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Abstract : MicroRNAs (miRNAs), a class of small non-coding RNAs, have been reported to be functionally
involved with cellular metabolism and a variety of diseases. The importance of miRNA expression and functional
targeting has recently become a focus of intense research. However, their endogenous molecular targets have not
been clearly identified despite multiple attempts in prior studies using bioinformatics. Our bioinformatics strategy
and in vitro validation by the PCR, identified 16 out of 337 miR 124a-predicted targets and 5 out of 299 miR9*-pre-
dicted targets were significantly and directly down-regulated by each of the miRNAs during neurogenesis. In vitro
and in vivo bioluminescent imaging system was used and successfully monitored the miR9*-mediated repression of
SOX2 during neuronal differentiation of the P19 cells. The results of this study demonstrate that our bioinformatics
approach offers a powerful and precise method for the identification of novel miR124a and miR9* endogenous tar-
gets during neuronal differentiation. This bioinformatics approach, using microarray data available from public
DBs, provides a practical means for identifying the endogenous targets of other miRNAs.
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1. Introduction

MicroRNAs (miRNAs, miRs), a class of small non-coding
RNAs, are 22-30 nucleotide (nt) single-strand RNA molecules.
miRNAs have been shown to be important negative feedback
regulators of many of the biological processes involved in
development, differentiation, and proliferation in both animals
and plants.' MiRNAs completely, or nearly completely, bind to
complementary sequences at the 3’ untranslated regions (UTR)
of target mMRNAs and this is followed by mRNA degradation or
translational repression.””

Hundreds of miRNAs have been cloned from a variety of
species, and tens of endogenous targets of miRNAs have been
identified using molecular experimental approaches. Moreover,
bioinformatics analysis has been undertaken, in many studies,
to identify novel miRNAs and their cognate targets based on
sequence homology and complementarities with mature
miRNAs in the genomes of individual species and across
species.”® To understand the molecular mechanisms
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underlying the regulation of cellular metabolism and the
pathophysiological effects of various diseases using miRNAs,
it is critical to identify miRNA: mRNA duplex formations.
Several miRNA target prediction algorithms, such as, PicTar’
and miRNAMap® has been useful in this context, however this
approach might not be the most practical for identifying the
endogenous targets of miRNAs, because there are hundreds of
predicted targets per miRNA and only partial miRNA pairing
to such targets occurs.

The combination of sequence-based targeting information on
miRNAs from the PicTar database (DB) and microarray
expression profiles deposited at public DBs, i.e., Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo),
Stanford Microarray DB (http://genome-www?3 .stanford.edu)
and ArrayExpress (http://ebi.ac.uk/arrayexpress) provide
powerful tools for endogenous miRNA target discovery.™ In
addition, high-throughput screening using DNA chips to
identify miRNA targets has been attempted in combination
with the transfection of exogenous miRNA precursors of miR1
and miR124a in heterogeneous cells not expressing these
miRNAs.? However, such screening to identify endogenous
miRNA targets should be performed in cells where the
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miRNAs of interest are highly expressed. Furthermore,
molecular experiments using DNA chips to detect endogenous
target genes of the miRNAs, are challenging for small
laboratories with regard to cost and the technology required.
Although a variety of approaches for studies using bioinformatics
approaches have been carried out to predict miRNA targets, the
precise prediction and validation of endogenous miRNA targets
remain a major challenge.'™"!

Here, we propose a method using bioinformatics for the
identification of endogenous targets of miR124a and miR9*
(5'-end of miR9 precursor) that are highly expressed during
neuronal and brain development.'? This approach is based on
the premise that endogenous targets of miR 124a and miR9* are
biologically down-regulated during the expression of mature
miR124a and miR9*, respectively. First, we analyzed the
bioinformatics data on miR124a- or miR9*-predicted targets
obtained using the PicTar DB; we found 337 orthologues for
miR124a and 299 for miR9* in the human and mouse data.
Second, to determine the gene expression patterns of the 337
and 299 orthologues during neurogenesis, heterogeneous
microarray information sources, related to the neuronal
differentiation of cells were acquired from the GEO DB and
formatted into our system for bioinformatics analysis in a
parallel fashion. Third, using DNA chip information from 52
super normal tissues, from the GEO DB, the gene expression
patterns, of miR124a target candidates with significantly low
expression during neurogenesis, were evaluated in brain tissue
samples. Fourth, to verify the paradigms used to conduct these
integrated analyses, RT-PCR analysis was performed on novel
candidates of miR124a or miR9* in P19 cells (embryonal
carcinoma cell line) treated with exogenously derived miR124a
or miR9* precursors. Fifth, both in vifro and in vivo imaging
systems were used to monitor miR9*-mediated repression of
SOX2 during neuronal differentiation of P19 cells.

Table 1. Microarray datasets from GEO DB.

2. Materials and Methods

2.1 Data Preparation

The predicted target genes of miR124a or miR9* as
determined by the PicTar webpage were downloaded in HTML
(HyperText Makeup Language) format and parsed by PHP to
allow import into a local DB. In addition, 5 different gene
expression data sets in txt format were downloaded from the
GEO DB to a local MySQL DB (Table 1). GEO data sets have
three components: a Platform (GPL) file containing
information about the probe 1D, a Reference sequence ID (Ref
ID) and the Gene ontology. In addition, there is a Sample
(GSM) file containing information about the probe ID and gene
expression values or ratios, and a Series (GSE) file containing
information about batches of sample files and sample
descriptions. To perform comparisons of this heterogeneous
microarray data, in a formatted table, the following steps were
taken:

(1) For each data set in a GSE file, a sample matrix and
platform files were inserted into the MySQL DB table by: a
sample matrix file : insert into tablel name values (probe Id,
valuesl, values2, ...); a platform file : insert into table 2_name
values (probe Id, Ref ID, annotation?2, ...);

(2) Then, the sample matrix table and platform table were
merged by id:- select * into outfile ‘dataset 1.txt” from tablel
name, table2 name ... where table] name.id=table2_name.id;

(3) Repeat 5 annotated data sets into DB.

