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ABSTRACT 

CALCIUM-DEPENDENT GLOBAL CHROMATIN COMPACTION PROTECTS DNA 

FROM UV INFLICTED DAMAGE 

MOHAMMAD M. ABBAS  

DECEMBER 2019 

  

Eukaryotic genomes are packaged into chromatin, which is the physiological 

substrate for all DNA-mediated functions, including DNA damage repair. At the DNA 

damage site, chromatin organization undergoes critical rearrangements during the 

repair process. These rearrangements around the lesion sites accommodate at least 

three steps: providing access to the repair factors, repair, and restoring the DNA’s pre-

lesion chromatin architecture. However, the global changes to chromatin after UV-

irradiation were less explored and understood. To investigate the relationship between 

chromatin condensation and UV irradiation, HeLa-S3 cells were irradiated and 

subjected to micrococcal nuclease digestion analysis.  The results showed that 

chromatin globally commenced compaction five minutes after UV-irradiation. Twenty-

four hours after irradiation chromatin returned to the pre-UV steady-state. Southwestern 

blots showed that cells were irradiated twice at 15 J/m2 with a five minutes break had a 

significantly lower cyclobutane pyrimidine dimers (CPD) and DNA (6-4) photoproduct (6-

4PP) rate in comparison to cells subjected to 30 J/m2, and had no significant difference 

from cells irradiated with a single dose of 15 J/m2. Western blot analysis demonstrated a 

post-UV core histone deacetylation wave, that followed the chromatin condensation. 

Western blots analysis of caspase-3, which is activated in apoptotic cells both by 
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extrinsic and intrinsic pathways, showed no caspase-3 activation after five and ten 

minutes post UV-irradiation. Here, we demonstrate that an environmental genotoxic 

agent, UV radiation, causes immediate and global chromatin compaction in HeLa cells 

and this compaction results in a robust reduction in the newly formed lesions. Our data 

suggest an influx of calcium cations after UV irradiation is directly involved in inducing 

chromatin compaction.  
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CHAPTER I 

Introduction 

Chromatin Structure  

The basic unit of chromatin the nucleosome, is made up of four core histones – H2A, 

H2B, H3, and H4 – each in duplicate (Kornberg and Thomas, 1974; Smith and 

Workman, 2012). Together they organize 146 base-pairs (bp) of DNA that wraps 1.65 

times in a left-handed wrap around the histone octamer (Luger et al., 1997). These 

proteins are highly conserved across eukaryotes, are low in molecular weight, and 

contain a central histone fold domain mediates histone-histone and histone-DNA 

interactions. Each histone also possesses unstructured short N-terminal – and 

sometimes C-terminal as well – domains, often referred to as histone “tails,” that extend 

out from the nucleosome core (Carruthers and Hansen, 2000). Even though these tails 

are not required for nucleosome core particle assembly, they do function in higher order 

folding of the chromatin fiber (Horn and Peterson, 2002). In addition, the tails contain a 

multitude of sites for post-translational modifications (PTMs) that are key in regulating 

multiple biological functions (Peterson and Laniel, 2004; Rando and Winston, 2012). 

The primary structure of chromatin is the “beads on a string” structure, which represents 

single nucleosomes in a linear formation as seen by cryo-electron microscopy 

(Woodcock, 2006). This 10-12 nm thick fiber is then folded into the more common three-

dimensional structure termed the 30 nm fiber through inter-nucleosomal interactions. 

This structure is further stabilized by the addition of a fifth class of histone, the linker 

histone H1 (Robinson and Rhodes, 2006). Linker histones bind nucleosomes at the 
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entry-exit point at a one-to-one ratio and stabilize an additional 20-60 bp of linker DNA 

(Woodcock et al., 2006). The 30 nm fibers can then self-associate into even larger 100-

400 nm thick structures called chromonema filaments. These structures predominate in 

the nucleus even during interphase when the need to access DNA is high. Further 

folding of chromatin form the highest-order structure which is the mitotic/meiotic 

chromosome in which the DNA is compacted some 700 nm fold relatively to the 2 nm 

DNA duplex (figure 1) (Woodcock and Ghosh, 2010).  
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Figure 1. Levels of Chromatin structure and compaction in the human genome.  The 
compaction of DNA into chromatin from 2 nm fiber to 1400 nm mitotic/meiotic 
chromosomes, adapted from: Felsenfeld and Groudine, 2003                .  
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Euchromatin versus Heterochromatin  

