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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

Bioinformatics and AI for microRNA

본 강의에서는 인간 microRNA의 생성 및 타겟팅에 대한 최신 생물정보학 연구 내용을 소개한다. 

또한, 인공 지능(AI)을 활용한 microRNA 타겟팅 연구를 소개하고, AI가 어떻게 microRNA 타겟 발

굴의 예측 정확도를 높일 수 있는지 고찰한다. 끝으로, 코로나 19를 일으킨 원인 바이러스인 

SARS-CoV-2의 microRNA가 어떻게 host immune을 회피하는 지에 대한 최근 연구 결과에 대해 

논의한다. 

본 강의는 다음의 내용을 포함한다:

  ⚫ 인간 microRNA 생성 기작

  ⚫ 인간 microRNA 타겟팅 기작에 대한 최근 연구

  ⚫ 인간 microRNA 타겟팅 연구를 위한 AI 기법

  ⚫ SARS-CoV-2 microRNA

* 참고강의교재: 

  강의자료에 첨부된 논문 2편(The regulatory impact of RNA-binding proteins on microRNA 

targeting, A high-resolution temporal atlas of the SARS-CoV-2 translatome and transcriptome)

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

* 강의 난이도: 초급

* 강의: 백대현 교수 (서울대학교 생명과학부)
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Baek#, A high-resolution temporal atlas of the SARS-CoV-2 translatome and transcriptome, 

Nature Communications, 2021 (IF=14.92)

2. S. Kim*, S. Kim*, H. R. Chang*, D. Kim*, …, C. Shin#, and D. Baek#, The regulatory impact of 
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Bioinformatics and AI for MicroRNA 

Daehyun Baek 
 
 

School of Biological Sciences 
Seoul National University 

RNAi 

miRNA 

shRNA siRNA 

생성(biogenesis) 및 유전자 제어(targeting) 기작 규명 필요 

RNA Interference 
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▶ >1,000 miRNAs in human  
▶ 200-400 functional targets/miRNA 
▶ >60% of human protein-coding 
genes are direct targets of miRNAs. 

▶ The simple ternary 
interaction and its known 
determinants can explain only 
10-20% of miRNA targeting. 
▶ Other determinants remain 
still unknown. 
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Canonical Site Types(CSTs) of miRNA Targeting 

(Baek et al., Nature, 2008) 

General Rules for  
Functional MicroRNA Targeting 

Daehyun Baek 
 
 

School of Biological Sciences 
Seoul National University 
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(Chi et al., NSMB, 2011) 

(Loeb et al., Molecular Cell, 2012) 

Single Mismatch Sites Pivot Pairing 

Noncanonical Site Types(NSTs) of miRNA Targeting 

(Chi et al., Nature, 2009) 

Noncanonical Site Types(NSTs) of miRNA Targeting 

(Friedman et al., Genome Research, 2009) 

(Shin et al., Molecular Cell, 2010) 

Offset 6mer Centered Site 
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Challenge: Complexity of miRNA-mRNA Interactions 

The number of site types(STs) that can occur 
between human miRNAs and mRNAs with >8 targets:  

~2 Billion 

Limitations and Solutions 

◈ No one has performed the comprehensive and systematic search 
for functional miRNA targeting rules. 

Limitations 

◈ Canonical target sites 
◈ Offset 6-mer site 
◈ Centered site 

Incomplete Searches 
◈ AGO CLIPSeq-based analysis 
◈ Based on limited number of miRNAs 
◈ Pivot pairing site 
◈ MIRZA sites 

Indirect Evidence 

◈ Massive-scale search for functional, meaning those targets that 
elicit detectable mRNA repression, miRNA targets.  
◈ Goal: The most comprehensive discovery of miRNA 
targeting principles 

Solution: Extensive Bioinformatics Analysis 



- 6 -

Method Overview 

Comparison of Search Spaces 

>99.9% of the STs have remained 
unexamined.  

