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(57) ABSTRACT 

A method for determining whether a nucleotide sequence 
contains a microRNA binding site and which microRNA 
will bind thereto is provided. For example, in one aspect of 
the invention, a method for determining whether a nucle 
otide sequence contains a microRNA binding site and which 
microRNA sequence will bind thereto is comprised of the 
following steps. One or more patterns are generated by 
processing a collection of known mature microRNA 
sequences. The reverse complement of each generated patter 
is then computed. One or more attributes are then assigned 
to the reverse complement of the one or more generated 
patterns. The one or more patterns that correspond to a 
reverse complement having one or more assigned attributes 
that satisfy at least one criterion are thereafter subselected. 
Each Subselected pattern is then used to analyze the nucle 
otide sequence, Such that a determination is made whether 
the nucleotide sequence contains a microRNA binding site 
and which microRNA sequence will bind thereto. 
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SYSTEMAND METHOD FOR DENTIFICATION 
OF MICRORNA TARGET SITES AND 

CORRESPONDING TARGETING MICRORNA 
SEQUENCES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001) This application claims the benefit of U.S. Provi 
sional Application No. 60/652,499, filed Feb. 11, 2005, the 
disclosure of which is incorporated by reference herein. 
0002 This application is related to U.S. patent applica 
tion entitled “System and Method for Identification of 
MicroRNA Precursor Sequences and Corresponding Mature 
MicroRNA Sequences from Genomic Sequences.” Attorney 
Docket Number YOR92006.0075US1, filed concurrently 
herewith, the disclosure of which is incorporated by refer 
ence herein. Also, this application is related to U.S. patent 
application entitled “Ribonucleic Acid Interference Mol 
ecules.” Attorney Docket Number YOR920040675US2, 
filed concurrently herewith, the disclosure of which is incor 
porated by reference herein. 

FIELD OF THE INVENTION 

0003. The present invention relates to genes and, more 
particularly, to ribonucleic acid interference molecules and 
their role in gene expression. 

BACKGROUND OF THE INVENTION 

0004 The ability of an organism to regulate the expres 
sion of its genes is of central importance to life. A break 
down in this homeostasis leads to disease states, such as 
cancer, where a cell multiplies uncontrollably, to the detri 
ment of the organism. The general mechanisms utilized by 
organisms to maintain this gene expression homeostasis are 
the focus of intense scientific study. 
0005. It recently has been discovered that some cells are 
able to down-regulate their gene expression through certain 
ribonucleic acid (RNA) molecules. Namely, when RNA 
molecules are in contact with certain of the cells protein 
machinery they act as potent gene translation inhibitors, also 
referred to as post-transcriptional gene silencing mecha 
nisms. This process, which is known as RNA interference, or 
RNAi has been found to function both in mediating resis 
tance to endogenous and exogenous pathogenic nucleic 
acids, as well as, in regulating the expression of genes inside 
cells. 

0006 The term gene expression, as used herein, refers 
generally to the transcription of messenger-RNA (mRNA) 
from a gene, and, e.g., its Subsequent translation into a 
functional protein. One class of RNA molecules involved in 
gene expression regulation comprises microRNAS, which 
are endogenously encoded and regulate gene expression by 
either disrupting the translation process or by degrading 
mRNA transcripts, e.g., inducing post-transcriptional repres 
sion of one or more target sequences. Currently, hundreds of 
microRNAS exist for many genomes. However, only a 
handful of targets have been identified for only a small 
number of microRNAs. 

0007. The RNAi/post-transcriptional gene silencing 
mechanism allows an organism to employ short RNA 
sequences to either degrade or disrupt translation of mRNA 
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transcripts containing a complementary or near-complemen 
tary sequence. Early studies Suggested only a limited role for 
RNAi that of a defense mechanism against foreign born 
pathogens. However, the Subsequent discovery of many 
endogenously-encoded microRNAs pointed towards the 
possibility of this being a more general, in nature, control 
mechanism. Recent evidence has led the community to 
hypothesize that a wider spectrum of biological processes 
are affected by RNAi, thus extending the range of this 
presumed control layer. Despite being the focus of intense 
research investment, the manner in which a particular 
microRNA determines its specific gene target and exerts its 
control over the latter remains largely an open question. The 
magnitude of this problem has led experimentalists to rely 
increasingly upon computational methods as a Source of 
guidance. 

0008 To date, the published computational methods for 
microRNA target site detection have been varied. One group 
of approaches employs modified versions of the dynamic 
programming solution to the local Suffix alignment problem. 
A second group of methods is “signature-based with the 
signature derived from the first 6-8 consecutive nucleotides 
in the 5' region (“seed region') of the microRNA. The 
methods employ this signature explicitly as well as implic 
itly. Other schemes use hidden Markov models to find seed 
matches or are based on exhaustive schemes that calculate 
interactions for every offset of the target sequence of the 
microRNA and sub-select those of the relative placements 
which are deemed significant according to a specific statis 
tical measure. Despite their methodological variety and the 
fact that the underlying computational methods can be 
applied to genomes in isolation, the majority of these 
approaches use the conservation of a potential binding site 
at orthologous positions across multiple species as a filtering 
criterion before they report any results. 
0009. In recent years, predictions made by many of these 
methods have been validated by experiments. Nonetheless, 
the number of confirmed microRNA/mRNA complexes 
remains very Small by comparison. This underscores the 
inherent difficulty of the task and the need for continuing 
research in computational approaches that can address the 
problem at hand. 

0010) A better understanding of the mechanism of the 
RNA interference process would benefit the fight against 
disease, drug design and host defense mechanisms. 

SUMMARY OF THE INVENTION 

0011. A method for determining whether a nucleotide 
sequence contains a microRNA binding site and which 
microRNA will bind thereto is provided. For example, in 
one aspect of the invention, a method for determining 
whether a nucleotide sequence contains a microRNA bind 
ing site and which microRNA sequence will bind thereto is 
comprised of the following steps. One or more patterns are 
generated by processing a collection of known mature 
microRNA sequences. The reverse complement of each 
generated pattern is then computed. One or more attributes 
are then assigned to the reverse complement of the one or 
more generated patterns. The one or more patterns that 
correspond to a reverse complement having one or more 
assigned attributes that satisfy at least one criterion are 
thereafter subselected. Each subselected pattern is then used 
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to analyze the nucleotide sequence, such that a determina 
tion is made whether the nucleotide sequence contains a 
microRNA binding site and which microRNA sequence will 
bind thereto. 

