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MicroRNAs (miRNAs) play an important role in posttranscriptional
regulation of genes. We developed a method to predict human
miRNAs without requiring cross-species conservation. We first
identified lowly/moderately expressed tissue-selective genes us-
ing EST data and then identified overrepresented motifs of seven
nucleotides in the 3� UTRs of these genes. Using these motifs as
potential target sites of miRNAs, we recovered more than two-
thirds of the known human miRNAs. We then used those motifs
that did not match any known human miRNA seed region to infer
novel miRNAs. We predicted 36 new human miRNA genes with 44
mature forms and 4 novel alternative mature forms of 2 known
miRNA genes when a stringent criterion was used and many more
novel miRNAs when a less stringent criterion was used. We tested
the expression of 11 predicted miRNAs in three human cell lines
and found 5 of them expressed in all three cell lines and 1
expressed in one cell line. We selected 2 of them, P-2 and P-27–5p,
to do functional validation, using their mimics and inhibitors and
using both luciferase assay and Western blotting. These experi-
ments provided strong evidence that both P-2 and P-27–5p are
novel miRNAs and that CREB3L3, which encodes cAMP-responsive
element binding protein 3-like 3, is a target gene of P-2, whereas
LAMB3, which encodes laminin �3, is a target gene of P-27–5p.

microRNA � target gene � frequent pattern � functional validation �
mimic and inhibitor

A lthough many human miRNA genes are now known, it is
likely that a large number of human microRNA (miRNA)

genes remain to be discovered (1–3). Most current methods [e.g.,
(4–8)] predict novel miRNA genes directly from RNA and/or
DNA sequences. In this study, we use a different approach: we
first identify putative target binding sites (motifs) in 3� UTRs and
then use these sites to infer novel miRNAs. A similar method for
predicting cross-species conserved motifs in 3� UTRs has been
applied to mammalian genomic sequences (9). Briefly, we try to
(i) identify a set of tissue-selective genes, which are genes that are
expressed in only one or a few tissues (10); (ii) exclude highly
expressed tissue-selective genes and call the remaining genes
low-key tissue-selective genes; (iii) find motifs of seven nucleo-
tides that appear frequently in the 3� UTRs of the genes in the
set; (iv) consider each of these motifs as a potential miRNA
target sequence and its complementary sequence as a potential
miRNA seed; (v) exclude those potential seeds that match any
known miRNAs; and (vi) use the remaining potential seeds to
identify potential novel miRNA genes from predicted secondary
structures in the human genome. Our method is based on the
reasoning that the 3� UTRs of the target genes of a miRNA
should share the same or a highly similar sequence motif [i.e.,
target site (TS)]. To define human tissue-selective genes, we use
EST data. Moreover, we use microarray gene expression data to
filter out highly expressed tissue-selective genes, because a gene
that is regulated by miRNAs is more likely to be lowly or
moderately expressed than to be highly expressed (11–15).

Because our approach is different from all current methods,
it has the potential to find miRNA genes that have not been
predicted by any current method. Indeed, we identified 36 highly
confident new human miRNA genes that give rise to 44 mature
forms and 4 novel alternative mature forms of 2 known human
miRNAs plus many less confident predictions. An expression
study of 11 predicted miRNAs, using three human cell lines, and
functional validation of 2 predicted miRNAs provided evidence
for good performance of our method. Thus, the new method can
indeed complement existing methods.

Results
Overview of Our Approach. We developed a seven-step computa-
tional method to predict human tissue-selective binding motifs in
3� UTRs and their potential regulatory miRNAs [see the flow-
chart in supporting information (SI) Fig. S1]. Below, we briefly
describe these steps.

First, we download the human UniGene (Homo sapiens: Build
no. 198) data of 40 tissues from the BodyMap-Xs database (16)
and map these UniGene entries to Ensembl gene identification
numbers. These entries belong to 18,021 human Ensembl genes.

Second, we remove those genes that are expressed in more
than 5 of the 40 tissues and call the remaining 6,496 genes
tissue-selective genes.

Third, we use a microarray dataset to remove highly expressed
genes from the set of tissue-selective genes. We call the remain-
ing genes low-key tissue-selective genes.

