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강의스케줄 

Week 1~11. 후성유전학 리뷰 

Part A. 후성유전학의 일반정보 
[참고문헌] 
Regulation of chromatin by histone modifications 
Molecular Biology of the Cell, 5th ed. 
Handbook of Epigenetics 

Part B. 후성유전 조절에 의한 유전자 발현 기전 
[참고문헌] 
The code and beyond: transcription regulation by the RNA polymerase II carboxy-terminal domain 
Modifications of RNA polymerase II CTD: Connections to the histone code and cellular function 
RNA-quality control by the exosome 
The many pathways of RNA degradation 
The complex eukaryotic transcriptome 

Part C. 후성유전 조절의 확장 (세포수명, DNA damage, 헤테로크로마틴, 대사) 
[참고문헌] 
- Extending Healthy Life Span—From Yeast to Humans 
- Histone modifications as regulators of life and death in Saccharomyces cerevisiae 
- The Aging Epigenome 
- The Epigenetic Pathways to Ribosomal DNA Silencing 
- Epigenome Maintenance in Response to DNA Damage 
- Interplay between Metabolism and Epigenetics: A Nuclear Adaptation to Environmental Changes 

Week 12 ~ 16. 후성유전학 관련 논문 발표 (Final exam), 1주에 4명씩 발표 (예정)

Part A. 후성유전학의 일반정보



(DNA 메틸화 + 히스톤 변형 + 크로마틴 
구조 변형 + ncRNA 조절) x 유전

ep·i·ge·net·ics 
(후성유전학)
:stable heritable traits (or "phenotypes") that cannot be explained by 
changes in DNA sequence. The Greek prefix epi- (Greek: επί- over, 
outside of, around) in epigenetics implies features that are "on top of" 
or "in addition to" the traditional genetic basis for inheritance.

뉴클레오타이드는 핵산의 기본단위



Nucleosomes contain DNA + Histones



The structure of nucleosome

• Isolation of nucleosome : ‘nuclease’. 

• An individual ‘nucleosome core particle’

• Eight histone proteins (H2Ax2, H2Bx2, H3x2, and H4x2) and double-
stranded DNA.

• DNA is 147 nt pairs long, winds around the histone octamer.

• High resolution structure of the nucleosome

• Solved in 1997 in atomic detail.

• Disc-shaped histone complex around which the DNA is tightly 
wrapped, making 1.7 turns in a left-handed coil.

• Linker DNA
• DNA between nucleosomes : ~ 80 nt.

• Meaning...

• Converts a DNA molecule into a chromatin thread ~ 1/3 of its initial length.

• First level of DNA packing.

15

• Small proteins (H2A, H2B, H3, H4 and H1)

• Contain positively charged amino acids (K or R).

• Bind tightly to the negatively charged DNA. 

• Histone N-terminal tail
• Several types of covalent modification (epigenetically 

inherited)
• Control many aspects of chromatin structure and gene 

expression (acetylation; methylation; phosphorylation; ubiquitination).

• Highly conserved of all known eukaryotic proteins.
• Extreme evolutionary conservation (e.g. peas and cows).

• Vital role in controlling eucaryotic chromosome structure.
• Also found in archaea.

Histones



Two ways to adjust the local structure of their 
chromatin rapidly

1. Chromatin Remodeling Complexes

2. Chemical Modifications of the Histones

Changes in nucleosome structure allow access to DNA
Dynamic Nucleosome

1. Chromatin Remodeling Complexes

adjustment; sliding; movement; altering



Nucleosome removal and histone exchange

1. Chromatin Remodeling Complexes

• Protein complex

• Use the ATP hydrolysis to change the position of the DNA (adjustment; 
sliding; movement; altering) 

• Loosen the nucleosomal DNA by pushing it along the histone core.

• Make DNA more accessible to other proteins.

• Inactivated during mitosis.

• Other types of sliding can also condense the chromatin in a particular region.

• In addition, they catalyze nucleosome removal and histone exchange.

Chemical Modifications of the Histones
The covalent modification of core histone tails



A map of histone modifications on the surface of 
the nucleosome core particle

Some specific meanings of the histone code
Epigenetic code (후성유전코드)



 “Histone Code”

• A specific meaning to the stretch of chromatin on which it occurs.

• Different combinations + different sets of histone-binding proteins 

→ different signal

Ac Acetyltransferse (HAT) Deacetylase (HDAC)

Me Methytransferase Demethylase

Ub Ubiquitylase Deubiquitylase

Ph Kinase Phosphatase

Chemical Modifications of the Histones
1. Tails of all four of the core histones.

1.1.Covalent modifications (ac, ph, me, or ub).

2. Affect the ability of the histone tails to bind specific proteins and 
therefore recruit them to particular stretches of chromatin.
2.1.Different patterns attract different proteins.
2.2.Specific combinations have different meanings for the cell.

3. Further (de)condensation of chromatin.

3.1.The enzymes that modify histone tails are tightly regulated.

3.2.The histone-modifying enzymes work in concert with 
(Team work)  the chromatin-remodeling complexes to 

(de)condense stretches of chromatin.

결론: Rapidly change local chromatin structure according to 

the needs of the cell.

• Epigenetic inheritance

• Heterochromatin



질문
(히스톤 코드가 어떻게 하나의 뉴클레오좀이 아니라 넓은 지역에 걸쳐 작
성되고 또한 이렇게 작성된 코드가 읽혀져서 (암호가 해독되어서) 세포내
에서 뉴클레오좀의 구조를 바꾸는 등의 기능을 담당하게 되는가?)

• Covalently attached groups

Methyl Acetyl Phospho Ubiquitin

Histone Modifications

• Writers, readers and erasers of Histone modifications

히스톤 코드가 어떻게 읽히게 되며 어
떻게 활성을 나타내게 되는가?

How the histone code could be 
read by a code-reader complex

➀



어떻게 한가지의 히스톤 변형이 하나의 
뉴클레좀이 아니라 넓은 지역에 걸쳐 퍼

질 수 있는가?

How the recruitment of a code-
reader-writer complex can spread 
chromatin along a chromosome.

“the writer collaborates with a code-reader”

➁
어떻게 특정 히스톤 변형과 뉴클레
오좀의 구조의 변화가 넓은 지역에 
걸쳐 동시에 나타날 수 있는가?

How a complex containing 
reader-writer and ATP-dependent 

chromatin remodeling proteins can 
spread chromatin changes along 

a chromosome.

“the reader-writer complex collaborates with 
an ATP-dependent chromatin remodeling protein”

➂

➃ 서로 다른 히스톤 변형들끼리 서로 영향을 주고 받는가?
Histone modification cross-talk (Trans-tail regulation)

크로마틴 구조는 유전될 수 있는가?

Changes in chromatin structure can be 
inherited (Epigenetic inheritance)

How can certain types of chromatin 
structure be passed (inherited) from a cell to 

its descendants?



히스톤 코드와 유전자의 발현과정은 직접적으로 연동되어 작동
하는가? 아니면 단지 영향을 받는 간접적인 현상인가?