0012. A more complete understanding of the present 
invention, as well as further features and advantages of the 
present invention, will be obtained by reference to the 
following detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a flow diagram illustrating a method for 
identifying microRNA binding sites and corresponding 
microRNA sequences, according to one embodiment of the 
invention; 
0014 FIG. 2 is a graph illustrating the predicted and 
known microRNA binding sites within the 3'UTR of the 
cog-1 gene from C. elegans, 
0.015 FIG. 3 is a table summarizing the performance of 
the inventive approach on experimentally validated 
microRNA binding sites; 
0016 FIG. 4A is a graph illustrating luciferase-reporter 
assay results for the tested targets of miR-375; 
0017 FIG. 4B is a graph illustrating luciferase-reporter 
assay results for the tested targets of miR-296; 
0018 FIG. 4C is a graph illustrating luciferase-reporter 
assay results for the tested targets of miR-134; 
0.019 FIG. 5A is a table summarizing the results of the 
microRNA target site predictions for the genomes of C. 
elegans, D. melanogaster; M. musculus and H. sapiens from 
the analysis of 3'UTRs: 
0020 FIG. 5B is a table summarizing the results of the 
microRNA target site predictions for the genomes of C. 
elegans, D. melanogaster; M. musculus and H. sapiens from 
the analysis of 5'UTRs: 
0021 FIG. 6A is a table summarizing the average number 
of transcripts that a known microRNA is predicted to target 
and the average number of known microRNAs that are 
predicted to hit a transcript, assuming that the targeting takes 
place through the 3'UTR of the transcripts: 
0022 FIG. 6B is a table summarizing the average number 
of transcripts that a known microRNA is predicted to target 
and the average number of known microRNAs that are 
predicted to hit a transcript assuming that the targeting takes 
place through the 5' UTR of the transcripts; and 
0023 FIG. 7 is a block diagram of a system for deter 
mining whether a nucleotide sequence contains a microRNA 
binding site and which microRNA will bind thereto, in 
accordance with one embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0024. The teachings of the present invention relate to 
ribonucleic acid (RNA) molecules and their role in gene 
expression regulation. As mentioned above, a novel, pattern 
based computational method for the identification of 
microRNA targets is provided. The method obviates the 
need for cross-species conservation, is applicable to any 
microRNA-containing genome and can identify target sites 
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without knowing the targeting microRNA. The method can 
be, as an example only, applied to the genomes of C. 
elegans, D. melanogaster, M. musculus and H. sapiens. By 
way of example, Such sequences are described in detail in 
Application No. 60/652,499, the disclosure of which is 
incorporated by reference herein. Also, Such sequences are 
described in detail in the above-mentioned related U.S. 
patent application (YOR920040675US2), the disclosure of 
which is incorporated herein. 
0025. Using a data repository that predates the corre 
sponding validations, the method correctly predicts almost 
all of the experimentally-confirmed microRNA/target 
mRNA interactions in each of these four genomes. With the 
help of a luciferase-based assay, additional experimental 
support of the predictive ability of the inventive approach is 
provided by confirming 70 novel targets for microRNAs 
miR-375 and miR-296. Additionally, using protein-antibody 
assays, YY additional targets for the embryonic-stem-cell 
specific microRNA miR-134 were validated. Herein, the 
prediction is made that approximately 74%, 88%, 92% of 
the transcripts in C. elegans, D. melanogaster, M. musculus 
and H. sapiens, respectively, are under RNAi control. The 
inventive approach readily extends to the discovery of 
microRNA precursors directly from genomic sequence and 
the initial estimates indicate that the potential number of 
endogenously-encoded microRNA precursors may be sig 
nificantly higher than previously reported. A method for 
identifying microRNA precursor sequences and correspond 
ing mature microRNA sequences from genomic sequences is 
described in detail in the above-mentioned related U.S. 
patent application (YOR92006.0075US1), the disclosure of 
which is incorporated herein. 
0026 Advantageously, the inventive approach obviates 
the need of cross-species sequence conservation, and is thus 
readily applicable to any genomic sequence independent of 
whether it has orthologues in other species. Importantly, the 
inventive approach can identify microRNA target sites with 
out having to know the identity of the targeting microRNA. 
The capabilities of the inventive approach are demonstrated 
by first showing that the inventive approach correctly iden 
tifies many of the experimentally-validated microRNA tar 
gets sites and associated microRNA/mRNA complexes. 
Also, additional support of the abilities of the inventive 
approach is provided by describing the experimental vali 
dation, through a luciferase-reporter assay, of a combined 79 
predicted targets for the mouse microRNAs miR-375, miR 
134 and miR-296. Many of the validated microRNA/target 
pairs could not be predicted by other popular prediction 
tools as leading candidate complexes. Additional Support of 
the predictive ability of the inventive approach is presented 
below. Therein, we show for 4 of the predicted targets of the 
embryonic-stem-cell-related miR-134 that the correspond 
ing protein product is decreased in the presence of this 
microRNA with no concomitant decrease in messenger RNA 
levels, thus, implying that, for the tested targets, this 
microRNA acts by inhibiting translation. Using shuffled 
instances of the complete 3'UTRs (untranslated regions) for 
the transcripts that contained the 79 targets that we vali 
dated, the exceptional resilience to noise of the inventive 
approach is demonstrated. 
0027 FIG. 1 is a flow diagram illustrating a method for 
identifying microRNA binding sites and corresponding 
microRNA sequences, according to one embodiment of the 
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invention. Underlying the inventive approach is a pattern 
based methodology which discovers variable-length 
sequence fragments (patterns) that recur in an input data 
base a user-specified, minimum number of times. The num 
ber of discovered patterns, the exact locations of the 
instances of each pattern, the actual extent of each pattern, 
and finally the number of instances that a pattern has in the 
input database are, of course, not known ahead of time. 
Computationally, the pattern discovery problem is a much 
harder problem than database searching. Indeed, pattern 
discovery is an NP-hard problem whereas database search 
ing can be solved in polynomial time. 
0028. We will first describe step 110, the generation of 
patterns. The generation of patterns (step 110) is comprised 
of steps 112 and 114, as shown in FIG. 1. 
0029 Step 112 is the step of processing known 
microRNA sequences to discover intra- and inter-species 
patterns of conserved sequence segments. 
0030 The recurrent instances of a given sequence seg 
ment can be represented with the help of regular expressions 
with differing degrees of descriptive power. The expressions 
used in the present invention are composed of literals (Solid 
characters from the alphabet of permitted symbols), wild 
cards (each denoted by . and representing any character), 
and sets of equivalent literals (each set being a Small number 
of symbols, anyone of which can occupy the corresponding 
position). The distance between two consecutive occupied 
positions is assumed to be unchanged across all instances of 
the pattern (i.e., rigid patterns). The pattern LIV-LIV 
.D.NDNH.P is an example from the domain of amino acid 
sequences and describes the calcium binding motif of cad 
herin proteins. The motif in question comprises exactly one 
of the amino acids leucine, isoleucine, valine}, followed by 
any amino acid, followed again by exactly one of the amino 
acids leucine, isoleucine, valine, followed by any amino 
acid, followed by the negatively charged aspartate, etc. 
Typically, the presence of a statistically significant pattern in 
an unannotated amino acid sequence is taken as a Sufficient 
condition to Suggest the presence of the feature captured by 
the pattern. 

0031. In the context of the work described herein, the 
symbol set that we used comprises the four nucleotides 
{A.C.G.T. found in a deoxyribonucleic acid (DNA) 
sequence. The input set which we processed in order to 
discover patterns is Release 3.0 of the RFAM database, from 
January 2004 (Griffiths-Jones, S. et al. Rfam: an RNA family 
database. Nucleic Acids Res., 31 439-441 (2003)). For 
simplicity, we use the corresponding DNA sequence for our 
work instead of the RNA sequence of the transcript (i.e. all 
of the sequences contain thymine (T) instead of uracil (U)). 
The use of a more-than-18-month-old release of the database 
as the training set was intentional. We wanted to gauge the 
ability of the inventive approach to correctly predict the 
target sites and microRNA/mRNA complexes which were 
reported in the literature after January 2004. Using an old 
version of RFAM is not necessary for the described inven 
tive approach to work. In fact, in Subsequent incarnations of 
the inventive approach, we have used the version of RFAM 
that was the latest available. 

0032 Unlike previously published computational meth 
ods for microRNA target prediction, the present invention 
makes use of the sequence information from all the microR 
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NAS which are contained in the RFAM release, and inde 
pendent of the organism in which they originate. The release 
in question contains microRNA sequences from the human, 
mouse, rat, worm, fly and several plant genomes. The 
simultaneous processing of microRNA sequences from dis 
tinct organisms permits the discovery of conserved 
sequences both within and across species and makes the 
method Suitable for the analysis of more than one organism. 
We downloaded 644 mature microRNAs from the RFAM, 
Release 3.0 (January, 2004). 

0033) We used a scheme based on BLASTN to remove 
duplicate and near-duplicate entries from the initial collec 
tion (Altschul, S. F. Gish, W. Miller, W. Myers, E. W. 
Lipman, D. J. Basic local alignment search tool. J Mol Biol. 
215 403-410 (1990)). The final set comprised 354 sequences 
of mature microRNAS Such that no two remaining sequences 
agreed on more than 90% of their positions. We next 
describe in detail the BLASTN-based cleanup scheme. 

