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1. Please ask questions during the lecture

2. Citations are usually given as (First Author et al, Pubmed ID)

3. For more questions or to get the slides from this presentation, 
please email me (address to bottom of slide).

4. Abbreviations:
I. ncRNA = noncoding RNA
II. lncRNA = long noncoding RNA (OR lincRNA)
III. miRNA = microRNA
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Today´s Lecture:

1. Introduction to Non-Coding RNAs (ncRNAs)

1.1 Discovery and classification
1 2 Mi RNA1.2 MicroRNAs
1.3 Methods for discovery and measurement
1.4 ncRNAs in human disease
1 5 T h l i l li ti1.5 Technological applications
1.6 Human evolution

2 Non Coding RNA research at the CRG in Barcelona2. Non-Coding RNA research at the CRG in Barcelona

Computational and functional analysis of long non-coding
RNAsRNAs
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1.1 Discovery and Classification

Complexity ~ Gene number?

50 trillion (5 x 1012) cells

Exactly 959 cells
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What is the genomic basis of complexity?

20,500 protein genes
(Clamp et PNAS 2007 
104(49):19428-33)

20,000 protein genes
(ENSEMBL.org)
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The problem with genomics…
P t i diProtein coding gene 
number
(source: Ensembl.org)

21,000

20,000

22 000

22,000

22,000

20,000

27,000

7,000
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Non-coding DNA is very different between species

Does this hold the key to understanding organismal complexity?

1x108 bp

3x109 bpp
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Noncoding DNA and animal complexityg p y

M tti k 2004 PMID15131654
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“What is true for E coli is

The importance of noncoding 
DNA was not grasped in the What is true for E. coli is

true for an elephant”
-Monod

early years of molecular biology

RNA as the “messenger”

“DNA makes
RNA makes
Protein”
-Crick & Watson

E. Coli have almost no noncoding DNA
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Housekeeping ncRNAs – known since the 1960s
(alanine tRNA discovered 1965, Robert Holley)

1. Transfer RNAs (tRNAs)
2. Ribosomal RNAs (rRNAs)
3 S li l RNA (U1 U2 U4 t )3. Spliceosomal RNAs (U1, U2, U4 etc)
4. RNaseP (tRNA processing)

Deeply conservedDeeply conserved
Involved in fundamental cellular processes

Taken to support the RNA World Hypothesis- Taken to support the RNA World Hypothesis
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Life probably began with non-coding RNAp y g g

te
in

P
ro

t

DNA i f tiDNA: sequence information

Protein: enzymatic activity

R
N

A RNA: sequence information
AND enzymatic activity

“The RNA World”
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E l l t th i t f l t di RNAEarly clues to the existence of regulatory non-coding RNAs….

1. Discovery of a weird small RNA in nematodes by Victor
Ambros and Gary Ruvkun (1993) the first MicroRNAAmbros and Gary Ruvkun (1993) – the first MicroRNA

2. Discovery of XIST (1991) – the first Long Noncoding RNA
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Annotation of human regulatory ncRNAs – work in progress

RNA Class Approx.
Size (nt)

Approx. Number
(min)

Evolutionary conservation Function
Size (nt) (min)

microRNA 21 1424 
(www.mirbase.org
)

Metazoans, plants, algae mRNA regulation

ta
nd

in
g!

snoRNA 80-1000 456
(www-
snorna.biotoul.fr/)

Eukaryotes, Archaea RNA modification

piRNA 26-31 23,000
( i b k ib b

Metazoans Transposon
ig 

U
nd

er
st

(pirnabank.ibab.ac
.in)

suppression

Antisense RNA >200 6,000
(Grinchuk et al 
19906709)

Eukaryotes mRNA regulation?

ec
re

as
in

g

19906709)

lncRNA >200 >13,000 
(www.gencodegen
es.org)

Eukaryotes Epigenetic
regulation?

