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Overview of Statement of Task

The committee will develop a roadmap for achieving sequencing of
any RNA, including its modifications. The committee will examine:

e Scientific needs
» Current methodologies and their limitations
 The state of current RNA databases

« Challenges related to using information for scientific, clinical, and
public health analysis needs

« Computational and analytical needs

« Data ecosystems

» Policy, workforce, and infrastructure needs
« Potential new technologies
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Committee’s Approach

Capturing RNA Sequence and Transcript
Diversity - From Technology Innovation to
Clinical Application

May 24 - 25, 2022 - 11:00 am. - 4:00 pm. EDT
May 26, 2022 - 11:00 am. - 4:30 pm. EDT

NIEHS/NHGRI workshop — May 2022 "““al e i
NASEM Workshop — March 2023
Information gathering sessions

Meetings of experts

NATIOMNAL e Proceedings of o Workshop—in Brief

.........

|deation challenge — June 2023

Commissioned papers
Toward Sequencing and Mapping of

RNA Modifications
Proceedings of a Workshop—in Brief TTODSfOijﬂ_g Glycoscience

Other National Academies reports: Tk ;

— Mapping and Sequencing the Human Genome (1988)

A ROADMAP FOR THE FUTURE

— Transforming Glycoscience: A Roadmap for the Future (2012)
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Organization of the Report

NATIONAL Scences

ACADEMIES sercre” Summary

Chapter 1: Introduction and Committee’s Approach

v
S
¥ Chapter 2: Importance and Impacts of RNA Modifications
4+ Chapter 3: Tools and Technology

fad

N Chapter 4: Standards and Databases

Charting a Future for @ Chapter 5: Drivers of Innovation
Sequencing RNA and '

iz Wion ] caliigal ' o7 Chapter 6: Conclusions, Recommendations, and Roadmaps

A New Era for Biology and Medicine

b Appendices

This presentation only includes selected highlights and recommendations from the full report.
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From DNA “blueprint” to RNA

RNA
DNA Nucleotides Nucleotides
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Transcription
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RNA and the complexity of life

RNA Processing RNA Diversification
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Many distinct RNA molecules derive from each gene!



What exactly are “RNA modifications”

Nucleosides

Modified
Nucleosides :
(4 of ~170 known):
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RNA modifications can:

By

Alter RNA Shape
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Why are RNA modifications so important?

* Crucial in nearly every life process!
— Regulation of metabolism
— Circadian rhythm

— Immune system regulation (e.g., differentiation between host and viral RNASs)

« Implicated in human diseases and disorders
— Neurological disorders (e.g., intellectual disability, microcephaly)
— Heart disease (e.g., hypertrophic cardiomyopathy)

— Cancer (e.g., breast, skin, colorectal, bladder)

— Diabetes
) o Visit Chapter 2, Table 2-1 for a
— "tRNA modopathies w list of human diseases caused
NATIONAL Scerces by aberrant tRNA modifications
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RNA modifications in vaccines against COVID-19

« Modifications permit the COVID- Unmodified RNA Modified RNA
19 mRNA vaccines to succeed in 0 e
protecting against infection and P, 5f‘\r§m S, aSul, NS
serious disease 2 % 5 N(J%o & » Bkcs/ko
LN . g 6'% ' "0
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. . ’ (LET TR O OH -
the 2023 Nobel Prize in Yy : 499, :
- P Uridine N'-methyl-
Physiology or Medicine L) peutlouridin
(N'-methyl-)

o i
.. o, iy, '%’.Q /0

. . . ’/ ll\\ ’I p‘

WA
Inflammatory No Inflammatory

Response Response »

Dr. Katalin Karikd Dr. Drew Weissman 1 ‘ ‘ k“

NATIONAL 2o e Spike Protein

ACADEMIES wedicine Visit Chapter 2, Box 2-1



RNA vaccines and medicines

 mRNA vaccines against cancer (in clinical trials)

 mRNA vaccines for other pathogens (e.g., HIV, influenza, bacteria)
* Antivirals and antibiotics

