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Hi-C Data Normalization
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Abstract

Recently, the high-throughput chromosome conformation capture (Hi-C)
experiment is developed to explore the three-dimensional structure of genomics. To
assess the chromosomal interaction, a contact matrix is produced from a Hi-C
experiment. Very often, systematic technical biases appear in the contact matrix and
lead to inadequate conclusions. Consequently, data normalization to remove these
biases is essential and necessary prior advanced inference. In this research, we
propose the so-called quadratic function normalization method, which is a
modification of the local genome feature normalization (Hu et al., 2012) by
considering a more general model. Simulation studies are conducted to evaluate the
proposed method. When the model assumption holds, the proposed method has
adequate performance. Further, a Hi-C data set of a human lymphoblastoid cell
GSE18199 is employed for a comparison of our method and two existing methods.
It’s observed that normalization improves the reproducibility between experimental
replicates. However, the effect of normalization is lean in eliminating the bias of

restriction enzymes.

Keywords: Chromosome conformation capture, genome feature, Hi-C data,

normalization
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3§ Pipptipe (DNA) A7 v gk g (helix) = 3484 > fL5 TPipho &
# 4 (nucleic acid secondary structure) = ¢+ BER S5 1 ¢ £ e O ) = ALY
i1 (supercoil) - 5 M yrph= B4 (nucleic acid tertiary structure) - DNA
§ et e G- (histone) > XX isdp = 5 % 4 4 (chromosome) o zk Fldp A
#HEFARINELHDNA B FE S BAY B 2 B g geks it 2 DNA B 73R
=P E AT G - Gerstein ¥ 4 (2012) 4 ) AT 3 A FIS 441 RF 0 DNA
BFA ez B2 pfti v AFEF g REL -

AT A EFNR AT AT AT E B A Fler g 11t ¥ - BE
R RS E BRI M= BiSE (three-dimension, 3D) - #7 * R # 3R %
¢ W7 F %4 (topologically associating domain, TAD) # i £ A 5]% {% (gene
activity) s i 4 L 4p B (Sextonetal., 2015) > T &R % ¢ M= ad e ANy
WA M PR - R M BB TR * vk A Flle X (genome
assembly)’ & 2 25 A7 P 4e > T R Pf]&;] FLF SRk EPEF LR GRS LY T
/& (Dudchenko et al., 2017) - *% Al R T FSHETRET Y &
P mie A TG 745 Wk (copy number variants, CNVs) 4 e 2 F
(Lupiéfez et al., 2015) -

B AFEEDNAEAZ s R a3 " T ARABFE T F LR
fe & $oe (FISH, Agard et al., 1989)~ 4 ¢ #8 4 3x s (3C, Dekker et al., 2002; 4C,
Simonis et al., 2006; 5C, Dostie et al., 2006) % - FISH ;ﬁ d B 1T Er e B8P
#FLDNA B 7|2 = aped - R WG B9 L2 s BEY - S T DNA
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2 AA BAIMEEAES AR RF B BrREARMLAE LR
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S ERATARPAIMESAL THRRTER QIR ETERE

ERERA R

ORI RNCZEFERF HU £ 4 (2012) ordR 2 ek 3R A TR A i S
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Ao e FRAIL R ST R
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Yaffe & 4 (2011) A @ e 7 » A4 = w% GM06990 (human
lymphoblast cells) t& 4 x5d Hi-C f s ¥ 7 RgE T - & ¥ 5 RiicE
HMEHEYRERCGCZETHAR LB2@ (b)) P B2() #H*
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1
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f & Ap B il py, . Proo00 ° A APM RECE IR B R APM 0 R EI R 22
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21 32T 5 REEFIERL M hlcihiaE Rt E

