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Abstract 

Background: Epigenetic regulation is important to ensure the fitness of the cells. To this regard, 

DNA methylation has the important role of regulating gene expression and heterochromatinization. 

DNA methylation pattern changes in cancer and during aging. Specifically, cancer cells are 

characterised by DNA hypermethylation at promoters of tumour suppressor genes, leading to 

improved proliferation in different microenvironments. Instead, DNA hypomethylation mostly 

occurs at repetitive sequences of the genome, which characterise the telomere and the centromere. 

The centromere sustains chromosome segregation through the recruitment of the kinetochore 

complex, which allows a strong connection with the microtubules and acts as an anchor to permit 

the movement of chromosomes. Impairment of chromosome segregation is known to be sensed as 

a stress by normal cells which undergo cell cycle arrest. Changes at the centromeric DNA 

methylation correlate with aneuploidy, suggesting the occurrence of alterations in chromosome 

segregation. However, how DNA methylation regulates the fidelity of chromosome segregation is 

not yet fully understood. To address this issue, a DNA hypomethylating inducible system was used.  

Methods: To induce DNA methylation, I used Normal Retinal Pigment Epithelial hTert 

immortalized (RPE-1) and colon-rectum cancer cell line (DLD-1) engineered to trigger the 

degradation of the endogenous DNMT1 with an inducible degron. Prolonged DNMT1 absence 

leads to a global passive DNA methylation loss, which mimics the aging event. The system is not 

toxic and most importantly, it is reversible. The reversibility permits to discern the effect of the 

DNA methylation alteration from the combinatory effect achieved when the DNMT1, together 

with DNA methylation, is lost. To evaluate the effect of prolonged DNMT1 absence and DNA 

hypomethylation on the fitness of the cells and thus, the cell cycle progression and chromosome 

segregation, genetics, cell and molecular biology techniques were used.  

Results: The performed experiments show that DNMT1 absence per se does not induce cell cycle 

arrest in both normal and cancer cells. Instead, prolonged DNMT1 absence and subsequent DNA 

hypomethylation are required to trigger p53/p21 cell cycle arrest.  

In DLD-1 cancer cells, DNMT1 absence also correlates with difficulties in properly congressing 

the chromosomes, which fail in gaining a bioriented state with subsequent misaligned 

chromosomes. Moreover, DNMT1 absence or DNA hypomethylation favours the recruitment of 

CENP-A and CENP-C, which are important for centromere functioning. Ultimately, Aurora B, the 

kinase required to correct improper kinetochore-microtubule attachments, underwent altered 

dynamics: 1) increased activity when microtubules are disassembled; 2) reduced recruitment at the 
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metaphase plate, signature of mature end-on attachment; 3) no varied recruitment at misaligned 

chromosomes.  

Conclusion: Prolonged DNMT1 absence generates cellular stress, due to the induced DNA 

hypomethylation. This stress culminates in the cell cycle arrest when the threshold sustainable 

minimal level of DNA methylation is reached. In cancer cells DNMT1 or DNA methylation 

regulates the recruitment of CENPs and Aurora B kinase. Interestingly, DNA methylation loss 

induces enhanced stability of the already in place kinetochore-microtubule attachments, while the 

misaligned chromosomes seem to be disregarded.  
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1 Introduction 

In this introduction, I will provide a brief overview of epigenetics, with a particular emphasis 

on DNA methylation. I will discuss about the pathologies connected to the loss of DNA 

methylation which affects the human health. I will also present key knowledge about the cell cycle, 

focusing on mitosis and its regulatory mechanisms. This research aims to uncover novel molecular 

mechanisms that regulate cell cycle progression and in particular mitotic chromosome segregation. 

 

1.1 DNA methylation “epi”-regulates the DNA 

This chapter will focus on DNA methylation, a key epigenetic modification that contributes to 

the regulation of gene expression and chromatin architecture. It will outline the principles of 

epigenetic regulation, describe the molecular players involved in establishing and interpreting 

DNA methylation, and discuss its broader biological implications. 

 

1.1.1 Chromatin organisation in the nucleus 

DNA is the molecule where genetic information is stored, and it has a double helix structure 1. 

The three-dimensional organisation of DNA within the nucleus is critical for regulating gene 

expression and cellular function. In eukaryotic cells, the DNA is organised with different levels of 

compaction to fit within the micro-sized nuclear space 2. The DNA is characterised by a negative 

charge, due to the negatively charged phosphate groups, that repel each other, phenomenon that 

can be neutralised by salts; however, the DNA can fold even when lower salt concentrations are 

present 3,4, suggesting that the compaction of the DNA in higher-order structure is achieved when 

the negative charges of DNA phosphate are masked by proteins. Indeed, DNA compaction occurs 

thanks to different specialised proteins that help the DNA rearrange its three-dimensional 

configuration.  

The DNA wraps around a complex of eight histone proteins, which constitute the nucleosome. A 

key role in this event is played by the histone proteins (H2A, H2B, H3 and H4) that form an 

octamer composed of two H2A-H2B dimers and one H3-H4 tetramer 5. Per se, the octamer is 

unstable but gains stability when the DNA wraps around it. 147 bp long strings of DNA are 

wrapped in a 1.67 left-handed superhelix around the histone octamer, forming the so-called 

nucleosome 6. To further compact the DNA, a lysine-rich histone (H1) interacts with the DNA 

located between 2 near nucleosomes (DNA “linker”) 7. The interaction between nucleosome, 

histone H1 and linker DNA generates a chromatin structure called chromatosome 7. Different 
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theories and models were proposed on the rearrangement of the DNA in higher-order structures 

observed in vitro. Many nucleosomes are rearranged in a repetitive beads-on-a-string chain to 

create the 10 nm fiber known as chromatin that can reorganise into a 30 nm fiber at least in vitro 

(Figure 1) 8. However, Ou and colleagues used ChromEMT, a modified osmium staining method 

for DNA, and observed the three-dimensional structures of chromatin in living cells. They noticed 

that disordered chains of 5- to 24-nm diameter particles are packed together at different 

concentration densities within the nucleus 9. These particles are visualised as beads-on-a-string 

structures of nucleosomes and DNA characterised by short linear segments or helical twits with 

less frequent contacts between and within chains. In mitosis, chromatin chains bend back on 

themselves at interspersed intervals, creating dense interactions between chains. Together with 

proteins, this interaction induces a compaction that forms the chromosomes, where the fibers have 

a diameter of 5 to 12 nm and 12 to 24 nm depending on the specific dynamics 9. A chromosome, 

then, is a structure of dense and compacted DNA characterised by important elements such as 

chromatid arms, centromere, which appears as a primary constriction and telomere, which are the 

extremities (Figure 1). Human cells have 23 pairs of chromosomes (22 pairs of autosomes and one 

pair of sex chromosomes), giving a total of 46 chromosomes per cell. Alteration in the number of 

chromosomes or in the sets of genes achieved due to arms breaks induces the so-called aneuploidy, 

which affects the fitness of cells. 

 

 
Figure 1: Hierarchical chromatin-folding model theorised by in vitro studies 9. 
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Ou and colleagues suggested that the fiber dimension is the same in both interphase nuclei and 

mitotic chromosomes, and they point out that it is the dynamics of the fibers that allows the 

compaction in highly chromatinic dense structures during chromosome formation (Figure 2). 

Indeed, chromatin dynamics is important for the establishment of the DNA three-dimensional 

configuration of the nuclei and chromosomes; however, despite the compaction of a fiber, 

interphase DNA must be accessible to proteins to initiate gene transcription when required. This 

implies the existence of chromatin remodelling and rearrangement of DNA accessibility. The 

discipline that studies all these changes to modulate gene expression without impacting the 

sequence of DNA is known as epigenetics. 

 

 

Figure 2: Chromatin chains can be packed together at different concentration densities in interphase nuclei and 

mitotic chromosomes 9. 
 

1.1.2 Epigenetic modifications 

Conrad Waddington coined the word Epigenetics in 1942 10. The prefix “epi” comes from 

Greek, meaning “on”, and he defined epigenetics as the branch of biology that studies the causal 

interactions between genes, also named “genotype”, and their products, which bring the 

“phenotype” into being 10. However, the definition of epigenetics has been further extended to the 

heritable changes able to modulate gene function 11. Since the fate of a cell is established by 

differential regulation of gene expression, cell differentiation is also studied by epigenetics 10,12. 

Modifications of gene expression suggest a change in chromatin dynamics and DNA accessibility, 

and thus, all the players involved in chromatin remodelling must be considered as epigenetic 
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factors. Hence, epigenetic pathways modulating chromatin (epi-genetics), RNA (epi-

transcriptomics), and proteins (epi-proteomics) work together to redirect the fate of the cell 13. 

A single epigenetic modification involves several protein factors classified as writers (proteins that 

create the modification), readers (proteins that read the modification), and erasers (proteins that 

eliminate the modification when required) 14,15. Different types of epigenetic modifications can 

occur, and they can be rearranged into multiple categories depending on their nature: 

-Chemical modifications of DNA (Figure 3): DNA can undergo chemical modifications, 

mainly the 5-methyl-cytosine (5mC), which, with some exceptions, can regulate the DNA 

compaction and gene expression 16. DNA methylation also characterises dinucleotide CpA, CpT, 

and CpC. The modification is highly present in embryonic stem cells however, upon 

differentiation, the non-CpG methylation is commonly lost, at least in part, in the differentiated 

cells 17. The modification is mostly maintained at brain tissue, where non-CpG methylation still 

represents 25% of the overall DNA methylation level 18,19.  

 DNA methylation is catalysed by the DNA methyltransferase enzymes (DNMTs), which, as 

such, work as writers. DNA methylation of gene promoters usually inhibits gene expression, 

whereas DNA methylation of enhancers has highly variable effects on transcription 20. Finally, 

DNA methylation of the gene body regulates the binding of proteins involved in the regulation of 

transcription and splicing events 20. DNA methylation is read by proteins with the Methyl Binding 

Domain (MBD), such as Methyl-CpG binding protein 2 (MeCP2), which further regulates the 

compaction of chromatin by recruiting histone-modifying proteins, such as histone deacetylases 

(HDAC) 21. Moreover, the presence of DNA methylation can block the binding of other proteins 

that read the DNA when not methylated, such as CTCF, which, instead, is involved in nuclear 

architecture remodelling 22. Finally, erasing DNA methylation is possible; the active DNA 

demethylation is based on the TET-Eleven-Transferase (TET) or Activation-Induced cytosine 

Deaminase (AID) enzymes, which start a multi-step process that reconvert the 5mC into cytosine.  

-Epi-proteomics and regulation of the chromatin (Figure 3): Histones are characterised by 

many variants that can be interchanged depending on the specific cellular function they have to 

exert. We can mention MacroH2A that localises predominantly to the inactive X chromosome, γ-

H2A.X recruited in the presence of DNA damage, and CenH3 (also named CENtromeric Protein 

A CENP-A), which is specifically recruited at the centromere, establishing its functioning 23.  

Post-translational modifications of the N-terminal tails of each histone variant occur with different 

effects on chromatin compaction, further enhancing their abilities in DNA reorganisation 24,25. For 

example, the acetylation of histone lysine neutralises their positive charges and decreases histone-
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DNA interactions 26,27. Histone acetyl transferases (HATs) are the writers of this epigenetic 

modification, while up to 18 Histone deacetylases (HDACs) have been identified as the correlated 

epigenetic erasers 14,27. Histone acetylation usually leads to the relaxation and opening of the 

chromatin, aiding the recruitment of transcriptional factors and, thus, the activation of gene 

expression 28,29. Moreover, histones can be methylated by histone methyltransferases 15. To remove 

this modification, specific demethylases are required 30,31. Histone lysine can be mono-, di- or tri-

methylated 32,33. Di- and tri-methylation of lysine is usually gene-activating 33,34 except when 

located at Lysine in position 9 or 27 of the histone H3, mostly known for its repressive effect 33,35.  

Histone modifications can be recognised by protein readers provided with specialised domains. 

Acetylation of histones is recognised by the bromodomain 27,36, whereas histone methylation is 

targeted by chromodomain 37. Acting as a docking site for proteins, the modification rearranges 

the pool of enzymes around the DNA, for example, the methylation of H3 at lysine 9 is important 

for the recruitment of Heterochromatic Protein 1 (HP1), a protein involved in the compaction of 

the chromatin 38.  

Histone modifications can affect DNA accessibility; however, the position of the histone itself can 

be modulated as well to allow proteins to bind the DNA. The enzymes involved in the histone 

sliding within the DNA are called chromatin remodelers. These proteins use an ATP-dependent 

mechanism, and they can be classified into four subfamilies: imitation switch (ISWI), 

chromodomain helicase DNA-binding (CHD), switch/sucrose non-fermentable (SWI/SNF) and 

INO80 39. ISWI and CHD remodelers aid in the formation of the octameric nucleosomes and form 

nucleosome arrays by spacing nucleosomes 39. SWI/SNF remodeler is instead involved in sliding 

of nucleosomes along the DNA or in evicting nucleosome components, ejecting a full nucleosome 

39. Finally, the INO80 subfamily supports the replacement of histones with either a canonical or a 

variant histone 39. 

-RNA and the epi-transcriptome (Figure 3): With the discovery of the many roles of the 

RNAs, including regulation of gene expression, the term epigenetics has been more recently 

broadened to include these pathways as well. For example, epigenetic factors are RNAs with an 

interfering effect (exogenous siRNA or endogenous miRNA) that can target and degrade mRNAs 

40–42. Also, long non-coding RNAs (lncRNAs) regulate both mRNA transcription, inducing a 

positive or negative regulation of gene expression by modulating the chromatin remodelers or 

transcriptional factor recruitment 43–45.  

In addition, RNAs can also undergo different types of chemical modifications that have emerged 

as modulators of gene expression. Among these modifications, the best studied is the N6-

Methyladenosine (m6A) at the 3’ of mRNAs generated by methyltransferase METTL3/METTL14 
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complex (MTCs). This modification regulates gene expression by influencing localisation, 

stability, splicing or translation 46–49. Also, through m6A-mediated structural changes, this 

modification allows the recruitment of the mRNA readers such as the YTH family, that regulate 

the splicing event 48,50. Eukaryotic mRNAs also display a 7-methylguanosine (m7G) at 5’ ends and 

near the mRNA cap, N6,2-O-dimethyladenosine (m6Am) can also be present 49. In detail, the m7G 

stabilises mRNAs, improving the expression of the gene; instead, m6Am reduces translation of 

transcripts, negatively regulating gene expression 49. Similarly to the epigenetic modifications on 

the DNA, RNA modifications are reversible; thus, demethylase enzymes exist to remove the 

methyl group 48,50.  

-Topologically Associating Domains (Figure 3): Another layer of chromatin regulation is that 

both euchromatic and heterochromatic regions physically interact with each other. Through the 

contribution of architectural proteins and transcription factors, these interactions create the so-

called Topologically Associating Domains (TADs), which are responsible for a higher and more 

elaborate system of gene regulation 51. Indeed, the formation of loops to create the TADs further 

rearranges the chromatin, putting close or far away regulatory elements involved in gene regulation 

52. 

 
Figure 3: Overview of the described epigenetic mechanisms. (1) Chemical addition or removal of DNA 

methylation. (2) RNA-based mechanisms: regulatory ncRNAs, including short ncRNAs (miRNAs, piRNAs, siRNAs) 

and long ncRNAs (lncRNAs, circular RNAs). (3) Histone modifications: post-translational modifications. (4) Three-

dimensional (3D) genome organisation 52. 
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By regulating chromatin accessibility and thus gene transcription, DNA methylation, histone 

modifications and RNAs form up to 2 different configurations of chromatin: the euchromatin is 

based on the easy accessibility of DNA with high chromatin remodelling and high chromatin 

dynamics which favours gene expression. The heterochromatin, on the contrary, is characterised 

by poor chromatin accessibility and dense packed chromatin structure 53. Moreover, 

heterochromatin is distinguished in facultative, when it can be reverted to euchromatin, and 

constitutive, when it is always kept condensed and repressed, such as in the case of centromeric 

heterochromatin. During the cell cycle, chromatin is required to be highly dynamic from one side 

to favour the replication of DNA and from the other side to express different genes required for 

each phase of the cycle. Upon reaching mitosis, the chromatin is mostly heterochromatic, and the 

compaction of DNA reaches its maximum level as the DNA is not accessible anymore (Figure 4). 

The compaction of DNA and thus, the creation of the structure at mitotic chromosomes, is 

important to ensure a faithful segregation.  

 

 

Figure 4: DNA methylation and Histone modifications support the compaction and the heterochromatinisation of 

DNA 54. 
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1.2 The writers and erasers of DNA methylation  

This chapter will focus on the enzymes that catalyse and remove the methylation of DNA. I 

will discuss the pathologies where DNMTs and DNA methylation are involved. 

1.2.1 DNA methyltransferases  

DNA methylation refers to a chemical modification of the DNA, typically, the addition of a 

methyl group to cytosines. In 1984, the separation of amino acid mixtures by migration with 

organic solvents coupled with the ultraviolet detection at the spectrophotometer showed two 

cytosine populations characterised by different properties due to the presence of a methyl group in 

one population 55. To differentiate the two types of cytosines, the methylated cytosine was initially 

named epi-cytosine or 5mC. The 5mC occurs at the dinucleotide CpG through the activity of 

DNMTs 56.  

DNMTs are characterised by specific catalytic motifs used to generate 5mC, 4mC and 6mA, but 

the most observed is the 5mC within CpG di-nucleotides 57,58. All DNMTs usually have a C-

terminal-catalytic domain and an N-terminal regulatory domain 57,59, and the protein interaction 

with the DNA induces a change in the shape of DNA with subsequent rotation of the cytosine base 

into the catalytic pocket using a base-flipping mechanism 60. The catalytic domain catalyses the 

covalent addition of a methyl group from S-adenosyl-l-methionine (AdoMet) to the C-5 of cytosine 

(Figure 5) 61. In detail, a conserved cysteine mediates the nucleophilic attack on the C6 of the 

cytosine ring. Next, the methyl group is moved from the AdoMet to the carbon in position 5 of the 

cytosine (Figure 5) 57.  

 

Figure 5: DNA methyltransferases use a base flipping mechanism to insert the cytosine in the catalytic pocket. 

Here, DNMTs transfer a methyl group from AdoMet to the cytosine and form the 5-methylcytosine at the residues in 

CpG dinucleotides 62,63.  
 

The DNA can be methylated starting from a completely unmethylated state, and thus, it can 

occur de novo. Once established, DNA methylation can also be maintained across the cell cycle. 
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Different DNMTs play different roles in methylating the DNA, and their functioning is specified 

by their affinities with the DNA. In detail, de novo DNMTs have more affinity with non-

methylated CpG dinucleotides, whereas the maintenance DNMTs are characterized by higher 

affinity for DNA methylated only on one strand (emi-methylated template).  

In mammals, there are up to 4 members of the DNMT family, which include DNMT1, 

DNMT3A, DNMT3B, and DNMT3L 57,59. DNMT2 has been considered in the past as a putative 

DNMT due to the similarities in structure with DNMT1, however, DNMT2 lacks the regulatory 

domain at the N-terminal 64,65 and it consists only of the 391 amminoacids of the catalytic domain, 

which has no activity in vitro 57,66. Indeed, it has been observed to have no function on DNA 

methylation as it modifies tRNAs 61,67. 

The de novo methylation is based on the DNMT3 group (Figure 6). The DNMT3 group is 

characterised by conserved domains such as the Pro-Trp-Trp-Pro (PWWP) domain and an  ATRX-

DNMT3-DNMT3L (ADD) domain used to interact with the chromatin 57,68. DNMT3 group 

consists of DNMT3L, DNMT3A and DNMT3B. DNMT3L has no catalytic activity but stimulates 

the catalytic activity of the other DNMTs in cell culture systems 69. Inactivation of both DNMT3A 

and DNMT3B disrupts de novo methylation but allows the survival of embryonic stem cells; 

nevertheless, the development of the embryo is impaired, thus DNMT3A and DNMT3B de novo 

DNA methylation is essential for mammalian development 70–72. Once de novo DNMTs establish 

DNA methylation during development, the pattern of methylation of mammals is maintained by 

DNMT1 during subsequent cell cycles; thus, DNMT1 acts as the maintenance DNMT (Figure 6). 

DNMT1 is a multi-modular protein that consists of 1616 amino acids in humans. The maintenance 

of DNA methylation starts at the replication foci in S phase. Indeed, DNMT1 interacts with the 

Proliferating Cell Nuclear Antigen (PCNA) through the PIP box motif, thus, localising at the 

replication site 73. Through the Replication Foci Targeting Sequence (RFTS) DNMT1 also 

associates with the replication fork but in an inactive state at first. Indeed, the RTFS is located at 

the N-terminus and directly inhibits the catalytic activity of the C-terminus 74,75. Only the binding 

with Ubiquitin-Like PHD and Ring Finger Domain 1 (UHRF1) releases the inhibition. The RFTS 

domain consists, in fact, of a binding domain to UHRF1. Importantly, the SET and RING finger-

associated domain (SRA) of UHRF1 binds the emi-methylated DNA template, ensuring that 

DNMT1 only methylates the new DNA strand exactly at the level of the methylated CpGs in the 

original strand. In addition, the CXXC domain of DNMT1 is a conserved zinc-finger domain that 

binds CpG dinucleotide within the DNA when unmethylated 76. Once at the proper replication site, 

DNMT1 catalyses the covalent addition of a methyl group from AdoMet to the C-5 of cytosine 

only in these emi-methylated sites recognised by UHRF1. Moreover, DNMT1 also shows 
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interaction with heterochromatin during G2 and M phases of the cell cycle, suggesting a need to 

continue maintaining DNA methylation at these regions 77. Even if DNMT1 is the maintenance 

DNMT, it also displays de novo activity. Mice depleted for DNMT3s revealed that DNMT1 can 

also de novo methylate repetitive and transposable elements 78. These de novo spots are 

characterised by H3K9me3 and UHRF1 78. 

 

 

Figure 6: DNA methyltransferases methylate the cytosines within CpG dinucleotides. The methylation of DNA can 

occur through de novo or maintenance of the 5mC 79. 

 

 CpG dinucleotides can be located both at gene-poor DNA characterised by repetition of bases 

(repetitive DNA) and gene-rich regions 80,81. Thus, DNA methylation must be finely regulated as 

both gene-poor and gene-rich regions may be affected by it. The genome is rich in highly 

methylated CpGs 80; however, some CpG regions, called CpG islands (CGIs), are usually kept 

unmethylated 80,82. Some organisms do not show DNA methylation. Yeast and Caenorhabditis 

elegans genomes, for example, lack detectable 5mC and do not have DNA methyltransferase 

56,83,84. Thus, the question that arises is: Is the methylation of cytosine that important? The 5mC is 

indeed indispensable in both plants and animals, with a particular relevance for mammals that will 

be the focus of my thesis 85,86. Except for Caenorhabditis elegans, invertebrates also exhibit DNA 

methylation. For example, Drosophila melanogaster is characterised by a low amount of 5mC, 

which is difficult to identify and DNMTs are present. They are characterised by a function in 

chromatin compaction, suggesting that DNA methylation occurs even when it is not detectable 87. 

1.2.2 Demethylation of the DNA  

Loss of the DNA methylation process has dangerous implications in various diseases 88, and the 

enzymes involved are important for cell survival 57. At the same time, DNA demethylation occurs 
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during development, during the establishment of the germline and post-fertilisation 89,90. Thus, 

DNA demethylation is relevant as well as it affects cell's fate 91. 

DNA demethylation can be achieved actively through multiple chemical reactions or passively 

in the absence of the DNA methylation maintenance. Passive DNA demethylation occurs during 

the zygote reprogramming or in the presence of DNMT1 pathologies, where DNMT1 cannot 

properly maintain the DNA methylation during the replication of DNA. This induces the formation 

of new DNA without 5mC; thus, DNA methylation will not be maintained and will be diluted over 

subsequent cell cycles. The loss of DNA methylation will not be total as de novo DNMTs activities 

can compensate for part of the loss by re-methylating specific regions of DNA.  

While passive demethylation can only be achieved in certain scenarios, active demethylation is a 

continuous process that occurs during cell life. However, to remove the methyl group at the 5mC, 

the chemical bond between the cytosine and the methyl group must be broken. Breaking a C-C 

chemical bond is an endo-ergonic reaction, which is expensive and not energetically favourable. 

For this reason, up to today, no enzyme able to do this has been discovered in animals 90. The only 

way to achieve active demethylation is to reduce such energy by creating a different chemical 

compound. As a first step, the 5mC base needs to be chemically modified either by deamination 

or by oxidation. Then, the modified methyl cytosine is excised through the Base Excision Repair 

(BER) DNA repair mechanisms 90. The repair system is characterised by an AP Endonuclease 1 

(APE1) that cleaves the phosphodiester backbone at the AP site, a DNA polymerase β (Pol β), 

which inserts the correct nucleotide, and finally by a ligase enzyme to form a phosphodiester bond 

between the newly inserted nucleotide and the existing DNA strand. 

5mC deamination is induced by the Activation-Induced cytosine Deaminase (AID) (Figure 7), 

which is the only deaminase in charge of the DNA demethylation 90,92. As such, the 5mC is 

deaminated into thymidine, generating an improper G-T interaction that triggers the thymidine 

DNA glycosylase and the BER mechanism to allow the replacement of a cytosine.  

Tahiliani and colleagues were able to identify Tet-Eleven-Translocation 1 (TET1), which 

catalyses the oxidation of the 5mC into 5-Hydroxymethylcytosine (5hmC) (Figure 7) 93. Both the 

5mC and the 5hmC can be deaminated by the Activation-Induced cytosine Deaminase (AID) 

(Figure 7) 90,92 into thymidine and 5-hydroxymethyluracil (5hmU) respectively 90. Moreover, two 

groups independently showed that TET enzymes are also able to further oxidise the 5hmC into 5-

carboxylcytosine (5caC) or 5-formylcytosine (5fC) 94,95 (Figure 7). 
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 The 5hmU, the 5caC, and the 5fC show structural similarity to a thymidine; thus, the presence 

of a thymidine or a similar compound, generates an improper G-T interaction that triggers the Base 

Excision Repair (BER) glycosylase, like the thymine-DNA glycosylase or the single-strand-

selective monofunctional uracil-DNA glycosylase 1, to allow the replacement of a cytosine leading 

to DNA demethylation. 

 

 

 

Figure 7: Active demethylation is induced by the TET family or by the AID family members. The generated 

Intermediates will recruit DNA repair system 96. 

 

1.2.3 Human pathologies associated with defects in DNA methylation or DNMTs 

Due to the significance of DNA methylation, any alteration of the enzymes responsible for 

methylating DNA, and consequently the abnormal loss or gain of DNA methylation, leads to 

different pathological conditions.  

