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Gene reqgulatory elements

Cis Regulatory Elements are regions of nhon-coding DNA
which regulate the transcription of nearby genes typically by
functioning as binding sites for transcription factors
Non-coding DNA between genes

Introns

A region of DNA that initiates transcription of a particular gene.
Promoters are located near the transcription start sites of
genes, on the same strand and upstream on the DNA

Short (50-1500 bp) region of DNA that can be bound

by activators to increase the likelihood that transcription will
occur at a gene

DNA sequence capable of binding TFs, called repressor
what prevents RNA polymerase from transcribing the DNA
sequence into RNA
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Gene reqgulation

Insulator Insulator is a genetic boundary element that blocks the
interaction between enhancers and promoters
CTCF Regulates the 3D structure of chromatin by binding together

strands of DNA, thus forming chromatin loops, and anchors
DNA to cellular structures like the nuclear lamina

Since the 3D structure of DNA influences the regulation of
genes, CTCF's activity influences the expression of genes
CTCF is thought to be a primary part of the activity of
Insulators, sequences that block the interaction between
enhancers and promoters
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Cis Regulator Elements (CRE)

Where are these regulatory elements?

Find gene regulatory elements and investigate their function :

ChIP-Seq Chromatin Immunoprecipitation with sequencing
DNase-Seq DNase | hypersensitive sites sequencing
ATAC-seq Assay for Transposase-Accessible Chromatin with

sequencing
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ChlP-Seq
Chromatin Immunoprecipitation with sequencing
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DNase Seq
DNase | hypersensitive sites seguencing

Proteins

Gene txn
ey ﬁ‘%} « Identification of active gene regulatory
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g o $ « This method utilizes DNase | to selectively
et digest nucleosome-depleted DNA
—§ (presumably by transcription factors),
- .3__ whereas DNA regions tightly wrapped in

nucleosome and higher order structures are
more resistant
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Assay for Transposase-Accessible
Chromatin with sequencing

d

transposome . .
Closed Transposase, loaded with sequencing
chromatin . .

adaptors (red and blue), inserts only in
— - Amplify regions of open chromatin and
and generates sequencing-library fragments
sequence

that can be PCR-amplified

chromatin

Buenrostro JD et al., Nature Methods, 2013



Cis Regulator Elements (CRE)

Where are these regulatory elements?

Find gene regulatory elements and investigate their function :

ChIP-Seq Chromatin Immunoprecipitation with sequencing

DNase-Seq DNase | hypersensitive sites sequencing

ATAC-seq Assay for Transposase-Accessible Chromatin with
sequencing

New challenge

Understand the mechanisms by which regularory elements control specific
gene promoters at a distance (tens to thousands of kilobase pairs)



Chromosome Conformation Capture Technigues

1. Cross-linking

(formaldehyde) ‘:‘"‘ "":::

2. Restriction Digest '
(frequently cutting enzymes (4-6bp)) —_——

3. Intramolecular Ligation : {
(procedure joins restriction ends of cross- o
linked segments) ;

4. Reverse Cross-links ‘
(proteinase K)
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Chromosome Conformation Capture Technigues

e Conventional Chromosome Conformation

Capture T,
* Resulting in a pool of linear DNA :
fragments (3C library)
* Quantifies interactions between a single —
pair of genomic loci using gPCR with 4
locus-specific markers "
*
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Chromosome Conformation Capture Technigues

Chromosome conformation capture-on-chip
(4C)

Captures interactions between one locus and
all other genomic loci

A second ligation step is needed, to create
self-circularized DNA fragments

These are used to perform inverse PCR
which allows the known sequence to be used
to amplify the unknown sequence ligated to it
Does not require the prior knowledge of both
interacting chromosomal regions
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Enrichment for 3¢
SPECIFIC loci
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Chromosome Conformation Capture Technigues

 Chromosome conformation capture
carbon copy (5C)

» Detects interactions among all loci by
ligating universal primers to all fragments

Method
Specific I - I
Processing
PCR
Enrichment for ALL loci 3¢
Agarose gel Real-time
Product detection gPCR
Quantitation Z
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Chromosome Conformation Capture Technigues

HI-C ChlIP-loop and ChlA-PET

A crosslink and isolate B digest and biotin fill in C ligation and DNA isolation

O‘}f} K /\ ChiP-3C -
Ci’ l%;ﬂ *" O@ one-to-one

EPIIdwn adaptor Igt — e,

nd deep sequencing
P ChlA-PET

D biotin removal and size fractionation
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e The ChIA-PET method [ less non-specific

