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The biological importance of RNA has expanded as our appreciation of the
complexity of its multiple types, structures, chemical compositions and
biological roles. Research in RNA has been instrumental in revealing insights
into fundamental biological processes including: the organization of
information within genomes, the mechanisms of control of gene expression at
the transcriptional (providing scaffolds for transcription factors and chromatin-
modifying proteins) and post-transcriptional (RNA editing and modifications,
translation, sponging) levels, spatiotemporal localization of elements involved
in developmental and cell biology, and the evolution of first RNA genomes.
Most recently, studies of RNA have expanded their clinical roles as diagnostics
to the realm of therapeutic treatment for detected diseases. Finally, advances in
RNA studies have been prompted by and contributed to the development of many
novel methodological and computational approaches. The future of RNA research
will add even more to our understanding of the origins of endophenotypes and
these findings will be the focus of the Frontiers in RNA Research.
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Introduction

Our understanding of the versatility and importance of RNA has expanded dramatically
since its role was initially characterized as nucleic acid found associated with ribosomes and
in protein synthesis. (Siekevitz and Zamecni, 1981). Long considered an enabling
intermediary between the cell’s genetic information storehouse (DNA) and its workhorse
element (protein), the discovery of the many types of RNAs found both in intra- and
intercellular locations, their functional roles and their mechanisms of action have provided
new insights in biology. While this growth of knowledge has been impressive, there
continues to be an evolution in our understanding and appreciation of RNA’s
remarkable capabilities. This growth has opened for us a landscape of new fundamental
and applied questions in many academic and commercial disciplines.

Annotation of genomes

A consensus statement concerning a current and coherent picture of the roles of long
noncoding RNAs (lncRNAs) recently has been published containing a suggested
classification system for all coding and non-coding RNAs (Mattick et al., 2023). This
classification system is straightforward and is based simply on the lengths of RNAs.
Table 1 provides an additional view of RNA classification that is divided into three broad
RNA classes. Each class is characterized by its RNAmembership and the molecular origin
of each class member. Information concerning the number of genes encoding each
member, their approximate nucleotide lengths and, if known, at least one representative
function and/or its molecular association is provided. The first class is composed of long
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(L) RNAs (lRNAs) (>200 nucleotides [nt]) lengths. The
4 members of the lRNAs class range from the well-studied
messenger (mRNAs), ribosomal (rRNAs), and pseudogene
RNAs to the emerging long non-coding RNAs (lncRNAs).

Currently, there are also 13 members of the short RNA class
(<200 nt) RNAs (sRNAs) ranging from transfer RNAs (tRNAs) to
more recently identified functional sRNAs. There is also a third
class of sRNA-derived RNAs (srdRNAs), which comprises

TABLE 1 Membership and characteristics of human long, short, and short RNA–derived RNAs classes.

Class Members Genes
(haploid)

Length
ranges (nt)

Functions and associations

lRNAs ribosomal (rRNAs) 200 1,500–2,000 (18s) Ribosome scaffold

200 4,000–5,000 (28S) Ribosome scaffold

200 −120(5S) Ribosome scaffold

messenger (mRNAs) 19,379 828–109,244 Protein coding

long noncoding RNAs
(lncRNAs)

19,933 189- >30,000 Chromatin modification, Transcription regulation, Post-transcriptional regulation,
scaffolding, DNA replication

pseudogene RNAs >1,750 >100- <20,000 Protein coding, Transcription regulation, miRNA sponge

sRNAs 5.85 RNAs 200 152 Ribosomal function, co-factor binding TP53

circular RNAs circRNAs) Variable >100 Can act as miRNA sponge and regulation of cell proliferation

7SK 1 340 Scaffold for P-TEFB

miRNA 2,600 21–23 Transcription and translation regulators

piRNAs >20,000 24–32 Bind to PIWI proteins and regulate TEs

scaRNAs 27 60–170 Guide spliceosomal RNA modifications

siRNAs 350 21–23 Gene silencing

snRNAs 10 150 Processing of hnRNAs

snoRNAs 425 60–170 Ribosomal RNA processing and modification

srp RNAs 4 105–300 Signal recognition particle RNA as part of RNP complex to inhibit translation

