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Project Proposal!
Due March 15

Project Proposal

Assignment Date: March 7, 2016
Due Date: Thursday, March 15, 2017 € 11:69pm

Review the Project Ideas page
Work solo or form a team for your class project (no more than 3 people to a team).
The proposal should have the following components:

* Name of your team

List of team members and emal addresses

« Short title for your proposal

» 1 paragraph description of what you hope 1o do and how you will do it

o References 10 relevant papers

¢ References/URLs to datasets that you will be studying (Note you can also use simulated data)

Submit the proposal as 3 single page POF on blackboard, After submitting your proposal, we will schedule a time 0 discuss your proposal,
espacially 10 ensure you have access to the data that you need. The sooner that you submit your propossl, the sooner we can schedule
the meeting. No late days can be used for the project.

Later, you will present your project in class during the last week of class. You will also submit a written report (5-7 pages) of your project,
formatting as a Bioinformatics article (Intro, Methods, Results, Discussion, References), Word and LaTeX templates are avalable at
htips:/facademic.oup.comybicinformatics/pages/submission_online

Please use Plazza to coordinate proposal plans!



HW6:
Due Marc

Assignment 6: RNA-seq and differential expression

Assigresent Date: Thursday, Macch 15 2008

Due Date: Thursday, March 20, 2078 @ 11:58pm

Assignment Overview

In this sssigament, you will analy 2o gene exprossion Sats snd learm how 10 make soveral kinds of plots in the emvironment of your choics. (We suggest Pyshon or R.)
Make sure to show your work/code In your writeup! As before, any Questions about the assignment should be posted to Pazza
Question 1, Time Series (Y0 pts)

This flle conmain pre-narmaiized expression vilues 1o 100 genes ower 10 tise points. Moat gones hive & stable background expression level, But some special Qenes
ow Incressad sxpression over the Bmeccurse and some show decreasad axpression

A Ouster the genes uaing an algordthm of your cheice, Which genes show ncreasing sapression and wiich genes show decroesing expression, and how & you
doterming this? What |s the background expression ieve! (numenical value) and how dic you determing this? [Mint: K-means and herarchical chustening are common
clustering algorithims you could try.)

B. Calcuiate the firs! 1w pANCIoN companents of 158 eapression matriy. Show Bhe piot and coltr the points Based on Ihelr Cluster from part (4). Does the PCY axis, PC2
axis, neither, or Both cormespond 1o The clustering?

€. Crodte a Postmap of the sapression matris, Order the geres Dy cluater, Sut keep the time points in numedcal order

Guestion 2. Sampling Simulation [10 pts]

A typical human col Ras - 250,000 transcripts, and 8 Hypic bulc ANA-seq mxperiment may Ivolve milions of cells. Conseguently in an RNASEG experiment you may
start with iriSions of RNA molecules, athough your sequencer wil ondy give a few millon 10 Dillons of reads. Therefore your RNAsSeq experiment wil be a smal
sampiing of the ful composition. We hope the seguences will be a representative sample of the 1018l popUation, Dut If your sampie is very uniuCy or Diased & may not
represent the true Satrbution. We will explone this concept by sarmrpling & seeall scbaet of tranacripns (1000 to S000) cut of & much eger sat [TM) 30 that you can
oviuste i b,

In s Sle with 1,000,000 ines we provicle an abistracton of ANA-seq data where normalization has been performed and the numdet of Times & gene name cocun
corresponds 10 the number of transcripts sequenced

A. Rancomiy sample 000 rows. Do this simuiation 10 times and record the relative abundance of each of the 15 genes. Piot the mean va. variance.
b. Do the same samping experiment Dut sample 5000 rows each Tme. Again piot the mean vs. vanance.
C. I8 the variance grester in (a) or (b7, and explain wity, What is the relationaio betweoen abundance and varience?

d. Suppose you had received data where the number of 1imes 3 gane Name SoCUrs corresponds 10 the number of reads mapped 10 that gene. In a few sentences
epiain how would you nommalize the data, and what addional Information would you need? [Hink: why Is read count not enough™]
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Chromatm states dynamlcs across nine ENCODE ceII types
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« Single annotation track for each cell type
Summarize cell-type activity at a glance g

Can study 9-cell activity pattern across |, s
Ernst et al, Nature 2011
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ARTICLE

An integrated encyclopedia of DNA
elements in the human genome

The ENCODE Project Consortium®

d0i-10.1038/ nature 11247

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

blochemical 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

genes,
providing new insights into the mechanisms of gene regulation. The newly identified clements also show a statistical
correspondence to sequence variants linked to human discase, 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.



