
UNIVERSITÀ VITA-SALUTE SAN RAFFAELE 

 

 

CORSO DI DOTTORATO DI RICERCA 
INTERNAZIONALE IN MEDICINA MOLECOLARE 

Curriculum in Cellular and Molecular Biology 

 

The histone demethylase KDM6A is a tumor 
suppressor controlling the genomic integrity 

and the DNA damage response 

 

DoS: Prof. Giovanni Tonon  
Second Supervisor: Prof. Jan Hoeijmakers 

 
 
Tesi di DOTTORATO di RICERCA di Gemma Crupi  
matr. 015610 
Ciclo di dottorato XXXV 
SSD BIO/11 - BIOLOGIA MOLECOLARE 

 

 

 

Anno Accademico 2021/2022 



 

  



 

CONSULTAZIONE TESI DI DOTTORATO DI RICERCA 

 

La sottoscritta / I Gemma Crupi 
matricola / registration number 015610 
nata a / born at Cosenza (CS) 
il / on 18/11/1994 
autrice della tesi di Dottorato di ricerca dal titolo / author of the PhD thesis entitled: The histone 
demethylase KDM6A is a tumor suppressor controlling the genomic integrity and the DNA 
damage response 

NON AUTORIZZA la consultazione della tesi per 12 mesi/ NOT AUTHORIZES the 

Consultation of the thesis for 12 months 

a partire dalla data di conseguimento del titolo e precisamente / from the PhD thesis date, 

specifically  

Dal / from 18/04/2023 Al / to 18/04/2024 Poiché / because:  

□ l’intera ricerca o parti di essa sono potenzialmente soggette a brevettabilità / The 
whole project or part of it might be subject to patentability; 
X ci sono parti di tesi che sono già state sottoposte a un editore o sono in attesa di 
pubblicazione / Parts of the thesis have already been submitted to a publisher or are in 
press;  

□ la tesi è finanziata da enti esterni che vantano dei diritti su di esse e sulla loro pubblicazione / 

The thesis project is financed by external bodies that have rights over it and on its publication.  

È fatto divieto di riprodurre, in tutto o in parte, quanto in essa contenuto / It is not allowed to 

copy, in whole or in part, the data and the contents of the thesis.  

 

 

Data / Date 14/02/2023                                                           Firma / Signature  

  



 

DECLARATION 

 

This thesis has been: 

- composed by myself and has not been used in any previous application for a degree. 

Throughout the text I use both ‘I’ and ‘We’ interchangeably. 

- has been written according to the editing guidelines approved by the University.  

Permission to use images and other material covered by copyright has been sought and 

obtained. For the following images in Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, 

Figure 6, and Figure 9 A and B, it was not possible to obtain permission and are 

therefore included in thesis under the “fair use” exception (Italian legislative Decree no. 

68/2003).  

All the results presented here were obtained by myself, except for:  

1) RNA sequencing. For instance: 
RNA sequencing experiments to investigate the differential gene expression 
between shSCR and shKDM6As (Results, figure 18), were performed in 
collaboration with Dr. Dejan Lazarevic, Center for Omics Sciences, San 
Raffaele Scientific Institute, Milan, Italy.  

 

2) Bioinformatic analysis. For instance: 
Analysis of transcriptomic data from cBioportal (Results, figure 17) were 
performed in collaboration with Dr. Jose Garcia Manteiga Center for Omics 
Sciences, San Raffaele Scientific Institute, Milan, Italy.  

 

All sources of information are acknowledged by means of reference.  

 



 

ABSTRACT 
 

KDM6A is a histone demethylase frequently altered across several cancer types. By 

specifically removing the H3K27me2/3 epigenetic repressive marks, KDM6A 

counteracts Polycomb function promoting target gene activation. Despite its relevance as 

a cancer gene, KDM6A pathogenic role remains poorly defined.  

We revealed that U-2OS cells were KDM6A was depleted displayed an increased 

genomic instability. Since the aberrations observed are reminiscent of an accumulation 

of unrepaired breaks, we hence decided to investigate the putative implication of KDM6A 

in the DNA damage response (DDR). The evaluation of the repair efficacy through 

reporter-constructs system revealed a specific impairment in the Homologous 

recombination (HR) repair pathway. Also, KDM6A deficient cells were extremely 

vulnerable to the PARP inhibitor, Olaparib. The increased susceptibility to the treatment 

is likely ascribed to the hampered repair upon KDM6A loss. Remarkably, DNA damage 

signaling, and checkpoint were not affected suggesting that KDM6A action is specifically 

exerted at the DNA repair level. To gain insight on the molecular mechanisms underlying 

the role of KDM6A, we exploited The Cancer Genome Atlas (TCGA) RNA-seq dataset. 

Interestingly, we found that in Bladder Cancer, first for the prevalence of KDM6A 

alterations, HR repair genes positively correlated with KDM6A levels. Despite a full body 

of literature implicating KDM6A in the transcriptional modulation of developmentally 

regulated genes, its catalytic activity is dispensable for most of KDM6A tumor 

suppression functions explored. Our results and data from others point to a pivotal role of 

KDM6A in the regulation of HR genes transcription.  

Moreover, our work expanded the understanding in the regulation of KDM6A levels 

proposing an unanticipated role of the apical kinase ATM in the modulation of KDM6A 

in both basal and damage conditions. Collectively, our findings could usher novel avenues 

to target tumor and to more effectively overcome resistance to drugs. 
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1. INTRODUCTION 

 

1.1 Chromatin architecture 
 

In the nucleus of eukaryotes, DNA is packed into chromatin. Chromatin is a 

hierarchically organized structure consisting of DNA, histones, and several chromosomal 

proteins. The basic unit of chromatin, the nucleosome, includes 147 base pairs of DNA 

wrapped around an octamer of core histone proteins made of two copies of each histone 

(H2A, H2B, H3, and H4). Repeated nucleosome units are connected by linker DNA of 

variable length forming motifs referred to as “beads on a string” which are further 

partitioned into chromatin domains (Hammond et al, 2017a; Clapier et al, 2017). Long-

distance interactions between those domains result in the formation of chromatin 

compartments (Allshire & Madhani, 2018).  

Following their synthesis, histones are bound by specialized chaperones that ensure 

accurate nucleosome assembly and prevent histone degradation. Mobility within 

chromatin is conferred by nucleosome remodeling complexes which define histone 

variants composition and alter nucleosome position by evicting, sliding, and spacing 

nucleosomes along the DNA sequence.  

 

1.1.1 Chromatin dynamics and histone modifications 
 

To preserve cell identity and permit the appropriate response to stimuli, organisms 

require an optimal equilibrium between stability and reversibility in gene expression 

patterns. Chromatin dynamics and transcription are controlled by the combined action of 

several players, including transcription factors, chromatin remodelers, DNA methylation, 

and unique histone variations and modifications. 

Histones tails feature a variety of post-translational modifications (PTMs) such as 

methylation, acetylation, ubiquitylation and phosphorylation (Strahl & Allis, 2000). An 

additional layer of control is provided by the degree of methylation at histones, since 

lysines on histone tails may undergo mono-, di-, or trimethylation, and arginines mono- 

or dimethylation. This array of modification patterns confers an extensive functional 

potential, although not all combinations will be simultaneously present on the same 
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histone at the same time. The timing of appearance is dynamic and depends on signals 

within the cell. Chromatin is not an inert structure, but is shaped by environmental 

conditions via histone PTMs and DNA methylation (Bollati & Baccarelli, 2010). 

The deposition of various groups on histones is controlled by the dynamic interplay of 

complex enzymatic machineries. Epigenetic players are categorized as “writers” 

responsible for the deposition of PTMs which are subsequently removed by “erasers”. 

There is an additional class of enzymes in charge of the recognition of the modification, 

known as “readers”. Deregulation of this machinery alters chromatin configuration thus 

disrupting transcriptional programs.  

Histone modifications may favor the recruitment of proteins to chromatin (Bannister & 

Kouzarides, 2011). Thus, based on the modification pattern on a histone, certain proteins 

can access or are excluded from chromatin. Once recruited, these proteins may tether 

enzymatic activities which further modify chromatin or affect transcription thereby 

influencing proliferation, differentiation or cell death.  

Proteins utilize distinct domains to recognize and bind histone modifications. Methylation 

is detected by proteins which include chromo-like domains of the Royal family (chromo, 

tudor, MBT) and PHD domains, whereas acetylation is bound by bromodomains.   

Histone tails protrude from the histone core and interact with neighboring nucleosomes 

and linker DNA. Mechanistically, these histone PTMs may dictate higher-order 

chromatin structures by disrupting contacts among different histones in adjacent 

nucleosomes (Bannister & Kouzarides, 2011). Alternatively, PTMs may alter chromatin 

configuration by loosening DNA-histone interaction to ensure the execution of certain 

functions. Due to the abundance of lysine and arginine residues, histones are positively 

charged. Lysine residues often undergo acetylation which unfold chromatin by 

neutralizing the electronic charge on histones facilitating the release of the negatively 

charged DNA.   

Histone PTMs coordinate more restricted functions, including the transcription of a 

specific gene or DNA repair, alternatively may act at the genome-wide level, by affecting 

DNA replication or chromosome condensation.  

With respect to the accessibility for nuclear proteins, modifications distinguish the 

genome into distinct categories defined as euchromatin where DNA is on an open 

configuration, or heterochromatin where chromatin is inaccessible. Transcriptionally 
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silent and active chromatin are depicted by a different pattern of histone tail 

modifications. Euchromatin is preferentially present on actively transcribed genes as well 

as regulatory elements like promoters and enhancers (Morrison & Thakur, 2021). 

Euchromatin is characterized by lysine acetylation and by the trimethylation of H3K4 

(H3K4me3) and H3K36 (H3K36me3). A distinguishing trait of the chromatin found in 

promoter regions proximal to transcriptional start site (TSS) is the H3K4me3. H3K27 

acetylation (H3K27ac) coexists with H3K4me3 at promoter region and at the TSS, while 

gene bodies are endowed with H3K36me3. 

In the nuclei, heterochromatin is spatially segregated from euchromatin and is selectively 

confined in the nuclear periphery and around the nucleolus. Additional classifications of 

heterochromatin comprise constitutive and facultative heterochromatin. Constitutive 

heterochromatin is depicted by the H3K9me3, which is imparted in highly repetitive and 

gene-poor zones like centromere, telomeres and transposons. Conversely, facultative 

heterochromatin is assembled on developmental genes or on whole chromosomes (X 

chromosome) and is depicted by H3K27me3 and ubiquitylation of H2AK119.  

Genes coding for master transcription factors are often kept in a poised state in embryonic 

stem cells (ESCs) by presenting both activating and repressive modifications on their 

regulatory elements (Bernstein et al, 2006). These bivalent domains shatter the simplistic 

notion that activating and repressing PTMs define distinct kinds of chromatin 

environments. In ESCs, bivalent promoters are typically marked by the trimethylation of 

both H3K27 and H3K4 (Voigt et al, 2012). However, when ESCs differentiate, the 

repressive H3K27me3 is lost, and target genes are transcribed.  

 

1.1.2 The histone modification H3K27me3 
 

H3K27me3 is the most extensively investigated histone PTM in terms of establishment 

of facultative heterochromatin and the suppression of developmental related genes. The 

methylation reaction is catalyzed by the Polycomb Repressive Complex 2 (PRC2) which 

is a member of the Polycomb-group proteins (PcG proteins). PRC2 consists of four core 

subunits, EZH1/2, SUZ12, EED, and RBAP46/8 (Kuzmichev et al, 2002; Margueron & 

Reinberg, 2011). The catalytically active component is the SET domain-containing 

protein EZH2 (or the related EZH1).  
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PRC1, the other member of the PcG family proteins, recognizes the H3K27 methylation 

mark and determines H2A ubiquitination. In concert, PRC1 and PRC2 are responsible for 

the maintenance of transcription silencing through deposition of the H3K27me3. 

PRC2 can mono-, di-, and trimethylate H3K27, with each methylation state being 

functionally distinct. H3K27me3 deposition is centered around the promoter (Zhao et al, 

2007), intergenic (Cui et al, 2009) and subtelomeric regions (Rosenfeld et al, 2009) and 

in long-terminal repeat retrotransposons (Leeb et al, 2010). The other two modifications 

are less studied. While H3K27me1 is distributed through the body of actively transcribed 

genes in ESCs, H3K27me2 has a more broad distribution (Barski et al, 2007; Ferrari et 

al, 2014).  

In ESCs, PRC2 and the related H3K27me3 are highly enriched at promoters of 

developmental genes, including the Hox gene clusters, and at the inactive X chromosome 

(Plath et al, 2003; Bracken et al, 2006; Silva et al, 2003). 

H3K27me3 forms large domains in mouse and human embryonic fibroblast known as 

broad local enrichments (BLOCs), often visualized over repressed differentiation genes 

(Pauler et al, 2009; Margueron & Reinberg, 2011). Notably, H3K27me3 domains in 

human ESCs contain developmentally regulated genes as well as neural specific 

promoters that expand throughout differentiation to suppress genes that are no longer 

required.  

 

1.2 KDM6A 
 
1.2.1 KDM6A: A Histone H3K27 Demethylase 
 

The existence of histone demethylases remained contentious for several years. There 

was the widespread perception that histones modifications were stable and inert marks on 

chromatin, until Yang Shi and colleagues (Shi et al, 2004) discovered LSD1/KDM1A. 

Since then, many other demethylases have been identified. In 2007, a cluster of studies 

characterized UTX (Ubiquitously transcribed tetratricopeptide repeat, X chromosome) 

known also as lysine specific demethylase 6A gene (KDM6A) as a JmjC domain-

containing demethylase (Agger et al, 2007; Hong et al, 2007; Lan et al, 2007; Lee et al, 

2007).  
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The KDM6A protein has tetratricopeptide repeat (TPR) domains at the N terminal domain 

which facilitate protein-protein interactions (Smith et al, 1995) (Figure 1). The C 

terminus possesses a Jumonji C (JmjC) domain that specifically catalyzes histone 

demethylation thereby promoting gene activation. Target specificity toward the H3K27 

mark is assured by a zinc-binding domain which prevents interaction with the near-

cognate H3K9 mark (Kim & Song, 2011; Sengoku & Yokoyama, 2011). Interestingly, 

KDM6A possesses an intrinsically disordered region between the TPRs and the JmjC 

domain that forms phase-separated liquid condensates (Banani et al, 2017; Shi et al, 

2021).  