The synchronized code of the histones and the CTD in 
regulating gene transcription 
(동기화된 코드: 히스톤 코드 + CTD 코드)

ꍐ

How can the tight packing of DNA in heterochromatin be inherited 
during chromosome replication?



Comparison

require “reprogramming”

•  Epigenetic Inheritance

• epi- ( “on”) + genetic

• Superimposed on genetic inheritance based on DNA.

• Each daughter DNA receives half of its parents histones.

• An intermixed set of two types of nucleosome.

• ‘Inherited’ and ‘newly synthesized’ histones (not modified).

• The ability of inherit localized chromatin structure.

• Remember whether a gene was active / inactive.

• Crucial for growth and development processes.

Interphase chromosomes contain both condensed and 
more extended forms of chromatin

Euchromatin

• eu (“true” or “normal”) + chromatin.
• Refer to chromatin that exists in a more extended state than 

heterochromatin.

• However, both euchromatin and heterochromatin are 
composed of mixtures of different chromatin structures 
(different sets of histone tail modifications).



Heterochromatin 

• Heteros (“different”) + chromatin
• The most highly condensed form of interphase chromatin.

• Discrete, strongly staining region. 

• About 10% of an interphase chromosome. 

• Found in centromere and telomere region.

• Large-scale structure of interphase chromosomes - localized alteration 
of chromatin packing by (remodeling complexes + histone modification).

• Not uniformly packed.

• Regions of the chromosome that contain genes that are being expressed 
are more extended, while those that contain quiescent genes are 
more compact.

• The detailed structure of an interphase chromosome can differ from one 
cell type to the next, helping to determine which genes are expressed.

Interphase chromatin

INTRODUCTION 

- The term epigenetics: 1942 by Conrad Waddington  

- Old definition: the causal interactions between genes and their products that allow 
for phenotypic expression.  

- Current definition: the collective heritable changes in phenotype due to processes 
that arise independent of primary DNA sequence.  

- This heritability of epigenetic information was for many years thought to be limited to 
cellular divisions. However, it is now apparent that epigenetic processes can be 
transferred in organisms from one generation to another.



THE BASICS OF DNA METHYLATION AND HISTONE MODIFICATIONS 

1. DNA methylation: 

- the most studied of epigenetic processes 

-  transfer of a methyl moiety from S-adenosylmethionine (SAM) to the 5-position of 
cytosines in certain CpG dinucleotides.  

-  catalyzed by the DNA methyltransferases (DNMTs).  

-  The three major DNMTs: DNMT1, 3A and 3B 

-  DNMT1 catalyzes maintenance methylation that occurs during each cellular 
replication as the DNA is duplicated.  

-  DNMTs, 3A and 3B, : de novo methylation activity where new 5-methylcytosines are 
introduced in the genome at sites that were not previously methylated.  

-  X chromosome inactivation and cellular differentiation 

-  In general, the more methylated a gene regulatory region, the more likely it is that the 
gene activity will become down-regulated and vice versa.

2. Histone modificaiton 

- chromatin changes are another central epigenetic process 

- gene expression, many other biological processes. Posttranslational modifications of 
histones such as acetylation and methylation occur in a site-specific manner  

- The histone acetyltransferases (HATs) catalyze histone acetylation and the histone 
deacetylases (HDACs) result in removal of acetyl groups from key histones that 
comprise the chromatin. 

- In general, increased histone acetylation is associated with greater gene activity and 
vice versa.  

- methylation of histones has variable effects on gene activity 

- lysine 4 (K4) methylation of histone H3: increasing gene activity 

- methylation of lysine 9 (K9) of histone H3: transcriptional repression. 

- crosstalk between DNA methylation and histone modifications: cytosine methylation 
may increase the likelihood of H3-K9 methylation and H3-K9 methylation may promote 
cytosine methylation.

ADDITIONAL EPIGENETIC PROCESSES 

1. Non-coding RNA  

- including both short and long forms, often share protein and RNA components with 
the RNA interference (RNAi) pathway and they may also influence more traditional 
aspects of epigenetics such as DNA methylation and chromatin marking.  

- These effects appear to be widespread and occur in organisms ranging from protists 
to humans.    

2. Prions  

- influence epigenetic processes independent of DNA and chromatin.  

- The prion proteins are able to switch their structure in an autocatalytic manner that 
can not only influence epigenetic expression, but also lead to human disease. 

3. The position of a gene in a given chromosome 

- Upon rearrangement, a gene may be relocated to a heterochromatic region of the 
genome leading to gene silencing and many other gene position effects have been 
described, some of which may also lead to various human diseases.  

4. Polycomb mechanisms 

- are another relatively new aspect of epigenetics that control all of the major cellular 
differentiation pathways and are also involved in cell fate. 

- Polycomb repression is very dynamic and can be easily reversed by activators 

Therefore, although DNA methylation and histone modifications are mainstays of 
epigenetics, recent advances have greatly expanded the epigenetic world to include 
many other processes such as non-coding RNA, prions, chromosome position effects 
and Polycomb mechanisms.



EPIGENETIC TECHNOLOGY 

1. Determining DNA methylation 

- bisulfite sequencing 

- methylation-specific PCR (MSP) 

- quantitative MSP 

- These techniques can be applied not only to mechanisms of epigenetic gene control, 
but to diagnostic processes as well.  

2. methylome at high resolution.  

Microarray platforms and high-throughput sequencing 

restriction landmark genomic sequencing (RLGS) 

methylation-sensitive restriction fingerprinting 

methylation-specific digital karyotyping 

targeted and whole genome bisulfite sequencing 

methylated DNA immunoprecipitation (MeDIP) 

methylated-CpG island recovery assay 

3. Chromatin immunoprecipitation (ChIP) 

4. Chromosome conformation capture (3C) 

- The 3C-based method allows analyses of the spatial proximity of distant functional 
genomic sites to render a three dimensional view of the genome within the nucleus 
itself.  

5. Epigenomic approaches 

- ChIP-on-chip and ChIP-seq

MODEL ORGANISMS OF EPIGENETICS 

1. Drosophila 

- a mainstay model in biology in general and the 

- epigenetics field is not an exception in this regard.  

- a number of examples of transgenerational inheritance in Drosophila and this model 
system also shows promise in unraveling the evolutionary aspects of epigenetics.  

2. Mouse 

- Probably the most useful model system in epigenetics to date 

- Randy Jirtle and colleagues review numerous different mouse models that are 
important in many epigenetic processes such as transgenerational epigenetics and 
imprinting and these models have potential in illuminating human diseases such as 
diabetes, neurological disorders and cancer.

3. Plant models 

- of great importance in epigenetics due in part to 

- their plasticity and their ability to silence transposable elements.  

- RNAi silencing in plants has been at the forefront of epigenetics and plant models will 
likely lead the way in several other epigenetic processes in the future.  

Thus, model development, like the advances in techniques, have made many of the 
most exciting discoveries in epigenetics possible for a number of years.