Fourth, for each tissue, we select two mutually exclusive gene
sets: a set of low-key tissue-selective genes and a set of back-
ground genes. We compare the 3� UTR sequences in the two
gene sets to identify sequence motifs that appear frequently in
the 3� UTRs of genes in the first set but rarely in the background
set. We use a window size of seven nucleotides to count their
frequencies in the 3� UTRs of the genes in the tissue-selective
gene set and their frequencies in the background set. For each
7-mer motif, we use the two-sample proportion test (17) to
examine whether the motif is significantly overrepresented in the
tissue-selective gene set (i.e., P � 0.01).

Fifth, we filter out simple repetitive motifs such as partial
poly(A) sites. One reason for the existence of such simple motifs
is that alternative polyadenylation can occur in a tissue-selective
manner (18). Because in �93% of the known human miRNAs,
the nucleotide frequency entropies of their seed regions are

Author contributions: Y.-M.C., H.-F.J., W.-H.L., and A.C.-C.S. designed research; Y.-M.C.,
H.-F.J., T.-Y.L., Y.-Y.C., W.-H.L., and A.C.-C.S. performed research; Y.-M.C., H.-F.J., T.-Y.L.,
Y.-M.Y., and A.C.-C.S. analyzed data; and Y.-M.C., H.-F.J., W.-H.L., and A.C.-C.S. wrote the
paper.

The authors declare no conflict of interest.

1To whom correspondence may be addressed. E-mail: whli@uchicago.edu or
arthur@iis.sinica.edu.tw.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0809151105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0809151105 PNAS � November 4, 2008 � vol. 105 � no. 44 � 17061–17066

G
EN

ET
IC

S

http://www.pnas.org/cgi/data/0809151105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/content/full/0809151105/DCSupplemental
http://www.pnas.org/cgi/content/full/0809151105/DCSupplemental


�0.8, we use the threshold of 0.8 to filter out motifs of low
compositional complexity. The remaining motifs are called the
frequent tissue-selective motifs or simply the frequent motifs.

Sixth, we use each frequent motif identified as a seed-match
region to search the miRBase (19) to remove those motifs that
perfectly match any known human miRNAs. In an expanded
analysis, we allow one G/U pairing in seven nucleotides. In a
further expanded analysis, we also allow 1-nt left- or right-shift
seed matches, because a seed region can start at the first, second,
or third position from the 5� end of a miRNA (20). For
convenience, a frequent motif that matches the seed region of a
known miRNA(s) is called a target motif in this paper.

Seventh, we use the remaining motifs to search the set of
predicted secondary structures in the human genome as reported
by Pedersen et al. (21) to select motifs that are good candidates
for novel miRNAs. In the 48,476 well-conserved secondary
structures in the human genome, Pedersen et al. (21) found 195
known miRNA genes and proposed 187 miRNA gene candi-
dates, of which only 24 candidates have been experimentally
confirmed. We download the remaining 163 candidates and
compute their secondary structure with the minimum folding
energy by the mFold software (22). Then, we use the unmatched
frequent motifs to check whether the motifs are located in the
stem regions in the secondary structures of the miRNA candi-
dates under three criteria (see Methods). A candidate that passes
the three criteria is taken as a putative miRNA.

For a more detailed description of the new method, see
Methods. Below, we describe the main results.

Low-Key Tissue-Selective Genes in Tissues. In the 18,021 selected
human Ensembl genes, 16,790, 14,910, 14,766, and 14,042 genes
are found in the EST data of the cerebrum, lung, testis, and eye,
respectively, whereas only 948, 944, and 135 genes are found in
the EST data of the salivary gland, esophagus, and brainstem,
respectively (Fig. S2).

Among the 18,021 selected genes, there are 6,496 tissue-
selective genes, each of which showed EST expression in five or
fewer tissues. To remove highly expressed genes, we use Liang
et al.’s data (10). These authors identified 3,919 tissue-selective
genes from microarray expression data, each of which was highly
expressed in some tissues. However, only 1,393 of them map to
Ensembl genes and the tissues in the BodyMap-Xs database, and
only 239 of these 1,393 genes overlap with our tissue-selective
gene set. We exclude these 239 genes from our gene set and call
the remaining 6,257 genes low-key tissue-selective genes. Among
these genes, 3417, 1129, 720, 521, and 470 are expressed in one,
two, three, four, and five tissues, respectively (Fig. S3A).