0034. We assume that we are given N sequences of 
variable length and a user-defined threshold X for the 
permitted, maximum remaining pair-wise sequence similar 
ity. The sequence-based clustering scheme that we employed 
is shown below. Upon termination, the set CLEAN contains 
sequences no pair of which agrees on more than X % of the 
positions in the shorter of the two sequences. For our 
analysis, we set X=90%. 

sort the N sequences in order of decreasing length; let S denote the i-th 
sequence of the sorted set (i=1,..., N) 
CLEAN e S. 
for i = 2 through N do 

use S; as query to run BLAST against the current contents of CLEAN 
if the top BLAST hit T agrees with S; at more than X% of the 
S.'s position 

then 
make S; a member of the cluster represented by T : 
discard S; 

else 
CLEAN e CLEAN 4 {S} : 

0035. This non-redundant input was processed using the 
Teiresias algorithm in order to discover intra- and inter 
species patterns of sequence conservation (Rigoutsos, I. and 
Floratos, A. Combinatorial pattern discovery in biological 
sequences: The TEIRESIAS algorithm. Bioinformatics 14 
55-67 (1998)). The combinatorial nature of the algorithm 
and the guaranteed discovery of all patterns contained in the 
processed input makes Teiresias a good choice for address 
ing this task. The nature of the patterns that can be discov 
ered is controlled by three parameters: L, the minimum 
number of symbols participating in a pattern, W, the maxi 
mum permitted span of any L consecutive (not contiguous) 
symbols in a pattern; and K, the minimum number of 
instances required of a pattern before it can be reported. 
Statistical significance requirements were also enforced. The 
significance of each pattern was estimated with the help of 
a second-order Markov chain which was built from actual 
genomic data. Application of the significance filter Substan 
tially reduced the number of patterns that were used in the 
Subsequent phases of the algorithm. Details on the Teiresias 
algorithm and its properties, the three parameters L/W/K, 
and how to estimate log-probabilities are given below. 
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0036) The Teiresias algorithm requires that the three 
parameters L, W and K be set. The three parameters that 
control the discovery process were set to L=4, W=12 and 
K=2. 120,789, 247 variable length patterns were discovered 
in the processed input set, typically spanning fewer than 22 
positions. These patterns were replaced by their reverse 
complements, and for each of the reverse complements we 
estimated the log-probability to be the result of a random 
event. Patterns with log-probability >-32.0 were removed 
resulting in a final set of 233, 554 statistically-significant 
patterns. We next describe in detail how the parameters 
control the number and character of the discovered patterns. 

0037. The parameter L controls the minimum possible 
size of the discovered patterns. The parameter W satisfies the 
inequality WeL and controls the degree of conservation 
across the various instances of the reported patterns. Setting 
W to smaller (respectively larger) values permits fewer 
(respectively more) mismatches across the instances of each 
of the discovered patterns. Finally, the parameter K controls 
the minimum number of instances that a pattern must have 
before it can be reported. 

0038 For a given choice of L, W and K Teiresias 
guarantees that it will report all patterns that have K or more 
appearances in the processed input and are such that any L 
consecutive (but not necessarily contiguous) positions span 
at most W positions. It is important to stress that even though 
no pattern can have fewer than L literals, the patterns’ 
maximum length is unconstrained and limited only by the 
size of the database. 

0039. Setting L to small values permits the identification 
of shorter conserved motifs that may be present in the 
processed input. As mentioned above, even if L is set to 
Small values, patterns that are longer than L will be discov 
ered and reported. Generally speaking, in order for a short 
motif to be considered statistically significant it will need to 
have a large number of copies in the processed input. Setting 
L to large values will generally permit the identification of 
statistically significant motifs even if these motifs repeat 
only a small number of times. This increase in specificity 
will happen at the expense of a potentially significant 
decrease in sensitivity. 

0040 For our work, L=4 was selected. This choice is 
dictated by the desire to capture potential commonalities 
among the seed regions of diverse microRNAS. Setting L to 
a value that is smaller than the 6 nucleotides typically 
associated with the seed regions gives us added flexibility. 
We also set W=12, a choice that is dictated by the desire to 
capture sequence commonalities where the local conserva 
tion is at least 33%. In other words, any reported pattern will 
have at most 2/3 of its positions occupied by wild cards. 
Finally, we set K=2. This is a natural consequence of the fact 
that we generate conserved sequence motifs through an 
unsupervised pattern discovery scheme. The value of 2 is the 
Smallest possible one (a pattern or motif, by definition, must 
appear at least two times in the processed input) and 
guarantees that all patterns will be discovered. 

0041) Step 114 is the step of generating the reverse 
complement of patterns. For each of the patterns that were 
discovered in Step 112, we generate their reverse comple 
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ment. For example, a typical mature microRNA pattern 
looks like: 

ATICG.TTTTTCGG. ATIATIATIGCG. CTT 

0042 whereas its reverse complement will be 

AAG.ICGICATIATIAT. ... CCGAAAAAICGIAT. 

0043. We next describe step 120, the identification of 
target sites. Step 120 is comprised of step 122, step 123 and 
step 124, as shown in FIG. 1. 
0044 Step 122 is the step of statistically filtering the 
patterns that were generated by step 114. Statistical filtering 
of the patterns that were generated by step 114 is done by 
estimating the log-probability of each pattern with the 
assistance of a Markov-chain. We next describe in detail 
how to use Markov chains to estimate the log-probabilities 
of patterns. The computation is carried out in the same 
manner for all of the patterns. 
0045 Real genomic data was used to estimate the fre 
quency of trinucleotides that could span as many as 23 
positions—there are at most 20 wild cards between the first 
and last nucleotide of the triplet. In other words, we com 
puted the frequencies of all trinucleotides of the form: 

0046) With these counts at hand, we used Bayes theorem 
to estimate the probability that a given pattern could be 
generated from a random database. Let us use the pattern: 
A.AT.C.T...G to describe the approach. Observe that we 
can write: 

Note that all of the counts #(...) are available directly from the 
Markov chain and thus can be substituted for in the last 
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equation. This in turn allows us to estimate the Pr(A. 
AT.C.T...G) as well as the log(Pr(A.AT.C.T.G)). 

0053. The present invention allows us to identify 
microRNA target sites independently of the knowledge of 
any given microRNA. The idea is as follows. It is known 
that mature microRNAs are first incorporated in the RNA 
induced silencing complex (RISC) and subsequently bind to 
3'UTR target sites through hybridization of complementary 
base pairs. Since our collection of patterns captures con 
served, not necessarily contiguous sequence elements of 
mature microRNAs, it follows that the reverse complement 
of Such patterns will permit us to locate conserved sequence 
elements in the untranslated regions of genes and, by con 
sequence, putative microRNA-binding sites. These putative 
sites will correspond to hot spots where a lot of patterns 
will aggregate. A typical mature microRNA pattern looks 
like 

ATICG.TTTTTCGG..ATIATIATIGCG. CTT 

0054 whereas its reverse complement will be 

AAG.ICGICATIATIAT. ... CCGAAAAAICGIAT. 

