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본 강의 자료는 한국생명정보학회가 주관하는 BIML 2026 워크샵을 목적으로 

제작된 것으로 해당 목적 이외의 다른 용도로 사용할 수 없음을 분명하게 알립니다.

이를 다른 사람과 공유하거나 복제, 배포, 전송할 수 없으며 만약 이러한 사항을 위반할 경우 

발생하는 모든 법적 책임은 행위자 본인에게 있음을 알립니다.



KSBi-BIML 2026
Bioinformatics & Machine Learning (BIML) Workshop for Life Scientists

한국생명정보학회가 주최하는 BIML-2026 동계 Bioinformatics &Machine Learning 교육 워크숍에 

여러분을 초대합니다. 

BIML 워크숍은 생명정보학 연구자들이 최신 AI바이오 분야의 인공지능 기반 분석 기술과 바이오 

데이터 분석 기법을 이론과 실습을 통해 체계적으로 배울 수 있는 전문 교육 프로그램입니다. 

2015년에 시작된 BIML 워크숍은 올해로 12년 차를 맞이하며, 국내 생명정보학 분야의 최초이자 최고 

수준의 교육 프로그램으로 자리 잡았습니다. 이번 워크숍은 크게 인공지능바이오(AI바이오) 분야와 

디지털바이오 분야, 두 분야로 구성됩니다. 

AI바이오 분야에서는 생명정보 분석에 폭넓게 응용되고 있는 다양한 인공지능 기반 자료 모델링 

기법을 다룰 예정입니다. 특히, 인공지능 심층학습을 활용한 단백질 구조 예측, 유전체 분석, 신약 

개발에 대한 이론 및 실습 강의가 진행됩니다. 

또한 디지털바이오 분야에서는 단일세포오믹스, 공간오믹스, 멀티오믹스, 메타오믹스에 대한 강의도 

마련되어 있어, 연구자들의 분석 역량 강화에 실질적인 도움을 줄 것으로 기대됩니다. 

또한 2024년부터 추가된 의료정보 자료 분석을 다루는 강의를 올해도 지속해서 운영하고자 합니다. 

이는 최근 의료정보 자료 분석에 관한 연구 수요 증가를 반영한 것으로, 관련 연구를 수행하는 

의과학자 및 의료정보 연구자들에게 유용한 지침을 제공할 것입니다. 

또한, 올해도 생명정보학 기술의 다양화에 발맞춰 온라인 강좌를 대폭 확대했습니다. 올해는 무료 

강좌 10개를 포함한 총 40개 이상의 강좌가 개설되며, 연구 주제에 맞는 강좌 추천과 강연료 할인 

혜택도 제공합니다.

BIML-2026는 국내 주요 연구 중심 대학의 전임 교수 및 각 분야 최고 전문가들의 강의로 구성되어 

있으며, 기초 이론부터 최신 연구 동향까지 아우르는 심도 있는 교육의 장이 될 것으로 확신합니다. 

여러분의 많은 관심과 참여를 기대합니다!

2026년 2월

한국생명정보학회장 류 성 호



강의개요

Best practice for epigenetic analysis

이 강의는 대학원생 및 연구자, 그리고 생물정보학 초심자를 대상으로 하여 에피유전체 분석의 기

본 원리와 실무적 접근 방식을 이해하고 적용할 수 있도록 설계되었습니다. 특히, 분석의 효율성

을 높이고 반복 가능성을 보장하기 위해 Galaxy라는 웹 기반 플랫폼을 활용합니다.

이 강의를 통해 참가자는 Galaxy 플랫폼을 활용하여 DNA 메틸화, ChIP-Seq, 및 Hi-C 데이터를 분

석하고 시각화하는 데 필요한 기술을 습득하게 됩니다.

주요 학습 목표

1. Galaxy 플랫폼의 활용 방법을 이해하고, 분석 워크플로를 구성할 수 있다.

2. DNA 메틸화, ChIP-Seq, 및 Hi-C 데이터를 분석하는 기본 원리와 실무 기법을 습득한다.

3. 공공 데이터베이스에서 데이터를 수집하고, 품질을 평가하며, 시각화 및 해석을 통해 생물학적 

통찰을 얻는다.

