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Hi-C experiment

Comprehensive Mapping of Long-Range
Interactions Reveals Folding Principles
of the Human Genome
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We describe Hi-C, a method that probes the three-dimensional architecture of whole genomes by
coupling proximity-based ligation with massively parallel sequencing. We constructed spatial proximity
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Normalization of the matrix
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Eigenvectors:
Genome compartments
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A more sophisticated error model
ANALYSIS

nature
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Probabilistic modeling of Hi-C contact maps eliminates
systematic biases to characterize global
chromosomal architecture

Eitan Yaffe & Amos Tanay Department of Computer Science and Applied Mathematics, Weizmann Institute
of Science, Rehovot, Israel. Correspondence should be addressed to

A.T. (amos.tanay@weizmann.ac.il).

Received 16 February; accepted 25 August; published online 16 October 2011;
doi:10.1038/ng.947

L Je

NATURE GENETICS VOLUME 43 | NUMBER 11 | NOVEMBER 2011



a Biotin adapter b . Neo! C Fragment length

Specific  Nonspecific
88% 12%
2 —th— —— A Short Intermediate Long
\-/ %.ﬁm % Mapping 1,200K - | fragment fragment fragment
N 500K 1,000K - :
400K -
T 8 800K |
- -g 300K § 600K 4 500 bp
d2 = S 1
g 200K 2 400K - :
Nonspecific product: 100K 200K - l
(d1+d2) > 500_!:9 oK -
, \ T 1(I'D 1 ,600 10,l000 1 (IJO 1,('II)O 1 0.&)0 .
— e—— Sum of distances Sum of distances
d2 to cutter sites (d1+d2) to cutter sites (d1+d2)
d Hindlll Neol . € f Hindlll
l 10,000 10,000 03 PCR + sequencing : 0.60 3
B 4,000 4,000 S | 3
g " -10 3 - 0.45 0 ,g;
= 2,000 2000 L~} -~ € —
E ) -2.0 g . 0.40 .0 8'
1,000 1,000 S0 % GC-rich ’£‘ ' »
= 3 §- h - - 0.35 .0 @
100 100 ~40 5 . 0.20 0T
@ $ $ & Hpoor - p= - ] o o) o
o1 \°@Q«°&h§ S TEN \@:Q@ w .959 P FFFE BERF F
Hindlll

Mapping

o

.‘
[=]

(epeos %6oj) yuswyouu3

I
o

Figure 1 Sources of Hi-C biases. (a,b) Spurious
ligation products. Hi-C ligation products (shown
schematically in a) are expected to map near
restriction sites because of size selection. The sum
of distances from mapped Hi-C sequences to the
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Model

Given 2 fragment ends a, b, the probability to observe them in a pair-end read
P(Xa,b) = Pprior ' Flen (alen’ blen) ' Fgc (agc’ bgc) - M(a)- M(b),

A

20 by 20 matrices 800 parameters
106 pair-end reads -> 10'? combinations

L(Flen)Fgc) - H P(Xa,b)' H (1- P(Xa,b))

{a,blel {a,blel

= [T P 1= P(Xg )™
¢ = (alen>agc blenbgc)
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Clustering of
the
corrected
matrix

Remarks:
» assume particular sources
of bias

* very computationally

expensive: 800 parameters,

all possible pairs of
fragments

C
(%)

a Whole-genome contact map
';"ZF-:
.:. o
u
| |
Normalized
& : contact
- enrichment
(log,, scale)
% 2.0
[ 1.0
0.5
-0
~-0.5
) .- -1.0
P 2

T T T T T T T T T rrrrrrmr 1

r T T T T

1 2 3 45678910 12 141618 21X
Chromosome

Regional GC content

Jlllllhlt

Distance to nearest peak
CTi

o

(%)

s 38

o

<K
1-SK—
510K
10-20K
20- 50K .
50-100K
>1 00K g

Distance to nearest peak

o

Clustered contact map

r T
High-activity = Low-activity Low-activity
cluster centromere-proximal centromere-distal
cluster cluster

Genome-wide cluster distribution

X
22 o
21 o
20 EEEDEE———
19 D
18 o
17 S-——
16—
15 COOEE——

‘eezeoges

Lamina distal Lamina proximal
LaminB1 enrichment

W High-activity cluster

O Low-activity centromere-proximal cluster
B Low-activity centromere-distal cluster

O Missing data

(fibroblasts)



A “better” approach: ICE

Iterative correction of Hi-C data reveals hallmarks of
chromosome organization
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Model

Matrix T: “true” relative contact probabilities ETU =1 equal visibility
j

For each loci i, there is a bias factor B, (summarize all sorts of sources)
the expected contact frequency between i and j is given by Bl. BjTl.].

Given the observed contact frequency O;; they inferred the values of T and B by
maximum likelihood.

Oij - BiBjTij

N Solve equations by iteration.
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Probability density (D

Biology revealed from
eigenvectors of T
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Pro and Limitation of ICE

» Unbiased comparison of Hi-C data between data sets,
cell types and organisms

* Only for genome-wide matrix of contacts, NOT suitable
for techniques like ChlA-PET compared to Yaffe and
Tanay

* Operates on binned data, there’s a resolution limit
compared to Yaffe and Tanay



