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Abstract

Synthetic small duplex RNAs that are complementary to gene promoters can activate or inhibit target
gene expression. The potency and robustness of gene modulation by these RNAs suggests that natural
mechanisms may exist to facilitate recognition of sequences within gene promoters by endogenous
small RNAs. Here we describe computational methods for identifying potential miRNA target sites
within gene promoters. These methods will facilitate investigations of whether miRNAs interact with
sequences outside of 3’ untranslated regions and suggest new targets for the design of synthetic
modulators of gene expression.

Synthetic small duplex RNAs complementary to gene promoters within chromosomal DNA
have been reported to be potent inhibitors or activators of target gene expression in mammalian
cells.1=5. We refer to these synthetic RNAs as antigene RNAs (agRNAS) to distinguish them
from small duplex RNAs that target mMRNA. agRNAs recruit members of the argonaute (AGO)
protein family to RNA transcripts that originate from the target gene promoter in either the
sense or antisense direction.6=2 Data suggests that recognition of the target RNA occurs in
close proximity to the chromosome, resulting in transcriptional modulation of the target gene.

One remarkable feature of the synthetic agRNASs that we have examined is the potency and
robustness of their activity when they are introduced into cells. This potency, coupled with the
presence of protein machinery that facilitates their function, suggests that endogenous small
RNAs may possess the ability to recognize gene promoters. If RNA could direct proteins to
specific gene promoters, such RNA-mediated modulation of transcription might have
evolutionary advantages relative to the development of gene-specific protein transcription
factors.

Synthetic duplex RNAs that are complementary to mRNA (small interfering RNAs or sSiRNAS)
are also potent and robust agents for modulating gene expression.lo siRNAs are known to have
endogenous analogs that regulate gene expression called microRNAS (miRNAs).11 mMiRNAS
are processed inside the cell from RNA precursors that contain stem-loop structures. These
stem-loop structures are processed by the double-stranded nucleases Drosha and Dicer to
produce mature miRNAS.
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As of the current release of the miRNA repository (miRBase v12.0), 866 human miRNAs have
been annotated, but this number continues to increase. Several miRNAs that recognize
sequences within the 3'-untranslated regions (3'UTR) of mRNA transcripts have been
characterized. Many miRNAs, however, have no known targetslzv13 while some can recognize
multiple MRNAsL3, suggesting that the determinants of miRNA interactions are complex and
poorly understood.

Two reports based on computational analyses have suggested that miRNAs can modulate gene
expression through promoter recognition. Dahiya and co-workers used publically available
software (RegRNA\) to search for potential miRNA target sites within the promoter of the E-
cadherin gene.14 They identified one potential binding site for miR-373 within the E-cadherin
promoter and reported that introduction of a synthetic miR-373 mimic increased expression of
the gene by 6 fold at the level of the mRNA. Rossi and co-workers searched for perfect
complementarity between miRNAs and gene promoters.15 Their analysis suggested that
miR-320 targets the genomic location from which it is transcribed and showed that expression
of miR-320 and the adjacent gene, POLR3D, are anti-correlated.

The above-mentioned studies either analyzed a single gene promoter or used highly stringent
sequence comparison criteria. These approaches were not intended to assess broader potential
for miRNAS to recognize gene promoters, warranting a more thorough evaluation of the
relationship between miRNAs and promoter sequences.

A practical justification for more comprehensive studies is that validating natural gene targets
of miRNAs is a complex and difficult process. The development of systematic and efficient
methods for identifying promoter sequences that may be miRNA targets is essential for
prioritizing predictions and efficiently allocating experimental resources towards validating
the most promising targets. Here we examine computational methods for predicting potential
miRNA targets within gene promoters and demonstrate that promoters are strong candidates
for miRNA regulation.