Yl

L N LI E S QF-P QF-S QF-NB LGF ICE
£ BB e T REL THE BEL THE BRI e BEL S5 REL
s Tik 0.756 0.003 0.189 0.004 0.778 0.002 0.602 0.002 0.847 0.002
#e f -1 (w=5) 0.747 0.004 0.215 0.006 0.759 0.004 0.594 0.004 0.820 0.005
:; g =1 (w=10) 0.734 0.005 0.236 0.007 0.739 0.005 0.585 0.005 0.793 0.006
o = 378 (w=150) 0.651 0.009 0.301 0.010 0.643 0.009 0.542 0.009 0.673 0.010
s g =1 (w=100) 0.592 0.011 0.328 0.011 0.582 0.011 0511 0.011 0.602 0.011
& Tik 0.749 0.002 0.233 0.004 0.779 0.002 0972 0.002 0.948 0.002
E;d f -1 (w=)5) 0.727 0.004 0.257 0.006 0.750 0.005 0.908 0.005 0.887 0.005
:—E =3 (w=10) 0.705 0.005 0.272 0.007 0.724 0.006 0.858 0.006 0.839 0.007
Y g =1 (w=>50) 0.610 0.009 0.323 0.010 0.618 0.009 0.689 0.009 0.674 0.010
L g =1 (w=100) 0.554 0.010 0.347 0.011 0.560 0.011 0.605 0.011 0.593 0.012
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p.d f. of Correlation Coefficient f(p)
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#345 Lieberman-Aiden % % (2009) =% 3 ® »igw FL 4§ # A 74k S TLL
L2 L3, o TL2 L3 L4, Ao hm - #7 >8R %24 WA L2 43
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% 3% F Wik R HERA

e Bimde kol e Bt MEELHET T
L1 22546692 22722266 23
L2 45258185 45462464 46
L3 67744258 67904880 68
L4 86622674 86772926 87

7ok kR - Table S1 BAC clones used in 3D-FISH, Lieberman-Aiden et al., 2009
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ZAHI-CRkr Rt ~br BHTLI B AHTFRIAR (57 R)

2417 Hindlll PR T FRIER AR FRIRREF

L1-L3  L2-L3 L1-L3/L2-L3
R T AL 10 7 1.43
- QF-P 5.63 4.43 1.27
L1 12.13 | QFNB 6.57 5.31 1.24
LGF 9.43 5.99 1.57
ICE 11.22 6.19 1.81

L2-L3  L2-L4 L2-L4/ L2-L3
RS 7 28 4.00
§ o ¥ QF-P 4.43 16.19 3.66
(L2-L3-L4) | NB-QF 5.31 18.79 3.54
LGF 5.99 22.40 3.74
ICE 6.19 22.83 3.69

24175 Neol P HZEFRIER | PRI EFRIRREF

L1-L13  L2-L3 L1-L3/L2-L3
R A TR 15 4 3.75
N QF-P 11.86 3.83 3.10
Li-12-13| OFN\e 15.28 4.91 3.11
LGF 17.38 5.26 3.30
ICE 13.24 5.12 2.59

L2-L3  L2-L4 L2-L4/L2-L3
R A 4 16 4.00
%o ¥ QF-P 3.83 19.38 5.07
(L2-L3-L4) | NB-QF 4.91 20.07 4.08
LGF 5.26 24.79 471
ICE 5.12 30.19 5.89
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% S Hindlll B Bf4Ert 2 ¥ 4p BE 1% Hic2. At

4k 2L
WUl

T soip b d

5 B3 4 rd L IR LIPS
W E &R Eyer W L %P
T ﬁr?ﬁff" 0.713 0.109 0
F-P 0.663 0.036 0
4 Rp Q
QF-NB 0.647 0.034 1
(n=22)
LGF 0.635 0.048 0
ICE 0.619 0.046 0
T ﬁr?ﬁff" 0.154 0.062 0
F-P 0.282 0.078 0
B g R Q
QF-NB 0.277 0.071 1
(n=231)
LGF 0.291 0.054 0
ICE 0.247 0.089 1

# 6 HindlI B B o 200 15 > ApBE Thlic™ "% 2 MRl d 4

R
RN |
s 8 (%) B3 HME (%) BAe (%)
QF-P 13 (59.09) 19 (8.23) 32 (12.65)
QF-NB 16 (72.73) 20 (8.66) 36 (14.23)
LGF 21 (95.45) 10 (4.33) 31 (12.25)
ICE 21 (95.45) 41 (17.75) 62 (24.51)
kLR S 22 231 253
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Z TH3~N2 & i {5 4phf 2 dic™ "% 2 B B e L e & %

R
RACROPY
e s (%) B WME (%) Bir (%)
QF-P 12 (54.55) 207 (89.61) 219 (86.56)
QF-NB 13 (59.09) 207 (89.61) 220 (86.96)
LGF 10 (45.45) 180 (77.92) 190 (75.10)
ICE 9 (40.91) 215 (93.07) 224 (88.45)
ER S 22 231 253

