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Abstract
Background In eukaryotic organisms, it has been well acknowledged that 3′ untranslated regions (3′ UTRs) of mRNA are 
actively involved in post-transcriptional regulations of gene expression. Although both shortening and lengthening of 3′ UTRs 
of specific candidate genes were explicitly documented to have functional consequences, landscape of 3′ UTR lengths in 
relation to evolutionary dynamics and biological meanings remains to be elucidated when large-scale data become available.
Objectives The primary objective of this study was to revealed different inter- and intra-species patterns on length distribu-
tion of 3′ UTRs in comparison with 5′ UTRs and coding regions.
Methods In the present study, we investigated 3′ UTR lengths in a highly curated set of 57,135 mRNA sequences among 
four well-studied and taxonomically diverse metazoan species (fruit fly, zebrafish, mouse and human).
Results The average length ratio of 3′–5′ UTRs considerably increased from fruit fly (twofold) to human (fivefold). Moreo-
ver, genes can be characterized by the obviously different patterns of evolutionary change on 3′ UTR lengths. By utilizing 
the Gene Ontology annotations, genes with differential lengths of 3′ UTRs were suggested to have the divergent functional 
implications. In human, we further revealed that ubiquitously transcribed genes had higher median lengths of 3′ UTRs than 
the genes of tissue-restricted expressions.
Conclusion We conducted a comprehensive analysis and provided an overview regarding 3′ UTRs biology of mRNAs in 
animals, whereas the mechanistic explanations of 3′ UTRs length variation in correlation to regulation of gene expression 
still remain to be further studied.
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Introduction

The increased complexity of both morphology and biologi-
cal functions in higher eukaryotes must be accompanied by 
a fine-tuning regulation mechanism at the molecular level. 

For eukaryotic genes, it has long been acknowledged that 
both 5′ and 3′ untranslated regions (UTRs) of mRNA are sig-
nificantly involved in post-transcriptional regulation of gene 
expression, including the modulations of nucleo-cytoplas-
mic transport, degradation rate, subcellular localization and 
translation efficiency of mRNA molecules (Mortimer et al. 
2014). The alterations in features of mRNA UTRs, such as 
the sequence length, secondary structures, and composition 
of both cis-acting elements and microRNA binding motifs, 
have been widely reported to have functional consequences 
(Chatterjee and Pal 2009; Matoulkova et al. 2012; Wachter 
2014). The considerable variation in length observed for 3′ 
UTRs may suggest that it is a more active player for func-
tional regulations than 5′ UTRs (Chatterjee and Pal 2009).

Recently, the high-throughput sequencing approaches, 
especially for technique of poly(A)-position profiling by 
sequencing, were successfully applied to genome-wide 
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profiling of 3′ UTRs landscape in Caenorhabditis elegans 
and reported that most of protein-coding genes are charac-
terized by alternative isoforms of 3′ UTRs (Mangone et al. 
2010; Jan et al. 2011). Moreover, both sequence length and 
expression level contribute to the overall complexity of 
3′ UTR isoforms. A specific bioinformatic algorithm was 
also proposed to quantify 3′ UTR usages based on RNA-
seq data, which would be useful for studying functional 
and regulatory implications of 3′ UTRs (Kim et al. 2015). 
Within 3′ UTRs, there are a variety of canonical cis-acting 
regulatory elements, such as the adenylate uridylate-rich 
elements and selenocysteine insertion sequence elements; 
and all of these elements will be specifically recognized 
and bound by trans binding factors (Szostak and Gebauer 
2013). Additionally, 3′ UTRs are intensively studied 
because of extensive presences of microRNA binding 
sites (Lytle et al. 2007). Therefore, a method of in silico 
prediction has been designed for comparing the sequence 
features of 3′ UTRs (Biswas and Brown 2014).

The alterations of 3′ UTR lengths, especially for short-
ening events, have been documented to be prevalent under 
pathologic conditions (Akman et al. 2015; De et al. 2016). 
In addition to structural and compositional features, there-
fore, the evolutionary dynamics of 3′ UTR lengths has 
been also addressed in eukaryotic mRNAs. The median 
length of 3′ UTRs in mammals is about six times as long 
as C. elegans, whereas the latter has higher density of 
microRNA binding sites (Jan et al. 2011). Despite this, the 
absolute number of microRNA binding sites was observed 
to increase along the lengthening of 3′ UTRs within and 
across metazoan species (Chen et al. 2012). Liu and col-
leagues (Liu et al. 2012) analyzed UTR sequences from 
three eukaryote kingdoms and reported that the length 
of 3′ UTRs was positively correlated with the number of 
tandem repeat sequences instead of genome size. By con-
trast, an exponential relationship between median length 
of 3′ UTRs and morphological complexity was observed in 
multiple metazoan species, which suggested the lengthen-
ing of 3′ UTRs would be driven by natural selection (Chen 
et al. 2012).