Ci l RNA 200 ??? ??? ???

D
e

Circular  RNAs >200 ??? ??? ???

Small RNAs Long RNAsSmall RNAs Long RNAs
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Discovery of lncRNA >> CharacterisationDiscovery of lncRNA >> Characterisation

Annotated human lncRNA 13,000

N b f h t i d h l RNA 126Number of characterised human lncRNAs: 126 (lncrnadb.org)
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1.2 MicroRNAs – Small but beautiful regulatory ncRNAs

- First discovered

- There are many (1000+ in human)

- They are found in diverse species- They are found in diverse species

- They all have the same structure and size

- They are all processed by the same pathway

- They all function in the same way:ey a u ct o t e sa e ay
Post-transcriptional regulation of gene expression

15



MicroRNA – post-transcriptional gene repression by small RNAs

Target mRNA

CGCGAGCAAGATGGCCACCACCAAGCCCCAGTTCTCCTCCAAGCACAAGCGTCTTGTACGTGGGTGAGCAGG

microRNA response element

3‘ UTR

TTGTGCTTGGAGGAGAACTGGA

“seed”
Mature
microRNA

RISC
Complex

Mir-30 Base pairing is
imperfect

Pre-microRNA hairpin

imperfect
- Its very difficult to
predict these
interactions
bioinformaticallybioinformatically
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Biogenesis and function of microRNAs (miRNA)g ( )

• Function: negative post-
transcriptional regulation of mRNAs

• Stereotypical biogenesis and 
functional pathways

• Sequence specific targeting of• Sequence specific targeting of 
complementary RNA sequences

• Many 1000s of mRNAs are 
regulated by numerous miRNAs inregulated by numerous miRNAs in 
any given cell

• Implicated in human diseases

Kadri et al 19208136
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1.3 Methods for Discovery and Measurement

Next Generation Sequencing (NGS) / High Throughput Sequencing
– a revolutionary technology for genome analysis

Various manufacturers, technologies, experimental applications.

Extremely rapid change in (a) cost, (b) throughput, (c) speed.
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• The application of NGS to transcriptomics is called “RNAseq”

• We can use these data to:
I. Identify new genes (including ncRNAs, short and long)
II. Quantify the expression and splicing of any gene
III E i th i ti i t fIII. Examine the epigenetic signature of genes

For a good starting point to understand RNAseq see:

Mortazavi et al PMID 18516045
“M i d tif i li t i t b RNA S ”“Mapping and quantifying mammalian transcriptomes by RNA-Seq”
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RNA sequencing (RNA seq) as a tool for detecting ncRNAs

-Advantage: (almost) unbiased measurement of (almost) all RNA in the cell
- approx 150 million reads, of approx 100 nt each
- can be adapted to short or long RNAs
- can be used to DISCOVER new ncRNAs

Solexa

Mapping and quantification of these reads
is a contemporary bioinformatic challenge:
Pioneered at CRG

Wang et al  PMID19015660 20



How we discover ncRNAs

1. Genome sequence analysis

2. Manual annotation

3. Next generation sequencing

4. Epigenetic signatures

Washietl et al., PMID16273071

Guttman et al., PMID19182780

http://www.gencodegenes.org/21



Example: Discovery of microRNAs using MirDeep program

Created by Marc Friedlaender now a researcher at CRGCreated by Marc Friedlaender – now a researcher at CRG

Aim: use experimental deep sequencing of small RNA sequences to discover new 
microRNAs.