-DNMTs and global DNA methylation loss pathologies: Loss of DNMT1 activity directly 

correlates with a passive loss of DNA methylation and is involved in several types of human 

diseases. Mutations in the exons 20 or 21, for example, are known to induce neuropathological 

phenotypes such as cerebellar ataxia, dementia, deafness, and narcolepsy (Figure 8) 97,98. These 

mutations occur in RFTS, thus impairing the binding of DNMT1 with the replication fork and 

leading to the inability to maintain the DNA methylation pattern through different cell cycles. 
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Figure 8: Phenotypic characteristics observed in patients with DNMT1 mutations and DNA methylation loss 97. 

 

DNA methylation correlates with DNA compaction and heterochromatinization. Consequently, 

DNA hypomethylation deregulates such events, leading to the opening of chromatin and favouring 

gene expression. Sometimes this allows the transcription of unscheduled ncRNAs that can induce 

the production of autoantibodies, leading to inflammation in tissues and organs, which, in turn, 

can contribute to pathologies such as Systemic Lupus Erythematosus (SLE) 99,100. 

Also, a change in the DNA compaction may affect the structures of chromosomes important for 

segregation. Indeed, mutation in the DNMT3B or loss of DNA methylation at the centromeric 

repetitive DNA correlates with the Immunodeficiency in association with Centromere Instability 

of chromosomes 1, 9, and 16 and Facial Anomalies (ICF) syndrome, a rare disorder characterised 

by a deficiency of IgA, IgG, IgM immunoglobulin, facial dysmorphisms, telecanthus, flat nasal 

bridge, macroglossia and mild micrognathia 100–102. Specifically, DNA methylation is lost mainly 

at the centromeric repetitive DNA satellite (Sat) II and III (see paragraph for details on the 

centromere structure); however, in some patients, DNA methylation loss also characterizes the α 

Sat and Sub-telomeric regions 100,101,103–106. DNA compaction in these regions supports the 

chromosome structure, and the loss of DNA methylation correlates with chromosome anomalies 

in ICF patients (Figure 9). Indeed, DNA methylation loss at the Sat induces nuclear defects and 

mitotic errors with subsequent chromosome loss, leading to genome instability 100,107. 
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Figure 9: Examples of pericentromeric anomalies in metaphases from ICF cells compared to a normal 

chromosome. From left to right:normal chromosome; chromosome with decondensation at the centromere; triradial 

chromosome; hexaradial chromosome; chromosome with a deletion and decondensed region below the centromeric 

constriction 108. 

 

-Loss of Imprinting pathologies: Imprinted regions are regulated by imprinted-based-DNA 

methylation that occurs during embryo development. Alterations in DNA methylation at imprinted 

loci can disturb the normal balance between maternal and paternal gene expression, leading to 

several imprinting-related disorders (Figure 10). In Prader-Willi syndrome (PWS), loss of paternal 

expression within the SNRPN/SNURF region is commonly associated with abnormal methylation 

at its promoter and first exon, resulting in developmental and behavioural defects 88. In contrast, 

Angelman syndrome (AS) arises when the maternally expressed UBE3A gene loses its methylation 

imprint, leading to silencing of the maternal allele and severe neurodevelopmental impairment 88. 

Transient Neonatal Diabetes Mellitus (TNDM) is another imprinting disorder caused by loss of 

methylation on the maternal allele within the HYMAI/PLAGL1 region, which results in 

overexpression of paternally active genes and transient neonatal hyperglycaemia 88. In Beckwith-

Wiedemann syndrome (BWS), loss of maternal methylation at the KCNQ1/KCNQ1OT1 and 

CDKN1C loci disrupts imprinting control, leading to deregulated expression of paternal genes and 

fetal and postnatal overgrowth 88. Similarly, Pseudohypoparathyroidism type Ib (PHP-Ib) involves 

loss of maternal methylation at exon 1A of the GNAS gene, which interferes with G-protein 

signalling and causes metabolic and skeletal abnormalities 88. 
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Figure 10: Regions that induce diseases characterized by loss of gene imprinting 88. 

 

-Aging and neurodegenerative diseases 

A change in epigenetic modifications is observed during aging. Changing of DNA methylation 

at the CpG dinucleotide was confirmed by different groups that analysed several cell tissues in 

both humans and mice 109–116. The change in DNA methylation upon aging also affects non-CpG 

dinucleotides. Indeed, more than 50% of the methylated non-CpG are hypomethylated in the 

hippocampal genome of old mice 117,118. Age-related DNA hypomethylation characterises 

repetitive elements such as Alu sequences but not LINE-1 repetitive DNA 119. Indeed, when the 

cells undergo aging-based arrest, repetitive DNA starts to be more active 120,121, which favors 

cancer and neurodegenerative diseases 115. In particular, due to the importance of DNA methylation 

in maintaining neurons and brain tissue, changes in DNA methylation patterns indeed, correlate 

with neurodegenerative diseases such as Parkinson's and Alzheimer’s disease 122–127.   

Parkinson's disease is characterised by motor symptoms such as tremor, rigidity, and postural 

instability, but also depression, anxiety, sleep disorders and cognitive impairment. Parkinson's 
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disease is observed when α-synuclein, parkin, PTEN induced putative kinase 1, parkinson protein 

7, leucine-rich repeat kinase 2 , and glucosidase-ß acid genes are mutated 128. At the same time, 

DNA methylation plays a role in regulating α-synuclein when not mutated 129. The locus is 

characterised by two CpG islands 130. The first, CpG-1, is in the first exon, whereas the CpG-2 is 

in the first intron. When DNA methylation is present at the CpG-2 dinucleotide, the gene is 

repressed 129. Indeed, patients characterised by Parkinson's disease display hypomethylation of the 

first intron 129,131,132. In Parkinson's disease, other genes are hypomethylated as well. For example, 

hypomethylation of NPAS2, CYP2E1, and NOS2 characterises the disease 129. Parkinson’s disease, 

is also characterised by genes such as  PGC1-α, with a hypermethylated condition 129. 

Alzheimer’s disease is a disease characterized by cognitive decline and memory deficits due to 

amyloidogenesis. During Alzheimer’s disease, different foci undergo DNA demethylation. In 

detail, PSEN1, BACE1, and Amyloid β Precursor Protein are overexpressed during the disease 

133,134. So far, researchers have discovered PSEN1 and Amyloid β Precursor Protein as the main 

hypomethylated loci in Alzheimer’s disease patients and in mice affected by the pathology 133. 

BACE1 is, instead, regulated by miR-29a, which is, in turn, regulated by DNA methylation. 

Indeed, DNA methylation upregulates miR‐29a. When expressed, the miR-29a targets BACE1 

mRNA, reducing the amyloidogenesis 135. Alteration of the DNA methylation correlates with 

alteration of such miR-29a, leading to Alzheimer’s disease. At the same time, other genes, such 

as  ANK1, RPL13, RHBDF2, DUSP22, and SORL1, were found instead, hypermethylated in the 

patients 136,137. Finally, a recent analysis of the cortex revealed a differentially methylated region 

of the ZFPM1 gene, which is strongly connected to the pathology 138. Alteration in the DNA 

methylation pattern strongly correlates with Alzheimer’s disease. 

Alteration of the DNA methylation pattern correlates with other neurodegenerative and 

neuropsychiatric diseases as well 137 137,139.  

 

-DNA methylation in cancer: Tumours display a high variability of epigenetic rearrangements, 

including variations in DNA methylation. Hypermethylation of tumour suppressor genes is often 

observed in cancer cells, leading to repression of transcription (Figure 11) 140, whereas 

hypomethylation occurs mainly at repetitive DNA (Figure 11) 141 which might have an effect on 

chromosome segregation and altered mitotic segregation as discussed before. DNA methylation 

pattern varies based on the cell line and type observed 142–146.  
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Figure 11: Cancer cells are characterized by high variability in repetitive DNA methylation compared to normal 

cells 147. 

- 
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1.3 The role of DNA methylation  

This chapter will focus on DNA methylation functioning. It will outline the effects on the gene 

expression and the heterochromatinization of the DNA. Moreover, I will describe the 

demethylation event that occurs during the development.  

 

How does DNA methylation work? Dinucleotides containing Cs and Gs are located everywhere 

in the genome 80. Moreover, mammalian genomes are characterised by a high frequency of CGIs, 

which are physically connected with gene promoters and usually lack DNA methylation 82. 

Tompkins elegantly suggested that DNA methylation represents a form of “molecular braille” 148, 

and, thus, it is used by the cell to read and specify a change, a regulation, and finally a fate. All the 

cells in the body contain the same genome, and each type of cell is regulated in such a way that 

only specific proteins are expressed. Specialised cells are characterised by gene expression and 

chromatin regulation optimised for their functioning (Figure 12).  

 

 

Figure 12: An outline depicting cell-fate plasticity according to the Waddington’s epigenetic landscape (inspired 

by the model proposed by Waddington 149. 

 

DNA methylation supports the fate of cells through multiple ways that will be described 

individually.  

 

1.3.1 DNA methylation and gene regulation: Based on the cell line taken in analysis, some 

promoters may be unmethylated in a cell line, whereas methylated in another one. This is due to 
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the different gene expression program peculiar to each cell type, depending on their function in 

the organism (Figure 13).  

 

Figure 13: CpG islands of promoters are rarely methylated in healthy cells; thus, gene expression is permitted. DNA 

methylation at the promoters regulates gene expression 150. 
 

Non-CpG methylation regulates gene expression, and it occurs mostly on regulatory regions 

151. At the promoters, it impairs gene expression in a similar manner to the CpG methylation 152. 

The methylation of non-CpG dinucleotide also, has been proven to favour the interchromosomal 

interaction between genes and enhancer 153 favouring, in this way, gene expression.  

Moreover, non-CpG can also be recognised by MeCP2 when DNA methylation is present, 

especially in neurons with a repressive role required for the maintenance of the neuron itself 18,154.  

CpG sites are also located at regulatory elements both upstream and downstream of 

transcription initiation, and sometimes in the gene body. The enhancer and silencing elements are 

mostly CpG-poor, with a variable methylation 20,155. In glioblastoma tumour DNA methylation at 

these regions has been shown to have no negative effect on the regulatory function, but at the same 

time, it has been correlated with a change in the regulatory element activity depending on the 

region analysed 156. Indeed, the cell is characterised by methylation-sensitive and methylation-

insensitive sites, and those regulated by DNA methylation switch their activity. The repression of 

an enhancer through 5mC could occur through the repression of transcriptional factor binding, and 

the recruitment of MBD proteins, which induce heterochromatinisation and chromatin closure 157. 

At the gene body, DNA methylation has been proven not to impair gene expression as observed in 

genes in the chromosome X 158 and in other chromosomes 159. DNA methylation protects, together 

with H3K36me3 and DNMT3B, the gene from RNA Polimerase II (RNAP II) entry at cryptic 

starting sites 160. DNA methylation can recruit HP1 and CTCF as discussed above; thus, it can 

regulate the transcriptional event, favouring alternative splicing 161 and modifying the architecture 

of the chromatin 22. Since CTCF is involved in the rearrangement of chromatin loops (Figure 14), 

the loss or the formation of loops may favour or not the enhancer-promoter interactions and thus, 

DNA methylation regulates gene expression by affecting the chromatin structure through CTCF 
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regulation 162. Also, by regulating the binding of CTCF, the presence of DNA methylation can 

control the inclusion of an exon during the splicing event, further regulating the gene expression 

163.  

 

Figure 14: Loop formation through CTCF favours the interaction between enhancer and promoter and thus, gene 

expression 164. 

 

1.3.2 DNA methylation and compaction of DNA. Nucleosomes are positioned where the 

sequence of DNA generates a structural bending that can accommodate the histones. Sequences 

like repetition of Ts or As generate too much stiffness, which does not allow the inclusion of 

nucleosomes or, eventually, it generates histone instability 165,166. Instead, a periodic distribution 

of short G/C-rich and A/T-rich motifs favours the inclusion of histone proteins 167. The methyl 

group of 5mC occupies space; therefore, depending on its location, it influences DNA structural 

properties, potentially affecting nucleosome formation. Depending on the DNA sequence, histone 

proteins may be less likely to bind to methylated DNA and thus, CpG methylation forces them to 

bind elsewhere or close by 168,169. Also, the methyl group reduces the amplitudes of motions of the 

phosphate-sugar backbone, creating less dynamicity in the DNA 170. On one side, the 5mC can 

impair the recruitment of histones; On the other, some methylated DNA sequences can still wrap 

to histones, but this time the methylated DNA interacts with them, generating a shorter end-to-end 

DNA length and thus, a more tightly wrapped DNA on the nucleosome 169,171. Hence, the methyl 

group at the cytosine induces compaction by affecting the bending of DNA and nucleosome 

rearrangement. This is further enhanced by the cooperative work between DNA methylation and 

histone modifications. 
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DNA methylation can further rearrange the chromatin as it can be bound by many proteins with 

MBDs, such as MeCP2 or HP1. In vitro, MeCP2 can bind nucleosomes and compact the chromatin 

when the DNA is not methylated 172; however, DNA methylation favours the affinity of MeCP2 to 

methylated DNA 173. MeCP2 is known to interact with RNAP II in neurons, potentially positively 

regulating gene expression 174. Also, MeCP2 represses the expression of long genes when they are 

methylated 175. The MeCP2 mutations can cause the RETT syndrome, whose worst phenotype 

arises from mutations that affect the ability of the protein to bind methylated DNA 176. Other than 

regulating gene expression, MeCP2 regulates chromatin loop formation and nuclear architecture 

177–179, a similar role observed for DNA methylation itself.  

HP1 family, while can interact with histone H3 trimethylated on Lys9, binds methylated DNA as 

well, with the possibility to splicing factors at alternative exons, thus regulating mRNA splicing 

180. Moreover, HP1 can also rearrange the chromatin 181,182, ensure proper mitotic exit and preserve 

chromatids cohesion and segregation through the recruitment of Shugoshin1 (Sgo1) 183. Any 

change in the DNA methylation pattern may rearrange the HP1 pattern as well, deregulating all 

these events. By the presence of DNA methylation, or through the direct recruitment of other 

proteins, heterochromatinisation and DNA compaction are favoured to establish the perfect 

conditions for the fitness of the cells.  

 1.3.3 DNA methylation and development: DNA methylation at the 5mC is important during 

the development of mammals, as several studies demonstrated that DNA hypomethylation, due to 

mutations of DMNTs, induces lethality in mouse embryos 184. The parental genomes are 

characterised by gamete-specific differential modification, a substantial difference called genomic 

imprinting. Non-CpG methylation is also important for the imprinting event, as different loci are 

methylated in the oocytes 152,185 and in brain tissue in a sex specific manner 186.  

DNA methylation is, indeed, involved in genomic imprinting; alleles may be differentially 

methylated based on the sex of the organism. For example, the non-coding RNA (ncRNA) H19 is 

silent in the paternal allele. Insulin-like growth factor 2 (Igf-2) is, instead, expressed in the paternal 

allele 187, and Igf-2 receptor (Igf-2r) is expressed in the maternal allele 188,189. Interestingly, the 

organisms themselves induce a rearrangement of the epigenome during fertilisation. The paternal 

genome is highly compacted in the sperm; thus, a loss of compaction is required to achieve an 

ideal condition to merge with the maternal genome. The demethylation of the mammalian paternal 

genome is observed to be a conserved mechanism between different organisms 190. However, this 

is not the case with the maternal genome because it does not become actively demethylated in the 

zygote. Still, the zygote is characterised by sequential stepwise demethylation through passive 
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demethylation during the first cleavage divisions 190–193. Indeed, upon the regulated interaction 

between female and male pronuclei, the zygote is characterised by a loss of DNA methylation till 

the stage of blastocyst, where the 5mC reaches the lowest amount 194. The loss of DNA methylation 

during embryogenesis is an important event because the embryo must start from a “clean” 

epigenetic blackboard (Figure 15). From this moment on, DNA methylation will progressively 

reappear to allow differentiation of the cell fate. This is not the case for the formation of the 

primordial germ cells. Indeed, based on the sex of the organism, gametogenesis will produce sperm 

or oocyte. Since these two are characterised by different phenotypes, epigenetic regulation must 

be different. To achieve that, after the first wave of DNA demethylation, a second wave is required 

to remove specific DNA methylation marks 194. From now on, DNA methylation reappears to 

regulate the gamete-specific epigenetic changes required for gametogenesis, a process named 

genomic imprinting (Figure 15). Another important event that occurs during embryogenesis is X 

chromosome inactivation in females. To obtain the inactivation, different strategies are used by the 

cells: Xist RNA coating, which compacts the DNA and recruits macroH2A histone variant; 

chromatin changes such as histone modifications that further compact the DNA; and finally, DNA 

methylation that compacts the DNA and represses gene promoters 195.  

The genome is characterised by the presence of viral and retroviral elements that originated during 

the evolution and the interaction with viruses. These DNA elements are characterised by repetitive 

DNA and constitute approximately 45% of the human genome 196. They are considered selfish 

elements because transposon DNA encodes enzymes that allow them to excise and insert into 

another part of the genome. The classification and the molecular mechanism will be discussed in 

the repetitive DNA paragraph. In all scenarios, their DNA integration from one region to another 

can affect the gene expression if they are introduced in one exon 197,198. During the development 

reprogramming, the loss of compaction may favour the activation of such selfish elements, which 

would affect the fitness of cells and the embryo. To overcome this and be protected, cells have 

developed multiple mechanisms to avoid these. The defense against these selfish replicating 

elements starts with PIWI-Interacting RNAs (piRNAs), which are small silencing RNAs 199. When 

transcribed, these piRNAs recruit the protein PIWI, where the viral element is expressed. In mouse, 

a lack of piRNAs induces a loss of DNA methylation, suggesting that piRNA and DNA 

methylation may be closely related 200. Indeed, DNA methylation, together with the repressive 

histone modifications, acts by compacting the DNA and silencing the mobility of such elements 

196.  
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Figure 15: DNA methylation programming and reprogramming during development in humans and mice 201. 
 

Artificial reprogramming, which is the acquisition of pluripotency by a differentiated somatic cell, 

requires an epigenetic rearrangement of histone modifications and DNA methylation pattern. First, 

the reprogramming is characterised by a change in histone modification patterns at all stages taken 

into consideration; instead, DNA methylation patterns change at the promoters is observed only at 

the late stage of the reprogramming event 202. However, even when reprogramming is induced, the 

DNA methylation pattern of the induced Pluripotent Stem Cells (iPSC) is never identical to the 

one observed in the Embryonic Stem Cells (ESC) 203. Lister and colleagues observed 1175 

differentially methylated regions between the two cell lines. A never-identical condition was also 

observed in vivo with the animal cloned embryos that did not show the same DNA methylation 

pattern as the normal condition during development 190.  
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1.4 The cell cycle: A program to sustain the proliferation  

Cells undergo an ordered series of events to grow, duplicate their genetic material, and divide 

it into genetically identical daughter cells. This process is known as the cell cycle, which consists 

of different phases that allow a perfect and balanced division. Alteration of any of these events 

affects the life of the cells, with sometimes catastrophic effects such as cell death.  

Four phases are required to complete a cycle (Figure 16).  

 

 

Figure 16: The cell cycle consists of multiple phases to regulate cell proliferation 204. 

 

The Gap1 phase (G1) is the initial phase, when the cells are small in size and sense the nutrients 

present in the environment or the interaction with other cells 205. If the sum of these signals induces 

proliferation, the proliferation genes turn on their expression, causing the duplication of organelles 

such as the Golgi and the activation of factors required to enter the next phase, the S phase 205.  

Upon entering the DNA Synthesis phase (S), cells begin the replication of their DNA starting 

from specific sites called replication origins. This process requires a specific enzymatic complex, 

the replisome, characterized by the presence of DNA polymerase and other proteins, among which 

there is DNMT1. The maintenance of the DNA methylation pattern, peculiar of each cell type, is 

accomplished in this phase and is essential for cell health.  
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The Gap2 phase (G2) is the second phase where the cells duplicate organelles, especially the 

centrosomes, which are crucial for chromosome segregation. Also, during the G2 phase, cells 

begin to express genes necessary for the next phase, mitosis.  

Mitosis (M) is the last phase of the cell cycle. The first person to observe the mitosis in detail 

was a German biologist, Walther Flemming (1843-1905), who used aniline dyes to stain the 

chromosomes 206. Together with the replication of DNA, the mitosis event is important to enable 

cell proliferation, to ensure the faithful segregation of the genetic material to the two daughter 

cells, and to allow growth and tissue repair of multicellular organisms. Mitosis consists of different 

subphases (Figure 17): 

 
• In prophase, the nuclear envelope starts to disassemble, and the DNA compacts into 

chromosomes. 

• In prometaphase, the mitotic spindle assembles in a bipolar configuration, and centromeres 

interact laterally with the microtubules that arise from the poles of the mitotic spindle.  

• Upon this lateral interaction, the chromosomes are moved to the equatorial plate, reaching the 

metaphase. Once all chromosomes are aligned in metaphase, the Spindle Assembly Checkpoint 

(SAC) ensures that kinetochores and microtubules are properly attached and stabilised before 

anaphase.  

• If everything is functioning correctly, the checkpoint is satisfied, allowing the chromosomes 

to segregate during anaphase towards the two poles of the mitotic spindle in the two daughter 

cells. The transition in anaphase requires the degradation of different components involved in 

the chromatid cohesion and also cyclin B1 207,208.  

• Finally, cytokinesis occurs, an event characterised by the decompaction of chromosomes, 

reformation of the nuclear envelope, and constriction of the cytoplasmic membrane by a ring 

of myosin to finally split the cells into two. 

 

Mitosis with the proteins that are involved and the molecular mechanisms behind the process, will 

be discussed in detail in the next chapter. 
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Figure 17: Mitosis is characterized by chromosome congression to the metaphase plate. Chromosomes will later 

segregate to the poles into the 2 daughter cells 206.  

 

When mitosis is completed, the daughter cells are once again in G1 phase, and the cell cycle 

restarts. However, DNA damage, drugs, and telomere shortening all trigger signals of cell cycle 

arrest, leading to a Gap phase with a completely different profile of gene expression and 

metabolism 209. This senescent phase is called Gap0 (G0), and it can be both reversible and not. If 

senescence is reversible, the cells will be able to cycle back again through the different phases. G0 

phenotype is achieved when the cells sense some stress (i.e. DNA Damage, lack of nutrients, cell-

to-cell contact inhibition), but also when the cells age. Upon aging, in fact, telomere extremities 

are shortened, and this activates G0 entry (replicative senescence) 209. 

 

1.4.1 Cell cycle regulation 

The cell cycle is highly regulated, and this is based on two main protagonists. The cyclins and 

the Cyclin-Dependent Kinases (CDKs). While CDKs are always present and ubiquitously 

expressed, the cyclins are expressed only in specific phases, which allows the timely regulation of 

the progression of the cell cycle (Figure 18). 
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Starting from the G1 phase, growth factors stimulate the expression of D-type cyclins 210, which 

specifically activate the cyclin D-dependent CDK4 and CDK6 during this cell cycle phase 211,212. 

As a result, cyclin D/CDK complex phosphorylates substrates required for the next phase, such as 

the RetinoBlastoma protein (pRB), which is a tumour suppressor 213. pRB normally binds the 

transcription factors of the E2F family. The resulting pRB-E2F complexes repress the binding of 

E2F to gene promoters, thus pRB regulates the cell cycle progression 214–216. When cyclin D/CDK 

phosphorylates pRB, E2Fs are released, which allows the activation of the genes regulated by E2Fs 

214,217. One of the gene targets is cyclin E, which, once expressed, binds CDK2 to further 

phosphorylate pRB 218,219. This event is required to reach the G1-S boundary. Once cells enter S 

phase, a rapid turnover of cyclin E is observed with a subsequent decrease in E2F activity. Instead, 

cyclin A is expressed, and it can bind CDK2 220. The cyclin A/CDK2 complex further 

phosphorylates the E2F family 221.  

During the S phase, the pre-replicative complex (pre-RC) is activated for DNA replication. It is 

constituted by ORC (origin recognition complex) proteins 222. ORC proteins are activated by 

CDK2-based phosphorylation. Specifically, on one side, the phosphorylation is speculated to 

initiate replication of DNA; on the other side, it leads to a loss of affinity with the chromatin. This 

mechanism guarantees that each replication origin is activated only once per cell cycle 222,223. Also, 

cyclin A-dependent CDK2 signaling induces activation of new factors required to enter G2 and M 

phase 224–226.  

Upon G2 phase entry, the cyclin A associates with the CDK1 and cyclin B1 starts to be 

expressed. Cyclin B1 stays in the cytoplasm bound to CDK1 but inactive due to the 

phosphorylation induced by Wee1 and Myt1 kinases 227,228. Cyclin B1 is translocated to the nuclei 

only in early mitosis, where it triggers a cascade of phosphorylation events essential for mitotic 

entry, progression, and permanence 229–231. The cyclin A/ CDK1 will persist till the mitosis, where 

it plays a role in congressing the chromosome and in regulating the SAC 232. 

• Cyclin B1 is also transcribed during mitosis 233, and its absence in mitosis stops mouse embryos 

from proliferating 234. In mitosis, the cyclin B1/CDK1 complex is required to promote 

chromosome condensation, nuclear envelope breakdown, and nuclear lamina solubilization, 

mitotic aster assembly, and Golgi breakdown 230,231. Most importantly, cyclin B1/CDK5 

complex regulates mitotic spindle stability and chromosome segregation, thus preventing 

mitotic errors 235. Finally, during mitosis cyclin B1/CDK1 complex is located at the 

kinetochore complex, which is a protein complex that interacts with microtubules to permit 

chromosome segregation during mitosis. Cyclin B1/CDK1 is stripped away when 



35 
 

microtubules attach to kinetochores (Bentley et al., 2007; Chen et al.). Indeed, when the 

attachments are made and thus, the cells are ready to segregate the chromosomes, cyclin B1 is 

removed from the kinetochores and can be degraded by the Anaphase-Promoting Complex 

(APC) ensuring the mitotic exit (Yamano et al., 2004; Bentley et al.). Another target for 

degradation is Securin, which inactivates Separase. Separase is, then, able to cleave Cohesins 

that physically connect sister chromatids, allowing their separation and thus, chromosome 

segregation 238. Details of this cell cycle phase will be discussed in the next section. 

 
 

1.4.1.1 Regulation of CDKs 

The central machines that drive cell cycle progression are the CDKs. The catalytic subunits lack 

activity until the protein is bound by their cognate cyclin subunits, which are tightly regulated at 

both the levels of synthesis and ubiquitin-dependent proteolysis. Thus, the transition between one 

phase and the other of the cell cycle is based on the cell cycle expression of cyclin. However, cells 

employ an additional security plan, which is the regulation of the activity of the cyclin/CDK 

complexes through post-translational modification and CDK Inhibitors (CKI). 

Cyclin/CDKs are not fully active until phosphorylation on specific conserved threonine 

residues 239. Loss of such modification inactivates the CDKs. At the same time, phosphorylation 

at other specific residues, caused by CDC25, displays a negative effect on CDKs activities 239. 

CDK activity can also be negatively regulated by the binding of small inhibitory proteins, the CKI. 