ARTICLE

90101038/ nature 11247

An integrated encyclopedia of DNA
elements in the human genome

e ENCODE Project Consortium®

ARTICLE R ARTICLE ——

The accessible chromatin landscape of An expansive human regulatory lexicon

the human genome encoded in transcription factor footprints
ARTICLE

dol: 10,1038/ natere11245

Architecture of the human regulatory
network derived from ENCODE data

IETTER 401:10.1038/sature11279 ARTICLE ol 0100 el 202
The long-range interaction landscape of gene Landscape of transcription in human cells
promoters




An integrated encyclopedia of DNA
elements in the human genome

The ENCODE Project Consortium®

ARTICLE

094101038/ nature 11233

Landscape of transcription in human cells

ARTICLE comew | | ARTICLE —_—
The accessible chromatin landscape of Architecture of the human regulatory
the human genome network derived from ENCODE data
Research

Long noncoding RNAs are rarely translated in two
human cell lines

LETTER

The long-range interaction landscape of gene
promoters

€01:10.1008/ sature 11279

ARTICLE

04110 1000/ nature 11212

An expansive human regulatory lexicon
encoded in transcription factor footprints

Research

Discovery of hundreds of mirtrons in mouse
and human small RNA data

Method.

Predicting cell-type-specific gene expression
from regions of open chromatin

Resource:

GENCODE: The reference human genome annotation
for The ENCODE Project

ChlP-seq guidelines and practices of the ENCODE
and modENCODE consortia

Cell type-specific binding patterns reveal that
TCF7L2 can be tethered to the genome by
association with GATA3

Research

Personal and population genomics of human
regulatory variation

Resource

Annotation of functional variation in personal
genomes using RegulomeDB

Functional analysis of transcription factor binding
sites in human promoters

Research

Deep sequencing of subcellular RNA fractions shows
splicing to be predominantly co-transcriptional
in the human genome but inefficient for IncRNAs

Method.

Linking disease associations with regulatory
information in the human genome

RESEARCH Open Access

Analysis of variation at transcription factor
binding sites in Drosophila and humans

Method

Combining RT-PCR-seq and RNA-seq to catalog all

genic elements encoded in the human genome

Modeling gene expression using chromatin
features in various cellular contexts

Classification of human genomic regions based
on experimentally determined binding sites of
more than 100 transcription-related factors
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ENCODE Data Sets
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1,640 data sets total over 147 different cell types
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1,640 data sets total over 147 different cell types




Cell Types

Tier I (3 samples, most complete analysis)

— GMI12878 (NA12878): a lymphoblastoid cell line produced from the blood of a
female donor with northern and western European ancestry by EBV transformation.
It was one of the original HapMap cell lines and has been deeply sequenced using the
Solexa/lllumina platform.

— K562: an immortalized cell line produced from a female patient with chronic
myelogenous leukemia (CML). It is a widely used model for cell biology, biochemistry,
and erythropoiesis. It grows well, is transfectable, and represents the mesoderm
linage.

— HI-hESC: Hl-human embryonic stem cells

Tier 2 (9 samples, intermediate analysis)
— HelLa-S3: cervical carcinoma cells
— HepG2: hepatoblastoma cells & model system for metabolism disorders
— HUVECSs: Primary (non-transformed) human umbilical vein endothelial cells

— Several other major cell lines from cancer and normal tissues

Tier 3 (135 samples, partial analysis)

— Everything else: many major cell lines and body organs



Assays

RNA transcribed regions Hpersonsive _‘

— RNA-seq: General sequencing of RNA J g 7 ',';,;:"'\:',A

— CAGE: Identify transcription start sites CH co \ ;Wyme‘ase

— RNA-PET: full length RNA analysis and manual annotation . \
(c R\ ) f oss \/Conpumon.ﬁ;\ D\ (G

Protein-coding regions (cuneer oA || AR /1 " “**/ \":*:1:M /‘W;;gg;md /l\mm/ f\m o

— Mass Spectrometry: Sequencing of proteins ‘%\ G}//

Long-range regulatory elements Promoters

Transcription-factor-binding sites iyt

— ChlP-seq: I 19 of 1,800 known transcription factors
— DNase-seq: open chromatin accessible to Dnase | cutting, “hallmark of regulatory regions”

Chromatin structure
— DNase-seq: |3 of more than 60 currently known histone or DNA modifications
— FAIRE-seq: nucleosome-depleted regions
— Histone ChlP-seq: histone proteins pull down and sequencing

— MNase-seq: nucleosome identification

DNA methylation sites
— RRBS assay: Methyl-seq at targeted sites near restriction binding sites

Transcripts



Data Summary

Sequence Submitted by Cell

Pie Chart of Sequence by Method

1e+12

| Tier_1
@ Tier 2

16031 files >5 TeraBases
1847 Experiments 1716x of the Human Genome



Data Analysis Overview
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Irreproducible Discovery Rate (IDR)

Resource

ChlIP-seq guidelines and practices of the ENCODE
and modENCODE consortia

Stephen G. Landt, % Georgi K. Marinov,%?® Anshul Kundaje,*?® Pouya Kheradpour,*
Florencia Pauli,® Serafim Batzoglou,’ Bradley E. Bernstein,® Peter Bickel,” James B. Brown,”
Philip Cayting,’ Yiwen Chen,® Gilberto DeSalvo,? Charles Epstein,®

Katherine I. Fisher-Aylor,? Ghia Euskirchen,” Mark Gerstein,” Jason Gertz,*

Alexander ). Hartemink,’® Michael M. Hoffman,"’ Vishwanath R. lyer,"?