Chromatin has been subdivided into two functional classes; euchromatin and 

heterochromatin (figure 2), both refer to a state of compaction and transcriptional 

potentials. Euchromatin a form of chromatin is decondensed in the interphase of cell 

cycle and contains most of actively transcribed genes. Heterochromatin initially, before 

the discovery the structure of DNA was defined as the region of nuclei that stained 

strongly with basic dyes. Heterochromatin tends to be located at the nuclei periphery, 

where it has specific interaction with nuclear envelope, and forms blocks surrounding 

the nucleolus. Heterochromatin remains condensed throughout the cell cycle and 

contains mostly inactive genes (Passarge, 1979). Today, the term heterochromatin is 

broadly applied and is often extended to include the transcriptionally silent regions of 

chromatin, disregarding their staining properties. Heterochromatin also has been 

subdivided into classes: facultative heterochromatin and constitutive heterochromatin. 

The latter is permanently compact, and abundant in repetitive, gene poor, and late 

replicating DNA sequences, while the facultative heterochromatin can reversibly 

undergo transition from a close, transcriptionally inefficient state to become more open, 

and transcriptionally adequate (Trojer and Reinberg, 2007).  
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Figure 2. Euchromatin (E) and heterochromatin (H) in an interphase nucleus adapted 
from: (Wang et al., 2014)  
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Chromatin Response to Stress  

Chromatin is not simply a packaging tool, it’s also dynamically modified in ways that 

reflect the regulatory cues necessary to program appropriate cellular pathways. Recent 

studies revealed the importance of chromatin’s role in stressed versus non-stressed 

conditions. Specific chromatin domains have different responses under different 

stresses (Smith and Workman, 2012). The dynamic state of chromatin can be 

influenced by cellular and environmental agents, which trigger the conformational 

changes that make the chromatin more open. For instance unwrapping transiently 

exposes buried DNA sites for access to repair machinery factors and proteins. Any 

process that entails access to DNA must conquer this chromatin structural natural 

suppressive barriers (Kornberg and Lorch, 1999b). In stressed situations chromatin 

modifiers can overcome the chromatin natural barriers, and these modifiers to three 

main groups: (1) ATP- dependent chromatin remodelers  machines such as the 

SWI/SNF-superfamily of DNA-dependent ATPases (Loyola and Almouzni, 2007; Neves-

Costa and Varga-Weisz, 2006) that alter chromatin structure, making the DNA 

accessible to the proteins which bind chromatin and regulate cellular processes; (2) 

Histone modifying complexes which influence the epigenetic modifications of various 

histones by altering the N-terminal tails of chromatin, and therefore the overall dynamic 

state of chromatin (Chakravarthy et al., 2005; He and Lehming, 2003); (3) Differential 

binding of abundant non-core histone proteins, such as the linker histone H1, the family 

of high mobility group proteins (HMG), or different isoforms of the hetero-chromatin 

protein 1 (HP1).  
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These chromatin modifiers are significant in the link between chromatin structure and 

cellular processes such as cell cycle control, replication, recombination, transcription, 

aging, and death signaling. Chromatin modifiers also respond to external stimuli or 

stresses such as hypoxia, ionizing radiation, ultraviolet radiation (UV), oxidative stress, 

endoplasmic reticulum (ER) stress, heat shock, toxicants, hyperosmotic stress, and 

nutrient and starvation stress (Pecinka and Mittelsten Scheid, 2012). 

 

UV-Induced Damage and Cellular Response 

Ultraviolet radiation (UVR) is an electromagnetic radiation whose wavelength lies 

between that of visible light and X-rays in the electromagnetic spectrum. It is divided 

into three different ranges of wavelengths: ultraviolet A (UVA, 315–400 nm), ultraviolet 

B (UVB, 280–315 nm), and ultraviolet C (UVC, 100–280 nm) (Anna et al., 2007; 

