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27Background: Recent advances in genomewide studies have revealed the abundance of long non-coding RNAs
28(lncRNAs) in mammalian transcriptomes. The ENCODE Consortium has elucidated the prevalence of human
29lncRNA genes, which are as numerous as protein-coding genes. Surprisingly, many lncRNAs do not show the
30same pattern of high interspecies conservation as protein-coding genes. The absence of functional studies and
31the frequent lack of sequence conservation therefore make functional interpretation of these newly discovered
32transcripts challenging. Many investigators have suggested the presence and importance of secondary structural
33elements within lncRNAs, but mammalian lncRNA secondary structure remains poorly understood. It is intrigu-
34ing to speculate that in this group of genes, RNA secondary structures might be preserved throughout evolution
35and that this might explain the lack of sequence conservation among many lncRNAs.
36Scope of review:Here,we review the extent of interspecies conservation among different lncRNAs,with a focus on
37a subset of lncRNAs that have been functionally investigated. The function of lncRNAs is widespread and we in-
38vestigate whether different forms of functionalities may be conserved.
39Major conclusions: Lack of conservation does not imbue a lack of function. We highlight several examples of
40lncRNAs where RNA structure appears to be the main functional unit and evolutionary constraint. We survey
41existing genomewide studies of mammalian lncRNA conservation and summarize their limitations. We further
42review specific human lncRNAs which lack evolutionary conservation beyond primates but have proven to be
43both functional and therapeutically relevant.
44General significance: Pioneering studies highlight a role in lncRNAs for secondary structures, and possibly the
45presence of functional “modules”, which are interspersed with longer and less conserved stretches of nucleotide
46sequences. Taken together, high-throughput analysis of conservation and functional composition of the still-
47mysterious lncRNA genes is only now becoming feasible.
48© 2013 The Authors. Published by Elsevier B.V. All rights reserved.
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53Q5Q6 1. Introduction

54 Studies using the recent technical advances in genomewide plat-
55 forms have revealed the human genome to be vastly more complex
56 than previously anticipated.While only ~1.2%of the human genomeen-
57 codes for protein-coding genes [1], it is becoming increasingly apparent
58 that the largemajority of the human genome is transcribed into non-pro-
59 tein-coding RNAs (ncRNAs) [2,3]. Thousands of long ncRNAs (lncRNAs)
60 have been identified, but very few have been assigned any function.

61The lack of functional studies and in many cases absence of evolutionary
62conservation have raised concerns about the importance of lncRNAs;
63some argue they are nothing more than transcriptional noise [4]. How-
64ever, recent reports show thousands of lncRNAs being evolutionarily
65conserved [5], though not to the same extent as many protein-coding
66genes [6]. While the transcripts of lncRNAs appear less conserved than
67protein-encoding mRNAs, the promoter regions of lncRNAs are often
68just as conserved as the promoters of many protein-coding genes
69[3,7]. Furthermore as they are RNAs their conservation may be found
70in functional interactions with proteins and other RNAs, in contrast to
71the conservation of specific sequence stretches. Functional equivalency
72of lncRNAs that appear to lack conservation across species may be fea-
73sible thanks to the chemical properties of nucleotides and protein inter-
74action affinities.
75The function of RNA is indeed widespread; mRNAs encode proteins,
76rRNA and tRNA are in involved in translation, and microRNAs act by
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77 RNA:RNA interactions to modulate mRNA function. In contrast to
78 microRNAs, almost all of which are post-transcriptional repressors, the
79 diverse functions of lncRNAs include both positive and negative regula-
80 tions of protein-coding genes, and range from lncRNA:RNA and lncRNA:
81 protein to lncRNA:chromatin interactions [8–11]. Due to this functional
82 diversity, it seems reasonable to presume that different evolutionary
83 constraints might be operative for different RNAs, such as mRNAs,
84 microRNAs, and lncRNAs.
85 The functional importance of lncRNAs is only now becoming re-
86 vealed, and to date, of the tens of thousands of metazoan lncRNAs dis-
87 covered from cDNA libraries and RNAseq data by high-throughput
88 transcriptomeprojects, only a handful of lncRNAs have been functional-
89 ly characterized. However, this number has been increasing, with more
90 lncRNAs being found recently to be involved in disease [8,10–13].
91 Although the large majority of lncRNAs remain to be characterized,
92 there is no longer any doubt that at least some are of functional im-
93 portance. Yet, the non-conservation conundrum remains: For many
94 lncRNAs already proven functional, poor evolutionary conservation
95 is paradoxical and in stark contrast to the conservation of protein-
96 coding genes.

97 2. Lack of conservation does not imbue a lack of function

98 While conservation almost always indicates functionality, lack of
99 sequence conservation does not directly imply the opposite [10,14].
100 The evidence that supports this statement arises from two vastly differ-
101 ent classes of non-protein-coding genomic regions with completely op-
102 posite evolutionary properties; ultra conserved regions (UCR), which
103 are highly conserved with near perfect sequence identity across all ver-
104 tebrates, and human accelerated regions (HAR), which show unusually
105 high sequence diversity between human and chimpanzee.