Although the TPR domains are not strictly essential for the catalysis, the disruption of the 

N-terminal region results in the reduced demethylation of targets (Lee et al, 2007).  

KDM6A gene resides on the X chromosome, but escapes X-chromosome inactivation 

leading to a dosage imbalance between males and females (Greenfield et al, 1998). 

KDM6A has two paralogs in humans,  JMJD3 (Jumonji Domain-Containing Protein 3 or 

KDM6B)  and UTY (Ubiquitously Transcribed Tetratricopeptide Repeat Protein, Y-

Linked) (Hong et al, 2007; Walport et al, 2014), all of three proteins containing the JmjC 

domain (Shpargel et al, 2012). As UTY is localized on the Y-chromosome, males possess 

both KDM6A and UTY, whereas KDM6B is autosomal and situated at 17p13.1. Notably, 

despite a conserved JmjC domain and a 83% sequence homology with the KDM6A, the 

demethylase activity of UTY is lower with respect to that of its paralogs (Walport et al, 

2014; Hong et al, 2007; Lan et al, 2007; Shpargel et al, 2012) (Figure 1).  

On the other side, the lack of TRP domains in the JMJD3 protein may underlie the 

alternative reported functions of KDM6A and JMJD3.  

Mechanistically, KDM6A counteracts PRC2 by removing the di- and trimethyl repressive 

marks from H3K27 (Hong et al, 2007). Their antagonistic roles are necessary for the 

stringent epigenetic regulation of transcription during tissue-specific differentiation and 

development (Agger et al, 2007; Ringrose & Paro, 2007; Schuettengruber et al, 2007). In 

particular, KDM6A and PRC2 contribute to animal body patterning by controlling the 

spatio-temporal expression of the HOX gene clusters by modulating the levels of 

H3K27me3 at their promoters (Agger et al, 2007; Lan et al, 2007). As cells differentiate, 

specific genes loose the H3K27me3 from their promoters, so that  the developmental 

program may start (Ku et al, 2008).  
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Knockout (KO) experiments have shown critical functions for KDM6A across several 

developmental processes, including cardiac development (Lee et al, 2012; Welstead et al, 

2012), myogenesis (Seenundun et al, 2010; Wang et al, 2013), hematopoiesis (Thieme et 

al, 2013; Liu et al, 2012), and aging (Maures et al, 2011; Jin et al, 2011). KDM6A loss 

impairs the development of the caudal trunk in zebrafish (Lan et al, 2007) and gonads in 

C. elegans (Agger et al, 2007). In mice, KDM6A homozygous mutant females display 

developmental delay, neural tube closure, and cardiac defects (Welstead et al, 2012), 

whereas heterozygous female mice are viable and fertile. Conversely, hemizygous 

KDM6A mutant male mice prematurely die, with only a few surviving due to the 

remaining UTY (Welstead et al, 2012; Shpargel et al, 2012). Mice deficient for both 

KDM6A and UTY phenocopy the KDM6A homozygous mutant females, suggesting 

redundant functions in embryonic development (Shpargel et al, 2012). In addition, UTY 

can partially rescue embryonic lethality in KDM6A KO male mice (Lee et al, 2012; 

Welstead et al, 2012; Wang et al, 2012; Shpargel et al, 2012).  

Loss-of-function defects in KDM6A have been reported in individuals with a rare genetic 

disorder, the Kabuki syndrome (Miyake et al, 2013b, 2013a). The Kabuki syndrome, 

which affects roughly one in every 32,000 live births, is recognized by intellectual 

impairment, skeletal and facial deformities typified by prominent protruding ears, and 

postnatal growth retardation (Niikawa et al, 1981).  

Whole-exome sequencing experiments first identified nonsense and frameshift mutations 

in the  Mixed-Lineage-Leukaemia 2 (MLL2) gene as the etiology of the Kabuki syndrome 

(Ng et al, 2010) in 74% of patients. Nevertheless, in addition to the more prevalent 

alterations in MLL2, focal deletions and mutations targeting KDM6A were discovered in 

Kabuki patients (Lederer et al, 2012; Miyake et al, 2013b). 
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   (Tran et al, 2020). 
 

 
1.2.2 Interactome and Functions of KDM6A-Associated Proteins 
 

We previously referred to KDM6A as a histone demethylase implicated in the axis 

PRC2-KDM6A. Additionally, KDM6A is engaged in a vast network of protein 

complexes. KDM6A is a component of the MLL 2/3 or COMPASS complex (also called 

MLL3/MLL4) that promotes the deposition of histone H3 lysine 4 (H3K4) methylation, 

an epigenetic mark of open and active chromatin (Issaeva et al, 2007). It includes 12 

proteins, including MLL2, MLL3, ASH2L, RBBP5, WDR5, NCOA6, DPY30, PAXIP 

and coordinates the transcriptional activation of several biochemical processes through 

the dynamic interplay between H3K4 methylation and H3K27me2/me3 demethylation 

(Shilatifard, 2008; Bochyńska et al, 2018; Cho et al, 2007) (Figure 2).  

Moreover, KDM6A promotes general chromatin remodeling by functionally interacting 

with the BRG1-containing SWI/SNF remodeling complex (Miller et al, 2010) and H3K27 

acetyltransferases p300 or CBP implying a synergistic effort to counteract Polycomb-

mediated gene silencing (Tie et al, 2012) (Figure 2). 

KDM6A was also implicated in transcriptional elongation via associations with the 

SUPT6H-RNA Polymerase II complex (Wang et al, 2017; Faralli & Dilworth, 2013). 

Importantly, KDM6A interacts with distinct transcriptional activators, including 

pluripotency stem cell factors and the tumor suppressor p53. In addition to the COMPASS 

Figure 1. Schematic representation of mouse KDM6 histone demethylases. 
The catalytic JmjC and the TRP domains are depicted. KDM6A shares an 83% sequence homology with UTY. All 
orthologs possess the JmjC domain, while TRPs domains are missing in the KDM6B protein.  
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component RBBP5, KDM6A interacts with and affects retinoblastoma (Rb) binding 

protein transcription, thereby regulating cell cycle stages and cell differentiation (Van der 

Meulen et al, 2014).  

 

 
 
        (Tran et al, 2020) 
 
 
1.2.3 KDM6A in cancer 
 

Two years after its discovery, it was found that KDM6A is genetically altered in a 

broad range of  human malignancies, although at very different frequencies (van Haaften 

et al, 2009). KDM6A defects were reported, among others, in human clear cell renal cell 

carcinoma (ccRCC) (Dalgliesh et al, 2010), and T-ALL (Van der Meulen et al, 2015), 

although the highest prevalence is observed in bladder cancer (Gui et al, 2011).  

The Cancer Genome Atlas (TCGA) (An et al, 2016; Rodriguez-Vida et al, 2018) reports 

that the cancer cells of 29.2% of patients affected by urothelial carcinoma possess 

KDM6A genetic alterations (Figure 3). Mutations in the TPR motifs and in the JmjC 

domain disrupt histone substrate or protein interaction, as well as its enzymatic activity. 

Nevertheless, a significant number of missense mutations were found throughout the 

gene, even outside of the two well-defined domains. Conversely, defects in KDM6B and 

Figure 2. KDM6A functionally interacts with the MLL3/4 complex, CBP/p300 and the BRG1 chromatin remodeler 
at enhancers. 
The synergistic action of histone methylation and acetylation, as well as chromatin remodeling activates gene 
expression. 
 
 
 
.  
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UTY in cancer are considerably more unusual than those in KDM6A. Of note, due to its 

location on the Y chromosome, UTY deletions are usually missed in genome-wide 

studies, and are usually more prevalent in dedicated investigations (Ahn et al, 2016; Hurst 

et al, 2017). 

Other studies provided additional evidence of genomic alterations affecting KDM6A in 

different human solid tumors and hematological malignancies (Bailey et al, 2018; Mar et 

al, 2012; Kim & Song, 2011; Robinson et al, 2012; Grasso et al, 2012).  

A large-scale, prospective clinical sequencing initiative (Zehir et al, 2017), based on 

10,945 tumor samples, identified 386 mutations on KDM6A over all cancer types (i.e. 

3.5% on average, with 223 truncating mutations, 144 missense mutations and 10 in-frame 

InDels). Furthermore, KDM6A was among the 127 most significantly mutated genes in 

a whole-exome sequencing study from TCGA based on 3,281 tumors derived from 12 

tumor types (Kandoth et al, 2013). These findings support the notion that KDM6A is a 

recurring mutational target for several cancer types. 

KDM6A overall mutational spectrum is suggestive of a tumor suppressor. However, the 

functional significance of several missense mutations is uncertain. 

While all mutations associated with Kabuki syndrome impair KDM6A function, the 

landscape in tumors is unclear as some mutations are harmful in certain cancers, 

suggesting a tumor-suppressive function, whereas in other tumors KDM6A supports 

oncogenic factors (Schulz et al, 2019). 

In breast cancer, KDM6A mediates epithelial mesenchymal transition (EMT) modulating 

the transcription of several factors, such as SNAI and ZEB1/2 (Choi et al, 2015). 

Furthermore, KDM6A was found to support the oncogenic functions of the estrogen 

receptor α (ERα) (Kim et al, 2014; Xie et al, 2017).  

An additional pro-oncogenic role was demonstrated in cervical cancer, where increased 

KDM6A expression activates cell cycle through the HPV E7 protein while also mitigating 

the consequences of replicative stress caused by ectopic proliferation (Soto et al, 2017). 

The dual role of KDM6A in cancer underscores the context-dependent essence of 

oncogenes and tumor suppressor genes and possibly implies that H3K27me3 have 

different activities in distinct cell types. 

Notably, both KDM6A and KDM6B, are required for the transcriptional regulation of T-

cell development (Manna et al, 2015). While KDM6A is frequently genetically 
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inactivated and functions as a tumor suppressor in human T cell acute lymphoblastic 

leukemia (T-ALL), KDM6B was ascribed an oncogenic function (Ntziachristos et al, 

2014). Importantly, KDM6A does not act as a tumor suppressor in all T-ALL subtypes. 

In the TAL1- driven T-ALL, KDM6A functions as a pro-oncogenic cofactor essential for 

leukemia maintenance (Benyoucef et al, 2016). 

Despite the reported implication of the KDM6A catalytic function in tumorigenesis, 

KDM6A demethylase activity is often dispensable for tumor initiation or progression 

(Gozdecka et al, 2018; Andricovich et al, 2018; Shpargel et al, 2012). Homozygous 

KDM6A inactivation may induce squamous-like pancreatic tumors in female mice by 

affecting the interaction with the COMPASS complex. On the other hand, the 

simultaneous loss of KDM6A and UTY in the male counterpart was required for the 

development of this tumor subtype, indicating a restricted demand for H3K27 

demethylase activity (Andricovich et al, 2018). 

Additional insights on KDM6A role in cancer comes from a recently published article, 

were the ability of KDM6A to phase separate was reported as an underlying mechanism 

behind the modulation of tumor suppressive gene expression programs (Shi et al, 2021). 

KDM6A was also able to regulate genome-wide histone PTMs and higher-order 

chromatin interactions in a condensation-dependent manner and to form co-condensates 

along with its interacting proteins (e.g., MLL4 and p300) through the TRP domains. 

As KDM6A function is likely contingent on its interacting partners, KDM6A loss 

consequences aren’t consistent over different cancer types. Whether KDM6A inhibits or 

stimulates cancer initiation is intimately connected to its involvement in other 

complexes. Any KDM6A mutations that impair the interaction between KDM6A, and 

its partners may impact the function of these complexes, contributing to cancer. 
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Figure 3. KDM6A is frequently altered in a broad spectrum of cancers 
The alteration frequency of KDM6A from the cBioportal is represented. The highest percentage of mutations is 
found in Bladder Cancer patients (29.2%) (Cerami et al, 2012). 
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1.3 DNA damage 
 
1.3.1 Genomic instability and sources of damage 
 

Mutations are source of genetic diversity and drivers of natural selection and evolution. 

On the other hand, the preservation of genome integrity is required for survival and for 

the faithful transmission of genomic information across generations. DNA is the template 

for replication and transcription and, if damaged, it cannot be replaced resulting in the 

accumulation of stochastic DNA lesions, and loss of genetic information (Jackson & 

Bartek, 2009; Tubbs & Nussenzweig, 2017). As a consequence of mutations, tumor-

suppressor genes can be loss or oncogenes improperly activated, ultimately triggering  

uncontrolled cellular proliferation (Bartek et al, 2007).                                                                              

Cells continuously cope with exogenous sources of stress, such as physical or chemical 

agents. Exogenous DNA damaging agents include anticancer chemotherapeutic drugs, as 

alkylating agents (like methyl methane sulfonate), crosslinking agents (mitomycin C and 

cisplatin among others), and radiomimetic compounds including bleomycin.  

Additionally, DNA integrity is threatened by endogenous sources arising during 

physiologic metabolism (Lindahl, 1993; Bartek et al, 2007). Every time a cell divides, 

6x109 nucleotides must be faithfully replicated by DNA polymerases. DNA replication 

itself is not devoid of mistakes and generate mutations at a low but constant rate, 

potentially leading to DNA breakage, rearrangements and chromosome mis-segregation.                                                                               

During its progression, the elongating replication fork may encounter impediments such 

as damage sites, proteins, or non-B DNA structure. Each of these circumstances could 

result to a transient replication pause or, in a worst scenario, to a persistent replication 

fork stall or collapse (Bartek et al, 2004). Cells have evolved a damage tolerance 

mechanism, the translesion synthesis (TLS), which enables low-fidelity DNA 

polymerases to efficiently complete DNA replication encompassing the lesion, 

contributing to the unrelenting accumulation of mutations (Goodman & Woodgate, 

2013).                                                                                                       

The transcription machinery acts as a natural obstacle for fork advancement, and 

collisions between the two machineries foster replication stress and genome instability 

(Sankar et al, 2016; Goodman & Woodgate, 2013).  

Oncogene activation stimulates the firing of multiple replication forks, altering 
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replication timing and progression (Halazonetis et al, 2008). Analogously, hormonal 

signaling, and inflammatory responses drive to higher transcriptional levels or replication 

stress. 

DNA breaks can result from by-products of cellular metabolism, such as the reactive 

oxygen species (ROS) resulted from respiration and lipid peroxidation (De Bont & van 

Larebeke, 2004). One of the most prevalent lesions produced is the 8-oxoguanine (8-

oxoG), which can trigger G>T substitutions if it is not promptly removed prior to DNA 

synthesis. Moreover, ROS generate inter- and intra- strand crosslinks, and foster DNA– 

protein crosslinks (Jena, 2012).  