강의내용

  ⚫ Introduction to Galaxy

  ⚫ DNA methylation data analysis

  ⚫ ChIP-Seq data analysis

  ⚫ Hi-C data analysis

* 참고강의교재: Galaxy (https://usegalaxy.org.au/)

* 교육생준비물: 노트북 (메모리 8GB 이상, 디스크 여유공간 30GB 이상)

* 강의: 이동성 교수 (서울대학교 의과대학)
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modulator. Nature Commun. (2014). 
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Contents 

• Epigenetics의 기초 
• 의의 
• 종류 
• Profiling 기술 

• 선행연구 
• iPSC reprogramming 과정동안의 epigenetic 변화 
• Single nucleus methyl 3C (snm3C)의 개발과 인간 뇌연구 

• 실습 
• Galaxy 소개 
• Whole Genome Bisulfite sequencing 
• ChIP-seq 
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Epigenome 

Central Dogma, 생명현상의 중심 원리 

생명의 설계도, DNA 

James Dewey Watson 
Francis Harry Compton Crick 

출처: wikipedia 

Johannes Friedrich Miescher 
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정선설, Preformationism 

1695년 N. Hartsoecker에 의해 
그려짂 호문쿨루스(homunculus) 

니콜라 말브랑슈(Nicolas Malebranche, 1638~ 1715): 
Matryoshka과 같이 더 작은 배아를 무핚히 가져야 핚다. 
“정자와 난자 안에는 식물과 동물의 무핚핚 시리즈가 존재하며, 
이는 충분핚 기술과 경험을 가짂 자연학자에 의해서맊 관찰될 
수 있다.”  
 “인갂과 동물의 모든 기관은 이미 세상의 맊들어짐과 동시에 
형성되었다.”고 주장하였다. 

Tissues and cells in human body 
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후성유전 지형(epigenetic landscape) 

Conrad H. Waddington (1957) 

Normal Development (Epigenesis) 

ES cell 

Ectoderm 

Fertilized 
egg Mesoderm 

Endoderm 

Brain 

Epidermis 

 Bone 

Fibroblast 

Muscle 

Liver 

Pancreas 

Normal Programming 
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후성 유전학 (epigenetics) 
“An epigenetic trait is a stably heritable phenotype 
resulting from changes in a chromosome without 
alterations in the DNA sequence” 
-2008 Cold Spring Harbor Meeting  
 
“유젂적 변형없이 생기는 염색체 변화”  
(1) 생체에 너지를 이용핚 염색체 동력성을 유발하는 

ATP-dependent chromatin remodeling (ATP 의존
적 염색체 리모델링) 

(2) 효소 반응을 이용핚 염색체내의 DNA 및 
histone(히스 톤)의 post-translational 
modification(번역후 변성)에 의해 이루어짂다.  

이로 인해 유젂자 발현의 시공갂적인 조젃 및 특정 유
젂자맊의 선별적 발현 조젃, chromosomal 
replication(염색체 복제), recombination(재조합), 
DNA damage repair (DNA 손상 치료) 등 맋은 생명 
현상들을 안정적으로 조젃핛 수 있게 된다. 최종적으
로 이런 후성유젂 정보는 염색체에 기억되며 이는 세
포분열과정에서 다음 세대로 젂달되게 된다. 

후성 유전학 (epigenetics) 

Epigenome project. Nature 454, 711-5 (2008). 

You, J.S. & Jones, P.A. Cancer Cell 22, 9-20 (2012) 

Brena, R.M. & Costello, J.F. Hum Mol Genet 16 Spec No 1, R96-105 (2007). 
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DNA methylation 
1948년 Rollin Hotchkiss에 의해 발견 
미생물 DNA에서는 N6-methyladenine (m6A)과 5-methylcytosine (5mC)이 발견 
포유류 DNA에서는 5mC맊 발견되며, 이는 주로 CpG dinucleotide (5′-CG-3′)내에 주로 존재핚다. 
DNA 메틸화는 통상적으로 DNA내의 cytosine 메틸화를 의미하게 된다. 

Epigenome 

Central Dogma, 생명현상의 중심 원리 
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DNA methylation- readers 

MBD containing domain은 대칭적으로 메틸화된 DNA 에 결합하는 반면, SRA domain 단백질은 hemi-메틸화된 
DNA에 더 잘 결합핚다고 알려져 있다. MeCP2는 주로 pericentric 헤테로크로마틴에 존재하며, 메틸화된 CpG site에 
MeCP2의 결합은 DNA 탈메틸화효소로부터 메틸 사이토싞을 보호하여 젂사적으로 침묵하고 있는 유젂자의 재활성
화를 막는다고 알려 져 있다. 

DNA methylation- writers 

현재 알려짂 대표적인 methyltransferase들은 DNMT1, DNMT2, DNMT3A, DNMT3B, DNMT3L 임. 
DNMT1은 maintenance, DNMT3는 De novo, DNMT2는 tRNA methylation에 관여하는 것으로 알려짐. 
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DNA methylation- readers_continued 

SRA domain containing 단백질은 UHRF1 과 UHRF2가 있다. 이 두 단백질은 세포 증식에서 근본적인 역핛을 핚다고 
보고되어 있으며, 단백질이 가지고 있는 domain으로 히스톤에 유비퀴틴을 붙이는 고유 핚 효소 활성을 갖고 있다고 
보고되었다.  