Youngsook L. Jung,'*'* Subhradip Karmakar,'* Manolis Kellis,* Peter V. Kharchenko,'?
Qunhua Li,"® Tao Liu,® X. Shirley Liu,® Lijia Ma,'® Aleksandar Milosavijevic,'”

Richard M. Myers,” Peter |. Park,'*'* Michael |. Pazin,'® Marc D. Perry,'? Debasish Raha,°

000 00" O G0 Qnd 005 00e ° = wo 10 2

D . e Timothy E. Reddy,*?” Joel Rozowsky,” Noam Shoresh,® Arend Sidow, %'

Matthew Slattery,'® John A. Stamatoyannopoulos,''*? Michael Y. Tolstorukov,'*'*
Kevin P. White,'® Simon Xi,?* Peggy J. Famham,?*?® Jason D. Lieb,***® Barbara J. Wold,***
and Michael Snyder'-%®

' [Author offiliations appear ot the end of the poper.]

Chromatin im precipitation (ChiP) followed by high-throughput DNA sequencing (ChiP-seq) has become a valuable
and widely used approach for mapping the genomic location of transcription-factor binding and histone modifications
in living cells. Despite its widespread use, there are considerable differences in how these experiments are conducted, how
the results are scored and evaluated for quality, and bow the data and metadata are archived for public use. These
practices affect the quality and wtility of any global ChiP experiment. Through our experience In performing ChiP-seq
experiments, the ENCODE and modENCODE consortia have developed a set of working standards and guidelines for ChiP
experiments that are updated routinely. The current guidelines address antibody validation, experimental replication,
sequencing depth, data and metadata reporting, and data quality assessment. We discuss how ChiP quality, assessed in
these ways, affects different uses of ChiP-seq data. All data sets used in the analysis have been deposited for public viewing
§ and downloading at the ENCODE (htp:/ / encodeproject.org/ ENCODE/ ) and modENCODE (http:/ / www.modencode.

: org/) portals.
A0 0008 e o 050 oes o ° ®© "o %0 0
]

1O for FOR) P e cocticators [Supplemental material Is avallable for this article.)




ARTICLE

An integrated encyclopedia of DNA
elements in the human genome

The ENCODE Project Consortium®

d0i-10.1038/ nature 11247

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

blochemical 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

genes,
providing new insights into the mechanisms of gene regulation. The newly identified clements also show a statistical
correspondence to sequence variants linked to human discase, 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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The vast majority (80.4%) of the human genome participates in at least one biochemical RNA- and/or
chromatin-associated event in at least one cell type.

Major Findings

Primate-specific elements as well as elements without detectable mammalian constraint show, in aggregate,
evidence of negative selection; thus, some of them are expected to be functional.

Classifying the genome into seven chromatin states indicates an initial set of 399,124 regions with enhancer-
like features and 70,292 regions with promoter-like features, as well as hundreds of thousands of quiescent
regions. High-resolution analyses further subdivide the genome into thousands of narrow states with distinct
functional properties.

It is possible to correlate quantitatively RNA sequence production and processing with both chromatin marks
and transcription factor binding at promoters, indicating that promoter functionality can explain most of the
variation in RNA expression.

Many non-coding variants in individual genome sequences lie in ENCODE-annotated functional regions; this
number is at least as large as those that lie in protein-coding genes.

Single nucleotide polymorphisms (SNPs) associated with disease by GWAS are enriched within non-coding
functional elements, with a majority residing in or near ENCODE-defined regions that are outside of protein-
coding genes. In many cases, the disease phenotypes can be associated with a specific cell type or
transcription factor.



Maijor Findings ™71
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The vast majority (80.4%) of the human genome participates in at least one biochemical
RNA- andlor chromatin-associated event in at least one cell type.

Primate-specific elements as well as elements without detectable mammalian constraint show, in aggregate,
evidence of negative selection; thus, some of them are expected to be functional.

Classifying the genome into seven chromatin states indicates an initial set of 399,124 regions with enhancer-
like features and 70,292 regions with promoter-like features, as well as hundreds of thousands of quiescent
regions. High-resolution analyses further subdivide the genome into thousands of narrow states with distinct
functional properties.

It is possible to correlate quantitatively RNA sequence production and processing with both chromatin marks
and transcription factor binding at promoters, indicating that promoter functionality can explain most of the
variation in RNA expression.

Many non-coding variants in individual genome sequences lie in ENCODE-annotated functional regions; this
number is at least as large as those that lie in protein-coding genes.

Single nucleotide polymorphisms (SNPs) associated with disease by GWAS are enriched within non-coding
functional elements, with a majority residing in or near ENCODE-defined regions that are outside of protein-
coding genes. In many cases, the disease phenotypes can be associated with a specific cell type or
transcription factor.