It has been predicted that up to 105 lesions occur every day in a cell (Lindahl & Barnes, 

2000), which can be potentially converted into mutations. The most frequently occurring 

lesions are single-strand breaks (SSBs) (75%), which are interruptions in a single strand 

of the DNA double helix arising from oxidative damage, irradiation, base hydrolysis, or 

during DNA replication. ssDNA can be converted in the more deleterious DNA double-

strand breaks (DSBs) when the replicative DNA polymerase encounters an unrepaired 

SSB and fork collapses (Branzei & Foiani, 2010; Jena, 2012). DSBs interest both DNA 

strands and therefore lack an intact complementary strand that could be used as a template 

for DNA repair. Apart from SSB, DSBs can result from IR, radio-mimetic chemicals, 

ROS or deliberately as intermediates of physiological biological events, including class 

switch and V(D)J recombination in developing lymphoid cells (Jackson, 2002).  

 
1.3.2 DNA Damage Response pathway  

To safeguard genome integrity, cells have evolved intricated mechanisms to rapidly 

detect DNA lesions, signal their presence to effectors and coordinate their repair, or 

induce senescence or cell death when the repair capacity is overwhelmed. These signal 

transduction pathways are collectively known as DNA damage response (DDR).          

DDR is an exceedingly sensitive and accurate system since it is activated by few DNA 

lesions, or even just one. To ensure an efficient signaling and subsequent repair, DDR 

factors do not assemble and disassemble at damage sites as a preformed complex, but in 

a sequential and coordinated fashion (Polo & Jackson, 2011). DDR proteins accumulation 

results in discrete foci at the site of damage subjected to a fine spatiotemporal modulation 

(Bekker-Jensen et al, 2006). The assembly of the DDR cascade is achieved through 
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distinct PTMs, including phosphorylation, ubiquitination, and sumoylation (Bergink & 

Jentsch, 2009, 2009; Harper & Elledge, 2007).  

1.3.3 DNA Damage sensing and signaling  
 

Based on the type and complexity of the lesion, cells engage divergent cellular 

signaling cascades to properly respond to the genotoxic stress. DDR is primarily mediated 

by four partially independent sensors proteins, including poly (ADP-ribose) polymerase 

(PARP) family members, Ku70/Ku80, and MRN factors.                                                                                     

Immediately following a SSB or DSB, PARP1 and 2 are activated and catalyze the 

polymerization of ADP-ribose moieties (poly-ADP-ribosylation, PARylation) on target 

proteins to permit the recognition and rapid recruitment of DDR factors to the lesion 

(Gagné et al, 2006; Rouleau et al, 2010). PARP target proteins include histone H1 and 

H2B, and PARP1 itself.  

DSBs might also be recognized by the MRE11-RAD50-NBS1 (MRN) complex, that is 

responsible for ATM induction (Williams et al, 2007). ATM is a serine/threonine kinase, 

member of phosphatidylinositol 3-kinase-like protein kinase (PIKKs) family together 

with ATR and DNA-PK, which phosphorylates substrates on a sequence including a 

serine or threonine followed by glutamine, the S/TQ motif (Langerak & Russell, 2011). 

When recruited to DSBs, ATM is activated through its autophosphorylation at Ser1981 

position (Jazayeri et al, 2008; Williams et al, 2008; Kanaar & Wyman, 2008) (Figure 4).                                                                                                                                                    

ATM activation results in the phosphorylation of the histone variant H2AX at the Ser139 

residue (γH2AX) which functions as a docking site for the accumulation of other DDR 

players. Phosphorylation of downstream factors fuel a positive feedback loop that triggers 

the spreading of γH2AX regions over 1-2 megabases around the lesion site (Iacovoni et 

al, 2010) and the recruitment of additional ATM molecules, thus sustaining the DDR 

(Bekker-Jensen et al, 2005; Stucki et al, 2005). In response to damage, downstream 

effector proteins are either phosphorylated by ATM/ATR or by their targets, the 

Checkpoint kinase 1 (CHK1) and 2 (CHK2) (Harper & Elledge, 2007).                                                                                                     

In response to a SSB or during replication stress, resulting from nucleotide depletion or 

replication blockage, the main kinase involved is ATR (Nam & Cortez, 2011; Zhou & 

Elledge, 2000). When replication is blocked, DNA polymerase releases the replicative 

helicase (Byun et al, 2005) generating tracks of ssDNA that are promptly coated by the 
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trimeric ssDNA-binding protein RPA. ATR is recruited at the break site in association 

with its interacting partner, ATRIP which directly binds ssDNA-RPA regions. ATR 

activation and phosphorylation of the downstream CHK1 necessitate the intervention of 

two mediator proteins, TopBP1 and Claspin. ATR recruits repair proteins and, once the 

stall has been resolved, it stabilizes the replication fork to let the replication proceed. The 

maintenance of the replication machinery at the fork is essential to prevent the generation 

of unwanted DSBs. If SSBs have not been effectively resolved they inexorably 

degenerate in DSBs, and both ATR and ATM are recruited.                                                                                 

Similarly to the MRN complex, the Ku heterodimer (Ku70 and Ku80) is a DNA lesion 

sensor (de Jager et al, 2001; Delacroix et al, 2007) which displays a toroidal structure that 

encircles DNA via its central ring domain (Walker et al, 2001) (Figure 4). Ku rapidly 

localizes at DSBs where it recruits and activates the apical kinase DNA-PK (Dvir et al, 

1992; Walker et al, 2001).  
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     (Huang & Zhou, 2020) 
 

1.3.4 The DNA repair pathways 
  

DNA repair must occur in a temporal, spatial, and lesion-appropriate manner in order 

to prevent unnecessary and potentially harmful DNA aberrations.                                                              

In the case of SSBs or subtle changes to the DNA sequence, where only one of the two 

strands of a double helix is severed, three divergent excision repair mechanisms intervene 

to remove the damaged nucleotide and replace it through the normal DNA replication. 

The Base Excision Repair (BER) is the primary process for repairing damaged DNA 

bases throughout the entire cell cycle (Wilson & Bohr, 2007). Nucleotide Excision Repair 

(NER)  removes bulky DNA adducts, such as those caused by UV irradiation and 

chemicals occurring at the G1 stage. Finally, misincorporations, small insertions or 

deletions resulting from faulty replication could be excised by a third mechanism, the 

Mismatch Repair (MMR) pathway (Li, 2008).  

Overall, these mechanisms share an overlapping repair process that consists first in the 

lesion recognition followed by DNA cleavage. Degraded nucleotides are subsequently 

replaced with newly synthesized DNA.               

Figure 4. DNA damage sensors and signaling proteins action in response to DSBs 
DNA damage sensor such as the apical kinase ATM and ku70/ku80 are rapidly recruited at the DNA damage site to 
initiate DNA damage signaling cascade. 
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When SSBs occur, PARP1/2- dependent PARylation promotes the recruitment of the 

scaffold protein XRCC1, the DNA ligase 3 (LIG3), and accessory repair proteins at the 

lesion in order to re-ligate the break.                            

Conversely, DSBs can be repaired by at least four distinct mechanisms: Homologous 

Recombination (HR), Non-Homologous End Joining (NHEJ), alternative end joining (alt-

EJ), and single-strand annealing (SSA). While HR and NHEJ are more faithful processes, 

the latter may contribute to genome rearrangements and oncogenic transformation.  

NHEJ acts throughout the entire cell cycle and despite its high efficiency, is prone to 

mutations, promoting the potentially inaccurate religation of the two severed DNA ends. 

Conversely, HR is a conservative pathway that allows the precise repair during S and G2 

stages (Karpenshif & Bernstein, 2012).  

 The first step in NHEJ pathway is the recognition and binding of the Ku70/80 

heterodimer to the DSB which recruits DNA- PK and permits the subsequent activation 

of the catalytic subunit DNA-PKcs. DNA-PKcs, through a cascade of phosphorylation 

reactions, stabilize DSB ends and prevent undesired end resection events (Meek et al, 

2008). Once the two ends are juxtaposed, DNA-PKcs autophosphorylation triggers its 

detachment from the DNA so that end processing enzymes such as the endonuclease 

ARTEMIS (Meek et al, 2008) can access. At this point, relegation of the damaged ends 

mediated by XRCC4 and Cer-XLF can occur. If DNA ends are complementary and 

undamaged, they can be directly joined by the DNA ligase 4 (LIG4) (Reynolds et al, 

2012). In the other case, further end processing by ARTEMIS and APLF nucleases and 

the PNK kinase/phosphatase is required (Mahaney et al, 2009).  

Backup pathways are invoked when NHEJ proteins are mutated or loss and the canonical 

NHEJ is impeded. These pathways often rely on microhomology regions for the joining 

reaction and implicate factors that mainly act in HR or SSB repair, such as the MRN 

complex, PARP1, XRCC1, and DNA Ligase 1 or 3.  

DSB repair through HR starts with DNA end resection, a multi-step process, in which 

MRE and CtlP initiate a limited resection, while the exonuclease EXO1 or the helicase 

BLM mediate more extensive processing of the 5’ DNA end to generate fully resected 3’ 

ssDNA ends.                                                                                         
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DNA-end resection is a finely regulated process, relegated only to the S and G2 cell cycle 

phases, when CtIP is phosphorylated, and the sequence homology of a sister chromatid is 

available to regenerate the broken chromosome.   

In this time window, BRCA1 interacts with and ubiquitinates CtIP facilitating its 

association with the DNA lesion (Huen et al, 2010).  

Nevertheless, limited DSB resection by CtIP occurs in G1 in a BRCA1-independent way 

to boost alt-NHEJ (You & Bailis, 2010; Yun & Hiom, 2009).                                                   

RPA binds and stabilizes the 3' overhanging ssDNA flanking the break resulting from 

these resection events and is then displaced by the RAD51 recombinase in a BRCA1 and 

BRCA2-dependent fashion (West, 2003). The interaction between RAD51 and BRCA2 

is confined to S and G2 stages thus preventing the resection of DNA ends outside these 

phases of the cell cycle (Holliday, 1964; Hartlerode & Scully, 2009). This cell cycle 

control restricts exchanges between homologous chromosomes preventing loss of 

heterozygosity events. 

ATM and ATR play additional regulatory roles in those subsequent steps of HR by 

phosphorylating RAD51(Sørensen et al, 2005, 1) and BRCA2 (Matsuoka et al, 2007).  

RAD51 in turn mediates homology search and strand invasion of the 3’ overhang into the 

homologous undamaged sequence of the sister chromatid displacing a DNA strand and 

resulting in a so-called D-loop. On the opposite side of the D-loop, an “X” shaped 

structure, the Holliday Junction, is generated (Holliday, 1964). DNA synthesis beyond 

the break site, using the sister chromatid as a template, will restore the missing sequence 

information. Once repair synthesis is complete, the sliding of the Holliday Junction 

toward the 3’ end allows the release of the invading strand and the newly synthesized 3’ 

single-stranded end can then anneal to the other side of the break. Final processing to 

resolve HR intermediates, removing flaps, filling in gaps, and ligating remaining nicks 

requires Ligase I, and RECQ helicases to yield two intact DNA molecules.  

In the context of repetitive DNA sequences which are repaired by SSA, RAD52 promotes 

annealing of resected 3’ ssDNA, followed by the XPF/ERCC1 removal of DNA flaps and 

LIG1-mediated DNA ligation (Hartlerode & Scully, 2009; Motycka et al, 2004). 

The execution of a certain repair mechanism could be determined by the negative control 

of one pathway by another. For example, the crucial NHEJ component 53BP1 can impede 

DSB resection by enhancing the stability and mobility of DNA breaks, allowing DNA 
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ends to find one another for successful ligation (Difilippantonio et al, 2008; Bunting et 

al, 2010). Conversely, BRCA1 might suppress 53BP1 action at DNA lesions to favor end 

resection (Bouwman et al, 2010; Bunting et al, 2010). Similarly to BRCA1, PARP1 

competes with Ku binding to DNA ends to boost HR (Hochegger et al, 2006). 

Additional regulatory steps that determine which repair pathway is active are the cell-

cycle stage at which the DSB is generated and the extent of DNA end processing. In 

contrast to alt-NHEJ, HR, and SSA (where end resection is restricted for alt-NHEJ but 

more extensive for HR and SSA), the classical NHEJ is end-resection-independent 

(Hartlerode & Scully, 2009). After end resection, the canonical NHEJ repair pathway is 

indeed impeded, and any of the three homology-based mechanisms (SSA, alt-EJ, and HR) 

can be employed.  

The alt-NHEJ and SSA are both error-prone mechanisms that only intervene when the 

more accurate repair pathways (NHEJ or HR) are disrupted (Groelly et al, 2022). The 

observation that POLQ (an alt-NHEJ polymerase) is increased in HR-deficient tumors 

supports this notion. Generally, POLQ-dependent DSB repair is prevented until mitosis 

begins as a final attempt to repair DSBs that would otherwise be carried into mitosis 

leading to micronuclei and further disastrous outcomes (Llorens-Agost et al, 2021; 

Blackford & Stucki, 2020). These findings imply that changes in the optimal balance of 

DSB repair pathways might result in genomic instability. 

 

 

 

 

 



 

 24 

 

 
 
     (Huang & Zhou, 2020) 
 

1.3.5 DDR checkpoint  
 

DDR checkpoints are regulatory mechanisms that act in coordination with cell cycle, 

transiently slowing or blocking its progression to signal the break. Once repair occurred 

and the signaling cascade is switched off, checkpoint proteins allow cycle resumption 

(Figure 6). Sophisticated cell cycle checkpoint mechanisms evolved to withstand 

unforeseen failures in DNA replication. Cell cycle progression is driven by oscillations 

in the activity of cyclin-dependent kinases (CDKs) which are maintained active through 

the dephosphorylation catalyzed by CDC25 phosphatases. ATM and ATR, once activated 

in the presence of genotoxic stress, induce CHK2 and CHK1, which in turn phosphorylate 

and lead to the proteolytic degradation of CDC25A, thus preventing S-phase entry 

(Donzelli & Draetta, 2003).                                      

While predominantly controlled through posttranslational modifications, essential 

decisional processes are established at the transcriptional level allowing for the 

integration of information over time. The key player in this response is p53, which is 

phosphorylated and stabilized by ATM and CHK2 when DSBs occur (Zhou & Elledge, 

2000).  p53, in turn, causes extended cell-cycle arrest in G1, apoptosis, or senescence by 

Figure 5. HR and NHEJ are the two major pathways for the repair of DSBs  
The major pathways and the key players involved in the repair of DSBs are illustrated. 
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transcriptionally controlling the CDK inhibitor p21 or the proapoptotic factors BAX and 

PUMA (Riley et al, 2008).  

