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Growth Inhibition by miR-519 via Multiple p21-Inducing Pathways
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The microRNA miR-519 robustly inhibits cell proliferation, in turn triggering senescence and decreasing tumor growth. How-
ever, the molecular mediators of miR-519-elicited growth inhibition are unknown. Here, we systematically investigated the in-
fluence of miR-519 on gene expression profiles leading to growth cessation in HeLa human cervical carcinoma cells. By analyzing
miR-519-triggered changes in protein and mRNA expression patterns and by identifying mRNAs associated with biotinylated
miR-519, we uncovered two prominent subsets of miR-519-regulated mRNAs. One subset of miR-519 target mRNAs encoded
DNA maintenance proteins (including DUT1, EXO1, RPA2, and POLE4); miR-519 repressed their expression and increased
DNA damage, in turn raising the levels of the cyclin-dependent kinase (cdk) inhibitor p21. The other subset of miR-519 target
mRNAs encoded proteins that control intracellular calcium levels (notably, ATP2C1 and ORAI1); their downregulation by miR-
519 aberrantly elevated levels of cytosolic [Ca®"] storage in HeLa cells, similarly increasing p21 levels in a manner dependent on
the Ca®*-activated kinases CaMKII and GSK3. The rises in levels of DNA damage, the Ca* concentration, and p21 levels stim-
ulated an autophagic phenotype in HeLa and other human carcinoma cell lines. As a consequence, ATP levels increased, and the
level of activity of the AMP-activated protein kinase (AMPK) declined, further contributing to the elevation in the abundance of
p21. Our results indicate that miR-519 promotes DNA damage, alters Ca’>* homeostasis, and enhances energy production; to-

gether, these processes elevate the expression level of p21, promoting growth inhibition and cell survival.

C ell homeostasis is maintained through tightly regulated gene
expression patterns. Among the mechanisms of gene regula-
tion, posttranscriptional processes critically influence the catalog
of proteins expressed in the cell. MicroRNAs (miRNAs) (22-nu-
cleotide [nt]-long noncoding RNAs) have emerged as key post-
transcriptional regulators of gene expression (29). They are inte-
gral components of the RNA-induced silencing complexes
(RISCs), which also include Argonaute (Ago) proteins. As part of
the Ago/RISC machinery, microRNAs interact with mRNAs (typ-
ically at their 3"-untranslated regions [3"UTRs]) with partial com-
plementarity and generally reduce mRNA stability and/or trans-
lation (25). By controlling the expression of subsets of target
mRNAs, microRNAs potently influence the collection of ex-
pressed proteins. In this manner, microRNAs can influence many
cellular processes, including cell proliferation, differentiation, se-
nescence, and the response to damaging agents, as well as disease
processes like carcinogenesis, neurodegeneration, and cardiovas-
cular pathologies (7, 13, 17, 20, 32, 49, 50).

Previous studies using both transformed and untransformed
cells showed that the microRNA miR-519 accelerated cellular se-
nescence and repressed cell division and tumor development (2, 4,
34). These effects were due at least in part to the miR-519-medi-
ated decrease in the level of expression of the RNA-binding pro-
tein HuR (human antigen R), a key regulator of gene expression
(4). miR-519 selectively reduced HuR translation and diminished
the abundance of HuR, in turn repressing HuR-elicited processes
like cell cycle progression and tumorigenesis and enabling HuR-
suppressed events like cellular senescence (34).

However, it is increasingly being appreciated that microRNAs
do not elicit their specific phenotypes by acting on a single mRNA
but by associating with and affecting the fates of multiple mRNAs
(for example, see reference 31). In this investigation, we sought to
identify the effectors of miR-519 actions systematically by taking a
three-pronged approach. First, we studied miR-519-dependent
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changes in protein composition using the proteomics method
SILAC (stable isotope labeling with amino acids in cell culture).
Second, we detected global changes in mRNA levels as a function
of miR-519 abundance using microarray analysis. Third, we iden-
tified miR-519-interacting mRNAs by transfecting biotinylated
miR-519 (biot-miR-519) and pulling down endogenous mRNAs
associated with biot-miR-519. From this combined analysis, two
main pathways emerged. Through one pathway, miR-519 re-
pressed the production of DNA repair and maintenance proteins
and thus triggered DNA damage. Through the second pathway,
miR-519 reduced the production of proteins that control calcium
homeostasis, augmented cytosolic [Ca*"| concentrations, and ac-
tivated calcium-dependent kinases. Both pathways converged on
the upregulation of the cyclin-dependent kinase (cdk) inhibitor
p21, which was found to play an essential role in stimulating au-
tophagy. We propose that microRNAs such as miR-519, by acting
simultaneously on multiple mRNA subsets, are particularly well
suited to implement critical cellular processes like growth arrest in
a robust and tightly controlled manner.

MATERIALS AND METHODS

Cell culture, treatments, transfection, small RNAs, and plasmids. Hu-
man cervical carcinoma HeLa cells, colon carcinoma RKO cells, and lung
carcinoma A549 and H1299 cells were cultured in Dulbecco’s modified
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FIG 1 Analysis of miR-519-triggered growth arrest. (A) Forty-eight hours after the transfection of HeLa cells with either Ctrl siRNA or miR-519, cell numbers
and cell viability were determined by direct cell counts and by analyzing trypan blue-positive cells. The graph represents the means and standard deviations (SD)
of data from 3 independent experiments. (B) Forty-eight hours after the transfection of A549 (p53-proficient) and H1299 (p53-deficient) human lung carcinoma
cells (top) and HCT116 wt and HCT116 p53~/~ human colon carcinoma cells (bottom) with either Ctrl siRNA or miR-519, cell numbers were determined by
direct cell counting. The graph represents the means and SD of data from 3 independent experiments. (C) Schematic of efforts undertaken to investigate
miR-519-regulated gene expression, including an analysis of proteins (i) and mRNAs (iii) showing altered abundances as a function of miR-519 levels and the

identification of putative mRNA targets by using biotinylated miR-519 (ii).

essential medium (DMEM; Invitrogen), and HCT116 human colon car-
cinoma cells (including parental wild-type HCT116 [HCT116 wt] cells
and HCT116 cells bearing somatic deletions of both p21 alleles [HCT116
p21~' cells]) were cultured in McCoy’s 5A medium (Invitrogen). The
media were supplemented with 10% fetal bovine serum and antibiotics.
miR-519 and the antagomir antisense miR-519 [(AS)miR-519] were
obtained from Ambion, the control (Ctrl) small interfering RNA
(siRNA) was obtained from Qiagen, and the siRNAs directed toward
p21, p53, ATM (ataxia-telangiectasia mutated), ATR (ATM related),
NBS, ATP2B1, ATP2B4, ATP2C1, and ORAII were obtained from
Santa Cruz; all small RNAs were used at 50 nM. The reporter plasmids
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used were an enhanced green fluorescent protein (EGFP)-LC3 re-
porter plasmid (Addgene), psiCHECK2-TOP2A (51), and newly engi-
neered plasmids psiCHECK2-DUT1, -EXO1, -RPA2, -POLE4, -PMRI1,
and -ORAII, which were constructed by cloning the corresponding
PCR-amplified 3" UTR segments after the Renilla luciferase (RL) cod-
ing region. Small RNAs and plasmids were transfected with Lipo-
fectamine 2000 (Invitrogen). The chemicals 3-methyladenine (3-MA),
2-[N-(2-hydroxyethyl)]-N-(4-methoxybenzenesulfonyl) Jamino-N-
(4-chlorocinnamyl)-N-methylbenzylamine (KN-93),, and indirubin-
3’'-monoxime (I3MQO) were obtained from Enzo Life Sciences; 2,4-
dinitrophenol (DNP) was obtained from Sigma; and EGTA was
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obtained from Quality Biological. Luciferase activity assays were per-
formed by using the Dual-Luciferase reporter assay system (Promega).
Viable and nonviable cells were counted by using a Bio-Rad TC10
automated cell counter.