106 2.1. Ultra conserved regions

107 In a study by Bejerano et al., 481 segments longer than 200 nt were
108 identified to have complete conservation among human, rat, andmouse
109 genomes, and most also in chickens and dogs [15]. Some of these UCRs
110 were foundwithin protein-coding sequences (111 of 481), while others
111 were found within introns and “gene deserts”. A subsequent study spe-
112 cifically addressed whether these UCRs were transcribed into RNA [16].
113 There, Calin et al. found that the majority of the UCRs were indeed
114 expressed as RNAs, so called transcribed UCRs (T-UCRs), and intriguing-
115 ly, demonstrated differential expression in cancer [16]. While the func-
116 tion of the majority of these T-UCRs remains to be elucidated, it is clear
117 that many of them give rise to non-protein-coding transcripts that do
118 not host known small RNAs, and as such are categorized as lncRNAs.
119 Initial reports suggest that some T-UCRs are under microRNAmediated
120 control and also dysregulated in several tumors such as chronic lym-
121 phocytic leukemia (CLL) [16] and neuroblastoma [17]. However, further
122 functional studies to elucidate and fully understand the role of T-UCRs
123 remain necessary, in order to definitively determine the mechanistic
124 role of T-UCRs. Additionally, it is imperative that transcriptome datasets
125 from non-human species, including cDNA/EST libraries as well as
126 RNAseq results from the modENCODE Consortium, be used to deter-
127 mine the presence, and the exact genomic structure, of any non-
128 human orthologous T-UCR transcripts as a prerequisite for under-
129 standing their RNA secondary structure and hence their function.

130 2.2. Human accelerated regions

131 In contrast to T-UCRs, which were found and defined by their high
132 sequence conservation, Pollard et al. used an opposite approach [18].
133 Instead of looking for highly conserved regions, they identified genomic
134 regionswith accelerated rate of nucleotide substitution between human
135 and chimpanzee, with an emphasis on sequences whose substitution
136 rates in evolution prior to the emergence of the human terminal lineage

137had been lower. Because of the latter property, these sequences were
138termed “human-accelerated” regions (HAR). A total of 49 [18] and 202
139[19] HAR regions were initially identified, of which 96% were localized
140within non-coding segments [18]. The most divergent of these regions,
141which had multiple substitutions distinguishing humans and chimpan-
142zees but surprisingly tight sequence conservation between chimpan-
143zees and non-primate species, was named HAR1. HAR1 was identified
144to be bidirectionally transcribed as part of two longer lncRNAs in a
145sense–antisense pair: the lncRNA HAR1A (HAR1 forward) on the for-
146ward genomic strand, and the lncRNA HAR1B (HAR1 reverse) on the
147opposite strand. The HAR1 region was found to be 118nt long, to reside
148precisely in the exon-to-exon sense-antisense overlap of these two
149lncRNA genes (whose reference transcripts range from 900 to nearly
1503000 nt in length, including the HAR1 118 nt sequence), and to fold
151into an organized secondary RNA structure whose differences between
152human and chimpanzee have been biochemically confirmed by inde-
153pendent studies [18,20]. Interestingly, it was suggested that the muta-
154tions in the human HAR1 compared to the chimpanzee sequence,
155stabilized this RNA structure further and were therefore evolutionarily
156produced through positive selection [20]. Alternatively, this varied sec-
157ondary structure may be involved in sense–antisense pairing of HAR1B
158and HAR1A, which are reverse complement and overlapping one an-
159other, thus allowing for RNA:RNA pairing and higher ordered second-
160ary structures to form. The HAR1 ncRNA was found to be expressed in
161developing neocortex early in human embryonic development and to
162co-localize with Reelin, an important brain protein with functions in
163schizophrenia and aging. Therefore, the authors speculated whether
164the increased rate of nucleotide substitutions within this region is of
165importance for human brain evolution. This example illustrates that
166poorly-conserved ncRNAs can have specific spatiotemporal gene ex-
167pression patterns that strongly suggest function, and thatmajor aspects
168of lncRNA secondary structure can undergo drastic changes during evo-
169lutionary events, such as during the emergence of modern humans.
170Neanderthal and Denisovan genomes, which recently became publicly
171available, collectively provide an invaluable resource that will allow
172more precise timing of sequence substitutions concomitant with RNA
173secondary structure changes within the last 50,000 years of human
174evolution.
175Many more HARs, as well as T-UCRs, remain to be investigated, as
176improved bioinformatics and high-throughput RNA sequencing ap-
177proaches make it possible to discover additional rapidly evolving re-
178gions and additional evidence of transcriptional activity, respectively.
179It will be of great interest to gauge the extent to which these regions
180are transcribed as ncRNAs and the role that these regions may have in
181cellular function and evolution [19].

1823. LncRNAs and secondary structures

183The vast majority of post-genomic lncRNA experimental biology has
184been an observational science, a modern equivalent to Darwin's voyage
185on The Beagle: high-throughput cDNA library construction and next-
186generation RNA sequencing have provided deep and comprehensive
187catalogs of lncRNA genes and transcripts, while the inherent bottleneck
188between the large size of these datasets and the low throughput of ex-
189perimental validation methods has ensured that functional validation
190lags far behind. For this reason, only a relatively few lncRNAs have
191been functionally characterized to date, and even fewer have been in-
192vestigated for their secondary structure and the interplay between
193structure and function.
194Primary sequence conservation of lncRNA genes, across species, has
195already been studied genomewide in mammals [21–23]. Jointly, these
196three studies establish that genomic sequence conservation and
197gene structure conservation are rare at orthologous and positionally-
198equivalent lncRNA loci, and that intergenic lncRNAs are subjected to
199rapid turnover during evolution. The presence and absence of apparently
200species-specific lncRNAs at orthologous loci in related species, and
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