Previously evaluated <1 million STs 
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Known Local Context of CSTs 

5 known determinants for the overall proficiency of CSTs 

3’Additional Pairing 

Local AU Content 

Site Location 

Context Score : TargetScan3 

Target Site Abundance 

Seed Pairing Stability 

Context+Score : TargetScan6 

(Grimson et al., Molecular Cell, 2007) 

(Garcia and Baek et al., NSMB, 2011) 

Solution 

◈ High-performance server system 
◈ >1,500 CPU cores 
◈ >1.2 PB of storage 

High-Performance Hardware 
◈ Implemented in C/C++ 
◈ Massive use of bit-operation 
◈ Hash table based optimization 
◈ Fast compression algorithm for 
data transfer 

Optimized Software 
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Validation of NSTs and CDNSTs: Luciferase Assays 

6mer-A1 Offset 7mer 

70% of NST and CDNST targets were validated  
by luciferase assays. 

CDNST1 CDNST2 

Discovery of Functional CDNSTs 

A 
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Validation of NSTs and CDNSTs: miRNA KO/KD Data 

Validation of NSTs and CDNSTs: Luciferase Assays 

70% of NST and CDNST targets were validated  
by luciferase assays. 
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Evaluation of Previously Reported NSTs 

(Agarwal et al., eLife, 2015) 

Consistent with a recent work by the Bartel lab. 

Evaluation of Previously Reported NSTs 



- 11 -

The Impact of Functional miRNA Targeting 

Comprehensive View on Functional miRNA Targeting 

A 
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Conclusions 

◈ We have constructed a massive-scale bioinformatics pipeline 
that aims to systematically and comprehensively evaluate miRNA-
target interactions. 
 
◈ We discovered 7 NSTs and CDNSTs, many of which have not 
been reported previously.  
 
◈ Luciferase assays and independent data analyses suggest that 
most of the newly discovered NSTs and CDNSTs may be 
functional. 
 
◈ The miRNA-target interactions and their gene regulatory 
networks may be substantially more complex than currently 
perceived. 

The Impact of Functional miRNA Targeting 
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Widespread Impact of RNA-Binding Proteins  
on MicroRNA Targeting 

Daehyun Baek 
 
 

School of Biological Sciences 
Seoul National University 
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Structural change makes 
target site accessible 

miRNA target site 

PUM1 
binding site 

miRNA Targeting(MT)에 영향을 주는 RNA-결합 단백질(RBP) 

(Triboulet et al., 2010, Nature Cell Biology) 

▹ MT 인헨서: Pumilio, PCBP2, FUS, and PTBP1 
▹ MT 서프레서: Dnd1, RBM38, HuR, IGF2BP1, and PTBP1 
 

p27 mRNA 

>800 RBPs x 22,000 3’UTR RBP-결합 사이트 =  
~17 million 개에 이르는 결합 중 극히 일부만 연구됨 

pri-miRNA 

pre-miRNA 

mature  
miRNA 

miRNA: 
miRNA* 

Dicer 

AAAA 

Drosha 

Argonaute(AGO) 

Dgcr8 

▶ >1,000 miRNAs in human  
▶ 200-400 functional targets/miRNA 
▶ >60% of human protein-coding 
genes are direct targets of miRNAs. 

▶ The simple ternary 
interaction and its known 
determinants can explain only 
10-20% of miRNA targeting. 
▶ Other determinants remain 
still unknown. 
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Num of 3′UTR Binding Sites of Individual RBPs 

>2,000 Binding Sites of Each RBP  
Located in the 3′ UTR 

Cytoplasmic Fraction of RBPs 
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ENCODE eCLIP-Seq 데이터(mRNA 상의 RBP-결합 위치 정보) 

(Nostrand et al., 2016, Nature Methods) 

K562 
(120 RBPs) 

HepG2 
(103 RBPs) 

47 
RBPs 

73 
RBPs 

30 
RBPs 

150 RBPs 

핵심 가설: RBP가 MT 조절에 중요한 역할 수행 

What features of RBPs affect miRNA targeting (MT) efficacy? 
• The distance to the 5' end or 3' end of mRNA? 