0055. In step 122, we applied statistical filtering on the 
patterns that were generated by step 114. In step 123, we use 
the 233, 554 patterns that survived the statistical filtering of 
step 122 to locate the instances of the patterns in the 3'UTR 
of a gene of interest. An instance of the reverse complement 
of a mature microRNA pattern generates a “pattern hit 
which covers as many nucleotides as the span of the corre 
sponding pattern. This is repeated for all patterns. Clearly, a 
given nucleotide position within a 3'UTR may be hit by 
more than one pattern. This observation is used to associate 
3'UTR regions which receive multiple pattern hits with 
putative microRNA target sites. Conversely, regions which 
do not correspond to target sites are expected to receive a 
much smaller number of hits, if any, which of course permits 
us to differentiate between background and microRNA tar 
get sites. 
0056 We demonstrate the validity of our key-idea with 
the help of the cog-1 gene from C. elegans: cog-1 is the 
target of microRNA cel-lsy-6. This is an important example 
because cel-lsy-6 is not contained in the January 2004 
instance of the RFAM release from which we derived our 
pattern collection. Moreover, cel-lsy-6 has no significant 
sequence similarities with any of the microRNAs contained 
in that release, something that we established by using 
cel-lsy-6 as the query and running BLASTN to search the 
RFAM release in question. 
0057. As shown in FIG. 2, processing cog-1's 3'UTR 
with the reverse complements of our microRNA patterns 
results in an accumulation of hits which is characterized by 
alternating peaks (regions hit by numerous patterns) and 
Valleys (regions with low numbers of hits). By imposing a 
threshold of 35 pattern hits, we treat any locations with 
support below this level as background and those which 
exceed it as sites where microRNAs will bind. The deter 
mination of the particular threshold level is discussed below. 
0.058 FIG. 2 illustrates the predicted and known 
microRNA binding sites within the 3'UTR of the cog-1 gene 
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from C. elegans. The histogram shows the number of pattern 
hits within the 3'UTR of cog-1. The solid, horizontal line at 
an offset of 35 shows the pattern hit threshold utilized by the 
method while the shaded rectangle highlights the experi 
mentally proven binding site for 1sy-6. The six black, 
horizontal segments shown are either 22 or 36 nucleotides in 
length. 
0059) One of the cog-1 regions exceeding threshold 
indeed coincides with the reported target site for cel-lsy 
6—this site is shown in yellow in FIG. 2. The cel-lsy-6 
binding site notwithstanding, five more regions exceed our 
pattern hit threshold in cog-1's 3'UTR. Of these regions, the 
rightmost one is, in fact, known to be the target site for a 
microRNA sequence, but the identity of this microRNA is 
not currently known. Notably, two of the regions exceeding 
threshold are substantially shorter than 22 nucleotides. In 
Such cases, the inventive approach will report a 36-nucle 
otide-long interval, symmetrically placed around the region 
that exceeds threshold, as the predicted target site. Taken 
together, these findings lead us to hypothesize that cog-1 is 
under the control of additional (currently unidentified) 
microRNA sequences. 
0060 For the 233, 554 patterns that we derived from the 
processed mature microRNA sequences, we sought the 
instances of the patterns in the 3'UTRs and 5' UTRs of every 
gene within ENSEMBL (Release 31) (Stabenau, A. et al. 
The ENSEMBL Core Software Libraries. GenOne Res. 14 
929-933 (2004)). An instance of a pattern contributes a vote 
of "+1 to all the UTR locations that the instance spans. This 
process can also be carried out in a similar manner using the 
sequences from the amino acid coding regions of the gene(s) 
instead of the sequences of the 3'UTRs and 5'UTRs. 
0061 Step 124 is the step of identifying “target islands' 
Supported by a minimum number of pattern hits. All 
sequence regions comprising contiguous blocks of locations 
that were hit by 235 patterns were kept and reported as 
“target islands.” These target islands are putative microRNA 
binding sites. For regions shorter than 22 nucleotides in 
length, we report a 36-nucleotide segment that is centered on 
the original region and has appropriately-sized flanking 
segments Surrounding the nucleotide segment. 

0062) Given the manner by which we determine pattern 
hits within the 3'UTR of a gene, it is clear that the extent of 
a region which receives Support from multiple pattern hits 
will generally not be restricted to 22 nucleotides. It is 
possible that the span of contiguous locations that receive 
hits and are above threshold will be longer than 22 nucle 
otides. Given the statistically-significant character of the 
used patterns, it follows that all Such blocks of contiguous 
locations which are Supported by large numbers of pattern 
hits ought to be treated as distinct from background. In order 
to acknowledge the possibility that the length of these blocks 
can be larger than 22 nucleotides, we use the more permis 
sive term target “island' instead of target “site.” The under 
lying implication here is that those target islands whose 
lengths exceed 22 nucleotides correspond to multiple, jux 
taposed or possibly overlapping microRNA target sites. 
0063. By identifying target islands in a UTR of interest 
we effectively focus the attention of the algorithm to only 
regions that receive Support by the reverse complement of 
many mature microRNA patterns. This is a key pre-filtering 
step that discards all segments that are not deemed to be 
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microRNA targets. As shown in the noise analysis below, 
and the experimental results corroborate, the target-island 
finding step is the key behind the observed resilience of the 
inventive approach. 
0064. We next describe step 130, the step of associating 
microRNA sequences with target islands. Step 130 is com 
prised of step 132 and step 134, as shown in FIG. 1. 
0065 Step 132 is the step of pairing-up each target island 
with each candidate microRNA sequence. 
0066. After having used the patterns to sub-select those 
3'UTR segments on which to focus, we used the linker 
sequence GCGGGGACGC (Stark, A. Brennecke, J. Russell, 
R. B. Cohen, S. M. Identification of Drosophila MicroRNA 
targets. PloS Biol. 1397-409 (2003)) to pair each microRNA 
with every one of the target islands at all possible offsets. 
0067 Step 134 is the step of identifying and reporting 
microRNA/target-island partners whose interaction exceeds 
a predetermined threshold. Each resulting hybrid sequence 
took the form “mature microRNA-linker-predicted target 
island' and was processed by the Vienna package software, 
which allowed us to predict the hybrids secondary RNA 
structure (Hofacker, I. L. et al. Fast Folding and Comparison 
of RNA Secondary Structures. Monatsh. Chem. 125 167-188 
(1994)). Instead of the Vienna package, we could have used 
the mfold algorithm to predict the hybrid’s secondary RNA 
structure (Matthews, D. H., Sabina, J., Zuker, M. and Turner, 
D. H. Expanded Sequence Dependence of Thermodynamic 
Parameters Improves Prediction of RNA Secondary Struc 
ture. J. Mol. Biol. 288,911-940 (1999)). Automated inspec 
tion of the predicted structure allows us to evaluate whether 
it conforms to a stem-loop-stem architecture, determine the 
locations (if any) where it self-hybridizes, and measure the 
quality and extent of base pairing between the microRNA 
sequence and the target island. 
0068 The Vienna package also reports the Gibbs free 
energy for the predicted structure (“folding energy'). Any 
structures that do not adhere to a strict stem-loop-stem 
architecture are discarded. Also discarded are any structures 
which are predicted to self-hybridize at some location, even 
if the involved positions represent a negligible fraction of 
the total length of the complex. Finally, any structures with 
folding energy greater than -25 Kcal/mol, a very stringent 
threshold, are discarded. Note that the used linker contrib 
utes approximately -7 Kcal/mol to the total energy of the 
microRNA/mRNA complex. Also, more permissive energy 
thresholds can be used here (e.g. -18 Kcal/mol instead of 
–25 Kcal/mol) in order to improve the sensitivity of the 
inventive approach. All Surviving structures are then ranked 
in an order that favors low folding energy, large numbers of 
matching base pairs, the presence of symmetrical arrange 
ment of any predicted bulges, and minimal numbers of 
predicted G:U pairs among base pairs in the seed-region of 
the microRNA. 

