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Outline of the lecture

Purpose: introduce basic steps and key considerations in Hi-C analysis

1. The Hi-C/TCC method
2. What can we measure with Hi-C?
3. Study design
4. Hi-C analysis workflow:
a. Preprocessing
b. Quality controls
c. Normalization
d. Chromosome-wide analysis

e. Identification of local structures - TADs
f. Identification of significant interactions



Hi-C and derivatives

Crosslink DNA Cut with Fill ends Ligate Purify and shear DNA;  Sequence using
restriction and mark pull down biotin paired-ends
Hindlll enzyme with biotin

AAGCTT
TTCGAA

AAGCT|AGCTT
TTCGA|TCGAA

iy

Lieberman-Aiden 2009



TCC - tethered chromatin conformation capture

Crosslinked chromatin
e, = 7. Adaptor ligation

1. Protein biotinylation
and DNA digestion

6. Shearing and
biotin pull-down

r
~§= (.9 O

5. DNA purification and
exonuclease treatment

. 3. Filling
2. Tethering overhangs

Streptavidin-coated bead

Kalhor 2012
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Contact probability, simulated
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Hi-C methods - what
can we learn from
them?

Polymer biophysics

General chromatin structure in
the interphase
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Hi-C methods - what
can we learn from
them?

Polymer biophysics

The structure of metaphase
chromosomes



Human chromosomes

Hi-C methods - what can we learn from them?

Cross-linking frequencies between

O — AN NMIFLOOMNODOOO — N .
CNeYeeneem oo m e T e seguences genome-wide
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2 B
3 B . :
g I. Often referred to as ‘interactions’
6 m
7 % i
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Human chromosomes

Lieberman-Aiden 2009



Hi-C methods - what can we learn from them?

G Chr14
Coverage b kit

ooes 0 A1 R

H3K36me3
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‘igenvector
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Hi-C

ChlP-seq

Hi-C methods - what can we learn from them?
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Cis-regulatory element interactions
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—— Intrachromosomal

----1.080
B
\\\\‘
100,000 1,000,000 10,000,000 100,000,000
Distance (bp)

Signal declines very quickly with
iIncreasing genomic distance

Count noise...

Depending on the question we ask
we would need appropriate

sequencing depth

Study design

Restriction Fragments
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Study design - sequencing depth
‘personal observations’

1 Mb resolution, mammalian genome 1 lane of Hi-Seq per replicate
should allow for comparative analysis of inter-chromosomal interactions
(yield ~ 70M usable reads)

The same sequencing depth should allow for attempts in comparative
analysis at 10 kb bin level (including ‘local’ interactions only - up to 1Mb)



Analysis workflow

::%:r:

Trim at ligation site

Ready quality check

v

Alignment

Both mates separetly

v

Filtering

v

Good alignment

v

Mapping to RF* within the correct
distance (sonication)

v

Mapping not too close to each other

v

Remove reads from the same RF

v

Read orientation filter (Jin 2013)

v

Remove PCR duplicates

Normalization

v

v

v

Interaction calling

TAD calling

Compartment

Inter-chromosomal contacts

RF - restriction fragment



We can (should) perform normalization

Excellent news: we are genome-wide in this assay!
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1st approach

Biotin adapter
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1. ldentify sources of biases: RF length, mapability and CG content
2. Normalize



2nd approach - first step

1. Do not try to identify sources of biases but learn their effect from data (coverage)
2. Normalize for the coverage

number of reads
between segments |
normalized ligation

and j 1l K
c 2 Z c,, Total number of reads
I
=] [=k+1
frequency between fz K K

segments /and J
C.. C,g.
=1 =1

Total number of for Total number of for
segment | segment

Lieberman-Aiden 2009
Kalhor 2012



2nd approach ‘ICE’ - complete

1. Do not try to identify sources of biases but learn their effect from data (coverage)
2. Normalize for the coverage in an iterative fashion

Biases

Observed
Olj — BZB] ij True

‘relative contact ZN . T; —
probabilities’ i=1[i—j|>1"Y

1

* diagonal and 1st off-diagonal are removed
additional filtering required

Imakaev 2012



How does it work algorithmically?

“We start by creating a working copy of the matrix Oij, denoted Wij as the iterative
process gradually changes this matrix to Tij.

We initialize the iterative procedure by setting each element of the vector of total
biases B to 1. We begin each iteration by calculating the coverage

Si=2W;

Next, additional biases ABi are calculated by renormalizing Si to have the unit
mean

AB; = Si/mean(S)).

We then
Wij / ABiIAB;j for all (i,))

and update the total vector of biases by multiplying by the additional biases.

