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miRNA is increasingly being recognized as a key regulator of metabolism in animals. A wealth of evidence
has suggested that miRNA mainly binds 30 UTR of mRNA and modulates the cell activities via repressing
the mRNA translation. However, as the translation initiates at 50 UTR, cis elements like upstream open
reading frame (uORF) resided in 50 UTR may also affect the translation efficiency or elongation. In this
study, we performed a systematic analysis of miRNA responsive elements (MREs) and uORF of the same
transcript in three model organisms (human, mouse, and Drosophila). Intriguingly, we found that the 30

UTR length grew with the complexity of species (human > mouse > Drosophila), in sharp contrast with the
invariability of 50 UTR. Additionally, MRE number correlated well with the 30 UTR length, while uORF
number showed a weak correlation with the 50 UTR length. Further, we found that human genes with
conserved peptide upstream open reading frame (CPuORF) tend to have more MREs and lower evolution-
ary rates, which provides new insights into the correlation between UTR properties and translational con-
trol in animals.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The past decade has witnessed an explosion in the identification
of microRNA (miRNA) as promising mediators in regulating animal
versatile aspects [15]. miRNAs are short non-coding RNAs that
range from 20 to 24 nucleotides (nt) and are derived from single-
stranded precursors with stable hairpin structures [30,18]. It has
long been proposed that miRNA responsive elements (MREs) in
the majority of messenger RNAs (mRNAs) were located in the 30

UTR in animals [24]. And miRNAs modulate the majority of mRNAs
via base-pairing of the seed sequence to their targets, subsequently
mediating translational inhibition and/or mRNA instability [1].
Despite intensive efforts, the molecular interplay between miR-
NA-mediated silencing complex (miRISC) and consequent transla-
tional repression remains unclear. Meijer et al. [21] propose that
eIF4AII recruited by miRISCs may play an important role in trans-
lational repression. And the molecular mechanism underlying this
is probably associate with hampering ribosome assembling and
scanning in 50 untranslated region (50-UTR) [18,9,22]. Intriguingly,
other cis-regulatory elements located in 50-UTR like upstream open
reading frame (uORF) may also affect ribosome scanning [26].

To date, uORF has been identified as a common feature in many
eukaryotic mRNAs [32,14,13,3]. It often represses the accumula-
tion of the protein level translated by primary mORF [26,20]. Thus,
mutation that disrupt or introduce a uAUG would frequently
accompany with serious biological consequences [31,23]. Both
uORF and miRNA function at the translational level, which high-
lights the conceivable connection of translational regulation
between these two elements. Aforementioned descriptions inspire
us to explore the connection between uORF and miRNA in human
(Homo sapiens), mouse (Mus musculus), and Drosophila (Drosophila
melanogaster) for both well-annotated transcripts and miRNAs.

In this study, we systematically identified the uORFs and their
corresponding MREs located in 50 and 30 UTR, respectively. Intrigu-
ingly, we found that MRE number correlated well with the 30 UTR
length, while uORF number showed a weak correlation with the 50

UTR length. In parallel, we found that transcripts with conserved
peptide upstream open reading frame (CPuORF) tend to have more
MREs and evolve at a lower rate.
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2. Materials and methods

2.1. Databases for sequences

The pre-miRNA and mature miRNA sequences were retrieved
from miRBase (Release 20). RefSeq transcripts for human (hg38),
mouse (mm10) and Drosophila (dm3) were downloaded from the
University of California, Santa Cruz (UCSC) Genome Browser
Database.

2.2. uORFs identification

First, sequences <300 nt were discarded. Transcripts without
definitive CDS region were also excluded. In the case of different
transcripts generated from a single gene locus by alternative splic-
ing, only the longest transcript was retained for further analysis.
Sequences precede CDS were regarded as 50 UTR and followed by
uORF searching by custom Perl scripts. That is, uORF should con-
tain start codon + at least one amino acid codon + stop codon, with
the start codon located in 50 UTR and stop codon not identical to
downstream mORF. We defined uORF number as the number of
distinct uORFs within a transcript, as uORFs may overlap but not
in the same frame.

Then mORFs were used to search homologs between inter-spe-
cies (human and mouse) and intra-species (human) by blastp with
E-value 6 1e�5 and E-value 6 1e�10, respectively. As for the identifi-
cation of CPuORF, blastp with E-value 6 1e�3 were used. In addition,
we only considered CPuORFs with at least 11 amino acids due to the
difficulty in determining their homology in shorter sequences.

2.3. Target prediction of miRNAs

Targets of miRNAs were predicted by TargetScan [11], miRanda
[2], and RNAhybrid [25] with default parameters. To gain high-con-
fidence results, only targets overlapped by at least two algorithms
were kept for further analysis. And no mismatch was allowed
between seed region and its potential targets. The number of reg-
ulatory miRNA responsive elements (MREs) within the 30 UTR of a
transcript was counted by above methods.