Due to advances of high-throughput sequencing technolo-
gies, massive amounts of gene sequences can be publicly 
available for intensive mining. For example, the RefSeq 
project at National Center for Biotechnology Information 
(NCBI) maintains a large-scale database of genome, tran-
script and protein reference sequences with the expert-
curated quality (O’Leary et al. 2015). In the present study, 
we utilized RefSeq database and comprehensively investi-
gated the 3′ UTR lengths of mRNAs among four well-stud-
ied and taxonomically diverse metazoan species, for which 
the sufficient and reliable reference gene sequences can be 
available now. The results would provide more insights into 
3′ UTR biology of mRNA in animals.

Materials and methods

Retrieval and processing of mRNA sequences

After a preliminary check on NCBI RefSeq database (Release 
71), we found that sufficient reference sequences (more than 
10,000 non-redundant records) with high reliability are only 
available for three well-studied metazoan model species 
(fruit fly, zebrafish and mouse) and human. Subsequently, 
we retrieved all mRNA records for the four species using the 
ACNUC Sequence Retrieval System (Gouy and Delmotte 
2008). To guarantee high reliability, only manually curated 
mRNA sequences with accession prefixes of ‘NM_’ were 
retained. After this, we filtered out these sequences which 
were already annotated with the labels of ‘incomplete’ on 3′ 
and/or 5′ ends; and this filter, however, can’t absolutely ensure 
that all our analyzed mRNA sequences are fully complete. 
Moreover, to avoid the potential bias for calculating the length 
ratio of 3′–5′ UTRs, the sequences with 5′ UTR lengths shorter 
than 30 bp or 3′ UTR lengths shorter than 50 bp were also 
discarded. Finally, we selected the longest transcript as repre-
sentative sequence for each gene because all of them have been 
manually curated and then fed to these following analyses. 
The numbers of retrieved and processed mRNA sequences 
among the four species were shown in Table 1; and for each 
of them the lengths of 5′ UTR, coding region, and 3′ UTR 
were recorded.

Identification of orthologous genes and clustering

To investigate gene-wise variations of 3′ UTR lengths from 
fruit fly to human, we first determined the orthologous rela-
tionship for all analyzed genes in the present study across fruit 
fly, zebrafish, mouse and human. A total of 2576 orthologous 
groups among the four species were finally determined accord-
ing to annotations of OrthoDB v8 (Kriventseva et al. 2015). 
Within each group, if multiple genes from one species were 
equally determined as orthologues, we calculated and adopted 
the mean length of 3′ UTRs for this species. Herein, each 
orthologous gene has four values of 3′ UTR lengths among 
fruit fly, zebrafish, mouse and human in order. Subsequently, it 
is feasible to cluster all genes into different groups according to 
their variation patterns of 3′ UTR lengths, such as the continu-
ous increase or decrease, from fruit fly to human. Finally, we 
employed the Euclidean distance measure and k-mean algo-
rithm for clustering genes using the R package Cluster.

Functional annotation and gene set‑based 
comparison

In the present study, we designed a straightforward strategy 
to test whether 3′ UTR lengths correlate with the differential 
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gene functions. First, the annotated GO terms for each gene 
were directly retrieved from Ensembl using biomaRt pack-
age (Smedley et al. 2015). Second, we listed all genes in 
order on basis of lengths of 3′ UTRs and subsequently 
divided them into four equal parts (also known as the math-
ematical quarters), and all of which were denoted as gene 
sets of Q1, Q2, Q3 and Q4, respectively. Accordingly, four 
equal gene sets (R1, R2, R3 and R4) were also randomly 
generated independent of 3′ UTR lengths and therefore 
regarded as the null contrasts. The medians and ranges of 3′ 
UTR lengths for different gene sets were shown in Table 2. 
Third, a numerical (m × n) matrix (M) can be organized from 
both gene annotation of GO terms and these classified gene 
sets, with m representing the number of assigned GO terms 
and n the number of gene sets. The element mij of M denotes 
the observed frequency for GO term i (1, …, m) in gene set 
j (1, …, n). Finally, principal component analysis (PCA) 
method, therefore, can be employed to scale differentiation 
of the GO term-based functional implications of gene sets 
in matrix M, in which the observed frequencies of GO terms 
were treated as features and the gene set as objects. Based 
on this design, if the length of 3′ UTRs is not associated 
with gene functions, the scaling plots of length-based gene 
sets (Q1, Q2, Q3 and Q4) are expected to be similar to these 
random sets (R1, R2, R3 and R4).