Iterations are repeated until the variance of the additional biases becomes
negligible
Imakaev 2012



Analysis workflow

::%:r:

Trim at ligation site

Ready quality check

v

Good alignment

v

Mapping to RF* within the correct
distance

v

Mapping not too close to each other

v

Remove reads from the same RF

v

Read orientation filter (Jin 2013)

v

Remove PCR duplicates

Alignment
- Both mates separetly
| {
v/ Filtering —
/ \
vV Normalization

v v

v

v

Interaction calling

TAD calling

Compartment

Inter-chromosomal contacts

RF - restriction fragment



Isolation of interactions

Random collisions

Uniform - visualization

110

120

130}
Interactions occurring just

because chromatinis a
biopolymer and folds

140}
150}
160 |

170
180}

190 |

120 140 160 180 Mb

Naumova 2013



Isolation of interactions

Random collisions - expected interaction strength at a particular distance

Expected value

|

Normalized signal

| I I | | I

Genomic distance (bp)



Isolation of interactions

LETTER

A high-resolution map of the three-dimensional
chromatin interactome in human cells

Fulai Jin'*, Yan Li'*, Jesse R. Dixon"?, Siddarth Selvaraj'®, Zhen Ye', Ah Young Lee', Chia-An Yen', Anthony D. Schmitt"*,
Celso A. Espinoza' & Bing Ren™”

doi:10.1038/nature12644

Use negative binomial to asses for each interaction whether its strength is
unexpectedly high given the:
- biases
- distance
- additional signal strength threshold
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Rao 2014

Isolation of interactions
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= 341

HiCCUPS

Pixels in the middle should have
signal 50% higher than the
surroundings.



Analysis workflow

::%:r:

Ready quality check

v

Good alignment

v

Mapping to RF* within the correct
distance

v

Mapping not too close to each other

v

Trim at ligation site — Alignment Remove reads from the same RF

Both mates separetly V
Read orientation filter (Jin 2013)

/ v )

\/ F”tering — Remove PCR duplicates
/ v —
vV Normalization
/ ¥ v v \
V' Interaction calling TAD calling Compartment | | Inter-chromosomal contacts

RF - restriction fragment



Isolation of TADs - directionality index (Dl)
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Tom Sexton’s and Amos
Tanay’s method

Particularly convenient for
compact genomes

Here D. melanogaster

Basic model

Distance-scaling model

Contact frequency
(log scale)

Y

d

A

/

AI—scaled

Basic modelfailsto
predictthe observed
high contact frequency

W

< ¥

[

AI—scaled AI—basic
Linear distance
(log, scale)

' Domain
! border
I threshold

2 0 2 4

Log, distance-scaling factor



Rao 2014

Isolation of TADs - other approaches

Arrowhead Matrix

49.365

{ L Chr20

51.13

MATRIX -1x(Obs/Exp - 1)

‘A “corner score’” matrix,
indicating each pixel’s likelihood
of lying at the corner of a domain,

is efficiently calculated from the
arrowhead matrix using dynamic
programming.’



Analysis workflow

::%:rz

Trim at ligation site

Ready quality check

v

Alignment

Both mates separetly

/

v

v

Filtering

v

Good alignment

v

Mapping to RF* within the correct
distance

v

Mapping not too close to each other

v

Remove reads from the same RF

v

Read orientation filter (Jin 2013)

v

Remove PCR duplicates

vV Normalization
/ v ¥ v \
V' Interaction calling AD calling Compartment | | Inter-chromosomal contacts

RF - restriction fragment



The isolation of compartments

A Observed B Observed/Expected C Pearson correlation

" Chr14 1 1 o j 1 o 1

-.’ 1 1 1 1 Ch.r 14 1 1 1 1 q
We apply eigen() function on the data
Visual inspection - which eigen vector corresponds best
ol sign: choice between A and B annotation is based on

the overall expression

Lieberman-Aiden 2009




Inter-chromosomal interactions and compartments
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Taking into account only inter-chromosomal contacts reveals a continuum in £

Imakaev 2012



Analysis workflow

::%:rz

Trim at ligation site

Ready quality check

v

Alignment

Both mates separetly

/

v

v

Filtering

v

Good alignment

v

Mapping to RF* within the correct
distance

v

Mapping not too close to each other

v

Remove reads from the same RF

v

Read orientation filter (Jin 2013)

v

Remove PCR duplicates

vV Normalization
/ v ¥ R \/
V' Interaction calling AD calling ’éompartment Inter-chromosomal contacts

RF - restriction fragment



Tools

HiTC - bioconductor package for Hi-C/5C data exploration, quality
checks, binning, fitting, visualization

Our tool - Bioconductor package in preparation:
- binning/not
- normalization - ICE and other proportional fitting algorithms (convergence)
- TAD calling
- interaction calling
- compartment analysis
- visualization


http://omictools.com/3c-4c-5c-hi-c-chia-pet-c298-p1.html
http://omictools.com/3c-4c-5c-hi-c-chia-pet-c298-p1.html
http://www.bioconductor.org/packages/release/bioc/vignettes/HiTC/inst/doc/HiTC.pdf
http://www.bioconductor.org/packages/release/bioc/vignettes/HiTC/inst/doc/HiTC.pdf
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Restriction Fragments

Cosine similarity
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Even more exciting use of Hi-C

Genome reassembly

i Genome scaffolding
T Kaplan 2013
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