DNA methylation- readers_continued 

CpG binding zinc finger 단백질: C terminal에 zinc finger motif를 갖고 DNA에 결합핛 수 있는 단백질 
Kaiso는 적어도 두 개의 메틸화된 CpG site가 필요하다고 알려져 있지맊, ZBTB4 및 ZBTB38 단백질은 하나의 메틸 
화된 CpG에도 효율적으로 결합핚다고 보고됨 
이 계열 에 포함되는 단백질은 메틸화된 DNA에 결합하는 능력 외 에도, 메틸화되지 않은 consensus(컨센서스) 서열
인 kasio binding sequence (kaiso 결합 부위, KBS, TCCTGCNA), E-box 모티프(CACCTG)와 상호작용핛 수 있음이 보
고되 어 있다. 이 계열 에 포함되는 단백질은 메틸화된 DNA에 결합하는 능력 외 에도, 메틸화되지 않은 
consensus(컨센서스) 서열인 kasio binding sequence (kaiso 결합 부위, KBS, TCCTGCNA), E-box 모티프(CACCTG)와 
상호작용핛 수 있음이 보고되어 있다. 단순히 DNA 메틸화 reader 이외의 기능을 가 지고 있음을 시사핚다. 
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Epitranscriptome-RNA modifications 

DNA methylation- erasers 

TET family 단백질 중에서, TET1은 주로 초기 embryo (배아), ESC 
(embryonic stem cell, 배아줄기세포), 그리고 PGC (primordial germ 
cells, 시원생식세포)에서 발현되는 반면, TET2와 TET3는 다양핚 
세포에서 발현된다. TET family 단백질들은 상호 보완적이며 포유류의 
발생과 분화에 매우 중요핚 역핛을 핚다 
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Histone modifications 

Thomas, Elizabeth. (2017)  

Histone modifications 
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Next Generation Sequencing (NGS) 

3D genome Organization 
Chromatin Conformation 

1D genome sequence 

3D genome sequence 
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Single cell Multi-modal omics 

Genome (DNA) 
Whole Genome Seq 

Exome Seq 

Transcriptome (RNA) RNA seq 

Epigenome 

DNA methylation Bisulfite Seq 

Protein binding ChIP-seq 

Chromatin accesibility ATAC-seq 

Chromatin conformation Hi-C seq 

NGS applications 

Single cell Multi-modal omics 

Genome (DNA) 
Whole Genome Seq 

Exome Seq 

Transcriptome (RNA) RNA seq 

Epigenome 

DNA methylation Bisulfite Seq 

Protein binding ChIP-seq 

Chromatin accesibility ATAC-seq 

Chromatin conformation Hi-C seq 

NGS applications 
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후성유전학 Projects 
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Reads 
alignment 

&  
Analysis 

Seqeuncing Bisulfite 
treatment Hybridization mAdapter 

ligation 
gDNA 

Shearing 

Bisulfite Sequencing (WGBS) 

BS 

NaHSO4 
(Bisulfite) 

• Align bisulfite treated reads with 
Bismark. 

• Quality Control 
• Calculate methylation level at each 

CpG. 
• Calculate CpG methylation level in 

regions of interest (Promoters, 
CpGislands, Enhancers, and etc.) 

• Integrate with other data (RNA-Seq, 
Genome, Histone modification, and 
etc.)  

GMI-SNU 

Ultima Genomics사는 최근 $100에 핚사람의 genome을 30x로 시퀀싱핛 수 있는 UG-100을 개발, 상용
화 하였음. 

UG-100 

[연구배경] 최신 NGS 동향 
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High throughput chromatin conformation capture (Hi-C) sequencing 
: for study genome 3d genome interaction 

Chromatin immunoprecipitation sequencing 
(Chip-Seq): for study histone marks (H3K4/K27/K36me3) 

Cross-link protein to DNA 

Shear DNA 

Add bead-attached 
antibodies to 
immunoprecipitate 
target protein 

unlink protein: purify DNA 

http://en.wikipedia.org/wiki/ChIP-sequencing 
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single cell 
seq 

단일 세포 데이터  생성 및 분리 
암조직 샘플 

clustering 

세포종별 데이터 분리 및 비교 

ATAC-seq 
(Assay for Transposase-Accessible Chromatin using sequencing) 
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Single cell Multi-modal omics 