Slominski and Pawelek, 1998). UVC is considered as the most harmful radiation and 

produce the maximal DNA damage. However, it does not reach to the Earth’s surface 

as it is absorbed via the stratospheric ozone layer, although exposure to UVC might 

happen through manmade sources, like germicidal lamps. Around 95% of UVA and 5% 

of UVB reach the earth's surface and this has important biological consequences for the 

skin and eyes of humans. The extent of UV rays reaching the Earth's surface depends 

on a number of factors like the time of day, and the time of year; its intensity is strongest 

during summer and at early afternoon. Latitude and altitude might play a role in the UVR 

level; UVR intensity increases at places close to the equator and at higher altitudes. 
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UV radiation leads to the formation of several types of dimeric lesions, including 

cyclobutane pyrimidine dimers (CPD) and 6-4 photoproducts (6-4PP) (Douki, 2006) 

(figure 3), Both of these lesions distort DNA's structure, introducing bends or kinks and 

thereby impeding DNA transcription and replication, therefore causing genomic 

instability (Friedberg, 2003). If they are not repaired before the cell cycle S phase, they 

can result in an incorporation of incorrect nucleotide, or mutations being integrated into 

newly synthesized DNA.  In addition, UV causes oxidative damage that form 8-oxo-

deoxyguanine (8-oxo-dG) lesions (Dahle and Kvam, 2003). 
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Figure 3: Absorption of UV light can result in two main lesions between adjacent 
pyrimidines. These are cyclobutane pyrimidine dimers (CPD), which predominantly form 
between two thymines by the formation of a four-membered ring by the saturation of the 
double bonds between C5 and C6 of two adjacent pyrimidines. Also, (6-4) 
photoproducts are formed between C4 position and C6 position of two adjacent 
pyrimidines, most frequently T-C sites. This figure is adapted from: (Douki, 2013). 
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UV Damage Repair by Nucleotide Excision Repair  

To maintain the genetic homeostasis by counterbalancing these photolesions, 

nucleotide excision repair (NER) pathway is involved in removing such lesions in 

eukaryotes and prokaryotes or the cells undergo apoptosis when the burden of the 

genetic damage is beyond repair (Huen and Chen, 2010). Upon UV radiation, cells are 

arrested in G1 and G2 phases of the cell cycle, both of which are regulated by tumor 

suppressor p53 (Decraene et al., 2001).   In eukaryotes, the NER pathway is subdivided 

into two pathways: global genome repair (GGR) which repairs photolesions located 

anywhere within chromatin, and transcription coupled repair (TCR), which efficiently 

removes lesions in the transcriptionally active genes (Lin and Wilson, 2007).  

In TCR, the damage sensing and initiation of repair carried out by cockayne syndrome 

group A (CSA) and cockayne syndrome group B (CSB) that recognize stalled elongated 

RNA polymerase II (RNAP2). ATP-dependent chromatin remolding protein CSB and the 

WD40 domains (also known as WD, which is one of the most abundant domains and 

also among the top interacting domains in eukaryotic genomes) containing Cockayne 

Syndrome protein A also have very important roles in the photolesions site recognition 

and repair (Henning et al., 1995).  Global genome repair (GGR) is carried out by DNA 

damage binding protein 1 and 2 (DDB1-DDB2) and the xeroderma pigmentosum group 

C protein complex XPC-HR23B (XPC-HR23B centrin-2).  The DDB1-DDB2   complex 

has the highest known affinity for photodimers in metazoan cells, and serves in the 

initial detection of UV-lesions in vivo (Scrima et al., 2008). This complex recruits XPC-

HR23B centrin-2 to photolesion regions (Palomera-Sanchez and Zurita, 2011). The 

DDB1-DDB2 complex localizes to chromatin following UV-irradiation and remains tightly 
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attached to mononucleosomes when chromatin is solubilized by micrococcal nuclease 

digestion (Groisman et al., 2003).  

