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Abstract 

To efficiently maintain genome integrity cells have evolved an intricate signaling 

network termed as DNA damage response (DDR). A proper function of the 

DDR is required to repair deleterious DNA lesions, such as DNA double-strand 

breaks (DSBs). During in vitro and in vivo aging, a persistent accumulation of 

DSBs has been reported, suggesting a decline of the DNA repair mechanisms 

with age. Recent studies have highlighted the relevance of histone 

modifications in the regulation of the DDR. This is the case of the oxidation of 

H3 at lysine 4 (H3K4ox) and the acetylation of H4 at lysine 16 (H4K16Ac). The 

novel mark H3K4ox has been associated with the regulation of the DDR 

signaling. Regarding H4K16Ac, it has been related to DSB repair since its 

deacetylation is required for 53BP1 recruitment to DSB sites. Additionally, 

H4K16Ac varies during aging and cellular senescence. In this study we analyze 

the age-associated changes of these marks and their contribution to age-

related DSB accumulation.  

Although H3K4ox has been linked to heterochromatinization, our results 

showed a global reduction of H3K4ox in BJ fibroblasts displaying oncogene-

induced senescence (OIS) and during in vitro aging of human dermal 

fibroblasts (HDFs). Accordingly, the expression levels of the oxidases LOXL2 

and LOXL1 also suffered from a strong decrease in senescent fibroblasts while 

in in vitro aged HDFs only LOXL1 expression was reduced. Nonetheless, we 

described how, although global levels of H3K4ox were reduced after OIS, they 

specifically increased in senescence-associated heterochromatin foci (SAHF). 

Hence, our findings suggest a relationship between heterochromatin regions 

and H3K4ox, conferring it a potential role in SAHF assembly and gene silencing 

during senescence.  

Similarly to H3K4ox, a global reduction of H4K16Ac was found in both 

senescent BJ fibroblasts and in vitro aged HDFs in comparison to the levels of 

their control counterparts. Our results indicated that the decrease of H4K16Ac 
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was stablished through different molecular mechanisms in each process: while 

an increase in deacetylase activity was related to a higher expression of sirtuins 

in OIS, during in vitro aging the acetyltransferase activity was reduced due to 

decreased MOF expression.  

Next, we analyzed the presence of 53BP1 at үH2AX foci along with H4K16Ac 

levels in the whole nucleus before and after DSB induction in young and aged 

HDFs. In untreated in vitro aged cells, the decrease in H4K16Ac levels 

correlated with a reduction in 53BP1 recruitment to basal үH2AX-labelled 

DSBs. Strikingly, following DSB induction, H4K16Ac slightly decreased in early 

passage HDFs while it increased in late passage HDFs. The same tendency 

was observed regarding 53BP1 recruitment to DSBs which prompted us to 

speculate that a relation might exist between H4K16Ac levels and efficient 

53BP1 recruitment to DSBs. H4K16 hyperacetylation using both nicotinamide 

and trichostatin A failed to ameliorate the recruitment of 53BP1 to DSBs; 

instead, H4K16 hypoacetylation by MOF depletion impaired 53BP1 recruitment 

to γH2AX-labelled DSBs. Thus, our results suggest that a specific H4K16Ac 

level should be reached for proper 53BP1 recruitment to DSBs. 

In summary, we report H3K4ox as a promising age-associated epigenetic 

modification. Indeed, its specific enrichment in SAHF indicates a prominent role 

for H3K4ox in senescence. Regarding H4K16Ac, our data suggest that 

following DSB induction, H4K16Ac reaches a specific level required for the 

recruitment of 53BP1 to DSB sites. In young cells, this level is rapidly reached 

by slightly lowering their basal levels of H4K16Ac. However, aged cells start 

from lower basal levels of H4K16Ac that might impede them to reach the 

optimum H4K16Ac level for proper 53BP1 recruitment. Consequently, 

H4K16Ac stands as a key mark in the regulation of DSB repair during aging.  
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Resumen 

El mantenimiento de la integridad del DNA es fundamental para evitar la 

aparición de mutaciones. Entre los diferentes tipos de daños en el DNA a los 

que la célula debe enfrentarse, destacan las roturas de la doble cadena del 

DNA (DSBs). La regulación de la respuesta al daño depende en gran medida 

del estado de la cromatina. En este sentido resultan de especial interés la 

oxidación de la histona 3 en la lisina 4 (H3K4ox) y la acetilación de la histona 

4 en la lisina 16 (H4K16Ac). H3K4ox se ha relacionado recientemente con la 

señalización de la respuesta al daño. Por otro lado, la deacetilación de H4K16 

es necesaria para el reclutamiento de 53BP1 a los DSBs. Además, se han 

descrito cambios en los niveles de H4K16Ac durante el envejecimiento y la 

senescencia. Considerando que los DSBs se acumulan con la edad, nos 

propusimos estudiar cómo los cambios de estas marcas durante el 

envejecimiento podrían contribuir a la reparación de DSBs. 

A pesar de la relación entre H3K4ox y la condensación de la cromatina, se 

observó un descenso de los niveles globales de H3K4ox tras la inducción de 

senescencia por oncogenes (OIS) en fibroblastos BJ y durante el 

envejecimiento in vitro de fibroblastos humanos (HDFs). Asimismo, se 

determinó un descenso en la expresión de ambas oxidasas LOXL2 y LOXL1 

en OIS y una disminución de LOXL1 en HDFs envejecidos. Aunque los niveles 

globales de H3K4ox disminuyeron en OIS, el análisis de H3K4ox en los foci de 

heterocromatina asociados a la senescencia (SAHF) mostró un aumento de 

los niveles de oxidación en estas regiones cromatínicas específicas.   

Los fibroblastos senescentes y los HDFs envejecidos in vitro mostraron 

también unos niveles de H4K16Ac más bajos que los de sus respectivas 

células control. Además, los bajos niveles de H4K16Ac respondían a un 

incremento en la expresión de las sirtuinas en OIS y a una reducción de la 

expresión de MOF durante el envejecimiento in vitro. 
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A continuación, se investigó cómo los cambios de H4K16Ac asociados al 

envejecimiento podrían afectar al reclutamiento de 53BP1 a los DSBs. Para 

ello se analizó la colocalización entre 53BP1 y γH2AX y los niveles de 

H4K16Ac en HDFs jóvenes y envejecidos in vitro antes y después de la 

inducción de DSBs. En células no tratadas, el envejecimiento in vitro se 

correlacionó con una disminución de los niveles de H4K16Ac y con un menor 

reclutamiento de 53BP1 a los DSBs basales. Sin embargo, tras la inducción 

de DSBs, los niveles de H4K16Ac se redujeron ligeramente en los HDFs de 

pases tempranos y aumentaron en HDFs de pases más tardíos. El 

reclutamiento de 53BP1 siguió una tendencia similar a la descrita para 

H4K16Ac. Por lo tanto, tras la inducción de DSBs, H4K16Ac alcanzó un nivel 

estable, relacionado con un adecuado reclutamiento de 53BP1. Confirmando 

esta hipótesis, la hiperacetilación mediada por nicotinamida y tricostatina A no 

mejoró el reclutamiento de 53BP1. Además, la hipoacetilación de H4K16 

mediante el silenciamiento de MOF se tradujo en una disminución de la 

colocalización entre 53BP1 y γH2AX. 

Nuestros resultados señalan a H3K4ox como una marca epigenética asociada 

al envejecimiento especialmente relevante en senescencia. Además, 

describimos que, tras la inducción de DSBs, H4K16Ac alcanza unos niveles 

concretos, necesarios para el reclutamiento de 53BP1 a los DSBs. Las células 

jóvenes alcanzan este nivel rápidamente disminuyendo sus niveles basales de 

acetilación. Sin embargo, la consecución de dicho nivel puede verse dificultada 

en células envejecidas, ya que parten de niveles basales de H4K16Ac 

considerablemente inferiores. Por lo tanto, H4K16Ac se erige como una marca 

clave en la regulación de la reparación de los DSBs durante el envejecimiento. 
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Abbreviations 

 

4-OHT 4-hydroxytamoxifen 

53BP1 p53 binding protein 1 

ATM Ataxia-telangiectasia mutated 

BACH1 Transcription regulator protein BACH1 

bp Base pair 

BRCA_ Breast cancer type _ susceptibility protein 

BSA Bovine serum albumin 

cDNA Complementary deoxyribonucleic acid 

ChIP Chromatin immunoprecipitation 

Ct Threshold cycle 

CTCF Corrected total cell fluorescence 

CtIP CtBP-interacting protein 

DAPI 4′,6-diamidino-2-phenylindole 

DDR DNA damage response 

DMEM Dulbecco's modified eagle medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DNA-PKcs DNA-dependent protein kinase catalytic subunit 

DNase Deoxyribonuclease 

DSB Double strand break 

EDTA Ethylenediaminetetraacetic acid 

EP Early passage 

ER Estrogen receptor 

F Forward 

FBS Fetal bovine serum 

FC Fold change 

H2AK13ub Ubiquitination of H2A at lysine 13 

H2AK15ub Ubiquitination of H2A at lysine 15 
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H3K4me3 Trimethylation of H3 at lysine 4 

H3K9me3 Trimethylation of H3 at lysine 9 

H4K16Ac Acetylation of H4 at lysine 16 

H4K20me2 Dimethylation of H4 at lysine 20 

HATs Histone acetyltransferases 

HBS Hepes buffered saline 

HDACs Histone deacetylases 

HDFs Human dermal fibroblasts 

IP Immunoprecipitation 

Ku70 70 kDa subunit of Ku antigen 

Ku80 86 kDa subunit of Ku antigen 

LADs Lamina-associated domains 

LOXL_ Lysyl oxidase like_ 

LP Late passage 

MDC1 Mediator of DNA damage checkpoint 1 

MOF Males absent on the first 

MRE11 Meiotic recombination 11 

mRNA Messenger ribonucleic acid 

NAM Nicotinamide 

NBS1 Nijmengen breakage syndrome 1 

OIS Oncogene-induced senescence 

p53 Cellular tumor antigen p53 

PBS Phosphate buffered saline 

PCNA Proliferating cell nuclear antigen 

PFA Paraformaldehyde 

PI Post-irradiation 

PIKK Phosphatidylinositol 3-kinase-like proteins 

Pol_ DNA polymerase 

PTMs Post-translational modifications 

R Reverse 
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RAD50 DNA repair protein RAD50 

RAD51 DNA repair protein RAD51 homolog 1 

RAD54 DNA repair and recombination protein RAD54-like 

RAP80 Receptor-associated protein 80 

Rb Retinoblastoma-associated protein 

RIF1 Rap1-interacting factor 1 homolog 

RNA Ribonucleic acid 

RNase Ribonuclease 

RPA Replication protein A 

RT Room temperature 

RT-qPCR Reverse transcription quantitative-polymerase chain 

reaction 

SAHF Senescence-associated heterochromatin foci 

shRNA Short hairpin RNA 

SIRT_ Sirtuins 

TOPBP1 DNA topoisomerase 2-binding protein 1 

TSA Trichostatin A 

TTBS Tween-Tris-buffered saline 

XLF XRCC4-like factor 

XRCC_ X-ray repair cross-complementing protein 

үH2AX H2AX phosphorylation on serine 139 
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1. DNA damage                  

Cells are continuously facing endogenous and exogenous stresses that can 

ultimately lead to DNA damage. These lesions can block DNA replication and 

transcription, and if they are not repaired or are repaired incorrectly, they can 

cause mutations or large-scale genome aberrations that threaten genomic 

integrity and cell viability (Jackson and Bartek, 2009). To combat threats 

presented by DNA damage, cells have evolved defense mechanisms 

collectively termed as DNA damage response (DDR). The DDR can act through 

different DNA repair pathways, depending on the type and relevance of the 

DNA lesion (Harper and Elledge, 2007; Jackson and Bartek, 2009).  

1.1. Sources and types of DNA lesions 

DNA damage results from either endogenous sources (produced during normal 

cell metabolism) or exogenous sources (they come from the environment) 

(Figure 1). Endogenous sources of DNA damage include hydrolysis, oxidation, 

alkylation and mismatch of DNA bases. For instance, deamination of cytosine, 

adenine, guanine or 5-methylcytosine converts these bases to the miscoding 

uracil, hypoxanthine, xanthine and thymine, respectively. In addition, products 

derived from oxidative respiration and lipid peroxidation (reactive oxygen 

species) constitute permanent enemies of genome integrity (Hoeijmakers, 

2001; Shiloh, 2003). Regarding exogenous sources of DNA, environmental 

agents such as ultraviolet and ionizing radiation or numerous genotoxic 

chemicals produce alterations in the DNA structure (Hoeijmakers, 2001).  
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Figure 1. Different sources of DNA damage cause different lesions. Overview of the DNA-
damaging agents and examples of DNA lesions induced by these agents. In the lower part, the 
possible cellular responses against DNA damage depending on the type, amount and severity 

of DNA lesions (Shiloh, 2003). Picture reproduced with permission from the copyright owner.    

The different DNA damage sources can generate a wide variety of DNA lesions 

that range from double strand breaks (DSBs), single strand breaks (SSBs), 

excision of nucleotides to unions DNA-protein and DNA-DNA (Pagès and 

Fuchs, 2002). Among the diversity of DNA lesions, the most deleterious ones 

are the DSBs as their incorrect repair could result into deletions, translocations, 

dicentrics and other genomic rearrangements (Misteli and Soutoglou, 2009). 

These DNA alterations might drive the activation of proto-oncogenes or the 

inactivation of tumor-suppressor genes (Hoeijmakers, 2001; Shiloh, 2003). 

Consequently, accumulation of DSBs has been associated with cancer (Aplan, 

2006; Aparicio et al., 2014) and aging (Gorbunova and Seluanov, 2016; White 

and Vijg, 2016).  
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1.2. DNA damage response 

To properly protect the genome, the DDR, through the action of sensors, 

mediators, and effectors, orchestrates the appropriate repair of DNA damage. 

This hierarchical pathway begins with the detection of the DNA lesion by the 

sensor proteins which subsequently activate the mediators. Then, mediators 

amplify the signal and transduce it to the effectors. Finally, effectors inhibit cell 

cycle progression and repair the damage. If the lesion is too complex to be 

efficiently repaired, effectors induce programmed cell death (apoptosis) or 

senescence (Shiloh, 2003; Bree et al., 2004; Harper and Elledge, 2007).  

1.2.1. Recognition and signaling of DSBs 

DSB recognition is accomplished by the MRE11/RAD50/NSB1 (MRN) 

complex. Immediately after the generation of a DSB, the MRN complex is 

recruited to the DNA damage site (Lavin, 2007). Once the complex finds a DSB, 

ataxia telangiectasia mutated (ATM), the main protein involved in the DDR 

signal amplification is recruited to the C-terminus of NBS1 (Berkovich et al., 

2007; Stracker et al., 2007). ATM is a serine-threonine protein kinase that 

belongs to the family of the phosphatidylinositol 3-kinase-like proteins (PIKKs) 

(Lempiäinen and Halazonetis, 2009; Lovejoy and Cortez, 2009). The 

interaction with the MRN complex stimulates ATM kinase activity which is 

required for optimal ATM signaling in cells (Uziel et al., 2003; Blackford and 

Jackson, 2017). Once ATM is recruited to the DSB site, ATM phosphorylates 

itself, an event that results in its transition from an inactive dimer into active 

monomers (Figure 2A) (Bakkenist and Kastan, 2003). 

Following its activation, ATM phosphorylates the serine 139 of histone H2AX, 

which is referred as үH2AX (Rogakou et al., 1998; Paull et al., 2000; Burma et 

al., 2001). This phosphorylation is needed for the recruitment of the mediator 

of damage-checkpoint 1 (MDC1), which stabilizes the MRN complex at the 

break site and amplifies ATM-mediated signaling (Figure 2A) (Lukas et al., 

2004; Stucki et al., 2005). Indeed, the recruitment of MDC1 to the γH2AX 
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proximal to the lesion promotes a positive feedback for the recruitment and 

retention of more activated ATM. Then, ATM phosphorylates more H2AX 

molecules that are located more distal to the initial break. Hence, the γH2AX 

mark spreads over larger chromatin domains (Lou et al., 2006; Stucki and 

Jackson, 2006; Jungmichel and Stucki, 2010). The spreading of γH2AX 

provides a platform for the recruitment of additional repair proteins and 

chromatin modifying enzymes (Bekker-Jensen and Mailand, 2010; Nakamura 

et al., 2010).  

 

Figure 2. ATM-mediated signaling cascade of DSBs. Schematic representation of the 
recruitment of proteins involved in the recognition and signaling of DSBs (Panier and Durocher, 
2013). Picture reproduced with permission from the copyright owner.    

Subsequently, MDC1 recruits the ubiquitin E3 ligases RNF8 and RNF168 

which catalyze the ubiquitylation of H2A at the DSB sites (Figure 2B). The 

concerted action of these enzymes promotes the focal accumulation of 

downstream DNA repair proteins such as p53 binding protein 1 (53BP1) or 

breast cancer type 1 susceptibility protein (BRCA1) that will determine the DNA 
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repair pathway choice (Figure 2C)  (Mailand et al., 2007; Polo and Jackson, 

2011; Mattiroli et al., 2012).  

1.2.2. DSB repair pathways 

The two major DSB repair pathways are the homologous recombination (HR) 

and the nonhomologous end joining (NHEJ) pathways (Helleday et al., 2007). 

HR requires a sister chromatid as a template to provide a precise copy of the 

damaged sequence. Hence, HR is restricted to the S and G2 phases of the cell 

cycle when the DNA duplication has occurred. On the contrary, NHEJ does not 

need a homologous template to repair the DNA lesion and thereby, it is active 

throughout the cell cycle. During the NHEJ, ends of the breaks can be directly 

ligated after slight processing to create short homology stretches (1-6 bp). 

Thus, NHEJ is faster than HR, but more prone to errors, since it uses short 

homologous DNA sequences for repair instead of the large templates used by 

HR. The balance between both repair mechanisms is highly regulated and 

essential for genome stability (Shaltiel et al., 2015; Hustedt and Durocher, 

2017; Her and Bunting, 2018).  

a. Nonhomologous end joining (NHEJ)  

The NHEJ is the predominant DSB repair pathway throughout the cell cycle. 

NHEJ modifies the broken DNA ends to make them compatible and ligates 

them together with no-to-little regard for homology (Weterings and Chen, 

2008). Although the NHEJ acts on a wide variety of DNA-end configurations, 

the resulting repaired DNA junctions can often contain mutations (Chang et al., 

2017). 

The first step in the NHEJ is the recognition of the DSB by the Ku protein which 

is a heterodimer composed of two subunits: Ku70 and Ku80. Ku binds to the 

broken DNA ends in a sequence-independent manner and forms a ring that 

encircles the broken DNA. Then, Ku aligns the DNA ends and protects them 

from degradation (Figure 3A) (Downs and Jackson, 2004; Grundy et al., 2016). 
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Subsequently, Ku functions as a recruitment 

platform for the DNA dependent protein kinase 

catalytic subunit (DNA-PKcs) to the DSB site. Ku 

is translocated allowing two DNA-PKcs 

molecules to interact with each end of the 

broken DNA forming the so-called “synaptic 

complex (Figure 3B). Once assembled, the 

DNA-PKcs-Ku-DSB complex allows to keep 

close together the ends of the DSB and to 

protect them from nucleases attack (DeFazio et 

al., 2002; Weterings and van Gent, 2004). The 

interaction between the two DNA-PKcs 

molecules stimulates their kinase activity, 

promoting both their self-phosphorylation and 

the phosphorylation of other downstream repair 

substrates (Jette and Lees-Miller, 2015).  

Following the detection of the DNA ends, the 

next step consists of processing the DNA 

termini to remove blocking end groups and fill 

in the gaps (Mahaney et al., 2009; Pannunzio 

et al., 2018). One of the nucleases involved in this procedure is Artemis that 

possesses 5’-3’ exonuclease activity and also DNA-PKcs-dependent 

endonuclease activity. These characteristics makes Artemis able to cut DNA 

ends at single-strand to double-strand DNA boundaries, which includes all 

overhangs and other structures such as loops (Figure 3C) (Ma et al., 2002; 

Pannicke et al., 2004). After the nuclease’s actions, the resulting DNA gaps are 

filled by the DNA polymerases. Members of the DNA pol X family of DNA 

polymerases, Pol μ and Pol λ are responsible for the addition of nucleotides to 

finally generate blunt ends (Ramsden, 2011). While nucleotide insertion by Pol 

λ is generally template-dependent, insertion by pol μ appears to be template-

Figure 3. Overview of the NHEJ   
pathway. Modified picture from 
Brandsma and Gent, 2012 with 
permission from the copyright 
owner. 
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independent which could ultimately lead to errors in the repair process (Nick 

McElhinny et al., 2005).  

Finally, the modified DNA ends must be ligated to repair the DNA. Ligation is 

mainly carried out by DNA ligase IV, which exists in complex with the X-ray 

repair cross complementing protein 4 (XRCC4) (Figure 3D) (Mahaney et al., 

2009). XRCC4 stabilizes the DNA ligase IV and stimulates its activity to 

complete the DSB repair (Grawunder et al., 1998). The activity of the XRCC4-

DNA ligase IV complex is also enhanced by other proteins such as XRCC4-like 

factor (XLF, also named Cernunnos) (Ahnesorg et al., 2006; Bhargava et al., 

2018) or the paralog of XRCC4 and XLF (PAXX) (Craxton et al., 2015; Tadi et 

al., 2016).  

b. Homologous recombination (HR) 

Since it requires a homologous sister chromatid as a template for repair, HR is 

a largely error-free process. Thus, it operates exclusively in post-replicative 

chromatin during S and G2 phases of the cell cycle (Shaltiel et al., 2015; 

Hustedt and Durocher, 2017; Her and Bunting, 2018). 

HR is initiated by the resection of DNA ends which generates extended regions 

of SSBs. For this purpose, MRN complex promotes end clipping via the 3’-5’ 

endonuclease activity of MRE11 in close proximity to the break site (Paull and 

Gellert, 1998). This DNA degradation is followed by a limited 5’-3’ resection 

mediated by CtBP-interacting protein (CtIP) (Figure 4A) (Sartori et al., 2007). 

These sequential resections result in a 3’ SSB overhang that is rapidly coated 

by the replication protein A (RPA) to protect it from nucleolytic degradation 

(Figure 4B) (Zou et al., 2006; Pokhrel et al., 2017).  
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To promote the repair of the break, RPA 

is subsequently displaced from the SSB 

and exchanged with the DNA repair 

protein RAD51 homolog 1 (RAD51) (San 

Filippo et al., 2008; Symington, 2016). 

RAD51 binding to the SSBs is enhanced 

by mediator proteins, including breast 

cancer type 2 susceptibility protein 

(BRCA2) and the RAD51 paralogues 

(Figure 4C) (Suwaki et al., 2011). Then, 

the resulting RAD51 nucleoprotein 

filament performs homology search and 

strand invasion. Once the homologous 

sequence is found, RAD51 promotes the 

exchange of DNA strands that leads to 

formation of joint molecules (D-loops) 

with a Holliday junction at the end 

(Figure 4D) (Baumann et al., 1996). To 

stimulate the formation of the D-loop, 

RAD51 interacts with the DNA repair and 

recombination protein RAD54-like 

(RAD54) to increase the stability of the heteroduplex (Solinger et al., 2001; 

Mazin et al., 2010).  

Following strand invasion, de novo DNA synthesis occurs within the D-loop. 

From the several polymerases involved in this process, polymerase δ (Pol δ) 

has emerged as the major player. The DNA synthesis by Pol δ is greatly 

stimulated by the proliferating cell nuclear antigen (PCNA) which also regulates 

the length of the extension (Maloisel et al., 2008; Li et al., 2009). Finally, the 

Holliday junction resolution is performed by the bloom syndrome protein (BLM) 

helicase and the topoisomerase IIα to end the repair process and restore the 

Figure 4. Overview of the HR 
pathway. Modified picture from 
Brandsma and Gent, 2012 with 

permission from the copyright owner. 
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chromosomes back to their original state (Wu and Hickson, 2003; Russell et 

al., 2011). 

c. Choice between NHEJ and HR 

The mechanisms that govern whether a DSB is repaired by NHEJ or HR are 

tightly regulated. As mentioned before, when DSBs occur, the cell cycle phase 

has a major influence on the choice of the repair pathway. The cell cycle-

dependent performance of NHEJ and HR is regulated by the antagonistic 

proteins 53BP1 and BRCA1. The recruitment of 53BP1 to DSB regions occurs 

preferably during the G1 phase of the cell cycle and inhibits HR by blocking 

DNA resection. On the other hand, BRCA1 binds to the DSBs preferentially 

during S and G2 phases of the cell cycle, displacing 53BP1 to the focal 

periphery. Consequently, an overall reduction of 53BP1 occupancy at DNA 

damage sites takes place, promoting DNA resection and repair through the HR 

(Chapman et al., 2012; Escribano-Díaz et al., 2013).  

53BP1 recognizes the ubiquitinated H2A on lysine 15 (H2AK15ub) at the DSB 

and is recruited through its ubiquitination-dependent recruitment (UDR) motif 

(Fradet-Turcotte et al., 2013; Panier and Boulton, 2014). 53BP1 binding to the 

chromatin also requires the recognition of the dimethylated histone H4 on lysine 

20 (H4K20me2) via its Tudor domain (Figure 5A)  (Botuyan et al., 2006). The 

affinity of 53BP1 for H4K20me2 is modulated by the acetylation of lysine 16 of 

the same histone H4 (H4K16Ac). Indeed, H4K16Ac reduces 53BP1 binding to 

H4K20me2 by disrupting a salt bridge that is necessary for the association of 

the Tudor domain with the H4 (Figure 5B) (Hsiao and Mizzen, 2013; Tang et 

al., 2013).  
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Apart from the recruitment of 53BP1 to DSBs, phosphorylation of 53BP1 by 

ATM is also required for the anti-HR role of 53BP1 (Bothmer et al., 2011; Feng 

et al., 2015). ATM-dependent phosphorylation of 53BP1 is necessary for the 

recruitment of the principal effector of 53BP1: RAP1-interacting factor 1 (RIF1).  

RIF1 prevents 5′ end resection at DSBs by inhibiting the recruitment of BRCA1 

during G1, thus promoting repair through the 53BP1-dependent NHEJ pathway 

(Figure 5A) (Chapman et al., 2013; Di Virgilio et al., 2013; Escribano-Díaz et 

al., 2013; Feng et al., 2013; Zimmermann et al., 2013).  