Summary of ENCODE elements

“Accounting for all these elements, a surprisingly large amount of the human
genome, 80.4%, is covered by at least one ENCODE-identified element”

*62% transcribed

*56% enriched for histone marks

*15% open chromatin

*8% TF binding

*|19% At least one DHS or TF Chip-seq peak

*4% TF binding site motif

*(Note protein coding genes comprise ~2.94% of the genome)

“Given that the ENCODE project did not assay all cell types, or all
transcription factors, and in particular has sampled few specialized or
developmentally restricted cell lineages, these proportions must be

underestimates of the total amount of functional bases.”
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Redefining the concept of a gene
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As a consequence of both the expansion of genic regions by the
discovery of new isoforms and the identification of novel intergenic
transcripts, there has been a marked increase in the number of inter-
genic regions (from 32,481 to 60,250) due to their fragmentationand a
decrease in their lengths (from 14,170 bp to 3,949 bp median length;
Fig. 6). Concordantly, we observed an increased overlap of genic
regions. As the determination of genic regions is currently defined
by the cumulative lengths of the isoforms and their genetic association NS BTA  aS
to phenotypic characteristics, the likely continued reduction in the R R AR R
lengths of intergenic regions will steadily lead to the overlap of most _ m.mmmc o A .
genes previously assumed to be distinct genetic loci. This supports :gr,:oLsmmxz:ﬁf,g%ﬁf"k roghome. Horel ey incommte fe
and is consistent with earlier observations of a highly interleaved
transcribed genome'?, but more importantly, prompts the reconsid-
eration of the definition of a gene. As this is a consistent characteristic
of annotated genomes, we would propose that the transcript be con-
sidered as the basic atomic unit of inheritance. Concomitantly, the
term gene would then denote a higher-order concept intended to
capture all those transcripts (eventually divorced from their genomic
locations) that contribute to a given phenotypic trait. Co-published
ENCODE-related papers can be explored online via the Nature
ENCODE explorer (http://www.nature.com/ENCODE), a specially
designed visualization tool that allows users to access the linked
papers and investigate topics that are discussed in multiple papers
via thematically organized threads.
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Figure 3 | Abundance of gene types in cellular compartments. Two-
dimensional kernel density plots of nuclear over cytosolic enrichment (y axis)

Landscape Of tran sC ri pti on in h uman cel I S versus overall gene expression in the whole cell extract (x axis), for protein
coding, long non-coding and novel genes over all cell lines. Only genes present
Djebali et al. (2012) Nature. doi:10.1038/naturel 1233
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The vast majority (80.4%) of the human genome participates in at least one biochemical RNA- and/or
chromatin-associated event in at least one cell type.

Primate-specific elements as well as elements without detectable mammalian constraint show,
in aggregate, evidence of negative selection; thus, some of them are expected to be functional.

Classifying the genome into seven chromatin states indicates an initial set of 399,124 regions with enhancer-
like features and 70,292 regions with promoter-like features, as well as hundreds of thousands of quiescent
regions. High-resolution analyses further subdivide the genome into thousands of narrow states with distinct
functional properties.

It is possible to correlate quantitatively RNA sequence production and processing with both chromatin marks
and transcription factor binding at promoters, indicating that promoter functionality can explain most of the
variation in RNA expression.

Many non-coding variants in individual genome sequences lie in ENCODE-annotated functional regions; this
number is at least as large as those that lie in protein-coding genes.

Single nucleotide polymorphisms (SNPs) associated with disease by GWAS are enriched within non-coding
functional elements, with a majority residing in or near ENCODE-defined regions that are outside of protein-
coding genes. In many cases, the disease phenotypes can be associated with a specific cell type or
transcription factor.



For a given ENCODE region, how
much conservation do we see across

modern humans
(1000 genomes project)

Impact and Evidence of Selection

Most constrained
=> Most likely functional

\

( \ Average values across
Protein coding sequences

Average values across
UTR sequences

T T T 1 T T I
-1.0 -0.5 0.0 0.5 1.0 1.5 20

Mammalian conservation f

For a given ENCODE region, how much
conservation do we see across 24
sequenced mammalian genomes?



Impact and Evidence of Selection

4xM* At

. ‘.‘.!

Mo Sworety (rwrted soatel
TR

Saut
L)

s LA o

LR

Fuman dhan ty (rwarted scald
Ax

fem*

o beom NGO
. » OO0t evonmse
‘ 'l
; "llll---.---.--
u

Prvvate spechAc TS5 Aata NoN-eadnc rngors

s o4 4 O 0

GF PP conver st o scom

Fan

vt aemt

Tarvar v wly §oomeion) bl
T A

!.'.
.

0 «“- N ¥ » 0w

\\\\\

el B ) rrnnnnn

.o*oo Ahan opon .l

ante TalGr

 etbans s SDODIDE bt s  + 5% s 211
ey e “m - -




!

v Swarety lreried v

S

ivamly [vvate
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:/ * From comparative genomic studies, at least 3—8% of bases are under

purifying (negative) selection, indicating that these bases may potentially be
functional.

* Most primate-specific sequence is due to retrotransposon activity, but an .
appreciable proportion is non-repetitive primate-specific sequence. Of

104,343,413 primate-specific bases (excluding repetitive elements),
67,769,372 (65%) are found within ENCODE-identified elements.

