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Opening Word 
 
 

What an amazing world! We are living on a planet that floats in a vast space, we don't 
recognize the dimensions of the sky either the limits of the universe. Humans have realized 
their near surroundings with simple scales from centimeters to kilometers by naked eyes, and 
with curiosity, they aspired to explore beyond the surroundings, so that they delved into 
astronomy to study a very far places from their surroundings to exceed outlook horizons with 
a scale of billions of kilometers to millions of light-years by inventing telescopes and arriving 
with spacecraft, shuttles, rockets and probes to unimaginable remote points. 

Curiosity didn't stop until this limit, but vice versa they went to beneath the entity. 
The magnifiers leaded the scientists to explore the tiny things until they were invented the 
microscopes and X-ray crystallography technology that allow them to observe a scale of 
micrometers to less than nanometers. It has been found inside a single cell a millions of 
proteins and inside the nucleus a compacted DNA if we try to elongate it, it will stretch into 
thousands of kilometers, so you think that you are a tiny creature! But actually, as if the 
universe is folded inside you. 

No matter how much knowledge a human reached, he remains incapable to study the 
Prescience which includes the mysteries of the universe, the soul, the mind, specify the gender 
of the fetus, knowing the date of death, destiny ... etc. Therefore, we must realize our reasonable 
limits and think about the wonderful creatures, and let's spread the science and enrich more 
knowledge, benefits the others and get the benefit from the others. First and foremost (The 
soul is of the affair of my Lord, and you “mankind” have not been given of knowledge except 
a little) (The Prophet Muhammad; on the tongue of God, 610-632). 

 

“At last, most importantly from all of that, let’s be kind before becoming learned” 

 
Written by 

                                                                                                                  The researcher 
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Abstract 
  

In many physiologic and pathological processes, DNA methylation is a significant 

epigenetic mark. UHRF1/DNMT1 tandem ensures the transmission of DNA methylation 

patterns from mother to daughter cells during mitosis. A significant number of tumor suppressor 

genes are silenced by UHRF1 through processes that are yet completely unknown. 

Thymoquinone, a naturally occurring anti-cancer medication, has been shown to boost or 

reactivate the expression of tumor suppressor genes, which we were interested in investigating 

in our work. DNA damage results in the auto-ubiquitination of UHRF1 by reactive oxygen 

species, as we discovered. UHRF1, even when poly-ubiquitinated, can still silence the tumor 

suppressor gene p16INK4A, as we were able to show. This shows that re-expression of tumor 

suppressor genes requires the entire removal of UHRF1, including the poly-ubiquitinated form. 

Poly-ubiquitination of UHRF1 does not play a role in its degradation. TQ-induced auto-

ubiquitination can be shown to be linked to Tip60 activity. It is known that UHRF1 

ubiquitination is controlled by the glucocorticoid receptor (GR), which is a nuclear receptor co-

factor. Dexamethasone activation of the GR had no effect on UHRF1 auto-ubiquitination. On 

the other hand, we found that UHRF1 regulates the expression of GR, and that TQ decreased 

its level of expression and poly-ubiquitinated it. Mass spectrometry study of FLAG-HA-tagged 

UHRF1 showed UHRF1 partners engaged in DNA repair and that TQ strengthened their 

affiliation with UHRF1, showing that poly-ubiquitination of UHRF1 is involved in the DNA 

repair process.  
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Highlighted Facts 
 

• In 2000, Bronner and his colleagues identified a new protein named ICBP90 in humans. 

In 2004, HGNC organization has gave an official nomenclature to be UHRF1. 

• UHRF1 located on the Chromosome 19 (19p13.3) in humans and it consist of 3,898 

nucleotides that expresses 793 amino acids. 

• UHRF1 is an acronym of Ubiquitin-like, containing PHD and RING finger domains, 1. 

• UHRF1 has a five-domain protein (UBL, TTD, PHD, SRA and RING) which has multi-

function in the epigenetic level within cell nucleus. 

• The UHRF1 domains acronyms, UBL of Ubiquitin-like domain, TTD of Tandem Todor 

domain, PHD of Plant-Homeo Domain, SRA of Set and Ring Finger Associated 

domain, and RING of Really Interesting New Gene Finger domain. 

• UHRF1 is a subfamily of RING-finger type E3 ubiquitin ligases which has ability to 

ubiquitinate other protein for regulation or polyubiquitinate them for degradation. 

• UHRF1 governs the interconnection between DNA methylation, ubiquitination and 

deacetylation of histone H3. 

• UHRF1 binds to hmDNA during S-phase while DNA replication and recruits the 

DNMT1 to maintain the DNA methylation. 

• UHRF1 considered as an oncogene in order to a high probability of causing cancer by 

observing an overexpression. 

• An Auto-polyubiquitinate of UHRF1 is a mechanism observed by applying an 

anticancer phytochemical drug, Thymoquinone (TQ). 

• UHRF1 main partners: PCNA (DNA clamp cofactor), DNMT1, EHMT2/G9a (HMT), 

KAT5/Tip60 (HAT), HDAC1, USP7/HAUSP (DUB), Glucocorticoid’s receptor (GR). 

• UHRF1 has a related pseudogene (UHRF1P) hosted in the PDE3A gene, exists on 

chromosome 12 (12p12.2) and it consist of 1470 nucleotides as an Intron-less / Single 

exon gene that may expresses a competing endogenous (ceRNA). 

• UHRF1 may be upregulated by UHRF1P ceRNA by competing with UHRF1 mRNA 

indirectly, by sponging the miRNA and obstacle its effects on UHRF1 mRNA. 
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Scientific Methodology 

An observations have been spotted that generated a curious questions floated in our 

minds about Thymoquinone (TQ) phytochemical drug effects on UHRF1 oncoprotein by 

showing an ubiquitination smear and a 55 kDa band frequently detected by SRA domain 

antibody in the Western blotting technique. Many Literatures were reviewed. A hypothesis 

was proposed, and objectives were determined to answer these questions by planning and 

designing some practical experiments and applying them. Several results were obtained and 

analyzed to answer the posed questions and explain our observation. The results were 

discussed and compared with other previous works. Lastly, it has been reached to the 

conclusion which might be close to the logic explanations. Then, perspectives were suggested 

to complete understanding the observations. All the references that have been cited were listed 

in the end. The project was supported with some appendix to help understanding the 

complicated points and connect the information with each other and the principal Theories. 

The thesis has been written in the (Scientific Writing) style, initiated with an 

Introduction, followed by objectives, Materials and Methods, Results and Discussion, 

Conclusion and perspectives and ended with References. The Name of organisms mentioned in 

the thesis have been written in the (Scientific Name) style, a binomial nomenclature utilizing 

the Latin name of the organism, begin with genus followed with species in Italic font. The large 

numbers have been written in the (Scientific Notation) style, with the form (m x10n) rather 

than the classic decimal form, for example, the 2000000 (two million) cells written 2 x106 Cells. 

The quoted information from the references were Paraphrased and before the 

submission of the Thesis, it has been Proofread, the percentage of Plagiarism was checked to 

not pass the set limit and the Layout design was applied as instructed. 

Parts of this thesis Scientific Data were participated in a Scientific Poster in the 

Scientific Conference (22nd EMBL PhD Symposium: The Roaring 20s: A New Decade for 

Life Sciences, 2020), written as manuscript, submitted and published as a Scientific Paper / 

Article (PMID: 34897340) in the Scientific Journal (Food and Function, Impact Score, IS: 

4.94). Another part of the thesis was written as manuscript to be submitted and published soon 

after. 
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NP40 Nonyl phenoxypolyethoxylethanol (Detergent) 

Np95 Nuclear Protein of 95 kDa 

ODWL Optical Density (at specific Wavelength, e.g., 600 nm) 
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ON Overnight 

ORF Open Reading Frame 

O2 Oxygen 

pAb Polyclonal Antibody 

PAGE Polyacrylamide Gel Electrophoresis 

PBS Phosphate Buffer Saline 

PCR Polymerase Chain Reaction 

PEG Polyethylene glycol  

PLB Protein Lysis / Loading / Laemmli Buffer 

pH Power of hydrogen / potential for hydrogen (Acidity scale) 

PHD Plant Homeo Domain 

pI Protein Isoelectric Point 

PMSF Phenylmethylsulfonyl fluoride 

Pol III RNA polymerase III 

PPE Personal protective equipment 

pRB2 Proline rich protein BstNI subfamily 2 

PTEN Phosphatase and tensin homolog 

PVDF Polyvinylidene fluoride 

p130 Protein 130 (Retinoblastoma-like protein 2) 

qPCR Quantitative PCR (Real time PCR) 

RACE-PASS Rescue Alarm Contain Extinguish - Pull Aim Squeeze Sweep 

rcf Relative centrifugal field (g.) 

RING Really Interesting New Gene Domain 

RIPA Radioimmunoprecipitation assay (Lysis buffer) 

RNA Ribonucleic acid 

ROS Reactive Oxygen Species 
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RT-PCR Retro-transcription PCR 

RT° Room Temperature degree 

rpm Revolutions per minute 

SAM S-Adenosyl Methionine 

SDS Sodium dodecyl sulfate (Detergent) 

shRNA Short hairpin RNA 

SI International System of Units 

siRNA Small interfering RNA 

SNPs Single-nucleotide polymorphims 

SRA Set and Ring Associated domain 

SUMOs Small Ubiquitin Like Modifiers 

SWI/SNF SWItch/Sucrose Non-Fermentable 

T Thymine 

TDG Thymine DNA Glycosylases 

TEMED N,N,N′,N′-Tetra-methyl-ethylene-diamine 

TET Ten-Eleven Translocation 

TFs Transcription Factors 

TGF Transforming growth factor 

Tip60 Tat interactive protein 60 

TQ Thymoquinone 

TSGs Tumor Suppressor Genes 

TTD Tandem Tudor Domain 

TW20 TWEEN 20 / Polysorbate 20 (Detergent) 

TX100 Triton X-100 (Detergent) 

U Uracil 
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Ub Ubiquitin 

UBL Ubiquitin-like Domain 

UHRF1 Ubiquitin-like containing plant Homeo-domain and RING Finger domain 1 

USP7 Ubiquitin-Specific Peptidase 7 

UTR Untranslated Region 

WB Western Blotting 

WT Wild Type (+ / +) 

5caC 5-carboxylCytosine 

5fC 5-formylCytosine 

5hmC 5-hydroxymethylCytosine 

5mC 5-methyl-Cytosine 

FNX Phoenix, a cell line derived from HEK cells 

(– / – WT) Knocked-out protein and restored with a tag 

ΔN-UHRF1 Delta: means deletion of the N-terminus of UHRF1 

  

Latin Abb. / Terms Full Form and Meaning 

Agonist-Antagonist Agōnista means: (Competitor / Contributor / Activator / as a substrate) 
– Antagōnista means: (Blocker / Inhibitor) 

Analog-Paralog Analog means: (Similar / Comparable)  
Paralog means: (Parallel) 

Cis-trans Citra means: (Same side / Together with)  
Trans means: (Opposite side / Shift / Switch over) 

Cistron means: (Alternative term of “Gene”) 

et al. et alii or et alia or et alibi means: (and others or and co-workers) 

e.g.,  exempli gratia means: (For example,) 

etc. et cetera means: (and the rest or and so forth) 

i.e. id est means: (that is, or which is, or which means that,) 

in vitro  means: (within the glass) 



in vivo means: (within the living) 

in silico means: (performed on computer or via computer simulation) 

per cent. (%) per centum means: (for each one hundred) 

  

Prefix / Suffix Meaning                                           Example 

Anti- / Ant- Against                                            Antibody / Antigen / Antagonist 

Auto- Self                                                  Auto-polyubiquitination 

Bi- / Di- Twice / Two / Double                     Bicistronic / Di-methylation 

Co- Together                                          Co-factor / Co-repressor 

Cryo- Icy cold / Frost                                Cryotube 

Epi- Above / Upon / Upper                     Epigenetics            

Hemi- Half                                                 Hemi-methylated DNA 

Iso- Equal                                               Isotonic / Isoelectric 

Mono- One / Alone / Single                       Mono-ubiquitination 

Neo- New                                                Neo-angiogenesis 

Oligo- Few                                                Oligonucleotides 

Onco- Tumor / Cancerous                        Oncogene / Onco-lncRNA 

Poly- / Multi- Many / Much / More                      Poly-ubiquitination / Multicellular 

Pre- Precursor / Previous                       Pre-mRNAs      

Pro- Leads to                                         Proapoptotic Proteins 

Proto- Changeable to / Primitive to be     Protooncogene 

Pseudo- False / Fake                                   Pseudogene 

Retro- Backward                                      Retro-transcription / Retrovirus 

Semi- Half / Partly                                  Semipermeable 
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Sub- Under / Beneath / Below              Subunit 

Tri-  Three / Triple                               Tri-methylation 

Ultra- Extreme / Supreme / Above         Ultrasonic / Ultracentrifugation 

  

Symbols Meaning 

α Alpha 

β Beta                                       from Greek alphabetics, 

γ Gamma                                used in scientific purposes 

λ Lambda 

A Ampere (SI electric current unit) 

atm Standard atmosphere (pressure unit, equal 101325 Pa) 

cd Candela (SI Luminous intensity unit) 

dB Decibel (Sound noise unit) 

eV Electron volt (Photon energy unit) 

g Gram (SI mass unit) (1 g ÷ 453.6 = 0.0022 lbs.) 

k Kilo (SI prefix factor of 103) 

lb. Libra "scales" Pound (US Mass unit)  

L Liter (SI Volume unit) 

μ Micro (SI prefix factor of 10-6) 

m Milli (SI prefix factor of 10-3) or Meter (SI length unit) 

Hz Hertz (SI Frequency unit) 

M Molar: mol/L (SI Concentration unit) 

m Molal: mol/kg 

n Nano (SI prefix factor of 10-9) or No. of moles (in the Molarity low) 
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NA Number of Avogadro (6.022 x1023 of atoms or molecules = 1 mole) 

Pa Pascal (SI Pressure unit) 

s Second (SI Time unit) 

IU International Unit (a unit of substance amount gives biological effect) 

V Volt (SI electric potential unit) or Volume (in the Molarity low) 

W Watt (SI Power unit) 

°C Degree Celsius (SI temperature unit) (x 34 to °F and x 274 to °K) 

°F Degree Fahrenheit (US Temperature unit) 

°K Degree Kelvin (SI Temperature unit) 

∅ Greek letter: Phi (Empty set) 

© Copyright 

® Registered trademark 

™ Trademark 

I, II, III, IV, V Roman Numerals of 1, 2, 3, 4, 5 

VI, VII, VIII, IX, X Roman Numerals of 6, 7, 8, 9, 10 
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 1. Introduction 

first glance, it would be thinkable that this introduction is not related 
to the field, but it was intended to initiate with something wildly 

imaginative, which in fact is closely related to our existence, rather, the existence 
of life out of nowhere! 

 

13.8 billion years BC, Earth and sky were created, and our universe began with their 

splitting left behind a universe massive explosion after they were fused, i.e., there were in a 

state of adhesion. Nowadays, this phenomenon known as the “Big Bang” from a scientific 

perspective. The chemical elements gradually began to form with the formation of their atoms, 

which electrons circling around which humans discovered and learned after they were in the 

unseen to become known as they were classified in the periodic table recently.  The contents of 

the universe began to consist of galaxies, stars, solar systems and planets, and the universe 

became constantly expanding. 

 
 
Figure 1.1: The existence of the human species (Homo Sapiens). Our species was created after 
around more than 13.8 billion years of Big Bang. The earth became stable after it faced five 
extinctions to be ready to receive the humanity. Adapted from (eso.org, 2016). 
 

The earth was not viable, as it was a flaming ember that floated in the wide space 

following the movement of the sun. It was prepared during millions of years to bring life into 

it by creating “prokaryotic” microbes, bacteria, viruses, fungi, parasites, algae, then plants and 

trees, all of which would not have survived before the presence of the H2O compound.   

Animals, birds, and other animals, such as dinosaurs, and human-like creatures, some of which 
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became extinct, to be discovered later by fossil science, as geological studies concluded that 

the earth faced five extinctions until it stabilized as it is today. The first couple of human species 

(Homo Sapiens) were created individually lastly, then they were taken down on the earth. The 

secret of life is saved in the genetic material “DNA” for any living creature and all the forms of 

energies were subjugated and the life was made gradually to ensure its continuity. 

From the scientific perspective of biochemistry, life begins by mixing two pairs of 

genetic material coming from the male (preserved in sperm cell) and from the female (preserved 

in the egg cell) to form a new creature that carries the genetic trait of the parents in the mother’s 

womb passing the stages of cell division "meiosis" and "embryogenesis". 

  

Figure 1.2: Reproduction. Gametogenesis in sexually reproducing animals produces sperm (a) or egg 
(b) via meiosis fertilized together to be Zygote going through embryogenesis (c). Adapted from 
(eso.org, 2016). 

Multicellular organisms "Eukaryotes" are a complex integrated system, affected by the 

external environment in terms of psychological, nutritional, therapeutic, sleep time and 

adequacy, lifestyle and physical influences and the chemical around. It is affected by the 

secretion of hormones and the sending of chemical messages between cells “cell signaling” to 

regulate the roles of the cell and make it in regular division “mitosis” through the “cell cycle” 

and regular programmed cell death “Apoptosis” when needed, and when cells are exposed to a 

negative external influence an undesirable disease such as cancer may worsen, so that our 

specialization become to study this disorder and trying to find solutions for it. 
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1.1. Cell biology and physiology 

Cell biology and physiology is the science that studies the structural and functional units 

common to the organization of all living organisms. A cell represents the fundamental unit of 

all living being, it is the smallest portion of living matter that can isolate and reproduce. In part 

1 of the introduction, it has been written in brief and in a simple way for a non-specialist, 

as a key to understand the biochemistry field and to catch the flow out with streamline. 

1.1.1. Cell structure and functions 

The cell is a fundamental, structural and functional unit of living organisms. It can 

perform all the functions of the body, metabolism, movement, growth, reproduction or even the 

transmission of genes. It is a living entity that functions autonomously while remaining 

coordinated with others. There are two types of cells, Eukaryotic cells which have a nucleus 

containing genetic material (e.g., humans) and Prokaryotic cells which lack a nucleus and their 

genetic material, therefore, is free in the cell (e.g., bacteria) (Vellai and Vida, 1999). 

 
Figure 1.3: An animal cell. Structure, the organelles and its functions. Adapted from (The McGraw-
Hill Companies, Inc, 2012). 
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1.1.2. Genotyping and Phenotyping 
 

The set of alleles held by an individual, constitutes the genotype that remains above all 

a genetic data. Together of the observable characters of an individual, thus they express the 

phenotype (e.g., the eyes color). It is first known that a gene can be expressed by the synthesis 

of a protein, thanks to the mechanism of translation of genetic information at the ribosome level. 

The proteins formed are therefore direct products of the expression of alleles. From two 

different alleles, the protein synthesis process can lead to functionally identical proteins and 

different proteins. The genetic information in the cell is encoded within the DNA. All the cells 

of a specific organism have the same amount of DNA, rolled up and compacted in the form of 

chromosomes, grouped in pairs, the number of which is unique to a specific species (e.g., 23 

pairs in humans). 

 
 
Figure 1.4: Biological systems multi-omics.8From the8genome, epigenome, transcriptome,8proteome 
and8metabolome8to the phenome. Heterogeneous8genomic8data exist within and between8levels, for 
example,8single-nucleotide8polymorphism (SNP),8copy number variation (CNV),8loss of 
heterozygosity8(LOH) and genomic8rearrangement, such as translocation, at the genome8level; DNA 
methylation,8histone modification, chromatin8accessibility,8transcription factor (TF)8binding and 
micro RNA8(miRNA) at the epigenome8level; gene8expression and alternative8splicing at the 
transcriptome8level; protein expression and8post-translational8modification at the proteome8level; and 
metabolite8profiling at the metabolome level.8Arrows indicate8the flow of genetic8information from 
the genome8level to the metabolome level and,8ultimately, to the phenome8level.8The red crosses 
indicate inactivation8of8transcription or translation.8CSF, cerebrospinal fluid; Me,8methylation; 
TFBS, transcription8factor-binding site. Adapted from (Ritchie et al., 2015). 
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1.1.3. The Central Dogma 
 

Biologists describe the schematic model of the conservation and utilization of genetic 

information using the core principles of molecular biology. DNA is the durable and 

transmissible carrier of genetic information that specifies an organism's basic activities 

(reproduction, nutrition, excretion, action on the environment, communication, etc.). It is 

transcribed into RNA (a similar language) which has only a temporary life, this RNA performs 

either a structural function (skeleton of nucleo-protein complexes, ribosomes), or an enzymatic 

function (synthesis of proteins, export of proteins, splicing of eukaryotic mRNAs, etc.), or a 

function of transporting genetic information (outside the nucleus in eukaryotes). 

The ribosome can convert messenger-type RNA (mRNA) into proteins (nucleoprotein 

complex). Because the language changes, it is about mRNAs being translated into proteins. The 

fundamental theory can be summed up as follows: DNA directs its own replication into identical 

DNA, as well as its transcription into RNA, which may or may not be translated into proteins. 

The consumed and plentiful proteins undergo to Ubiquitin-Proteasome Pathway to degrade 

them and recycle them for build another protein (Crick, 1970). It became evident that expression 

was governed at a far higher level than previously thought. Specific small-molecule inhibitors 

played a significant role in unravelling gene expression processes and were effective 

investigational tools (Schneider-Poetsch and Yoshida, 2018). 