Ca®* measurements. HeLa cells were loaded with 20 uM calcium
indicator Fluo-4 AM (Invitrogen), a Ca?" indicator, for 30 min at 25°C
and then incubated in a solution containing 137 mM NaCl, 4.9 mM KCl,
1.2 mM NaH,PO,, 15 mM glucose, 20 mM HEPES, 1 mM CaCl,, and 1.2
mM MgSO, (pH 7.4). Confocal images were obtained every 20 s by using
a Zeiss LSM 510 microscope (Carl Zeiss) in the frame scan mode. Cyto-
solic Ca** transients were normalized to the basal fluorescence intensity
(F,) and expressed as F/F,. Image processing was performed with Matlab
(Mathworks). All measurements were performed at 25°C.

Microscopy. For electron microscopy, cells were fixed with 2% glu-
taraldehyde in 0.1 M cacodylate buffer with 3% sucrose and 3 mM CaCl,
(1 hat 27°C). After rinsing in a solution containing 0.1 M cacodylate, 3%
sucrose, and 3 mM CaCl,, cells were incubated with OsO, for 1 h (at 4°C),
washed with water, and stained with 2% uranyl acetate (1 h). Following
dehydration with progressively more concentrated ethanol (50 to 100%)
and incubation with fresh Epon resin for an additional 24 h, samples were
placed at 37°C for 48 h and at 60°C for 16 h.

For fluorescence microscopy to detect y-H2AX foci, cells were fixed
with 2% formaldehyde, permeabilized with 0.2% Triton X-100, and
blocked with 5% bovine serum albumin (BSA), as previously described
(1). After incubation with a primary antibody recognizing y-H2AX (Santa
Cruz), an Alexa 488-conjugated secondary antibody (Invitrogen) was
used to detect primary antibody-antigen complexes. Images were ac-
quired by using an Axio Observer microscope (Zeiss) with AxioVision 4.7
Zeiss image processing software or with LSM 510 Meta (Zeiss). The Z-sec-
tioning mode was employed with 15 slices and 0.4-pm spacing and
merged using maximum intensity.

Protein analysis. For Western blot analysis, whole-cell lysates were
prepared by using radioimmunoprecipitation assay (RIPA) buffer (10
mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.1%
SDS, and 1 mM dithiothreitol). Proteins were separated by electrophore-
sis in SDS-containing polyacrylamide gels and transferred onto polyvi-
nylidene difluoride (PVDF) membranes (Millipore). Primary antibodies
were used to detect LC3-II, calmodulin kinase II (CaMKII), phosphory-
lated CaMKII (p-CaMKII), phosphorylated AMP-activated protein ki-
nase (p-AMPK), or AMPK (polyclonal; Cell Signaling); Ung (polyclonal;
Abcam); Brcal, p53, or Top2A (monoclonal; Santa Cruz); p21 (monoclo-
nal; Upstate); or B-actin (monoclonal; Abcam). After incubations with
the appropriate secondary antibodies conjugated with horseradish perox-
idase (HRP) (GE Healthcare), signals were detected by using enhanced
chemiluminescence.

Stable amino acid labeling in culture. For proteomic analyses by sta-
ble amino acid labeling in culture (SILAC) using a ThermoElectron LTQ-
Orbitrap XL instrument, HeLa cells were cultured with both isotopic ar-
ginine (R) and lysine (K) (Cambridge Isotope Laboratories, Andover,
MA) for 3 days to achieve 93 to 95% stable amino acid incorporation prior
to extraction and analysis. Label swapping of the Ctrl siRNA and miR-519
siRNA groups with the two label states, medium (K4 and R6) and heavy
(K8 and R10), was used to reduce artifactual label bias. SILAC was carried
out, as previously described (42, 43), by using HeLa cells (300 pg from the
Ctrl siRNA group and 300 g from the miR-519 group).

miR-519 Induces p21 via Multiple Pathways

KEGG signaling pathway analysis. The proteins identified by SILAC
as being significantly up- or downregulated in response to the ectopic expres-
sion of miR-519 were analyzed by using annotational clustering (http:
/lwww.genome.jp/kegg/) and WebGestalt (http://bioinfo.vanderbilt.edu
/webgestalt/), a Web-based gene set analysis tool kit (9). This application
allows the expression frequency of a specific protein in the experimental set to
be compared to its expression frequency in a background set that is main-
tained by WebGestalt. The functional clustering of proteins into KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathways yielded two indices.
The numerical degree of set enrichment (R) is represented as a ratio of the
expected number (E) (scaled to the size of the input data set size compared to
the background whole-proteome data set) of proteins that would cluster into
this pathway using a randomly selected protein set compared to the number
of proteins observed (O) to actually populate this pathway from the input
experimental data set (R = O/E). The probability (P) that this enrichment of
multiple proteins in the specific KEGG pathway would occur by chance,
based on a scalar comparison of the input experimental data set to a whole-
proteome data set, was also derived. A cutoff of at least 2 proteins populating
a KEGG pathway and a probability value of =0.05 were used. To generate a
combined appreciation of R and P, we created a “hybrid” score (H) by mul-
tiplying the negative log, ,(P) by R.

Total RNA analysis. Whole-cell RNA was prepared from whole cells
48 h after transfection with either Ctrl siRNA or miR-519 (using TRIzol;
Invitrogen). Changes in total mRNA levels were analyzed by using mi-
croarrays (Illumina). The levels of individual mRNAs were quantified by
reverse transcription (RT) using random hexamers and SSII reverse trans-
criptase (Invitrogen), followed by quantitative PCR (qPCR) analysis using
SYBR green PCR master mix (Kapa Biosystems) and gene-specific primer
sets (see below). RT-qPCR analysis was performed on Applied Biosystems
model 7300 and 7900 instruments.

Analysis of mRNAs associated with biotinylated miR-519. The pull-
down of biotinylated miR-519 (biot-miR-519) and biotinylated control
microRNA from Caenorhabditis elegans (cel-miR-67 [here named biot-
Ctrl-miR]) was performed as previously reported (31). Briefly, HeLa cells
(2.5 X 10° cells) were transfected with 20 nM biot-miR-519 or biot-Ctrl-
miR using Lipofectamine 2000. Twenty-four hours after transfection,
cells were rinsed and lysed in a buffer containing 20 mM Tris-HCI (pH
7.5), 100 mM KCl, 5 mM MgCl,, 0.3% NP-40, 50 U of RNase Out (Invit-
rogen), and a protease cocktail inhibitor (Roche Applied Science). The
cytoplasmic lysate was cleared by centrifugation at 10,000 X g for 10 min.
Streptavidin Dynabeads (Invitrogen) were preincubated in lysis buffer
containing yeast tRNA (I mg/ml) and BSA (1 mg/ml) for 2 h at 4°C,
rinsed, and incubated with cytoplasmic extract for 4 h at 4°C. After washes
with lysis buffer, the RNA bound to the beads (“pulldown RNA”) and the
RNA in 50 pl of cytoplasmic extract (“input”) were isolated by using
TRIzol LS reagent (Invitrogen). The mRNAs associated with the biotinyl-
ated miRNAs were subsequently identified either en masse using microar-
ray analysis (as described in reference 3) or individually by RT-qPCR
using the primer pairs listed below.