Belion JM etal., Methods, 2012 interaction noise (like in ChiP-Seq) due to

sonication [ keparates random attachments from

« All genomic fragments are labeled with specific interaction complexes
a biotinylated nucleotide before ligation, ¢ Introduce a linker sequence in the junction of two
thereby marking ligation junctions DNA fragments during ligation

« Junctions are purified by streptavidin-  Analyzed by PET (paired-end tag) sequencing

coated magnetic beads
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Analysis of hundreds of cis-regulatory landscapes at high
resolution in a single, high-throughput experiment

Jim R Hughes!, Nigel Roberts!, Simon McGowan?, Deborah Hay!, Eleni Giannoulatou?, Magnus Lynch!,
Marco De Gobbi!, Stephen Taylor?, Richard Gibbons! & Douglas R Higgs!

IMedical Research Council (MRC) Molecular Haematology Unit, Weatherall Institute of Molecular Medicine, Oxford University, Oxford, UK. 2Computational Biology
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Capture-C
Combines 3C libraries with oligonucleotide
capture to enrich for specific loci



Possible Approach

Some versions of the 4C-seg method can map interactions high resolution, but
only interrogate a single region of interest at a time
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A multiplexed, high-resolution 3C method
Capture-C

Capture-C = 3C + OCT +  high-throughput sequencing
(targeted DNA capture)

[[Interrogate cis interactions at hundreds of selected loci at high resolution in
a single assay




A multiplexed, high-resolution 3C method

Capture-C

(flanking Dpnll restriction site)

restriction enzyme recognition sites
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A multiplexed, high-resolution 3C method
Capture-C

Biotinylated capture probes

restriction enzyme recognition sites
a, Design Promoter Restriction (flanking Dpnll restriction site)
Fragment
—t I i — Specific genomic region
Cis Element A Cis Ele_m_e-nt B
Fla:?agignn":lteﬂ? == = Capture oligos T:ergglnﬁgﬁ
Sure Select platform
b’ Assay Cis Element
A Cis Element
B Interaction of active
Gene Elements
Promoter *
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crosslinking
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i Sonication to
~300bp Fragments of
decrosslinked and purified DNA

Sonication reduces non-specific interactions

Sonication

- =
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Sequencing .
i SureSelect Oligo Capture

adaptors attached i
v |
.

Library Amplification {12 = cycles)
+ Paired-end sequencing

i
-

Y

P1 P2



Oligonucleotide Capture Technology (OCT)

GENEIMIC SAMPLE
(Set of chromasomes)

SureSelect
Target Enrichment System
Capture Process

+ﬁnp+ W

SureSelect

GENOMIC SAMPLE (PREPPED) SureSelect HYB BUFFER BIOTINYLATED RNA LIBRARY
“BAITS"
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http://www.genomics.agilent.com/article.jsp?pageld=3083

1.

Starting from gDNA, a shearing step
produces small fragments (Sonication)

Prepare library with sequencer specific
adaptors and indexes

Hybridize sample with biotinylated RNA
library baits (ultra long 120mer RNA
baits for the highest specificity)

Select targeted regions using magnetic
streptavidin beads

Amplify and load on the sequencer

Increase sample throughput via
multiplexing while achieving the
sequencing depth required

Pooling 8-16 samples prior to
enrichment

455 preselected promoters



Validation of the Capture-C technigue

* Analyzed the cis interactions at the mouse a- and 3-globin gene loci in erythroid (mouse
Ter119+) and nonerythroid (mouse embryonic stem (mES)) cells

* Interactions at the globin loci have been used previously to validate all chromosomal
conformation techniques and thus provide the ideal standard by which to assess newly
developed techniques

Chromosome 11

MCS-R1 MCS-R2 MCS-R3 HS-12 MCS-R4 Hba-x Hba-al Hba-gl Hba-a2 Hba-q2

|
Introns of Nprl3

GENES DISTAL REGULATORY ELEMENTS
Hba-x [ embryonic gene MCS-R1

Hba-al [ fetal and adult tissue MCS-R2 o
Hba-a2  [Jetal and adult tissue MCS-R3 DNasel hypersensitive sites
Hba-ql [plobin-like gene (unknown function) MCS-R4