2.4. Statistics

All statistics mentioned in this study were performed in R. The
number of nucleotide substitutions per synonymous site (Ks) and
the number of nucleotide substitutions per nonsynonymous site
A

B

Fig. 1. Distribution of uORF and MRE in human, mouse, and Drosophila transcripts. (A) Sch
start codon (AUG) in the 50 UTR, at least one amino acid codon, and a stop codon preced
annotated in miRBase (Release 20). MREs overlapped by at least two softwares (Targ
transcripts that harbored MRE-only, uORF-only, uORF & MRE, and others. DM, MM, and
(Ka) were obtained from Ensemble Genome Broswer (Ensemble
Genes 75) by using the homologous gene pairs between mouse
and human [10]. Evolutionary rate (x) for protein is defined as
the Ka/Ks ratio, where x < 1, x = 1, and x > 1 indicate purifying,
neutral, and positive selection, respectively.
3. Results and discussion

3.1. Abundance of uORFs and MREs in human, mouse, and Drosophila
transcripts

Consistent with the observation in other studies [19,13,3], we
found that uORFs were abundantly existed in these three model
organisms (Fig. 1A). Actually 54%, 44%, and 54% of transcripts in
human, mouse, and Drosophila contained at least one uORF, respec-
tively (Fig. 1B).

As for the identification of miRNA binding sites among these
three species, three different algorithms (TargetScan, miRanda,
and RNAhybrid) were used to seek for potential targets within 30

UTR. To reduce false positives, we only considered MREs that could
be overlapped by at least two algorithms. Results showed that
>90% transcripts were putatively targeted by miRNAs irrespective
of species. In addition, a large part of the transcripts harbored both
uORF and MRE, that is, 52%, 39%, and 53% in human, mouse, and
Drosophila, respectively (Fig. 1B). This data indicated that consider-
able transcripts subject to a combinational regulation at the trans-
lational level [29].
3.2. MRE number correlates well with 30 UTR length

Interestingly, we found that the 30 UTR length grew with the
complexity of species (human > mouse > Drosophila), with the
mean length at 1474 nt, 1195 nt, and 533 nt, respectively
(Fig. 2A). The length of 50 UTR, however, retained basically
unchanged during the long-term evolution across species (mean
length: human – 255 nt, mouse – 199 nt, Drosophila – 282 nt,
Fig. 2A). Further in-depth analysis of MRE properties revealed that
MRE number strongly correlated with the 30 UTR length regardless
of species (r2 > 0.9, linear regression; q > 0.95, Pearson correlation
coefficient, Fig. 2B). We thus hypothesized that miRNAs co-evolved
with their targets as the miRNA number (miRBase 20) grew with
the 30 UTR length among these three organisms. Nevertheless,
the correlation of uORFs number and 50 UTR length displayed a
much less dependent manner (Fig. 2C), suggesting that there is lit-
tle association between uORF number and species characteristics.
ematic representation of mRNA transcript with uORF and MRE. uORF is defined by a
ing the end of downstream mORF. MRE is defined by seed pairing with the miRNA

etScan, miRanda, and RNAhybrid) were retained for further analysis. (B) Ratio of
HS indicate Drosophila, mouse, and human, respectively.



Fig. 2. Correlation of 30 UTR length and MRE number as well as 50 UTR length and uORF number. (A) Length distribution of 30 UTR and 50 UTR in Drosophila, mouse, and human.
In striking contrast to invariability of 50 UTR length, 30 UTR length grew with the complexity of species (human > mouse > Drosophila). (B) Correlation of 30 UTR length and
MRE number in Drosophila, mouse, and human. (C) Correlation of 50 UTR length and uORF number in Drosophila, mouse, and human. The red lines show the relation between
the two quantities estimated by linear regression. (r2 indicates goodness of fit). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Though both uORFs and MREs are abundant in these species, tran-
scripts can mitigate their regulation via alternative splicing to
shorten 30 UTR or 50 UTR in different tissues or specific conditions
[27,17]. Gain and loss of uORF/MRE can thus play an essential role
in modulating cellular regulatory networks.