PCR primer pairs used. Following RT, several mRNAs were measured
by qPCR using the following primer pairs (forward and reverse, respec-
tively, in each case): GCTGGTTCTAGCCCTGAGTG and AACCCACAA
GTGTCCAGAGG for ATP2B4, TGTTGGATTTGCAATGGGTA and CG
TCCCCACATAACTGCTTT for ATP2B1, TGAGTCCAGCTTGACA
GGTG and CTTTGCTTTGCCACATCTGA for ATP2C1, CGAATTGCA

FIG 2 miR-519 inhibits DNA repair pathways. (A) Pathways of proteins that were downregulated after miR-519 transfection. Forty-eight hours after the
transfection of HeLa cells with either Ctrl siRNA or miR-519, SILAC followed by KEGG proteomic analysis (see Materials and Methods) was performed to
identify the families of proteins collectively influenced by miR-519. R, numerical degree of set enrichment of subsets of proteins; P, probability that the
enrichment in the specific KEGG pathway would not occur by chance; H, hybrid score obtained by multiplying the negative log,,(P) by R. (B) Forty-eight hours
after the transfection of HeLa cells with Ctrl siRNA or miR-519, total RNA was extracted and used for microarray hybridization. Several mRNAs encoding DNA
metabolism/repair whose steady-state abundances were reduced in miR-519-expressing cells are listed (“Z-ratio Steady-state mRNA levels” column). Array data
were compiled from data from 3 independent experiments. (C and D) Validation of microarray-identified changes in steady-state mRNA levels after the
expression of miR-519. Forty-eight hours after Ctrl siRNA or miR-519 transfection, total RNA was isolated and analyzed by RT-qPCR using mRNA-specific
primer pairs (C), and the levels of several encoded proteins were assessed by Western blot analysis (D). Data in panel C represent the means and SD of data from
3 independent experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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CAGCTCATTTG and GTGGAACCAAAACCTCCTGA for DUT, TCAA
GCTCGGCTAGGAATGT and TGCCTTTGCTAATCCAATCC for
EXO1, TTAAGATCATGCCCCTGGAG and ATAGGTGCTCTCCCTG
CTGA for RPA2, TGTGAATCATGTGCTGCTGA and TCCGATTGAGG
TTTCTGGTC for ERCC6L, GAGTGAAGGCCTTGGTGAAG and AGC
GCAACAGTAGGCATCTT for POLE4, GCCCACTGGTGGTAGT
GTCT and GGTGCTAGTGGCATTTGGAT for RAD51AP1, CTGTAGC
TGCCACGTTTTGA and CACAGGCCTACCACCAATCT for FANCG,
CTCAAGGAACCAGGGATGAA and CGCTTCTCAGTGGTGTTCAA
for BRCA1, GTGGAGATGACCCCTGAGAA and GTCAGCATGAGCTT
GGCATA for FANCE, CCCACACCAAGTCTTCACCT and GAGCCCG
TGAGCTTGATTAG for UNG, CGCTGCGTTGAGTTTCATAA and TG
GGACAATAGGCATCACAA for FANCB, TTTTTGCACTTGACGC
TTTG and ACTGGCAGAGGAAGTGTGCT for FANCA, TGGGCCTTC
TATCTTGGATG and GCAAGGCTGACACCACTGTA for TP53INP1,
GGAGGATGCCTCGAATATCA and AGCTCGGGATGTTTAGCAGA
for KCNMA1, GTCGGCAGAACAAAACCAAT and CACCACATTGTC
GTTCTTGG for SMOC2, AGTGGGGCCTCATCATACAG and TGTCA
GCCCCAGCTCTTACT for CACNAIE, GCGTCGCTGTATTCCT
TAGC and TCCAGTCATCTGCTCCATTG for KCNN2, ACGTGCACA
ATCTCAACTCG and AGCACCACCTCAGCTAGGAA for ORAI1, CAC
CACTGACATGGTTCAGG and GTTGCTGCTATTGCTGTCCA for
SMOCI1, TGCTGTGGAAAGACTTCACG and TGGCCATTCTTACTCC
CTTG for CANT1, AAAGCCATAGCATGGACACC and GCTCACTCC
TCAGGGTTCTG for CACNBI1, GCCTTCTTTGCTGTCACTCC and TT
CAGGAGGGGAAAAGTCCT for SLC24A4, CTGTTGTGTGAGCAGC
CTGT and ATGCCTTTTGGCATTTCAAG for CAMK2N1, CAGTGGA
GGCCTTCTACAGC and CTCTTCTCCTGGCCTTTCCT for CHERP,
CTGGCAGATAGGATGGGTGT and GCCCTTGGAAGGTGATGATA
for CAMK2N2, AAGGAGGGATTTGCACAGG and CCCAGATAGGCT
GCTGTCTC for CABP7, CGAGTGTGCTGGTCACTAA and ACAATTG
GCCGCTAAACTTG for TOP2A, TTTGCTTGAGGCTGATCCTT and
GATTGACTCTGCAGCCAACA for ATM, CTCTGGTCCAAGGGTG
ATGT and GCATAGCTCGACCATGGATT for ATR, AATGGCTTTTC
CCGAACTTT and CAAGAAGAGCATGCAACCAA for NBS, GTAACG
CTGCCTCCAGCTAC and TGATCTTGTCTTGGTGCTCGTA for RL,
and GGACATCACCTATGCCGAGTACT and AAGCCCTGGTAGTCG
GTCTTAG for firefly luciferase (FL).

RESULTS

Analysis of the global influence of miR-519. Forty-eight hours
after the transfection of human cervical carcinoma HeLa cells with
miR-519b-3p (here called miR-519), cell proliferation ceased, as
determined by the ~60% fewer cells in the miR-519-expressing
population than control (Ctrl siRNA) cells (Fig. 1A); miR-519
expression did not affect cell viability, as determined by trypan
blue exclusion. Although HeLa cells express a wild-type p53 pro-
tein, they are rendered deficient in p53 function due to the expres-
sion of the human papillomavirus (HPV) protein E6, which accel-
erates p53 degradation. Thus, we sought to study whether the

miR-519 Induces p21 via Multiple Pathways

effect of miR-519 was dependent on the p53 status by investigating
the responses of two pairs of p53-deficient and -proficient cell
lines. As shown in Fig. 1B, comparisons of human lung carcinoma
A549 (p53-proficient) and H1299 (p53-deficient) cells as well as
parental HCT116 (wt p53) human colon carcinoma cells and
HCT116 human colon carcinoma cells bearing somatic deletions
ofboth p53 alleles (HCT116 p53 '~ cells) indicated that miR-519
was growth inhibitory regardless of the p53 status.

We set out a systematic, three-arm strategy to analyze the
changes in gene expression implemented by miR-519 (Fig. 1C): (i)
global changes in protein profiles elicited by miR-519 were studied
by a proteomic approach (SILAC); (ii) the collection of miR-519-
interacting mRNAs was studied by transfecting biotinylated miR-
519 (biot-miR-519), pulling down the associated endogenous
mRNAs with streptavidin beads, and identifying them by mi-
croarray analysis; and (iii) the effect of miR-519 on transcrip-
tome-wide changes in mRNA levels was also investigated by a
microarray analysis of steady-state mRNA levels (Fig. 1C). From
these analyses, we sought to identify mRNAs that were miR-519
targets whose abundances and/or whose encoded proteins’ abun-
dances were modulated by miR-519.

miR-519 inhibits DNA repair pathways. To investigate the
molecular mediators of miR-519-induced growth inhibition, we
first performed SILAC analysis with HeLa cells 48 h after transfec-
tion with miR-519 or Ctrl siRNA. SILAC followed by KEGG anal-
ysis (see Materials and Methods) identified proteins in 6 distinct
functionally related pathways that were selectively reduced in
miR-519-transfected cells. The pathways were identified by their
KEGG signaling pathway hybrid scores (H), which measure the
strength and significance of the association of the input protein set
with the specific signaling pathway (Fig. 2A, and see Table S1 in
the supplemental material). Several functional pathways that were
inhibited in the miR-519 group were involved in DNA repair and
metabolism (Fig. 2A).