Friedlaender et al PMID 18392026Friedlaender et al PMID 18392026
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1.4 ncRNAs in human disease

• Problem of the “missing heritibility”

• Trinucleotide repeat disorders – “toxic RNAs” (eg SCA8)

• Neurodegenerative disease (eg BACE1AS)• Neurodegenerative disease (eg BACE1AS)

• Blindness (Alu ncRNA expression in age-related macular 
degeneration)degeneration)

• Heart disease (eg MIAT)

• Cancer (eg mir-34)

• Presently no drugs that can target ncRNAs, howevery g g
oligonucleotide technology is promising.
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Example: Spinocerebellar ataxia, Type 8

• A member of the trinucleotide repeat
expansion class of neurodegenerativep g
disorders

•Symptoms: Progressive loss of coordination
in walking, speech, hands, eyes, due tog, p , , y ,
degeneration of neurons in the cerebellum

• Cause: trinucleotide CUG repeat expansion
in exon 5 of SCA8 noncoding RNAg
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CUG repeat in spinocerebellar ataxia 8 
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• SCA8 expression leads to
neurodegeneration in flies

Mutsuddi et al
Current Biology
Volume 14, Issue 4, 17 February 2004, y
Pages 302-308
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Example: microRNA mir-34 tumour-suppressor microRNA

• Many changes in microRNA expression observed in cancers
• Genetic amplifications and deletions of microRNA observed in tumours
• Both tumour suppressor and oncogenic microRNAs identifiedBoth tumour suppressor and oncogenic microRNAs identified

Control cells

Overexpress
mir-34

He et al., PMID 17554337
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Mir-34 functions within the p53 tumour suppressor gene network
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Example: an antisense ncRNA in Alzheimer´s diseasep

BACE1 gene encodes β-secretase, a key contributor to beta amyloid production in 
Alzheimer´s brain.

Faghihi et al., PMID 18587408
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Reduction of BACE1AS leads to
reduction of BACE1

BACE1AS is elevated in 
Alzheimers patients brains

BACE1AS is thus a good drug target for Alzheimers….
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“RNA interference” (RNAi)
1.5 Technological Applications

RNA interference  (RNAi)

Notably siRNA (small interfering RNA) technology, based on the microRNA 
pathway.p y

Can be used to “knock down” (reduce) almost any gene.

Extremely useful inExtremely useful in

1. Research – investigate gene function
2. Medicine – can potential knock down disease genes

Nobel Prize, Physiology and Medicine, 2006: Fire and Mello
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Must design effective siRNA
sequence for target gene

Various methods of delivery:Various methods of delivery:
• transfection, lentivirus, retrovirus

Can be delivered in vivo

Chemically-modified nucleic acids
have longer half-life

Essentially an “artificial microRNA”
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1.6 ncRNAs and Human Evolution

1. ncRNAs evolve rapidly
2. Many ncRNAs are expressed in the human brain
3 ncRNAs are involved in epigenetics and gene regulation3. ncRNAs are involved in epigenetics and gene regulation

=> candidates for the evolution of human-specific traits like=> candidates for the evolution of human-specific traits, like
intelligence

See Review articles by John Mattick:
Eg Mattick JS PMID21557942 
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Example: HAR1 (Human accelerated region 1) noncoding RNAsExample: HAR1 (Human accelerated region 1) noncoding RNAs

Discovered in a genome-wide search for regions of the human genome where
evolutionary change has accelerated recently (since divergence from other apes)

Pollard et al., PMID16915236
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Changes to HAR1 sequence in very recent human evolution mayg q y y
have altered the structure and function of the RNA
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HAR1 RNA is expressed in developing cortical neurons
of human embryos

DT- dorsal 
telencephalonp

Cerebral cortex
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Part 2: Studying human long noncoding RNAs (lncRNA)

Roderic Guigó group

Bi i f ti d G iBioinformatics and Genomics

Centre for Genomic Regulation

Website: http://big.crg.cat/bioinformatics_and_genomics

For the BEST (in my opinion) review of lncRNA see:For the BEST (in my opinion) review of lncRNA see:
Ulitsky and Bartel. lincRNAs: Genomics, Evolution,
and Mechanisms. PMID 23827673
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Maceo Parker
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X chromosome inactivation
“Dosage compensation”
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A long noncoding RNA “XIST” controls mammalianA long noncoding RNA XIST  controls mammalian 
dosage compensation
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XIST “the Mother of All Noncoding RNAs”XIST  the Mother of All Noncoding RNAs
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XIST functions by a poorly understood “spreading” mechanism fromXIST functions by a poorly understood spreading  mechanism from 
“Chromosome  Entry Sites”
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Entry sites may be determined by the 3 dimensional architecture of the 
genome
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What does a lncRNA look like?