• The distance to the CDS start or CDS end? 

• The distance to the miRNA target site? 

• The number of RBP binding sites (RBSs)? 

• The density of RBS? 

• The intensity of RBP binding? 

p(A) 
RBP 

RBP 
RBP RBP CDS 

5' UTR 3' UTR 
mRNA 

? 
? 

? 

? 
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RBP-결합 위치에 따른 MT 효율의 영향 

RBP-결합 위치가 miRNA 타겟 사이트에 가까울수록 
MT 효율이 강하게 증가함  RBP가 MT 인헨서로 동작 

대규모 전사체 데이터를 통한 MT 효율 측정 

miRNA #1 miRNA #2 miRNA #N 

mock- 
transfected 

sample 

miRNA-transfected samples 
(at steady state: harvest cells 24hr after miRNA transfection) 

mRNA 
fold changes 

mRNA 
fold changes 

mRNA 
fold changes 

Human 
cell lines 

Cell line Samples 

HepG2 37 miRNAs 

HeLa 59 miRNAs / siRNAs 

OHCC* 75 miRNAs 

mRNA-seq / Microarrays 

* OHCC: Other human cancer cell lines 

171 samples in total 
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Endogenous 조건에서도 RBP는 강력한 MT 인헨서로 동작 

miRNA를 과발현시킨 조건뿐만 아니라  
miRNA KO시킨 endogenous 조건에서도 동일 현상 관찰됨 

RBP는 강력한 MT 인헨서 

서로 다른 여러가지 세포 조건에서 동일 현상 관찰됨 
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기작: RBP-결합이 mRNA의 Secondary Structure를 Open 

▹ DMS-seq detects unpaired nucleotides in vivo. 

PUM1에서처럼, RBP-결합이 mRNA의  
secondary structure를 open하여 MT 효율을 증가 

거의 모든 RBP들이 MT 인헨서로 동작 

RBP 개별 분석: ≥86% RBP들이 MT 인헨서로 동작하고 
MT 서프레서로는 단 하나도 동작하지 않음 
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실험적 검증: Luciferase Reporter Assay 

80%의 3’UTR에서 RBP가 MT 효율을 직접적으로 제어 

Structural change makes 
target site accessible 

miRNA target site 

PUM1 
binding site 

MT에 영향을 주는 RBP: PUM1 

(Triboulet et al., 2010, Nature Cell Biology) 

p27 mRNA 
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AGO Binding Changes in vivo - RNA IP Experiment 

The Absence of an RBP Reduces  
AGO Binding to the MTS in vivo. 

AGO Binding Changes in vitro - Gel Shift Assay (EMSA) 

The Disrupted RBS Reduces AGO Binding to the MTS. 
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Evolutionary Insight – Widespread Regulatory Impact 

77% 

>77% of Conserved Target Sites Contain  
1≥ RBSs in Their Vicinities 

Endogenous 조건에서의 실험적 검증: PCBP2 KO 

RBP를 제거하자 MT 효율이 유의미하게 감소 
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Overlapping Sites: MTSs May Outcompete RBSs 

Overlapping Sites: MTSs May Outcompete RBSs 

For Numerous Cases, MTSs Consistently  
Outcompete the Overlapping RBSs 
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Conclusions 

▹ To gain a global insight into the regulatory impact of RBPs on MT, we have 
systematically evaluated the quantitative effect of 117 RBPs on MT efficacy. 
 
▹ Most RBPs, if not all, significantly enhance MT, while no RBP detectably 
suppresses MT on a global scale. 
 
▹ RBPs make the local secondary structure of the MTS more accessible to 
AGO and therefore enhance MT. 
 
▹ MT should be understood in a context of hundreds of co-regulating RBPs 
rather than the currently accepted simplified model of a ternary interplay 
between AGO, miRNA, and mRNA target. 
 