Tissue-Selective Motifs in the 3� UTR. We identified 2,819 frequent
tissue-selective motifs. The number of motifs in a tissue is
generally correlated with the number of expressed genes and
with the number of tissue-selective genes in that tissue (both
correlation coefficients are �0.6). There are 1703, 575, 284, 136,
and 68 one-, two-, three-, four-, and five-tissue selective motifs,
respectively. We found 53 frequent motifs (�2%) that appear in
�5 tissues, although each of the genes selected is expressed in �5
of the 40 tissues under study (Fig. S3 B and C).

The lymph node, placenta, kidney, lung, pancreas, and cere-
brum each contain �400 tissue-selective motifs (833, 557, 489,
465, 440, and 406, respectively). Interestingly, for these six
tissues, the number of tissue-selective motifs is negatively cor-
related with the number of low-key tissue-selective genes (382,
684, 1413, 609, 350, and 2030, respectively; the correlation
coefficient is ��0.5). In the vein, corpus callosum/glia, adrenal
gland, adipose tissue, thyroid/parathyroid, and stomach, the
number of predicted motifs is �10, and in the brain stem,
esophagus, bladder, and salivary gland, no tissue-selective motif
is found (Fig. S3B).

The average ratio of the predicted tissue-selective motifs to the
EST genes in a tissue is �0.08; that is, very few tissue-selective
motifs are found in the genes expressed in a tissue. But the ratios
of the number of predicted motifs over the number of low-key
tissue-selective genes of the lymph node, artery/aorta, and
pancreas are 2.18, 1.35, and 1.26, respectively, although those for
the other 37 tissues are all �1.0. That is, the average number of
tissue-selective motifs per low-key tissue-selective gene is �2 in
the lymph node and �1 in the artery/aorta and pancreas.

Tissue-Selective Motifs That Match Known Human miRNAs. We com-
pared the identified frequent motifs with all known human
miRNAs in the miRBase (release 11.0). First, we found a total
of 98 tissue-selective motifs that perfectly match the 133 mature
sequences of known human miRNA. (The latter number is larger
than the former because the seed regions for different miRNAs
can be the same.) Second, we allowed 1-nt left- or right-shift seed
matches. The total number of matched miRNAs increased to
267. Finally, when one G/U pairing is also allowed in the seed
match, the total number increases to 814 frequent motifs (�29%
of all identified motifs).

In total, there are 483 mature sequences of known human
miRNAs that match our predicted frequent tissue-selective
motifs (Fig. S4), whereas only 194 known human miRNAs do not
match any of our predicted frequent motifs. Thus, our method
can indeed recover more than two-thirds of the known human
miRNAs.

When G/U pairing and left- or right-shift imperfect seed
matches are allowed, the mappings between miRNAs and their
target motifs may not be one-to-one but can be one-to-many,
many-to-one, or many-to-many (see the examples in Fig. 1).
Possibly, even one nucleotide change in the seed region of a
miRNA can lead to completely different target genes that are
expressed in different tissues.

Secondary Structure of Predicted Novel miRNA Genes. Because the
unmatched motifs may be potential TSs of unknown miRNAs,
we check each of them to see whether it is located in any of the
stem regions in the secondary structures of the miRNA candi-
dates predicted by Pedersen et al. (21).

Because the locations of seed regions in the predicted sec-
ondary structures are unknown, we consider three possible
binding situations. First, two different motifs match the two
primes of the stem part of a miRNA gene candidate (Fig. 2A).
Second, two motifs are mapped onto the same stem of a miRNA
gene candidate but at two different locations (Fig. 2B). The
predicted mature sequences are two potential alternative forms
of this candidate miRNA. Third, a motif matches a region of a
known miRNA gene, but our predicted mature miRNA is
different from the known mature sequence in miRBase (Fig. 2C
and additional examples in Table S1 and Table S2).