The CKI consists of different families that inhibit the CDK in different ways 240,241. INK4 family 

consists of p16 INK4a, p15 INK4b, p18 INK4c and p19 INK4d, whereas the Cip/Kip family 

consists of three proteins, p21waf1/cip1, p27kip1, and p57kip2 (Figure 18) 240,241. While the INK4 

family blocks the progression of the cell cycle by competing with cyclin D in binding to the CDKs, 

the Cip/Kip family, instead, does not allow the phosphorylation of CDKs, which, thus, remain 

inactive. P21waf1/cip1 gene expression is regulated by p53, which is a transcription factor 

maintained at low levels by MDM2, which functions as a p53 ubiquitin ligase 242,243. Oncogene 

signaling, DNA damage, and replication stress induce p53 post-translational modifications to 

stabilize p53, which will tetramerize and be activated as a transcription factor 243,244. P53 regulates 

many biological processes according to the origin of stress. In detail, p53 promotes the 

transcription of genes involved in DNA repair and in cell cycle arrest, thus, p53 was named 

“Guardian of the genome” 244,245. Since p53 induces the transcription of p21waf1/cip1, cell cycle 

arrest through p21waf1/cip1expression is observed in many situations. Indeed, p21waf1/cip1 

interacts with the PCNA at the replicative fork; regulates the transcription event by binding and 
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inhibiting proliferative transcriptional factors E2F1, c-Myc, and STAT3, modulates the 

cytoskeleton and aids in the DNA repair establishing the fate of cells between arrest or apoptosis 

216,246–254.  

 

Figure 18: The cell cycle is regulated by the cyclin/CDK complexes. The INK4 and CIP/KIP proteins modulate 

CDK activity at different stages 255. 

 

1.4.2 DNA Damage response and cell cycle checkpoints 

Cells can be arrested during the cell cycle to repair DNA damage, resolve structural problems, 

or in response to stress signals, which includes the lack of essential growth factors, hormones, or 

nutrients. The presence of DNA damage or replication stress triggers the recruitment of the DNA 

Damage Response (DDR) enzymes, which consist of Ataxia Telangiectasia Mutated (ATM), 

Ataxia Telangiectasia and Rad3-Related (ATR) and DNA-PK 223,256,257. These enzymes belong to 

the phosphoinositide-3 kinase-related protein kinase (PIKK) family of serine/threonine kinases 

that induce a cascade of events to promote cell cycle arrest and DNA/Replication repair.  

DNA-PK is crucial for the repair of Double-Strand Breaks (DBS). DNA-PK is recruited through 

Ku80 binding to the DBS region, where DNA-PK will repair the lesion by the Non-Homologous 

End Joining (NHEJ), which involves ligation of two broken DNA ends without needing a repair 

template 257–259.  

ATM and ATR (Figure 19) both sense DNA damage. However, ATM responds mostly to double-

strand break ends induced in the presence of Ionizing Irradiation (IR), while ATR, which senses 

double-strand break as well, also reacts to UV or stalled replication upon replication stress 260,261. 
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ATR and ATM phosphorylate and activate, respectively Chk1 and Chk2 which, in turn, 

phosphorylate and inactivate Cdc25 phosphatases. Moreover, Chks induce other effects, which 

include, for example, p53 activation through phosphorylation 223
. Consequently, p53 activation 

leads to the expression of p21waf1/cip1, which triggers the cell cycle arrest 242.  

 

Figure 19: Different types of DNA damage induce the recruitment of DDR sensor and trigger  
the DDR pathway262. 

 

 

The regulatory mechanisms within the eukaryotic cell cycle that ensure the accurate and timely 

progression of cellular events are called checkpoints: 

• During the G1 phase, the sensors monitor the cells prior to the phase S (Figure 20). They 

establish the fate of the cells and regulate the transition G1/S; 

• S phase is characterized by an intra-phase checkpoint to support DNA replication (Figure 20); 

• G2 phase regulators ensure that everything is ready for mitosis (Figure 20); 

• Mitotic checkpoint SAC ensures the perfect condition for chromosome segregation (The SAC 

will be discussed in the dedicated paragraph). 
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Figure 20: Interphase checkpoints are connected to the DDR response to regulate the cell cycle progression 263. 
 

-G1/S transition checkpoint: During G1, the cells monitor the presence of nutrients and 

growth factors because, without them, the cells cannot proliferate. Upon reaching the G1/S phase 

transition, the checkpoint controls if the cells are ready to undergo the duplication of DNA in S 

phase. Once the cell surpasses such a restriction point, it cannot return to G1 anymore. The G1 to 

S transition is controlled by the p16-pRb pathway. P16 binds to CDK4/6, inhibiting its kinase 

activity, thereby preventing Rb phosphorylation 264. 

Interaction with other cells is known to affect cell behaviour. Indeed, contact inhibition triggers 

signals that stop cell proliferation even in the presence of nutrients 265. Moreover, upon aging, the 

telomere extremities shrink in length and trigger the replicative senescence in G0 209,266. In both 

scenarios, contact inhibition and senescence, the cells stop proliferating due to the presence of 

p21waf1/cip1 protein 267,268. When DNA damage occurs during the G1 phase due to, for example, 

exposure to chemical compounds or Reactive Oxidative Species (ROS), it must be resolved before 

the S phase entry to avoid that mutated DNA is inherited by the daughter cells. Indeed, the 

checkpoint at G1/S transition monitors this aspect and blocks the cell cycle through the DDR if 

DNA damage is present ensuring that the damage is repaired in time before the S phase.  

-Intra-S checkpoint: During the S phase, an intra-S checkpoint regulates the replication event 

to ensure that the DNA is replicated in the proper manner. Lack of nucleotides, proteins, or the 

formation of mismatches and DNA secondary structures, the presence of nicks and gaps during 

DNA replication are known to cause replication stress. All these problems are handled by the DDR 

269,270.  
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-G2/M transition checkpoint: The G2 phase is characterised by a major checkpoint to control 

the cell state prior to mitosis entry, and it includes the surveillance on eventual DNA damage. 

When DNA damage is produced during the S phase and not resolved, the cell can reach the G2 

phase which triggers, once again, the DDR.  

-SAC: SAC monitors the attachment between the microtubules of the mitotic spindle and the 

kinetochore complex and impairs the progression from metaphase to anaphase until every 

chromosome is correctly contacted by the mitotic spindle. Chromosome segregation is a crucial 

event highly regulated to ensure the correct number of chromosomes in the new generation of 

cells. Indeed, alteration of the chromosome segregation fidelity correlates with an alteration in the 

number of chromosomes and thus in the genome. For this reason, active control of the chromosome 

segregation dynamics is required to achieve perfect fitness. 
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1.5 The mitosis 

This chapter will focus on the mitosis, a key event required for the cell proliferation. It will 

outline and describe the structure and the molecular players involved in chromosome segregation.  

 

Mitosis is a critical process for ensuring genome stability. When mitotic errors arise, like a 

chromosome that is not aligned at the metaphase plate (misaligned chromosome) or does not 

segregate in time (lagging chromosome) during anaphase, aneuploidy can be induced and the 

proper balance of genes altered, thus jeopardising cell fitness, potentially leading to cell 

transformation. Therefore, proper regulation of mitosis is essential. 

Chromosome segregation relies on the interaction of microtubules with the kinetochore 

complex. Microtubules arise from the mitotic spindle. Instead, the kinetochore complex is 

recruited to the centromere. Each of these two components will be discussed in the next 

paragraphs.  

 

1.5.1 The mitotic spindle 

Upon entry into mitosis, the mitotic spindle starts to be assembled thanks to centrosome 

nucleation and duplication, which are regulated, among others, by Aurora A kinase 271. The 

centrosome is composed of pericentriolar material and the centrioles, which are barrel-shaped 

arrays of microtubules 272. The centrosome acts as the primary site of microtubule nucleation. 

Microtubules, in turn, are composed of α- and β-tubulin subunits that together generate long and 

dynamic filaments. The dynamics of polymerisation and depolymerisation of the microtubules 

generate the forces required to push and pull the chromosomes towards the equatorial plate in 

metaphase and to the opposite poles of the mitotic spindle in anaphase, respectively. Thus, the 

mitotic spindle formation is a crucial event for both chromosome congression and segregation. 

The microtubules that arise from the mitotic spindle are divided into 3 groups (Figure 21) 273:  

-Astral microtubules are able to place the poles to the cortex of the cell,  

-Kinetochore fibers physically interact with chromosomes at the kinetochore (k-fibers),  

-Interpolar microtubules extend from one spindle pole and reach the other spindle pole. 

To regulate microtubule fibers, different proteins are involved. The Microtubule-Associated 

Proteins (MAPs) interact with microtubules to rearrange their dynamics. Microtubules are 

characterised by a stable minus extremity, which fixes the microtubule in a specific position, and 

a plus extremity (plus-end), which is characterised by dynamicity and polymerisation. To this 
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regard, it is important to stabilise the microtubules plus-end when it is located at the kinetochore 

to achieve the kinetochore-microtubule attachment. To do this, the MAPs, such as +TIPs, move 

along the microtubule to locate at the plus-end favouring the stability and the loss of dynamics of 

tubulin 273,274.  

MAPs can also induce the stabilization of the microtubules, allowing the formation of the 

kinetochore-microtubule attachment. However, MAPs can also destabilise the microtubules, 

which is required both during the maturation of kinetochore-microtubule attachments and 

chromosome segregation.  

 

 
Figure 21: The spindle is characterised by microtubules with different roles. Astral microtubules aid in the 

positioning of the pole; K-Fibers interact with the kinetochore, and interpolar microtubules nucleate new 

microtubules 275. 
 

The stability of the microtubule plus end, namely the reduction of the depolymerisation speed, 

is important to ensure the building of microtubules and to avoid catastrophic events that can be 

generated when the depolymerisation speed surpasses the polymerisation one. The stability of the 

microtubules is ensured by several proteins, such as P150Glued and CLIP170. 

P150Glued is the largest subunit of the dynactin complex and is responsible for the binding to 

the microtubules. By regulating dynein, P150Glued has a fundamental role in regulating the 

mitosis 276–279 

CLIP170, the best-known exponent of the CLIP family, consists of cytoplasmic linker proteins 

that mediate the interaction of organelles with microtubules. CLIP170 supports cargo movements 

and metaphase chromosome alignment along the microtubules 280,281. The C-terminal domain of 
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CLIP-170 is responsible for its interaction with the kinetochore, whereas the binding of CLIP-170 

to microtubules requires the CAP-Gly domain 280,282. The CAP-Gly domain found at the N 

terminus also allows interactions with the EB family 273,274,283. 

If on one side the stability of the kinetochore-microtubule attachment is important, at the same 

time, the cell requires a dynamicity to allow chromosome segregation and movement. In this 

regard, MCAK recruited at the plus end of microtubules at the centromere, destabilises 

microtubules 284. MCAK is a kinesin 13 family member and, by forcing the depolymerisation of 

microtubules, is involved in the increase of the tubulin dynamics 285–287. To ensure that microtubule 

stabilisation is maintained up to anaphase, MCAK is inactive during the transport to the 

microtubule-plus end close to the kinetochore. and is phosphorylated on Ser92 and Ser186 by 

Aurora B 288–290. At the centromere, when bi-orientation of the kinetochore-microtubule 

attachment is achieved for all the chromosomes, the MCAK phosphorylation will be removed by 

PP1, a phosphatase that activates MCAK; thus, MCAK will localise to the kinetochore to 

depolymerise the microtubules for chromosome segregation.  

 

1.5.2 The Repetitive DNA along the chromosome 

In 1972, Susumu Ohn considered it “junk” DNA with no biological meaning (non-protein-

coding DNA) 291. However, in 1992, Emile Zuckerkandl revised the “junk” DNA, revealing that 

some sequences are still bound by proteins even if no functions were known 292.  

Until 2000, very little was known about repetitive DNA. Starting in 2001, the sequencing of 

the human genome 293,294, had difficulties in analysing the complexity of the repetitive DNA 

especially at the centromere and telomere 295. Using a database of Whole-Genome Shotgun (WGS) 

reads and frequency vectors 296, in the latest years, the researchers finally obtained the sequence 

of the human genome and thus, the sequence of an entire chromosome from one telomere to the 

other with the repetitive DNA included 297. 

 

Repetitive DNA can be divided into two categories (Figure 22): interspersed repeats and tandem 

repeats. Tandem repeats are Satellite DNA classified depending on the monomeric repeat length 

into microsatellites, minisatellites, satellites, and macrosatellites 298,299. Satellites consist of units 

up to megabases long, and characterise the centromeric region 298,300–302.  

The Interspersed repeats, instead, consist of mobile DNA sequences capable of transcribing, 

expressing, and excising themselves to insert into another region of DNA within genomes. Due to 
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their potentially dangerous nature, these elements are normally kept silenced by piRNAs and DNA 

methylation. 

 

 
Figure 22: Classification of repetitive DNA in the human genome 299. 

 

 

1.5.3 The Centromere 

The centromere appears as a constriction that divides the chromosome into two arms. 

Depending on centromere position, we distinguish metacentric chromosomes, when the 

centromere is located in the center of the chromosome, submetacentric when the centromere is 

slightly off-center, acrocentric if the centromere is located almost at the chromosome end, and 

telocentric if the centromere is instead located at the very end of the chromosome 303. The 

evaluation of a chromosome can occur in many ways. Chromosomes can be rearranged based on 

their length, on their centromere localisation, and finally through a band pattern staining. 

Moreover, the number of chromosomes can also be analysed. All these evaluations realise the 

Karyotyping of the cell. This technique is often studied to check for human pathologies (Figure 

23). 
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Figure 23: The Karyotype is an individual’s complete set of chromosomes, achieved through alignment of 

chromosomes based on their length and centromere location. Moreover, chromosomes can also be organised based 

on the pattern of bands 304. 

 

The centromere is fundamental to cell fitness as it is involved in kinetochore recruitment and 

chromosome segregation 305. Two regions can be distinguished: the pericentromere and the 

centromere core. The centromere core is characterised by long arrays of AT-rich α Sat repeated in 

tandem and provided with an epigenetically defined chromatin structure that contains CENP-A, 

which replaces canonical histone H3 306,307. Each monomer of α Sat DNA is composed of 171bp 

repeat units organised in Higher-Order Repeat units (HORs) (Figure 24 and 25) or in monomers 

that lack a higher organisational pattern 306–309. Moreover, α Sat arrays differ in HOR size and 

sequence based on the chromosome but only one HOR repeat per chromosome is characterised by 

the kinetochore recruitment and thus is active 306,307. The activation of α Sat HOR is based on a 

high level of methylated CpG in comparison to the inactive arrays, where, instead, CpG 

methylation is at low levels. At the same time, the active HOR is characterised by region with low 

amount of DNA methylation 307,310–312. 

The pericentromeric region, which flanks the centromere core, lacks CENP-A and is 

characterized by transposable elements and smaller arrays of diverged α Sat monomers that lack 

HORs 307,313,314. Moreover, at the pericentromere, we can observe non-α Sat repeat families, such 

as HSat2 and HSat3 that are present in every chromosome, especially on chromosome 9 296,307,315.  
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Figure 24: Schematic of a generalized human peri and centromeric region. α Sat DNA characterizes the 
HORs of the centromere 307. 

 

 

Figure 25: Different types of repetitive DNA characterise the chromosomes 307. 

 

1.5.3.1 CENtromeric proteins CENP-A and CENP-B 

CENP-A is a histone H3 variant that defines centromere identity, being essential for kinetochore 

assembly but dispensable for maintaining its function once established 316–325. Interestingly, 

CENP-A localises to the centromere core thus, at alpha satellites organised in HOR expansions 

(eight sites of identical duplications within a ~365-kb region) and characterized by low DNA 

methylation 306,307,311,312. CENP-A can show heterogeneity in its positioning between the same 

clone population at the boundary of the CDR 326. However, it is not the DNA sequence identifies 

CENP-A position nor the centromere functioning. This has been demonstrated with the existence 

of neocentromeres and with artificial centromeres that are built in non-repetitive DNA still 

allowing a functional kinetochore, due to the presence of CENP-A 322,327,328. Neocentromere, 

which occurs in the chromosome arms and not at the standard region, are still characterized by 

CENP-A enrichment and functionality. Directed Methylation with Long-read sequencing 

(DiMeLo-seq) for CENP-A, revealed that CENP-A enrichment at the neocentromere coincides 
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with a reduction in DNA methylation, suggesting that DNA methylation low levels contributed to 

the distribution pattern of CENP-A at the neocentromere and native centromere 326. Also, at the 

human native centromere heavily methylated inactive centromere is characterized by no CENP-A 

enrichment or kinetochore formation confirming that DNA methylation somehow regulates 

CENP-A positioning 326. Maintenance of the heterogeneity of CENP-A chromatin is also supported 

by H3K9me3 heterogeneity, which creates the boundaries for CENP-A recruitment 326.  

CENP-A loading at the centromere is mediated by the chaperone activity of HJURP 303,329–331. In 

this regard, lncRNAs, specific transcription at the centromere, and other protein complexes such 

as Mis18 are also required for the loading of CENP-A 332–335.  

CENP-A has a central histone fold domain similar to histone H3, flexible N- and C-terminal tails, 

and a specific Centromere Targeting Domain (CATD). The CATD interacts with the HJURP 

chaperone, which ensures CENP-A is incorporated into the centromeric chromatin (Figure 26). 

The flexible N-terminal or C-terminal tails, instead, bind to the CENtromeric Protein B (CENP-

B) or the CENtromeric Protein C (CENP-C), respectively (Figure 26) 324,336,337. In fact, in RPE-1 

cells, the CATD was enough to establish the epigenetic conditions required for cell cycle-

dependent loading, but that condition was not enough to maintain CENP-C at the kinetochore 337. 

CENP-C was maintained at the centromere, suggesting a functional kinetochore. This is also 

confirmed by Longdson and colleagues, who induced the formation of a neocentromere and 

observed that the establishment of the centromere requires the CATD domain and a N-terminal 

region 328.  

Differently from the other histones that are loaded onto the DNA during replication, CENP-A 

incorporation occurs during late telophase and the following early G1 phase in humans. Instead, 

during the S phase, pre-existing CENP-A is redistributed onto newly replicated centromeric DNA, 

thus diluting the amount of CENP-A to half 306,337–340. Since the deposition of CENP-A occurs in 

the early G1 phase, this suggests a cell cycle-based regulation of CENP-A recruitment to the 

centromere. Indeed, CDK1 and CDK2 regulate Mis18BP1, HJURP, and CENP-A itself through 

phosphorylation 303,341–344. While phosphorylation by CDKs usually prevents kinetochore 

assembly, phosphorylation of CENP-A by PLK1 favours CENP-A loading at the centromere 342.  

CENP-B is the only centromeric protein that binds a specific 17-bp repetitive DNA sequence 

known as CENP-B box 303,345. Even if cells can survive without CENP-B and viable mice can be 

generated in its absence 346–348, this protein has been observed to support the faithful segregation 

of chromosomes, likely by influencing the recruitment of CENP-A through CENP-B N-terminal 

domain 349,350. Importantly, CENP-B can interact with CENP-C, strengthening the connection 
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between CENP-A and CENP-C, and thereby promoting the subsequent recruitment of the 

kinetochore complex 349,351.  

 

 

Figure 26: HJURP recruits CENP-A at the centromere. CENP-A, in turn, recruits CENP-C and CENP-B to 

ensure the assembly of the kinetochore complex 352. 

 

1.5.3.2 Epigenetic regulation of the centromere 

 A peculiarity of repetitive DNA is its high dynamics in opening and closing the state of 

chromatin. Indeed, transcriptional event still occurs at the centromere core. The presence of the 

RNAP II at the centromeric region confirms that transcription is still performed in this region 

despite the heterochromatinization of DNA 353,354. However, the centromere is a gene-poor region; 

still, transcription occurs at the repetitive DNA. Depending on which repetitive DNA locus is 

transcribed, transcripts have distinct molecular functions. There are transcripts arising from α Sat 

of active centromeres that are physically associated with CENP-A and CENP-C. Instead, α Sat 

transcripts arising from inactive arrays interact with CENP-B 335. Moreover, in Xenopous Laevis 

egg extracts, centromeric ncRNA are required for the localisation of the kinetochore and Aurora B 

kinase, which is involved in the correction of the wrong attachment, reinforcing the idea that 

centromeric transcripts are required to preserve the cell fitness 355,356.  

If from one side the transcription event is important, on the other side, centromere DNA is 

mainly characterised by repressed heterochromatin. Thus, a balance between open and closed 

chromatin is necessary. The pericentromere is composed of constitutive heterochromatin, which, 

as previously discussed, is important to preserve the fitness and genome stability 357,358. 

Constitutive heterochromatin is characterised by the tri-methylation of the histone H3 at the 

Lysine9 (H3K9me3) performed by the histone methyl transferase SUV39h1 359. H3K9me3 is 
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mostly located at interspersed repeats of the pericentromere 360,361. HP1 also characterises the DNA 

of the centromere and, together with SUV39h1, it further improves heterochromatinization by 

recruiting DNMTs and inducing DNA methylation 362. 

At the same time, DNA methylation can also attract more HP1 proteins that will increase the 

recruitment of SUV39h1. It is important to mention that ncRNA also stabilizes SUV39h1, showing 

once again that transcription of centromeric repetitive sequences is important for centromere 

biology 363.  

Despite the recruitment of DNMTs at centromeres, DNMT1 single null or DNMT3A/DNMT3B 

double null mouse embryonal stem cells do not alter H3K9me3 and HP1 localization at long Sat 

of pericentromeric heterochromatin 360. In the absence of DNMTs or SUV39h1, however, MeCP2 

is reduced at the centromere 360. These studies suggest that it is important to maintain the 

compaction of DNA and that the cell has a mechanism to compensate for defects that would lead 

to a loss of constitutive heterochromatinization at the centromeric region. However, the absence 

of DNA methylation correlates with a change in histone modification due to transcriptional 

activation 360,364. DNMT3A/DNMT3B double null phenotype has a non-complete loss of DNA 

methylation due to the presence of DNMT1; thus, Lehnertz and colleagues, do not exclude that 

the complete absence of DNA methylation could affect the centromere heterochromatinization. 

Indeed, triple DNMTs null mice die at early stages of development which confirms the importance 

of DNA methylation. 

 

1.5.3.3 The Kinetochore assembly 

At the centromere, CENP-A serves as the foundation for a hierarchical protein assembly that 

culminates in the recruitment of the outer kinetochore complex and fibrous corona proteins. 

Specifically, three complexes are sequentially recruited starting from CENP-A:  

• The Constitutive Centromere-Associated Network (CCAN),  

• The KNL1-MIS12-NDC80 network (KMN), 

• The fibrous corona. 

-CCAN: The CCAN is the first protein complex to interact with CENP-A, acting as a bridge 

for the recruitment of the kinetochore. Indeed, the CCAN may be considered part of the inner 

kinetochore complex, which interacts with the centromere. At least 16 CENPs non-histone proteins 

craft the CCAN (Figure 27) 365 and they can be grouped into five sub-complexes: CENP-C, CENP-

L-N, CENP-H-I-K-M, CENP-T-W-S-X, and CENP-O-P-Q-U-R 366. CRISPR/Cas9 knockdown 
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experiments have shown that depletion of each one of these proteins disrupts the stability of the 

network, demonstrating that these proteins interact and depend on one another 366. Among them, 

the most relevant proteins that I will focus on are the centromeric protein CENP-C and CENP-T 

as they are able to recruit the outer kinetochore complex independently 367–370.  

CENP-C is the most important upstream component of the CCAN network 371,372 because it 

directly interacts with CENP-A to mediate kinetochore recruitment 373–375. Indeed, CENP-C 

contains a centromeric targeting domain required both for targeting CENP-C to the centromere 

and for binding heterochromatin 350,375–377 . The C-terminal domain allows CENP-C dimerization 

378,379 and interactions with histone H3 and, preferentially, CENP-A 350,377. In humans, CENP-C is 

characterised by an N-terminal region that interacts with the CENP-K and MIS12 complex, which, 

in turn, is a component of the KNM complex. This interaction is necessary for the full recruitment 

of the kinetochore complex at the centromere 380–383. CENP-C supports the recruitment of other 

CENP complexes, such as CENP-H-I-K-M and CENP-T-W-S-X complexes 350,384. CENP-C is also 

required for CENP-L-N localization 366. Vice versa, CENP-L-N supports the recruitment of CENP-

C during G1/S phase 366.  

CENP-T is the second important upstream element for CCAN formation. Indeed, CENP-T 

interacts with centromeric DNA in a CENP-A-independent manner to establish an alternative 

pathway for the recruitment of the CCAN 385,386. When CENP-T interacts with CENP-W, the 

CENP-T-W complex recruits the CENP-S-X to create the CENP-T-W-S-X complex, which is 

recruited at the centromere via the CENP-H-I-K-M, CENP-L-N complexes and CENP-C 366. Loss 

of CENP-T by an inducible degron leads to a reduction of the CENP-H-I-K-M and CENP-L-N 

complex suggesting a mutual needs 366. Finally, CENP-T interacts with NDC80 and MIS12 

complexes to recruit them to the kinetochore complex 367,369,370,387.  

-KMN: Once the CCAN is recruited, from the late G2 phase to mitosis, the KMN can localize 

to the centromere. The KMN is a complex that, together with the fibrous corona, forms the outer 

kinetochore (Figure 27 and 28). The KMN interacts with the microtubules arising from the mitotic 

spindle to ensure the chromosome segregation event. It is made up of ten subunits, which create 3 

complexes KNL1, MIS12 and NDC80. The KMN is recruited by both CENP-C and CENP-T.  

 KNL1 complex contains the Knl1 and Zwint subunits 303,388. Via the C-terminal region of Knl1, 

the complex interacts with MIS12 389,390. Instead, Zwint interacts with the C-terminal region of 

Knl1 to recruit ROD-ZW10-ZWILCH (RZZ), which characterises the fibrous corona 390–392.  

MIS12 complex is composed of Mis12, Pmf1, Nsl1, and Dsn1 subunits 303,388. The binding to 

CENP-C occurs through the Dsn1 and Nsl1 subunit 388. Also, via the C-terminal tail of Nsl1, Mis12 
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recruits KNL1 and NDC80 complexes 390. MIS12 acts as a bridge between CENP-C, KNL1, and 

NDC80, thus supporting kinetochore functioning 368,390,393. Importantly, MIS12 recruits 

components of the SAC, both Bub1 and BubR1, and thus, it also acts as a hub for cell signaling 

389. 

NDC80 complex consists of four subunits Highly Expressed in Cancer 1 (Hec1), Nuf2, Spc24, 

and Spc25 subunits 303,388. Hec1 CH domain at the N-terminal region interacts with the C-terminus 

of the microtubule and Nuf2 subunit 394,395. Instead, the C-terminus of the Spc24 and Spc25 

subunits is used for the interaction with MIS12 303,394–397. Moreover, components of the SAC, such 

as MAD1 and MAD2, locate near Hec1 398. 

  

 

 
Figure 27: Schematics of the most important elements of the kinetochore complex. In pink the CCAN which 

interacts with the centromere and in light blue the KMN network which interacts with the CCAN and the 

microtubules 399. 
 

