In Lesson 1

® Functional genomics is a field of molecular biology based on genome-wide
sequencing data.

® Genome-wide sequencing data describe genomic regulatory regions that
control gene expression

® Gene expression disregulation may be linked to the disease

@ Understanding molecular mechanisms of disease outcome opens the way
to discovery drug and identify biomarkers



How SNPs play a FUNCTIONAL role in disease:

Impact on transcription

® Changing consensus sequenses for transcription factors binding sites
® Changing interaction between for transcription factors
® Changing epigenetic profiling of specific genomic regions

® Changing long range interaction between two genomic regions



In this Lesson

® Enhancer Overview

® Genomic regulatory network to define cell identity

® Genetic variations meaning in cell identity



The selection and function of
cell type-specific enhancers

Sven Heinz!, Casey E. Romanoski?, Christopher Benner' and Christopher K. Glass*3

Abstract | The human body contains several hundred cell types, all of which share the same
genome. In metazoans, much of the regulatory code that drives cell type-specific gene
expression is located in distal elements called enhancers. Although mammalian genomes
contain millions of potential enhancers, only a small subset of them is active in a given cell
type. Cell type-specific enhancer selection involves the binding of lineage-determining
transcription factors that prime enhancers. Signal-dependent transcription factors bind to
primed enhancers, which enables these broadly expressed factors to requlate gene
expression in a cell type-specific manner. The expression of genes that specify cell type
identity and function is associated with densely spaced clusters of active enhancers known
as super-enhancers. The functions of enhancers and super-enhancers are influenced by,
and affect, higher-order genomic organization.
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Enhancer Characteristics

Enhancers are regulatory elements in proximity of genes

Each cell has a set of enhancers

Enhancers have motifs for sequence-specific transcription factors
Enhancers are marked with epigenetic modifications

Enhancers are in different states of activation



mucH oF THE REGULATORY CODE THAT DRIVES CELL-

TYPE-SPECIFIC GENE EXPRESSION IS LOCATED IN DISTAL
ELEMENTS CALLED ENHANCERS
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CELL TYPE USE A SMALL SUBSET OF MILLIONS OF POTENTIAL ENHANCERS
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Enhancers in tissue/cell-specific gene expression
Trends in Biochemical Sciences April 2014, Vol. 39, No: 4



CELL TYPE USE A SMALL SUBSET OF MILLIONS OF POTENTIAL ENHANCERS
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LINEAGE-DETERMINING TRANSCRIPTION FACTORS BIND
AT CELL-TYPE SPECIFIC ENHANCERS
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EACH CELL HAS ACTIVE ENHANCERS

Available regulatory regions
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Maintaining Cell Identity
through Global Control of Genomic Organization

Gioacchino Natoli'-*
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TRANSCRIPTION FACTOR BINDS SPECIFIC CONSENSUS SEQUENCE
IN ACTIVE ENHANCER
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TRANSCRIPTION FACTORS THAT BIND ENHANCERS

TRANSCRIPTION FACTORS
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TRANSCRIPTION FACTORS THAT BIND ENHANCERS
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Enhancer Activation

® Transcription Factors bind specific genomic regions and allow access to
other proteins remodelling chromatin

@® Differentiation states and external stimuli induce enhancers activation



ACTIVE ENHANCER

(A)

INACTIVE ENHANCER

Enhancer states can broadly be classified as inac-
tive, primed, poised or active??. An inactive enhancer is
essentially buried in compact chromatin and is devoid of
transcription factor binding and histone modifications.
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a Poised enhancer
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Figure 1 | The anatomies of poised and active enhancers. The characteristic features
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Figure 3. Chromatin transitions to active enhancers involve interactions between
cell lineage-determining transcription factors and signal-dependent factors. (A)
Enhancers primed by lineage-determining factors frequently reguire signal-
dependent transcription factor binding to gain H3K27ac and become active. (B}
Active enhancers can also be selected by interactions between signal-dependent
factors and lineage-determining factors. Abbreviaions: C/EBP, CCAAT/enhancer
binding protein; NF-kB, nuclear factor-xB; PU.1, transcription factor originally
named spleen focus forming virus (SFFV) proviral integration oncogene.

Enhancers in stimulus-induced gene activation

Trends in Immunology September 2015, Vol. 36, 0.9
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mark ACTIVE ENHANCERS

b Active enhancer

H3K4mel and H3K4me2
H3K27me3 absent or low

H3K27ac high

Wide nucleosome-free region



; SDTF: SIGNAL —DETERMINING
TRANSCRIPTION FACTORS TRANSCRIPTION FACTORS

. Core primed Environment-driven ‘
Environment
enhancers enhancers
Peritoneal cavity a . PU.1 . RARGL I

Direct RAR targets

/N
80 - TE
Y e ‘ /N

LPM LDTFs

GATAG LPM-specific
’ E ? RARP enhancer

etc

TGFP-responsive
enhancer

N _/

é . PU.1 SMAD k
! ]E’ MG LDTFs MG-specific
SMAD3 enhancer

RA-responsive Maff
enhancer etc

e
~ [ *C
L Cee---

Direct TGF[3 targets

STIMULI

Romanoski et al., 2015 Trends in Immunology September 2015, Vol. 36, No. 9

TGFB-responsive

enhancer
\ _//

MG




Enhancer Selection

® The role of lineage-determining transcription factors.

