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bstract

We have identified novel over-represented and conserved motifs in the upstream regions of human and mouse miRNA stem-loop sequences
y means of a new bioinformatic processing regimen. We observed sequence conservation −500 bp upstream in 189 human and mouse miRNAs
eclining with increasing distance from their putative miRNA stem-loop origin. We also found relatively GC-rich regions having more than 50%
f guanine + cytosine (G + C) content at about −30 and −170 bp relative to human miRNA stem-loop sequence origin. To further identify specific
equence motifs that might be involved in the transcriptional regulation of miRNA precursors, we first searched 500 bp upstream sequences of 194
on-redundant human miRNA stem-loop sequences for frequently occurring motifs 5–15 bp long. We then found the comparable occurrences of the
0 most frequent motifs in the 2000 bp upstream regions of 242 human and 290 mouse miRNAs. The significantly reduced frequency of occurrence

f all 20 motifs in the regions 2000 bp upstream of 23,570 human RefSeq genes demonstrated that these motifs were specific to the upstream
iRNA sequences. The most frequently observed motif M1 (GTGCTTMTAGTGCAG), with a MEME E-value of 3.8e−57 was distributed within

00 bp upstream of stem-loop sequences and was also miRNA-specific. We suggest that these over-represented motif sites are good candidates for
xperimentally testing miRNA expression as well as possible interaction with regulatory factors.

2007 Published by Elsevier Ltd.
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. Introduction

MicroRNAs (MiRNAs) are ∼22 nt long non-coding RNAs
enerated from a local hairpin structure of endogenous tran-
cript. These small RNAs induce mRNA degradation or
ranslational repression by binding to their target mRNAs
Bartel, 2004; Filipowicz et al., 2005; Sontheimer and Carthew,
005). MiRNAs are now recognized as one of the major regula-
ory gene families, with a recent study suggesting that miRNAs

egulate at least 20% of all human genes (X. Xie et al., 2005).

The details of miRNA genomics (Kim and Nam, 2006; Kim,
005) disclosed that transcription of miRNA genes produces a
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or binding sites; Promoter

ong primary transcript (called pri-miRNA). A stem-loop precur-
or of ∼80 nt (called pre-miRNA, hairpin miRNA, or stem-loop
recursor) is then cleaved from this pri-miRNA by the RNase III-
ype Drosha. Finally, the mature miRNA of ∼22 nt is produced
rom this stem-loop sequence by the RNase III-type enzyme
icer.
MiRNAs are transcribed by RNA polymerase II (Pol II) (Cai

t al., 2004; Lee et al., 2004). Pri-miRNAs contain cap structures
nd are polyadenylated, both unique properties of Pol II gene
ranscripts. Furthermore, human cells treated with �-amanitin,

Pol II inhibitor, decrease the level of miRNA transcription,
nd chromatin immunoprecipitation analysis reveals the phys-

cal association of Pol II with a miRNA promoter (Lee et al.,
004). Taken together, these reports indicate that the Pol II is the
ain RNA polymerase for miRNA gene transcription. Recent

nalysis of the miRNA promoter has identified canonical TATA-

mailto:itakura@genome.tokushima-u.ac.jp
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ox motifs upstream of the transcription start site of miRNA (Z.
ie et al., 2005; Houbaviy et al., 2005).
To fully understand the mechanism for miRNA transcription

t is necessary to analyze the promoters of various miRNA genes.
hus, identification of miRNA-specific elements could provide
lues for understanding regulatory networks and miRNA gene
rediction. Importantly then, bioinformatic searches for char-
cteristic sequence motifs may well lead to identification of
iRNA-specific promoter elements.
In a previous analysis, alignments of miRNA upstream

equences in orthologous C. elegans/C. briggsae regions showed
pronounced conserved sequence motif approximately 200 bp
pstream of the miRNA stem-loop point (Ohler et al., 2004).
sing this motif improved performance of the associated
iRNA search algorithm. However, bioinformatic searches for
iRNA-specific promoter elements in longer regions upstream

f miRNA sequences have so far not been successful.
Our purpose here is to remedy this gap and to identify spe-

ific sequence motifs upstream of the miRNA stem-loop starting
oint that might be involved in miRNA expression. To discover
ver-represented sequence motifs, using computational motif-
ocating tools, we analyzed the set of human miRNA upstream
equences likely to contain transcriptional regulatory sequences.

