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Post-transcriptional modifica-
tions of RNA (PRMs) and post-
translational modifications of
proteins (PTMs) are important
regulatory mechanisms in biologi-
cal processes and have many
commonalities. However, the in-
tegration of these research areas
is lacking. A recent discussion
identified the priorities, areas of
emphasis, and necessary tech-
nologies to advance and integrate
these areas of study.

Ribonucleotides within the various RNA
molecules in prokaryotes and eukaryotes
can be marked by more than 160 distinct
covalent chemical modifications [1,2]. Re-
latedly, a set of more than 300 covalent
chemical amino acid modifications can
occur in the cellular proteome [3,4].

Recent findings demonstrated that PRMs
and PTMs impact the structure, functional-
ity, stability, and degradation of the modi-
fied molecules [1-3,5,6]. These covalent
additions are dynamically added and
removed through writer and eraser com-
plexes, respectively, providing a layer of
post-transcriptional and post-translational
regulation that affects the quality and quan-
tity of RNA and protein [1-3,5,6]. Thus, it is
not surprising that PRMs and PTMs can
have widespread effects on the develop-
ment, behavior, and disease susceptibility
of organisms and their responses to abiotic
and biotic stresses [1-3,7-9].

The importance of PRMs and PTMs to cel-
lular regulatory mechanisms has become
unqguestioned [1-3,7-9]. However, signifi-
cant gaps remain in the integrated under-
standing of PRMs and PTMs and their
effects on overall cellular metabolism.
Thus, an open discussion on the concep-
tual, theoretical, technical, and analytical
resource needs in PRM and PTM studies
was organized to bring together re-
searchers from both areas. Overall, this
discussion identified the priorities, meth-
odologies, and technologies needed to
advance and integrate future research in
these areas.

Areas of future synergy

During the discussion, numerous areas for
research synergy were noted. First, it was
recognized that PRM and PTM research
should be carried out across a broad and
distantly related set of species, providing
opportunities to bring together large com-
munities of researchers to address the
questions of covalent additions to RNAs
and proteins across the tree of life. Such
studies are likely to help define sets of
common rules or characteristics driving
the addition, removal, and functionality of
PRMs and PTMs (Figure 1).

It was deemed crucial for proper valida-
tion of covalent modifications to charac-
terize the true functionality. Currently, a
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comprehensive functional validation of
RNA and protein modification sites is
lacking. However, such studies are
needed to truly define the biological pro-
cesses and/or stresses affected by spe-
cific modifications.

Additionally, the reversibility of PRMs and
PTMs was noted as an open area of re-
search. For at least some PTMs, the effects
of adding and removing them on protein
structure and function have been studied.
However, this is not the case for others,
and it is still under debate for even the
best studied PRM, m®A. Therefore, we
need to better characterize the potential
dynamic reversibility of PRM and PTM sys-
tems to learn the rules and functions asso-
ciated with these regulatory systems.

Another area of synergy involves the inter-
play and crosstak between PRMs and
PTMs. For instance, the pervasiveness and
effects of PTMs on the machinery involved
in writing, erasing, and interacting with
PRMs have not been well studied. However,
there have been suggestions that some
PRM writers can be modified post-
translationally, but the biological effects of
these events are currently unknown. Fur-
thermore, the pervasiveness and effects of
PRMs on the transcripts encoding the pro-
teins involved in adding, removing, and
sensing PTMs is understudied.

The final area identified was the overall ef-
fects of PRMs and PTMs on the cellular
metabolome. It was noted that these ef-
fects are likely to impact the overall cellular
and organismal phenotype through the al-
teration of an organism’s metabolome, a
hypothesis that has been supported by
previous findings [10]. Thus, metabolomic
studies in systems with altered PRM and
PTM systems should be carried out to bet-
ter understand the connection of PRMs
and PTMs with phenotypes.

All areas of future synergy will be aided by
the development of new methods,
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Figure 1. Diagram summarizing the future areas of synergistic research (in blue) and potential
outcomes (in orange) for post-transcriptional modifications of RNA (PRMs) and post-translational
modifications of proteins (PTMs) identified by the workshop. The central box depicts what it takes to
achieve the outcomes (i.e., the workshop recommendations, in green). What is currently composed of various
unique and conceptually distinct research endeavors can be united by the similarities of the underlying rules
and features that govern these cellular pathways. These ideas can synergize PRM and PTM research, which
has the potential to reveal the fundamental rules of life specific to these chemical moieties in biological systems.

technologies, and community resources,
as well as data standards (Figure 1).

Data acquisition, standards, and
storage needed

There was a consensus that data quality
standards need to be developed. Specifi-
cally, very high-quality validated datasets
defining the positions, metabolome effects,
and functions of bona fide PRMs and
PTMs are necessary to serve as training
sets for developing the necessary machine
learning (ML) and artificial intelligence (Al)
analytical tools that will significantly aid in
driving discoveries forward and will provide
the resources for the development of large-
scale PRM and PTM databases and

browsers. Additionally, standardization of
the methodologies and analytical ap-
proaches will ensure the ability to compre-
hensively compare all available datasets.
The democratization of available datasets
and resources can increase engagement
in PRM and PTM research, driving future
hypothesis-driven experiments focused
on uncovering the rules governing these
modifications.

Additionally, standardized data storage
and the development of specific large-
scale databases are necessary. For in-
stance, central repositories for large-scale
RNA sequencing (RNA-seq) and proteo-
mics data have been established, such
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as the Gene Expression Omnibus (GEO),
PeptideAtlas, ProteomeXchange, and the
AlphaFold Protein Structure Database
[11-13]. However, broad PRM and PTM
data repositories are yet to be established.
These data also need to be incorporated
into visualization browsers so researchers
can access these data in a user-friendly
manner to aid hypothesis-driven experi-
mental design. There should be a con-
certed effort to combine metabolomic
data into these central repositories and
data browsers, including the metabolic
states of cells with and without intact sys-
tems for adding and removing PRMs and
PTMs.