Sequence Acquisition

To identify putative promoter-targeting miRNAs we constructed a database comprised of
miRNA and gene promoter sequences from public sequence repositories. Promoter sequences
were acquired from the UCSC genome browser (hg 18) and consisted of the 200 nucleotides
immediately 5’ to the annotated transcription start site for each gene.le’17 We chose 200 base
sequences (—200 to —1) for initial evaluations but larger promoter regions can also be examined.
Mature miRNA sequences were obtained from miRBase (Build 12.0), which contains
sequences of experimentally determined precursor and mature miRNAs.18,19,20

Analysis of seed sequence matches

Synthetic promoter-targeting RNASs recognize non-coding (ncRNA) transcripts that overlap
gene promoters. We used promoter DNA sequences to construct datasets representing potential
ncRNA transcripts in both the sense and antisense direction for each gene promoter as we
hypothesize that endogenous small RNAs would also recognize these ncRNA transcripts. For
comparison we also obtained the sequences of the 5’UTR, coding sequences (CDS), and 3'
UTR for each gene (Fig. 1A).

A basic requirement for target recognition by miRNAs is perfect complementarity between the
target sequences and bases 2-8 of the mature miRNA sequence, called the seed sequence. We
determined the number of seed matches within potential sense and antisense transcripts that
overlap gene promoters and compared them to seed matches within the 3'UTR region of
mRNAs (Fig. 1B). We found that seed matches within promoter-overlapping transcripts occur
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80% as frequently as seed matches within 3'UTRs, indicating that gene promoter sequences
have the potential to be miRNA targets (Fig. 2A). Our analysis detected the previously reported
complementarity between miR-320 and the POLR3D promoter.15

To evaluate the statistical significance of seed matches within gene promoter sequences we
tabulated the frequency of occurrences of seed matches in 100 randomizations of each promoter
sequence. We found that seed matches occur 75% as frequently within randomized as opposed
to actual promoter sequences (Fig. 2B). The excess of observed to expected seed sequence
matches within promoter sequences was similar for both putative sense and antisense
transcripts. This result implies that promoter sequences are enriched for potential targets for
recognition by miRNAs. Matches are equally distributed throughout the 200 base gene
promoter segments surveyed, suggesting that no particular region of a gene promoter is more
likely than another to contain a predicted miRNA target site (Fig. 2C).

Ranking matches

Our analysis identified nearly 800,000 miRNA seed matches within 27,345 gene promoter
sequences (Fig. 2B). This large number required investigation of additional factors to prioritize
target predictions. Although not necessarily a prerequisite for miRNA function, the minimum
free energy (MFE) of hybridization between miRNAs and their gredicted target sites have been
successfully used to predict miRNA target sites within 3'UTRs?L We reasoned that MFE values
may also be useful for prioritizing miRNA target predictions within gene promoters.

The MFE values were calculated for miRNA hybridization to predicted target sites (based on
seed sequence matches, hereafter simply referred to as predictions) within putative promoter-
overlapping transcripts and within 10 randomizations of promoter sequences. We found that
predictions with lower MFE values occurred more frequently in actual promoter sequences
than in randomized sequences (Fig. 3A). The difference between the distributions of MFE
values demonstrates that predictions with low MFE values occur more often than would be
expected at random, implying that these predictions are more likely to be biologically
significant and that MFE values will be useful criteria for prioritizing target predictions.

During the course of the MFE analysis we identified several miRNA target predictions within
gene promoters that had notably low MFE values. These observations prompted us to compare
the MFE values for target predictions within gene promoters to target predictions within 3’
UTRs (Fig. 3B). We calculated the mean MFE value for all predictions within gene promoters
to be —24.27 kcal/mol and —24.32 kcal/mol for putative sense and antisense promoter-
overlapping transcripts, respectively. The mean MFE for all predictions within 3'UTRs was
—20.57 kcal/mol, more than 3.5 kcal/mol higher than predictions within promoters. The
difference in mean MFE values suggests that, on average, miRNA recognition of sequences at
gene promoters would be more energetically favorable than recognition of 3'UTR sequences.