When G/U pairing is not allowed, 60 frequent motifs that do
not match any known miRNA seed regions give rise to 48 mature
miRNA candidates (Table S1). However, P-9–3p and -5p are two
novel alternative mature forms of hsa-miR-652; that is, these two
sequences overlap with that of hsa-miR-652 but have different
seed regions. Similarly, P-27–3p and -5p are two novel alternative
mature forms of hsa-miR-802 (Table S1). When one G/U pairing
is allowed in the seed match, 116 frequent motifs give rise to 93
mature miRNA candidates (Table S2). P-62, P-63–1 and -2,
P-64–1 and -2, P-65, P-66, P-67, P-68–1 and -2, and P-69 are
alternative mature forms of has-miR-544, hsa-miR-1264, has-
miR-1298, hsa-miR-873, hsa-miR-376b, hsa-miR-381, hsa-miR-
365, and hsa-miR-448, respectively (Table S2).

Expression Tests of Predicted Novel miRNAs. We selected 11 pre-
dicted mature miRNA candidates to test whether they are indeed
expressed in breast and lung, using three cell lines: the MCF-7
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breast cancer cells, the MCF-10A mammary epithelial cells, and
the IMR-90 lung fibroblasts. We used real-time PCR to measure
the expression level of a miRNA candidate and checked the sizes
of PCR amplicons by gel electrophoresis to exclude nonspecific
amplifications such as primer dimer formation. As shown in Fig.
S5A, 7 novel miRNA candidates were amplified in all three cell
lines and one (P-15–5p) was amplified only in MCF-7 cells. The
eight PCR-amplified fragments were cloned and sequenced, and
six fragments were found to have the correct sequences. The
results indicate that 6 of the 11 selected miRNA candidates are
expressed in one or more types of human cells (Table 1).

We then focused on two predicted mature miRNAs, P-2 and
P-27–5p, which were expressed in all three cell lines. We used the
U6 snRNA gene as an internal standard because U6 is known to
be expressed stably with a significant amount under different
biological conditions. We found P-2 to be expressed at a higher
level than U6 snRNA in all three cell lines, whereas P-27–5p was
expressed at a lower level than U6 snRNA in all three cell lines
(Fig. S5B).

Functional Validation of Novel miRNAs by Luciferase Assay and
Immunoblotting. The 3� UTRs of CREB3L3 (cAMP-responsive
element binding protein 3-like 3) and LAMB3 (laminin �3) were
screened for complementarities to the seed sequences of P-2 and
P-27–5p because they appeared to be, respectively, good candi-
date target genes of P-2 and P-27–5p. To find out whether
CREB3L3 and LAMB3 are indeed, respectively, the targets of

P-2 and P-27–5p, we used the luciferase reporter construct to
determine the effects of miRNA mimics, which are small par-
tially double-stranded RNAs that mimic endogenous precursor
miRNAs, and inhibitors, which inhibit the action of specific
miRNAs, on expression of the luciferase gene.

The reporter plasmids bearing the P-2 TS on CREB3L3 3�
UTR (or the P-27–5p TS on LAMB3 3� UTR) were cotransfected
with P-2 (or P-27–5p) mimics (or inhibitors), and the luciferase
activity was then measured using the Dual-Light (Applied
Biosystems) luciferase and �-galactosidase reporter gene assay
system at 48 h after transfection. Fig. 3A shows that P-2 can
target to four potential TSs on CREB3L3 3� UTR (Fig. S6) in the
three cell lines. Similarly, the luciferase activity in the P-27–5p
mimic transfected cells was lower than that in the negative
control transfected cells, and the activity in the anti-P-27–5p
transfected cells was higher than that in the negative control
transfected cells (Fig. 3B). Thus, P-2 and P-27–5p can bind
specifically to CREB3L3 and LAMB3, respectively (Fig. 3C).

The immunoblotting showed that the protein expression of
LAMB3 was decreased after treatment with P-27–5p mimic but
increased after treatment with P-27–5p inhibitor (Fig. 3D).

Fig. 2. Three cases of frequent motifs that match predicted secondary
structures of mature miRNA candidates. (A) AAUCUUU and UCCUUGU. (B)
AACUUUU and CUGGGCA. (C) UAGGAUG.

