miR-124 or its mutant before and after 6-h stimulation with
ionomycin (0.5 um) and PMA (10 ng/ml). B-Actin was used as a reference. Data shown are relative to miR-124a2m before stimulation.n = 3; ¥, p < 0.05; **,p <
0.01. G, using Lipofectamine 2000 transfection reagent, 50 nM miR-124 mimic or mimic control was transfected into Jurkat T cells. Two days after transfection,
cells were stimulated with ionomycin/PMA for 6 h or left unstimulated for the same time. Using -actin as reference, the expression level of IL-2 were quantified
by qRT-PCR. The value was shown as -fold change relative to mimic control before stimulation (n = 3; *, p < 0.05). Error bars, S.D.
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results further support our contention that miR-124 has a role
in negative regulation of NFAT activity.

miR-124 Represses Nuclear Translocation of NFAT—Because
the translocation of dephosphorylated NFAT from the cyto-
plasm to the nucleus is essential for the subsequent activation of
its target genes, we examined the effect of miR-124 overexpres-
sion on NFAT nuclear translocation. U2-OS cells were chosen
for this experiment because of their good morphology and
adherence after fixation (28). We co-transfected U2-OS cells
with CMV promoter-driven pAcGFP-NFATc1 vector and Ubc
promoter-driven plasmid encoding mature miR-124 (pUbc/
miR-124a-2), miR-375 (pUbc/miR-375), or pUbc/Control vec-
tor, and the distribution of AcGFP-NFATc1 fusion protein was
monitored directly using an inverted fluorescent microscope.
The reason we used the Ubc promoter to drive miRNA expres-
sion was to avoid promoter competition and thus significantly
increase the fluorescent signal of AcGFP-NFATc1 (data not
shown). In the resting cells, almost all AcGFP-NFATc1 fusion
protein remained in the cytoplasm. Stimulation with ionomy-
cin/PMA for 1 h led to a dramatic nuclear translocation of
AcGFP-NFATc1 (Fig. 2C). However, miR-124 overexpression
caused nearly complete retention of AcGFP-NFATc] in the
cytoplasm despite stimulation with ionomycin/PMA when
compared with that in the miR-375 overexpression group or
the backbone control (Fig. 2C). To further investigate if miR-
124 affects the translocation of other NFATSs, U2-OS cells were
co-transfected with c-Myc-tagged NFATc2 vector and EGFP-
tracked miR-124a-2, miR-375, or EGFP only vectors. Similar
results were observed, and miR-124 retained most of the cMyc-
NFATc2 in the cytoplasm despite stimulation with ionomycin/
PMA (Fig. 2D). Therefore, in addition to repression of NFAT
dephosphorylation, miR-124 also prevents NFAT nuclear
translocation and thus eventually inhibits NFAT activity.

miR-124 Inhibits IL-2 Transcription—To examine the effect
of miR-124 on the downstream target of NFAT transcription
factor, we stimulated cells overexpressing miR-124 or its
mutant with ionomycin/PMA for 6 h and then analyzed the
expression of endogenous IL-2 by qRT-PCR. As shown in Fig.
2E, the mature wild-type miR-124 was increased nearly 10-fold
compared with the blank control or mutated miR-124. The
expression of IL-2 mRNA before and after stimulation was sig-
nificantly lower in miR-124-overexpressing Jurkat T cells when
compared with its mutation control (Fig. 2F). In addition, we
evaluated the effect of chemically synthesized miR-124 mimics
or mimic controls on IL-2 expression in Jurkat T cells under
both unstimulated and stimulated conditions. Similar to what
we observed in stable expression cells, the IL-2 mRNA expres-
sion level was significantly decreased in the miR-124 mimic-
treated group compared with the mimic control under the
stimulated condition (Fig. 2G). These results are consistent
with the previous NFAT-Luc reporter assay as well as the
NFAT dephosphorylation and translocation assays, further
demonstrating the inhibitory effect of miR-124 on NFAT
transactivation.