Unrepaired damage, which escapes the G1/S checkpoint, switches on the intra-S-phase 

checkpoint in order to remove DNA lesion prior to the resumption of DNA synthesis. By 

inhibiting the formation of new replication forks, this intra-S phase checkpoint reduces 

the likelihood that lesions will be encountered by the replicative DNA polymerases thus 

preventing fork breakdowns. Furthermore, an intra-S checkpoint may also guarantee the 

time window necessary for HR occurrence. 

ATR additionally exerts a key role in the S–G2 checkpoint which is a surveillance 

mechanism that prevents the premature entry into mitosis before replication completion 

(Simoneau & Zou, 2021; Riley et al, 2008). 

To avoid that a damaged cell enters in mitosis, cell have developed an additional 

checkpoint at G2/M transition stage to ensure that the correct genetic material is 

transferred to daughter cells (Warmerdam & Kanaar, 2010). CHK2 and CHK1 inhibit 

cycle progression by inactivating CDC25C and stabilizing the kinase Wee1 which 

deposits inhibitory phosphorylation on CDK1 and CDK2.  
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(Huang & Zhou, 2020) 

 
1.3.6 Targeting DNA repair in cancer 
 

Defects in the DDR are likely to exacerbate the incidence of genomic rearrangements. 

Normally, functional DDR prevents carcinogenesis by eliciting cellular senescence or 

death in early tumor cells (Bartek et al, 2007). However, mutations in DDR genes like 

TP53 or ATM may predispose to cancer by encouraging cell death bypass despite the 

presence of damage (Luo et al, 2009). Consistent with this notion, widespread 

deficiencies in DNA repair genes have been reported in cancer cells and subjects with a 

genetic susceptibility to cancer (Taylor et al, 2019; Pritchard et al, 2016; Morganella et 

al, 2016; Nik-Zainal et al, 2016).                                                                          

Inherited DDR factor deficiencies have detrimental outcomes also in a variety of contexts, 

including immunological impairments, neurodegeneration, and premature aging 

(Hoeijmakers, 2009, 2001).  

Figure 6. Cyclins and CDKs are involved in the activation of cell cycle checkpoints upon damage. 
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Given these premises, it is not surprising that DDR vulnerabilities have been exploited in 

chemotherapy and radiotherapy regimens. Platinum salts, such as cisplatin, have been 

proven to be beneficial in ovarian cancer patients because of the defective HR as well as 

in individuals with ERCC1-negative non-small-cell lung cancers (Friboulet et al, 2011).                                                                                                                                                                        

An alternative approach to target cancer cells is the development of drugs that specifically 

target DDR components in combination with other chemotherapeutic treatments, without 

affecting cells proficient in DDR. This is because cancer cells experience higher levels of 

DNA damage than normal cells do, thereby rendering them more vulnerable to attack. 

Irinotecan and etoposide, two topoisomerase inhibitors, might be regarded as the first 

generation of these DDR "targeted" drugs (Pommier et al, 2010).                                                                                                                     

Tumors harboring HR gene mutations, such as BRCA1 and BRCA, have been 

successfully cured with PARP1 inhibitors (Jackson & Bartek, 2009; Farmer et al, 2005; 

Bryant et al, 2005).  

When PARP-dependent repair is inhibited, SSBs accumulate during replication. It is 

therefore plausible that the replication fork stalls when it encounters these DNA defects 

leading to the generation of lethal DSBs. While functioning HR in healthy cells mitigates 

the impact of PARP inhibition by repairing resultant DSBs, in BRCA1 and BRCA2 

deficient cells those lesions are left unrepaired (Lord & Ashworth, 2008). Therefore, 

inhibition of PARP activity is thought to result in an increased reliance on HR repair. 

BRCA1 or BRCA2 germline mutations are uncommon in sporadic breast cancer, 

although they are prevalent in hereditary breast cancer. However, sporadic tumors, 

carrying traits in common with tumors lacking BRCA gene (a condition originally known 

as BRCAness) respond well to PARP inhibitors (Turner et al, 2004). BRCAness may 

arise from somatic mutations in other HR genes or methylation of the BRCA1 gene 

promoter.  

When a combination of gene defects causes cell death despite each individual gene 

deficiency being compatible with cell survival, this is commonly referred to as "synthetic 

lethality". In this context, BRCA deficiency is synthetically lethal when PARP is 

inhibited. The BRCA/PARP model in tumor cells has encouraged the investigation for 

further DDR synthetic lethalities that might be exploited in the therapy of malignancies. 
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1.4 Chromatin dynamics in DNA damage 
 
1.4.1 Histone dynamics modulate chromatin decompaction and mobility upon 
damage 
 

While exploring the DDR in its biological context, it is important to take into account 

that DNA is wrapped around histone proteins (Kornberg, 1977).  

Despite the necessity of maintaining the epigenome stability, all DNA metabolic activities 

dramatically affect chromatin architecture and its biophysical characteristics. The 

compaction state of chromatin poses a challenge to transcription, replication and to the 

detection and repair of DNA damage since the DNA target sequence might be hindered.  

DNA repair is extremely challenging for cells since it is mostly unscheduled, and lesions 

may arise anywhere in the genome and at any time (Hoeijmakers, 2001).  

An extensive enzymatic machinery including histone modifiers, chaperones (Hammond 

et al, 2017b), and nucleosome remodelers (Clapier et al, 2017) builds a plastic chromatin 

landscape that rapidly responds to damage by modulating chromatin compaction and 

transcriptional activity at lesions. 

Indeed, DNA damage is accompanied by a dynamic chromatin reshape which relieves 

nucleosomes constrains thereby increasing chromatin accessibility to the repair 

machinery (Adam & Polo, 2012; Kruhlak et al, 2006; Murga et al, 2007; Seeber et al, 

2018; Lu et al, 2019; Chagin et al, 2019). Moreover, a facilitated search and invasion of 

the homologous template sequence, which may be spatially dispersed or confined in 

another chromatin domain, is required in the case of homology driven DSB repair (Heyer 

et al, 2010). 

Despite the widespread view that histones and more generally nucleosomes are stable 

chromatin structure units, their turnover supports cells in dealing with genotoxic stress. 

Based on the kind of histone variant and type of damage, histone proteins can be 

displaced, evicted, or degraded (Adam & Polo, 2012; Luijsterburg et al, 2012).  

Transient nucleosome disassembly is necessary in yeast and human cells to overcome the 

barrier posed by nucleosomes to end processing and repair components (Luijsterburg et 

al, 2012; Berkovich et al, 2007; Courilleau et al, 2012; Clouaire et al, 2018; Yang et al, 

2020; Tsukuda et al, 2005; Li & Tyler, 2016; Goldstein et al, 2013). This process involves 

a variety of players, including INO80, p400 nucleosome remodelers (Courilleau et al, 
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2012; Li & Tyler, 2016; van Attikum et al, 2007), nucleolin (Goldstein et al, 2013), and 

CHD3/CHD4 (Seeber et al, 2013; Jeggo & Downs, 2014). 

After exposure to ionizing IR or radiomimetic compounds, a significant degradation of 

30%–40% of the core histones was observed (Hauer et al, 2017). Limited histone 

degradation fosters chromatin expansion and decompaction increasing the mobility of the 

damaged site to encourage homology search (Hauer & Gasser, 2017a, 2017b). 

The concept that histones need to be removed and restored after DNA repair has been 

clarified by the “prime-repair-restore” model. According to this paradigm, a lesion must 

be rendered accessible (“primed”) to let the repair occur. Finally, once the repair is 

complete, the chromatin environment must be returned to its prelesion state. 

In addition to the prominent and well-documented phosphorylation of H2AX, other PTMs 

impose layers of flexibility on nucleosomes upon damage (Smeenk & van Attikum, 2013; 

Campos & Reinberg, 2009; Zentner & Henikoff, 2013). Following UVC treatment, the 

acetyltransferase p300 promotes general chromatin relaxation (Rubbi & Milner, 2003), 

whilst TIP60 causes nucleosome destabilization at break sites allowing the recruitment of 

resection-mediating factors (Xu et al, 2010; Murr et al, 2006). Histone acetylation might 

also encourage chromatin remodeling by modulating histone proteosome-mediated 

degradation in response to replication stress (Mandemaker et al, 2018), IR and alkylating 

damage (Qian et al, 2013).                                             

By directly acetylating ATM, TIP60 increases its kinase activity (Sun et al, 2010) leading 

to the inactivation of the transcriptional repressor KAP1, which localizes at 

heterochromatic breaks, and to the subsequently chromatin relaxation (Noon et al, 2010). 

These findings suggest a key role of ATM pathway in the repair of DSBs located in 

heterochromatin regions (Sun et al, 2010).                                                                                                                 

 

1.4.2 Histone variants and PTMs promote the repression of transcription at 
damage sites 
 

The importance of chromatin relaxation for the occurrence of repair has been 

described; nevertheless, gene silencing at the lesion is required to prevent the creation of 

erroneous transcripts and harmful collisions between the transcription and repair 

machinery. Silencing may result from alterations in RNA polymerase progression or from 



 

 30 

the modulation of histone PTMs (Geijer & Marteijn, 2018; Caron et al, 2019; Machour 

& Ayoub, 2020).  

PRC1 induces local transcriptional suppression through the ubiquitin ligase RNF2-

mediated monoubiquitylation on H2AK119 or via the ubiquitin ligase UBR5 

ubiquitylation of FACT, hence constraining FACT-mediated transcription elongation 

(Sanchez et al, 2016).  

Other players, in addition to the Polycomb-associated proteins, control the ubiquitylation 

of H2A and the suppression of transcription at damage sites. Polyubiquitination on H2A 

and H2AX at break sites are catalyzed by RNF8, which lowers transcriptional activity in 

chromatin that has experienced DNA damaged (Paul & Wang, 2017, 8). 

Also KDM5A, by mediating the demethylation on H3K4 around DSBs, enables the 

recognition of the nucleosome remodeling deacetylase NuRD complex and the local 

transcription inhibition (Gong et al, 2017).  

 

1.4.3 DNA repair pathway choice is mediated by chromatin alterations at DNA 
damage sites. 
 

While phosphorylation events that occur during cell-cycle (for instance, CtIP 

phosphorylation by CDKs) allow for the onset of HR during the late S and G2 phases, 

NHEJ remains the major DSB repair choice throughout interphase (Beucher et al, 2009; 

Karanam et al, 2012). The pre-existing chromatin landscape and chromatin changes 

arising in response to genotoxic insults mediate the DNA repair pathways choice by 

favoring or preventing the recruitment of specific factors.  

An example is the competition between BARD1 (BRCA1 interacting protein) and 53BP1 

for the binding of the unmethylated or dimethylated H4K20 to encourage or oppose end 

resection, respectively (Fradet-Turcotte et al, 2013). 53BP1 recognizes and binds 

H4K20me2 around the break thereby protecting DSB ends from resection (Feng et al, 

2022; Mirman et al, 2022; Ochs et al, 2019; Paiano et al, 2021) and channeling DSB 

repair to NHEJ. Conversely, during the S phase the unmethylated histone H4K20 is 

enriched at nascent chromatin and is recognized by the BRCA1–BARD1 promoting HR.  

In humans, breaks arising in transcriptionally active genes are preferentially repaired by 

HR (Aymard et al, 2014). Indeed, trimethylation on histone H3 at lysine 4, 36, and 79, as 
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well as other histone PTMs associated with transcriptional activity, create an environment 

that is prone to HR repair (Clouaire et al, 2018; Pfister et al, 2014; Carvalho et al, 2014).  

In heterochromatic regions, the repair of DSBs is channeled by the demethylation of 

H3K9me3 towards NHEJ (Janssen et al, 2019).                                                                                                                  

Collectively, histone variant and PTMs work together to form a multi-level network that 

orchestrates the DDR from transcription regulation to repair. 

 

1.4.4 Chromatin restoration following damage 
 

Once DNA repair has occurred, many processes operate to restore chromatin structure 

surrounding the DSB.  

For instance, chromatin restoration following UV damage requires the de novo 

incorporation and deposition of new H3.1 histones by the histone chaperone CAF-1 and 

HIRA, respectively (Adam et al, 2013). The remodeler CHD2 (Luijsterburg et al, 2016) 

and the histone chaperone DAXX in association with ATRX (Juhász et al, 2018) were 

shown to be involved in the deposition of new H3.3 at break sites. In addition, restoration 

of chromatin architecture entails the re-establishment of linker histone H1 following 

UVA microirradiation (Strickfaden et al, 2016). Although there is an intense attention, it 

is still unclear whether nucleosomes are fully reconstituted and if their positioning is 

preserved.  

Beyond histone deposition, the re-establishment of preexisting histone modifications and 

the reversal of those caused by damage is necessary for the completion of repair.  

For instance, H2AX dephosphorylation is mediated by a variety of phosphatases 

(Nazarov et al, 2003; Chowdhury et al, 2005, 2008; Douglas et al, 2010, 6), and several 

ubiquitin-specific proteases operate enzymatically on H2A/H2AX and H2B (Yu et al, 

2016; Ting et al, 2019; Nicassio et al, 2007; Wang et al, 2016), facilitating the prompt 

release of repair components and the licensing of chromatin for transcription resumption. 

Newly deposited histones differ significantly from their parental histones in terms of 

modifications (Alabert et al, 2015). Despite the considerable effort put into restoring the 

nucleosomes context, new information might still be introduced in chromatin undergoing 

repair. One intriguing theory is that new histones may provide a memory of DNA damage 

infliction by creating scars on chromatin through PTMs. This might assist signaling and 

repair in chromatin areas more vulnerable to lesions (Ferrand et al, 2021). 
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1.4.5 Chromatin shields DNA from damage 
 

Despite chromatin compaction can affect repair in a variety of ways, as was mentioned 

above; a growing body of research points to the importance of higher order chromatin 

structure in protecting the genome. Tightly packed chromatin acts as a barrier by 

restricting the access to reactive radicals and chemicals (Yoshikawa et al, 2008; Falk et 

al, 2008; Valota et al, 2003).                                                                                                                                                                  

On this line, previous in vitro studies reported that DNA compaction suppressed the 

induction of DSBs generated by γ-rays (Yoshikawa et al, 2008; Spotheim-Maurizot et al, 

1995; Warters et al, 1999; Douki et al, 2000; Suzuki et al, 2009).                                                             

The hypothesis that chromatin compaction shield DNA from damage is supported by a 

recent publication that combined sequencing-based chromatin accessibility data with a 

radiation-induced DSBs localization assay (BLISS (Yan et al, 2017)) in mouse 

mesothelioma cells (Brambilla et al, 2020). The incidence of DSBs had an inverse 

correlation with respect to nucleosome occupancy (Brambilla et al, 2020). This data is 

consistent with the hypothesis that the likelihood of DSB induction is positively 

correlated to the accessibility of the DNA surface.                                                                        

Corroborating these findings, γH2AX foci were commonly observed in euchromatin 

areas and less recurrently in more compacted heterochromatic portions. Overall, these 

studies indicate that the degree of chromatin packing determines cell ability to withstand 

DNA damage.  

