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Chromosome Conformation Capture (3C)
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4C: Chromosome conformation capture-on-chip
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4C: Chromosome conformation capture-on-chip
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Lieberman-Aiden, Erez, et al.

H |_C "Comprehensive mapping of long-range interactions reveals
folding principles of the human genome." Science 326.5950 (2009): 289-293.
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Topologically Associated Domains (TADs)
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Topologically Associated Domains (TADs)
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Paired-end sequencing enables both ends of the DNA fragment to be sequenced. Because the distance between each paired read is
known, alignment algorithms can use this information to map the reads over repetitive regions more precisely. This results in much better
alignment of the reads, especially across difficult-to-sequence, repetitive regions of the genome.

http://assets.illumina.com/content/dam/illumina-
marketing/images/technology/paired-end-sequencing-figure.gif
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Iterative alignment method

Raw reads
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1 — 1 —
2 w— 2 w—
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( Trim reads to N bp

)

l

Alignment exists and
is unique?

Yes l

No

Imakaev, Maxim, et al.

"Iterative correction of Hi-C data
reveals hallmarks of chromosome
organization.”

Nature methods 9.10 (2012): 999-1003.
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$less mapping.py

R1ZYvE>YY

R2ZY v EVY

B1/usr/bin/env python

import os

import logging

from hiclib import mapping

from mirnylib import h5dict, genome

logging.basicConfig(level=1logging.DEBUG)

if not os.path.exists('../data/tmp'):
os.mkdir('../data/tmp"')

# Map the reads iteratively.
mapping.iterative_mapping(
. bowtie_path='/usr/bin/bowtie2’,
bowtie_index_path='../Index/hqg19"',
fastq_path='../data/SRR1658595_10M_1.fastq',
out_sam_path="'../data/SRR1658595_10M_1.bam',
min_seq_len=25,
len_step=5,
seq_start=0,
seq_end=35,
nthreads=2,
temp_dir="'../data/tmp"',
bowtie_flags='--very-sensitive')
—
. mapping.iterative_mapping(
bowtie_path='/usr/bin/bowtie2’,
bowtie_index_path='../Index/hg19"',
fastq_path='../data/SRR1658595_10M_2.fastq',
out_sam_path="../data/SRR1658595_106M_2.bam',
min_seq_len=25,
len_step=5,
seq_start=0,
seq_end=35,
nthreads=2,
temp_dir="../data/tmp"', 40
— bowtie_flags='--very-sensitive')




# Map the reads iteratively.

mapping.iterative_mapping(
bowtie_path='/usr/bin/bowtie2’,
bowtie_index_path='../Index/hg19',
fastq_path='../data/SRR1658595 16M 1.fastq'
out_sam_path='../data/SRR1658595 16M_1.bam’',
min_seq_len=25, <

len_step=5, ~ | MR TYyTORNYI VIR
seq_start=0,
seq_end=35, RAT v 7 TbpiERT 5 h

nthFeads=2,
temp_dir="..
bowtie flags='--very-

nsitive')

SOl H#Féﬁd)l%éhﬂ:%bpi

T“CfTEﬁUD KEEY— K
ERIGETDFE TP S,
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$python mapping.py

| _195.45% overall alignnent rate

manager@bl8vbox[1_mapping_read_to_genome] python mapping.py [12:14AM]
hello from new mapping

INFO:hiclib.mapping:Using new argument: max_len = 9999

Jusr/bin/samtools

INFO:hiclib.mapping:The length of whole sequences in the file: 101
INFO:hiclib.mapping:Reading command: cat /home/manager/HiC/data/SRR1658595_10M_:
.fastq

INFO:hiclib.mapping:Mapping command: /usr/bin/bowtie2 -x /home/manager/HiC/Inde:
/hg19 -q - -5 0 -3 76 -p 2 --very-sensitive

INFO:hiclib.mapping:Output editing command: awk {OFS="\t"; if (S1 ~ !/~@/) { S1i
="A"; $11="g"; if (S3 ~ /\*/) $6="*"; else $6="1M"; } print}
INFO:hiclib.mapping:Output formatting command: samtools view -bS -