-The fibrous corona: The fibrous corona (Figure 28) acts as a scaffold for the recruitment of 

different proteins involved in the attachment to the microtubules. Indeed, the fibrous corona 

promotes chromosome alignment and SAC signalling 400. To form the fibrous corona, different 

proteins are recruited at the kinetochore, such as the RZZ complex and Spindly. However, once 

the fibrous corona is established, SAC proteins, dynein, the CENtromeric protein E (CENP-E), 

and MAPs characterise the fibrous corona as well 399.  
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Figure 28: Schematics of the fibrous corona RZZ-Spindly complex. Dynein and Dynactin are located at the 

fibrous corona when the kinetochore is not bound to the microtubules 399. 
 

Dynein, a cell motor, localises at the kinetochore complex thanks to an interaction with 

P150Glued 276,401–403. Specifically, P150Glued supports the kinetochore localisation of dynein by 

allowing the interaction with microtubules 273,403,404. Another important cell motor that locate at 

the fibrous corona is CENP-E (or kinesin 7) 405. CENP-E is important from one side, to allow 

chromosome congression in metaphase and, from the other side, to permit the realisation of the 

first, yet immature, lateral kinetochore-microtubule attachments.  

 

 1.5.4 Chromosome congression  

Upon mitosis entry, the density of microtubules favours numerous lateral interactions with the 

unattached kinetochores, which allows chromosomes to move and congress to the mitotic spindle 

equator 399,406,407. The chromosomes that locate in the middle region between the spindle poles can 

be more easily attached by microtubules arising from the opposite spindle poles (bioriented state) 

and reach the equator. However, some chromosomes are located near the astral tubulin and have a 

mono-oriented state. These chromosomes can still interact with the microtubules from the other 

pole and thus, move to the chromosome plate. To do this, the chromosome located at the pole must 

overcome the Polar Ejection Forces (PEFs) applied by spindle pole microtubules, which push the 

arms of chromosomes away from the spindle. These forces are both based on microtubules 

dynamics and cell motor chromokinesin 408,409. To counteract these forces, CENP-E and dynein 

play antagonistic roles at the kinetochore, independently from the chromosome biorientation 

(Figure 29). Dynein allows the peripheral movement of the chromosome towards the spindle pole 
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277,278,409. Once the spindle pole is surpassed, and the chromosome is located between the two 

spindle poles, CENP-E interacts with the microtubules allowing the chromosome to move and 

congress towards the equatorial plate, even if there is no bi-oriented attachment yet 410,411. CENP-

E function is regulated by Aurora A and Aurora B kinases-dependent phosphorylation. Although 

the phosphorylation occurs at the same residue, Aurora A dependent phosphorylation promotes 

chromosome congression from the pole to the equatorial plate, while Aurora B dependent 

phosphorylation prevents premature CENP-E removal from the kinetochore 411. Indeed, inhibition 

of Aurora B kinase leads to a loss of CENP-E from the kinetochore during early mitosis 412. Both 

Aurora kinases are active during mitosis, however, Aurora A is located at the spindle pole, while 

Aurora B is at the kinetochore. This positioning creates a gradient of kinases that can efficiently 

regulate CENP-E and the process of mitosis itself.  

 

Figure 29: Representative image of the peripheral and direct congression generated by dynein and CENP-E 409. 
 

CENP-E facilitates the establishment of kinetochore-microtubule attachments, as depletion of 

CENP-E in human HeLa cells reduces the efficiency of chromosome congression and abolishes 

detectable interactions between kinetochores and microtubules 410,413. CENP-E plays a 

fundamental role in creating lateral attachments, which must subsequently be converted into stable 

end-on attachments 413. Notably, depletion of Hec1 by siRNA impairs the formation of end-on 

kinetochore-microtubule attachments without affecting the lateral chromosome interactions, 

indicating that lateral attachments represent an immature intermediate state preceding end-on 

connections 413,414.  
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1.5.5 Kinetochore-microtubule end-on attachment 

The exact mechanism to convert the lateral into an end-on attachment is not known yet, 

however, it was observed that MCAK and CENP-E play a role in kinetochore-microtubule 

attachment maturation from the lateral interaction to an end-on interaction 413. Since lateral 

kinetochore-microtubule attachments are not the correct configuration, Aurora B kinase remains 

active 415. At the outer-kinetochore, two major phosphatases (KNL1 associated PP1 and BubR1 

associated PP2A) counteract Aurora B activity and are required to ensure stable kinetochore-

microtubule attachments. Shrestha and colleagues, observed that both phosphatases are required 

for end-on attachment, however, the phenotype was stronger when PP2A was mutated 415. 

 Once the kinetochore-microtubule end-on attachments are established, many factors step in to 

maintain the stability, such as Astrin, SKA complex and, as described above, Hec1 416–423.  

Astrin is recruited at the kinetochore-microtubule end-on interaction in a microtubule-

dependent manner 413,424,425. Via its C-terminal domain, Astrin interacts with Hec1 (Figure 30). 

Moreover, since Astrin is in a complex with PP1, Astrin localization at the kinetochore, enables 

the recruitment of the PP1 that, in turn, promotes the recruitment of more Astrin strengthening 

kinetochore-microtubule stability (Figure 30) 421. Also, PP1 can counteract Aurora B function by 

directly interacting with KNL1 and CENP-E to interfere with the substrates phosphorylated by 

Aurora B 411,426. Impairment of Astrin has been correlated with improper kinetochore-microtubule 

attachments and, thus, SAC activation and impairment of chromosome segregation 415,421,425.  

Ska subunits 1,2, and 3 compose the SKA complex, which, by interacting with Hec1, are able 

to stabilise kinetochore-microtubule end-on attachment (Figure 30) 423. SKA complex is not part 

of the kinetochore complex as it is not required for the structural formation of the kinetochore, 

instead, depletion of one of SKA components impairs kinetochore-microtubule attachments, 

increases mitotic errors, and induces cold sensibility of kinetochore-microtubule attachments 

419,423,427,428. Moreover, loss of the Ska subunits through RNA interference induces a higher 

recruitment of SAC proteins confirming the realisation of non-stable kinetochore-microtubule 

attachment when SKA complex is missing 427,429.  
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Figure 30: Schematics of Astrin, PP1 and SKA recruitment in the realisation of stable kinetochore-microtubule 

attachments. The stable attachments occurs when Aurora B activity is reduced 421. 
 

Another event that stabilises the kinetochore-microtubule end-on attachment is corona 

shedding, which is the removal of the corona and SAC components away from kinetochores 

mediated by the Dynein motor 399. CENP-E also seems to be characterised by a stripping process, 

because unattached kinetochores correlate with an increase in CENP-E signal at the kinetochore 

430. Also, once the kinetochore-microtubule end-on attachment is established, the kinetochore-

microtubule attachment persists during mitosis. However, chromosome segregation can occur only 

when all kinetochores are attached, stabilised, and correctly oriented. This is ensured by Aurora B 

kinase, which corrects wrong attachment. Once the kinase concludes its work, Aurora B gradient 

will be adjusted to allow dephosphorylation of Aurora B substrates. 
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1.5.6 Correction of the kinetochore-microtubule attachments 

Accomplice the fact that mitosis is a rapid event within the cell cycle, different erroneous 

attachments can arise during chromosome segregation (Figure 31). For example, microtubules 

originating from the same spindle pole may attach to the kinetochores of both sister chromatids, 

generating a syntelic attachment 431. Moreover, microtubules from both spindle poles may attach 

to a single kinetochore, resulting in a merotelic attachment, which generates unbalanced forces 431. 

In other cases, only a single microtubule attaches to a single kinetochore, producing a monotelic 

attachment. All of these erroneous configurations must be resolved to establish the correct bi-

oriented or amphitelic attachment 431. The correct orientation ensures a balance in the kinetochore-

microtubule tension forces that turn off the SAC and allow the progression of mitosis from 

metaphase to anaphase.  

 

 
Figure 31: Schematics of different types of attachment. Wrong attachments affect mitosis and thus they must be 

corrected to favour amphitelic attachment, which is characterized by balanced tension between microtubules and 

chromosomes 431. 
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Once microtubules interact with the kinetochore complex through Hec1, the Chromosomal 

Passenger Complex (CPC) takes care that the attachment is correct. The CPC is composed by 

Aurora B kinase and three non-enzymatic subunits: INCENP, Survivin, and Borealin 432. INCENP 

serves as a scaffold protein that interacts with and coordinates the assembly of the other three 

components 432. During prometaphase and metaphase, INCENP associates with chromosome arms 

and subsequently relocates to the kinetochores, thereby increasing the local pool of Aurora B 

kinase in this region. Survivin and Borealin ensure the correct localisation and activity of the CPC 

complex 432. Aurora B is a Ser/Thr kinase that binds the IN box of INCENP, which is close to its 

C terminus. As such, INCENP can be phosphorylated thus, enhancing the kinase activity of Aurora 

B in the complex (Ruchaud, Carmena, and Earnshaw, 2007). Aurora B specifically inhibits the 

formation of mature kinetochore-microtubule end-on attachments favouring the lateral 

attachments 415. When the bi-orientation and appropriate kinetochore-microtubule tension are 

achieved, the gradient of Aurora B kinase reduces, as previously discussed, preventing interaction 

and phosphorylation of targets at the outer kinetochore (Figure 32) 433. The change of the Aurora 

B gradient is also important to regulate proteins like MCAK, which, depolymerise the 

microtubules to ensure chromosome segregation, as discussed above 288,290. Similarly, Aurora B 

phosphorylates Hec1 when tension is low, and this leads to kinetochore-microtubule detachment 

allowing the possibility to correct the unstable attachment 431,434,435. However, this process is quite 

dynamic as different serine residues of Hec1 (Ser55, Ser44, Ser15, and Ser8) can be 

phosphorylated by Aurora B 433. Strikingly, once chromosomes are congressed and Hec1 

phoshorylation is removed, Aurora B is not able to phosphorylate these residues again if 

microtubules are exposed to microtubule-depolymerising drugs 433. 

As discussed above, Aurora B activity interferes with PP1 activity within the Astrin:PP1 and the 

KNL1 complexes 425 inducing instability of kinetochore-microtubule attachments 426. Also, Aurora 

B mediated phosphorylation of CENP-E reduces its affinity for microtubules and impairs PP1 

binding, further destabilizing the attachments 411.  
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Figure 32: Tension from the correct attachment negatively regulate Aurora B kinase and SAC activities 431. 
 

 

Aurora B has been observed to be regulated by transcripts arising from the SatI which associate 

with it in mitotic HeLa cells 436. This type of transcripts, when absent, induce up-regulation of 

Aurora B and delocalization of the CPC from the centromere region. Interestingly, cells have a 

grape-shape phenotype of the nuclei, a phenotype also achieved when Aurora B is silenced 436. 

The same happens in Xenopus Laevis, where treatments with RNAse or inhibitor of RNAP II affect 

Aurora B activity and localization at the centromere 354,437. 

 

1.5.6.1 Role of Aurora A in error correction 

During mitosis, once a K-Fiber attaches to a kinetochore, it undergoes depolymerization to 

move the chromosome to the metaphase plate. The depolymerization pulls the attached sister 

kinetochore toward one of the spindle poles, 438. This movement generates tension within the inter-

kinetochore space, which is defined by the centromere and cohesins. The other sister kinetochore 

is also subjected to these forces through the physical linkage maintained by cohesins. The 

movement of the chromosomes or the kinetochore at the metaphase plate is an event named 

chromosome or kinetochore oscillation (Figure 33). Loss of the chromosome oscillation 

dynamicity correlates with high rates of chromosome missegregation in cancer. Thus, chromosome 

oscillation favours instabilities to actively correct the errors 438.  
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Figure 33: examples of forces that occurs at the chromosome 438. 

 

Chromosome oscillation at the metaphase plate induces the phosphorylation of Hec1 at the 

Ser55 (S55p). This phosphorylation is generated by Aurora B, but it is also ensured by Aurora A 

kinase activity as chromosomes approach the spindle poles 433,438. Indeed, the chromosome 

oscillation and Hec1 phosphorylation are lost when microtubules are stabilized with 

depolymerization-inhibiting drugs. Although Aurora A is primarily concentrated at the spindle 

poles, a small fraction localizes to the centromere through INCENP, where it phosphorylates Hec1 

to stimulate kinetochore oscillations 439. Iemura and colleagues further demonstrated that, in 

normal cells, Hec1 S55p occurs at the edges of the metaphase plate 438,440. By contrast, HeLa cells 

lack this phosphorylation at the metaphase plate and display reduced oscillatory dynamics 

compared to normal cells 440. Consistently, cancer cells with high rates of mitotic errors also exhibit 

reduced oscillations relative to cancer cells with fewer errors 438. Since Hec1 S55p correlates with 

less mitotic errors, Aurora A activity at the metaphase plate seems to contribute to error correction. 

Inhibition of Aurora A results in merotelic attachments and missegregating or lagging 

chromosomes 439,440. Thus, Aurora A- and Aurora B-based phosphorylation of Hec1 at serine 55 

improves error correction and promotes mitotic fidelity. 

 

1.5.7 The Spindle Assembly Checkpoint (SAC) 

To ensure faithful chromosome segregation, cells rely on the SAC. This surveillance mechanism 

continuously monitors mitotic progression and halts it if proper amphitelic attachments are not 

established. Once correct kinetochore-microtubule attachments are achieved and the resulting 

tension is generated, the SAC is satisfied, and it will allow the mitosis to proceed. Alteration of 
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the fidelity and thus, SAC defects, leads to aneuploidy with potential proteotoxic and tumorigenic 

effects 441. 

 In the 1990s, two main models were proposed to explain SAC activation during mitosis. Rieder 

and colleagues proposed that the checkpoint responds to the absence of kinetochore-microtubule 

attachment, whereas McIntosh and Li and colleagues emphasised the role of missing tension 442–

444. Current evidence indicates that attachment stability and tension are interconnected, and both 

mechanisms contribute to the fine regulation of mitotic progression. 

 The SAC signal is primarily generated at unattached kinetochores and transmitted by the 

Mitotic Checkpoint Complex (MCC), which includes conserved proteins such as MAD1, MAD2, 

MAD3 (BubR1 in humans), Bub1, Bub3, and Mps1 392,445–448. While MAD proteins monitor 

attachment, Bub1, BubR1, Bub3, and CENP-E additionally sense tension and are removed from 

kinetochores upon stable end-on microtubule attachment through dynein-mediated stripping 449.  

MAD1 and MAD2 play a central role in SAC signaling. Both are expressed from the G1 phase, 

with MAD2 expression peaking in G2/M phases 450,451. MAD1 localizes to unattached 

kinetochores, where it recruits MAD2 399,452,453. MAD2 can adopt two distinct conformations: the 

open cytosolic form (O-MAD2) and the closed active form (C-MAD2). The binding of O-MAD2 

to MAD1 or Cdc20 converts it into the closed conformation 445,454, which, instead, is recruited to 

kinetochores. C-MAD2, in complex with MAD1, can still dimerise with O-MAD2 which, then, 

captures Cdc20, forming a C-MAD2-Cdc20 complex that inhibits the APC/C and blocks anaphase 

onset (Figure 34) 445,452,454–457. Once all kinetochores achieve proper attachment, the 

MAD1/MAD2 complex is removed, and thus, no more MAD2 is recruited at the kinetochore. As 

a result, Cdc20 is released to activate the APC/C, allowing progression into anaphase (Figure 34). 
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Figure 34: MCC blocks the activity of the APC/C when the kinetochore-microtubule attachment is absent. The 

realization of the correct attachments results in chromosome bi-orientation, and in the removal of MCC from the 

kinetochore, which leads to activation of the APC/C and progression to anaphase 458. 
 

Many proteins further regulate this complex process, such as MPS1. MPS1 interacts with Hec1 

at unattached kinetochores. Here, it phosphorylates the KNL1 complex to trigger the recruitment 

of Bub1/3 and MAD2 445,459–466. Once again, when kinetochore-microtubule end-on attachments 

are formed, MPS1 is not able to interact anymore with the kinetochore 464.  

Aurora B ensures proper SAC function by regulating kinetochore-microtubule attachment. It 

promotes the correction of erroneous attachments (see above) and the recruitment of SAC proteins 

such as BubR1, MAD2, CENP-E, and Dynein at the kinetochore 467–470.  

Once SAC is satisfied, APC/C is active and degrades cyclin B1 to ensure the exit of mitosis and 

Securin. The degradation of Securin activates the Separase, which cleaves the cohesins to allow 

sister chromatids separation and chromosome segregation 238. The cohesins are further protected 

by SGO1 which is also a target of the APC/C complex. Sgo1 prevents chromosome segregation 

before reaching anaphase and blocks SAC satisfaction by recruiting the phosphatase PP2A to 

protect cohesin from degradation.  
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2 AIM of the thesis  

DNA methylation pattern changes upon aging and in cancer. In cancer cells, promoters of 

tumour suppressor genes are often hypermethylated, whereas repetitive DNA is frequently 

hypomethylated. Different approaches in recent studies correlated DNA methylation loss with 

aneuploidy 471–473 which is a hallmark of cancer cells. However, the mechanisms that connect DNA 

methylation and aneuploidy are not fully understood yet. By using the Auxin Inducible Degron 

(AID) system approach to remove DNMT1 and achieve a global DNA methylation loss, I focused 

on the following goals: 

• evaluate the effect of DNMT1 absence in normal Retinal Pigment Epithelial hTert 

immortalized (RPE-1) cells, distinguishing between the effect of the enzyme absence per se 

and of the loss of DNA methylation. the results of this part of the thesis have already been 

published, and I will attach here the published version of the article (I performed the majority 

of the experiments, and I participated in the writing of the draft). RPE-1 cells have been used 

only for cell cycle analysis because this cell line is not suitable for the second goal of the thesis. 

•  study the chromosome segregation event in colon-rectum DLD-1 cancer cells upon DNA 

methylation loss and understand the molecular mechanism behind the acquisition of 

aneuploidy during DNA hypomethylation. 
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3 Materials and methods 

3.1 Cell culture 

Normal Retinal Pigment Epithelial hTert immortalized (RPE-1) cells were previously 

engineered to express the F-box protein TIR1 and the endogenous DNMT1 tagged at the N-

terminus with Auxin Inducible Degron (AID) and mNeon Green (NADNMT1) 472. RPE-1 culture 

media, and RPE-1-related experiments are discussed in the paper that is attached to the thesis.  

The attached paper discusses the results I achieved analysing RPE-1 during my thesis; instead, 

the following part of the thesis will focus on the analysis of cancer cell line DLD-1  

Colon-rectum cancer cell line DLD-1 was previously engineered to express the F-box protein 

TIR1 and the endogenous DNMT1 tagged at the N-terminus with AID and mNeon Green 

(NADNMT1) 472. DLD-1 NADNMT1 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM; Corning/Gibco) supplemented with 10% bovine fetal serum, 1% L-Glutamine and 

occasionally Penicillin and Streptomycin mix. Cells were grown at 37 °C in a humidified 

atmosphere with 5% CO. 

Used drugs: Water-soluble auxin (indole-3-acetic acid sodium salt (IAA) (I5148; Sigma-

Aldric)) was used at 500 µM. This low concentration of IAA has already been documented not to 

affect RPE-1 cell growth 474,475. For the IAA washout, DLD-1 NADNMT1 cells were washed twice 

with 1x PBS and incubated for 5 min with cell media. After the incubation, the cells were washed 

again twice with 1x PBS and left in warm fresh cell media.  

Depending on the experiments, different mitotic drugs were also used. S-Trityl-L-cysteine 

(STLC) at a concentration of 20 µM for 12h; MG132 at the concentration of 10 µM for up to 3h; 

Colcemid at the concentration 0,2 µg/ml for 3h; Nocadozole at the concentration of 10 µM for 3h. 

The STLC release was achieved by washing with warm media 3 times with 5 minutes incubation 

with media. This wash step was repeated up to 4 times. 

 

3.2 Cell growth measurement 

DLD-1 NADNMT1 cells were seeded in 12-well plates and treated with IAA for up to 10 days. 

At the indicated time points, the cells were detached by trypsinization, stained with Trypan Blue 

solution at a 1:1 ratio, and counted with a Burker chamber. The experiment was performed in 

triplicate for each condition. 
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3.3 Colony Assay 

DLD-1 NADNMT1 cells were seeded in 100 mm dishes treated with IAA for up to 7 days. On 

the 7th days, the cells were trypsinised and seeded at low confluency (500, 1000 or 2000 cells per 

well) in a 6-well multiwell and treated for additional 14 days. The cells were then washed with 1x 

PBS, fixed with cold methanol for 5 min, and stained with Crystal Violet solution for 1 min. 

Finally, the cells were washed with 1x PBS until the colonies were visible. The experiment was 

performed in triplicate for each condition. 

 

3.4 Immunoblot 

DLD-1 NADNMT1 cells were grown in 100 mm dishes and split before reaching the 80/90% 

confluency. On the established day, the cells were collected by trypsinization, washed with PBS, 

and lysed in 1X Laemmli buffer (0.05 M Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.01% 

bromophenol blue, 50 mM β-mercapto-ethanol). 

The samples were loaded in a 6%, 10% polyacrylamide gel or in a 4 to 15% precast gel. The 

gels were blotted on a PVDF membrane overnight at 30V or for 1h at 100V. After 30 min of 

Blocking with 5% milk in PBS with 0.1% Tween-20, the membranes were incubated with the 

following antibodies diluted in the blocking solution overnight at 4℃ or for 1h at room 

temperature: DNMT1 (1:100, SantaCruz H-12: sc-271729), p21waf1/cip1 (1:200; SantaCruz F-5: 

sc-6246), p53 (1:200; SantaCruz DO-1: sc-126), Vinculin (1:1000; Gene Tex: GTX109749-S), 

Actin (1:2000; Invitrogen: 5047778), GAPDH (1:5000; Proteintech: 80570-1-RR), β-Tubulin 

(1.200; Sigma) CENP-A (1:1000; Enzo; #Adi-kam-cc006-E), CENP-E (1:100; SantaCruz; sc-

376685), Hec1 (1:500; SantaCruz; sc-515550), phospho S55-Hec1 (1:1000; Genetex; 

Gxgtx640829-s), MAD2 (1:500; SantaCruz; sc-47747), Aurora B (1:1000; BD bioscience; 

#611082), Sgo1 (1:200; SantaCruz; sc-393993), P150Glued (1:1000; BD bioscience; #610473). 

Upon primary antibody incubation, the membranes were washed with PBS with 0.1% Tween-20 

and incubated with HRP-conjugated secondary antibody either anti-mouse or anti-rabbit 

(Invitrogen and Promega) diluted in 5% milk in PBS with 0.1% Tween-20 for 1h. After the 

incubation, the membranes were washed again and incubated with 1:1 Luminol-Enhancer solution 

(Femto, Invitrogen or ECL, Biorad), and the chemiluminescence signal was then visualized at the 

Bio-Rad ChemiDoc™ Imager. When the proteins shared the same molecular weight (Hec1 and 

Hec1 S55p) the membrane was incubated first with the antibody anti-phospho S55-Hec1 produced 
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in rabbit. After the image acquisition, the membrane was stripped with a Restore western blot 

stripping buffer (Pierce) and reblocked with 5% milk in PBS with 0.1% Tween-20. After blocking, 

the membrane was incubated with the antibody anti-Hec1 produced in mouse. The images were 

quantified with IMAGEJ. The experiment was performed at least in triplicate for each condition. 

 

3.5 RTqPCR 

RNA was extracted with TRIzol Reagent (Thermo Fisher Scientific) following the 

manufacturer’s instructions. 

Purified RNA was then quantified using Nanodrop™ and loaded on 1% agarose gel to verify 

its integrity. For each sample, 1 μg of RNA was reverse-transcribed using the High-Capacity 

cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Milan, Italy) with the following 

conditions, according to the manufacturer’s instructions: 

 
Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time 10 min 120 min 5 min ∞ 

 

RT-qPCR was performed using Applied Biosystems 7300 Real-Time PCR System. Each sample 

was amplified in triplicate (50 ng of cDNA/sample) in a final volume of 15 μL 1X Master Mix 

SyBR Green (Thermo Fisher Scientific, Milan, Italy) supplemented with 150 nM primer mix and 

with the following thermal cycle: 95 °C for 15 s, 60 °C for 60 s repeated for 40 cycles. Relative 

gene expression was quantified by comparing the 2−ΔΔCt of each analyzed gene to that of 

the GAPDH gene used as the internal control. The experiment was performed in triplicate for each 

condition. The used primers are indicated in the following table: 

p21waf1/cip1 Forward primer 5′-CTGGAGACTCTCAGGGTCGA-3′ 

p21waf1/cip1 Reverse primer 5′-CGGATTAGGGCTTCCTCTTG-3′ 

CENP-E Forward primer 5′-GTGGGACCAGTTCAGCCTGATA-3′ 

CENP-E Reverse primer 5′-CCAAGTGATTCTTCTCTGCTGTTC-3′ 
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CENP-A Forward primer 5′-GATTCTGCGATGCTGTCTGG-3′ 

CENP-A Reverse primer 5′-CAGGCCTTTGGAACGTGTT-3′ 

GAPDH Forward primer 5′-CTCATGACCACAGTCCATGCC-3′ 

GAPDH Reverse primer 5′-CAATCCACAGTCTTCTGGGT-3′ 

 

3.6 Cytogenetic analysis and Mitotic index evaluation 

DLD-1 NADNMT1 cells were harvested and collected with PBS. Cell pellets were then 

resuspended drop by drop at vortex with pre-warmed 75 mM KCl hypotonic solution and 

incubated at 37 °C for up to 20 min. After the incubation, cell pellets were fixed at least 3 times 

with cold Carnoy fixative (3:1, Methanol: Glacial Acetic Acid). The samples were dropped onto 

cold glass slides and left to air dry overnight. Once dried, the slides were stained with 3% Giemsa 

Gurr staining solution and then observed at an upright microscope with transmitted light. The 

ploidy of DLD-1 NADNMT1 cells was evaluated using a 63x magnification.  

To evaluate the mitotic index of DLD-1 NADNMT1 cells, the cells were seeded onto coverslips 

inside a 6-well multiwell, washed with 1x PBS and fixed with 4% PFA. After one wash with 1x 

PBS, the coverslips were mounted with a DAPI-provided mountant (IBIDI) onto a glass slide. The 

cells were then observed with a Zeiss Axioskop microscope with fluorescent light with 

20x magnification. 

 

3.7 Immunofluorescence (IF) assays 

3.7.1 IF for 5-Methylcytosine 

 
DLD-1 NADNMT1 cells were grown onto coverslips, then washed with 0.1% Tween-20 in PBS 

and fixed with 4% formaldehyde in PBS for 10 min in the dark.  