. Material and methods

.1. Human and mouse data sets of upstream sequences

To collect the data on human and mouse miRNA, we used
he miRNA database, miRBase Sequence Database Release 7.1
http://microrna.sanger.ac.uk/; Griffiths-Jones et al., 2006). This
atabase contains 326 human miRNA sequences of which 234
ature miRNA sequences have been experimentally verified.
e also constructed sets of 242 human and 290 mouse miRNA

pstream sequences likely to contain transcriptional regulatory
equences (Supplementary Table 1). This sequence set encom-
asses the 2000 bp region upstream of the miRNA annotated
tem-loop sequences, including experimentally verified mature
iRNA in the database.
To assess over-representation of the identified motifs, we

lso constructed another independent set of 136 human miRNA
pstream sequences (Supplementary Table 1) that were collected
rom miRBase Sequence Database Release 8.2.

To validate the miRNA-specificity of identified
otifs, we used the upstream sequences of the set of

3,570 human protein coding genes (downloadable from
ttp://hgdownload.cse.ucsc.edu/goldenPath/hg18/bigZips/).
his data set contained 2000 bp upstream sequences, measured

rom the annotated transcription start site of RefSeq genes. This
ata set included only the genes in which the transcription start
s annotated separately from the translation start.

.2. Analysis of sequence characteristics
To facilitate the examination of evolutionary conservation
n the region upstream of human miRNA genes, we con-
tructed an upstream data set of 189 miRNAs by extracting

s
g
r
m

and Chemistry 31 (2007) 207–214

he relevant portions of human/mouse pairwise alignments. Out
f 242 human miRNA upstream sequences, 189 were pair-
ise aligned with orthologous mouse sequences. From this
e obtained 2000 bp upstream sequences of 189 human/mouse
iRNAs. The assemblies used for this data set were the

g17/mm7 versions downloaded from the UCSC genome
rowser (http://genome.ucsc.edu/). To carry out the computa-
ion, we fixed a 10-base sliding window at the beginning of each
utative alignment and then shifted the window by 1 bp from
eft to right to compute the conservation at each position.

In order to analyze the characteristics of human miRNA
pstream sequences, we examined the G + C content of each
indow with the sliding window method as described above.
e also screened human miRNA upstream sequences using
CpG island searcher (Takai and Jones, 2002; Takai and

ones, 2003). We set the threshold criteria for CpG islands as
efined by Gardiner-Garden and Frommer (1987) (sequence
ength ≥ 200 bp, observed CpG/expected CpG ≥ 0.6, and G + C
ontent ≥ 0.5).

.3. Motif discovery

The overall process flowchart of our motif discovery method
s displayed in Fig. 1. First, 194 human miRNA upstream
equences (500 bp) were submitted to the MEME program Ver-
ion 3.5.3 (http://meme.sdsc.edu/; Bailey and Elkan, 1994).
e used only 194 miRNA sequences. This is because of

he set of 242 human miRNA upstream sequences includ-
ng experimentally verified mature miRNA, 48 are members
f the miRNA cluster on chromosome 19 located at posi-
ions 58,861,745–58,961,404 as well as the miRNA cluster on
hromosome X located at positions 145,967,859–146,072,859
HG17) (Bentwich et al., 2005). These 48 miRNAs have simi-
ar 500 bp upstream sequences, suggestive of gene duplication.
ecause including these duplicated sequences would strongly
ias motif discovery, we excluded them from our data set pro-
essed by MEME (Supplementary Table 1). To detect the top
0 most frequent motifs, we used the MEME command: “meme
dataset> -mod anr -dna -minsites 4 -nmotifs 20 -minw 5 -maxw
5 -revcomp”. We then evaluated the width of the resulting
otifs of length 5–15 bp on both strands. The significance of
detected motif was reported as the E-value of the motif (the