—Lsanopen] SAM header s present 2 SegUenCes ~ — . .
10000000 reads; of these: %_7 '7 >/ |\ BOWtIGZﬁ?ﬁ%

10000000 (100.00%) were unpaired; of these:

454775 (4.55%) aligned 0 times
6009135 (60.09%) aligned exactly 1 time
3536090 (35.36%) aligned >1 times

INFO:hiclib.mapping:Save the unique aligments and send the non-unique ones to tl

e next iteration

/home /manager /HiC/src/mirnylab-mirnylib-a7bad48a06b92/mirnylib/systemutils.py:45
UserWarning: Please install 'pigz' parallel gzip for faster speed
warnings.warn("Please install 'pigz' parallel gzip for faster speed")

INFO:mirnylib.systemutils:Writer created with command "[u'gzip', u'-c', u'-1"]"

INFO:hiclib.mapping:4023426 non-unique reads out of 10000000 are sent the next °

teration.

INFO:HTCltb.mapptng:Ustng new argument: max_len = 9999

Jusr/bin/samtools

/bin/gqunzip

INFO:hiclib.mapping:The length of whole sequences in the file: 101

INFO:hiclib.mapping:Reading command: gunzip -c /home/manager /HiC/data/tmp/SRR16!

8595_106M_1.fastq.25.fastq.gz

INFO:hiclib.mapping:Mapping command: J/usr/bin/bowtie2 -x /home/manager/HiC/Inde:

/hg19 -q - -5 0 -3 71 -p 2 --very-sensitive

INFO:hiclib.mapping:Output editing command: awk {OFS="\t"; if ($1 ~ !/~@/) { Si

="A"; $11="g"; if ($3 ~ /\*/) $6="*"; else $6="1M"; } print}

INFO:hiclib.mapping:Output formatting command: samtools view -bS -

[samopen] SAM header is present: 25 sequences. == S K Bowtie2#5 8

4023426 reads; of these: = = Y
4023426 (100.00%) were unpaired; of these:
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TE SR
$ls —I ../data

manager@bl8vbox[1_mapping_read_to_genome] 1ls -1 ../data [ 1:17AM]

total 6383416

drwxrwxr-x 2 manager manager 4096 Aug 23
-r'Ww-rw-r-- 1 manager manager 187913831 Aug 30
-T'Ww-rw-r-- 1 manager manager 76492558 Aug 30
-TW-Tw-r-- 1 manager manager 71634155 Aug 30
-r'w-r--r-- 1 manager manager 2929472122 Aug 23
-TW-Tw-r-- 1 manager manager 186074628 Aug 30
-TW-rw-r-- 1 manager manager 80347350 Aug 30
-fTW-rw-r-- 1 manager manager 75173151 Aug 30
-fTW-r--r-- 1 manager manager 2929472122 Aug 23
drwxr-xr-x 2 manager manager 4096 Aug 30

dl:47
00:27
00:36
00:45
06:06
00:57
01:05
01:15
06:06
01:15

Results

SRR1658595 _16M_1.bam.25
SRR1658595 _16M_1.bam.30
SRR1658595 _16M_1.bam.35
SRR1658595 10M_1.fastq
SRR1658595 16M_ 2.bam.25
SRR1658595 _16M_2.bam.30
SRR1658595 16M_2.bam.35
SRR1658595_10M_2.fastq
tmp
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BrRIlCNY Yy BV UIciERzH(EeT

$less parse_results.py

! /usr/bin/env python mafmkzHNITd7 71

(HDF5#R)
import logging
from hiclib import mapping TILNATI TN
from mirnylib import h5dict, genome DO—RKR, EDPeE
logging.basicConfig(level=1logging.DEBUG) FzFESIDZEE,

mapped_reads = h5dict.h5dict('./mapped reads.hdf5') /
genome_db = genome.Genome('../Ref/hg19', readChrms=["#','X"'])

mapping.parse_sam(
sam_basenamel='../data/SRR1658595 10M_1.bam',
sam_basename2="'../data/SRR1658595 10M_2.bam',
out_dict=mapped reads,
genome_db=genome_db,
enzyme_name='Mbol')