FUNCTIONS OF EPIGENETICS 

- indeed numerous and it would be next to impossible to 

- do complete justice in one book 

- Stem cells rely in part on signals from the environment and epigenetic mechanisms 
such as DNA methylation, histone modification, and microRNA (miRNA) have central 
roles in how stem cells respond to environmental influences. 

- Regenerative medicine is dependent upon stem cells and skeletal muscle 
regeneration involves key changes in the epigenome that regulate gene expression in 
muscle progenitors through chromatin as well as microRNA epigenetic changes. 

- X chromosome inactivation 

- Genomic imprinting 

- Gene regulation through epigenetic mechanisms is necessary for changes in adult 
brain function and behavior based on life experiences. 

- New drugs that impact epigenetic mechanisms may have future uses in treating or 
alleviating cognitive dysfunction.  

- Transgenerational inheritance is also a form of memory based in part on epigenetics  

- Aging process is a form of epigenetic memory and experience, in that our genes are 
epigenetically modified from our parents and also during our entire life spans, that can 
significantly impact the longevity of humans as well as our risk for the numerous age-
related diseases, many of which are also epigenetically-based. 

EPIGENETICS AND HUMAN DISEASES 

1. Cancer  
associated with epigenetic alterations, and DNA methylation, chromatin modifications, 
and RNA-dependent regulation have all been shown to affect the incidence and 
severity of cancer. 

2. Many immune disorders  
systemic lupus erythematosus (SLE) 
rheumatoid arthritis 
autoimmune disorders such as multiple sclerosis 

3. Brain disorders 
the Rett syndrome 
Alzheimer’s disease 
Huntington’s disease 
schizophrenia 
depression

4. System metabolic disorders 

obesity 

gestational diabetes 

hypertension 

5. Imprinting disorders 

The Prader–Willi syndrome 

Angelman syndrome 

Silver Russell syndrome 

transient neonatal diabetes mellitus 



EPIGENETIC THERAPY 

- Although there are many epigenetic therapies that are in use and on the horizon, 
histone modifying drugs have probably received the most attention in the clinics.  

- Chief among these are the histone deacetylase (HDAC) inhibitors.  

- Vorinostat (Zolinza), for example, has been approved by the Food and Drug 
Administration for use in the treatment of patients with cutaneous T-cell lymphoma 

- Many different HDAC inhibitors have been developed and it is likely that significant 
improvements will occur for HDAC inhibitors as well as many other drugs that can 
normalize aberrations in not only histone modifications, but also DNA methylation and 
perhaps some of the many other epigenetic processes that have been discovered.

Q & A

EPIGENETIC TECHNOLOGY 

1. Determining DNA methylation 

- bisulfite sequencing 

- methylation-specific PCR (MSP) 

- quantitative MSP 

- These techniques can be applied not only to mechanisms of epigenetic gene control, 
but to diagnostic processes as well.  

2. methylome at high resolution.  

Microarray platforms and high-throughput sequencing 

restriction landmark genomic sequencing (RLGS) 

methylation-sensitive restriction fingerprinting 

methylation-specific digital karyotyping 

targeted and whole genome bisulfite sequencing 

methylated DNA immunoprecipitation (MeDIP) 

methylated-CpG island recovery assay 

https://en.wikipedia.org/wiki/Methylated_DNA_immunoprecipitation

Methylated DNA immunoprecipitation (MeDIP)



Bisulfite sequencing
Treatment of DNA with bisulfite converts cytosine residues to uracil, but leaves 5-
methylcytosine residues unaffected.

Methylation-specific PCR (MSP)

https://en.wikipedia.org/wiki/Bisulfite_sequencing#Methylation-specific_PCR_.28MSP.29

Part B. 후성유전 조절에 의한 유전자 발현 기전





The structure of the nucleosome core particle

Adapted from Felsenfeld and Groudine Nature (2003) 80

By Kornberg group:  
Architecture of an RNA Polymerase II 
Transcription Pre-Initiation Complex

TSS

Formation of RNA Polymerase II 
Transcription Pre-Initiation Complex

Transcription initiation and RNA Polymerase II

A “Simple” Eukaryotic Gene  



Types of RNA polymerase
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Variations in CTD repeats

• The variation in total CTD repeats is generally correlated with the degree of organism complexity
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A C E T Y L AT I O N ,  ( K ,  S ,  T )  

A D P - R I B O S Y L AT I O N ,  ( K ,  E )  

B U T Y RY L AT I O N ,  ( S ,  T )  

Β - N - A C E T Y L G L U C O S A M I N E ,  ( S ,  T,  Y )   

C R O T O N Y L AT I O N ,  ( K )   

C I T R U L L I N AT I O N ,  ( R )  

F O R M Y L AT I O N ,  ( K )  

H Y D R O X Y L AT I O N ,  ( Y )   

H Y D R O X Y I S O B U T RY L AT I O N ,  ( Y )  

M E T H Y L AT I O N ,  ( K ,  R )  

M A L O N Y L AT I O N ,  ( K )  

P R O L I N E  I S O M E R I Z AT I O N ,  ( P )  

P R O P I O N Y L AT I O N ,  ( K )  

P H O S P H O RY L AT I O N ,  ( S ,  T,  Y )  

S U M O Y L AT I O N ,  ( K )  

S U C C I N LY L AT I O N  ,  ( K )  

U B I Q U I T Y L AT I O N ,  ( K )

HISTONE CODE

• Covalently attached groups

Methyl Acetyl Phospho Ubiquitin

Histone Modifications

• Writers, readers and erasers of Histone modifications

88

Histone

Histone tail

HAT
Acetylation

Deacetylation

HDAC

Ac

E1/E2/E3 Ligase
Ubiquitylation

Deubiquitylation

DUBs

Ub

Kinase
Phosphorylation

Dephosphorylation

Phosphatase

Ph

KMT
Methylation

Demethylation

KDM

Me

Writers and erasers of Histone modifications 



2. The RNA polymerase II CTD: structure, 
modification and signature code 

히스톤 코드와 유전자의 발현과정은 직접적으로 연동되어 작동하
는가? 아니면 단지 영향을 받는 간접적인 현상인가?

The synchronized code of the histones and the CTD in 
regulating gene transcription 
(동기화된 코드: 히스톤 코드 + CTD 코드)

ꍐ

RNAPII-CTD structure: 

Linker Proximal part Distal part Tip

RNAPII Catalytic 
core RNAPII CTD

RNAPII CTD repeats

YSPTSPS
1 5 6 73 42

CTD Consensus Sequence



SYNCHRONIZED	CODE	OF	TRANSCRIPTION	REGUALTION

Acetylation, (K); 
β-n-acetylglucosamine, 
(S,T,Y); 
Methylation,(K, R); 
Proline Isomerization, (P); 
Phosphorylation, (S, T, Y); 
Ubiquitylation, (K).

Acetylation, (K, S, T) 
Adp-ribosylation, (K, E) 
Butyrylation, (S, T) 
β-n-acetylglucosamine, (S, T, Y)  
Crotonylation, (K)  
Citrullination, (R) 
Formylation, (K) 
Hydroxylation, (Y)  
Hydroxyisobutrylation, (Y) 
Methylation, (K, R) 
Malonylation, (K) 
Proline Isomerization, (P) 
Propionylation, (K) 
Phosphorylation, (S, T, Y) 
Sumoylation, (K) 
Succinlylation , (K) 
Ubiquitylation, (K)

94

RNAPII CTD structure and variations in consensus sequences. 