Validation of NFATcl as a Direct Target of miR-124—The
data above suggest that miR-124 could be suppressing the sig-
naling molecules involved in NFAT activation. To understand
the mechanism by which miR-124 inhibits the NFAT pathway,
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TABLE 1

The siRNA sequences against the predicted targets of miR-124
miR-124 target siRNA sequence (5'-3") Reference/Source
Ctdspl GCTCATCCTGGACAATTCA Ref. 54
Ctdsp2 GCTGAACCTGATCCCAATC Ref. 54
PTBP1 CAATGACAAGAGCCGTGACT Ref. 55
Lamcl CCTTACCATCTGGCTGCTTC Ref. 56
CEBPA CGACGAGTTCCTGGCCGAC Ref. 57
ITGB1 GGATATTACTCAGATCCAA Ref. 58
Stx2 GCTATTGAACAAAGTTTC Our design
TOMILI1 AATGCTATCCTTGGATATGA  Ref. 59
Sypl GCCTACACAGTCCATCAAAT Our design
Arfipl CGCAATGATGTTTCTGTCAA Our design
MAPK14 CTCTCCAAATATTATTCAA Ref. 58
CHP AGAGCAAAGATGTGAATGGA Ref. 60
LIFAT GACAGTGGCTGTTAACAGTT Our design
CAMTA1 GCCATCCTTATCCAGAGCAA  Our design
NFATcl GGTCATTTTCGTGGAGAAAG Our design

we applied the TargetScan program to predict potential target
genes of miR-124. We only chose those molecules relevant to
NFAT activation. We also selected several known genes tar-
geted by miR-124. The combination of these analyses resulted
in 14 potential targets of miR-124 that may be involved in the
NFAT pathway (Table 1). Among them, one of the NFAT
members, NFATc1 is the predicted target of miR-124. There
are two putative binding sites (BS1 and BS2) downstream of the
stop codon at 369 —-376 and 1357-1363 in the mouse NFATcl
3'-UTR, which are well conserved among human, mouse, rat,
and other species (TargetScan version 4.2). The two binding
sites have perfect complementarity to the seed region (posi-
tions 2— 8) (Fig. 3A). The 3’-UTR luciferase assays revealed that
all of the miR-124 isoforms (pENTR/CMV-EGFP-miR-124a-1,
pENTR/CMV-EGFP-miR-124a-2, and pENTR/CMV-EGFP-
miR-124a-3) significantly suppressed NFATc1 3'-UTR reporter
luciferase activity compared with EGFP control vector (Con) (Fig.
3B). Although miR-15b down-regulates NFAT pathway lucifer-
ase reporter activity, it did not affect NFATc1 3'-UTR reporter
luciferase activity at all. The seeding region is believed to be
essential in target recognition. We therefore constructed a
mutant of miR-124 expression vector (pENTR/CMV-EGFP-
miR-124a2m) by introducing a 5-nucleotide substitution muta-
tion in the seeding sequence of miR-124a-2. Although wild-
type miR-124a-2 suppressed ~67% of luciferase activity, the
mutated miR-124 (miR-124a2m) had no effect on the reporter
activity (Fig. 3B).

Next, we sought to identify which site is necessary for the
binding of miR-124 to the 3'-UTR of NFATc1 by introducing a
4-nucleotide substitution mutation at each binding site (BS1-
mut and BS2-mut). Compared with the wild type 3'-UTR, the
mutations at the BS1 or BS2 binding site caused a decrease in
inhibition from an average of 60% to 34 or 16%, respectively
(Fig. 3C), indicating that both sites may be involved in binding,
although the second site appears to be more important.