® The role of signal-dependent transcription factors.



TRANSCRIPTION FACTORS
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Pioneer Factors and Lineage-determining Transcription Factors leads to
nucleosome remodeling and increased chromatin accessibility
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In activated macrophages




Review Early T helper cell programming of gene expression in human

Soile Tuomela, Riitta Lahesmaa*

Antigen receptor

g f:m ¥

(@)
Cytokine

environment Combination

of stimuli
\ / EPIGENETICS

1.1. Transcriptional regulation of human Th cell priming

1.2. Epigenetic regulation of Th cell priming in human

1.3. Regulation of Th cell differentiation by RNA processing and
non-coding RNAs

Sy £ ‘ﬁ_ Homing to

RNA PROCESSING s
e 00
Ay ) AAAAA °®
e ®e
1_"_& Cytokine

secretion




Positive selection Antigen-driven

thymic CD4/CD8 choice effector choice
T lineage entry | PU.1 Periphery
¥ PU.1 Thymus\'

Commitment

B-Selection

Notch signaling

) ’ @
Runx1 or Runx3, Ets family factors, bHLH factors, etc.

TRENDS in Immunology




Differentiation of Effector
CD4 T Cell Populations*

Jinfang Zhu, Hidehiro Yamane, and William E. Paul
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Enhancer RNAs and regulated
transcriptional programs

Michael T.Y. Lam’, Wenbo Li?, Michael G. Rosenfeld?, and Christopher K. Glass'-?

Trends in Biochemical Sciences April 2014, Vol. 39, No. 4
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Molecular mechanisms that underline enhancer activation

(©) Signal-induced enhancer
formation and eRNA elongation

initiation
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Activating ncRNAs
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Enhancer Function

® Chromatin looping

® Super-enhancers, cluster of enhancers, key player in the cell identity and
differentiation



CHROMATIN LOOPING
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Super-enhancers.

d
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Cell-type-specific enhancers to regulate same genes
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Association of human chromatin data and susceptibility to immune disease
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NATURAL GENETIC VARIATION IS ASSOCIATED WITH TF BINDING
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SNPs in the genomic regulatory regions may affect:

® Enhancer Activation: loss of TFs interaction or TFs recruitment.

® Enhancer Selection: loss or association of LTDF

@® Alteration of timing or specific tissues activation

® Long range interaction between genomic regulatory regions



How are SNPs studying in genome-wide manner?



Super-Enhancers in the Control
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SUMMARY

Super-enhancers are large clusters of transcriptional
enhancers that drive expression of genes that define
cell identity. Improved understanding of the roles
that super-enhancers play in biology would be
afforded by knowing the constellation of factors
that constitute these domains and by identifying
super-enhancers across the spectrum of human
cell types. We describe here the population of tran-
scription factors, cofactors, chromatin regulators,
and transcription apparatus occupying super-en-
hancers in embryonic stem cells and evidence that
super-enhancers are highly transcribed. We produce
a catalog of super-enhancers in a broad range of hu-
man cell types and find that super-enhancers asso-
ciate with genes that control and define the biology
of these cells. Interestingly, disease-associated vari-
ation is especially enriched in the super-enhancers of
disease-relevant cell types. Furthermore, we find that
cancer cells generate super-enhancers at onco-
genes and other genes important in tumor pathogen-
esis. Thus, super-enhancers play key roles in human
cell identity in health and in disease.



SUMMARY

Super-enhancers are large clusters of transcriptional
enhancers that drive expression of genes that define
cell identity. Improved understanding of the roles
that super-enhancers play in biology would be
afforded by knowing the constellation of factors
that constitute these domains and by identifying
super-enhancers across the spectrum of human
cell types. We describe here the population of tran-
scription factors, cofactors, chromatin regulators,
and transcription apparatus occupying super-en-
hancers in embryonic stem cells and evidence that
super-enhancers are highly transcribed. We produce
a catalog of super-enhancers in a broad range of hu-
man cell types and find that super-enhancers asso-
ciate with genes that control and define the biology
of these cells. Interestingly, disease-associated vari-
ation is especially enriched in the super-enhancers of
disease-relevant cell types. Furthermore, we find that
cancer cells generate super-enhancers at onco-
genes and other genes important in tumor pathogen-
esis. Thus, super-enhancers play key roles in human
cell identity in health and in disease.
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Mediator Coactivator Complexes and Master TFs are bound at Super-enhancers