vtRNAs 4 100 Role in intracellular and nucleocytoplasmic transport

tRNA 625 74–93 Transport of amino acids for translation

YRNAs 4 80–120 DNA replication

srdRNAs tRF-5p 66 unique 15,22,32 Post-transcriptional gene regulation

tRF-3p 62 unique 18,22 Repress translation by degradation of mRNAs

tRF-1 32 unique 32 Promote cell proliferation in prostate cancer cells

tRF-2 ND 14–30 Binds with YBX1 and stabilizes oncogenic transcripts

RNY5 29-31 1 29–31 Promotes cell death in non-cancer cells

vtRNA -3p 1 23 Reduction of cell cycle progression and increase apoptosis

vtRNA scn886-5p 1 24–25 ND

sdH/ACA 3′ 357 20–24 Associated with AGO potentially involved in RNA modification and processing

sdC/D 5′ 93 −17-19 and >27 Associated with AGO potentially involved in RNA modification and processing

18S rRF 3′ 200 15–40 ND

18S rRF 5′ 200 15–40 ND

28S rRF 200 130 ND

ND, Not Determined; nt - nucleotides haploid—single allele; lRNA, long RNA; sRNA, short RNA; srdRNA, short RNA–derived RNA; miRNA-microRNA; piRNA- Piwi-interacting RNA;

scaRNA-small Cajal Body RNA; siRNA-small interfering RNA; snRNA-small nuclear RNA; snoRNA-small nucleolar RNA; srpRNA-signal recognition particle; vtRNA-vault RNAs; tRNA-

transfer RNA; tRF-5p t-RNA, 5′end fragment; tRF-3p-tRNA, 3′end fragment; tRF-1, telomeric repeat fragment-1; tRF-2, telomeric repeat fragment-1; RNY5 29-31- Y5 RNA, 5′ fragment;

vtRNA-3p-vault RNA, 3′ end fragment; vtRNA-5p-vault RNA, 5’ -end fragment; sdH/ACA, 3′- H/ACA, snoRNA, 3′end fragment; sdC/D 5′- C/D snoRNA, 5′end fragment; 18s RF, 3′- 18S
ribosomal RNA, 3′ end fragment; 18S rRF5′18S ribosomal RNA- 5′ end fragment; 28S fRF-28Sribosomeal RNA fragment.
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12 members, each of which are processed fragments of sRNAs.
Overall, each class comprises multiple members, each of which are
products processed from longer precursors. Based on the
continuing growth in the membership of the sRNA and
srdRNA classes, the catalog of RNAs is likely incomplete due
to their low expression levels and their expression in only specific
cell types (discussed below).

There is a sense that the annotation of animal genomes is
relatively stable and this is commonly based on the relatively
stable status of the human protein coding gene annotations
(https://www.gencodegenes.org/human/stats.html) This sense
comes from the observation the number of protein coding have
been decreasing in number (2.5%) over the last decade. However,
this intuition is misleading for lncRNA and sRNA genes. An
increase of 4,058 (20%) lncRNA genes and a decrease of 1,970
(21%) sRNA genes has occurred over the same time period. In
addition, many srdRNA products have only recently been identified
and associated with specific biological functions (Table 1). However,
the identification and mapping of srdRNAs have significantly lagged
behind the protein-coding class and other ncRNAs primarily due to
the uncertainty of their biological functions and their mapping
positions in the genome. This is especially the case for some
srdRNAs, which consist of complementary sequences to repeat
elements, allowing them, for example, to control retrotransposon
replication (Schorn et al., 2017).

The ongoing development and application of genome editing
tools (e.g., CRISPR-Cas systems, prime editing, and base editing
methodologies) strongly depend upon the availability of accurate
and well-annotated genomes that contain a complete complement of
coding and non-coding genes and transcripts. Until recently, with
the completion of the Telomere-to-Telomere (T2T) Consortium’s
T2T-CHM13 assembly, a contiguous sequence of the human
genome was absent (Nurk et al., 2022). The results of this project
have provided an additional 1956 gene predictions, 99 of which are
predicted to be new annotated protein coding genes. Hence, the
exploration and characterization of the human genome and its RNA
products continues.