 

As cells transition from G1 to S phase, recruitment of BRCA1 functions as a 

molecular switch to shift the balance from NHEJ to HR. Recently, it has been 

shown that BRCA1 recruitment requires recognition of histone H4 

unmethylated at lysine 20 (H4K20me0). During S phase, H4K20me0 is 

Figure 5. Antagonistic relationship between 53BP1 and BRCA1 during DSB repair 
pathway choice. (A) During G1, 53BP1 binds to H2AK15ub and H4K20me2 and recruits its 
effector protein RIF1, conducting repair to NHEJ. (B) During S phase, CtIP promotes its binding 
to BRCA1 and prevents association of 53BP1–RIF1. Additionally, H4K16ac reduces 53BP1 
binding to the H4K20me2 mark, allowing DNA end resection and repair through the HR pathway. 
Modified picture from Panier and Boulton, 2014 with permission from the copyright owner. 
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incorporated on newly synthesized DNA and mixed with old nucleosomes 

methylated at H4K20. Thereby, recruitment of BRCA1 by H4K20me0 

recognition links DSB repair pathway choice directly to sister chromatid 

availability (Nakamura et al., 2019). Apart from the novel role of BRAC1 as a 

sensor of the cell-cycle phase, BRCA1 is also a key component of at least four 

complexes (BRCA1A to BRCA1D) (Figure 6) (Her et al., 2016). Together with 

BRCA1, the major components of the BRCA1-A complex are the receptor-

associated protein 80 (RAP80) and the adaptor protein Abraxas (Wang et al., 

2007). Abraxas directly interacts with BRCA1 and links it to other components 

of the BRCA1-A complex, such as RAP80. The BRCA1-Abraxas-RAP80 

interaction allows the recruitment of BRCA1 to the DSBs, since RAP80 

recognizes the poly-ubiquitin chains of the H2AX at the damage sites (Sobhian 

et al., 2007; Wang et al., 2007; Yan et al., 2007).   

Once BRCA1 is recruited to the DSBs, CtIP is phosphorylated by cyclin-

dependent kinases (CDKs) and it subsequently interacts with BRCA1 forming 

the BRCA1-C complex (Yu and Chen, 2004). Through its interaction with 

BRCA1, activated CtIP promotes DNA end resection.  (Sartori et al., 2007). In 

addition, BRCA1-C complex inhibits the recruitment of RIF to DSBs thus 

blocking the NHEJ (Chen et al., 2008; Huertas and Jackson, 2009; Escribano-

Díaz et al., 2013). Then, BRCA1 associates with BRCA2 and RAD51, among 

other factors, to form BRCA1-D complex, which stimulates RAD51 recruitment 

and promotes efficient HR (Sy et al., 2009; Zhang et al., 2009).   

Finally, the last of the complexes, BRCA1-B, is composed of BRCA1, 

topoisomerase 2-binding protein 1 (TOPBP1) and transcription regulator 

protein (BACH1). This complex plays a role in DNA replication stress-induced 

checkpoint but its precise function is still unknown (Mäkiniemi et al., 2001; 

Kumaraswamy and Shiekhattar, 2007; Roy et al., 2011). 
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Figure 6. Multiple BRCA1-containing complexes. Schematic representation of the different 
BRCA1 complexes and their respective functions during the HR. Modified picture from Roy et 
al., 2011 with permission from the copyright owner. 

2. Chromatin dynamics in response to DNA damage  

The processes related to DNA recognition and repair are orchestrated within 

the layers of chromatin (Krishnan et al., 2011a). The past several years have 

provided important insights into the role of chromatin remodeling and histone 

modifications to control DNA damage sensing, signaling and repair (Pandita 

and Richardson, 2009). Indeed, the chromatin state can determine the 

accessibility of the repair proteins to the damaged DNA (Sabarinathan et al., 

2016) or the ability to properly activate the DDR (Misteli, 2007).  

2.1. Chromatin structure 

The basic and repeating structural units of chromatin are the nucleosomes that  

comprise about 147 base pairs of DNA wrapped around eight histone proteins 

assembled in an octameric core (Luger et al., 1997; Kornberg and Lorch, 1999). 

Each histone octamer is formed by two copies of histone 2A (H2A), histone 2B 

(H2B), histone 3 (H3) and histone 4 (H4). Protruding from the core of the 

nucleosomes, there are particular domains termed histone tails which are the 
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N-terminal regions of these proteins (Strahl and Allis, 2000; Jenuwein and Allis, 

2001). The histone tails are crucial for nucleosome biology since their post-

translational modifications (PTMs) confer them specific functionality 

(Kouzarides, 2007; Lawrence et al., 2016). Nucleosomes are connected by a 

DNA linker of variable length (20-90 bp) which is bound to histone 1 (H1). The 

length and the structure of the DNA linker also regulates the accessibility to the 

surrounding DNA (Bednar et al., 1998).  

When viewed under an electron microscope, thousands of nucleosomes joint 

by the DNA linker form the next level of chromatin organization, which is known 

as the 10 nm beads-on-a-string fiber (Olins and Olins, 2003). Subsequently, 

this fiber is further coiled into a thicker and shorter structure called the 30 nm 

chromatin fiber. Lastly, the interaction between overcrowded and randomly 

placed nucleosomal arrays produce tertiary chromatin conformations, like such 

observed in mitotic chromosomes (Figure 7) (Eltsov et al., 2008; Maeshima et 

al., 2010).  

  

Figure 7. Chromatin structural levels. Hierarchical levels of DNA packaging, which range from 
the basic unit of chromatin, the nucleosome, to the highest degree of compaction, the 
chromosome (Fyodorov et al., 2017). Picture reproduced with permission from the copyright 

owner.    
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Apart from being compacted enough to fit inside the nucleus, DNA sequences 

should be accessible to transcription factors and DNA repair machinery when 

needed. This requirement distinguishes two chromatin domains in interphase: 

euchromatin and heterochromatin. Euchromatin is less condensed, gene 

enriched, transcriptionally permissive and the first region to be replicated during 

early S phase (Gilbert et al., 2004). Conversely, heterochromatin is tightly 

condensed, gene poor, transcriptionally inactive and it replicates in late S 

phase (Becker et al., 2016). 

The organization of DNA into chromatin fibers complicates its accessibility to 

the DNA repair machinery which has to overcome this physical barrier to 

access the DNA lesion and repair it. Several studies have demonstrated that  

the chromatin undergoes enormous changes in the surroundings of a DSB 

(Kruhlak et al., 2006; Luijsterburg and van Attikum, 2011; Goodarzi and Jeggo, 

2012). For instance, following DSB induction, ATM phosphorylates its effector 

protein KAP-1 which is rapidly diffused throughout the chromatin allowing an 

efficient induction of chromatin relaxation on a global scale (Ziv et al., 2006). 

Additionally, both the size and the expansion of γH2AX are reduced in 

heterochromatic regions compared to euchromatic areas (Karagiannis et al., 

2007; Kim et al., 2007). Interestingly, recent studies have shown that proteins 

classically related to chromatin compaction, such as HP1 and histone 

deacetylases can be recruited to DSB sites (Miller et al., 2010; Baldeyron et al., 

2011). Therefore, the chromatin structure changes after DNA damage can lead 

to both relaxation and compaction of chromatin, depending on the type of lesion 

and time post DNA damage (Goodarzi and Jeggo, 2012).   

2.2. Post-translational modifications of histones 

As mentioned, chromatin structure should be dynamic and capable of 

regulating unfolding-folding transitions to guarantee the access of DNA repair 

proteins to the lesions. In order to modulate nucleosome dynamics and 

ultimately gene expression, post-translational modifications (PTMs) of the 
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histone tails represent an exquisite mechanism for regulating chromatin state 

(Kouzarides, 2007; Lawrence et al., 2016). There are numerous PTMs 

described in different residues of the histone tail. The more characterized ones 

are acetylations, methylations and phosphorylations. Nevertheless, several 

others, such as ubiquitinations, sumoylations, butyrylatio and oxidations have 

been described (Figure 8) (Kouzarides, 2007; Lawrence et al., 2016).  

 

Figure 8. Schematic drawing of a nucleosome. Histone octamer with the post-translational 
modifications highlighted on the terminal tails of each histone (Tollervey and Lunyak, 2012). 
Picture reproduced with permission from the copyright owner.    

The nature of the PTMs may determine the degree of chromatin compaction, 

stablishing euchromatin or heterochromatin regions. For instance, histone 

acetylations have been historically linked to open chromatin, whereas, histone 

methylations have been associated with closed chromatin. However, these 

concepts are somehow outdated since the code is far more complex than 

previously stablished and the role of a specific histone modification strongly 

depends on the context (Sims and Reinberg, 2008; Smith and Shilatifard, 

2010). Additionally, the interplay between PTMs adds a new level of complexity 

to the chromatin signaling pathway. Indeed, a cross-talk can be established 
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between modifications in the same histone tail (cis) or between different histone 

tails belonging to the same nucleosome (trans) (Venne et al., 2014). 

The relevance of PTMs in the DDR is exemplified by their roles in the initiation 

and execution of these cellular processes. Among the wide variety of PTMs 

involved in the DDR, the most studied one is the phosphorylation of the histone 

variant H2AX (γH2AX) which is triggered by DSB generation (Rogakou et al., 

1998; Paull et al., 2000; Burma et al., 2001). Another well-characterized 

example is the ubiquitination of H2A on lysine 13 and lysine 15 (yielding 

H2AK13ub and H2AK15ub, respectively), that are required for the recruitment 

of 53BP1 to DSBs (Mailand et al., 2007; Polo and Jackson, 2011; Mattiroli et 

al., 2012). Multiple PTMs are related to the DDR; however, the following 

sections will focus on two histone marks that are essential for this thesis. 

2.2.1. Histone acetylation 

Histone acetylation involves the addition of an acetyl group to the N-terminus 

of a lysine, forming an amide bond. In non-acetylated conditions, the positive 

charge of the lysine chain binds tightly to the negative charge of the DNA, 

resulting in a closed structure. Thus, acetylation of lysine removes the positive 

charge and reduces the interaction (Bannister and Kouzarides, 2011). For this 

reason, acetylation is associated with relaxed chromatin state that facilitates 

active transcription, while hypoacetylation is related to condensed chromatin 

and repressed transcription (Gorisch et al., 2005).  

The enzymes responsible for histone acetylation are the histone 

acetyltransferases (HATs). HATs are classified into four families depending on 

their homology: GNAT, MYST, p300/CBP and SRC (Figure 9) (Sterner and 

Berger, 2000). On the other hand, the enzymes in charge of the removal of the 

acetyl group are the histone deacetylases (HDACs). HDACs are divided into 

four groups depending on their location and homology: classes I, II and IV, that 

require zinc ion as a cofactor; and class III, also called sirtuins, that require 

NAD+ as cofactor (Figure 9) (de Ruijter et al., 2003; Michan and Sinclair, 
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2007). HDAC activity can be inhibited by HDAC inhibitors (HDACi). HDACi of 

classes I, II and IV HDACs contain a zinc binding group which interacts with 

the corresponding catalytic site of the HDACs. Among these types of HDACi, 

trichostatin A (TSA), sodium butyrate (NaB) and suberoylanilide hydroxamic 

acid (SAHA) are the best characterized (Kim and Bae, 2011). However, sirtuins 

(class III HDACs) are not sensitive to these HDACi. For these enzymes the 

most well-known inhibitor is nicotinamide (NAM) that interacts with a reaction 

intermediate of the NAD+-dependent deacetylation performed by sirtuins 

(Avalos et al., 2005). 

 

Figure 9. Different families and classes of HATs and HDACs. Picture reproduced from 

Schneider et al., 2013 with permission from the copyright owner.    

Acetylation of histone 4 at lysine 16 (H4K16Ac) 

H4K16Ac is an important mark of actively transcribed genes from yeast to 

humans (Figure 10). In vitro studies have shown that H4K16Ac reduces the 

nucleosome-nucleosome interaction and inhibits the formation of the 30 nm 

chromatin fibers (Shogren-Knaak, 2006; Shogren-Knaak and Peterson, 2006). 

Its role as an inhibitor of chromatin compaction reinforces the cell cycle-related 

variations of H4K16Ac. Specifically, H4K16Ac peaks during S phase, when the 

chromatin structure has to be open, and decreases at G2/M reaching its lowest 
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level during mitosis, when chromosome formation takes place (Vaquero et al., 

2006).  

The relevance of H4K16Ac goes beyond its role in the maintenance of the 

chromatin structure since it also serves as a signal to promote or inhibit protein 

binding to the chromatin. To this extend, loss of acetylation at H4K6 is a 

common hallmark of human cancer and it has been related to defects on 

differentiation, cell cycle regulation or DNA damage repair (Fraga and Esteller, 

2007).  

 

Figure 10. Overview of the multiple roles of H4K16Ac in chromatin regulation throughout 
evolution. Picture reproduced from Vaquero et al., 2007 with permission from the copyright 
owner.    

The major enzyme in charge of H4K16 acetylation is the so-called Males absent 

on the first (MOF) (Smith et al., 2005; Taipale et al., 2005). MOF is a member 

of the MYST family of HATs and is critical for the DSB repair. In this line, MOF 

depletion leads to the abrogation of the ATM-dependent phosphorylation of 

DNA-PKcs (Sharma et al., 2010). In addition, MOF depletion also leads to the 
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complete abolishment of MDC1 recruitment and its downstream signaling 

proteins 53BP1 and BRCA1 to DSB sites (Li et al., 2010). Hence, MOF is 

indispensable for both NHEJ and HR DSB repair pathways. Apart from MOF, 

TIP60 is another acetyltransferase from the MYST family that can acetylate 

H4K16. TIP60-mediated acetylation of H4K16 seems to be crucial for the 

balance between NHEJ and HR pathways (Tang et al., 2013). It is worth 

mentioning that MOF and TIP60 can acetylate both histone and nonhistone 

proteins. In this regard, different studies describe that following DNA damage, 

MOF and TIP60 participate in the acetylation of ATM which seems required for 

its full activation. (Gupta et al., 2005; Sun et al., 2005).  

On the other hand, removal of H4K16Ac depends on different HDACs. SIRT1, 

SIRT2 and SIRT3, from the sirtuin family, are the main HDACs responsible for 

H4K16Ac deacetylation. SIRT1 is a nuclear sirtuin that deacetylates H4K16Ac 

in a cell cycle-independent manner, while SIRT2 is cytoplasmatic and is 

transported to the nucleus during G2/M when it can only deacetylate H4K16Ac 

(Vaquero et al., 2006). SIRT3 is mainly located in the mitochondria, although a 

small subpopulation localizes in the nucleus, where it deacetylates H4K16Ac 

upon cellular stress (Scher et al., 2007). Moreover, HDAC1 and HDAC2 (class 

I HDACs) deacetylate H4K16Ac during S phase and in response to DNA 

damage (Miller et al., 2010; Tang et al., 2013).    

Of particular relevance is the role of H4K16Ac in DNA damage repair; 

specifically, its involvement in the regulation of 53BP1 recruitment. H4K16 

acetylation state directly affects the binding affinity of the 53BP1 Tudor domain 

for the neighboring H4K20me2 (Hsiao and Mizzen, 2013; Tang et al., 2013). 

H4K16 acetylation by the acetyltransferase TIP60 disrupts a salt bridge 

between the negatively charged Glu1551 of the 53BP1 Tudor domain and the 

positively charged non-acetylated H4K16, resulting in a reduced affinity of 

53BP1 to H4K20me2 (Tang et al., 2013). Moreover, 53BP1 association with 

H4K20me2 seems to be facilitated by histone deacetylases HDAC1 and 
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HDAC2, which deacetylase H4K16Ac shortly after DSB induction (Miller et al., 

2010; Hsiao and Mizzen, 2013; Tang et al., 2013). This dynamic pattern of 

H4K16Ac at DSBs has been proposed to contribute to DSB repair pathway 

choice by regulating the balance between 53BP1 and BRCA1 (Tang et al., 

2013). Supporting the involvement of H4K16Ac in DNA damage repair, it has 

been shown that the absence of this mark in Zmpste24−/− mice, a model of 

premature aging, correlates with a delayed recruitment of 53BP1 (Krishnan et 

al., 2011a).  

2.2.2. Histone lysine deamination: oxidation of H3 at lysine 4 

(H3K4ox)  

Apart from the classical PTMs, other PTMs have been recently described. 

Among them, deamination of lysine 4 trimethylated in H3 (H3K4me3) by the 

catalytic activity of the lysil oxidase like protein 2 (LOXL2) is a novel epigenetic 

mark with promising roles in the DDR (Herranz et al., 2016; Cebrià-Costa et al., 

2019). LOXL2 deaminates H3K4me3 through an amino-oxidase reaction that 

requires the internal co-factor lysine-tyrosylquinone (LTQ), releasing the amino 

group and converting K4 into an allysine (H3K4ox) (Figure 11). Recently, it has 

been shown that another protein of the LOX family, LOXL1, is also capable of 

oxidizing H3K4me3 in vitro (Iturbide et al., 2015).  

 

Figure 11. Reaction model for H3K4me3 oxidation. LOXL2 removes the amino group of the 
lysine, the resulting alcoholic form is rapidly oxidized by the LTQ cofactor of LOXL2 generating 
the aldehyde group. Modified picture from Herranz et al., 2016 with permission from the copyright 
owner.  
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Studies performed so far on the H3K4ox physiological functions relate this mark 

with breast cancer. Specifically, mesenchymal triple-negative breast cancer 

(TNBC) cell lines and breast cancer patient-derived xenographs (PDXs) show 

high H3K4ox levels that correlate with high LOXL2 expression (Cebrià-Costa 

et al., 2019). Regarding the impact of this mark on the chromatin structure, 

H3K4ox is enriched in heterochromatin regions in TNBC cells. Particularly, 

H3K4ox peaks are found within certain specific heterochromatin regions and 

lamina-associated domains (LADs). Supporting these findings, reduction of 

LOXL2 and the subsequent decrease of H3K4ox have been associated with 

chromatin decondensation (Cebrià-Costa et al., 2019). Since chromatin 

accessibility is related to DDR, it has been proposed that LOXL2, through the 

oxidation of H3K4me3, might lead to a more compacted chromatin and to a 

less efficient DDR. This hypothesis is in accordance with the fact that the 

absence of LOXL2 and the subsequent reduction of H3K4ox results in higher 

detection of үH2AX and 53BP1 foci (Cebrià-Costa et al., 2019).  

3. Aging 

Aging is a physiological process characterized by a time-dependent loss of 

cellular and tissue integrity, leading to impaired biological function and 

increased risk of pathologies (Campisi, 2013). Aging is accompanied by 

molecular and cellular changes that can be considered as hallmarks of this 

process. These aging-related hallmarks are classified into three categories: 

primary, antagonistic and integrative hallmarks (Figure 12) (López-Otín et al., 

2013).  

The primary hallmarks are considered to be the major causes of age-related 

cellular damage. Indeed, the common characteristic of this type of hallmarks 

are their clearly negative effects on the organismal fitness. This is the case of 

genomic instability, telomere loss, epigenetic alterations and defective 

proteostasis. On the contrary, antagonistic hallmarks have opposite effects 

depending on their intensity: at low levels, they have beneficial effects but at 
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high levels, they are deleterious. This group comprises deregulation of nutrient 

sensing, mitochondrial dysfunction and senescence. Lastly, the integrity 

hallmarks result as direct consequences of the previous two groups of 

hallmarks. They are responsible for the age-related functional decline and loss 

of tissue homeostasis. This is the case of stem cell exhaustion and altered 

intercellular communication (López-Otín et al., 2013).  

 

Figure 12. Classification of the hallmarks of aging. Picture reproduced from López-Otín et 

al., 2013 with permission from the copyright owner.    

The following sections focus on the contribution of age-associated unrepaired 

DNA damage to genomic instability and on the major epigenetic changes 

related to the aging process.  

3.1. DNA damage response in aging 

The accumulation of genetic damage throughout life is one of the major causal 

factors of aging (Moskalev et al., 2013). If the DNA damage is unrepaired or 

incorrectly repaired, these lesions can result in severe mutations (Vijg and Suh, 

2013). For this reason, a great number of studies have proposed that aging is 

accompanied by accumulation of somatic mutations that ultimately lead to 

genome instability (Best, 2009; Hoeijmakers, 2009; Freitas and de Magalhães, 

2011). Indeed, the link between accumulation of DNA damage and aging has 

been reinforced by the studies of premature aging syndromes, showing 
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defective DNA repair as a common feature of these pathologies (Hoeijmakers, 

2009; Gregg et al., 2012). Additionally, treatments that result in DSB induction, 

such as ү-irradiation, accelerate aging in animal models and human cancer 

survivors (Gorbunova and Seluanov, 2016).  

From the several DNA lesions that accumulate with age, defects on DSB repair 

result in chromosomal rearrangements and loss of genome integrity 

(Gorbunova and Seluanov, 2016). Increased frequency of basal DSBs have 

been observed in neurons from aged rats (Mandavilli and Rao, 1996) and in 

liver, lung, testes, kidney and brain from aged mice (Sedelnikova et al., 2004). 

Regarding human aging, the incidence of DSBs increases in fibroblasts and in 

human mammary epithelial cells (HMECs) during in vitro aging (Sedelnikova et 

al., 2008; Hernández et al., 2013). Similarly, persistent DSBs have been found 

in different cell types from human aged donors such as hematopoietic stem 

cells (Rübe et al., 2011), lymphocytes (Sedelnikova et al., 2008), fibroblasts 

(Kalfalah et al., 2015), oocytes (Titus et al., 2013) or HMECs (Anglada et al., 

2019).  

The accumulation of DNA damage with age suggests age-associated 

impairments in the DSB repair processes. To this extent, it has been shown 

that NHEJ becomes more error-prone in senescent human fibroblasts 

(Seluanov et al., 2004) and, in support of this observation, a reduction of the 

levels of Ku70/80 has been described in replicative senescent cells (Seluanov 

et al., 2007). Furthermore, NHEJ efficiency declines in peripheral lymphocytes, 

fibroblasts and HMECs from aged human donors (Garm et al., 2013; Li et al., 

2016; Anglada, 2018) which, in some cases, has been also related to a lower 

expression of Ku70 and MRE11 with increased donor’s age (Ju et al., 2006). 

Additionally, DSB repair by NHEJ is also reduced in multiple tissues of aged 

mice and rats (Vyjayanti and Rao, 2006; Vaidya et al., 2014). Regarding HR-

mediated repair, decrease of its efficiency has been observed in diverse 

somatic cell types from aged mice (White et al., 2013; Sukup-Jackson et al., 
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2014). Moreover, central proteins of the HR pathway, such as RAD51 or CtIP, 

are reduced in replicative senescent human fibroblasts (Mao et al., 2012).  

These alterations in the repair of DSBs may contribute to age-associated 

genomic instability and to a higher incidence of tumorigenesis with age. 

Therefore, a deeper understanding of the repair pathways affected during aging 

would provide a potential therapeutic strategy to prevent the decline in genome 

integrity. 

3.2. Epigenetic alterations  

Normal ageing processes as well as pathogenic age-related disorders are 

associated with profound epigenetic changes, resulting in changes of gene 

expression and disturbances in the epigenomic landscape (Brunet and Berger, 

2014). These age-associated epigenetic changes involve alterations in DNA 

methylation patterns, chromatin remodeling and PTMs (López-Otín et al., 

2013).  

Among the distinct epigenetic mechanisms, aging is strongly associated with 

global and local changes in the DNA methylation profile (Ben-Avraham et al., 

2012). In particular, aging is related to a global hypomethylation although 

several loci, including some containing tumor suppressor genes or 

differentiation genes, become aberrantly hypermethylated with age 

(Christensen et al., 2009; Maegawa et al., 2010). Similarly, at the chromatin 

level, aging is associated with a loss of constitutive heterochromatin together 

with an increase in facultative heterochromatin at specific loci. This process has 

been referred as the “heterochromatin redistribution” model for aging (Tsurumi 

and Li, 2012). Consequently, age-related deregulation of silenced genes and 

global heterochromatin loss result in altered gene expression patterns and 

cellular dysfunction (Gorbunova and Seluanov, 2016).  

Changes in the abundance of histone PTMs during aging has been extensively 

investigated. In particular, the age-related changes in H4K16Ac are especially 
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interesting for the present study. Alterations in the pattern of H4K16Ac during 

aging have been studied in a wide range of organisms and cell types. However, 

given the diversity of organs studied and variations between species, these 

findings can be sometimes contradictory. For instance, in yeast, replicative 

aging is associated with an increase of H4K16Ac. Indeed, a reduction of 

H4K16Ac levels by depletion of its acetyltransferase Sas2 extends the 

replicative lifespan of normal and senescent yeast strains  (Dang et al., 2009; 

Kozak et al., 2010). Conversely, global decrease of H4K16Ac has been 

observed in both replicative and oncogene-induced senescence in human 

fibroblasts (Contrepois et al., 2012). Similarly, global H4K16 hypoacetylation 

has been associated with an early cellular senescence phenotype in a mouse 

model of Hutchinson-Gilford progeria syndrome (Krishnan et al., 2011a). A 

global deacetylation of H4K16 occurs in the liver, heart and bone marrow of 

normal old mice (Krishnan et al., 2011a). Additionally, an age-dependent 

decrease of H4K16 acetylation has been also observed in oocytes from aged 

mice (Manosalva and González, 2009). Hence, H4K16 acetylation stands as 

an interesting epigenetic mark involved in both aging and DNA repair 

regulation. 

3.3. Cellular aging models 

The molecular mechanisms of aging-related processes are challenging fields 

of study, particularly in humans. The environmental influences, genetic 

heterogeneity and most importantly, their long natural lifespan, make aging 

research in humans very complicated. To overcome these difficulties, the 

isolation and comparison of cells from young and old donors represent a widely-

extended approach to study in vivo human aging (Boraldi et al., 2010). 

Nevertheless, depending on the cell type, they might require a short time in 

culture, exposing them to cell culture conditions and selection (Arantes-

Rodrigues et al., 2013). Due to the heterogeneity and complexity of the aging 

phenotype in humans, in vitro studies using serially cultured cells have been 

also extensively used as a reliable approach to investigate the mechanisms of 
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aging. The biggest limitation of in vitro studies is whether cell culture adequately 

reflects in vivo conditions (Lidzbarsky et al., 2018). Other alternative 

approaches are the use of model organisms and the study of cells isolated from 

patients with progeroid syndromes, especially Hutchinson–Gilford progeria 

syndrome and Werner syndrome (Mitchell et al., 2015; Lidzbarsky et al., 2018). 

In summary, each aging model has its drawbacks and its advantages, thus 

researchers should carefully select the most convenient one for their work. 

In the present study in vitro aging and senescent models have been used to 

study human aging and thus they are further described in the following 

subsections. Since Hayflick and Moorehead (1961) demonstrated that 

fibroblasts have limited proliferation capability in culture before undergoing 

replicative senescence, extensive passaging of fibroblasts have become a 

widespread in vitro model for the study of genetics and biology of aging 

(Lidzbarsky et al., 2018). Additionally, fibroblast strains, such as BJ or IMR90, 

have been used to generate stable models of inducible senescence in 

response to aberrant activation of oncogenic signalling, resulting in oncogene-

induced senescence (OIS) (Innes and Gil, 2019). 

3.3.1. Oncogene-induced senescence (OIS) 

Cellular senescence, a process that imposes permanent cell-cycle arrest in 

response to various stressors, has emerged as an important contributor to 

organismal aging. This process is triggered by several factors such as 

accumulation of DNA damage, telomere erosion and various epigenetic 

alterations (López-Otín et al., 2013; Lidzbarsky et al., 2018).  