Additionally, we directly conducted the GO enrichment 
analysis for these categorized gene sets. Briefly, each gene 
set was submitted to DAVID system (Huang et al. 2009) 

and compared against the background of whole genome 
for obtaining the Functional Annotation Chart. Subse-
quently, the pairwise comparisons among gene sets based 
on the Functional Annotation Chart were revealed by 
CompGO tool (Waardenberg et al. 2015), which employed 
the log odds ratio scoring (z-score) method for assessing 
similarities and differences of GO enrichment between 
experiments.

Categorization of human genes by tissue 
and subcellular expressions

Based on a recent publication of human proteome atlas 
(Uhlén et al. 2015), it is possible to divide human protein-
coding genes into different categories according to their 
patterns of tissue and subcellular expression. Therefore, 
we utilized these published annotations (http://www.prote 
inatl as.org) and classified all analyzed human genes in the 
present study into five known groups of “Tissue enriched” 
(N = 1843), “Group enriched” (N = 950), “Tissue enhanced” 
(N = 2907), “Expressed in all” (N = 8375) and “Mixed” 
(N = 2300) according to tissue expression patterns, or into 
four known groups of “Secreted” (N = 1779), “Membrane” 
(N = 3543), “Cytoplasm” (N = 867) and “Mitochondria” 
(N = 403) by their subcellular localizations. Herein, we 
directly compared 3′ UTR lengths among these categorized 
groups.

Table 1  Length and range of 3′ 
UTRs among various gene sets

Species Length Length-based categorization (bp) Random categorization (bp)

Q1 Q2 Q3 Q4 R1 R2 R3 R4

Human Mean 220 642 1428 3173 964 1002 986 933
Min 50 404 974 2058 50 50 50 50
Max 404 974 2058 24,506 13,669 17,893 13,761 24,506

Mouse Mean 183 552 1238 2692 860 854 831 850
Min 50 338 848 1782 50 50 50 50
Max 338 848 1781 15,948 11,756 15,948 15,587 14,333

Zebrafish Mean 156 364 650 1256 489 494 492 496
Min 50 59 493 868 50 52 50 50
Max 259 493 868 7622 6083 5052 7622 6793

Fruit fly Mean 87 182 421 1270 284 277 263 259
Min 50 126 273 679 50 50 50 50
Max 126 273 679 18,495 11,538 8558 12,542 9011

Table 2  Numbers of the 
retrieved and processed mRNA 
sequences among four species

Steps Human Mouse Zebrafish Fruit fly

Raw retrieval 99,884 78,183 47,758 30,246
Prefix of ‘NM_’ 39,272 29,686 14,906 30,246
Filtered by length and completeness 36,456 25,420 11,539 26,908
Analyzed mRNA reference sequences 17,351 16,903 11,220 11,661

http://www.proteinatlas.org
http://www.proteinatlas.org
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Results

Length distribution of 3′ UTRs

After the custom filtering, a total of 57,135 mRNA reference 
sequences from fruit fly, zebrafish, mouse and human were 
finally obtained for investigating 3′ UTR lengths (Table 2). 
Both the intra- and inter-species comparisons revealed that 
3′ UTR lengths are much more variable than that of both 5′ 
UTRs and coding regions (Fig. 1). It was also clear that 3′ 

UTR lengths steadily increased from fruit fly to human on 
the whole, whereas the lengths of coding regions remained 
almost constant. There was no obvious length correlation 
for any of the pairwise comparisons among the 3′ UTRs, 
coding regions and 5′ UTRs (p value < 2.2e−16). We fur-
ther investigated the relative lengths of 3′ UTRs to 5′ UTRs 
and found that the distribution of length ratio differed sig-
nificantly among four species (Fig. 2). The 3′ UTR lengths 
for about 80% of genes in fruit fly were twice as long as 5′ 
UTRs; this length ratio, however, reached five for about 70% 
of genes in both mouse and human.

