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Mining	  for	  disease-‐causing	  genes	  in	  the	  other	  
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2001:	  Human	  genome	  has	  surprisingly	  
few	  protein-‐coding	  genes	  

3Gb	  

22000	  protein-‐
coding	  genes	  (1/4	  
of	  total	  genome)	  	  
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Animal/plant	  genes	  are	  mostly	  non-‐coding	  

Human	  gene	  is	  
5%	  coding	  
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Human	  genome	  :	  98%	  non-‐coding	  
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«	  Pervasive	  »	  transcripEon…	  
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«	  	  Remarkably,	  93%	  of	  bases	  are	  represented	  in	  a	  primary	  transcript	  
idenEfied	  by	  at	  least	  two	  independent	  observaEons	  »	  

ARTICLE
doi:10.1038/nature11233

Landscape of transcription in human cells
Sarah Djebali1*, Carrie A. Davis2*, Angelika Merkel1, Alex Dobin2, Timo Lassmann3, Ali Mortazavi4,5, Andrea Tanzer1,
Julien Lagarde1, Wei Lin2, Felix Schlesinger2, Chenghai Xue2, Georgi K. Marinov4, Jainab Khatun6, Brian A. Williams4,
Chris Zaleski2, Joel Rozowsky7,8, Maik Röder1, Felix Kokocinski9, Rehab F. Abdelhamid3, Tyler Alioto1,10, Igor Antoshechkin4,
Michael T. Baer2, Nadav S. Bar11, Philippe Batut2, Kimberly Bell2, Ian Bell12, Sudipto Chakrabortty2, Xian Chen13,
Jacqueline Chrast14, Joao Curado1, Thomas Derrien1, Jorg Drenkow2, Erica Dumais12, Jacqueline Dumais12, Radha Duttagupta12,
Emilie Falconnet15, Meagan Fastuca2, Kata Fejes-Toth2, Pedro Ferreira1, Sylvain Foissac12, Melissa J. Fullwood16, Hui Gao12,
David Gonzalez1, Assaf Gordon2, Harsha Gunawardena13, Cedric Howald14, Sonali Jha2, Rory Johnson1, Philipp Kapranov12,17,
Brandon King4, Colin Kingswood1,10, Oscar J. Luo16, Eddie Park5, Kimberly Persaud2, Jonathan B. Preall2, Paolo Ribeca1,10,
Brian Risk6, Daniel Robyr15, Michael Sammeth1,10, Lorian Schaffer4, Lei-Hoon See2, Atif Shahab16, Jorgen Skancke1,11,
Ana Maria Suzuki3, Hazuki Takahashi3, Hagen Tilgner1{, Diane Trout4, Nathalie Walters14, Huaien Wang2, John Wrobel6,
Yanbao Yu13, Xiaoan Ruan16, Yoshihide Hayashizaki3, Jennifer Harrow9, Mark Gerstein7,8,18, Tim Hubbard9,
Alexandre Reymond14, Stylianos E. Antonarakis15, Gregory Hannon2, Morgan C. Giddings6,13, Yijun Ruan16, Barbara Wold4,
Piero Carninci3, Roderic Guigó1,19 & Thomas R. Gingeras2,12

Eukaryotic cells make many types of primary and processed RNAs that are found either in specific subcellular
compartments or throughout the cells. A complete catalogue of these RNAs is not yet available and their
characteristic subcellular localizations are also poorly understood. Because RNA represents the direct output of the
genetic information encoded by genomes and a significant proportion of a cell’s regulatory capabilities are focused on
its synthesis, processing, transport, modification and translation, the generation of such a catalogue is crucial for
understanding genome function. Here we report evidence that three-quarters of the human genome is capable of
being transcribed, as well as observations about the range and levels of expression, localization, processing fates,
regulatory regions and modifications of almost all currently annotated and thousands of previously unannotated
RNAs. These observations, taken together, prompt a redefinition of the concept of a gene.

As the technologies for RNA profiling and for
cell-type isolation and culture continue to
improve, the catalogue of RNA types has grown
and led to an increased appreciation for the
numerous biological functions carried out by
RNA, arguably putting them on par with the functional importance
of proteins1. The Encyclopedia of DNA Elements (ENCODE) project
has sought to catalogue the repertoire of RNAs produced by human
cells as part of the intended goal of identifying and characterizing the
functional elements present in the human genome sequence2. The
five-year pilot phase of the ENCODE project3 examined approxi-
mately 1% of the human genome and observed that the gene-rich
and gene-poor regions were pervasively transcribed, confirming
results of previous studies4,5. During the second phase of the
ENCODE project, lasting 5 years, the scope of examination was broa-
dened to interrogate the complete human genome. Thus, we have
sought to both provide a genome-wide catalogue of human transcripts
and to identify the subcellular localization for the RNAs produced.
Here we report identification and characterization of annotated and
novel RNAs that are enriched in either of the two major cellular

