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RNA and the Human Genome 

1.5% encodes proteins (mRNAs)
75% transcribed into non-coding RNAs!  
ncRNAs:  “the dark matter” of the genome



The RNA World
First self-replicating molecule ? 

Many classes of RNA: mRNA, tRNA, rRNA, microRNA, siRNA, piRNA, 
long non-coding RNA, snoRNA, etc.

Many RNA functions: Protein translation and localized translation
Splicing
Structural scaffold
Chromatin recruitment
Ribozymes
Environmental sensing
Post-transcriptional regulation 
Gene silencing 
Defense against germline transposons
Intercellular signaling 
RNA modification

http://en.wikipedia.org/wiki/File:TRNA-Phe_yeast_1ehz.png
http://en.wikipedia.org/wiki/File:TRNA-Phe_yeast_1ehz.png


DNA and proteins undergo chemical modifications

DNA RNA Proteins

?
Adapted from Samie Jaffrey



>110 RNA Modifications Are Known 

Epitranscriptome:  all of the 
RNA modifications for a given
RNA class, cell-type, or organism.

66  known in eukaryotes

13 in eukaryotic mRNA

RNA Modification Database, 2013

Modified from Maria Basanta-Sanchez
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m6A:  The 5th base in mRNA

 Discovered in 1975

 Base pairing is not affected, so not easy to detect m6A

 Found in tRNA, snRNAs, ribosomal RNA, one mRNA

Interest in m6A languished
Adapted from Samie Jaffrey





m6A:  Antibodies and Transcriptome-wide Mapping

Methylated RNA IP-Seq (MeRIP-seq)

Meyer et al., Cell, 2012



Where is the m6A modification found?

>7,000 genes encode m6A methylated mRNAs
>400 m6A peaks mapped to non-coding RNAs

Nature 2012, 485, 201 
Cell 2012, 149, 1635



m6A:  Readers, Writers, and Erasers (RWEs)

Writers:  METTL3/14/WTAP
m6A-methyltransferase

Erasers: FTO and ALKBH5
m6A demethylases

m6AA

Readers: YTHDF1,2,3

Nature Chem. Biol. 2011, 7, 885
Mol. Cell. 2013, 18.



m6A, RWEs and Human Disease



FTO (writer)

 Alzheimer’s Disease (Plos One, 2012)

 ER-negative breast cancer (Nature Genet.. 2013)

 Attention deficit hyperactivity disorder (Obesity. 2013)

 Melanoma (Nat. Genet. 2013)

YTHDF1 (reader)

 multiple sclerosis (Mult.Scler. 2012)

longevity (J. Geront. A. Biol. Sci. Med. Sci. 2006)

2011 2nd Quarter



m6A: A Diversity of Functions



m6A Publication History
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m6A tools

Pubmed search using 6-methyladenosine



Is m6A special?



The 5mC Methyltransferase
NSUN2 and Intellectual Disability

Sandra Blanco, JAHG 2012
JMG 2012, Clin. Genet. 2014



Pseudouridine (ψ)

DKC1 mutations reduce Ψ levels in rRNA

Dyskeratosis congenita: 

• often fatal
• premature aging
• bone marrow failure
• increased suscept.  to cancer

WT Dkc1m

DKC1 and p27 genetically interact in pituitary tumorigenesis

Ψ present in mRNA (238 coding transcripts) and non-coding RNA

Regulated by environmental signals 

(Science, 2003; Cancer Res. 2010; Nature 2014; Cell 2014)



Circular RNAs

>2000 human
circular RNAs 
predicted



m6A
5mC
pseudouridine

110
known
RNA
mods



How Do RNA Modifications Impact 
RNA Classes and Functions?

RNA Classes:
mRNA, tRNA, rRNA, microRNA, siRNA, piRNA, 
long non-coding RNA, snoRNA, etc.