* Therapeutics to treat rare diseases (e.g., spinal muscular atrophy)

 Enhancement to gene-editing, CRISPR, a promising tool for gene
therapy

A ¢ Visit Chapter 2, Table 2-2 for a list
w’ of RNA therapeutics approved by
U.S. Food and Drug Administration
/ (FDA) or European Medicines
Agency (EMA)
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RNA modifications beyond health and disease

» Agriculture
« Synthetic biology Wild Type Potatoes FTO Potatoes
« Nanotechnology 20000¢ '
* Bi ..0..‘
ioeconomy z . o

»
2 .:2&!‘-2.‘!22:.‘-2: pamee

SP00890200 90000000000 .. ..“..““.
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8000800000,

Visit Chapter 2, Figure 2-4 Yu et al., Nat Biotech 2021
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Conclusion 1: RNA modifications are a critical, but
underexplored area of research

A more complete understanding of RNA modifications will be important for:

Significantly advancing the fundamental knowledge of living systems
Maintaining the health of humans, plants, animals, and the environment
Preventing and treating disease

Improving crop yields and resilience

Stimulating the bioeconomy

Addressing other issues of societal importance

» %
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Conclusion 2: Enabling the determination of any
epitranscriptome will be the most impactful goal

« “Epitranscriptome” = the sequences of a
set of RNA molecules and their
modifications

« Epitranscriptomes vary between cells
and tissues, and with age, sex, and
environment.
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Conclusion 2: Enabling the determination of any
epitranscriptome will be the most impactful goal

To define an individual requires sequencing:

« “Epitranscriptome” = the sequences of a
ONE GENOME + MANY EPITRANSCRIPTOMES

MM | o . set of RNA molecules and their
1/}_! Q- modifications
Lyly e « Epitranscriptomes vary between cells
S .......::_-_-;::::II...___._ and tissues, and with age, sex, and
L‘."fu environment.
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Conclusion 2: Enabling the determination of any
epitranscriptome will be the most impactful goal

To define an individual requires sequencing: “Ep'transcr'ptome” the sequences of a
° I | - u

ONE SETOME 1 MANY EPITRANSERIPTOMES set of RNA molecules and their
. BB-L A 8 modifications
., LYy @ - Epitranscriptomes vary between cells
: e and tissues, and with age, sex, and
L.._ | I environment. ’
w,, LR - There are many important
e, epitranscriptomes to determine even for
S22y one individual!!
=1 . Developing technology and
s . infrastructure to enable the
S 220y sequencing of any epitranscriptome
NATIONAL o QY Y will be the most impactful goal

ACADEMIES dicne

. o
o .
.........



Key efforts needed to unlock any epitranscriptome

Expanding Research

goaal Advancing Technology

Engineering



A Path Forward

Phase | (5 years)

Phase 2 (10 years)

Phase 3 (15 years)

9@ Standardize sample
isolation, preparation, and
handling for global analyses

9@ Refine and optimize existing
experimental and
computational approaches

@ Centralize information about
available technology, tools,

Establish high-throughput,
low-cost, highly sensitive
clinical assays for multiple
RNA modifications

Facilitate broad access to
epitranscriptome sequencing
by driving down cost and
improving usability

Enable end-to-end
sequencing and mapping of .‘
all RNA molecules and their
modifications

Apply tools and technologies
to answer important
questions and provide
insights into human health

<
..‘
pmus?®

Chapter 3, Figure 3-6
A Roadmap for Advancing
Tools and Technology

Chapter 4, Figure 4-3
A Roadmap for Developing
Standards and Databases

Phase 2 (10 years)

Phase 3 (15 years)

"TT1\4

Include information about the v* A well-trained,

importance and impacts of
RNA modifications in high
school and college courses

Equip members of the
existing workforce to
contribute to advancing and
applying RNA science
through professional
development and training
programs

impassioned, diverse U.S.
workforce with
interdisciplinary expertise
that is engaged in
advancing and applying
RNA biology and
epitranscriptomics across
the public and private
sectors, academia, and
industry