Liu, P., Kenney, J.M., Stiller, J.W., Greenleaf, A.L., 2010. Genetic organization, length 
conservation, and evolution of RNA polymerase II carboxyl-terminal domain. Mol. Biol. 
Evol. 27, 2628–2641.
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Variations in CTD repeats

• The variation in total CTD repeats is generally correlated with the degree of organism complexity

96

Variations in CTD repeats

Chem. Rev. 2013, 113, 8423−8455
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RNAPII-CTD structure: 
• Highly disordered 

• Dynamically plasticity in nature 

• Hydrophobic amino acids: Proline  

• Polar amino acids: Serine, Threonine , Tyrosine

WIREs RNA 2013, 4:1–16. doi: 10.1002/wrna.1138

1. Form secondary structures 

2. β-turns between two SPXX motifs  

1. Induce folded structure i.e. protein compaction 

2. The change of direction of the peptide chain 

3. Proline and Glycine are frequently found in beta turns 

4. Proline because its cyclic structure is ideally suited for the beta 

turn

Beta turn

β-turn

98

Acetylation, (K); 

β-n-acetylglucosamine, (S,T,Y); 

Methylation,(K, R); 

Ubiquitylation, (K).
X

Generation of the CTD CODE: post translation modifications of the CTD

YSPTSPS

CTD CODE

• Covalently attached groups

Methyl Acetyl Phospho Ubiquitin

Histone Modifications

• Writers, readers and erasers of Histone modifications

100

Phosphorylation of the CTD

Kinase

Phosphorylation Dephosphorylation

PhosphataseP
YSPTSPS

RNAPII CTD-p modification
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Serine Phosphorylation of the CTD in Yeast

Yeast Kinase: CTD kinase 

Serine Phosphorylation of the CTD in Mammals
Mammals Kinase

DYRK1A S2, S5 P Transcription initiation, recruited to 
proximal promoters

RNA polymerase

RNA polymerase (vs. DNA polymerase).

• Immediate release of the mRNA as it is synthesized.

•Many RNA copies can be made in a short time. 

• Simultaneously transcribing. The synthesis of next RNA is usually 

started before the first RNA has been completed.

• Speed: ≈ 30 bp/s (cf. DNA synthesis: 100 bp/s)

• A medium-sized gene (1.5 kb) requires about 50 s.



Simultaneously transcribing 
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Transcription cycle and RNA polymerase II during different state of CTD serine 
phosphorylation

CTD tyrosine phosphorylation
YEAST

HUMAN

INITIATION ELONGATION TERMINATION

Promoter TSS Gene  coding region polyA

Promoter TSS Gene  coding region polyA

S-2P
S-5P

Y-1P

• In yeast: Recruitment of the elongation factor 

• Human c-Abl kinase is the only kinase that phosphorylates Y1,  
• No kinase in yeast

• Mammals Y1-P: auxiliary role for protection and stabilization during transcription initiation 

108

YEAST

HUMAN

INITIATION ELONGATION TERMINATION

Promoter TSS Gene  coding region polyA

Promoter TSS Gene  coding region polyA

S-2P
T-4P

CTD threonine phosphorylation

In humans,  
1. Polo-like kinase-3 (PLK3) 
2. CDK9 

3. No kinase report for yeast

• Facilitating the binding of termination factors 

• Induction of certain specific genes
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CTD glycosylation

OGT

Glycosylation Deglycosylation

OGAG
YSPTSPS

• Addition: nucleotide sugar uridine diphosphate-N-
acetylglucosamine (UDP-GlcNAc)

• O-GlcNAc transferase (OGT)

• N-acetyl-β-D-glucosaminidase (OGA)

• Primarily acts as a steric block to prevent 
aberrant CTD phosphorylation

• Occur during PIC assembly

• Preventing premature ctd phosphorylation and 
rnapii degradation

110

CTD proline isomerization

• Peptidyl-prolyl isomerases (PPIases) that catalyze 
cis/trans propyl-peptide bond inter-conversions 

• PIN1 in mammals 
• Ess1 or Rrd1 in yeast

Functions: 
• expanding the complexity of the CTD code signature  
• providing a scaffold for the recruitment of various CTD-

modifying proteins
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Acetylation, Methylation And Ubiquitylation

CTD Acetylation  
1. contributes to the early stages of transcription

CTD Methylation  
1. CTD modification by CARM1 regulates early stages of transcription during the expression of snRNAs and snoRNAs 
2. PRMT5 mediates the CTD modification regulating transcription termination

CTD Ubiquitylation: 
1. In mammals, maintaining normal Rpb1 protein levels in embryonic pluripotent stem cells  
2. In yeast, promoting the ejection of the Rpb4/7 heterodimer from the RNAPII decameric core

CTD

p300/KAT3B  
acetyltransferases

• Mammalian Wwp2 
• Yeast E3 ligase, Asr1

PRMT5 R1810me2s

CARM1 R1810me2a 

Non consensus modifications

• Covalently attached groups

Methyl Acetyl Phospho Ubiquitin

Histone Modifications

• Writers, readers and erasers of Histone modifications



113

Writers, Readers, and Erasers of the CTD code

1. Writers or encoders of the CTD code 

• proteins that change the CTD to produce the various modification states of RNAPII

Yeast: Ess1 
Mammals: PIN1

Yeast: Kin28, Ctk1 
Mammals: CDK7, CDK12

Reported Writers in Yeast CTD modifications: 
1. Phosphorylation 
2. Isomerization  
3. Ubiquitination

Reported Writers in Mammals CTD modifications: 
1. Phosphorylation 
2. Glycosylation 
3. Isomerization  
4. Acetylation 
5. Methylation 
6. Ubiquitination
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Readers of the CTD code

• RNAPII with a modified or unmodified CTD is 
recognized by proteins

1. CID (CTD interacting domain), e.g. the yeast termination factors Pcf11, Nrd1, 

and Rtt103 

2. WW domain (40 amino acids long; W, tryptophan), e.g. RNAPII E3 

ubiquitin ligase Rsp5 

3. SH2 (Src Homology 2) domain, e.g histone chaperone Spt6 

4. SRI (Set2 Rpb1 Interaction) domain, eg. Histone methyltransferase Set2 

5. FF domain (60 amino acids long; F, phenylalanine), e.g.  splicing factors 

CA150/TCERG1, FBP11/HYPA, and Prp40 

6. The low complexity sequence domain, e.g. RNA-binding protein FUS 

(fused in sarcoma) 
7. RRM(RNA recognition motif) domain e.g. mRNA export protein Yra1 

8. GTaseNT (guanylyltransferase nucleotidyltransferase) domain e.g. 

Ceg1

Reader 
Protein

YSPTSPS
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Erasers of the CTD code