 

1.4.6 Polycomb and H3K27me3 in damage 
 

For our knowledge the first study reporting an implication of Polycomb and its related 

modification H3K27me3 in DNA damage was published in 2008 (O’Hagan et al, 2008). 

Authors induced a defined DSB in an exogenous E-cadherin promoter construct which 

typically undergoes DNA hypermethylation in epithelial malignancies. In the system 

employed, EZH2 was recruited at the lesion site along with other proteins linked to the 

establishment and maintenance of transcriptional silencing such as SIRT1, DNMT1, and 

DNM3B. The relocalization of these factors was accompanied by the concomitant 

enrichment of repressing histone PTMs, including hypoacetyl H4K16, H3K9me2/3, and 

H3K27me3. Authors speculated that these marks prevent the resumption of transcription 
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before the completion of repair and restrict the damage signals generated initially by 

chromatin relaxion.  

A subsequent chromatin localization screening upon UV- induced damage revealed a 

PARP-dependent recruitment of PRC2 at the damaged site (Chou et al, 2010a). Also in 

this case, the recruitment of repressive marks at laser microirradiation sites led to the loss 

of nascent RNA and elongating RNA polymerase from these loci.  

It is conceivable that the H3K27me3-mediated transcription repression prevent the 

interference of the RNA polymerase II with the recruitment of repair factors and the 

synthesis of truncated mRNAs. H3K27me2/3 deposition was also shown to facilitate 

NHEJ, since its decrease impeded, through FANCD2 action, the recruitment of 53BP1 

upon DSB damage (Zhang et al, 2018). Although the EZH2 recruitment to DSBs 

(Campbell et al, 2013; Chou et al, 2010b) is well established, contradictory evidence 

addressing the simultaneous enrichment of H3K27me3 at those loci have been observed 

(Campbell et al, 2013). 

Despite a large body of research demonstrating that PRC2-mediated enrichment of 

H3K27me3 occurs at the lesion site (O’Hagan et al, 2008; Abu-Zhayia et al, 2018; 

O’Hagan et al, 2011), recent publications revealed that this repressive mark drastically 

reduces or remains unaltered in response to damage (Li et al, 2013; Rath et al, 2018; 

Kakarougkas et al, 2014; Campbell et al, 2013). Collectively, these observations bring 

attention to the hypothesis that H3K27me3 levels are dynamically modulated around the 

break site for an efficient repair. 
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2. AIM OF THE WORK 
 

 

Thousands of DNA lesions continually threaten our genome, yet most of them 

are successfully repaired. When damaged, DNA is the only biologic entity that is fully 

dependent on the precise repair of already-existing molecules (Dvir et al, 1992). Cells 

have at their disposal a formidable arsenal of proteins to precisely sense and repair 

DNA lesions to reestablish the continuity and integrity of the genome (Lindahl & 

Barnes, 2000). However, when this equilibrium is compromised and DNA lesions are 

left unrepaired, cancer may develop, and organism survival is threatened.  

       Additional levels of control to the response to damage are conferred by the contribution 

of chromatin dynamics and specifically of histone PTMs.  

PRC2 and the related H3K27me3 mark have been widely implicated in the response 

to damage, in particular in the transcription suppression at the damage sites. The PRC2 

counteractor, KDM6A, is a histone demethylase frequently mutated in cancer. Despite 

the new advancing, some aspects of its tumor suppressive role have remained 

unexplored. Based on our preliminary observations, the aim of this dissertation is to 

investigate the role of KDM6A in the response to damage. 
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3. RESULTS 
 
3.1 KDM6A loss is associated with genomic instability and DNA repair 
 
3.1.1 KDM6A Knockdown cells are genomically instable 
 

To explore the oncogenic role of KDM6A loss, we selected the osteosarcoma cell line 

U-2OS and took advantage of shRNA technology in order to downmodulate KDM6A 

expression. Two independent shRNAs targeting shKDM6A (shKDM6A #1 and 

shKDM6A #2) were employed, along with a scramble control (shSCR), to avoid off target 

effects. In order to gain insights on its function, we investigated potential genomic 

implications of KDM6A depletion by firstly assessing cell nuclear morphology using 

immunofluorescence assays. Microtubules and actin filaments were stained with alpha-

tubulin and phalloidin, respectively, to selectively score cells with proper morphology 

and an intact cytoplasm. 

We found that loss of KDM6A caused a significant accumulation of micronuclei (MN), 

and a slight increase in nuclear buds (NBUDs) formation, both considered indicators of 

genomic instability (Figure 7).  

MN appear as discrete bodies of chromatin in the cytoplasm which eventually arise from 

mis-segregation events or from acentric chromosomal fragments resulting from 

unrepaired DSBs (Fenech et al, 2011). NBUDs share the same morphology of MN with 

the exception that they are connected to the main nucleus.  NBUDs may result from the 

process of extrusion of amplified DNA or DNA repair complexes as well as excess 

chromosomes from aneuploid cells (Fenech et al, 2011). NBUDs can also develop when 

a nucleoplasmic bridge between two nuclei is disrupted, which leads the remaining 

fragments to shrink back toward the nuclei (Fenech et al, 2011). 
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Figure 7. KDM6A inactivation is associated with genomic instability 
U-2OS cells were infected with an shSCR or two independent shKDM6As. 72h after selection, cells 
were fixed and stained for alpha-Tubulin (green), Phalloidin (red), and counterstained with DAPI 
(blue). (A) Representative pictures of immunofluorescence assays are shown. (B) Quantification 
of the percentage of plurinucleated cells (PCs) and cell displaying micronuclei (MN) and nuclear 
buds (NBUDs). White arrow: MN; Asterisk: NBUD; Hashtag: PC. Mean with s.e.m. of n=3 
independent experiments (≥ 150 cells scored per line).  
 



 

 37 

These first observations suggested a preferential implication of KDM6A in genome 

integrity maintenance and, particularly in the response to DSBs, since other common 

features of a defective mitosis were not significantly different (PCs). Next, we sought to 

corroborate our results and to determine whether the development of MN was altered 

following IR-induced damage. 

To this end, we employed the cytokinesis-block assay which relies on the Cytochalasin-

B agent which disrupts contractile microfilaments by inhibiting actin polymerization 

thereby preventing the completion of cytokinesis (Figure 8A). This assay is the preferred 

method to measure nuclei anomalies since eventual confounding effects in cell division 

between experimental conditions are considered. This is important since MN formation 

is compromised when cytostatic conditions (such as IR) that reduce the number of 

dividing cells are evaluated. Therefore, performing the assay without Cytochalasin-B may 

lead to false negative results or to the underestimation of the actual MN frequency. Along 

with untreated control cells, we irradiated both shSCR and shKDM6As before 

Cytochalasin-B addition. Once divided binucleated (BN) cells were selectively observed 

to score aberrations (Figure 8B). 

After cytokinesis block, KDM6A knock-down (KD) notwithstanding led to an increased 

presence of micronuclei with respect to the shSCR control, in both basal and damage 

conditions, suggesting a role for KDM6A loss in eliciting genomic instability (Figure 

8C).   
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Figure 8. Micronuclei frequently form in KDM6A depleted cells 
(A) Schematic representation of Cytochalasin-B mechanism of action. (B) U-2OS cells were 
infected and Cytochalasin-B (3 ug/ ml) was added to the culturing medium 48h after selection. 
shSCR and shKDM6Aa cells were subsequently irradiated (4Gy) or left untreated. Cells were 
returned to the incubator for 48h before fixation. Staining was performed with for a-Tubulin 
(green) and Phalloidin (red) antibodies, while DNA was stained with DAPI. Representative pictures 
of immunofluorescence assays are depicted. (C) BN were selectively observed to score MN. White 
arrow: MN; Plus: BN. Data are represented as mean (+/- s.e.m.) of four independent experiments 
(≥ 150 cells scored per line).  
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3.1.2 DNA repair is impaired in KDM6A deficient cells 
 

Since it is conceivable that the increased frequency of cells with MN results from the 

accumulation of DSBs, we assessed whether a defective DNA repair is the underlying 

cause of the phenotype observed. Two major alternative mechanisms, NHEJ and HR, 

repair DSBs. We assayed repair efficiency by employing the EJ-DR (EJ-RFP combined 

with DR-GFP) (Bindra et al, 2013), an U-2OS engineered cell line that bears two 

chromosomally integrated reporter constructs, one that assesses HR, and the other for 

NHEJ efficiency, thus enabling their simultaneous evaluation. This fluorescence-based 

technology employs the uncommon cutting endonuclease I-SceI, which is also stably 

integrated in the cellular system to generate a single site-specific DSB in cells. This I-

SceI system is the results of the fusion of the I-SceI gene with the ligand-binding domain 

of the rat GR. Only when the synthetic ligand triamcinolone (TA) is added, I-SceI 

translocates from the cytoplasm to the nucleus to induce damage. The I-SceI enzyme 

additionally presents at the N-terminus a destabilizing domain (dd) which is blocked by 

the addition of the drug Shield to the culturing medium, thereby increasing I-SceI protein 

levels. Those additional levels of control enable the fine-tuned regulation of cleavage 

kinetics.  Concerning the DR-GFP construct (Figure 9A), the open reading frame (ORF) 

of the GFP gene has been disrupted by the integration of an I-SceI recognition site, and a 

truncated GFP gene fragment with the correct ORF sequence is located downstream. Only 

if the repair of the broken site occurs properly through HR, a functional GFP gene is 

reconstituted, and a GFP fluorescence signal then can be measured by flow cytometry. In 

the second construct, the tetracycline (Tet) regulatory circuit has been exploited (Figure 

9B). Specifically, an I-SceI recognition site is inserted in the TetR gene in addition to a 

DsRed gene cloned downstream to a TetR binding site (Tet operator). In basal conditions, 

the DsRed expression is repressed by the binding of the TetR protein to the Tet operator. 

When ligands are added, the I-SceI endonuclease introduces a DSB and any repair event 

that disrupts the TetR ORF results in DsRed fluorescence.                                     

EJ-DR cells were infected and after selection ligands were added for 24h to increase I-

SceI protein levels and to favor its relocalization in the nucleus. Medium was replaced to 

let the repair occur and 96h later the efficiency of the two repair pathways was evaluated 

at the flow cytometer. When compared to the shSCR control, EJ-DRs where KDM6A 

was knocked down showed a dramatic reduction of HR-repaired GFP-positive population 
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(Figure 9C), as well as the NHEJ-repaired RFP- positive population, albeit to a lesser 

extent (Figure 9D).  Overall, these data suggest that KDM6A is required for an efficient 

repair of damage through HR.  
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Figure 9. KDM6A is required for efficient DNA repair 
(A) Schematic of the DR-GFP assay for the evaluation of HR repair efficiency at an 
intrachromosomal site. (B) Representation of the EJ-RFP repair system. (C) HR repair efficacy 
of engineered cells infected with shSCR and shKDM6As is depicted by the percentage of GFP-
positive cells. (D) Evaluation of RFP-positive populations representing NHEJ repair accuracy. 
Error bars show mean +/- s.e.m. from three biological replicates. Depicted schemes are adapted 
from authors published representations (Brindra et al, 2013). 
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3.1.3 Altered damage signaling in KDM6A depleted cells 
 

Our results collectively may suggest that the increased genomic instability associated 

with KDM6A loss, as determined by the formation of MN, may be related to a defective 

DNA repair. We then reasoned whether an impairment of damage sensing activation was 

responsible for the phenotype observed. To address this question, we evaluated the 

recruitment kinetics of the apical kinase involved in the early events of the response to 

damage, ATM. ATM and ATR are upstream of a cascade of phosphorylation events that 

result in activation and recruitment of effector proteins to the sites of damage.  

Along with assessing the intensity levels of the active phosphorylated form (pATM) 

signal, the phosphorylation status of its targets was also evaluated. To this end, we used 

a pS/TQ antibody which detects the levels of proteins containing the ATM/ATR substrate 

motif, as a documented proxy of pATM activation. When shSCR cells were irradiated, 

these DDR markers were recruited to DNA lesions and their quantification enabled the 

estimation of DNA damage signaling and activation dynamics. Interestingly, in KDM6A 

depleted cells, both pATM and PS/TQ signal intensity increased even in basal conditions. 

The difference was greater after damage induction, were the DDR activity remained 

higher when compared to the shSCR (Figure 10). Our data demonstrate that KDM6A 

depletion is associated with an increased activation of pATM and its downstream targets 

and suggests that its loss does not interfere with the ability of cells to sense and signal 

DNA damage. 
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Figure 10. Robust checkpoint activation upon KDM6A KD.  
U-2OS cells were infected with shSCR or shKDM6As and 72h after selection, cells were irradiated (4Gy) 
and fixed at different time points after IR. pATM (A) and PS/TQ (B) antibodies were employed to 
evaluate DDR activity. The right panel of both figures depicts the quantification of the integrated 
intensity measured with Cell Profiler. Signal intensity was calculated from two to three biological 
replicates. At least 150 cells were assessed for each condition.  
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3.1.3 KDM6A loss increases sensitivity to DNA damaging agents 
 
Our data may point toward a disrupted DNA repair process upon KDM6A depletion. 

Since cells defective in DDR are extremely vulnerable to DNA damaging agents, we 

asked whether KDM6A silencing may confer enhanced sensitivity upon damage 

induction. The different sources of damage employed corresponded to a specific insult 

and kind of lesion generated.  

We performed a colony formation assay in control or KDM6As silenced cells treated with 

the PARP inhibitor Olaparib, the cross-linking agent Cisplatin and Hydroxyhurea (HU) 

which indirectly leads to replication stress by depleting the pool of dNTPs (Figure 11A).  

We evaluated the colony number, an estimate of the killing effect of the drugs, and the 

colony dimension, as a measure of the proliferation rate (Figure 11B).  