\ 7/ LOFIREREILFICYyEY S aniz) —RK%
oAV BH. ERTHWHIRERZIEET %,
15 T S HlfRE L. Biopython®Restriction” < X
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@RICY Yy EY T UlciERZHRE T
$python parse_results.py
$ls -l

manager@1l8vbox[1_mapping_read_to_genome] ls -1 [ 1:26AM]
total 425060
-rw-rw-r-- 1 manager manager 435249141 Aug 30 01:26 mapped_reads.hdf5

-rw-r--r-- 1 manager manager 951 Aug 23 06:18 mapping.py
-rw-r--r-- 1 manager manager 454 Aug 23 06:09 parse_results.py
drwxrwxr-x 2 manager manager 4096 Aug 23 11:16 Results

HDF5(E/\1 YU 7 71 I)LIZD T, FH%Z B WEEIEHDFView/d & D
V=)L EDS DN ython@HDFS:E/J—}bEtTﬁ?ﬁ<o

DR EHBELESNDY—RBIYYEV T EINIRFICDNT, EESE
IR EDEIRS TN B,
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[ VRSN

] $cd ~/HiC/2_filtering_reads
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RI,R2DVYYEVYTENEIRTORTZH, H-CEUTOHEYLRBER=FODIT

TR,
UTDESBNT—rTYYEYTSNERTIE TAV YT~ OEBRZERLR
L\TC®K%£§—%O
(" valid pair N single side ([ seffcircles ) (dangling ends \( unmapped N
biotin
? ? ?
Hi-C molecule 3-‘—T—‘§ = T 2 T#; § T =
sonication 2z
break
Position and I_\I---II_I multiple or low-scor
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o .
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Imakaev, Maxim, et al.
"lterative correction of Hi-C data
reveals hallmarks of chromosome

organization.”

Nature methods 9.10 (2012): 999-1003.
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$less filtering.py

ﬂ!/usr/bin/env python

genome_db.

fragments

'fragments.

dictLike='../1 _mapping_read_to_genor

fragments.
fragments.

fragments.
fragments.

fragments.
fragments.

filename='./fragment_dataset.hdf5',
genome=genome_db,
maximumMoleculeLength=500,
mode="w")

g/ LT—=50A—kK

from mirnylib import genome
from hiclib import fragmentHicC

genome_db = genome.Genome('../Ref/hg19', readChrms=["#','X"'])

setEnzyme( 'MboI')

HHOT7 71 ILDIERE

= fragmentHiC.HiCdataset( maximumMoleculeLengthl&. -7 JL

TFTATT)OMERDBE®RIS
— BT (SEDEEETIE400bp)

B U IcHIBRMT R AN B U 51 —
a3y UIGEDRT7ZRET B1:

parseInputData( DICED

e/ TTdPPEU_TEdUsS.NMUrs> )

filterRsiteStart(offset=5)
filterDuplicates()

filterLarge()

SEIFEE>HDF57 7 1
JboO—k~

filterExtreme(cutH=0.005, cutL=0)

saveHeatmap('./heatmap-res-1M.hdf5', resolution=1000000)
printMetadata(saveTo="'./statistics.txt')
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$less filtering.py

E!/Usr/bin/env python

from mirnylib import genome
from hiclib import fragmentHicC

genome_db = genome.Genome('
genome_db.setEnzyme( 'MboI')

. . [RET [ hq

ataset(
ataset. hd;

fragments fragmentHiC.H1
filename='. /fragment
genome=genome_db,
maximumMoleculelLength=500,
mode="w")

tData(
_mapping_read_to ¢

fragments.parseln
dictLike=".

filterRsiteStart(offset=5
filterDuplicates()

fragments.
fragments.

fragments.filterLarge()

EBMTITI>710ILFUVT

filterRsiteStart():
BESLLFAMT = aVICKR U
DNAKT A

filterDuplicates():
R7Z7DEESHE—DEEICY Y E
V7END2DDRTIEPCR
duplicate D BIBEMENIEE (CH LN o 6D,
fRET 5

filterLarge():
10"5bp A L DHIRBTAICY Y T h
HRT7ZRE, (UE—REEZE,
7Y T IVBEDMEVGEI)

filterExtreme():
ijén%U—Pﬁﬁhvj

0.5%DHIRKT A ZfRE. 7—7T «

7{7#@7%@# =0 (THRXs
i

fragments.

filterExtreme(cutH=0.005, cutL=0) I

saveHeatmap('
printMetadata(saveTo="'

fragments.
fragments.