Table 1. Expression tests and sequencing validation of 11
predicted miRNAs in breast and lung

Predicted
novel miRNA

Experimental validation

PCR
DNA

electrophoresis
Cloning and
sequencing

P-2 V V V
P-27–3p V V V
P-11–3p V V
P-15–5p V V V
P-17 V V V
P-21 V V V
P-23
P-24–3p V V
P-25
P-27–5p V V V
P-36

P-17, P-21, and P-24-3p have been registered as hsa-miR-2052, hsa-miR-
2054, and hsa-miR-2053, respectively. V, positive.

Fig. 1. Two examples of the frequent tissue-selective motifs that match
known human miRNAs. (A) The seed region of miR-203 is UGAAAUG. If we do
not allow G/U pairing or left- or right-shift matches, the target motif for
prefect matching is ACUUUAC, which is found only in lymph node and lung
tissues. However, when the one-nucleotide shift and one G/U pairing are
allowed, we find seven other motifs as their putative target motifs in 12
tissues, including the lymph node and lung. (B) miR-206a and miR-206b are
two members of the miR-206 family that differ by only one base in the seed
region, but their tissue-selective motifs are completely different and the
target genes are also expressed in different tissues. In each example, the seed
matches include (i) perfect matches and (ii) imperfect matches allowing one
G/U pairing, and matches allowing a left or right shift.
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CREB3L3 was increased after treatment with P-2 inhibitor.
These immunoblotting data also indicate that CREB3L3 and
LAMB3 are the targets of P-2 and P-27–5p, respectively.

Discussion
At the time when we selected P-27–5p for functional validation,
we were not aware that it is an alternative mature form of
hsa-miR-802. Our experimental study showed that P-27–5P is
indeed a miRNA. However, to our knowledge, the only exper-
imental studies on miR-802 were an expression and sequencing
study in mice (23) and a miRNA RT-PCR and in situ hybrid-
ization study using human fetal brain and heart specimens (24).
Thus, it remains to be shown that hsa-miR-802 is functional.

Some of our identified genes may not be tissue selective
because we used EST data in only 40 tissues. However, our
objective is to predict novel tissue-selective motifs rather than
genes. If our identified genes have a high proportion of truly
tissue-selective genes, the series of statistical tests proposed in
this paper should be powerful enough to exclude those patterns
that occur by chance. At the end, the number of tissue-selective
motifs we predicted was only 2,819, although the number of the
low-key tissue-selective genes with the motifs was 4,721.

A computational approach that is based on cross-species
conservation would not be able to predict ‘‘young’’ or species-
specific miRNAs and their targets. We therefore proposed a
method that requires no cross-species conservation. Actually,
methods without this requirement [e.g., REDUCE (regulatory
element detection using correlation with expression) (25)], have
already been proposed but have not been applied to search for
novel miRNAs and their targets.

Counting the numbers of expressed tissues for the target genes
predicted by TargetScanS (7) according to the BodyMap-Xs
database, we found that �72% of the genes were expressed in
�20 tissues, whereas only �5% of the genes were expressed in
�5 tissues; the mean is 28 tissues. Thus, most currently predicted
target genes are not tissue selective. The observation that
currently predicted miRNA targets tend to be broadly expressed
has been made earlier by Liang and Li (26). In our study, we used
only genes expressed in �5 tissues to detect the frequent motifs.
Thus, only a few of our predicted tissue-selective genes overlap
with the target genes predicted by TargetScanS.

Alternative splicing is widely found in higher eukaryotes to
generate different mRNA isoforms in specific cell or tissue types
(27). In this study, we downloaded all 3� UTR sequences of each
tissue-selective gene from Ensembl but only selected the longest