Chapter 5, Figure 5-1

a®"

%, A Roadmap for Cultivating
the Future Workforce

methods, and computational Accurately measure changes and disease
toolkits n modlflcatllon ston':hlometry ¢ Phase | (5 years) Phase 2 (10 years) Phase 3 (15 years)
. across multiple defined
@ Explore novel experimental "
d computational cellular conditions for tRNAs ) B ] - ] ]
an p . Q Establish modified Synthesize longer modified v Readily available,
Advancing approaches Understand modification ? nucleoside standards for 25— oligonucleotides and expand affordable gn
Technology v RNA core centers that cross-talk Vlat mo:iltfrl]catl_onl 30 known modifications repertoire of available oligonucleotides of any z
offer a range of measurements at ine single " modifications custom-ordered sequence, Ay
n molecular level for tRNAs @ Create 50-100 modified C
sequencing and . : : . . length, modification 03
q "9 . . . oligonucleotides for use as @ Develop isotopically enriched toi h" " d pEEs
computational services Epitranscriptomes for v . reference standards modified nucleosides for stolchiometry, an
and associated expertise cultured cell lines and Physical ) ) quantification of modification structure
in house tissues in single, well- Standards v Commercm_lly available stoichiometry
v defined states standard kit
Maps Ior abundan;( ?NA c v' Commercial kits with
types (e.g., tRNAs) for omplete expanded repertoire of
multicellular eukaryotic epitranscriptome for v av:ilable moZifications Phase | (5 years)
organisms in single, well- simple multicellular and isotopically labeled
defined states eukaryotic organisms oligonucleotide standards 9 Design multidisciplinary 9
v’ Viral epitranscriptomes ;ng)’ ii:i?r;;l,znv‘;zlyl z:;'i‘:e d :“Z‘:z'elz ?onrddzfaellr;?
s - urricu i
(e.g., SARS-CoV-2, HIV, state 9 Establish universal 9 Putin place a financial v educational levels
influenza) standards for RNA mechanism for ensuring the
modification nomenclature long-term sustainability of 9 Develop experiential learning @
and common ontologies for critical RNA data resources modules for high school and
i icati college students
zsle;on publications and v A sustainably funded, 9
alabases stable, integrated, and @ Create learning materials for
@ Establish guidelines and centrally managed data professional development
Data and standards for raw data resource that is a long- and retraining programs
Database submissions lasting a?d alwa)és current Cultivating the @ Organize courses and
Standards 9 Require that raw and source of curate Future workshops that provide
information about L
processed datasets be made modified RNAs Workforce hands-on training in wet-lab
publicly available techniques
v' A model for RNA 9 Create dedicated
modification data resource conferences and funding
with guidelines for data mechanisms to convene
inclusion, sharing, and professionals from different
accessibility disciplines
v A suite of cross-
disciplinary educational
resources and training
materials well-suited for a
variety of levels
NATIONAL Sciences
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A Roadmap for Developing Standards (Figure 4-3)

Phase | (5 years) Phase 2 (10 years) Phase 3 (15 years)
Q@ Establish modified @ Synthesize longer modified v* Readily available,
nucleoside standards for oligonucleotides and affordable
25-30 known modifications expand repertoire of oligonucleotides of any

available modifications custom-ordered
sequence, length,
modification

@ Create 50-100 modified
oligonucleotides foruse as @ Develop isotopically

reference standards enriched modified -
: stoichiometry, and
: v Commercially available nucleosides for structure
Physical standard kit quantification of modification
Standards stoichiometry

v' Commercial kits with
expanded repertoire of
available modifications
and isotopically labeled
oligonucleotide standards

NATIONAL ~scence
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Conclusion 3: Large-scale, coordinated efforts in the life
sciences have been vital in driving science and technology
innovation

« E.g., Human Genome Project, Glycoscience Program, Human Microbiome
Project, BRAIN Initiative

« Such efforts hold value in their ability to:
 Align federal agencies

Support public—private partnerships
Organize consortia
Fund individual laboratories