xpected number of motifs in a random database of the same
ize), which is equal to the combined p-value of the sequence
imes the number of sequences in the database. All other MEME
ptions were left at their default values. For these motifs found
y MEME, we created sequence logos using WebLogo Version
.8.2 (http://weblogo.berkeley.edu/; Crooks et al., 2004).

Next, the MEME motifs were individually aligned using
he MAST program with default values (Bailey and Gribskov,
998) to the data set of 242 human miRNA 2000 bp upstream
equences, the data set of 290 mouse miRNA 2000 bp upstream
equences, and the data set of 23,570 human 2000 bp upstream

equences of the annotated transcription start site of RefSeq
enes. With these default parameters, MAST outputs motif
esults for sequences with E-values less than 10 and motif
atches with p-values less than 0.0001.

http://microrna.sanger.ac.uk/
http://hgdownload.cse.ucsc.edu/goldenPath/hg18/bigZips/
http://genome.ucsc.edu/
http://meme.sdsc.edu/
http://weblogo.berkeley.edu/
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ig. 1. Identification of specific sequence motifs in the upstream region of hum
as followed by motif comparison (left) and the calculation of their frequency

After this alignment, to determine the miRNA specificity
f the MEME motifs, we took the proportion of sequences
ncluding each MEME motif and computed a statistic compar-
ng this proportion between human miRNA upstream sequences
nd human RefSeq gene upstream sequences. For our statis-
ic, we used a Z-score equation for a test of proportions as
ollows:

= |p1 − p2|√
p(1 − p)(1/n1 + 1/n2)

, p = r1 + r2

n1 + n2

ere, n1 is the number of human miRNA upstream sequences
n the data set (242 sequences), n2 the number of human RefSeq
ene upstream sequences in the data set (23,570 sequences),
1 the number of human miRNA upstream sequences includ-
ng each MEME motif, and r2 is the number of human
efSeq gene upstream sequences including each MEME
otif.
For every MEME motif, we tested for the presence of a

ositional preference in the distance distribution between its
nstances and the miRNA stem-loop starting point. We divided
he 2 kb upstream region of miRNA stem-loop into bins of
00 bp, and counted the number of sites located in each bin.
or our statistic, we used a Z-score equation as follows:

= N − μ
σ

ere, N is the number of sites in each bin and μ and σ are the
ean and standard deviations on the distribution of the number

f sites in different bins, respectively.

m
(
s

RNA genes. The discovery of the most frequent 20 motifs (M1–M20) (center)
urrence in upstream sequences (right).

To compare the MEME motifs with known transcription
actor binding sites (TFBS), we used the T-Reg Comparator soft-
are (http://treg.molgen.mpg.de/; Roepcke et al., 2005). The
EME program outputs position frequency matrices (PFM)

Stormo, 2000) for each sequence motif. We compared the
FMs for the MEME motifs with the ones in the TRANS-
AC database (http://www.gene-regulation.com/; Matys et al.,
006) and the JASPAR database (http://mordor.cgb.ki.se/cgi-
in/jaspar2005/jaspar db.pl; Sandelin et al., 2004). We chose
he set of vertebrate matrices and a dissimilarity cutoff of 0.5 as
ecommended by Roepcke et al. (2005).

Alternatively, 194 human miRNA upstream sequences
500 bp) were submitted to the other motif discovery program,

eeder Version 1.3 (Pavesi et al., 2004). To detect the top 20
ost frequent motifs, we used the Weeder command: “weed-

rTFBS.out -f <dataset> -R 50 -O HS -W 12 -e 4 -M -S -T
0”. We evaluated the resulting 12 bp motifs on both strands,
ecause Weeder considers motifs ranging from 6 to 12 bp. Then
e compared the Weeder motifs with the MEME motifs.