Modified CTD repeats are dynamically restored to their original 
states by CTD ‘decoders’ or ‘erasers”

Kinase

Phosphorylation Dephosphorylation

Phosphatase
P

YSPTSPS

The decoders or the erasers of the RNAPII CTD modifications 

Main functions 
• The decoding of different CTD modifications is essential 

for RNAPII transitions in the  transcription cycle 

• RNAPII recycling for the next round of transcription
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CTD kinases and phosphatases contribute to the CTD phosphorylation pattern over the 
course of transcription 

Hajheidari et al November 2013, Vol. 18, No. 11, page 633-643 
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The different functions of RNAPII CTD modifications within the consensus and non-consensus 
sequences during transcription

Summary of CTD code functions
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A C E T Y L AT I O N ,  ( K ,  S ,  T )  

A D P - R I B O S Y L AT I O N ,  ( K ,  E )  

B U T Y RY L AT I O N ,  ( S ,  T )  

Β - N - A C E T Y L G L U C O S A M I N E ,  ( S ,  T,  Y )   

C R O T O N Y L AT I O N ,  ( K )   

C I T R U L L I N AT I O N ,  ( R )  

F O R M Y L AT I O N ,  ( K )  

H Y D R O X Y L AT I O N ,  ( Y )   

H Y D R O X Y I S O B U T RY L AT I O N ,  ( Y )  

M E T H Y L AT I O N ,  ( K ,  R )  

M A L O N Y L AT I O N ,  ( K )  

P R O L I N E  I S O M E R I Z AT I O N ,  ( P )  

P R O P I O N Y L AT I O N ,  ( K )  

P H O S P H O RY L AT I O N ,  ( S ,  T,  Y )  

S U M O Y L AT I O N ,  ( K )  

S U C C I N LY L AT I O N  ,  ( K )  

U B I Q U I T Y L AT I O N ,  ( K )

HISTONE CODE

• Covalently attached groups

Methyl Acetyl Phospho Ubiquitin

Histone Modifications

• Writers, readers and erasers of Histone modifications
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Histone

Histone tail

HAT
Acetylation

Deacetylation

HDAC
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Deubiquitylation

DUBs

Ub

Kinase
Phosphorylation

Dephosphorylation

Phosphatase

Ph

KMT
Methylation

Demethylation

KDM

Me

Writers and erasers of Histone modifications 



The synchronized code of the histones and the CTD 

Coordination of RNAPII modification with histone modification during the transcription cycle 
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Abstract  

The exosome complex: 
• 3′→5′ exonucleases  
• RNA-processing machinery 
• accurate processing of nuclear RNA precursors 
• degradation of RNAs in both the nucleus and the cytoplasm 

Question: how different classes of substrate are distinguished 
from one another?  

There are striking similarities between the process of RNA 
degradation in bacteria and eukaryotes.

Small nucleolar RNA (snoRNA).  
: A small RNA molecule that functions in ribosome biogenesis 
in the nucleolus. Most snoRNAs direct site-specific base 
modification in the pre- ribosomal RNAs, whereas a small 
number are required for pre-ribosomal RNA cleavage.

Small nuclear RNAs 
: Five small RNA species (U1, U2, U4, U5 and U6) that form the 
core of the pre-mRNA- splicing system in the nucleus.



RNA processing 
•  exists to allow quality-control systems to distinguish between the mature 

ribonucleoprotein particles (RNPs) and their precursors.  
•  continuously monitored by surveillance systems. 

RNA-surveillance machinery  
•  Key components: exosome complex of 3′ →5′ exonucleases. 
•  degrades many types of RNA that have been targeted by surveillance 

activities in both the nucleus and cytoplasm 
•  precise trimming, in a 3′→5′ direction, of the 3′ ends of nuclear 

precursors 

Functions of the exosome 
•  Table 1.  

•  ten common components 
•  the GTPase Ski7 in the cytoplasmic complex 
•  the RNase Rrp6 (ribosomal RNA-processing protein-6) in the nuclear 

complex   
•  putative nucleic-acid-binding protein Rrp47 (also known as Lrp1) in 

the nuclear complex



The nuclear exosome 
•  3′ processing of the precursors to stable RNAs, including the 5.8S 

rRNA component of mature ribosomes and many snoRNAs 
•  the surveillance and degradation of aberrant nuclear precursors of 

many types of RNA including pre-mRNAs, pre-tRNAs and pre-rRNAs 
•  control of expression levels of some mRNAs

Nonsense-mediated decay 
 The process by which the cell destroys mRNAs in which translation has 
been prematurely terminated owing to the presence of a nonsense codon 
within the coding region. 

Non-stop decay 
 An RNA-degradation pathway for mRNAs that do not contain a 
translation-termination codon and in which the translating ribosomes stall at 
the end of the transcript.

No-go decay 
 An RNA-degradation pathway that is induced by the stalling of a 
translating ribosome. The RNA is cleaved in the vicinity of the stalled 
ribosome, and this is followed by exonuclease degradation of the cleaved 
fragments. The 5′ fragment is degraded by the exosome, whereas the 3′ 
fragment is degraded by the 5′ exonuclease Xrn1.



Predicting the eukaryotic exosome structure. 

• The six RNase PH domains are each present in distinct proteins 

• contains a Csl4 homologue and two proteins, Rrp4 and Rrp40 
• the RNA-binding domains of these proteins are presumed to be important 

for substrate binding  
• Exoexonuclease (Rrp6 in yeast, PM-Scl100 in humans) is present only in 

the nuclear version of the yeast exosome. This protein is homologous to the 
RNase T/D family of bacterial exonucleases, and it also shows 
exonuclease activity in vitro 

• Overall, the eukaryotic exosome is thought to resemble a complex between 
homologues of bacterial PNPase and RNase II.

Activation of the exosome 

• the yeast exosome has low intrinsic exonuclease activity on naked RNA 
substrates. It was therefore believed that the eukaryotic exosome generally 
has little RNase activity. This might be important in protecting the cell 
against inappropriate RNA degradation — the activated exosome would be 
a dangerous beast to have roaming unchecked through the transcriptome 
(Fig. 2). 

• Some factors bind specific RNA sequences in substrate RNAs, whereas 
others are likely to recognize and target RNA–protein complexes primarily 
on the basis of their specific structural features.

Sequence-specific cofactors 

1. the nuclear RNA-binding protein Nrd1, which is implicated in 
promoting RNA degradation by the exosome both in vitro and in vivo 

2. The precursors of many RNA species contain Nrd1-binding sites 

3. It might be that, by default, all RNAs with binding sites for Nrd1 are 
targeted for complete degradation by the exosome. 

4. Normal processing (that is, 3′ cleavage and polyadenylation of 
mRNAs or 3′ cleavage of the precursors to snoRNAs and snRNAs) 
would remove the Nrd1-binding site and protect the processed RNAs 
against degradation by the exosome. This would potentially constitute 
a quality-control system that degrades RNAs that fail to undergo 
efficient RNA processing.