. /heatmap-res-1M.hdf5"',
./statistics.txt')

resolution=1000000)
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$less filtering.py

ﬂ!/usr/bin/env python

from mirnylib import genome
from hiclib import fragmentHicC

genome_db = genome.Genome('.
genome_db.setEnzyme( 'MboI')

. [Ref

fragments fragmentHiC.HiCdatase
filename='./fragment_dataset.

‘fragments.parseInputData(

genome=genome_db,
maximumMoleculeLength=500,
mode="w")

dictLike=".

r+

./1_mapping_re

7/ LN AMbp & & DBInlC 2 El,
LZHIRF to~xvEY TSz —NRK
BLOBEHEMNS. raw read countD > ¥
gy (/LS ITI) EUT
T EFEEDHD,
1Mbp‘C/\$U’§“%i%/E.\ T/ LIRS
#93,000 x #93,000 D1 XDV w T &
VAN

Binth 1 XDREICEERBRELEIZ R,
5| EH U WEYZERNEEIRIC K - TEY)
ICRD B UDELN,
("8R8, ROV Yy TOEE
ELTlEZIE MYy T ZRDI%
L EOEMNEEOTHZZE. hhD.
80% U ET1000A LDV U MDD B

fragments.filterRsiteStart(offset &)

fragments.filterDuplicates(

fragments.filterLarge()

fragments.filterExtreme(cfitH=0.005, cutlL=0)
Lfragments.saveHeatmap('./heatmap-res-lM.hde', resolution=1000000) |

fragments.printMetadata(saveTo="./statistics.txt')
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T4V %S

$python filtering.py

$ls -l

manager@bl8vbox[2_filtering_reads] 1ls

total 71848
-rW-r--r-- 1
-rW-rw-r-- 1
-rW-rw-r-- 1
drwxrwxr-x 2
“-TW-rw-r-- 1

manager
manager
manager
manager
manager

manager
manager
manager
manager
manager

661
68259820
5298133
4096

582

<119 %

'
P

Aug
Aug
Aug
Aug
Aug

23 07:
30 01:
30 01:
23 11:
30 01:

32
37
37
15
37

[ 2:10AM]

filtering.py
fragment_dataset.hdf5
heatmap-res-1M.hdf5
Results
statistics. txt
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J4IWF )7 = ERZ2RD

$less ./statistics.txt

010 _MappedSidel: 6465654
020 _MappedSide2: 6157970
100 _TotalReads: 8361390
150 _ReadsWithoutUnusedChromosomes: 8361390
152 _removedUnusedChromosomes: 0
200_totalDSReads: 4262234
201 _DS5+55: 8361390
202 _SSReadsRemoved: 4099156
210 _sameFragmentReadsRemoved: 282673
212 _Self-Circles: 2527
214 DandlingEnds: 269690
216 _error: 10456
220 _extrabDandlingEndsRemoved: 214820
300 _ValidPairs: 3764741
310 _startNearRsiteRemoved: 330988
320 _duplicatesRemoved: 3521
340 _removedLargeSmallFragments: 166480
350 removedFromExtremeFragments: 98211
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[ 424

] $cd ~/HiC/3 _normalization
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Vanilla coverage normalization D{x X
SEH | &4 | ORTEEET BEO /A T R

B i OINATFRE. I DN T ADREICHHIT S,
DED. FNFNO/INA 7 AHNEANCHNICHET S, EIRELTWS,

FBHEBOD/INA T XE, GCEEPVYVY/N\EU TR E, RARBRERIER
BPEoERE U TEUSEGHG/IN1 7 X (implicit bias )