To identify possible direct effects of miR-519 on protein levels,
we searched for parallel, miR-519-triggered changes in mRNAs by
microarray analysis using total RNA prepared from HeLa cells
48 h after the transfection of either miR-519 or Ctrl siRNA. It is
important to note that this strategy may miss instances in which
miR-519 primarily (or exclusively) represses the translation of
target mRNAs without affecting their stability. As shown in Fig.
2B, many mRNAs encoding DNA metabolism, structure, and re-
pair proteins (including several Fanconi anemia [FANC] proteins
and other DNA replication and repair proteins) showed reduced
abundances in miR-519-expressing cells; as anticipated,
TP53INPI mRNA (encoding a p53-inducible protein) was up-

FIG 3 miR-519 induces DNA damage. (A) Forty-eight hours after the transfection of HeLa cells with either biotinylated Ctrl-miR (biot-Ctrl-miR) or biot-miR-
519, mRNAs bound to each biotinylated transcript were isolated by using streptavidin beads (see Materials and Methods) and identified by microarray
hybridization (“Z-ratio mRNA enriched in biot-miR-519” column). Array data were compiled from data from 3 independent experiments. (B) The validation
of microarray-identified mRNAs associated with biot-miR-519 was performed by RT-qPCR using mRNA-specific primer pairs. (C) TargetScan prediction of the
complementarity between miR-519 and the four target mRNAs shown in Fig. 2 (DUT mRNA, EXOI mRNA, RPA2 mRNA, and POLE4 mRNA). (D and E)
Schematic of reporter constructs that were prepared in order to test if miR-519 influenced the expressions of TOP2A, DUT1, EXOI, RPA2, and POLE4 mRNAs
through their respective 3"UTRs. (D) Each 3'UTR (gray rectangles, with predicted miR-519 sites indicated by a black bar) was amplified by PCR and cloned into
plasmid psiCHECK?2, as shown. Twenty-four hours after the transfection of HeLa cells with either Ctrl siRNA or miR-519, each reporter plasmid was transfected,
and the ratio of Renilla luciferase (RL) activity to the activity of the internal control firefly luciferase (FL) was calculated 24 h after that. (E) The relative RL/FL ratio
of miR-519-transfected cells versus the RL/FL of Ctrl siRNA-transfected cells is indicated. (F) RL mRNA and FL mRNA levels for each reporter plasmid were
calculated by RT-qPCR analysis. The relative RL mRNA/FL mRNA ratio for miR-519-transfected cells versus the RL mRNA/FL mRNA ratio for Ctrl siRNA-
transfected cells is indicated. Data in panels B and E represent the means and SD of data from 3 independent experiments. *, P < 0.05. Data in panel F are the
averages of data from two experiments showing comparable results.
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FIG 4 (A) Immunofluorescence micrographs depicting y-H2AX foci, indicative of DNA damage, 48 h after the transfection of HeLa cells with Ctrl siRNA or
miR-519. DAP], 4',6-diamidino-2-phenylindole. (B) Western blot analysis of proteins or phosphoproteins implicated in the response to DNA damage. (C)
Forty-eight hours after the transfection of HeLa cells with the small RNAs indicated, the levels of p53 and p21 were assessed by Western blot analysis. (D)
Forty-eight hours after the transfection of A549 and H1299 (left) or HCT116 wtand HCT116 p53 ™/~ (right) cells with the small RNAs indicated, the levels of p53
and p21 were assessed by Western blot analysis. Data are representative of data from three independent experiments.

regulated (Fig. 2B) (complete microarray results are shown in
Table S2 in the supplemental material). The influence of miR-519
on the steady-state levels of these mRNAs was assessed by reverse
transcription (RT) followed by real-time, quantitative PCR
(qPCR) amplification using gene-specific primer pairs (see Mate-
rials and Methods). As shown in Fig. 2C, all of the individual
mRNA changes were verified by RT-qPCR analysis. These differ-
ences were also verified by Western blot analysis of some of the
proteins implicated in DNA metabolism and repair, including
Top2A (topoisomerase 2a), Ung (uracil-DNA glycosylase), Brcal
(breast cancer 1), and the repair protein Dutl (deoxyuridine 5'-
triphosphate nucleotidohydrolase) (Fig. 2D).

Next, we assessed the possible association of miR-519 with pu-
tative targets using a high-throughput method described recently
(31). Twenty-four hours after the transfection of HeLa cells with
biot-miR-519 or a control microRNA (biot-Ctrl-miR), biotin-
RNA-containing complexes were pulled down by using streptavi-
din beads. The RNA bound to the beads was isolated and used for
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microarray analysis (Fig. 3A) (complete results are shown in Table
S3 in the supplemental material). Candidate miR-519 target
mRNAs were validated by RT-qPCR analysis of the pulled-down
RNA (Fig. 3B). This analysis showed that many mRNAs encoding
DNA repair proteins (including DUTI mRNA, RPA2 mRNA [en-
coding replication protein A2], and POLE4 mRNA [encoding
RNA polymerase E4]) were putative direct miR-519 interaction
targets. EXOI mRNA, encoding exonuclease 1, was not identified
in biot-miR-519 pulldown microarrays but was identified as a
biot-miR-519-associated mRNA when tested individually by the
more sensitive RT-qPCR analysis (Fig. 3B). Other transcripts (no-
tably the FANC mRNAs) were enriched less than 2-fold in the
biot-miR-519 pulldown.

The presence of predicted miR-519 sites at the 3'UTRs of the
enriched targets (DUT, EXOI, RPA2, and POLE4 mRNAs) was
examined by using TargetScan (Fig. 3C). To investigate further
the effects of miR-519 on these targets, a heterologous luciferase
reporter vector (psiCHECK2) was used to prepare several reporter
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potassium large conductance calcium-activated channel, subfamily M, alpha member 1
SPARC-related modular calcium-binding 2

calcium channel, voltage-dependent, R type, alpha 1E subunit

potassium intermediate/small conductance calcium-activated channel, subfamily N, member 2
ORAI calcium release-activated calcium modulator 1

SPARC related modular calcium binding 1

calcium activated nucleotidase 1

calcium channel, voltage-dependent, beta 1 subunit

solute carrier family 24 (sodium/potassium/calcium exchanger), member 4
calcium/calmodulin-dependent protein kinase Il inhibitor 1

calcium homeostasis endoplasmic reticulum protein

calcium/calmodulin-dependent protein kinase Il inhibitor 2
calcium/calmodulin-dependent protein kinase kinase 2, beta

