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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 out-
side of 3’-untranslated regions and suggest new targets for the design of synthetic modulators of gene

© 2009 Elsevier Ltd. All rights reserved.

Synthetic small duplex RNAs complementary to gene promoters
within chromosomal DNA have been reported to be potent inhibi-
tors or activators of target gene expression in mammalian cells.!~>
We refer to these synthetic RNAs as antigene RNAs (agRNAs) to
distinguish them from small duplex RNAs that target mRNA. agR-
NAs 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.®® Data suggest that recog-
nition of the target RNA occurs in close proximity to the chromo-
some, resulting in transcriptional modulation of the target gene.

One remarkable feature of the synthetic agRNAs 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 evolu-
tionary advantages relative to the development of gene-specific
protein transcription factors.

Synthetic duplex RNAs that are complementary to mRNA (small
interfering RNAs or siRNAs) are also potent and robust agents for
modulating gene expression.'® siRNAs are known to have endoge-
nous analogs that regulate gene expression called microRNAs
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(miRNAs).!! miRNAs are processed inside the cell from RNA pre-
cursors that contain stem-loop structures. These stem-loop struc-
tures are processed by the double-stranded nucleases Drosha and
Dicer to produce mature miRNAs.

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
targets'?!3 while some can recognize multiple mRNAs'3, suggest-
ing 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 rec-
ognition. Dahiya and co-workers used publicaly available software
(RegRNA) to search for potential miRNA target sites within the pro-
moter of the E-cadherin gene.' They identified one potential bind-
ing site for miR-373 within the E-cadherin promoter and reported
that introduction of a synthetic miR-373 mimic increased expres-
sion of the gene by sixfold at the level of the mRNA. Rossi and
co-workers searched for perfect complementarity between miR-
NAs and gene promoters.’> 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 pro-
moter or used highly stringent sequence comparison criteria. These
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approaches were not intended to assess the 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 tar-
gets. Here we examine computational methods for predicting po-
tential 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 anno-
tated transcription start site for each gene!®!”. We chose 200 base
sequences (—200 to —1) for initial evaluations but larger promoter
regions can also be examined. Mature miRNA sequences were ob-
tained from miRBase (Build 12.0), which contains sequences of
experimentally determined precursor and mature miRNAs.!8-20

Analysis of seed sequence matches. Synthetic promoter-targeting
RNAs recognize non-coding (ncRNA) transcripts that overlap gene
promoters. We used promoter DNA sequences to construct data-
sets 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 deter-
mined 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-overlap-
ping transcripts occur 80% as frequently as seed matches within
3'UTRs, indicating that gene promoter sequences have the poten-
tial to be miRNA targets (Fig. 2A). Our analysis detected the previ-
ously reported complementarity between miR-320 and the
POLR3D promoter.!®
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Figure 2. Gene promoters contain predicted miRNA target sites. (A) The frequency
of seed sequence matches in promoter regions, 5UTRs, coding regions, and 3'UTRs.
(B) Comparison of seed matches within promoter-overlapping transcripts versus
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.

To evaluate the statistical significance of seed matches within
gene promoter sequences we tabulated the frequency of occur-
rences of seed matches in 100 randomizations of each promoter se-
quence. 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).
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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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This large number required investigation of additional factors to
prioritize target predictions. Although not necessarily a prerequi-
site for miRNA function, the minimum free energy (MFE) of hybrid-
ization between miRNAs and their predicted target sites have been
successfully used to predict miRNA target sites within 3'UTRs?'
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 pre-
dicted target sites (based on seed sequence matches, hereafter sim-
ply referred to as predictions) within putative promoter-
overlapping transcripts and within 10 randomizations of promoter
sequences. We found that predictions with lower MFE values oc-
curred more frequently in actual promoter sequences than in ran-
domized 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 ran-
dom, implying that these predictions are more likely to be biolog-
ically 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 anti-
sense promoter-overlapping transcripts, respectively. The mean
MEE 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 ener-
getically 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 differ-
ence 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.

A 3500
3000
Sense \ 2500

Number of P ,

Predictions Antisense \ I PRE S, 2000
Within & | % 1500
Dataset o

1000
Random 500
v T T T 7 0
-50 -40 -30 -20 -10 0
Minimum Free Energy of Hybridization
(kcalimol)
B 1
Sense

JUTR 0.8
oof Antisense \ !JJL.W\/ 06
Predictions
Within \ / 04

Dataset

-60 -50 -40 -30 -20 -10 0

Minimum Free Energy of Hybridization
(kcal/mol)

Figure 3. MFE properties of miRNA target predictions. (A) Distribution of MFE
values for predictions within sense and antisense overlapping transcripts as
compared to randomized promoter sequences. (B) Distribution of MFE values for
predictions within sense and antisense overlapping transcripts as compared to
3'UTRs.
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Figure 4. Examples of predicted miRNA targets within sequences of promoter-
overlapping transcripts.

Another criterion used in miRNA target prediction is sequence
complementarity. Sequence complementarity alone has been used
successfully to predict miRNA target sites within 3'UTRs.22 We
used the Needleman—Wunsch algorithm?? to evaluate the degree
of sequence complementarity between miRNAs and predicted tar-
get sites within gene promoters (Fig. 1B). We identified over 200
individual miRNAs with near perfect complementarity to their pre-
dicted target sites within gene promoters. A selected subset of
these predictions is listed in Figure 4. The high degree of comple-
mentarity between miRNAs and gene promoters further demon-
strates 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 miRNAs. Such recognition would have evolu-
tionary 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 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 comple-
mentarity. These results can be used to prioritize miRNA/promoter
pairs for the demanding studies necessary to validate whether
these interactions are biologically significant.
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