For the staining on the chromosomes, DLD-1 NADNMT1 cultured cells were incubated prior to 

fixation with colcemid for 3h at the concentration 0,2 µg/ml; then, the cells were washed and 

incubated with a hypotonic solution (0.25x PBS) for 20 min. The hypotonic solution was removed 

without completely drying the well and the cells were centrifuged at 1500 RPM for 3 min. After 

centrifugation, the cells were gently washed with cold 1x PBS on ice and fixed with cold 4% 
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formaldehyde in PBS for 10 min in the dark. After fixation, the cells were permeabilized with 

0.5% Triton X-100 diluted in PBS for 30 min and then treated with 2 M HCL for 30 min at room 

temperature. After washing with 0.1% Tween-20 in PBS and blocking for 1 h with 2% BSA in 1% 

Tween-20 in PBS, cells were incubated with the primary antibody anti-5-Methylcytosine (5mC) 

(1:500; Epigentek, Farmingdale, NY, USA, clone 33D3; A-1014) in 0.1% Tween-20 in PBS 

overnight at 4 °C. The cells were then washed and incubated with antibody anti-mouse Cy3-

conjugated (1:500) diluted in 0.1% Tween-20 in PBS for 1 h at 37 °C. After washing 3 times and 

counterstaining with DAPI for 3 min, the slides were mounted with ProLong™ Gold Antifade 

Mountant and observed with Zeiss Axioskop microscope.  

 

3.7.2 IF for nuclear and chromosome proteins 

 
DLD-1 NADNMT1 cells were treated for different time points with IAA to induce DNMT1 

degradation and DNA hypomethylation. The day before the analysis, the cells were washed, 

trypsinized, and seeded onto coverslips in a 12 multiwell plate. Depending on the analysis, two 

different protocols were used to reduce the aspecific signal and optimize primary antibody binding: 

 

• For the CENP-A and CENP-C proteins, the cells were washed with 1x PBS and treated with a 

Triton block solution (0,2 M Glycin, 2,5% FBS, 0,1% Triton-X diluted in PBS 1x) for 1 min. 

After incubation, the cells were fixed with 4% PFA in PBS for 10 min in the dark. The cells 

were washed 3 times with 1x PBS 0,5% Triton-X and incubated with 1% BSA (Sigma) in PBS 

for at least 30 min. Then, the cells were incubated overnight at 4ºC with primary antibody anti-

CENP-A (1:1000; Enzo; #Adi-kam-cc006-E), -CENP-C (1:750; Sigma, HPA058252) in 1% 

BSA in PBS. The next day, the cells were washed 3 times with 1x PBS 0,5% Triton-X and 

incubated with secondary antibodies anti-mouse Cy3-conjugated (1:1000) and anti-rabbit 

Alexa647-conjugated (1:1000) diluted in 1% BSA in PBS for 50 min at room temperature and 

in the dark. After 3 washes with 1x PBS 0,5% Triton-X, cells were counterstained with DAPI 

for 3 min. After 3 washes with PBS 0,5% Triton-X, the cells were finally mounted with a 

ProLong™ Gold Antifade Mountant. The images were observed with Zeiss Axioskop 

microscope. 

 

• For Astrin and Hec1, the seeded cells were washed with 1x PBS and fixed with cold methanol 

for 60 seconds and then washed 3 times with 1x PBS and incubated with 1% BSA (GE 

Healthcare code K41-001) in PBS for at least 30 minutes. Then, cells were incubated overnight 
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at 4ºC with primary antibody anti-Astrin (1:500; Novus; NBP-185262), -Hec1 (1:500; 

SantaCruz; sc-515550), and Crest Sera (1:1000 Human) diluted in 1% BSA in PBS. The next 

day, after 4 washes with PBS, cells were incubated with antibodies anti-mouse Dylight488-

conjugated (1:1000), anti-rabbit Alexa590-conjugated (1:1000) and anti-human Alexa647-

conjugated (1:1000) secondary antibody diluted in 1% BSA in PBS for 1.45h at room 

temperature and in the dark. The cells were counterstained with DAPI, washed 4 times with 

1x PBS and 1 time with distilled H2O. Finally, the cells were mounted with Vectashield (Vector 

H-1000). The images were acquired with DeltaVision Elite microscope. The quantification was 

performed on a Max Projection of the raw data image. The representative images are 

deconvolved through the program provided by DV Elite. 

 

• To optimize the signal of CENP-A together with CENP-T, a dedicated protocol was created. 

The coverslip with seeded cells was treated with STLC overnight, released, and treated with 

MG132 for 2.50h. The coverslips were washed with 1x PBS and fixed with 4% PFA in PBS 

for 10 minutes in the dark. After 3 washes with 1x PBS (5 minutes incubation each), the cells 

were permeabilised with PBS 0.1% Triton-X for 5 minutes. After 3 washes, the cells were 

incubated with blocking solution 3% BSA (GE Healthcare code K41-001) in PBS for 3h. Then, 

the cells were incubated overnight at 4ºC with primary antibodies anti-CENP-A (1:750; MBL; 

D115-3) and -CENP-T (1:500; Abcam; ab220280). The next day, the cells were washed 3 times 

and incubated with DAPI and antibodies anti-mouse Dylight488-conjugated (1:1000), anti-

rabbit Alexa590-conjugated (1:1000) diluted in 3% BSA in PBS for 1.45h at room temperature 

in the dark. Then, the cells were washed 3 times with 1x PBS and once with distilled H2O, and 

mounted with Vectashield (Vector H-1000). The images were acquired with DeltaVision Elite 

microscope. The quantification was performed on a Max Projection of the raw data image. The 

representative images are deconvolved through the program provided by DV Elite. 

 
• For the staining of Hec1 S55p together with Aurora B kinase on metaphase chromosomes, the 

cells cultured onto coverslips were washed with 1x PBS and fixed with 4% PFA in PBS for 10 

min. After fixation, the cells were washed 2 times with 1x PBS and permeabilised with 0,05% 

Triton X-100 in PBS for 10 min. After permeabilisation, the cells were blocked in 1% BSA 

(Sigma) in PBS for 30 min. Then, the cells were incubated overnight at 4ºC with primary 

antibodies anti-phospho S55-Hec1 (1:1000; Genetex; Gxgtx640829-s) and anti-Aurora B 

(1:1000; BD bioscience; #611082) diluted in 1% BSA in PBS. The next day, the cells were 

washed 4 times with 1x PBS and incubated with secondary antibodies anti-mouse Cy5-
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conjugated (1:1000) and anti-rabbit Cy3-conjugated (1:1000) diluted in 1% BSA in PBS for 

50 min at room temperature in the dark. The cells were washed 4 times with 1x PBS and 

mounted with DAPI-provided mounting media (IBIDI). The images were observed with Zeiss 

Axioskop microscope. 

 
• For target protein staining on the chromosomes in cytospin, DLD-1 NADNMT1 cells were 

incubated either with nocodazole or with colcemid for 3h and fixed after cytospinning as 

described for 5-methylcytosine staining. After fixation, the cells were washed with 1x PBS 

with 0,1% Triton-X or (3 times with 1x PBS for MAD1 staining) and blocked with Triton block 

solution for 30 min (3% BSA (GE Healthcare K41-001) in PBS for 3h in the case of MAD1 

staining). For MAD1 staining, cells were also first permeabilised with 5 min incubation with 

PBS 0.1% Triton-X, then washed 3 times with 1x PBS and incubated for 5 min with each wash. 

The cells were then incubated overnight at 4ºC with primary antibodies anti-CENP-A (1:1000; 

Enzo; #Adi-kam-cc006-E), -Aurora B (1:1000; BD bioscience; #611082) and -INCENP 

(1:1000, Sigma; HPA070550-25), or -MAD1 (1:500; Genetex; GTX105079) and -Hec1 

(1:500; SantaCruz; sc-515550). After the incubation, the cells were washed 3 times with 0,1% 

Triton-X (4 times with PBS in the case of MAD1 staining with 5 min incubation for each wash) 

and incubated with the secondary antibodies anti-rabbit Cy2-conjugated (1:1000), anti-mouse 

or anti-rabbit Cy3-conjugated (1:1000), and anti-mouse Cy5-conjugated (1:1000) diluted in 

Triton block for 50 min at room temperature and in the dark. For MAD1/Hec1 staining cells, 

instead, were incubated with antibodies anti-mouse Dylight488 (1:1000) and anti-rabbit 

Alexa590 (1:1000) diluted in 3% BSA in PBS for 1.45h at room temperature and in the dark. 

DAPI was used to counterstain the DNA. After 3-4 washes, coverlips were mounted with 

ProLong™ Gold Antifade Mountant or Vectashield. The images were acquired with 

DeltaVision Elite microscope. The quantification was performed on a Max Projection of the 

raw data image. The representative images are deconvolved through the program provided by 

DV Elite. 

 
 

3.7.3 Cold treatment assay 

DLD-1 NADNMT1 cells were treated for 4 and 7 days with IAA to induce DNMT1 degradation 

and DNA hypomethylation. The day before the analysis, the cells were washed, trypsinized, and 

seeded on coverslips in a 12-multiwell dish. The next day, the cells were put inside an isolated 

tank-box provided with ice and cold water. As such, the cells were incubated on ice in cold water 
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for 15 minutes. After incubation, the cells were washed with 1x PBS and fixed with cold methanol. 

After 3 washes with 1x PBS and incubation with 1% BSA (GE Healthcare code K41-001) for at 

least 30 min, the cells were left overnight and at 4ºC with the primary antibodies anti-Tubulin 

(1:1000; Abcam; ab6160) and -Hec1 (1:500; SantaCruz; sc-515550). The next day, the cells 

incubated, after 4 washes, with DAPI and secondary antibodies anti-rat Dylight488 (1:1000) and 

anti-mouse Alexa590 (1:1000) diluted in 1% BSA in PBS for 1.45h at room temperature in the 

dark. After 4 washes in PBS and one with distilled H20, the coverslips were mounted with 

Vectashield (Vector H-1000). The images were acquired with DeltaVision Elite microscope. The 

quantification was performed on a Max Projection of the raw data image. The representative 

images are deconvolved through the program provided by DV Elite. 

For the experiments at 10 days of IAA, a different protocol was used. The seeded cells were 

incubated on ice for 15 min. After the incubation, the cells were treated for 30 sec with a 

microtubule buffer (100nm PIPES, pH 6.9 with KOH, 0,1 mM CaCl2, 1mM MgCl2, and 0,1% 

Triton X-100). After the incubation, the cells were fixed for 15 minutes with 4% PFA diluted in 

the microtubule buffer. After 3 washes with 0,1% Triton X-100 in PBS and incubation with 0,5% 

BSA (Sigma) diluted in PBS 0,1% Triton X-100 for 1h at room temperature, the cells were left 

with primary antibody anti-β-Tubulin overnight at 4℃. After 3 washes with 0,1% Triton X-100 in 

PBS the cells were incubated with secondary antibody anti-mouse Cy3-conjugated diluted in 0,5% 

BSA in PBS 0,1% Triton X-100 for 30 min at room temperature and in the dark. The cells were 

washed 3 times with 0,1% Triton X-100 in PBS and stained with DAPI for 3 min. After the 

staining, the coverslips were washed 3 times with 0,1% Triton X-100 in PBS and mounted with 

ProLong™ Gold Antifade Mountant. The images were observed with Zeiss Axioskop microscope. 

 

 

3.8 Statistical analysis 

For all the performed sets of experiments, I applied statistical analyses by using Prism software 

(GraphPad). As indicated in the figure legends, the statistical significance of comparisons between 

two samples or experimental conditions was assessed by the two-tailed unpaired Student’s t-test. 

We generally assumed a standard normal distribution, but this was not formally tested. I considered 

it significant if the calculated P value was ≤ 0.05. P values were indicated as follows: *P ≤ 0.05; 

**P < 0.01; ***P < 0.001; ****P < 0.0001; ns = not significant. 
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Abstract
Methylation of cytosine in CpG dinucleotides is an epigenetic modification carried out by DNA-methyltransferases (DNMTs) 
that contributes to chromatin condensation and structure and, thus, to gene transcription regulation and chromosome stabil-
ity. DNMT1 maintains the DNA methylation pattern of the genome at each cell cycle by copying it to the newly synthesized 
DNA strand during the S-phase. DNMT1 pharmacological inhibition as well as genetic knockout and knockdown, leads to 
passive DNA methylation loss. However, these strategies have been associated with different cell fates, even in the same 
cell background, suggesting that they can question the interpretation of the obtained results. Using a cell system in which 
endogenous DNMT1 is fused with an inducible degron and can be rapidly degraded, we found that in non-tumoral RPE-1 
cells, DNMT1 loss progressively induced cell proliferation slowing-down and cell cycle arrest at the G1/S transition. The 
latter is due to p21 activation, which is partly mediated by p53 and leads to a global reduction in DNA methylation. DNMT1 
restoration rescues cell proliferation, indicating that its deregulation is sensed as tunable cellular stress.

Keywords  Epigenetics · Auxin-Inducible Degron · Genome stability · Cell cycle arrest · γH2AX

Abbreviations
DNMT1	� DNA methyltransferase 1
DAC	� 2′-Deoxy-5-azacytidine
AZA	� 5-Azacytidine
AID	� Auxin Inducible Degron
NADNMT1	� mNeonGreen-AID-DNMT1
IAA	� Indole Acetic Acid
EdU	� 5-Ethynyl-2′-deoxyuridine
5MeC	� 5-Methylcytosine
p21	� p21waf1/cip1

Introduction

DNA methylation is an epigenetic mechanism that occurs 
mainly at CpG dinucleotides, which cells use to condense the 
chromatin. As such, it is involved in many cellular processes, 

including gene transcription regulation, embryonic devel-
opment, X chromosome inactivation, gene imprinting, 
chromosome stability, and chromatin structure [1–8]. DNA 
methyltransferase 1 (DNMT1) is a DNA methyltransferase 
of maintenance since it preserves DNA methylation pat-
terns by associating with replication foci and methylating 
hemimethylated DNA generated during each phase of DNA 
replication.

To investigate the critical role of DNMT1 further, vari-
ous experimental approaches have been employed to impair 
its function, revealing its importance in genome stability. 
As observed by our laboratory and other groups, disabling 
DNMT1 function via treatments with 2'-deoxy-5-azacytidine 
(DAC) or 5-azacytidine (AZA), genetic knockout, or knock-
down by RNA interference induces passive DNA demethyla-
tion after multiple cell cycles, DNA double-strand breaks, 
mitotic errors, and aneuploidy in both humans and mice [4, 
9–13]. These results support the importance of DNMT1 in 
maintaining genome stability. Importantly, DNMT1 impair-
ment usually leads to a reduction in cell proliferation, often 
culminating in cell cycle arrest and apoptosis, both in vivo 
and in vitro [10, 12, 14–16]. This is in agreement with 
DNMT1 being an essential gene [17–19]. However, cell 
behaviour and fate differ depending on the cell type and the 
strategy used to inhibit DNMT1. Clarifying the effects of 
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DNMT1 depletion per se in normal human cells can provide 
important details on the functioning of DNMT1, elucidat-
ing whether and why DNMT1 is essential in differentiated 
cells. This could also have implications in cancer therapy, 
as DNMT1 inhibitors are used for the treatment of myelod-
ysplastic syndrome (MDS) and hematological tumors, and 
the development of new ones is ongoing [20].

DAC and AZA have been widely used to inhibit DNMT1, 
as they are incorporated in the DNA to replace the cyto-
sine and sequester DNMT1 by forming covalent bonds with 
it. Both drugs are able to induce DNA hypomethylation 
but they lead to different outcomes. Indeed, DAC induced 
G2-phase arrest in HeLa and HCT116 cell lines [21] while 
in A549 and T24 cells it led to G1-phase arrest and in KG1a 
cells to a subG1 arrest and an accumulation of cells in G2/M 
phase [11, 22, 23]. DAC was also able to induce G2-phase 
arrest with subsequent cell death and accumulation in the 
G2/M phase in MDS-L and MPM cell lines respectively 
[24, 25]. Surprisingly, AZA did not influence the cell cycle 
of the MDS-L cell line [25]: instead, it had an effect similar 
to that of DAC in KG1a cells causing accumulation of cells 
in the subG1-phase and apoptosis [11].

Chen et al. generated the DNMT1 conditional allele in 
HCT116 cells to evaluate the impact of DNMT1 inactiva-
tion. HCT116 cells, upon DNMT1 disruption, underwent 
G2-phase arrest that eventually resulted in a mitotic catastro-
phe [26], On the contrary, genetic knockout through homolo-
gous recombination in the same cell line did not affect cell 
growth as reported by Rhee and colleagues [27].

Similarly, exploring DNMT1's role in cell cycle progres-
sion through alternative methods, our laboratory observed 
by RNA interference that DNMT1 post-transcriptional 
silencing induced a G1-phase arrest in normal human fibro-
blasts IMR90 [12]. The silencing of DNMT1 in HCT116 
cells, in contrast to the usage of DAC observed by Palii and 
colleagues, induced accumulation in the S-phase. DNMT1 
silencing by a short hairpin in MPM cells only slightly 
increased the number of cells in the S-phase [24]. Finally, 
it was observed a proliferation arrest with increased cells in 
the S-phase in hepatocellular carcinoma upon DNMT1 post-
transcriptional silencing [28]. Antisense oligonucleotides 
targeting DNMT1, instead, caused an intra-S-phase arrest 
in A549 cells [29], while they induced a severe reduction 
in the number of BrdU‐positive cells in zebrafish posterior 
lateral line neuromasts [15].

Noncoding RNA can also directly regulate DNMT1 
expression when overexpressed. DNMT1 targeting by 
mir342 has been demonstrated to induce a G1-phase arrest 
in SW480 cells [30].

The different effects observed upon DNMT1 impairment 
are probably the result of different genetic backgrounds 
(most of the cell lines used were tumoral) but also of the 
method used to disable DNMT1. Genetic disruption of 

DNMT1 might be too harsh, considering that DNMT1 is an 
essential gene, leaving the possibility for the cells to adapt 
depending on their genetic background. Post-transcriptional 
silencing on the other hand may be insufficient to efficiently 
deplete DNMT1 [12]. Also, the use of AZA or DAC, which 
are base analogs, is closely associated with side effects such 
as DNA damage [16, 31]. Thus, it is difficult to distinguish 
between the direct effect of the absence of DNMT1 pro-
tein/activity and secondary/side effects. To overcome this 
issue, we decided to use the non-tumoral cell line RPE-1 
engineered to express the endogenous DNMT1 tagged 
with an Auxin-Inducible Degron (AID) [32]. The AID 
allows the rapid and complete degradation of DNMT1 (in 
approximately one hour) in the presence of auxin. Using this 
approach, we evaluated cell proliferation and activation of 
a cell cycle checkpoint. Altogether, our results demonstrate 
that DNMT1 is important for cell fitness, as its rapid degra-
dation gradually leads to p53- and p21waf1/cip1-dependent 
cell cycle arrest at the G1/S transition in normal human 
cells. While the consequent passive DNA methylation loss 
has occurred, the restoration of DNMT1 can promote the 
reinitiation of cell proliferation.

Materials and methods

Cell culture

Retinal Pigment Epithelial cells (RPE-1), h-TERT immortal-
ized, were previously engineered to express the F-box pro-
tein TIR1 and the endogenous DNMT1 tagged at N-terminus 
with AID (Auxin inducible degron) and mNeon Green (NAD-
NMT1) [32]. Cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Corning) supplemented with 
10% bovine fetal serum and 1% L-Glutamine. Water solu-
ble auxin indole-3-acetic acid sodium salt (IAA) (I5148; 
Sigma-Aldric) was used at 500 µM. This low concentration 
of IAA has been already documented not to affect RPE-1 
cell growth [33, 34]. Cells were grown at 37 °C in a humidi-
fied atmosphere with 5% CO2. For the IAA washout, RPE-1 
NADNMT1 cells were washed twice with 1X PBS and once 
with cell media.

Cell transfection

Cells were treated for 1 or 3 days with IAA to induce DNMT1 
degradation and transfected as previously done [35]. The day 
before the transfection the cells were seeded in a 12-well 
plate. On the day of the transfection, specific siRNAs duplex 
(see the table below) were mixed with Lipofectamine 3000 
Reagent (Invitrogen, Life Technologies) in Optimem media 
(Gibco), according to the manufacturer’s recommendation, 
and added to the cells. At least after 5 h of incubation with 
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the siRNA mixture, the culture media was changed, and IAA 
was replaced every 2–3 days till day 4 or 6.

Target gene siRNA sequence References

p53 5′-GCA UGA ACC GGA 
GGC CCC AUtt-3′

[12]

Luc (control) 5′-CGT​ACG​CGG​AAT​ACT​
TCG​A-3′

[36]

Cell growth curves

Cells were seeded in 12 well plates and treated or not (con-
trol cells) with IAA for up to 7 days. At the indicated time-
points the cells were detached by trypsinization and counted 
with a Burker chamber. The experiment was performed in 
triplicate for each condition.

Immunoblot

Cells were collected by trypsinization, washed with PBS, 
and lysed in 1X Laemmli buffer (0.05 M Tris–HCl pH 6.8, 
2% SDS, 10% glycerol, 0.01% bromophenol blue, 50 mM 
β-mercapto-ethanol) as previously performed [37]. The 
samples were loaded in a 10% polyacrylamide gel and blot-
ted in a PVDF membrane. After 30 min of Blocking, the 
membranes were incubated with the following antibodies: 
DNMT1 (1:100, SantaCruz H-12: sc-271729), p21 (1:200; 
SantaCruz F-5: sc-6246), p53 (1:200; SantaCruz DO-1: 
sc-126) [38], phospho S15-p53 (1:1000; Abcam: ab1431), 
γH2Ax (1:500; Merck: 05-636), Vinculin (1:1000; Gene 
Tex: GTX109749-S), Actin (1:2000; Invitrogen: 5047778), 
GAPDH (1:5000; Proteintech: 80570-1-RR). The chemi-
luminescence signal was then visualized at the Bio-Rad 
ChemiDoc™ Imager and quantified with IMAGEJ. The 
experiment was performed in triplicate for each condition.

RTqPCR

RNA was extracted with TRIzol Reagent (Thermo Fisher 
Scientific) following the manufacturer’s instructions.

Purified RNA was then quantified using Nanodrop™ and 
loaded on 1% agarose gel to verify its integrity. For each 
sample, 1 μg of RNA was reverse-transcribed using the 
High-Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific, Milan, Italy) with the following conditions, 
according to the manufacturer’s instructions:

Step 1 Step 2 Step 3 Step 4

Temperature 
(°C)

25 37 85 4

Time 10 min 120 min 5 min ∞

RT-qPCR was performed using Applied Biosystems 
7300 Real-Time PCR System as previously described [39]. 
Briefly, each sample was amplified in triplicate (50 ng of 
cDNA/sample) in a final volume of 15 μL 1X Master Mix 
SyBR Green (Thermo Fisher Scientific, Milan, Italy) sup-
plemented with 150 nM primer mix and with the following 
thermal cycle: 95 °C for 15 s, 60 °C for 60 s repeated for 40 
cycles. Relative gene expression was quantified by compar-
ing the 2−ΔΔCt of each analyzed gene to that of the GAPDH 
gene used as the internal control. The experiment was per-
formed in triplicate for each condition. The used primers are 
indicated in the following table:

p21waf1/cip1 Forward primer 5′-CTG​GAG​ACT​CTC​AGG​GTC​
GA-3′

p21waf1/cip1 Reverse primer 5′-CGG​ATT​AGG​GCT​TCC​TCT​
TG-3′

GAPDH Forward primer 5′-CTC​ATG​ACC​ACA​GTC​CAT​
GCC-3′

GAPDH Reverse primer 5′-CAA​TCC​ACA​GTC​TTC​TGG​
GT-3′

p14ARF Forward primer 5′-TGA​TGC​TAC​TGA​GGA​GCC​
AGC-3′

p14ARF Reverse primer 5′-AGG​GCC​TTT​CCT​ACC​TGG​
CTC-3′

Cell cycle analysis by flow cytometry

Cell cycle analysis was conducted as previously done [40]. 
Briefly, after the indicated treatment asynchronously grow-
ing cells were collected in PBS, then fixed in 70% ice-cold 
ethanol and incubated at 4 °C at least overnight. On the day 
of the analysis, cell pellet was resuspended in Propidium 
Iodide/RNase staining buffer in the dark (20 μg/mL PI and 
40 μg/mL RNase) and incubated for at least 30 min. The 
samples were acquired on FACSAriaIII by AteN Center, 
University of Palermo. Experiments were repeated twice 
and at least 10,000 events were analysed for each sample. 
Flow cytometry data were then analyzed with FCS Express 
7 (De Novo Software).

Click‑iT EdU imaging

S phase evaluation was performed using the Click-iT Plus 
EdU Alexa Fluor 555 Imaging Kit (Invitrogen, C10638) fol-
lowing the manufacturer’s instructions. Cells were seeded on 
round glass coverslips in a 12-well plate and treated (or not) 
with the hormone IAA. On the day of the analysis, cells were 
incubated with EdU (10 µM). After 2 h of incubation, cells 
were fixed with 3.7% formaldehyde in 1X PBS for 15 min 
at room temperature and permeabilized with 0.5% Triton 
X-100 in 1X PBS for 20 min at room temperature. All the 
washing steps were performed with 3% BSA in 1X PBS. A 
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click reaction was catalyzed to label and detect the EdU: 
cells were incubated with the Click-iT Plus reaction cocktail 
for 30 min at room temperature, protected from light. Nuclei 
were counterstained with Hoechst 33342 (5 µg/mL). The 
slides were mounted with ProLong™ Gold Antifade Mount-
ant (Thermo Fisher Scientific) and cells were imaged using 
a 10× and a 63× objectives in a Zeiss Axioskop microscope.

Mitotic index evaluation

Cells were harvested and collected with PBS. Cell pellets 
were then resuspended drop by drop at vortex with pre-
warmed 75 mM KCl hypotonic solution and incubated at 
37 °C for up to 20 min. After the incubation, cell pellets 
were fixed at least 3 times with cold Carnoy fixative (3:1, 
Methanol: Glacial Acid Acetic). The samples were dropped 
onto cold glass slides and left to air dry overnight. Once 
dried, the slides were stained with 3% Giemsa Gurr staining 
solution and then observed at an up-right microscope with 
transmitted light with 20× magnification. At least 10 images 
were taken for each condition to evaluate the mitotic index 
(number of mitoses/total number of cells). The experiment 
was performed as three independent replicates.

Immunofluorescence assays

MPM2

MPM2 staining was performed as previously [41]. Cells 
were seeded onto glass slides. On the day of the analysis, 
the cells were washed with 1X PBS and fixed on ice with 
cold methanol for 5 min. The methanol was then discarded, 
and the cells were washed 3 times with 1X PBS. The cells 
were then blocked for 1 h with 1% BSA diluted in PBS 
and then incubated overnight at 4 °C with antibodies anti-
MPM2. (1:100; Merck, Milan, Italy, 05-368). The next day, 
the cells were washed with PBS, and then incubated for 1.5 h 
at 37 °C with the secondary antibody 1:1000 anti-mouse 
Cy3-conjugated (Jackson ImmunoResearch; 715-225-150) 
in 1X PBS. Nuclei were then counterstained with DAPI for 
3 min, the slides were mounted with ProLong™ Gold Anti-
fade Mountant, and cells were imaged with a Zeiss Axioskop 
microscope.