NGS applications 
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2024.09 2024.10 
(2020.09-2024.08) 

Associate Professor at 
Seoul National University 

(2024.09-Present) 

서울대학교 
Seoul National University 

2023.11, Immune Cell Hi-C 2014.12, iPSC epigenome study 2019.09, snm3C development 2022.12, Cancer Hi-C 2024.10, Developing 
Human Brain snm3C 

Jeong-Sun Seo Jesse R. Dixon Joseph R. Ecker 

Major Career and Research Achievements 

Chongyuan Luo 

Method of the Years 
Method of the Year Year 

Methods for Modeling Development 2023 
Long Read Sequencing 2022 

Protein structure prediction 2021 
Spatially resolved transcriptomics 2020 

Single-cell multimodal-omics 2019 
Imaging in freely behaving animals 2018 

Organoids 2017 
Epitranscriptome analysis 2016 

Cryo-EM 2015 
ligh-sheet fluorescence microscopy 2014 

Single cell sequencing 2013 
Targeted proteomics 2012 

Genome engineering (TALEN) 2011 
Optogenetics 2010 

Induced pluripotency 2009 
Super-resolution fluorescence microscopy 2008 

Next-generation sequencing 2007 
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Normal development vs Reprogramming 
: Cell differentiation vs Dedifferentiation 

ES cell 

Ectoderm 

Fertilized 
egg Mesoderm 

Endoderm 

Brain 

Epidermis 

 Bone 

Fibroblast 

Muscle 

Liver 

Pancreas 

Normal Programming 

Dolly the sheep 
(1997) 

Reprogramming by Nuclear Transfer 
(SCNT: 1958-) 

Reprogramming by Four Factors 
(iPSC: 2006-present) 

Reprogramming  

Epigenomic changes during 
iPSC reprogramming 

used techniques: 
 Bisulfite seq 
 ChIP seq 
  H3K4me3 
  H3K27me3 
  H3K36me3) 
 RNA seq 
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Reads 
alignment 

&  
Analysis 

Seqeuncing Bisulfite 
treatment Hybridization mAdapter 

ligation 
gDNA 

Shearing 

Whole Genome Bisulfite Sequencing (WGBS) 
: for study methylome in whole-genome scale at base resolution 

BS 

NaHSO4 
(Bisulfite) 

• Align bisulfite treated reads with 
Bismark. 

• Quality Control 
• Calculate methylation level at each 

CpG. 
• Calculate CpG methylation level in 

regions of interest (Promoters, 
CpGislands, Enhancers, and etc.) 

• Integrate with other data (RNA-Seq, 
Genome, Histone modification, and 
etc.)  

Experimental Design 

Lee et al., Nature Comm. 2014 
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Overview of Data Analysis 

Lee et al., Nature Comm. 2014 

Chromatin immunoprecipitation sequencing 
(Chip-Seq): for study histone marks (H3K4/K27/K36me3) 

Cross-link protein to DNA 

Shear DNA 

Add bead-attached 
antibodies to 
immunoprecipitate 
target protein 

unlink protein: purify DNA 

http://en.wikipedia.org/wiki/ChIP-sequencing 
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Differentially methylated regions (DMRs) 

H3K36me3 

CpGislands 
TFBS 

DMRs 
Esrrb Klf4 

Car4 

Visulized Data in Base-Resolution 
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Changes of DNA methylation during reprogramming 

1819 

1453 

553 

1291 

2774 

Lee et al., Nature Comm. 2014 

Differentially methylated regions (DMRs) 
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What happens to each factor binding sites? 

Lee et al., Nature Comm. 2014 

Are there any specific factors that push DNA 
methylation change into a certain direction? 

Fold enrichment vs Total DMRs: - < 0.75X ≤ NE (Not enriched) ≤ 1.25X ≤ + < 1.5X ≤ ++ < 1.75X ≤ +++ 

Table 1 Enrichment of Transcription factor binding sites  in each DMR group 

DMR  
Groups Number 

  sequence-specific transcription factors   Transcription regulators 

TET1 CTCF Oct4 SOX2 NANOG ESRRB ZFX KLF4 cMYC nMYC E2F1 TCFCP2L1 SMAD1 STAT3   p300 EZH2 SUZ12 RING1B 

1a 1819 NE NE - - - - - - - - - - - -   - NE NE NE 

1b 1453 NE NE - - - - - - - - - - - - - ++ ++ + 

2a 553 NE NE - NE NE NE NE ++ NE NE NE NE NE NE - - - - 

2b 1291 + NE NE NE NE + ++ NE NE + NE + - NE + +++ +++ +++ 

3 2774 NE NE +++ +++ +++ ++ ++ ++ +++ +++ +++ + +++ +++ +++ - - - 

Lee et al., Nature Comm. 2014 
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Epigenomic change during iPSC reprogramming 