Non-sequence-specific cofactors 
1. the yeast DExH-box RNA helicase Mtr4, which is required for the 
activities of the nuclear exosome in both RNA maturation and degradation 

2. Mtr4 is also present in the Trf–Air–Mtr4 polyadenylation (TRAMP) 
complexes, which polyadenylate target RNAs and activate the exosome 
both in vitro and in vivo 

3. The TRAMP complexes are thought to bind RNA substrates through the 
zinc-knuckle, putative RNA-binding domains that are present in Air1 and 
Air2 

4. The TRAMP complexes are predicted to have a dual function: poly(A)-
tail addition makes the RNA a better substrate for the exosome, whereas its 
interactions with the exosome make the exosome a better enzyme. 

5. The TRAMP complexes seem to function specifically in nuclear RNA-
surveillance pathways, as no roles in exosome-mediated RNA maturation 
have yet been shown.

Nuclear polyadenylation and degradation 
1. snRNAs, snoRNAs, pre-rRNAs and pre-tRNAs could all undergo 
polyadenylation, and this was apparently not linked to RNA stability but was 
associated with RNA degradation by the exosome 

2.  Strains that lacked the nuclear exosome component Rrp6 accumulated 
polyadenylated precursors of many non-coding RNAs 

3.  It therefore seemed likely that these polyadenylated RNAs were identified and 
‘tagged’ as aberrant by a surveillance system, and they would normally be 
rapidly degraded to prevent the formation of defective RNA and RNA–protein 
complexes.

4.  Such tagging of RNAs by polyadenylation would be conceptually similar 
to the role of polyubiquitylation in targeting proteins for degradation by the 
proteasome complex. 

5.  these poly(A) tails are added by the TRAMP complexes 

6.  Known TRAMP substrates include defective pre-tRNAs, pre-snoRNAs, 
pre-snRNAs and pre-rRNAs, aberrant forms of the U6 snRNA and 5S rRNA 
as well as a class of normally cryptic, unstable RNA polymerase II 
transcripts (CUTs) of unknown function 

7.  Canonical pre-mRNA cleavage and polyadenylation by the poly(A) 
polymerase Pap1 is closely coupled to transcription and is highly proces- 
sive, adding ~250 nt in humans and 60–90 nt in yeast.



Summary

1. Cells transcribe more RNA than they accumulate, implying the 
existence of active RNA degradation systems 

2. RNA molecules with defects are identified and rapidly degraded 
by the surveillance machinery 

3. RNA degradation must be carefully controlled to accurately 
recognize target RNAs.

Three major classes of intracellular RNA-degrading enzymes 
(ribonucleases or RNases) 

1. Endonucleases that cut RNA internally 

2. 5’ exonucleases that hydrolyze RNA from the 5’ end 

3. 3’ exonucleases that degrade RNA from the 3’ end





Dual functions (multiplicity of function) of RNA-degrading enzymes

1. 5’ exonuclease Rat1 and the 3’ exonucleases of the exosome 
complex target and degrade RNAs transcribed by RNA polymerases I, 
II, and III  

2. They also function in RNA-processing reactions that generate the 
mature termini of stable RNA species 

3. These functions specifically identify and target aberrant RNAs and 
RNA-protein complexes and are frequently conferred by cofactors

Cofactors for RNA Degradation

A. Helicases

1. The ATP-dependent RNA helicases 

2. Mtr4 and Ski2 with the exosome 

3. unwind secondary structure or displacing bound proteins 
and/or RNA.  

4. act as ‘‘place markers’’ remaining temporarily fixed in 
position while signaling to, or directly recruiting, the 
degradation machinery

B. Polymerases

1. TRAMP polyadenylation complexes act as major cofactors 

2. The TRAMP complexes contain a poly(A) polymerase (Trf4 or 
Trf5), a zinc-knuckle putative RNA-binding protein (Air1 or Air2), 
and an RNA helicase (Mtr4). 

3. Defective nuclear RNAs are tagged with a short poly(A) tail by 
TRAMP, which also recruits the exosome 

4. The TRAMP-exosome combination: nuclear surveillance of 
many different RNAs and RNA-protein complexes.

C. Chaperones

1. Ring-shaped complexes termed Lsm1-7 and Lsm2-8 

2. Promote RNA-RNA and RNA-protein interactions and regulate 
the degradation of many RNAs 

3. Poly(U) tails stimulate degradation of human histone mRNAs 
via recruitment of the Lsm1-7 complex



5’ and 3’ Degradation Pathways

1. Most cellular RNAs are modified to protect them from 5’ exonu- 
cleases 

2. Eukaryotic mRNAs carry protective 5’-cap structures that must 
be removed prior to 5’-exonuclease degradation 

3. Requirement of decapping enzyme (e.g. Dcp2) 

4. A major 3’ degradation activity is provided by the exosome 
complex 

5. Eukaryotic exosome can also associate with endonucleases 

6. The N-terminal PIN domain of Rrp44/Dis3 provides the 
exosome with endonuclease activity

Degradation of Different Types of RNA in Eukaryotes

1. Processing 

2. mRNAs and ncRNAs: mRNA turnover and ‘constitutive’ 
degradation of unstable ncRNAs 

3. Quality control: Surveillance pathways constantly identifying 
and degrading defective RNAs and RNA-protein complexes

RNA Polymerase I

1. Produces a single transcript, the polycistronic RNA encoding 
three of the four eukaryotic rRNAs 

2. Due to the high production of ribosomes, degradation of the 
pre-rRNA spacers accounts for a substantial fraction of total 
cellular RNA degradation 

3. Defective pre-ribosomes are largely degraded by the TRAMP 
and exosome complexes

RNA Polymerase II

1.  pre-mRNA 

2.  precursors to stable RNAs including  

 snRNA (that function in pre-mRNA splicing),  

 snoRNAs (that function in ribosome synthesis) 

 miRNAs (that regulate mRNA translation and stability) 

 ncRNA



Pre-mRNAs Polyadenylation

1. Undergo site- specific 3’ cleavage 

2. Coupled to the addition of a long poly(A) tail by the poly(A) 
polymerase PAP/Pap1 (unlike the poly(A) tails added by TRAMP) 

3. Not lead to degradation 

4. Highly processive and closely accompanied by loading of the 
poly(A) binding protein PABP/Pab1. 

5. Released mRNA has a tail of 70–90A residues in yeast and 
250A in humans

Pre-mRNA packaging

1. Packaged for export in a process that is tightly linked to 
transcription 

2. Defects in mRNP assembly lead to exosome-dependent 
accumulation of the mRNA and mRNA degradation

Cleavage of the nascent mRNA at the polyadenylation site

1. An entry point for the 5’ exonuclease Rat1 

2. Chases the transcribing polymerase and causes termination 

3. ‘‘Torpedo’’ mechanism  

4. Reduce read through of elongating polymerase II into adjacent 
genes and associated down regulation of promoter elements.