Fig. 1  Length distributions and pairwise correlations among 3′ 
UTRs, coding regions and 5′ UTRs. First, length distributions for 3′ 
UTRs, coding regions and 5′ UTRs are demonstrated by Box-and-
Whisker Plots along the diagonal in the figure, which are also filled 
by colours for representing different species. Second, the coloured 
points (lower triangle) graphically demonstrate pairwise comparisons. 

Third, species-specific Pearson’s coefficients of pairwise correla-
tions are displayed in upper triangle. The lengths of UTRs and coding 
region (bp) are also log2 transformed for better graphical demonstra-
tions. Throughout all figures, three-letter abbreviations of ‘Dme’ for 
fruit fly, ‘Dre’ for zebrafish, ‘Mmu’ for mouse and ‘Hsa’ for human 
are used
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Evolutionary variation of 3′ UTR lengths

Based on all determined orthologous genes among fruit fly, 
zebrafish, mouse and human (see Materials and Methods), 

the k-mean clustering method revealed four obvious clusters 
corresponding to different evolutionary variation patterns of 
3′ UTR lengths from fruit fly to human. Other selections of 
k-mean parameter were also carefully tested and shown with 
lower performances by visually inspecting the clustering 
data. Subsequently, we demonstrated the detailed patterns of 
3′ UTR length variations from fruit fly to human for the four 
clusters (Fig. 3). Among them, Cluster 1 was predominant 
consisting of 56.3% of genes and showed steady increase 
in 3′ UTR lengths. By contrast, the increased degrees of 3′ 
UTR lengths obviously varied from one species to another 
for both Clusters 3 and 4. Additionally, we also observed 
an unusual variation pattern of 3′ UTR lengths for genes in 
Cluster 2, for which the UTRs were longest in fruit fly and 
shorter in all other species.

Functional implications of 3′ UTR lengths

According to our proposed method for comparing functional 
implications among various gene sets, we clearly revealed 
that the 3′ UTR length-based classification of gene sets were 
scattered with higher differentiation than these observations 

Fig. 2  Distributions of relative length of 3′ UTRs to 5′ UTRs for each 
species

Fig. 3  Variation patterns of 3′ 
UTR lengths for orthologous 
genes among four species. 
The gray lines demonstrate 
all gene-wise variations of 3′ 
UTR lengths, and black bold 
lines further denote the cluster 
centers. The numbers of gene 
included in each cluster are also 
shown in brackets
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among randomly generated gene sets in all four species 
(Fig. 4). However, differences of functional implications 
were more obvious in both mouse and human than that in 
both fruit fly and zebrafish. By independently regenerat-
ing the random gene sets (R1–R4), we did not observe the 
obvious changes on their scaling patterns (data not shown). 
Additionally, we directly investigated the functional simi-
larities by Gene Ontology (GO) enrichment analysis and 
found no significant correlation for pairwise comparisons 
among Q1–Q4 gene sets (Supplementary Fig. 1) and also 
among R1–R4 gene sets (Supplementary Fig. 2) in human. 
Similar results were also observed for fruit fly, zebrafish and 
mouse (data not shown). Subsequently, association between 
the lengths of 3′ UTRs and tissue expression patterns for 
human genes was investigated. All genes were divided into 
five groups based on their patterns of tissue expression as 
reported in a recent human proteome study (Uhlén et al. 
2015). The lengths of 3′ UTRs in each of these categories 
showed differential medians according to the estimations of 
95% confidence intervals; and the ‘Mixed’ group had the 
longest 3′ UTRs. By contrast, there were fewer differences 
of 3′ UTR lengths among four groups of human genes with 
different subcellular localizations (Fig. 5). Of course, nec-
essary cautions should be paid to the observed association 
between the lengths of 3′ UTRs and tissue expression pat-
terns because the statistical significance seems to be some 
weak.