To further confirm the binding of miR-124 to NFATcl
3'-UTR, we co-transfected miR-124a-2 overexpression vector
and AcGFP-NFATcl expression vector with or without
NFATc1 3'-UTR (Fig. 3D) into 293A cells. For the normaliza-
tion of transfection efficiency, the same amount of pDsRed2-C1
vector was included in each transfection. As shown in Fig. 3E,
overexpression of miR-124 significantly reduced the AcGFP-
NFATCcl fusion protein level with 3'-UTR but not that without
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FIGURE 3. Verification of NFATc1 as a direct target of miR-124. A, a diagram of mouse NFATc1 3'-UTR luciferase reporter construct (pFLuc-3"UTRNFATE!) with
predicted miR-124 binding sites (BS1 and BS2). The mutated binding sites in pFLuc-3UTRNFAT<! vector are indicated in boldface type. B, 293A cells were
co-transfected with pFLuc-3'UTRY*AT", phRL-TK, and the plasmid encoding mature miR-124 (pENTR/CMV-EGFP-124a-1, pENTR/CMV-EGFP-124a-2, pENTR/
CMV-EGFP-124a-3), mutated miR-124a2m (pENTR/CMV-EGFP-124a-2m), miR-15b, or control EGFP vector (Con). After a 2-day transfection, cells were lysed for
the Dual-Luciferase assay. Firefly luciferase activities were normalized with Renilla luciferase activities. The results were expressed as a ratio of the relative
luciferase activities over that in the control vector. The graph shows the means = S.D. (error bars) (n = 3;*, p < 0.05; **, p < 0.01 versus control). C, 293A cells
were co-transfected with pFLuc-3UTRNAT! vector mutated at each predicted binding site (NFATc1-UTR BST-mut or NFATc1-UTR BS2-mut), phRL-TK, and the
plasmid encoding miR-124a-1,-2,-3, miR-15b, or EGFP control vector. Relative luciferase activities were measured after 2 days transfection. The binding site was
determined according to normalized luciferase activities relative to that of control. D, schematic diagrams of the constructs of pAcGFP-NFATc1 without NFATc1
3’-UTR and pAcGFP-NFATc1-3'UTR with NFATc1 3'-UTR. E, pAcGFP-NFATc1 or pAcGFP-NFATc1-3'UTR were transfected into 293A cells together with either
PENTR-EGFP-miR-124a-2 vector or pENTR-EGFP control vector. The pDsRed2-c1 vector was also included in each transfection for the normalization of trans-
fection efficiency. Two days after transfection, the expression levels of AcGFP-NFATc1 fusion proteins and DsRed2 were measured by Western blots. DsRed2
was used to normalize the transfection efficiency. F and G, 293A cells were infected with lentivirus encoding miR-124a-2, miR-15b, or EGFP control. The
expression levels of endogenous NFATc1 protein and mRNA were determined by Western blot and qRT-PCR, respectively, using B-actin as a reference. The
values shown in G are relative to those obtained with EGFP control (n = 3;*, p < 0.05 versus control).

3'-UTR, further demonstrating an essential role of the NFATc1
3'-UTR in the suppressive effect of miR-124 on NFATcl
expression.

To examine whether miR-124 negatively regulates endoge-
nous NFATc1 protein level, we performed Western blot analy-
sis on 293A cells transfected with a lentivirus overexpressing
miR-124, miR-15b, or control EGFP. We observed a significant
decrease of NFATc] protein in the miR-124-overexpressing
cells compared with the cells transfected with miR-15b or
EGEFP control lentivirus (Fig. 3F). Regulation of gene expression
by miRNA can occur through inhibition of protein translation
and/or by decreasing mRNA amounts. As revealed by qRT-
PCR (Fig. 3G), the mRNA level of NFATc1 in miR-124-overex-
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pressing cells was only decreased by about 15% compared with
control cells, indicating that miR-124 regulates NFATcl
mRNA stability to a limited extent.

Elucidation of Multiple Targets of miR-124; CAMTAI and
PTBPI and Their Roles in NFAT Pathway—Although our data
have verified NFATc1 as a direct target of miR-124, the sup-
pressive effect of miR-124 on the upstream events, NFAT
dephosphorylation and translocation, suggests that miR-124
may target other genes that are critical to NFAT dephosphory-
lation or translocation.