Hba-g2 [ blobin-like gene (unknown function) HS-12



Validation of the Capture-C technigue

Chromosome 11

DNase Seq

ChIP Seq

a-globin locus

Sequences from any
capture point will interact
with the surrounding
genome (in a distance-
dependent manner),
whether the targeted
promoter or regulatory
element is active or
inactive

The predominant
interaction of the a-
globin promoters
occurs with MCS-R2
which is also known
to exert the greatest
effct on a -globin
expression in vivo

a

Interactions

Chromatin

Transcrption factors
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Interactions per restriction fragment

DNasel hypersensitive sites

= Monomethylation of histone H3 Lys4
~ Trimethylation of histone H3 Lys4

. Capture-C probes designed to
the a-globin gene promoters

So00 | . Capture-C probes designed to

surrounding genes
(background ctrl)

- Chip-seq data

——— Interactions with regions
bound by the Ctcf protein

— —— Positions of known a-globin
regulatory elements



Validation of the Capture-C technigue

chr11:31965000..32364999 a Globin Locus

32000k

Interactions
are consistent
in duplicated

Capture-C Erythroid 1

Capture-C Erythroid 2

Capture-C mES

HS 12R4
R2 g

Interactions between the a-globin promoters and their distal regulatory elements are seen
only when the a -genes are active in erythroid cells and not when they are silent in
nonerythroid cells




Validation of the Capture-C technigue

Capture-C is able to simultaneously assay the same locus from a variety of perspectives in a single
experiment (different viewponts)

a-genes interact with their distal regulatory elements [_poorly expressed Hbq genes interact only weakly
(same for Hba-x)

The promoter of the adjacent gene, Nprl3, also interacts with the erythroid elements contained within ist
introns

Promoter of the next gene upstream (Mpg) interacts only minimally with these elements

chr11:32060000-32259999 a-globin locus

32080k 32080k 32100k 32120k 32140k 32160k 32180k 32200k 32220k 32240k 32260 k
L} 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 I ¥
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RefSeqgencs gmp~ Mam—t WOt b b1 1
Mpg o Capture-C agrees with all
T T o previous 3C analyses,
Nerts e ? identifying all known
s 1 “ regulatory elements of the
" h}“ : . globin genes and no
1 11 1 1,01 [ ] 20 .
. L ., additional elements
. -
1 11 = rTrAihi:‘“h‘ll " i
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Multiple locl In one experiment

o 455 preselected promoters
* a- and B-globin genes as performance controls
« 71 gene promoters because of either their proximity to the a-globin locus
or their known functional importance in erythropoiesis
 Remainder of 384 promoters [_increased expression of their associated
genes in mouse erythroid Ter119+ cells relative to ES cells

[ belected genes whose expression was likely regulated by enhancer-promoter
interactions during erythropoiesis

Analysis of the capture efficiency showed that the majority (92%) of the
targeted regions were successfully captured



Exam ple a chr4:114579436—114683674 Tal1 (Scl) locus
Regulatlon We” known 114600 k 114700 k 114800 k
Tall Foxd2 Foxe3d Cmpk1 St Tal1 Pdzk1ipl Cypdxl

. . . a i m— M- . m I
TF essential in erythroid ,
W Tal | |
develompent 8 { o i “l i
: I
E Pdzk1ip1 i | I':
- e - ..:i_... gy o
i [] 1 i
E { L o .E\ l il :L M
G Ctot
N ! 1 l A
Stil Ctcf-11.6 HS I+40

Multiple locl In one experiment

Chromatin and functional studies have shown that in erythroid cells, a single
intergenic erythroid enhancer (+40) lying 40 kb away from Talluprequlates
expression of Tall and Pdzklipl

Capture-C from the promoter of either gene clearly identified interactions with
the +40 enhancer

= &8 B &8 B



Multiple locl In one experiment

Exampl
a p € . b chr14:69800000—59999999 Slc25a37 (Mfrn1) locus
* RegU|at|0n w B9800 k G9820k G9B40k F9BE0k F9BAB0k GOS00k 69920k 69940k B9960k  G9SBO K TOOOO kK
e Slc25a37
) .o Niox3-1 Slc25a37 Do30020E02Rik Entpd4
 Mitochondrial iron > T
transporter

- Slc25a37

Intemctions

-

Ch mmatin

HS+17 ' HS-20.4 'HS-37.5
HS-23 HS-34

» Also interested in using Capture-C to analyze currently unknown promoter—cis
element interactions involving genes of known function

o Capture from the Slc25a37 promoter identified six elements (HS+8, HS+17, HS-
20.4, HS-23, HS-34 and HS-37.5), which are variously bound by erythroid
transcription factors and bear the chromatin signatures of enhancers