Calcium-binding protein 7

ATPase, Ca++ transporting, type 2C, member 1

ATPase, Ca++ transporting, plasma membrane 1

ATPase, Ca++ transporting, plasma membrane 4
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ECM-receptor interaction 42.84 1.75E-06 246.6282
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Small cell lung cancer 34.27 2.80E-05 156.0259
Focal adhesion 17.9 3.25E-05 80.33729
Arginine and proline metabolism 26.65 0.004 63.9051
Pathways in cancer 10.9 0.0002 40.31877
Hypertrophic cardiomyopathy 16.93 0.0078 35.68684
Hematopoietic cell lineage 16.36 0.0078 34.48533
Dilated cardiomyopathy 15.64 0.0079 32.88111
Calcium signaling pathway 12313 0.0035 29.79045
Regulation of actin cytoskeleton 10 0.0048 23.18759
Cell adhesion molecules 10.74 0.0151 19.55779
Metabolic pathways 5.21 0.0002 19.27163
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FIG 5 miR-519 upregulates pathways affecting Ca>* homeostasis. (A) Pathways of proteins that were upregulated after miR-519 transfection. Forty-eight hours
after the transfection of HeLa cells with either Ctrl siRNA or miR-519, SILAC followed by KEGG proteomic analysis (see Materials and Methods) was performed
to identify the families of proteins collectively influenced by miR-519, as explained in the legend of Fig. 2A. ECM, extracellular matrix. (B and C) Among the
mRNAs showing differential abundances after the expression of miR-519 (as identified in Fig. 2B), several encoded proteins were implicated in the maintenance
of intracellular calcium (B); the steady-state levels of these mRNAs were individually validated by using RT-qPCR and specific primer pairs (C), as explained in
the legend of Fig. 2C. Green bars indicate miR-519 target transcripts (ATP2CI and ORAII mRNAs) whose steady-state abundances were particularly low after

the expression of miR-519.

constructs (Fig. 3D, left) bearing the respective 3"UTRs. The ratio
of Renillaluciferase (RL) (encoded by the reporter transcript bear-
ing the test sequences) to firefly luciferase (FL) (encoded by an
internal control reporter transcript) was set as 1 for the parent
vector (psiCHECK2). RL/FL ratios for miR-519-transfected cells
relative to those for Ctrl siRNA-transfected cells are shown in Fig.
3E (right). In this analysis, the reporter psiCHECK2-TOP2A,
which lacked any predicted miR-519 sites, showed no significant
difference with the parent vector; in contrast, miR-519 signifi-
cantly repressed luciferase expression from reporters that con-
tained predicted miR-519 sites (psiCHECK2-DUTI, psi-
CHECK2-EXO1, psiCHECK2-RPA2, and psiCHECK2-POL4)
(Fig. 3E, right), supporting the hypothesis that miR-519 reduced
the expression levels of these genes by interacting with their
3'UTRs. Since microRNAs can reduce the stability of a target
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mRNA, its translation, or both of these processes, we examined
the influence of miR-519 on the expressions of reporter mRNAs.
As shown in Fig. 3F, in the cases of DUT1, EXO1, RPA2, and
POLE4 reporters, there was a parallel relative reduction in RL
mRNA levels compared with FL mRNA levels in miR-519-ex-
pressing cells compared with Ctrl siRNA-expressing cells. These
data suggest that mRNA turnover likely contributes to the repres-
sion of the target DUT1, EXO1, RPA2, and POLE4 mRNAs.

In keeping with the view that miR-519 reduces the expression
levels of several DNA repair genes either directly (via miR-519—
mRNA interaction) or indirectly, miR-519-overexpressing cells
exhibited features of DNA damage. Fluorescence microscopy re-
vealed that levels of nuclear y-H2AX foci, an indicator of DNA
damage, were markedly elevated in miR-519-transfected cells
(Fig. 4A), while Western blot analysis (Fig. 4B) showed that miR-
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FIG 6 miR-519 represses Ca®" transport proteins and delays cytoplasmic Ca>* clearance. (A) Forty-eight hours after Ctrl siRNA or miR-519 transfection, the
enrichment of mRNAs identified in Fig. 5A in biotin-miR-519 pulldown materials was individually validated by using RT-qPCR and specific primer pairs, as
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of miR-519 and were highly enriched in the biot-miR-519 pulldown. (B) Venn diagram illustrating the overlap between the mRNAs encoding calcium
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519 upregulated several DNA damage marker proteins, including
the tumor suppressor and transcription factor p53 (the level of
which is very low in HeLa cells but is detectable by using a sensitive
antibody), p53 phosphorylated at Ser-15 (a modification that
blocks p53 degradation via MDM2), the cdk inhibitor and potent
growth suppressor p21 (a transcriptional target of p53), and phos-
phorylated checkpoint kinase 2 (Chk2), a DNA damage-inducible
kinase (Fig. 4B). To investigate whether the increase in p21 expres-
sion levels by miR-519 was due to the upregulation of p53 levels,
48 h after the transfection of HeLa cells with p53 siRNA to reduce
endogenous p53 levels, p53 protein levels were drastically re-
duced, but p21 was still substantially induced in miR-519-express-
ing cells (Fig. 4C). Moreover, in two pairs of p53-deficient and
-proficient cells (A549 and H1299 cells as well as HCT116 wt and
p53~'" cells), miR-519 upregulated p21 (Fig. 4D), indicating that
the increase in p21 levels by miR-519 did not depend on the miR-
519-elicited DNA damage and increase in p53 levels. In sum, miR-
519 inhibits the expressions of numerous DNA repair and DNA
metabolism proteins, triggering a robust DNA damage response
and inducing an abundance of p21 in a manner that was not
strictly dependent on p53 upregulation.

miR-519 modulates proteins implicated in Ca** metabo-
lism. Among the proteins identified by SILAC as being upregu-
lated by miR-519, several were included in pathways associated
with aberrant calcium levels, such as cardiomyopathies, and path-
ways affecting cell adhesion and interaction with the extracellular
matrix (Fig. 5A). A number of mRNAs enriched in biot-miR-519
pulldowns also encoded Ca** -regulatory proteins (see Table S3 in
the supplemental material). To narrow down the possible direct
involvement of some of these targets, we carried out several com-
plementary experiments. First, an analysis of the abundances
of mRNAs enriched in biot-miR-519 pulldowns revealed two
mRNAs whose levels were particularly lower after miR-519
transfection: the mRNAs encoding ORAI1 (calcium release-
activated calcium modulator 1) and ATP2C1 (ATPase, Ca*"
transporting, type 2C, member 1) (also named PMR1) (Fig.
5B). These changes were verified by individual RT-qPCR anal-
yses of the mRNAs (Fig. 5C).

We then tested the enrichment of these target transcripts by
individual mRNA amplification in biot-miR-519 relative to that
in biot-Ctrl-miR; here too, ORAII and ATP2C1 mRNAs were spe-
cifically enriched (Fig. 6A). Moreover, of the mRNAs showing
reduced levels after the overexpression of miR-519 (see Table S2 in
the supplemental material) and the computationally identified
mRNAs encoding Ca*" metabolism-related proteins bearing
3'UTR miR-519 sites, the only transcripts present in both groups
were ATP2CI and ORAII mRNAs (Fig. 6B and C). To test if ec-
topically expressed miR-519 directly regulated their expressions,

miR-519 Induces p21 via Multiple Pathways

we engineered heterologous reporters derived from plasmid
psiCHECK?2, bearing the 3'UTRs of either ATP2CI or ORAII
(each with a putative miR-519 interaction site) (Fig. 6D). As
shown, miR-519 significantly reduced the activity (RL/FL) of each
reporter relative to the activity of the parent vector, psiCHECK2
(Fig. 6E). As shown in Fig. 6F, for the ATP2C1 and ORAI1 report-
ers, there was a parallel relative reduction in RL mRNA levels
compared with FL mRNA levels in miR-519-expressing cells com-
pared with Ctrl siRNA-expressing cells, suggesting that the turn-
over of ATP2CI and ORAII mRNAs likely contributed to their
lower expression levels after the transfection of miR-519. ATP2B1
and ATP2B4 3"UTRs were not included in the reporter analysis
because they did not appear to be interaction targets of miR-519
(Fig. 6A, and see Table S3 in the supplemental material); however,
they might be indirectly regulated by miR-519, since the overex-
pression of miR-519 lowered the levels of the endogenous proteins
ATP2C1, ATP2B1, ATP2B4, and ORAI1 (Fig. 6G).