(4) Gene expression values from 5 different GSE files were
converted into fold ratios.

(5) The in silico predicted targets of miR124a and miR9*
from PicTar, with 5 sets of different microarray data, were
compared using the procedure described in Fig 1A.

2.2 Scoring Algorithm
The total score (100 points) for the PicTar-predicted targets

GEO

. Experimental description Platform Time series Reference
series name
Gsp2o7s  Heba cells with treatment of Rosetta (Merck) Human 25k v2.2.1 12, 24h )
exogenous miR124 precursor
Mouse cranial neural crest cells with ~ Affymetrix GeneChip Murine Genome
GSE1588 the treatment of Retinoic acid U74 Version 2 Set MG-U74A 6,12, 24, 48 h (12)
Mouse embryonic stem cells with the NIA Mouse 22K Microarray v2.0
GSE4075 treatment of Retinoic acid (Development 60-mer Oligo) 1,2, 3,4 day an
Mouse embryonic stem cells with the NIA Mouse 22K Microarray v2.0
GSE4076 treatment of N2B27 (Development 60-mer Oligo) 1,2,3, 4,5 6 day an
GSE740  Gene expression in 52 human tissues Affymetrix GeneChip Human Genome 52 different tissues 13)

U133 Plus 2.0 Array
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Figure 1. A simple flowchart for miR124a and miR9* endogenous target prediction and validation.

of miR124a or miR9* by the bioinformatics analysis included
the PicTar score (10 points) and gene expression values for the
heterogeneous microarray data associated with neuronal
development (60 points) and normal tissues (30 points) was
computed based on the following formula.

Total score of each orthologue = f{X) + g(X) + h(X), where
X =" s a set of orthologues (x) predicted as miR124a or
miR9* targets both in the human and mouse targets of the
PicTar DB. This approach consisted of the following functions:
function f(x) represented the PicTar score for each orthologue
in the PicTar DB, function g(x) was applied to GSE1588,
GSE4075 and GSE4076 and scored the fold ratio of gene
down-regulation for each orthologue during neuronal
development, and function h(x) was applied to GSE740 and
calculated the rank of gene expression values in brain tissues
for only orthologues having g(x) > 20 points compared with the
scores of other normal tissues. The total score was 100 and each
score quota was allocated as follows. PicTar scores were based
on the PicTar score in the PicTar DB and if more than 10, it was
scored as 10. The function g(x) had three different datasets
(g1(x) for GSE1588, g,(x) for GSE4075, g3(x) for GSE4076)
and computed the fold ratio of gene down-regulation for each
orthologue for the time series in each dataset by OR operator
based-logic (Supplemental Fig. 1B). If there was a fold value of

159

down-regulation < -1.5 for each orthologue, during the time
series of neuronal differentiation for each dataset compared
with pre-differentiation, then the result was 20 points. If there
was a fold value of down-regulation > -1.5 for each orthologue,
the score was 0. In total, 60 points for g(x), 20 points for each
dataset, were allocated due to the fact that endogenous targets
of miR124a or miR9* are directly and specifically related to
neurogenesis. The function h(x) was scored as follows: gene
expression values of 52 different tissues (including 10 different
normal brain tissues) for each orthologue were ranked from 1
(the lowest expression value) to 52 (the highest expression
value), the number of brain tissues counted below the range of
5; one was 10, two or three were 20, and more than 4 had scores
of 30 points.

2.3 Cell Culture and Transient Transfection Studies

The P19 cells were obtained from the American Type Culture
Collection (ATCC). P19 cells have been well-known to be
differentiated into neuronal cells by the treatment of all-trans-
retinoic acid (RA)." Undifferentiated P19 cells were grown at
37°C in a-MEM (Gibco, Grand Island, NY) supplemented with
2.5% fetal bovine serum (Cellgro, Herndon, VA), 7.5% bovine
calf serum (Gibco, Grand Island, NY) and 1% antibiotics-
antimycotic (Cellgro, Herndon, VA) in a 5% CO,-humidified
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chamber at 37°C. To induce neuronal differentiation using the
monoculture differentiation method [1], the P19 cells were
plated on gelatin-coated culture plates at a density of
5x10° cells/cm” in growth medium and cultured for 24 h prior
to the removal of growth factor. The cells were then cultured
under serum-free conditions in DMEM/12 (1:1) (Gibco, Grand
Island, NY) supplemented with 1% insulin, transferrin, and
selenium (ITS, Gibco, Grand Island, NY) and 1% antibiotics
and then treated with 5x10~" M RA (Sigma,St.Louis, MO.,
USA). After culturing for 2 days, the RA was removed from the
medium and the cells were further cultured under serum-free
conditions. The P19 cells were transfected with 40 nM of
pre.miR124a or precursor miR9* (Ambion, Austin, TX., USA)
using Lipofectamine and Plus reagent (Invitrogen, Grand
Island, NY) (4 pl of Plus reagent and 1 pl of Lipofectamine per
well). All transfections were carried out in quadruplicate. HeLa
cell (an adenocarcinoma cell line) was maintained using RPMI
(Jeil biotechservices Inc, Daegu, Korea) media containing 10%
fetal bovine serum and 1% antibiotics-antimycotic and transfected
with 2.5 nM of precursor miR9* using Lipofectamine and the Plus
reagent.