The primary purpose of the age-related increase of senescent cells is to prevent 

the propagation of damaged and potentially oncogenic cells (Campisi and 

d’Adda di Fagagna, 2007; Campisi, 2013). However, in aged organisms the 

capacity to clear senescent cells is inefficient and eventually their accumulation 

leads to tissue inflammation and to the development of age-related diseases 

(Childs et al., 2015).  
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Senescence can occur both during in vitro and in vivo aging (Pedro de 

Magalhães, 2004). There are different types of senescence, depending on the 

senescence-inducing stimuli (Kuilman et al., 2010). Telomere attrition and DNA 

damage accumulation due to cellular replication, lead to replicative senescence 

(Campisi and d’Adda di Fagagna, 2007). Senescence can be also induced in 

the absence of any detectable telomere loss as a consequence of inadequate 

culturing conditions or oxidative damage that may promote stress-induced 

senescence (Kuilman et al., 2010). Furthermore, senescence can be triggered 

by the expression of oncogenes such as RAS, which results in oncogene-

induced senescence (Kuilman et al., 2010). 

The development of inducible models of OIS 

allows for a better understanding of the 

senescent phenotypes. Their relative ease of 

use and reliability make OIS models optimal 

tools for studying senescence (Innes and Gil, 

2019). To stablish these models, a mutant 

oncogene is introduced into the cells, 

generating an excessive mitogenic signaling 

that activates suppressor proteins such as p53 

which leads to the upregulation of its target 

gene, p21.  

Then, p21 activates retinoblastoma protein 

(Rb) through inhibition of a cyclin-dependent 

kinase (Cdk) complex, cyclin E/Cdk2. Finally, 

the activated (hypophosphorylated) Rb inhibits 

cell cycle progression. Another Cdk inhibitor, 16INK4a, which also activates Rb 

through inhibition of cyclin D/Cdk4,6 complexes, is also overexpressed in cells 

undergoing OIS (Figure 13) (Serrano et al., 1997; Ben-Porath and Weinberg, 

2005; Funayama and Ishikawa, 2007).  

Figure 13. Senescence is 
controlled by p53 and p16–Rb 
pathways. Scheme of the 
molecular pathways involved in 
senescence. Modified picture from 
Lujambio, 2016 with permission 
from the copyright owner. 
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3.3.2. In vitro aging 

The complexity and duration of human aging makes it highly difficult to perform 

in vivo studies. Considering that age-associated changes also occur at cellular 

levels, it is reasonable to assume cellular culture as a simpler alternative to 

study human aging (Pedro de Magalhães, 2004). To this extend, normal human 

cells show a limited number of divisions in vitro before they undergo replicative 

senescence (Hayflick and Moorhead, 1961). This proliferation limit can be 

associated with the in vivo lifespan of the organism (Rubin, 1997). Hence, in 

vitro aging of normal human cells by serial culture constitutes a model that 

mimics the cellular and molecular changes associated with development and 

aging. Furthermore, in vitro studies enable comparisons between many cell 

types, easy manipulation, direct treatments and the study of cell’s responses 

isolated from their original environment (Lidzbarsky et al., 2018).  

Normal human dermal fibroblasts are widely used in cell culture, since they are 

resistant to culture stress, easily cultured and maintained in vitro. Furthermore, 

cultured primary fibroblasts exhibit most of the established and ubiquitous 

hallmarks of aging such as genome instability, telomere attrition or epigenetic 

alterations. Consequently, it is not surprising that fibroblasts aged in culture 

represent an extensively used in vitro model for exploring the molecular 

pathways underlying  human aging (Phipps et al., 2007; Dekker et al., 2009; 

Boraldi et al., 2010; Tigges et al., 2014). 
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Hypothesis 

Age-associated epigenetic alterations might contribute to DNA repair defects 

that favor the accumulation of DSBs and increase genomic instability with age. 

 

Objectives 

The main objective of this thesis is to evaluate the contribution of histone 

modifications to age-associated DSB accumulation. 

In order to address this general objective, we aimed to fulfil the following 

specific objectives:   

1. To analyze the distribution pattern of the novel epigenetic mark H3K4ox in 

OIS and in in vitro aging. 

 

2. To evaluate the levels of H4K16 acetylation in OIS and in in vitro aging. 

 

3. To study H4K16Ac before and after DSB induction in young and in in vitro 

aged fibroblasts.  

 

4. To determine the relationship between the acetylation levels of H4K16 and 

the recruitment of 53BP1 to DSBs during in vitro aging.  
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1. Cell culture  

1.1. Culture of Human Dermal Fibroblasts 

Human dermal fibroblasts (HDFs) from healthy human foreskin were 

commercially obtained from Cell Applications (San Diego, CA, USA). HDFs 

were cultured in Dulbecco's Modified Eagle's Medium (Biowest, Riverside, MO, 

USA), supplemented with 10% fetal bovine serum (FBS), 1% GlutaMAX and 

1% penicillin-streptomycin (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

HDFs were incubated under conditions of 5% CO2 atmosphere, 37ºC and a 

relative humidity of about 95%. Medium was replaced each 48 h. Once the 

culture reached 80% confluence, subculture of HDFs was performed by 

trypsinization at a dilution rate of 1:4. Firstly, the medium was removed from 

the flask and cells were washed with 1XPBS Ca+2 and Mg+2 free. To detach 

cells, the culture was incubated with trypsin-EDTA (Biowest, Riverside, MO, 

USA) for 5 min. Subsequently, trypsin-EDTA effect was neutralized with 

medium and the cells were resuspended to ensure a homogeneous cell 

suspension.  

In order to cryopreserve a culture passage of interest, a freezing medium 

consisting of 95% FBS and 5% dimethyl sulfoxide (DMSO) (MP Biomedical, 

Santa Ana, CA, USA) was prepared. Cells were collected after trypsinization 

and centrifuged for 5 min at 300 g. The supernatant was discarded, the cellular 

pellet was resuspended in the freezing medium and collected in cryotubes. 

These cryotubes were placed in a Mr.Frosty® freezing container which contains 

isopropyl alcohol and achieves a rate of cooling of -1ºC/min once it is kept at -

80ºC. Finally, cryotubes were stored in a liquid nitrogen container. For recovery 

of cells after freezing, the frozen cells were thawed at 37ºC for 1 min and diluted 

in fresh complete medium. The cells were allowed to attach for one day before 

the medium was replaced with fresh complete medium.  
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1.2. Culture of Human BJ Fibroblasts 

Immortalized human diploid BJ fibroblasts expressing telomerase (hTERT) 

were used as a model of oncogene-induced senescence after taking advantage 

of the well characterized system of ER:RAS inducible retroviral vector (Tarutani 

et al., 2003; Innes and Gil, 2019). In this study, BJhTERT fibroblasts were infected 

with H-RAS oncogene fused to a 4-hydroxytamoxifen (4-OHT)-responsive 

Estrogen Receptor (ER) ligand binding domain. BJhTERT ER:RAS fibroblasts 

were kindly provided by Maite Huarte’s laboratory at Centro de Investigación 

Médica Aplicada (Pamplona, Spain).  

BJ fibroblasts were cultured in Dulbecco's Modified Eagle's Medium, 

supplemented with 10% FBS, 1% GlutaMAX and 1% penicillin-streptomycin. 

BJ fibroblasts were incubated under conditions of 5% CO2 atmosphere, 37ºC 

and a relative humidity of about 95%. For subculture, cells were detached from 

the plate surface by trypsinization. BJ fibroblasts were subcultured 3 times per 

week at a dilution rate of 1:5. Freezing and thawing protocols of BJs fibroblasts 

are the same to those explained in the section 1.1.   

1.2.1. Senescence induction and detection 

Exponentially growing BJhTERT ER:RAS fibroblasts were treated with 200 nM of 

4-OHT for 8 days to induce senescence. To monitor the effects of RAS 

expression after 4-OHT treatment, detection of Senescence Associated β-

galactosidase activity (SA-β-gal) was performed. SA-β-gal was assessed using 

a biochemical assay based on the generation of a blue precipitate that results 

from the cleavage of the chromogenic substrate X-Gal by the β-galactosidase 

enzyme (Debacq-Chainiaux et al., 2009). The protocol employed to detect SA-

β-gal activity was the following:  

• Fix cells with 2% formaldehyde and 0.2% glutaraldehyde in 1XPBS for 10 

min at room temperature (RT). 

• Aspirate the fixation solution and wash the cells twice with 1XPBS.  
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• Prepare SA-β-gal staining with H2O containing 40 mM citrate-phosphate 

buffer (pH 6), 2 mM MgCl2, 150 mM NaCl, 1 mg/ml X-Gal, 5 mM potassium 

ferricyanide and 5 mM potassium ferrocyanide. This SA-β-gal staining was 

added to the cells followed by a 13 h incubation in the dark at 37ºC.  

• Wash cells twice with 1XPBS. 

• Wash cells with methanol for 30 s. 

• Remove methanol and wash cells with distillated water. 

• Allow the samples to dry. 

 

To identify senescent cells, blue staining was detected under an IX71 

microscope equipped with DP20 camera and cell^A software (Olympus, 

Hamburg, Germany). SA-β-gal positive cells were scored with the Cell Counter 

plug-in from the Fiji software (Schindelin et al., 2012). 

2. Cell treatments  

2.1. DSB induction 

In addition to endogenous processes, DSBs can result from the exposure to 

exogenous agents such as radiation or certain radiomimetic chemicals. In this 

study, to generate DSBs in cultured cells, two different procedures were 

applied.  

2.1.1. ү-irradiation 

Cells were seeded and grown for at least 24 h before irradiation. In order to 

generate DSBs, exponentially growing HDFs were exposed to different doses 

of ionizing radiation (2 Gy or 5 Gy of ү-rays) using an IBL-437C irradiator 

equipped with two gamma sources of Cesium-137 (dose rate of 5.10 Gy/min). 

Cells were irradiated at the Technical Unit of Radiological Protection of 

Universitat Autònoma Barcelona (UTPR-UAB). After ү-irradiation, HDFs were 

incubated at 37ºC for 30 min, 2 h and 24 h.  In each experiment, a non-
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irradiated control group of cells was also transported to the UTPR to mimic cell 

conditions.  

2.1.2. Bleocin treatment 

DSBs can also be chemically induced with radiomimetic drugs like bleocin. 

Cells were grown to confluence, treated with 10 µg/ml bleocin and incubated 

for 1 h at 37ºC. Then, medium with bleocin was removed and cells were washed 

with 1XPBS before fixation.   

2.2. Trichostatin A and Nicotinamide treatment 

To study the effects of H4K16 hyperacetylation, cells were treated with 

functionally divergent HDACs inhibitors. Firstly, cells were treated with 

trichostatin A (Sigma‐Aldrich, St. Louis, MO, USA) which selectively inhibits 

class I, II and IV mammalian HDACs (Kim and Bae, 2011). In this case, cells 

were treated with 1 µM TSA for 12 h at 37ºC. In addition, specific inhibition of 

sirtuins (class III HDACs) was performed with nicotinamide (Avalos et al., 

2005). Cells were treated with 5 mM nicotinamide (Sigma‐Aldrich, St. Louis, 

MO, USA) for 24 h at 37ºC. Nicotinamide was kindly provided by Vaquero’s 

laboratory at Institut d’Investigació Biomèdica de Bellvitge (Hospitalet de 

Llobregat, Spain). When needed, treatment with both drugs was combined. 

After either treatment, medium with the deacetylating drug was removed, and 

cells were washed with 1XPBS before fixation.  

3. Cell cycle analysis by flow cytometry 

To analyze cell cycle distribution, the following protocol based of the 

measurement of cellular DNA content was carried out:   

• Harvest the cells in 5 ml of 1XPBS after trypsinization and centrifuge them 

at 200 g for 5 min at 4ºC. Then, resuspend the cells in 0.5 ml of 1XPBS.  

• Fix cells by transferring the suspension into a centrifuge tube containing 

4.5 ml of 70% ethanol. Store the cells at -20ºC.  
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• Centrifuge the ethanol-suspended cells at 200 g for 5 min at 4ºC.  

• Wash the pellet with cold 1XPBS and centrifuge again at 200 g for 5 min 

at 4ºC.  

• Resuspend the cell pellet in 1 ml of propidium iodide staining solution 

(0.1% Triton-X-100 in PBS, 0.2 mg/ml DNase-free RNase A and 0.02 

mg/ml of propidium iodide). 

• Incubate the solution in the dark and at RT for 30 min.  

• Transfer sample to the flow cytometer and measure cell fluorescence.  

Fluorescence intensity was measured using FACS Calibur cytometer (Becton 

Dickinson, Franklin Lakes, NJ, USA) and analyzed using FlowJo software 

(Becton Dickinson, Franklin Lakes, NJ, USA). 

4. Generation of lentiviral particles 

To perform stable gene silencing, lentiviruses expressing shRNA (small hairpin 

RNA) against MOF were produced. Lentiviruses are capable of integrating 

shRNAs in the genome of both dividing and non-dividing cells (Manjunath et 

al., 2009), thus providing a high silencing efficiency. Lentiviral delivery of 

shRNAs was initiated with the design of the shRNA construct. Then, shRNA 

oligonucleotides were inserted into lentiviral vectors to produce lentiviral 

particles. Finally, cells were infected with the shRNA-containing lentiviruses.  
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4.1. Cloning of shRNA sequences  

For gene knockdown, two pLKO TRC cloning vector plasmids containing two 

different shRNA to silence MOF were used, together with a control shRNA 

scramble plasmid. Briefly, each MOF shRNA was inserted into the pLKO TRC 

cloning vector by restriction enzyme digestion with Age I and EcoRI and 

subsequent ligation was performed with T4 DNA ligase. These procedures 

were performed by Vaquero’s laboratory at Institut d’Investigació Biomèdica de 

Bellvitge (Hospitalet de Llobregat, Spain) which kindly provided us with all the 

shRNA used in the present study. ShRNA sequences are detailed in the Annex 

II.  

4.2. Plasmid amplification and isolation 

In order to amplify the cloning plasmids with the inserted shRNA sequences, 

chemically competent E.coli were transformed with plasmid DNA using the heat 

shock method. In this procedure, bacteria were thawed on ice and gently mixed 

with plasmid DNA. After a 30 min incubation on ice, the mixture of bacteria and 

plasmid DNA was placed at 42 ºC for 45 s and then placed back on ice. The 

bacteria transformed with the plasmid DNA, were then cultured in SOC media 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) and incubated at 37 ºC for 

1 h with agitation (220-225 rpm). Finally, and in order to select those bacteria 

actually transformed with the plasmid DNA, they were cultured on agar plates 

with LB medium (Sigma‐Aldrich, St. Louis, MO, USA) and ampicillin (50 μg/ml) 

(Thermo Fisher Scientific Inc., Waltham, MA, USA).  

After an overnight incubation at 37ºC, single colonies were picked and 

transferred to an Erlenmeyer with liquid LB medium supplemented with 

ampicillin to grow selected bacteria. The bacteria culture was incubated 

overnight at 37ºC with agitation (220 rpm).  

Following overnight replication, plasmid DNA was extracted and purified from 

bacteria according to the instructions of the NucleoBond® PC 500 kit 
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(MACHERY NAGEL, Düren, Germany). The maxiprep protocol was performed 

according to the manufacturer’s instructions that stablish the following major 

steps:    

• Alkaline lysis: add the lysis buffer which is an alkaline solution containing 

NaOH and the detergent Sodium Dodecyl Sulfate (SDS).   

• Neutralization: add the neutralization buffer which contains KAc and 

neutralizes the alkalinity of the resulting cell lysate. 

• Purification and elution: place DNA solution into the columns and add the 

elution buffer containing Tris, ethanol and KCl to the column.  

• Precipitate DNA with 100% isopropanol, wash it with 70% ethanol and 

reconstitute DNA with nuclease-free water. 

To determine the effectivity of the DNA extraction, DNA concentration and 

purity were measured with a NanoDrop 2000 spectrometer (Thermo Fisher 

Scientific Inc., Waltham, MA, USA).    

4.3. Diagnostic restriction enzyme digestion 

To verify whether the amplification of the DNA plasmid was correct, a diagnostic 

digestion was performed to cut the plasmid into pieces of a specific size and 

the resulting fragments were examined by gel electrophoresis. For digestion of 

the pLKO TRC cloning vector containing the shRNA targeting MOF plasmid 

DNA, 1 µg of DNA was digested with 10 U/µl of the restriction enzyme NotI and 

5X buffer for 1-2 h at 37ºC. After digestion, loading buffer was added to the 

samples and gel electrophoresis was performed. Gel was run at 90-100 V for 

1 h and the DNA fragments were visualized under a UV-light transilluminator.   

4.4. Production of lentiviral particles 

Second-generation lentivirus containing shRNA targeting MOF were produced 

using a transient three-plasmid expression system. This system consists of the 

transfection of three different plasmids into HEK-293T producing cells: a 

packing plasmid (psPAX2), an Env plasmid (pMD.2G) and the transfer vector 
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with the cloned shRNA sequences. The packing plasmid expresses Gag, Pol, 

Rev and Tat genes that are required for vector packing. The Env plasmid 

expresses VSV-G gene that encodes the viral envelop glycoprotein. The 

transfer vector is finally included in the viral particles created by the other two 

vectors (Figure 15).  

 

Figure 15. Schematic diagram of second-generation viral production. Picture from Addgene 
lentivirus protocols with permission from the copyright owner.  

HEK-293T cells were plated on T75 culture flasks and cultured with Dulbecco's 

Modified Eagle's Medium containing 10% FBS and 1% penicillin-streptomycin. 

Once the cells were grown to approximately 70% confluence, transfection of 

HEK-293T with the three vectors was carried out using the calcium phosphate 

precipitation method. Briefly, 585 µl of sterile H2O and 65 µl of 2.5 M CaCl2 were 

mixed. Then, a mixture of the lentiviral transfer plasmid, together with psPAX2 

packaging and pMD2.G envelope plasmid DNA was prepared at a ratio of 4:3:1, 

respectively. Finally, 700 μl of 2XHBS (detailed composition is included in the 

Annex II) were added drop wise to the DNA/CaCl2 mix. The final solution was 

incubated at RT for 15 min and subsequently added onto the cells. 24 h after 

transfection the medium was replaced with Dulbecco's Modified Eagle's 

Medium supplemented with 20% FBS and 1% penicillin-streptomycin. 48 h 

after transfection, the medium which contained the lentiviral particles was 
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harvested, cleared through a 0.2 µm filter and kept on ice until its use for 

infection.  

4.5. Infection of HDFs with lentiviral particles 

Infections were performed at the Servei de Cultius Cel·lulars, Producció 

d’Anticossos i Citometria de l’Institut de Biotecnologia i Biomedicina of the 

Universitat Autònoma Barcelona. The whole protocol was carried out into a 

class II biological safety cabinet placed on a special laboratory that 

accomplished the requirements for the safe manipulation of viral particles.   

HDFs were seeded in p100 plates and grown to approximately 70% 

confluence. HDF medium was removed and directly replaced with the viral 

medium. The infected HDFs were incubated under conditions of 5% CO2 

atmosphere, 37 ºC and a relative humidity of about 95%. 48 h after infection, 

the culture was washed twice with 1XPBS and fresh free-virus HDF medium 

was added. HDFs were then subcultured and plated for further experiments.  

5. Analysis of gene expression 

Reverse transcription quantitative-polymerase chain reaction (RT-qPCR) has 

emerged as one of the most powerful techniques to evaluate changes in gene 

expression level. Features such as great accuracy, high sensitivity, 

reproducibility and high-throughput make RT-qPCR the most prevalent 

technique to asses mRNA expression. During RT-qPCR amplification, a 

fluorescent dye binds to the dsDNA and fluorescence values are measured at 

the end of each cycle of the amplification process. Thus, the fluorescent signal 

is directly proportional to the DNA concentration and the correlation between 

amplification product and fluorescence intensity is used to calculate the amount 

of template DNA present at the beginning of the reaction. The point at which 

the fluorescence level is first detected as statistically significant above the 

background value is known as the threshold cycle or Ct value. The higher the 
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initial amount of DNA, the sooner the accumulated fluorescent product is 

detected and the lower the Ct value (Bustin et al., 2009).  

5.1. Total RNA extraction 

For isolation of total RNA, cells were seeded on p100 plates and grown to 

confluence. Then, cells were washed once with ice cold 1XPBS and lysed with 

1 ml of TRIzol® (Thermo Fisher Scientific Inc., Waltham, MA, USA) by pipetting. 

In order to separate RNA from proteins and DNA, 100 μl of chloroform was 

added for each ml of TRIzol® and the mixture was shacked with vortex for 10 s 

and incubated at RT for 3 min. After a 12000 rpm centrifugation for 15 min at 

4ºC, a three-phased solution was obtained: an aqueous phase containing the 

RNA, a DNA-enriched white intermediate phase and a protein-containing pink 

phase. A maximum of 200 µl of the aqueous phase was transferred into a 

RNase-free eppendorf tube. From this step, Maxwell® RSC simplyRNA Tissue 

Kit (Promega, Madison, WI, USA) was used to isolate total RNA following the 

manufacturer’s instructions: 

• Add 200 µl of the lysis buffer to 200 µl of the collected water phase.  

• Vortex vigorously for 10 s to mix. 

• Transfer all 400 µl of lysate to the first well of the Maxwell® RSC Cartridge. 

• Add 5 µl of DNase I solution to the fourth well.  

• Place a plunger in the eighth well of each cartridge. 

• Place 0.5 ml elution tubes in the front of the deck and add 40 µl of 

nuclease-free water to the bottom of each elution tube.    

• Run the Maxwell® RSC Instrument.  

The RNA concentration was determined using the Nanodrop 2000 

spectrophotometer. RNA was stored at -80 ºC or used directly for cDNA 

synthesis.  
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5.2. cDNA synthesis from total RNA 

For cDNA synthesis, 1 µg of RNA was reverse transcribed to cDNA using the 

iScript cDNA Synthesis (Bio-Rad, Hercules, CA, USA). For a single reaction 

with a total volume of 20 µl, 4 µl of 5X iScript Reaction Mix, 1 µl of iScript 

Reverse Transcriptase and a variable volume of nuclease-free water were 

mixed and incubated in a thermal cycler using the following protocol: 

• Priming: 25 ºC for 5 min. 

• Reverse transcription: 42 ºC for 30 min. 

• RT inactivation: 85 ºC for 5 min.  

• Operational step: hold at 4 ºC. 

The resulting cDNA was stored at -20 ºC or directly used for the RT-qPCR. 

5.3. RT-qPCR 

To quantify the expression level of distinct set of genes, specific 

oligonucleotides were designed with the Primer3 online software and were in 

silico validated with the UCSC Genome Browser (https://genome.ucsc.edu). 

Primer sequences are listed in the Annex II.  

Each target gene along with a reference gene was analyzed in a 96 well plate 

for RT-qPCRs. For each well a 10 µl reaction mix containing 0.1 ng of cDNA, 5 

µl of SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 0.2 µl of primers 

mix (1 µM) and 3.8 µl of H2O was prepared. The plate was covered with a 

plastic film, centrifuged and placed into a CFX96 thermal cycler with Bio-Rad 

CFX Manager software (Bio-Rad, Hercules, CA, USA). The amplification 

program was as follows:  

• Initial denaturation: 95 ºC for 3 min. 

• Denaturation: 40 cycles of 10 s at 95 ºC. 

• Annealing and extension: 40 cycles of 30 s at 60 ºC. 
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After amplification, an additional thermal denaturizing cycle (temperature 

ranged between 65 °C and 95 °C in 0.5 °C increments) was performed to obtain 

the melting curves of the RT-qPCR products and to verify the amplification 

specificity. Reactions for each sample were run in triplicates.  

5.4. Data analysis 

The analysis of the results was performed with Bio-Rad CFX Manager software 

(Bio-Rad, Hercules, CA, USA) and Microsoft Excel (Microsoft, Redmond, WA, 

USA). To detect changes in gene expression, RT-qPCR data were normalized 

against an endogenous reference gene. Normalization was performed by 

subtracting the Ct of the reference gene to the Ct of the gene of interest (ΔCt). 

Then, the relative expression of the gene of interest was calculated by the 2-ΔCt 

method. In addition, fold change (FC) of relative mRNA expression was 

calculated between control and treatment conditions:  

ΔΔCt = ΔCt (control)- ΔCt (treatment) 

FC = 2-ΔΔCt 

6. Chromatin immunoprecipitation (ChIP)-qPCR 

ChIP assay is an elegant and versatile technique used for probing protein-DNA 

interactions within the natural chromatin context of the cell (Kuo and Allis, 

1999). This technique is based on the immunoprecipitation of proteins that bind 

chromatin. Hence, ChiP assay is employed to identify the many regions of the 

genome associated with a particular protein. 

When performing ChIP, protein-DNA complexes are crosslinked to preserve 

the protein-DNA interactions occurring in the cell. Then, chromatin is digested 

into DNA-protein fragments. Chromatin is subjected to immunoprecipitation 

with antibodies against a particular protein or histone modification. Following 

immunoprecipitation, the protein-DNA crosslinks are reversed and the DNA is 
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purified. DNA sequences are analyzed using PCR (ChIP-qPCR), microarray 

(ChIP-chip), or sequencing (ChIP-seq) (Figure 16) (Kuo and Allis, 1999). 

 

Figure 16. Scheme of the chromatin immunoprecipitation protocol. Modified from Illumina 
protocols with permission from the copyright owner.  

In the present study, ChiP-qPCR was performed to determine the oxidation 

state of H3K4 in specific DNA regions during senescence using the anti-

H3K4ox antibody. The protocol for ChiP-qPCR was as follows (buffer’s recipes 

are detailed in the Annex II):  

• Wash cells with 1XPBS at 37 ºC. 

• Crosslink protein complexes and DNA with formaldehyde 1% for 10 min at 

37 ºC 100 rpm.  

• Stop reaction with Glycine 125 mM for 2 min at RT. 

• Wash cells with 1XPBS at 4 ºC. 

• Lysate cells using soft lysis buffer with protease inhibitors.  

• Harvest cells and centrifuge 15 min at 3000 rpm. Pellet can be stored at -

80 ºC. 

• Resuspend pellet in SDS lysis buffer with protease inhibitors. 

• Sonicate sample with pulses of 10 min at high intensity. 

• Put on ice for 20 min. Centrifuge 10 min at 13000 rpm and keep the 

supernatant (chromatin).  

o Check the sonication protocol: take 50 ul of chromatin and dilute with 

50 ul of dilution buffer. Add 1 µl RNAsa for 30 min at 37 ºC. After that, 

add 5 µl proteinase K and leave at 65 ºC shaking for at least 1 h. Then, 

purify DNA with a DNA isolation kit (Quiagen, Germantown, MD, USA) 
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and check the fragments in agarose gel (1%). The expected size of 

generated DNA fragments should be of around 200-300 base pairs. In 

case DNA is not appropriately sonicated, time of sonication should be 

increased.  

• Quantify protein in the supernatant (chromatin) using Nanodrop 

spectrophotometer. To immunoprecipitate histone modifications, 200 ng of 

protein were used.  

• Dilute sample 1/10 with dilution buffer. 