The repressive influence of miR-519 on the expression of pro-
teins that control intracellular Ca®" levels led us to hypothesize
that miR-519 might affect cytosolic Ca** concentrations. To test
this possibility, HeLa cells (transfected with either Ctrl siRNA or
miR-519) were loaded with Fluo-4 AM and then stimulated with
histamine (100 M), an agonist of G,-coupled receptors, which
led to the production of 1,4,5-trisphosphate (IP;) and rapidly in-
creased cytosolic [Ca**] concentrations. The robust and rapid rise
in cytosolic Ca®" concentrations returned to baseline levels after
~2 min, but the time required for the decline of cytosolic [Ca**]
concentrations was significantly longer for the mRNA-519 group
than for the Ctrl siRNA group (0.2 * 0.03 compared to 0.27 =
0.04 liter/min) (Fig. 6H). In sum, these results highlight several
miR-519-repressed proteins that control intracellular Ca*™ levels,
ATP2C1, ATP2B1, ATP2B4, and ORALII, at least two of them by a
putative direct interaction of miR-519 with their cognate mRNAs
(ATP2C1 and ORAI1). In turn, miR-519 affects cytosolic calcium
levels.

miR-519-influenced Ca>* signaling impacts p21 expression.
Since the increase in p21 expression levels by miR-519 was only
partly dependent on p53 levels (Fig. 4C and D), we hypothesized
that the miR-519-impaired Ca®* levels could contribute to the
increase in the abundance of p21. To investigate this possibility,
ATP2C1, ATP2B1, ATP2B4, and ORAIl were individually si-
lenced by using siRNAs (Fig. 7A); under these conditions, p21
levels were constitutively upregulated (Fig. 7B), supporting the
notion that Ca*"-regulated pathways did contribute to the in-
crease in p21 expression levels by miR-519.

In response to heightened Ca®" levels, a number of signaling
pathways are activated in the cell. The role of Ca®"-activated pro-
tein kinase C (PKC) in the upregulation of both the transcription

metabolism-related proteins bearing 3'UTR miR-519 sites and mRNAs showing reduced abundances after the overexpression of miR-519 (see Table S2 in the
supplemental material). The two transcripts present in both groups were ATP2CI and ORAII mRNAs. (C) TargetScan prediction of the complementarity of
miR-519 with ORAII mRNA and ATP2CI mRNA. (D) Schematic of reporter constructs that were engineered in order to test whether miR-519 influenced the
expression of ATP2C1 or ORAI1 through their respective 3'UTRs. (E) Twenty-fours after the transfection of HeLa cells with either Ctrl siRNA or miR-519, each
reporter was transfected, and the influence of miR-519 on their expressions was calculated 24 h after that, as explained in the legend of Fig. 3E. (F) RL mRNA and
FL mRNA levels for each reporter plasmid were calculated by RT-qPCR analysis. The relative RL mRNA/FL mRNA ratio for miR-519-transfected cells versus the
RL mRNA/FL mRNA ratio for Ctrl siRNA-transfected cells is indicated. (G) The expression of the Ca®" transport proteins shown was assessed by Western blot
analysis 48 h after transfection with Ctrl siRNA or miR-519. (H) Forty-eight hours after the transfection of HeLa cells with Ctrl siRNA or miR-519, cells were
loaded with 20 wM Fluo-4 AM. Following stimulation with histamine (100 uM), confocal images were obtained every 20 s, quantified, and plotted (see Materials
and Methods). Data in panels B and E represent the means and SD of data from 3 independent experiments. *, P < 0.05. Data in panel F are the averages of data

from two experiments showing comparable results.
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FIG 7 miR-519 represses levels of Ca®" transport proteins. Forty-eight hours after the individual silencing of ATP2C1, ATP2B1, ATP2B4, or ORAII (A), the
levels of p21 were assessed by Western blot analysis (B). The data are representative of data from at least 3 independent experiments.

and stability of p21 mRNA is well established (for example, see
references 8 and 44). We identified Ca®"-activated calmodulin
kinase II (CaMKII) as well as glycogen synthase kinase 3(3
(GSK3p) as kinases responsible for the upregulation of p21. Treat-
ments with KN-93 to block CaMKII phosphorylation (Fig. 8A),
with indirubin-3’-monoxime (I3MO) to block GSK3f phosphor-
ylation (Fig. 8B), and with EGTA to chelate Ca®" each inhibited
the miR-519-triggered increase in p21 levels (Fig. 8C). In support
of the view that miR-519 elevated p21 levels via Ca*"-regulated
events and not only by triggering DNA damage, the inhibition of
CaMKII and GSK3B prevented p21 upregulation by miR-519
(Fig. 8C) but did not prevent DNA damage (Fig. 8D).

miR-519 triggers autophagy and elevates p21 levels in a
Ca’*-dependent manner. While studying the function of miR-
519, we discovered that it caused the appearance of large cytoplas-
mic vacuoles (Fig. 9A). Since both DNA damage and Ca®" can
promote autophagy (10, 47), we asked if these vacuoles might be
associated with enhanced cellular autophagy, a process of self-
digestion of large cytoplasmic components (11, 35, 38, 45, 59).

Several lines of evidence were investigated in order to study this
possibility. First, electron microscopy was used to visualize the cyto-
plasm of miR-519-expressing cells, where we observed numerous
membrane-enclosed structures resembling autophagic vesicles (au-
tophagosomes), which were absent in the Ctrl siRNA group (Fig. 9A).
Second, we examined microtubule-associated protein 1 light chain 3
(LC3) (33); the conversion of LC3-I (18 kDa) to LC3-II (16 kDa) is
broadly used to monitor autophagy, as the amount of LC3-II corre-
lates with the number of autophagosomes. As assessed by Western
blot analysis using an antibody that preferentially recognizes the pro-
cessed form of LC3 (LC3-II), miR-519-transfected HeLa cells exhib-
ited increased levels of the autophagy marker LC3-II compared with
levels in Ctrl siRNA-transfected cells (Fig. 9B). Moreover, supporting
the notion that miR-519 enhances autophagy, a reduction in the level
of activity of endogenous miR-519 (which is readily expressed in
HelLa cells) by transfection with an antisense transcript directed to-
ward miR-519 [“antagomir” (AS)miR-519] lowered LC3-II signals
(Fig. 9C). Third, since LC3-II remains on mature autophagosomes
until after fusion with lysosomes, the pattern of intracellular LC3-II
dots (or “puncta”) is commonly used to monitor autophagosomes
(28). As shown in Fig. 9D, the transfection of HeLa cells with a plas-
mid that expresses a green fluorescent protein (GFP)-tagged LC3
(26) revealed a diffuse pattern of the GFP-LC3 signal in control cells;
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in contrast, miR-519 expression caused the accumulation of distinct
GFP-LC3 puncta. Fourth, treatment with 3-methyladenine (3-MA),
which blocks autophagosome formation by inhibiting type I1I phos-
phatidylinositol 3-kinases (PI3Ks), potently diminished LC3-II sig-
nals (Fig. 9E). In addition, while serum starvation of HeLa cells for
72 hincreased autophagy, as determined by the monitoring of LC3-1I
levels, the lowering of miR-519 function by (AS)miR-519 blocked
this increase (Fig. 9F).