 
 

Figure 1.5: The Central Dogma. Replication, Transcription, Translation and Ubiquitin-Proteosome 
Pathway. Adapted and modified from (Journal of Genetics and DNA Research, 2021). 
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1.1.4. Cell Communication and Reproduction 
 
          Ligands and receptors 

Within the organism, cells interact with each other thanks to receptors placed on their 

surface capable of picking up signals from their environment. And in each cell, a whole system 

of sensors receives and processes the information provided. The receptors are proteins called 

"transmembrane" and the signals, called ligands, are molecules capable of binding to a protein 

in a specific and reversible way. The Research on the mechanisms of reception of extracellular 

signals by a cell has been considered according to the ligand-signal binds to a receptor on the 

cell. It carries a message and induces an action, like a key enters a lock. This receptor is 

activated and commands a cascade of intracellular signals. The cell "responds" for example by 

division, migration, but also death, this is called "apoptosis", this signal is useful when the cell 

is abnormal and can be harmful to the organism. In the absence of ligand, some receptors could 

induce an apoptosis signal. These dependent receptors show an involvement in the regulation 

of tumorigenesis. Indeed, they prevent tumor formation by eliminating cells in excess of ligand, 

a sign of proliferation. Unfortunately, the tumor cell is able to produce the ligands that ensure 

its survival and mobility. It thus avoids the triggering of the cell death signal. 

          Signal Transduction 

The process of signal transduction converts a biochemical indication into a biological 

reaction. Some examples of such stimuli are extracellular signaling characteristics, physical 

trauma, and intracellular events like DNA damage. During embryonic development, the 

fuselage is home to several different intracellular signal relay systems. Reciprocal actions are 

classified as sign relay, sign transmission, sign enhancement, and integration. Sign transmission 

occurs when the signal is transmitted to another pathway. It is known that when ligand binding 

has occurred, a conformational shift takes place, altering the protein structure and dictating its 

behavior toward other molecules. The receptor protein can also produce the transduced 

signal/stimulus by creating second messengers, which then transmit the message to the nucleus 

or to specific cellular organelles. This is one possible method. Second messengers do not exist 

in all pathways, though. A multicellular creature has an almost mind-boggling number of 

signaling pathways to choose from. Receptors and second messengers come in a wide variety 

of forms and function ranges. 

 



 7 
 

 
 
Figure 1.6: Intracellular8Signaling Pathways in8Tumorigenesis and Cancer Progression. RTK 
growth8factor receptors, TGF-β receptors8and Wnt signaling all8play a role in tumorigenesis8and 
cancer progression. Dimerization8of growth factor receptors8and TGF-β receptors occur upon ligand 
binding, enabling activation8of the intracellular kinases on each8receptor, leading to 
autophosphorylation. The phosphorylated8residues on the cytoplasmic domain8of the RTK bind adaptor 
proteins to8initiate PI 3-K signaling and MAPK8signaling. TGF-β binds the TGF-β8receptor I/II 
dimeric complex8and causes the activation of SMAD2 and8SMAD3, which results in the association of 
SMAD2/SMAD4 and8upregulation of TGF-β responsive gene8transcription. β-catenin undergoes 
proteasomal8degradation in the absence of8Wnt; upon Wnt binding, β-catenin is released8from its 
complex and8combines with TCF to promote8Wnt-responsive gene transcription. These8pathways 
regulate a wide range8of cellular processes and encompass8many of the major targets studied in8cancer 
research. Abbreviations8: RSTK: receptor serine threonine8kinase, RTK: receptor tyrosine8kinases.  
Adapted from (Tocris Cancer Research Product Guide Edition 3, 2015). 
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1.1.5. Cancer Disease 

Each individual is made up of nearly 50,000 billion cells organized into tissues which 

in turn form organs. Every day, within each organ, thousands of cells multiply by cell division 

and others dies by Apoptosis. This constant renewal ensures the proper functioning of the body. 

It is controlled by thousands of genes that act together to order the cells to multiply or die 

according to the situation. External aggression such as alcohol, tobacco, UV light, viruses, 

radiation, etc. or a genetic predisposition can cause alterations in the DNA of which genes are 

composed. Fortunately, cells have repair systems that allow them to detect and correct these 

anomalies. When mutations are too large to be repaired, the cell will self-destruct, by apoptosis. 

But sometimes, these safety systems malfunction or no longer work, the cell will then continue 

to multiply despite the presence of unrepaired mutations. If these mutations affect genes 

involved in the regulation of cell proliferation or apoptosis, the cell can quickly become 

uncontrollable and multiply in an uncontrolled manner, leading to the formation of a tumor. So 

that, the term Cancer encompasses a group of diseases characterized by the uncontrolled 

multiplication and spread of abnormal cells. Cancer can be caused by external factors as 

mentioned; lifestyle, environmental or occupational factors, infections), or internal factors; 

hereditary mutations, hormones, immune system dysfunction, etc. These risk factors can act 

together or in succession, and trigger or promote the development of cancer.  Often, several 

decades separate the exposure to external factors and the onset of the disease. 

 

Figure 1.7: Common Risk Factors for Cancer. Adapted from (http://www.jbcp.jo/). 
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Cancerous cells have a number of characteristics in common, including the ability to 

divert local resources for their own feeding and proliferation, as well as their ability to multiply 

indefinitely without ever dying. They also accumulate to form tumors and do not perform the 

functions of the normal cells from which they originate, such as a breast cancer cell.  The tumors 

often develop a network of blood vessels that allows them to be directly supplied with O2, 

energy and growth factors. This process is called neo-angiogenesis, and they are able to prevent 

the body's immune defenses from attacking them. However, as a rule, a cell does not become 

cancerous when it has one or two acquired genetic abnormalities. It is the accumulation of 

numerous alterations over time that leads it to acquire the properties of a cancerous cell. This 

partly explains why the frequency of cancer increases with age and with the duration of 

exposure to mutagenic agents. As they multiply, some cancer cells may acquire the ability to 

escape from their tissue of origin. Through blood or lymphatic vessels, they can then colonize 

other organs and found secondary cancers, called metastases. A tumor is a mass of cells that 

may or may not be cancerous. They are called malignant (cancerous) or benign (non-cancerous) 

tumors. 

Growth of neoplastic cells must be progressive, with nutrients for the expanding tumor 

mass initially supplied by simple diffusion. HIF-1 production and the subsequent release of 

angiogenesis-promoting molecules, such as VEGF, are induced by hypoxia. Hypoxia also 

increases the production of proteases, resulting in the breakdown of the basement membrane 

and the separation of the pericyte. Tip cells, which are highly specialized endothelial cells, 

follow an angiogenic factor gradient. Endothelial cells are differentiated into highly 

proliferative stalk cells, which make up the main body of the new vessel. VEGF stimulates 

DLL4 secretion, which binds to Notch-1 receptors; this down-regulates VEGFR, suppressing 

proliferation. PDGF stimulates pericyte attachment and reduces proliferation and VEGF 

sensitivity. Blood supply stimulates further tumor growth. Over time, cancer cells continue to 

accumulate abnormalities. They acquire new properties that allow them to grow locally. They 

will eventually invade all the tissues of the organ in which they were born, and then reach 

neighboring tissues: at this stage, the cancer is said to be "invasive". In addition, some tumor 

cells may become mobile, break away from the tumor and migrate through the blood or 

lymphatic systems to form a secondary tumor elsewhere in the body. This is called metastasis. 

Most cancer deaths are due to damage caused by metastasis. 
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Figure 1.8: The main steps in8the formation of a metastasis. Cellular transformation8and tumour 
growth of neoplastic8cells progressive, with nutrients8for the expanding tumour mass initially8supplied 
by simple8diffusion. Extensive vascularization8occurs if a tumour mass is to8exceed 12 mm in 
diameter. The synthesis8and secretion of angiogenic8factors establish a capillary network8from the 
surrounding host8tissue. Local invasion8of the host stroma by some8tumour cells occurs by several 
parallel8mechanisms. Thin-walled8venules, such as lymphatic8channels, offer very little8resistance to 
penetration by tumour8cells and provide the most8common route for tumour-cell entry8into the 
circulation. Detachment8and embolization of single8tumour cells or aggregates occurs8next, most 
circulating tumour8cells being rapidly destroyed. After8the tumour cells have survived the8circulation, 
they become8trapped in the capillary8beds of distant organs by adhering8either to capillary endothelial 
cells8or to subendothelial basement8membrane that might be exposed. Extravasation8occurs next 
probably by mechanisms8similar to those that operate8during invasion. Proliferation within8the organ 
parenchyma completes8the metastatic process. To continue8growing, the micrometastasis8must 
develop a vascular8network and evade destruction8by host defences. The cells can then8invade blood 
vessels, enter8the circulation and produce8additional metastases. Adapted from (Lee et al., 2014). 
 

Tumors rewire nutrition acquisition and metabolic pathways to satisfy malignant cells' 

bioenergetic, biosynthetic, and redox needs. These reprogramming processes are now known 

as cancer hallmarks, and new research has revealed extraordinary flexibility in the particular 

pathways engaged by tumor cells to sustain these critical tasks. Studies on cultured cells have 

revealed a surprising range of anabolic and catabolic pathways in cancer, with autophagy 

activation and extracellular lipid and protein consumption supplementing classic pathways such 

as glycolysis and glutaminolysis. The time has passed when cancer metabolism was thought to 

be identical with the Warburg effect. 
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Figure 1.9: Metabolic Alterations8in Cancer. cancer cells can alter the8regulation of metabolic 
pathways. This8results in increased biosynthesis, abnormal8bioenergy production and an altered8redox 
balance, all of which8promotes cell proliferation and8survival. Furthermore, 
microenvironments8within large tumors can dynamically alter8metabolic pathways creating 
heterogeneous8populations of cells. Adapted from (Tocris Cancer Research Product Guide Edition 
3, 2015). 
 

According to the National Cancer Institute (INCa), there are an estimated 382,000 new 

cases of cancer for the year 2018 in metropolitan France, 204,600 in men and 177,400 in 

women. For 30 years, the overall number of new cancer cases in France has been increasing 

every year. This is mainly due to the aging of the population - which causes the number of 

breast or prostate cancers to explode - and the improvement of diagnostic methods. The 

maintenance or increase of certain risky behaviors in the population favors this trend: for 

example, the number of lung cancer cases in women has been increasing since smoking has 

become a habit. The most common cancers in men are prostate cancer (50,400 new cases in 

2018), followed by lung cancer (31,200 cases) and colorectal cancer (23,000 cases). In women, 

breast cancer is the most common (58,500 cases), followed by colorectal cancer (20,100 cases) 

and lung (15,100 cases). In addition, 1,780 new cases of cancer are diagnosed each year in 

France in children aged 0 to 15 years and 406 in adolescents aged 15 to 17 years. 

In contrast to incidence, mortality rates have been steadily decreasing over the past 25 

years. This is due to improved treatments and diagnostic methods that allow cancers to be 

detected at an earlier stage and therefore easier to manage. The survival of people with cancer 

varies considerably depending on the cancer site. The highest 5-year survival rates are for 

prostate cancers (93% standardized 50-year net survival between 2010 and 2015), skin 

melanoma (91% for people diagnosed between 2000 and 2010), breast cancers (88%), and 

colorectal cancer (63%). On the other hand, some cancers are said to have a "poor prognosis" 

such as pancreatic cancer (11%) or lung cancer (20%). 
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According to the latest estimates published by the International Agency for Research on 

Cancer (IARC), 18.1 million new cases of cancer would have been diagnosed worldwide in 

2018 and 9.6 million people died of cancer. This data, collected from 185 countries, shows that 

23.4% of cancer cases are concentrated in the European continent, 48.4% in Asia, 13.2% in 

North America, 7.8% in Latin America, 5.8% in Africa and 1.4% in Oceania. In Africa and 

Asia, cancer mortality is proportionally higher than in other regions of the world, certainly 

because of poorer access to care, but also because the incidence of cancers with a poorer 

prognosis is higher there (Fondation ARC). 

 
 
Figure 1.10: Map of All malignancies worldwide in 2020. Both sexes, all ages, estimated age-
standardized incidence rates. Adapted from (Globocan, 2020). 
 
 
 

 
 
Figure 1.11: Estimated number of new cases of Cancer in 2020. Worldwide, males and females, all 
ages. Adapted from (WHO, 2020). 
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1.2. Epigenetics 
 

The most common definition of the word epigenetics is a derived from the Greek prefix 

“epi” (on, above, beyond) and “genetic”, referring to a layer of information that exists above 

beyond that encoded in the DNA sequence, which makes the genome work distinctly in 

different types of cells. This epi + genetic definition encompasses all modifications of 

chromatin and DNA and other transcriptional regulators that act in the context of chromatin 

(Greally, 2018). Epigenetics is also referred to the study of changes in the expression of genes 

that are transmissible during mitosis and / or meiosis, but which do not result from changes in 

the DNA sequence (Dawson and Kouzarides, 2012; Henikoff and Greally 2016; Kobow and 

Blümcke, 2018; Harvey et al., 2018). All the cells in an8organism have the same 

genetic8information, but the way they are read differs depending on the type of cell. Genetic 

expression is thus modulated by epigenetic changes allowing the genome to be locked or 

unlocked. The cell transmits to its descendants not only the sequence of its genes but also the 

level of gene activity. Unlike genetic modifications, epigenetic modifications are reversible and 

dynamic, that is, they can be written and erased. These epigenetic modifications target 

chromatin, the support of genetic material, and influence various cellular processes, from the 

regulation of transcription to chromosome segregation (Dawson and Kouzarides, 2012; 

Henikoff and Greally 2016; Kobow and Blümcke, 2018). 

As a new branch of biology, epigenetics plays an essential role in fields as varied as nutrition, 

psychology, and the environment. Numerous illnesses, such as cancer and neurological 

disorders, include epigenetic components. A recent study quantified the growth of epigenetics 

through time, and the results show that this area will account for 20.7% of all genetics papers 

by 2029, indicating how important it will be (Figure 1.12) (Kang et al., 2019). 
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Figure 1.12: Statistical information about Epigenetics. (A) Publication trend in genetics, (B) 
Publication trend in epigenetics and (C) Publication trend in normalized publication data of epigenetics 
in PubMed. (D) Acceleration in the temporal progress of epigenetics is shown. Adapted from (Kang 
et al., 2019). 
 
 
1.2.1. Definition of the epigenetic code 
 

Each covalent modification at the level of nucleotides or histones, likely to be inherited 

to the daughter cells from the mother cells, without altering the genomic sequence, can be 

qualified as epigenetics (Bronner et al., 2007/B; Turner, 2007). The regulation of gene 

expression by epigenetic mechanisms is very finely controlled and essential for the harmonious 

development of the organism (Henikoff and Greally 2016; Bronner et al., 2007/B). It requires 

the intervention of multiple enzymes which are capable of transferring or removing methyl, 

acetyl, phosphate or other functional groups (Figure 1.13) (Biswas and Rao, 2018; Bronner et 

al., 2007/B). 
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Figure 1.13: Overview of some chemical functional groups and molecules which are considered as 
building an epigenetic code and responsible for gene regulation. Methyl group in light green (Me) 
that may take place on DNA and histones, while, Acetyl group in yellow (Ac), Phosphate group in dark 
green (PO4-) and Ubiquitin in gray (Ub) take place on histones only. Adapted from (Drug discovery 
world). 
 
 

The modifications of certain amino acids of the N-terminal ends of histones are stable 

and transmissible to daughter cells. These modifications constitute a kind of code that other 

proteins, related to the state of differentiation of the cell, will recognize (Azad et al., 2018; 

Bronner et al., 2007/B). Other enzymes transfer methyl residues to cytosines, particularly in 

CpG dyads. These enzymes are called DNA methyltransferases (Horii and Hatada, 2016; 

Bronner et al., 2007/B). 

If epigenetic markers can survive development in multicellular creatures and be passed 

on to children, it may be essential to create the vast variety of phenotypes that may emerge from 

the same genotype in such organisms (Esteller, 2008; Gayon, 2016; Romanowska and Joshi, 

2019; Kaminsky et al., 2009). For example, cloned animals from the same donor8are not 

identical, and develop diseases with a different incidence from their donor (Esteller, 2008; 

Gayon, 2016).  

Human clones which arise spontaneously from monozygotic twins, are identical in DNA 

sequence, but have different profiles of DNA methylation and histone changes that could affect 
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the incidence of several diseases, such as cancer or autoimmune disorders (Romanowska and 

Joshi, 2019; Kaminsky et al., 2009; Javierre et al., 2010). However, this8phenomenon is8also 

observed at the level of a single cell. Epigenetics permit stem cells to develop into any cell type 

and demonstrate, for example, that one liver cell always gives rise to two new liver cells after 

cell division. Therefore, epigenetics pretends to be part of the response that has been described 

as one of the key factors in cell differentiation (Chi and Bernstein, 2009; Álvarez-Errico et al., 

2015). 

Many illnesses can arise when harmful epigenetic marks are added or put at the wrong 

time or at the wrong place, demonstrating the significance of epigenetics in normal maintenance 

and development (Dabin et al., 2015). For example, Hypermethylation of promoters of 

particular genes, such as p16INK4A and p14ARF, as an early event in carcinogenesis and the unique 

methylation profile of the tumor type, both imply that DNA methylation plays a causal role in 

cancer (Esteller, 2007).8Epigenetic modifications8can be grouped into three main8categories: 

nucleosome structure, DNA8methylation and posttranslational8modifications of histones 

(Portela8and Esteller, 2010). 

 
1.2.2. Genome Organization and Regulation 
 

A nucleoprotein complex known as chromatin contains genomic DNA, which is tightly 

packed in eukaryotic cells. As much genomic information may be stored in cell nuclei because 

of high DNA compaction, however, this also limits the availability of DNA regulatory sequence 

access. Some components work in concert to maintain the delicate balance between 

transcriptionally active and inactive chromatin on many levels (Figure 1.14) (Sacharowski and 

Sarnowski, 2019). 

The chromatin is divided into euchromatin and heterochromatin. Heterochromatin has 

been defined as a structure that does not change the state of condensation during the cell cycle 

while euchromatin appears decondensed during interphase. Heterochromatin is located mainly 

at the periphery of the nucleus and the nucleolus while euchromatin is distributed inside the 

nucleoplasm (Zhou et al., 2019). It has been distinguished, the constitutive heterochromatin 

which contains few genes, formed mainly of repeated sequences and the largest regions are 

located near the centromeres and telomeres, while the facultative heterochromatin which 

contains coding regions which can adopt the structural and functional heterochromatin, like the 

inactive X chromosome in female mammals (Zhou et al., 2019; Lu et al., 2017). 
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Figure 1.14: Overview of genome organization8and corresponding8size scales. The8root layer8is 
the DNA8sequence8containing covalent8modifications such as cytosine8methylation8(5mC) and 
hydroxymethylcytosine8(5hmC). The black structure8is an unmodified8cytosine base. The8DNA8is 
then wrapped8around8octameric histone proteins8into nucleosomes8and into8chromatin. 
The8nucleosomal8histones H2A, H2B, H38and H48form pairs with one8H3–H4 tetramer8and two 
H2A–H2B dimers and8can be8exchanged with variants or8chemically modified8on their8protruding 
tails such as8histone 3–Lysine 9 trimethylation8(H3K9me3).8The structure of the8chromatin8is 
mediated by the8nucleosome packing with8open/euchromatin having fewer8nucleosomes8positioned 
than8closed/heterochromatin.8The condensed8heterochromatin8has been shown to possess8a8unique 
solenoid8structure8and higher-order loops8and folds8also exist to8further compact the8chromatin8into 
chromosomes.8The various8layers8and modifications establish8whether8the gene and the8regulatory 
components8(promoter,8enhancer) are accessible8and8transcribed or inactive. Adapted from (Aguilar 
and Craighead, 2013). 
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In eukaryotic cells, a specific class of enzymes known as remodeling factors, uses 

energy from the hydrolysis of ATP to assemble, move, destabilize, eject or restructure the 

nucleosomes (Figure 1.15). It is done either by sliding or crawling the nucleosomes along the 

DNA, by exchanging histones within the nucleosome itself, or by transferring an octamer of 

histone from one place to another (Elbahnsi, 2017). During transcription and replication, 

remodeling of the nucleosome facilitates the passage and action of polymerases. During repair, 

remodeling factors destabilize the nucleosomes to quickly ensure the accessibility of damaged 

DNA. Finally, they ensure the proper structuring of the chromatin, once these processes have 

been completed. For example, once replication is complete, they properly space the 

nucleosomes (Becker and Workman, 2013). 

However, the processes of nucleosome remodeling are still poorly understood and 

widely discussed. The breakdown of all DNA-histone interactions would indeed be extremely 

costly in energy (Paul and Bartholomew 2018) and the hydrolysis of ATP would not be enough 

to break the 14 contact zones (Längst and Manelyte, 2015). Nowadays, two main repositioning 

mechanisms, involving topological changes in nucleosomal DNA, the formation and 

propagation of a DNA loop and the diffusion of a DNA twist along the nucleosome (Längst and 

Manelyte, 2015). 

 
 
Figure 1.15: The different actions of chromatin remodeling factors. (A) A DNA site (in red) initially 
hidden in the nucleosome may become accessible after the action of remodeling factors which can cause 
the nucleosome to slide, deposit histone variants or eject the histone octamer or only the dimers H2A- 
H2B. (B) On the other hand, certain remodeling complexes contribute to the assembly of the 
nucleosome, in cooperation with the chaperone proteins. (C) Finally, they modulate the spacing between 
nucleosomes. Adapted from (Becker and Workman, 2013). 
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Four different families of variable size remodeling complexes (50 to 150 kDa), SWI / 

SNF, ISWI, CHD and SWR / INO80 are identified. They are distinguished by their functions / 

specializations, the unique combination of their fields, their subunits and their partners 

(chromatin or transcription factors) (Bartholomew, 2014). Despite the diversity of these 

complexes, they all have a great affinity for nucleosomes and are capable of rearranging the 

nucleosome via the hydrolysis of ATP into ADP by an ATPase domain. 

The mode of action of these very large complexes remains difficult to decipher. 