5‑Methylcytosine

Cells were grown onto coverslips, then washed with 0.1% 
Tween-20 in PBS and fixed with 4% formaldehyde in PBS 
for 10 min in the dark. Upon fixation, the cells were permea-
bilized with 0.5% Triton x-100 diluted in PBS for 30 min 
and then, treated with 2 M HCL for 30 min at room tem-
perature. After washing with 0.1% Tween-20 in PBS and 

blocking for 1 h with 2% BSA in 1% Tween-20 in PBS, cells 
were incubated with the primary antibody anti-5-Methylcy-
tosine (5MeC) (1:500; Epigentek, Farmingdale, NY, USA, 
clone 33D3; A-1014) overnight at 4 °C. The cells were then 
washed and incubated with 1:500 anti-mouse Cy3-conju-
gated in 0.1% Tween-20 in PBS for 1 h at 37 °C. After wash-
ing 3 and counterstaining with DAPI for 3 min, the slides 
were mounted with ProLong™ Gold Antifade Mountant and 
observed with Zeiss Axioskop microscope.

Statistical analysis

For all the performed sets of experiments, we applied sta-
tistical analysis by using Prism software (GraphPad). As 
indicated in the Figure legends, the statistical significance 
of comparisons between two samples or experimental con-
ditions was assessed by the two-tailed unpaired Student’s 
t-test. For the proliferation curve in Fig. 1B, instead, we 
used a 2way ANOVA test. We generally assumed a standard 
normal distribution, but this was not formally tested. We 
considered it significant if the calculated P value was < 0.05. 
P values were indicated as follows: *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001; ns = not significant.

Results

Prolonged DNMT1 absence induced proliferation 
defects and cell cycle arrest in the G1‑S phase 
of the cell cycle in normal human cells

To study DNA hypomethylation effects on normal cells, 
we took advantage of the RPE-1 cell line (Retinal Pigment 
Epithelial cells) engineered to express endogenous DNMT1 
tagged with both mNeonGreen and auxin-inducible degron 
AID (RPE-1 NADNMT1) [32]. Upon the addition of auxin 
indole Acetic Acid (IAA), the system allowed DNMT1 
degradation (Fig. 1A, Suppl. Fig. 1A, B). Nevertheless, by 
live microscopy observation, we found that approximately 
0.8% of the cells did not respond to IAA (escapers) (data 
not shown), which could be responsible for the low residual 
level of DNMT1 in the immunoblot (Suppl. Fig. 1B).

We first assessed DNMT1's importance in cell prolifera-
tion and cell cycle over a timeframe of 7 days upon IAA 
treatment. RPE-1 NADNMT1 cells underwent a progressive 
slowing-down in cell proliferation, which became significant 
over time (Fig. 1B). To ensure that the presence of escapers 
in the cell population did not alter our results, we analyzed 
the growth of one clone obtained from a single cell of the 
population (clone5). The clone5 treated with IAA showed 
a slowing down of cell proliferation as well as the entire 
population (Supp. Fig. 1C).
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To assess whether the observed slow cell proliferation 
was due to cell cycle arrest, flow cytometry analysis with 
Propidium Iodide staining was performed. The histogram 
in Fig. 1C shows the progressive accumulation of cells with 
2n DNA content starting from the third day of treatment. 

This result suggests possible cell cycle arrest in the G1 
phase or at the G1/S transition. To quantify cells actively 
replicating DNA (S phase) EdU assay was performed on 
RPE-1 NADNMT1 cells upon IAA treatment. As shown in 
Supp. Fig. 1D, the percentage of cells in the S phase did 

Fig. 1   Antiproliferative effect of DNMT1 degradation. A Schemat-
ics of NADNMT1 degradation due to AID system, in the presence 
of IAA. B Cell growth curves showing the proliferation defects of 
IAA-treated RPE-1 NADNMT1 cells in respect to the untreated ones. 
The graph shows the mean of 3 independent experiments. The error 
bars represent the standard error of the mean, SEM. 2way ANOVA 
between the samples: * ≤ 0.05; ns > 0.05. C Histogram summarising 
flow cytometry analysis of Propidium Iodide-stained cells showing 
the increased percentage of IAA-treated RPE-1 NADNMT1 cells with 
2n DNA content. The graph shows the mean of 2 independent experi-
ments. D Representative images of immunostaining for EdU (red) 
showing the differences between the S phase stages (early S, mid-S, 
late S). Nuclei were counterstained with Hoechst. E Quantification 
of RPE-1 NADNMT1 cells (treated or not with IAA) positive for 

EdU showing the accumulation of cells in the early S phase starting 
from 3 days of treatment. The graph shows the mean of 3 independ-
ent experiments. At least 150 nuclei for each condition were evalu-
ated. The error bars represent the standard error of the mean, SEM. 
Unpaired t-test between the samples: ** < 0.01; * ≤ 0.05; ns > 0.05. 
F Representative images of mitotic spreads of untreated and IAA-
treated RPE-1 NADNMT1 cells. The nuclei and chromosomes were 
stained with Giemsa. Red arrows point to cells in mitosis. G Mitotic 
index quantification of untreated and 4-day IAA-treated RPE-1 NAD-
NMT1 cells. The graph shows the mean of 3 independent experi-
ments; at least 150 nuclei were analyzed for each sample. The error 
bars represent the standard error of the mean, SEM. Unpaired t-test 
between the samples: * ≤ 0.05; ns > 0.05
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not change in IAA-treated cells compared with that in the 
untreated control. However, we took advantage of the pattern 
of the incorporated EdU to identify cells in different stages 
of the S phase [42] (Fig. 1D). The graph in Fig. 1E reveals 
a significant increase in the percentage of cells in the early 
S phase, starting from the third day of treatment (Fig. 1E, 
Supp. Fig. 1E), which is consistent with the accumulation of 
cells with a 2n DNA content (Fig. 1C). To further confirm 
this, we synchronized the cells in the G1 phase (2n DNA 
content) by serum starvation for 48 h, and then released the 
cells in the presence or absence of IAA for an additional 4 
and 6 days (Supp. Fig. 2A), and evaluated the cell cycle pro-
gression with flow cytometry (Supp. Fig. 2B). These results 
showed that once synchronized, RPE-1 NADNMT1 cells had 
mainly a 2n DNA content (~ 80%) after release in IAA for 
4 and 6 days (Release IAA 4d and 6d). In contrast, the cells 
released for 4 days in normal media (Release NT) re-entered 
the cell cycle with a profile similar to that of asynchronous 
cells (NT async).

Taken together, these results strongly suggest that RPE-1 
NADNMT1 cells arrest their proliferation at the G1/S transi-
tion when DNMT1 absence is prolonged.

To confirm the cell cycle arrest of RPE-1 NADNMT1 
cells, the mitotic index was also evaluated (Fig. 1F) which 
showed a significant reduction in the RPE-1 NADNMT1 
cell population in mitosis after 4 days of IAA treatment 
(Fig. 1G).

Cell cycle arrest induced by DNMT1 prolonged 
absence is due to p21 p53‑dependent activation

It was previously observed that DNMT1 acute depletion 
induces activation of the p53-p21(waf1/cip1) pathway 
via p14ARF upregulation [12]. Similarly, we observed an 
increase in p21, both at the transcriptional and protein levels, 
in RPE-1 NADNMT1 cells from the third day of treatment 
(Fig. 2A, B, D). Instead, while the total fraction of p53 pro-
tein did not change upon the treatment (Suppl. Fig. 1F), the 
fraction of activated p53 phosphorylated at S15 increased 
from the fourth day of IAA treatment (Fig. 2A and C). How-
ever, the p14ARF transcript level increased only on the 7th 
day of treatment (Suppl. Fig. 1G), suggesting that its acti-
vation and involvement in p53 and p21 triggering is not an 
early event following DNMT1 protein degradation.

To test the involvement of p53 in p21 upregulation, we 
knocked down p53 by RNA interference during IAA treat-
ment (Fig. 2E). Following p53 reduction, the p21 protein 
increase in IAA-treated cells was reduced (from 2.2 of 
IAA siLuc to 1.5 of IAA sip53) (Fig. 2F–G and Suppl. 
Fig. 1H). However, the p21 protein level was not lowered 
down to that of the untreated condition, suggesting that 
either the residual p53 (Fig. 2F) keeps activating p21, or 
p53 could not be the only regulator of p21 activation in a 

DNMT1-depleted context. Nevertheless, MPM2 staining 
revealed that, while only 1.7% of RPE-1 NADNMT1 control 
cells treated with IAA were in G2 phase/mitosis (G2/M) 
(in accordance with the mitotic index shown in Fig. 1G), 
8.7% of the p53-depleted cells (sip53) were in G2/M when 
treated with IAA (Fig. 2H, I). Importantly, the percentage 
of IAA-treated RPE-1 NADNMT1 sip53 cells in the G2/M 
was similar to that of the untreated control cells (Fig. 2I). 
These data indicated that p53 reduction was sufficient to 
rescue the proliferation arrest observed following DNMT1 
prolonged degradation.

DNMT1 rescue restores normal levels of p21 and cell 
proliferation arrest

We then sought to evaluate whether or not cell prolifera-
tion defects were reversible. We, thus, washed out IAA and 
checked the effect of NADNMT1 rescue after 24 h (Fig. 3A, 
B and Supp. Fig. 2C). We observed the reduction of p21 
protein in the washout (WO) condition with respect to both 
IAA- and untreated samples suggesting that DNMT1 recov-
ery even for only 24 h is sufficient to shut down p21 activa-
tion (Fig. 3C, D).

We, then, analyzed EdU staining and observed no sig-
nificant difference in the percentage of cells in the S phase 
or early S after IAA washout with respect to the untreated 
cells, suggestive of no changes in the cell cycle progression 
(Fig. 3E and Supp. Fig. 2D). However, the reduction of the 
percentage of washed-out cells in the early S phase was not 
statistically different from the one of IAA treatment, prob-
ably suggesting that 1 day of DNMT1 rescue might be not 
enough to completely recover the G1/S arrest.

To have a better understanding of the progression of the 
cell cycle after IAA washout, we evaluated G2 and mito-
sis. MPM2 staining showed no significant difference in the 
percentage of cells in G2/M between the washout and the 
untreated samples, suggesting a recovery of cell prolifera-
tion when DNMT1 is restored (Fig. 3F). However, there 
was no significant increase in the percentage of cells in 
G2/M between the washout and the IAA-treated conditions 
(Fig. 3F). On the other hand, by analyzing the mitotic index, 
we observed a full recovery of the cells in mitosis after 
IAA washout with respect to the IAA treatment (Fig. 3G, 
H). Also, the mitotic index was comparable to the one of 
untreated RPE-1 NADNMT1 cells. To evaluate the possibil-
ity that 1 day of release from IAA might be not enough to 
fully restore the cell cycle, we repeated the experiments on 
the RPE-1 NADNMT1 cells clone5 extending the wash out 
to 2  days and we named this condition WO2d (Supp. 
Fig. 2E). Immunoblotting confirmed the complete rescue of 
DNMT1 (Supp. Fig. 2F) and MPM2 staining also revealed 
a significant increase in the percentage of cells in G2/M 
upon two days of release from IAA (WO2d) with respect 
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Fig. 2   DNMT1 degradation induces cell proliferation arrest that is 
dependent on p53 and p21. A Immunoblot showing the level of p21 
protein and phosphorylated p53 on serine 15 (P-p53(S15)) at the 
indicated time points during IAA treatment. B Quantification of A 
showing p21 increase during IAA treatment. The graph shows the 
mean of at least 3 independent experiments. The error bars represent 
the standard error of the mean, SEM. Unpaired t-test between the 
samples: **** < 0.0001; ** < 0.01; * ≤ 0.05. C Quantification of A 
showing P-p53(S15) increase upon IAA treatment. The graph shows 
the mean of at least 3 independent experiments. The error bars rep-
resent the standard error of the mean, SEM. Unpaired t-test between 
the samples: * ≤ 0.05. D Histogram summarising RT-qPCR results 
of p21 transcript levels in RPE-1 NADNMT1 cells during IAA treat-
ment. The graph shows the mean of at least 3 independent experi-
ments. The error bars represent the standard error of the mean, SEM. 

Unpaired t-test between the samples: ** < 0.01; * ≤ 0.05. E Schemat-
ics showing how sip53 experiments were performed. F Representa-
tive immunoblot of p21 and p53 in the indicated samples. G Graph 
summarising the results of F shows that sip53 transfection reduces 
p21 protein level in RPE-1 NADNMT1 cells upon IAA treatment. The 
graph shows the mean of at least 3 independent experiments. The 
error bars represent the standard error of the mean, SEM. Unpaired 
t-test between the samples: **** < 0.0001; * ≤ 0.05. H Representa-
tive images of immunofluorescence assay targeting MPM2 in IAA-
treated RPE-1 NADNMT1 cells transfected with siLuc (control) or 
with sip53. Nuclei were counterstained with DAPI. I The graph is 
the quantification of H. The graph shows the mean of 3 independent 
experiments. At least 100 nuclei for each sample were evaluated. The 
error bars represent the standard error of the mean, SEM. Unpaired 
t-test between the samples: ** < 0.01; * ≤ 0.05; ns > 0.05
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Fig. 3   DNMT1 restoration rescues cell proliferation. A Schemat-
ics showing how washout experiments were performed. B Immu-
noblot shows NADNMT1 successfully recovered upon 1 day of IAA 
washout. C Immunoblot of p21 level in the untreated, IAA-treated, 
and washed-out RPE-1 NADNMT1 cells. D Graph summarising the 
results in C highlights that NADNMT1 rescue reduces p21 level in 
RPE-1 NADNMT1 cells. The graph shows the mean of 3 independent 
experiments. The error bars represent the standard error of the mean, 
SEM. Un-paired t-test between samples ** < 0.01; * ≤ 0.05; ns > 0.05. 
E Graph summarising EdU staining data in the washout experiments. 
The graph shows the mean of 3 independent experiments. The error 
bars represent the standard error of the mean, SEM. At least 200 
nuclei for each condition were evaluated. Unpaired t-test between 
samples: * ≤ 0.05; ns > 0.05. F Graph summarising data of MPM2 

staining in the untreated, IAA-treated, and washed-out conditions. 
MPM2-positive cells increase after NADNMT1 rescue. The graph 
shows the mean of 3 independent experiments. At least 150 cells 
were analyzed for each sample. The error bars represent the stand-
ard error of the mean, SEM. Unpaired t-test between the samples: 
* ≤ 0.05; ns > 0.05. G Representative images of mitotic spreads of 
untreated, IAA-treated, and washed-out RPE-1 NADNMT1 cells. The 
nuclei and chromosomes were stained with Giemsa. Red arrows indi-
cate cells in mitosis. H Graph summarising the data in G. Increased 
mitoses are observed in the IAA-washout condition. The graph shows 
the mean of 3 independent experiments. The error bars represent the 
standard error of the mean, SEM. At least 450 cells were evaluated. 
Unpaired t-test between the samples: ** < 0.01; ns > 0.05
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to the IAA-treated condition (Supp. Fig. 2G). These results 
suggest that the proliferation arrest induced by prolonged 
DNMT1 absence can be progressively rescued by DNMT1 
restoration.

DNMT1 inducible degradation causes global DNA 
demethylation

To evaluate whether DNMT1 inducible degradation 
affects global DNA methylation levels, a 7-day time-
course analysis was carried out on RPE-1 NADNMT1 
cells (Fig. 4A, B). Similar to previous observations in 
DLD-1 NADNMT1 cells [32], 5-methylcytosine (5MeC) 
immunostaining showed a progressive reduction in global 
DNA methylation starting from 2 days after IAA addition. 

The maximum degree of methylation loss is reached after 
4 days of treatment, remaining unchanged up to 7 days 
of treatment. This finding is in accordance with the G1/S 
cell cycle arrest at both 4 and 7 days after IAA addition 
(Fig. 1C, E).

Given the association between global DNA demeth-
ylation and DNA damage signaling [11, 16, 43], we also 
wanted to address whether decreased levels of 5MeC could 
possibly trigger phosphorylation of histone H2AX on ser-
ine 139 (γH2AX), one of the earliest markers of the DNA 
damage response. However, we did not find any increase 
of γH2AX by immunoblotting (Supp. Fig. 2H), as we pre-
viously reported [12], suggesting no occurrence of DNA 
damage.

Fig. 4   DNMT1 inducible degradation causes global DNA demeth-
ylation. A Representative images of immunostaining for 5-Methyl-
Cytosine (5MeC) displaying global DNA methylation reduction from 
2  days up to 4  days of IAA treatment. Nuclei were counterstained 
with DAPI. B Single-cell nucleus quantification of 5MeC signal (AU: 

arbitrary unit) without (0 days) or with IAA (2, 3, 4 and 7 days) treat-
ment. The scatter plot is cumulative of 6 independent experiments 
with at least 150 cells counted for each condition. Error bars repre-
sent the standard error of the mean SEM. Un-paired t-test between 
the samples: **** < 0.0001; ** < 0.01; * ≤ 0.05; ns > 0.05
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Discussion

Studies on the role of DNMT1 in cell fitness, defined 
as the cells' ability to thrive in a specific environment, 
have shown varying results even within the same genetic 
background, making it challenging to determine its 
true importance in normal cells. These results might be 
due to the systems used to disable DNMT1. Here, we 
employed a cell model that we have recently published 
where DNMT1 endogenous protein can be rapidly and 
completely degraded using an inducible degron [32] in 
the non-tumoral RPE-1 cell line. This approach allows us 
to observe the direct and immediate effects of the pro-
tein absence in normal cells without potential biases from 
cytotoxicity caused by DNMT1-inhibiting drugs or siRNA 
transfection, or from cell adaptation to the gene knock-
out. We observed a gradual decrease in cell proliferation, 
culminating in a block occurring at the G1/S transition 
between days 4 and 7 in the absence of DNMT1. This sug-
gests that DNMT1 protein is dispensable for cell prolifera-
tion for a few cell cycles (approximately 3–4 cell cycles), 
but its prolonged absence triggers a cell cycle arrest at 
the G1/S transition, inhibiting cells from replicating their 
DNA. In parallel, as the cells proliferate in the absence of 
DNMT1, passive DNA demethylation occurs and reaches 
its peak by day 4. This suggests that this methylation level 
may represent the maximum tolerance for maintaining 
the normal progression of the cell cycle. Indeed, major 
changes in both cell proliferation and cell cycle occur 
starting from day 4. However, upon restoring DNMT1 
protein through IAA washout, cells exit the proliferation 
arrest and begin re-entering mitosis within 24 h, indicating 
that DNMT1 presence is perceived as a solution to restore 
cell proliferation. This observation could also imply that 
ensuring the maintenance of the minimal tolerable level 
of DNA methylation through rescued DNMT1 activity is 
sufficient to allow cell cycle progression. The minimal 
tolerable level of DNA methylation might constitute the 
threshold to avoid unrecoverable and dangerous genetic 
instability [6].

We also investigated the checkpoint triggered by 
DNMT1 prolonged absence and DNA methylation loss. 
Interestingly, despite the different types of arrest in the 
cell cycle observed so far in the previous literature, 
DNMT1 impairment often triggers the activation of cyc-
lin-dependent kinase inhibitors, mainly p21 [12, 21, 24, 
30, 44, 45]. We previously demonstrated that p21 acti-
vation and consequent cell cycle arrest is an immediate 
event in response to DNMT1 acute depletion in normal 
primary fibroblasts [12]. With the inducible degradation 
of DNMT1, we confirmed p21 activation even though it is 

not an immediate response but rather a delayed response 
to DNMT1's prolonged absence and DNA methylation 
loss. We also demonstrated that p21 activation is mostly 
triggered by p53 which is predominantly phosphorylated 
on serine 15, a marker of a stabilized and active p53 that 
cannot be inhibited by MDM2 [46]. Knocking-down of 
p53, as a consequence, releases cell proliferation arrest. 
Interestingly, p14ARF, which we previously showed to be 
responsible for the cell cycle arrest in the case of acute 
DNMT1 depletion by RNA interference, is activated only 
at day 7 in the absence of DNMT1. This activation likely 
occurs when DNA methylation conditions become criti-
cally compromised, necessitating stricter regulation of 
the cell cycle. Also, we did not observe an increase of 
γH2AX suggesting the occurrence of DNA damage that 
could have triggered p53 phosphorylation and activation, 
as previously reported [12].

Altogether, our results demonstrate that the prolonged 
absence of DNMT1 and consequent DNA methylation loss 
act as cellular stress signals that can endanger genome sta-
bility. This triggers p53-dependent p21 activation to halt 
cell proliferation before methylation reaches critical low 
levels. Notably, this proliferation arrest can be reversed 
when the stress source—such as DNMT1 loss—is resolved 
by restoring DNMT1 protein levels. Future research is 
needed to identify the specific cellular sensor responsible 
for detecting this stress and to explore whether this sen-
sor can be modulated. This line of investigation could be 
particularly significant given that DNA methylation loss 
is a hallmark of numerous human diseases, including can-
cer. Understanding this stress-response pathway, and how 
it intersects with the fundamental processes of cell cycle 
control and genomic stability, could ultimately open new 
therapeutic avenues to target abnormal cell proliferation, 
offering hope for more effective treatments against dis-
eases associated with DNA methylation loss.
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4 Results  

4.1 DNMT1 inducible degradation causes global DNA demethylation, slowing-

down of cell proliferation and aneuploidy in cancer cells  

To ascertain that the NADNMT1 inducible degradation was functional in DLD-1 NADNMT1 

cancer cells, the cells were treated with IAA. DNMT1 mNeonGreen protein absence was 

confirmed both by the fluorescence absence via fluorescence microscopy and by the absence of 

the protein through immunoblot assay (Figure 1A and 1B). Additionally, to confirm that DNMT1 

loss correlated with a loss of DNA methylation in these cells, 5-methylcytosine immunostaining 

at 10 days of IAA treatment was performed (Figure 1C). The analysis revealed a significant 

decrease in global DNA methylation following the IAA treatment (Figure 1D), as also observed 

by Fachinetti’s group 472. The 5mC staining was performed on mitotic chromosomes as well to 

better evaluate where the methylation was lost along the chromosome. The analysis focused on 

long chromosomes (Supp. Figure 1A and 1B) and short chromosomes (Supp. Figure 1E and 1F) 

with a similar length in cells with or without IAA treatment. A plot profile of these grouped selected 

chromosomes was performed and the analysis revealed that 5mC staining was in fact reduced 

across the whole chromatids, however the centromere was the most affected region (Supp. Figure 

1C, 1D, 1G, 1H). 

Depending on the cell line and the strategy used to disable DNMT1, DNMT1 absence can lead 

to different phenotypes 476. By using the inducible degradation of the protein, which is almost 

immediate (1 hour) 472. The effect of DNMT1 absence per se in the fitness of DLD-1 NADNMT1 

cells was evaluated. The trypan blue staining revealed that the cells did not die upon the IAA 

treatment and, thus, there was no negative effect on the survival (data not shown). Instead, DLD-

1 cells continue to normally proliferate until slowing down in a significant way at the 10th day of 

treatment upon prolonged DNMT1 absence, specifically from the 7th to the 10th day (Figure 1E). 

An even longer treatment, 21 days of DNMT1 absence, highly reduces the ability to form colonies 

in the cancer cell line (Supp Figure 2A).  

As attached to this thesis, my already published paper, which discuss about my thesis results on 

the effect of DNMT1 absence on RPE-1 cells, demonstrated that DNMT1 induced degradation 

leads to p53-p21waf1/cip1 pathway activation in normal human cells (Martino et al., 2024). DLD-

1 cell line is characterized by a point mutation in one of p53 alleles, a C -> T missense mutation 

leading to Ser -> Phe change at position 241 (ATCC database) 477 and resulting in the impairment 

of the binding of p53 to DNA. With this in mind, p53-p21waf1/cip1 pathway activation was 
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evaluated in DLD-1 cancer cells upon DNMT1 induced degradation. No change was observed in 

the overall p53 protein level by immunoblot (Supp. Figure 2B), instead, the analysis revealed an 

increase in both the expression and protein level of p21waf1/cip1 (Figure 1F and Supp. Figure 

2C), which suggests a residual p53 function or activation by other transcriptional factors.  

It was reported that silencing or the complete degradation of DNMT1 by DNMTs inhibitor AZA 

or DAC, lead to aneuploidy 471,472,478. To confirm this, a cytogenetic analysis was performed 

(Figure 1G). The experiment revealed a change of the chromosome number after 10 days of IAA 

treatment (Figure 1H), suggesting that the prolonged DNMT1 absence or the consequent DNA 

methylation loss allows the generation of aneuploidy in the cells. Aneuploidy can be induced when 

there are mitotic errors, such as lagging chromosomes. Hence, the percentage of cells with 

micronuclei that arise from lagging chromosomes was evaluated. Specifically, I reasoned that 

lagging chromosome should have been appeared before day 10 of treatment to generate 

aneuploidy. As such, the presence of micronuclei was analysed on the 4th day of IAA treatment. 

The experiment revealed no significant differences with the control (P value 0,0746) (Supp. Figure 

2D and 2E). This suggests no induction of lagging chromosomes upon DNA methylation loss or 

DNMT1 absence.  
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Figure 1: AID system induces the degradation of DNMT1 with subsequent DNA methylation loss and 

aneuploidy. A The DLD-1 endogenous fluorescence of NADNMT1 is lost upon the IAA treatment. B Immunoblot 

shows NADNMT1 successfully degraded at 10 days of IAA treatment in DLD-1 NADNMT1 cells. C Immunostaining 

of 5mC in the untreated and 10 days IAA-treated DLD-1 NADNMT1 cells. D Graph summarising the results 

in C shows that NADNMT1 degradation highly reduces the 5mC level in DLD-1 NADNMT1 cells. The graph shows 

the mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. At least 150 

nuclei for each condition and each replicate were evaluated. Unpaired t-test between samples **** < 0.0001. E Graph 

reveals DLD-1 NADNMT1 cells slow down proliferation. The graph shows the mean of 3 independent experiments. 

The error bars represent the standard error of the mean, SEM. Unpaired t-test between samples: * ≤ 0.05; 

ns > 0.05. F Immunoblot shows the increase of p21 protein amount upon 10 days of IAA treatment in DLD-1 
NADNMT1 cells. G Representative images of metaphase spreads of untreated and IAA-treated DLD-1 NADNMT1 
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cells. The nuclei and chromosomes were stained with Giemsa. H Graph summarising the data in G. Numerical 

aneuploidy is achieved upon 10 days of IAA treatment in DLD-1 NADNMT1 cells. The graph shows the mean of at 

least 3 independent experiments. The error bars represent the standard error of the mean, SEM. At least 20 metaphase 

spreads for each condition and each replicate were evaluated. Unpaired t-test between the samples: ** < 0.01; 

ns > 0.05. 

 

 

4.2 DNMT1 inducible degradation improves the recruitment of centromere 

protein CENP-A and CENP-C of cancer cells 

The alteration of the chromosome number strongly suggests that the prolonged absence of 

DNMT1 or the loss of DNA methylation can induce errors in chromosome segregation. This 

finding is not correlated with the presence of lagging chromosomes. DNA methylation is heavily 

recurrent at the repetitive DNA of the centromere, and the kinetochore complex, which has a 

central role in chromosome segregation, is assembled at the centromere. Thus, the centromere 

functioning and kinetochore recruitment were investigated in DLD-1 NADNMT1 cells upon 

DNMT1 degradation as a possible cause of segregation errors. 