ShKDM6As displayed a hindered clonogenic potential (colony number) when compared 

to the shSCR in untreated condition (DMSO). However, the colony dimension was only 

marginally affected in the shKDM6A #2 and to a higher extent in the shKDM6A #1. 

These findings suggest a major impact of KDM6A on clonogenicity rather than 

proliferation. Interestingly, KDM6A loss decreased cell viability upon all the treatments, 

and in particular in the case of Olaparib.  

Collectively these data may suggest a specific role for KDM6A in the DDR pathway and 

more specifically in the DNA repair by HR. We additionally performed a colony 

formation assay by treating cells with the topoisomerase II inhibitor, Etoposide. 

Surprisingly, when treated, KDM6A depleted cells didn’t show any additional increased 

sensitivity when compared to the shSCR control (Figure 12). The differential 

vulnerabilities may reside of the distinct mechanism of action of the drugs. 
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Figure 11. KDM6A KD increases vulnerability to DNA damaging agents 
(A) Representative pictures of the clonogenic survival assay of shKDM6A #1 and #2 or shSCR control 
cells treated with the indicated concentrations of Cisplatin, Hydroxyurea (HU), and Olaparib. (B) 
Colony number and dimension were assessed from three biological replicates. Error bars show mean 
+/- s.e.m. 
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Figure 12. KDM6A silenced cells are insensitive to Etoposide 
(A) Representative pictures of the clonogenic survival assay of shKDM6A #1 and #2 or shSCR 
control cells treated with Etoposide (50nM). (B) Colony number and dimension were assessed from 
three biological replicates. Error bars show mean +/- s.e.m. 
 
 
 
 

Etoposide 
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3.1.4 Cell cycle distribution is only marginally affected by KDM6A loss 
 

Colony formation assay showed a remarkable impact of KDM6A depletion on cell 

survival upon DNA damage induction. The DSB repair mechanism that is engaged 

following DNA damage is chosen, among other factors, also by the cell cycle phase in 

which damage occurs. HR is only active during the S and G2 stages, when the sister 

chromatid is available and functions as a template, while the NHEJ pathway is enlisted 

throughout the cell cycle. We performed a flow cytometry analysis using propidium 

iodide as DNA staining agent. The proportion of cell populations in each stage of cell 

cycle was evaluated with respect to the propidium iodide fluorescence intensity. The cell 

cycle distribution in KDM6A silenced cells was only marginally affected indicating that 

the selective reduction of the HR repair pathway that we saw upon KDM6A KD was not 

driven by the arrest of cells at specific cell cycle stages (Figure 13).   
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Figure 13. KDM6A loss only mildly affects cell cycle phases 
Cell cycle distribution of shSCR and KDM6A #1 silenced cells was obtained by staining cells with 
propidium iodide (PI). Cell population percentages were assessed through flow cytometry using 
FCS Express software. Error bars show mean +/- s.e.m. from two biological replicates. 
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3.2.1 KDM6A protein increases in response to damage 
 

Collectively these data suggest a prominent role for KDM6A in the DDR pathway and 

more specifically in the DNA repair.  

We thus decided to evaluate whether KDM6A is directly engaged as a result of DSBs 

formation. To this end, we induced DNA damage in U-2OS cells using three different 

sources. Specifically, Doxorubicin (Figure 14A) is an effective chemotherapeutic drug 

which elicits DNA damage through the intercalation between DNA base pairs and the 

inhibition of the Topoisomerase II. Bleomycin is a glycopeptide antibiotic that leads to 

the accumulation of reactive oxygen species resulting in DNA breaks (Figure 14B). 

Finally, gamma IR produces several DNA lesions including DSBs, by directly affecting 

the DNA structure or, indirectly as a result of the formation of water radicals (Figure 

14C).  

All the treatments led to the rapid phosphorylation/activation of H2AX which in turn 

functions as a platform for the recruitment of many other DDR proteins. As expected, 

also pATM levels rose, ultimately leading to the activation of the p53 protein which acts 

downstream in the response to damage.  

Remarkably, all these three different sources of damage led to a time- or dose-dependent 

increase in KDM6A protein levels, within few hours upon treatment. The kinetics of 

KDM6A induction paralleled those of the other proteins that promptly respond to 

damage. 
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Figure 14. KDM6A protein increases upon damage 
U-2OS cells were subjected to DNA damaging agents and cell pellet collected for gH2AX, pP53, pATM, and KDM6A 
protein content assessment. (A) and (B) U-2OS cells were treated with increasing concentrations of drugs for 30 
minutes before samples collection (n=1). (C) Representative Western Blot from three biological replicates of untreated 
or irradiated U-2OS cells (2Gy and 5Gy) collected 1 and 2h after treatment. The bar plot on the right depicts the 
quantification of the blot on the left (mean +/- s.e.m.). KDM6A were normalized to the GAPDH protein levels and to 
the untreated condition (NI).  
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To define whether the increase in KDM6A protein levels were due to an increased 

transcription, we collected samples for RNA extraction derived from the same cells and 

conditions. Interestingly, KDM6A transcription was almost unaffected following IR 

(Figure 15B). All together, these results suggest that KDM6A protein increase upon 

damage induction is not to be ascribed to an increase in mRNA levels, possibly implying 

mechanisms of PTMs.    

Figure 15. KDM6A protein increases upon damage but not its mRNA levels 
U-2OS cells were irradiated, collected at different timepoints after IR, and protein and RNA were 
extracted from each sample for Western Blot and q-RTPCR analyses. (A) KDM6A protein levels 
were evaluated along with other DDR proteins, gH2AX and pATM (n=1). (B) KDM6A mRNA levels 
normalized to ACTIN and to the untreated sample (NI) were plotted. Error bars show mean +/- 
s.e.m. from three biological replicates. 
 
 

KDM6A

γH2AX

actin B

pATM

IR (4Gy)

NI      1h     2h    4h
150

250

15

37

A B

NI 1h  2h  4h
0.0

0.5

1.0

1.5

2.0

R
el

at
ive

 K
D

M
6A

 m
R

N
A 

ex
pr

es
si

on
 le

ve
ls

ns

ns

ns



 

 52 

3.2.2 ATM is responsible for KDM6A protein increase upon damage 
 

We next explored the mechanism by which KDM6A levels are increased upon 

damage. Given the similar kinetic of activation (Figure 14), we wondered whether the 

enhanced KDM6A protein levels were dependent on the activity of the PIKK kinase ATM 

which is responsible for the phosphorylation and stabilization of many other DDR 

components (Blackford & Jackson, 2017). We first performed an in-silico analysis of 

kinase specific phosphorylation sites on KDM6A aminoacidic sequence leveraging a 

public available software (Netphos-3.1b Server) (Blom et al, 2004). Four serine residues 

(Ser459, Ser464, Ser476, and Ser552) were predicted as highly probable sites of ATM 

phosphorylation.   

To assess a possible implication of ATM in the protein increase of KDM6A upon damage, 

we pretreated cells with Caffeine, a broad ATM/ATR inhibitor (Sarkaria et al, 1999). We 

exposed cells to a concentration of 10mM of Caffeine for 2 h before IR. Cells were 

returned to the incubator to let the response to damage occur, and 2h later samples were 

collected. As anticipated, Caffeine affected the ATM autophosphorylation and the 

phosphorylation of downstream targets as depicted by the reduced levels of both pATM 

and gH2AX. Caffeine prevented KDM6A protein increase upon damage, but interestingly 

its basal level was also reduced (Figure 16A).  

Next, to assess the individual contribution of the ATM kinase in KDM6A regulation, we 

employed the ATM specific inhibitor KU-55933 (Hickson et al, 2004). Interestingly, we 

found that treatment with ATM inhibitors reduced KDM6A protein levels (Figure 16B). 

These findings imply a participation of the apical kinase ATM in determining KDM6A 

protein levels in both physiological and damage conditions.  
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Figure 16. ATM is responsible for KDM6A increase upon IR 
(A) and (B) U-2OS cells were pre-treated with Caffeine (10mM) (n=1) or KU (10uM) for two hours before IR. Cells 
were collected two hours later for Western Blot assay. (B) Representative blot from three biological 
replicates is depicted. Bands were quantified in the right panel, were KDM6A protein levels were 
normalized to VINCULIN and to the vehicle control (no IR and no KU-5593). Bar plot represents 
mean +/- s.e.m. Blots were assayed for KDM6A antibody along with other key components of the DDR. 
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3.3. KDM6A mediates the transcriptional regulation of HR genes 
 
3.3.1 The role of KDM6A in the transcriptional regulation in patients 
 

To gain additional insights on the molecular mechanism underlying KDM6A role in 

carcinogenesis, we performed a comprehensive analysis employing available RNA-seq 

expression datasets of The Cancer Genome Atlas (TCGA) Pan Cancer Atlas (Cerami et 

al, 2012). We leveraged the cBioportal web site to rank tumor types based on KDM6A 

defects frequency and selected the top eight tumors. We were seeking to identify genes 

whose expression varies with respect to the modulation of KDM6A expression. The Gene 

Set Enrichment Analysis (GSEA) (Subramanian et al, 2005) revealed Oxidative 

phosphorylation and DNA repair as top enriched pathways in patients presenting low 

levels of KDM6A (Figure 17A). A more detailed focus on the DNA repair pathway 

pointed out an inversed correlation between the expression of KDM6A and that of key 

genes involved in the transcriptional-coupled repair, a sub pathway of NER. POL2J, 

ERCC1, POLR2I, and POLR2F were among the most enriched across all the evaluated 

tumor types except for the Bladder Cancer Dataset. 

The Bladder Urothelial Carcinoma represents the tumor with the highest frequency of 

somatic mutations in the KDM6A gene (29.2 % of cases, TCGA Pan Cancer Atlas). 

GSEA revealed a significant down representation of genes involved in the HR repair 

pathway in this cancer type, in the subset of patients with low expression of KDM6A 

(Figure 17C). This finding may surmise a direct implication of KDM6A transcriptional 

activity in the regulation of key genes involved in the HR. Since KDM6A acts by 

removing the H3K27me3 from gene regulatory elements, it is conceivable that an 

increased deposition of this repressive epigenetic mark might lead to a downregulation of 

target genes expression in the subset of tumors where KDM6A is inactivated.   
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Figure 17. DNA repair genes transcription is downregulated upon KDM6A expression reduction in Bladder Cancer 
patients 
(A-B) Heatmaps represent the most enriched pathways in KDM6A low patients coming from the first eight tumors 
ranked by KDM6A alteration frequency from cBioportal Database (Figure 3). (C) Downregulated pathways from 
GSEA of Bladder Cancer (BLCA) patients’ transcriptomes comparing low vs high KDM6A expression individuals. 
DDR pathways coming from Gene Ontology Biological Process (GOBP) were selected among all the pathways with 
a canonical P value < 0.01. On the right panel the Enrichment plot of the “Recombinational Repair” pathway is 
depicted.  
BLCA: Bladder Urothelial Carcinoma; ESCA: Esophageal carcinoma; HNSC: Head and Neck Squamous Cell 
Carcinoma; LUSC: Lung Squamous Cell Carcinoma; PAAD: Pancreatic Adenocarcinoma; SKCM: Cutaneous 
Melanoma; STAD: Stomach Adenocarcinoma; UCEC: Endometrial Carcinoma. 
  

p value 0.008403362 
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3.3.2 Gene expression analysis reveals an enrichment of HR genes in shKDM6A U-
2OS 
 

Data obtained from TCGA might suggest a transcriptional rewiring upon KDM6A loss 

in Bladder Cancer which results in the downmodulation of HR genes.                                             

We therefore sought to deepen our understanding on the putative role of KDM6A by 

evaluating the transcriptional differences emerging when comparing U-2OS shKDM6A 

to the shSCR control.  

U-2OS cells were infected with either shSCR or shKDM6A #1 lentivirus. After selection,  

RNA was extracted from both cell lines and retrotranscribed to perform RNA-seq. The 

output of the analysis was a list of differentially expressed genes (DEGs), that were sorted 

by P-value (p<0.01). Then, we analyzed changes in expression by ranking the gene list 

by Log2FC. 

We were interested in DNA repair related genes, thus we downloaded GOBP DOUBLE 

STRAND BREAK REPAIR and GOBP HOMOLOGOUS RECOMBINATION gene 

signatures from the GSEA portal (Subramanian et al, 2005). 

Therefore, we assessed the expression of these genes in our RNA-seq data, and we found 

that most of the genes required for DSBs repair (Figure 18A) and, in particular in the HR 

pathway (Figure 18B) were downregulated upon KDM6A loss.  

Although the downmodulation of genes specifically implicated in the HR emerged from 

our analysis might suggest a direct role of KDM6A in gene transcription regulation, 

further experiments are required to validate this hypothesis. 
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Figure 18. Homologous recombination genes are downregulated upon KDM6A KD 
(A-B) Heatmaps represent the differential expression levels of DDR genes derived from 
GOBP_DOUBLE_STRAND_BREAK_REPAIR and GOBP_HOMOLOGOUS_RECOMBINATION in U-2 OS RNA-
seq comparing shKDM6A #1 versus the shSCR control. DEGs with a p-value < 0.01 are shown. 
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4.H3K27me3 levels are dynamically regulated upon IR 
 
 

A large body of evidence in literature has shown a direct recruitment of PRC2 at 

damage sites where transcription suppression is necessary to prevent deleterious 

consequences. Despite this mechanism is well established, a correspondent increase in 

the H3K27me3 levels is not always detected (Campbell et al, 2013); conversely its 

decrease has also been reported (Rath et al, 2018; Boila et al, 2023). We have previously 

shown a dramatic increase of KDM6A upon IR and we thus asked whether it could be 

accompanied by a concomitant decrease in H3K27me3 levels. We irradiated U-2OS cells 

and observed, through immunofluorescence assays, the H3K27me3 signal intensity at 

different time points following IR. Cells immediately after IR were put on ice to cool 

down in order to prevent any form of repair and fixed to evaluate H3K27me3 induction 

(0h). Along with the untreated condition, cells were fixed at 4h after IR when the DDR is 

occurring. Cells were stained with gH2AX antibody as a control of the correct damage 

induction and occurrence of repair (Figure 19).  

