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The human genome encodes the blueprint of life, but the function of the vast majority of its nearly three billion bases is
unknown. The Encyclopedia of DNA Elements (ENCODE) project has systematically mapped regions of transcription,
transcription factor association, chromatin structure and histone modification. These data enabled us to assign
biochemical functions for 80% of the genome, in particular outside of the well-studied protein-coding regions. Many
discovered candidate regulatory elements are physically associated with one another and with expressed genes,
providing new insights into the mechanisms of gene regulation. The newly identified elements also show a statistical
correspondence to sequence variants linked to human disease, and can thereby guide interpretation of this variation.
Overall, the project provides new insights into the organization and regulation of our genes and genome, and is an
expansive resource of functional annotations for biomedical research.
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What is ENCODE!?
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What is ENCODE!?

EXPERIMENTAL TARGETS

DNA methylation: regions
layered with chemical methyl
groups, which regulate gene
expression.

Open chromatin: areas in
which the DNA and proteins
that make up chromatin are
accessible to regulatory pro-
teins.,

RNA binding: positions
where regulatory proteins
attach to RNA.

RNA sequences: regions that
are transcribed into RNA

ChiP-seq: technique that
reveals where proteins bind
to DNA.

Modified histones: histone
proteins, which package DNA
into chromosomes, modified
by chemical marks.

Transcription factors: pro-
teins that bind to DNA and
regulate transcription,
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Types of experiments

RNA expression

Protein

Open
chromatin

binding

to DNA

RNA-seq. Isolation of RNA sequences, often with different purification
technigues to isolate different fractions of RNA followed by high-
throughput sequencing.

CAGE. Capture of the methylated cap at the 5’ end of RNA, followed by
high-throughput sequencing of a small tag adjacent to the

5" methylated caps. 5’ methylated caps are formed at the initiation of
transcription, although other mechanisms also methylate 5’ ends of
RNA

RNA-PET. Simultaneous capture of RNAs with both a 5' methyl cap
and a poly(A) tail, which is indicative of a full-length RNA. This is then
followed by sequencing a short tag from each end by high-throughput
sequencing.

ChiP-seq. Chromatin immunoprecipitation followed by sequencing.
Specific regions of crosslinked chromatin, which is genomic DNA in
complex with its bound proteins, are selected by using an antibodytoa
specific epitope. The enriched sample is then subjected to high-
throughput sequencing to determine the regions in the genome most
often bound by the protein to which the antibody was directed. Most
often used are antibodies to any chromatin-associated epitope,
induding transcription factors, chromatin binding proteins and
specific chemical modifications on histone proteins.

DNase-seq. Adaption of established regulatory sequence assay to
modern techniques. The DNase | enzyme will preferentially cut live
chromatin preparations at sites where nearby there are specific (non-
histone) proteins. The resulting cut points are then sequenced using
high-throughput sequencing to determine those sites ‘hypersensitive’
to DNase |, corresponding to open chromatin.

FAIRE-seq. Formaldehyde assisted isolation of regulatory elements.
FAIRE isolates nuclecsome-depleted genomic regions by exploiting
the difference in crosslinking efficiency between nucleosomes (high)
and sequence-specific regulatory factors (low). FAIRE consists of
crosslinking, phenol extraction, and sequencing the DNA fragments in
the aqueous phase.

RRBS. Reduced representation bisulphite sequencing. Bisulphite
treatment of DNA sequence converts unmethylated cytosines to
uracil. To focus the assay and save costs, specific restriction enzymes
that cutaround CpG dinucleotides can reduce the genome to a portion
specifically enriched in CpGs. This enriched sample is then sequenced
to determine the methylation status of individual cytosines
quantitatively.

Tier 1. Tier 1 cell types were the highest-priority set and comprised
three widely studied cell lines: K562 erythroleukaemia cells;
GM12878, a B-lymphoblastoid cell line that is also part of the 1000
Genomes project (http://1000genomes.org)®®; and the H1 embryonic
stem cell (H1 hESC) line.

Tier 2. The second-priority set of cell types in the ENCODE project
which included Hela-S3 cervical carcinoma cells, HepG2
hepatoblastoma cells and primary (non-transformed) human
umbilical vein endothelial cells (HUVECSs).

Tier 3. Any other ENCODE cell types not in tier 1 or tier 2.
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RNA

RNA analyses:

RNA-seq:
- 62% of genomic bases are expressed (long reads > 200 bp)
- Only 5.5% of these map within known exons

CAGE-seq (5" cap-targeted RNA isolation and sequencing)
- 62,043 transcription start sites (T555s)
- 44% of these map within 5" of known transcript (thus 56% not!)

Many reads shorter than 200 bp observed:
- Reflect transferRNA, microRNA, small nuclear RNA, small nucleolar RNA



Protein binding to DNA: ChiIP-seq

ChIP—Seq uses chromalin Proteins touching DNA Crosc—links are
immunoprecipitation and are fixed in place with broken and only
massively parallel sequencing a cvoss—lmkmg agem DNA fvagrren’(s trom
to locate genome wide binding sites remain
Pv’OT(lh"-DN/\ deH’Q events / ng siries reme

Copyrignt Anthony P Fejes 2009

DNA is fragmenied and

complexes are harvested They can then be sent

with fargeted antibodies JJfor sequencing

Which parts of the DNA are physically interacting with proteins?

- 199 different DNA-binding proteins assayed in 72 cell-types using ChlP-seq
- 636,336 binding regions identified, covering 23| megabases (8.1% of genome)
- 86% of these regions contain strong DNA-binding motif (in most cases the expected motif is

enriched)
- All this information Is available at public resource FactorBook (www.factorbook.org)
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Predict expression levels based on bound TFs
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DNase | hypersensitive sites and footprints

- Accessible chromatin (identified by DNase | hypersensitivity): hallmark of regulatory DNA regions
- 2.89 million non-overlapping hypersensitive sites found in |25 cell types.