. Results

.1. Sequence characteristics in the upstream of miRNA
tem-loop precursors
Conservation in the upstream region of 189 human/mouse
iRNA stem-loop sequences is displayed in Fig. 2A. Positions

on the X-axis) are given relative to the beginning (5′-end) of the
tem-loop sequences. The conservation measure (on the Y-axis)

http://treg.molgen.mpg.de/
http://www.gene-regulation.com/
http://mordor.cgb.ki.se/cgi-bin/jaspar2005/jaspar_db.pl
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Fig. 2. (A) Conservation in the upstream region of 189 human miRNA genes.
Percentage of conserved sequences in the upstream region of 189 aligned human
miRNAs in a 10-base sliding window is plotted (Y-axis) against their position in
the miRNA upstream sequences (X-axis, 0 = origin of stem-loop sequence). (B)
The G + C content in the upstream region of human miRNA genes (red), mouse
miRNA genes (green), and human RefSeq genes (blue). The G + C content in
a
u

i
u
h
s
d
H
e
p

s
S
i
u
t
−
5
w
n
S

3

w
s
s
p
s
5
h
u
g
s
s
t
g

s
S
o

w
s
t
a
h
g
F
c
F
a
s
2
p
T
h
o
t
M
t
4
f
t

a
2
(
s
o
o
s
G
o

The top 20 motifs found by Weeder (W1–20) are listed in
10-base sliding window is plotted (Y-axis) against their position in the each
pstream sequence (X-axis, 0 = origin of stem-loop sequence).

s an average of the conservation of alignments of all human
pstream sequences at each position. Conservation was at its
ighest level of about 75% at the immediately upstream region of
tem-loop sequences. We noted that the degree of conservation
eclined with increasing distance from the stem-loop sequences.
owever, conservation remained relatively high, above 50%,

ven up to −500 bp from the stem-loop start point, with a small
eak of conservation.

The G + C content in the upstream human miRNA stem-loop
equences, mouse miRNA stem-loop sequences and human Ref-
eq genes is shown in Fig. 2B. The G + C content (on the Y-axis)

s the average of all sequences at each position. In the 2000 bp
pstream human miRNA stem-loop sequences, the G + C con-
ent was in the 43.5–54.7% range (47.3% on average). At about

30 and −170 bp, relatively GC-rich regions having more than
0% of G + C content were found. Furthermore, 153 CpG islands

ere identified in the 2000 bp upstream regions of 106 in the total
umber of 242 human miRNAs by a CpG island searcher (see
upplementary Table 2).

S
b
(

and Chemistry 31 (2007) 207–214

.2. Motif discovery

The top 20 motifs found by MEME are listed in Table 1,
ith their occurrence in the human and mouse 2000 bp upstream

equences of miRNA genes and also in the 2000 bp upstream
equences of human RefSeq genes. M1 to M20 showed com-
arable occurrence in human and mouse miRNA upstream
equences. All the top 20 motifs detected by conservation in
00 bp upstream of human miRNAs displayed significantly
igher frequency of occurrence in human and mouse 2000 bp
pstream sequences than in the comparable upstream RefSeq
ene sequences. This difference between miRNA and RefSeq
equences was statistically significant at the 0.01 level as mea-
ured by a two-tailed test. In contrast, there is no occurrence of
he M7 and M18 motifs in the upstream region of human RefSeq
enes.

The occurrences of the top 20 motifs in the other data
et of 136 human miRNA upstream sequences are shown in
upplementary Table 3. M1 to M20 showed the comparable
ccurrence in 242 and 136 human miRNA upstream sequences.