To identify other potential targets that may positively regu-
late the NFAT pathway, we constructed a series of shRNA vec-
tors, namely pENTR/shRNA, against the putative target genes
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FIGURE 4. Identification of miR-124 targets associated with NFAT activation. A, the effect of silencing predicted miR-124 targets on NFAT reporter activity
under the stimulated condition. 293A cells were co-transfected with pGL4.30, phRL-TK, and each predicted targeting gene silencing vector. Two days after
transfection, cells were stimulated with PMA (10 ng/ml) and ionomycin (1 um) for 12 h and then lysed for the Dual-Luciferase activity assay. The relative
luciferase activity (firefly luciferase/Renilla luciferase) was normalized to that of the shCon group. Three independent experiments were repeated and con-
ducted in triplicates. Data are expressed as mean = S.D. **, p < 0.01 versus shCon. B, 293T cells were co-transfected with pLVX/CMV-cMyc-NFATc2 and the
plasmid expressing shPTBP1,shCAMTA1, or shCon. Two days after transfection, cells were stimulated with ionomycin for different times (0, 30, 60, and 120 min),
and the dephosphorylation rates of NFATc2 in the cell lysates were examined and calculated by Western blots using anti-c-Myc antibody. C, schematic
diagrams of mature miR-124 sequence and its potential binding site in the 3’-UTR of human CAMTA1 and BTBP1. D, firefly luciferase reporter vector containing
the CAMTA1 or BTBP1 3’-UTR (pFLuc-3'UTR“*M™1 pFLuc-3'UTR®™"") was co-transfected into 293A cells with phRL-TK and the plasmid expressing miR-124a-2,
mutated miR-124a2m, miR-15b, or EGFP control (Con). Two days after transfection, the cells were collected for the Dual-Luciferase assay. The values shown are
normalized luciferase activities relative to those in EGFP control (n = 3; **, p < 0.01). E, using 3-actin as an internal reference, the expression levels of CAMTA1
and PTBP1 in 293A cells overexpressing miR-124a-2, miR-15b, or EGFP control were determined by gRT-PCR. The values shown are relative to those obtained
with the EGFP control group (n = 3; *, p < 0.05 versus control). F, Western blot analysis showed that overexpression of miR-124 resulted in the reduction of
endogenous CAMTAT and PTBP1 proteins in 293A cells compared with the EGFP control group. B-Actin was used as a loading control. Western blot data were
quantified to better view the difference between different treatment groups.

(as listed in Table 1) and performed an NFAT reporter assay
under the stimulated condition. As shown in Fig. 44, silencing
of CAMTAL and PTBP1 caused the largest inhibition of the
NFAT reporter activity (~51 and 42%, p < 0.01) compared with
the control shRNA group. Knockdown of CAMTA1 or PTBP1
also decreased the dephosphorylation rate of c-Myc-tagged
NFATc2 compared with shCon (Fig. 4B). These results suggest
that CAMTA1 and PTBP1 may be involved in the positive reg-
ulation of the NFAT pathway.

TargetScan analysis showed that there was one putative
binding site of miR-124 in the 3'-UTR of CAMTA1 and PTBP1
(809815 and 329 —335, respectively) (Fig. 4C). To experimen-
tally verify this prediction, we cloned 3'-UTR regions of human
CAMTA1l and PTBP1 into the pGL3-control luciferase
reporter vector. When the miR-124a-2 expression plasmid was
co-transfected into the cells with the CAMTA1 or PTBP1
3’-UTR luciferase reporter construct, the reporter luciferase
activities were repressed by about 36 and 44%, respectively (Fig.
4D). However, the inhibition was almost abolished when cells
were transfected with the mutated miR-124 (miR-124a2m) or
miR-15b overexpression vectors.

We next determined the endogenous mRNA levels of
CAMTAL and PTBP1 in the miR-124-overexpressing 293A
cells. Compared with the EGFP control vector (Con) or miR-
15b, miR-124 decreased the CAMTA1 mRNA level by 32% but
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had no effects on PTBP1 mRNA expression (Fig. 4E). However,
the protein levels of both BTBP1 and CAMTAL in the miR-124-
overexpressing 293A cells were significantly lower than those in
control cells (Fig. 4F). These data demonstrate that CAMTA1
and PTBP1 are direct targets of miR-124.

miR-124 Was Down-regulated in both Hypoxia-treated
HPASMC and Chronic Hypoxia-induced PAH Mouse Lungs—
NFATSs are essential for the development of PAH in both
human patients and chronic hypoxia-induced PAH animal
models (11, 12). It has been reported that NFATSs are activated
by hypoxia treatment in PASMC (10, 13). In these studies, we
also observed that NFATc3, one of the major isoforms of
NFATs in HPASMC, was activated by hypoxia treatment
according to an NFAT dephosphorylation assay (Fig. 54). To
determine if miR-124-mediated NFAT suppression occurs in
pulmonary artery smooth muscle cells, several key experi-
ments were performed in HPASMC. First, we examined the
effect of miR-124 on NFAT reporter activity. As shown in Fig.
5B, overexpression of miR-124a-2 significantly inhibited NFAT
reporter activity in stimulated HPASMC when compared with
EGFP control or miR-375. Then we examined the effect of
hypoxia treatment on endogenous NFATc3 in HPASMC stably
expressing miR-124 or miR-375. Similar to the observation in
293A cells (Fig. 2B), overexpression of miR-124 but not miR-
375 inhibited the dephosphorylation of endogenous NFATc3 in
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or B-tubulin (as a loading control). H, effect of NFATc1, -c2, or -c3 overexpression on HPASMC differentiated phenotype. HPASMC transduced with lentiviral
vectors overexpressing NFATc1, -c2, or -c3 or EGFP control were lysed, and a-SMA was determined by Western blot analysis. The amount of B-tubulin was

selected as a loading control. Error bars, S.D.