To investigate whether the effects of miR-519 on autophagy and
p21 induction involved the DNA damage-activated kinases ATM
(ataxia-telangiectasia mutated) or ATR (ATM related) or the DNA
damage response complex MRN (Mrel1/Rad50/Nbs), we silenced
ATM, ATR, or NBS1 in HeLa cells (Fig. 10A). A Western blot analysis
48 h after siRNA transfection revealed that ATM, ATR, and NBS were
dispensable for the miR-519-mediated upregulation of p53, p21, and
LC3-II levels (Fig. 10B). Similarly, these genes did not appear to be
necessary for the growth-inhibitory influence of miR-519 (Fig. 10C).
Taken together, these data indicate that miR-519 enhances au-
tophagy independently of DNA damage.

Central role of p21 in the phenotype triggered by miR-519.
While p53 silencing did not prevent miR-519-triggered au-
tophagy, p21 silencing did (Fig. 11A and B). Similarly, in HCT116
colon cancer cells bearing somatic deletions of both p21 alleles
(HCT116 p21~'~ cells), LC3-II levels were constitutively low and
did not increase after the overexpression of miR-519 (Fig. 11C).
The Ca** -triggered elevation of p21 levels was linked to miR-519-
enhanced autophagy, since the overexpression of ATP2C1 pre-
vented the miR-519-mediated accumulation of p21 and LC3-II
(Fig. 11D); in contrast, p53 did not appear to be necessary for the
accumulation of LC3-1I, since miR-519 elicited comparable in-
creases in LC3-I1 levels in both p53-proficient and p53-deficient
cells (A549 versus H1299 cells as well as HCT116 wt versus
HCT116 p53~'~ cells). Similar to the elevation of ATP2CI levels
(Fig. 11D), the overexpression of ORAII also blunted the miR-
519-mediated increase in LC3-I1 levels (Fig. 11F). Conversely, the
overexpression of p21 in colon carcinoma cells (RKO) using an
adenovirus or in HelLa cells using a plasmid vector increased the
levels of LC3-II (Fig. 11G and H). These results support the view
that the miR-519-triggered increase in p21 levels promotes au-
tophagy.

In agreement with the fact that autophagy can elevate the in-
tracellular ATP concentration, ATP levels were higher in miR-
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3F. Data are representative of data from three independent experiments.

519-transfected HeLa cells but not in cells pretreated with 3-MA;
the ATP-depleting drug DNP was included as a control (Fig. 12A).
miR-519 markedly lowered the activity of AMPK (AMP-activated
protein kinase, an enzyme exquisitely sensitive to relative ATP/
AMP levels), as revealed by the reduced phosphorylation of thre-
onine 172 of the AMPK « subunit (Fig. 12B). The inhibition of
AMPK likely contributed to the upregulation of p21, since the
blocking of AMPK activity robustly induced p21 (54). According
to the protective influence afforded by autophagy and p21, the
ectopic increase of the miR-519 level was cytostatic and failed to
increase cell death, as measured by trypan blue exclusion (Fig.
12C) or by measuring the cleavage of poly(ADP-ribose) polymer-
ase (PARP), a marker of apoptosis. Importantly, however,
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the protective actions of miR-519 were abrogated by the use of the
autophagy inhibitor 3-MA (Fig. 12D). In sum, by reducing the
levels of production of specific subsets of proteins, miR-519 in-
creases genotoxic damage and alters Ca®" homeostasis; the ensu-
ing elevation of p21 levels exerts a potent antiapoptotic influence,
while the blocking of miR-519-triggered autophagy enhances cell
death.

DISCUSSION

The finding that miR-519 potently triggered growth arrest
prompted us to analyze the mediators of this phenotype. Several
en masse approaches were undertaken, including the collective
(microarray-based) identification of mRNAs associated with bio-
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tinylated miR-519 and mRNAs showing altered steady-state
abundances after miR-519 overexpression, the bioinformatic
analysis of miR-519 target mRNAs, and the high-throughput
analysis of proteins (using SILAC) displaying changes in abun-
dance after the overexpression miR-519. The search strategy de-
scribed here was stringent, given the limitations of the experimen-
tal approach (e.g., some miR-519-mRNA interactions were not
reflected in the array after the pulldown), the limited overlap
among existing algorithms (e.g., TargetScan and miR databases do
not identify an identical set of putative miR-519 target mRNAs),
and the fact that algorithms do not predict all occurrences of
miRNA-mRNA interactions (e.g., some miRNA-mRNA hybrids
occur without interactions via miRNA “seed” sequences). None-
theless, at the intersection of these searches were two main cellular
pathways controlled by miR-519 target mRNAs: a pathway of
DNA damage and a pathway of maintenance of intracellular cal-
cium levels (Fig. 12E).

miR-519 causes genotoxic stress. miR-519-triggered DNA
damage was facilitated by the downregulation of miR-519 targets
encoding DNA repair/maintenance proteins, such as DUTI,
EXO1, RPA2, and POLE4, as well as numerous other mRNAs that
were indirectly downregulated (encoding the proteins FANCA,
FANCB, FANCG, FANCE, and BRCA1). Accordingly, miR-519-
expressing cells displayed extensive DNA damage and increased
expression levels of the DNA damage response protein p53 and its
downstream effector p21, also a DNA damage-inducible protein
(19). Indeed, p53 was not essential for miR-519 to upregulate p21,
as miR-519 triggered comparable increases in p21 levels in p53-
deficient cells (H1299 and HCT116 p53 ™~/ cells) and p53-profi-
cient cells (A549 and HCT116 wt cells) (Fig. 4D). Other DNA
damage response proteins (ATM, ATR, and NBS) also appeared
not to be essential for the effects of miR-519 on growth arrest or
gene expression (Fig. 10C). While p53 can induce p21 levels tran-
scriptionally, many other mechanisms can also upregulate p21
expression transcriptionally and posttranscriptionally (discussed
below). A search for such alternative inducers of p21 in miR-519-
transfected cells led us to discover a second miR-519-modulated
pathway.

miR-519 perturbs intracellular calcium levels. The miR-519-
elicited change in intracellular calcium levels was mediated by the
influence of miR-519 on proteins that affect calcium homeostasis,
including ORAI1 and ATP2C1, ATP2B1, and ATP2B4. The mod-
ulation of intracellular calcium levels, particularly via changes in
the abundances of ORAI1 and ATP2C1, led directly to the upregu-
lation of p21 and promoted autophagy (Fig. 7, 8, and 11). The link
between calcium and autophagy was first supported by evidence
that autophagy could be provoked by endoplasmic reticulum

miR-519 Induces p21 via Multiple Pathways

(ER) stress (6, 40, 60). This association was later strengthened by
evidence that calcium mobilization induced autophagy linked to
the activation of calcium/calmodulin kinase kinase 3 (CamKKp),
an upstream kinase of AMPK, which in turn inhibits the target of
rapamycin (mTOR), a negative regulator of autophagy (22, 23).
Since then, there has been increasing recognition that calcium
plays a role in stimulating autophagy and that these processes may
be important for cell survival in different stress situations (21).
Our studies have identified two miR-519 target proteins, ORAI1
and ATP2C1, which are essential for the maintenance of cytosolic
calcium homeostasis. ATP2C1 is an ATPase localized on the Golgi
membrane that pumps Ca®" and Mn** from the cytosol into the
lumen of secretory pathway vesicles; these vesicles carry proteins
destined for secretion from the rough ER through the Golgi appa-
ratus and finally fuse with the plasma membrane to release the
proteins outside the cell. A deficiency in ATP2C1 activity reduces
Ca*" accumulation in the Golgi apparatus and ER and sensitizes
cells to ER stress (46). In humans, the loss of one ATP2C1 allele
results in Hailey-Hailey disease, also known as familial benign
pemphigus (24, 52), characterized by the development of blister-
ing skin erosions and attributed to the defective adhesion of kera-
tinocytes.