Prioritize closing gaps in technology development, synthesis of
standards, infrastructure buildout, workforce training, and public
awareness
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Conclusion 4: A large-scale epitranscriptomics effort is
needed to accelerate technological innovation and progress

in the field

« We envision it will impact multiple sectors (e.g., health, agriculture)

* Require expertise spanning multiple scientific disciplines (e.g.,
engineering, computer science, life science, social science)

* Require dedicated funding to key federal entities—such as NSF, NIH,
NIST, DOD, and the DOE—to enhance their ability to work with academia,
iIndustry, philanthropic organizations, and international partners

* An endeavor of this scale and scope will entail a substantial investment of
time and resources
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Key Recommendations

Recommendation 1 (abbr.): An established oversight body, such as
the Office of Science and Technology Policy or a similar entity with
appropriate breadth and authority, should catalyze and coordinate
efforts supporting a large-scale epitranscriptomics initiative

Recommendation 2 (abbr.): Federal funders of research such as
NIH, NSF, DOD, and DOE should invest in and prioritize closing
gaps in the existing tools, exploring new technologies, and centralizing
resources for available tools and methods.

Recommendation 3 (abbr.): NIST should develop, curate, and

= promote standards to support the field of epitranscriptomics.
Specifically, modified RNA reference materials should be developed with a
focus on making them widely available and affordable.

Visit the Summary or Chapter 6 for

NATIONAL  Scences more details on Recommendations
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Key Recommendations (cont.)

Recommendation 4 (abbr.): NCBI should establish and promote
standards for databases, data deposition and exchange, and
nomenclature for RNA modifications.

Recommendation 5 (abbr.): NIH should establish and maintain a
sustainably funded and centrally managed database that maintains up-
to-date, curated information about RNAs and their modifications.

Recommendation 6 (abbr.): To develop a strong workforce,
institutions and funding agencies, such as HHMI, NIGMS, and NSF, in
partnership with education experts, scientific societies, and industry
groups, should build upon existing educational materials and training
opportunities for students and the public.

Visit the Summary or Chapter 6 for

NATIONAL  Scences more details on Recommendations
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Potential outcomes and broader impacts

Novel sequencing tools,
technologies, and
computational methods

g Improved data infrastructure

2, A well-trained, impassioned,
«a= diverse U.S. workforce
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Discovery of new linkages between RNA
modifications and genetic disorders

Improved disease control, prevention, and
preparation for future pandemics

Development of better vaccines to fight viruses

New immunotherapies to treat cancer

New antibiotics and antivirals

Enhanced efficacy of RNAs used in gene therapy

New diagnostic protocols for viral detection, tumor
testing, and detection of inherited diseases

New methods for improving crop yields and
drought resilience, thus enhancing agricultural
production and greater global food security

Bolstered synthetic biology capabilities

Advances in computer science 31
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Critical challenges and roadblocks

Despite notable progress and economic value in this growing field, much about
how RNA modifications affect the fate and function of RNA molecules in living
systems is still unknown.

Existing technologies cannot currently discover all RNA modifications, let alone
comprehensively sequence them on every RNA molecule.

Several types of standards are needed, specifically modified RNA reference
materials, data standards around nomenclature and clear guidelines for data
deposition and exchange, and robust and sustainable platforms for the curation
and indexing of vast amounts of RNA data.

TS
111

A sustainably funded and centrally managed database (or ensemble of
databases) that maintains up-to-date, curated information about RNAs and their
modifications is urgently needed.

To meet the future demands, the field needs a well-trained, impassioned, diverse
U.S. workforce with interdisciplinary expertise and strong quantitative and

computational skills
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Highlights: Expanding Research

Conclusion 5: Discovery efforts and fundamental research in the
field of epitranscriptomics will reinforce the importance and impact of
RNA modifications and fuel technological advances that will improve
scientists’ ability to sequence them.

(cont.) New funding mechanisms, public and private, that encourage
collaboration, spur innovation, and increase interest in RNA
modifications will be critical.
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Highlights: Advancing Technology

Conclusion 6: The current tools, technologies, and methodologies for

end-to-end sequencing of RNA and all of its modifications are insufficient.