0069. Identification of the target islands forces the 
hybridization step to focus on and consider these sequence 
segments alone while ignoring the rest of the sequence. The 
target-island finding step is the key behind the performance 
of the inventive approach. Also, since each target island is 
examined in turn with each microRNA, the inventive 
approach will identify and report microRNA/target pairs 
involving juxtaposed or overlapping binding sites as long as 
each site is targeted by different microRNA sequences. 
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0070. Unlike many of the previously reported target 
detection methods, the present invention does not need to 
enforce the seed-region constraint in order to sub-select 
among potential target sites for a given microRNA sequence. 
These sites are decided during the target-islands finding step. 
This leads into increased flexibility and improved sensitivity 
when seeking targets of a microRNA sequence. As shown 
below, the existence of a seed-region signature in conjunc 
tion with extended base pairing and an energetically-favor 
able complex is not sufficient to guarantee repression of the 
target gene. This was true for predicted binding sites for all 
three microRNAs with which we experimented. 
0071 Lastly, as shown in step 139 of FIG. 1, the results 
(e.g., selected microRNA/target island interactions) of the 
above processes can be evaluated through experiment. 
0072 We will next describe the testing of the predictions 
using a standard luciferase reporter assay. 
0073. The computationally-predicted microRNA binding 
site sequence (-20-30 nucleotides), or microRNA-response 
element (MRE), was synthesized as sense and antisense 
oligomers, annealed and cloned into psiCHECK-2 directly 
3'-downstream of Renilla Luciferase (MRE-RLuc). 293T 
cells were seeded 24 hours before transfection at a density 
of 5x10" cells/well in 96-well plates. In the target validation 
of miR-375 & miR-296, 120 ng of over-expression vector or 
empty vector were cotransfected with 2 ng of the MRE 
RLuc reporter vector using Lipofectamine 2000. In the 
target validation of miR-134, 12.5 nM of miR-134 MM or 
Scroligo were cotransfected with 2 ng of the MRE-RLuc 
vector. Concurrently, additional controls were also per 
formed using unpredicted MRE-RLuc (eg. antisense to 
miR-21) versus cognate microRNA or predicted MRE-RLuc 
versus non-cognate microRNAs (e.g. mmu-miR-21). In all 
cases, a constitutively expressed Firefly luciferase gene 
activity in psiCHECK-2 served as a normalisation control 
for transfection efficiency. 48-hours post-transfection, Fire 
fly and Renilla luciferase activities were measured consecu 
tively with the Dual-Luciferase(R) Reporter system by a 
luminometer. All luciferase assays were repeated a mini 
mum of three times with 4 culture replicates each. 
0.074) HEK 293T/17 (ATCC: CRL-11268) cells were 
cultured in Dulbecco's modified Eagle's medium. Appen 
dixed with 10% heat-inactivated fetal bovine serum and 
penicillin/streptomycin, maintained at 37°C. with 5% CO. 
0075 Pre-miRTM microRNA precursor (134 MM) and 
the scrambled (Scr) RNA oligomer (AGACUAGCGGUAU 
CUUUAUCCC) were purchased from Ambion(R). 
0076) To generate the over-expression vector for mmu 
miR-375, a 500 bp (base pair) fragment was amplified by 
PCR from mouse genomic DNA using the Expand High 
Fidelity system and inserted into a modified plRES-EGFP 
vector (EcoRI and BamHI sites). To generate the mmu-miR 
296 and mmu-miR-21 over-expression vector, 500 bp frag 
ments were amplified by PCR from mouse genomic DNA 
using the Expand High Fidelity system and inserted into the 
pIL3.7 lentiviral vector (Xho I & Hpa I sites). 
0077. A non-paired t-test was used to determine the 
significance of transfected cells relative to control trans 
fected cells. 

0078. As mentioned above, we trained the inventive 
approach using an instance of the RFAM database which is 
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more than 18 months old. Thus any microRNA/mRNA 
complexes that appeared in the literature after January 2004, 
and which are predicted correctly by the method should be 
considered to be valid, de novo predictions. 

0079) To date, only a relatively small number of 
microRNA target predictions have been supported experi 
mentally in animals and they come from a handful of species 
(FIG. 3). To evaluate the ability of our inventive approach to 
correctly predict microRNA targets, we tested performance 
of the inventive approach on all (to the best of our knowl 
edge) experimentally-supported microRNA binding sites 
which have been published to date. None of the previously 
reported computational methods were evaluated for their 
ability to correctly predict the very diverse collection of 
microRNA/mRNA complexes studied herein. These results 
are summarized in FIG. 3. The cells with grey, vertical bars 
(respectively black-colored) cells of FIG. 3 (Part A) indicate 
that the method has correctly identified (respectively 
missed) the corresponding target site. For correctly identi 
fied (respectively missed) sites, the number of patterns 
hitting the target site is above (respectively below) thresh 
old. Dark grey, dotted cells indicate that the inventive 
approach has discovered the known site partially. Also 
shown is the number of target islands at stated threshold. In 
Part (B) of FIG. 3, cells with grey, vertical bars (respectively 
black cells) show that the correct microRNA sequence was 
(respectively not) predicted by the inventive approach to 
hybridize with the known site. N/A: stands for “not appli 
cable'. We have selected the value 35 as our pattern 
threshold. 

0080. In FIG. 3, the impact of various thresholds of 
pattern-Support on the results of the inventive approach is 
shown. We report results for the interval 20.70 of values in 
increments of 5 pattern-hits. As can be seen, at a threshold 
of 20, the method succeeds in discovering all but 4 of the 
previously reported microRNA binding sites. Those of the 
reported sites which are outside the 3'UTRs currently listed 
in ENSEMBL have not been considered in this analysis (i.e., 
grey cells). 

0081. In addition to correctly identifying known 
microRNA target islands, the inventive approach is able to 
identify additional target islands in the 3'UTRs of the 
processed genes (clearly, the number of Such predictions 
depends on the used threshold). For the examined threshold 
values, and for all of the processed 3'UTRs, the total number 
of target islands predicted by the method is listed in the FIG. 
3. It is evident that the 3'UTRs for several of these genes 
contain numerous predicted target islands which persist even 
at very high thresholds (=supporte 60). As it is highly 
improbable that 60 or more of the used patterns (each of 
which is statistically significant in its own right) will coa 
lesce to contribute hits to a block of contiguous locations 
simply by accident, we are led to hypothesize that these 
predicted target islands are likely valid (cf. the results shown 
in FIG. 2 for the 3'UTR of cog-1). 

0082 We decided on the pattern threshold to use in our 
analysis by studying the entries of FIG. 3. Even though a 
lower threshold would improve sensitivity, we decided to be 
conservative, and selected a value of 35 pattern-hits as our 
threshold. Using this threshold choice, the inventive 
approach correctly predicts 23 of the 31, or 74% of the 
reported sites that are contained within known 3'UTRs. 
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0083. Further, it is examined how well the inventive 
approach can predict the microRNA sequence that will bind 
to those target sites which have already been correctly 
identified. The results are shown in FIG. 3. For almost every 
case where the inventive approach determined the correct 
binding site, it was able to also identify the correct 
microRNA sequence that targeted the site, and in full 
agreement with what has been reported in the literature. 
Enforcing the very stringent energy threshold of -25 Kcal/ 
mol will result in the inventive approach missing three of the 
correct predictions namely lsy-6 cog-1, miR-375mtpn and 
miR-141 clock (the corresponding AG values for the three 
missed pairs are shown in FIG. 3). 
0084. The reason for the stringent threshold choices 
stems from the desire to be conservative in our predictions. 
To this end, throughout the rest of the study, we will employ 
the thresholds for pattern hit, folding energy and minimum 
number of formed base pairs of 35, -25 Kcal/mol and 14 
respectively. 
0085. A luciferase-reporter-based assay was chosen to 
test predicted targets sites. Each predicted microRNA bind 
ing site was inserted as a single copy directly downstream of 
a Renilla luciferase open reading frame (ORF). The use of 
tests where a single target site is examined each time formed 
an important component of the Stringent strategy. Any 
reduction in luciferase activity could be attributed to a single 
Source, thus showing that the putative target site is func 
tional. The relative luciferase activity of the control trans 
fection (scrambled RNA oligo or empty plasmid vector; 
represented as 100%) was compared to the activity when the 
cognate microRNA sequence was added. A sequence anti 
sense to the targeting microRNA was used as a positive 
control whereas a sequence antisense to mmu-miR-21 was 
selected as a negative control (FIG. 4). 
0086 FIG. 4A-C illustrates the luciferase-based valida 
tion of predicted targets in 293T cells. 293T cells were 
co-transfected with microRNA response element (MRE)+ 
luciferase constructs and cognate microRNA (expression 
vector or synthetic RNA oligo) or control (empty vector or 
Scrambled RNA oligo; represented as 100%), where 
luciferase activity was measured 48-hours post-transfection 
and normalised to internal Firefly luciferase activity. Addi 
tional negative controls were also performed of all predicted 
MRE-luciferase reporters with non-cognate mmu-miR-21 
(data not shown). In all the plots, the y-axis shows the 
relative level of luciferase expression, whereas the x-axis 
corresponds to the various experiments. The ENSEMBL 
identifiers of each studied target and the corresponding 
target sequence are listed herein. The luciferase activity 
which we measured for the wild-type myotrophin in the 
presence of miR-375 is used as the threshold throughout 
(p<0.05). Antisense to miR-134, miR-375, miR-296, miR 
21 (100% complement to microRNAs). Luciferase vector 
without MRE is shown as psiCHECK-2. (Error bars, SE: 
n=12). FIG. 4A illustrates the luciferase-reporter assay 
results for the tested targets of miR-375. MRE sequence for 
wildtype & mutant myotrophin as adapted from Poy et al. 
FIG. 4B illustrates the luciferase-reporter assay results for 
the tested targets of miR-296. FIG. 4C illustrates the 
luciferase-reporter assay results for the tested targets of 
miR-134. 