hypoxia-treated HPASMC. Furthermore, we found that all
three targeting proteins (NFATcl, PTBP1, and CAMTA1)
were decreased in miR-124-overexpressing HPASMC com-
pared with EGFP control or the miR-375 group (Fig. 5D). Taken
together, these results suggest that miR-124 plays similar roles
in HPASMC as observed in 293A cells.

To determine if miR-124 expression correlates with
hypoxia-induced NFAT activation, we examined the expres-
sion level of endogenous miR-124 by qRT-PCR in hypoxia-
treated HPASMC and chronic hypoxia-exposed mouse lungs.
As shown in Fig. 5E, the expression levels of miR-124 in 24- and
48-h hypoxia-treated HPASMC decreased by 67 and 72%,
respectively. Similar results were obtained in the rat A7r5
smooth muscle cell line (data not shown). Because chronic
hypoxia is a well established stimulus for induction of PAH in
experimental rodent models, we measured the expression level
of miR-124 in chronic hypoxia-exposed mouse lungs as
described in our previous study (22). As shown in Fig. 5F, the
expression level of miR-124 was decreased ~35% in mouse
lungs after 3 weeks of hypoxia treatment compared with that in
normoxia control. These data demonstrate for the first time
that miR-124 is down-regulated by hypoxia not only in cells but
also in vivo in remodeled lung tissues, further implying that
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down-regulation of miR-124 by hypoxia may contribute to
NFAT activation during PAH development.

Forced Expression of miR-124 Induces Potent Antiprolifera-
tive and Prodifferentiation Effects in HPASMC—To evaluate
the biological functions of miR-124 in HPASMC, we infected
HPASMC with lentivirus overexpressing miR-124, miR-375, or
EGEFP control and assessed the changes in the cell proliferation
marker (PCNA) by Western blotting. Compared with EGFP
control or miR-375, overexpression of miR-124a-2 significantly
reduced the expression of the proliferative marker PCNA (Fig.
5G), demonstrating that miR-124 may play a role in modulating
HPASMC proliferation. We further analyzed the effects of
miR-124a-2 overexpression on cell differentiation by mea-
suring the smooth muscle cell-specific marker, a-SMA. We
found that a-SMA was dramatically up-regulated in the miR-
124a-2-overexpressing cells (Fig. 5G). To determine whether
miR-124-induced up-regulation of a-SMA is mediated through
its inhibitory effects on the NFAT pathway, we overexpressed
NFATcl1, NFATc2, and NFATc3, respectively, and examined
their effects on smooth muscle cell-specific marker by Western
blot analysis. Our results showed that overexpression of each
NFAT member led to a significant decrease of a-SMA (Fig. 5H),
indicating that miR-124-induced prodifferentiation effects on
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HPASMC might be mediated through its inhibition of the
NFAT pathway.

DISCUSSION

In this study, we screened potential miRNAs involved in
NFAT regulation and found that miR-124 had the highest
inhibitory effect on NFAT transactivation via targeting multi-
ple genes, NFATcl, CAMTAI, and PTBP1. The inhibitory
effect of miR-124 on the NFAT pathway was further confirmed
by its roles in NFAT dephosphorylation, nuclear translocation,
and the expression of NFAT downstream target (IL-2). This is
the first report of decreased expression of miR-124 induced by
hypoxia in both HPASMC and chronic hypoxia-induced PAH
mouse lungs, which is consistent with the finding that hypoxia
induces NFAT activation. Functionally, we found that miR-124
has potent antiproliferative and prodifferentiation effects in
human pulmonary artery smooth muscle cells, probably
through its inhibition of the NFAT pathway.