(cont.) The field of RNA biology will be driven forward by improving
upon existing approaches and advancing new technologies that are robust
and quantitative, and that preserve the information of full-length RNAs.

Conclusion 7: Improving the sensitivity of methodologies for
cataloging and quantifying all RNA modifications in a sample, even
without positional information, is an important enabling step that will
inform the development of future RNA sequencing technologies and
facilitate discovery of additional RNA modifications.

(cont.) Achieving this crucial intermediate goal will be spurred by an
expanded repertoire of modified nucleosides for use as reference
standards and more sensitive instrumentation.
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Highlights: Advancing Technology (cont.)

- Conclusion 8: Efforts directed toward enabling end-to-end sequencing
of RNA and its modifications will accelerate innovation in the life sciences
research enterprise but will also pave the way for developing new
biotechnologies (e.g., biotherapeutics, vaccines, diagnostics,
nanomaterials) and novel approaches that open new doors in life sciences

research and other areas that are not yet apparent.

pradd Recommendation 2 (abbr.): Federal funders of research such as

NIH, NSF, DOD, and DOE should invest in and prioritize closing gaps
in the existing tools, exploring new technologies, and centralizing
resources for available tools and methods.
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Highlights: Developing Standards

Conclusion 9: Several types of standards are needed:

= « Technology-agnostic modified RNA reference materials

« Data standards around nomenclature and clear guidelines for data
deposition and exchange

« Robust and sustainable platforms for the curation and indexing of vast
amounts of RNA data

Recommendation 3 (abbr.): NIST should develop, curate, and

=  promote standards to support the field of epitranscriptomics. Specifically,
modified RNA reference materials should be developed with a focus on
making them widely available and affordable.

Recommendation 4 (abbr.): NCBI should establish and promote
= standards for databases, data deposition and exchange, and nomenclature
for RNA modifications.

N AT I O N A L EZS?;:Zring
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Highlights: Centralizing Data Resources

supported RNA databases has been vital to advancing the field of RNA
biology.

@ Conclusion 10: The prevalence of “home-grown,” small-group-

(cont.) Nonetheless, a major concern is the loss of resources (e.g.,
funding, staff) leading to a lack of maintenance of these laboratory-
housed databases. Abandoning carefully curated databases may limit
scientific growth and understanding, and waste time, effort, and
resources.

sustainably funded and centrally managed database that maintains up-to-
date, curated information about RNAs and their modifications.

@ Recommendation 5 (abbr.): NIH should establish and maintain a
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Highlights: Cultivating Innovation

Conclusion 11: Greater emphasis on RNA science in undergraduate
courses is needed to build a better infrastructure for embracing future
generations in the workforce.

(cont.) In addition to further education, the existing and future
workforce needs interdisciplinary training with strong quantitative
and computational sKkills.

Conclusion 12: Educational efforts in the RNA modifications field need

to:

« Use methods that promote engagement

« Reflect the interdisciplinary nature of the science in education and
related workforce development efforts,

« Investin reaching and engaging students and trainees from diverse
backgrounds, and

« Scale up proven strategies for retaining trainees in piloted programs.
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Highlights: Cultivating Innovation (cont.)

Recommendation 6 (abbr.): To develop a strong workforce,
institutions and funding agencies, such as HHMI, NIGMS, and NSF, in
partnership with education experts, scientific societies, and industry
groups, should build upon existing educational materials and training
opportunities for students and the public.