Discussion

The sequence length of UTRs is a straightforward feature 
in eukaryotic mRNAs, which would provide a scaffold for 
carrying functional elements. However, the length dis-
tributions and evolutionary dynamics are observed to be 
different between 5′ and 3′ UTRs, which are expected to 
result from differential natural selection (Lynch 2006). In 
an early report, 5′ UTR lengths were observed to be almost 
constant across taxonomically diverse organisms with the 
range between 100 and 200 bp, whereas 3′ UTRs were 
more variable from a few to thousands of nucleotides in 
length (Pesole et al. 2001). In the present study, we also 
revealed that the 3′ UTRs had the greatest intra-species 
length variation among three regions of mRNAs; how-
ever, the intra-species variation for 5′ UTR lengths was 
also significantly higher than coding regions. Moreover, 
the inter-species comparisons of length distributions for 
coding regions remain almost constant from fruit fly to 
human, which has not been specially addressed yet to our 
knowledge. In contrast to former report (Liu et al. 2012), 
we didn’t detect any significant correlation for all pairwise 
length comparisons among 5′ UTRs, coding regions and 3′ 
UTRs. Finally, the average length ratio for 3′ UTRs to 5′ 
UTRs also considerably increased from fruit fly to human; 
and the formerly proposed conclusion that 3′ UTRs of 
eukaryotic mRNAs are about twice as long as 5′ UTRs 

Fig. 4  Two-dimensional scaling 
plots of gene sets according 
to PCA analyses. The 3′ UTR 
length-based categories of gene 
sets (Q1–Q4) are plotted in col-
our along with their respective 
labels, whereas the random sets 
(R1–R4) are in grey. Defini-
tions of different gene sets are 
detailed in main text
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would be biased from analysis on a relative small data set 
(Pesole et al. 2001).

The overall trend of steadily increased length of 3′ UTRs, 
which was concluded from sequence analyses among mul-
tiple metazoan species (Chen et  al. 2012), was clearly 
observed in 3′ UTRs from fruit fly to human while this pat-
tern was absent for 5′ UTRs. However, we also found that 
a minority of genes have the longest 3′ UTRs in fruit fly, 
which should be paid more attentions when deducing the 
biological meanings. Our comparisons for orthologous gene 
pairs further revealed that the degree or even direction of 3′ 
UTR length variations from fruit fly to human obviously 
varied among individual genes; and by this fact we cau-
tiously speculated that the differential evolutionary patterns 
of 3′ UTR lengths would be also in relation to their gene 
functions. Although transcript variants with the shortened 
3′ UTRs have been widely observed under pathologic con-
ditions (Mayr and Bartel 2009), it is still unknown whether 
the genes having different 3′ UTR lengths under normal con-
ditions are associated with divergent biological functions. 
Based on our straightforward comparisons on the assigned 

GO terms, we clearly demonstrated that the gene sets as 
being categorized by 3′ UTR lengths had greater divergences 
on their functional implications than these random sets; 
and this result supported a potential correlation between 3′ 
UTR lengths and gene functions. However, such correlation 
was not revealed according to the method of GO enrich-
ment analysis because the four random gene sets of R1–R4 
even did not show obvious similarities in relation to their 
functional implications. One possible explanation is that a 
large number of genes from each set are subjected to the GO 
enrichments and all of these gene sets don’t have any overlap 
on their members. Of course, we provided an overall con-
clusion regarding this topic, which should be subsequently 
investigated by experimental studies.

In addition to the regulation of translation efficiency, the 
3′ UTRs of eukaryotic mRNAs have also been proposed to 
guide the subcellular localizations and tissue expression 
patterns. For example, 3′ UTRs were recently demonstrated 
to determine alternative subcellular expression of CD47 
protein on either cell surface or endoplasmic reticulum in 
human cell lines (Berkovits and Mayr 2015). In human, it 

Fig. 5  Comparisons of 3′ 
UTR lengths among different 
categories of human genes. We 
categorized five groups accord-
ing to tissue expression patterns 
(a) or four groups by subcellular 
localizations (b). The notches in 
boxes represent 95% confidence 
intervals of median estimations
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was also reported that tissue specific expression of genes 
may be mediated by differential usage of polyadenylation 
site (Lianoglou et al. 2013), which is the trigger for generat-
ing 3′ UTR isoforms. Uhlén and colleagues (Lynch 2006) 
published the global landscape of human proteome and clas-
sified protein-coding genes into various categories according 
to subcellular and tissue expression patterns. On basis of 
these categories, therefore, we compared the 3′ UTR lengths 
for human genes and found that genes with different tissue 
expression patterns differed on their median lengths of 3′ 
UTRs although lacking the statistical conclusion of p-value. 
On the whole, it seemed that these ubiquitously transcribed 
genes (such as the groups of ‘Mixed’ and ‘Expressed in all 
tissues’) had longer 3′ UTRs than these tissue specific genes 
(such as the group of ‘Tissue enriched’). However, the differ-
ences on median lengths of 3′ UTRs were lower among these 
categories with different subcellular localizations.