General principals of cis regulation
revealed by Capture-C

* Analyzing large numbers of enhancer-promoter interactions:

» Most interactions occur within ~300 kb of the promoters

« Frequency of interactions decreases inversely with distance from the
transcriptional start sites (TSSs)

* Interactions between promoters and cis elements are restricted to
discrete genomic regions with a clear boundary [ What sets the
boundaries of such domains is not yet clear




Linking SNPs In regulatory elements to
genes they control

 Most SNPs associated with complex diseases lie within a cis-regulatory
elements and presumably alter expression of their target genes

» Use Capture-C to link regulatory SNPs to the genes whose expression they
affect

* Re-analyzed DNase-seq erythroid data set of eight strains of mice [_had a look
for SNPs in cis-regulatory elements predicted by Capture-C



Linking SNPs In regulatory elements to
genes they control
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Linking SNPs In regulatory elements to

Three strains with SNPs in the distal
regulatory element have a reduced
expression of RNA from the gene Pnpo to

which the regulatory element was linked

by Capture-C

genes they control
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Conclusion

Capture-C overcomes many of the limitations of previous methods, providing an unbiased,
high-resolution map of cis interactions for hundreds of genes in a single experiment

Paired-end sequences derived from this method are simply mapped to the genomic
sequence to generate a genome-wide map of interaction density with the elements of
interest

Analysis of the mouse a- and B-globin loci as test cases agrees with all previous 3C
analyses, identifying all known regulatory elements of the globin genes and no additional
elements [_{vas even possible to view all of these interactions from different viewpoints in
the same experiment

Other ‘all versus all’ 3C methods (HiC and ChlA-PET) generate very low numbers (one to
tens) of informative interactions from each restriction fragment, Capture-C typically
identifies hundreds to thousands of informative interactions from each targeted fragment

Possible to link SNPs found in regulatory elements to the genes whose expression they
influence
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Multiplexed analysis of chromosome conformation at
vastly improved sensitivity

James O J Davies!, Jelena M Telenius!, Simon ] McGowan?, Nigel A Roberts!, Stephen Taylor?, Douglas R Higgs!
& Jim R Hughes'
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Next-generation (NG) Capture-C
A high-throughput version of
Capture-C



Reasons for new method

The original Capture-C protocol uses oligos synthesized on a microarray with a
design minimum of 40,000, irrespective of the number of desired viewpoints

So the cost per sample is very high for small designs

Experimental designs often require much smaller subsets of regions, but from
multiple samples

Capture-C’s sensitivity does not easily allow for the analysis of very weak cis
Interactions

Capture-C is not applicable for low cell numbers



Factors influencing the method

A maximum of only four interactions can be detected from each region per cell
(one from each end of the captured viewpoint fragment on each allele)

[ the number of available cells and the complexity of the 3C library determine
the maximum number of interactions that can be detected

The hybridization efficiency of the capture probe is important, and is largely
dictated by the underlying sequence

The efficiency of the assay and depth of sequencing required are determined by
the proportion of background fragments from noncaptured DNA contaminating
the library




Experimental Workflow

* Redesigned the Capture-C protocol

« Using DNA rather than RNA biotinylated oligos [ Vastly superior efficiency

d
1. Formaldehyde fixation

Enhancer 1
Enhancer 2 -

Promater

6. Addition of indexed
sequencing adaptors

i

Indexing barcode

6 PCRH cycles

2. Restriction enzyme

digestion
Enhancer 1
Enhancer 2 .
Promoter

~400-bp fragments

7. Pooling of differently
indexed samples
for multiplex analysis

11. Clustering PCR on flow cell and paired-end sequencing

lllumina paired-end
sequencing adaptors

3. Ligation

Enhancer 1

Enhancer 2
Promoter

--10-kb concatamers

8. First hybridization
with biotinylated oligos

=B
=B

4. De—cross-linking and
DMNA extraction

Enhancer 1

- HH
Enhancer 2 Promoter

9. Streptavidin bead

pulldown
-B—
O
=
O

Single capture, 5-20,000-fold enrichment

Double capture, up to 1,000,000-fold enrichment

=

5. Sonication

~200-bp fragments

10. PCR amplification
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L
R
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14—18 PCR cycles