Sequence logos for the top 20 motifs are shown in Fig. 3,
hile position frequency matrices for these top 20 motifs are

hown in Supplementary Table 4. Fig. 4 shows histograms of
he location of the 3 most frequent MEME motifs (M1, M2,
nd M3) detected by MAST in the upstream sequences of 242
uman and 290 mouse miRNAs, and 23,570 human RefSeq
enes. (Histograms for M4 to M20 are shown in Supplementary
ig. 1.) Histograms of the locations for M1 to M20 appeared
omparable in human and mouse miRNA upstream sequences.
ifty-four out of the 88 occurrences of M1 in the human data set
re found in the 500 bp upstream region of miRNA stem-loop
equences (Fig. 4). The distribution of M1 has a peak at about
00 bp upstream from the stem-loop sequences. The positional
references of the MEME motifs are given in Supplementary
able 5. Nine motifs (M1, 5, 8, 9, 11, 14, 16, 17, 20) out of 20
ad a Z-score above 2.0 in one bin in each motif. The Z-score
f positional preference of M1 was 2.4 in the bin from −300
o −200 bp. In Table 2, we display the results of comparing the

EME motifs with known transcription factor binding sites in
he TRANSFAC and JASPAR databases. Fifteen motifs (M1,
–9, 11, 13–16, 18–20) out of 20 had no known transcription
actor binding sites, while the remaining five motifs had known
ranscription factor binding sites.

To examine the effect of repeat-masking on this analysis, we
lso analyzed the repeat-masked dataset of 242 human miRNA
000 bp upstream sequences. The top 20 motifs found by MEME
MM1–20) are listed in Supplementary Table 6. MM1 had the
ame consensus as M1, GTGCTTMTAGTGCAG. The top 12 bp
f MM4 (AAGTGCTTCCATGTT) was similar to the last 12 bp
f M5 (AGTAAGTGCTTCCAT). MM15 (RGGGTGGGG) was
imilar to M7 (GGGRTGGGG). MM9 (CCNTGCAAAACT-
AW) was similar to M11 (CCWTGCAAAACTGA). The rest
f the MM motifs had no similarity to M1–20.
upplementary Table 7, with the top 20 motifs of 12 bp found
y MEME (M12-1–20). W1 (AAGTGCTTCCAT) and W14
AAGTGCTTACAG) matched M12-3 (AAGTGCTTMCAK).
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Table 1
The identified sequence motifs in the upstream regions of human miRNA stem-loop sequences

Motif Width E-value Consensus sequence Occurrence in 242 human
miRNA upstream sequences

Occurrence in 290 mouse
miRNA upstream sequences

Occurrence in 23,570 human
RefSeq upstream sequences

No. (%) (forward/
reverse)

No. (%) (forward/
reverse)

No. (%) (forward/
reverse)

M1 15 3.8e−057 GTGCTTMTAGTGCAG 31 (12.8) (54/34) 29 (10.0) (38/32) 27 (0.1) (25/23)

M2 15 3.9e−056 WAAAAAAAAAAAAAA 151 (62.4) (218/472) 151 (52.1) (188/296) 8794 (37.3) (20,316/19,135)

M3 12 1.5e−034 CCCCCWCCCCCC 145 (59.9) (438/382) 148 (51.0) (393/417) 1343 (5.7) (4665/4370)

M4 15 3.3e−023 SSCCCCWGCCTGGCC 133 (55.0) (289/376) 106 (36.6) (249/250) 1329 (5.6) (4500/4518)

M5 15 2.2e−020 AGTAAGTGCTTCCAT 41 (16.9) (46/50) 25 (8.6) (24/28) 7 (0.03) (6/6)

M6 15 8.9e−026 GCYKGGACTCCTGGG 128 (52.9) (369/253) 51 (17.6) (74/78) 319 (1.4) (769/795)

M7 9 2.5e+000 GGGRTGGGG 95 (39.3) (223/153) 88 (30.3) (158/169) 0 (0.0) (0/0)

M8 15 9.0e−013 CCCYGCCCAGGCCCC 103 (42.6) (257/277) 89 (30.7) (204/200) 917 (3.9) (2884/2919)