Although many mechanisms have been proposed and 
addressed for the 3′ UTR-mediated post-transcriptional regu-
lations, including alterations on sequence lengths (O’Leary 
et al. 2015), isoform ratios (Lianoglou et al. 2013), com-
position of regulatory elements (Oikonomou et al. 2014), 
and gain-or-loss of microRNA binding targets (Lytle et al. 
2007). However, only the measure of 3′ UTR length was 
included in the present study for comprehensive analyses. A 
major consideration underlying such design is that 3′ UTR 
length is a very straightforward feature, which could greatly 
avoid potential errors or bias and herein facilitate accurate 
comparisons. In addition, the correlations of 3′ UTR lengths 
with numbers of regulatory elements and microRNA binding 
targets had been already specifically investigated in former 
publication (Chen et al. 2012). Another important character 
of 3′ UTRs is the secondary structure, which, of course, 
should not be ignored when accounting for the biological 
functions. Here, we also provide confident evidences on 
some general propositions in this field by comprehensive 
analysis of large-scale data.

Conclusions

In the present study, we focused on the length of 3′ UTRs 
and comprehensively analyzed a large-scale highly curated 
mRNA reference sequences among four well-studied and 
taxonomically diverse metazoan species. The results pro-
vided a landscape of evolutionary patterns of 3′ UTR lengths 
and correlations with functional implications, which would 
be helpful for better understanding the 3′ UTRs biology of 
mRNA in animals.

Acknowledgements This study was financially supported by The Plan-
ning Subject of The Twelfth Five-Year-plan in National Science and 
Technology for The Rural Development in China (2015BAD03B04-3).

Author Contributions WW, MZF, JY conceived and designed the 
experiments. WW, DHF, JG, YS, HT, HW performed the experiments. 
W.W. analyzed the data and wrote the manuscript. All the authors 
reviewed the manuscript.

Compliance with ethical standards 

Conflict of interest Wei Wang declares that he has no conflict of inter-
est. Dong-hui Fang declares that he has no conflict of interest. Jia Gan 
declares that she has no conflict of interest. Hui Tang declares that he 
has no conflict of interest. Huai Wang declares that he has no conflict 
of interest. Mao-zhong Fu declares that he has no conflict of interest. 
Jun Yi declares that he has no conflict of interest.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Akman HB, Oyken M, Tuncer T, Can T, Erson-Bensan AE (2015) 
3′ UTR shortening and EGF signaling: implications for breast 
cancer. Hum Mol Genet 24:6910–6920

Berkovits BD, Mayr C (2015) Alternative 3′ UTRs act as scaffolds 
to regulate membrane protein localization. Nature 522:363–367

Biswas A, Brown CM (2014) Scan for Motifs: a webserver for the anal-
ysis of post-transcriptional regulatory elements in the 3′ untrans-
lated regions (3′ UTRs) of mRNAs. BMC Bioinform 15:174

Chatterjee S, Pal JK (2009) Role of 5′- and 3′-untranslated regions of 
mRNAs in human diseases. Biol Cell 101:251–262

Chen CY, Chen ST, Juan HF, Huang HC (2012) Lengthening of 3′ 
UTR increases with morphological complexity in animal evolu-
tion. Bioinformatics 28:3178–3181

De JVM, Zaldumbide A, Van-Der-Slik AR, Laban S, Koeleman BPC, 
Roep BO (2016) Variation in the CTLA4 3′ UTR has phenotypic 
consequences for autoreactive T cells and associates with genetic 
risk for type 1 diabetes. Genes Immun 17:75–78

Gouy M, Delmotte S (2008) Remote access to ACNUC nucleotide 
and protein sequence databases at PBIL. Biochimie 90:555–562

Huang DW, Sherman BT, Lempicki RA (2009) Systematic and inte-
grative analysis of large gene lists using DAVID Bioinformatics 
Resources. Nat Protoc 4:44–57

Jan CH, Friedman RC, Ruby JG, Bartel DP (2011) Formation, regu-
lation and evolution of Caenorhabditis elegans 3′UTRs. Nature 
469:97–101