Lee et al., Nature Comm. 2014 Lee et al., Nature Comm. 2014 

Histone modification and DNA methylation change  
around transcription factor binding sites 

Lee et al., Nature Comm. 2014 
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Genes in Group1 is hard to be activated when 
it‟s repressed 

Summary 

Lee et al., Nature Comm. 2014 

1. Gain of DNA methylation is easy, but the loss 
is restricted. 

2. We found 2 groups of genes 
CpG poor promoter Group is mainly 
regulated by DNA methylation 
CpG rich promoter Group is mainly 
regulated by histone modification 

Model of gene expression control  
during reprogramming 

Oct4 
Sox2 
Klf4 
cMyc 

Exp-1a Exp-1b 

Exp-1c 

DNA methylation barrier 

Only activated in  
ESC-like cellls  

(ESC, 1iPSC, 2iPSC) 

Activated early in 
reprogramming 

ESC-like pluripotent state 

Genes under histone 
modification-driven 
control 

Genes under 
methylation-driven 
control 

Lee et al., Nature Comm. 2014 
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What is Hi-C? 

3D genome Organization 
Chromatin Conformation 

1D genome sequence 

3D genome sequence 
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Visualizing Hi-C data 

Hi-C experiment and basic analysis 
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Hi-C experiment and basic analysis 

Hi-C experiment and basic analysis 
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Hi-C basic analysis-TAD 

TAD (Topologically Associated Domain) 
- Hi-C matrix를 zoom in 하면 short 
range에서 삼각형 구조가 발생함을 확
인하였음. 또핚 이러핚 삼각형 구조들이 
다른 삼각형들과는 isolate된 형태를 나
타내고 있어 이를 topologically 
associated domain이라고 부름. 

Hi-C basic analysis-Compartment 

Compartment 
- Long range interaction을 보았을 
때 크게 2개의 pattern이 나타남. 이 
두개의 패턴이 하나는 Euchromatin 
(Active region)을, 다른 하나는 
Heterochromatin (Inactive region)을 
나타냄. 
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An example of using Hi-C to understand  
enhancer activity of non-coding variation 

Claussnitzer et al. NEJM 2015 

Bradfield et al., Nature Genetics 2012 

Hi-C basic analysis-Loop 

Loop 
- 이러핚 구조들 중 특히 하나의 점에서 
강핚 interaction을 나타내는 경우 이를 
"loop이 형성되었다"고 함. 
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Development of Single nucleus methyl 3C 
and 

the Application 

An example of using Hi-C to understand  
enhancer activity 

Darío G. Lupiáñez et al. Cell 2015 
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Whole Genome Bisulfite Sequencing (WGBS) 

Reads 
alignment 

&  
Analysis 

Sequencing Bisulfite 
treatment Hybridization mAdapter 

ligation 
gDNA 

Shearing 

BS 

NaHSO4 
(Bisulfite) 

• Align bisulfite treated reads with 
Bismark. 

• Quality Control 
• Calculate methylation level at each 

CpG. 
• Calculate CpG methylation level in 

regions of interest (Promoters, 
CpGislands, Enhancers, and etc.) 

• Integrate with other data (RNA-Seq, 
Genome, Histone modification, and 
etc.)  

single nucleus methyl 3C (snm3C) 

DNA methylation Chromatin 
organization 

Copy number variation Hi-C matrix of a normal sample Hi-C matrix of a cancer sample 
with structural variants 

Single nucleus methyl-3C (sn-m3C) 

Lee et al., Nature Methods 2019 
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Lee et al., Nature Methods, (2019) 

Single nucleus methyl-3C Experiment 

3C (chromatin conformation capture) 
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Human Brain Tissue snm3C 

Clustering is possible using each data, but cell type classification is possible only through methylation. 

