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Abstract

By analyzing the structure of mRNA transcripts in multiple metazoan species, we observed
a striking exponential correlation between the length of 3’ untranslated regions (3’UTR)
and morphological complexity as measured by the number of cell types in each organism.
Cellular diversity was similarly associated with the accumulation of microRNA genes and
their putative targets. We propose that the lengthening of 3’UTRs together with a
commensurate expansion in post-transcriptional regulation can contribute to the

emergence of new cell types during animal evolution.
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Main Text

Over the last decade of genome exploration, research into the evolution of organismal
diversity and morphological complexity has shifted its focus from raw genome size to gene
regulatory complexity'~. Complex gene regulatory programs may allow a greater variety
of potential combinations of gene expression, thereby facilitating the generation of novel
cell types'. Here, we investigate whether this principle also applies at the

post-transcriptional level.

After analyzing the structure of genomic mRNA transcripts from a variety of
multicellular animals (see Supplementary Methods online), we observed a striking
exponential correlation (Pearson’s p =0.92, P=1.39¢-04) between the typical length of the
3’ untranslated region (3’UTR) and morphological complexity as measured by the number
of cell types (Fig. 1a). Conversely, there was no significant correlation observed between
morphological complexity and 5’UTR length (Supplementary Fig. 1a online) or the
length of the coding sequence (Supplementary Fig. 1b online). Since animal miRNAs
mainly target the cisregulatory elements in 3’UTR, this difference may be due to
miRNA-based post-transcriptional regulation®. Indeed, miRNAs play a crucial role in the
evolution of 3°UTR and the establishment of tissue identity’™. The likelihood that a
transcript will be targeted by miRNA may increase with 3°’UTR length because 3’'UTR
expansion can yield additional miRNA binding sites’. Furthermore, longer 3’UTRs may
include multiple polyadenylation signals and thus produce several transcript isoforms with
different combinations of miRNA binding sites, leading to a large increase in regulatory
complexity’.

The number of miRNA genes in the genomes was also found to grow exponentially
with morphological complexity (Pearson’s p = 0.77, P = 9.26e-03; Fig. 1b). The
co-expansion of trans-regulators (miRNA genes) and potential cis-elements (length of
3’UTR) suggests a possible evolutionary increase in the complexity of post-transcriptional
regulation. Indeed, we found that the miRNA binding complexity in 3’UTR, as predicted

by different algorithms (Supplementary Methods online), strongly correlated with
morphological complexity (Fig. 1c).
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In addition, the typical miRNA target and anti-target categories have a clear
divergence in 3’UTR length patterns (Fig. 1d). The length of 3’UTRs in transcriptional
regulation genes, which represent a typical class of miRNA targets®, grew exponentially as
organismal complexity increased. In sharp contrast to this, ribosomal genes, a class of
housekeeping genes and miRNA anti-targets®, had relatively short 3’UTRs in all model
organisms. These results reinforce the argument that the lengthening of 3’UTR is highly

associated with the expansion of miRNA regulatory programs.

It should be noted that a similar exponential correlation of morphological complexity
was demonstrated in the number of transcription factors (TF) (Pearson’s p = 0.70, P =
1.81e-03) (Supplementary Fig. 2b online). This suggests that the expansion of gene
regulators occurred and coevolved at both the transcriptional and post-transcriptional
levels. Given the role of miRNAs in stabilizing gene expression and conferring robustness
to gene regulatory networks®®, they are likely to play an important role in establishing

stable expression landscapes and maintaining tissue identities in cooperation with TFs.

Interestingly, all the regulation-related variables (L) examined above showed similar
exponential growth against the number of cell types (n): L(n)~€™, or equivalently,
dL/dn ~ oL, with a factor o ranging from 0.007 to 0.016. This implies that the generation

of a new cell type involves an approximate 1% increase in regulatory complexity.

These findings align with recent studies showing that protein domain recombination
and cis-regulatory element recombination may have a major role in evolution'®"'. These
changes occur in the 3°UTR and can open up new miRNA binding motifs’. Since gene
duplication and recombination are combinatorial processes that both rely on existing
genetic materials, it follows that ‘complexity will breed complexity’, leading to a
non-linear expansion in post-transcriptional interactions. Based on our empirical evidence
of a strong, exponential trend between the development of new cell types and the number
of gene regulators, we therefore propose that 3’UTR lengthening can lead to greater
morphological complexity in animals and that this process will be driven by natural

selection.
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Figure Legends

Figure 1 Exponential correlation between miRNA-mediated regulation and morphological
complexity. (a) A strong exponential correlation exists between the median length of
3’UTRs and morphological complexity, as measured by distinct cell types®, among ten
animal species. Budding yeast (S. cerevisiae) is included for comparison as a unicellular
cukaryote. The dashed line indicates a single exponential fit. (b) The number of miRNA
genes in each genome and (C) miRNA binding complexity (average numbers of putative
binding miRNAs per target gene) correlate exponentially with morphological complexity.
(d) The growth profiles of median 3'UTR length for transcription regulation genes (blue
line) and ribosomal genes (red line) have different trends. Budding yeast is included for

comparison. The gray line, showing the global trend, is adapted from (a).
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