To further evaluate the differences between target predictions within gene promoters and 3’
UTRs, we examined the distribution of MFE values for all predictions within the different
sequence datasets. As previously indicated by the mean MFE values, roughly 50% of target
predictions within gene promoters had MFE values below —24.3 kcal/mol. Interestingly, only
22% of predictions within 3'UTRs had MFE values below —24.3 kcal/mol (Fig. 3B). The
difference in MFE value distributions demonstrates that gene promoters are enriched relative
to 3'UTRs for predicted target sites with low free energies of hybridization and may actually
represent more favorable miRNA targets than 3'UTRs.

Another criterion used in miRNA target prediction is sequence complementarity. Sequence
complementarity alone has been used successfully to gredict miRNA target sites within 3’
UTRs.22 We used the Needleman-Wunsch algorithm 3 to evaluate the degree of sequence
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complementarity between miRNAs and predicted target sites within gene promoters (Fig. 1B).
We identified over 200 individual miRNAs with near perfect complementarity to their
predicted target sites within gene promoters. A selected subset of these predictions is listed in
Fig. 4. The high degree of complementarity between miRNAs and gene promoters further
demonstrates that gene promoters are promising candidates for miRNA targets.

Strong evidence that gene expression can be modulated using synthetic duplex RNAs that are
complementary to gene promoters suggests that natural gene regulation may include
recognition of gene promoters by miRNASs. Such recognition would have evolutionary
advantages, given the large difference between protein transcription factors and miRNAs in
their efficiency of generating new selectivity for gene promoters through mutation.

Our computational algorithm that can be used to identify promising miRNA target sites within
gene promoters. We identify many seed sequence matches within promoters and demonstrate
that they are almost as common as those within 3'UTRs. We also identify many miRNA/
promoter pairs that have unusually strong complementarity. These results can be used to rank
order miRNA/promoter pairs for the demanding studies necessary to validate whether the
potential for these interactions is biologically significant.
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Figure 1.

(A) Diagram of sequences that are potential miRNA targets. (B) Schematic of algorithm used
to predict miRNA targets within gene promoters.
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Figure 2.

Gene promoters contain predicted miRNA target sites. (A) The frequency of seed sequence
matches in promoter regions, 5’UTRs, coding regions, and 3'UTRs. (B) Comparison of seed
matches within promoter-overlapping transcripts vs. randomized promoter sequences. (p <.
01) (C) Distribution of seed match locations within sense and antisense transcripts that overlap
gene promoters from —1 to —200 relative to the +1 transcription start site.
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Figure 3.

MFE properties of miRNA target predictions. (A) Distribution of MFE values for predictions
within promoter-overlapping transcripts as compared to randomized promoter sequences. (B)

Distribution of MFE values for predictions within promoter-overlapping transcripts as
compared to 3'UTRs.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2010 July 15.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Younger et al.

Page 9

COMT 5'" U C C 3
GGGA AGAGUCUUGCU UGUCGCCC
UUCU UCUCAGAACGA ACAGCGGG

miR-638 3! U A 5

NM_001135162 (AS) catechol-O-methyltransferase
Seed hit: -145 MFE: -42.7 kecal/mol

TYRO3 5" C C C G 3
GCGG CCCG CGGCGCCCCGCC
CGCC GGGC GCCGCGGGGCGG

miR-663 3 A A 5!

NM_006293 (AS) TYROQO3 protein tyrosine kinase
Seed hit: -184 MFE: -54.2 kcal/mol

GABRA2 5'" G G 3
GGGGAG GGGGGCCCUGCCUU
CCCCUC CCCCCGGGACGGAA

miR-940 3 G 5

NM_000807 (S) gamma-aminobutyric acid (GABA) A receptor, alpha 2
Seed hit: -143 MFE: -53.6 kcal/mol

CAMK2N1 5' C GC 3!

AGGAA UAGCGGCAGCCCGGGCCG
UCCUU GUCGUCGUCGGGCCCGGC

miR-1538 3 5
NM_018584 (S) calcium/calmodulin-dependent protein kinase Il inhibitor 1
Seed hit: -102 MFE: -51.9 kcal/mol

Figure 4.

Examples of predicted miRNA targets within sequences of promoter-overlapping transcripts.
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