M9 12 4.1e−013 CTTTCTTTCTTCCTC 136 (56.2) (338/245) 161 (55.5) (446/352) 575 (2.4) (1706/1694)

M10 15 1.0e−012 TTTWANTNTTTTTTT 140 (57.9) (343/200) 113 (39.0) (199/158) 544 (2.3) (1167/1156)

M11 14 1.7e−008 CCWTGCAAAACTGA 20 (8.3) (26/21) 15 (5.2) (16/10) 11 (0.05) (7/11)

M12 15 2.0e−005 TAGTGAAGCAGSTTA 29 (12.9) (22/20) 36 (12.4) (20/24) 6 (0.03) (2/5)

M13 12 7.8e+000 CTCCTGCCTGGG 129 (53.3) (335/327) 82 (28.3) (148/115) 492 (2.1) (1395/1394)

M14 15 5.9e−008 CTGCNGGCCCTGCTG 77 (31.8) (154/125) 59 (20.3) (116/83) 153 (0.6) (284/339)

M15 12 2.5e+001 CNCTCCAGCTCC 93 (38.4) (231/225) 116 (40.0) (252/242) 136 (0.6) (381/336)

M16 15 6.8e−002 GAGGCCGAGTTGGGC 108 (44.6) (157/243) 51 (17.6) (67/71) 2831 (12.0) (5802/6160)

M17 12 2.1e+002 AGGTGTCTCCAA 19 (7.9) (16/8) 11 (3.8) (6/11) 21 (0.09) (18/13)

M18 9 7.7e+002 TCCTGGAAG 62 (25.6) (109/65) 31 (10.7) (46/32) 0 (0.09) (0/0)

M19 15 1.7e+002 TGGGGGTACCTGCKG 28 (11.6) (31/28) 22 (7.6) (26/16) 39 (0.2) (40/39)

M20 15 3.3e−007 TGTTGGGAACAGAGG 46 (19.0) (72/26) 25 (8.6) (28/39) 35 (0.1) (52/39)
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n the right-most 3 columns representing “Occurrence”, we indicate the number o
y the numbers of MEME motifs aligned by MAST in the forward/reverse stran
haracters, consisting of A, C, G, T, S = C/G, W = A/T, Y = C/T, R = A/G, M = A

3, W4, W8, W13, and W18 were partially similar to M12-3.
en motifs (W2, 5, 6, 9–12, 15–17) out of 20 were similar to each
ther, including a triplet ATG. However, these W motifs had no
imilar MEME motif except M12-8 including the complemen-
ary sequence of CAT. TRANSFAC search for a transcription
actor binding for M12-3 also having an exact match with W1
nd W14 showed a partial similarity to HS$CD8A 03 (cccgc-
ttggCCTCCCAAAgtgctgggat), a binding site of Ik-1.
.3. Characteristics of the interesting MEME motifs

The most interesting MEME motif found, denoted M1, is also
he most significantly conserved. This motif is represented by the

u
a
r
a

ME motifs aligned by MAST in each upstream data set, followed in parentheses,
ach data set. Each “Consensus sequence” is represented over an alphabet of 11
= G/T, and N = A/C/G/T.

onsensus GTGCTTMTAGTGCAG, representing a sequence
f the most frequent base at each position (its corresponding
equence logo is shown in Fig. 3). M1 has a MEME E-value of
.8e−57 and is significantly over-represented in our data sets. In
he human upstream data set, M1 is found by MAST 88 times in
1 sequences out of a total of 242 sequences (Table 1). Further,
1 out of the 31 sequences contain multiple M1 sites. Fifty-
our out of these 88 occurrences in the human data set were
ound on the forward strand, a 1.6:1 preference. In the mouse

pstream data set, M1 was also found in 29 sequences out of
total of 290 sequences. Thirty-eight out of these 70 occur-

ences in the mouse data set were found on the forward strand,
1.2:1 preference. To verify whether M1 is simply a widely
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ig. 3. Sequence logos for the 20 most frequent motifs identified by MEME. Ea
equence. The overall height of the stack indicates the sequence conservation at
he relative frequency of each nucleic acid at that position.