subcompartments (nucleus and cytosol) for
all 15 cell lines studied, and in three additional
subnuclear compartments in one cell line. In
addition, we have sought to determine whether
identified transcripts are modified at their 59

and 39 termini by the presence of a 7-methyl guanosine cap or
polyadenylation, respectively. We further studied primary transcript
and processed product relationships for a large proportion of
the previously annotated long and small RNAs. These results con-
siderably extend the current genome-wide annotated catalogue of
long polyadenylated and small RNAs collected by the GENCODE
annotation group6–8. Taken together, our genome-wide compilation
of subcellular localized and product-precursor-related RNAs serves as
a public resource and reveals new and detailed facets of the RNA
landscape.
. Cumulatively, we observed a total of 62.1% and 74.7% of the human
genome to be covered by either processed or primary transcripts,
respectively, with no cell line showing more than 56.7% of the union
of the expressed transcriptomes across all cell lines. The consequent
reduction in the length of ‘intergenic regions’ leads to a significant

ENCODE
Encyclopedia of DNA Elements
nature.com/encode
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«	  75%	  of	  the	  human	  genome	  is	  covered	  by	  primary	  transcripts	  »	  
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>15000	  new	  «	  real	  genes	  »	  in	  the	  non-‐
coding	  genome	  

•  13000	  long	  non-‐coding	  RNAs	  (lncRNAs)	  
–  Do	  not	  produce	  any	  protein	  
–  Involved	  in	  regulaEng	  protein	  coding	  genes	  

•  2000+	  microRNAs	  (miRNAs)	  
–  Produced	  by	  specific	  machinery	  
–  Repress	  distant	  mRNAs	  

15	  
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signalling	  

ConvenEonal	  gene	  network	  

RNA-‐centric	  gene	  network	  

TranscripEon	  
factor	  

miRNA,	  siRNA	  

mRNA,	  ncRNA	  

RNA	  pol	  

spliceosome	  

ribosome	  

cleavage-‐polyA	  

Ago	  
Histone	  
modifiers	  

RNA	  is	  at	  the	  center	  of	  gene	  expression	  
regulaEon	  
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Cancer	  genes	  

•  What	  is	  a	  «	  cancer	  gene	  »?	  
–  A	  gene	  whose	  expression,	  repression	  or	  mutaEon	  is	  
causally	  related	  to	  tumor	  development,	  progression	  or	  
metastasis	  

•  	  Currently:	  about	  500	  cancer	  genes	  
•  >50%	  are	  related	  to	  gene	  expression	  regulaEon	  

–  Just	  like	  ncRNA	  genes	  
–  Yet	  all	  known	  cancer	  genes	  are	  protein	  coding!	  
	  

17	  

Our	  lab	  mission	  is	  to	  discover	  non-‐coding	  
cancer	  driver	  genes	  
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How	  to	  spot	  a	  disease	  gene	  or	  biomarker?	  
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General	  	  
populaEon	  

Disease	  
populaEon	  

Extract	  DNA/
RNA	  from	  organ	  

Extract	  DNA/
RNA	  from	  organ	  

RNA:	  expression	  
pajerns	  
	  
DNA:	  mutaEon	  
pajerns	  

1)	  PopulaEon-‐based	  

compare	  	  
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How	  to	  spot	  a	  disease	  gene	  or	  biomarker?	  
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Normal	  Essue	  (blood)	  

Tumor	  Essue	  

Extract	  DNA,	  
compare	  and	  
look	  for	  
mutaEons	  

Repeat	  for	  
several	  paEents	  

2)	  SomaEc	  events	  

Look	  for	  
recurrent	  events	  
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Next	  GeneraEon	  Sequencing	  

Lifetech	  Ion	  
proton	  

Illumina	  	  
Hi-‐Seq	  2000	  

Illumina	  	  
GA	  IIx	  

Lifetech	  Ion	  
torrent	  PGM	  

Illumina	  	  
MySeq	  

Read	  size	   2x100	   2x100	   2x250	   35-‐400	   35-‐400	  

Read	  
number	   8x20M	   16x100M	   15M	   1M	   50M	  
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Sequencer	  capacity	  &	  genome	  coverage	  

5-‐fold	  coverage	  

Coverage	  

reads	  
read	  
length	   total	  nt	  

30Mb	  
(exome)	  

90Mb	  
(transcriptome)	  

3Gb	  
(Genome)	  

Ion	  torrent	  316	   1	  000	  000	   100	   100	  000	  000	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  	  	  	   1,1	   0,03	  

Ion	  proton	   50	  000	  000	   200	   10	  000	  000	  000	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  333	  	  	  	   111,1	   3,33	  

Hi	  Seq	  8	  lanes	  PE	   800	  000	  000	   160	   128	  000	  000	  000	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4000	   1450,0	   42,64	  
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PaEent	  genome	  
Data	  now	  under	  
producEon	  
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Ilumina	  X-‐ten:	  15,000-‐20,000	  genomes	  per	  year	  

ATCGTACGTAGCTACTGAC!
CGACTGATCGTAGCTAGCT!
CTAGCTGATCGTAC!