H3K27me3 levels rose immediately after damage induction, but decreased almost to the 

basal levels at 4 hours after IR (Figure 19). The kinetic of H3K27me3 levels may suggest 

a KDM6A-dependent removal during DNA repair, since KDM6A levels are higher in this 

time-window. Experiments of CUT&TAG are ongoing, to assess genome-wide, and in 

concomitance with DNA damage, the engagement of KDM6A and the changes of histone 

modifications. Additionally, we are exploring with GET-seq (Tedesco et al, 2022), the 

technology recently developed in the lab, whether there are differences in chromatin 

compaction upon KDM6A knock-down, on eu- and heterochromatin regions. 
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Figure 19. H3K27me3 is dynamically modulated upon damage  
Cells were irradiated (4Gy) and fixed at different time points after IR. H3K27me3 and gH2AX 
antibodies were employed. Box plot on the right depicts the quantification of the integrated 
intensity assayed through Cell Profiler. Signal intensity was calculated from three biological 
replicates. At least 150 cells were assessed for each condition.  
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4. DISCUSSION 
 

In the present study we unraveled a key role of KDM6A in the response to DNA 

damage. KDM6A loss prevented an efficient repair and led to an increased vulnerability 

to Olaparib treatment possibly suggesting a direct implication of KDM6A in the specific 

pathway of HR. Despite the KDM6A gene is frequently altered across different cancer 

contexts, its implication in tumorigenesis remains unclear. Analysis of the transcriptome 

of Bladder Cancer patients and from our own RNA-seq in U-2OS suggest a putative 

transcriptional- dependent role of KDM6A in the regulation of HR repair genes. Our 

preliminary data may implicate that upon damage induction, KDM6A rapidly increases 

in order to activate gene transcription. Conversely, in cells deficient for KDM6A, HR 

repair genes expression is prevented and unrepaired DSBs accumulate leading to the 

formation of micronuclei.  

Our study started from the finding of an increased basal level of genome instability 

when KDM6A is loss. Indeed, KDM6A depletion elicited a significant increase in the 

percentage of cells with micronuclei. The formation of these chromatin bodies within the 

cytoplasm usually stems from ongoing DNA damage. Unrepaired DSBs deriving from 

previous cell cycles give rise to chromosomal fragments (clastogenic processes) which 

cause micronuclei formation (Xu et al, 2011; Shimizu, 2011). Despite all our experiments 

point toward this direction, we could not rule out the possibility of an aneugenic process, 

in which micronuclei arise from lagging chromosomes caused by mitotic errors. While 

micronuclei resulting from aneugenic events include the whole chromosome, those 

emerging from faulty repair are acentric and lack the centromere (Fenech et al, 2011; 

Norppa & Falck, 2003; Bakhoum et al, 2014). Labeling of centromere proteins such as 

CREST may help to trace the origin of these defects. Eventual alterations in mitosis which 

implicate KDM6A in the faithful cell division have not been evaluated in this thesis 

project but are object of our current investigation.  

We next sough to test whether the failure in the maintenance of genome integrity was 

caused by intrinsic defects in the repair of DSBs. To this end, we took advantage of the 

U2-OS- EJDRs, an engineered cell line which enables the simultaneous evaluation of the 

HR and NHEJ efficacy. KDM6A loss markedly impaired HR in both shKDM6As. We 

did see also an effect of KDM6A knock-down in NHEJ, that we did not explore.  
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While repair proficient cells can withstand DNA damage since have at their disposal 

a potent arsenal of proteins to effectively resolve the break, cells deficient in DDR 

components are particularly susceptible. Since we observed a hindered efficiency of the 

HR pathway, we interrogated whether KDM6A depletion may impact the sensitivity to 

damage. To this end, we exposed U-2OS cells to various drugs, including the FDA-

approved PARP inhibitor Olaparib, the cross-linking agent Cisplatin, the Topoisomerase 

II poison Etoposide, and Hydroxyurea. KDM6A depletion profoundly decreased cell 

viability upon treatment with respect to the control cells, in particular in the case of 

Olaparib. This phenotype may be reminiscent of a condition known as “BRCAness”, were 

the inhibition of PARP activity results in an increased reliance on HR repair. Upon 

Olaparib treatment, PARP activity is inhibited and SSBs accumulate during replication. 

When the replication fork encounters unrepaired SSBs, its progression is hampered and 

DSBs are generated. Therefore, effective HR repair is required to prevent even more 

deleterious consequences.  

Other drugs did show a less prominent effect as well, suggesting that KDM6A may impact 

also on other DNA repair pathways, as hinted by the results using the NHEJ U-2OS- 

EJDRs. In the case of Cisplatin and HU, an additive effect of KDM6A loss was observed 

on cell viability. Interestingly, while Etoposide decreased of a 30% the viability of shSCR 

cells, it had no additional effect on the shKDM6A cells. Etoposide is a Topoisomerase II 

poison that specifically hampers its ligase activity (Singh et al, 2022). As a result of the 

inhibition, the Topoisomerase II enzyme which normally unwinds the torsional structure 

of the DNA, may cleave, but not relegate DNA ends thereby leading to an increase of 

DNA breaks. The resistance to Etoposide could not be attributed to differences in the 

rates of replication between genotypes since shKDM6A cells exhibited increased 

sensitivity to HU, which also activates the DDR in replicating cells. Moreover, 

proliferation assays revealed only a modest not significant decrease in cell proliferation. 

Our findings may suggest a possible implication of KDM6A in the same pathway of the 

Topoisomerase II, but additional experiments are required to explore this possibility.  

We then asked whether the deficient repair was due to an impairment in sensing the 

damage occurred. For this purpose, cells were irradiated and the activation of pATM and 

the phosphorylation of its downstream targets were evaluated. Surprisingly, the signaling 

pathway was not switched off; on the contrary, it was hyperactivated. We envision that 
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this sustained DDR activation may mirror the attempt of KDM6A depleted cells to 

mitigate the overload of damaging insults to which they are exposed. 

Together, our data provide the compelling evidence that KDM6A directly regulates DSBs 

repair by affecting the HR process. In support to this notion, we observed an increase in 

KDM6A protein levels within few hours upon damage induction. Since its increase was 

concomitant with the induction of key proteins involved in the early events of the DDR, 

such as pATM and gH2AX, we speculate a direct implication of KDM6A in the response 

to damage.  

KDM6A is a histone demethylase which preferentially removes di- and trimethylation 

from lysine 27 on histone H3. Its role has been widely characterized in the context of 

development. Notably, KDM6A demethylase-independent functions have been 

frequently implicated to its tumor suppressor function.  

We thus decided to evaluate whether the defects observed were ascribed to its catalytic 

activity. To this end, we performed a GSEA analysis on RNA-seq available data from the 

TCGA cBioportal (Cerami et al, 2012). Patients were ranked based on KDM6A 

expression levels and pathways that were significantly enriched in a least one of the eight 

tumors were evaluated. The comprehensive analysis of patients’ transcriptome revealed 

an enrichment of transcription-coupled repair (NER) in individual with low levels of 

KDM6A expression. Of note, Bladder Cancer patients with low levels of KDM6A 

showed a corresponding decreased expression of genes associated to DNA repair, and 

specifically in the HR pathway.  

This explorative analysis led us to address whether the decreased transcription of genes 

related to DNA repair is the cause of the defective repair observed in our system. We 

performed an RNA-seq on cells infected either with shSCR or shKDM6A. We exploited 

known DNA repair signatures from the GSEA portal and evaluated the expression levels 

of genes previously related to repair. The analysis revealed a significant downmodulation 

of genes intimately associated to the HR mechanism. Ongoing CUT&TAG experiments 

targeting KDM6A protein will eventually validate our finding and confirm whether 

KDM6A directly lies on the regulatory elements of genes involved in the HR. 

A recently published paper indicated KDM6A and KDM6B as crucial proteins for 

DNA repair in Acute myeloid leukemia (AML) (Boila et al, 2023). They propose a 

mechanism similar to ours in which KDM6A protein is recruited upon damage to the 
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transcriptional start site (TSS) and promoter-proximal elements of key HR genes to 

activate their transcription upon damage. Indeed, when KDM6 activities are loss through 

genetical or pharmacological inhibition (GSK J4), the subsequent increase in H3K27me3 

levels at those regulatory elements prevents gene transcription and repair is hampered. 

Moreover, the SWI/SNF remodeler complex concurs with KDM6A to modulate repair 

gene transcription. Interestingly, they also reported an increased sensitivity to Olaparib 

in KDM6 deficient cells. While in this study both KDM6 proteins globally affect DDR 

transcription impacting signaling and repair, we show a role of KDM6A restricted to the 

repair since pATM and its targets were fully recruited to the damage sites.  

Moreover, authors proposed an increase of KDM6A transcriptional levels upon 

damage supporting a key role of KDM6A in directly mediating DNA repair. However, 

the protein increase in our U-2OS cells cannot be attributed to the increased mRNA levels, 

suggesting a process beyond transcription to account for the rise. Two mechanisms might 

explain this phenotype: DNA damage could either prevent KDM6A protein degradation 

as a result of enhanced protein stability, or increased translation may account for the 

higher protein levels observed in treated cells. This discrepancy may derive from the 

different degree of damage induction, since, also in the reported experimental conditions, 

KDM6A transcription increased with a lesser extent when a lower dose of IR was 

employed. We propose an unanticipated role of ATM in regulating KDM6A levels. 

Indeed, KDM6A protein increase was prevented when the broad ATM/ATR inhibitor 

Caffeine or the specific ATM inhibitors KU-5593 were employed. ATM is an apical 

kinase necessary for the recruitment of DDR proteins. A preliminary in-silico analysis of 

KDM6A aminoacidic sequence predicted four different serine residues as putative ATM 

recognition and phosphorylation sites.  

ATM has been implicated in the recruitment at the lesion site of many histone modifiers 

(Udayakumar et al, 2015; Cao et al, 2016). Interestingly, ATM phosphorylates the 

KDM6A-counteracting protein EZH2 on Ser734 leading to a reduced protein stability.  

A previous study suggested a role of KDM6 proteins in regulating the transcription of 

DSBs repair genes in diffuse intrinsic pontine glioma cells bearing H3K27M mutation 

(K27M DIPG). They propose GSK-J4 as a radiosensitizer to prevent damage repair and 

enhance radiotherapy effects. Additionally, they argue that GSK-J4 prevents HR repair, 

which takes place in late S and G2 phases, by maintaining a large proportion of the S 
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phase cell fraction. NHEJ repair efficiency was not affected by GSK-J4 treatment. In 

2016 Hofstetter et al. (Hofstetter et al, 2016) reported an increased DNA damage state in 

differentiating but not in undifferentiated embryonic stem cells (ESCs) when KDM6 

proteins were depleted or upon GSK-J4 treatment. Transcriptome analyses revealed as 

differentially expressed genes involved in developmental, cell death and cell proliferation 

processes. Interestingly, DNA repair genes did not emerge as deregulated upon KDM6A 

KD. Notably, KDM6A deletion did not reduce the efficiency of HR repair. The authors 

speculated that KDM6A could be relevant for the switch from HR in undifferentiated 

cells to NHEJ in differentiated ESCs. This assumption is supported by the co-presence in 

the MLL2 complex of PTIP, which is known to promote the 53BP1-mediated inhibition 

of HR (Cloos et al., 2008; Callen et al., 2013). Another evidence implying a role of 

KDM6A in the transcriptional regulation of the NHEJ factor Ku80 upon damage was 

reported in Drosophila (Zhang et al., 2013).  

We and others have provided the evidence of a direct role of KDM6A in the 

transcriptional regulation of HR genes and a differential sensitivity to Olaparib treatment. 

While tumors harboring HR gene mutations have been successfully cured with PARP 

inhibitors (Jackson & Bartek, 2009; Farmer et al, 2005; Bryant et al, 2005), repair 

proficient tumors are insensitive. Thus, we surmise that tumors harboring KDM6A 

defects may display a BRCAness phenotype which renders them less refractory to 

treatment. 

Our findings extend the knowledge in this field by implicating for the first time the role 

of ATM in the regulation of KDM6A protein levels. Moreover, we speculated that the 

increased DNA signaling activation may be pharmacologically exploited to selectively 

kill KDM6A depleted cells which rely more on the pATM pathway. In addition, we 

revealed an unprecedented connection between KDM6A loss in Bladder Cancer and 

transcriptional repression of HR genes which could have an important clinical relevance.   

Our own data and those from literature suggest the necessity of KDM6 proteins 

demethylates activity for a proper DNA repair, although its transcriptional activity was 

shown to be dispensable upon damage in mESCs (Hofstetter et al, 2016).  

This finding may rise the possibility of alternative or parallel actions of KDM6A upon 

damage. In particular, the relevance of chromatin dynamics in the response to damage 

and how its architecture is affected upon KDM6A loss are currently under our 
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consideration. The complexity of chromatin organization presents a series of challenges 

to different DNA-based function, such as transcription, replication, and repair. DSBs 

repair proceeds through a cascade of events that take place within the relatively restricted 

environment. Nucleosome packing and chromatin structure surrounding the lesion may 

impair the recruitment of DDR factors and the faithful repair of the damaged DNA. When 

a DSB occurs, cells preferentially engage HR or NHEJ repair mechanisms to precisely 

restore DNA integrity. Nevertheless, additional layers of regulation contribute to 

modulate the DDR. Histones modifiers are considered as key players in the control of 

chromatin architecture in response to damage, more locally at the damage site or at the 

genome wide level. Histone methylation has been linked to the DDR by facilitating or 

limiting, based on the modified residue, the recognition and recruitment of key damage 

proteins to the lesion site (Huyen et al, 2004; Botuyan et al, 2006; Ayrapetov et al, 2014) 

or by preventing aberrant gene transcription. Despite the substantial literature published, 

a direct implication of H3K27me3 in the DDR is contentious. The H3K27me3 writer 

EZH2 has been involved in different aspects of the response to damage and its recruitment 

to damage sites (Campbell et al, 2013; Chou et al, 2010b; Johnson et al, 2019) is well 

established. Conversely, contradictory evidence addressing the simultaneous enrichment 

of H3K27me3 at lesion loci have been observed (Campbell et al, 2013; Johnson et al, 

2019; Rath et al, 2018; Chou et al, 2010b). The type of damage induced and the timing 

of experiments, underlying the alternative roles that H3K27me3 may have in the different 

stages of the response to damage, may account for the contrasting outcomes observed.  