ccurring motif or instead a miRNA-specific one, we scanned
ll the 23,570 upstream sequences of RefSeq genes. In all, there
ere only 48 occurrences of the M1 motif in RefSeq in 27

equences (25 occurrences on the forward strand and 23 occur-
ences on the reverse strand). Comparing these MEME motifs
gainst known TFBS motifs by T-reg Comparator revealed no
imilar matrices for M1 in TRANSFAC and JASPAR databases
Table 2). Several TFBSs were detected with the higher dissimi-
arity score by the T-Reg Comparator shown in the parentheses;

$MYC Q2 (1.153) and V$AP2REP 01 (1.226) in the TRANS-
AC database, and Myc-Max (0.920) and c-MYB 1 (1.468) in
he JASPAR database.

(
Z
s

able 2
esults of comparing the MEME-discovered motifs and known TFBS motifs

otif TFBS motif Source DB Orientation Length

2 Hunchback JASPAR Forward 10
3 ZNF42 1–4 JASPAR Reverse 6

10 V$HOXA4 Q2 TRANSFAC Reverse 8
12 V$GATA Q6 TRANSFAC Reverse 7

17
Snail JASPAR Forward 6
deltaEF1 JASPAR Reverse 6
V$E2A Q6 TRANSFAC Reverse 8

he results include a list of matrices with divergence smaller than the dissimilarity
issimilarity score, and consensus sequence are provided. The T-Reg Comparator use
.4. The data from JASPAR and TRANSFAC Public are freely accessible on each w
ersion 8.4 is restricted to licensed users.
go consists of stacks of nucleic acid symbols, one stack for each position in the
osition, while the height of the nucleic acid symbols within the stack indicates

Another seemingly biologically interesting motif is M3. This
2 bp motif is represented by the consensus CCCCCWCCCCCC
the corresponding sequence logo is shown in Fig. 3). Previously,
n investigation of the upstream sequences of 59 orthologous
uman/mouse miRNAs identified an over-represented motif,
CCWCCC, that was similar to the consensus CTCCGCCC
resent in conserved blocks in the upstream sequences of miR-
As in the nematode Caenorhabditis elegans (Ohler et al.,
004). For M3 we found a similar TFBS motif, ZNF42 1–4

consensus NGGGGA) on the reverse strand (Table 2). This
NF42 1–4 motif is also similar to M7, with the consensus
equence of GGGRTGGGG.

Offset Overlap Dissimilarity score Consensus sequence

−4 6 0.331 SMANAAAAAA
8 4 0.426 NGGGGA

−4 4 0.461 AWAATTRG
11 4 0.446 WGATAAN

−1 5 0.111 CAGGTG
−1 5 0.194 CACCTN
−3 5 0.387 CACCTGNC

cutoff of 0.5. For these matrices, the name, overlap, orientation, shift, actual
s a database that currently contains data of JASPAR and TRANSFAC Version
eb site. However, access to the data from the non-public part of TRANSFAC
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ig. 4. Histograms of the location of the three most frequent MEME motifs M1
istograms of the location of the MEME motifs in the upstream sequences of

nd (C) 23,570 human RefSeq genes.