Normal	  DNA	  +	  
tumor	  DNA	  +	  RNA	  

ATCGTACGTAGCTACTGAC!
CGACTGATCGTAGCTAGCT!
CTAGCTGATCGTAC!

ATCGTACGTAGCTACTGAC!
CGACTGATCGTAGCTAGCT!
CTAGCTGATCGTAC!

ATCGTACGTAGCTACTGAC!
CGACTGATCGTAGCTAGCT!
CTAGCTGATCGTAC!

ATCGTACGTAGCTACTGAC!
CGACTGATCGTAGCTAGCT!
CTAGCTGATCGTAC!

Clinical	  data	  

Tumor	  type	  
Grade	  	  
Age	  …	  

Tumor	  type	  
Grade	  	  
Age	  …	  

Tumor	  type	  
Grade	  	  
Age	  …	  

Tumor	  type	  
Grade	  	  
Age	  …	  

Tumor	  type	  
Grade	  	  
Age	  …	  
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Let’s	  assume	  we	  have	  many	  tumor/normal	  
whole	  genome	  sequences.	  So	  what?	  	  

•  There	  are	  typically	  5M	  single	  nucleoEde	  
differences	  between	  2	  individuals	  

•  100-‐10000	  differences	  between	  a	  tumor	  and	  
normal	  Essue	  from	  the	  same	  person	  

•  Most	  of	  these	  differences	  	  
–  are	  harmless	  
–  are	  located	  in	  the	  98.5%	  non-‐coding	  part	  	  

23	  
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Current	  approach	  

•  Focus	  on	  the	  1.5%	  coding	  part	  
•  Powerful	  tools	  are	  available	  to	  find	  deleterious	  
mutaEons	  

24	  

GCTCGCGATTATCGATGCGATC!

GCTCGCGATAATCGACGCGATC!

blood	  

tumor	  

GeneEc	  code	  (codons)	  

stop	  
codon	  

aminoacid	  
change	  

Measure	  
impact	  of	  
change	  
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Then	  what	  can	  we	  say	  about	  a	  mutaEon	  in	  
the	  98.5%	  non-‐coding	  part?	  	  

-‐  Genome	  annotaEon	  data	  is	  quickly	  building	  up	  

25	  

EvoluEonary	  
conserved	  region	   DNA	  methylaEon	  

DNAse-‐I	  
accessibility	  

Structured	  
RNA	  

Histone	  
methylaEon	  

Histone	  
acetylaEon	  

TranscripEon	  factor	  
binding	  

Highly	  
expressed	  

>25	  features	  available	  genome	  wide	  and	  for	  mulEple	  Essue	  types	  
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MutaEon	  density	  in	  funcEonal	  regions	  

26	  

Data	  from	  88	  whole	  
genomes	  from	  liver	  
cancer	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

A	  tumor	  behaves	  like	  a	  quickly	  evolving	  organism	  that	  constantly	  fights	  selecEon	  	  

Where	  mutaEons	  are	  rarest	  they	  are	  potenEally	  most	  harmful	  
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Models	  for	  scoring	  non-‐coding	  mutaEon	  	  

•  Based	  on	  	  
–  Observed	  mutaEon	  densiEes	  in	  cancer	  genomes	  and	  in	  
general	  populaEon	  

–  Genome	  features	  
•  EvoluEonary	  	  
•  Physical	  
•  EpigeneEc	  
•  etc.	  

•  	  Modeling	  techniques	  
–  LogisEc	  regression	  
–  Random	  forests	  

27	  
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Challenges	  

•  ComputaEonal:	  
–  Volumes	  

•  100-‐200Gb	  /	  sequencing	  library	  =	  100	  Tb/yr	  for	  a	  Cancer	  Center.	  	  
–  CPU	  

•  Typically	  1-‐3	  days	  compuEng	  per	  sequence	  library	  on	  50-‐core	  node	  

–  Flexibility!	  
•  Our	  pipelines	  change	  everyday	  

–  Data	  exchange	  policies	  and	  standards	  

•  Human	  ressources:	  
–  Serious	  bioinformaEcs	  needs	  scienEsts	  willing	  to	  learn	  both	  sides	  

of	  the	  story	  

28	  