Fig. 3. Functional target validation of novel mature miRNAs by luciferase assay and immunoblotting using their mimics and inhibitors. The MCF-7, MCF-10A,
and IMR-90 cell lines each were transfected with 30–60 pmol PremiR or anti-miR miRNAs of P-2 or P-27–5p. The three different cell lines were cotransfected with
luciferase reporter constructs bearing a P-2 target sequence on CREB3L3 3� UTR or a P-27–5p target sequence on LAMB3 3� UTRs. The cells were assayed for
luciferase activity after transfection for 48 h. (A) Use of P-2 mimics (Left) or inhibitors (Right) showed that P-2 can bind to four possible TSs (TS-A, TS-B, TS-C, and
TS-D in Fig. S6) in CREB3L3 3� UTR in three cell lines (*, P � 0.05, **, P � 0.001). (B) The luciferase activity of cells transfected with P-27–5p mimic was decreased
and that transfected with anti-P-27–5p was increased in the three types of cells. (C) Luciferase reporter-based assay was also used to determine miRNA specificity.
P-2 and P-27–5p could target specifically to CREB3L3 and LAMB3, respectively. (D) MCF-7 cells were transfected with 100–300 pmol mimic or inhibitor. Protein
expression of LAMB3 was decreased after treatment with P-27–5p mimic and increased after treatment with P-27–5p inhibitor for 48 h. CREB3L3 was increased
after treatment with P-2 inhibitor.
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one as the input 3� UTR sequence. However, the longest one may
not be the major form in the selected tissue. Different transcripts
spliced from the same gene can be targets of different miRNAs
(14). Zhang et al. (18) have analyzed the differences in ploy(A)
sites involved in regulating alternative polyadenylation in differ-
ent tissues. Moreover, in a recent analysis of alternative 3� UTR
isoforms during T-cell proliferation, Sandberg et al. (28) found
an increase in the expression of mRNAs terminating at upstream
polyadenylation sites (i.e., shorter 3� UTRs) and that a reduction
in protein expression could be reversed by deletion of predicted
miRNA TSs in the 3� UTR region. Thus, alternative polyade-
nylation can play an important role in mRNA regulation by
miRNAs, and it should be taken into consideration in the
prediction of potential miRNA binding motifs in future studies.

Materials and Methods
Collection of Human Gene Expression Data. We downloaded the human
UniGene (Homo sapiens: Build no. 198) data and the tissue expression infor-
mation from the BodyMap-Xs database (16). Then, we mapped the UniGene
data to the Ensembl gene identification number and downloaded the tran-
script data from Ensembl. Finally, we downloaded the 3,919 tissue-selective
genes predicted from microarray expression data by Liang et al. (10).

Identification of Tissue-Selective Motifs in 3� UTRs. For each tissue-selective
gene, we downloaded the 3� UTR sequence of its longest transcript from
Ensembl. For each tissue, we selected two mutually exclusive gene sets: a set
of low-key tissue-selective genes (F) and a set of background genes (B). For
7-mer motif mk, let fk and bk be its frequencies in F and B, respectively. We used
the one-sided two-sample proportion test (17, 29) to examine whether fk is
significantly higher than bk. If so, mk is overrepresented in F. In this case, motif
mk is significantly overrepresented in the tissue with a P value �0.01.

Matching Frequent Motifs to the Seed Regions of Known Mature miRNAs. We
downloaded the 678 known human mature miRNA sequences from miRBase
(release 11.0) (19) and then examined whether a frequent motif that we
predicted perfectly matches any of the seed regions of mature miRNAs. We
also allowed one G/U pairing, and 1-nt left or right shift in the matching
comparison.

Secondary Structures of Potential Novel miRNAs. We downloaded the 169
human sequences that were predicted to be miRNA genes from the viewpoint
of secondary structure (21), but they have not been experimentally validated.
For each of these miRNA candidates, we predicted its secondary structure
using the mFold software (22). Then, we checked whether the unmatched
motifs are located at the stem regions of the secondary structures of some
candidates under three criteria: (i) matching should be exact or include only
one G/U pair between the motif and its complement; (ii) the length of
predicted mature miRNA is at least 17 nucleotides; and (iii) the predicted
mature miRNA should not extend to the opposite prime of the stem part.

Cell Culture. Human breast cancer MCF-7, mammary epithelial MCF-10A, and
human lung fibroblast IMR-90 cell lines were purchased from the Bioresource
Collection and Research Center, Taiwan. The MCF-7 cell line was maintained
in DMEM (Atlanta Biologicals) supplemented with 10% FBS (Gibco). The
normal mammary epithelial MCF10A cell line was cultured in growth medium,
DMEM, 10 �g/ml insulin (Sigma), 20 ng/ml human epidermal growth factor
(Invitrogen Corporation), and 500 ng/ml hydrocortisone (Sigma), supple-
mented with 5% FBS. The human lung fibroblast IMR-90 cell line was grown
in MEM (Sigma) supplemented with 10% FBS. Cells at the logarithmic growth
phase were used for our experiments. Cultures were maintained at 37 °C in a
humidified atmosphere with 5% CO2.