However, the SWR1 (INO80) subunit deposits a histone variant (H2A.Z) in the octamer, and 

that, depending on the domains, BROMO (SWI / SNF) binds acetylated lysines, CHROMO 

(CHD) recognizes methylated lysines and SANT and SLIDE (ISWI) attach to histone tails and 

DNA (Eubanks et al., 2017; Längst and Manelyte, 2015). Remodeling factors with the BROMO 

and / or CHROMO domains therefore act with post-translational modifications of histones 

(Figure 1.16). 

 

 
 
Figure 1.16: Overview of composition and function of selected chromatin remodeling complexes. 
SWI\SNF Complex, SIN3 Complex, SAGA Complex, NuRD Complex, Swr1 Complex, INO80 
Complex and Tip60 Complex. Adapted from (Eubanks et al., 2017). 
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The assembly or disassembly of the nucleosome in vivo is assisted by histone chaperone 

proteins (Figure 1.17), discovered for the first time by (Laskey et al., 1978). The dysfunction 

or mutations of these histone chaperone proteins occur in carcinogenic phenomena and various 

pathologies (Burgess and Zhang, 2013). Chaperone proteins are involved in many DNA-

dependent processes (Hammond et al., 2017; Gurard-Levin et al., 2014; Grover et al., 2018). 

They transport the newly synthesized histones from the cytoplasm to the nucleus, which are 

always linked to them when they are not incorporated into the nucleosome. During the shifting 

to DNA, chaperons maintain the “right” folding of the histones, prevent non-specific 

interactions between histones and other protein factors or DNA, and modulate their degradation 

according to the needs of the cell (Andrews et al., 2010). 

Several of chaperones are more specifically involved in the regulation of transcription 

through their role in the removal of nucleosomes at promoters (Williams and Tyler, 2007; 

Ricketts and Marmorstein, 2017). Others are intervening during replication in order to assemble 

the newly synthesized chromatin (Dennehey and Tyler, 2014; Gurard-Levin et al., 2014). They 

also play an important role in DNA repair processes (Adam and Polo, 2012; De Koning et al., 

2007; Smerdon, 1991). Finally, they participate in the regulation of post-translational 

modifications of histones (Fillingham et al., 2008; Moshkin et al., 2009). 

Their functions in the assembly and disassembly of chromatin are intimately linked in 

particular to the ATP-dependent remodeling factors (Prasad et al., 2016). Histone chaperone 

proteins are commonly classified according to their specificity for the H2A-H2B dimer, for the 

tetramer (H3-H4)2, or even for histone variants (Mattiroli et al., 2015). However, there is 

relatively little information as to the mechanisms used during the assembly and disassembly of 

the nucleosome by chaperone proteins, in particular because of the scarcity of structural 

information concerning the chaperone-histone protein complexes (Elsässer and D’Arcy, 2013). 

Nevertheless, a few co-structures of chaperone proteins interacting with histones have 

made it possible to highlight some modes of binding to histones. For example, the chaperone 

protein Asf1, involved in the disassembly and replication-independent assembly of the 

nucleosome (Hansen et al., 2010), binds to the H3-H4 dimer by contacting the α2 and α3 helices 

of H3, which form the H3 / H3 interface in the tetramer (H3-H4)2, as well as the α3 helix of H4 

involved in the H4 / H2B interface in the octamer (English et al., 2006; Natsume et al., 2007). 

Thus, the interaction of Asf1 with the H3-H4 dimer would prevent the formation of the tetramer 

(H3-H4)2 and thus the histone octamer. Mutations in the Asf1 / H3-H4 interface influence the 

transcription, replication and repair processes of DNA (Natsume et al., 2007). During 
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disassembly, the dimers H2A-H2B would first be ousted from the nucleosome by a chaperone 

protein, then Asf1 would attach to the tetramer (H3-H4)2 and cause its dissociation (English et 

al., 2006). 

 

 
 
Figure 1.17: Overview of histone8deposition mechanisms and implicated8chaperones. Newly 
synthesized histones8are incorporated into chromatin via globally8and locally acting mechanisms. A 
network of specialized8histone chaperones controls histone delivery8and deposition. The figure 
provides8an overview of replication-coupled and8replication-independent pathways that8require the 
incorporation of newly8synthesized canonical histones and replacement8variants, together with parental 
histone8recycling. Adapted from (Hammond et al., 2017). 
 
 

Stressed cells generate heat shock proteins (HSPs), a class of chaperone proteins. 

Though initially linked to thermal shock, HSP expression has been found in various forms of 

cellular stress, including exposure to cold, UV radiation, and the healing or remodeling of 

wounds or tissue. Several members of this group serve as molecular chaperones by stabilizing 

nascent proteins like histones to guarantee proper three-dimensional folding or by assisting in 

the folding of proteins that have been exposed to cellular stress. This higher level of expression 

is the result of well controlled transcriptional activation. The Heat Shock Factor (HSF) 

transcription factor induces significant increases in heat shock protein synthesis, which is a 

critical part of the heat shock response. From bacteria to humans, HSF may be present in nearly 

every living entity (Figure 1.18) (Jacob et al., 2017; Pockley, 2003; Beere, 2004). 

The molecular weight of heat shock proteins determines the protein's nomenclature. 

families of heat shock proteins with molecular masses of 60, 70, and 90 kDa each, respectively. 

It possesses properties of both a heat shock protein and a ubiquitin protein, which identifies 
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proteins and sends them to breakdown pathways in the cell (Pockley, 2003). Hsp-mediated 

control of apoptotic pathways is likely a fundamental protective mechanism that reduces the 

susceptibility of cells to harmful events in order to prevent cells from engaging in apoptosis, 

which would otherwise be unavoidable (Beere, 2004). 

 
 
Figure 1.18: Induction and8regulation of heat shock protein8expression. Physical or 
chemical8stress induces production8of unfolded or misfolded proteins. Heat8shock factor monomers in 
the cytoplasm form8trimers, are phosphorylated, and translocate8into the nucleus. HSF 
homotrimers8bind to heat shock protein gene8promoter regions, leading to induction of8Hsp gene 
transcription. Hsp70 gene transcription8is downregulated by interaction8of Hsp70 or HSBP1 with the 
HSF8trimers. Adapted from (Pockley, 2003). 
 
 

The basic unit of chromatin is called the nucleosome, which is made up of DNA and 

histones (Figure 1.19) (Zhou et al., 2019). It is the first level of DNA compaction in the nucleus. 

This structure is then regularly repeated to form the nucleofilament which can itself adopt more 

compact levels of organization, the highest level of condensation being reached within the 

metaphasic chromosome (Zhou et al., 2019; Cutter and Hayes, 2015). 

The nucleosome consists of an octamer of histones H3, H4, H2A and H2B, each present 

in the form of dimers, which are small basic proteins very conserved during evolution (Figure 

1.19) (Cutter and Hayes, 2015; Zhou et al., 2019; Bronner et al., 2007/B; Deplus, 2005). The 

most conserved region of these histones is their central structured domain composed of the 

"histone fold motif" which comprises three helices separated by two loops (Hauer and Gasser, 

2017; Nacev et al., 2019). In contrast, the N-terminal ends of these histones are more variable 

and lack a secondary structure. 
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Figure 1.19: Overview of the core nucleosome structure.  (Left) View8of the nucleosome down the 
DNA8superhelix axis showing one half8of the nucleosome structure; reproduced8with permission from. 
(Right) Schematic8representation of the four-nucleosome8core histones, H2A, H2B, H38and H4. 
Adapted from (Gräff and Mansuy, 2008). 
 
 

These ends are particularly rich in Lysine and Arginine residues and therefore they are 

very basic (Zhou et al., 2019; Bronner et al., 2007/B). They are a target of numerous post-

translational modifications that can affect their charges, and also the accessibility to DNA and 

protein / protein interactions with the nucleosome (Cutter and Hayes, 2015; Zhou et al., 2019; 

Bronner et al., 2007/B; Deplus, 2005). The assembly of DNA into chromatin comprises several 

stages which begin with the formation of its fundamental unit, the nucleosome, and end with 

higher levels of organization in specific domains in the nucleus (McGinty and Tan, 2015). The 

first step involves the establishment, on DNA, of a tetramer of newly synthesized histones (H3-

H4), duplicated, forming the sub-nucleosomal particle, in which two H2A-H2B dimers are 

added. 

The whole constitutes “The Core” nucleosomal particle made up of 146 base8pairs of 

DNA wrapped8around the octamer of histones (Cutter and Hayes, 2015; Bronner et al., 2007/B; 

McGinty and Tan, 2015). This "Core" particle and the binding DNA form the nucleosome, that 

fixed by linker Histone H1 in association with a linker DNA (38-53 bp long) which mediates 

two nucleosome cores. The newly synthesized histones are specifically modified (e.g., 

Acetylation). The next step is a maturation step requiring the presence of ATP, during which 

the nucleosomes are regularly spaced and form the nucleofilament (McGinty and Tan, 2015). 

During this step, the newly incorporated histones are deacetylated (McGinty and Tan, 2015). 
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Figure 1.20: The main stages of chromatin assembly. The assembly begins with the establishment of 
a tetramer (H3-H4)2 of newly synthesized histones, to8which are added two dimers H2A H2B to form 
the nucleosomal particle "The Core". The newly8synthesized histones are specifically modified; the 
most conserved modification is the acetylation of histone8H4 on Lysines 5 and 12 (H3-H4). The 
maturation step requires the presence of ATP in order to8establish a regular spacing of the nucleosomes 
and the newly incorporated histones are deacetylated. The incorporation8of inter-nucleosomal histones 
is accompanied by the folding of the8nucleofilament. Finally, several successive folds lead to higher 
levels of organization in8specific areas in the nucleus.  Adapted from (Dennehey and Tyler, 2014). 
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Figure 1.21: Two models for8chromatin secondary structure. (a) The solenoid8model 
is8characterized by interactions8between8consecutive nucleosomes8(n, n + 1; a,b), (c) whereas8the 
zigzag8model implies8interactions8between8alternate nucleosomes8(n, n + 2; c,d). 
The8alternative8nucleosomes are numbered from8N1 to8N8. In the solenoid model8proposed 
by8Rhodes and colleagues,8the 30 nm chromatin8fiber is an8interdigitated8one-start8helix in which a 
nucleosome8in the8fiber interacts with its fifth8and sixth8neighbor8nucleosomes. Alternative 
helical8gyres are8colored blue and purple8(b). In the zigzag8model,8the chromatin fiber8is a8two-start 
helix in which nucleosomes8are arranged in a8zigzag manner8such that a nucleosome in 
the8fiber8binds to the second neighbor8nucleosome. Alternative8nucleosome8pairs are colored blue 
and8orange8(d). The two models also8differ in the trajectory8and8degree of bending of the DNA8that 
connects8two nucleosomes8(linker DNA). Adapted from (Luger et al., 2012). 
 

Compared to their conventional counterparts, histone variants that aren't canonical (non-

allelic) differ by one or a few amino acid substitutions from the canonical (Figure 1.21). These 

histone variations impact chromatin remodeling and post-translational modifications to histones 

in different ways, depending on their expression, localisation, and species-distribution patterns 

(Talbert and Henikoff, 2017; Biterge and Schneider, 2014). 
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Multiple activities, including as transcription, chromosomal segregation and DNA 

repair, need eukaryotic core histones, which have diversified into numerous paralogues or 

variations. When the cell cycle is in the S phase, canonical histones are expressed, whereas 

replication is not required for histone variations. It's common to find many copies of 

canonical histone genes scattered over a chromosome, whereas histone variants tend to have 

single copies of their genes. 

A growing body of evidence shows that many histone variations play important roles in 

organism development, with functional connections between variants and the delicate control. 

(Talbert and Henikoff, 2017; Biterge and Schneider, 2014; Hamiche and Shuaib, 2013). 

 

 
 
Figure 1.22: Human8core and linker8histone variants.8Variants of the core8histones H2A8(yellow), 
H2B (red),8H3 (blue)8and H4 (green) are shown.8Unstructured amino‑terminal8tails are8shown as 
black lines.8Specific amino8acid residues are depicted8at key differences among8variants8of acommon 
histone protein8family. Different8shades of8color are used to indicate protein8sequences8that are 
highly divergent8between8canonical histones8(which are listed first)8and8their variants. Adapted 
from (Maze et al., 2014). 
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1.2.3. Epigenetic Mechanisms 
 

DNA methylation, histone modifications, histone variants, which are regulated by a 

combination of enzymes that have Reading/Recruiting, Writing and Erasing functions and non-

coding RNA (ncRNA) activity represent the major mechanisms of epigenetic regulation in 

humans (Figure 1.23) (Zaccara et al., 2019; Hyun et al., 2017; Akhade et al., 2017; Skvortsova 

et al., 2018). 

 

 
 
 
Figure 1.23: Overview of8epigenetic mechanisms. Chromatin regulates gene8structure and function. 
DNA8is packaged8into a 30-nm macromolecular8structure consisting of the8chromatin fiber.8Together 
with8post-translational8modifications (PTM) of8histone residues, chromatin8regulates the8functions 
involving8transcription,8repair, replication, and8condensation. The nucleosome8at 11 nm is8comprised 
of ≈1478bp of8DNA comprising an octamer of 28copies of each of the 4 core histone8proteins:8H2A, 
H2B,8H3, and H4. The8histone tail is subject to8immense interpretation by8writing enzymes that8add 
PTM8shown such8as histone methyltransferase.8Histone tails are also subject8to erasing enzymes8that 
specifically8remove8these modifications and8interpreted by reader proteins that8identify histone8tail 
modifications.8Cytosine8residues of the DNA8duplex are subject8to 5-methylcytosine (5mC)8and 5-
hydroxymethylcytosine8(5hmC) modifications8interpreted by methyl-CpG binding8domain8(MBD) 
and8ten-eleven8translocation (TET) enzyme.8Methylation-mediated gene suppression8events8involve 
targeted8MBD8recruitment whereas TET8proteins are implicated in active8DNA demethylation8and 
regulation of8gene expression. Adapted from (Keating et al., 2016). 
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1.2.4. DNA methylation / demethylation and regulation of gene expression 
 

DNA methylation in eukaryotic cells occurs only on the basis of cytosines (Figure 1.24) 

and is associated with repressed chromatin and therefore with inhibition of gene expression 

(Rasmussen and Helin, 2016). DNA methylation in eukaryotes has been proposed to have 

evolved from RNA methylation in eukaryotes (Yang et al., 2018). 

 

 

Figure 1.24: Overview of DNA methylation on Carbon 5 of Cytosine. Ten-eleven translocation 
methylcytosine8dioxygenase (TET) enzymes8oxidizes the 5-methylcytosine (5mC),8to 5-
Hydroxymethylcytosine8(5hmC) to 5-Formylcytosine8(5fC) to 5-Carboxylcytosine (5caC),8while, 
Thymine8DNA glycosylase (TDG) and Base8excision repair (BER) are involved in the8DNA repair 
pathways.8The question mark indicates the8potential activity of DNA8demethylases. Adapted and 
modified from (Abcam, 2017). 
 

DNA methylation is catalyzed by a family of DNA methyltransferases (DNMTs) which 

transfers the methyl group of the donor "S-adenosyl methionine" (SAM) to the 5th position of 

the cytosine ring (Figure 1.24). Five DNA methyltransferases have8been identified: 

DNMT1,8DNMT2,8DNMT3a,8DNMT3b and8DNMT3L. These enzymes exhibit different 

functions and catalyze different substrates. However, the variability of DNMTs is wider among 

the different species (Lyko, 2018; Tajima et al., 2016; Tomkuvienė et al., 2016). DNMTs have 

variable expressions during the cell cycle, embryogenesis and depend on the differentiation as 
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well as the disease state. For example, DNMT1o is only expressed during the first stage after 

fertilization and then DNMT1 take its place, which has a shorter sequence. Two major activities 

could mainly be distinguished: maintenance methylation and "de novo" methylation (Figure 

1.25) (Bronner et al., 2011; Lyko, 2018). 

 

 

Figure 1.25: Overview of the fate8of hemimethylated DNA. After DNA replication,8hemimethylated 
CpGs are converted to8symmetrical methylation by DNMT1. De novo symmetric8methylation by 
DNMT3B is possibly mediated8by H3K36me binding. DNMT3A maintains8hemimethylated DNA at 
specific loci, potentially8marked by CTCF cohesin and MBD8proteins. Adapted from (Sharif and 
Koseki, 2018). 

 

Methylation of cytosine in mammals is the epigenetic change that occurs on the 

palindromic CpG dinucleotides on both strands of unique DNA sequences and repetitive 

elements such as Transposable elements, Retrotransposons, Long terminal repeats (LTR), Long 

interspersed nuclear elements (LINEs), and Short interspersed nuclear elements (SINEs) (Papin 

et al., 2017). The CpGs sites are regularly distributed in the genome. There are in around 60 

percent of human gene promoters in which they are organized as CpG, and they are typically 

unmethylated in normal cells, however some of them (~ 6%) are methylated in a tissue manner 

at the beginning of development or in differentiated tissues (Straussman8et al., 2009). These 

CpG are mainly found in the 5’ regions of several genes in the vicinity of the transcription 

initiation site. The distribution profile of methylated CpG islets varies from one cell8type to 

another (Sun et al., 2010).  
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Hypermethylation of CpG is a frequent event in carcinogenesis when it concerns the 

promoters of tumor suppressor genes (Kulis and Esteller, 2010). Most DNA methylations in 

specific tissues have been shown to occur in "shores", which are regions of low CpG density 

found in the upstream of transcription initiation (> 2 kb). which are involved in cell 

differentiation (Doi et al., 2009; Ji et al., 2010). 

 

 

Figure 1.26: A model of DNA methylations patterns in Normal and Cancer status. Bivalent 
chromatin domains are more likely to have hypermethylated areas in cancer disease compared with 
normal status. Adapted and modified from (Xiao et al., 2019). 

 

DNA methylation is linked to a so-called "silent" transcription state of genes 

(Bogdanović and Liste, 2017). Methylation of cytosines prevents the association of 

transcription factors with the targeted DNA sequence, while methylated CpGs interact with the 

methyl-CpG Binding Domain proteins (MBD) binding proteins with subsequent recruitment of 

co-repressors to repress transcription (Bronner et al., 2011; Du et al., 2015). DNMTs are 

capable of repressing gene expression by recruiting MBDs to methylated CpG which interact 

with histone deacetylases, where locally, a compact chromatin structure is generated 

(Rasmussen and Helin, 2016; Du et al., 2015; Bronner et al., 2011). The MBD family includes 

MeCP2, MBD1-MBD4 as well as Kaiso (Ginder and Williams, 2018) and potentially UHRF1 

(Hopfner8et al., 2000; Unoki8et al., 2004; Jeanblanc8et al., 2005; Achour et al., 2008). For 

example, MBD2 has specific targets and its presence on these targets is essential for gene 

repression (Hainer et al., 2016). 
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During differentiation, cells evolve from the totipotency stage through pluripotency 

stages to reach a well differentiated state. During this progression, they acquire specific 

properties reflecting a precise expression profile. This requires changes in the distribution of 

DNA methylation which will subsequently be transmitted to daughter cells, ensuring the 

sustainability of the differentiated state. DNA methylation therefore participates in controlling 

the expression of specific tissue genes. In addition, most DNA methylations in specific tissues 

have been shown to appear to occur in CpG islands (CGI), and these methylations are sufficient 

to discriminate between different tissues (Doi et al., 2009; Ji et al., 2010). 

In8addition to regulating gene transcription, DNA8methylation has other functions as 

well. The repetitive elements include a significant amount of methylated CpG. DNA 

methylation is required to maintain chromosomal stability by preventing "parasite" sequences 

from reactivating and causing chromosomal instability (Esteller,82007). DNA methylation is 

involved in certain more specific stages of development such as the inactivation of the X 

chromosome and the establishment of the parental genomic imprint. The genomic fingerprint 

is the process by which only the paternal or maternal allele is expressed. DNA methylation is 

critical for the genomic imprint, as hypermethylation of one of the two paternal alleles results 

in monoallelic expression (Elhamamsy,82017). 

Increasing evidence suggests that foods involved in methyl group metabolism may have 

substantial effects on epigenetics, according to recent advancements in knowledge of dietary 

impacts. Nutritional intakes high in methionine and folates (choline, methionine) can affect 

DNA methylation, which can modify gene expression all the way through pregnancy and 

childbirth (Andreescu et al., 2018). Defective epigenetic regulation is implicated in the 

development of a number of human disorders, including Rett syndrome. Early life nutrition has 

been linked to adult health problems, and some of these may be due to epigenetic alterations 

(Andreescu et al., 2018). 

Demethylation of DNA at gene promoter is linked to transcriptional activation and gene 

expression. There are two mechanisms of DNA demethylation occurs passively, spontaneously, 

in the absence of methylation of newly synthesized DNA strands during several replication 

rounds or actively mediated by multiple enzymes and pathways. Methylated cytosine bases may 

be removed through cytosine deamination followed by removal of thymine from T/G mismatch, 

then followed by insertion of unmethylated cytosine using base excision repair (BER) 

machinery. 5-methylcytosine (5mC) may also be modified by oxidation of the methyl group 

respectively to be 5-Hydroxymethylcytosine (5hmC) oxidized by Ten-eleven translocation 
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methylcytosine dioxygenase (TET) enzymes to 5-Formylcytosine (5fC), and 5-

Carboxylcytosine (5caC). 

 
1.2.5. Post-translational modifications of histones 
 

Unlike DNA methylation, which leads to gene repression, changes in histones have 

more diverse and reversible effects on transcription. Histones are small proteins (11 to 22 kDa) 

that regulate the formation of chromatin (Bannister and Kouzarides, 2011; Bronner et al., 2011). 