2.4 Identification of miR124a or miR9* Target Genes
by RT-PCR

Using Trisol reagent (Invitrogen, Grand Island, NY., USA),
total RNA was isolated from the P19 cells: 0d, 1d, 2d, 3d, 4d,
5d, 6d and 7d after RA treatment or 1d after treatment with
40 nM of pre.miR124a or precursor miR9*. First-strand cDNA
was reverse transcribed using random-hexamer and
SuperScript 11 reverse transcriptase (Invitrogen, Grand Island,
NY., USA), according to the manufacturer's instructions, then
used as a template for PCR amplification, which was carried
out at 94°C for 5 min, with 30 amplification cycles (94°C for 30
sec, each Tm for 30 sec (Supplemental Table 1 and 2), 72°C for
30 sec), followed by extension at 72°C for 4 min. The
sequences of the primers used are listed in Supplemental Table
1 and 2.

2.5 qRT-PCR (Quantitative RT-PCR) to Detect
Mature miR124a and miR9* Expression

Small RNA was isolated during the neuronal differentiation
of the P19 cells using the mirVana™ miRNA isolation kit
(Ambion, Austin, TX., USA). gRT-PCR was performed using
the mirVana™ gRT-PCR primer Set (Ambion, Austin, TX.,
USA) and mirVana™ qRT-PCR miRNA detection kits
(Ambion, Austin, TX., USA). The amplification was
performed in triplicate using iCycer (Bio-Rad) with SYBR
Premix Ex Taq™ (2x) (Takara, Japan) as follows: 95°C for 3
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min followed by 40 amplification cycles (95°C for 15 sec, 60°C
for 30 sec). To normalize the experimental samples for the
RNA content, the U6 snRNA primer set (Ambion, Austin, TX.,
USA) was used as a control.

2.6 Recombinant Construction and Transfections of
Reporter Genes for the Monitoring of miR9*-Mediated
Repression of SOX2

To monitor SOX2 regulation, 66-base pair (bp) oligonucleotides
near the seed region (SR, 7-mer) of the 3> UTR of SOX2 that is
bound by miR9* was explored via the PicTar DB (Fig 4A). Sense
and antisense primers of 66-bp of SOX2 containing SR or
completely mutated SR were annealed and cloned right after
the stop codon of the gaussia luciferase (Gluc) reporter gene
regulated by a cytomegalovirus (CMV) promoter (designated
as CMV/Gluc_SOX2 or CMV/Gluc_SOX2mt). Annealing
was performed with a mixture of 20 pmol of oligonucleotides
and 60 ul of annealing buffer containing Ix Tris-
ethylenediaminetetraacetic acid buffer and 50 mM sodium
chloride, under the following conditions: 95°C for 4 min and
70°C for 10s, followed by slow cooling in a 70°C water bath for
90 min. The annealed oligonucleotide was subcloned into the
Xhol and Xbal sites of the CMV/Gluc vector.

The constructs were transfected into HeLLa and P19 cells by
liposome-mediated transfection using a Lipofectin reagent kit
(Invitrogen, Grand Island, NY, USA) and CMV/Fluc activity
was monitored during neuronal differentiation of the HeLa and
P19 cells treated with retinoic acid. Transfection was performed
using Lipofectamine Plus reagent (Invitrogen), 1 mg of DNA,
4 uL of PLUS Reagent (Invitrogen), and 1 uL of Lipofectamine
(Invitrogen) per well. The Firefly luciferase (Fluc) reporter
gene regulated by the CMV promoter (CMV/Fluc) was co-
transfected and used as an internal control and normalized to
Gluc activity in each experiment. All transfections were
performed in quadruplicate.

2.7 Luciferase Assay

Luciferase assays were carried out on the P19 and HeLa cells
by washing with NaCl/P; buffer and treatment with lysis buffer
(200 pl/well). Measurement of the luciferase activity was
performed using a luminometer (TR717; Applied Biosystems,
Foster City, CA, USA); an exposure time of 1 second after cell
lyses was carried out in cells transferred from a six-well plate
containing P19 cells that were seeded at 0.6x10° (undifferentiated,
1day, 2day) for 24 h, prior to the transfection, to a 96-well white
microplate. Gluc was measured with coelenterazine (Biotium,
Inc.) as a substrate and a 480 nm emission filter, and Fluc by D-
luciferin and a 562 nm emission filter. CMV/Fluc was used as
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an internal control to normalize the luciferase activity obtained
from each experiment. All transfections were performed in
quadruplicate. All data are calculated and presented as
means+SD from triplicate wells.

2.8 In Vivo Visualization of Primary miR9* Expression
in Undifferentiated and Differentiated P19 Cells

All experimental animals were housed under specific
pathogen free conditions and handled in accordance with the
guidelines issued by the Institutional Animal Care and Use
Committee of Seoul National University Hospital.

In vivo imaging of P19 cells transfected with CMV/
Gluc_SOX2 or CMV/Gluc_SOX2mt was divided into all-trans
retinoic acid (RA)-treated in the right thigh and a non-RA
treated group in the left thigh. 1x10° cells were harvested with
100 ul PBS, and re-suspended with RA for the neuronal
differentiation group. The P19 cells were then subcutaneously
injected into each the thigh of five-week-old male Balb/c nude
mice and monitored for two days. Then, 100 ug of colenterizaine
(Biotium, Inc.) in phosphate-buffered saline was injected into
the tail-vein of the mice and Gluc images acquired 2 min later.
3 mg of D-luciferin was then administered intraperitoneally.
Bioluminescence images of the whole body were acquired for
1 min for Gluc and 5 min for Fluc using an IVIS100 (Xenogen,
CA, USA).