▹ Our study illuminates the previously  
unappreciated, widespread regulatory  
impact of RBPs on MT, unveiling the complex  
nature of the gene regulatory network  
governed by metazoan miRNAs. 
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Artificial Intelligence vs. Deep Learning 

(blogs.nvidia.com) 

AI Prediction for 
Functional MicroRNA Targeting 

Daehyun Baek 
 
 

School of Biological Sciences 
Seoul National University 
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Convolution Neural Network(CNN) 모델 for MT 

Deep Learning 기반의 miRNA 타겟 예측 

▹ Artificial neural network with multiple 
layer of simple but non-linear functions 
 
▹ Good at high-dimensional, big data 

 
▹ Convolutional neural network (CNN): 
Addition of feature extraction step for 
image and reduction of the number of 
model parameters  

(www.cs231n.github.io) 
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CNN Features: RNA Secondary Structure 

CNN Features: RBP Binding Information 
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Deep Learning 기반의 miRNA 타겟 예측 

HeLa HCT116 

53% 

68% 51% 

95% 

RBP-결합 정보를 활용하는 Deep Learning 적용 결과,  
miRNA 타겟 예측 정확도가 대폭 향상 

Convolution Neural Network(CNN) 모델 for MT 
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COVID-19 

(www.fscluster.org) 

▹ COVID-19 is caused by severe acute respiratory syndrome-related 
coronavirus 2 (SARS-CoV-2), which infected >34 million people resulting 
in >1 million deaths.  
 
▹ As the United Nations has recently declared, COVID-19 is not only a 
pandemic but also a substantial crisis deeply affecting the societies and 
economics on a global scale 
 
▹ Although the SARS-CoV-2 transcriptome has been recently reported (Kim 
et al., 2020), temporal landscape of the SARS-CoV-2 translatome and its 
impact on the human genome remain unexplored. 

A High-Resolution Temporal Atlas of  
the SARS-CoV-2 Translatome and Transcriptome 

Daehyun Baek 
 
 

School of Biological Sciences 
Seoul National University 
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The Mechanism of SARS-CoV-2 Viral Entry 

(Hartenian et al., 2020) 

The Viral Life Cycle of Coronavirus 

(Hartenian et al., 2020) 
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Model of Putative Coronavirus Replisome 

(Hartenian et al., 2020) 

Genome Organization of SARS-CoV-2 

(Kim et al., Cell, 2020) 
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Innate Immune Antagonism by SARS-CoV 

(Hartenian et al., 2020) 

Discontinuous Transcription 

(Hartenian et al., 2020) 
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Highly Reliable Data Quality 

Strong correlation between replicates indicates  
that our datasets are highly reliable. 

Experimental Design 

Generation of massive-scale datasets of  
the SARS-CoV-2 translatome and transcriptome 
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A High-Resolution Temporal Atlas of the SARS-CoV-2 Translatome 

Employing RPF-seq, QTI-seq, mRNA-seq, and sRNA-seq, a temporal 
atlas of SARS-CoV-2 translatome and transcriptome was constructed. 

Highly Reliable Data Quality 

Strong correlation between replicates indicates  
that our datasets are highly reliable. 



- 35 -

ORF 10 May Be Functional 

ORF 10 exhibited a very high TE, 
albeit to its modest RPF level, 

suggesting that ORF 10 might be 
functional. 