Although contentious, it has been shown that PRC2 is rapidly recruited to damage sites 

to deposit the H3K27me3 mark in order to halt gene transcription. We propose that 

KDM6A, by removing the epigenetic repressive mark, promotes the formation of an open 

chromatin that allows the repair machinery to better access and repair the spatially 

confined region surrounding the lesion. This speculation is supported by our preliminary 

experiments which revealed an initial increase in H3K27me3 levels immediately after 

damage induction, followed by a decrease at 4h following IR. A decrease of H3K27me3 

deposition upon damage concomitant to KDM6A increase was also observed in AML 

(Boila et al, 2023).                                                                                                                        

Therefore, we surmise that KDM6A may act as a key factor to coordinate chromatin 

accessibility to enable DNA repair while also orchestrating transcriptional responses.  
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We foresee that the elucidation of the connection between a UTX lesion in cancer and 

ultimately genomic instability, could introduce a novel perspective, providing not only 

crucial insights on the relationship between chromatin modifications and genome 

stability, but bearing also important translational implications.  
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5. MATERIALS AND METHODS 

 
5.1 Cell Culture 

U-2OS cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 

Euroclone) supplemented with 1% antibiotics (Pen/Strep, Euroclone) and 10% fetal 

bovine serum (FBS, Gibco). For U-2OS-EJDR cells (EJ-RFP and DR-GFP) 10% 

tetracycline-free FBS (Euroclone) was used to prevent the unintended DsRed gene 

expression from the EJ-RFP reporter construct due to residual tetracycline in FBS 

preparations. All cell lines were grown at 37°C in a 5% CO2 incubator. 

5.2 Lentiviral infection 

In order to knockdown KDM6A expression, two independent pLKO lentiviral vectors 

bearing short harpin RNAs targeting the human KDM6A were used. Non-targeting, 

scrambled shRNA (shSCR) was used as a control. The harpin sequences are provided 

below: 

Scrambled shRNA     CAACAAGATGAAGAGCACCAA  

KDM6A shRNA #1   ATAGTTGAACTGTGTTCATGC 

KDM&A shRNA #2 TGCACTTGCAGCACGAATTAA 

We mixed the vector of interest with vectors encoding for the packaging and envelope to 

enable viral particles production. The solution containing plasmids was added to 

HEK293T cells that were transfected according to the CaCl2 protocol. After 16 hours, 

medium was renewed. The day after medium was pelleted at 1,200 rpm and filtered on a 

0.22μm filter. Aliquots were stored at – 80° C. The day prior to infection, 180.000 cells 

were plated in a 6-well plate. The day of infection, the proper amount of virus (MOI=5) 

was added for 24h. Virus containing medium was replaced and cells were selected with 

1 μg/mL puromycin (Invitrogen) or 2 μg/ml in the case of U-2OS- EJDRs for 3 days.  
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5.3 Lentiviral Titer Calculation 
 

To determine viral titers, 60.000 U-2OS cells were infected with different amounts of 

virus in a 12-well plate. 24h after infection, each transduction dilution was split in two 

wells and puromycin was added to one of the two well for each viral dilution. Three days 

after, cells were counted to determine the percentage of transduced cells comparing the 

two wells puromycin/non-puromycin for each dilution:  

(Puromycin selected / non-selected cells) x 100 = % infected cells 

 

MOI calculation was derived based on the percentage of transduced cells. The 

concentration of Transducing Units (TU) was determined using the following formula: 

TU/ml = (number of cells at day of transduction) × [MOI / (µl of viral suspension used 

for transduction)] 

 

5.4 Irradiation 
 

IR deriving from a 137Cs source (Biobeam GM device) was employed to generate 

acute damage and for kinetic experiments. The energy intensity, measured in Grays (Gy), 

is defined as one joule of radiation energy per kilogram of matter. 

 

5.5 Drug treatments 

To study the differential sensitivity to damage a plethora of DNA damaging agents 

were used: Olaparib (AZD2281, KU005943), Cisplatin (Sigma Aldrich, C2210000), 

Hydroxyurea (Sigma Aldrich, H8627), and Etoposide (DBA, S1225). To evaluate the 

implication of ATM in the dynamic modulation of KDM6A upon damage Caffeine 

(Sigma Aldrich, C0750) and the specific inhibitor KU-5593 (DBA, S1092) were used. To 

evaluate KDM6A induction upon damage Doxorubicin (DBA, S1208) and Bleomycin 

(TRC, B595800) were used. 

5.6 Colony formation assay 

To study the sensitivity of KDM6A silenced cells to DNA damage, U-2OS cells were 

plated in 6 well dishes and infected with shRNA against KDM6A, as described above. 72 

hours following antibiotic selection, 600 cells were plated in triplicate in 6-wells and 
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treated the following day with Cisplatin (250nM), Olaparib (500nM), Hydroxyurea 

(50nM), and Etoposide (50nM). Medium was renewed after 6 days, and cells were 

returned to the incubator. At 14 days from plating, dishes were fixed and stained for 

colony scoring in Crystal Violet solution (0.5% Crystal violet in 20% methanol). The 

average number and area of visible colonies for each condition were calculated with Fiji 

Software (Schindelin et al, 2012). 

5.7 Ligand-inducible I-SceI cleavage assay 

U-2OS EJDR stable cell line was infected with control (shSCR) or shKDM6A #1 and 

#2. The inducible cleavage by the I-SceI endonuclease was achieved by adding to the 

culture medium the Schield1(Diatech, 63189) and triamcinolone (TA, Sigm-Aldrich, 

T6501-250MG) ligands at concentrations of 1μM and 100nM, respectively. 24h after, 

medium was replaced following 3 washes with pre-warmed PBS and cells were further 

incubated in DMEM. After 96h cells were collected and the frequency of GFP+ and RFP+ 

cells was determined at the flow cytometer CytoFLEX S. Data analysis was performed 

with FCS Express 6.0 software (De Novo Software). 

5.8 Immunofluorescence  
 

Immunofluorescence assay was used to evaluate the relocalization of DDR proteins 

upon damage and to evaluate nuclear aberrations. Cells were cultured on a 13 mm and 

fixed for 15 minutes in 4% paraformaldehyde (PFA, SIC). Permeabilization was 

performed with PBS-T (PBS, 0.3% Triton X-100 (Sigma Aldrich)) while blocking with 

3% bovine serum albumin (BSA, Sigma Aldrich) dissolved in PBS (30 minutes). For the 

staining, coverslips were incubated with primary antibodies diluted in the blocking 

solution for 1 hour at room temperature. Cells were then washed with PBS and incubated 

with the secondary antibodies, rhodamine Phalloidin (1:400, Invitrogen, #R415) and 

DAPI (1:1000, 5 mg/mL, Molecular Probes, #D3571) diluted in blocking solution for 1 

hour at RT, in a dark humidified chamber. Finally, Coverslips were mounted on 

microscope slides using ProLong Gold Antifade Reagent (Invitrogen) and images were 

acquired at the Axio Imager 2 (ZEISS). Quantification of DDR proteins signal intensity 

was performed by counting at least 150 cells per condition and analysis were made using 
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Cell Profiler software (Carpenter et al, 2006) and processed with Affinity Designer 

software (https://affinity.serif.com).   

The following primary antibodies were used: anti-ATM pS1981 (Rockland 200-301- 400, 

1:200); anti-pS/TQ (Cell Signalling 2851, 1:200); alpha tubulin (MERK, T5168, 1:1000); 

anti-H3K27me3 (Millipore 07-449, 1:100), anti-pH2AX (Euroclone, 9718s, 1:200). As 

secondary antibodies: Alexa Fluor 488 Donkey Anti-Mouse IgG, Alexa Fluor 568 Goat 

Anti-Rabbit IgG (1:1000). 

 

5.9 Western blot  
 

Cells were collected and lysed in laemmli buffer (50% glycerol, 1M Tris-HCl pH6.8, 

10% SDS). Lysates were then sonicated using the ultrasonic homogenizers BANDELIN 

SONOPULS (amplitude 12%, 15’, for the required times). Proteins were 

electrophoretically separated with precasted 4-20% polyacrylamide gels (BioRad) and 

transferred onto nitrocellulose membrane (Amersham Hybond ECL, GE Healthcare) 

through a BioRad Trans-Blot system. After blocking with 5% dry milk (BioRad) in PBS-

Tween (PBS, 0,1% Tween-20) at RT for 1 hour, membranes were incubated overnight at 

4°C with primary antibodies. After washes with PBS-Tween, membranes were incubated 

with secondary HRP-antibody. Images were acquired at the Chemidoc (BioRad) and 

processed with the Image Lab Software (BioRad). 

The following primary antibodies were used: KDM6A (Euroclone 33410s, 1:1000), 

gH2AX (Abcam ab2893; 1:1000), pP53 (Euroclone 9284S, 1:1000), pATM (Abcam 

ab81293, 1:1000), ACTIN (Sigma-Aldrich A3854, 1:10000), GAPDH (Genetex 

GTX627408, 1:10000), VINCULIN (MERK V9131, 1:10000). As secondary antibodies: 

ECL Anti-mouse IgG, peroxidase- linked species-specific F(ab')2 fragment (from sheep), 

GE Healthcare; ECL Rabbit IgG, HRP-linked whole Ab (from donkey), GE Healthcare.  

 
5.10 Cell Cycle distribution 

For cell cycle analysis by flow cytometry, U-2OS cells were infected and 48 hours 

after selection were fixed in pure ethanol for 30 minutes. Cells were then washed with a 

washing buffer (PBS, 1% BSA), resuspended in a solution containing 50μg/mL 

propidium iodide (PI, Merck) and 200μg/mL RNase A (Euroclone), and incubated 
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overnight at 4°C. At least 20000 events per sample were acquired and cell cycle was 

evaluated by analyzing the acquired events with FCS Express 6.0 software (De Novo 

Software).  

5.11 Cytogenetics analysis 

The day prior to IR, infected cells were seeded onto coverslips. In either treated (IR) 

or untreated cells, Cytochalasin-B (Sigma Aldrich, C2743-200UL) was added at a 

concentration of 3μg/mL. Cells were returned to the incubator to allow cell division. 48h 

post treatment, cells were fixed and stained. Alpha-tubulin and rhodamin phalloidin 

antibodies were used to specifically visualize microtubules and actin filaments, 

respectively. Only binucleated cells with intact nucleus and cytoplasm were scored. 

Micronuclei (MN) were recognized as distinct nuclear bodies within the cytoplasm with 

a diameter not lager than 1/3 of that of the main nucleus. MN refractile, overlapping or 

connected with the main nucleus were excluded. The frequency of binucleated cells 

containing MN was measured to evaluate the effect of KDM6A inactivation and IR. In 

the case of nuclear buds, they appear similar to MN but are linked to the main nucleus 

through a bridge. 

5.12 RNA extraction and real-time quantitative PCR  

Total RNA was extracted from cells with QIAquick PCR purification kit (Qiagen, 

28106), according to the manufacturer protocol. RNA was quantified with NanoDropTM 

8000 (ThermoFisher). The same RNA amount for each sample was retrotranscribed with 

ImProm-IITM Reverse Transcription System (Promega, #A3800). Quantitative Real 

Time PCR was performed using SYBR® Green Master Mix (Applied Biosystems, 

#4364346) on the ViiA7 Real Time PCR System (Applied Biosystems). Expression levels 

of target genes were normalized to an endogenous control (housekeeping gene): the beta 

actin. The list of primers is provided below:  

BETA ACTIN FWD: GAAGTCCCTTGCCATCCTAAAAG 

BETA ACTIN REV: ATGCTATCACCTCCCCTGTGTG 

KDM6A ACTIN FWD: TACAGGCTCAGTTGTGTAACCT 
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KDM6A ACTIN REV: CTGCGGGAATTGGTAGGCTC 

5.13 RNA-seq data analysis 

U-2OS cells were infected with either shSCR or shKDM6A #1 lentivirus. 48h after 

selection cells were processed for RNA extraction (see also RNA extraction and real-

time quantitative PCR). Library preparation and sequencing were performed by Center 

for Omics Sciences (COSR) at San Raffaele Scientific Institute. RNA counts from 

RNASeq were analyzed in biological triplicates (3x shSCR and 3x shKDM6A #1). 

Transcriptomic profiles were obtained by RNA-Seq using mRNA TrueSeq mRNA 

Illumina Unstranded 2x100 PE in HiSeq2500 (Illumina, Inc) to obtain 30 M clusters of 

single end 100bp reads. Adapters and low-quality sequences were trimmed using 

Trimmomatic (Bolger et al, 2014). Reads were aligned to the human genome (hg38) using 

STAR (Dobin et al, 2013) (version: STAR_2.5.3a) and gene-level counts were obtained 

by featureCounts using the gene annotation from GeneCode (version 31). The 

differentially expressed genes (DEGs) between shKDM6A #1 and shSCR cells were 

obtained using linear models through the use of the R/Bioconductor package limma 

(Ritchie et al, 2015). Relative expression was analyzed comparing shSCR to the 

shKDM6A #1 condition. Log2FC and p-value were investigated: samples were filtered 

for p-value < 0.01 and ranked by their Log2FC value.  We downloaded DNA repair related 

signatures (GOBP DOUBLE STRAND BREAK REPAIR and GOBP HOMOLOGOUS 

RECOMBINATION) from the GSEA portal (Subramanian et al, 2005). We checked the 

Log2FC of genes belonging to these pathways in our RNA-seq data and we plotted them 

as heatmaps. 

5.14 GSEA analysis of patient transcriptome analysis 

Gene expression data from TCGA datasets was downloaded from the cBioportal data 

hub (https://cbioportal-datahub.s3.amazonaws.com) for the selected datasets from the 

pan-cancer atlas of the TCGA (Cerami et al, 2012), in the form of mRNA RNA-Seq 

RSEM analyzed reads. For each dataset, genes with zero counts were removed. Samples 

were analyzed for female patients only to run GSEA analysis followed by pathway 

analysis enrichment. The limma-voom approach was run to normalize RSEM values and 

KDM6A higher (upper quartile) or lower (lower quartile) expressors were selected. For 
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GSEA analysis a complete table of voom normalized gene expression for all higher and 

lower expressors was input to the GSEA algorithm using both Hallmarks 

(hall.v2022.1.Hs.symbols.gmt) and GOBP (c5.go.bp.v.2022.1.Hs.symbols.gmt) to obtain 

pathways enriched. Heatmaps of Normalized Enrichment score were constructed both for 

Upregulated (in lower expressors) or Downregulated (in higher expressors) Hallmarks 

and GOBP that showed a canonical p-value of at least 0.05 in at least one dataset. An 

averaged NES was calculated and the top10 pathways were selected for both Hallmarks 

and GOBP. Heatmaps of Pathways enriched were constructed using Fisher Odds Ratio. 

For BLCA data, we selected pathways that were significantly downregulated in KDM6A 

low patients, and we plotted them as a heatmap. Significance threshold was set as nominal 

p-value < 0.01. 
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