The following steps of TCR and GGR merge into a common mechanism in which the 

transcriptional factor II (TFIIH) is recruited (Volker et al., 2001).  The bidirectional 

helicase of TFIIH opens the damaged DNA sequence over a stretch of around 30 

nucleotides (Fuss and Tainer, 2011). The unwound DNA is stabilized by DNA repair 

protein complementing XP-A (XPA),  Replication protein A (RPA),  and DNA repair 

protein complementing XP-G  (XPG) which are considered the pre-incision complex 

which is assembled around the damage site (Oksenych and Coin, 2010).  XPA with the 

single strand DNA binding complex RPA act as an organizational factor, so that the 

repair machinery is positioned around the lesion. XPA and RPA are believed to protect 

the undamaged strand and lead to complete opening of the damaged DNA (Andressoo 

et al., 2006).  Additionally, RPA interacts with several other factors like the 

endonuclease XPG.  The DNA excision repair protein ERCC-1 and DNA repair protein 

complementing XP-F  (ERCC1-XPF)  dimer facilitates the correct positioning of the 

endonucleases and incises the damage site at 5` position relatively to the lesions and 

XPG incises the DNA 3` ends from the lesion. The result is 25-30 nucleotide single 

strand gap that is filled by DNA replication with the involvement of the proteins: 

Proliferating cell nuclear antigen (PCNA), RPA, and the polymerase activity of ɛ, δ (Ogi 

et al., 2010). Eventually replication factor C (RFC) and or ERCC1 recruit DNA ligase to 

ligate the nick (figure 4).  

 



 
 

12 
 

 

Figure 4. Nucleotide excision repair (NER) mechanism in eukaryotes. There are two 
routes for the repair of DNA photolesions: global genome repair (GG-NER) and 
transcription coupled repair (TC-NER). In first route, the damaged sites are recognized 
by the complex protein XPC-hHR23B. In the second route, TC-NER is initiated by the 
arrest of RNA polymerase II at a lesion on the transcribed DNA strands. Following 
recognition, the DNA lesions are unwind by activation of transcription factor IIH (TFIIH), 
and then replication protein A binds the single-stranded DNA. The damage is cleaved 
on both the 3' and 5' sites, which releases the damaged DNA fragment. Gap filling 
proceeds by DNA replication factors such as replication factor C (RF-C) and DNA 
polymerase δ/or ε, using the opposite DNA strand as a template. Finally, the new 
synthesized DNA is ligated by DNA ligase adapted from: (Ichihashi et al., 2003) 
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Programmed Cell Death (Apoptosis) 

Apoptosis is the best-characterized type of programmed cell death, and it is essential in 

development and homeostasis and in pathogenesis of different diseases such as 

cancer. If the level of damaged DNA damage arising from oxidation stress, UV 

radiation, ionizing radiation, or other stresses that are beyond repair, the cell will be 

removed by apoptosis (Wong, 2011). Extensive lesions in DNA will cause blockage in 

DNA replication, leading to collapse of replication forks and this will induce apoptosis. 

Some of the first event of apoptosis include shrinkage and chromatin condensation that 

degrade and separates into individual bodies called apoptotic bodies (figure 5). 

Consequently, the apoptotic cells are engulfed by macrophages and dendritic cells 

(Fullgrabe et al., 2010). 

 

 

Figure 5. Shown is the process of chromatin condensation and shrinkage during 
apoptosis. Adapted from: Nuclear-ID chromatin condensation kit by Enzo.  
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Apoptosis is initiated by two major pathways in mammalian cells, depending whether 

the stimulating factor is extrinsic, or intrinsic. However, there is now evidence that the 

two pathways are linked and that molecules in one pathway can influence the other 

(Igney and Krammer, 2002). The extrinsic pathway is triggered through specific cell 

surface death receptors such as tumor necrosis factor-α (TNF) and apoptosis antigen 

1 (APO-1 or APT) also known as Fas receptor. 

Many stresses that cause chromatin and DNA damage such as cytotoxic drugs activate 

intrinsic pathway of apoptosis that begins with the permeabilization of the mitochondrial 

outer membrane. The mechanisms through which this occurs remain controversial, 

however, it is thought that permeabilization can be either permeability transition (PT) 

pore dependent or independent (Green and Kroemer, 2004). The PT pore is comprised 

of the matrix protein cyclophilin D, the inner mitochondrial membrane protein adenine 

nucleotide translocator (ANT), and the outer mitochondrial membrane protein voltage-

dependent anion channel (VDAC) (Crompton et al., 1998). The opening of the PT pore 

triggers the dissipation of the proton gradient created by electron transport, causing the 

uncoupling of oxidative phosphorylation. The opening of the PT pore also causes water 

to enter the mitochondrial matrix, which results in swelling of the intermembranal space 

and rupturing of the outer membrane causing the release of apoptogenic proteins (Yang 

and Cortopassi, 1998). Cytochrome c and another factor called apoptotic protease 

activating factor 1 (APAF-1) form a large oligosome complex termed as apoptosome. 