To evaluate if the cells had difficulties in congressing the chromosomes to the metaphase plate, 

DLD-1 NADNMT1 cells were first treated with STLC to synchronize them in mitosis with a 

monopolar-spindle state and then released in the presence of MG132 to block progression of 

mitosis over the metaphase (Supp. Figure 2F). At 7 days of IAA treatment, only about 25% of cells 

showed chromosomes at the metaphase plate compared to 50% of the control cells (Figure 2A-B). 

Although at 4 days treated cells showed no statistical difference compared to the controls, the P 

value 0,06 suggested that the alteration in the chromosome congression (only 30% of cells with 

chromosomes reaching the metaphase plate) starts even before the 7th day (Figure 2A-B).  

Additionally, the cells with congressed chromosomes at the metaphase plate were analysed (Figure 

2C) and, compared to the control, the IAA treated cells showed a higher incidence of misaligned 

chromosomes at both time points (Figure 2D).  

Cells treated with STLC-MG132 were stained for the presence of CENP-A and CENP-T to 

check their recruitment at the mitotic uncongressed and misaligned chromosomes (Figure 2E). 

Indeed, both CENP-A/CENP-C and CENP-T are able to recruit the kinetochore complex at 

centromeres. The analysis revealed a dynamic rearrangement for CENP-T as it was increased at 

the 4th day of treatment but normalised at the 7th day compared to the control (Figure 2F). This 

could be explained by some compensatory mechanism at the centromeric region, or it could be 

due to technical issues. However, CENP-A was characterised by an increased intensity at the 
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centromere of the misaligned/uncongressed chromosomes at both 4 and 7 days of IAA treatment 

(Figure 2G). 

 Since CENP-A intensity was higher at the errors of all time points, DLD-1 NADNMT1 cells 

CENP-A regulation and dynamics were further analysed. Since it is known that CENP-A is loaded 

onto centromere during the early G1 phase, immunostaining of interphase nuclei was performed 

(Figure 3A). DLD-1 NADNMT1 cells asynchronous population was characterised by a clear 

increase in CENP-A spot intensity in the nuclei upon 10 days of IAA treatment (Figure 3B). To 

avoid any bias due to the presence of S-phase cells where CENP-A spots start to split and become 

double with halved intensity, a 24h of serum starvation experiment was performed. The serum 

starvation synchronises the cells in G1 phase. The synchronised populations of DLD-1 NADNMT1 

cells were characterised by increased CENP-A as well (Supp. Figure 3A), confirming the previous 

results. Surprisingly, the increase in intensity of CENP-A spots in the nuclei observed upon 10 

days of IAA treatment did not correlate with a significant increase in the protein level (Figure 3C-

D). 

Next, the intensity of CENP-A spots at mitotic chromosomes was evaluated (Figure 3E). The 

analysis showed that at 10 days of treatment, CENP-A was increased at chromosomes (Figure 3F).  

To characterise the timing of CENP-A increase, immunostaining experiments were performed 

at different time points and revealed that CENP-A higher intensity is already noticeable at the 3rd 

day of IAA treatment (Figure 3G, Supp. Figure 3B). 

To better understand this, the mRNA and the protein levels were evaluated. CENP-A gene 

expression was increased only on the first day of IAA treatment (Figure 3H), which suggests the 

need to produce more CENP-A and justify the observed increased intensity at the centromere. 

However, the protein levels did not change across different days of treatment even upon mitotic 

synchronization with colcemid (Supp. Figure 3C-D-E-F). These results would suggest that only 

CENP-A recruitment at centromeres is increased upon prolonged DNMT1 degradation, and not 

the whole protein level. 

Since CENP-A recruitment was increased at all time points both in interphase nuclei and in 

mitotic chromosomes, the recruitment of the kinetochore was evaluated. I first focused on CENP-

C, both in G1 nuclei and in mitosis (Supp. Figure 3G and Figure 4A). To select cells in G1 phase, 

CENP-A spots appearance as single (G1) or double (S/G2) spots were used. At the 4th day of IAA 

treatment, CENP-C was less intense in the G1 nuclei (Supp. Figure 3H). On the contrary, in mitosis 

CENP-C signal in IAA treated cells increases more than 15% compared to the non-treated cells 

(Figure 4A-B), showing that DNMT1 prolonged degradation deregulated CENP-C dynamics. 
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Figure 2: DNMT1 absence induces difficulties in chromosome congression, and mitotic errors characterised by higher 

CENPs intensity. A DAPI staining to evaluate the number of cells that reach the metaphase plate after STLC 

incubation and release into MG132 in the untreated and IAA-treated DLD-1 NADNMT1 cells. The zooms show 

representative cells with or without, congressed and aligned chromosomes at the metaphase plate. B Graph 

summarising the results of A, reveals that the 4 days and 7 days IAA treated DLD-1 NADNMT1 cells have difficulty 

in reaching the metaphase. The graph shows the mean of 3 independent experiments. The error bars represent the 

standard error of the mean, SEM. At least 17 mitotic cells for each condition and each replicate were evaluated. 

Unpaired t-test between the samples: * ≤ 0.05; P = 0.0616. C DAPI staining of untreated and 7 days IAA-treated DLD-

1 NADNMT1 cells. D Graph summarising the results in C shows that NADNMT1 degradation induces uncongressed 

and misaligned chromosomes in DLD-1 NADNMT1 cells. The graph shows the mean of 3 independent experiments. 

The error bars represent the standard error of the mean, SEM. At least 25 mitoses for each condition and each replica 

were evaluated. Unpaired t-test between samples ** < 0,01 and * ≤ 0.05. E Immunostaining of CENP-A and CENP-T 

in control, 4 days and 7 days IAA treated DLD-1 NADNMT1 cells upon STLC incubation and release in MG132. F 
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Graph summarising the results in E reveals higher intensity of CENP-T at the mitotic errors at 4 days of IAA treatment. 

The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, 

SEM. At least 40 spots for each condition and each replica were evaluated. Unpaired t-test between samples **** < 

0.0001; ns > 0.05. G Graph summarising the results in E, reveals higher intensity of CENP-A at the mitotic errors at 4 

and 7 IAA days. The graph shows the mean of 3 independent experiments. The error bars represent the standard error 

of the mean, SEM. At least 40 spots for each condition and each replica were evaluated. Unpaired t-test between 

samples **** < 0.0001. 

 

Figure 3: CENP-A higher recruitment is induced upon IAA treatment. A Immunostaining of CENP-A at the interphase 

nuclei in the untreated and 10 days IAA treated DLD-1 NADNMT1 cells B Graph showing the results of A, reveals 

that CENP-A is increased at the nuclei of 10 days IAA treated DLD-1 NADNMT1 cells. The graph shows the mean of 
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3 independent experiments. The error bars represent the standard error of the mean, SEM. At least 700 spots for each 

condition and each replica were evaluated. Unpaired t-test between the samples: **** < 0.0001. C Immunoblot of 

CENP-A in untreated and 10 days IAA treated DLD-1 NADNMT1 cells. D Graph summarising the results in E shows 

that CENP-A protein amount does not change in DLD-1 NADNMT1 cells upon IAA treatment. The graph shows the 

mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test 

between samples: ns > 0.05. E Immunostaining for CENP-A to evaluate the signal in mitotic chromosomes. F Graph 

summarising the results in E reveals higher signal of CENP-A at the centromere in mitosis of 10 days IAA treated 

DLD-1 NADNMT1 cells. The graph shows the mean of 3 independent experiments. The error bars represent the 

standard error of the mean, SEM. At least 2000 spots for each condition and each replica were evaluated. Unpaired t-

test between the samples: **** < 0.0001. G Graph reveals higher signal of CENP-A at the centromere in mitosis of 3 

days IAA treated DLD-1 NADNMT1 cells. The graph shows the mean of 3 independent experiments. The error bars 

represent the standard error of the mean, SEM. At least 700 spots for each condition and each replica were evaluated. 

Unpaired t-test between the samples: **** < 0.0001. H Graph showing the results of the RT-qPCR, reveals that CENP-

A mRNA is increased at the first day of IAA treatment in DLD-1 NADNMT1 cells. The graph shows the mean of 3 

independent experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test between the 

samples: *** < 0.001; ns > 0.05.  

 

 

4.3 DNMT1 inducible degradation does not impair the functionality of the 

kinetochore and the attachment formation 

The observed CENP-A/CENP-C increase suggests that the whole kinetochore complex may be 

affected together with its function. To investigate this, Hec1 intensity was evaluated in DLD-1 

NADNMT1 cells in metaphase at 4 and 7 days of IAA treatment. The analysis revealed no change 

in the intensity (Figure 4C-D). This finding suggests no negative effect on the kinetochore structure 

at those timepoints. In parallel, the total protein level analysed by immunoblot assay revealed a 

reduction of Hec1 only at the first day of IAA treatment, similarly to what was observed for CENP-

A (Figure 4F-4G). The same results occurred when MG132 (Supp. Figure 4A-B) or colcemid 

(Supp. Figure 4C-D) were used to synchronise the cells in mitosis.  

To evaluate if the attachments were faithful, the proteins recruited when the end-on attachment 

is matured were analysed. In the same immunofluorescence experiment of Hec1, Astrin (Figure 

4C), which is a signature of mature attachments was analysed. The immunofluorescence 

experiment revealed that the intensity of the signal of Astrin, located at the analysed Hec1 spots, 

was higher upon DNMT1/DNA methylation loss at 4 and 7 days of IAA treatment, respectively 

20% and 15% higher than the control (Figure 4E).  

To corroborate this result, the SKA complex, which is another signature protein of a proper 

attachment was also analysed. The experiment revealed an increase of the Ska3 intensity at each 

time point (Supp. Figure 4E-F). Ska3 data correlated with the one observed for Astrin.  

No effect on the kinetochore complex and an increase of protein related to a stable attachment 

should, in principle, not affect kinetochore-microtubule attachment stability. To further confirm 

this hypothesis, a cold treatment assay for 15 min was performed on DLD-1 NADNMT1 cells to 
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evaluate the k-fiber persistence. The low temperature can induce depolymerization of microtubules 

and only specialised structures like the stable interactions between the kinetochore and the 

microtubule will be maintained. At all timepoints analysed the microtubules were still attached to 

the kinetochore, confirming no negative effect on the attachment itself when it is already 

established (Figure 5A-B).  

Since some researchers correlated the distance between the two poles and the metaphase plate 

thickness (Supp. Figure 5D) with the kinetochore-microtubule attachment stability 235, these 

distances were analysed, but no variation was observed (Supp. Figure 5E-F). This confirmed that 

DNA methylation loss or DNMT1 absence did not alter the realisation of stable attachments.  

Finally, I observed the phenotype of the spindle poles upon cold treatment was analysed. Normally, 

the stable spindle appeared as k-fibers arising from the disk-shaped poles where tubulin had high 

intensity. Upon cold exposure, some unstable mitoses were characterised by k-fibers still present 

that, however, did not arise from a pole, which, instead, appears broken (Figure 5C). The 

phenotypes of the spindle pole were analysed. The experiment revealed an increased stability upon 

IAA treatments (Figure 5D). However, phenotypes in between the two conditions were also 

present. These phenotypes were classified as variant A and B. In variant A, the k-fibers were not 

connected to the pole, even if the tubulin disk is present, thus, potentially unstable (Supp. Figure 

A). In variant B, instead of k-fibers connected to the pole, which appeared linear and not as a disk, 

suggesting instead, stability (Supp. Figure A). The quantification of the regular broken or stable 

spindle poles plus the relative variants showed no statistical significance but a tendency to stability 

(Supp. Figure 5B-5C). All these support the idea of a positive impact on the spindle pole stability 

upon DNMT1 absence or DNA methylation loss. 
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Figure 4: DNMT1 degradation improves the recruitment of CENP-C and Astrin. A Immunostaining for CENP-C and 

CENP-A in the untreated and 4 days IAA treated DLD-1 NADNMT1 cells B Graph summarising the results in A, 

reveals higher intensity of CENP-C at the centromere of metaphase cells at 4 days of IAA treatment in DLD-1 
NADNMT1 cells. The graph shows the mean of 3 independent experiments. The error bars represent the standard error 

of the mean, SEM. At least 150 spots for each condition and each replicate were evaluated. Unpaired t-test between 

the samples: **** < 0.0001. C Immunostaining of Hec1 and Astrin at the metaphase in untreated, 4 days and 7 days 

of IAA treatment in DLD-1 NADNMT1 cells. D Graph showing the results of C reveals that Hec1 does not change. The 

graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. 

At least 315 spots for each condition and each replicate were evaluated. Unpaired t-test between the samples: ns > 0.05. 

E Graph showing the results of C reveals that Astrin increases at 4 and 7 days of IAA treatment in DLD-1 NADNMT1 

cells. The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the 

mean, SEM. At least 315 spots for each condition and each replicate were evaluated. Unpaired t-test between the 
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samples: **** < 0.0001. F Immunoblot of Hec1 in untreated, 1 day, 4 days and 7 days of IAA treatment in DLD-1 
NADNMT1 cells. G Graph summarising the results in F reveals a reduction in Hec1 protein amount at the first day of 

IAA treatment. The graph shows the mean of 3 independent experiments. The error bars represent the standard error 

of the mean, SEM. Unpaired t-test between the samples: ***< 0.001; ns > 0.05. 

 

Figure 5: Kinetochore-microtubule attachment stability is not impaired upon DNMT1 absence or DNA methylation 

loss. A Immunostaining for Tubulin and Hec1 in the untreated and 7 days IAA treated DLD-1 NADNMT1 cells upon 

15 min of cold exposure B Graph summarising the results in A reveals the persistence of k-fibers at all observed IAA 

treated samples. The graph shows the mean of 3 independent experiments. The error bars represent the standard error 

of the mean, SEM. At least 25 mitoses for each condition and each replicate were evaluated. Unpaired t-test between 

the samples: ns > 0.05. C Immunostaining of Tubulin and Hec1 upon cold exposure, reveals different spindle pole 

phenotype in DLD-1 NADNMT1 cells: STABLE, The pole is present and the mitotic spindle is connected to the pole; 

UNSTABLE, the mitotic spindle is not connected to a pole D Graph showing the results of C, reveals that the spindle 

poles are more stable in the 4 days and 7 days IAA treated DLD-1 NADNMT1 cells. The graph shows the mean of 3 

independent experiments. The error bars represent the standard error of the mean, SEM. At least 25 mitoses for each 

condition and each replica were evaluated. Unpaired t-test between the samples: ** < 0,01; * ≤ 0.05.  
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4.4 DNMT1 inducible degradation does not impair the stripping of the fibrous 

corona proteins in cancer cells 

Since the kinetochore-microtubule attachment is still permitted but congression defects are 

present, I reasoned that the errors could arise before the formation of the attachment, possibly due 

to alterations of the fibrous corona or to defects in the cytoskeletal motor proteins. Hence, the 

effect of DNA methylation loss on P150Glued was evaluated. P150Glued is a component of the 

dynactin complex, which is required for the dynein molecular motor to strip off the fibrous corona 

proteins once stable, end-on kinetochore-microtubule connections are established. Immunoblot 

revealed no significant change in P150Glued protein level in both asynchronous and colcemid-

synchronised cell population upon IAA treatment (Figure 6A-B and Supp. Figure 6A-B). Even if 

the protein level was not altered, the localisation of dynein complex which is important to ensure 

proper chromosome segregation was analysed. No variation in the number of P150Glued spots at 

metaphase in the cells at 10 days of IAA treatment was observed (Figure 6C-D). However, by 

measuring the intensity of P150Glued signal throughout the metaphase area between the two poles, 

an increase of P150Glued intensity was observed (Supp. Figure 5G and Figure 6E). This data 

shows a high persistence of dynein onto the microtubules and thus, an incomplete formation of 

kinetochore-microtubule attachment despite the occurrence of functional mature attachments. 

Higher presence of dynein on microtubules could suggest a premature stripping of fibrous corona 

proteins. 

Another important molecular motor required for chromosome segregation is CENP-E, which 

allows the formation of lateral, immature attachments and is also required to maintain 

chromosomes at the metaphase plate. Difficulties in congressing the chromosomes may arise from 

a lack of CENP-E. CENP-E transcript and protein levels were evaluated and no change was 

observed neither in the asynchronous or in the synchronised cell population (Figure 6F-G-H and 

Supp. Figure 6C-D). Even if not significant Figures 6G-H show an increase of CENP-E protein 

level upon IAA treatment at every time point, which could be due to technical issues, but it could 

also be a symptom of the cells attempting to improve the congression of chromosomes.  
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Figure 6: Loss of DNMT1 or DNA methylation may affect dynein and CENP-E. A Immunoblot for P150Glued in the 

untreated, 1 day, 4 days and 7 days IAA treated DLD-1 NADNMT1 cells B Graph summarising the results in A, reveals 

no change on P150Glued protein amount. The graph shows the mean of 3 independent experiments. The error bars 

represent the standard error of the mean, SEM. Unpaired t-test between the samples: ns > 0.05. C Immunostaining of 

P150Glued and CENP-A in untreated and 10 days IAA treated DLD-1 NADNMT1 cells. D Graph showing the results 

of C reveals the % of metaphase with P150Glued spots does not change upon IAA treatment in DLD-1 NADNMT1 

cells. The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the 

mean, SEM. 20 mitoses for each condition and each replica were evaluated. Unpaired t-test between the samples: 

ns > 0.05. E Graph showing the results of C, reveals higher intensity of P150Glued (rectangular ROI located between 

the 2 poles) in 10 days IAA treated DLD-1 NADNMT1 cells. The graph shows the mean of 3 independent experiments. 

The error bars represent the standard error of the mean, SEM. At least 20 mitoses for each condition and each replica 

were evaluated. Unpaired t-test between the samples: **** < 0.0001. F Graph shows no variation on the gene 
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expression of CENP-E in 1, 4 and 7 days IAA treated DLD-1 NADNMT1 cells. G Immunoblotting for CENP-E in 

untreated and 1, 4 and 7 days IAA treated DLD-1 NADNMT1 cells. H Graph summarising the results in G reveals no 

statistical significance at all timepoints in IAA treated DLD-1 NADNMT1 cells. The graph shows the mean of 3 

independent experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test between the 

samples: ns > 0.05. 

 

4.5 DNMT1 inducible degradation does not impair the SAC 

Since DLD-1 cells fail to establish the right conditions to segregate the chromosomes, 

which results in aneuploidy generation, SAC disfunction was reasoned. Thus, the cells were treated 

with nocadozole to trigger the checkpoint and an immunostaining for MAD1 at the 4th and 7th days 

of IAA treatment was performed. A significant yet only slight variability was observed: at 4 days 

there is a 15% increase, while at 7 days there is a reduction of less than 10% in respect to the 

control (Figure 7A-B). To evaluate further the eventual SAC impairment, MAD2 in both 

asynchronous and colcemid-synchronized cell population at different timepoints upon IAA 

treatment was analysed (Figure 7C-D and Supp. Figure 6E-F). No change in any of these 

conditions was observed. These results suggested that DNMT1 absence and loss of DNA 

methylation did not impair SAC proteins MAD1 or MAD2 functions.  
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(Previous page) Figure 7: Loss of DNMT1 or DNA methylation does not impair SAC activity. A Immunostaining of 

MAD1 in the untreated, 4 days and 7 days IAA-treated DLD-1 NADNMT1 cells B Graph summarising the results in 

A. The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, 

SEM. At least 650 spots for each condition and each replicate were analysed. Unpaired t-test between the samples: 

**** < 0.0001. C Immunoblot of MAD2 in untreated, 1 day, 4 days and 7 days IAA treated DLD-1 NADNMT1 cells. 

D Graph showing the results of C as the mean of 3 independent experiments. The error bars represent the standard 

error of the mean, SEM. Unpaired t-test between the samples: **** < 0.0001; ns > 0.05.  

 

 

4.6 DNMT1 inducible degradation alters Aurora B recruitment 

The observed alteration of the kinetochore-microtubule interaction could suggest that Aurora B 

kinase, which is involved in the regulation of the attachments, may be altered.  

To evaluate this, Aurora B protein level was analysed and a slight reduction was observed 

(average 20%) upon IAA treatment (Figure 8A-B). The same analysis performed on MG132 or 

colcemid-synchronised cells confirmed the reduction up to 7 days of IAA treatment, however, at 

10 days Aurora B level came back to the one of the untreated conditions (Figure 8C-D and Supp. 

Figure 7A-B). 

The observed reduction of Aurora B during 7 days of IAA treatment suggested the idea that the 

correction of improper kinetochore-microtubule attachments could be inaccurate in DNMT1-

degraded cells, leading to aneuploidy. To confirm such hypothesis, the localisation of Aurora B 

and its scaffold protein INCENP onto mitotic chromosomes after treatment with colcemid were 

analysed (Figure 8E and 8H). No changes in the number of chromosomes stained with Aurora B 

or INCENP upon 10 days of IAA treatment were observed (Supp. Figure 7C and Figure 8H). 

However, the immunofluorescence experiment revealed that Aurora B intensity was increased at 

the centromere in IAA treated cells in comparison with the untreated cells (Figure 8F), which 

would suggest an enhancing of error correction. 

To confirm that the highly recruited Aurora B was actually functional, the phosphorylation of 

one of its main targets Serine55 of Hec1 was evaluated.  

 To check this, immunoblot in both colcemid-synchronised and asynchronous populations was 

performed. Since colcemid depolymerizes microtubules, no attachments and alignment of 

chromosomes are present, thus, this condition allows measurement of Hec1 S55p level at the entry 

in mitosis. When the Hec1 S55p signals of IAA-treated population was compared with the 

colcemid-treated NT, an increase was observed at every analysed time point, except for the 4 days 

IAA treatment, probably due to technical issues (Figure 9A-B and Supp. Figure 7E). To further 

understand the dynamics of Hec1 S55p, a western blot assay of asynchronous populations at 



85 
 

different time points (Figure 9C) and the MG132-synchronised populations at 10 days of IAA 

treatment (Figure 9E) were performed. In both these conditions, the tubulin is able to interact with 

the kinetochore and chromosomes will reach the metaphase plate. Also, when MG132 is 

administered, the cells arrest in metaphase 3h, having more time to correct the errors. The analyses 

revealed that Hec1 S55p was increased, though not significantly in the asynchronous population 

(Figure 9D and Supp. Figure 7F). When MG132 is present, Hec1 S55p is reduced in IAA-treated 

cells to the levels of the untreated condition (Figure 9F and Supp. Figure 7D). Since the amount 

of mitotic cells could influence the protein level of Hec1 S55p, the mitotic index and the percentage 

of cells at metaphase in the MG132-treated population were evaluated. The number of mitoses is 

was not significantly altered (Supp. Figure 7G-H-I). Altogether, these results show that Aurora B 

is increased in both the recruitment at the centromere and the phosphorylation activity on Hec1 

S55 upon DNMT1 prolonged absence. 
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Figure 8: Loss of DNMT1 or DNA methylation alters Aurora B kinase. A Immunoblot of Aurora B kinase in untreated, 

1 day, 4 days and 7 days IAA treated DLD-1 NADNMT1 cells. B Graph summarizing the results in E, shows Aurora 

B protein reduction at the first and at the 7th days of IAA treatment. The graph shows the mean of 3 independent 

experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test between the samples: **** 

< 0.0001; * ≤ 0.05; ns > 0.05. C Immunoblot of Aurora B in the untreated, and 10 days IAA treated DLD-1 NADNMT1 

cells synchronised in mitosis with MG132. D Graph shows no change on the Aurora B protein levels at 10 days of 

IAA treatment in asynchronised and MG132 synchronised cells. The graph shows the mean of 3 independent 

experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test between the samples: 

ns > 0.05. E Immunostaining of Aurora B kinase in untreated and 10 days IAA treated DLD-1 NADNMT1 cells. 

F Graph showing the results of E reveals increase of Aurora B intensity at the centromere upon IAA treatment in 

DLD-1 NADNMT1 cells. The Aurora B intensity was taken by using a big circle spot that includes CENP-A doublets. 

CENP-A was used as centromeric marker. The graph shows the mean of 3 independent experiments. The error bars 
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represent the standard error of the mean, SEM. At least 200 spots for each condition and each replicate were evaluated. 

Unpaired t-test between the samples: **** < 0.0001. G Immunostaining of INCENP in untreated and 10 days IAA 

treated DLD-1 NADNMT1 cells. H Graph summarizing the results in G. The cutoff number of chromosomes was 

established as the mode number of chromosomes decorated with INCENP in the untreated condition. The graph shows 

the mean of 4 independent experiments. The error bars represent the standard error of the mean, SEM. At least 20 

mitoses for each condition and each replica were evaluated. Unpaired t-test between the samples: ns > 0.05. 

 

Figure 9: Loss of DNMT1 and DNA methylation alters Hec1 phosphorylation dynamics. A Immunoblot of Hec1 S55p 

and Hec1 in asynchronous untreated DLD-1 NADNMT1 cells and colcemid-synchronized population of untreated, 4 

days, 7 days and 10 days of IAA treated DLD-1 NADNMT1 cells. B Graph summarising the results in A reveals the 

increase of Hec1 S55p at 7 and 10 days of IAA treatment in DLD-1 NADNMT1 cells synchronised with colcemid. The 

graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. 

Unpaired t-test between the samples: ** <0.001, * ≤ 0.05; ns > 0.05. C Immunoblot of Hec1 S55p and Hec1 in 
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untreated, 1 days, 4 days and 7 days IAA treated DLD-1 NADNMT1 cells. D Graph summarising the results in C. The 

graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. 

Unpaired t-test between the samples: ns > 0.05. E Immunoblot of Hec1 S55p and Hec1 in untreated, and 10 days IAA 

treated DLD-1 NADNMT1 cells synchronised with MG132. F Graph summarising the results in E. The graph shows 

the mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test 

between the samples: ns > 0.05. 

 

 

4.7 DNMT1 presence and DNA methylation loss improve error correction 

efficiency 

The obtained data showed that DNMT1 prolonged degradation enhanced the stability of the 

existing kinetochore-microtubule attachments. However, it also sensitised the cells to microtubule 

depolymerization (colcemid treatment) with increased Aurora B recruitment and activity (Hec1 

phosphorylation), which could suggest that microtubule dynamics is the key threat of this altered 

condition. If this is the case, IAA treatment should cause misaligned chromosomes rather than 

lagging chromosomes. To confirm this hypothesis, mitotic errors were checked focusing on 

lagging chromosomes in both IAA treated cells and DNMT1 rescued cells where IAA washout 

(WO) was performed (Supp. Figure 8A). As expected, no change in the percentage of mitotic cells 

characterised by lagging chromosomes was observed, confirming the results obtained with the 

observation of micronuclei (Supp. Figure 8B-C and Supp. Figure 2D). Then, misaligned 

chromosomes were evaluated, the percentage of cells with misaligned chromosomes were 

increased up to about 40% in the IAA treated cells, while reduced though not significantly in the 

DNMT1-rescued cells (WO) (Figure 10A-B). This observation confirmed that DNMT1 absence 

caused problems in chromosome congression. It remained unclear whether DNA methylation is 

involved as well in this process.  