Histones have a flexible N-terminal tail and a spherical C-terminal end. The "histone code" 

concept is based on Lysine residues' ability to reside in one of three methylated forms (mono-, 

di-, and trimethylation) by interacting with other8modifications like acetylation, 

ubiquitination,8and phosphorylation (Figure 1.27) (Bannister and Kouzarides; Bronner et al., 

2011).  

The common nomenclature for histone modifications initiates by the name of the histone 

(for example, H3), then, the letter abbreviation of amino acids (for example K for Lysine) and 

the position amino acids in the protein and the type of modification (Me: methyl, P: phosphate, 

Ac: acetyl, Ub: ubiquitin) So H3K9me3 designates the trimethylation of the new residue 

(Lysine) from the start (for example, N- terminal) of the H3 protein. 

The high levels of acetylation and trimethylation of H3K4 and H3K36 and H3K79 seen 

in euchromatin define these post-translational modifications. Heterochromatin, on the other 

hand, has low amounts of acetylation and high levels of methylation in H3K9, H3K27, and 

H4K20 (Aguilar8and Craighead, 2013). It was shown that the levels of histone changes are 

predictive of gene expression (Portela and Esteller, 2010). Active transcribed genes are 

characterized by elevated levels of H3K4me3, H3K27ac, H2BK5ac and H4K20me1 in the 

promoter and H3K79me1 and H4K20me1 along the gene body (Karlic et al., 2010; Portela and 

Esteller, 2010). There are at least 150 modifications of known histones (Figure 1.27), some of 

which do not meet the definition of the epigenetic code since epigenetic modifications are 

supposed to be transmitted to the offspring in cells or in an organism (Bronner et al., 2011; 

Stillman, 2018). 
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Figure 1.27: The major / most documented8post-translational modifications of histones. 
Nucleosomes8are represented by red spheres wrapped by8DNA (shown in gray). Also depicted are the 
positions8of PTMs located on the histone proteins H2A (and H2A.X), H2B, H3,8and H4. These PTMs 
impact gene8expression by altering chromatin structure and recruiting8histone modifiers. PTM events 
mediate diverse8biological functions such as transcriptional activation8and inactivation, chromosome 
packaging, and8DNA damage and repair processes. Adapted from (Thermo Fisher Scientific, 2020). 

 

There is 51 distinct “chromatin8states” based on the enrichment8of specific 

combinations of histone8modifications (Portela8and Esteller, 2010). Separate biological8roles 

are proposed for these different states of chromatin. An interesting8case concerning 

modifications of the cohabiting histones is found in embryonic stem cells in “bivalent domains”, 

when the active mark H3K4me3 is in the presence of the repressive mark H3K27me3 at the 

level of promoters of genes important for development. These “bivalent domains” allow 

embryonic stem cells to activate gene expression rapidly during various development processes 

(Hall et al., 2018; Matsumura et al., 2015). 

An interesting8example of the interaction between histone modifications8and DNA 

methylation is the relationship between8DNMT3L and H3K4. DNMT3L interacts specifically 

with H3 histone terminations, inducing de novo8methylation of DNA by recruitment of 

DNMT3a, but this interaction is8strongly inhibited by H3K4me. In addition, histone 

methyltransferases and demethylases can also modify the stability of DNMTs, thereby 
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regulating DNA methylation levels (Du8et al., 2010; Bronner, 2011). On the other8hand, DNA 

methylation8can also drive changes in histones. For example, DNA methylation regulates 

H3K9 methylation through the recruitment of MeCP2 (Kinde et al., 2016). 

Nucleosomes are an obstacle for transcription which blocks the access of activators8and 

transcription factors to8their sites on DNA,8at the same time, they inhibit the8elongation of 

transcription by polymerases. The packaging of DNA in nucleosomes appears to affect all 

stages of transcription, as well as the regulation of gene expression (Portela and Esteller, 2010). 

In particular, the precise position of the nucleosomes in the sites of initiation of transcription 

has an important8influence on the initiation8of transcription. Thus, displacements of 30 bp 

nucleosomes from transcription initiation sites have been implicated8in changes in the activity 

of8RNA polymerase II (Portela and Esteller, 2010). The loss of a nucleosome directly upstream 

of the transcription initiation sites is strongly correlated with gene activation, while the 

occupation of the transcription initiation sites by a nucleosome is associated with gene 

repression (Iwafuchi-Doi et al., 2016). 

Histones have strong affinities for DNA via the electrostatic forces of amino acids 

(Lysines and Arginines) positively charged with histones and phosphate groups negatively 

charged with DNA. Consequently, any change in the charge of histones is likely to modify the 

affinity of DNA with histones and allow access to transcription factors (Gong and Miller, 2019). 

There are only a few proteins that are able to read histone post-translation modifications and at 

the same time a DNA modification and all belong to the UHRF1 family that is presented 

hereafter. 
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1.3. The UHRF subfamily of RING-finger type E3 ubiquitin ligases 
 

The UHRF family corresponds to a subfamily of the RING (Really8Interesting New 

Gene)8E3 ubiquitin ligases family. 

 
 
1.3.1. The UHRF Members 
 

The alignments of the primary structure of seven proteins made it possible to determine 

the percentages of homology between the different members of the family (Figure 1.28): 

hUHRF1 (ICBP90) (Hopfner8et al., 2000), hUHRF4 (ICBP87), mUHRF1 (Np95) (Fujimori8et 

al., 1998), hUHRF3 (ICBP55), mUHRF3 (Np55), hUHRF2 (NIRF, NP95 / ICBP90 Ring 

Finger) (Mori8et al., 2002), mUHRF2 (NP97, mouse NIRF) (GenBank8accession number 

BAB68317). 
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Figure 1.28: The UHRF family. The structure of hUHRF1 (ICBP90), hUHRF4 (ICBP87), mUHRF1 
(Np95), hUHRF3 (ICBP55), mUHRF3 (Np55), hUHRF2 (NIRF)8and mUHRF2 (Np97). The sequences 
were obtained by GenBank (National Center for Biotechnology Information). The accession 
numbers8are8AF129507,8EAW58743,8EAW96409,8Q8VDF2,8AF274047,8XP_993132,8for 
hUHRF1,8hUHRF2,8hUHRF3, mUHRF1,8mUHRF2 and8mUHRF3, respectively. HHRF4 was8found 
in AceView (National Center8for Biotechnology Information). The numbers correspond to the positions 
of8the amino acids. Retinoblastoma8protein (RB) binding sites are8indicated by boxes. The values 
indicate the percentages of identity with UHRF1 and UHRF2, respectively. The TTD domain is not 
shown because it was discovered later. Adapted from (Bronner et al., 2007). 
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Mouse NIRF (mUHRF2) shows 54.8% identity with hUHRF1. Human and mouse NIRF 

share 90.3% identity, while the homology between hUHRF1 and mUHRF1 (Np95) is only 

73.6% (Figure 1.28). HUHRF1 and hUHRF2 show 78.1% and 42.1% identity with hUHRF4 

(ICBP87), respectively. hUHRF1 and hUHRF2 (human NIRF) show 59.8% and 35.8% identity 

with hUHRF3 (ICBP55), respectively, and 48.7% and 35.8% with mUHRF3, respectively. 

These similarities suggest that NIRF and hUHRF1 are derived from two common ancestral 

genes (Bronner et al., 2007/A). 

Note that SIN259 (Similar to ICBP90 and NIRF) a 259 amino acid8protein similar to 

hUHRF1 (GenBank8accession number XM_066969), two Arabidopsis thaliana8proteins 1 and 

2 (GenBank8accession numbers AAG29238 and8NP_176778, respectively) and an8Oryza 

sativa protein (GenBank accession number AAG03103) were considered to be of the UHRF1 

family (Mousli et al., 2003). These proteins have a very weak identity with hUHRF1 and 

hUHRF2 (NIRF). For example, hUHRF1 and NIRF show 21.4% and 18.3% identity with 

protein 1 from A. thaliana, respectively. Protein of O. sativa has 19.2% identity with hUHRF1 

and 17.7% identity with human NIRF. The protein of O. Sativa does not have the ubiquitin-

like8domain or the PHD Finger8domain. The second protein of A. thaliana shows 24% and 

19% identity with hUHRF1 and NIRF, respectively, and has a PHD domain and a RING Finger 

domain as well as an SRA domain but not in the same order as that found in hUHRF1, thus 

raising the question of its belonging to this family (Mousli et al., 2003, Bronner et al., 2007/A). 

Since then, six members of the ORTH / VIM family of Arabidopsis thaliana genes, 

which play a role in DNA methylation in vivo, have been identified to code proteins each 

containing a PHD, two RING domains, and one SRA domain. ORTH like-1 then codes for a 

protein with a single RING domain and an SRA domain (Kraft et al., 2008). 
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1.3.2. Ubiquitin like with PHD and Ring Finger domains 1 (UHRF1) 
 

The first gene identified in this family was UHRF1 originally called icbp90 for "Inverted 

CCAAT box Binding Protein of 90 kDa" (Hopfner et al., 2000). its first property to be 

demonstrated was to modulate the expression of the topoisomerase IIα gene (Hopfner et al., 

2000,). Furthermore, protein kinase 2 (CK2) is an important regulator of the transcriptional 

activity of UHRF1 (Bronner et al., 2004) while the cAMP signaling pathway via Protein kinase 

A (PKA) enhances topoisomerase IIα expression through UHRF1 phosphorylation (Trotzier et 

al., 2004) which is at least partly induced by the blocking of the ERK1/2 signal pathway (Fang 

et al., 2009). 

From a structural point of view, the ICBP90 protein has an “ubiquitin-like” domain, two 

nuclear localization sites two TTD domains (Tandem Tudor Domain), two zinc finger domains 

(PHD and RING finger), as well as SRA domain8"Set and Ring8Associated domain" (Figure 

1.29) (Hopfner et al., 2000; Mousli et al., 2003; Bronner et al., 2007/A; Bronner et al., 2009; 

Nady et al., 2011). From this structure, the international nomenclature (HUGO committee) gave 

the name of "UHRF" to this family, for Ubiquitin-like containing PHD and Ring Finger domain. 

UHRF1 is therefore coded by the UHRF1 gene, while UHRF2 is coding for NIRF (Np95 / 

ICBP90 Ring Finger). This family contains 4 members in humans (Figure 1.29) (Bronner et al., 

2007/A). 

The UHRF1 gene has been located on the chromosomal region 19 p13.3 (Hopfner et al., 

2001). This gene covers a portion of genomic DNA of at least 53 kb (GenBank accession 

number: AF129507) (Unoki et al., 2008). 
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1.3.3. Structural domains of UHRF1 
 

From the N-terminal end towards the C-terminal end, it has been successively noted the 

presence of five domains that are very conserved during evolution (Figure 1.29): an UBL 

domain or an “ubiquitin-like”8domain, the TTD domains “Cryptic Tandem8Tudor Domains”, 

the PHD domain “plant8Homeo domain” a zinc finger domain of type C4HC3, an SRA domain 

for “Set and Ring Finger Associated Domain”, and finally a zinc finger domain of type C3HC4 

called RING finger domain for “Really Interesting New Gene” (Figure 1.29). 

 

 
 
Figure 1.29: The structure of UHRF1. The structure of UHRF1 reveals the presence of five functional 
areas. From the NH2 terminal end to the COOH terminal end: a UBL domain or an “ubiquitin-like” 
domain, the TTD domains “Cryptic Tandem Tudor Domains”, a zinc finger domain of type C4HC3 or 
the PHD domain “Plant-Homeo domain”, a “SRA” type domain for Set and Ring Finger Associated 
Domain, and finally a zinc finger domain of C3HC4 type or RING finger domain for “Really Interesting 
New Gene”. Adapted from (Ashraf et al., 2017/B). 
 
 
1.3.3.1. Ubiquitin-like domain (UBL domain) 
 

The ubiquitin-like motifs, which its structure is 35% identical to that of ubiquitin, consist 

of 45 to 80 highly conserved amino acids from protozoa to vertebrates. They are involved in 

many cellular processes such as the degradation of proteins carried out by the proteasome 26S, 

the repair of DNA, the maintenance of the chromatin structure, or even the regulation of gene 

expression (Cappadocia and Lima, 2018; DaRosa et al., 2018). The significance of the UBL 

domain, on the other hand, is less known, and it may be involved in protein-protein interactions. 

The ubiquitin-like domain (UBL) of PLIC-1 "Protein Linking IAP to the Cytoskeleton" was 

shown to be capable of binding the "Ubiquitin-Interacting Motif8(UIM)" of proteasomal 

subunit8S5a and to be involved in trafficking to aggregosomes (Heir8et al., 2006). We might 

be imagining that the NIRF-N domain of UHRF1 could be involved in its transport to 

aggregosomes. A relationship8between the ubiquitination of H2B and the methylation of H2 

through proteasomal proteins in yeast has been described (Cole et al., 2015). 

Monoubiquitination8of histones8H2B is required for8two activating8events, i.e., methylation 
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of H3K48and methylation of H3K79. The proteasomal ATPases Rpt4 and Rpt6 have been 

shown that they work to connect these two modifications of histones (Cole et al., 2015). It 

has8been found that the8recruitment of the proteasomal subunit to chromatin8depends on the 

ubiquitination of H2B and that a mutation in the proteasomal subunits Rpt4 and Rpt6 disrupts 

the methylation of H3 on K4 and K79 but leaves the ubiquitination of intact H2B (Cole et al., 

2015). In addition, (Citterio et al., 2004) have suggested that the ubiquitination8of histones by 

UHRF1 is a key regulatory8mechanism to control gene expression. It can be imagined that the 

UHRF1 recruits8the proteasome at the sites where the monoubiquitinated8histones should be 

eliminated and degraded (Bronner et al., 2007/A). 

 

1.3.3.2. Tandem Tudor domains (TTD domains) 
 

The Tudor domains belong to the SH3 super family (Dai et al., 2018). SH3 domains are 

often modulator proteins which have a very important functional versatility from signal 

transmission to binding to nucleic acids (Dai et al., 2018). The TTD domains correspond to a 

motif of 50 amino acids conserved with 10 repeats in the various proteins associated with RNA 

(Bauer et al., 2019; Li et al., 2018). Their structure is characterized by five strands of β motif 

and four connection loops. A large variation in the sequence, length and flexibility of the first 

three loops is responsible for the functional specificity of SH3-like domains (Dai et al., 2018). 

However, the fourth loop has a very conserved structure and plays a very important role in the 

stability of the structure of these SH3 proteins. The 3D structure of the TTD domains of UHRF1 

was first shown by Hashimoto et al., (2009). The closest structural alignment was between 

TTD1 (residues 126-206) of UHRF1 and the N-terminal domain of TTD of 53BP1 (p53-

Binding Protein). In general, functional similarities reside in structural similarities. There are 

two motifs corresponding to a TTD domain in the structure of 53BP1. The TTD domain of 

SMN (Survival of Motor Neuron) and 53BP1 is capable of binding to dimethylated Arginines 

of a sequence rich in Arginine-Glycine. The TTD domains of 53BP1 are capable of recognizing 

the dimethylated Lysine 382 of p53 (p53K382me2) following DNA damage, an interaction 

which stabilizes p53 (Kachirskaia et al., 2008). The mammalian 53BP1 and its orthologs Rad9 

and Crb2 / Rhp9 in yeast recognize double stranded DNA breaks via the TTD domain which is 

capable of interacting with methylated histones (Huyen et al., 2004) K20 of histone H4 (Huyen 

et al., 2004; Schotta et al., 2008). Interestingly, (Nady et al., 2011) Have shown that the TTD 

domain of UHRF1 is capable of interacting with histone H3K9me3 and with unmodified 
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histone H3K4 in the same peptide. The affinity deficient UHRF1 for H3K9me3 shows altered 

locations in heterochromatin and fails to maintain repression of a target gene, p16INK4A (Nady 

et al., 2011). Rad9, which is involved in DNA repair in S. cerevisiae, recognizes via its TTD 

exclusively the methylated K79 of histone H3 (Grenon et al., 2007); while Crb2 / Rhp9 (DNA 

repair protein) in Schizosaccharomyces pombe exclusively recognizes the methylated K20 of 

histone H4 via its TTD. These interactions of the TTD domain and the BRCT domain 

(Carboxyl-Terminal domain of the BReast Cancer gene 1 protein) of Rad9 with chromatin 

cooperate to stop the cell cycle in G1 phase (Hammet et al., 2007). However, the UHRF1 is 

involved in the G1 / S transition (Jeanblanc et al., 2005), this could be explained via its TTD. 

It could be imagined that the TTD of UHRF1 trimethyl the H3K9 near the promoter of the 

tumor suppressor gene p16INK4A. Trimethylation of H3K9 is believed to promote deacetylation 

of H3K9 by HDAC1 and methylation of DNA by DNMT1. These events are responsible for 

the repression of the p16INK4A gene which in turn is involved in the inhibition of the binding of 

cyclin D to Cdk 4 or Cdk 6 which is involved in G1 phase progression. Therefore, UHRF1 TTD 

promotes the entry of S-phase cells by repressing the expression of the p16INK4A gene. Other 

proteins also have the TTD domain like the heterochromatin HP1 which is able to bind to the 

methylated histone H3. 

 
1.3.3.3. Plant-Homeo Domain (PHD domain) 
 

This domain is a highly specialized domain for binding to methylated lysines, which has 

been found in several proteins that regulate gene8expression. Indeed, publications describe how 

the PHD Finger is able to read part8of the histone8code (Pena8et al., 2006; Wysocka8et 

al.,82006). The PHD Finger could stimulate the activation or repression of a gene via the 

interaction with trimethylated H3K4, which is the universal modification for the activation of 

gene expression (Mellor,82006). The PHD domain has a lower affinity for dimethylated8K4 

than for trimethylated K4, indicating that the PHD domain can distinguish between minor 

chemical changes, which is essential for reading the epigenetic code. In addition, mouse 

UHRF1 (mUHRF1) has been shown to be involved in the formation8of 

pericentromeric8heterochromatin via its PHD domain (Papait et al., 2007). Karagianni et al., 

2008) have shown that the UHRF1 is capable of interacting with H3K9me3 via its PHD domain, 

suggesting that the UHRF1 assumes a link between the methylation of histones via its PHD 

domain and the methylation of DNA via its SRA domain, known to be capable of interacting 

with hemi-methylated DNA and with DNMT1 (Unoki et al., 2004; Avvakumov et al., 2008; 
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Achour et al., 2008). The UHRF1-H3K9me3 interaction has been proposed to promote the 

ubiquitination of chromatin (Karagianni et al., 2008). This event could be a signal to recruit 

other actors of the epigenetic code such as methyltransferases and deacetylases which promotes 

the formation of heterochromatin (Karagianni et al., 2008). 

 

 
 
Figure 1.30: Structure of8TTD-PHD of UHRF1 in complex8with H3-K9me3. (A) Diagram8of 
UHRF1 domains. (B)8Structure8of TTD-PHD bound to H3-K9me3.8(Left and Right) Surface8model 
(Left) and illustration8model8(Right) of TTD-PHD. Each region of8TTD-PHD is colored8according to 
the diagram in A. Histone H3 is8shown8as a green sphere; zinc8ions are shown as gray8spheres. (C) 
SAXS analyses are shown8for8wild-type TTD-PHD (green),8TTD-PHD R295A/R296A (orange),8and 
TTD-PHD S298ph (red). Adapted from (Arita et al., 2012). 
 
 
1.3.3.4. Set and Ring Finger Associated domain (SRA domain)  
 

The SRA domain is a domain composed of 170 amino acids characterized by the 

conservation of 13 Glycine residues and a motif of VRVVRG. So far, the SRA domain has8only 

been found in the UHRF family regarding vertebrates. It was founded that the UHRF1 was able 
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to interact with the deacetylase HDAC1 through its SRA domain as well as with the methylated 

CpG islets (Unoki et al., 2004) present at the promoter level of certain tumor suppressor genes 

such as RB1, p14ARF and p16INK4A (Unoki et al., 2004). The SRA domain interacts with human 

DNMT1 (Achour et al., 2008). DNMT1 and HDAC1 have been founded in the same macro-

molecular complex as Suv39H1, a histone methyltransferase. This suggests that UHRF1 and 

Suv39H1 may also be in the same complex. 

The SRA domain is also involved in the mechanisms of interaction with H3 histones as 

has been demonstrated for the mouse UHRF1 (Citterio et al., 2004). The specific binding of 

UHRF1 with trimethylated H3K9 (H3K9me3) depends on two functional domains, the PHD 

domain which defines the binding specificity and the SRA domain which promotes the activity 

of this binding of (UHRF1-H3K9me3) (Karagianni et al., 2008). It has been suggested that 

UHRF1, through the SRA domain, performs some of the functions8of histone 

methyltransferases8in plants (Bronner8et al., 2007/A). The UHRF1 SRA domain could be like 

a "bridge"8between DNA8methylation and the histone code, a fundamental property in the 

transmission of the epigenetic8code (Bronner8et al., 2007/A). (Hashimoto et al., 2008) have 

shown that the SRA domain of mUHRF1 flip the 5-methylcytosine outside the DNA helix. The 

methylcytosine base at the hemi-methylated site is flipped out of the DNA helix in the SRA-

DNA complex and fits tightly into a protein pocket on the concave surface (Bronner et al., 

2019; Zaayter et al., 2019; Bronner et al., 2017A). Avvakumov et al., (2008) have shown that 

the SRA domain of hUHRF1 flips the 5-methylcytosine outside the DNA helix and that the 

timely replacement of Gly448 with aspartic acid produces a mutated protein which has 

significantly lower affinity for hemi-methylated DNA. Also, Arg 491 and Asn 489 from the 

SRA domain of UHRF1 have been shown to play central roles in specificity and affinity for the 

5-mCpG sequence (Avvakumov et al., 2008).  