We utilized a simple cell-based model in which we com-
bined an miRNA expression library with the NFAT-respon-
sive luciferase reporter for high throughput screening of
potential miRNAs involved in the regulation of NFAT signal-
ing pathway. This strategy is a robust one for quick screening of
mRNA/miRNAs involved in different signaling pathways. Pre-
viously, Willingham et al. (28) developed this strategy with
NFAT luciferase reporter vector and an arrayed shRNA library
against 512 conserved non-coding RNAs for a functional
screening of non-coding RNAs involved in NFAT regulation
and identified an important non-coding RNA repressor of
NFAT. miRNAs are now known to play a variety of important
regulatory roles in both plants and animals. To date, 1872
human precursor miRNAs have been deposited in the Sanger
miRNA database (29). Bioinformatic prediction suggests that
they regulate up to ~60% of human genes (30). However, the
functions of only a small fraction of miRNAs have been deter-
mined (31). A few miRNAs linked to NFAT regulation have
been identified: miR-184 targets NFATc2 (32); miR-133a tar-
gets NFATc4 (23); miR-199b targets the nuclear kinase Dyrkla
(33), which limits calcineurin/NFAT signal transduction by
phosphorylating NFAT; and miR-1 negatively regulates the
NFAT signal pathway by targeting calmodulin, which is a cru-
cial mediator of calcium signaling (34). In addition, it has been
reported that miR-23a is controlled by NFAT at the transcrip-
tional level (24). In this study, of 300 miRNAs, we identified
miR-124 and miR-15b as suppressors of the NFAT signal path-
way and miR-125a, miR-23a, and miR-9-1 as stimulators under
a stimulated condition. Another interesting miRNA that we
identified is miR-524, which regulates NFAT positively under
an unstimulated condition but negatively under a stimulated
condition. Among these identified miRNAs, it has been
reported that miR-23a is up-regulated by the NAFTc3 pathway
(24). We focused on miR-124 and elucidated how miR-124 sup-
presses NFAT activation in response to stimuli because we wish
to develop an miRNA-based NFAT suppressor.

Although miR-124 has been shown to be involved in regula-
tion of multiple target genes (35-38), it is notable that our data
provide the first evidence for a regulatory role of miR-124 in the
NFAT pathway. In silico analyses using miRbase show that
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miR-124 has three precursor hairpin sequences in the human
genome: miR-124a-1, miR-124a-2, and miR-124a-3, located on
chromosome 20, 20, and 8, respectively. During the initial
screening with the miRNA library, we observed that all three
primary miR-124 expression vectors could reduce NFAT-re-
sponsive luciferase activities to a similar extent. The inhibitory
effect of miR-124 on the NFAT pathway was further confirmed
during the second round of verification. The inhibition of
NFAT signaling could be by inhibiting calcium mobilization,
preventing calmodulin activation, inhibiting calcineurin, pre-
venting calcineurin from docking onto NFAT, activating NFAT
kinases, interfering with the NFAT nuclear import process, or
even direct targeting to the NFAT gene itself (39). We have
identified that miR-124 suppresses NFAT activity by regulating
its NFAT phosphorylation and subsequent nuclear transloca-
tion, two major steps involved during calcium-induced NFAT
signaling. Furthermore, we have shown that overexpression of
miR-124 can significantly inhibit the activation of the NFAT
pathway, opening the door for the development of a new
miRNA-based immunosuppressant.

To understand the molecular mechanism of miR-124-medi-
ated NFAT inhibition, we predicted miR-124 target genes with
bioinformatics software and selected a group of genes poten-
tially associated with the NFAT pathway for further analysis.
Among them, one of the isoforms, NFATc1, was identified as a
new target of miR-124. According to our finding that miR-124
can control phosphorylation and nuclear translocation of other
NFATSs, NFATcl definitely is not the only target of miR-124.
Therefore, as in the initial screening step, we silenced 13 pre-
dicted targets by the RNAIi technique and then performed an
NFAT reporter assay. Because miR-124 negatively regulates
NFAT activation, silencing its target should inhibit NFAT acti-
vation. Of 13 predicted genes, knockdown of CAMTA1 and
PTBP1 showed the most significant inhibition of NFAT
reporter activity. The dephosphorylation rate assay also pro-
vided consistent evidence that both CAMTA1 and PTBP1 are
involved the control of NFAT activation. We further confirmed
that these two genes are direct targets of miR-124 using the
3’-UTR luciferase assay and Western blot analysis. Thus, we
propose that miR-124 suppresses NFAT activity by targeting
multiple genes, including NFATc1, CAMTAI, and PTBP1.