RNA binding partners and RNA
functions

Outside of membrane-enclosed compartments, RNAs exist in
inter-and intra-cellular domains protected by cofactors (proteins,
carbohydrates, lipids) that are specifically or non-specifically
interacting with them. RNA-binding proteins (RBPs) are the
most well-studied of these cofactors. The importance of RBPs is
underscored by the size of this family of genes. Depending on the
evidence used to identify RBP genes, it is estimated that the size of
the RBP family varies from approximately 1550 (7.9%) (Van
Nostrand et al., 2020) to 4,000 (21%) (Gebauer et al., 2021) of
19,393 human protein-coding genes. Since RNAs are composed of
highly structured and/or intrinsically disordered regions, the
diversity of RBP genes is consistent with these structural
properties. Since mRNAs and lncRNAs may have both of these
structural characteristics, and since binding to an RNA may involve
more than one RBP, a great deal of uncertainty in identifying a
complete catalog of RBPs for each RNA persists. Additionally, the

identity of RBPs interacting with each RNA and the binding location
on the RNA remain active areas of study.

Ribonucleoprotein (RNP) complexes composed of RBPs and
their target RNAs form an integral part of almost all biological
operations. However, a key question that has been the focus of many
studies is what are the functional roles of noncoding RNAs that are
part of RBP complexes? Of the 19,928 human annotated lncRNA
genes (https://www.gencodegenes.org/human/stats.html), fewer
than approximately 150 of these have a validated biological
function and for only a fraction of these is there a mechanistic
understanding of this function. To address this issue, many multi-
omic studies performed on single cells, cell lines, and tissues have
sought to identify the subcellular locations at which specific RNP
complexes operate. In a subset of these experiments, the identities of
the protein and RNA binding components are identified. Most
helpful is when spatial proteomic and transcriptomics can be
performed on the same cells of origin, helping to provide
subcellular locations and the identity of the RNAs in RNP
complexes (Vandereyken et al., 2023). In addition, cross-linking
immunoprecipitation sequencing (CLIP-seq) and selective 2′-
hydroxyl acylation analysis by primer extension followed by
mutational profiling (SHAPE-MaP) have been instrumental in
determining secondary structures to annotate RBP binding sites
for coding and lncRNAs in a transcriptome-wide fashion (Smola
et al., 2015; Schmitz et al., 2016). The combination of having the
binding protein identity and specific subcellular location provides
insight into the role of the RNA. However, there is a need for the
development of 3D structural modeling tools, akin to the protein
structure modeler AlphaFold (Jumper et al., 2021) that can utilize
these data.

Chemical modification of RNAs

The function of mRNA as an essential element in the translation
process leading to protein synthesis has been understood since 1961,
as is their subcellular locations in the nucleus and in the cytosolic
ribosomes. However, there are numerous steps involving mRNAs
and associated noncoding RNAs in the pre-transcription and post-
transcription processes that remain unknown, such as the control of
mRNA expression levels, the factors leading to predominance
among all of a gene’s isoforms, the role of enhancer RNAs, the
mechanisms of allele-specific expression, the influence of epigenetic
modifications on transcription rates and splicing, and the role and
regulation of RNA editing. More recently, discoveries in mRNAs
have triggered new avenues of investigation. One of these involves
the chemical modification of RNA ribonucleotides, which have been
shown to regulate mRNA stability and to affect diverse biological
processes. These modifications include: N6-methyladenosine (m6A),
N6,2′-O-dimethyladenosine (m6Am), 8-oxo-7,8-dihydroguanosine
(8-oxoG), pseudouridine (Ψ), 5-methylcytidine (m5C), and N4-
acetylcytidine (ac4C). Beyond mRNAs, these modifications have
been observed as part of a constellation of signals on many lncRNA
and sRNAs, including snRNA in the spliceosome, and rRNAs
affecting RNA expression and processing. There are still many
questions surrounding the functions of these chemical
modifications as well as the function of the modifications and the
regulation of their location and temporal appearance.
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A relatively recent discovery of a new type of RNA modification
involving glycan-associated RNAs has been described (Flynn et al.,
2021). These glycoRNAs occupy the luminal face of several types of
cell membranes but most abundantly decorate the surface
membranes of human peripheral blood monocyte cells (PBMCs).
These RNAs with sialic acid–containing glycans modify a group of
well-characterized sRNAs, including tRNAs, snRNAs, snoRNAs,
and Y RNAs. Blocking the expression of specific glycoRNAs leads to
the inhibition of monocyte and endothelial cell interactions. The
study of these modified RNAs is ongoing and focus on how the
RNAs reach the external surface of the cell, what type of binding
exists between the glycan and RNA, what proteins compose the RNP
complexes, and the how the glycoRNAs are protected when exposed
to the external cellular environment remains unexplained.