RNA Functions:
Protein translation and localized translation
Splicing
Structural scaffold
Chromatin recruitment
Ribozymes
Environmental sensing
Post-transcriptional regulation 
Gene silencing 
Defense against germline transposons
Intercellular signaling 
RNA modification
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Scientists Consulted
Paul Agris, RNA Institute
Cheryl Arrowsmith, U. of Toronto
Thomas Begley, U of Albany
Howard Chang, Stanford U
Jim Eberwine, U Penn
Dan Fabris, SUNY Albany
Chuan He, U of Chicago
Samie Jaffrey, Cornell U
Stuart Legrice, NCI

Patrick Limbach, U of Cincinnati
Chris Mason, Cornell U
Thomas Misteli, NCI 
Eric Phizicky, U of Rochester
Thomas Priess, Austr. Natl. U
Tamar Schlik, NYU
Gabriele Varani, U of Washington
Kevin Weeks, U of North Carolina
Jamie Williamson, Scripps
Crystal Zhao, Sanford Burnham

30 RFI responses

RNA structure-function
RNA modifying enzymes
Small molecules
Antibody development
Mass spectrometry
Chemistry

Obesity
Neurodevelopmental disorders
Cancer biology
Embryonic stem cells
Single cell imaging
Computational technology



What are the Scientific Needs in Epitranscriptomics?

A. Tools
• Affinity reagents
• Small molecule modulators
• Computational tools

B. Technologies
• RNA mod low abundance detection, genomewide, single base resolution
• Detecting effects of RNA mods on RNA structure
• Imaging of RNA modifications
• Manipulation of RNA modifications

C.  Survey of the RNA modification landscape
• Discovery of novel RNA mods, RWEs
• Inventory of known RNA mods, RWEs

D.  Functions of RNA mods/RWEs in biological processes, health, and disease

http://www.google.com/url?q=http://www.acehardware.com/family/index.jsp?categoryId%3D2632288&sa=U&ei=QkisVM7JHIOeNrTEg8AJ&ved=0CDAQ9QEwDQ&sig2=vYkeKQ8ie2VhUjwxLcUNBQ&usg=AFQjCNHwwnzrt-2dCZjAEqwpI_sy6eDBUA
http://www.google.com/url?q=http://www.acehardware.com/family/index.jsp?categoryId%3D2632288&sa=U&ei=QkisVM7JHIOeNrTEg8AJ&ved=0CDAQ9QEwDQ&sig2=vYkeKQ8ie2VhUjwxLcUNBQ&usg=AFQjCNHwwnzrt-2dCZjAEqwpI_sy6eDBUA


NIH Portfolio in RNA Modifications

pseudouridine
>2 types

m6A
2-O-meth

circRNA
m5C
mC8

t6A37
m7GpppN
U34 at C5

f5C34
uridine editing

not spec
m2G

0 10 20 30 40 50 60 70

inosine

Funded R, P, U, K01, K99, DP grants FY12-FY14
Searched many key terms, manual curation

70 grants:  inosine/RNA editing
44 grants:  all other modifications combined

E4 Team recommends focus on non-inosine mods

NIH Intramural program:  1 project

Non-NIH and Non-US:  
No major epitranscriptomics efforts found



Tool/Tech 
Development

32%

Mechanistic
68%

Sales

n=44

Limited NIH Support for RNA Mod 
Tool & Technology Development

Half are SBIR/STTR grants
from 2014 NIDA RFA 

n=44
n=44 grants



Not specified
14%

Mammalian 
models

18%

Mammalian cell 
culture

23%

Yeast, protozoa, 
invertebrates

27%

Bacteria
18%

Column1
Comparatively Few Studies 

Using in vivo Mammalian Models

n=44n=44 grants
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Key E4 Program Themes

A. Tools
• Affinity reagents
• Small molecule modulators
• Computational tools

B. Technologies
• RNA mod low abundance detection, genomewide, single base resolution
• Detecting effects of RNA mods on RNA structure
• Imaging of RNA modifications
• Manipulation of RNA modifications

C.  Catalog of the RNA modification landscape
• Discovery of novel RNA mods, RWEs
• Inventory of known RNA mods, RWEs

D.  Functions of RNA mods/RWEs in biological processes, health, and disease

CF NCI Proposal

http://www.google.com/url?q=http://www.acehardware.com/family/index.jsp?categoryId%3D2632288&sa=U&ei=QkisVM7JHIOeNrTEg8AJ&ved=0CDAQ9QEwDQ&sig2=vYkeKQ8ie2VhUjwxLcUNBQ&usg=AFQjCNHwwnzrt-2dCZjAEqwpI_sy6eDBUA
http://www.google.com/url?q=http://www.acehardware.com/family/index.jsp?categoryId%3D2632288&sa=U&ei=QkisVM7JHIOeNrTEg8AJ&ved=0CDAQ9QEwDQ&sig2=vYkeKQ8ie2VhUjwxLcUNBQ&usg=AFQjCNHwwnzrt-2dCZjAEqwpI_sy6eDBUA


Epitranscriptomic Tools
GAP:  Lack of essential tools to monitor and manipulate most RNA modifications