3. Results

3.1 Bioinformatics for the Prediction of miR124a
Endogenous Targets

The strategy and the coding sources of the bioinformatics
method used to identify novel endogenous targets of neuronal
miR124a are summarized in Fig 1 and Supplemental Fig 1A
and 1B. All procedures for data and text mining were carried
out with the MySQL command in the console mode using the
PHP web-script and a Windows operating system. For the first
step in the identification of miR124a endogenous targets, 787
predicted human targets and 770 mouse targets from the PicTar
WEB INTERFACE were downloaded. Based on the gene
symbols, both the human and mouse target genes of miR124a
were compared. Only 337 unique orthologues were identified
due to the abundance of splice variants and genes with
unknown function. A PicTar score for 337 genes, in the PicTar
DB, was calculated based on a 1 to 10 point scale
(Supplemental Table 3). For the second step, heterogeneous
microarray data from the GEO ftp site were downloaded
including the following (Table 1); genes regulated by miR124a
in HeLa cells (GSE2075),? genes regulated by neuronal
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differentiation medium N2B27 (GSE4076)" or Retinoic acid
(RA) (GSE4075)" in mouse embryonic stem cells (ESC),
genes regulated by RA in mouse neural crest cells (NCC)
(GSE1588),'® and gene expression in 52 different human
tissues (GSE740)."” All of the different types of normalized
expression ratios obtained from GSE2075, GSE4076,
GSE4075, and GSE1588 were converted into fold ratios. Since
the mRNAs of the miRNA-targeted genes containing miRNA
SR, from the PicTar site, are predicted to be destabilized by
mature miRNAs, the genes down-regulated during
neurogenesis were evaluated as endogenous target candidates
of miR124a. To compare the gene expression patterns of the
337 orthologues during neurogenesis, we used the gene
expression data from GSE4076, GSE4075, and GSE1588. The
genes with mRNA levels significantly down-regulated by at
least 1.5 fold in at least one of multiple time-series of each
microarray dataset were considered, 20 points were allocated
for each dataset. There were 117 out of 337 genes were down-
regulated, at least one of three heterogeneous microarray
datasets, and 41 genes at two out of three different microarray
datasets (Supplemental Table 3). Three genes including QKI,
CCL2 and SLC6A15 had 60 points, illustrating significant
down-regulation in all three different datasets.

To determine the gene expression of the 117 genes in normal
brain tissues where miR124a is highly expressed, GSE740
microarray data was analyzed to identify novel endogenous
targets of miR124a with confidence. The gene expression
intensities of each candidate in 52 normal human tissues
containing 10 different brain tissues were ranked from 1 (the
lowest expression value) to 52 (the highest expression value),
allocating a score of 10 for 1, 20 for 2 or 3 and 30 points for
more than a count of 4 for the brain tissues below the rank of 5.
There were 50 out of 117 candidates that had at least 10 points,
implying expression at significantly low levels in at least one of
the 10 brain tissues, where miR124a was predicted to be highly
expressed, in addition to being highly expressed in functionally
different tissues, such as, lung, liver, and colon. Meanwhile,
gene expression of the remaining 67 genes was not ranked
below 5, or their gene expression data was not available, due to
no list available from the 10k chip used for the GSE740
(Supplemental Table 3). From 50 genes that had significantly
low expression in the brain, 9 genes were scored with 30 points
and 20 genes with 20 points.

For the 100 point total, used for our bioinformatics analysis
to identify endogenous miR124a targets during neurogenesis,
we considered 50 points as a cut-off threshold for miR124a
targets. Since genetic expression related to neuronal
differentiation might be a critical factor determining whether
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PicTar-predicted miR124a targets are endogenous targets of
neuronal specific miR124a during neurogenesis, 40 points
from the neuronal microarray data, GSE4076, GSE4075 and
GSEI1588 plus 10 points from the gene expression of brain
tissue of GSE740 were counted in our bioinformatics analysis.
On the basis of 50 points, 26 genes from 337 orthologues
including LRCH4, LMNB1,ANXA11, QKI, SNTB2, TRIB3,
IQGAPI1, PLP2, KLF4, CCL2, CYB5A, SLC6A1S5, DDX3X,
LAMCI, ETS1, F11R, PTBP1, HBP1, EGR1, G3BP1, PECR,
MBOATS, MAT2A, RFX1, KPNB1 and KLF6, were highly
compatible with our bioinformatics analysis (Supplemental
Table 3); the gene expression was significantly down-regulated
in the brain samples with the exception of QKI where the data
was not available in GSE740 (Supplemental Fig 1C).

To analyze the accuracy of our bioinformatics analysis for the
identification of endogenous miRNA targets, microarray data
from miR124a-treated HeLa cells where mature miR124a is
not expressed was analyzed and scored. From GSE2075, 174
annotated genes in the HeLa cells showed more than a 1.5 fold
down-regulation by miR124a, and 35 miR124a-down-
regulated genes were found among a list of miR124a-predicted
targets obtained from the PicTar DB. Only 8 out of 35 genes
were significantly down-regulated in at least one of the three
different neuronal microarray datasets, GSE4076, GSE4075
and GSE1588 (Supplemental Table 4). Fifteen out of 35 genes
had significantly lower expression in the brain tissues from
GSE740. Only 4 genes, LMNBI1, IQGAP1, LAMCI, and
PTBP1 that were predicted by our bioinformatics analysis were
scored to be more than 50 points.