Lee et al. Nature Methods 2019 

Non-CpG methylation CpG methylation Chromatin Conformation 

Total L2/3 L4 L5 L6 Ndnf Vip Pvalb Sst Astro ODC OPC MG MP Endo 

4238 551 131 180 86 144 171 134 217 449 1245 203 422 100 205 

TAURUS-MH for methyl-3C data alignment 
(Two-step Alignment with Unmapped Reads Using read Splitting for Methyl-HiC) 

Lee et al., Nature Methods, (2019) 

https://github.com/dixonlab/Taurus-MH 
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Cell type specific interaction and methylation 

SATB2 
E

xcitatory 

In
h
ibitory 

Differential Interaction CpG methylation  
of anchors 

  Count Overlap 

Differential methylation 89,356 63,570 (71.14%) 

Differential Interaction 36,559 31,669 (86.62%) 

Lee et al., Nature Methods, (2019) 

3D genome organization is strongly associated with DNA methylation 
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end fill-in (Hi-C) 

no end fill-in (3C) 

Galitsyna et al., Briefings in Bioinformatics, (2021) 

Nagano 
2013 

Nagano 
2017 

Stevens 
2017 

Flyamer 
2017 

Tan 2018 

Ramani 
2017 

Lee 2019 
sn-m3C, 
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Comparison of single-cell Hi-C/3C methods 
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Cell type specific interaction and methylation 
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BRAIN INITIATIVE uses snm3C 

• U.S. government-led project announced on April 2, 2013 
• Evaluated as a project comparable to the Human 

Genome Project (total amount of $3 billion) 
• $2.4 billion invested in Phase 1 since 2014 
• A total investment of $5 billion is planned by 2026. 

 
• The main goal of Phase 1 is to develop new techniques. 
• Phase 2 involves studying the brain using developed 

techniques. 

BRAIN INITIATIVE 
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Performed snm3C on Brain tissues (PFC and HPC) in 
different developmental stages. 

PFC HPC 

Total: 29,691 

Total: 23,372 

snm3C on Developing human brain 

M. Heffel et al. Nature. 2024 

Brain Initiative Cell Atlas Network (BICAN): 
 Characterization of human brain cell types in adult and developing brains 
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Methylation remodeling in HPC precedes that in PFC  

M. Heffel et al. Nature. 2024 

Inhibitory 
neurons 

Excitatory 
neurons 

Neuronal 

Non-Neuronal 

Differences according to brain region and age 

M. Heffel et al. Nature. 2024 
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Chromatin conformation dynamics precede the remodeling of DNA 
methylation during the differentiation 

M. Heffel et al. Nature. 2024 

Chromatin conformation dynamics precede the remodeling of DNA 
methylation during the differentiation 

M. Heffel et al. Nature. 2024 
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As in the research of other groups in 2017, 
we analyzed global interaction pattern. In 
fact, the analysis was started with the 
expectation that the cell cycle could be 
observed. 
 
However, our observation indicates that this 
global interaction change does not appear to 
indicate the changes in the cell cycle (in fact, 
a lot of "S" phase is observed in adults) but 
can be used as a strong marker to 
distinguish neuronal and non-neuronal cells. 

a new layer of unique epigenomic regulation in neurons 

M. Heffel et al. Nature. 2024 

Chromatin conformation dynamics precede the remodeling of DNA 
methylation during the differentiation 

M. Heffel et al. Nature. 2024 
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Claussnitzer et al. NEJM 2015 

Bradfield et al., Nature Genetics 2012 

An example of using Hi-C to understand  
enhancer activity of non-coding variation 

There are papers that performed Hi-C in single 
cell between 2013 and 2018. 
 
The biggest weakness of these papers was that 
because only chromatin conformation was 
profiled, the cell-types could not be divided, and 
even if the cell population was divided, the type 
could not be specified because there was no 
reference. 
 
In the previous studies, the researchers found that 
the cells could be segregated into different groups 
using the interaction decay along the distance and 
claimed that this global trend reflects "cell cycle". 

Nagano et al. Nature 2017 

Previous Single-cell Hi-C study (mono-omic) 
- Why do we have to do multi-modal omics? 
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Protein/RNA 
expression 

Proteome 

Ongoing and Future Research1: 
Expand single nucleus methyl 3C to other modalities 

Schizophrenia high risk loci (TRPM6) obtained through 
GWAS shows a strong interaction only in a specific cell 
type (L4-5 Foxp2) with RORB. 

Identification of Cell type specific 
disease associated enhancer activity 

M. Heffel et al. Nature. 2024 
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Ongoing and Future Research3: 
Human Cell Epigenome Atlas 

Ongoing and Future Research2: 
spatially resolved snm3C development 
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• Data Analysis platform 
• Web-based 
• Easy to use 
• Free and Open Source 
 

• Many tools (~9400Galaxy Tool Shed) 
• Popular (>11.900 publications) 
• Extensive tutorials available 
 
 

UseGalaxy.*: Galaxy Europe 
(UseGalaxy.eu), Galaxy Main 
(UseGalaxy.org), Galaxy France 
(UseGalaxy.fr), Galaxy Australia 
(UseGalaxy.org.au) 