* ... An appreciable proportion of the unconstrained elements are lineage-
specific elements required for organismal function, consistent with long-
standing views of recent evolution, and the remainder are probably ‘neutral’
elements that are not currently under selection but may still affect cellular
or larger scale phenotypes without an effect on fitness.
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The vast majority (80.4%) of the human genome participates in at least one biochemical RNA- and/or
chromatin-associated event in at least one cell type.

Primate-specific elements as well as elements without detectable mammalian constraint show, in aggregate,
evidence of negative selection; thus, some of them are expected to be functional.

Classifying the genome into seven chromatin states indicates an initial set of 399,124 regions
with enhancer-like features and 70,292 regions with promoter-like features, as well as
hundreds of thousands of quiescent regions. High-resolution analyses further subdivide the
genome into thousands of narrow states with distinct functional properties.

It is possible to correlate quantitatively RNA sequence production and processing with both chromatin marks
and transcription factor binding at promoters, indicating that promoter functionality can explain most of the
variation in RNA expression.

Many non-coding variants in individual genome sequences lie in ENCODE-annotated functional regions; this
number is at least as large as those that lie in protein-coding genes.

Single nucleotide polymorphisms (SNPs) associated with disease by GWAS are enriched within non-coding
functional elements, with a majority residing in or near ENCODE-defined regions that are outside of protein-
coding genes. In many cases, the disease phenotypes can be associated with a specific cell type or
transcription factor.
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The vast majority (80.4%) of the human genome participates in at least one biochemical RNA- and/or
chromatin-associated event in at least one cell type.

Primate-specific elements as well as elements without detectable mammalian constraint show, in aggregate,
evidence of negative selection; thus, some of them are expected to be functional.

Classifying the genome into seven chromatin states indicates an initial set of 399,124 regions with enhancer-
like features and 70,292 regions with promoter-like features, as well as hundreds of thousands of quiescent
regions. High-resolution analyses further subdivide the genome into thousands of narrow states with distinct
functional properties.

It is possible to correlate quantitatively RNA sequence production and processing with both
chromatin marks and transcription factor binding at promoters, indicating that promoter
functionality can explain most of the variation in RNA expression.

Many non-coding variants in individual genome sequences lie in ENCODE-annotated functional regions; this
number is at least as large as those that lie in protein-coding genes.

Single nucleotide polymorphisms (SNPs) associated with disease by GWAS are enriched within non-coding
functional elements, with a majority residing in or near ENCODE-defined regions that are outside of protein-
coding genes. In many cases, the disease phenotypes can be associated with a specific cell type or
transcription factor.
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* Histones are the proteins around which DNA is
wound into nucleosomes and at a higher level M

C h rom ati n Crosslink peoteins and DNA

t

to indicate repressive/activating functional state

* Histone modifications have been previously reported i t

* Use ChlP-seq techniques to locate where they are in Stmsle isonenaten
the genome |

— Cannot be predicted from sequence composition alone, highly
dependent on cell type and cell state) '

Immunoprecipitate and

then purify DNA
Table 2 | Summary of ENCODE histone modifications and variants
Hxore mooicamon S3 Putatwe fusctons
o varamt Aaracien i o
H2AZ Peak Hstone proten vanant (H2AZ) assocated with reguiatory dlements with gynamuc chromatin
H3ximel Peal/regon  Mark of reguiiony elements associated with enhancers and cther distal dements, Dt 2iso ennched downstream of transcrpbon starts
H3Xime2 Peak Mark of reguiaiony elements associated with prometers and enhancers
H3X4ame3 Peak Mark of regulatory elements Drimarily MSOCated with DromOoters/IrRanscridlion Stans
H3KSac Peak Mark of active reguiatory elements with peeference for promoters
H3X9mel Regon Preference for the 5' end of genes
H3X9Ime3 Peai/region Repressve mark assocated with constitutve heterochromatin and repelitive elements
M3K27ac Peak Mark of active reguiaiory elements: may distinguish actwve enhancers and promoters from ther mactive counterparns
HIXK27me3 Regon Repressive mark established by polycomb complex actwity assocated with repressve domans and sient developmental genes
H3x3E6me3 Reagen Elongation mark associated with transcrided portons of genes, with peeference for 3° reguons after intron 1
H3K79me2 Regcn Transcripbon-associated mark, with preference for 5° end of gores
HAX20mel Regon Prederence for 5° end of genes
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Expression Modeling

T IOy SN o * Developed predictive models to explore the

Pearson'sr =09

secacrrio interaction between histone modifications and
10 n-o--::,? -A:cr;‘.fi:?u 229 . . . e . .
' - transcription factor binding towards level of

transcription

* The best models had two components: an initial
classification component (on/off) and a second
quantitative model component

* Together, these correlation models indicate both
that a limited set of chromatin marks are sufficient
to ‘explain’ transcription and that a variety of
transcription factors might have broad roles in
general transcription levels across many genes