The recruitment of both Hec1 S55p and Aurora B at the misaligned chromosomes were analysed. 

At misaligned chromosomes, Hec1 S55p was higher in both IAA-treated and the DNMT1-rescued 

cells (Figure 10C-D). On the contrary, Aurora B intensity at errors did not significantly change 

either in the IAA-treated or in the DNMT1-rescued cells (Figure 10C-E). To further characterise 

Aurora B activity, the ratio between the intensity of Aurora B and Hec1 S55p signals at the errors 

was graphed. The graph shows a significant reduction of the ratio between Aurora B and Hec1 

S55p at the IAA-treated and DNMT1-rescued cells (Figure 10F). Altogether, these results show 

that the cells tried to correct the misaligned chromosomes - caused by DNMT1 prolonged 

degradation - by activating Hec1 S55 phosphorylation, which likely is Aurora B-dependent. 
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Figure 10: DNA methylation alters the Aurora B / Hec1 S55p ratio at the mitotic errors. A DAPI staining to evaluate 

the percentage of mitoses with misaligned chromosomes in untreated, 6 days IAA treated and 2 days DNMT1-rescued 

(WO) DLD-1 NADNMT1 cells. B Graph summarising the results in A, reveals a rescue of errors upon DNMT1 

restoration. The graph shows the mean of 3 independent experiments. The error bars represent the standard error of 

the mean, SEM. At least 15 mitoses for each condition and each replicate were evaluated. Unpaired t-test between the 

samples: * ≤ 0.05; P = 0,0651. C Immunostaining of Hec1 S55p and Aurora B in the misaligned chromosomes of 

untreated, 6 days IAA treated and WO DLD-1 NADNMT1 cells. D Graph summarising the results in C shows the 

increase of Hec1 S55p at the misaligned chromosomes of 6 days IAA treated or DNMT1-rescued DLD-1 NADNMT1 

cells. The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the 

mean, SEM. All the available spots for each condition and each replicate were evaluated. Unpaired t-test between the 

samples: *** < 0.01; ** < 0.1. E Graph summarising the results in C, shows no Aurora B intensity change at the 
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kinetochore complex. The graph shows the mean of 3 independent experiments. The error bars represent the standard 

error of the mean, SEM. All the available spots for each condition and each replicate were evaluated. Unpaired t-test 

between the samples: ns > 0.05. F Graph summarising the results in C shows a decrease in Aurora B/Hec1 S55p ratio 

in at the misaligned chromosomes of 6 days IAA treated or DNMT1-rescued DLD-1 NADNMT1 cells. The graph 

shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. All the 

available spots for each condition and each replicate were evaluated. Unpaired t-test between the samples: ** < 0.01; 

* ≤ 0.05. 
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Supplementary Figure 1: A 5mC Immunostaining on a long chromosome of untreated DLD-1 NADNMT1. B  5mC 

immunostaining on a long chromosome of 10 days IAA treated DLD-1 NADNMT1. C Graph showing the plot profile 

of the 5mC at the chromatid of the selected untreated long chromosome. D Graph showing the plot profile of the 5mC  

at the chromatid of the selected IAA treated long chromosome. E 5mC immunostaining on a short chromosome of 

untreated DLD-1 NADNMT1. F  5mC immunostaining on a short chromosome of 10 days IAA treated DLD-1 
NADNMT1. G Graph showing the plot profile of the 5mC at the chromatid of the selected untreated short 

chromosome. H Graph showing the plot profile of the 5mC at the chromatid of the selected IAA treated short 

chromosome. 
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Supplementary Figure 2: A Colony assay shows that a prolonged NADNMT1 absence upon 21 days of IAA treatment 

impairs colony formation in DLD-1 NADNMT1 cells. The experiment has been performed in 3 replicates. Number of 

seeded cells: 2000, 1000, and 500. B Immunoblot of p53 in untreated and 10 days of IAA treated DLD-1 
NADNMT1. C Graph showing p21 mRNA fold change upon 10 days of IAA treatment in DLD-1 NADNMT1. The 

graph shows the mean of 2 independent experiments. The error bars represent the standard error of the mean, SEM. 

D DAPI staining to evaluate micronuclei formation upon 4 days of IAA treatment in DLD-1 NADNMT1. E Graph 

summarising the results in E, shows no significant increase of micronuclei upon 4 days of IAA treatment in DLD-1 
NADNMT1 cells. The graph shows the mean of 3 independent experiments. The error bars represent the standard error 

of the mean, SEM. At least 190 nuclei for each condition and each replica were evaluated. Unpaired t-test between 

samples: ns > 0.05. F The representative image displays how STLC treatment and release into MG132 experiments 

were performed. The image was created in https://BioRender.com. 

 



93 
 

 

 

Supplementary Figure 3: A Graph reveals an increase of CENP-A intensity at the serum starved (s.s.) nuclei upon 10 

days of IAA treatment in DLD-1 NADNMT1 cells. The graph shows the mean of 1 independent experiment. At least 

480 spots were evaluated. B Graph reveals a slightly decrease of CENP-A intensity at the centromere upon 1 days of 

IAA treatment in DLD-1 NADNMT1 cells. The graph shows the mean of 2 independent experiments. The error bars 

represent the standard error of the mean, SEM. At least 700 spots for each condition and each replica were evaluated. C 

Immunoblot of CENP-A in asynchronous untreated DLD-1 NADNMT1 cells and colcemid synchronized population 

of untreated, 4 days, 7 days and 10 days of IAA treated DLD-1 NADNMT1 cells. D Graph summarizing the result in 

C, reveals no significant difference in the levels of CENP-A protein at any timepoints in DLD-1 NADNMT1 cells. The 

graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. 

Unpaired t-test between the samples: ns > 0.05. E Immunoblot of CENP-A in untreated, 1 day, 4 days and 7 days IAA 

treated DLD-1 NADNMT1 cells. F Graph summarizing the result in D reveals no significant difference in the levels of 
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CENP-A protein at any timepoints in DLD-1 NADNMT1 cells. The graph shows the mean of 3 independent 

experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test between the samples: 

ns > 0.05. G Immunostaining of CENP-C and CENP-A at the interphase nuclei in the untreated and 4 days IAA treated 

DLD-1 NADNMT1 cells. H Graph showing the results of H reveals that CENP-C is reduced at the centromere of 4 

days IAA treated DLD-1 NADNMT1 nuclei. The graph shows the mean of 3 independent experiments. The error bars 

represent the standard error of the mean, SEM. At least 250 spots for each condition and each replica were evaluated. 

Unpaired t-test between the samples: **** < 0.0001. 

 

Supplementary Figure 4: A Immunoblot of Hec1 in untreated and 10 days of IAA treatment in DLD-1 NADNMT1 

cells synchronized with MG132 B Graph summarising the results in A, shows no change on Hec1 protein amount. 

The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, 

SEM. Unpaired t-test between the samples: ns > 0.05. C Immunoblot of Hec1 in asynchronous untreated DLD-1 
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NADNMT1 cells and colcemid synchronized population of untreated, 4 days, 7 days and 10 days of IAA treatment. D 

Graph summarising the results in C. The graph shows the mean of 3 independent experiments. The error bars represent 

the standard error of the mean, SEM. Unpaired t-test between the samples: ns > 0.05. E Immunostaining of CENP-A 

and Ska3 in untreated, 4 days and 7 days of IAA treatment in DLD-1 NADNMT1 cells. F Graph summarising the 

results in E reveals an increase in Ska3 recruitment at the centromeric region. The graph shows the mean of 1 

independent experiment. The error bars represent the standard error of the mean, SEM. At least 150 spots were 

evaluated. 

 

Supplementary Figure 5: A Immunostaining of Tubulin and Hec1 upon cold exposure, reveals partially stable and 

partially unstable spindle pole phenotype in DLD-1 NADNMT1 cells: VARIANT A, the pole is present, but the mitotic 

spindle is not connected to it; VARIANT B, the spindle binds the pole even if not in a disk shape. B Graph showing 

the results of Figure 5C unstable phenotype together with the partially variant A, reveals that the spindle poles do not 
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change in stability at the 4 days and 7 days IAA treated DLD-1 NADNMT1 cells. The graph shows the mean of 3 

independent experiments. The error bars represent the standard error of the mean, SEM. At least 25 mitoses for each 

condition and each replica were evaluated. Unpaired t-test between the samples: ns > 0.05. C Graph showing the 

results of Figure 5C stable phenotype together with the partially variant B, reveals that the spindle poles do not change 

in stability at the 4 days and 7 days IAA treated DLD-1 NADNMT1 cells. The graph shows the mean of 3 independent 

experiments. The error bars represent the standard error of the mean, SEM. At least 25 mitoses for each condition and 

each replica were evaluated. Unpaired t-test between the samples: ns > 0.05. D Immunostaining for tubulin to evaluate 

the distance between the poles and the metaphase plate thickness upon cold treatment in untreated and IAA treated 

DLD-1 NADNMT1 cells. E Graph summarising the results in A reveals no change in the distance between the poles at 

4 days of IAA treatment in DLD-1 NADNMT1 cells. The graph shows the mean of 3 independent experiments. The 

error bars represent the standard error of the mean, SEM. At least 15 mitoses for each condition and each replicate 

were evaluated. Unpaired t-test between the samples: ns > 0.05. F Graph summarising the results in A reveals no 

change in the metaphase plate thickness at 4 days of IAA treatment in DLD-1 NADNMT1 cells. The graph shows the 

mean of 3 independent experiments. The error bars represent the standard error of the mean, SEM. At least 15 mitoses 

for each condition and each replicate were evaluated. Unpaired t-test between the samples: ns > 0.05. G Representative 

image to shows how the quantification of P150Glued at the metaphase plate was performed. The used ROI is located 

between the two poles. 

 

Supplementary Figure 6: A Immunoblot for P150Glued in asynchronous untreated DLD-1 NADNMT1 cells and 

colcemid synchronized population of untreated, 4 days, 7 days and 10 days of IAA treated DLD-1 NADNMT1 cells. B 

Graph summarising the results in D reveals no statistical relevance at all time points in DLD-1 NADNMT1 cells 

synchronised with colcemid. The graph shows the mean of 3 independent experiments. The error bars represent the 

standard error of the mean, SEM. Unpaired t-test between the samples: ns > 0.05. C Immunoblot for CENP-E in 
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asynchronous untreated DLD-1 NADNMT1 cells and colcemid synchronized population of untreated, 4 days, 7 days 

and 10 days of IAA treated DLD-1 NADNMT1 cells. D Graph summarising the results in F reveals no statistical 

relevance in DLD-1 NADNMT1 cells synchronised with colcemid. The graph shows the mean of 3 independent 

experiments. The error bars represent the standard error of the mean, SEM. Unpaired t-test between the samples: 

ns > 0.05. E Immunoblot for MAD2 in asynchronous untreated DLD-1 NADNMT1 cells and colcemid synchronized 

population of untreated, 4 days, 7 days and 10 days of IAA treated DLD-1 NADNMT1 cells. F Graph summarising the 

results in H reveals no statistical relevance at any time point in DLD-1 NADNMT1 cells synchronised with colcemid. 

The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the mean, 

SEM. Unpaired t-test between the samples: ns > 0.05.  

 

Supplementary Figure 7: A Immunoblot of Aurora B in asynchronous untreated DLD-1 NADNMT1 cells and colcemid 

synchronized population of untreated, 4 days, 7 days and 10 days of IAA treated DLD-1 NADNMT1 cells. B Graph 
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summarising the results in A reveals the reduction of Aurora B at 4 and 7 days of IAA treatment in DLD-1 NADNMT1 

cells synchronised with colcemid. The graph shows the mean of 3 independent experiments. The error bars represent 

the standard error of the mean, SEM. Unpaired t-test between the samples: ** <0,001, * ≤ 0.05; ns > 0.05. C Graph 

summarizing the results in Figure 8 E. The cutoff number of chromosomes was established as the mode number of 

chromosomes decorated with Aurora B in the untreated condition. The graph shows the mean of 3 independent 

experiments. The error bars represent the standard error of the mean, SEM. At least 20 mitoses for each condition and 

each replica were evaluated. Unpaired t-test between the samples: ns > 0.05. D Graph summarising the result in Fig 

9E shows no change in Hec1p/Hec1 ratio. The graph shows the mean of 3 independent experiments. The error bars 

represent the standard error of the mean, SEM. Unpaired t-test between the samples: ns > 0.05. E Graph, summarising 

the result in Fig. 9A shows the increase in Hec1p/Hec1 ratio in 4 days, 7 days and 10 days IAA treated DLD-1 
NADNMT1 cells. The graph shows the mean of 3 independent experiments. The error bars represent the standard error 

of the mean, SEM. Unpaired t-test between samples: * ≤ 0.05; ns > 0.05. F Graph summarising the result in Fig 9C 

shows no change in Hec1p/Hec1 ratio. The graph shows the mean of 3 independent experiments. The error bars 

represent the standard error of the mean, SEM. Unpaired t-test between the samples: ns > 0.05. G DAPI staining to 

evaluate the mitotic index and the percentage of cells in metaphase in MG132-synchronized untreated and 10 days 

IAA treated DLD-1 NADNMT1 cells. H Graph summarizing the results in G. The graph shows the mean of 3 

independent experiments. The error bars represent the standard error of the mean, SEM. At least 480 nuclei for each 

condition and each replicate were evaluated. Unpaired t-test between the samples: ns > 0.05. I Graph summarising the 

results in F The graph shows the mean of 3 independent experiments. The error bars represent the standard error of 

the mean, SEM. At least 8 mitoses for each condition and each replica were evaluated. Unpaired t-test between the 

samples: ns > 0.05.  
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Supplementary Figure 8: A Schematics to shows how the rescue experiments were performed. B DAPI staining to 

evaluate the percentage of mitoses with lagging chromosomes in untreated, 6 days IAA treated and 2 days DNMT1-

rescued (WO) DLD-1 NADNMT1 cells. C Graph summarising the results in B, reveals no significant change at all 

samples. The graph shows the mean of 3 independent experiments. The error bars represent the standard error of the 

mean, SEM. At least 15 mitoses for each condition and each replicate has been evaluated. Unpaired t-test between the 

samples: ns > 0.05. D Immunostaining of Hec1 S55p and Aurora B in untreated, 6 days IAA treated and WO DLD-1 
NADNMT1 cells. E Graph summarising the results in D reveals increase of Hec1 S55p at the metaphase plate upon 

DNMT1 absence and a restore of the signal when DNMT1 is rescued. The graph shows the mean of 3 independent 

experiments. The error bars represent the standard error of the mean, SEM. At least 150 spots for each condition and 

each replicate were evaluated. Unpaired t-test between the samples: **** < 0,1. F Graph summarising the results in 

D reveals reduction of Aurora B kinase at the kinetochore of the metaphase plate. The graph shows the mean of 3 

independent experiments. The error bars represent the standard error of the mean, SEM. At least 150 spots for each 

condition and each replicate were evaluated. Unpaired t-test between the samples: **** < 0.1. 
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5 Discussion and conclusion  

DNA methylation is essential to ensure the fitness of the cells and its alteration is associated to 

several human diseases. Both aging cells and cancer are characterised by a change in DNA 

methylation pattern with DNA hypomethylation specifically observed at the repetitive DNA. Thus, 

evaluating the role of DNA methylation at such region is important to understand the biology 

behind these human conditions.  

To investigate the effect of a global DNA methylation loss, I used cell models where 

endogenous DNMT1 protein can be rapidly and completely degraded using an inducible degron 

in both tumoral colon-rectum DLD-1 cells and immortalized human retinal pigment epithelial 

RPE-1 cells. This approach allows me to observe the direct and immediate effects of the protein 

absence without potential biases due to the cytotoxicity caused by DNMT1-inhibiting drugs or 

siRNA transfection, or to the cell adaptation to the gene knockout. The aim in the first part of the 

thesis is to evaluate the effect of DNMT1 absence or DNA methylation loss on cell cycle 

progression. A gradual decrease in cell proliferation was observed with a significant reduction at 

the 4th or 10th day of treatment (depending on the cell line), with consequent upregulation of 

p21waf1/cip1. In the thesis results published in the attached paper, DNMT1 protein is dispensable 

for normal cell proliferation for a few cell cycles (approximately 3-4 cell cycles), and the 

prolonged absence and consequentially loss of DNA methylation, triggers a cell cycle arrest at the 

G1/S transition. Accordingly, the DLD-1 cell line is also characterized by G1 arrest, though slower 

472. As such, DLD-1 can still proliferate longer under DNMT1 degradation. Indeed, while normal 

cells are characterized by a fixed tolerance in DNA methylation levels for maintaining the normal 

progression of the cell cycle, DLD-1 cell line could tolerate lower levels of DNA methylation as 

the proliferation is reduced only after 10 days in DNMT1 absence. This could be explained by the 

upregulation of DNMT3B that occurs upon DNMT1 degradation 472. DNMT3B could methylate 

important regions of the genome required to sustain the fitness of the cell; thus, tumour cell lines 

may be adapted to a hypomethylated phenotype due to a compensatory mechanism. Ensuring the 

maintenance of the minimal tolerable level of DNA methylation is, however, required for cell 

survival.  

One of the most methylated regions of DNA is the centromere, which is involved in the 

recruitment of the kinetochore complex, which, in turn, allows chromosome segregation during 

mitosis. Loss of DNA methylation could impair the centromere and thus the kinetochore 

functioning, leading to mitotic errors. To evaluate such a context, the cells must undergo mitosis. 

The activation of the p53/p21waf1/cip1 axis makes the RPE-1 unsuitable for analysis upon 
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prolonged DNMT1 absence and DNA methylation loss. Instead, DLD-1 can keep proliferating 

longer upon prolonged DNMT1 absence, until the tolerable minimal level of DNA methylation is 

reached in these cells. Moreover, DLD-1 cells have a pseudo-diploid chromosome asset, but most 

importantly, they are stable and prone to keep a 2n DNA content. Thus, DLD-1 cells are suitable 

for experiments aiming to evaluate chromosome segregation upon DNMT1 and DNA methylation 

loss.  

The degradation of DNMT1 and the induction of DNA methylation loss in DLD-1 NADNMT1 

cells was firstly confirmed. DNA methylation loss was global; however, a marked reduction of the 

5mC was observed at the centromere, which consolidates the initial hypothesis of a potential 

impact at such region. Indeed, a promising role of DNA methylation in regulating the centromere 

has been recently confirmed 473. Also, DNMT1 silencing, DNMTs’ inhibitors and degradation of 

DNMT1 have been all correlated with aneuploidy 471,472,479. However, the connection between loss 

of DNA methylation and aneuploidy, likely through the formation of mitotic errors, is not fully 

elucidated. My aim, in the second part of my thesis, is to characterise the changes that occur upon 

DNA global hypomethylation that can regulate chromosome segregation. 

Upon prolonged IAA treatment and, thus, DNMT1 absence, DLD-1 cells are characterised by 

difficulties in congressing the chromosomes, with the appearance of mitotic errors, specifically 

misaligned chromosomes, and a change in the chromosome number. This phenotype suggests 

alteration of chromosomes segregation which relies on the kinetochore and the microtubules of 

the mitotic spindle. To further investigate on this, the recruitment of the proteins involved in the 

centromere functioning, kinetochore recruitment, kinetochore-microtubule attachment and in its 

regulation were evaluated. 

First, an enhanced recruitment of CENP-A at the centromere starting from the 3rd day of IAA 

treatment was observed. CENP-A is normally recruited at the hypomethylated region of the 

methylated and active HORs of the centromere 307. Therefore, the loss of DNA methylation may 

expand the hypomethylated region that recruits CENP-A. The recently published paper of 

Fachinetti’s group used a CRISPR system to guide a TET1 enzyme to the pericentromere and 

confirmed that, in fact, DNA methylation loss correlates with increased CENP-A recruitment due 

to a loss of centromere boundaries 473. Thus, the DNA methylation loss achieved in the DLD-1 

NADNMT1 cells could induce a similar phenotype. However, while their system is specific for the 

pericentromere, the NADNMT1 degradation induces a global DNA hypomethylation which mimics 

the more physiological condition observed upon aging and cancer.  
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The presence of higher CENP-A intensity at the centromere suggests that DNMT1 prolonged 

absence alter the centromere. This phenotype could lead to chromosome segregation defects. Thus, 

SAC proteins MAD1 and MAD2 were analysed with the hypothesis that the SAC impairment may 

be the cause of misaligned chromosomes. Both proteins were present and not altered upon DNMT1 

degradation which suggests that the SAC is functional and should stop the cells if the kinetochore-

microtubule attachments are not ideal.  

Next, I focused on the characterisation of the pathway for the recruitment of the kinetochore 

complex upon DNMT1 prolonged absence. CENP-A is required for the recruitment of the 

kinetochore and, in the first place, CENP-C. However, the increase of CENP-A did not directly 

correlate with increased CENP-C. During G1, CENP-C signal was, instead, reduced in DNMT1-

degraded cells compared to the normal condition. Nevertheless, CENP-C intensity increased when 

cells reached mitosis. Interestingly, this increase did not induce increase of Hec1 at the 

kinetochore.  

No impact on the kinetochore should permit the formation of stable kinetochore-microtubule 

attachments. Indeed, the exposure to cold, which depolymerises the microtubules that are not 

involved in stable attachments, reveals no negative effect on the kinetochore-microtubule 

interaction when DNMT1 is absent. Thus, the interaction seems to be stable and, to further confirm 

this, the intensity of Astrin and Ska3 which characterise mature and stable end-on kinetochore-

microtubule interactions were analysed. Both proteins were increased and recruited more 

efficiently at the kinetochore of hypomethylated cells. This suggested that DLD-1 cells are 

characterised by higher stability at the attachments upon the prolonged loss of DNMT1, hence, the 

kinetochore is correctly recruited and functional.  

The mature end-on interaction between Hec1 and the microtubule plus end is permitted and 

ensured upon prolonged DNMT1 absence. However, as discussed above, the cells show 

congression defects, which suggests that the problems potentially arise prior to the end-on 

maturation of the attachment, thus, at the lateral kinetochore-microtubule interaction. To explore 

this possibility, CENP-E, which ensures the lateral attachments and permits both the timely 

chromosome maintenance at the metaphase plate and faithful chromosome segregation 413 was 

analysed. CENP-E protein level tends to increase, though without statistical significance. To have 

a better understanding, then, Aurora B kinase, which is known to regulate the end-on maturation 

and also to allow the formation of the lateral attachments 415,431,467 was evaluated. Aurora B protein 

level was reduced upon prolonged DNMT1 absence in both synchronised and asynchronous cells, 

which may indicate defective Aurora B function. To deepen this point, the Aurora B localization 
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was verified by immunostaining. At the kinetochore of chromosomes that were congressed at the 

metaphase plate Aurora B was reduced. The reduction of Aurora B at the kinetochore is supplied 

by the increase of Astrin and Ska3 at the formed attachment 425,480. At the misaligned 

chromosomes, instead, Aurora B did not change at the kinetochore complex. These data still did 

not disclose whether the kinase activity of Aurora B was functional. To directly evaluate this, the 

phosphorylation of Hec1 S55 which is targeted by Aurora B, was evaluated. Hec1 S55p is high at 

the unattached and unaligned kinetochore and is reduced as the cells progress through mitosis, 

reaching a minimal value in metaphase where the attachments are fully matured. Hec1 S55p is 

only slightly increased at the metaphase plate of DNMT1-degraded cells. At the misaligned 

chromosomes, instead, Hec1 S55p is highly enhanced suggesting increased Aurora B activity at 

the kinetochore. Thus, Aurora B is specifically active at the kinetochore of unaligned 

chromosomes. 

Since at the metaphase plate, Hec1 phosphorylation is low and at the misaligned chromosomes is 

high, I hypothesise that the problem in the attachment could arise from lack of microtubules and 

thus, that microtubules could rescue the defects induced upon DNMT1 prolonged absence. To test 

this hypothesis, the microtubules were removed by using a depolymerising drug. Hec1 S55p was, 

in fact, higher compared to the control. This confirms that upon entry on early mitosis, the 

kinetochore is actively targeted by Aurora B when DNMT1 is degraded. To further validate such 

hypothesis, Aurora B was analysed in the absence of microtubules. An increase of Aurora B was 

observed specifically at the centromere.  

Altogether, the results suggest that DNMT1 absence leads to increased activity of Aurora B kinase 

at the centromere where it strongly phosphorylates Hec1 on S55 to facilitate the initial lateral 

interaction with the microtubules plus end. Thus, upon DNMT1 absence, Aurora B is more prone 

to correct uncongressed chromosomes. I speculated that the highly negative charge of Hec1 could 

be used to improve the binding of the kinetochore to the microtubules. As soon as the chromosome 

reaches the metaphase plate, the presence of the attached microtubules induces the removal of 

Aurora B at the kinetochore, leading to higher stabilisation of the attachment by Astrin and Ska3 

recruitment. The stabilisation of the kinetochore-microtubule attachment seems to be a phenotype 

induced by the DNA methylation loss and not by the mere absence of DNMT1, as DNMT1 rescue 

experiments show no recovery of Aurora B at the kinetochore of chromosomes aligned at the 

metaphase plate.  

At the misaligned chromosomes, instead, Aurora B does not change and Hec1 phosphorylation 

remains high which suggests a failure of the microtubules to recognise/find some kinetochores. 
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Even if the activity of other kinases in phosphorylating Hec1 cannot be excluded, the increase of 

S55p is strongly connected to DNA methylation loss as DNMT1 rescue experiments reveal the 

persistence of Hec1 phosphorylation at misaligned chromosomes. However, upon DNMT1 rescue 

the misaligned chromosomes seems to be partially reduced. Thus, the aneuploidy could arise not 

from misaligned chromosomes but from a combination of events which favours aneuploid cells: 

1) The activation of p21waf1/cip1 arrests the tumor cells that are sensitive to DNMT1 absence. 

Thus, the pool of 2n cells is reduced over time favouring the proliferation of already present 

aneuploid cells, which succeed in adaptation; 

2) The difficulty in creating the initial binding by the microtubules to the kinetochore; 

3)  Misaligned chromosomes not recognised by the SAC could be lost inducing aneuploidy. 

My Ph.D. research revealed that both normal and tumoral cells can sustain DNMT1 absence 

until the level of DNA methylation is reduced to toxic levels. RPE-1 normal cells sense this 

minimal level earlier than DLD-1 cancer cells. This suggests that DNMTs inhibitors as 

chemotherapy may not be that efficient in cancer therapy. Moreover, the study unveiled a possible 

mechanism by which DNA methylation ensures faithful chromosome segregation through the 

correct identification and binding between microtubules and kinetochores. Futures studies will 

fulfil the gaps about the role played by both DNMT1 and DNA methylation in the biorientation of 

chromosomes and in error correction. 
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