R UVMRTE T3H B HY, Explicit /N1 P RAZIREUVTCHELUREREZDHHT

by
_j; . .
& <—ET 2, Factorizable biases
Biases B,./- .
I
: 1
45} '
P 3 ’.
o
E Bl
O }
(V)] !':,'
o lE' _ Imakaev, Maxim, et al.
- =1 “lterative correction of Hi-C data
e E!. reveals hallmarks of chromosome
i 0 | organization.”
O v Nature methods 9.10(2012):999-1003.
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Iterative correction (ICE method)

B Vanilla coverage normalization|$fH1EHRT = %,
(FOMFEFB IS WIITIE, EIDEBERNERT B)

= Vanilla coverage normalization Z{Al[a| 6 @A L. THEENINEKRT 5 X
TEtET %

CDESHBITHDFHEFEIL. “matrix balancing” & FE(E. BEEATICA
EtBRERBEINTE .

ICE & [E#R D matrix balancing &2 H3
X DI D R L \Knight and Ruiz 20126 & < b 113,



$less normalize.py

raw_heatmap = hsdict.hsdict('../2_fi1t%
resolution = int(raw_heatmap['resoluti

BD.simpleLoad('../2_filtering_reads AUMEpP-TES-IM.TIUTS> , RaUZUIF_IUM J

ﬂ!/usr/bin/env python

import matplotlib.pyplot
import numpy np

from mirnylib import genome
from mirnylib import h5dict
from mirnylib import plotting
from hiclib import binnedData

genome_db = genome.Genome('../Ref/hg19"’

#BD.removeDiagonal()
removeBySequencedCount(0.5)

BD

BD.
BD.
BD.
BD.

removePoorRegions(cutoff=1)

truncTrans(high=0.0005) ‘r”,afl(ZEIE%E1K

iterativeCorrectWithoutsSs()
.export('Rao2014_106M',
fig = plt.figure()

plotting.plot_matrix(np.log(BD.dataDict['Rao2014 16M']+1.0))
fig.savefig('./heatmap.pdf')

plt

g/ LhT—=5DA—R

OO— K

Rawread count A5 k~xwv >/

FHRILICEZEZ S X 50D
BD = binnedData.binnedData(resolutigf, | 3 BABinZxRET B,

/

FRgoIVY I ~
S A AP

'./IC-heatmap-res-1M.hdf5"')




(EFRRE 7= =17

$python normalize.py

UTDLSLGHERT 74 )L (heatmap.pdf) M T
ETWBIET,
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&b & ’CTAD?I‘ﬁLJ\ 3DETY VIIERT B
198X EBROEBIZITTDHLU TE L,
$python submatrix.py

$less norm_mat.txt




JuiceBox ¢, AV I KNIV T HAVITZIT 1T
ICAfRIL L TR %,

JuiceBoxld. B TIRES NIV Y I RNIYY ITF—4%Z0HRILT 5
DT, CZETOEFTERM LT —4 ZJuiceBox DR IC TS B HE
AN R

27 /LA EBZDEIATYNICEDOVD T, T TREFR—BLREAIEITRS

$cd ~/4 convert Juice

$less convert_to JuiceText.py
$python convert_to JuiceText.py
$less ./forduice.txt

$./convert_to JuiceHiC.sh

LI ET, test.hic EWS/IN1FYUT77414)L (Juice

XAV MYy THIERMULIZT 710IL) B
TETWBIET




e /,—

JuiceBoxMD 3XE1T
$./execute Juicebox.sh

File => Open => Local
NS, WERIER U Tc test.hic ZE < 6

Chromosomes CHi K, - |
AnnotationsHh 5 -
ENCODET—% & DB "

7% EH Al 8E,
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Rao, Suhas SP, et al.

"A 3D map of the human genome atkilobase
resolution reveals principles of chromatin looping”
Cell159.7 (2014):1665-1680.
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Forcato, Mattia, et al. "Comparison of computational methods for Hi-C data
analysis." Nature methods 14.7 (2017): 679.
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TADtree hierarchical chromatin domains”, Bioinformatics,
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TADtree hierarchical chromatin domains”, Bioinformatics,
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