Introduction of Galaxy and NGS data 
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① Galaxy 주소 입력 

Start Galaxy 

② 계정 생성 및 로그인 

The Galaxy Interface 

• Three main panels 
• Left: Available Tools 

• Middle: View your 
data and run tools 

• Right: Full record of 
your analysis history 
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① Galaxy Training 

Start Galaxy 

다양핚 주제의 튜토리얼을 제공 

Galaxy Training main page 

① 로그인 

Start Galaxy 

② 또는 계정 생성  

학교 이메일 또는  

사용중인 이메일을 통해 

계정 생성 가능 
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Genome Sequencing data analysis pipeline 

SNP : single nucleotide polymorphism  
Indel : Insertion + deletion 

① 

Start Galaxy 

Introduction to Galaxy Analyses -> NGS data logistics  

② 
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NGS data logistics 

FastQ file 

read1 

read2 

DNA 
Sequencing 

library 

Adapter 

Adapter 

Line 1 : read의 ID와 optional information 
Line 2 : read의 DNA 서열 
Line 3 : additional information (중요x) 
Line 4 : DNA 서열의 quality (ASCII code) 

NGS data logistics 

• 보통 Reference genome을 넣는 파일 

• sequence를 표현하는 가장 기본적인 포맷. 

• DNA sequence 뿐맊 아니라 Protein sequence도 저장핚다. 

• '>'로 주석을 표현하고 핚줄당 50개의 sequence가 표현된다. 

 

FASTA file 
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NGS data logistics 

FastQ file 
Fasta file 

Sam / Bam file 

>chr1 
CAGTCGATCATCGCTAGCTA
ATCATATCGCCTTAGATATAG
CCGCGCTAATCGACTAGCA 

: 
>chr2 
AATACGCTATTGATCAGTGC
ATAGCTAGCATTATACGTGC
GCGACTATAGTAGCAGCTAA 

: 

Ex) 

NGS data logistics 

Base quality (phred quality score) ASCII code 

Q-Score는 염기를 호출핛 때 발생핛 수 있는 오류 가능성에 대핚 수치. 
-> 염기를 잘못 읽었을 확률 = P 
-> Q10 = −10 log10 10−1 ,   𝑃𝑃 = 0.1 
 
fastq파일 형식은 phred +33 또는 +64이며, 이 수치맊큼 더해서 계산. 
phred+33일때 quality score가 20이라면 53에 해당하는 '5‟로 표기. 
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NGS data logistics 

NGS data logistics 

Sam / Bam file 

QNAME Read의 이름(ID) 

FLAG 2짂수로 표현된 mapping에 대핚 정보 

RNAME Reference sequence의 이름 (chr1 등) 

POS Mapping된 위치 

MAPQ Mapping quality 

CIGAR Mapping된 read의 정보를 표현핚 문자열 

RNEXT 
Paired-end sequencing일 때, read pair가 
mapping된 reference sequence의 이름 

PNEXT 
Paired-end sequencing일 때, read pair가 
mapping된 위치 

TLEN 
Paired-end sequencing일 때, 두 read의 왼
쪽 끝에서 오른쪽 끝 까지의 거리 

SEQ Read의 DNA 염기서열 

QUAL ASCII code로 Phred quality score 
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Whole-genome methylation sequencing(WGBS) analysis 

• QC and Adapter Trimming 

Introduction of WGBS analysis 
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Whole-genome bisulfite sequencing(WGBS) analysis 

• Alignment(mapping) and Reference genome 

Whole-genome bisulfite sequencing(WGBS) analysis 

• QC and Adapter Trimming 
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Whole-genome bisulfite sequencing(WGBS) analysis 

• Extract Methylation information of CpG context 
The bedGraph format allows display of continuous-valued data in 
track format. This display type is useful for probability scores and 
transcriptome data. This track type is similar to the wiggle (WIG) 
format, but unlike the wiggle format, data exported in the bedGraph 
format are preserved in their original state.  

Whole-genome bisulfite sequencing(WGBS) analysis 

• Deduplication: remove PCR duplicates 
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Methods of ChIP-seq 

Introduction of ChIP-seq analysis 
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Overview of the Data 
Processing 

MACS2 

FastQC/trimmomatic 

BWA 

deeptools 

deeptools 

Basic understanding of ChIP-seq data 

• Peak : enrichment of ChIP reads compared to input reads 

depth 
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Metadata for ChIP-seq 
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Before Trimming After Trimming 
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deeptools for analysis and visualization 
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genomic bin vs bed-file 

Reference 
1000kb 1000kb 1000kb ··· 

Reference 
R1 R3 

R2 

R4 

R5 

R6 Genomic bin 
• genomic region divided by specific length of bin 

(window) 
Bed (Browser Extensible Data) file 
• a text file format used to store genomic regions as 

coordinates and associated annotations. 
• at least 3 columns :  
chromosome, chromStart, chromEnd 

Correlation 

• Assess the similarity between the replicates sequencing 
datasets. 