Designing Stem-Loop RT Primers and PCR Primers. To test the expression of a
predicted novel miRNA gene, we designed PCR primers according to the
stem-loop RT-PCR method (30). This method includes two steps: stem-loop RT
and real-time PCR. A stem-loop RT primer binds to the 3� portion of miRNA
molecules and forms a spatial constraint structure, which prevents it from
binding double-strand genomic DNA molecules. Therefore, stem-loop RT-PCR
is the preferred method for rapid and accurate detection of miRNAs. All the
novel miRNA sequences studied and the PCR primers are listed in Table S3.

Small RNA Isolation and Real-Time PCR Confirmation. Total RNA was isolated
from cultured cells using the mirVana miRNA Isolation Kit (Ambion, Inc.)

according to the manufacturer’s instructions. The concentration of RNA was
determined by a NanoDrop ND-1000 Spectrophotometer (NanoDrop Tech.).
The miRNA cDNA was prepared by the specific miRNA stem loop primer using
the Taqman miRNA Reverse Transcription kit (Applied Biosystems). The RT
reaction was done starting from 20 ng of total RNA and using the looped
primers. The quantitative real-time PCR of each sample was performed with
the iCycler iQ Real-Time detection system (BioRad) using the iQ SYBR Green
Supermix kit (BioRad). The 25-�l PCR included a 5-�l RT product, 1�SYBR
Green Supermix, 0.5 �l of 10-mM forward primer, and 0.5 �l of 10-mM reverse
primer. The reactions were incubated in a 96-well plate at 95 °C for 3 min
followed by 50 cycles of 95 °C for 10 sec and 60 °C for 30 sec. All reactions were
done in triplicate and included no template controls. PCR amplicons were also
checked using gel electrophoresis. The PCR amplicons of predicted novel
miRNAs P-2, P-11–3p, P-15–5p, P-24–3p, and P-27–5p were checked with 5%
agarose gel; P-17, P-27–3p, and P-21 were checked with 12% acrylamide gel.
The U6 small nuclear RNA was used as an internal control for cross-
experimental normalization. The cycle number at which the reaction crossed
an arbitrary threshold (CT) was determined for each gene, and the relative
amount of each miRNA to U6 RNA was described using the equation 2��C

T,
where �CT 	 (CT miRNA � CT U6RNA). To confirm the predicted novel miRNA
sequence, the amplified DNA fragment with 3�-A tailing was cloned into the
pGEM-T Easy Vector System (Promega) and then sequenced (Mission Biotech
Co. Ltd).

Construction of Luciferase Reporter Vector with miRNA-Binding Region/Site.
Plasmids were constructed using standard techniques. The full-length 3� UTR
of LAMB3 was amplified from MCF-10A cDNA (primers: 5�-TTCATACTAGT-
CAGCAGGGGGCAGAGGCAGTCC-3�, where the SpeI site is underlined, and
5�-AGTCTAAGCTTCTCGTTGAACCTCCAGGCTCTTT-3�, where the HindIII site is
underlined). After restriction enzyme reaction, the PCR fragment was then
directly ligated into the SpeI and HindIII cloning sites of the pMIR-REPORT
luciferase expression vector (Ambion). Clones were selected after colony PCR
and restriction enzyme digestion. The clones were verified by sequencing
(Mission Biotech Co. Ltd).