Non-Protein-Coding RNAs

1. Recent analyses have demonstrated that yeast and human 
cells transcribe almost their entire genomes, implying the 
existence of a huge mass of hidden, or cryptic, ncRNAs, which 
are believed to be generally transcribed by RNA polymerase II  

2. Basic transcriptional noise 

3. High levels of short, cryptic antisense transcripts that are 
targets for the exosome are generated from promoter regions 

4. ncRNA transcription units that appear to fit most reasonable 
definitions of genes



Nrd1-mediated pathway

1. Termination on yeast snRNA genes and many snoRNAs is 
triggered by a complex between the RNA helicase Sen1 and 
the Nrd1-Nab3 heterodimer 

2. Nrd1 interacts with the C-terminal domain of the large subunit 
of RNA polymerase II and both Nrd1 and Nab3 can bind to the 
RNA transcript 

3. Release of a nonpolyadenylated transcript that undergoes 
exonucleolytic 3’-processing, involving the exosome complex, 
to the mature 3’-end of the RNA 

4. Nrd1-Nab3 acts as an exosome cofactor, indicating a dual 
role in terminating transcription and recruiting the exosome to 
these RNAs

Models for Surveillance during RNA-Protein Complex 
Formation

(A) Equilibrium model for RNP assembly.  
Formation of the correct complex is favored over the incorrect complex due to the 
difference in binding energy of the two resulting substrates. The system can also 
discriminate toward the correct substrate in formation of the product and toward the incor- 
rect product in a degradative side reaction. This results in a discrimination process whose 
effectiveness is solely related to the difference in binding energies, which will be low for 
near-cognate interactions.



(B) Effects of inhibition of processing. As the reactions are in equilibrium, increased accumulation 
of the precursor will drive increased degradation by mass action. Note, however, that a large 
increase in flux through the degradation pathway requires a large increase in the precursor pool, 
whereas this is not observed for most yeast mutants deficient in ribosome synthesis.

(C) Kinetic proofreading. Here, the complexes that form initially are not converted directly to 
product. Instead, a non equilibrium reaction generates a transient high-energy intermediate 
(indicated with an asterisk) that is subsequently converted to the products or channeled into a 
discard pathway. The proofreading allows discrimination against binding of the incorrect 
substrate. To obtain high overall fidelity, the proofreading modules can be repeated, as long as 
each conversion involves an energy input.

(D) Kinetic proofreading in RNP assembly. In this model, any RNP assembly pathway can be 
schematized as a series of equilibrium-binding steps for RNAs and/or proteins, each 
separated by proofreading modules. For complex RNPs such as ribosomes, the number of 
proofreading modules would presumably be quite large. Successive proofreading modules 
act as a ‘‘molecular ratchet’’ increasing overall fidelity.













The epigenetic roads to longevity

Adapted from Millar & Grunstein Nat Rev Mol Cell Biol (2006)

Chromosomal domains with different combinations of histone 
modifications in S. cerevisiae

*Human nucleolar organizer regions (NORs) chromosomes: 13, 14, 15, 21 and 22  
**Yeast rDNA at chromosome 12
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Histone modifications and the modifying enzymes in S. cerevisiae

Rph1Jhd2

Demethylation

Ubp8 or Ubp10

Ubiquitylation

Deubiquitylation

Modified from Millar & Grunstein Nat Rev Mol Cell Biol (2006)

Rad6 / Bre1

Histone modification crosstalk: Trans-tail modifications 
(Histone modifications can positively or negatively affect other modifications)

Bannister & Kouzarides, Cell Res (2011)

Sun & Allis, 2002

At telomeric heterochromatin, this sequential modification provides functional links between Rad6-mediated 
H2BK123ub, Set1-mediated H3K4me, and transcriptional silencing (Sun & Allis, 2002), whereas, the 
requirement of this pathway in active chromatin also has been reported (Hwang et al, 2003; Lee et al, 2007; 
Song & Ahn, 2010).

Dietary restriction reduces the activities of various signal transduction 
pathways in yeast, nematodes, flies and mammals

Fontana et al., Science (2010) Adapted From Dharmacon (http://dharmacon.gelifesciences.com)

Tagged ORFs (7)
ORF Collection; YFP Fusion Kinase Collection; TAP Tagged ORFs; 
Molecular Barcoded Yeast (MoBY) ORF Collection; GST-tagged 
ORFs;  HA Tag Collection; Barcoder Collection; GFP-tagged ORFs

Yeast Knockout Collection (3)
Knockout Collection; Tet-promoters Hughes Collection (yTHC); 
YKO Parental Strains

Protein-Protein Interaction Collections (2)
Yeast Protein Interactome Collection; Yeast Cross and Capture 
System

Mutant Strains ans Screening Collections (4)
Yeast Insertional Mutant Collection; Synthetic Histone 
Collection; Genomic Tiling Collection; DAmP Collection

Yeast as a model organism
(S. cerevisiae Collections)



Adapted from Laun P. et al. Mol. Microbiol. (2001)

Young yeast cells Old mother cells

• Small size 
• Smooth surface 
• Infrequent bud scars

• Large size 
• Irregular surface 
• Multiple bud scars

Yeast as a model organism
(Aging analysis)

Replicative and chronological life span assays in yeast

Steinkraus et al., Annu Rev Cell Dev Biol (2008)

The yeast cell cycle and chitin

Cabib, E. & Arroyo, Nature Review of Microbiology 11, 648–655 (2013)

Young 
cells

Old 
cells

1st sorting 

2nd  sorting 

Bud scar 14 13 13 16

Bud scar 10 6 8 11

Bud scar 1 0 2 1

Sorted old mother cells



Separating old mother cells

Streptavidin coated 
magnetic beads

Biotin labeled cell

Label 108 cells 
with biotin

Grow 7-12  
generation

Bind streptavidin 
coated magnetic 

beads to the biotin 
labeled cells

Separate old cells with 
magnetic sorter

Magnetic surface

Modified from METHODS IN ENZYMOLOGY, VOL. 351

Method for replicative Lifespan analysis
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Dietary restriction reduces the activities of various signal transduction 
pathways in yeast, nematodes, flies and mammals

Fontana et al., Science (2010)



Several cellular pathways in diverse organisms regulate cellular lifespan

12. Longo, V. D. & Kennedy, B. K. Cell 126, 257–268 (2006).
13. Sinclair, D. A. & Guarente, L. Cell 91, 1033–1042 (1997).
14. Merker, R. J. & Klein, H. L. Mol. Cell Biol. 22, 421–429 (2002).

The sirtuin family of NAD+-dependent 
lysine deacetylases12

Yeast, nematodes 
and flies

The nucleolar accumulation of 
extrachromosomal rDNA circles13

Yeast
Mutations in the RNA polymerase II complex 

component HPR114

Epigenetic regulation of lifespan by specific changes in chromatin state

• Yeast strains lacking the histone chaperone Asf1 or acetylation at histone H3 on 
lysine 56 (H3K56) are short-lived, partly due to decreased histone levels15. 

• Histone H3K4 trimethylation by the ASH-2 trithorax complex regulates lifespan 
in a germline-dependent manner in C. elegans16. 