Temporal Expression of Individual SARS-CoV-2 Genes 

The overall increment in expression level for all ORFs  
over time was observed on both mRNA and RPF levels. 
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Translation Initiation Site Located in the Leader (TIS-L) 

Substantial amount of the RPF-seq and QTI-seq reads were 
mapped on a CUG codon located in the leader sequence 

ORF 10 May Be Functional 

Leaky scanning of ribosome in N sgRNA might lead to  
the translation of ORF 10. 
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TIS-L Reads Uniquely Mapped to the SARS-CoV-2 Genome 

Most RPF-seq and QTI-seq reads (>95%) were mapped to 
sgRNAs, while <5% of the reads were mapped to gRNA 

Leader Sequence in SARS-CoV-2 

(Kim et al., Cell, 2020) 

Leader sequence and TIS-L are included in  
all gRNAs and sgRNAs of SARS-CoV-2 



- 38 -

Translation Initiation at Annotated AUGs vs. TIS-L 

Translation initiation of TIS-L was even higher than that 
of the annotated AUG for several ORFs including ORF S 

TIS-L Reads Uniquely Mapped to the SARS-CoV-2 Genome 

The largest number of TIS-L reads mapped to ORF 6, 
followed by ORFs N, 8, 7a, 1a, and S. 



- 39 -

TIS-L for ORF 1a 

For ORFs 1a and N, TIS-L is expected to create a short 
uORF that is not overlapping with the annotated ORF 

Translation Initiation at Annotated AUGs vs. TIS-L 

Consistent with Calu-3, a considerable amount of reads 
were mapped to TIS-L in Caco-2. 
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TIS-L for ORF 6 

TRS-B of ORF 6 is embedded in the middle of ORF M  
producing an uORF in-frame with the C-terminal region of ORF M 

TIS-L for ORF S 

TIS-L is in-frame with ORF S and thus expected to yield an 
extended ORF or to function as a translation enhancer. 



- 41 -

Experimental Validation by Luciferase Reporter Assay 

These results demonstrate that TIS-L has a 
substantial regulatory impact on most SARS-CoV-2 

ORFs either positively or negatively. 

TIS-L for the Other ORFs (3a, E, M, 7a, 7b, and 8) 

Most uORFs derived from TIS-L overlap with  
annotated ORFs and are out of frame with them,  

likely functioning as a translation suppressor. 
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Evolutionary Insight into TIS-L in Betacoronaviruses 

TIS-L may bypass the reduced global translation of 
the host cells in response to viral infection. 

The Impact of TIS-L on the SARS-CoV-2 Translatome 
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SARS-CoV-2 MicroRNAs 

Two miRNA candidates detected by small RNA-seq 

Evolutionary Insight into TIS-L in Betacoronaviruses 

TIS-L is highly conserved in most of Lineage B 
viruses while absent in other lineages. 
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SARS-CoV-2 MicroRNAs 

Color by groups Color by significance 

Target mRNAs with a single 7, 8mer site (n=871) 

Associated GO terms (P < 0.05) were displayed. 

 
The most significant GO term: 

Organelle organization (P=4.9x10-8) 

• 256 genes (6.1%) are associated 

Seed: AUAGAGA 

SARS-CoV-2 MicroRNAs 

Target mRNAs with a single 7, 8mer site (n=932) 

Associated GO terms (P < 0.05) were displayed. 

 
The most significant GO term: 

Cellular response to stress (P=8.0x10-11) 

• 171 genes (7.7%) are associated 

Color by groups Color by significance 

Seed: CUGAUGA 
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Conclusions 

▹ We report the first high-resolution atlas of the translatome and 
transcriptome of SARS-CoV-2 for various time points after infecting 
human cells.  
 
▹ Intriguingly, substantial amount of SARS-CoV-2 translation initiates at 
a novel translation initiation site (TIS) located in the leader sequence, 
that we termed TIS-L.  
 
▹ Since TIS-L is included in all the genomic and subgenomic RNAs, the 
SARS-CoV-2 translatome may be regulated by a sophisticated interplay 
between TIS-L and downstream TISs.  
 
▹ TIS-L functions as a strong translation enhancer for S protein, and as 
translation suppressors for most of the other proteins.  
 
▹ Our global temporal atlas provides compelling insight into unique 
regulation of the SARS-CoV-2 translatome and helps comprehensively 
evaluate its impact on the human genome. 

SARS-CoV-2 MicroRNAs May Help Evade Human Immune Response 

(Schultze and Aschenbrenner, 2021) 
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