3.3. MRE exhibit opposite correlation with protein evolutionary rates

In general, miRNA may tune their targets to make them achieve
a more precise expression pattern [7]. Cheng et al. [5] have demon-
strated that there is a significant negative correlation between the
number of regulatory miRNAs and protein evolutionary rates in
both human and mouse. Meanwhile, they find that another class
of genes (housekeeping-HK genes, based on microarray data) pos-
sess shorter 30 UTRs, slower evolutionary rates, and less number of
regulatory miRNAs. They argue that HK genes are more likely to
have shorter 30 UTRs to avoid miRNA modulation. We thus divided
the human genes into HK, tissue-specific (TS) and other gene
groups by using RNA-seq [8] and microarray [4] data. Results
showed that TS genes possessed shorter 30 UTRs and much less
MREs (Fig. 3A and B; P < 0.001, Mann Whitney test). Their evolu-
tionary rate (x), was higher than other gene groups that regulated
by more miRNAs (Fig. 3C; P < 0.001, Mann Whitney test), namely a
significant negative correlation between the number of regulatory
miRNAs and protein evolutionary rates. To further check for the
opposite correlation between MREs and protein evolutionary rates,
we hypothesized that lower x should be corresponding to more
MREs in a linear manner. To support this assumption, we investi-
gated the 30 UTRs length and MRE number with different x values.
As expected, 30 UTRs length and MRE number decreased linearly
with x increased (Fig. 3D and E). Together, these results suggested
that MRE negatively correlated with protein evolutionary rates and
there appear to be other means affecting the evolutionary rates of
specific gene groups like HK genes. More recently, Chuang and
Chiang [6] have proposed that promoter/gene body methylation,
miRNA as well as TF regulation are all involved in determining
the rate of mammalian protein evolution. As such, we further
tested whether uORF number may impose an effect beyond MRE.



Fig. 3. Correlation of MRE number and protein evolutionary rates. To illuminate the interaction of MRE on protein evolution, we divided the genes into HK, TS and others. For
(A–C), the relation between protein evolutionary rate and 30 UTR length as well as MRE number. Evidently genes evolving slower (HK, Other) harbored more MREs and longer
30 UTR length relative to TS genes. As for (D and E), comparison of protein evolutionary rate and 30 UTR length as well as MRE number in four gene groups of similar size.
Again, data showed that genes evolving slower harbored more MREs and longer 30 UTR length. (⁄⁄⁄indicates P < 0.001, Mann Whitney test).
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We compared the uORF number distribution between HK and TS
gene groups and observed no significant difference (P > 0.05, Mann
Whitney test). Furthermore, the number of HK genes that harbored
uORF or not, also exhibited no significant difference between HK
and TS gene groups (P > 0.05, v2 test). Collectively, these results
argued that selection was likely involved in shaping 50 UTR proper-
ties since 50 UTR length retained virtually unchanged across species
and the uORF number exhibited a weak association with the 50 UTR
length. In this regard, we systematically identified the CPuORF
between human and mouse. Strikingly, 2284 CPuORFs have been
identified that covered 1968 genes in human.

3.4. Genes with CPuORF tend to have more MREs and lower
evolutionary rates

To elucidate the underlying interplay between CPuORF and
MRE, we looked into whether transcripts with CPuORF have more
MREs or not. Intriguingly, we observed that transcripts harbored
CPuORF tend to have longer 30 UTR length and more MREs
(Fig. 4A and B; P < 0.001, Mann Whitney test). It allowed us to
hypothesize that CPuORF embedded in 50 UTR had some associa-
tion with miRNA activities. We also examined the correlations
between CPuORF and downstream mORF evolutionary rates.
Intriguingly, we found that proteins associated with CPuORF dis-
played significant lower evolutionary rates than others (median:
0.058 vs. 0.109; mean: 0.091 vs. 0.150), which suggested that
CPuORF could contribute to the transcripts obtaining more MREs
and evolving slower (Fig. 4C, P < 0.001, Mann Whitney test).

Retention of both CPuORF and MRE indicates that the gene
suffers from a more strict translation repression or control. The
underlying mechanism is on the basis of characterization of their
molecular functions. Co-expressed genes usually share similar
regulatory element, and probably perform related biological func-
tions [12]. However, prior to our work, the function of genes with
CPuORF has not been evaluated. We thus investigated the func-
tions of human genes harbored CPuORF and found an enrichment
in transcription activities by using DAVID [16]. This was in full
agreement with the observation that genes coding for transcrip-
tion factors have significantly longer 30 UTRs than ribosomal
genes [28]. Still, whether CPuORF complement functionally with
MRE or alternatively, MRE complement CPuORF, is poorly under-
stood. Given CPuORF is rather limited (<7%, human vs. mouse)
and many more conserved MREs (>75%, human vs. mouse, based
on seed sequences) was observed. It is tempting to believe that
CPuORF complement functionally with MRE (Fig. 4D). As the
assumption can be further corroborated by many more evolu-
tionary conserved MREs that could be traced back to Drosophila,
while the conservation of corresponding CPuORF was confined
to mammals.

In this study, we simultaneously analyzed the correlation
between CPuORF and MRE of the same transcripts. Actually, we
cannot rule out the possibility that other mechanisms can modu-



Fig. 4. Correlation of CPuORF and protein evolutionary rates. It was evident that genes with CPuORF harbored longer 30 UTR length (A), more MREs (B), and evolving slower
(C). (⁄⁄⁄indicates P < 0.001, Mann Whitney test). (D) Schematic representation of the regulatory effect of CPuORF and MRE upon protein evolutionary rates. The nail shapes
represent negative regulation and the dashed arrow indicates positive regulation. This scenario suggests that these two factors have a mutual impact on protein evolutionary
rates.
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late the translation of mRNA. Additionally, a combination of differ-
ent regulatory measures enables the organism to obtain a more
robust network.
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