(cont.) The materials and opportunities should be age appropriate and
engaging for the interests of different groups, while covering the basic
biological and chemical principles of RNA modifications, the tools
available for their study, and their potential application in future
medicines and useful biotechnologies.
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A Roadmap for Advancing Technology

Phase | (5 years)

Phase 2 (10 years)

Phase 3 (15 years)

Advancing
Technology

Standardize sample isolation,
preparation, and handling for global
analyses

Refine and optimize existing
experimental and computational
approaches

Centralize information about available
technology, tools, methods, and
computational toolkits

Explore novel experimental and
computational approaches

RNA core centers that offer a
range of sequencing and
computational services and
associated expertise in house

Maps for abundant RNA types
(e.g., tRNAs) for multicellular
eukaryotic organisms in single,
well-defined states

Viral epitranscriptomes (e.qg.,
SARS-CoV-2, HIV, influenza)

Establish high-throughput, low-cost,
highly sensitive clinical assays for
multiple RNA modifications

Facilitate broad access to
epitranscriptome sequencing by
driving down cost and improving
usability

Accurately measure changes in
modification stoichiometry across
multiple defined cellular conditions for
tRNAs

Understand modification cross-talk
via modification measurements at the
single molecular level for tRNAs

Epitranscriptomes for cultured cell
lines and tissues in single, well-
defined states

Complete epitranscriptome for
simple multicellular eukaryotic
organisms (e.g., flies, worms,
zebra fish) in single, well-defined
state

Enable end-to-end sequencing and
mapping of all RNA molecules and
their modifications

Apply tools and technologies to
answer important questions and
provide insights into human health
and disease

Leverage knowledge of RNA
modifications for applications beyond
health and medicine

Continue to move epitranscriptomics
toward single-cell and single-
molecule applications

Complete epitranscriptome of
complex multicellular organisms
under multiple defined cellular
conditions

Epitranscriptomes for human
disease profiling

41




A Roadmap for Developing Standards and Databases

Phase | (5 years)

Phase 2 (10 years)

Phase 3 (15 years)

Physical
Standards

Establish modified nucleoside
standards for 25-30 known
modifications

Create 50-100 modified
oligonucleotides for use as
reference standards

Commercially available
standard kit

Synthesize longer modified
oligonucleotides and expand
repertoire of available
modifications

Develop isotopically enriched
modified nucleosides for
quantification of modification
stoichiometry

Commercial kits with
expanded repertoire of
available modifications and
isotopically labeled
oligonucleotide standards

v" Readily available, affordable

oligonucleotides of any
custom-ordered sequence,
length, modification
stoichiometry, and structure

NATIONAL Scerees
/\C/\DEMIES Medicine
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A Roadmap for Developing Standards and Databases (cont.)

Phase | (5 years)

Phase 2 (10 years)

Phase 3 (15 years)

Data and
Database
Standards *

Establish universal standards
for RNA modification
nomenclature and common
ontologies for use in
publications and databases

Establish guidelines and
standards for raw data
submissions

Require that raw and
processed datasets be made
publicly available

A model for RNA
modification data resource
with guidelines for data
inclusion, sharing, and
accessibility

Put in place a financial
mechanism for ensuring the
long-term sustainability of
critical RNA data resources

v" A sustainably funded,

stable, integrated, and
centrally managed data
resource that is a long-
lasting and always current
source of curated
information about modified
RNAs

v Seamless access to
universally available and
shareable information on
modified RNAs from any
defined set of cellular
conditions
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A Roadmap for Cultivating the Future Workforce

Phase | (5 years)

Phase 2 (10 years)

Phase 3 (15 years)

Cultivating the .
Future Workforce

Design multidisciplinary modules
and training curricula for different
educational levels

Develop experiential learning
modules for high school and college
students

Create learning materials for
professional development and
retraining programs

Organize courses and workshops
that provide hands-on training in
wet-lab techniques

Create dedicated conferences and
funding mechanisms to convene
professionals from different
disciplines

A suite of cross-disciplinary
educational resources and
training materials well-suited for
a variety of levels

Include information about the
importance and impacts of RNA
modifications in high school and
college courses

Equip members of the existing
workforce to contribute to
advancing and applying RNA
science through professional
development and training programs

v A well-trained, impassioned,

diverse U.S. workforce with
interdisciplinary expertise that is
engaged in advancing and
applying RNA biology and
epitranscriptomics across the
public and private sectors,
academia, and industry
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Chapter 2, Figure 2-1
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Chapter 2, Figure 2-2
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