• To avoid non-specific binding to agarose beads, a preclearing step was 

carried out: add 20 µl of agarose beads and 1 µg of an irrelevant antibody 

for each immunoprecipitation (IP). In this study, anti-IgG antibody was 

used. Leave 3 h rotating at 4 ºC. 

• Centrifuge 5 min at 2000 rpm to remove beads. 

• Separate sample for immunoprecipitation:  

-1000 µl for the IgG control IP (it uses an antibody that will not bind to 

nuclear proteins to generate random immunoprecipitated DNA). 

-1000 µl for total H3 IP. 

-1000 µl for H3K4ox IP. 

-100 µl for the input (DNA samples that has been cross-linked, 

sonicated but not immunoprecipitated).  

• Add corresponding antibody or IgG to each tube. Rotate at 4 ºC overnight. 

Save input at 4 ºC until next day. 

• Block beads with 5% bovine serum albumin (BSA). Incubate for 15 min at 

4 ºC with rotation. 

• Centrifuge 5 min at 2000 rpm and resuspend beads in dilution buffer. Put 

500 µl beads in each eppendorf for immunoprecipitation. Centrifuge 5 min 

at 2000 rpm. Discard supernatant. 

• Resuspend beads with corresponding chromatin sample. Incubate for 3 h 

rotating at 4 ºC. 

• Wash beads with columns: low salt buffer, high salt buffer, LiCl buffer. 
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• Elute with 100 µl elution buffer for each sample (fresh prepared: 1% SDS, 

0.1M Na2CO3). Leave samples 1 h shaking at 37 ºC. Centrifuge 3 min at 

2000 rpm, discard beads and keep the the eluted sample. 

• Decrosslink samples by adding NaCl at 200 mM final concentration. 

Incubate at 65 ºC overnight while shaking. 

• Add Proteinase K (for each 100 µl of sample, add 10 µl 0.5M EDTA, 20 µl 

Tris 1 M pH 6.5 and 2 µl proteinase K) and incubate 1 h at 55 ºC. 

• Purify DNA with Qiagen kit or by phenol-chloroform purification. 

• Analyze ChIP results by RT-qPCR following the protocol explained in 

section 4.3. Primers used are detailed in Annex II.  

7. Protein analysis 

7.1. Western Blotting 

In order to study the presence of specific proteins in samples of interest, protein 

immunodetection was carried out by Western Blot. This technique allows 

protein separation by size and their transfer to a solid support. Finally, the target 

protein is identified using a suitable primary and secondary antibody.  

7.1.1. Protein extraction for immunoblotting analysis 

To prepare cell lysates for immunoblotting analysis, cells were seeded in p100 

plates. Once the culture reached a confluence of about 70%, medium was 

removed, and cells were washed with ice cold 1XPBS. At this point cells could 

be stored at -80 ºC for several months. Then, SDS lysis buffer (detailed 

composition in the Annex II) was added and cells were detached and harvested 

by scrapping. Total cell lysis was ensured by sonication. To precipitate cell 

debris, samples were centrifuged at 12000 g for 2 min at 4 ºC. After 

centrifugation the supernatant was placed into a new eppendorf for protein 

quantification that was performed with the Pierce BCA Protein Assay (Thermo 

Fisher Scientific Inc., Waltham, MA, USA). Using this method, absorbance 

values of unknown samples are then interpolated onto the plot of the standard 
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curve to determine their concentrations. Manufacturer’s instructions were used 

as follows: 

• Pipette 25 µl of each standard or unknown sample replicate into a 

microplate well.   

• Add 200 µl of the working reagent, used for the colorimetric detection of 

protein, to each well and mix plate thoroughly on a plate shaker for 30 s.  

• Cover plate and incubate at 37 ºC for 30 min.  

• Measure the absorbance at 562 nm on a plate reader.  

Afterwards, the samples were incubated at 70 ºC for 10 min for complete 

protein denaturation and finally cooled on ice.    

7.1.2. Immunoblotting 

Proteins were separated by their mass in a SDS-polyacrylamide gel using 

electrophoresis under denaturing conditions. Afterwards, they were transferred 

to a nitrocellulose membrane for antibody detection. For this purpose, the 

following protocol was performed: 

• Mix 25 µg of protein with loading buffer (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) at a 4:1 ratio and load samples into the wells of a 10% 

Bis-Tris gel (Thermo Fisher Scientific Inc., Waltham, MA, USA) which is 

used for the separation of small- to medium-sized proteins.  

• Perform gel electrophoresis using 80 V for 5 min and 180 V for 40 min.  

• Transfer proteins from the gel to a nitrocellulose membrane setting a 

program of 30 V for 90 min.  

• Block membrane in 1XPBS containing 5% BSA for 1 h at RT.  

• Primary antibody was diluted in 1XPBS with 3% BSA and 0.1% Tween20 

(final volume of 5 ml)  for 1 h at RT and used for incubation of the 

membrane overnight at 4 ºC with agitation   Table 1).  

• The membrane was then washed three times with TTBS (Annex II) for 5 

min each wash.  
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• Dilute the peroxidase-conjugated secondary antibody in 1X PBS with 3% 

BSA and 0.1% Tween20, add it to the membrane and incubate it 1 h at RT   

Table 1).  

• Wash the membrane again three times with TTBS for 5 min each time. 

• Cover the membrane with the chemiluminescence solution containing the 

peroxidase substrates (Millipore, Darmstadt, Germany) and incubate for 1 

min. 

• Measure the luminescence signal with the high-sensitivity detection 

system ChemiDoc XRS (Bio-Rad, Hercules, CA, USA). 

  Table 1. Primary and secondary antibodies used for protein analysis by Western Blot. 

Antibody Company Reference Host Concentration 

Anti-H4K16Ac Active Motif 39929 Rabbit 1:1000 

Anti-H3K4ox - - Rabbit 1:1000 

Anti-үH2AX Millipore 05-636 Mouse 1:1000 

Anti-p21 Abcam Ab109520 Rabbit 1:1000 

Anti-H3K4me3 Millipore 07-473 Rabbit 1:1000 

Anti-H3K9Me3 Millipore 07-442 Rabbit 1:500 

Anti-MOF Abcam Ab200660 Mouse 1:1000 

Anti-H3 Abcam Ab1791 Rabbit 1:15000 

Anti-GAPDH Abcam Ab9484 Mouse 1:1000 

Anti-mouse (HRP) Millipore 12-349 Goat 1:5000 

Anti-rabbit (HRP) Millipore 12-384 Goat 1:5000 

Antibody against H3K4ox was kindly provided by Sandra Peiró’s laboratory at 

Vall d’Hebron Institut d’Oncologia (Barcelona, Spain) where it was generated. 

The specificity of the antibody was confirmed after a quality control (Cebrià-

Costa et al., 2019).  
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7.2. Immunocytochemistry  

To assess both the localization and the endogenous expression levels of the 

proteins of interest, the immunofluorescence technique was used. This method 

is based on the use of fluorophores to visualize the location of bound 

antibodies. To perform immunofluorescent stainings, the following procedures 

were applied.   

7.2.1. Cell fixation 

Cells were seeded on coverslip in p35 plates. Before fixation, the medium was 

completely removed from the plates and the cells were washed twice with 

1XPBS for 5 min each wash. For fixation 1XPBS was removed and 1 ml of 4% 

PFA was added. After an incubation of 15 min at RT, cells were washed twice 

with 1XPBS for 5 min each wash. Cells were stored at 4 ºC in 1XPBS with 0.2% 

sodium azide or directly used for immunofluorescence.  

7.2.2. Double immunofluorescence for γH2AX and 53BP1 

γH2AX and 53BP1 are detected as discrete foci in the cell nuclei. γH2AX foci 

are considered to be good surrogates of DSBs, thus the combined analysis of 

γH2AX and 53BP1 foci by immunofluorescence is a reliable and efficient 

approach for a detailed study of the formation and repair of DSBs (Rothkamm 

et al., 2015). Instead, the histone marks H4K16Ac and H3K4ox are detected 

as a pan-nuclear staining. For the immunodetection of the mentioned proteins, 

cells were permeabilized with 0.5% Triton X-100 in 1XPBS for 15 min at RT. 

The permeabilization solution was removed and the cells were washed three 

times with 1XPBS for 5 min each time. To detect H4K16Ac and H3K4ox, an 

antigen retrieval treatment was applied at this point of the protocol. The retrieval 

treatment allows to unmask antigenic sites by disrupting the protein cross-links, 

and it was carried out by incubating the cells with Target Retrieval Solution 

(Agilent, Santa Clara, CA, USA) for 1 h at 65 ºC. Then, cells were blocked for 

1 h with 0.5% BSA-0.15% glycine in 1XPBS. The primary antibodies anti-
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γH2AX, anti-53BP, anti-H4K16Ac and anti-H3K4ox, alone or combined, were 

also diluted in the blocking solution and were then added to the cells (for 

antibody specifications see Table 2). Cells were incubated overnight at 4 ºC 

with the primary antibodies and then washed three times with 0.1% Tween-20 

in 1XPBS. The secondary antibody solution containing the Cy3-conjugated 

anti-mouse or the Alexa 488-conjugated anti-rabbit diluted in the blocking 

solution was then added to the cells (for antibody specifications see Table 2). 

After 1 h incubation at RT in the dark, the cells were washed three times with 

0.1% Tween-20 in 1XPBS for 5 min each wash. Then, coverslips were rinsed 

in distilled water, alcoholically dehydrated (75%, 80% and 100% EtOH) and 

mounted on microscope slides using the Vectashield Mounting Medium for 

fluorescence (Vector Laboratories, Burlingame, CA, USA) supplemented with 

0.25 μg/ml of DAPI. 

7.2.3. Triple immunofluorescence for γH2AX, 53BP1 and 

H4K16Ac 

A triple staining for the combined detection of γH2AX, 53BP1 and H4K16Ac 

was performed. For this type of immunofluorescence, cells were fixed applying 

the same protocol described above (for antibodies specifications see Table 2). 

The rest of the steps for the triple immunostaining were as follows: 

• Permeabilize cells with 0.5% Triton X-100 in 1XPBS for 15 min at RT. 

• Wash the cells twice with 1XPBS for 5 min each time. 

• Block the cells for 1 h with 0.5% BSA-0.15% glycine in 1XPBS. 

• Incubate cells overnight at 4 ºC with primary antibody solution containing 

anti-γH2AX (mouse) and anti-53BP1 (rabbit). 

• Cells were washed three times with 0.1% Tween-20 in 1XPBS for 5 min 

each time. 

• Incubate cells for 1 h at RT with secondary antibody solution containing 

the Alexa488-conjugated anti-mouse (dilution: 1:500) and the Alexa 594-

conjugated anti-rabbit (dilution: 1:500). 
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• Wash cells three times with 0.1% Tween-20 in 1XPBS for 5 min each time. 

• Re-incubate cells for 1 h at RT with the secondary antibody solution 

containing Alexa488-conjugated anti-mouse and the Alexa 594-

conjugated anti-rabbit to occupy the maximum number of epitopes. 

• Incubate cells overnight at 4 ºC with primary antibody solution containing 

the anti-H4K16Ac diluted in blocking solution.  

• Wash cells three times with 0.1% Tween-20 in 1XPBS for 5 min each time. 

• Incubate cells for only 30 min at RT with secondary antibody solution 

containing Alexa 532-conjugated anti-rabbit. 

• Wash cells three times with 0.1% Tween-20 in 1XPBS for 5 min each time. 

• Rinse cells briefly with distilled water, alcoholically dehydrate them and 

apply the counterstain with DAPI at a final concentration of 0.25 μg/ml in 

Vectashield Mounting Medium. 

Table 2. Primary and secondary antibodies used for protein detection by immunofluorescence   
staining. 

Antibody Company Reference Host Concentration 

Anti-үH2AX Millipore 05-636 Mouse 1:1000 

Anti-53BP1 Abcam Ab21083 Rabbit 1:2000 

Anti-H4K16Ac Active 

Motif 

39929 Rabbit 1:200 

Anti-H3K4ox - - Rabbit 1:50 

Anti-mouse (Cy3) Jackson 115-165-146 Goat 1:1000 

Anti-rabbit (488) Thermo 

Fisher 

A-11034 Goat 1:500 

Anti-mouse (A488) Jackson 115-545-205 Goat 1:1000 

Anti-rabbit (A594) Thermo 

Fisher 

A-11037 Goat 1:500 

Anti-rabbit (A532) Thermo 

Fisher 

A-11009 Goat 1:1000 
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7.2.4. Immunofluorescence analysis 

In order to analyze the immunofluorescence preparations, images were 

acquired using an Olympus BX61 epifluorescent microscope (Olympus, 

Hamburg, Germany). This microscope was equipped with a CV-M4+CL camera 

(JAI, Grosswallstadt, Germany) and with Cytovision software (Applied Imaging, 

Newcastle, UK). All the measurements from the acquired images were 

obtained after blind analysis.  

To quantify γH2AX and 53BP1 foci, images from slides with γH2AX and 53BP1 

immunofluorescence were captured with a 100x objective using predefined 

settings. First, each cell nucleus was identified, and the image was captured 

using the DAPI channel. Afterwards, images from γH2AX and 53BP1 foci in 

each nucleus were sequentially acquired using the red and green channels. At 

least 100 cells were analyzed for each condition or treatment. 

For 53BP1/үH2AX colocalization analysis, the number of үH2AX foci within 

each nucleus was counted. Then, the presence or absence of 53BP1 foci at 

these үH2AX foci was examined. To individually count foci, the Cell Counter 

plug-in from the Fiji software was used (Schindelin et al., 2012).  

In the present study, fluorescence intensity quantification was also performed. 

To compare fluorescence intensity levels from different immunostainings, 

identical image acquisition settings and exposure times were applied. For 

H4K16Ac and H3K4ox immunostaining, channels were sequentially collected, 

being the DAPI channel the first one to be acquired followed by the green 

channel that marked H4K16Ac or H3K4ox.  

To analyze the fluorescence intensity levels of H4K16Ac and H3K4ox in cell 

nuclei, the analysis of the acquired images was performed using a self-

designed macro program based on previous Image J plugins that automates a 

series of Image J commands (Gavet and Pines, 2010). The macro code is 

detailed in the Annex II. By creating this macro, we could analyze the 
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fluorescence levels of H4K16Ac or H3K4ox in each analyzed nucleus. Before 

applying the macro, colocalization between DAPI signal and H4K16Ac or 

H3K4ox was checked. Then, the nucleus shape was selected in the image from 

the green channel corresponding to H4K16Ac or H3K4ox signaling. 

Subsequently, the integrated density (the product of the area and the mean 

gray value) was measured in the selected area. In addition, a random region 

from outside of the nucleus was automatically selected and its fluorescence 

intensity was measured. This background measurement was subtracted to the 

fluorescence intensity of the nucleus of interest.  

To graphically plot the fluorescence intensity measurements, the corrected total 

cell fluorescence (CTCF) was calculated with the following formula (Gavet and 

Pines, 2010): 

CTCF = Integrated Density – [Area of selected cell x Fluorescence mean of 

background measurements] 

8. Statistics 

For the statistical analysis of the data, different tests were applied using the 

GraphPad Prism 6 software (GraphPad Software, La Jolla California, USA).  

Mann-Whitney test was conducted to compare differences between two 

independent groups when the dependent variable was continuous, but not 

normally distributed. To stablish the differences among three or more 

independent groups on a continuous dependent variable with non-normal 

distribution, the Kruskal-Wallis test was selected. If the Kruskal-Wallis test 

produced a significant p-value, Dunn’s post-hoc test was conducted for 

pairwise multiple comparison, in order to discern which pair combinations were 

significantly different.  

Welch’s t-test was applied when comparing gene expression levels between 

two independent groups with small to moderate sample size. To compare gene 

expression levels among three or more independent groups with small to 
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moderate sample size ,one-way ANOVA was used. If the one-way ANOVA test 

resulted in a significant p-value, Tukey's post-hoc test was applied for pairwise 

multiple comparison.  

The statistically significant level was defined as significant (*) for a p<0.05, very 

significant (**) for p<0.01 and highly significant (***) for p<0.001.   
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1. Establishment of aging models  

Physiological aging is a multifactorial process which results from the complex 

interactions among different molecular mechanisms (López-Otín et al., 2013). 

To uncover the basic causes of aging, age-associated mechanisms have been 

investigated in various model organisms and systems. In fact, in vitro studies 

have become the basis for most of the current knowledge about the molecular 

mechanisms of human aging (Lidzbarsky et al., 2018). For this reason, two of 

these cellular models of aging were established to study the contribution of age-

associated epigenetic alterations to the DNA damage repair response. Once 

stablished, the characterization of these two cellular models was performed to 

ensure its suitability to develop the aims of the present research. 

1.1. Establishment of an oncogene-induced senescence 

model 

Senescence is a stable cell cycle arrest induced in response to telomere 

attrition after serial cultivation, or to different stressors like aberrant oncogenic 

signalling (Campisi, 2013). The irreversible cell cycle arrest of senescent cells 

is considered a cellular manifestation of organismal aging, suggesting that 

senescent cells deplete tissues of replication-competent cells needed for 

homeostasis, repair and regeneration (López-Otín et al., 2013). Given that with 

advanced age, senescent cells accumulate in tissues, the study of senescence 

could lead to a deeper understanding of aging phenotype. Hence, inducible 

models of OIS allow to evaluate the molecular causes and effectors of 

senescent state. 

OIS was firstly observed in normal human fibroblasts which expressed 

activated RAS (Serrano et al., 1997) and, in fact, the OIS model used in this 

study is based on the well-characterized Estrogen Receptor:RAS (ER:RAS) 

inducible retroviral vector carrying H-RASG12V (Tarutani et al., 2003; Innes and 

Gil, 2019). In this system, immortalized human diploid BJ fibroblasts expressing 
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human telomerase reverse transcriptase (hTERT) were infected with a vector 

expressing a ER:RAS fusion. In this construct, H-RASG12V is fused to a mutant 

form of the estrogen receptor ligand binding domain. Treatment with 4-OHT, 

the active metabolite of tamoxifen that binds to ER, induces the activation of 

the ER:RAS fusion. Thus, the expression of RAS upon 4-OHT treatment 

causes ER:RAS BJhTERT fibroblasts to undergo senescence. ER:RAS BJhTERT 

fibroblasts were kindly provided by Maite Huarte’s laboratory at Centro de 

Investigación Médica Aplicada (Pamplona, Spain).  

Upon 8 days of 4-OHT treatment, the effects of RAS expression on BJ 

fibroblasts were monitored by analysing different senescence markers. BJ 

fibroblasts treated with 4-OHT displayed changes in morphology, becoming flat 

and enlarged (Figure 17). A flattened appearance and often irregular-shape 

nuclei are typical features of senescent cells (Wang and Dreesen, 2018). On 

the contrary, no morphology changes were detected in the untreated BJ 

fibroblasts (Figure 17). Furthermore, a decrease in cellular density was 

observed in BJ fibroblasts treated with 4-OHT compared with untreated  BJ 

fibroblasts, pointing out that BJ cells treated with 4-OHT become growth-

arrested, whereas control cells continued proliferating (Figure 17).  

 

Figure 17. ER:RAS BJ fibroblasts culture characterization. Representative pictures 
showing the morphology of BJ fibroblasts in control conditions and after 4-OHT treatment. 

Scale bar: 10 µm. 
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Cells were also stained to identify SA-β-Gal activity which is the most widely 

used biomarker for senescent cells. β-galactosidase is overexpressed in 

senescent cells resulting in the accumulation of the endogenous lysosomal β-

galactosidase (Itahana et al., 2013). Following RAS activation, a significant 

higher percentage (60.25%) of BJ fibroblasts displayed SA-β-Gal activity 

compared to untreated fibroblasts (2.85%) (Figure 18).  

 

Figure 18. SA-β-Gal staining. Images showing SA-β-Gal activity and percentage of positive SA-
β-Gal BJ fibroblasts in control conditions and after 4-OHT treatment. Arrowheads indicate the 
typical flattened shape of senescent cells. Scale bar: 10 µm. P-value indicates the Chi-square 
test significant level: ***p<0.001.    

We also analyzed the expression of some senescence effectors by western 

blot. Senescence is associated with the increased expression of the cyclin-

dependent kinase inhibitor p21 which promotes cell cycle arrest (Muller, 2009). 

After 4-OHT treatment, RAS activation caused a marked increase in the 

expression of p21. Transcriptional changes are known to occur during 

senescence (Hernandez-Segura et al., 2017) thus we examined the effects of 

4-OHT treatment on H3K4me3 (an active transcription mark) and 

H3K4me3(repressive transcription mark) (Li et al., 2007). The results showed 

that treatment of BJ fibroblasts with 4-OHT led to a global decrease of 

H3K4me3 levels which was accompanied by a slight increase of 

H3K4me3levels, suggesting that OIS does reduce transcriptional activity of the 

cells (Figure 19A).  



Contribution of histone modifications to double-strand break repair and aging 

78 
 

In this line, senescence-associated heterochromatic foci (SAHF), which are 

transcriptionally silenced DNA regions that are enriched in senescent cells 

(Parry and Narita, 2016), were also detected by nuclear staining with DAPI. 

(Figure 19B).  

Another characteristic of senescent cells is the accumulation of DNA damage, 

as the number of γH2AX foci increases in senescent cells in most tissues and 

species (Campisi and d’Adda di Fagagna, 2007; d’Adda di Fagagna, 2008). In 

agreement with this fact, immunostaining against γH2AX showed a higher 

number of γH2AX foci in 4-OHT-treated BJ fibroblasts than in untreated cells 

(Figure 19B, 19C). Taking these results together, the senescence state 

mediated by RAS activation was confirmed in ER:RAS BJ fibroblasts, 

reinforcing these cells as an appropriate model to study cellular senescence.  

 

Figure 19. Senescence markers in ER:RAS BJs fibroblasts. (A) Western blot analysis of total 
protein levels of p21, H3K4me3 and H3K4me3in control and 4-OHT-treated BJ fibroblasts. 
GAPDH was used as loading control. (B) Staining of cell nuclei with DAPI (blue) and 
immunofluorescence of үH2AX (Cy3, red) in control and 4-OHT-treated BJ fibroblasts. Scale bar: 
10 µm. (C) Mean number of үH2AX foci per cell in control and 4-OHT-treated BJ fibroblasts. 
SAHF are indicated by arrowheads. Error bars indicate SEM. P-value indicates the Mann 
Whitney test significant level:  **p<0.01. 
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1.2. Establishment of an in vitro aging model 

Normal somatic cells that are serially cultured are a well-studied model that 

mimics the cellular and molecular changes occurred during aging (Mainzer et 

al., 2018). The limited lifespan of cultured normal human fibroblasts in vitro, 

which depends on the age of the donor, has led to their extensive use as a 

model system to study human cellular aging (Phipps et al., 2007; Dekker et al., 

2009; Boraldi et al., 2010; Tigges et al., 2014). 

In this study, an in vitro cellular aging model based on the growing of primary 

human dermal fibroblasts (HDFs) in culture for some weeks was established. 

HDFs have a limited growth potential and reach their replicative limit after 30 

passages in culture (Sedelnikova et al., 2004). HDFs with less than 10 

passages in culture were considered young or early passage (EP) cells. 

Instead, old or late passage (LP) HDFs refer to those fibroblasts with more than 

20 passages in culture. Serial culture of HDFs was accompanied by 

characteristic morphology changes as culture passages increased. EP HDFs 

displayed the typical spindle shape of adherent fibroblasts while LP HDFs lost 

its original morphology showing enlarged cell size and increased number of 

vacuoles (Figure 20A). To confirm the gradual loss of replicative potential with 

culture time, we established the growth curve of HDFs (Figure 20B). The 

results showed that the number of HDFs suffered from a reduction in the first 

24 h after passage which was more evident in LP HDFs. From 24 to 96 h, EP 

HDFs displayed normal exponential growth while LP HDFs showed lower 

proliferation. Therefore, at 96 h of culture, accumulated LP HDFs were 

approximately half the number of EP HDFs (Figure 20B). Morphological 

changes and diminution of replicative capability of HDFs in culture coincide with 

the extensively described features of cellular aging (DiLoreto and Murphy, 

2015).  
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Figure 20. Characterization of HDFs culture. (A) Morphology of HDFs at EP and LP in culture. 
Scale bar: 10 µm (B) Growth curves of EP HDFs (green) and LP HDFs (red).  

To analyze whether there were differences in cell cycling between EP and LP 

HDFs, a cell cycle analysis was performed using flow cytometry. Analysis on 

cell cycle profile did not show significant differences in the distribution of cells 

throughout the different cell cycle phases between EP and LP HDFs (Figure 

21). In both EP and LP HDFs, most of the cells were in G1 phase, and the 

proportion of cells in S phase was very similar between EP and LP HDFs. The 

number of cells in G2 was slightly higher in EP HDFs than in LP HDFs, which 

may explain the reduced proliferation rate of LP HDFs compared to EP HDFs. 

 

Figure 21. Flow cytometry analysis for cell cycle distribution of EP and LP HDFs. 
Representative diagram of cell cycle distribution of EP and LP HDFs. The percentages of cells 
in G1, S and G2/M are shown.  
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2. Evaluation of H3K4ox in cellular aging models 

Post-translational modifications on the histone tail domain include acetylations, 

methylations, phosphorylations, ubiquitinations, sumoylations, glycosylations, 

etc. (Kouzarides, 2007; Lawrence et al., 2016). Recently, the K4-oxidated 

histone H3 form (H3K4ox), resulting from the deamination of H3K4me3 by the 

oxidase LOXL2, has been described as a novel epigenetic mark (Herranz et 

al., 2016). This modification has been found in heterochromatin regions and 

linked to the modulation of the DNA damage response pathway in triple-

negative breast cancer cells (Cebrià-Costa et al., 2019). Considering that the 

aging process is accompanied by rearrangements of heterochromatin and 

impairments in the DDR, we aimed to study H3K4ox dynamics during aging. 

For this purpose, we employed the previously stablished models of OIS and 

cellular in vitro aging.   

2.1. Analysis of H3K4ox, LOXL2 and LOXL1 in OIS and in 

vitro aging  

To measure the global levels of H3K4ox in OIS, BJ fibroblasts in control 

conditions and after senescence induction were used. In addition, global levels 

of H3K4ox were also assayed in in vitro aged HDFs. Western blot analysis 

showed that global H3K4ox levels suffered from a strong decrease in 

senescent BJ fibroblasts compared to control BJ fibroblasts. Similarly, global 

H3K4ox levels were lower in LP HDFs compared to EP HDFs. However, the 

reduction of H3K4ox with culture time was found to be subtler that the one 

observed in OIS (Figure 22A).  

Since LOXL2 has been described as the main oxidase involved in H3K4ox 

generation (Herranz et al., 2016), LOXL2 expression levels were also analyzed 

in OIS and in in vitro aging by RT-qPCR. Senescent BJ fibroblasts displayed a 

lower amount of LOXL2 mRNA compared to control BJ fibroblasts which 

correlated with the reduced levels of H3K4ox previously found. However, 
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2.2. Analysis of H3K4ox in heterochromatin regions 

H3K4ox has been observed to concentrate mainly in heterochromatin regions 

suggesting a role of this mark in chromatin compaction (Cebrià-Costa et al., 

2019). Reduced H3K4ox levels would lead to a more accessible chromatin 

state resulting in a sustained activation of the DDR (Cebrià-Costa et al., 2019). 