3.2 Multiple Endogenous Targets of miR124a During
the Neuronal Differentiation of P19 Cells

To monitor the gene expression patterns of the 26 genes
predicted by the bioinformatics analysis as being endogenous
targets of miR124a during neurogenesis, real-time RT-PCR
was performed. A pair of specific primers for mature miR124a
was used first with cDNAs synthesized from the corresponding
small RNA of neuronal differentiated P19 cells 0d, 1d, 2d, 3d,
4d, 5d, 6d and 7d post-RA treatment. U6 small RNA was used
to normalize the quantities of mature miR124a amplified each
day post-RA. Real-time RT-PCR demonstrated that
endogenous mature miR124a was highly and gradually
expressed during the neuronal differentiation of P19 cells
induced by RA (Fig 2A). To determine and quantify the
endogenous mRNA levels of the 26 novel candidates as targets
of mature miR124a, a RT-PCR using the pairs of primers listed
in Supplemental Table 1 was performed. Seven out of 26 novel
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candidates did not produce their amplicons by PCR due to weak
expression in P19 cells in the presence or absence of RA.
Similar to the gradual increase in gene expression of
endogenous mature miR124a observed during the neuronal
differentiation of P19 cells, the endogenous gene expression
patterns of the 4 candidates, LMNBI1, IQGAP1, KLF4 and
F11R were clearly visualized with a gradual decrease over 7
days of neuronal differentiation, and the gene expression of 5
genes, LRCH4, ANXAT11, TRIB3, LAMCI and ETS1 were
dramatically decreased right after neuronal differentiation (Fig
2B). In addition, when gene expression was normalized to 3-
actin (internal control), due to a relatively weak expression in
non-RA treated cells versus cells treat with RA for 7 days, the
region of interest (ROI) analysis for each gene surprisingly
showed that all novel miR124a candidates were gradually
down-regulated during RA-induced neurogenesis
(Supplemental Fig 1D). This result indicates that the down-
regulation of the 19 endogenous targets of miR124a was in part
caused by the high expression of endogenous mature miR124a
during neurogenesis.

To determine whether the 19 novel candidates were down-
regulated by mature miR124a, 40 nM of exogenous miR124a
precursor was transfected into the P19 cells in the absence of
RA. RT-PCR was then performed to determine the gene
expression patterns of the 19 candidates. All candidates except
for SNTB2, DDX3X, ETS1, F11R and RFX1 appeared to be
significantly and dramatically down-regulated at the mRNA
level by mature miR124a, suggesting that at least 14 genes out
of the 19 candidates were endogenous targets of miR124a
during neurogenesis (Fig 2D). Interestingly, ETS1 and F11R
which were dramatically down-regulated during neuronal
differentiation of P19 cells showed no significant decrease in
expression by the transfection of exogenous miR124a
precursor in P19 cells. This result may be due to either of the
amount of transfected exogenous miR124a precursor in P19
cells or the expression of unknown RNA-binding proteins that
bind to the 3> UTR of both genes and inhibit the function of
miR124a."®

For further verification of our bioinformatics analysis, 5
genes that scored below 10 points in total were randomly
selected and are shown in Supplemental Table 4. Both RT-PCR
using the pairs of primers and the ROI analysis demonstrated
that none of the 5 genes show dramatic or significant down-
regulation during neurogenesis except on the seventh day of
neuronal differentiation (Supplemental Fig 2A and 2B). In
addition, P19 cells with 40 nM of exogenous miR124a
precursor demonstrated that none of the genes appeared to be
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Figure 2. Gene expression patterns of 19 novel candidates for miR124a. (A) qRT-PCR analysis of the expression of mature miR124a
during neuronal differentiation of P19 cells induced by RA. Gene expression of mature miR124a followed daily for 6 days post-RA
treatment. Endogenous mature miR124a levels were found to gradually increase during neuronal differentiation. Data are normalized
versus U6 snRNA (Cr= Crefore-Creday, C1= Crmirna-Cruerna) and are presented as means of triplicate determined + SDs (*p < 0.05).
(B) RT-PCR analysis of the endogenous levels of the 19 predicted target genes during neurogenesis. The endogenous expression levels
of the 19 candidates in the P19 cells were monitored over 7 days of neuronal differentiation. 3-actin was used as an internal control.
(C) RT-PCR analysis of the 19 predicted target genes in the P19 cells treated with exogenous pre-miR124a. The MiR124a precursor
(40 nM) was transfected into the P19 cells. Most of the endogenous target candidates were found to be significantly down-regulated

by miR124a. B-actin was used as an internal control.

directly repressed by mature miR124a (Supplemental Fig 2C).

3.3 Extension of the Bioinformatics Analysis for the
Discovery of Endogenous Target Genes of miR9* During
Neurogenesis

The bioinformatics strategy used to identify endogenous
targets of miR124a was applied for the research of endogenous
targets of miR9*. The biogenesis of miR9* has recently been
associated with the neuronal differentiation of P19 cells treated
with retinoic acid.”” In the PicTar DB, there are 535 and 305
predicted targets of miR9* for humans and mice, respectively.
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Comparison of miR9* targets between both species identified
299 orthologues. The function, f(x), for the PicTar score was
initially calculated based on 1 to 10 point scoring for each
orthologue (Supplemental Table 5). For the second step, the
function g(x) of 299 orthologues was investigated using
heterogeneous microarray data, GSE7076, GSE4075 and
GSE1588. Among 299 genes, 22 PicTar-predicted targets of
miR9* were significantly down-regulated during neuronal
differentiation in one of three different microarray data sets by
more than 1.5 fold, scoring 20 points in each of the 22 targets
(Supplemental Table 5). The gene expression of 14 targets was
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Figure 3. Gene expression pattern of 3 novel endogenous targets of miR9*. (A) qRT-PCR analysis of the expression of mature miR9*
during neuronal differentiation of P19 cells induced by RA. Gene expression of mature miR9* was determined for 4 days post-RA
treatment. Endogenous mature miR9* levels were found to gradually increase during neuronal differentiation. Data are normalized
versus U6 snRNA (C1= Crpefore-Crday, Cr= Crmirna-Cruskna) and are presented as the means of triplicate determined = SDs (*p <
0.05). (B) RT-PCR analysis of the endogenous levels of the 3 predicted target genes during neurogenesis. The endogenous expression
levels of the 3 candidates in the P19 cells were monitored over 7 days of neuronal differentiation. 3-Actin was used as an internal
control. (C) RT-PCR analysis of the 3 predicted target genes in the P19 cells were treated with exogenous pre-miR9*. The miR9*
precursor (40 nM) was transfected into the P19 cells. Most of the endogenous target candidates were found to be significantly down-

regulated by miR124a. B-actin was used as an internal control.

highly repressed in two of three different microarray datasets,
with allocating 40 points allocated for each gene. In addition,
two genes including QKI and SOX2, had 60 points and were
significantly down-regulated in all three different microarray
datasets. For the third step, GSE740 microarray data was used
to determine gene expression in normal brain tissues. The
function h(x) was further analyzed with 38 targets that had at
least 20 points from the function g(x). Seven out of the 38
possible endogenous targets of miR9* had relatively lower
expression in one of 10 different brain tissues compared to the
other tissues allocating 10 points for each target, which two
genes in two or three brain tissues scored 20 points and no gene
in four brain tissues scoring 30 points (Supplemental Table 5).
However, the remaining 29 targets were not scored because
their gene expression values in brain tissues were not ranked
below 5 in the 52 normal tissues or were not available on the
10k chip used for the GSE740.