PTBP1 (polypyrimidine tract-binding protein 1) is an RNA-
binding protein that is a specific mRNA splicing repressor in
the mammalian nervous system. It has been previously
reported that PTBP1 is one of the direct targets of miR-124 (40,
41). CAMTALI (calmodulin-binding transcription activator 1)
is a putative transcription factor (42). CAMTA family members
respond to Ca®>" signaling by binding to calmodulin (43).
CAMTAL1 acts as both an integrator and effector of Ca®" sig-
naling and may mediate Ca>"-dependent processes in neuronal
differentiation (42). In our studies, we found that both PTBP1
and CAMTAL were involved in the regulation of the NFAT
signaling pathway, providing the linkage between miR-124 and
the NFAT pathway. Further investigations are needed to define
how PTBP1 and CAMTALI regulate the NFAT pathway.

miR-124 was initially described as a brain-specific miRNA
that is associated with various nervous system diseases, such as
Alzheimer disease and medulloblastoma (35, 40, 44 — 46). How-

VOLUME 288+NUMBER 35+AUGUST 30, 2013



ever, several reports have shown that miR-124 is also expressed
in non-neuron tissues/cells, such as pancreas (47), breast (11),
bone marrow-derived mesenchymal stem cells (48), and lung
(49), and has functions in these tissues. Pulmonary artery
smooth muscle cells in the adult are highly specialized cells that
regulate vessel tone through the expression of a unique reper-
toire of SMC-specific genes, such as a-SMA, SM22«, smooth
muscle myosin heavy chain (SM-MHC), and calponin (50).
Unlike terminally differentiated muscle cells, PASMC are
remarkably plastic and can modulate their phenotype from a
contractile to proliferative, synthetic type in response to vascu-
lar injury (9, 50). Because hypoxia-induced proliferation of
PASMC has been linked to NFAT activation (10), we measured
the expression of miR-124 in both primary culture of HPASMC
and whole lungs before and after hypoxia treatments. We found
that the expression of miR-124 was significantly decreased by
hypoxia both in cells in culture and in whole lungs in vivo. More
importantly, we found that ectopic expression of miR-124
decreased HPASMC proliferation. This is consistent with pre-
viously published data indicating that miR-124 is less expressed
in proliferative cells and can reduce cell proliferation (45). For
instance, overexpression of miR-124 resulted in reduced prolif-
eration of neural progenitors (51) and glioblastoma multiforme
cells (52). Our results reveal a potential mechanism by which
miR-124 expression may be suppressed by hypoxia, which in
turn results in increased cell proliferation via the NFAT
pathway.

Previous studies have demonstrated that cell differentiation
is enhanced by ectopic overexpression of miR-124 in mouse ES
cells (53), neuroblastoma cells, and embryonic carcinoma
cells (40). In concordance with these results, we found that
overexpression of miR-124 promoted a remarkable increase
in expression of the contractile phenotype marker, a-SMA, in
HPASMC. Then we determined if the prodifferentiation effect
of miR-124 is mediated by the NFAT signaling pathway. We
hypothesized that if miR-124-induced cell differentiation is
mediated by NFAT, overexpression of NFAT should decrease
the expression of a-SMA. Our data clearly show that ectopic
overexpression of three different NFAT isoforms significantly
down-regulated the protein level of a-SMA. Based on these
results, we propose that miR-124 may play a role in promoting
a contractile, differentiated phenotype in PASMC by inhibiting
the NFAT pathway. However, this conclusion conflicts with
other reports in which NFAT is considered to be a positive
regulator of a-SMA promoter activity (12). We performed
similar experiments by co-transfecting an a-SMA promoter-
driven luciferase reporter and NFATc1, NFATc2, or NFATc3
overexpression vector. Similar to the previous report, overex-
pression of NFAT did increase the a-SMA promoter activity by
~30%. Apparently, the suppressive effect of NFAT on a-SMA
might come from the phenotypic change in PASMC. However,
the underlying molecular mechanisms by which NFAT pro-
teins regulate the PASMC phenotype still require further
investigation.

Taken together, our results have unraveled a novel role of
miR-124 in repressing NFAT activity by targeting multiple
molecules (NFATc1, PTBP1, and CAMTAL1), providing an
important lead for the development of miRNA-based gene
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therapy. The down-regulation of miR-124 in both hypoxia-
treated HPASMC and hypoxia-induced PAH mouse lungs and
its ability to induce potent antiproliferative and prodifferentia-
tion effects suggest that it may be of potential value for the
treatment of PAH via the delivery of miR-124 mimic.
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