The results obtained in BJ fibroblasts showing a reduction of H3K4ox levels 

during senescence might reflect the restructuration of heterochromatic regions 

associated to senescence (Parry and Narita, 2016). Should this be the case, 

immunofluorescence could help to detect the nuclear sites in which oxidation 

events were enriched. Thus, we analyzed the presence of H3K4ox in SAHF by 

means of H3K4ox immunofluorescence staining combined with DAPI nuclear 

staining in BJ control and senescent fibroblasts.  

Immunofluorescence experiments confirmed that H3K4ox showed a nuclear 

localization (Figure 23A). In addition, and in line with the western blot analysis, 

global H3K4ox levels were significantly reduced in BJ senescent fibroblast 

compared to BJ control cells (Figure 23B). 

 

Figure 23. Nuclear localization of H3K4ox. (A) Immunostaining of H3K4ox (A488, green) in 
control and senescent (+ 4-OHT) BJ fibroblasts. Cell nuclei were stained with DAPI (blue). Scale 
bar: 10 µm. (B) Quantification of H3K4ox fluorescence intensity in control and senescent BJ 
fibroblasts. Bar graph displays the mean fluorescence intensity per cell. Error bars indicate SEM. 
P-values indicate the Mann-Whitney test significance levels: *p<0.05. A.u.: arbitrary units. 
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The identification of SAHF by DAPI staining in BJ senescent fibroblasts allowed 

the quantification of H3K4ox levels in these specific heterochromatin regions. 

Interestingly, H3K4ox levels were higher in SAHF than in the rest of the nucleus 

(Figure 24A). In fact, a significant increase of H3K4ox was observed in SAHF 

when compared to global levels of H3K4ox either in BJ control or BJ senescent 

fibroblasts (Figure 24B). Therefore, results showed that although global levels 

of H3K4ox were reduced after OIS, the analysis of H3K4ox restricted to SAHF 

confirmed a correlation between enhanced levels of H3K4ox and 

heterochromatin regions.    

 

Figure 24. H3K4ox levels are enriched in SAHF. (A) Representative picture of H3K4ox 
immunostaining (A488, green) showing SAHF in BJ senescent (+ 4-OHT) fibroblasts. Cell nuclei 
were stained with DAPI (blue). Scale bar: 10 µm. (B) Quantification of H3K4ox fluorescence 
intensity in control, senescent BJ fibroblasts and in SAHF. Bar graph displays the mean 
fluorescence intensity per cell. Error bars indicate SEM. Statistically significant differences are 
indicated by different letters (Kruskal-Wallis test with Dunn’s correction). A.u.: arbitrary units. 

Accumulation of H3K4ox in highly compacted heterochromatin regions was 

detected after ChIP-seq experiments in human breast cancer MDA-MB-231 cell 

line (Cebrià-Costa et al., 2019). Specifically, H3K4ox peaks were found within 

specific heterochromatin regions and lamina-associated domains that were 

subsequently validated by ChIP-qPCR (Cebrià-Costa et al., 2019). Thus, we 

next studied whether these heterochromatinic regions (Hits 1-5) were also 

oxidized in BJ senescent fibroblasts. ChIP-qPCR results showed that the 

selected hits were not overrepresented in BJ senescent fibroblasts, concluding 

that the MDA-MB-231-heterochromatin-enriched regions were not oxidized in 

BJ senescent fibroblasts (Figure 25). Moreover, the results showed that all the 
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regions analyzed in BJ senescent fibroblasts displayed reduced H3K4ox levels 

compared to control BJ cells. Thus, the presence of oxidation marks in these 

specific chromatin sites was different in MDA-MB-231 cells, senescent and 

control fibroblasts, suggesting that H3K4ox-enriched regions might be cell type-

specific. Overall, the results here reported confirm the relationship between 

H3K4ox and heterochromatin: (1) SAHF of senescent BJ fibroblasts are 

especially H3K4ox-enriched sites, and (2) H3K4ox changes seems to be more 

relevant during OIS than in in vitro aging, which could correlate with the different 

heterochromatinization state of senescent and in vitro aged cells.  

 

Figure 25. H3K4ox enriched regions are cell type specific. H3K4ox ChIP-qPCR for selected 
chromatin regions (Hit1 to Hit 5 and SMIM5) in control and senescent (+ 4-OHT) BJ fibroblasts. 
The sequence of RNA pol II promoter (RNAPII) was used as negative control. Data of qPCR 
amplifications were normalized to the input and to total H3 for H3K4ox and expressed as fold 
change relative to the data obtained in control BJ fibroblasts, which was set as 1. 
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3. Evaluation of H4K16 acetylation in cellular aging 

models 

Histone acetylation is one of the best characterized and well-studied histone 

modifications. The addition of an acetyl group to lysine residues on the histones 

influences chromatin state by neutralizing the basic charge at unmodified lysine 

residues (Bannister and Kouzarides, 2011). Research in aging has reported 

changes in acetylation patterns in aged cells and tissues (Lu et al., 2011; Peleg 

et al., 2016); however, there is no universal acetylation state associated to 

aging. Due to its relevance in the recruitment of DDR proteins to DNA damaged 

sites and its dynamic pattern, H4K16Ac could be a promising histone mark 

linking aging to DNA repair regulation.  

3.1. Analysis of H4K16Ac pattern in OIS 

Cellular senescence has been associated with the reduction of active histone 

modifications such as lysine acetylation, which is known to contribute to DNA 

compaction during senescence (Parry and Narita, 2016; Peleg et al., 2016). To 

test whether H4K16Ac was reduced in OIS, immunofluorescence staining for 

H4K16Ac was performed in BJ fibroblasts in control conditions and after 

senescence induction (Figure 26A). For both cases, H4K16Ac analysis was 

restricted to the nuclei where colocalization with DAPI nuclear staining could 

be detected. Results showed how H4K16Ac levels were clearly decreased in 

BJ senescent fibroblasts compared to control BJ fibroblasts (Figure 26A). 

Indeed, quantitative fluorescence intensity measurements of H4K16Ac staining 

indicated a significant decrease of H4K16Ac signaling in BJ senescent 

fibroblasts in comparison to BJ control cells (Figure 26B). In addition, to 

confirm the immunofluorescence results, western blot analysis of H4K16Ac 

was carried out in control and senescent BJ fibroblasts. Consistently with 

immunofluorescence findings, western blot analysis showed lower levels of 

H4K16Ac in BJ senescent fibroblasts compared to control ones (Figure 26C).  
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Figure 26. Age-associated reduction of H4K16Ac levels in senescent BJ fibroblasts. (A) 
Immunofluorescence staining of cell nuclei with H4K16Ac (A488, green) in control and in 
senescent (+ 4-OHT) BJ fibroblasts. Scale bar = 10 µm. DAPI (blue) was used to counterstain 
cell nuclei. (B) Mean of corrected total cell fluorescence intensity of H4K16Ac in control and in 
senescent BJ fibroblasts. Error bars indicate SEM. Statistically significant differences are 
indicated by different letters (Mann-Whitney test). A.u.: arbitrary units (C) Western blot analysis 
of H4K16Ac in control and in senescent BJ fibroblasts. Total H3 was used as a loading control. 

To gain insight into the molecular mechanism underlying H4K16Ac reduction 

with cellular senescence, the expression of MOF, the principal H4K16 histone 

acetyltransferase (Smith et al., 2005; Taipale et al., 2005), and the main H4K16 

deacetylases, SIRT1 and SIRT2 (Vaquero et al., 2007a), were analyzed by RT-

qPCR. Moreover, we also examined by RT-qPCR the expression of TIP60, the 

other histone acetyltransferase of H4K16 (Tang et al., 2013), and the 

expression of general histone deacetylases HDAC1 and HDAC2 (Miller et al., 

2010).  

In BJ fibroblasts, MOF mRNA levels remained unchanged after senescence 

induction. No significant differences were observed in SIRT2 mRNA levels 

between BJ control and BJ senescent fibroblasts. However, SIRT1 expression 

levels were significantly higher in BJ senescent fibroblasts than in their normal 

counterparts (Figure 27A). Regarding the expression of TIP60, HDAC1 and 

HDAC2, no differences were detected between control and senescent BJ 

fibroblast for any of the mentioned genes (Figure 27B). Hence, the higher 
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expression levels of SIRT1 during senescence seemed to indicate that 

diminution in H4K16Ac might be caused by an increased deacetylation activity 

performed by SIRT1.  

 

Figure 27. SIRT1 is increased in OIS. (A) Relative expression levels of MOF, SIRT1 and SIRT2 
with respect to housekeeping gene PUM1 in control and senescent (+ 4-OHT) BJ fibroblasts. (B) 
Relative expression levels of TIP60, HDAC1 and HDAC2 with respect to housekeeping gene 
PUM1 in control and senescent BJ fibroblasts. Bar graphs show mean and error bars indicate 
SEM. P-values indicate the Welch’s t-test significance levels: *p<0.05.   

3.2. Analysis of H4K16Ac pattern during in vitro aging 

Next, global H4K16Ac levels were also measured during in vitro aging. To 

address this purpose, immunofluorescence of H4K16Ac was performed in 

HDFs at EP and LP. Similar to BJ senescent fibroblasts, immunostainings 

showed that LP HDFs exhibited less H4K16Ac than EP HDFs (Figure 28A). 

Supporting these evidences, quantitative fluorescence intensity measurements 

of H4K16Ac immunostaining displayed a significant decrease of H4K16Ac in 

LP HDFs compared to EP HDFs (Figure 28B). In order to validate these 

results, western blot analysis of H4K16Ac was also performed in in vitro aged 

HDFs. In accordance with immunofluorescence observations, western blot 

analysis showed lower H4K16Ac levels in LP HDFs compared to EP HDFs 

(Figure 28C). 
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Figure 28. Age-associated reduction of H4K16Ac levels in in vitro aged HDFs. (A) 
Immunofluorescence staining of cell nuclei with H4K16Ac (A488, green) in EP and LP HDFs. 
Scale bar = 10 µm. DAPI (blue) was used to counterstain cell nuclei. (B) Mean of corrected total 
cell fluorescence intensity of H4K16Ac in in vitro aged HDFs. Error bars indicate SEM and 
statistically significant differences are indicated by different letters (Mann-Whitney test). A.u.: 
arbitrary units. (C) Western blot analysis of H4K16Ac in in vitro aged HDFs. Total H3 was used 
as a loading control.  

To study the nature of the reduction of H4K16Ac with in vitro aging, MOF, 

SIRT1 and SIRT2, as well as the expression of TIP60, HDAC1 and HDAC2 

were analyzed by RT-qPCR. Contrary to OIS, SIRT1 and SIRT2 mRNA levels 

remained constant in the in vitro aging model. Nevertheless, MOF expression 

decreased with time in culture, being significantly reduced in LP HDFs 

compared to EP HDFs (Figure 29A). On the other hand, expression of TIP60, 

HDAC1 and HDAC2 did not significantly change during in vitro aging as it also 

occurred in OIS (Figure 29B). Taken together, these results identify decreased 

H4K16 acetylation as a common marker across different cellular aging models. 

Nevertheless, the mechanisms involved in age-related H4K16Ac reduction 

were differently altered in cellular senescence and in vitro aging. While in OIS, 

reduction in H4K16Ac might be caused by enhanced deacetylation activity due 

to increased SIRT1 levels, reduction of H4K16Ac during in vitro aging could be 

consequence of diminished acetylation activity due to decreased MOF levels.  
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Figure 29. MOF is decreased during in vitro aging. (A) Relative expression levels of MOF, 
SIRT1 and SIRT2 with respect to housekeeping gene PUM1 in in vitro aged HDFs. (B) Relative 
expression levels of TIP60, HDAC1 and HDAC2 with respect to housekeeping gene PUM1 in in 
vitro aged HDFs. Bar graphs show mean and error bars indicate SEM. P-values indicate the 
Welch’s t-test significance levels: *p<0.05.   

4. Contribution of H4K16 acetylation to DSB repair in 

in vitro aging 

Accumulation of DSBs during in vitro cellular aging has been observed in 

different cell types (Sedelnikova et al., 2008; Hernández et al., 2013). The 

accumulation of these type of unrepaired lesions has been associated with a 

delay in 53BP1 recruitment to DSB sites that would impair proper DNA repair 

(Hernández et al., 2013). In this regard, it has been described that H4K16Ac 

plays a prominent role in the regulation of 53BP1 foci formation by impeding 

the binding of 53BP1 to H4K20me2 at short times after DNA damage induction 

(Hsiao and Mizzen, 2013; Tang et al., 2013). The changes of H4K16Ac levels 

in in vitro aged cells confirmed H4K16Ac as an age-related histone mark and 

led us to hypothesize that these alterations could impact on DNA damage repair 

efficiency with age. Thus, the influence of H4K16 acetylation status on age-

associated DSB repair efficiency and 53BP1 recruitment ability was 

investigated. 
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4.1. H4K16 acetylation state after DSB induction 

The dynamic pattern of H4K16Ac associated with DNA damage induction, 

makes H4K16Ac a DNA damage responsive histone mark (Miller et al., 2010; 

Hsiao and Mizzen, 2013; Tang et al., 2013). In order to investigate whether 

these changes were altered by the in vitro aging process, acetylation of H4K16 

was analyzed after DSB induction in EP and LP HDFs.  

Hence, H4K16Ac levels were analyzed in EP and LP HDFs at 30 min, 120 min 

and 24 h after exposure to 5 Gy of ү-rays. For this purpose, western blot 

analysis of H4K16Ac and үH2AX, as a marker of DSBs, was performed (Figure 

30). Results showed that in both EP and LP HDFs, үH2AX levels strongly 

increased at 30 and 120 min post-irradiation (PI) indicating the presence of 

unresolved DSBs. At 24 h PI, үH2AX levels returned to pre-irradiation levels, 

probably as consequence of DNA repair. Regarding H4K16Ac, western blot 

analysis in EP HDFs showed a decrease of H4K16Ac levels immediately after 

irradiation (30 min) followed by a recovery up to control levels at longer times 

(120 min and 24 h). Instead, LP HDFs displayed an overall lower level of 

H4K16Ac than EP cells and showed no changes with time after DNA damage 

induction.  

 

Figure 30. H4K16 acetylation shows different behaviors in early and late passage HDFs 
after DSB induction. Western blot analysis of H4K16Ac and үH2AX in EP and LP HDFs at 30 
min, 120 min and 24 h PI with 5 Gy. Total H3 was used as a loading control. 
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To confirm these data, analysis of H4K16 acetylation levels after DSB induction 

was also performed in EP and LP HDFs by immunofluorescence (Figure 31A). 

Cells were exposed to 2 Gy of ү-rays and H4K16Ac levels were analyzed at 30 

and 120 min PI. All values of fluorescence intensity were normalized with 

respect to the control value obtained before irradiation (Figure 31B). In EP 

HDFs, levels of H4K16 acetylation dropped at short PI times, but at 120 min 

after irradiation H4K16Ac levels recovered and reached values similar to 

control H4K16Ac levels. However, in LP HDFs, levels of H4K16 acetylation 

slightly increased after irradiation but they ended up reaching control values. 
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Figure 31. Validation of the different H4K16Ac dynamics after DSB induction in EP and LP 
HDFs by immunofluorescence. (A) Representative pictures of immunofluorescence staining of 
H4K16Ac (A488, green) in EP and LP HDFs at 30 min and 120 min PI with 2 Gy. Cell nuclei were 
stained with DAPI (Blue). Scale bar = 10 µm. (B) Quantification of fluorescence intensity of 
H4K16Ac staining in EP and LP HDFs at 30 min and 120 min PI with 2 Gy. Means of corrected 
total cell fluorescence intensity of H4K16Ac were normalized with respect to the value obtained 

before irradiation which was given a value of 1. 
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According to the results described in section 3.2., diminution of H4K16Ac levels 

during in vitro aging correlated with diminution in MOF expression levels. 

Therefore, to investigate whether the different H4K16Ac dynamics after DBS 

induction observed in EP and LP HDFs were also correlated with changes in 

MOF expression, RT-qPCR was performed at different PI times (Figure 32). 

EP and LP HDFs were exposed to 2 Gy of ү-rays and MOF expression levels 

were analyzed at 30 and 120 min post-irradiation. RT-qPCR results showed 

that MOF mRNA levels followed the same tendency as H4K16Ac in EP and LP 

cells after irradiation. In EP HDFs, MOF expression was significantly reduced 

at short times PI (30 min) and recovered to control conditions at longer times 

(120 min). However, in LP HDFs, MOF expression was generally lower than in 

EP cells and showed no significant variations after irradiation.  

 

Figure 32. MOF expression varies in early and late passage HDFs after DSB induction. 
Relative expression level of MOF with respect to housekeeping gene PUM1 in EP and LP HDFs 
at 30 min and 120 min PI after 2 Gy irradiation. Bar graphs show mean and error bars indicate 
SEM. P-values indicate the significance levels of the one-way ANOVA with Tukey’s correction 

test: *p<0.05.  
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Altogether, these findings indicate that while H4K16Ac levels are higher in EP 

cells and respond to DSB induction with a biphasic pattern, they are always 

lower in LP cells, in which they remain mostly unaltered in response to 

radiation. It is worth noting that in both cases H4K16Ac followed the same 

behavior as MOF. These results confirm H4K16Ac as a DNA damage 

responsive mark with dynamics that differ in an age-dependent manner.   

4.2. Analysis of H4K16Ac levels and its involvement in 

53BP1 recruitment 

Considering that H4K16Ac behavior differs between EP and LP HDFs after 

DNA damage induction, it is possible that these age-associated changes could 

affect the DDR efficiency. For this purpose, we analyzed үH2AX foci formation, 

as an indirect measure of DSBs, and assessed the presence of 53BP1 foci at 

these үH2AX foci along with H4K16Ac levels in the whole nucleus before and 

after treating EP and LP HDFs with the DSB inducer bleocin. To measure these 

parameters, H4K16Ac, үH2AX and 53BP1 immunodetection were performed 

in parallel in both bleocin-treated and untreated HDFs over different culture 

passages. 

In the case of untreated HDFs, a gradual decrease of 53BP1/үH2AX 

colocalization ratio was detected as the number of culture passages increased 

(Figure 33A, 33C). Colocalization analysis revealed that the ratio between 

53BP1 and үH2AX was almost 0.9 in the earliest passage (p5) while it 

decreased down to 0.4 in the latest passage HDFs (p30) (Figure 33C). 

Consequently, recruitment of 53BP1 to үH2AX foci suffered from a reduction of 

about 50% with in vitro aging. Regarding H4K16Ac levels, they significantly 

decreased between EP (p5, p10 and p15) and LP HDFs (p20, p25 and p30) 

(Figure 33B, 33D). Therefore, the decrease in H4K16Ac levels correlated with 

a reduction in 53BP1 recruitment to basal үH2AX-labelled DSBs with in vitro 

aging in HDFs (p-value=0.020; R2=0.778) (Figure 33E). 
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Figure 33. Age-associated impairments in 53BP1 recruitment to basal DSBs correlate with 
decreased levels of H4K16 acetylation. (A) Double immunofluorescence detection of үH2AX 
(Cy3, red) and 53BP1 (A488, green) foci in EP and LP HDFs in control conditions. Merged panel 
shows colocalization of 53BP1 with γH2AX foci. Cell nuclei were stained with DAPI (blue). Scale 
bar = 10µm. (B) Immunofluorescence staining of cell nuclei with H4K16Ac (A488, green) in EP 
and LP HDFs in control conditions. Cell nuclei were stained with DAPI (blue). Scale bar = 10µm. 
(C) Ratios of 53BP1 and γH2AX foci colocalization in control HDFs at different culture passages 
(p5-p30). (D) Mean of corrected total cell fluorescence intensity of H4K16Ac in control HDFs at 
different culture passages (p5 to p30). Error bars indicate SEM and statistically significant 
differences are indicated by different letters (Kruskal-Wallis test with Dunn’s correction). A.u.: 
arbitrary units. (E) Correlation between H4K16Ac fluorescence intensity and 53BP1/γH2AX foci 
colocalization ratio of HDFs at different culture passages (p5-p30). Correlation coefficient (R2) 
and p-value were obtained after a linear regression analysis. 
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Then, analysis of H4K16Ac levels and 53BP1/үH2AX colocalization ratio in EP 

and LP HDFs was performed after DSB induction with radiomimetic bleocin. 

Strikingly, the colocalization ratio of 53BP1/үH2AX foci after a 1h bleocin 

treatment was ~0.7 in both early and late passage HDFs (Figure 34A, 34C). 

Thus, after DSBs induction the 53BP1/үH2AX ratio slightly decreased in EP 

cells while it slightly increased in LP cells, smoothing the differences existing 

among passages in control conditions (Figure 34C). Considering H4K16Ac 

levels, a very similar pattern to the one observed for the colocalization ratio of 

53BP1/үH2AX was obtained. After DSB induction with bleocin, H4K16Ac levels 

tended to decrease in EP HDFs and to increase in LP HDFs compared to 

untreated EP and LP HDFs (Figure 34B, 34D). Thus, after DSBs induction, 

H4K16Ac levels seemed to reach a steady state, whose value was common for 

EP and LP HDFs. Consequently, after bleocin treatment, no linear correlation 

between the colocalization ratio of 53BP1/үH2AX and H4K16Ac levels was 

found during HDFs in vitro aging (p-value=0.788; R2=0.022) (Figure 34E).  
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Figure 34. Aged HDFs display an increase in both 53BP1/үH2AX colocalization and 
H4K16Ac levels after DSB induction. (A) Double immunofluorescence detection of үH2AX 
(Cy3, red) and 53BP1 (A488, green) foci in EP and LP HDFs after bleocin treatment. Cell nuclei 
were stained with DAPI (blue). Merged panel shows 53BP1 foci colocalizing with γH2AX foci. 
Scale bar = 10µm. (B) Immunofluorescence staining of cell nuclei with H4K16Ac (A488, green) 
in EP and LP HDFs after bleocin treatment. Scale bar = 10µm. (C) Ratios of 53BP1 and γH2AX 
foci colocalization in bleocin-treated HDFs at different culture passages (p5-p30). (D) Mean of 
corrected total cell fluorescence intensity of H4K16Ac in bleocin-treated HDFs at different culture 
passages (p5 to p30). Error bars indicate SEM and statistically significant differences are 
indicated by different letters (Kruskal-Wallis test with Dunn’s correction). A.u.: arbitrary units. (E) 
Correlation between H4K16Ac fluorescence intensity and 53BP1/γH2AX foci colocalization ratio 
of HDFs at different culture passages (p5-p30). Correlation coefficient (R2) and p-value were 
obtained after a linear regression analysis. 
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To confirm that the increase of 53BP1/үH2AX colocalization ratio in LP HDFs 

after DNA damage induction was independent from the source of the DNA 

damage, an analysis of 53BP1-γH2AX colocalization ratio by using 2 Gy of ү-

rays irradiation as DSB source was carried out (Figure 35A, 35B). Supporting 

the previous evidences obtained after bleocin treatment 53BP1/үH2AX 

colocalization ratio barely changed after irradiation exposure in EP HDFs (p10); 

however, it increased in LP HDFs in comparison to control conditions.  

 

Figure 35. 53BP1 recruitment is differently affected in early and late passage HDFs after ү 
irradiation. (A) Double immunofluorescence detection of үH2AX (Cy3, red) and 53BP1 (A488, 
green) foci in EP and LP HDFs in control conditions and 30 min PI with 2 Gy. Merged panel 
shows үH2AX foci colocalizing with 53BP1 foci. Cell nuclei were stained with DAPI (blue). Scale 
bar = 2.5 µm. (B) Ratios of 53BP1 and γH2AX foci colocalization in EP and LP HDFs in control 
conditions and at 30 min and 120 min PI with 2 Gy.   
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Taken together, the data obtained suggest that the proper recruitment of 53BP1 

to newly generated DSBs might require a specific level of H4K16Ac. This could 

explain why after DNA damage induction, the increased recruitment of 53BP1 

to γH2AX foci in LP HDFs is associated with an increase in H4K16 acetylation 

up to a similar level to that of EP cells.  

4.3. Effects of H4K16 hyperacetylation on 53BP1 

recruitment 

After DSBs induction aged HDFs displayed an increased colocalization ratio of 

53BP1 and γH2AX which was accompanied by an increase in H4K16Ac levels. 

Since enhanced 53BP1 recruitment seemed to be correlated with higher levels 

of H4K16Ac in LP HDFs, we hypothesized that hyperacetylation of H4K16 

could improve 53BP1 recruitment after DSB generation. To elucidate this 

question, 53BP1/γH2AX colocalization was analyzed after bleocin-mediated 

induction of DSBs in hyperacetylated HDFs. To hyperacetylate HDFs, cells 

were firstly treated with trichostatin A (TSA), which is a HDAC class I, II and IV 

inhibitor (Kim and Bae, 2011). Then, H4K16Ac, үH2AX and 53BP1 

immunodetections were parallelly performed in EP and LP HDFs. 

Firstly, it was confirmed that the levels of H4K16Ac were significantly higher in 

HDFs treated with TSA in comparison to untreated HDFs (Figure 36A, 36B). It 

is worth mentioning that the increase in H4K16 acetylation levels was less 

pronounced in LP cells than in EP HDFs. Regarding 53BP1/γH2AX 

colocalization analysis, and contrary to what we expected, the colocalization 

ratio of 53BP1/γH2AX foci was reduced in all culture passages of TSA-treated 

cells after DSB induction with bleocin (Figure 36C).  
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Figure 36. H4K16 hyperacetylation after TSA treatment does not increase 53BP1 
recruitment following DSB induction. (A) Immunofluorescence staining of cell nuclei with 
H4K16Ac (A488, green) in EP and LP HDFs in control conditions and after TSA treatment. DAPI 
(blue) was used to stain cell nuclei. Scale bar = 10µm. (B) Mean of corrected total cell 
fluorescence intensity of H4K16Ac in control and TSA-treated EP and LP HDFs. Error bars 
indicate SEM and statistically significant differences are indicated with asterisks (Mann-Whitney 
test; ***p<0.001). A.u.: arbitrary units. (C) Ratios of 53BP1 and γH2AX foci colocalization in 

bleocin and TSA+bleocin-treated HDFs at different culture passages (p5-p30). 

TSA is a general inhibitor of HDACs, while sirtuins are the major HDACs 

involved in H4K16Ac deacetylation (Vaquero et al., 2007a). Therefore, it was 

tested whether specific inhibition of sirtuins would render different results 

regarding the 53BP1/γH2AX colocalization ratio. For this purpose, cells were 

treated with nicotinamide (NAM), a specific inhibitor of sirtuins (Avalos et al., 

2005), before DSB induction with bleocin. Again, and as expected, the levels 

of H4K16Ac were significantly higher in NAM-treated HDFs in comparison to 

control HDFs and both EP and LP cells reached similar levels of H4K16 

acetylation (Figure 37A, 37B). After NAM treatment and DSB induction, 

53BP1/γH2AX colocalization ratio did not change (Figure 37C). When cells 

were treated with both hyperacetylators NAM and TSA, in agreement with the 
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results obtained after TSA treatment, the 53BP1/γH2AX ratio dropped again in 

both EP and in LP cells (Figure 37C).  