Figure 2 | Modelling transcription levels from histone modification and
transcription-factor-binding patterns. a, b, Correlative models between
either histone modifications or transcription factors, respectively, and RNA
production as measured by CAGE tag density at TSSs in K562 cells. In each case
the scatter plot shows the output of the correlation models (x axis) compared to
observed values (y axis). The bar graphs show the most important histone
modifications (a) or transcription factors (b) in both the initial classification
phase (top bar graph) or the quantitative regression phase (bottom bar graph),
with larger values indicating increasing importance of the variable in the model.
Further analysis of other cell lines and RNA measurement types is reported
elsewhere**”. AUC, area under curve; Gini, Gini coefficient; RMSE, root mean
square error.
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The vast majority (80.4%) of the human genome participates in at least one biochemical RNA- and/or
chromatin-associated event in at least one cell type.

Primate-specific elements as well as elements without detectable mammalian constraint show, in aggregate,
evidence of negative selection; thus, some of them are expected to be functional.

Classifying the genome into seven chromatin states indicates an initial set of 399,124 regions with enhancer-
like features and 70,292 regions with promoter-like features, as well as hundreds of thousands of quiescent
regions. High-resolution analyses further subdivide the genome into thousands of narrow states with distinct
functional properties.

It is possible to correlate quantitatively RNA sequence production and processing with both chromatin marks
and transcription factor binding at promoters, indicating that promoter functionality can explain most of the
variation in RNA expression.

Many non-coding variants in individual genome sequences lie in ENCODE-annotated
functional regions; this number is at least as large as those that lie in protein-coding genes.

Single nucleotide polymorphisms (SNPs) associated with disease by GWAS are enriched within non-coding
functional elements, with a majority residing in or near ENCODE-defined regions that are outside of protein-
coding genes. In many cases, the disease phenotypes can be associated with a specific cell type or
transcription factor.
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Figure 9 | Examining ENCODE elements on a per individual basis in the
normal and cancer genome. a, Breakdown of variants in a single genome
(NA12878) by both frequency (common or rare (that is, variants not present in
the low-coverage sequencing of 179 individuals in the pilot 1 European panel of
the 1000 Genomes project®)) and by ENCODE annotation, including protein-
coding gene and non-coding elements (GENCODE annotations for protein-
coding genes, pseudogenes and other ncRNAs, as well as transcription-factor-
binding sites from ChIP-seq data sets, excluding broad annotations such as
histone modifications, segmentations and RNA-seq). Annotation status is
further subdivided by predicted functional effect, being non-synonymous and
missense mutations for protein-coding regions and variants overlapping bound
transcription factor motifs for non-coding element annotations. A substantial
proportion of variants are annotated as having predicted functional effects in
the non-coding category. b, One of several relatively rare occurrences, where

Breakdown of variants by frequency

* Common or Rare (that is, variants not
present in the low-coverage sequencing
of 179 individuals in the pilot | European
panel of the 1000 Genomes project)

* ENCODE annotation, including protein-
coding gene and non-coding elements

Annotation status is further subdivided by

predicted functional effect

* non-synonymous and missense mutations
for protein-coding regions and variants
overlapping bound transcription factor
motifs for non-coding element
annotations.

A substantial proportion of variants
are annotated as having predicted
functional effects in the non-coding
category.
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The vast majority (80.4%) of the human genome participates in at least one biochemical RNA- and/or
chromatin-associated event in at least one cell type.

Primate-specific elements as well as elements without detectable mammalian constraint show, in aggregate,
evidence of negative selection; thus, some of them are expected to be functional.

Classifying the genome into seven chromatin states indicates an initial set of 399,124 regions with enhancer-
like features and 70,292 regions with promoter-like features, as well as hundreds of thousands of quiescent
regions. High-resolution analyses further subdivide the genome into thousands of narrow states with distinct
functional properties.

It is possible to correlate quantitatively RNA sequence production and processing with both chromatin marks
and transcription factor binding at promoters, indicating that promoter functionality can explain most of the
variation in RNA expression.

Many non-coding variants in individual genome sequences lie in ENCODE-annotated functional regions; this
number is at least as large as those that lie in protein-coding genes.

Single nucleotide polymorphisms (SNPs) associated with disease by GWAS are enriched within
non-coding functional elements, with a majority residing in or near ENCODE-defined regions
that are outside of protein-coding genes. In many cases, the disease phenotypes can be
associated with a specific cell type or transcription factor.
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Figure 10 Comparison of gemome-wide-assoclation-study-identified locl
with ENCODE data. & Overlap of lead SNPs in the NHGRI GWAS SNP
catalogue (June 2011) with DHSs (left) or transcription-factor-binding sites
{right) as red bass compared with various control SNP sets in Blue. The control
SNP sets are (from left to right) SNPs on the [Bamina 2.5M chip as an example
of a widdly used GWAS SNT typing pand; SNPy from the 1000 Genomes
project; SNPs extracted from 24 persomal genoenes (see personal genome
variants track at hitpo//main genome-browser. bapsia.eda (ref. 20)), all shown
as blue bars. In addition, a further control used 1,000 randomizations from the
genotyping SNP panel, matching the SNPs with each NHGRI catalogue SNP
for allele frequency and distance to the nearest TSS (light blue bars with bounds
at 1.5 times the Interquartile range). For both DHSs and transcription factor-
binding regions, a larger proportion of overlaps with GWAS-implicated SNPs
is found compared to any of the controls sets. b, Aggregate overlap of