To identify the endogenous targets of miR9*, during
neuronal differentiation, 50 out of a total 100 points was used as
a cut-off threshold (Supplemental Table 5). Five genes,
ACTL6A, QKI, SOX2, KLF4 and SET, were strong candidates
for endogenous targets of miR9* during neurogenesis when
miR9* was highly expressed.

3.4 In Vitro Validation of the Endogenous Targets of
miR9* Identified by Bioinformatics Analysis
To determine whether the five candidates for endogenous
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targets of miR9*, that is; ACTL6A, QKI, SOX2, KLF4 and
SET, as suggested by our bioinformatics analysis, were directly
repressed by miR9* during neuronal differentiation of the P19
cells, the expression of the miR9* was first investigated by real-
time PCR. Similar to our findings reported previously," mature
miR9* gradually increased after neuronal differentiation of the
P19 cells induced by RA treatment (Fig 3A). Among the five
targets, both our bioinformatics and in vifro PCR analysis
demonstrated that QKI and KLF4 were down-regulated by
miR124a during neuronal differentiation of the P19 cells (Fig
2B and 2C). Therefore, to monitor the endogenous transcript
levels of the miR9* targets during neuronal differentiation of
the P19 cells, only ACTL6A, SOX2 and SET genes were
amplified by PCR using the pairs of primers listed in
Supplemental Table 2. When miR9* was highly expressed
during neuronal differentiation of the P19 cells, all of three
targets were decreased gradually or suddenly due to the fact that
the expression time-point and cellular distribution of miR9*
and its targets in cells may result in different patterns of the
functional interaction between miR9* and its targets (Fig 3B).
To determine if the three targets were directly repressed by
mature miR9*, 40 nM of exogenous miR9* precursor was
induced in the P19 cells, in the absence of RA, and the gene
expression patterns of the three candidates were determined by
RT-PCR (Fig 3C). The transcript levels of all of three
candidates appeared to be dramatically repressed by exogenous
mature miR9*. This finding implies that ACTL6A, SOX2 and
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Figure 4. In vitro luciferase assay of SOX2 regulated by miR9* during neuronal differentiation. (A) A schematic diagram of CMV/
Gluc_ SOX2 and CMV/Gluc_SOX2mt for monitoring SOX2 regulated by miR9*. The underlined sequences indicated a seed region
of miR9* at the 3° UTR of SOX2. The small letters at the 5’ end indicate restriction enzyme recognition sites for Xhol and Xbal
at the 3’ end. (B) In vitro Gluc activity of CMV/Gluc_SOX2 regulated by miR9* in HeLa cells. The Gluc activities of 4 different
recombinant constructs, CMV/Gluc/3xPT_mir9, CMV/Gluc/3xPT_miR9*, CMV/Gluc_SOX2 and CMV/Gluc_SOX2mt were measured
in response to 0 and 2.5 nM of exogenous miR9* precursor in the HeLa cells. The CMV/Fluc vector was co-transfected to normalize
Gluc activity. Experiments were performed in triplicate and results are shown as the means + SD (*p <0.05). (C) In vitro luciferase
assay of endogenous SOX2 during the neuronal differentiation of the P19 cells. CMV/Gluc_ SOX2 or CMV/Gluc_SOX2mt was co-
transfected with the CMV/Fluc vector. The CMV/Fluc-normalized Gluc activity of each construct was measured over 2 days. The right
y-axis represents the Gluc fold ratio of CMV/Gluc_SOX2 divided by CMV/Gluc_SOX2mt before (un), 1 day (1d) and 2 days (2d)
after neuronal differentiation of the P19 cells induced by RA. The line with a triangular head indicates the ratio for each day. The
black bar represents the construct of CMV/Gluc_SOX2 and the gray bar indicates CMV/Gluc_SOX2mt. Gluc activities were performed
in triplicate and results are expressed as the mean =+ SD (*p <0.05).

SET genes are directly regulated endogenous targets of miR9* essential for the maintenance of self-renewal of undifferentiated
during neuronal differentiation of P19 cells. embryonic stem cells during the regulation of embryonic
development and the determination of the cell’s fate.”

3.5 In Vitro and In Vivo Imaging of miR9*-Mediated To investigate whether the 3> UTR of SOX2 containing the
Repression of SOX2 During Neuronal Differentiation of SR was possibly bound and destabilized at the transcript level
P19 Cells by miR9*, we searched the PicTar DB. The 66-bp region from

Among the three endogenous targets directly regulated by the 3> UTR of SOX2 containing the SR was cloned into a
miR9* during neurogenesis, the sex determining region Y-box 2 reporter vector containing the open reading frame of Gluc
(SOX2) was randomly selected to further study visualizemiR9*- ~ regulated by the CMV promoter (designated as CMV/
mediated repression of a target gene both in vitro and in vivo. ~ Glue_SOX2) (Fig 4A). To compare the bioluminescent signals