https://www.abcam.com/index.html?pageconfig=datasheet&intAbID=3567
https://www.abcam.com/index.html?pageconfig=datasheet&intAbID=16816
https://www.abcam.com/index.html?pageconfig=datasheet&intAbID=16816
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This leads to posttranslational modification at specific residues of p53, resulting in 

activation of downstream genes including cyclin-dependent kinase inhibitor 1 (p21), 

growth arrest and DNA-damage-inducible protein GADD45 alpha (GADD45a), and the 

murine double minute 2 (MDM2), which leads to the recruitment of the caspases 

enzymes that carry out the cell death (Danial and Korsmeyer, 2004).  

  

Physiological Protective Mechanisms Against DNA Damage Induced by Radiation  

Many known molecular and physiological responses are initiated upon UV radiation. 

One of these physiological responses is the signaling pathway that leads to 

hyperpigmentation in the human melanocytes (Miyamura et al., 2007; Moan et al., 

2012). The skin covers the whole-body surface and acts as a dynamic barrier to prevent 

water evaporation from the human body. It also prevents the entrance of toxic and 

harmful substances and pathogens into vital internal organs.  However, the integrity of 

skin barriers can be impaired by exogenous factors, including ultraviolet rays (UVR). 

Anatomically, skin is divided into epidermis, dermis, and subcutaneous tissue. 

Epidermis can be further divided into several layers, which include from the deepest 

basal layer, spinous layer, granular layer, and cornified layer, depending on the 

differentiation level of the keratinocytes, the major cell type in the epidermis (figure 6A) 

(Pincelli and Marconi, 2010). In addition to keratinocytes, the main cells in the epidermis 

include melanocytes and Langerhans cells (LCs). Most of the melanocytes are 

distributed in the basal layer, synthesizing and transferring melanin to adjacent 

keratinocytes, and contributing to skin color and photoprotection (figure 6B) (Gray-
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Schopfer et al., 2007). Human skin detects the UV component of the sunlight through a 

photoreceptor rhodopsin, which is also expressed in melanocytes (Wicks et al., 2011). 

The signaling pathway that senses UV by rhodopsin induces calcium influx in 

melanocytes via the ion channel transient receptor potential A1 (TRPA1) and activation 

of phosphodiesterase C, which leads to early melanin synthesis and redistribution to 

protect cells layers beneath the melanocytes (Bellono et al., 2013). This mode of DNA 

protection is a long-term mechanism that begins several hours to days after UV 

exposure (Beattie et al., 2005; Park et al., 2002). Failure to produce melanin, for 

example, due to the loss of function of tyrosinase as in ocular cutaneous albinism type 

1, leads to accumulation of UV radiation-induced DNA damage that results in a 

dramatically increased risk for squamous and basal cell carcinoma as well as malignant 

melanoma (Bivik et al., 2006; Bohm et al., 2005). 
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Figure 6. A. Layers of the Epidermis. The epidermis of thick skin has five layers: stratum 
basale, stratum spinosum, stratum granulosum, startum lucidium, and stratum corneum 
B. The response of melanocytes to UVR. Adapted from: lumenlearning.com 
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Chromatin structure Protects DNA  

It has been shown in the ’70s and ’80s that chromatized DNA in vitro is more protective 

than the necked DNA in terms of UV-induced photolesions (Smerdon et al., 1978). First, 

due to its structural conformation, the chromatin organization works as a protection 

against DNA damages by minimizing the probability of direct hits in DNA. Second, the 

chromatin excludes water from DNA thereby reducing water radiolysis in direct vicinity 

of the biomolecule. For example, the hydroxyl radical, frequently produced through the 

water radiolysis, has an average diffusion distance of 6 nm in the nuclear environment 