 

Figure 37. H4K16 hyperacetylation due to NAM treatment does not improve 53BP1 
recruitment following DSB induction. (A) Immunofluorescence staining of cell nuclei with 
H4K16Ac (A488, green) in EP and LP HDFs in control conditions and NAM treatment. DAPI 
(blue) was used to stain cell nuclei. Scale bar = 10µm. (B) Mean of corrected total cell 
fluorescence intensity of H4K16Ac in control and NAM-treated EP and LP HDFs. Error bars 
indicate SEM and asterisks indicate statistically significant differences (Mann-Whitney test; 
***p<0.001; *p<0.05). A.u.: arbitrary units. (C) Ratios of 53BP1/γH2AX foci colocalization in EP 
and LP HDFs treated with bleocin, NAM+bleocin and NAM+TSA+bleocin. 

These results suggest that hyperacetylation leads to different effects depending 

on the agent used: while TSA treatment diminishes the 53BP1/γH2AX 

colocalization ratio in EP and LP HDFs, this parameter is not affected by NAM 

treatment. Nevertheless, our findings show that in neither case, artificial 

hyperacetylation of H4K16 improves the 53BP1/γH2AX ratio. Instead, the 

results support the notion that after DSB induction H4K16Ac reaches a specific 

level which is optimum for a proper recruitment of 53BP1 to DSBs. To reach 

this value, acetylation levels are only slightly downregulated in EP cells, while 
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in LP cells acetylation levels must increase in order to ensure a proper 

recruitment of 53BP1 to DSBs after DNA damage induction.   

4.4. Effects of H4K16 hypoacetylation on 53BP1 

recruitment 

As hyperacetylation did not improve 53BP1 recruitment at γH2AX neither in 

control conditions nor after DSB induction in LP HDFs, the need for a specific 

acetylation level for an appropriate recruitment of 53BP1 to DSBs was tested 

under hypoacetylation conditions. In this scenario, an impaired recruitment of 

53BP1 to γH2AX-labelled DSBs would be expected. In order to induce a global 

reduction of H4K16 acetylation, we silenced endogenous MOF using a lentiviral 

vector expressing a short hairpin RNA (shRNA) that targeted MOF (shMOF). 

MOF is the major acetyltransferase of H4K16 (Smith et al., 2005; Taipale et al., 

2005) and our previous results identified changes in MOF expression to be 

directly associated with the age-related reduction of H4K16Ac during in vitro 

aging.  

Once cells were infected with shMOF, silencing of MOF was checked with 

different approaches. Using RT-qPCR, we confirmed that both EP and LP 

HDFs infected with shMOF showed down-regulation of MOF expression levels 

compared to those cells infected with the control shRNA scramble 

(shScramble) (Figure 38A). In addition, western blot analysis showed reduced 

levels of MOF in HDFs after MOF depletion in comparison to the scramble 

control (Figure 38B). Besides, H4K16Ac levels were evaluated in HDFs 

transduced with shScramble and shMOF by immunofluorescence. Consistent 

with the fact that MOF is the major acetyltransferase of H4K16 in mammals, 

lower levels of H4K16Ac were observed after MOF inhibition in EP and LP 

HDFs compared to the scramble control (Figure 38C). 
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Figure 38. Validation of MOF depletion in EP and LP HDFs infected with MOF shRNA. (A) 
Relative expression level of MOF in EP and LP HDFs infected with shScramble and shMOF. 
Data are presented as fold change with respect to shSramble cells. Bar graphs show mean. Error 
bars indicate SEM. Asterisks indicate significant p-values obtained from Welch’s t-test (**p<0.01, 
***p<0.001). (B) Western blot analysis of MOF in EP and LP HDFs infected with shScramble 
(shSc) and shMOF. GAPDH was used as a loading control. (C) Immunofluorescence staining of 
cell nuclei with DAPI (blue) and H4K16Ac (A488, green) in EP and LP HDFs infected with 
shScramble and shMOF. Scale bar = 10µm. 

To examine the effect of MOF silencing, and thus the effect of subsequent 

hypoacetylation of H4K16 on 53BP1 recruitment efficiency, 53BP1/γH2AX 

colocalization ratio was assessed by a triple immunostaining of 53BP1, γH2AX 

and H4K16Ac. These analysis were firstly performed EP and LP HDFs 

transduced with shScramble and shMOF in control conditions. As expected, 

infected cells with shMOF showed significantly reduced levels of H4K16Ac 

compared to control cells infected with shScramble (Figure 39A, 39B). 

Regarding DSBs, a significantly increased number of γH2AX foci was observed 

both in EP and LP MOF-depleted HDFs, which was not accompanied by an 
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equivalent increase of 53BP1 foci (Figure 39A, 39C). As a consequence, the 

53BP1/γH2AX colocalization ratio was certainly decreased after MOF depletion 

in EP and LP HDFs (Figure 39C). These findings show that MOF depletion 

results in increased generation of DSBs that are not able to properly recruit 

53BP1, suggesting that MOF silencing could lead to impairments in 53BP1 

recruitment.  
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Figure 39. MOF depletion results in increased DSB induction in EP and LP HDFs. (A) Triple 
immunofluorescence staining of H4K16Ac (A532, grey), үH2AX (A594, red) and 53BP1 (A488, 
green) in EP and LP HDFs infected with shScramble and shMOF in control conditions. Merged 
panel shows colocalization of 53BP1 and үH2AX foci. DAPI (blue) was used to label cell nuclei. 
Scale bar = 10µm. (B) Mean of corrected total cell fluorescence intensity of H4K16Ac in EP and 
LP HDFs infected with shScramble and shMOF. Error bars indicate SEM and asterisks indicate 
statistically significant differences (Mann-Whitney test; ***p<0.001). (Continue on the next page)  
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(C) Mean number of үH2AX and 53BP1 foci per cell in EP and LP HDFs infected with shScramble 
and shMOF in control conditions. Error bars indicate SEM and asterisks indicate statistically 
significant differences (Mann-Whitney test; ***p<0.001). (D) Ratios of 53BP1 and γH2AX foci 

colocalization in EP and LP HDFs infected with shScramble and shMOF in control conditions. 

In order to further examine the effect of MOF depletion on 53BP1 recruitment, 

we analyzed 53BP1/γH2AX colocalization ratio after inducing DSBs with 

bleocin. Firstly, shMOF infection was confirmed after analyzing H4K16Ac levels 

by immunofluorescence in control and MOF-depleted HDFs (Figure 40A). 

Infected cells with shMOF showed significantly lower levels of H4K16Ac 

compared to control cells which were infected with shScramble (Figure 40B). 

Following 1 h treatment with bleocin, we evaluated the number of induced 

γH2AX foci together with the recruitment of 53BP1 to these γH2AX foci. After 

bleocin treatment, the number of induced γH2AX foci was similarly increased 

in both control and MOF-depleted EP and LP HDFs (Figure 40C). This bleocin-

associated induction of DSBs masked the MOF depletion-related increase of 

γH2AX foci that was previously observed in control conditions. Nonetheless, 

53BP1 recruitment to bleocin-induced γH2AX was significantly different in 

MOF-depleted compared to control cells. Those cells with depleted MOF 

showed reduced number of 53BP1 foci in comparison to their control 

counterparts (Figure 40C). This phenomenon occurred in both EP and LP 

HDFs. Taking these results into account, reduced 53BP1/γH2AX colocalization 

ratios were observed in EP and LP HDFs after MOF inhibition. Reduction of 

53BP1/γH2AX colocalization ratios after MOF silencing was more prominent in 

LP HDFs (Figure 40D).  

Altogether these findings show that artificial reduction of H4K16Ac levels by 

MOF inhibition leads to a decreased recruitment of 53BP1 to үH2AX foci. These 

results reinforce the need of reaching a specific H4K16Ac level to activate a 

fully operative DDR. Consequently, the accumulation of unrepaired DSBs with 

age could at least be partly explained by the age-associated reduction of 

H4K16Ac levels below the optimum level required for an appropriate 

recruitment of 53BP1.  
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Figure 40. 53BP1 recruitment to induced DSBs is reduced after MOF depletion in EP and 
LP HDFs. (A) Triple immunofluorescence staining of H4K16Ac (A532, grey), үH2AX (A594, red) 
and 53BP1 (A488, green) in EP and LP HDFs infected with shScramble and shMOF after bleocin 
treatment. Merged panel shows colocalization of 53BP1 foci with үH2AX foci. DAPI (blue) was 
used to label cell nuclei. Scale bar = 10µm. (Continue on the next page)  
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(B) Mean of corrected total cell fluorescence intensity of H4K16Ac in EP and LP HDFs infected 
with shScramble and shMOF after bleocin treatment. Error bars indicate SEM and asterisks 
indicate statistically significant differences (Mann-Whitney test; *p<0.05, **p<0.01). (C) Mean 
number of үH2AX and 53BP1 foci per cell in EP and LP HDFs infected with shScramble and 
shMOF after bleocin treatment. Error bars indicate SEM and asterisks indicate statistically 
significant differences (Mann-Whitney test; *p<0.05, **p<0.01). (D) Ratios of 53BP1 and γH2AX 
foci colocalization in EP and LP HDFs infected with shScramble and shMOF after bleocin 

treatment. 
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DNA damage has been identified as one of the major drivers of the aging 

process (López-Otín et al., 2013; Moskalev et al., 2013). Among the distinct 

DNA lesions, DSBs are difficult to remove and pose a considerable threat 

because joining of illegitimate ends may occur. Indeed, the accumulation of 

unrepaired DSBs with age can lead to adverse consequences such as cell 

death or cancer-causing genome rearrangements (Gorbunova and Seluanov, 

2016; White and Vijg, 2016). The relevance of DSB repair to aging is confirmed 

by the fact that mutations in multiple genes involved in DSB repair lead to a 

premature aging phenotype (Bohr, 2002). For instance, mice with disruption in 

NHEJ genes Ku80 (Vogel et al., 1999) and DNA-PKcs (Espejel et al., 2004) 

have a significantly shortened life span and exhibit early onset of classical aging 

pathologies. These evidences together support a relationship between 

defective DSB repair and age. 

Since DNA is packed with core histones into higher levels of chromatin 

structure, the events related to DNA repair should be regulated within the layers 

of chromatin (Krishnan et al., 2011b). Recent efforts have demonstrated that 

during DNA repair, histone modifications act in concert to allow the access of 

the DNA repair machinery to DNA damage sites (Krishnan et al., 2011b). One 

such histone mark that is critical for the maintenance of chromatin structure and 

the efficient repair of DSBs is H4K16Ac. Interestingly, the age-associated 

changes of H4K16Ac (Krishnan et al., 2011a) and its involvement in 53BP1 

recruitment to DSB sites (Hsiao and Mizzen, 2013; Tang et al., 2013) insinuate 

a key role for this histone mark in the regulation of DSB repair during aging. 

Similarly, preliminary data suggests a possible role of the novel epigenetic mark 

H3K4ox in DDR through chromatin state regulation (Cebrià-Costa, 2017). 

This study describes how the novel epigenetic mark H3K4ox changes in an 

age-dependent manner and establishes H4K16Ac as a DNA damage 

responsible mark that is essential for proper DSB repair during aging.  
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To better understand the implications of this study, the different results obtained 

are discussed below. 

1. Evaluation of cellular aging models 

Given the heterogeneity and complexity of the aging phenotype in humans, in 

vitro studies have been extensively used as reliable approach to investigate the 

mechanisms of aging (Lidzbarsky et al., 2018). The biggest question of in vitro 

studies is whether cell culture adequately reflects in vivo conditions and, thus, 

the translation of results to a whole organism. Cells in culture and those in an 

intact organism display different metabolic needs and growth conditions. 

Moreover, cultured cells impair the dynamic cross-talk between cells and the 

extracellular matrix. To compensate for the main in vitro limitation, researchers 

turn to in vivo studies, in which cells from aged animals or humans are used 

(Lidzbarsky et al., 2018). Nonetheless, significant disadvantages of in vivo 

studies include the expensive costs of animal models, the longer experimental 

timescales and the fact that in vivo models are not always available. Also, 

depending on the cell type, the obtained cells may require a brief time of culture 

exposing them to culture-associated stress (Arantes-Rodrigues et al., 2013). 

Thus, each aging model has its drawbacks and its advantages, and 

researchers use the most convenient or available models for their work. 

In this thesis we have used an OIS model and an in vitro aging model of 

fibroblasts that have accumulated extensive passaging but have not yet 

reached senescence. Fibroblasts have been widely used as an in vitro model 

of aging since replicative senescence was firstly described in fibroblasts by 

Hayflick and Moorehead (1961). Also, the use of BJ fibroblasts carrying an 

inducible ER:RAS vector constitutes a widely-extended tool for dissecting the 

molecular mechanisms regulating senescence (Tarutani et al., 2003; Innes and 

Gil, 2019). 
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Because many works regarding age-associated variations in epigenetic factors 

have been performed in senescent fibroblasts (Narita et al., 2003; Fraga and 

Esteller, 2007; Sidler et al., 2017), we established an OIS model in order to 

validate the methods used to measure H4K16Ac variations in our work. We 

validated the successful induction of RAS-mediated senescence by the 

identification of some senescence-associated biomarkers like elevated SA-β-

gal activity, upregulation of the cell cycle regulator p21, downregulation of the 

epigenetic mark H3K4me3, typically associated with active transcription (Li et 

al., 2007), formation of SAHF and persistent DNA damage, identified by the 

increased frequency of γH2AX foci. Consequently, these results confirm our 

inducible model of OIS as an easily exploitable tool for a better understanding 

of senescent phenotypes that ultimately promote aging. 

While in vitro senescent cells are almost homogeneous populations, in in vivo 

aged tissues, senescent cells do coexist with young cells and with aged cells 

that have undergone many passages but have yet to reach senescence. For 

this reason, serial culture of HDFs was used as a model that partially mimics 

the cellular and molecular changes associated with aging. The proliferation limit 

of HDFs and their gradual acquirement of the aging phenotype are commonly  

associated with the in vivo lifespan of the organism (Rubin, 1997; Tigges et al., 

2014). Taking into account that HDFs reach their replicative limit after 30 

passages in culture (Sedelnikova et al., 2004), an age-related distinction 

between EP and LP HDFs was stablished based on the number of culture 

passages, morphology and replicative rate. EP HDFs, with less than 10 

passages in culture, showed the characteristic spindle shape of adherent 

fibroblasts. On the other hand, LP HDFs, with more than 20 culture passages, 

displayed increased cell size and vacuoles together with a loss of replicative 

potential with increasing passage.  

Although results obtained from in vitro studies should be viewed with caution 

when translated to a whole organismal aging, we consider OIS and in vitro 
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aging of HDFs as reliable and relatively simple strategies to investigate the 

conserved pathways involved in aging. 

2. H3K4ox is an age-dependent epigenetic mark  

Once OIS and in vitro aged HDFs were established and validated as cellular 

models of aging, we were able to study the age-associated behavior of the 

novel epigenetic mark H3K4ox.  

Recent research on the chemical reactions occurring on H3 has revealed that 

the deamination of H3K4me3 by the oxidases LOXL2 or LOXL1 results in the 

formation of H3K4ox, an epigenetic histone mark with unknown physiological 

function (Herranz et al., 2016). Specifically, H3K4ox is enriched in 

heterochromatic regions, where it favours their characteristic condensed state 

(Cebrià-Costa et al., 2019). Considering that aging has been largely associated 

with changes in heterochromatin distribution (Oberdoerffer and Sinclair, 2007), 

H3K4ox emerges as an interesting histone mark whose pattern and distribution 

are worth evaluating during aging processes. Moreover, it has been observed 

that forcing chromatin decondensation by depletion of LOXL2, and 

consequently lowering H3K4ox levels, leads to increased number of γH2AX 

and 53BP1 (Cebrià-Costa et al., 2019), suggesting H3K4ox to participate in the 

DDR.  

Firstly, our results showed a global reduction of H3K4ox during senescence 

and in vitro aging. This reduction was more evident in senescent fibroblasts 

than in in vitro aged HDFs. Accordingly, the expression levels of LOXL2 and 

LOXL1 suffered from a strong decrease in senescent fibroblasts while in in vitro 

aged HDFs only LOXL1 expression was reduced. The downregulation of only 

one oxidase during in vitro aging may explain the subtler reduction of H3K4ox 

observed in aged HDFs. Thus, the oxidase responsible for this reduction may 

vary between age-related processes, remarking their distinct nature.  
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Since H3K4ox has been connected to structural changes in heterochromatin 

that lead to a more compacted chromatin and a less efficient DDR, one would 

expect higher oxidation levels during aging and senescence. Contrary to what 

predicted, our results showed a global reduction of H3K4ox levels during 

senescence and in vitro aging. This could be explained considering the age-

related heterochromatin redistribution model that associates aging with a  

decrease in global heterochromatin levels and with an increase in 

heterochromatin formation at specific loci (Oberdoerffer and Sinclair, 2007; 

Tsurumi and Li, 2012). These alterations to higher-order chromatin structure 

during senescence result in the formation of specialized domains of 

heterochromatin, the so-called SAHF (Parry and Narita, 2016). In this regard, 

we observed that H3K4ox was specifically enriched in SAHF compared to the 

rest of the nucleus; thus confirming the link of this mark with heterochromatic 

regions of highly condensed DNA. Because SAHF are thought to contribute to 

the senescence phenotype by packaging proliferative genes into repressed 

heterochromatic domains (Zhang et al., 2007; Parry and Narita, 2016), the 

presence of H3K4ox in SAHF suggests an association of this mark with gene 

silencing. In fact, SAHF are characterized by the exclusion of euchromatin 

marks such as H3K4me3 (Narita et al., 2003), which could be explained by the 

oxidation of the residue.  

Interestingly, LOXL2-dependent H3K4me3 oxidation is crucial for the chromatin 

reorganization during other cellular events such as the transition from epithelial 

to mesenchymal (EMT) state (Millanes-Romero et al., 2013). It has been 

demonstrated that upon induction of EMT, LOXL2 is recruited to 

pericentromeric regions to oxidize H3 which in turns represses the transcription 

of long non-coding major satellites, leading to chromatin redistribution and 

acquisition of mesenchymal traits (Casanova et al., 2013; Millanes-Romero et 

al., 2013). Therefore, although not demonstrated, it is possible that oxidation of 

H3K4 at SAHF might be repressing the transcription of proliferative genes. 

Finally, EMT has been related, among other procceses, to metastasis and 
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cancer progression. In this regard, high levels of LOXL2 and the corresponding 

enrichment of H3K4ox have been observed in different triple negative breast 

cancer cell lines (Cebrià-Costa et al., 2019), which agrees with the aberrant 

expression of LOLX2 described in various tumours (Barker et al., 2012; Cano 

et al., 2012; Ahn et al., 2013). 

It is worth mentioning that although H3K4ox is primarily enriched in 

heterochromatin domains, data obtained this far suggest that the exact 

H3K4ox-enriched regions might be cell type-specific. This would explain why 

the heterochromatin-enriched regions with large fraction of H3K4ox identified 

in breast cancer cells were not overrepresented in senescent fibroblasts.  

Therefore, our findings confirm the relationship between heterochromatin 

regions and H3K4ox, conferring it a potential role in SAHF assembly and gene 

silencing during senescence. Moreover, variations of LOXL1, LOXL2 and 

H3K4ox in OIS and in in vitro aging, suggest H3K4me3 oxidation as a promising 

age-associated epigenetic modification, probably with a more relevant role in 

OIS than in in vitro aging. Finally, the presumed influence of H3K4ox on the 

DDR points the study of the age-associated role of H3K4ox in DDR regulation 

as an interesting topic for future research.   

3. Loss of H4K16 acetylation in OIS and in in vitro 

aging 

Acetylation of H4K16 has been extensively associated with aging. In aging 

model organisms, decreased H4K16Ac by depletion of the acetyltransferase 

Sas2 extends the replicative lifespan of normal and senescent yeast strains 

(Dang et al., 2009; Kozak et al., 2010). However, in the case of mammalian 

aging, the studies performed so far have reached ambiguous conclusions. 

While replicative senescent fibroblasts display H4K16Ac enrichment over 

promoter regions of expressed genes (Rai et al., 2014), global loss of H4K16Ac 

has been observed in both replicative and oncogene-induced senescence in 
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human fibroblasts (Contrepois et al., 2012). Similarly, global H4K16 

hypoacetylation has been associated with an early cellular senescence 

phenotype in a mouse model of premature aging (Krishnan et al., 2011a). 

Consistently, global deacetylation of H4K16 occurs in the liver, heart and bone 

marrow of normal old mice (Krishnan et al., 2011a) and an age-dependent 

decrease of H4K16 acetylation has been also demonstrated in oocytes from 

aged mice (Manosalva and González, 2009). In line with these findings, our 

results in human fibroblasts demonstrated a global reduction of H4K16Ac levels 

in OIS and during in vitro aging. Given that H4K16Ac regulation depends on 

the cell cycle, with high levels of H4K16Ac in S and G2 phase decreasing 

before cells enter mitosis (Vaquero et al., 2006), it is worth mentioning that 

analysis of the cell cycle showed homogenous distributions of the cell cycle 

phases between EP and LP HDFs, being most of the cells in G1 phase. Since 

no significant differences were observed in the cell cycle distribution between 

EP and LP HDFs, we discarded that the observed age-associated alterations 

in H4K16Ac come as consequence of its cell-cycle dependent regulation.  

Interestingly, our results showed a relation between H4K16Ac levels and the 

highly developed SAHF of oncogene-induced senescent fibroblasts. 

Acetylation of H4K16 is key in the regulation of chromatin compaction and gene 

expression (Akhtar and Becker, 2000; Shogren-Knaak, 2006): while H4K16 

deacetylation is usually related to transcriptional silencing and heterochromatin 

formation, acetylation of H4K16 is generally associated with transcriptional 

activation (Vaquero et al., 2007a). Since chromatin rearrangements and SAHF 

formation are hallmarks of senescence (Zhang et al., 2007; Parry and Narita, 

2016), deacetylation of H4K16 has been proposed to contribute to SAHF-

associated DNA compaction and to the silencing of proliferation-promoting 

genes in senescent cells (Contrepois et al., 2012).  

Taken all these results together, it seems clear that deacetylation of H4K16 is 

a common hallmark of both OIS and in vitro aging. However, our findings 
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suggest that this H4K16Ac reduction is stablished through different molecular 

mechanisms in each process. During OIS, we noticed increased deacetylase 

activity due to higher expression levels of sirtuins, especially of SIRT1, while 

the expression levels of MOF, the principal acetyltransferase of H4K16, were 

unaltered. These results agree with the function of SIRT1 in the formation and 

maintenance of chromatin. SIRT1-mediated H4K16 deacetylation favors 

facultative heterochromatin formation (Vaquero et al., 2007b; Bosch-Presegue 

and Vaquero, 2011), thus it is reasonable to think that increased SIRT1 may 

also promote SAHF formation or maintenance in cells undergoing OIS. 

Furthermore, SIRT1 has been found to promote replicative senescence in 

response to chronic genotoxic stress in mouse fibroblasts (Chua et al., 2005).  

In the case of in vitro aging and contrary to OIS, sirtuins expression remained 

unchanged while acetyltransferase activity was reduced due to decreased 

MOF expression. Supporting these results, the knockdown of MOF results in 

decreased H4K16Ac and exacerbation of the premature aging phenotype in 

mouse fibroblasts (Krishnan et al., 2011a). 

In addition to sirtuins and MOF, we also checked the expression levels of other 

enzymes that have been directly associated with H4K16 acetylation regulation. 

The acetyltransferase TIP60 mainly acetylates lysines 5, 8, and 12 of 

nucleosomal H4 (Steunou et al., 2014); however, it has also been described to 

target H4K16 during the DDR (Tang et al., 2013). On the other hand, histone 

deacetylases HDAC1 and HDAC2, whose specific histone substrates have not 

been yet elucidated (Seto and Yoshida, 2014), seem to be involved in 

deacetylation of H4K16 shortly after DSB induction (Miller et al., 2010; Hsiao 

and Mizzen, 2013; Tang et al., 2013). Consistent with their role in the DDR 

rather than in aging, no differences were detected in the expression levels of 

TIP60, HDAC1 and HDAC2, in neither cellular model. These results reinforce 

MOF and sirtuins as the major enzymes responsible for H4K16Ac regulation 

during aging processes.  
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Overall, our findings together with previous data very likely suggest that the 

reduction of global H4K16Ac in OIS and in in vitro aging depends on the 

expression levels of SIRT1 and MOF respectively, thus highlighting the distinct 

nature of OIS and in vitro aging.  

4. Age-associated role of H4K16 acetylation in 53BP1 

recruitment to DSBs  

As it was previously shown, H4K16Ac alterations in different aging models 

might be very likely related to the regulation of chromatin structure. Considering 

that the proper conformation of chromatin is essential for the recruitment of 

DNA repair proteins to DSBs, it has been proposed that H4K16Ac creates an 

open-chromatin environment, favorable to the recognition and repair of DSBs  

(Krishnan et al., 2011a). Thus, we hypothesized that the age-related alterations 

of H4K16Ac could lead to a defective DDR during aging.  

Remarkably, we observed that following DSB induction with ү-rays, EP HFDs 

responded by diminishing their H4K16Ac levels immediately after irradiation to 

later recover their basal levels. The same tendency was observed for MOF 

expression levels confirming its role as the main responsible acetyltransferase 

for variation of H4K16Ac levels, also after DNA damage induction. The biphasic 

behavior of H4K16Ac after DSB induction displayed by EP HDFs has also been 

detected in other DNA repair competent cell types, like laser-microirradiated 

U2OS cells (Miller et al., 2010) or U2OS cells after extensive culture in the 

continued presence of bleocin (Hsiao and Mizzen, 2013). On the contrary, LP 

HDFs, thus, in vitro aged cells with presumed defects in the DDR, showed a 

slight increase in H4K16Ac levels both at short and long post-irradiation times. 

Again, we observed the same tendency in MOF expression levels. These 

results confirm H4K16Ac as a DNA damage responsive mark and unveil a 

distinct behavior of H4K16Ac in young and in in vitro aged HDFs.  
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4.1. Age-related alterations in 53BP1 recruitment correlate 

with changes in H4K16Ac   

Several studies have described the important role of H4K16Ac in the balance 

between NHEJ and HR pathways by regulating the binding of the 53BP1 Tudor 

domain to H4K20me2 at DSB sites (Hsiao and Mizzen, 2013; Tang et al., 

2013). The distinct kinetics of H4K16Ac after DSB induction and the reported 

alterations in 53BP1 recruitment to DSBs during in vitro and in vivo cellular 

aging (Hernández et al., 2013; Anglada, 2018), led us to investigate the 

relationship between age-related H4K16Ac changes and 53BP1 recruitment 

during in vitro aging. 