33



.
o
Spearman
4- -
5 Correlation
: .
Coefficient
-
o £
g @
2.,
E|0
E1-
2
5 12
_313'
Ee-
=
15-
16 -
17 -
18-
19-
.
21-
1 2 3 4 65§ 687 8 9 101 1213 14 15 16 17 18 19 20 21 22
Number of Chromosome
1- 1
3- 3
4- 4
5- 5
6= L]
T- T
o £ - 2
E EN 5 E]
2. g
E|0 ElO
E1- EH-
5 5
5 12- 5 12-
B B
514' 514'
15- 15-
16 - 16 -
17 - 17
18- 1%
19- 19
z0- 20-
21- 21-
1 2 3 4 65§ 687 8 9 101 1213 14 15 16 17 18 19 20 21 22 1 2 3 4 5§ 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22
Number of Chromosome Number of Chremosome
1- 1
3- 3
4- 4
5- 5
&= -]
T- T
L) £ L) &
g = g =
glO' g10'
E E
En- En-
5 5
512 512
Baz- Bz
;14' 5‘4,
15- 15-
"%- 16~
7 7
18- 18-
19- 19 -
20- 20-
21- 21-
1 2 3 4 656 6 7 8 5 10111213 14 15 16 17 18 19 20 21 22 1 2 3 4 5§ 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22
Number of Chromosome Number of Chromosome

..

10 4p M Gl R B (@) RieFoR 2 4B Tidic s (b) QF-P 2 2 4p BE Thdic

(©)

QF-NB /% 2 4p B Tidic; () LGF 2 2 4p 8 ¥ (e) ICE 2 2 4p Ml Thllc o 4 d &

DS A s = 12
EEIEGIH IR RH

34



(@) (b)

Mumber of Chrom osome
Mumber of Chrom osome

2 32 45 6 7 8 9 10111213 1415 16 17 18 19 20 21 22 123 4 56 7 8 9 10111213141516 17 1819 20 21 22
Number of Chromosome Number of Chromosome

©) (d)

Wumber of Chromosome
Mumber of Chrom osome

34 56 7T & 5 10111213 14 15 16 17 18 15 20 21 22
Mumber of Chromosome

W 11 H3 ~ N2 B mi<e't (i (a) QF-P 2 ; (b) QF-NB i : (c) LGF ;¢ ; (d) ICE
ELARIGE S T RSB ARE T N A M RETE S 2d R4
ApBE Chlgc b oo

35



A/ _'_ -

2
1 Spem
Hi-C 2% P «hi 834 4d 85 735 B2 jEd - & F_Lieberman-Aiden %

A (2009) M HI-C Fale 7Bz FEGH/RIAAF D iRERL > SR KL

&
ES
T

iy

# HI-C TR LMy PRTRAE AP TRIESE  Jn@hen
Fring F4RITARR -

A2 4 QF 222 = LGF 2 (Huetal,2012) 2 + o QF ;% :c% LGF i &
AR T A 2 il S B s i S Sl B A T R £
o HpTA 2 Z BRI QF-PiE B E L AR s QF-NB Bk f - A
Ao s QF-S i Rl k R Bk 4 X v fie v e M Bk TR S B
A o

AP AT R FRF ATFIFABAIRT P E - o AT
QF-P ~ QF-NB i je i 48 Sl 37 L > (0% 145 sicsfif o AL Pl el £
Z T AR B LGR & 3048 302 2 A AT i G 20 % £ S ICE 42

LRCRT A R R B AL

g f)’"]’—ﬁ:‘f (GSE18199) ¢ » 2 l]’“ T A% 1450 4 g > % Hi- C"‘*’Eé}?
BrRMEEG RS FISHR KT H 5 FiEgE) - ROBH -7 - = 4

BARRIUHIFE T O RC BRI ER AR TALBANLS LI MERE G 2R DR

Bl AT ERCEFZREPOPHIFRIREARSEL V7 d R

)‘]

PP HRERTERI P UIFEEI LR A P BEL > & HI-C P &% %

“&\\

FIFF i L e R UGB E R APERE Y R R E T R
R L FINERAESTHICRHRTHEF Y g7 b U2 Bl B o

AP AQF Z Y gl R PETERECC I E T AT RHES TR
o F15 A2 A FA AR LR Hindll A 2 chid i PP 0 BT
(78%) 2 $HfEF %20 1> G~ MA BT+ AW 09 HEFFEF > &P

RAEBPF L ARFEL AR TS AR ES AN @ R L gho ALY



ST L A Byt W e 4

it e HI-C Fday { 3 2xehk ph

37



\\\?’,Ir

Agard DA, Hiraoka Y, Shaw P, Sedat JW, (1989).Fluorescence microscopy in three
dimensions, Methods Cell Biol., 30, 353-377.