Experimental Workflow

1. Raw data 2. Reconstruction of 3. In sifico restriction 4. Removal of
fragment from enzyme digestion uncaptured reads
PEA pED paired-end reads
] | [ m—
pu— -] — - -
[— .| o - -
E e — — - -

&
=3
o
o
o
=
!
o
3
-

) ) . ) Captured
6. Mapping of unique informative viewpaoint
interactions to restriction fragments fragment

Restriction enzyme 4 4 24 44 + 44 PO N S O N )
cut sites -l
Enhancer 1 Enhancer 2 Promoter
8 Reported interactions Proximity 1kb| Reported interactions
Interactions exclusion
per restriction e
fragment

5. Removal of PCR
duplicates




Optimization of the Protocol

Minimized losses during the addition of sequencing adaptors and by pooling
material

Increased total input to 10 ug of 3C library

Doubled complexity of the material used for hybridization

[ B x more ligation junctions than in the previous protocol

To decrease the amount of background fragments
« Simplified the library design to use single 120-bp biotinylated DNA
oligonucleotides, which included the restriction sites, to capture each end of
the target restriction fragment
* Introduced a second, sequential round of capture [_Hecreased background of
uncaptured material
Sequencing depth was no longer limiting and PCR duplicates could be easily
excluded bioinformatically Gene promoter

Captured view point
Restriction enzyme fragments fragment

—_— _ >
}—— O Biotin 5’ Biotin
120bp Capture oligonucleotides

_GATC]
GATC

Restriction enzyme cut site



Testing the new Protocol

P Npﬁimﬁw.qﬂ Hbm.“"mg Probes against Hba-al and Hba-a2 promoter
Snmp2s Wl Mea HH Hba-x | H.bq?a i
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Single capture Saw no differences in the local interaction profiles
between single and double capture
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Testing the new Protocol

 Combined the capture probes for a-globin, B-globin and Slc25a37 (Mitoferrin-1)
* Matched previously determined patterns of interaction
» Interactions with the local erythroid enhancers were clearly and specifically increased in

erythroid cells

» For the same depth of sequencing, the double capture increased the sensitivity of the

profile 30-fold
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Hbb-b1 and Hbb-b2
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and Oct4 (data not shown)

Subtractive analysis uncovered
tissue-specific regulation of genes

For example, Pnpo is specifically
upregulated in mouse erythroid
cells by an erythroid-specific
enhancer (HS-26)



Robust interaction profiles from low
numbers of cells

In human primary tissues, cell numbers are often limited

Use of low cell numbers did not alter the digestion efficiency, and the amount of
DNA extracted per cell was constant [_pptimized the preparation of
hybridization-reaction material for the reduced DNA content of the 3C libraries

« Smaller volumes

« More PCR cycles

Using 100,000 cells [_penerated ~19,000 interactions, compared to an average
of 137,000 when cell number was not limiting



Robust interaction profiles from low
numbers of cells

The interaction profiles at the a- and B-globin loci remained virtually unchanged

a. pglobin (Hbb-b1&2) b. a globin ( Hba-a1&2) C. Slc25a37
100 kb
Hbb 1'31 tiz Hba | | Slc25a37 Wfscee]
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Robust interaction profiles from low
numbers of cells

Weak, long-range interactions became difficult to determine reproducibly when only
100,000 cells were used

a. Hha1-'a'1&2
UGSC Genes wH 'H W MW B 4 e | 0 e e ISR B - I H——H
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(raw counts per restriction fragment)
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Generation of SNP-specific interaction profiles

a
Position of SNP
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affect the regulatory interactions of the
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SNP specific NG-Capture-C
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Can also be applied to non-allelic
SNPs [ Hba-al and Hba-a2
differing at only a few positions

Generated specific interaction
profiles for Hba-al and Hba-a2

Hba-alpreferentially interacted with
HS-12 and R4

Hba-a2 and Hba-alhad very
similar interactions with the R1 and
R2 regulatory elements

Hba-a2 interacted much more
strongly with the chromatin
between the two genes



Conclusion

Exceeds the sensitivity and resolution of detection of current 3C methods
[ Increased through double capture and the ability to remove PCR duplicates

NG Capture-C allows the simultaneous capture of multiple samples in a single
reaction, greatly increasing the throughput and economy of the assay

This approach identifies all known regulatory elements at characterized test loci
at levels of resolution previously not possible

Optimized the NG Capture-C method for smaller numbers of cells (~100,000)

Possible to generate SNP-specific interaction profiles



Thank you for your attention!!
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