. Discussion

Based on the conservation within 500 bp human upstream of
iRNA genes, we hypothesized that miRNA-specific expres-

ion motifs are likely to be present in these highly conserved
egions in the upstream proximity of miRNA stem-loop
equence regions. The highest conservation at the immediate
pstream region might not be related to expression due to its
ocation. We therefore restricted our search by applying MEME
o find conserved motifs in 500 bp upstream regions relative to
nnotated miRNA stem-loop sequences. The 2000 bp upstream
uman miRNA stem-loop sequences had a G + C content of
7.3% on average, relatively high compared to that in the whole
uman genome (about 41%) (Lander et al., 2001; Venter et al.,
001). Eighty-four out of the 106 upstream sequences including
ne or more CpG islands are located in intergenic regions. MiR-
As that have CpG-rich putative promoter upstream sequences
ay be independently transcribed and/or regulated by methyla-

ion.
The predominant occurrence of M1–M20 in the region
pstream of miRNA genes compared to that of RefSeq genes
uggests that M1 to M20 were specific to the miRNA upstream
equences. In addition, M1 to M20 had a comparable occurrence
n the test data set of 136 human miRNA upstream sequences

s
m
t
i

and M3, plotted against their location from stem-loop origin, in bins of 100 bp.
uman miRNA stem-loop sequences, (B) mouse miRNA stem-loop sequences,

hat was completely independent from the training data set for
EME. Therefore, we posit that M1 to M20 were specific not

nly to the training data set, but also to the miRNA upstream
equences.

Out of 20 motifs, M1 was the most conserved. The com-
arable occurrence of M1 in the human and mouse upstream
equences of miRNA genes suggests that M1 is evolutionar-
ly conserved between human and mouse. The left flank of

1 is composed of the conserved sequence GTGC. The 5 bp
equence of its right flank is also highly conserved with consen-
us TGCAG. In contrast, the 6 bp sequence in the middle portion
f M1 is not conserved, except for A at position 9. The apparent
imilarity of the last 4 bp of our M1 motif, GCAG to a cap sig-
al, NCAN for transcription initiation, NCANHNNN (Bucher,
990) may suggest the role of M1 for transcription initiation.
ecause several TFBSs were detected for M1 with higher dis-

imilarity scores, M1 might well bind with some of the known
ranscription factors.

Some MEME motifs such as M5, M7, M11, and M12
ave a low frequency of occurrence. Few RefSeq upstream

equences contain these motifs, although both human and mouse
iRNA upstream sequences have comparable frequencies of

hese motifs. In particular, M5, M7, and M11 motifs have no sim-
lar matrices in the TRANSFAC or JASPAR databases. These
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hree motifs might be candidates for novel, miRNA-specific
unctional elements.

The subsequence of M5 (AAGTGCTTMCAK) was found
y Weeder as W1 and W14. This motif partially matched the
eft flank of M1 (GTGCTTMTAGTGCAG). These results lend
eight to our hypothesis of a biological function for M1 and M5.
e should be able to pursue this hypothesis further, because

umerous computational programs have become available for
otif discovery. These algorithms are different from each other,

nd output different motifs. Using different algorithms and
omparing the results should improve the reliability of motif
iscovery methods.

With the repeat masked data set, MEME found motifs that
ere in part distinct from those found with the unmasked data

et. General motif discovery algorithms identify sequence motifs
hat are statistically over-represented in a data set. Some repeat
equences might thus be identified as the MEME motifs. As
result, conventionally repetitive DNA elements are removed

rom the sequences input to the motif discovery program. How-
ver, the biological functions of repetitive DNA elements remain
o be understood. Therefore, in order to avoid missing any possi-
le conserved sequences, repeat masking should not be applied.

More than 500 different miRNAs have already been identified
n animals and plants, with the number of known miRNA genes
xpected to increase to 500–1000 per species (Bartel, 2004).
ith data sets from these additional species, it should be possible

o construct a comprehensive list of functional elements in the
pstream region of miRNA genes. Identification of miRNA-
pecific motifs should also help to discover new miRNA genes.

In conclusion, we have identified over-represented and
onserved motifs in the upstream regions of human and
ouse miRNA stem-loop sequences. Our analyses on upstream

equence characteristics of human miRNAs provide an explicit
ist of candidates for human miRNA-specific regulatory motifs.
n particular, we propose that our identified M1 sites may well be
romising candidates for experimental verification of possible
egulatory functions.
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