henotypes to selected transcription- factor- binding sites (left matrix) or DHSs
in selected cell lines (right matrix), with a count of overlaps between the
phesotype and the cell lineMactor. Values in blue squares pass an empirical
P-value threshold =001 (based on the same asalysis of overlaps between
randoanly chosen, GWAS-matched SNPs and these epigenctic features) and
have at least a count of three overlaps, The P value for the total number of
phenotype-transcription factor associations is <0001, ¢, Several SNPs
associated with Crohn's discase and other inflammatory discases that reside in a
large gene desert oa chromosome 5, along with some epigenetic features
indicative of function. The SNP (rs11742570) strongly associated to Crohn's
disease overlaps a GATA2 transcription-factor-binding signal determined in
HUVECs. This regioa Is also DNase [ hypersensitive in HUVECs and T-helper
Tyl and Ty2 cells. An isteractive version of this figure i avadlable in the online
version of the paper.

88% of GWAS SNPs are
intronic or intergenic of
unknown function

We found that 12% of
these GWAS-SNPs
overlap transcription-
factor-occupied regions

whereas 34% overlap
DHSs

GWAS SNPs are
particularly enriched in the
segmentation classes
associated with enhancers
and TSSs across several
cell types




ENCODE and Cancer

[Inputwholeﬂenomc sequencing data } Coding alterations Of PDAC are now fairly well

1) Malched lumornormal SNV calls
bt o idmnii e established but non-coding mutations (NCM:s)
} largely unexplored

( Prorize non-coang reguatory vananls) * Developed GECCO to analyze the thousands of
| somatic mutations observed from hundreds of

' |} tumors to find potential drivers of gene expression
For each CRR variant For each CRR class .
Associate recurrent AP \ and PathogeneSIs
L y Determine mutation
mutated CRRs rates for each
with flanking genes regulatory class
Use permutation testing Normalize mutation * N CMS are en rIChed In known and novel Pathwa)'s
to identify CRRs rates for GC content, . . .
aftecting expression | | sze,angabungance | ¢ NCMs correlate with changes in gene expression
| ! .
Generate faise discovery| | Compute expresson | ® NCMs can demonstrably modulate gene expression
k& rates ) \__ modulation scores

| | * NCMs correlate with novel clinical outcomes
(pm.’:‘,‘,‘,":,‘:l,ig.“;‘ﬁf;f,si,) NCMs are an important mechanism for tumor
genome evolution

Recurrent noncoding regulatory mutations in pancreatic ductal adenocarcinoma
Feigin, M, Garvin, T et al. (2017) Nature Genetics. doi:10.1038/ng.3861
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http://encodeproject.org

EN-TEx: Expression & Regulation
Analysis of Personalized Genomes

T ENC.001 | ENC-002 | ENC-003 | ENC-004.
Age 37 54 53 51

Sex Male Male Female Female
Cause of Anoxia Anoxia Cerebral Cerebral
Death Vascular Vascular

Accident Accident
Total 319 299 488 299
Libraries

« Sequenced the genomes for 2 male and 2 female samples

using transverse colon tissue

« Large number of ChlP-seq, RNA-seq, ATAC-seq, DNase-seq,

and other functional datasets available in dozens of tissues
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Summary & Critique NV

Summar .
Y , Redefining the Nature
— The unprecedented number of functional elements _ of the Genc
identified in this study provides a valuable resource to ‘ :2 o 'uuu
the scientific community as well as significantly enhances =
our understanding of the human genome. :~:§
=
—
>
S -
. o
* Critique e
— Was it correct! >
— What is functional? ¢ *__§ "
— What is conservation!? ¢ ’§
— What was the control? M
— What are the tradeoffs of organizing so much € *§ ‘
funding ($288M!) around a single project; will other ¢ =

groups successfully use these data!?
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neutral control (non-ENCOOE) and ENCODE tanget reglons, (B) DAF a5 a function 300 leely reflects the presence of spuricus “paralogue collapse™ SNPs |



WD FvoruTion

-
-
-
-
—
-~
-
—_—
~-
—e
[
.-
-~
~
p—
r -
~

GBE

On the Immortality of Television Sets: “Function” in the

Human Genome According to the Evolution-Free Gospel
of ENCODE
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Abstract