Kim M, You BH, Nam JW (2015) Global estimation of the 3′ 
untranslated region landscape using RNA sequencing. Methods 
83:111–117

Kriventseva EV, Tegenfeldt F, Petty TJ, Waterhouse RM, Simao FA, 
Pozdnyakov IA, Ioannidis P, Zdobnov EM (2015) OrthoDB v8: 
update of the hierarchical catalog of orthologs and the underlying 
free software. Nucleic Acids Res 43:D250–D256

Lianoglou S, Garg V, Yang JL, Leslie CS, Mayr C (2013) Ubiqui-
tously transcribed genes use alternative polyadenylation to achieve 
tissue-specific expression. Genes Dev 27:2380–2396

Liu H, Yin J, Xiao M, Gao C, Mason AS, Zhao Z, Liu Y, Li J, Fu D 
(2012) Characterization and evolution of 5′ and 3′ untranslated 
regions in eukaryotes. Gene 507:106–111

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


755Genes & Genomics (2019) 41:747–755 

1 3

Lynch M (2006) The origins of eukaryotic gene structure. Mol Biol 
Evol 23:450–468

Lytle JR, Yario TA, Steitz JA (2007) Target mRNAs are repressed as 
efficiently by microRNA-binding sites in the 5′ UTR as in the 3′ 
UTR. Proc Natl Acad Sci USA 104:9667–9672

Mangone M, Manoharan AP, Thierry-Mieg D, Thierry-Mieg J, Han 
T, Mackwiak S, Mis E, Zegar C, Gutwein MR, Khivansara 
V et al (2010) The landscape of C. elegans 3′ UTRs. Science 
329:432–435

Matoulkova E, Michalova E, Vojtesek B, Hrstka R (2012) The role 
of the 3′ untranslated region in post-transcriptional regulation of 
protein expression in mammalian cells. RNA Biol 9:563–576

Mayr C, Bartel DP (2009) Widespread shortening of 3′ UTRs by alter-
native cleavage and polyadenylation activates oncogenes in cancer 
cells. Cell 138:673–684

Mortimer SA, Kidwell MA, Doudna JA (2014) Insights into RNA 
structure and function from genome-wide studies. Nat Rev Genet 
15:469–479

O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, 
Rajput B, Robbertse B, Smith-White B, Ako-Adjei D et al (2015) 
Reference sequence (RefSeq) database at NCBI: current status, 
taxonomic expansion, and functional annotation. Nucleic Acids 
Res 44:D733–D745

Oikonomou P, Goodarzi H, Tavazoie S (2014) Systematic identification 
of regulatory elements in conserved 3′ UTRs of human transcripts. 
Cell Rep 7:281–292

Pesole G, Mignone F, Gissi C, Grillo G, Licciulli F, Liuni S (2001) 
Structural and functional features of eukaryotic mRNA untrans-
lated regions. Gene 276:73–81

Smedley D, Haider S, Durinck S, Pandini L, Provero P, Allen J, Arnaiz 
O, Awedh MH, Baldock R, Barbiera G et al (2015) The BioMart 
community portal: an innovative alternative to large, centralized 
data repositories. Nucleic Acids Res 43:W589–W598

Szostak E, Gebauer F (2013) Translational control by 3′-UTR-binding 
proteins. Brief Funct Genom 12:58–65

Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, 
Mardinoglu A, Sivertsson A, Kampf C, Sjöstedt E, Asplund A 
et al (2015) Tissue-based map of the human proteome. Science 
347:1260419

Waardenberg AJ, Basset SD, Bouveret R, Harvey RP (2015) Com-
pGO: an R package for comparing and visualizing Gene Ontology 
enrichment differences between DNA binding experiments. BMC 
Bioinform 16:275

Wachter A (2014) Gene regulation by structured mRNA elements. 
Trends Genet 30:172–181

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Evolutionary and functional implications of 3′ untranslated region length of mRNAs by comprehensive investigation among four taxonomically diverse metazoan species
	Abstract
	Background 
	Objectives 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Retrieval and processing of mRNA sequences
	Identification of orthologous genes and clustering
	Functional annotation and gene set-based comparison
	Categorization of human genes by tissue and subcellular expressions

	Results
	Length distribution of 3′ UTRs
	Evolutionary variation of 3′ UTR lengths
	Functional implications of 3′ UTR lengths

	Discussion
	Conclusions
	Acknowledgements 
	References