Given that we were not able to amplify the 3� UTR of CREB3L3 from the
three cell lines directly, we used synthetic oligonucleotides bearing the P-2
target sequence. The TSs sites are TS-A sense and anti-sense: 5�-AATGCGAGCT-
CAATGGGGGAGGCAGCTCAGCAAGCTTAATGC-3� and 5�-GCATTAAGCTTGCT-
GAGCTGCCTCCCCCATTGAGCTCGCATT-3�; TS-B sense and anti-sense: 5�-
AATGCGAGCTCAAACAGACCCGGACAGACAGCTCAGCAAGCTTAATGC -3�
and 5�-GCATTAAGCTTGCTGAGCTGTCTGTCCGGGTCTGTTTGAGCTCGCATT-3�;
TS-C sense and anti-sense: 5�-AATGCGAGCTCAAACAGATCCGGACAGA-
CAGCTCAGCAAGCTTAATGC -3� and 5�-GCATTAAGCTTGCTGAGCTGTCTGTC-
CGGATCTGTTTGAGCTCGCATT-3�; and TS-D sense and anti-sense: 5�-
AATGCGAGCTCAAACAGACCTGGACAGACAGCTCAGCAAGCTTAATGC -3� and
5�-GCATTAAGCTTGCTGAGCTGTCTGTCCAGGTCTGTTTGAGCTCGCATT-3�. To
anneal the oligonucleotides, 2 �g of each strand was added to 46 �l of DNA
annealing buffer [30 mM Hepes (pH 7.4), 100 nM potassium acetate, 2 mM
magnesium acetate] for a final volume of 50 �l and incubated at 90 °C for 3
min and then at 37 °C for 1 h. The annealed oligonucleotides were digested
with HindIII and SacI and used to ligate into HindIII and SacI of the pMIR-
REPORT luciferase expression vector (Ambion). Positive clones were selected
after screening by restriction digestion with BlpI and were verified by sequenc-
ing (Mission Biotech Co. Ltd). All the restriction enzymes were purchased from
New England Biolabs.

Transfection. All transfections were carried out in triplicate. To transfect the
miRNA inhibitors or precursors (Ambion) with reporter vectors, we preplated
5 � 104 cells 24 h before transfection in 24-well plates. On the following day,
200 ng of each vector (control and experimental vector) and 30–60 pmol of
inhibitor were diluted into 50 �l of Opti-MEM (Gibco) into round-bottom
polystyrene tubes. Next, 4 �l of lipofectamine 2000 (Invitrogen, Inc.) was
diluted into 50 �l of Opti-MEM and incubated at room temperature for 5 min.
The diluted DNA/inhibitor or precursor was next added into the transfection
agent complex and incubated at room temperature for 20 min. The growth
medium was changed into new growth medium without serum and antibi-
otics, and 100 �l of the complex was added to the cells. Luciferase reporter
activity was measured at 48 h after transfection.

Luciferase Reporter Assays. Reporter activity was assayed using the Dual-Light
system (Applied Biosystems) and was normalized to �-galactosidase activity to
control for transfection efficiency variation among different wells according
to the manufacturer’s instructions. Luminescent signal was quantified by the
Spectramax M5 ELISA reader (Molecular Devices). All reporter assays shown in
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this study are based on data averaged from at least three independent
transfections.

Immunoblotting Analysis. MCF-7 cells were transfected in a 10 cm-dish with
100–300 pmol of mimic or inhibitor and negative control. After 48 h, cells were
collected and analyzed by Western blot analysis to assess CREB3L3 or LAMB3
expression. Cells were washed with PBS twice, and pellets were solubilized in
lysis buffer containing 7 M urea, 4% CHAPS, 2 M thiourea, and 0.002%
bromophenol blue. Lysates were centrifuged at 13,200 � g for 30 min. Proteins
were loaded into 10% SDS/PAGE and transferred onto PVDF membranes
(Millipore) at 150 V for 1.5 h. After blocking in 5% skim-milk in Phosphate
Buffered Saline Tween-20 containing 0.05% Tween 20 at room temperature
with gentle rocking for 1 h, membranes were probed with antibodies. Primary
antibody was CREB3L3 (LifeSpan Biosciences, Inc.) or LAMB3 (Santa-Cruz

Biotechnology, Inc.) at the recommended concentration incubated at 4 °C
overnight and then incubated with secondary antibodies (anti-rabbit IgG-
HRP; Abcam). Then, immunoblots were visualized with the ECL detection kit
(Pierce Biotechnology, Inc.) and exposed to Fuji medical x-ray film. �-actin (Cell
Signaling Technology) was used as an internal loading control.
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