Dekker J, Rippe K, Dekker M, Kleckner N, (2002).Capturing chromosome
conformation, Science, 295, 1306-1311.

Dostie J, Richmond TA, Arnaout RA, Selzer RR, Lee WL, Honan TA, Rubio ED,
Krumm A, Lamb J, Nusbaum C, Green RD, Dekker J, (2006).Chromosome
Conformation Capture Carbon Copy (5C): A massively parallel solution for
mapping interactions between genomic elements, Genome Res., 16, 1299-13009.

Dudchenko O, Batra SS, Omer AD, Nyquist SK, Hoeger M, Durand NC, Shamim MS,
Machol I, Lander ES, Aiden AP, Aiden EL, (2017).De novo assembly of the Aedes
aegypti genome using Hi-C yields chromosome-length scaffolds, Science, 356,
92-95.

Gerstein MB, Kundaje A, Hariharan M, Landt SG, Yan KK, Cheng C, Mu XJ,
Khurana E, Rozowsky J, Alexander R, Min R, Alves P, Abyzov A, Addleman N,
Bhardwaj N, Boyle AP, Cayting P, Charos A, Chen DZ, Cheng Y, Clarke D,
Eastman C, Euskirchen G, Frietze S, Fu Y, Gertz J, Grubert F, Harmanci A, Jain P,
Kasowski M, Lacroute P, Leng J, Lian J, Monahan H, O'Geen H, Ouyang Z,
Partridge EC, Patacsil D, Pauli F, Raha D, Ramirez L, Reddy TE, Reed B, Shi M,
Slifer T, Wang J, Wu L, Yang X, Yip KY, Zilberman-Schapira G, Batzoglou S,
Sidow A, Farnham PJ, Myers RM, Weissman SM, Snyder M, (2012).Architecture
of the human regulatory network derived from ENCODE data, Nature, 489,
91-100.

Hu M, Deng K, Selvaraj S, Qin Z, Ren B, Liu JS, (2012).HiCNorm: removing biases

in Hi-C data via Poisson regression, Bioinformatics, 28, 3131-3133.

38



Imakaev M, Fudenberg G, McCord RP, Naumova N, Goloborodko A, Lajoie BR,
Dekker J, Mirny LA, (2012).Iterative correction of Hi-C data reveals hallmarks of
chromosome organization, Nature Methods, 9, 999-1003.

Li H, Ruan J, Durbin R, (2008).Mapping short DNA sequencing reads and calling
variants using mapping quality scores, Genome Res., 18, 1851-1858.

Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, Ragoczy T, Telling A,
Amit I, Lajoie BR, Sabo PJ, Dorschner MO, Sandstrom R, Bernstein B, Bender
MA, Groudine M, Gnirke A, Stamatoyannopoulos J, Mirny LA, Lander ES, Dekker
J, (2009).Comprehensive mapping of long range interactions reveals folding
principles of the human genome, Science, 326, 289-293.

Lupiafez DG, Kraft K, Heinrich 'V, Krawitz P, Brancati F, Klopocki E, Horn D,
Kayserili H, Opitz JM, Laxova R, Santos-Simarro F, Gilbert-Dussardier B, Wittler
L, Borschiwer M, Haas SA, Osterwalder M, Franke M, Timmermann B, Hecht J,
Spielmann M, Visel A, Mundlos S, (2015).Disruptions of topological chromatin
domains cause pathogenic rewiring of gene-enhancer interactions, Cell, 161,
1012-1025.

Simonis M, Klous P, Splinter E, Moshkin Y, Willemsen R, de Wit E, van Steensel B,
de Laat W, (2006).Nuclear organization of active and inactive chromatin domains
uncovered by chromosome conformation capture—on-chip (4C), Nature Genetics,
38, 1348-1354.

Sexton T, Cavalli G, (2015). The role of chromosome domains in shaping the
functional genome, Cell, 160, 1049-1059.

Yaffe E, Tanay A, (2011).Probabilistic modeling of Hi-C contact maps eliminates
systematic biases to characterize global chromosomal architecture, Nature Genetics,

43, 1059-1065.

39



	表次
	圖次
	第一章 緒論
	第二章 方法
	第三章 模擬
	第四章 實例分析
	第五章 結論
	參考資料