SOX2 is well known to function as a transcription factor thatis ~ of CMV/Gluc_SOX2, 7-bp of the 3° UTR of SOX2 in the SR
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Figure 5. In vivo luciferase imaging of miR9*-mediated repression of SOX2 during neuronal differentiation in nude mice. Images were
acquired for 2 days after implanting the P19 cells into the left thigh without RA treatment and the right thigh with RA treatment of
nude mice. The CMV/Fluc was used as an internal control and was co-transfected to normalize the Gluc activity of CMV/Gluc_SOX2
(A) or CMV/Gluc_SOX2mt (B). The lower panels of A and B show in vivo Fluc imaging of CMV/Fluc and the upper panels show

the Gluc activity of CMV/Gluc_ SOX2 or CMV/Gluc_ SOX2mt.

was mutated (designated as CMV/Gluc_SOX2mt). To
determine the specificity of CMV/Gluc_SOX2, it was
transfected into HeLa cells where miR9* is not expressed. In
addition, CMV/Gluc/3xPT_mir9 (containing 3 copies of
perfectly complementary sequences of mature miR9 in CMV/
Gluc vector) and CMV/Gluc/3xPT_mir9* (containing 3 copies
of perfectly complementary sequences of mature miR9* in
CMV/Gluc vector), were used to monitor miR9 and miR9*, as
a negative and a positive control respectively.'” The reporter
gene, CMV/Fluc, hardly affected by miR9*, was co-transfected
into the HeLa cells to normalize the Gluc activities of CMV/
Gluc_SOX2, CMV/Gluc_SOX2mt, CMV/Gluc/3xPT_mir9 or
CMV/Gluc/3xPT_mir9* in response to exogenous miR9*. The
Gluc activities of both CMV/Gluc_SOX2 and CMV/Gluc/
3xPT_mir9* were significantly decreased by 2.5 nM of
exogenous miR9* compared to 0 nM of miR9* (Fig 4B).
However, CMV/Gluc_SOX2mt and CMV/Gluc/3xPT_mir9
not show any significant repression of Gluc expression in the
presence of exogenous miR9* in the HeLa cells. The response
of Gluc activity in CMV/Gluc/3xPT_mir9 and CMV/Gluc/
3xPT_mir9* to exogenous miR9* was exactly the same as
previous reported."”

To perform in vitro imaging of endogenously repressed
SOX2 by miR9*, CMV/Gluc_SOX2 or CMV/Gluc_SOX2mt
was co-transfected into P19 cells with CMV/Fluc for
normalization; then neuronal differentiation was induced by
RA for 2 days. When gene expression of miR9* gene was
gradually increased, during neuronal differentiation of the P19
cells (Fig 3A), the normalized Gluc activity of CMV/
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Gluc_SOX2 was significantly decreased compared to that of
the CMV/Gluc_SOX2mt (Fig 4C). When the P19 cells were
differentiated by RA, the Gluc fold ratio of CMV/Gluc_SOX2
divided by CMV/Gluc_SOX2mt was decreased about three
fold compared to the undifferentiated P19 cells.

The successfully developed luciferase reporter systems,
CMV/Gluc_SOX2 and CMV/Gluc_SOX2mt were used to
monitor in vivo the endogenously mediated repression of SOX2
by miR9* during neuronal differentiation. 3 x 10° of P19 cells
were first co-transfected with CMV/Fluc and subcutaneously
implanted into the right thigh of nude mice with RA treatment
and the left thigh without RA treatment as a control. Fluc
activity in the CMV/Fluc construct was measured from the left
thighs not treated with RA and the treated right thighs
(treatment for 2 days) by the IVIS 100 and showed no
significant changes before and after neuronal differentiation
(Fig 5A and 5B, lower panel). Gluc activity of CMV/
Gluc_SOX2 from the right thigh was gradually and clearly
decreased and more rapidly repressed by RA treatment
compared to CMV/Gluc_SOX?2 without RA treatment in the
left thighs. However, the CMV/Gluc_SOX2mt was not
significantly reduced in the right thighs after treatment with RA
compared to the left thighs without treatment of RA (Fig 5A and
5B, upper panel). The region of interest (ROI) analysis showed
that Gluc activity of CMV/Gluc_SOX2 was reduced almost 3-
fold on day 1 and 2 versus that of CMV/Gluc_SOX2mt
(Supplemental Fig 3). The in vivo Gluc signals and ROI
analysis demonstrated that SOX2 was significantly and directly
down-regulated by miR9* during neuronal differentiation of
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the P19 cells.
4. Discussion

The expression and regulation of miRNAs have been
reported to be involved in various cellular processes, such as,
the regulation of cell differentiation, proliferation, apoptosis
and development, as well as in the pathogeneses of clinically
important diseases, such as, cancer, cardiovascular diseases,
neurological diseases, viral diseases and metabolic
disorders.”** In general, tens of coding mRNAs in a cell are
directly regulated by a single miRNA, which results in the
down-regulations of hundreds of other metabolic genes.”
However, the identification of the endogenous targets of
miRNAs, using bioinformatics, has not provided useful
information due to the absence of experimental confirmation of
endogenous miRNA targets.