INITIATIVE:  Develop enabling and transformative:
 affinity reagents
 genetic tools and models
 small molecule modulators 

DELIVERABLES:   Defined # of tools for a diversity of RNA mods 

MECHANISM:  CF-supported UH2 and IC-supported SBIR/STTR

http://www.google.com/imgres?imgurl=http://a-z-animals.com/media/animals/images/original/mouse.jpg&imgrefurl=http://a-z-animals.com/animals/mouse/&h=484&w=800&tbnid=unq8LzQjDA4_eM:&zoom=1&docid=gGDReCHH54qWVM&ei=ipa6VOjxHNP3ggSp3IDQDw&tbm=isch&ved=0CBUQMygNMA04ZA
http://www.google.com/imgres?imgurl=http://a-z-animals.com/media/animals/images/original/mouse.jpg&imgrefurl=http://a-z-animals.com/animals/mouse/&h=484&w=800&tbnid=unq8LzQjDA4_eM:&zoom=1&docid=gGDReCHH54qWVM&ei=ipa6VOjxHNP3ggSp3IDQDw&tbm=isch&ved=0CBUQMygNMA04ZA
http://pubs.rsc.org/en/content/articlehtml/2010/md/c0md00055h
http://pubs.rsc.org/en/content/articlehtml/2010/md/c0md00055h


Epitranscriptomic Technologies

GAP: Lack critical technologies to monitor & manipulate most RNA mods

INITIATIVE: Develop enabling and transformative technologies:
• Detect low levels of RNA mods
• Transcriptome-wide RNA mod assays at single nucleotide resolution

• Tools to image and manipulate RNA mods or RWEs in vivo

• Computational strategies---predict effects on RNA structure/function

MECHANISM:  CF-supported UH2/UH3 and IC-supported SBIR/STTR

DELIVERABLES:   Defined # of technologies for a diversity of RNA mods 

http://www.science20.com/adaptive_complexity/what_next_generation_dna_sequencing_means_for_you
http://www.science20.com/adaptive_complexity/what_next_generation_dna_sequencing_means_for_you


Novel Epitranscriptomic Components

GAP: Only partial inventory of RNA mod reader, writer, and eraser (RWE) 
(proteins or ribozymes)

INITIATIVE: Support discovery or confirmation of currently unknown readers, 
writers, erasers, and modifications in any model system (UH2)

MECHANISM:  UH2/UH3

Follow up work on function and role in vertebrate systems (UH3) 

DELIVERABLES:   Defined # new RWEs or RNA mods.   

http://www.google.com/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/7/78/Minimal_hammerhead_ribozyme_structure.png/200px-Minimal_hammerhead_ribozyme_structure.png&imgrefurl=http://en.wikipedia.org/wiki/Hammerhead_ribozyme&h=209&w=200&tbnid=ENdRLfJj7_FdaM:&zoom=1&docid=V_kGcqPdvn9NKM&ei=-qG6VKbuMoHcggTWnIKACA&tbm=isch&ved=0CDkQMygIMAg
http://www.google.com/imgres?imgurl=http://upload.wikimedia.org/wikipedia/commons/thumb/7/78/Minimal_hammerhead_ribozyme_structure.png/200px-Minimal_hammerhead_ribozyme_structure.png&imgrefurl=http://en.wikipedia.org/wiki/Hammerhead_ribozyme&h=209&w=200&tbnid=ENdRLfJj7_FdaM:&zoom=1&docid=V_kGcqPdvn9NKM&ei=-qG6VKbuMoHcggTWnIKACA&tbm=isch&ved=0CDkQMygIMAg
http://www.google.com/imgres?imgurl=http://www.avirenviro.com/images/enzyme.jpg&imgrefurl=http://www.avirenviro.com/avir-enzyme-technology.html&h=797&w=1000&tbnid=rynHE0w9RSJgJM:&zoom=1&docid=qpO_iFnLbUEgkM&ei=H6K6VNzMJ4q6ggTy-oLoDg&tbm=isch&ved=0CDUQMygEMAQ
http://www.google.com/imgres?imgurl=http://www.avirenviro.com/images/enzyme.jpg&imgrefurl=http://www.avirenviro.com/avir-enzyme-technology.html&h=797&w=1000&tbnid=rynHE0w9RSJgJM:&zoom=1&docid=qpO_iFnLbUEgkM&ei=H6K6VNzMJ4q6ggTy-oLoDg&tbm=isch&ved=0CDUQMygEMAQ
http://www.google.com/imgres?imgurl=http://www.avirenviro.com/images/enzyme.jpg&imgrefurl=http://www.avirenviro.com/avir-enzyme-technology.html&h=797&w=1000&tbnid=rynHE0w9RSJgJM:&zoom=1&docid=qpO_iFnLbUEgkM&ei=H6K6VNzMJ4q6ggTy-oLoDg&tbm=isch&ved=0CDUQMygEMAQ