To understand the dynamics of the flipping of methylated cytosines under the effect of 

the SRA domain of the protein UHRF1 which recognizes hemi-methylated DNA, two very 

innovative fluorescent analogs of nucleosides, 2-thienyl-3-hydroxychromone (3HCnt) which 

capable of replacing all the nucleobases in DNA and thienoguanosine (thG) which perfectly 

replaces guanine, were investigated (Bronner et al., 2017; Kilin et al., 2017). A modest 

difference was observed in the affinity of SRA for methylated cytosines on both strands and 

methylated cytosine duplexes which means the SRA domain does not need to discriminate 

between them supporting that the UHRF1 leaves DNA "Labeled with 2-Aminopurine" before 

the catalytic methylation step (Greiner et al., 2015). 
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Figure 1.31: Structure8of SRA–DNA complex. a,8Summary of the SRA–DNA8interactions; 
mc,8main-chain-atom-mediated8contacts; W, H2O8mediated hydrogen bonds. Black8boxes8represent 
CpG8recognition sequence8and K495-associated8dotted lines represent weak8hydrogen bonds. b,8The 
side8chains of V451 of8the base flipping loop8and R496 of the CpG recognition loop8are in direct8van 
der8Waals contact. c, The two8loops—CpG8recognition and base flipping—penetrate8into the8DNA 
helix8from opposite8directions. d, The 5mC flips8out and binds in a cage-like8pocket. e, The8surface 
charge8at neutral pH is8displayed as blue for positive8(20 kBT), red for negative8(220 kBT), and8white 
for8neutral, where kB is8the Boltzmann’s8constant and T is the8temperature. Adapted from 
(Hashimoto et al., 2008). 

 

By incorporating 3HCnt or thG at selected positions of a hemi-methylated DNA, it has 

been showed by fluorescence spectroscopy that it was possible to follow in a sensitive and 

faithful manner the flipping of the methylated cytosines, induced by the SRA domain of the 

protein UHRF1. Indeed, the SRA domain induces a strong increase in the fluorescence of these 

two probes, indicating the very high sensitivity of these fluorescent analogs of nucleosides to 

minor structural changes accompanying the flipping of the bases. This slow kinetics disappears 

when the SRA domain is replaced by a mutant motif incapable of inducing base flipping 

(Bronner et al., 2017; Kilin et al., 2017). 
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Figure 1.32: Fluorescence monitoring of the flipping of methylated cytosine by the SRA domain 
of the protein UHRF1. DNA is labeled with a fluorescent nucleoside analog: thienoguanosine (thG, 
shown in blue) or 2-thienyl-3-hydroxychromone (3HCnt, shown in green). At the mCpG site, the SRA 
domain flip the methylated cytosine, which will stabilize the binding of this domain to the hemi-
methylated DNA and allow the recruitment of the DNMT1 protein. The flipping of the methylated 
cytosine outside the DNA helix results in a sharp increase in the fluorescence of thG or 3HCnt. Adapted 
from (Bronner et al., 2017; Kilin et al., 2017). 
 
 
1.3.3.5. Really Interesting New Gene Finger domain (RING Finger domain) 
 

The RING finger domain has E3 ubiquitin ligase activity. In human cells, UHRF1 has 

been demonstrated to ubiquitinate histone H3 at lysine 18 (H3K18ub) (Qin et al., 2015) and at 

lysine 23 (H3K23ub) utilizing the cell-free method of Xenopus egg extracts (Nishiyama et al., 

2013). Both findings indicate that UHRF1-dependent histone H3 ubiquitination is needed for 

DNA methylation maintenance, implying that the H3 ubiquitination mark(s) supplies DNMT1 

with a binding site(s) (Qin et al., 2015; Nishiyama et al., 2013; Tollefsbol, 2017). Zinc 

coordination is essential to preserve the structural integrity of the RING domain, and it has been 

demonstrated that E3 ligase activity is impossible without it. Cysteine 724 and histidine 741 are 

residues in the UHRF1 RING motif that appear to be crucial for zinc binding and ligase activity, 

according to the RING domain consensus sequence (Freemont, 2000). Next, in chapter 4, the 

Ubiquitination by UHRF1 RING domain topic will be discussed in detail. 
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1.4. Ubiquitination Activity of UHRF1 RING domain 
 

Ubiquitination is one of the post-transcriptional modifications in which a polypeptide 

of 76 amino acids is conjugated by its carboxylic end (C-terminal) to the lysines of proteins 

which are intended for degradation via the8proteasome or for regulatory functions. A conserved 

enzyme cascade (E1-E2-E3) is involved in ubiquitination. Monomeric, 

homodimeric/heterodimeric, and multisubunit RING E3 ligases are the three types of RING E3 

ligases. It is8likely that the histones are the8substrates for the members of the UHRF8family. 

In fact, UHRF1 has been shown to ubiquitinates8histones, in vitro8and in vivo,8with a clear 

preference8for histone H3 (Citterio8et al., 2004). Putative substrates for mUHRF1 

ubiquitination activity have recently been discovered. In vitro, mUHRF1 ubiquitinated all four 

nucleosomal core histones, histone H3, histone H2A, histone H2B, and histone H4 (Jenkins et 

al., 2005). But histones could not be the only substrates for8UHRF members since non-histone 

proteins have been8identified to be ubiquitinated by hUHRF1 (Motnenko8et al., 2018; Liu et 

al., 2017; Mori et al., 2002). For example, UHRF1 ubiquitinates DNMT1 through its E3 ligase 

activity leading DNMT1 to the proteasome to be degraded (Du et al., 2010). 
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Figure 1.33. The ubiquitin–proteasome8system and the structures of8RING-type E3 
ligases.8RING-type8E3 ligases8are classified into monomeric8RING ligases (a), dimeric8RING ligases 
(b)8and multisubunit8RING8ligases, which includes SCF8(c) and anaphase-
promoting8complex/cyclosome (APC/C)8type8ubiquitin ligases (d). Ubiquitylation8of proteins is 
achieved through8an8enzymatic cascade8involving8ubiquitin-activating enzyme8(E1), ubiquitin-
conjugating8enzyme (E2)8and ubiquitin-ligating8enzyme8(E3). E3 enzymes provide8platforms for 
binding E2 enzymes8and8specific substrates,8thereby coordinating8ubiquitylation8of the selected 
substrate (a, b). Substrates8of SCF8and APC/C8ubiquitin ligases must8be modified 
by8phosphorylation before they can bind8to E38and be subjected to8ubiquitination (c, d). Adapted 
from (Liu et al., 2018). 

 

Monoubiquitylation, Multi-monoubiquitylation, or Polyubiquitylation using ubiquitin 

are a variety of ways where the substrates can be ubiquitinated (Figure 1.34) (Moreno and 

Gambus, 2015). The addition of ubiquitin8or a ubiquitin chain to a8substrate alters the 

substrate's overall8three-dimensional structure, affecting its activity, location, and destiny. 

Each sort of chain has its own8three-dimensional structure, which results in a different8signal 

and consequence8for the substrate. Two of the most well-studied types of ubiquitylation are the 

modification at K48 and K11 linked chains, which target proteins for proteasomal degradation 

and the modification at K63 linked chains, which play a vital role in DNA damage response 

(DDR) signaling. Through the activity of de-ubiquitylating enzymes, ubiquitin can be8removed 

from the substrate or altered by de-ubiquitinases (DUBs). As a result, ubiquitylation as 

a8posttranslational alteration is extremely adaptable and versatile. 

 

Figure 1.34. Types of8ubiquitylation on substrate.8Mono-, Multi-mono- and8Polyubiquitylation8is 
presented.8Different8types of polyubiquitin chains:8linked through specific8but the same8lysine 
throughout8the chain8(homogenous chains), linked8through N-terminal8methionine8(linear chains), 
linked through8alternative Lysines (heterogenous chains)8and chains with8one of the chain’s8ubiquitin 
modified8by two8further Ubiquitins linked through8different lysines8(branched8chains). Adapted 
from (Moreno and Gambus, 2015). 
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1.4.1. Mono-Ubiquitination by UHRF1 
 

UHRF1 controls targeted histone H3 ubiquitination, which is required for DNMT1 

binding to freshly replicated chromatin and subsequent DNA methylation maintenance (Foster 

et al., 2018; Mishima et al., 2020). In fact, UHRF1 and DNMT1 have been shown to co-

precipitate with USP7 (Ubiquitin-Specific8Peptidase 7, also known as HAUSP for Herpes virus 

– Associated Ubiquitin8Specific Protease), a de-ubiquitination enzyme. Overexpression of 

UHRF1 and USP7 results in opposite changes to the state of ubiquitination and stability of 

DNMT1 suggesting that UHRF1 and USP7 regulate the stability of DNMT1 by balancing the 

ubiquitination of DNMT1 (Qin et al., 2011; Bronner, 2011). Furthermore, the role of Tip60 

(Histone acetyltransferase) is to acetylate DNMT1 in order to be subsequently ubiquitinated by 

UHRF1. In contrast, the role of HDAC1 and USP7 is to protect DNMT1 from degradation (Du 

et al., 2010; Bronner, 2011). UHRF1-mediated8dual mono-ubiquitylation of histone8H3 

(H3Ub2) on lysine residues 14, 18,8and 23 has been shown to have a role in the RFTS-

dependent recruitment of DNMT1 and its enzymatic activation, guaranteeing high fidelity of 

DNA maintenance methylation, according to Nishiyama et al., 2020. Accordingly, it has been 

shown that the dual8mono-ubiquitylation of PAF158(PAF15Ub2) is a molecular signature 

linking DNMT1 recruitment8with DNA replication (Nishiyama et al., 2020). UHRF1 is unable 

to bind with BRCA1 and ubiquitinate RIF1 in human cells when S674A phosphorylation is 

compromised, while maintaining its epigenetic function in DNA methylation and mono-

ubiquitination of H3 (Zhang et al., 2016). These findings imply that UHRF1's two roles are 

intertwined but have distinct characteristics; the two capacities may work together in the 

replication process, since genome integrity must be conserved before the right DNA 

methylation pattern can be spread. Both UHRF1 and UHRF2 have been discovered to be 

required for FANCD2 recruitment to ICLs and subsequent monoubiquitination by the FA core 

complex. UHRF1 and UHRF2 are recruited to ICLs in cells in separate ways. Normal FANCD2 

recruitment and monoubiquitination, on the other hand, need the recruitment of both proteins 

(Motnenko et al., 2018). 

 

1.4.2. Poly-Ubiquitination by UHRF1 
 

Poly-Ubiquitination of protein lysines are intended for degradation via the proteasome. 

Separate forms of polyubiquitin chains: homogeneous chains, linear chains, heterogenous 
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chains, and chains containing one ubiquitin modified8by two additional ubiquitins 

connected8through different lysines8(branched chains)8(Moreno and Gambus, 2015). UHRF1-

dependent8polyubiquitylation of8histone H3 on lysine 23 (H3K23nUb)8may serve as 

a8platform for DNMT1 to8bind hemimethylated DNA behind the8replication fork and fully 

methylate it, according to previous research (Nishiyama et al., 2013). UHRF1 is a ubiquitin 

ligase with an SRA domain that can bind hemimethylated DNA and has also been found to 

interact with PCNA (Tauber and Fischle, 2015; Sharif and Koseki, 2011). UHRF1 is brought 

to the replicating fork by these two contacts, where it ubiquitylates Histone8H3, which is then 

preferentially bound by DNMT1. Surprisingly, the polyubiquitylated form of8H3 could only 

be identified when Dnmt1 activity was inhibited owing to a negative8feedback loop (after DNA 

is methylated,8H3K23nUb is deubiquitylated) (Nishiyama et al., 2013; Vaughan et al., 2018). 

 
1.4.3. Auto-Ubiquitination of UHRF1 

 
Members of the UHRF family, like several ligases comprising a RING Finger domain 

(Ibrahim et al., 2018; Marsh and Dickson, 2019; Sun, 2020), have an in vitro self-ubiquitination 

activity (Motnenko et al., 2018; Liu et al., 2017; Mori et al., 2002; Citterio et al., 2004; Jenkins 

et al., 2005). As part of the UHRF1 and DNMT1 complexes, USP7 is involved in both the 

deubiquitination process as well as proteasome-mediated degradation. UHRF1 and DNMT1 are 

both degraded via the RING domain of UHRF1 by poly-autoubiquitination, which in turn leads 

to apoptosis when USP7 is knocked out of the equation (Ibrahim et al., 2018). Our laboratory 

was first to show that the auto-ubiquitination also occurs in vivo in the cell under the action of 

the anti-cancer drug thymoquinone (Ibrahim et al., 2018). However, the role of this self-

ubiquitination remains unknown. 

 
1.5. Roles and functional mechanisms of UHRF1 
 
1.5.1. Expression of UHRF1 in cancer and during the cell cycle 
 

UHRF1 (ICBP90 and NP95) is overexpressed in several cancer lines including breast 

cancer (Hopfner8et al., 2000; Mousli8et al., 2003; Unoki8et al., 2004; Jenkins8et al., 2005; 

Zhang8et al., 2018; Ashraf8et al., 2017/B), cervical lesions (Lorenzato et al., 2005), 

rhabdomyosarcoma, pancreatic adenocarcinoma, prostate cancer, gliomas, bladder, 

lung8cancer (Unoki et al., 2009; Unoki et al., 2010) and Hepatocellular Carcinoma (Hasan et 
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al., 2019). The anti-UHRF1 antibody has been shown to mark cancer cells in cervical lesions 

with marker properties of cancer aggressiveness (Lorenzato et al., 2005). A publication 

highlighted the qualities of UHRF1 as a cancer marker in adenomas of the pancreas compared 

to chronic pancreatitis or normal pancreatic tissue (Mudbhary and Sadler, 2011). The analysis 

of the expression of UHRF1 would be useful in the diagnosis of adenocarcinomas of the 

pancreas. Thus, UHRF1 could play a role in deregulating the expression of genes which are 

well known to play a primordial role in carcinogenesis such as the topoisomerase IIα gene 

(Bronner et al., 2002; Hopfner8et al., 2000 and 2002), RB18(Jeanblanc8et al., 2005), p16INK4A 

(Alhosin et al., 2016; Achour et al., 2008), p14ARF p53, p73 (Alhosin et al., 2016; Alhosin et 

al., 2010) and RARβ (Unoki et al., 2004). Many other genes were shown to be regulated by 

UHRF1 in cancer cells (Figure 1.35). However, UHRF1 could also suppress the expression of 

tumor suppressor genes under physiological (non-cancerous) conditions mainly during the G1 

/ S transition, for example during the proliferation of human pulmonary fibroblasts and 

immortalized smooth muscle cells (SMC1- HVT) (Jeanblanc et al., 2005, Achour et al., 2008). 

 

 
 
Figure 1.35: Overexpression8of UHRF1 promotes tumorigenesis in different8cancers. UHRF1 
overexpression8leads to epigenetic abnormalities including DNA8methylation and downregulation of 
tumor suppressor8genes or lnRNAs. Adapted from (Ashraf et al., 2017/B). 
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The expression of UHRF1 is variable depending on the tissue nature. UHRF1 is not 

expressed in highly differentiated tissues (central nervous system, peripheral leukocytes) while 

in proliferative tissues (adult thymus and fetal), its expression is particularly high (Hopfner et 

al., 2000). Within non-cancer cells, UHRF1 exhibits two expression peaks during G1 / S and 

G2 / M transitions in the cell cycle (Mousli8et al., 2003; Jeanblanc8et al., 2005). On the level 

of cancer lines, on the contrary, the expression of UHRF1 is both constant and high, which 

suggests an active participation of UHRF1 in the mechanisms linked to cell proliferation and 

its deregulation could be involved in the onset of tumorigenesis. Regarding the regulation of 

the expression of UHRF1, the mitogenic signaling pathways stimulate the expression of cyclin 

D and allows the formation and activation of cyclin-cdk complexes catalyzing the successive 

phosphorylation of the tumor suppressor pRB (Figure 1.36). When pRB is hyper-

phosphorylated it becomes inactive and dissociates from the transcription factor E2F1 which 

can henceforth activate the expression of genes involved in cell proliferation including UHRF1 

(Figure 1.36). 

Arima et al., 2004 have shown that UHRF1 is suppressed after activation of the p53-

p21 pathway. Also, the expression of UHRF1 has been shown to increase under the influence 

of E2F1 (Mousli et al., 2003), and it has been confirmed that the overexpression of UHRF1 is 

caused by the fixation of E2F1 on intron 1 of the UHRF1 gene (Unoki et al., 2004) (Figure 

1.36). It was demonstrated that T cell receptor (TCR) signaling pathways regulate UHRF1 gene 

expression through pRb/E2F complex, thus propose that the UHRF1 down-regulation is a key 

event in G1 arrest preceding T cell death (Abbady et al., 2005). UHRF1 positively regulates 

the expression of Topoisomerase IIα (Bronner8et al., 2002; Hopfner8et al., 2000) and 

negatively, with the help of DNMT1 and HDAC1, the expression of tumor8suppressor genes 

such as p16INK4A,8RB1, p14ARF and RARβ (Unoki et al., 2004). Numerous works in the literature 

have shown that UHRF1 behaves as an oncogene and as an anti-apoptotic factor (Bronner et 

al., 2004; Choudhry et al., 2018; Zhang et al., 2018; Kong et al., 2019). Interestingly, the 

downregulation of UHRF1 is associated with the upregulation of various pro-apoptotic genes 

including CASP3, TNF-α, CASP7, and CDKN1A (p21). 
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Figure 1.36: Implication of the protein UHRF1 in different biological mechanisms. Implication of 
UHRF1 in the regulation of the cell cycle during cell proliferation, DNA damage or infection by the 
parasite Toxoplasma gondii. Adapted from (Lallous N., 2010). 
 

 

1.5.2 The UHRF1 complex 

The macromolecular complex8may function as follows (Figure 1.37): Respectively, 

after protein synthesis, DNMT1 and UHRF1 assume a closed conformation8and an auto-

inhibitory state. The UHRF1 complex binds to replication foci during DNA replication. Firstly, 

the UHRF1 conformation changes from a closed form to an open one because of that the SRA 

domain interacts to hmDNA, and phosphorylation8of S651 by PI5P causes TTD alleviation 

from PBR. Secondly, in the open state, UHRF1 binds to the H3K9me2/38mimic LIG1 as well 

as the H3K9me3e mimic LIG1; in addition, UHRF1 also binds to the H3R2 through the PHD 

domain. The third point is that the RING domain of UHRF18ubiquitinates H3K18 

and/or8H3K23, which then binds the RFTS8domain of DNMT1. When bound to the SRA 

domain or UBL8of UHRF1, the RFTS domain of DNMT1 relieves the self-inhibitory activity 

of the SRA domain or UBL8of UHRF1. The HDAC1 and USP7 can inhibit the Tip60-mediated 

deacetylation and ubiquitination8of UHRF1 and DNMT1 when Tip60 levels are low. In 

addition to deubiquitinating histone H3, USP7 is also capable of recruiting DNMT1, through 

its RFTS domain, to ensure a reliable inheritance of DNA8methylation patterns. When DNA 

replication is accomplished and methylation inheritance is established at the beginning of G2 
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phase, UHRF1 and DNMT1 are degraded. When phosphorylated at S652 by CDK1-cyclin B, 

and then ubiquitinated, UHRF1 dislocates from8the UHRF1/DNMT1 complex. 

 

 
 
Figure 1.37: Working8model for dynamic regulation8of UHRF1 macromolecular 
complex8during cell cycle. (A)8UHRF1 macromolecular complex,8which includes UHRF1, becomes 
localized in8the open8state when S phase commences, and additional8members of ECREM are brought 
into8replication forks. (B)8The phosphorylation of HAUSP due to8CDK1-cyclin B activation at the 
beginning of the8G2 phase8is required for the dissociation of HAUSP8from the rest of the complex 
during G2 phase.8(C) HAUSP8and HDAC1 release results in Tip608acetylation and ubiquitination of 
UHRF1 and8DNMT1, which8enables further HAUSP and HDAC1 secretion8during G2-M phase. (D) 
In order to8proceed normally in8the cell cycle, UHRF1 and DNMT18are ubiquitinated and degraded 
through8the ubiquitination-mediated8protein degradation pathway. Adapted from (Xue et al., 2019). 

 

A polybasic region8(PBR) in the C-terminus of UHRF1 is reported to attach to the TTD 

and prevent it from recognizing H3K9me3 when it is not bound to chromatin (Gao et al., 2018), 

In contrast to this, the SRA domain8binds to the PHD domain and prevents the recognition of 

unmethylated histone H3 at residue8R2 (H3R2), while UHRF1 impairs intramolecular 

interactions and switches to an open state, allowing TTD-PHD to recognize H3K9me3 and 

SRA-PBR to either recognize or recruit DNMT1 for an accurate methylation heredity upon 

binding to hmDNA by the SRA domain (Figure 1.37). 
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 In the absence8of chromatin, an α-polybasic region in the C-terminus binds to the TTD 

and inhibits its recognition8of H3K9me3 (Gao et al., 2018), this occurs via the SRA8domain, 

which binds to8the PHD domain, thereby facilitating SRA-PBR binding to either8hmDNA or 

to recruit DNMT1 for an8accurate methylation process (Figure 1.37). Additionally, the PBR 

(through8phosphorylation of S651) can interact with the UHRF1 heterochromatin8localization 

complex, and together, they regulate the H3K9 methylation status as well as ensuring the 

crosstalk between8H3K9 methylation and8DNA methylation. This suggests that the linker 

region acts as a functional switch of UHRF1, regulating numerous regulatory processes, 

including as DNA8methylation, transcriptional8repression, and cell8cycle progression (Xue et 

al., 2019). 

H3K9 methylation8binding of UHRF1 does not ensure DNA methylation maintenance 

by itself, because it has been shown that only a 10% loss of DNA8methylation occur in diverse 

tissues following ablation of the connection between8H3K9me2/3 and8UHRF1 in mammals. 