0087 Additional negative controls were also done with 
other non-cognate microRNA sequences, as well as unre 
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lated microRNA binding sites (data not shown). All 
luciferase-reporter assays were repeated a minimum of 3 
times with 4 culture-replicates each. The assay demonstrated 
a -30% reduction in wild-type myotrophin-luciferase activ 
ity in the presence of mmu-miR-375 thus providing further 
validation for the appropriateness of our setup. 

0088 For the experimental study, we considered three 
mouse microRNA sequences, namely immu-miR-375, mmu 
miR-134 and mmu-miR-296. MiR-375 was selected because 
its human homologue was recently characterized and shown 
to regulate insulin secretion by binding to myotrophin. The 
two other microRNAs, miR-134 and miR-296, were selected 
because they are significantly up-regulated during embry 
onic stem (ES) cell differentiation induced by retinoic acid 
(RA). Subsequent functional studies of miR-134 and miR 
296 by over-expression or antisense inhibition demonstrated 
that they can modulate ES pluripotency markers (Oct4. 
Nanog, Utf-1) as well as various differentiation markers 
(Nestin, FGF-5). Moreover, modulation of ES differentiation 
mediated by mmu-miR-134 can be further enhanced by a 
combinatorial action with RA or embryoid body formation. 
Cellular assays also demonstrated that miR-134 and miR 
296 over-expression can perturb the undifferentiated state of 
the mouse ES. In all three of the examples, we sought to 
computationally determine one or more of the targeted genes 
and experimentally verify them. 

0089 For the thresholds established above, and for each 
of miR-375, miR-134 and miR-296, the inventive approach 
predicted 2292, 2318 and 271 microRNA/mRNA complexes 
respectively. We prioritized among the predicted complexes 
using a ranking scheme that favored those with few/no 
mismatches and as few G:U pairs as possible in the seed 
region, complexes that contained Small or no bulges and 
complexes with large numbers of matched base pairs. For 
the experimental analysis, we selected biochemically inter 
esting predictions from the top-ranked positions in these 
three target collections. 46 predictions were selected for 
miR-375, 24 predictions for miR-296, and 60 from among 
the top 90 predictions for miR-134. 

0090. For a combined 79 of the 130 predictions that we 
tested we can show significant reduction in luciferase activ 
ity, well below the imposed threshold. For an additional 13 
of the tested predictions, the observed reduction in luciferase 
activity was only slightly worse than the threshold. In FIG. 
4 we show these results for miR-375, miR-296 and miR 
134. The ENSEMBL identifiers and target site sequences for 
all 130 of the tested predictions are given above. Therein, we 
also show that RNAhybrid (Rehmsmeier, M. Steffen, P. 
Hochsmann, M. Giegerich, R. Fast and effective prediction 
of microRNA/target duplexes. RNA 10 1507-1517 (2004)) 
was able to report 51 and MiRanda (Enright, A. J. et al. 
MicroRNA targets in Drosophila. Genome Biol. 5 R1 
(2003)) 50, out of a total of 79 validated binding sites, as the 
most likely candidates in the corresponding 3'UTRs. 

0.091 The rank of each of the tested targets according to 
the luciferase assay and the rank each of the tested targets 
was assigned by the computational ranking scheme were 
found to be uncorrelated. This lack of correlation is impor 
tant as it indicates that the ability of a microRNA sequence 
to repress a target is based on much more than the sequence 
based rules that the computational ranking scheme incorpo 
rates. In fact, biological effectiveness against a particular 
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target may be dependent on environment (e.g. mRNA local 
ization), and the presence of machinery to target the gene 
(e.g. RNA binding proteins), such that differential effects of 
microRNAS on genes may be cell-type specific. 
0092 Consequently, the prioritization that we enforced 
on the predicted targets is tantamount to an arbitrary Sub 
selection from the original set of candidates. In other words, 
the tested target pairs represent a small arbitrary sample 
from the original pool of candidates. Consequently, the 
percentage of Success that we observed in our experiments 
can be used to deduce that an analogous percentage of the 
original collection of predicted targets might be repressed by 
the microRNA sequence at hand. 

0093. Additional comments can be made based on the 
results of our luciferase assays. For example, for miR-375, 
we demonstrate that in addition to myotrophin several more 
targets may be repressed by this microRNA, and at levels 
greater than earlier reported. Notably, validated target #3 is 
from the 3'UTR of Kv2, a member of the voltage-dependent 
K+ channel family that is known to regulate insulin secre 
tion. This raises the possibility that, in mice, miR-375 may 
modulate insulin secretion in additional ways but more 
experimental work will be necessary before this possibility 
can be established. 

0094 Arguably, most striking among the three sets of 
results are those obtained for miR-134, where 88% of the 
tested targets (53 out of the 60 we tested) show significant 
levels of repression. To further support our luciferase 
reporter results, we assessed by immunoblots the level of 
protein production for 6 of miR-134's targets and were able 
to show that transfection of ES cells with miR-134 resulted 
in the decrease of protein product for 4 of the examined 
targets. 

0.095 The 79 binding sites that were tested and validated 
were the unique, top-most prediction made by the inventive 
approach for the corresponding microRNA and 3'UTR com 
bination. To study the impact of random inputs on the 
performance of the inventive approach, RNAhybrid and 
MiRanda, we created shuffled instances for the 79 3'UTRs 
that contained the validated target site of the inventive 
approach and presented them as input to all three algorithms. 