Epitranscriptome Catalog:  Phase I and II 

GAP: Very limited knowledge of the landscape (abundance and dynamics) of known 
RNA Mods in different tissues and RNA biotypes

INITIATIVE:

Phase II. Expand to catalog key modified RNAs quantitatively at single 
nucleotide resolution (the Epitranscriptome).  Focus on:

Phase I.  Exploit current and emerging technologies to inventory known 
RNA Mods  and RWEs  

 RNA classes (e.g. mRNA, tRNA, microRNA, long non-coding RNA)
 Disease-relevant mammalian cell types and tissues
 Environmental exposures and RNA mod dynamics

DELIVERABLES:

MECHANISM:  U01

The Epitranscriptome Catalog for a specified  # of 
RNA mods at single nucleotide resolution for a 
defined #of tissues/conditions.

http://www.google.com/imgres?imgurl=http://www.avirenviro.com/images/enzyme.jpg&imgrefurl=http://www.avirenviro.com/avir-enzyme-technology.html&h=797&w=1000&tbnid=rynHE0w9RSJgJM:&zoom=1&docid=qpO_iFnLbUEgkM&ei=H6K6VNzMJ4q6ggTy-oLoDg&tbm=isch&ved=0CDUQMygEMAQ
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http://www.google.com/imgres?imgurl=http://www.avirenviro.com/images/enzyme.jpg&imgrefurl=http://www.avirenviro.com/avir-enzyme-technology.html&h=797&w=1000&tbnid=rynHE0w9RSJgJM:&zoom=1&docid=qpO_iFnLbUEgkM&ei=H6K6VNzMJ4q6ggTy-oLoDg&tbm=isch&ved=0CDUQMygEMAQ
http://www.google.com/imgres?imgurl=http://www.avirenviro.com/images/enzyme.jpg&imgrefurl=http://www.avirenviro.com/avir-enzyme-technology.html&h=797&w=1000&tbnid=rynHE0w9RSJgJM:&zoom=1&docid=qpO_iFnLbUEgkM&ei=H6K6VNzMJ4q6ggTy-oLoDg&tbm=isch&ved=0CDUQMygEMAQ


E4 Demonstration Projects
GAP: We do not fully understand the potential roles of RNA mods in biological 

processes and disease.

INITIATIVE: Demonstration projects exploiting E4 Program deliverables to
investigate the function of RNA modifications.  

Emphasize RNA mod quantitation and dynamics

DELIVERABLES:

MECHANISM: U01 or R01 Competitive Revision

Characterize the roles of a specific # of RNA mods in a diverse 
selection of biological processes and diseases 

http://www.google.com/imgres?imgurl=http://www.avirenviro.com/images/enzyme.jpg&imgrefurl=http://www.avirenviro.com/avir-enzyme-technology.html&h=797&w=1000&tbnid=rynHE0w9RSJgJM:&zoom=1&docid=qpO_iFnLbUEgkM&ei=H6K6VNzMJ4q6ggTy-oLoDg&tbm=isch&ved=0CDUQMygEMAQ
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Epitranscriptomics Data Hub
GAP: No centralized place to integrate RNA mod knowledge with disease and other 

datatypes

INITIATIVE: An Epitranscriptomics Data Hub for access to E4 deliverables:

protocols, tools, technologies, publications
links to existing RNA mod resources
data coordination and access to Epitranscriptome catalog
RNA mod analysis tools and guidance
scientific outreach (meetings, workshops, etc)
Link RNA mod phenotypes to human disease








MECHANISM: U54

DELIVERABLES: Website, defined  # of protocols, data sets, outreach activities 
Enable the scientific community to exploit E4 deliverables
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Phase I Phase II

2020 2021 2022 2023 2024 20252016 2017 2018 2019
Set aside/ YR

Discovery:  Novel RNA Mods, Writers, 
Erasers, and Readers (UH2/UH3)

Tools:  Small Molecule 
Modulators (UH2/UH3)

Tools:  Affinity Reagents 
(UH2)