PROTEIN-CODING mRNA

Translation to
protein

AAAAAAAAAA

protein

NONCODING RNA

?
AAAAAAAAAA
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Overview of lncRNAOverview of lncRNA

lik i h d O d i d• LncRNA are mRNA‐like transcripts that do NOT encode a protein product

• Our genome contains >10,000 lncRNA

• We know almost nothing about 99% of them

• They are under  evolutionary conservation, but  weaker

• They are found in all multicellular species• They are found in all multicellular species

• A few very convincing examples have been studied in detail – we do not know how 
much we can infer from these.
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WARNING!

Definition of lncRNA: any transcript >200nt with no protein codingDefinition of lncRNA: any transcript >200nt with no protein coding 
capacity

This definition is imperfect and not based on functionThis definition is imperfect, and not based on function

It has been argued that some / many / all lncRNAs are “transcriptional 
noise”

We lack most of the fundamental tools that are available to proteins:We lack most of the fundamental tools that are available to proteins: 
evolutionary signature, secondary structure prediction, tertiary 
structure prediction.
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Key Topics in LncRNAKey Topics in LncRNA

• Creating catalogues

• Effective discrimination of protein‐coding/NONcoding

• Evolutionary conservation• Evolutionary conservation

• Cellular localisation

• Biological function

• Molecular mechanisms

• Roles in disease
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HOTAIR 
(HOX Antisense Inter
genic RNA): a 
paradigm for
epigenetic
regulatory lncRNAs

Rinn et al., PMID17604720
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HOTAIR is highly expressed in the lower half of the body
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HOTAIR represses other genes in trans

Ch2

Ch12
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HOTAIR recruits epigenetic regulatory proteinsp g g y p

RNA
Immunoprecipitation
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HOTAIR is an oncogene in breast cancerg

Gupta et al., PMID 20393566
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Our aim: to discover how many more genes like this existOur aim: to discover how many more genes like this exist

Approach:

1. Develop a good catalogue of lncRNAs
2. Use functional genomics approaches to discover functional
lncRNAs
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How to discover lncRNA – Annotations / Catalogues etc
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How to work out if something encodes protein?How to work out if something encodes protein?

/1. ORF (Open Reading Frame) features: length / similarity to other proteins 
eg CPC

2. Evolutionary signatures eg PhyloCSF
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Different types of DNA evolve in different ways
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The ENCODE Project: ENCyclopedia Of DNA Elements

Funded by NIH (National Institutes of Health, USA) www.genome.gov

Aim: “to identify all functional elements in the human genome sequence”
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The GENCODE manually-curated human lncRNA catalogue: 

9,277 gene loci producing 14,880 transcripts (Gencode version 7)
www.gencodegenes.org

Latest GENCODE version 14:

12,933 lncRNA gene loci
21 271 lncRNA transcripts21,271 lncRNA transcripts

Based on manual annotation

Derrien et al PMID 22955988
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Using evolutionary conservation as evidence of function for LncRNAs

Protein coding genes –
expected to be functionalexpected to be functional

LncRNAsLncRNAs

Ancestral repeats – expected 
to be non-functional Derrien et al 

PMID 22955988
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Microarray as a tool for detecting ncRNA expression

- Can monitor up to ~1 million genes in a single experiment
- Requires a known annotation of ncRNA – NOT unbiased like RNAseq
- Sensitive, reproducible, cheap, quick
- Commercial designs available for short ncRNAsCommercial designs available for short ncRNAs
- Possible to create custom RNA designs to quantify new ncRNA gene sets