0096. Since these shuffled sequences are random strings, 
one expects that no algorithm should be reporting any 
binding sites for the three microRNA sequences at hand. 
Using default settings for all three algorithms, we found that 
RNAhybrid reported 706 microRNA/mRNA complexes on 
these random inputs and MiRanda reported 1,112 whereas 
the inventive approach reported only 5. The exceptional 
resilience of the inventive approach to noise is related to the 
target-island-finding step. The patterns used to discover 
target-islands are not expected to form aggregates exceeding 
threshold when applied to random strings of nucleotides. 
Consequently, very few, if any, target-islands will be avail 
able for the last step where we attempt to hybridize a 
microRNA sequence with a target-island. On the other hand, 
methods that use the dynamic programming approach to the 
local Suffix alignment problem will generate numerous can 
didate complexes even on random Strings. 
0097 Having demonstrated the methods predictive 
capability, we proceeded to process and analyze the 3'UTRs 
from the genomes of C. elegans, D. melanogaster, M. 
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musculus and H. sapiens. The findings are summarized in 
FIG. 5A. As can be seen, between 74% and 92% of each 
organism's transcripts have one or more target islands 
identified in their 3'UTRs. With respect to the total number 
of 3'UTR locations which are predicted to participate in 
target islands, the number is again high. In fact, the percent 
age of the total number of 3'UTR nucleotides participating 
in predicted microRNA target sites ranges between 41% and 
48% in the four studied genomes. It is worth noting that the 
currently known microRNAs form favorable (i.e. above our 
stringent thresholds) microRNA/mRNA complexes with 
many of the transcripts from these four genomes (see last 
column of FIG. 5A). 
0098. In view of recent work that raised the possibility 
for the existence of microRNA target sites in the 5' UTRs of 
transcripts, we used the inventive process to also process the 
available 5' UTRs of the four studied genomes. The results 
are shown in FIG. 5B. Between 31% and 53% of the 
transcripts have one or more target islands identified in their 
5' UTRS. And the fraction of 5' UTR nucleotides that com 
prise predicted microRNA target sites ranges between 23% 
and 39%, i.e. it is substantially lower than in the 3'UTR case. 
There is a similar conjecture that microRNA target sites do 
exist in amino acid coding regions as well. Identifying Such 
putative sites entails the use of the inventive process 
together with Such sequences. We have already done so, but 
the results from the analysis escape the Scope of the current 
presentation. 
0099 FIG.5A is a table summarizing the results from the 
analysis of 3'UTRs of the microRNA target site predictions 
for the genomes of C. elegans, D. melanogaster, M. mus 
culus and H. sapiens using the inventive approach. FIG. 5B 
is a table Summarizing the results from the analysis of 
5' UTRs of the microRNA target site predictions for the 
genomes of C. elegans, D. melanogaster, M. musculus and 
H. sapiens using the inventive approach. 
0100 FIGS. 6A-B is a table further summarizing of the 
microRNA target site predictions of the inventive approach 
for the genomes of C. elegans, D. melanogaster, M. mus 
culus and H. sapiens. Specifically, FIG. 6A illustrates the 
average number of transcripts that a known microRNA 
sequence is predicted to target, and the average number of 
known microRNA sequences that are predicted to hit a 
transcript, assuming that the targeting takes place through 
the 3'UTR of the transcripts. FIG. 6B illustrates the average 
number of transcripts that a known microRNA sequence is 
predicted to target, and the average number of known 
microRNA sequences that are predicted to hit a transcript, 
assuming that the targeting takes place through the 5' UTR of 
the transcripts. 
0101. In FIG. 6, and for each of the four genomes we 
studied, we list the average number of transcripts that will be 
targeted by one of the known microRNAs from the corre 
sponding genome, according to the inventive approach. 
Interestingly, the computational predictions for the genome 
of D. melanogaster are in agreement with those that were 
reported recently. Also shown is the average number of 
microRNA sequences that the inventive approach predicts 
will target each of the currently known transcripts for the 
genomes we studied. FIG. 6A shows the results for 3'UTRs 
and FIG. 6B shows the results for 5' UTRS. 

0102 FIG. 7 is a block diagram of a system 700 for 
determining whether a nucleotide sequence contains a 
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microRNA binding site and which microRNA sequence will 
bind thereto in accordance with one embodiment of the 
present invention. System 700 comprises a computer system 
710 that interacts with a media 750. Computer system 710 
comprises a processor 720, a network interface 725, a 
memory 730, a media interface 735 and an optional display 
740. Network interface 725 allows computer system 710 to 
connect to a network, while media interface 735 allows 
computer system 710 to interact with media 750, such as 
Digital Versatile Disk (DVD) or a hard drive. 
0.103 As is known in the art, the methods and apparatus 
discussed herein may be distributed as an article of manu 
facture that itself comprises a computer-readable medium 
having computer-readable code means embodied thereon. 
The computer-readable program code means is operable, in 
conjunction with a computer system Such as computer 
system 710, to carry out all or some of the steps to perform 
the methods or create the apparatuses discussed herein. The 
computer-readable code is configured to generate patterns 
processing a collection of already known mature microRNA 
sequences; assign one or more attributes to the generated 
patterns; Subselect only the patterns whose attributes satisfy 
certain criteria; generate the reverse complement of the 
Subselected patterns; and use the reverse complement of the 
Subselected patterns to analyze the nucleotide sequence. The 
computer-readable medium may be a recordable medium 
(e.g., floppy disks, hard drive, optical disks Such as a DVD, 
or memory cards) or may be a transmission medium (e.g., a 
network comprising fiber-optics, the world-wide web, 
cables, or a wireless channel using time-division multiple 
access, code-division multiple access, or other radio-fre 
quency channel). Any medium known or developed that can 
store information Suitable for use with a computer system 
may be used. The computer-readable code means is any 
mechanism for allowing a computer to read instructions and 
data, such as magnetic variations on a magnetic medium or 
height variations on the Surface of a compact disk. 
0104 Memory 730 configures the processor 720 to 
implement the methods, steps, and functions disclosed 
herein. The memory 730 could be distributed or local and the 
processor 720 could be distributed or singular. The memory 
730 could be implemented as an electrical, magnetic or 
optical memory, or any combination of these or other types 
of storage devices. Moreover, the term “memory” should be 
construed broadly enough to encompass any information 
able to read from or written to an address in the addressable 
space accessed by processor 720. With this definition, infor 
mation on a network, accessible through network interface 
725, is still within memory 730 because the processor 720 
can retrieve the information from the network. It should be 
noted that each distributed processor that makes up proces 
sor 720 generally contains its own addressable memory 
space. It should also be noted that some or all of computer 
system 710 can be incorporated into an application-specific 
or general-use integrated circuit. 

0105 Optional video display 740 is any type of video 
display Suitable for interacting with a human user of system 
700. Generally, video display 740 is a computer monitor or 
other similar video display. 

0106. It is to be appreciated that, in an alternative 
embodiment, the invention may be implemented in a net 
work-based implementation, Such as, for example, the Inter 
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net. The network could alternatively be a private network 
and/or local network. It is to be understood that the server 
may include more than one computer system. That is, one or 
more of the elements of FIG. 7 may reside on and be 
executed by their own computer system, e.g., with its own 
processor and memory. In an alternative configuration, the 
methodologies of the invention may be performed on a 
personal computer and output data transmitted directly to a 
receiving module. Such as another personal computer, via a 
network without any server intervention. The output data 
can also be transferred without a network. For example, the 
output data can be transferred by simply downloading the 
data onto, e.g., a floppy disk, and uploading the data on a 
receiving module. 
0107 The present invention teaches a novel and robust 
pattern-based methodology for the identification of 
microRNA targets and their corresponding microRNA/ 
mRNA complexes. With the help of patterns derived by 
processing the sequences of known mature microRNA 
sequences, the inventive approach identifies microRNA tar 
get islands within the 3'UTRs of transcripts. Then, inventive 
approach uses the information about these target islands to 
determine the identity of the targeting microRNA sequence. 
0108. The following are examples of advantages that 
characterize the inventive approach provided herein: a) the 
inventive approach obviates the need to enforce a cross 
species conservation filtering before reporting results, thus 
allowing the discovery of microRNA targets that may not be 
shared even by closely related species; b) the inventive 
approach can be applied to the analysis of any genome that 
potentially harbors endogenous microRNAs without the 
need to be retrained each time; c) the inventive approach is 
able to identify target sites without having to know the 
identity of the targeting microRNA. This is a very important 
characteristic as the inventive approach permits the identi 
fication of target sites even if the targeting microRNA is not 
among those that have been identified to date. 
0109 The inventive approach can discover a large per 
centage of the currently validated target sites in the C. 
elegans, D. melanogaster, M. musculus and H. sapiens 
genomes. To the best of our knowledge, this is the first time 
that a microRNA target prediction algorithm has been sub 
jected to such an extensive, demanding test. Moreover, we 
were able to achieve these results using a training set that by 
now is more than 18 months old. 

0110. Through additional experimentation with 
luciferase-reporter assays, where each predicted target site 
was inserted as a single copy directly downstream of the 
luciferase open reading frame, we validated a combined total 
of 79 predicted target sites for three mouse microRNA 
sequences, miR-375, miR-296 and miR-134. Of the 79 
validated predictions of the inventive approach, only 51 and 
50 respectively were also the top predictions made by 
RNAhybrid and MiRanda. Also, when presented with ran 
domly shuffled instances of the complete 3'UTRs for the 79 
validated targets the inventive approach exhibited excep 
tional resilience to noise far surpassing RNAhybrid and 
MiRanda. 