EZH2 plays a function in H3K27 methylation, which silences genes in cancer cells. G9a/GLP, 

UHRF1, and LIG1 (nonhistone mammalian DNA ligase 1) are all capable of being methylated, 

in this case at K126, and then attract the UHRF1 protein to replication foci, as it has been shown 

in previous cases involving the presence of H3K9-like methylation mimics (Xue et al., 2019). 

 

 
 
Figure 1.38: Changes in the conformation of UHRF1 from close state to open state mediated by 
hmDNA. Adapted from (Xue et al., 2019). 
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1.5.3 Pharmacological regulation of UHRF1 

Epigallocatechin gallate (EGCG) has been shown to inhibit the synthesis of UHRF1 and 

lower DNMT1 expression, therefore increasing the expression of tumor suppressor genes. 

Additionally, it was shown that down-regulating tumor suppressor genes, such as p16INK4A, 

requires UHRF1 base flipping. Caffeine, one of the EGCG components, appears to be an 

important pharmacological tool that down-regulates the production of endogenous UHRF1, 

which allows us to carry out overexpression experiments on the various domain of UHRF1 to 

see how the various domains regulate tumor suppressor gene expression (Achour et al., 2013). 

The findings of Sharif et al., 2011 indicated that the polyphenol-rich Aronia melanocarpa Juice 

effectively and selectively induced programmed cell death of T cell-derived lymphoblastic 

leukemia cells. The anticancer activity is critically dependent on the intracellular formation of 

ROS (Reactive Oxygen Species) involving superoxide anions and hydrogen peroxide, which, 

in turn, regulate the G2/M cell cycle transition and apoptosis (Sharif et al., 2012). Furthermore, 

it has been shown the involvement of the Phosphodiesterase 1A (PDE1A) in the anti-

proliferative effects (Abusnina et al., 2011/B) of Curcumin and suggested a potential role for 

PDE1A inhibition as a new strategy to prevent and treat hyperproliferative disorders including 

cancer by regulation of p73 and UHRF1 expressions (Abusnina et al., 2011/B). It has been also 

proposed a new molecular mechanism by which Curcumin present in food might act to prevent 

cancer occurrence and participate in epigenetic control of gene expression (Abusnina et al., 

2011/A). It has been found that the G extract of Limoniastrum guyonianum (an aqueous gall 

extract) activates the apoptosis pathway by inhibiting DNA methylation, resulting in a lower 

global DNA methylation level. This is likely due to the down-regulation of the epigenetic 

integrator UHRF1 and its main partner DNMT1. When combined with the G extract, the 

p16INK4A tumor suppressor gene is re-expressed in the HeLa cell line, arresting cell cycle 

progression and slowing cell proliferation at the G2/M phase (Krifa et al., 2013). 

Natural compounds such as Thymoquinone (TQ), Red wine polyphenols (RWPs) and 

potentially others are triggering a series of events that involve cell cycle arrest, apoptosis and 

inhibition of angiogenesis, all under the control of UHRF1 (Alhosin et al., 2011; Walter et al., 

2010; Sharif et al., 2010 and Sharif et al., 2011). Of note, TQ so far is the sole natural compound 

that able to induce the poly-ubiquitination of UHRF1. Recently, our team demonstrated that the 

poly-ubiquitination of UHRF1 is regulated by Tip60 (Ahmad et al., 2021). One of the objectives 

of my thesis is to investigate the role of this poly-ubiquitination which we consider is outside 

of the proteasomal pathway. 
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2. Purposes of Study 

The role importance of UHRF1 is represented in the performing of epigenetic functions 

in the normal state of cells unless abnormal dysfunction occurs by overexpression leading to 

undesirable post-transcriptional and post-translational modifications that causing cancer. One 

of the main functions of the RING-finger type E3 ubiquitin ligase, UHRF1 protein, showed in 

its an enzymatic activity by its RING domain, which is very important in streamline a variety 

of biological process by ligating the ubiquitin to other proteins for regulating or leading to 

proteasomal pathway. A unique phenomenon has been observed related to the RING domain 

which is Auto-polyubiquitination of UHRF1 when the cell line treated with an anticancer drug, 

Thymoquinone (TQ) in between a several other drugs which are missing this feature, 

interestingly. 

Thus, the main purpose of this project was to understand the importance, role, and 

regulation of UHRF1 ubiquitination in the cancer cells and Part of the objectives was to study 

the Reactive Oxygen Species (ROS) that produced by the anticancer drug, TQ, and which 

involved in the DNA damage and leading to ubiquitination of the oncogene, UHRF1. 

It was aimed to characterize the anticancer activity of the tannin extract from the bark 

of maritime pine and investigate whether the UHRF1/DNMT1 tandem could be a central target 

to explain the re-expression of tumor suppressor genes such as TP73. Also, it was desired to 

study the effect of polyphenolic compounds and lanosterol based compound present in this bark 

on the proliferation of cancer cells at the G2/M phase of the cell cycle and to determine the 

MPTE treatment effect on the p73 tumor suppressor gene and the apoptotic pathway in HeLa 

cells, the levels of epigenetic proteins like UHRF1 and DNMT1 involved in the maintenance 

of DNA methylation and a global hypomethylation of the treated cells. 

Part of this project was to figure out the reality behind the locus related to UHRF1 exists 

in the Chromosome 12, proposed as UHRF3 by (Bronner et al., 2007), if it is expressing a 

truncated heterodimer protein that is essential for ubiquitination mechanism or it is a functional 

pseudogene transcript that regulates the parental UHRF1 protein.  
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Notification 

Before doing any practical experiments, the work was done with applying the safety 

procedure “in terms of Safety First” by following the COVID-19 safety measures, respecting 

colleagues to provides a healthy psychologically environment, wearing the personal protective 

equipment (PPE) to protect myself and colleagues from the samples and to protect the samples 

from possible contaminations, respecting the Safety signs, reading MSDS sheets of chemicals, 

knowing the places of Emergency Tools, being ready for chemical spill emergency response 

plan, First aid, BLS and RACE-PASS plan. 
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3.1 Article (I) 

 

Maritime pine tannin extracts from bark exhibit anticancer 

properties by targeting the epigenetic UHRF1/DNMT1 tandem 

leading to re-expression of p73 

PMID: 34897340 
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Article (I) Summary 

Cancer is one of the leading causes of mortality in the world today. Even though nature 

has shown itself to be the finest source of anticancer medications, the holy grail has yet to be 

identified since significant side effects and relapses diminish quality of life while undergoing 

treatment and after. Natural plant chemicals are being extensively studied for this purpose, and 

numerous natural-derived medications have gained clinical usage. Some of the most potent 

anticancer medicines, such as vincristine, vinblastine, docetaxel, and paclitaxel, originate from 

the plant kingdom and are now used in clinical trials to treat a wide range of tumors. These anti-

cancer medications interrupt the cell cycle and induce apoptosis in order to slow the growth of 

malignancies. In the beginning, all of these pharmaceuticals were evaluated as extracts, and 

only after that were they further purified. 

Polyphenolic compounds found in maritime pine bark are widely used as herbal 

supplements across the world. The goal of this investigation was to see if maritime pine tannin 

extract (MPTE) might be used as an anticancer treatment and to figure out how it works. MPTE, 

which contains procyanidin oligomers and lanostane type terpenoids, inhibits cancer cell 

growth by halting the cell cycle in the G2/M phase, according to our findings. Concentration-

dependent induction of cell death by MPTE was seen in human cancer cell lines (HeLa and 

U2OS), with increased caspase 3 activation and PARP cleavage and decreased expression of 

the anti-apoptotic protein Bcl-2. Human non-cancerous fibroblasts are less responsive to 

MPTE, which suggests that it selectively targets cancer cells. P73 expression in p53-deficient 

cancer cells was increased by MPTE, which had a pro-oxidant function in cancer cells. UHRF1 

and DNMT1 mediators of the DNA methylation machinery were also downregulated, and the 

global methylation levels in HeLa cells were lowered as a result of this treatment. 

MPTE decreased HeLa cell growth by causing cell cycle arrest in the G2/M phase and 

activation of the mitochondrial apoptotic pathway via ROS, as was shown and described in this 

article. As a result of the downregulation of the UHRF1/DNMT1 tandem and the reduction in 

genome global methylation, the production of H2O2 plays a crucial role in the rise in the 

expression of the tumor suppressor gene TP73. Maritime pine tannin extract can have a positive 

function in cancer treatment and should be further studied by the pharmaceutical sector, 

according to our research results. 
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Role and regulation of UHRF1 auto-ubiquitination 

induced by Thymoquinone 
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Manuscript (I) Summary 

As an E3-ligase, UHRF1 mediates the attachment of several ubiquitin molecules to 

target proteins, which is known as poly-ubiquitination. This process controls protein 

degradation as well as cell cycle progression, DNA repair and transcription. The term "mono-

ubiquitination" refers to the use of E3 ligases to bind a single ubiquitin molecule. UHRF1 can 

catalyze both, i.e., poly-ubiquitination and mono-ubiquitination. The E3 activity of a mouse 

UHRF1 (Np95) ubiquitin ligase was shown to be selective for histone H3 via the RING domain. 

It was also shown that UHRF1 ubiquitinates H3K23, which serves as a signal for the 

recruitment of DNMT1 to the replication fork, so tying DNA methylation maintenance to 

replication. However, poly-ubiquitination that results from auto-ubiquitination appears to have 

a different function in the proteosomal degradation process. We have found that UHRF1 is 

poly-ubiquitinated in a way dependent on the enzymatic activity of its RING domain in the 

presence of thymoquinone (TQ). Although this poly-ubiquitination was obliterated, it did not 

prevent UHRF1 degradation, suggesting a separate role for UHRF1 poly-ubiquitination from 

simple degradation. UHRF1 has been found to catalyze the K63-linked poly-ubiquitination of 

RIF1 (Replication Timing Regulatory Factor 1), which decreases the interaction between RIF1 

and 53BP1 and promotes RIF1 detachment from double strand breaks. As a result, RIF1's 

blockage of BRCA1 foci is lifted, allowing HR to take place in the S phase. UHRF1 appears to 

be a crucial BRCA1 effector that promotes HR, according to these findings. 

The 26S proteasome degrades proteins modified by K48-linked polyubiquitin chains, 

whereas K63-linked polyubiquitin chains have a role in endocytosis, DNA repair, and protein 

kinase activation instead. A primary goal of this work is to determine if UHRF1 auto-

ubiquitination catalyzes the formation of auto K63-linked polyubiquitin chains or K8-linked 

polyubiquitin chains. We also wanted to figure out how UHRF1's auto-ubiquitination is 

regulated in order to uncover new information about the role of this process. 

Thymoquinone (TQ) has been shown to polyubiquitinate UHRF1 by auto-ubiquitination 

exclusively in cancer cells. Recently, we have discovered that the Tat-60-interacting protein, 

60 kDa (Tip60), controls UHRF1 auto-ubiquitination via disrupting the UHRF1-HAUSP 

(herpesvirus-specific protease) complex. UHRF1 auto-ubiquitination may play a role other than 

the traditional proteosomal-dependent degradation pathway, according to a variety of evidence 

we have collected. We found that the UHRF1-RING mutation reduced poly-ubiquitination of 

UHRF1 but did not affect its degradation. 
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The goal of this research was to figure out what role UHRF1's poly-ubiquitination plays. 

Unlike other natural products, TQ induces UHRF1 auto-ubiquitination, which is mediated by 

reactive oxygen species, as we discovered. It is possible to demonstrate that Tip60 is a mediator 

of TQ-induced auto-ubiquitination. It is well known that the glucocorticoid receptor (GR) is a 

nuclear receptor cofactor, thus we wanted to see if it may influence the ubiquitination of 

UHRF1. The auto-ubiquitination of UHRF1 was unaffected by GR activation with 

dexamethasone. The down-regulation of GR by TQ and its poly-ubiquitination by UHRF1, on 

the other hand, was observed to be controlled by UHRF1. Poly-ubiquitination of UHRF1 did 

not increase p16INK4A expression. Despite the fact that UHRF1 was not poly ubiquitinated, it 

was entirely eliminated. This shows that re-expression of tumor suppressor genes requires the 

entire removal of UHRF1, including the poly-ubiquitinated form. FLAG-HA-tagged UHRF1 

was subjected to mass spectroscopy analysis, which demonstrated that TQ treatment altered the 

identity of UHRF1 partners in a significant way, and that auto-ubiquitination of UHRF1 may 

be responsible for these alterations. DNA repair genes like Ku70 and ku80 make up a significant 

portion of these partners, suggesting that poly-ubiquitination of UHRF1 may be involved in the 

process of DNA repair. 

Here, we conclued that Poly-ubiquitination of UHRF1 is implicated in DNA repair 

processes by recruiting the machinery involved in DNA repair. UHRF1 has a molecular weight 

(MW) that we estimate to be far above 300kDa thanks to poly-ubiquitination. At least 25 

ubiquitin molecules have been linked to UHRF1 at this point. There are at least four ubiquitin 

molecules connected together by isopeptide bonds between the C terminus of one ubiquitin and 

lysine 48 (K48) of the next in the standard targeting signal for protein degradation. This study 

suggests that UHRF1's high level of ubiquitination has a function in DNA repair beyond simple 

degradation. It's not for p16IN4A expression to be boosted when UHRF1 is poly-ubiquitinated. 

Indeed, a cell's initial response to a DNA attack is to try to repair it. In order to do this, UHRF1 

will be poly-ubiquitinated, which will activate the DNA repair machinery without affecting the 

expression of tumor suppressor genes or activating the apoptosis pathway. It is possible to see 

a rise in UHRF1 expression in the first few minutes of TQ administration in agreement with 

this notion. It's also possible that the caspase pathway might play a role in the destruction of 

poly-ubiquitinated UHRF1 when a cancer cell decides that the DNA damage is too great to 

repair, such under the action of TQ after a few hours. Finally, it's worth noting that as more 

UHRF1 a cancer cell has, as more likely it is to repair DNA damage, and therefor to maintain 

silenced tumor suppressor genes, and therefore become resistant to anti-cancer therapy.  
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SUPPLEMENTARY DATA 
 
 
 

 
 
Figure S1: PEG-Catalase slightly reduce ROS levels in HeLa cells treated with TQ. A.1, 
Cytogram showing DHE labeling in control (represented by red area under graph) and TQ treated 
cells at concentration of 200 μM pretreated 1 hr. with PEG-Catalase at concentration of 500 U/mL 
(represented by blue area under graph). A.2, Histogram showing fold change in DHE labeling by 
treatment of TQ at different concentration combined with PEG-Catalase in comparison to TQ 
treatment as a control. B.1, Cytogram showing side scatter in control (represented by red area 
under graph) and TQ treated cells at concentration of 200 μM pretreated 1 hr. with PEG-Catalase 
at concentration of 500 U/mL (represented by blue area under graph). B.2, Histogram showing 
fold change of side scatter by treatment of TQ at different concentration combined with PEG-
Catalase in comparison to TQ treatment as a control. C. Histogram showing the percentage of 
DHE positive cells to DHE by treatment of TQ at different concentration combined with PEG-
Catalase in comparison to TQ treatment as a control. Values indicated are from three independent 
experiments and were analyzed by one-way ANOVA with post-hoc Tukey test. (* P < 0.05, ** P 
< 0.01, *** P < 0.001). 
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Figure S2: Time course effect of Hydrogen peroxide (H2O2) Doxorubicin (Doxo) and 
Thymoquinone (TQ) on UHRF1. Time course (1 hr. and 6 hrs.) of 100 μM H2O2 and 
100 μM Doxo. showing no ubiquitination effect while 30 μM TQ showing an 
ubiquitination on UHRF1 in Jurkat cells. 
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Figure S3: Effect of Doxorubicin (Doxo) on UHRF1 expression in Jurkat cell lines. 
Jurkat cells were treated with various concentrations of Doxo for 24 hrs. and the 
expression of UHRF1 was investigated using a monoclonal anti-UHRF1 antibody. 

 

 

 

Figure S4: Effect of Hydrogen peroxide (H2O2) on UHRF1 expression in Jurkat cell 
lines. Jurkat cells were treated with various concentrations of H2O2 for 24 hrs. and the 
expression of UHRF1 was investigated using a monoclonal anti-UHRF1 antibody. 

 
 
 
 
 
 
 



 94 
 

 
 
Figure S5: Effect of TQ and MPTE on UHRF1 expression. HeLa cells were treated with TQ 
at 200 μM and MPTE at 150mg/mL for different times (10min, 30min, 1hr and 3hr). 
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Figure S6: Comet Assay of HeLa cells, treated for 1 hour with TQ with concentration of 200 μM. Comet 
images of the HeLa cells stained with Ethidium Bromide and observed under fluorescent microscope; 
Evaluation of Thymoquinone (TQ) DNA damage by comet assay. DNA damage is calculated as the 
DNA tail area/whole DNA area (%) and the comet tail length (from the center of DNA head to the end 
of the DNA tail) in HeLa cells. The bigger the DNA tail area (%) or the longer the DNA tail length, the 
more significant the damage. (A) Control, the DNA is intact without a DNA tail, (B) TQ, 50 μM, (C) 
TQ, 100 μM, (D) TQ, 200 μM. (E) TQ, 200 μM + NAC 10 mM. (F) Positive contol, H2O2, 100 μM; 
magnification 250x B) Comet Assay data quantitation by specialized ImageJ software. This parameter 
essentially represents the product of the percentage of total DNA in the tail and the distance between the 
centers of the mass of head and tail regions [Olive moment = (tail mean-head mean) x % of DNA in the 
tail]. Values indicated are from three independent experiments and were analyzed by one-way ANOVA 
with post-hoc Tukey test. (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 
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Table S1: Comparison of degree of DNA damage after TQ treatment using the comet assay in HeLa 
cells. 
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Figure S7: Effect of TQ on UHRF1 and Glucocorticoid receptor (GR) expressions in the presence of 
the Dexamethasone (DEX). HeLa cells were pretreated with DEX at 10 nM for 6 hrs. before adding TQ 
at 200 μM for 20 min. Western blot was then performed using the antibodies of anti-UHRF1, anti-GR, 
anti-H3 as a nucleoplasmic marker and anti-VDAC as a cytoplasmic marked on the Input (1) and the 
fractions of cytoplasmic (2), Soluble Nucleoplasmic (3) and Insoluble Nucleoplasmic (4). 
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Figure S8: Effect of Thymoquinone (TQ) on WT and Knocked-down HeLa cell lines. WT and 
Knocked-down HeLa cells were treated with TQ for 1 hr. at 200 μM for determine the Ubiquitination. 
and the expression of UHRF1 was investigated using a monoclonal anti-UHRF1. 
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Figure S9: Effect of Thymoquinone (TQ) on WT HeLa cell lines. Two groups of WT HeLa cells were 
treated with TQ for 1 hr. at 200 μM for determine a specific Ubiquitination. The specific Ubiquitination 
linked to lysin K48 was investigated using a polyclonal anti-K48-linkage specific polyubiquitination 
antibody after UHRF1 and GR pulling down by immunoprecipitation (IP) technique using protein A 
and protein G Sepharose beads. 
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4. Discussion of Results 

4.1. MPTE exhibit anticancer properties by targeting the epigenetic UHRF1/DNMT1 
tandem 

Polyphenolic plant products have been demonstrated to have a positive impact on cancer 

prevention and treatment in several studies. As a result, the active components and mechanisms 

of action of these medicines are currently being intensively investigated for potential 

applicability as a cancer therapy (Asensi et al., 2011; Zhou et al., 2016). Maritime pine bark 

has been previously reported to induce differentiation and apoptosis in cancer cells (Huynh and 

Teel, 2000; Huang et al., 2005; Buz’Zard and Lau, 2007; Harati et al., 2015). Because 

epigenetic processes such as DNA methylation are thought to govern differentiation and 

apoptosis, this work focused on epigenetic actors as a means of investigating the underlying 

mechanism. Due of its importance in maintaining DNA methylation and passing on DNA 

methylation patterns, it has been concentrated on the DNMT1/UHRF1 tandem (Bronner et al., 

2019). 

Multiple physiological benefits of maritime pine bark extract have been linked to 

polyphenolic components, including antioxidant and anti-inflammatory activities as well as 

diabetic- and heart-protective effects (Packer et al., 1999; Rohdewald, 2015). Other pine bark 

extracts, such those from Pinus massoniana, Pinus strobus, and Pinus radiata, are likewise 

high in procyanidins and have similar bioactivities to those of the aforementioned ones (Li et 

al., 2015; Yazaki, 2015). Anticancer effects have been demonstrated in many studies using 

various combinations of these chemicals found in green tea leaves (Achour et al., 2013; Yang 

and Wang, 2016). Compounds like this operate better when combined with a plant product than 

when used alone, because the combined dose is more effective and the toxicity is reduced (Bode 

and Dong, 2009). In MPTE, we also observed the presence of lanoste based terpenoids which 

have been previously observed in Pinus monticola and Pinus luchuensis (Fradinho et al., 2002; 

Conner et al., 1980). A low concentration of MPTE was found to have an inhibitory effect on 

the growth of cervical cancer HeLa and osteosarcoma U2OS cell lines, which is unique to 

cancer cells. The increase of cells in the G2/M phase, an usual occurrence with anticancer 

agents, was also observed with MPTE therapy (Senese et al., 2014; Shan et al., 2015; Takanashi 

et al., 2017). Annexin V and PI fluorescence analyses showed that MPTE caused apoptosis in 

HeLa cells, as demonstrated by flow cytometry. It was confirmed by Western blotting that 

caspase 3 was activated and PARP was cleaved in MPTE-treated cells in a dosage dependent 

manner. Treatment with MPTE also lowered the levels of the pro-survival protein Bcl-2, which 
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is essential for the integrity of the mitochondrial membrane. Apoptosis occurs when 

cytochrome c is released as a result of Bcl-2 depletion. 