First, it is important to mention that in vitro aging of HDFs was accompanied by 

an increased number of basal үH2AX foci. These results are consistent with 

previous findings reporting an increased frequency of γH2AX signaling in in 

vitro aged cells (Sedelnikova et al., 2004, 2008; Hernández et al., 2013; 

Pustovalova et al., 2016). Also cells from aged human donors present an 

increased frequency of genome reorganizations and γH2AX foci with 

increasing age (Sedelnikova et al., 2008; Rübe et al., 2011; Titus et al., 2013; 

Kalfalah et al., 2015; Anglada et al., 2019). The reasons behind this 

accumulation might be an age-associated repair defect related to the ability of 

age cells to recruit repair proteins, like 53BP1, to the damage sites. 

In this regard, LP HDFs also displayed a decrease in 53BP1 recruitment to 

DSBs sites compared to EP HDFs. These results are in agreement with 

previous descriptions of impaired 53BP1 recruitment to γH2AX foci in in vitro 

and in vivo aged human mammary epithelial cells (Hernández et al., 2013; 

Anglada, 2018), suggesting that impairments in 53BP1 recruitment might 

function as a sensitive molecular marker of aging in different cell types. 

Increased basal DSBs and decreased 53BP1 recruitment to these DSBs in LP 

HDFs were accompanied by significantly lower levels of H4K16Ac than in EP 

cells. Strikingly, after DSB induction with bleocin or γ-rays, H4K16Ac levels 
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experienced an immediate reduction in EP HDFs and a rapid increase in LP 

HDFs. The same tendency was observed regarding 53BP1 recruitment to 

үH2AX-labelled DSBs after bleocin treatment. We hypothesize that the 

colocalization ratio reached a maximum value of 0.7 after bleocin treatment-

instead of values near 1 in control conditions- both in EP and LP HDFs due to 

the continuous presence of bleocin in the cell media, constantly inducing DSBs. 

It is likely that the most recently induced DSBs have not been yet able to recruit 

enough DNA repair proteins. In fact, after DSB induction with γ-rays, a punctual 

and finite or discontinuous source of DNA damage, the colocalization ratio 

remained stable in EP HDFs and increased in LP HDFs compared to control 

conditions. Nevertheless, independently from the DSB source, H4K16Ac 

reached a similar steady value in EP and LP HDFs and 53BP1/үH2AX 

colocalization ratios also converged in all passages. Hence, 53BP1 recruitment 

to үH2AX-labelled DSBs improved in LP HDFs after DSB induction and this 

correlated with an increase of H4K16Ac. Similar to this observation, higher 

levels of H4K16Ac facilitate 53BP1 recruitment after DSB induction in cellular 

models of premature aging such as Zmpste24−/− cells (Krishnan et al., 2011a). 

Taken together, these data seem to disclose a correlation between global 

levels of H4K16Ac and 53BP1 recruitment during in vitro aging. 

H4K16 acetylation has been recently proposed to limit 53BP1 association with 

DSBs by reducing its binding affinity towards H4K20me2, which would favor 

DNA repair by HR (Hsiao and Mizzen, 2013; Tang et al., 2013). Nonetheless, 

our results show that transient hypoacetylation of H4K16 cannot be the only 

factor influencing 53BP1 recruitment to DSBs. If that was the case, LP HDFs, 

which remain mostly in G1 phase and display a constant hypoacetylation state 

when compared to EP HDFs, would not exhibit 53BP1 recruitment defects as 

shown in this study and in previous works (Hernández et al., 2013; Anglada, 

2018). In a recent work, Tang and coworkers (2013) described H4K16 

deacetylation after DNA damage induction as a rapid, transient and DSB-

localized event in U2OS cells, which are DNA repair competent cells. To this 
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extent, we observed an equivalent behavior in EP HDFs, which are also DNA 

repair competent cells: they reduced their H4K16 acetylation levels after DSB 

induction. Instead, in in vitro aged HDFs, we identified a basal H4K16 

hypoacetylation which rapidly raised after DSB induction. Hence, EP and LP 

HDFs ultimately reach very similar H4K16Ac levels after DSB induction. We 

propose that this steady state level might be the optimal one for proper 53BP1 

recruitment to DSBs.  

4.2. A specific level of H4K16Ac is required for a proper 

53BP1 recruitment 

To gain insight into the relationship between H4K16 acetylation levels and 

53BP1 recruitment during in vitro aging, we analyzed the effects of hyper- and 

hypoacetylation of H4K16 on the recruitment of 53BP1. Since following DSB 

induction, aged HDFs displayed an increase in both 53BP1/γH2AX 

colocalization and H4K16Ac levels, we reasoned that hyperacetylation might 

improve 53BP1 recruitment to bleocin-induced DSBs during in vitro aging. For 

this purpose, we used trichostatin A (Kim and Bae, 2011) and nicotinamide 

(Avalos et al., 2005) to inhibit HDAC1 and HDAC2 (class I HDAC) and sirtuins, 

all of them involved in H4K16 deacetylation (Vaquero et al., 2007a; Miller et al., 

2010). 

Contrary to what might be expected, hyperacetylation using both nicotinamide 

and trichostatin A failed to ameliorate the recruitment of 53BP1 before and after 

DSB induction in neither young nor aged HDFs. Instead, a global reduction of 

H4K16Ac by MOF silencing did reduce 53BP1 recruitment to DSBs. Depletion 

of MOF was more efficient in LP than in EP HDFs. However, it is worth 

mentioning that the initial expression of MOF and the levels of H4K16Ac were 

lower in LP HDFs than in EP HDFs which reinforces the age-associated 

reduction of MOF expression and H4K16Ac levels that we observed in other 

experiments. Silencing of MOF instead of TIP60 was chosen since MOF has 

been described to have major role in H4K16 acetylation (Smith et al., 2005; 
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Taipale et al., 2005) and, in agreement with this, we did not observe significant 

changes in TIP60 expression during in vitro aging. 

MOF silencing resulted in an overall increase of basal DSBs with limited 53BP1 

recruitment, being this defect more pronounced after DSB induction. This might 

be explained if we consider that 53BP1 should be recruited not only to the 

bleocin-induced DSBs but also to the MOF depletion-related DSBs. 

Accordingly, other studies have described that MOF depletion down-regulates 

H4K16 acetylation and impairs the recruitment of MDC1 as well as other 

downstream proteins, such as 53BP1 and BRCA1 to damaged sites (Li et al., 

2010; Sharma et al., 2010); however, it does not affect their gene expression 

neither the total amount of DDR proteins. These observations imply that MOF-

dependent H4K16 acetylation is able to alter the DDR performance through 

modifications at the chromatin level (Li et al., 2010; Sharma et al., 2010). 

Therefore, given the relevance of H4K16Ac, its reduction by MOF depletion 

could explain the decrease in 53BP1 foci formation. Consistently with this 

observation, MOF overexpression in a mouse model of premature aging leads 

to enhanced global H4K16 acetylation levels and improved 53BP1 recruitment 

to DSB sites (Krishnan et al., 2011a). These evidences and the fact that 

hyperacetylation with trichostatin A or nicotinamide did not improve recruitment 

of 53BP1, suggest MOF, through H4K16 acetylation, to play a prominent role 

in the recruitment of 53BP1 to DSB sites. Nevertheless, further experiments, 

such as MOF overexpression in aged cells, should be performed to confirm this 

theory. 

In summary, with the data reported in this study we propose a model of 

H4K16Ac regulation with age and in response to DNA damage that contributes 

to the proper recruitment of DNA repair effector 53BP1 to the DSB sites. 

According to this model (Figure 41) following DSB induction, H4K16Ac reaches 

a specific and stable level for the appropriate recruitment of 53BP1 to DSB 

sites. In young cells, this level is rapidly achieved by slightly lowering their basal 

H4K16Ac levels. Nevertheless, aged cells display lower levels of basal 



Contribution of histone modifications to double-strand break repair and aging 

126 
 

H4K16Ac that might impede them to reach the optimum H4K16Ac level for 

proper 53BP1 recruitment. Consequently, the present study suggests that a 

linear relationship between epigenetic status, DNA repair and aging might be 

too simplistic to assume. Indeed, these evidences constitute the basis for a 

future research study in which the role of H4K16Ac as a key mediator between 

DNA repair and chromatin structure could shed some light on the molecular 

mechanisms governing organismal aging.  

 

Figure 41. Age-associated dynamics of H4K16Ac after DSB induction. In basal conditions, 
H4K16Ac levels and 53BP1/γH2AX colocalization ratio are higher in young than in aged HDFs. 
After DSB induction, the H4K16Ac levels slightly decrease in young cells while they increase in 
aged cells. Regarding 53BP1/үH2AX colocalization ratio, it barely changes after DSB induction 
in young HDFs; however, it increases in aged HDFs in comparison to control conditions. As a 
result, H4K16Ac levels and 53BP1/үH2AX colocalization ratios converge in all passages. 
Independently from the culture passage, hyperacetylation prior to DSB induction does not 
improve 53BP1/γH2AX colocalization ratio. In contrast, H4K16 hypoacetylation impairs 53BP1 
recruitment to γH2AX-labelled DSBs, reducing the 53BP1/γH2AX colocalization ratio in young 
and aged HDFs. Consequently, after DSB induction, H4K16Ac reaches a specific level which is 
required for an appropriate recruitment of 53BP1 to DSB sites.
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1. H3K4ox levels decrease in oncogene-induced senescent cells and in in 

vitro aged cells most probably due to a reduction of the oxidizers LOXL1 

and LOX2, which suggests that H3K4ox is an age-associated histone 

mark. 

 

2. In oncogene-induced senescent cells, H3K4ox is locally enriched in SAHF 

where it may have a potential role in their assembly during senescence. 

 

3. H4K16 acetylation decreases in oncogene-induced senescent cells and in 

in vitro aged cells, although the mechanisms underlying this age-

associated reduction vary in both processes. While in OIS, sirtuins 

expression is enhanced, in in vitro aging, the expression of the 

acetyltransferase MOF is reduced.  

 

4. In basal conditions and compared to young fibroblasts, in vitro aged 

fibroblasts display a decreased recruitment of 53BP1 to DSBs that 

correlates with a reduction of H4K16 acetylation levels.  

 

5. Following DSB induction, H4K16 acetylation slightly decreases in young 

fibroblasts while it increases in in vitro aged cells, smoothing the 

differences existing among passages in control conditions. A similar 

tendency is observed regarding 53BP1 recruitment to DSBs. 

Consequently, H4K16Ac and 53BP1 recruitment reach similar levels in 

young and in in vitro aged fibroblasts.  

 

6. Hyperacetylation of H4K16 does not improve the recruitment of 53BP1 to 

DSBs while MOF-mediated H4K16 hypoacetylation reduces it. Therefore, 

after DNA damage induction, H4K16Ac reaches a specific and stable level 

required for an appropriate recruitment of 53BP1 to DSB sites.   
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Abstract 

Aging is associated with changes in gene expression levels that affect cellular 

functions and predispose to age-related diseases. The use of candidate genes 

whose expression remains stable during aging is required to correctly address 

the age-associated variations in expression levels. Reverse transcription 

quantitative-polymerase chain reaction (RT-qPCR) has become a powerful 

approach for sensitive gene expression analysis. Reliable RT-qPCR assays 

rely on the normalisation of the results to stable reference genes. Taken these 

data together, here we evaluated the expression stability of eight frequently 

used reference genes in three aging models: oncogene-induced senescence 

(OIS), in vitro and in vivo aging. Using NormFinder and geNorm algorithms, we 

identified that the most stable reference gene pairs were PUM1 and TBP in 

OIS, GUSB and PUM1 for in vitro aging and GUSB and OAZ1 for in vivo aging. 

To validate these candidates, we used them to normalise the expression data 

of CDKN1A, APOD and TFRC genes, whose expression is known to be 

affected during OIS, in vitro and in vivo aging. This study demonstrates that 

accurate normalisation of RT-qPCR data is crucial in aging research and 

provides a specific subset of stable reference genes for future aging studies. 
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Introduction 

Aging is a complex physiological process that affects organismal, tissue 

and cellular levels, and it is characterised by a persistent loss of cellular and 

tissue integrity that leads to impaired biological function and increased risk of 

pathologies and diseases1. Hayflick and Moorehead2 proved that normal cells 

have limited proliferation capability in culture and enter senescence due to the 

loss of telomeric integrity, after extensive replicative shortening, or the 

accumulation of unrepairable DNA damage3,4. Since then, studies using cells 

aged in vitro after extensive passaging have been extensively used in aging 

research. Additionally, fibroblast strains, such as BJ or IMR90, have been used 

to generate stable models of inducible senescence in which the proliferative 

arrest involves the activation of both the retinoblastoma and p53 pathways, by 

an activating mutation of an oncogene, termed as oncogene induced 

senescence (OIS)5. Living organisms also produce senescent cells in their 

tissues, whose frequency increases with age1 and contributes to the age-

associated decline of regenerative capacity, tissue inflammation and the 

development of age-related diseases6,7. While in vitro induced senescent cells 

are almost homogeneous populations, regarding in vivo aged tissues, 

senescent cells coexist with young cells and with old cells that have 

accumulated many divisions but have not yet reached senescence. Thus, cells 

derived from old individuals share cellular and molecular phenotypes with in 

vitro senescent cells, but it is not clear whether these phenotypes are 

completely overlapping8. For this reason, when possible, researchers use in 

vivo model studies in which cells from young and elderly donors are used 

immediately after obtention or after a few passages in culture. Although these 

are the currently used models or approaches to study aging, careful 

consideration must be given to the differences among them. 

Profound changes in gene expression are important determinants of 

organismal aging9,10, and many genes change their expression with age8,11-13. 
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Therefore, understanding gene expression changes provides insights into the 

molecular mechanisms underlying normal and pathological aging processes. 

Genome-wide studies in different species have identified sets of genes 

displaying age-associated expression alterations as promising biomarkers of 

aging4,14. For instance, a meta-analysis of the age-associated gene expression 

profile has identified genes involved in the stress response, such as hypoxia-

inducible factor 1-alpha (HIF1A) or apolipoprotein D (APOD), and in cell cycle 

regulation and apoptosis,  such as cyclin dependent kinase inhibitor 1A 

(CDKN1A) and annexins, to be upregulated in a wide variety of tissues from 

humans, mice and rats during in vivo aging12. Other in vivo aging studies in 

mammals have identified the downregulation of genes mainly associated with 

metabolism and mitochondrial function12,15,16.  

In contrast, age-associated variations in gene expression may also 

reflect the selected aging model. For example, it is possible to distinguish the 

molecular phenotype of human fibroblasts that have acquired the senescent 

phenotype in vitro from that of fibroblasts obtained from old individuals8. A 

cluster analysis from a cDNA microarray that evaluated the expression of 384 

cancer-related genes in three types of aging: (i) replicative senescent 

fibroblasts, (ii) fibroblasts from a progeria patient and (iii) primary fibroblasts 

from an elderly donor, revealed that replicative senescent cells were clearly 

different from the other two aging models17. In a correlation-based comparison 

of gene expression in microarray datasets from senescent and in vivo aged 

human and mouse cells, similar expression signatures between the cellular 

senescent and in vivo aged cells could be established in mouse, but not in 

human cells. In conclusion, gene expression varies with age, but this variation 

is also influenced by the aging model used in the study18. 

A powerful tool used to evaluate changes in gene expression is the 

reverse transcription quantitative-polymerase chain reaction (RT-qPCR) 

technique. Features including great accuracy, high sensitivity, reproducibility 

and high-throughput make RT-qPCR the most prevalent technique to assess 
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mRNA expression19,20. Relative quantification of data obtained from RT-qPCR 

is used to determine changes in gene expression across multiple samples or 

conditions after normalisation to an internal reference gene20. Thus, the 

accuracy of RT-qPCR relies on the availability of reference genes that maintain 

stable expression levels under the tested conditions, which could be used as 

endogenous controls for normalisation21,22. Consequently, identification of 

appropriate reference genes is a crucial step in the correct development of RT-

qPCR assays.  

The ideal reference gene should exhibit stable expression in different 

cell types, tissues and experimental conditions or treatments. Traditionally, 

genes related to basal cellular function have been extensively used as 

reference genes23. Nevertheless, numerous studies have demonstrated that 

the expression of reference genes varies under different conditions, reflecting 

the importance of validating the expression stability of the selected reference 

genes under the desired experimental settings before performing the RT-qPCR 

assays24-26. Focusing on human aging, frequently used reference genes such 

as β-2 microglobulin (β2M) showed age-dependent variation with increased 

expression in aged muscle cells27. In addition, glucuronidase beta (GUSB) was 

found to be the most suitable reference gene, whereas 18s was found to be the 

least stable gene for expression studies in peripheral blood mononuclear cells 

from young and aged subjects28. Recently, transmembrane protein 199 

(TMEM199) has been described as a new candidate reference gene to 

normalise RT-qPCR data of senescent cells29. These findings reveal 

differences in gene expression associated with species, tissues and age 

models and bring to light the difficulties in finding a stable reference gene for 

expression studies during aging. Therefore, the purpose of this study is to 

identify a set of stable reference genes that are suitable for the analysis of 

human age-associated gene expression changes in different models of aging.  

To accomplish this goal, we analysed the impact of OIS, in vitro and in 

vivo aging on the expression stability of eight commonly used reference genes 
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that play a role in different biological functions and that have been previously 

tested in age-related studies23,27-30: glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and GUSB are involved in basal cellular functions; 

β-actin (ACTB) is an essential component of the cytoskeleton31; hypoxanthine 

guanine phosphoribosyl transferase (HPRT1) participates in nucleotide 

synthesis32; pumilio-homolog 1 (PUM1) is involved in translation regulation33; 

TATA box binding protein (TBP) functions in transcription regulation34; ornithine 

decarboxylase antizyme 1 (OAZ1) is related to protein biosynthesis35; 

TMEM199 is involved in Golgi homeostasis36. To analyse the expression 

stability of the candidate reference genes and to select the genes that are most 

suitable, we used the statistical software packages NormFinder37 and 

geNorm38. Finally, to validate their reliability, we evaluated the expression of 

genes that are known to change with aging after normalisation with the selected 

candidate reference genes.  

Results 

Establishment of senescence and aging models and testing of primers 

for reference genes 

To determine the impact of aging on the stability of reference genes, we 

employed three aging models. The first model examined was the OIS model, 

which was established in immortalised primary human BJ foreskin fibroblasts 

(BJ fibroblasts) transduced with the H-RAS oncogene fused to a 4-

hydroxytamoxifen (4-OHT)-responsive Estrogen Receptor (ER) ligand binding 

domain39. Upon eight days of 4-OHT treatment, the cells were stained for 

senescence-associated beta-galactosidase (SA-βgal) activity. The percentage 

of BJ fibroblasts displaying SA-βgal activity after 4-OHT treatment was 

significantly higher (60.25%) compared to the control conditions (2.85%) (Chi-

square test; p < 0.001) (Figure S1). The second model employed was the in 

vitro aging model, which consists of the serial culture of primary human dermal 

fibroblasts (HDFs), allowing the analysis of gene expression in a constant 
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environment over time40. Primary HDFs have a limited growth potential and 

reach their replicative limit after 30 passages in culture41. Thus, we established 

a distinction between young cells (early passage, EP), which were cells with 

less than 10 passages in culture, and old cells (late passage, LP), which were 

cells with more than 20 passages in culture. Finally, we used Human Mammary 

Epithelial Cells (HMECs) derived from the healthy tissue of young (≤ 19 years 

of age) and old (≥ 61 years of age) donors as a model for in vivo aging. 

To assess the RT-qPCR assay performance, we first calculated the 

amplification efficiency for all the primer pairs analysed in this study. RT-qPCR 

primer efficiencies were obtained from the slopes of their corresponding 

standard curves (Figure 1, Table 1). Primer efficiencies ranged from 85.61% to 

104.61%, values included in the optimal efficiency range42,43, and standard 

curves showed high linearity with correlation coefficients (R2) between 0.971 

and 0.999 (Table 1). Evaluation of the melting curves revealed single peaks for 

each primer pair, which confirmed the specificity of the amplifications (Figure 

S2).  

Descriptive statistics of candidate reference genes 

To study the expression profile of the candidate reference genes in the 

different aging models, RT-qPCR experiments were performed and the mean 

cycle threshold (Ct) value for each gene was calculated and the variation in 

expression among different samples, defined as the coefficient of variation 

(CV), was obtained for each gene. The CV should be small for a reference 

gene; thus, we considered that a stable and reliable reference gene should 

have a CV lower than 2.  

In the OIS model, most reference genes showed very few intragroup 

expression variations, with PUM1, HPRT1 and TBP being the reference genes 

that exhibited the most stable expression levels (CV < 2 for control and 

senescent BJ fibroblasts), as Ct values remained constant within control and 

senescent cells (Figure 2a). OAZ1 and TMEM199 displayed strong intragroup 
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variations, showing the highest CV values (Figure 2a). In senescent BJ 

fibroblasts, GAPDH and ACTB showed the strongest significant decrease in 

their expression level in comparison to control fibroblasts. To compare 

variations in reference genes expression with senescence, a one-way between 

subjects ANOVA using the Ct values of each reference gene was conducted, 

revealing a significant effect of OIS on reference gene expression [F (15, 76) = 

2.045, p = 0.0224].  GAPDH expression levels varied between control (mean 

Ct values: 19.48; standard deviation (SD: 0.40) and senescent BJ fibroblasts 

(mean Ct values: 17.11; SD: 0.21) (Bonferroni post-hoc test; p < 0.001) (Figure 

2a). Similarly, expression levels of ACTB displayed low intragroup variations, 

but they significantly differed between control (mean Ct value: 19.66; SD: 0.42) 

and senescent BJ fibroblasts (mean Ct value: 17.90; SD: 0.44) (Bonferroni 

post-hoc test; p < 0.001) (Figure 2a). These results point to PUM1, HPRT1 and 

TBP as the most stable reference genes for expression studies during OIS. 

These results point to PUM1, HPRT1 and TBP as the most stable reference 

genes for expression studies during OIS. 

Regarding the expression of candidate reference genes in in vitro aged 

HDFs, we found GUSB and PUM1 to have the lowest intragroup expression 

variations, reflected by the smallest CV values in EP and LP HDFs (Figure 2b). 

Conversely, the highest variable intragroup expression levels were detected for 

OAZ1 and TBP (CV > 2) (Figure 2b). We also detected a significant effect of 

the in vitro age of HDFs on reference gene expression after conducting a one-

way ANOVA test [F (15, 73) = 2.337, p = 0.0086]. The Bonferroni post-hoc test 

showed that the expression level of GAPDH significantly varied between early 

(mean Ct value: 22.74; SD: 0.33) and late (mean Ct value: 20.46; SD: 0.23) 

passage HDFs (p = 0.0177) (Figure 2b). Expression level of HPRT1 was also 

found to significantly vary between EP (mean Ct value: 25.65; SD: 0.41) and 

LP (mean Ct value: 28.48; SD: 0.42) HDFs (Bonferroni post-hoc test; p = 

0.0048) (Figure 2b). Therefore, GUSB and PUM1 seem to be the most suitable 

reference genes for expression analysis in in vitro aging models.  
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The expression profile of the candidate reference genes suffered from 

strong intragroup variations in HMECs from older donors, as almost all the 

reference genes presented a large intragroup Ct variability in aged donors (CV 

> 2) (Figure 2c). However, the strongest intra- and intergroup variations were 

observed for TBP. A significant effect of the donor’s age of HMECs on 

reference gene expression was also found after applying a one-way ANOVA 

test [F (15, 239) = 9.936, p < 0.001]. The post-hoc comparisons using the 

Bonferroni test indicated that the mean Ct value significantly increased in 

HMECs from aged donors (mean Ct value: 25.65; SD: 0.47) when compared 

to HMECs from young women (mean Ct value: 28.81; SD: 2.962) (one-way 

ANOVA and Bonferroni multiple correction test; p < 0.001). Furthermore, the 

mean Ct values of GAPDH, HPRT1, PUM1, ACTB and TMEM199 were also 

found to increase significantly in HMECs from aged donors in comparison to 

HMECs from younger donors (Bonferroni post-hoc test; p < 0.001) (Figure 2c). 

Only GUSB and OAZ1 expression levels showed very little intragroup variation, 

with no significant differences between HMECs from young and aged donors 

(Figure 2c). Therefore, these two genes appeared to be the most stable 

reference genes to study in vivo aging. 

Expression stability of candidate reference genes 

To select appropriate reference genes for each different aging model, 

genes were ranked based on their expression stability, which was evaluated 

with two statistical algorithms, NormFinder37 and geNorm38. It should be noted 

that the ranking of reference genes showed similar trends between both 

software packages, although with subtle variations, which might be attributed 

to the differences across algorithms. However, when faced with discrepancies 

between these methods, the recommended genes are always those closest to 

the most stable genes, reflecting their ability to be a suitable reference gene. 

In OIS, both NormFinder and geNorm revealed that the least stable gene 

was OAZ1, followed by TMEM199 (Table 2). These genes displayed high levels 
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of intragroup variation in their expression profile (Figure 2a). On the contrary, 

NormFinder and geNorm indicated that the most suitable genes to use as a 

reference gene were PUM1, followed by TBP and HPRT1 (Table 2). This 

classification is in accordance with the expression profiles that we previously 

obtained (Figure 2a) in which these reference genes were those with the lowest 

intragroup variability and their expression levels were very similar before and 

during senescence. 

The evaluation of gene stability during in vitro aging after applying 

NormFinder and geNorm agreed in suggesting that OAZ1 was the least stable 

gene, together with TBP and ACTB (Table 2). In accordance to their expression 

profiles, these genes were those with higher levels of intragroup variation 

(Figure 2b). Additionally, analysis with NormFinder and geNorm rendered 

PUM1 > GUSB > GAPDH as the most stable genes (Table 2). In agreement 

with the above results, expression profiles of GUSB and PUM1 were very 

similar in young and in in vitro-aged fibroblasts (Figure 2b). Instead, GAPDH 

levels were very stable within each group, although they significantly decreased 

during in vitro aging, a probable reason for its third position in the ranking 

(Figure 2b).  

For in vivo aging studies, NormFinder ranked GAPDH < TBP < PUM1 as 

the least stable genes, while geNorm designated TBP < HPRT1 < TMEM199 

(Table 2). Regarding the most stable genes, NormFinder identified OAZ1 > 

GUSB > ACTB, whereas geNorm showed GUSB > ACTB > OAZ1 (Table 2). 

Consistent with our earlier results, the expression profiles of OAZ1 and GUSB 

showed stable intragroup levels and no expression differences between 

HMECs from young and aged donors (Figure 2c). 

Finally, an optimal number of reference genes (n) for accurate 

normalisation was calculated by comparing the pairwise variation (V) of two 

sequential normalisation factors (Vn/n+1) with geNorm. In all aging processes, 

V2/3<0.15 indicated that two reference genes, among those selected by the 
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statistical algorithms, were enough to accurately normalise RT-qPCR data 

(Figure 2d).  