Finally, information regarding the affinity of
the writers and erasers needs to be ob-
tained and stored in these repositories.
Overall, data acquisition, standardization,
storage, and visualization are important
parameters for driving synergistic PRM
and PTM research.

Methodologies needed for future
studies

Another theme noted was the need for
new methodologies to answer the ques-
tions central to the synergy of PRM and
PTM research due to the current limita-
tions in all available technologies. Several
methodologies were identified as truly
necessary for driving these studies
forward. For instance, approaches to si-
multaneously isolate and analyze the mod-
ified RNAs or proteins in conjunction with
the pools of cellular metabolites from the
desired samples are needed. These ad-
vances are necessary to study the rela-
tionships of various PRMs and PTMs with
the pools of available cellular metabolites,
allowing one to determine the effect of
inhibiting the removal of a specific PRM
or PTM on the cellular pool of that metab-
olite. It was also noted that it is necessary
to develop chemical probes and related
methodologies for determining the specific
nucleotides and amino acids that are
modified. Developing these resources will
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enhance our capability to identify bona fide
modification sites.

Current methodologies usually provide in-
formation on single modifications linked
to a specific nucleotide or amino acid.
However, a single RNA or protein mole-
cule can have several modifications simul-
taneously. Thus, there is a need for tools
that can define all the modifications that
occur on a single RNA or protein. ‘Top
down’ proteomic approaches can provide
this for proteins but are largely limited to
modifications with a lower molecular
weight [3]. Additionally, the development
of ML and Al approaches for identifying
and characterizing modifications was
determined to be a major future focus
[14,15].

Altogether, the development of novel ap-
proaches will be necessary for synergizing
and driving future PRM and PTM research,
which hopefully can uncover the rules and
true importance of these regulatory signals
for RNA and protein molecules (Figure 1),
which will be driven by the necessary devel-
opment of technologies with a higher

throughput and higher resolution for identify-
ing and characterizing PRMs and PTMs
(Box 1).

Recommendations for future
collaboration and synergy

One of the most important ideas identified
was the need to create a collaborative net-
work of scientists focusing on PRMs and
PTMs (Figure 1). This network would ob-
tain funding to run yearly meetings and
workshops to continually reunite these
groups to discuss recent progress and to
continue setting goals and milestones to
keep the synergy between these scien-
tists. Relatedly, conferences that are jointly
focused on PRM and PTM research
should also be a yearly focus. These
events would allow these scientists to
continue discussions on the topics de-
scribed earlier. Such discussions would
help ensure that future studies on PRMs
and PTMs are aimed to address common
goals, while also ensuring that all datasets
can be utilized and reanalyzed by all.
These gatherings would provide a contin-
ual forum for determining future research
goals in this research area.

Box 1. Technologies needed for synergistic PRM and PTM studies

The development of novel technologies that will allow newer and finer-scale data to be obtained are needed to
drive the synergism of PRM and PTM research forward. The technological advances identified as needed to

drive this research are outlined here.

e Algorithms to determine all RNA modifications from nanopore-based direct RNA sequencing (RNA-

seq) results.

¢ Increased signal and output from nanopore-based sequencing approaches to aid algorithmic develop-

ment for detecting PRM.

e Improved mass spectrometry-based technologies to allow untargeted analysis of RNA and protein
modifications, which would allow the identification of multiple or all modifications on the same RNA

or protein molecule simultaneously.

e Mass spectrometry advances to allow analyses of PRMs and PTMs from single cells with a higher

throughput and a deeper resolution.

e The production of small molecules that can inhibit or act as agonists to specific PRMs and PTMs to aid
the validation of bona fide sites and functional characterization.
e Development of high-throughput CRISPR tools for RNA and protein modification site mutagenesis to

streamline validation of bona fide sites.

e |dentification and/or engineering of reverse transcriptase enzymes that will insert easily identifiable base
misincorporation events into RNA-seq libraries for high-throughput identification of modified RNA bases.
e Dedicated curated online databases with a broad focus on PRMs and PTMs backed by community-driven

standards ensuring high-quality data.

e Technologies allowing the visualization of 3D structures of modified RNA and protein molecules in their cellular
environment, such as improved NMR spectroscopy-based technologies.
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Additionally, funding mechanisms to pro-
vide research support to drive synergistic
projects forward were seen as necessary
to coalesce PRM and PTM research. For
instance, one idea was for funding agen-
cies to promote funding of large-scale
multi-principal investigator (Pl) and muilti-
institution proposals aimed at addressing
fundamental questions that unite these
areas of inquiry. These funding opportuni-
ties were suggested to include interac-
tions with industry partners, especially
where the development of new technolo-
gies would be driven by such partner-
ships. The establishment of industry
partnerships is likely to accelerate the de-
velopment of novel technologies that will
allow significant growth and development
of this research. Future funding should
also be focused on rewarding researchers
who make their analytical tools, research
methodologies, novel technologies, and
large-scale databases readily accessible
and user-friendly. Notably, cross-agency
funding initiatives would be an excellent
mechanism to push the synergistic re-
search goals outlined earlier. In general,
funding mechanisms that focus on devel-
oping synergies between PRM and PTM
researchers are needed for future syner-
gism in these research areas.

In closing, the study of PRMs and PTMs has
the potential to become a highly collabora-
tive and integrated area of research inquiry.
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