In contrast to the previously reported antioxidant activity of MPTE (Packer et al., 1999) 

A dose-dependent rise in ROS staining was found, which was responsive to the antioxidants 

PEG-catalase and N-acetylcysteine in cancer cells. MPTE's anti-cancer effect is mediated in 

part by H2O2, according to these findings, as has been previously documented for white grape 

pomace extract (León-González et al., 2017). A further explanation is that MPTE-induced 

production of H2O2 by superoxide dismutase may be involved in mediating this action. 

Superoxide anions are scavenged by this enzyme when it is present. This explains the ensuing 

chain of events, including DNA damage and cell death (Qi et al., 2019; Cobley et al., 2015).  

Despite their primarily antioxidant effects in normal cells, polyphenol-rich extracts from 

tea leaves, grapes, fruits, and berries have been shown to increase ROS generation and death in 

cancer cells, which is in line with our findings (León-González et al., 2015). According to 

cellular phenotype, polyphenols can act as either antioxidants or a pro-oxidants. Polyphenolic 

substances have antioxidant action in normal cells, which protects cellular material from 

oxidative damage. Because of the elevated pH and higher levels of redox active transitory 

metals in cancer cells, they function as pro-oxidant chemicals and cause cell death (León-

González et al., 2015; Eghbaliferiz and Iranshahi, 2016). Anticancer treatment might benefit 

from the polyphenolic chemicals' ability to specifically target cancer cells. Apoptosis-related 

changes in granularity are connected with elevated levels of ROS, which may be an early 

indicator of cell death (Gosselin et al., 2009; Raghuram et al., 2010). Pinostrobin, a flavonoid 

from Pinus strobus, has similarly been shown to promote apoptosis in HeLa cells by causing 

excessive ROS generation (Sun et al., 2020). In p53-deficient HeLa cells, MPTE treatment 

induced the production of the tumor suppressor protein p73, which is known to limit tumor 

growth (Ashraf et al., 2022). Excessive ROS in HeLa cells has previously been shown to trigger 

apoptosis via the mitochondrial activation of caspases 9 and 3 (Singh et al., 2007). 

Thymoquinone, epigallocatechin-3-gallate, and polyphenolic extracts from grapes and berries 

have all been shown to activate p73 and promote cell death in p53-deficient cancer cells 

(Alhosin et al., 2016; Alhosin et al., 2010; Achour et al., 2013; León-González et al., 2017; 

León-González et al., 2015; Abusnina et al., 2011; Sharif et al., 2012; Ibrahim et al., 2018). 

UHRF1 downregulation and cell cycle arrest in the G2/M phase were seen in our current 

investigation, in keeping with a prior discovery that UHRF1 depletion resulted in a G2/M phase 

cell cycle arrest (Tien et al., 2011). DNMT1 expression was likewise reduced by MPTE. TSGs 
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were able to recovery after being silenced due to the downregulation of DNMT1 and UHRF1 

(Bronner et al., 2013; Unoki, 2011). An overall decrease in DNA methylation may be to blame 

for this re-expression. UHRF1 and DNMT1 downregulation was followed by global 

hypomethylation in our instance after treatment with MPTE. Catechol-containing polyphenols 

in dietary have been shown to interfere with DNA methylation, which is in line with our 

findings (Stefanska et al., 2012). 

 

4.2. Auto-ubiquitination has a regulatory role on the UHRF1 induced by thymoquinone 
(TQ) 

In the context of cancer growth and immortality, UHRF1 is seen as a key player in 

suppressing tumor suppressor silence (Bronner et al., 2010; Bronner et al., 2013; Bronner et 

al., 2019). The re-expression of tumor suppressor genes is irreversible when UHRF1 expression 

is reduced by any biological event. TP73 and p16INK4A tumor suppressor genes are highly 

sensitive to anti-cancer activity of several natural substances (Achour et al., 2008; Alhosin et 

al., 2013). Since no other substance has been shown to cause UHRF1 auto-ubiquitination before 

degradation, thymoquinone stands out as a particularly interesting case study (Ibrahim et al., 

2018). Indeed, H2O2, MPTE, and doxorubicin all reduced UHRF1 without requiring poly-

ubiquitination as shown in the present study. Furthermore, it seems that not all molecules of 

UHRF1 undergo auto-ubiquitination suggesting that only a small part of UHRF1 proteins are 

concerned tagged with a specific role, e.g., targeting and/or removing UHRF1 at specific loci. 

This also supports that poly-ubiquitination is not a prerequisite for UHRF1 degradation. 

Caspases have previously been shown to have a role in TQ-induced UHRF1 down-regulation, 

as observed in this work. Therefore, it must investigate the reason that cells require a poly-

ubiquitinated UHRF1 under the influence of TQ. A potential role in DNA repair and/or 

apoptosis activation might be played by poly-ubiquitination, which does not appear to be part 

of the degradation pathway. Because of this, UHRF1 is now well recognized as a player in the 

anti-apoptotic actor (Bronner et al., 2013; Alhosin et al., 2011; Alhosin et al., 2016; Yao et al., 

2021). 

As a preliminary step, it has been investigated whether or not TQ may generate ROS 

and damage DNA and looking for a possible connection to the ubiquitination of UHRF1. Comet 

assay proved that the TQ causes DNA double strand breaks and the generation of ROS has been 

found to be responsive to NAC but not to PEG-catalase, as demonstrated by the western blotting 
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technique. Noteworthy, the auto-ubiquitination of UHRF1 was blocked exclusively by NAC. 

Because the superoxide dismutase mimic MnTMPyP was ineffective in inhibiting the poly-

ubiquitination of UHRF1 and the DNA damage produced by TQ, we conclude that ROS other 

than H2O2 and O2•- are responsible for the auto-ubiquitination of UHRF1 and the DNA damage 

generated by TQ. As a result, we hypothesize that TQ-induced DNA damage by ROS is distinct 

from that caused by doxorubicin, H2O2. It will be possible to determine the specific type of 

DNA damage caused by TQ by identifying the ROS that are created throughout the reaction. 

We were able to uncover an unusual experimental condition in which non-ubiquitinated 

UHRF1 entirely vanished and only poly-ubiquitinated UHRF1 remained after a one-hour 

treatment with TQ followed by removal of the drug and analysis after 24 hours and 48 hours. 

There was still no rise in the expression of p16IN4A under these conditions. UHRF1 inhibited 

tumor suppressor genes while being polyubiquitinated. Consequently, we conclude that poly-

ubiquitination of UHRF1 does not affect the role of UHRF1 in terms of gene silencing in cancer 

cells but may add a secondary function. By demonstrating that UHRF1 is poly-ubiquitinated 

with non K48-linked chains, we infer that UHRF1 auto-ubiquitination plays a function in 

activities outside of the proteasomal degradation pathway, such as DNA repair, transcriptional 

gene control, and other possible function. A role for auto-ubiquitination, outside of proteasomal 

degradation has been reported for several proteins such as for TRIM5α is required for AP-1 

activation (Na et al., 2018) and TRAF6 (Wang et al., 2018). 

Tip60 is considered one of its most important partners (Ahmad et al., 2021; Ashraf et al., 2017; 

Dai et al., 2013; Du et al., 2010; Achour et al., 2009; Shamma et al., 2013) and indeed is 

involved in DNA repair process (Mir et al., 2021). UHRF1 poly-ubiquitination was found to be 

reliant on Tip60 activity in our study. As Tip60 is a co-factor of nuclear receptor, GR poly-

ubiquitination was observed to be induced by TQ, although its degradation pathway is not yet 

known. However, we propose that, since we observed K48-linked ubiquitin chains of the GR 

following TQ treatment, GR is degraded via the proteasomal pathway upon the effect of TQ 

and UHRF1 poly-ubiquitination. The involvement of GR in the apoptotic actions induced by 

TQ and GR down-regulation is essential for TQ to exert its impact might be studied as an 

intriguing path. According to our data, ubiquitination of GR is delayed compared to that of 

UHRF1. In light of the fact that GR promotes apoptosis (Schmidt et al., 2004), we suggest that 

a decrease in the expression of UHRF1 could make cancer cells resistant to corticoid therapy 

under anti-cancer medicines like TQ. Whatever the reason, it doesn't appear that GR activation 

is influencing UHRF1 poly-ubiquitination in any way. It remains to investigate whether UHRF1 
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auto-ubiquitination is required to poly-ubiquitinate GR and thus being involved in its 

degradation before its own degradation. 

We have investigated the pathways of DNA repair activated upon TQ treatment and 

UHRF1poly-ubiquitination. We identified ku70, ku80, and DNA-PK players in the UHRF1 

complex, which are involved in DNA repair. Our results showed that TQ treatment boosted 

Ku70 and Ku80's association to the UHRF1 complex, which is particularly noteworthy. 

Serine/threonine-protein kinase DNA-PK serves as a molecular sensor for DNA damage and is 

engaged in DNA non-homologous end joining (NHEJ), which is necessary for DSB repair and 

V(D)J recombination (Ma et al., 2002; Soubeyrand et al., 2003; Wechsler et al., 2004). DNA-

PK is supposed to be the "sensor" for DSBs, which are regarded to be the most detrimental kind 

of DNA damage. We hypothesize that TQ-induced poly-ubiquitination of UHRF1 aids in the 

engagement of DNA repair machinery like Ku70 and Ku80.  

TRAF6 (TNF Receptor Associated Factor 6) auto-ubiquitination is activated by ROS, 

leading in AKT activation in vitro, according to current research (Wang et al., 2018). TRAF6 

auto-ubiquitination was reduced, and NF-kB activation was modulated by reducing ROS 

generation (Wang et al., 2018). It has been shown that PI3K/Akt signaling pathway is activated 

upon UHRF1 silencing (Liu et al., 2020) albeit the contrary was reported (Chen et al., 2019). 

To date, Tip60 has been shown to have a significant impact on the advancement of 

cholangiocarcinoma in both in vitro and in vivo studies (Zhang et al., 2018). It was shown that 

Tip60 regulates cholangiocarcinoma cell proliferation and metastasis via the PI3K-AKT 

pathway, which was identified as a major signal of Tip60 (Zhang et al., 2018). according to the 

findings presented in this study, UHRF1 auto-ubiquitination induced by TQ, simulating silence, 

promotes AKT signaling pathways and subsequent apoptosis. 

To boost the results obtained regarding the exact type of poly-ubiquitination as a 

perspective, we further plan to examine the K63-linkage specific poly-ubiquitination to 

discover the pathway of UHRF1 auto-polyubiquitination implicated after TQ treatment that is 

suggested to be involved in the DNA repair process and/or apoptosis activation pathway. 

Furthermore, it is favorable to determine the tumor suppressor gene p73 beside p16INK4A in the 

UHRF1 knocked down cells line to prove that the UHRF1 is governing TSGs expression as it 

has been observed previously. 
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4.3 UHRF1 as a prognostic factor and a potential therapeutic target 

Inhibition of UHRF1 expression8has been shown to prevent entry of S-phase cells, 

thereby causing the cell cycle to stop (Ashraf8et al., 2017/B; Arima8et al., 2004; Unoki8et al., 

2004; Jenkins8et al., 2005). On the8other hand, the overexpression of UHRF1 is capable of 

countering the inhibition of cell8contact in human pulmonary fibroblasts (Hopfner8et al., 

2002). 

E3 ligases, including8UHRF1, are8overexpressed in several human cancers8and their 

inhibition induces the arrest of the cell cycle and / or apoptosis in cancer cells (Bronner8et al., 

2013; Sun,82003; Chen8et al., 2006). The UHRF1 gene fragment that acts as a dominant 

negative to UHRF1 was identified after a cDNA library in A549 cells was screened for genes 

that inhibit cell growth (Jnkins8et al., 2005). It is interesting to note that the overexpression of 

UHRF1, the RING Finger of which is mutated and for which it therefore lacks8ligase activity, 

sensitizes8cells to treatments with several chemotherapeutic8agents, such as etoposide,8cis-

platinium, hydroxyurea and8taxol (Jenkins8et al., 2005). Deletion of the UBL domain 

conferred cell protection (increased cell survival) in the presence of etoposide (Jenkins et al., 

2005). By decreasing the expression of UHRF1, greater sensitivity for hydroxyurea has been 

obtained in cancer cells resistant to this anti-cancer (Un8et al., 2006).8It has been suggested 

that8modulating the expression of UHRF1 could be an8interesting strategy for reversing the 

resistance to8cytotoxicity of hydroxyurea (Un et al., 2006). The increase in chemosensitivity 

could result from an increase in the expression of tumor suppressor genes that trigger apoptotic 

signaling pathways (Bronner et al., 2007/A). 

It would be interesting to find a specific inhibitor of UHRF1 that would inhibit the 

proliferation of tumor cells without hindering UHRF1 from playing its role in genomic stability 

in non-cancer cells.8One possibility is8to inhibit the8E3 ligase activity of the8RING Finger 

which, to our8knowledge, is not8involved in replication and in genomic stability while allowing 

the SRA8domain to recruit HDAC1 and DNMT1 to deacetylate the8histones in 

pericentromeric8heterochromatin (Bronner et al., 2013; Bronner et al., 2019; Zaayter et al., 

2019). Interesting to note is that the SRA domain of UHRF1 is emerging as a great candidate 

to treat malignancies that are characterized by overexpression of UHRF1 and hypermethylation 

of DNA. Small molecules SRA domain of UHRF1 binders would be valuable additions to a 

molecular toolkit that is focused on elucidating the molecular basis of cancer epigenetics, cell 

signaling pathways, and may prove to be important drug discovery leads as well (Patnaik et al., 

2018). 



 108 
 

There are several anticancer medicines that target UHRF1, such as the uracil derivative 

NSC232003133, which is the only one that targets UHRF1's SRA domain. When administered 

to the MDF-7 and HeLa cell lines, shikonin causes the downregulation of UHRF1 and DNMT1 

(Xue et al., 2019). In addition,8hinokitiol, dihydroartemisinin,8epigallocatechin-3-gallate, 

emodin, mTOR8inhibitor torin-2,8luteolin, ERK1/2 pathway inhibitor8PD98059,8LY294002, 

AG490,8Hsp90 inhibitor 17-AAG or817-dimethylamino-ethylamino-17 demeth-oxyge-

ldanamycin,8anisomycin, and curcumin8have been reported to be used in8various types of 

cancers (Xue et al., 2019). 

Cell permeable and selective UHRF1 inhibitors may be developed using compound 

NSC232003 as a lead molecule. Chemical tools that block UHRF1's interactions with DNA 

will make it easier to investigate the many functions this complex protein may play in numerous 

biochemical processes and give insight on its role in disease pathology, allowing UHRF1 to be 

further established as a viable therapeutic target (Myrianthopoulos et al., 2016). 
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5. Conclusion and Perspectives 

It was interesting to conduct experiments and research to understand the role of the 

UHRF1 and its regulation and to try to reduce its levels in cancer cells by treating with chemical 

compounds extracted from natural plants. Poly-ubiquitination is one of the biological processes 

that targets proteins into proteasomal degradation. It was uniquely found that the UHRF1 

protein auto-poly-ubiquitinated after treatment with thymoquinone (TQ) extracted from black 

seed oil extracted from the black caraway plant (Nigella sativa), which led to its fading and the 

establishment of apoptosis by cancer cells. The results demonstrated that thymoquinone 

activates reactive oxygen species (ROS), which in turn damages the DNA and leads to 

compliance with the auto-polyubiquitination process. ROS-dependent poly-ubiquitination as 

inferred. The type of ubiquitin multiple labeling was also determined by the use of an antibody 

(anti-K48 linkage specific poly-ubiquitination) that specifically binds to the label-conjugated 

amino acid lysine 48, which indicated the proteasomal pathway. 

We hypothesize that UHRF1 poly-ubiquitination is engaged in DNA repair processes 

by engaging DNA repair machinery. UHRF1 poly-ubiquitination caused by TQ is more likely 

to be implicated in NHJE than in HR, according to our data, particularly those linked to the 

identification of the UHRF1 partners (Ku70/Ku80, DNA-PK). We can't rule out the possibility 

that ROS production, like in human promyelocytic leukemia cells, involves both pathways. 

Poly-ubiquitinated UHRF1 has a molecular weight (MW) that we estimate to be far above 

300kDa. Therefore, to our opinion, at least 25 ubiquitin molecules have been linked to UHRF1 

at this point. It's hard for us to imagine that a cell would devote so much energy to attaching 25 

molecules of ubiquitin (tripling the MW of UHRF1) just to induce a degradation of its target. 

Ubiquitin chains of at least four molecules, connected by isopeptide bonds between the C 

terminus of one ubiquitin and lysine 48 (K48) of the next, are considered to constitute the typical 

targeting signal for protein degradation. We were unable to show that UHRF1 is poly-

ubiquitinated through K48-linked chains, further supporting that poly-ubiquitination of UHRF1 

is not involved in its degradation. It is hypothesized here that UHRF1's high ubiquitination has 

a role beyond simple degradation, and hence a part in DNA repair. It is, however, not sufficient 

to increase p16INK4A expression via poly-ubiquitination of UHRF1. Indeed, a cell's initial 

response to a DNA aggression is to try to repair it. In order to do this, UHRF1 will be poly-

ubiquitinated, which will activate the DNA repair machinery without affecting the expression 

of tumor suppressor genes or activating the apoptosis pathway. In accordance with, we could 

often observe in the first minutes of TQ treatment a slight increase in UHRF1 expression which 
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would support this hypothesis. It's possible that the caspase pathway might play a role in the 

destruction of poly-ubiquitinated UHRF1 when a cancer cell decides that the DNA damage is 

too great to repair, such under the action of TQ. Further evidence suggests that cancer cells with 

higher UHRF1 levels are more likely to repair DNA damage and silence tumor suppressor 

genes. This makes them more resistant to anti-cancer therapy and hence more likely to spread. 

According to our hypothesis, a cancer's susceptibility to corticoid treatment might be influenced 

by the amount of UHRF1 protein expressed. Consequently, it will be interesting to investigate 

whether such mechanism is unique to cancer cells, i.e., to check in non-cancerous cells whether 

poly-ubiquitination of UHRF1 is able or not to keep the TSGs in a silenced state. We started 

this study to provide answers as to the role of UHRF1 ubiquitination. We are convinced that 

we have discovered interesting avenues to improve the knowledge of UHRF1 functions in 

cancer cells. However, as our study progressed, we found that each result raised more questions 

than answers, but that is the basis of the research. 
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Figure S.1. Level of organization (Scale from nm to m) 
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 Figure S.2. Periodic Table of The Elements 
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Figure S.3A. Functional Groups (The main players) 
 

 

 
 

Figure S.3B. Functional Groups (Supporting actors) 
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Figure S.4. Chemical Structure of DNA 
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Figure S.5. Genetic Code 
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Figure S.6. Amino Acids Structures and Characteristics 
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Figure S.7. Protein Structure Levels and Representation Diagrams 
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Figure S .8. 
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Figure S .9. 
 Epigenetic M

odifications 
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Figure S.10. Human body systems and the main cell lines 
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Figure S.11. The main selected biological buffers with their rang of pH 
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Figure S.12. The Electromagnetic spectrum 
(Wavelengths of some applications and their Frequencies) 



 147 
 

The Main Biochemical Equations 

 

The Molarity equation 

 

 

The Number (Atoms / Molecules) from [Number of Avogadro (NA): 6.022 x 1023] 

 

Calculation of Molarity of molecule dissolved in H2O as (w/w) [Density (p): 1.11 kg/m3] 
 

 

Transfer Percentage unit to Molarity unit (% to M) 

 

Transfer Molarity unit to Percentage unit (M to %) 

 

 Transfer Micromolar unit to Micrograms per milliliters unit (µM to µg/mL) 

 

 Transfer Micrograms per milliliters unit to Micromolar unit (µg/mL to µM) 

 

The Dilution equation [C: Concentration, V: Volume, 1: Stock, 2: Working solution] 

 

Transfer the Centrifuge speed unit (rpm) to (rcf / g.) [r: Radius of centrifuge in mm]  

 

𝑀 =
MW	x	g	x	V(mL)

1000	mL  

𝐴𝑡𝑜𝑚𝑠	𝑜𝑟	𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 = 	𝑁𝐴	𝑥	𝑛 

𝑀 =
%	x	10
MW  

% =
	M	x	MW
10  

µ𝑀 =
	(µg/mL)x1000

MW  

(µg/mL) =
µM
1000 	x	MW 

𝑀 =
n
V 𝑀 =

g
𝑀𝑊	𝑥	𝑉 

𝐶1	𝑥	𝑉1 = 𝐶2	𝑥	𝑉2 

%	𝑥	𝑝 = (𝒙) 					> 					 (𝒙)	𝑥	10 = (𝑚)𝑔/𝑘𝑔		 > 					 (𝑚)/𝑀𝑊 = 	𝑀 
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Introduction 

UHRF1 (Ubiquitin-like, containing PHD and RING finger domains, 1) est une protéine 

nucléaire classée dans la sous-famille des ubiquitines ligases E3 de type doigt de zinc, qui a la 

capacité d'ubiquitiner d'autres protéines grâce à son domaine Really Interesting New Gene 

(domaine RING), mais également capable de s’auto-ubiquitiner par ce même domaine. Le rôle 

de UHRF1 est de réguler la méthylation de l’ADN, grâce à deux propriétés essentielles qui sont 

de pouvoir déceler la présence d’ADN hémi-méthylé (ADN méthylé sur un seul brin) et d’être 

capable de dialoguer à l’aide de différents domaines structuraux avec la DNMT1, enzyme 

essentielle pour la méthylation de maintenance de l’ADN (Unoki et al., 2004 ; Achour et al., 

2008). UHRF1 est également capable de lire les modifications post-traductionnelles des 

histones notamment la méthylation de la Lysine 9 de l’histone H3 à des fins de régulation de la 

structure chromatinienne et donc de l'expression des gènes. Ces deux propriétés sont 

fondamentales pour la transmission du code épigénétique d’une cellule mère aux cellules filles. 