Validation of selected reference genes 

To validate the reference genes selected by the statistical algorithms as 

candidates for normalisation, we selected genes whose expression levels have 

been shown to change with senescence or aging. For each aging process, data 

were normalised to three distinct groups of reference genes. In agreement with 

the outcomes of NormFinder and geNorm algorithms, we selected the single 

most stable gene, the recommended combination of two reference genes and 

the candidate reference gene with the lowest stability. 

Among the various features of senescence, increased expression of 

CDKN1A has been widely used as a biomarker to identify senescent cells44. 

Therefore, we decided to check the CDKN1A expression profile in control and 

senescent BJ fibroblasts. Normalisation with the single most stable reference 

gene, PUM1, resulted in a significant increase of the CDKN1A expression level 

in senescent BJ fibroblasts compared to control BJ fibroblasts (Welch’s t-test; 

p = 0.0028) (Figure 3a). The expression of CDKN1A was also significantly 

upregulated in senescent BJ fibroblasts after normalisation to the 

recommended reference gene pair, PUM1 and TBP (Welch’s t-test; p = 0.0046) 

(Figure 3a). These findings confirm that the combination of PUM1 and TBP was 

also reliable for analysing expression changes of target genes during OIS 

(Figure 3a). However, when the least stable gene, OAZ1, was used for data 

normalisation, no statistical differences in CDKN1A expression were detected 

between normal and senescent cells. In fact, the CDKN1A expression pattern 

exhibited an opposite trend, decreasing in senescence instead of increasing 

(Figure 3a) when OAZ1 was used as the reference gene.  

A variety of genes have been shown to be differentially expressed during 

aging, making them potential markers of aging. Significant overexpression of 

APOD has been described during in vitro45 and in vivo aging12. Conversely, the 
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transferrin receptor (TFRC) was shown to decrease with age12. Therefore, we 

analysed the expression profile of both of these age-related genes to confirm 

the reliability of the chosen reference genes in models of in vitro and in vivo 

aging. 

During in vitro aging, independent of the reference genes used for 

normalisation, the expression levels of APOD were higher in LP than in EP 

HDFs, suggesting a very consistent age-dependent increase in the expression 

level of this gene (Figure 3b). Regarding TFRC expression, normalisation with 

the most stable single gene, PUM1, revealed a decrease in TFRC expression 

in LP HDFs in comparison to EP HDFs (Welch’s t-test; p = 0.0261) (Figure 3b). 

Furthermore, after normalisation with the most reliable gene pair, PUM1 and 

GUSB, a decrease in TFRC expression in LP HDFs compared to EP HDFs was 

again observed (Welch’s t-test; p = 0.0098) (Figure 3b). In contrast, using the 

least stable reference gene for normalisation, OAZ1, statistical differences in 

TFRC levels between young and old cells were not detected (Figure 3b).  

To validate reference genes for in vivo aging, we compared the expression 

profiles of APOD and TFRC between HMECs from one representative young 

and one representative aged donor. Using the suggested most stable single 

reference gene, GUSB, we observed that APOD was upregulated in HMECs 

from the aged donor compared to HMECs from the younger one (Welch’s t-

test; p < 0.001). Moreover, TFRC was downregulated in HMECs from the aged 

donor (Welch’s t-test; p = 0.0018) (Figure 3c). Similar results were obtained 

upon normalisation with the recommended reference gene pair, GUSB and 

OAZ1 (Figure 3c). Using both reference genes for normalisation, a higher 

expression of APOD was found in HMECs from the aged donor compared to 

HMECs from the younger one (Welch’s t-test; p = 0.0096). In the case of TFRC, 

its expression was again downregulated in HMECs from the aged donor 

(Welch’s t-test; p = 0.0091) (Figure 3c). Finally, when using TBP, the least 

stable reference gene, both APOD and TFRC expression levels showed large 
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variations, reflected by a high SD value, and no statistical differences were 

displayed between the age groups (Figure 3c). 

Discussion 

Gene expression analysis has become one of the most powerful tools in 

many fields of biological research, and RT-qPCR has emerged as the most 

frequently used approach for highly sensitive and precise quantification of gene 

expression. The accuracy of RT-qPCR results strongly depends on a careful 

selection of appropriate reference genes for normalisation of gene expression. 

Many studies have demonstrated that the expression of commonly-used 

reference genes varies among different cell types, tissues and experimental 

conditions24,30,38. Since there are no universal reference genes for accurate 

normalisation, it is crucial to specifically select the most suitable reference gene 

for each experimental design.  

The aging process is accompanied by gene expression changes that lead 

to a decline of many cellular functions and to the development of age-related 

diseases1. Therefore, to obtain an unbiased comparison of gene expression 

profiles during aging, it is vital to select the appropriate reference genes. Also, 

expression of these reference genes may vary among the aging models used. 

In this study, we evaluated the stability of potential reference genes and 

selected the most suitable ones for gene expression analysis in three different 

aging models: OIS, in vitro and in vivo aging.  

We identified PUM1 and TBP as the most stable pair of reference genes 

for OIS models. Expression analysis of the senescent marker CDKN1A44, after 

normalisation to PUM1 and TBP, revealed increased CDKN1A expression 

during OIS. Increased expression levels of CDKN1A has been previously 

described in IMR-90 ER:RAS fibroblasts, a classical model used to study OIS 

in culture, using GAPDH or ACTB as reference genes46. However, we show 

that these genes display intermediate or low stability values during OIS in BJ 

fibroblasts. In this regard, experiments of single-cell RT-qPCR have 
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demonstrated changes in GAPDH expression in IMR-90 fibroblasts after 

bleomycin-induced senescence47. Additionally, GAPDH and ACTB have shown 

considerable variations in fibroblasts in which senescence was induced using 

different methods29. These facts emphasise the need to specifically select 

reference genes depending on the senescence model and on the cell type. 

Indeed, together with the instability of classical reference genes, the potential 

use of new reference genes in a strain‐dependent manner has been recently 

reported in senescence studies29. Hence, we strongly advise to choose 

appropriate genes for every senescent experiment, but we suggest PUM1 and 

TBP as a starting point for future OIS studies in BJ human fibroblasts. 

We found GUSB and PUM1 to be the most stable reference genes for the 

in vitro aging model and GUSB and OAZ1 were determined as the most 

suitable reference genes for the in vivo aging model. Supporting our results, 

studies using white blood cells from aged mice and human peripheral blood 

mononuclear cells from young and aged donors also identified GUSB as the 

most stable reference gene28,48. Considering in vitro aging, it should be noted 

that the two most stable reference genes during this process in HDFs coincided 

with the most stable reference genes for in vivo aging in HMECs (GUSB) and 

for senescent BJ fibroblasts (PUM1). These results suggest that in vitro aging 

is a model that might share expression characteristics with both the 

senescence and in vivo aging models. Indeed, several studies have used 

serially cultured somatic cells as an aging-like model that mimics some of the 

cellular and molecular alterations related to organismal aging40,49. 

Nevertheless, it should be considered that these reference genes have been 

identified using human fibroblasts and HMECs, and we cannot reject that using 

other cell types may cause changes in the appropriate candidate pair. In both 

in vivo and in vitro aging models, validation of the most stable reference gene 

was performed by analysing age-related expression changes of APOD and 

TFRC. In both in vitro and in vivo aging, APOD expression increased with age 

while TFRC expression was reduced, which has already been described in 
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previous studies12, validating our reference genes. Finally, the MIQE guidelines 

suggest the use of at least two reference genes and to test whether more than 

two are necessary42. Considering our results, in all the three models tested in 

our study, at least two reference genes are enough for a strong and reliable 

normalisation in RT-qPCR experiments.  

Remarkably, we observed that most of the candidate reference genes 

exhibited strong variations in in vivo aged cells. These results are in agreement 

with previously published studies that demonstrated an increased cell-to-cell 

transcriptional variability in lymphocytes50 and cardiomyocytes51 from aged 

mice. Age-related heterogeneity of gene expression has also been described 

in human aging after analysing microarray data sets, including data from the 

kidney, skeletal muscle and the cerebral cortex52. Accumulation of senescent 

cells in aged tissues has been associated with the loss of their regenerative 

capacity and the subsequent deterioration of their physiological functions6,7. In 

this study, we analysed gene expression levels of cells isolated from aged 

human epithelial mammary tissue. The fact that aged tissues comprise a mixed 

population of replicative senescent cells, young cells and in vivo aged cells 

could explain the age-associated heterogenous gene expression profiles 

described by others51,53. Therefore, we hypothesise that at least part of the 

large variations in gene expression detected in HMECs during in vivo aging are 

due to the inherent heterogeneity of the in vivo aged tissue composition. 

Finally, it is worth mentioning that GAPDH is one of the most commonly 

used reference genes, and it has been identified as a reliable reference gene 

for comparisons between young and old donors of human skeletal muscle27. 

Conversely, GADPH showed expression variability in our three aging models 

and occupied a middle to low position in the stability ranking of each aging 

model, again demonstrating the importance of reference gene selection in 

these types of studies. The intermediate stability value of GAPDH supports its 

extended use as a relatively safe reference gene choice, which generally 

ensures confidence in the results of RT-qPCR assays. However, variability of 
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GAPDH expression in aging processes may impede the detection of subtle 

expression variations in target genes when using GAPDH as reference gene.  

In summary, we demonstrate that expression of reference genes changes 

in a specific manner depending on the aging model, and thus it could be 

concluded that each aging process needs its own subset of reference genes 

for the reliable normalisation of RT-qPCR data. This study underlines the 

importance of selecting stable reference genes to correctly quantify gene 

expression levels during aging. Therefore, this report should be regarded as a 

guideline for future gene expression analysis, which ultimately leads to a better 

understanding of the basis of human aging. 

Materials and Methods 

Cell culture 

HDFs and BJ fibroblasts were cultured in Dulbecco's Modified Eagle's 

Medium (Biowest, Riverside, MO, USA) and supplemented with 10% fetal 

bovine serum, 1% GlutaMAX and 1% penicillin-streptomycin (Thermo Fisher 

Scientific Inc., Waltham, MA, USA). Finite lifespan pre-stasis HMECs were a 

kind gift from Martha Stampfer from Lawrence Berkeley National Laboratory. 

HMECs were obtained from reduction mammoplasty tissue of 5 donors: 48R 

(16 years old), 240L (19 years old), 112R (61 years old), 122L (66 years old) 

and 429ER (72 years old); or peripheral non-tumour containing mastectomy 

tissue of 1 donor: 353P (72 years old). Donors were classified depending on 

age into two groups: young donors (YDs, ≤ 19 years old) and aged donors 

(ADs, ≥ 61 years old). HMECs were cultured using M87A medium 

supplemented with cholera toxin (Sigma‐Aldrich, St. Louis, MO, USA) and 

oxytocin (Bachem, Torrance, CA, USA), with the addition of 100 U/mL penicillin 

and 100 µg/mL of streptomycin (Thermo Fisher Scientific Inc., Waltham, MA, 

USA)55. All the experiments with HMEC cells were performed with population 

doublings < 20, calculated from passage 2. Incubation conditions for all cell 

types were 37 ºC and 5% CO2 atmosphere. Immortalised BJ human fibroblasts 
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expressing ER-RASval12 (BJ hTERT ER:RAS) were kindly provided by Maite 

Huarte’s laboratory at CIMA, Universidad de Navarra, who generated the cells 

by infecting BJ fibroblasts (purchased from ATCC, Manassas, VA, USA) with 

lentiviral particles containing hTERT and ER:RAS. HDFs were commercially 

obtained from Cell Applications (San Diego, CA, USA). 

Senescence induction and detection 

Exponentially growing BJ hTERT ER:Ras fibroblasts were treated with 200 

nM of 4-OHT (Sigma‐Aldrich, St. Louis, MO, USA) for 8 days to induce 

senescence. After 4-OHT treatment, detection of SA-β-galactosidase activity 

was performed following the Debacq-Chainiaux et al. protocol56. Briefly, cells 

were fixed with 2% formaldehyde-0.2% glutaraldehyde in 1x PBS  for 10 min at 

room temperature, washed with 1x PBS  and treated for 12 h with H2O 

containing 40 mM citrate–phosphate buffer (pH 6), 2 mM MgCl2, 150 mM NaCl, 

1 mg/ml of X-Gal, and 5 mM potassium ferricyanide and potassium 

ferrocyanide. This treatment results in the presence of a blue-dyed precipitate 

in senescent cells. Cells were subsequently washed with 1x PBS, methanol 

and distilled water. Pictures identifying senescent cells were captured with an 

IX71 optic inverted phase contrast microscope that was equipped with a DP20 

camera and cell^A software (Olympus, Hamburg, Germany). A total of 100 cells 

were captured and quantified per condition. 

RNA extraction and cDNA synthesis  

Confluent cells were washed once with ice cold PBS. Then, PBS was 

aspirated and TRIzol reagent (Thermo Fisher Scientific Inc., Waltham, MA, 

USA) was added. After thoroughly mixing, extracts were kept at -80 ºC until 

total RNA from all samples was collected. After thawing TRIzol extracts, 

chloroform was added at 1:5 (v/v), and RNA was separated from DNA and 

proteins by centrifugation. 200 μL of the aqueous phase was then mixed with 

the same amount of lysis solution of the Maxwell RSC simply RNA kit in 

conjunction with the Maxwell system (Promega, Madison, WI, USA). The RNA 
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concentration and purity were evaluated with a NanoDrop 2000 spectrometer 

(Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA samples with an 

absorbance ratio OD 260/280 between 1.8–2.1 and OD 260/230 between 2–

2.2 were used for further analysis. The quality of the RNA samples was 

checked by on-chip electrophoresis on the Agilent 2100 Bioanalyzer following 

the manufacturer’s protocol (Agilent Technologies, Santa Clara, CA, USA). The 

RNA integrity number (RIN) for all the RNA samples was 10, which is the 

maximum RNA integrity value.  

Single-stranded cDNA was synthesised from 1 µg of total RNA in a final 

volume of 20 µL. For this purpose, the iScript cDNA synthesis kit (Bio-Rad, 

Hercules, CA, USA) was used and the manufacturer's instructions were 

followed. cDNA was stored at -20 ºC for future use. The cDNA products were 

tested for genomic DNA contamination using agarose gel electrophoresis.  

Selection of reference genes and primers design  

Eight candidate reference genes were selected to test their stability among 

different aging processes. From the eight candidate reference genes, ACTB, 

OAZ1 and TMEM199 primer pairs were obtained from the literature29,30. The 

rest of primer sets were designed using Primer3 online software57, and after in 

silico validation with UCSC Genome Browser (https://genome.ucsc.edu), were 

purchased from Condalab (Metabion, Munich, Germany).  

Quantitative PCR and primer efficiency calculations 

Quantitative PCR reactions were performed using the universal SYBR 

Green Supermix (Bio-Rad, Hercules, CA, USA) on a CFX96 thermal cycler with 

Bio-Rad CFX Manager software (Bio-Rad, Hercules, CA, USA). 50 ng of cDNA 

were used for each reaction. The amplification program was initiated at 95ºC 

for 3 min followed by 40 cycles of 10 s at 95 ºC and 30 s at 60ºC. After 

amplification, an additional thermal denaturising cycle (temperature ranged 

between 65 °C and 95 °C in 0.5 °C increments) was performed to obtain the 

melting curves of the RT-qPCR products and verify amplification specificity. 
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The reactions for each sample were run in triplicates, unless otherwise 

specified. RT-qPCR primer efficiency was tested for each primer pair using 10-

fold serial dilutions of cDNA chosen among the samples. The mean threshold 

cycle (Ct) values for each serial dilution was plotted against the logarithm of the 

cDNA dilution factor. RT-qPCR primer efficiencies were calculated using the 

following equation: 𝐸 = ((10
  

−1

𝑠𝑙𝑜𝑝𝑒) − 1) ∗ 100 . The efficiency of all designed 

primer pairs ranged from 80% to 110%, which is considered the optimal 

efficiency value42,43. 

Data analysis 

To evaluate the stability of the candidate reference genes, two Add-in 

Microsoft Excel algorithms were applied, NormFinder37 and geNorm38. 

NormFinder provides a ranking of tested genes based on a stability value 

calculated from both intra- and intergroup variations of gene expression. 

GeNorm calculates the M value, a stability measure for each reference gene. 

A low M value reveals higher expression stability. Genes with an M value above 

1.5 were considered inappropriate for normalisation. The algorithm identifies 

the two most stable reference genes by stepwise exclusion of the least stable 

gene. GeNorm also calculates the number of genes required for an optimal 

normalisation. Additionally, it compares the pairwise variation (V) of the two 

most stable genes with the remaining genes; thus, it calculates the V value of 

Vn/Vn+1 between two sequential normalisation factors. A variation of Vn/Vn+1 

below 0.15 suggests that no additional reference gene is required for 

normalisation.  
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Validation of candidate reference genes 

To validate the reliability of the reference genes for RT-qPCR data 

normalisation, the relative expression of CDKN1A, APOD and TFRC was 

analysed. The primers’ specifications for these genes are listed in 

Supplementary Table 1. Expression of these genes was analysed using the 

most stable single and pair of reference genes and also the least stable gene. 

Normalisation of RT-qPCR data using two reference genes was performed with 

the geometric mean of the multiple reference genes (f) applying the formula 

below38,58 (goi, gene of interest; ref, reference gene): 

Normalised relative quantities = 

2𝑔𝑜𝑖
∆𝐶𝑡,𝑔𝑜𝑖

√∏ 2𝑟𝑒𝑓𝑖

∆𝐶𝑡,𝑟𝑒𝑓𝑖𝑓
𝑖=1

𝑓
  

 A 100% PCR efficiency was assumed (reflected by a value of 2 at the 

base of the exponential function). Relative fold changes in gene expression 

were obtained according to the 2–ΔΔCt method59.  

Statistical analysis 

Statistical procedures and graph plotting were conducted in GraphPad 

Prism 6.01 (GraphPad Software, La Jolla, CA, USA). The coefficient of 

variation (CV) is defined as the ratio of the standard deviation to the mean. The 

Chi-square test was used to compare differences between the frequency of 

senescent cells. Means of different groups were compared and analysed using 

one-way ANOVA, followed by Bonferroni's post-hoc test to generate adjusted 

p-values or Welch’s t-test. Differences were considered statistically significant 

when the p-value was less than 0.05.  

Ethical statement 

The authors declare that all methods were carried out in accordance 

with relevant guidelines and regulations and that all experimental protocols 
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were approved by Universitat Autònoma de Barcelona. HMEC specimens were 

obtained in the laboratory of Marta Stampfer between 1977–1981. This was 

before the current Institutional Review Board (IRB) regulations were in place, 

and consent at that time was covered by the hospitals' consent forms, which 

allowed the pathologists to use or distribute discarded surgical material at their 

discretion.  
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Figures 

 

Figure 1. Evaluation of RT-qPCR primer efficiencies. The amplification 

efficiency for each primer threshold cycle (Ct) and the logarithm of the initial 

cDNA concentrations were plotted to calculate the slope (S) of each primer pair. 

Standard curves were generated from at least four dilution points for each 

primer pair. RT-qPCR reactions for each sample were run in duplicate, with 

standard deviations < 0.85.  
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Figure 2. Ct values of eight candidate reference genes in different aging 

models and the optimal number of reference genes needed for accurate 

normalisation calculated by geNorm. Box and whisker plots show the raw Ct 

values of the candidate reference genes during (a) oncogene-induced 

senescence in BJ fibroblasts, (b) in vitro aging in HDFs and (c) in vivo aging in 

HMECs from young and aged donors. (d) Pairwise variation (Vn/n+1) of 

candidate reference genes was obtained by geNorm to determine the required 

number of reference genes for accurate normalisation in each aging model. A 

discontinuous line indicates a pairwise variation (V) of 0.15, the cut-off value 

defined by geNorm. Abbreviations: 4-OHT: 4-Hydroxytamoxifen; Ct: cycle 

threshold; HDFs: Human Dermal Fibroblasts; HMECs: Human Mammary 

Epithelial Cells; EP: early passage (< 10); LP: late passage (> 20); YDs: young 

donors; ADs: aged donors. Notes: the boxes include values from the 25th to 

the 75th percentiles, the line across the box indicates the median, and whiskers 

show the minimum and maximum values for (continue on the next page)        
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each reference gene. One-way ANOVA test was conducted. In those cases, 

were p values were <0.05, a Bonferroni post-hoc test was conducted. 

Bonferroni corrected p values are shown (*p < 0.05, **p < 0.01, ***p < 0.001). 

 

Figure 3. Expression levels of target genes normalised to different 

reference genes. Gene expression levels were normalised to the indicated 

reference gene or gene pair in the X axis. (a) Relative expression levels of 

CDKN1A in control and in senescent BJ fibroblasts. (b) Relative expression of 

APOD and TFRC in EP and LP HDFs and (c) in HMECs from a young donor 

and an aged donor (YD 48R & AD 112R, respectively). Relative fold changes 

in gene expression were obtained according to the 2–ΔΔCt method. 

Abbreviations: 4-OHT: 4-Hydroxytamoxifen; (continue on the next page)      
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Supplementary Figures 

 

Supplementary Figure 1. Oncogene-induced senescence in BJs 

fibroblasts. Percentage of positive SA-β-Gal ER:RAS BJ fibroblasts in control 

conditions and after 4-Hydroxytamoxifen (4-OHT) treatment. The p-value 

indicates the Chi-square test significant level: ***p < 0.001.  
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Supplementary Figure 2. Melting curve analyses of all primers used in the 

study. For each primer pair, only single peaks were observed, indicating the 

specificity of RT-qPCR amplification and the absence of primer dimers. 
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Sequence of shRNAs  

shMOF1 

5'-GCAAGATCACTCGCAACCAAA-3' 

shMOF2 

5'- CGAAATTGATGCCTGGTATTT-3' 

Primer sequences for RT-qPCRs 

 

 

 

 

 

 

 

 

 

 

 

 

 

MOF F: GAAGTCACGGTGGAGATCGG 
R: AATTCCTCTCGGCCCTCCT 
 

SIRT1 F: TGACTGTGAAGCTGTACGAGG 
R: TGGTTTCATGATAGCAAGCGG 
 

SIRT2 F: GCTGAAGGACAAGGGGCTAC  
R: CCACCAAGTCCTCCTGTTCC 
 

HDAC1 F: GGACCAGATTTCAAGCTCCA 
R: CGGCAGCATTCTAAGGTTCT 
 

HDAC2 F: TCCTCCAGCCCAATTAACAG 
R: AGCTCTCAACTGGCGGTTC 
 

TIP60 F: TGCGAGTTCTGCCTCAAGTA 
R: ATCTCATTGCCTGGAGGATG 
 

LOXL1 F: GGCCGCGGTCTCCCTGACTT 
R: GCTGGGGGAAGCGCAGTAGC 
 

LOXL2 F: ACTGACTGCAAGCACACGGA 
R: TCAGGTTCTCTATCTGGTTGATCAA 
 

PUM1 F: CGGTCGTCCTGAGGATAAAA 
R: CGTACGTGAGGCGTGAGTAA 
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Buffers for ChiP 

SDS lysis buffer 1% SDS  

10 mM EDTA 

50 mM Tris pH 8 

Dilution buffer 0.01% SDS 

1.1% Triton X-100 

1.2 mM EDTA 

16.7 mM Tris pH 8 

167 mM NaCl 

Soft lysis buffer 50 mM Tris pH 8 

10 mM  EDTA 

0.1% NP-40 

10% Glycerol 

Low salt lysis buffer 0.1% SDS 

1% Triton X-100  

2 mM EDTA 

20 mM Tris pH8 

150 mM NaCl 

High salt buffer 0.1% SDS  

1% Triton X-100 

2 mM EDTA 20 mM Tris pH 8 

500 mM NaCl 

LiCl buffer 250 mM LiCl 

1% NP-40 

1% NaDOC 

10mM Tris pH 8 

Elution buffer 1% SDS  

100 mM Na2CO3 
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Primer sequences for ChIP-qPCR 

 

 

 

 

 

 

 

 

Buffers for lentivirus production 

2XHBS 274 mM NaCl 

50 mM HEPES 

1.5 mM Na2HPO4 

10 mM EDTA 

 

 

 

 

 

 

Hit1_chr14 F: ATAAGCTTTTTGATGTGCTGCTG 
R: GAGCTGCTAGCATTCCTTCTAA 
 

Hit2_chr5 F: TAACTCATTTATGAGGCCAACGTC 
R: CTTGTGCATATTGAACCAGCCT 
 

Hit4_chr2 F: AGCTCTGTAAGAACTAAGATTGGGCT  
R: TTCTATCTTCACGGTTCTCCAAGA 
 

Hit5_chr17 F: TAAGAGAGCCTTGCATCCCA 
R: AGGCCAGCATCATCCTGATA 
 

SMIM5 F: CAAGGGAAATTGTCCAGACTTC 
R: AGTAGCTGGGACTACAGGCG 
 

RNAPII F: CTGAGTCCGGATGAACTGGT 
R: ACCCATAAGCAGCGAGAAAG 
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Buffers for Western Blot 

SDS lysis buffer 2% SDS 

10% glycerol 

50 mM Tris pH 8 

Protease Inhibitor Tablets 

(Sigma‐Aldrich, St. Louis, MO, 

USA) 

TTBS 20 mM Tris 

150 mM NaCl  

0.1% Tween20 

Script macro Fiji/ImageJ 

dir2=getDirectory("C:\Users\EQUIPO\Desktop\Exp") 

print(dir2);  

ThDir=dir2+"/Threshold//";  

print(ThDir); 

list2=getFileList(dir2); 

f= File.open("\\Users\\EQUIPO\\Desktop\\Results.xls"); 

print(f,"Foto" + "\t" + "Area" + "\t" + "Mean"+ "\t" + "IntDen"); 

for (i=0; i<list2.length; i++) { 

 if (endsWith(list2[i], ".tif")){ 

  print(i+":"+dir2+list2[i]);  

  open(dir2+list2[i]);  

  imgName=getTitle();  

  baseNameEnd=indexOf(imgName,".tif");  

  baseName=substring(imgName,0,baseNameEnd);  

  run("8-bit"); 

  run("Threshold...", "method=Otsu background=Dark");  
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  title = "WaitForUserDemo"; 

msg = "If necessary, use the \"Threshold\" tool to\adjust the 

threshold, then click \"OK\"."; 

   waitForUser(title, msg); 

  makeRectangle(2388,123,177,159);  

  roiManager("Add"); 

  roiManager("Measure");  

  makeRectangle(24,24,2700,1992);  

  minsize=80.50;  

  maxsize=643.97;  

run("Analyze Particles...", "size=&minsize-&maxsize exclude 

add display");  

  File.makeDirectory(ThDir); 

  saveAs("Tiff", ThDir+baseName+"-threshold"); 

  for (j=0; j<nResults; j++) { 

   a=imgName; 

   b = getResultString("Area",j); 

   c=getResultString("Mean",j); 

              d=getResultString("IntDen",j); 

   print(f, a+ "\t"+ b+"\t"+c+"\t"+d); 

   run("Close All"); } 

  roiManager("Delete"); 

  selectWindow("Results");  

         run("Close"); 

  } 

  } 

File.close(f)
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