• The opposing activities of the Sir2 histone deacetylase and the Sas2 acetyltransferase 
regulate lifespan by modifying histone H4 lysine 16 (H4K16) at subtelomeric 
regions in yeast17

15. Feser, J. et al. Mol. Cell 39, 724–735 (2010).
16. Greer, E. L. et al. Nature 466, 383–387 (2010).
17. Dang, W. et al. Nature 459, 802–807 (2009).
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Trans-tail regulation near telomeres is a critical 
epigenetic feature of aging

Age-associated changes in histone ubiquitylation and H3 lysine methylations 
near telomeres

Rhie, B.-H., et al. (2013) BBRC, 439(4), 570–575



Histone H2B ubiquitylation regulates Sir2 association through H3 methylation 
at lysines 4 and 79 near telomere

Histone ubiquitylaiton and methylation regulate telomeric silencing

Rhie, B.-H., et al. (2013) BBRC, 439(4), 570–575
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Global levels of histone H3 and H2A protein decrease during ageing (Feser et al, 2010)

Specific subtelomeric regions in replicative old cells contain less amount of histone H3, 
which results in reduced transcriptional silencing (Dang et al, 2009; Feser et al, 2010)
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Trans-tail regulation near telomeres is a critical 
epigenetic feature of aging



A proposed aging pathway: how epigenetic variegation of gene expression initiated by histone ubiquitylation 
leads to cellular ageing 

The intermediate state of unstable ON telomeres exists 
near telomeres

(UCC1111 background)
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Set2 maintains unstable ON state chromatin near telomeres
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Cellular lifespan is significantly enhanced 
by loss of Set2



Summary

Three major findings;

• Significant increase in histone H2BK123ub and H3 lysine methylations, coincident 
with decreased Sir2 abundance and concurrently increased H4K16ac, were observed at 
the telomere-proximal regions of aged cells. 

• Low levels of H3K4me and H3K79me followed by H2BK123ub were required for the 
subtelomeric binding of Sir2 and normal lifespan. 

• Stable association of Sir2 was temporarily disrupted when the gene located within the 
subtelomeric regions was switched on, an unstable state maintained by Set2 
methyltransferase. 
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• Loss of each JmjC demethylase caused no changes 
in cellular lifespan 

unpublished

• Csm1/Lrs4 maintains replicative lifespan via rDNA and telomeres 
Chan, J. N. Y.et al. (2011) Developmental Cell, 20(6), 867–879
Mekhail, K. et al. (2008) Nature, 456(7222), 667–670

Rph1 is a JmjC that is specific for H3K36me3 in actively transcribed regions

Kwon & Ahn BBRC 410, 614–619 (2011)

The epigenetic roads to ribosomal DNA silencing



The integrative effects of the synchronized code derived from the 
RNAPII CTD and from histone codes on transcription regulation 
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Adapted from  Molecular Biology of the Cell (© Garland Science 2008)

rRNA genes (rDNA) in the nucleolus

Loss of rDNA silencing; 

rDNA instability, nucleolar disintegration, and cellular senescence

Jumonji C (JmjC) domain-containing histone demethylases (JHDMs)

Jhd1 Kdm2 
JHDM1

H3K36me2/1 in vitro 
and in vivo

Promotes transcription elongation 
through the removal of repressive 

H3K36 methylation 

Jhd2 Kdm5 
JARID1

H3K4me3/2/1 in vitro 
or in vivo

Regulates telomeric silencing and 
associates with active or repressed 

genes

Rph1, Gis1 Kdm4 
JHDM3/JMJD2

H3K36me3/2 (Rph1), 
H3K36me2/1 (Gis1) 

in vivo 
Rph1positively affects transcription
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Adapted from Tu, S. et al. J Biol Chem 282, 14262–14271 (2007)

Jhd2 antagonizes H3K4me3 methylation and regulates telomeric 
silencing

Adapted from Liang, et al., Nat Struct Mol Biol 14, 243–245 (2007)



rDNA exists in multicopy tandem arrays, 100 ~10,000 copies

*NTS (nontranscribed spacer)

Nuclear 
Location

Copy 
number Length Chromosome 

Location
Silencing 
complex

Human rDNA
nucleolar 

organizer regions 
(NORs)

300 to 400 43-kb unit 13, 14, 15, 21, 
and 22

NoRC, eNoSC, 
NuRD

Yeast rDNA Nucleolus 100 to 200 9.1-kb units 12 RENT,  
Tof2/Lrs4/Csm1

Net1
Sir2

Fob1 ?
Net1

Sir2

*RENT (regulator of nucleolar silencing and telophase exit)

Adapted from Straight, A. F. et al.. Cell 97, 245–256 (1999)

G1 ~ late mitosis:

• Histone deacetylation, 
(de)ubiquitylation 

• Sir2-dependent rDNA silencing  
• rDNA recombination

Mitosis:

• Histone phosphorylation  
• Sir2-independent rDNA silencing 
• Limits excessive rDNA condensation 
• rDNA tethering to inner nuclear membrane 
• Faithful chromosome segregation
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The epigenetic roads  
to ribosomal DNA silencing

Role of JmjC-histone demethylases on ribosomal DNA silencing and 
mitotic condensation

Purpose of this study
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Sir2-dependent rDNA silencing 

Sir2-independent rDNA silencing 



Five yeast JmjC demethylases contribute to telomeric silencing

Ryu, H.-Y., & Ahn, S.H. (2014) BMC Biology, 12(1), 75.

Jhd2 demethylase exclusively contributes to rDNA silencing

Bivalent regulation of rDNA silencing by H3 lysine methylases 
The role of Jhd2 in rDNA silencing is independent on RENT complex

Read the paper and explain about these! (수업참여 plus alpha) 
Jhd2 regulates rDNA silencing through a Sir2-independent pathway



Jhd2 regulates unequal sister chromatid exchange in rDNA 
in a Sir2- independent manner

Jhd2 regulates rDNA recombination through a Tof2/Csm1/Lrs4 pathway

Adpated from Johzuka & Horiuchi Mol Cell 34, 26–35 (2009)

Condensin subunits are highly conserved from yeast to 
humans

Piazza, I et al., (2013) Chromosoma, 122(3), 175

Alleviation of condensin recruitment to rDNA by Jhd2

Brn1



Jhd2 is required for the sequestration of rDNA in the peripherally 
located nucleolus, a process that ensures rDNA repeat stability

heh1Δ

Adapted from Mekhail, K. et al. (2008)
 Nature, 456(7222), 667–670

RFB

Net1
Sir2

Fob1

Fob1

Csm1 Lrs4
Tof2

Condensin
Csm1

4
4 36 79 ?

Net1
Sir2

4 36 79
5S

Set1

Set2
Dot1

• Sir2-dependent silencing  
• rDNA recombination

Jhd2 • Sir2-independent silencing 
• rDNA recombination

rDNA
35S

A proposed model showing that nucleolar silencing is distinctly regulated 
by histone H3K4 demethylation by Jhd2 during mitosis

G1 ~ late mitosis: Set1/Set2/Dot1

Mitosis: Jhd2

• Excessive rDNA condensation limited 
• Nucleolar silencing alleviated 
• Faithful chromosome segregation

Sir2-dependent

Sir2-independent 