ORAII1, a member of a family that also comprises ORAI2 and
ORAI3, plays an essential role in store-operated Ca** entry
(SOCE) and distributes uniformly on the plasma membrane,
forming dimers in the inactive state (53). ORAIl isa Ca®" release-
activated Ca®>* (CRAC) channel subunit, which mediates Ca**
influx following the depletion of intracellular Ca** stores and
channel activation by the Ca®" sensor STIM (stromal interaction
molecule). STIM activation induces the tetramerization of ORAI
proteins and subsequent STIM-ORAI colocalization, which forms
the active store-operated calcium channel. STIM-ORAI channels
are the underlying molecular mechanism of SOCE, which allows
rapid Ca*>* efflux from the ER after intracellular Ca*>* stores are
emptied. Thus, ORAII links Ca®" entry through plasma mem-
brane store-operated Ca®>* channels and the ER Ca** pump (5).
STIM-ORAI1 channels are important for T lymphocyte activa-
tion, and the loss of ORAI1 causes severe combined immunode-
ficiency (SCID) in humans (14).

Many pathways upregulate p21. The expression of p21 is con-
trolled by many different mechanisms (27). Besides well-studied
transcription factors such as p53, AP1, Myc, Sp1/Sp3, and E-box-
binding proteins (16, 19), numerous proteins can control the half-
life and translation of p21 mRNA, including HuR, AUF1, calreti-
culin, hnRNP K, Musashi-1, CUGBP1, and NF-90 (reviewed in
reference 61). Similarly, microRNAs such as miR-208 and the
miR-17-92 cluster (58, 62) reduce p21 levels posttranscriptionally.

FIG 9 miR-519 triggers the formation of autophagic vesicles. (A) Forty-eight hours after the transfection of HeLa cells with either Ctrl siRNA or miR-519,
electron microscopy was used to visualize the cytoplasm of HeLa cells. Arrows indicate autophagic vacuoles. (B) Western blot analysis of the autophagy marker
LC3 in HeLa cells. Although two bands are seen after a long exposure of the blot, a strong ~16-kDa LC3-II band and a faint ~18-kDa LC3-I band, the
predominant LC3-II band was visualized as a marker of autophagy throughout the study. The graph shows the quantification of the LC3-II intensity. (C) HeLa
cells were transfected with a plasmid that expresses GFP-LC3, a fluorescent fusion protein that is recruited to autophagosomes, and with either Ctrl siRNA or
miR-519. Forty-eight hours later, GFP-LC3 signals were visualized by fluorescence microscopy. DNA was stained with DAPI in order to visualize nuclei. (D)
Western blot analysis (left) and quantification (right) of the levels of LC3-II in HeLa cells, as assessed by Western blot analysis 48 h after transfection with
antisense miR-519 [(AS)miR-519] RNA. (E) HeLa cells were transfected with either Ctrl siRNA or miR-519 in the presence or absence of the autophagy inhibitor
3-MA (1 mM). Forty-eight hours later, Western blot analysis was used to assess LC3-II levels. (F) RT-qPCR detection of miR-519 levels and LC3-II detection by
Western blot analysis of HeLa cells transfected with Ctrl siRNA or (AS)siRNA and then subjected to 72 h of serum starvation or normal culture. Data are
representative of data from at least 3 independent experiments; in panels B, C, and F, graphs represent the means and SD from at least 3 independent experiments.
{3-Actin was included as a loading control.
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The p21 protein is also subject to posttranslational control in a
number of ways, including ubiquitin-proteasome-modulated p21
stability (55). In particular, Ca**-regulated kinases like PKC can
upregulate both the transcription and stability of p21 mRNA (8,
44), indicating additional ways whereby miR-519-triggered cal-
cium upregulation can elevate p21 levels. Moreover, the miR-519-
mediated reduction in AMPK levels could also directly influence
p21 levels, since active AMPK promotes the importin-1a-medi-
ated nuclear import of HuR, thus depleting from the cytoplasm a
major posttranscriptional inducer of p21 mRNA stabilization and
p21 accumulation in the cell (54, 56, 57).
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p21 and miR-519 in cytoprotection, senescence, and tumor
suppression. The convergence of these processes on the upregu-
lation of p21 is significant, given its role in the cellular response to
various genotoxic and metabolic stresses. The overexpression of
p21 is cytoprotective, rendering cells resistant to a variety of stress
agents; this prosurvival influence was attributed in part to the
inhibition of cell growth by p21, which might allow cells time to
repair damage (15, 18). Increased p21 levels can also bring about
cellular senescence, as does the elevation of miR-519 levels; like-
wise, the overexpression of either p21 or miR-519 can repress
tumor growth (2, 12, 37, 39). Since cellular senescence represents
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FIG 11 p53 is dispensable and Ca**-induced p21 is essential for miR-519-triggered autophagy. (A and B) HeLa cells were transfected with the small RNAs
indicated, and 48 h later, the levels of LC3-II (A and B), p21 (B), and B-actin were assessed by Western blot analysis. p53 levels were reduced, as shown in Fig. 4C.
(C) Parental (wt) and p21-null (p217/ ~) HCT116 cells were transfected with Ctrl siRNA or miR-519. Forty-eight hours later, the p21 and LC3-II signals were
assessed by Western blot analysis. (D) HeLa cells were transfected with Ctrl siRNA and miR-519 together with the parent vector (pcDNA) or pATP2CI.
Forty-eight hours later, p21 and LC3-II levels were assessed by Western blot analysis. (E) Forty-eight hours after the transfection of A549, H1299, HCT116 wt,
and HCT116 p53 '~ cells with the small RNAs indicated, the levels of ATP2C1, ORAI1, LC3-II, and the loading control B-actin were assessed by Western blot
analysis. (F) HeLa cells were transfected with Ctrl siRNA and miR-519 together with either the parent vector (pGFP) or pORAI1-GFP. Forty-eight hours later,
LC3-II levels were assessed by Western blot analysis. (G) RKO (colon cancer) cells were infected with 100 PFU of either control AAGFP or Adp21, and 48 h later,
the levels of GFP, p21, LC3-11, and B-actin were assessed by Western blot analysis. (H) HeLa cells were transfected with plasmid pFlag-p21 to overexpress tagged
p21 or with the parent vector pFlag. Forty-eight hours later, the levels of p21, LC3-II, and B-actin were assessed by Western blot analysis. The data represent the
means and SD of data from 3 independent experiments.

an antitumor mechanism (30, 41), these two events could be func-  delineate the events downstream of p21 that promote autophagy
tionally linked in the reduction of tumorigenesis. However, au- and how the absence of p21 impairs it (Fig. 11).

tophagy has also proven to be a prosurvival process (36, 48), sug- In conclusion, a single microRNA, miR-519, acting upon sub-
gesting that miR-519 and p21 could elicit their actions at least in  sets of target mRNAs, can collectively influence the levels of func-
part by triggering autophagy. Future studies are needed in orderto  tionally related proteins, DNA repair proteins and calcium ho-
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meostasis proteins, and hence affects the processes that these
proteins govern (genotoxic stress and intracellular calcium con-
centrations). The spectrum of functions performed by these pro-
teins can functionally converge on the regulation of major cellular
processes like growth arrest, autophagy, and cytoprotection. Our
study underscores the importance of systematically analyzing mi-
croRNA functions on a global scale and from different angles:
identifying its endogenous targets, elucidating the mRNAs and
proteins affected by the microRNA, and examining the cellular
pathways affected by the target proteins. The collective informa-
tion from these approaches can illuminate the complex, robust,
and versatile manners in which microRNAs function to maintain
cell homeostasis.
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