In this study where the endogenous targets of miRNAs were
investigated, the scoring system used for the bioinformatics
analysis resulted in 60 out of 100 points for the gene expression
data related to neuronal differentiation. This was based on the
assumption that the bioinformatics analysis depended on gene
expression in cells where miRNAs are expressed. If this system
is accurate and reliable, the microarray data deposited in public
DB can be easily used for determining endogenous targets of
other miRNAs. The gene expression in tissues, where miRNAs
are expressed, is of central importance in determining the
genetic expression of miRNA targets. Therefore, 30 points
were allocated for the gene expression data in 52 normal
tissues; this is because the tissues used for microarray
experiments are frequently contaminated by blood or other
adjacent tissues. Our rapid and successful bioinformatics
strategy, based on data mining and in vitro experimentation
using multiple heterogeneous information sources of
microarray data, in public DBs, provides a promising method
for identifying endogenous targets of miR124a during
neurogenesis. The results showed that 84.2% (16 of 19 targets)
of the endogenous targets, predicted by our bioinformatics
analysis, were found to be significantly down-regulated by
miR124a during neurogenesis. About 95% of the 337 predicted
miR124a targets, in the human and mouse PicTar DB, were
excluded from the bioinformatics analysis because they did not
meet the inclusion criteria adopted, i.e., only those genes that
were down-regulated in the heterogeneous microarray data for
neuronal differentiation, and showed significantly low
expression in human brain tissue samples. Furthermore, only
2% of miR124a targets, experimentally predicted in the HeLa
cells,? where mature miR124a is not expressed, satisfied the
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high-stringent criteria of our bioinformatics analysis. Our
findings showed that 93.1% of the endogenous miR124a
targets, scoring more than 20 points, by bioinformatics
computation, were found not to be significantly down-
regulated by miR124a in the HeLa cells, due to weak or barely
perceptible expression of 109 out of 117 endogenous miR124a
candidates; this finding implies that endogenous miRNA
targets should be screened for and monitored where miRNAs
are expressed. Among the 16 novel endogenous miR124a
targets, PTPB1 (highly expressed in non-neuronal cells) and
LAMCI (a heterodimer component) have previously been
shown to be directly regulated by miR124a.”*

The extension of this bioinformatics approach for finding
endogenous miR9* targets demonstrated that 38 out of 299
genes predicted to be miR9* targets, in both the human and
mouse PicTar DB, might be significantly regulated by miR9*
during neurogenesis. Among them, we selected genes with
more than 50 points as true endogenous targets of miR9*; the
in vitro validation by RT-PCR confirmed that the transcript
levels of ACTL6A, QKI, SOX2, KLF4 and SET genes were
significantly repressed during neuronal differentiation in the
P19 cells when expression of the miR9* gradually increased.

If the DNA chips for gene expression data of normal tissues
including brain had more annotated genes, the number of
endogenous targets analyzed by our bioinformatics approach
could be expanded. Since GSE740 (52 normal tissues)
contained 10,000 annotated genes on the DNA chip, many of
the targets with g(X) scores were missed from the gene list of
GSE740, resulting in scores of less than 50 points; such scores
were not considered as targets for endogenous miRNAs by our
bioinformatics analysis. The association between scores
analyzed by our bioinformatics approach and the PicTar scores
demonstrated that the groups of genes scoring more than 50,
49-40, 39-30, and 29-20 points had in average of 5.7, 3.8, 4.0
and 3.6 PicTar scores for miRNA124a targets, and 6.2, 4.9, 3.7
and 4.6 for miRNA9* targets, respectively. Our bioinformatics
analysis show a tendency for individual genes with a higher
number of points (> 50 points) by our bioinformatics analysis
to have PicTar scores > 5.0.

There are four critical transcription factors that are important
for maintaining the pluripotency of embryonic stem cells
(ESC): OCT4, SOX2, NANOG, and TCF3.** SOX1, SOX2
and SOX3 are expressed in a redundant fashion to maintain the
expression of the progenitor cell characteristics and to prevent
cells from up-regulating post-mitotic neuronal markers, and
counteract neurogenesis during central nervous system
development.®® Reduction of SOX2 expression promotes
neural progenitor cells to initiate differentiation prematurely.*
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In this study, both in vitro and in vivo bioluminescent reporter
systems containing miR9* SR at the 3> UTR of SOX2,
successfully and specifically demonstrated that Gluc
expression of CMV/Gluc_SOX2 was significantly repressed
by the direct binding of miR9* during neuronal differentiation
of P19 cells, implying that SOX2 is an endogenous target of
miR9* during neurogenesis.

Therefore, the gene expression data deposited into public
DBs and bioinformatically predicted targets of miRNAs from
the PicTar and miRNAMap DBs were found to be useful for
identifying novel endogenous miRNA targets. The availability
of microarray data from cells or tissues where miRNAs of
interest are expressed is critical, and the gene expression data of
in silico predicted targets is likely to be the most important
method for filtering out false positive candidates predicted by
the PicTar and miRNAMap DBs.

One limitation of the bioinformatics analysis for identifying
endogenous targets of miRNA, was the reduction of mRNA
levels, which resulted in exclusion of targets regulated at the
translational level by miR124a and miR9*. These findings
imply that more endogenous targets of miR124a and miR9*,
even those with scores less than 50 points, might be present
during neurogenesis but our bioinformatics system is not
sensitive enough to identify such targets. Nevertheless, our
bioinformatics approach was found to provide a useful and
powerful means for identifying endogenous targets of miR124a
and miR9* during neurogenesis. This form of data mining,
involving the screening of miRNA targeted endogenous genes
using microarray data from public DBs, could be generalized to
globally identify targets and functions of other miRNAs related
to cellular metabolism and disease.

5. Conclusion

The results of this study demonstrate a simple bioinformatics
approach for identifying endogenous miRNA targets in the
laboratory by investigating miRNA regulation as follows: 1)
download the predicted miRNA targets from public miRNA
DBs, 2) if possible, refer to microarray experiments using cells
treated with the miRNAs of interest, 3) compare the gene
expression ratios of in silico targets using heterogeneous
microarray data resources available from public DBs to
determine whether these genes are significantly down-
regulated, and 4) monitor the gene expression patterns of down-
regulated targets, in healthy normal or abnormal tissues where
the miRNAs of interest might be highly expressed, to determine
whether they are tissue- or cell-specifically repressed by the
cell- or tissue-specific miRNAs of interest by in vitro and in
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vivo visualization.

In conclusion, analysis of important information from public
raw data using the bioinformat approach presented in this paper
can easily and rapidly assists biologists and biomedical
researchers in the diagnosis of or treatment of disease by
identifying and monitoring genes of interest.

Supplementary information: Supplementary information
is available at the Korea Tissue Engineering and Regenerative
Medicine Society website (www.kterms.or.kr).
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