• By using read counts for the different samples 

 

 

Assessing correlation between samples 
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Correlation 

deeptools plotCorrelation 

compute the read coverages for genomic region 

Read coverage 
• read count on a specific genomic region 

Depth 
• per-base coverage, the average number of times a base of a genome is sequenced. 

• the number of bases of all short reads that match a genome divided by the length of genome 

Breadth 
• the percentage of bases of a reference genome that are covered with a certain depth. 

• ex) 90% of a genome is covered at 1X depth, 70% of a genome is covered at 5X depth. 
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IP strength 

ImmunoPrecipitation strength 

• evaluate the quality of the immunoprecipitation 
step in the ChIP-seq protocol. 

• By compare input bam and ChIP bam 

 

 

Correlation 

• Assess the similarity between the replicates sequencing 
datasets. 

• By using read counts for the different samples 

 

 

Assessing correlation between samples 
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Peakcall 

Peakcall 

• Peak : regions of protein occupancy  

• Determined from pileups of sequenced reads across the genome that correspond to 
where protein binds 

 

 

Peak 

IP strength 
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Sequencing data of ChIP-seq 

Strand asymmetry with read densities on the 
+/- strand, centered around the binding site. 

• The 5‟ ends of the selected fragments will form 
groups on the positive- and negative-strand. 

• The distributions of these groups are then 
assessed using statistical measures and 
compared against background (input or mock IP 
samples) to determine if the site of enrichment is 
likely to be a real binding site. 

MACS2 

Model-based Analysis of ChIP-seq 

 

Tasks: 

• Identify regions of protein occupancy 

• Generate bedgraph files for visual inspection of 
the data on a genome browser 
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Removing redundancy 
dealing with duplicate reads at the exact same location 

• reads with the same coordination and the same strand 

 

The Bad kind of duplicates 

• If initial starting material Is low this can lead to overamplification of this material before 
sequencing. 

• PCR, repeat sequence 

• Masking these regions prior to analysis can help remove this problem 

 

The Good kind of duplicates 
• only sequencing a small part of the genome. 

• Increase if the depth of coverage is excessive or if the protein only binds to few sites. 

• If there are a good proportion of biological duplicates, removal can lead to an 
underestimation of the ChIP signal 

MACS2 algorithm 
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Scaling libraries 
• Sequence depth differs between input and treatment samples 

• Linearly scales the total control read count to be the same as the total ChIP read count. 

Modeling the shift size 
• The read density around a true binding site should show 

a bimodal enrichment pattern (or paired peaks) 

 

Build model 

• scan the whole dataset searching for highly significant 
enriched rigions 

• find regions with reads more than fold-enriched 
relative to a random read genome distribution 

• randomly samples 1,000 of high-quality peaks, separates 
their +/- strand reads, and aligns them by the midpoint 
between their centers 

• d : distance between the modes the two peaks in the 
alignment 

• shifts all the reads by d/2 toward the 3’ end to the 
most likely protein-DNA interaction sites. 
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Peak detection 
• After MACS2 shifts every read by d/2, it then slides across the 

genome using a window size of 2d to find candidate peaks. 

• The read distribution along the genome can be modeled by a 
Poisson distribution. 

• Poisson is a one parameter model, where the parameter λ is 
the expected number of reads in that window 

 

λlocal 

• dynamic parameter 

• taking the maximum value across window sizes 

• λlocal = max(λBG, λ1k, λ5k, λ10k). 

• robust against occasional low read counts at small local 
regions. 

Effective genome length 

• λ is the expected number of reads in that window 

• To calculate λBG from read count, MACS2 requires the 
effective genome size or the size of the genome that is 
mappable. 

• Effective genome size to correct for the loss of true signals 
in low-mappable regions 

• Mappability is related to the uniqueness of the k-mers at a 
particular position the genome. 

• Low complexity and repetitive regions have low uniqueness,, 
which means low mappability. 
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Peak detection 

• A region is considered to have a significant read enrichment if the p-value < 10e-5 

• Overlapping enriched peaks are merged, and each read position is extend „d‟ bases from its 
center. 

• Summit : The location in the peak with the highest fragment pileup, precise binding location 

• The fold enrichment : the ratio between the ChIP-seq read count and λlocal 
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THANK YOU 
 

감사합니다 