- Far majority map distal to transcription start sites (T555s)

- 98.5% of the transcription factor binding lie within accessible chromatin
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Histone modifications

‘ DNA purification

‘ End repair, adaptor ligation

=——=

(o

i Cluster generation

I

Sequence and map reads to

reference genome
3 <=
[——— <=

Genomic coordinates



Histone modifications

: } EPIGENETIC MECHANISMS

are affectad by thase factors and processes

.....

* Development (in utero, chidhood)
* Environmental chemicals
* Drugs/Pharmaceuticals

* Aging
* Diet

L METHYL GROUP

DNA methylation

Methyl group (an epigenetic factor found
in some dictary sources) can tag DNA
and activate Or repress genes.

CHROMATIN

HEALTH ENDPOINTS
« Cancer
* Autoimmune disease

‘ * Mental disorders

* Diabetes

EPIGENETIC

, FACTOR
J

GENE HISTONE TAIL

Histones are proteins around which | HISTONE
DNA can wind for compaction and
gene regulation.,

DNA inaccessible, gene inactive

HISTONE TAIL

DNA accessible, gene active

Histone modification

The binding of epigenetic factors to histone “tails”
alters the extent to which DNA is wrapped around
histones and the avallability of genes in the DNA
to be activated




Histone modifications

Histone modifications

- |2 histone modifications assayed

Table 2 | Summary of ENCODE histone modifications and variants

Histone modification Signal Putative functions
or vanant characteristics
H2A.Z Peak Histone protein variant (H2A.Z) associated with regulatory elements with dynamic chromatin
H3K4mel Peak/region Markof regulatory elements associated with enhancers and other distal elements, but also enriched downstream of transcription starts
H3K4me2 Peak Mark of regulatory elements associated with promoters and enhancers
H3K4me3 Peak Mark of regulatory elements primarily associated with promoters/transcription starts
H3K9%ac Peak Mark of active regulatory elements with preference for promoters
H3K9mel Region Preference for the 5’ end of genes
H3K9me3 Peak/region Repressive mark associated with constitutive heterochromatin and repetitive elements
H3K27ac Peak Mark of active regulatory elements; may distinguish active enhancers and promoters from their inactive counterparts
H3K27me3 Region Repressive mark established by polycomb complex activity associated with repressive domains and silent developmental genes
H3K36me3 Region Elongation mark associated with transcribed portions of genes, with preference for 3' regions after intron 1
H3K79me2 Region Transcription-associated mark, with preference for 5’ end of genes
H4K20mel Region Preference for 5’ end of genes

- Global patterns of histone modifications are highly variable across cell-types
- Can be used to predict functional attributes!



Histone modifications can predict expression levels
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DNA methylation

DNA can be methylated: Addition of methyl group

- Bisulphite sequencing (RRBS)

- 82 cell-lines and tissues assayed

- 96% of CpGs show differential methylation
in at least one cell type or tissue

- Most variable methylated CpGs found
In gene bodies and Intergenic regions




Conclusions main ENCODE paper

Many different analyses conducted, resulting in 1,640 datasets:

- Vast majority (80.4%) of genome participates in at least one biochemical RNA- and/or
chromatin-associated event In at least one cell type

- 95% of genome lies within 8 kb of a DNA-protein interaction (ChlP-seq, DNase I)

- 99% of genome lies within |.7kb of at least one measured biochemical event

- Primate-specific DNA elements show evidence of negative selection: thus some are functional

- Seven chromatin states ascertained: 400,000 regions show enhancer-like features, 70,000
regions show promotor-like features

- It i1s possible to predict RNA expression levels by using chromatin state information

- Many non-coding genetic variants (SNPs) lie in functional regions: They are expected to
have a functional consequence!

- SNIPs associated with disease are enriched within non-coding functional regions, often the disease
phenotypes can be associated with a specific cell type or transcription factor
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Musculoskeletal,
Endocrine & others

Hematopoietic

Brain

Gastrointestinal

B CD34+ Primary Cells

I Mobilized CD34+ Primary Cells

B CD3+ Primary Cells

B CD19+ Primary Cells

I CD8+ Memory Primary Cells

I CD8+ Naive Primary Cells

B CD34+ Cultured Cells

I CD4+ Naive Primary Cells

B CD4+ Memory Primary Cells

[ T-reg Primary Cells

I Mesenchymal Stem Cells (Bone Marrow)
[ Cingulate Gyrus

[ Anterior Caudate

[ Substantia Nigra

B nferior Temporal Lobe

[ Mid Frontal Lobe

I Hippocampus Middle

[ Pancreatic Islets

[ Chondrocytes (Mesenchymal Stem Cells)
[ Adipose Nuclei

[ Adult Kidney

B Mesenchymal Stem Cells (Adipose)
[ Muscle Satellite Cultured Cells

B Skeletal Muscle

[ Adipocyte (Mesenchymal Stem Cells)
B Adult Liver

I Mucosa, Colon

I Duodenum Smooth Muscle

B Stomach Smooth Muscle

I Mucosa, Stomach

B Rectal Smooth Muscle

B Mucosa, Rectum

I Mucosa, Duodenum

B Smooth Muscle, Colon

LDL
(37 loci)

Adult Liver

T-reg Primary Cells

Rheumatoid Arthritis
(31 loci)

Anterior Caudate

Neuropsychiatric
Disorders
(14 loci)

Pancreatic Islets

Adult Liver

Type 2 Diabetes
(67 loci)

0 ¢ 10" 10? 10° 10* 10°
Correlation Enrichement for H3K4me3 peaks
(p-value)
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