A recent sew of ENCyclopeda Of DNA EBlernents (ENCODE) Consortiurn publications, specfically the article signed by all Consortium
members, put forward the dea that more than 80% of the human genome & functional. This caim flies in the face of current
estimates according to which the fraction of the genome that is evolutionarily conserved through purifying selection is less than 10%.
Thus, according to the ENCODE Consortiurm, a biclogcal function can be maintained indefinitely without selection, which implies
that at least 80 — 10 = 709% of the gename i perfectly imulnerable 1o deleterious mutations, ether because no mutation can ever
ocour in these “functional”™ regions or because NO MULation In these regions can ever be deletenous. This absurd condusion was
reached through various means, chiefly by employing the seidom used “causal role® definition of biclogical function and then
applying it inconsistently to different biochemical peoperties, by committing a logical fallacy known as * affirming the conseguent,” by
faling to appreciate the crucial difference between *junk DNA™ and “garbage DNA," by using analytical methods that yield biased
errors and inflate estimates of functionality, by favoring statistical sensitivity over specificity, and by emphasizing statstical significance
rather than the magnitude of the effect. Here, we detail the many logical and methodological transgressions involved in assigning
functionality 10 aimast every nudeotide in the human genome. The ENCODE results were predicted by one of its authors 10 neces-
sitate the rewriting of textbooks. We agree, many textbooks dealing with marketing, mass-media hype, and public relations may weil
have 10 Dé rewmten.

Key words: junk DNA, genome functionality, selecton, ENCODE project
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Current Biology Vol 23 No 7

R260
The ENCODE project: Missteps
overshadowing a success

Two clichés of science journalism have now played out around the ENCODE
project. ENCODE's publicity first presented a misleading “all the textbooks

“To clarify what noise means, | propose the Random Genome Project. Suppose
we put a few million bases of entirely random synthetic DNA into a human cell,
and do an ENCODE project on it. Will it be reproducibly transcribed into mRNA-
like transcripts, reproducibly bound by DNA-binding proteins, and reproducibly
wrapped around histones marked by specific chromatin modifications? | think yes.

A striking feature of genetic regulation is that requlatory factors (proteins or RNAsS)
generally recognize and bind to small sites, small enough that any given factor will
find specific binding sites even in random DNA. Promoters, enhancers, splice
sites, poly-A addition sites, and other functional features in the genome all have
substantial random occurrence frequencies. These sites are not nonspecific

in a random genome. They are specific sequences, albeit randomly occurring and
not under selection for any function.

Would biochemical activities in the random genome be requlated under different
conditions? For example, would they be cell type-specific? Surely yes, because
the requlatory factors themselves (such as transcription factors) are requlated and
expressed in specific cell types and conditions.”
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overshadowing a success
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“There are three categories of big science: the big experiment, the map, and
the leading wedge. A big experiment is driven by a single question or hypothesis
test, but requires a large scale community investment. [...] A map is a data resource
— comprehensive, complete, closed ended — to be used by multiple groups, over a
long time, for multiple purposes. The decision to build a map is a cost/benefit
calculation, weighed against individual labs who are already making piecemeal maps
in an ill coordinated fashion, especially when small groups lack technical expertise to
make the map well. A failure mode with a map is to miscalculate the cost/benefit
analysis and make a map that too few individual labs will use.

ENCODE and some of its critics have fallen into similar traps. In trying to make the
result sound important, ENCODE’s publicity spun it retrospectively as a hypothesis
test, but ENCODE was not designed to test anything. ENCODE is a map: it should
have been published and defended as such. And while its critics argue over an
interpretation that wasn’t in ENCODE’s mission to begin with, ENCODE’s planners
should also recognize that as ENCODE now moves into a new funding phase, it may
be headed for a failure mode in its actual mission. The cost/benefit calculation is
rapidly changing. ENCODE’s technologies (all based on high throughput
sequencing) are now widely and inexpensively available in individual labs.




Bruce Alberts is Editoe-
in-Chief of Science.

The End of “Small Science”?

| AM PROMPTED TO WRITE THIS EDITORIAL BY THE RELEASE OF 30 PAPERS THIS MONTH FROM THE
ENCODE Project Consortium. This decade-long project involved an international team of 442
scientists who have compiled what is being called an “encyclopedia of DNA elements,” a com-
prehensive list of functional elements in the human genome. The detailed overview is expected
to spur further research on the fundamentals of life, health, and disease. ENCODE exemplifies
a “big-science” style of research that continues to sweep the headlines, and the increased effi-
ciency of data production by such projects is impressive. Does this mean that the highly suc-
cessful “small-science” era of biological research will soon be over? Will government funding
increasingly favor big-science projects? I certainly hope that the answer is no.

Each year, the amount of factual information that scientists acquire about cells increases
and, stimulated by -omics projects, the compilations of data expand at a tremendous rate. But
the grand challenges that remain in attaining a deep understanding of the chemistry of life will
require going beyond detailed catalogs. Ensuring a successful future for the biological sciences
will require restraint in the growth of large centers and -omics—like projects, so as to provide
more financial support for the critical work of innovative small laboratories striving to under-
stand the wonderful complexity of living systems. ~ Bruce Alberts

10.1126/science. 1230529
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Genetic effects on gene expression across human tissues
GTEx Consortium (2017) Nature. doi:10.1038/nature24277
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Cataloguing the effects of genetic variation on gene expression
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