(Roots and Okada, 1975). Thus, reducing the concentration of hydroxyl radicals 

adjacent to the DNA will decrease DNA Damage. Furthermore, histones and other 

DNA-bound proteins have a role as radical scavengers and decrease the number of 

DNA lesions induced through the indirect effect of ionizing radiation by their capacity to 

donate hydrogen atoms. Besides their role in limiting the formation of DNA lesions, 

histones and other non-histone DNA-bound proteins within chromatin are intimately 

involved in the regulation of the signaling network and DNA damage response, 

governed by posttranslational modifications such as phosphorylation, acetylation, and 

methylation, thoroughly reviewed by Hunt and colleagues (Hunt et al., 2013). 
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Research Goals  

Chromatin plays an important role in mediating the response to different stress stimuli at 

different levels of the nucleosome components, histone variants, and other proteins and 

factors in euchromatin and heterochromatin. Based on the Access-Repair-Restore 

(ARR) model (Polo and Almouzni, 2015; Smerdon, 1991), the first response after the 

stress is to recognize and access the site of damage, in other words chromatin 

relaxation. Chromatin relaxation and accessing of the damage site is carried out by 

protein stripping of chromatin to expose DNA lesions. This is carried out by nucleosomal 

sliding away from the damage site by the function of ATP-dependent chromatin 

remodelers, histone-modifying complexes, non-core histone proteins, such as the linker 

histone H1, High-mobility group (HMG) proteins, isoforms of the hetero-chromatin 

protein 1 (HP1), and covalent modifications or post-translational modifications (PTMs) of 

the core histones. 

The access and repair steps are somewhat overlapping. Accessing the damage site is 

combined with repair factors. All lesions have their own repair factors and repair 

mechanisms. In UV-induced stress, which creates CPDs, 6-4PPs, and 8-oxo-DG 

lesions can be repaired by nucleotide excision repair (NER) and base excision repair 

(BER) respectively, while ionizing-induced stress which creates double strand breaks 

(DSB) and single strand break (SSB), can be repaired through homologous 

recombination repair (HRR) and nonhomologous end joining (NHEJ) pathways (Soria et 

al., 2012). Upon repair, chromatin is restored to the pre-stress steady state, a step that 

is also carried out by chromatin modifiers, remodelers, and chaperons.  
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Finally, cells that fail to repair the DNA damage with extensive lesions are removed by 

apoptosis. DNA lesions that result from certain types of stresses that cannot undergo 

apoptosis lead to genetic instability and cause cell transformation. Based on the ARR 

model, chromatin needs to unfold to repair the damaged site, and it is believed that 

chromatin compaction restricts the ability of DNA damage response proteins to access 

the site of damage (Dinant et al., 2008).  

Nonetheless, a recent study showed global chromatin compaction in the colon cancer 

cell line (HCT116) after γ-irradiation and suggested that it happens following DSB 

formation.  Therefore, although there is localized chromatin unfolding to facilitate repair, 

the bulk genome becomes rapidly compacted, which was suggested to be caused by 

linker histone phosphorylation and hypothesized to protect cells from further damages 

(Hamilton et al., 2011). Another recent in vivo and in situ study also demonstrated that 

condensed chromatin has fewer DSBs induced by -rays and heavy ions and is less 

susceptible to attack by chemical agents such as cisplatin, and it was suggested that 

genomic DNA compaction plays a vital role in maintaining genomic integrity (Takata et 

al., 2013).  

The above mentioned studies indicated that there is chromatin compaction after γ-

irradiation in vito and in vivo, but Takata group did not show a clear mechanism for this 

compaction, nor did they find a direct link between the chromatin compaction and DNA 

protection. Therefore, our main research goal was to demonstrate the effect of an 

environmental genotoxic agent, specifically UV-radiation, on chromatin compaction. We 

wanted to explore if there is chromatin compaction after UV irradiation and if this 

compaction will result in a reduction of newly formed photolesions we also tested 
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whether this DNA protection mechanism, unlike other known protection mechanisms 

that were reported may happen in seconds or minutes and not on long timeline scale 

such as hours to days (Miyamura et al., 2007; Wasmeier et al., 2008). We also explored 

the mechanism that leads to potential UV-induced DNA compaction.  
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SUMMARY 