Transcription Factors in ESCs
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Super-enhancers are clusters of enhancers—formed by binding
of high levels of master transcription factors and Mediator coac-
tivator—that drive high-level expression of genes encoding key
regulators of cell identity (Figure 1A) (Whyte et al., 2013). Five
ESC transcription factors were previously shown to occupy
super-enhancers (Octd, Sox2, Nanog, Kif4, and Esrrb) (Whyte
et al., 2013), but there are many additional transcription factors
that contribute to the control of ESCs (Ng and Surani, 2011; Orkin
and Hochedlinger, 2011; Young, 2011). We compiled ChIP-seq
data for 15 additional transcription factors in ESCs, for which
high-quality ChlP-seq data were available, and investigated
whether they occupy enhancers defined by Oct4, Sox2, and
Nanog (OSN) co-occupancy (Whyte et al., 2013) (Table S1 avail-

(A) Distribution of Med1 ChIP-seq signal at enhancers reveals two classes of enhancers in ESCs. Enhancer regions are plotted in an increasing order based on
their input-normalized Med1 ChiP-seq signal. Super-enhancers are defined as the population of enhancers above the inflection point of the curve. Example
super-enhancers are highlighted along with their respective ranks and their associated genes.



Bioinformatic analysis for the definition of SE:
- Signal in proximity of the gene
- signal extended in the genomic regions that identify SE

- increased numbers of reads into SE respect to costituent, single
enhancer in the SE

- increased signal into SE respect to typical enhancer



Mediator Coactivator Complexes and Master TFs are bound at Super-enhancers

Chromatin Immunoprepitation Binding Profiles at target genes
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ChlP-seq signal across SE domains
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(C) Metagene representations of the mean ChlP-seq signal for the indicated transcription factors across typical enhancers and super-enhancer domains.
Metagenes are centered on the enhancer region, and the length of the enhancer reflects the difference in median lengths (703 bp for typical enhancers, 8,667 bp
for super-enhancers). Additional 3 kb surrounding each enhancer region is also shown.



TFs motif enrichment are used to associate gene target
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Core Transcriptional Regulatory Circuit of ESCs

Super-
enhancer Gene Protein
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(G) Revised model of the core transcriptional regulatory circuitry of ESCs. The model contains an interconnected autoregulatory loop consisting of transcription
factors that meet three criteria: (1) their genes are driven by super-enhancers, (2) they co-occupy their own super-enhancers as well as those of the other
transcription factor genes in the circuit, and (3) they play essential roles in regulation of ESC state and iPSC reprogramming. The layout of the circuit model was

adapted from Whyte et al. (2013).



Super-enhancers are occupied by a large portion of
the enhancer-associated RNA polymerase Il
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Model showing RNAPII, transcriptional cofactors, and chromatin
regulators that are found in ESC super-enhancers. The indicated proteins
are responsible for diverse enhancer-related functions, such as enhancer
looping, gene activation, nucleosome remodeling, and histone modification.
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factors




SUPERENHANCER SHARED BETWEEN SEVERAL CELL TYPES
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SUPERENHANCER SHARED BETWEEN SEVERAL CELL TYPES
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GENE ASSOCIATED TO SUPERENHANCER IN SEVERAL CELL TYPES:
GENE ONTOLOGY
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MASTER TRANSCRIPTION FACTORS IN SIX CELL TYPES

c Skelatal Adipose
Brain Haar muscle Lung tissua B cell

MEXZ2-2 TBX20 MYODN NFIB PPARG K23
OLIG1 TBX5 PITXz TBX5 CEBPB PAXS

BEM2 MEF2A Sl CEEBPA CEBPD BACH2

S0X10 NKX2-5 TEADY TBX2 CHEB1 oCT2

SI0X2 GATA4 TBX3 |K.ZF 1
IRFa

(C) Candidate master transcription factors identified in six cell types. All of these transcription factors were previously demonstrated to play key roles in the
biology of the respective cell type or fadlitate reprogramming to the respective cell type.
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SINGLE NUCLEOTIDE MUTATIONS LINKED TO DISEASE (GWAS)
ASSOCIATED TO SUPERENHANCERS
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SINGLE NUCLEOTIDE MUTATIONS LINKED TO DISEASE (GWAS)
ASSOCIATED TO SUPERENHANCERS
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(27 mon-coding SNP)

Adipose
tissue __—g——0 _ Lung

Sigmoid Heart
colon
Small | \} Adrenal
intestine | | gland
\ /

Spleen \ / Monocyte

Hematopoietic —™" Thcsll
stem cell B cell

|
Brain O snpromB 12

Multiple sclerosis
(108 non-coding SNP)
0 snPrioME &

Adipose Brain

tigsue . LUNG

Sigmoi Heart
colon

Small | ) adrenal
irﬂes’line".l / gland

Spleen IIIH\ / JIII Monocyte

Hematopoietic " Tncall
stem cell B cell



Super-enhancers in Cancer
Genes associated with SE and involved in cancer progression
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The super-enhancers formed in the MYC locus were tumor type specific
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Super-enhancers are associated with genes
that act as hallmarks in colonrectal cancer

Colorectal cancer
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