C’est ainsi qu’une cellule différenciée conserve son phénotype durant les mitoses successives. 

Malheureusement par ce biais, les cellules cancéreuses conservent également leur phénotype 

parmi lequel, on trouve la répression des gènes suppresseurs de tumeurs. Notre laboratoire a pu 

montrer que UHRF1 est surexprimée dans la plupart des cancers et que celle-ci était responsable 

de la répression de gènes suppresseurs de tumeurs tels que p73 ou p16INK4A (Achour et al., 

2008 ; Alhosin et al., 2016 ; Alhosin et al., 2010). De nombreux travaux de la littérature ont 

montré que UHRF1 se comportait comme un oncogène et comme un acteur anti-apoptotique 

(Bronner et al., 2004 ; Choudhry et al., 2018 ; Zhang et al., 2018 ; Kong et al., 2019). Ainsi, 

une inhibition de l’expression ou une augmentation du catabolisme de UHRF1 pourrait avoir 

des vertus anti-cancéreuses et représenterait une stratégie anti-cancéreuse très intéressante. 

Dans notre équipe, nous nous intéressons à l’ubiquitination de UHRF1, notamment quel est son 

rôle dans son catabolisme, comment est-elle induite et comment est-elle régulée. 

L'ubiquitination (ou ubiquitylation) désigne la modification post-traductionnelle du 

groupe ε-amino d'un résidu lysine par la fixation covalente d'un (mono-ubiquitination) pour la 

régulation ou de plusieurs (poly-ubiquitination) monomères d'ubiquitine. Dans la plupart des 

cas, cette poly-ubiquitination joue un rôle primordial dans la dégradation de la protéine cible. 

Néanmoins, d’autres rôles ont été rapportés avec notamment un détachement de la protéine de 

la chromatine ou encore une interaction avec le nucléole dans un but de protection. 
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Résultats 

Dans un premier temps nous avons construit 2 lignées cellulaires « taggées » FLAG-

HA du côté N-terminal et C-terminal dans le but de déterminer d’une part les partenaires et/ou 

cibles de UHRF1 et d’autres part les voies empruntées par UHRF1 dans sa dégradation. 

UHRF1, étiquetée FLAG-HA en N-terminal et en C-terminal, a été précisément caractérisée et 

prévue pour être transfectée dans une lignée cellulaire HeLa. Pour cela, des amorces spécifiques 

sens et anti-sens ont été conçues pour amplifier l'ADNc codant pour l'UHRF1. Cet ADNc a été 

cloné dans un vecteur (pOZ-N et pOZ-C) afin d'obtenir UHRF1 incluant un FLAG-HA-tag. Le 

vecteur en plus contient l’ADNc pour IL2RA (CD25) permettant la sélection des cellules 

transfectées avec succès. Les cellules Phoenix-ECO ont été cultivées dans des plaques à 6 puits 

jusqu'à 50% de confluence. Les cellules HeLa-XLP positives, c’est à dire transfectées avec 

succès, ont été sélectionnées à l'aide de billes magnétiques. Les Dynabeads CD25 se lient à 

l'IL2Rα exprimé à la surface des cellules positives, et la sélection a été réalisée à l'aide d'un 

support magnétique. Par immunocytochimie, nous avons constaté que UHRF1 taggée en N-ter 

ou en C-ter, se localise uniquement dans le noyau, montant ainsi que UHRF1 est fonctionnelle 

du point de la localisation subcellulaire. La poursuite des investigations va consister à purifier 

les complexes UHRF1 ubiquitinée ou non et à les analyser par spectrométrie de masse (MS) 

afin d’orienter nos recherches vers des pistes intéressantes pour cerner le rôle de l’ubiquitination 

de UHRF1. 

Pour induire rapidement l’ubiquitination de UHRF1, nous utilisons la Thymoquinone 

(TQ), composé majeur de l’huile de cumin noir. En effet, à notre connaissance, la TQ est la 

seule substance capable d’induire l’ubiquitination de UHRF1, ce qui en fait un outil tout à fait 

original et précieux pour notre recherche. En effet, nous n’avons pas observé de poly-

ubiquitination de UHRF1 lorsqu’on traite les cellules par H2O2 ou par la doxorubicine, 

également connus pour induire des dommages à l’ADN. Cette poly-ubiquitination résulterait 

principalement de l’activité endogène dépendante du RING finger de UHRF1. Dans le présent 

travail, nous avons pu montrer que la TQ induit très rapidement une poly-ubiquitination de 

UHRF1. D’une manière hautement intéressante, UHRF1 commence à disparaitre lorsque 

l’ubiquitination de UHRF1 n’est plus visible. On pourrait donc penser que la poly-

ubiquitination est impliquée dans la dégradation de UHRF1. Cependant, il apparait que ce n’est 

pas aussi simple et vrai. 

En effet, de manière intéressante, nous avons observé dans les lignées cellulaire ou 

UHRF1 est taggée en N-ter qu'il n'y avait pas d'ubiquitination en appliquant l'anticorps anti-
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HA, ce qui peut conduire à penser que l'UHRF1 marqué par Flag-HA N-terminal empêche 

UHRF1 de s'auto-ubiquitiner en raison d’un repliement de la protéine en présence de la 

séquence Flag-HA qui encombrerait le domaine RING et donc son activité E3-ligase 

(ubiquitination). Néanmoins, en l'absence d'ubiquitination, UHRF1 est encore dégradé, ce qui 

suggère que UHRF1 n’emprunterait pas la voie protéosomale pour sa dégradation. D'autre part, 

l'UHRF1 étiqueté Flag-HA C-terminal n'a pas d'effet sur l'auto-ubiquitination. D’autre part, la 

présence de la séquence Flag-HA dans la partie C-terminale n'altère pas le repliement de la 

protéine, ce qui permet au domaine RING de reconnaître le domaine Ubiquitin-like et de 

l'ubiquitiner. La dégradation de l'UHRF1 peut emprunter de nombreuses voies, notamment la 

voie protéasomique de l'ubiquitine et d'autres voies alternatives. Une analyse subcellulaire nous 

a permis de montrer que cette poly-ubiquitination engendre une dissociation de UHRF1 de la 

chromatine. Il reste encore à trouver les conséquences de cette dissociation si elle est destinée 

à favoriser sa séquestration à des fins de protection. Cette dissociation pourrait aussi permettre 

à UHRF1 de devenir une cible pour une voie de dégradation qui reste encore à être identifiée. 

Comme évoqué précédemment, nous attendons beaucoup de l’analyse des complexes UHRF1, 

traité ou non par la TQ, pour orienter notre recherche et découvrir des pistes d’intérêt pour notre 

domaine de recherche. 

Nous avons également observé que l’état de confluence des cellules influençait 

directement l’efficacité de la Thymoquinone à induire l’ubiquitination de UHRF1. En effet, 

plus les cellules sont confluentes moins, la TQ induisait d’ubiquitination. Ce résultat nous a 

permis de suggérer que lorsque les cellules prolifèrent moins, la TQ induisait moins de 

dommages à l’ADN donc moins d’ubiquitination de UHRF1. 

Nous avons observé que la Tat Interacting Protein of 60kDa (Tip60), une acétylase 

connue pour jouer un rôle dans les dommages à l’ADN, est capable d’inhiber la poly-

ubiquitination de UHRF1. De cette manière, Tip60 jouerait un rôle dans la réparation de l’ADN 

en maintenant l’intégrité de l’épigénome par le biais d’un empêchement de la dissociation de 

UHRF1 de la chromatine. Ce résultat très intéressant devra être renforcé en montrant par 

exemple que l’acétylation de UHRF1 par Tip60 est responsable de l’auto-ubiquitination. Nous 

envisageons également de mener à bien des expériences de surexpression de Tip60 afin de voir 

s’il y a une régulation positive de l’ubiquitination de UHRF1 sous l’effet de la TQ. Identifier 

les sites d’acétylation par Tip60 de UHRF1 impliqués dans la régulation de l’ubiqutination, est 

envisagée à plus long terme. 
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Conclusion et perspectives 

Notre étude a montré que la Thymoquinone exerce 2 effets différents sur UHRF1 dont 

la finalité semble être différente. Le premier une poly-ubiquitination relativement rapide suivi 

d’une inhibition de son expression. Nous suggérons que le premier évènement, ne semble pas 

être impliquée dans le second, puisqu’en l’absence d’auto-ubiquitination, il y a toujours 

dégradation de UHRF1. Au contraire, nous suggérons que la poly-ubiquitination pourrait être 

impliquée dans la réparation de l’ADN mais lorsque les dommages sont trop importants il y a 

activation de l’apoptose via une dégradation de UHRF1. Nous souhaitons compléter les 

résultats en analysant le mécanisme d’action de TQ pour comprendre quel est le signal induit 

par la TQ contribuant à l’induction de la poly-ubiquitination de UHRF1. Nous pensons que la 

poly-ubiquitination de UHRF1 est susceptible de jouer un rôle complexe considérant que cette 

modification post-traductionelle conduit à plus qu’un triplement de sa masse moléculaire. 
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 يكلاملا هدر نب اللهدبع نب فیان
 ةیناطرسلا ایلاخلا يف نیتیوكیبویلاب )UHRF1(ـلا میسوت میظنتو رود

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 ماعلا يبرعلا صخلملا
 
 )Ubiquitin-like, containing PHD and RING finger domains, 1( نم ةیزیلجنلإا يف رصتخملا )UHRF1(ـلا نیتورب
 تامیزنلال ةیعرفلا ةلئاعلا تحت فنصملاو )UBL, TTD, PHD, SRA, RING( تاقاطن سمخ تاذ ةیوونلا تانیتوربلا دحأ وھ
 دیدعلا )UHRF1(ـلا نیتورب ىدل .رودلا اذھب موقی يذلا )RING(ـلا قاطنلً لاضف )E3 ubiquitin ligase( نیتوكیبویلل ةمحلالا ةثلاثلا
 كلذو )Replication( خاسنتسلاا ةیلمع ءانثأ )DNA( يوونلا ضمحلا طیرش ةنایص اھمھأ نمو ةیلخلا ةاون لخاد ةیویحلا فئاظولا نم
 لمعل )DNMT1(ـلا میزنإ دینجت مث نمو )SRA(ـلا قاطن ةطساوب )3CH( لیاثیملا بكرمب اھمیسوت بولطملا قطانملا نع فشكلاب
 يدؤی يذلا اھل لمتحملا ریبعتلا طرفلً ارظن )Oncogene( مرولل ةیدؤملا تانیتوربلا نم )UHRF1(ـلا نیتورب ربتعی .لیاثیملاب میسوتلا
 جمربملا يولخلا توملا ةیلمع نم بورھو ھب مكحتم ریغ يولخ رثاكت ببسی امم )TSG( مرولل ةتباكلا تانیتوربلا عمق ىلإ
)Apoptosis( ناطرسلا ضرم ھنعً اجتان )Cancer(. مھفل ثاحبلأاو براجتلا لمعب مایقلا مامتھلااب ریدجلا نم ناك قلطنملا اذھ نمو 
 تاتابنلا نم ةصلختسملا ةیئایمیكلا تابكرملاب ةجلاعملاب ةیناطرسلا ایلاخلا يف ھتایوتسم صیلقت ةلواحمو ھمیظنتو نیتوربلا اذھ رود
 ةیرورض ریغلا تانیتوربلا ماحقإب ىنعت يتلا ةیویحلا تایلمعلا دحأ يھ )Polyubiquitination( نتیوكیبویلاب دیدعلا میسوتلا  .ةیعیبطلا
 نیتورب نأ دیرف لكشب دجو ثیح ،)Proteasomal degradation( يموزوتوربلا ریسكتلا ةیلمع يفً ایجلاع ةفدھتسملا وأ ةبیعملا وأ
 نونیكومیاثلا ةدامب ةجلاعملا دعب )Auto-polyubiquitination(ً ایتاذ نتیوكیبویلاب دیدعلا میسوتلا ةیلمع ھل لصحی )UHRF1(ـلا
)Thymoquinone( ءادوسلا ةیواركلا ةتبن نم ةجرختسملا ءادوسلا ةبحلا تیز نم ةصلختسملا )Nigella sativa( ھیشلات ىلإ ىدأ امم 
 يتلا )ROS( ةیلعافتلا نیجسكلاا عاونأ طیشنتب موقی نونیكومیاثلا نأب جئاتنلا تتبثأو .)Apoptosis(ـلا ةیلمعب ةیناطرسلا ایلاخلا مایقو
 ةلمتحملا )ROS(ـلل ةمواقملا تامیزنإ بایغ يف )Comet assay( بنذملا ةبرجتب ةتبثملا )DNA( يوونلا ضمحلا بیرختب موقت اھرودب
 .ھجاتنتسا مت امك )ROS(ـلا ىلع ةدمتعملا )Auto-polyubiquitination(ـلا ةیلمع ىلإ عایصنلاا ىلإ يدوی امم ةیناطرسلا ایلاخلا يف
 مقر نیسیلالا ينیملأا ضمحلا عمً اصیصخ طبتری يذلا داضم مسج مادختسا للاخ نم نتیوكیبویلاب دیدعلا میسوتلا عون دیدحتً اضیأ مت دقو
)K-48( و يموزوتوربلا ریسكتلا راسم ددحی ام وھو ،میسوتلاب نرتقملا)K-63( ةیمیظنت راودأ راسم ددحی ام وھو ،میسوتلاب نرتقملا. 
 يرحبلا ربونصلا ءاحل نم نیناتلا صلختسمب ةیناطرسلا ایلاخلا ةجلاعم دعب )UHRF1(ـلا نیتورب رسكت جئاتنلا تدجوأ ،رخآ بناج نمو
)MPTE( لونیفلا ةدیدع تابكرم ةینغلا )Polyphenols( لایھ ایلاخ رثاكت نود تلاح يتلاو )HeLa cells( فاقیإ زیفحت قیرط نع 
 جمربملا ایلاخلا توم راسم ةطاسوب )ROS( ةیلعافتلا نیجسكلاا عاونأ طیشنت عم بنج ىلإ اًبنج )G2/M( روط يف ةیلخلا ةرود
 مرولا تباك نیج نع ریبعتلا ةدایز يف اًیسیئر ارًود بعلی )2O2H( نیجوردیھلا دیسكوریب بكرم نیوكت نأ جتنتسا دقلو .ایردنوكوتیملل
)TP73( میظنت لیلقتل ةجیتن )UHRF1 / DNMT1( لمع مت ،رخآ دیعص ىلعو .مونیجلل لیاثیملاب ماعلا میسوتلا ضافخنا ىلإ ةفاضإ 
 موسوموركلا يف دجوی ثیح ،ةقباس ةیملع ةقرو يف هدوجو ضارتفا مت دق يذلاو )UHRF3(ـلا نیتورب دوجو ةیلامتحا نع فشكلل براجت
 لسلستلا مجح سفنبو لقتسم نیتوربك رھظی يذلا )SRA(ـلا قاطنً ةصاخ )UHRF1(ـلا نیتورب ءازجأب ھیبش ينیج لسلست ١٢ مقر
 ةباجتسا مدع ةجیتنلا ترھظا )UHRF3( لمتحملا نیجلل )Knock out( ءاصقلاا ةینقت قیبطتب .)Western Blot(ـلا ةینقتب ينیجلا
 نیتوربلا دوجو ةیلامتحا عضی امم نونیكومیاثلاب ةجلاعملا دعب )Auto-polyubiquitination(ـلا ةیلمعل )UHRF1(ـلا نیتورب
)UHRF3( ـلا نیتوربل كیرشك لمعی ھنأو لعفلاب)UHRF1( تاساردل لاجملا حتفی ام اذھ ،نتیوكیبویلاب میسوتلا میظنت تایلمع يف 
 E3 ubiquitin(ـلا تامیزنلا ةكیرش )Heterodimer( ةریاغم ةیئانث ةینیتورب تادحو لكشت تانیتورب نع فشكلا يفً لابقتسم ةیقمعت

ligase( ـلا تامیزنلا ينیجلا اھلسلست يف ةھیبش ىرخأ تانیج ةدع ةظحلام دعبً اصوصخ ً،امومع)E3 ubiquitin ligase( ملأا 
 براجت لمعل تایصوتكو  .)Homodimer( ةلثامم ةیئانث ةینیتورب تادحو لیكشتل ملأا تانیتوربلل ةمظنم تانیج نوكت امبر وأ تایرخلأا
 Western(ـلا ةینقت قیبطتبو ،اھنم )UHRF3(ـلا نیج ءاصقا مت يتلا ایلاخلا يف )RNA( يوونلا ضمحلا لسلست ةسارد نكمی ةیلبقتسم

Blot( ساسلأا ملاھلا مادختساب )Native gel( ـلا ةدام ىلع يوتحم ریغلا)SDS( لمتحم دقعم دوجو نم دكأتلا نكمی 
)UHRF1/UHRF3 complex(. يلخاد مسو ماحقا ةینقت قیبطتبو )Knock-in an endogenous tag( دوجو نم دكأتلا نكمی 
 ةمواقملا تامیزنلاا ةرفو ثیح نم ةیعیبطلا ایلاخلا عم ةنراقم لمع نكمی امك .)Immunoprecipitation( يعانملا بیسرتلاب نیتوربلا
 ایلاخلا ىلع بنذملا ةبرجت قیبطت ىلإً ةفاضإ )ROS(ـلا طیشنت نم ةئشانلا )DHE(ـلا ةغبصل ةیباجیلإا ایلاخلا نع فشكلاو )ROS(ـلل
  .ةعیبطلا
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Resume en Francis 
 
La méthylation de l'ADN est l'une des marques épigénétiques les plus importantes, impliquée dans de nombreux 
processus cellulaires physiologiques ainsi que dans des pathologies. La transmission des profils de méthylation de 
l'ADN de la mère aux cellules filles est assurée au cours de la mitose par l'action du tandem (UHRF1/DNMT1). 
UHRF1 est impliqué dans l'extinction d'un très grand nombre de gènes suppresseurs de tumeurs par des 
mécanismes qui restent largement à décrypter. Dans la présente étude, nous nous sommes intéressés au rôle et à 
la régulation de la poly-ubiquitination d'UHRF1 induite par la thymoquinone, un médicament anticancéreux 
naturel, connu pour augmenter ou réactiver l'expression des gènes suppresseurs de tumeurs. Nous avons découvert 
que l'auto-ubiquitination de l'UHRF1, induite par la TQ, est provoquée par des espèces réactives de l'oxygène, et 
agit suite à des dommages à l'ADN. Nous avons pu démontrer que la forme poly-ubiquitinylée de UHRF1 est 
encore capable de réduire au silence le gène suppresseur de tumeur p16INK4A. Cela suggère que c'est la disparition 
complète de UHRF1, y compris la version poly-ubiquitinylée, qui est nécessaire à la réexpression des gènes 
suppresseurs de tumeurs. Nous avons pu montrer que la poly-ubiquitination de UHRF1 n'est pas impliquée dans 
sa dégradation. Nous avons également pu montrer que l'auto-ubiquitination induite par la TQ est médiée par 
l'activité de Tip60. Ce dernier étant connu comme un cofacteur des récepteurs nucléaires, nous avons cherché à 
savoir si le récepteur des glucocorticoïdes (GR) pouvait être impliqué dans la régulation de l'ubiquitination de 
UHRF1. L'activation du GR, avec la dexaméthasone, n'a pas influencé l'auto-ubiquitination de l'UHRF1. En 
revanche, nous avons pu observer que l'UHRF1 contrôle l'expression du GR et que la TQ a induit la down-
regulation de ce dernier ainsi que sa poly-ubiquitination. L'analyse par spectroscopie de masse de l'UHRF1 
étiqueté FLAG-HA a permis d'identifier des partenaires de l'UHRF1 impliqués dans la réparation de l'ADN et que 
la TQ augmentait leur association avec l'UHRF1, suggérant que la poly-ubiquitination de l'UHRF1 est impliquée 
dans le processus de réparation de l'ADN. 

Abstract in English 
 
DNA methylation is one of the most important epigenetic marks involved in many physiologic cellular processes 
and pathologies as well. The transmission of DNA methylation patterns from a mother to the daughter cells is 
ensured during mitosis through the action of the Ubiquitin-like, containing PHD and RING domains, 1/DNA 
methyltransferase 1 (UHRF1/DNMT1) tandem. UHRF1 is involved in the silencing of a huge number of tumor 
suppressor genes via mechanisms that remains largely to be deciphered. In the present study, we were interested 
in the role and regulation of UHRF1 poly-ubiquitination induced by thymoquinone a natural anti-cancer drug, 
known to enhance or re-activate the expression of tumor suppressor genes. We found that the auto-ubiquitination 
of UHRF1, induced by TQ, is induced by reactive oxygen species, and acts as a result of DNA damage. We could 
demonstrate that the poly-ubiquitinated form of UHRF1 is still able to silence the tumor suppressor gene p16INK4A. 
This suggests that it is the complete disappearance of UHRF1 including the poly-ubiquitinated version that is 
required for re-expression of tumor suppressor genes. We could show that UHRF1 poly-ubiquitination is not 
involved in its degradation. We could further show that TQ induced auto-ubiquitination is mediated via the activity 
of Tip60. As this latter is known as a nuclear receptor co-factor, we investigated if the glucocorticoid receptor 
(GR) might be involved in the regulation of UHRF1 ubiquitination. Activation of the GR, with dexamethasone, 
did not influence auto-ubiquitination of UHRF1. In contrast, we could observe that UHRF1 controls expression 
of GR and that TQ induced the down-regulation of this latter as well as its poly-ubiquitination. Mass-spectroscopy 
analysis of FLAG-HA-tagged UHRF1 identified UHRF1 partners involved in DNA repair and that TQ increased 
their association with UHRF1, suggesting that poly-ubiquitination of UHRF1 is involved in DNA repair process. 