Intercellular RNA communication

In addition to RNAs resident on the external surfaces of cells, many
different types of RNAs have been detected outside of their cell of origin,
housed in vesicles that are produced and released via different pathways
and as free-floating RNPs. Again, it is important to note that in both
conditions the RNAs are associated with other types of molecules
(lipids, carbohydrates, and proteins). This property of exosomes or
RNPs presents the opportunity for the packaging of multiple functional
co-factors with RNA. Of note is the observation that the majority of the
packaged and protected RNAs are sRNA or srdRNA and that the
landscape of RNAs found outside of a cell is not necessarily a reflection
of the profile found within the cell of origin. Rather, the most abundant
RNA of a particular type detected outside of the cell often is a low copy
number of the same sRNA type within the cell or vice versa, suggesting
that there may be enrichment mechanisms for specific RNAs to be
selected for packaging and extracellular release (Nechooshtan et al.,
2020). It is also the case that the processing of tRNAs into tRF-5p and
tRF-3p occurs outside of the cell by RNase I, which is inactive inside the
cell. The mechanism by which sRNA or srdRNA enrichment is
conducted is unknown but is of interest.

Both in the case of RNAs that are vesicle-bound or part of a RNP
complex, there is abundant cytological and RNA-seq evidence that
RNAs are transported into neighboring and distal cells
(Chakrabortty et al., 2015). Interestingly, this capability has also
been the focus of long-term and ongoing applied research efforts.
RNA was conceived as a therapeutic in 1989 (Malone et al., 1989)
and has followed a long and tortuous path leading to its current use
as an immune-inducing agent against SARS-CoV-2 in vaccines to
prevent Coronavirus Disease 2019 (COVID-19) (Dolgin, 2021). The
use of mRNA and other sRNAs as therapeutics and in genetic
engineering continue to be part of many ongoing pharmaceutical,
academic, and commercial efforts. However, the technical issues
facing the use of RNAs in these applied arenas are numerous and,
thus, will be focus of research efforts for the foreseeable future.

Clinical challenges

For decades, both coding and ncRNAs have been useful in
providing diagnostic and prognostic information as biomarkers for
hundreds of clinical conditions. This is underscored by the

22,712 clinical studies that have evaluated, or are evaluating, both
types of RNAs as markers (see ClinicalTrials.gov database). Many of
these studies have examined autopsy organs and tissues affected by
the disease state. These markers may not be useful if the expression
or generation of a processed product of an RNA biomarker is tissue-
specific, as is the case with many ncRNAs. Thus, an ongoing
challenge is to determine if such RNA biomarkers can be
detected in accessible samples or represented in the genome
sequence or epigenome of living affected individuals.

The relatively recent emergence of FDA-approved RNA-based
therapeutics has been enabled by the increased capabilities in the
synthesis, production, and novel delivery of RNA (Damase et al.,
2021). RNA approved therapeutics consist of many categories of
RNA such as mRNAs, siRNAs, miRNAs, tRNAs and aptamers using
lipid, polymer, silica, gold, and carbon nanoparticles as delivery and
stability modalities. The continued success of the use of RNA as a
therapeutic approach partially rests on insuring the stability of RNA.
In addition to using the carrier modalities mentioned above,
employing a variety of base modifications in the synthesis of the
RNA therapeutic is also being investigated. Finally, with the recent
success of mRNA-based vaccines, the checkered history of RNAi-
and oligonucleotide-based drugs (Levin, 2019) could be
understandably forgotten. In large measure, the inconsistency of
these forms of RNA therapeutics stemmed from the challenges of
off-target effects. Devising ways of avoiding these issues remains a
focus of many clinical efforts.

Conclusion

There have been many fundamental and important scientific
and medical contributions made by those in the RNA field. The
challenges mentioned in this perspective represent frontiers that
demark landscapes of opportunity. These and many other areas f
RNA studies highlight the focus of Frontiers in RNA Research. This
journal will seek to communicate noteworthy findings and address
the outstanding challenges confronting the RNA field and to provide
a resource for the scientific community.
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