H tHeatmap
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Expression maps of lncRNAs in the 31 tissues / cell lines
(10 of neural origin)( g )

Brain-specific
lncRNAs

63

Derrien et al 
PMID 22955988



Correct tissue clustering using lncRNAsCorrect tissue clustering using lncRNAs

64



We can use microarrays to discover lncRNAs that change in 
di d ldisease or development
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LncRNAs are expressed lower than protein coding mRNAsLncRNAs are expressed lower than protein‐coding mRNAs
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Where are lncRNAs in the cell?

M

Where are lncRNAs in the cell?

More 
nuclearnucleus cytoplasm

More
cytoplasmic

chromatin

67



P<1E-20

M
or

e 
uc

le
arnucleus cytoplasm

M n
re op

la
sm

ic
M

or
cy

tochromatin

ENCODE consortium,ENCODE consortium, 
Tom Gingeras
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Do lncRNA have roles outside the nucleus?Do lncRNA have roles outside the nucleus?

Ribosome profiling of lncRNARibosome profiling of lncRNA
1. Purify ribosome‐bound RNA by sucrose gradient ultracentrifugation

2. Hybridise to custom lncRNA arrays

3. Bioinformatic analysis to discover lncRNA associated with ribosomes3 o o a c a a ys s o d sco e c assoc a ed boso es

4. Search for clues as to their function

HI translation

LO translation

NO translation
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Discovery of ribosome associated lncRNAsDiscovery of ribosome‐associated lncRNAs

1477 mRNA 2294 cytoplasmic lncRNA1477 mRNA 2294 cytoplasmic lncRNA

637

G
en

es

809

510

Ribosome association
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Molecular Mechanisms
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Example: epigenetic gene regulation

Fan et al, Nature 2013

Rinn et al, Cell 2007
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Example: Regulation of mRNA translation by Uchl1 asExample: Regulation of mRNA translation by Uchl1‐as

Capable of sequence specificCapable of sequence specific 
regulation of:

RNA stability
RNA translation

Batista and Chang, 2013

RNA translation

SINEB2
Uchl1-as

Translational
activation

Target 
binding
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Functional Genomics Approach to LncRNAs:pp
Identifying lncRNAs in human neuronal differentiation

hESCs neural progenitors (NPCs) dopaminergic neurons

OCT4

97 5% OCT4+

NES/ MSI1

99 6% NESTIN+

MAP2/TH

90% MAP2+97.5% OCT4 99.6% NESTIN
98.9% VIMENTIN+

86.0% BLBP+

90% MAP2
85.3% TH+/MAP2+

Ng SY et al EMBO  J 
PMID 22193719    74



Genome-wide identification of neural lncRNAsGenome wide identification of neural lncRNAs

lncRNA microarray

75



Discovery of lncRNAs necessary for dopaminergic neuron production

22193719

Ng SY et al EMBO  J 
PMID 22193719    76



LncRNAs in non human speciesLncRNAs in non‐human species

Ulitsky et al 
PMID 22196729
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Deep conservation of lncRNA between Fish and Human eg MegamindDeep conservation of lncRNA between Fish and Human eg Megamind
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3 Next generation functional genomics of lncRNA3. Next generation functional genomics of lncRNA

Annotated human lncRNA 13 000Annotated human lncRNA 13,000

?
Number of characterised human lncRNAs: 126 (lncrnadb.org)
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Summary

1. The human genome contains thousands of non-coding RNAs, 
most of hich ha e nkno n f nctionmost of which have unknown function.

2. Non-coding RNAs are diverse: size, biogenesis, evolutionary
conservation, function.,

3. Non-coding RNAs may help to explain fundamental biological
questions: human evolution, human disease, genomic
complexitycomplexity.

Almost everything remains to be discovered! 
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