0111) We analyzed the 3'UTRs from the genomes of C. 
elegans, D. melanogaster, M. musculus and H. sapiens and 
found that a very large percentage of the transcripts of these 
genomes contain one or more microRNA binding sites. This 
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result suggests the distinct possibility that microRNAs exert 
control on a much larger set of genes than originally 
believed. Consequently, it is entirely likely that microRNA 
target sites do exist in 5' UTRs and perhaps in the coding 
region of genes as well. Our preliminary analysis shows the 
existence of numerous target islands in the 5' UTRs (FIG. 5) 
and the coding regions (data not shown). 
0112 Notably, the present invention is the first method 
that can identify microRNA target sites without having to 
know the identity of the targeting microRNA. This implies 
that the inventive approach has the ability to discover sites 
targeted by microRNA sequences that are not contained in 
the currently available microRNA collections. Estimates 
resulting from the inventive approach analysis of genomic 
sequences suggest a much higher number of microRNA 
target sites. This bodes well with the recent discovery of 
previously-unreported human microRNA sequences, and 
our own contribution from applying the inventive approach 
to the discovery of microRNA precursors, which indicate 
that the number of endogenously-encoded microRNAs is 
likely to be much higher than originally hypothesized. As 
noted above, a method for identifying microRNA precursor 
sequences and corresponding mature microRNA sequences 
from genomic sequences is described in detail in the above 
mentioned related U.S. patent application 
(YOR920060075US1), the disclosure of which is incorpo 
rated herein. 

0113. With respect to the number of transcripts which are 
under microRNA control, the previous estimates were bound 
by the number of known mature microRNA sequences and 
were thus on the low side. Our computational analysis shows 
that for the four genomes we studied nearly all of their 
transcripts are targeted by microRNA sequences. 
0114. Although illustrative embodiments of the present 
invention have been described herein, it is to be understood 
that the invention is not limited to those precise embodi 
ments, and that various other changes and modifications 
may be made by one skilled in the art without departing from 
the scope or spirit of the invention. 
What is claimed is: 

1. A method for determining whether a nucleotide 
sequence contains a microRNA binding site and which 
microRNA sequence will bind thereto, the method compris 
ing the steps of 

generating one or more patterns by processing a collection 
of known mature microRNA sequences; 

generating a reverse complement of each generated pat 
tern; 

assigning one or more attributes to the reverse comple 
ment of the one or more generated patterns; 

Subselecting the one or more patterns that correspond to 
a reverse complement having one or more assigned 
attributes that satisfy at least one criterion; and 

using each Subselected pattern to analyze the nucleotide 
sequence. Such that a determination is made whether 
the nucleotide sequence contains a microRNA binding 
site and which microRNA sequence will bind thereto. 

2. The method of claim 1, wherein the step of generating 
one or more patterns comprises using a pattern discovery 
algorithm. 
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3. The method of claim 2, wherein the pattern discovery 
algorithm is the Teiresias pattern algorithm. 

4. The method of claim 1, wherein the step of assigning 
one or more attributes is carried out independently of and 
prior to the step of using the one or more patterns to analyze 
the nucleotide sequence. 

5. The method of claim 1, wherein the one or more 
attributes are quantitative. 

6. The method of claim 5, wherein at least one of the one 
or more attributes represents statistical significance. 

7. The method of claim 5, wherein at least one of the one 
or more attributes represents a length of the pattern. 

8. The method of claim 5, wherein the at least one of the 
one or more attributes represents a number of positions in 
the one or more patterns which are not occupied by wild 
cards. 

9. The method of claim 1, wherein a threshold value for 
each attribute is selected. 

10. The method of claim 9, wherein one or more patterns 
are discarded if the value of the one or more attributes of 
each pattern is below the selected threshold for the one or 
more attributes. 

11. The method of claim 10, wherein the steps of selecting 
a threshold value and discarding one or more patterns are 
repeated for all used attributes. 

12. The method of claim 1, wherein a set of counters is 
created for the nucleotide sequence. 

13. The method of claim 12, wherein the counters in the 
set of counters equal the number of nucleotides in the 
nucleotide sequence. 

14. The method of claim 1, wherein all patterns are 
examined to determine whether one or more patterns have 
an instance in the nucleotide sequence. 

15. The method of claim 14, wherein each pattern with an 
instance in the nucleotide sequence contributes to the 
counters at the corresponding positions of the nucleotide 
Sequence. 

16. The method of claim 15, wherein only consecutive 
positions in the nucleotide sequences whose corresponding 
counter values exceed a threshold are considered. 

17. The method of claim 16, wherein one or more groups 
of consecutive positions is reported if the one or more 
groups of consecutive positions satisfy a minimum length 
criterion. 

18. The method of claim 17, wherein the one or more 
groups of consecutive positions are augmented by adding 
one or more flanking regions. 

19. The method of claim 18, wherein the one or more 
augmented groups span at most 36 positions. 

20. The method of claim 19, wherein the one or more 
augmented groups are reported. 

21. The method of claim 20, wherein the one or more 
reported groups are examined together with one or more 
microRNA sequences. 

22. The method of claim 21, wherein the one or more 
reported groups and the one or more microRNA sequence 
are hybridized into one or more complexes using one or 
more computational schemes. 

23. The method of claim 22, wherein at least one of the 
one or more computational schemes is an RNA secondary 
structure prediction method. 

24. The method of claim 23, wherein the prediction 
method is one included with software known as the Vienna 
Package. 
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25. The method of claim 23, wherein the prediction 
method is a method called 'mfold. 

26. The method of claim 22, wherein the one or more 
predicted complexes are assigned one or more attributes. 

27. The method of claim 26, wherein at least one of the 
one or more attributes is free energy of the one or more 
formed complexes. 

28. The method of claim 26, wherein at least one of the 
one or more attributes is a number of matching pairs in the 
one or more formed complexes. 

29. The method of claim 26, wherein at least one of the 
one or more attributes is a number of bulges in the formed 
complex. 

30. The method of claim 26, wherein a threshold value is 
selected for each attribute. 

31. The method of claim 26, wherein one or more 
complexes are discarded if one or more attribute values does 
not exceed the selected threshold for the one or more 
attributes. 

32. The method of claim 31, wherein the steps of selecting 
a threshold value and discarding one or more patterns are 
repeated for all used attributes. 

33. The method of claim 32, wherein the nucleotide 
sequence and the one or more microRNA sequence forming 
the one or more complex are reported if the one or more 
complexes have not been discarded. 

34. A system for determining whether a nucleotide 
sequence contains a microRNA binding site and which 
microRNA will bind thereto, comprising: 

a memory that stores computer-readable code; and 

a processor operatively coupled to the memory, the pro 
cessor configured to implement the computer-readable 
code, the computer-readable code configured to: 

generate one or more patterns by processing a collection 
of known mature microRNA sequences; 

generate a reverse complement of each generated pattern; 

assign one or more attributes to the reverse complement 
of the one or more generated patterns; 

Subselect the one or more patterns that correspond to a 
reverse complement having one or more assigned 
attributes that satisfy at least one criterion; and 

use each Subselected pattern to analyze the nucleotide 
sequence. Such that a determination is made whether 
the nucleotide sequence contains a microRNA binding 
site and which microRNA sequence will bind thereto. 

35. An article of manufacture for determining whether a 
nucleotide sequence contains a microRNA binding site and 
which microRNA will bind thereto, comprising: 

a computer-readable medium having computer-readable 
code embodied thereon, the computer-readable code 
comprising: 

a step to generate one or more patterns by processing a 
collection of known mature microRNA sequences; 

a step to generate a reverse complement of each gen 
erated pattern; 
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a step to assign one or more attributes to the reverse a step to use each Subselected pattern to analyze the 
complement of the one or more generated patterns; nucleotide sequence. Such that a determination is 

made whether the nucleotide sequence contains a 
microRNA binding site and which microRNA 
sequence will bind thereto. 

a step to Subselect the one or more patterns that 
correspond to a reverse complement having one or 
more assigned attributes that satisfy at least one 
criterion; and k . . . . 