Tech Dev:  Improved imaging and 
Manipulation Tools for RNA Mods 

(UH2/UH3)

Tech Dev:  Improved Detection/Sequencing of 
RNA Mods (UH2/UH3)

Develop Tools and Technologies for Epitranscriptomics (IC-supported SBIR/STTR) 

Phase II Epitranscriptome Catalog (U01)

RNA Mod Dynamics:  Demonstration 
Projects in Health, and Disease (U01)

$3M, $3M, $3M

$5M, $4M

$4M, $4M

$3M, $6M

$2MData Coordination, Analysis, Outreach (U54)

$2M

Tech Dev:  Improved Computational Tools for 
RNA Mods (UH2/UH3)

$3M, $4M

Genetic Models of Human  Disease (U01)

Phase I Epitranscriptome
Catalog (U01)

Tech Dev: Exploiting RNA 
Mods to  Develop. 

Therapeutics (UH2) 

CF $ 18M 20M 20M 23M 23M 22M 22M 22M 16M 16M

IC $ 2M 2M 2M 2M 2M 2M 2M 2M 2M 2M

Ttl $ 20M 22M 22M 25M 25M 24M 24M 24M 18M 18M

$185M
$20M

$205M

CF
IC

Total



Phase I Epitranscriptome
Catalog (U01)

Phase I

2016 2017 2018 2019 20242020 202520232021 2022

Phase II

Phase II Epitranscriptome Catalog (U01)

Set aside/ YR

$3M, $6M

$4M

$3M, $4M

$5M, $4M

$2M

$3M, $3M, $3M

$2M

Discovery:  Novel RNA Mods, Writers, 
Erasers, and Readers (UH2/UH3)

Tools:  Small Molecule 
Modulators (UH2/UH3)

Tools:  Affinity Reagents 
(UH2)

Tech Dev:  Improved imaging and 
Manipulation Tools for RNA Mods 

(UH2/UH3)

Tech Dev:  Improved Detection/Sequencing of 
RNA Mods (UH2/UH3)

Develop Tools and Technologies for Epitranscriptomics (IC-supported SBIR/STTR) 

RNA Mod Dynamics:  Demonstration 
Projects in Health, and Disease (U01)

Data Coordination, Analysis, Outreach (U54)

Tech Dev:  Improved Computational Tools for 
RNA Mods (UH2/UH3)

Genetic Models of Human  Disease (U01)

Tech Dev: Exploiting RNA 
Mods to  Develop. 

Therapeutics (UH2) 

CF $ 18M 20M 20M 23M 23M 22M 22M 22M 16M 16M

IC $ 2M 2M 2M 2M 2M 2M 2M 2M 2M 2M

Ttl $ 20M 22M 22M 25M 25M 24M 24M 24M 18M 18M

$185M
$20M

$205M

CF
IC

Total



Leveraging Other Projects and Resources

• ENCODE/Epigenomics/4DN?  Integrate E4 data with their datasets
• BD2K:  Align E4 data sets into future BD2K framework
• GWAS?  Integration of RNA modification sites with SNPs and gene 

expression levels for particular tissues and diseases
• GTEx:  Leverage GTEx post-mortem tissues samples for inventory if 

sufficient quantities and collection
• exRNA:  Leverage body fluid samples from exRNA program to 

explore RNA mods in exRNAs
• SGC:  Work together to develop small molecule modulators for 

Epitranscriptomic readers, writers, and erasers
• International:  German funding agencies have expressed interest in 

this topic.  Others may also be interested.
• KOMP:  use to help develop mouse models of E4 disease

Beautify!



E4 Program Outcomes 
New RNA Mod Tools & Technologies:

• Catalyze the scientific community to investigate the role 
of RNA mods in biological & disease processes

RNA Mod Discovery & Catalog:

• See the RNA Mod “landscape” for the first time

• Enable the scientific community to generate hypotheses about 
of RNA mods in biological processes and diseases

Overall:

• Transform our understanding of  the role of RNA Mods in wide r
critical biological & disease processes

• Provide a firm foundation to exploit new knowledge about RNA 
their function to prevent, diagnose, & treat disease

the role 

ange of 

Mods & 



Impact of finding a new modification?

DNA modifications:  mC 5-methylcytosine 
hmC 5-hydroxymethylcytosine (Science, 2009)

Science

Nature

Nature

Nature

Cell

Cell
266 hmC papers

fC 5-formylcytosine
caC 5-carboxylcytosine

update # hmC



QUESTIONS?
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