Eukaryotic genomes are packaged into 
chromatin, which is the physiological 
substrate for all DNA-mediated functions, 
including DNA damage repair. At the DNA 
damage site, chromatin organization 
undergoes critical rearrangements during 
the DNA damage repair process. These 
rearrangements surrounding lesion site 
must include three steps: providing 
access to the repair factors, repair, and 
restoring the pre-lesions chromatin 
architecture. However, little is understood 
about the mechanism that orchestrates 
chromatin changes following UV 
irradiation. Here, we demonstrate that an 
environmental genotoxic agent, UV 
radiation, causes immediate and global 
chromatin compaction in HeLa cells and 
that this compaction results in a robust 
reduction in the newly formed lesions. Our 
data suggest that calcium cation influx 
after UV irradiation may direct the 
chromatin compaction. We demonstrate 
that chromatin compaction upon UV 
irradiation is conserved and widespread 
from the human HeLa cell line, through 
primary human cells to C. elegans.   

 

 

INTRODUCTION 

Chromatin is dynamically modified to 
regulate appropriate cellular pathways 
involved in DNA metabolism: replication, 
transcription, repair, and recombination. 
The dynamic state of chromatin can be 
influenced by cellular and environmental 
agents, which trigger the conformational 
changes that make the chromatin more 
open, and this unwrapping transiently 
expose buried DNA sites for access to 
repair proteins and factors (Smith and 
Workman, 2012). The conversion 
between unfolded and compacted 
chromatin states is dynamic and rapid. 
Any process that requires access to DNA 
must conquer these chromatin natural 
structural barriers (Kornberg and Lorch, 
1999b). Among these environmental 
stresses is UV radiation, which leads to 
the formation of several types of dimeric 
lesions, including cyclobutane pyrimidine 
dimers (CPD) and (6-4) photoproducts 
(Friedberg et al., 2006; Goodsell, 2001). 
Both lesions distort DNA's structure, 
introducing kinks, and thereby impeding 
DNA transcription and replication 
(Friedberg, 2003). If these lesions are not 
repaired before replication, they may 
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result in mutations. In addition,  UV 
induces formation of different reactive 
oxygen species (ROS), which cause 
oxidative damage that can indirectly form 
lesions or can form 8-oxo-deoxyguanine 
(8-oxo-dG) lesions (Cadet et al., 2009; 
Dahle and Kvam, 2003; Pillai et al., 2005). 

  Several known molecular and 
physiological responses that can be 
initiated upon UV radiation. One of the 
known physiological responses upon 
radiation is the activation of signaling 
pathway (Bellono et al., 2013)that leads to 
hyperpigmentation in the human 
melanocytes (Miyamura et al., 2007; 
Moan et al., 2012). Human skin detects 
the UV component of the sunlight through 
the photoreceptor rhodopsin, which is also 
expressed in melanocytes (Wicks et al., 
2011). The signaling pathway induces 
calcium influx in melanocytes via the ion 
channel transient receptor potential A1 
(TRPA1) and activates 
phosphodiesterase C, which leads to 
early melanin synthesis and redistribution 
in epidermis to protect cell layers beneath 
the melanocytes (Bellono et al., 2013). 
This long-term mechanism protects the 
cellular genome from UV light-induced 
DNA damage. Recent studies have 

demonstrated that -irradiation induced 
DNA damage in HCT116 cells triggers the 
phosphorylation of the chromatin 
associated proteins KAP1 and H2AX 
(Hamilton et al., 2011). This response was 
accompanied by genome-wide 
compaction of bulk chromatin fibers that 
was suggested to protect cells from 
further damage while they are repairing 
other damaged regions (Hamilton et al., 
2011). Furthermore, when compacted 
chromatin in situ, can protect from gamma 
radiation and genotoxic chemicals such 
as neocarzinostatin (NCS) (Hamilton et 
al., 2011). Although it has been suggested 
that chromatin compaction protects DNA 

in vivo, not only in vitro, however to the 
best of our knowledge it has never been 
demonstrated. Furthermore, it has not 
been shown that the same environmental 
genotoxic agent that causes a chromatin 
compaction in the cells, and compaction 
subsequently protects the DNA from 
further damage. Furthermore, previous 
studies addressed the local chromatin 
status and remodeling after UV radiation 
(Rastogi et al., 2010). Insufficient 
research has been done to study the 
global response of chromatin after UV 
radiation.  

 

Cations may promote chromosome 
condensation by counteracting the 
negative charge of DNA in vitro and in 
vivo (Gan and Schlick, 2010; Korolev et 
al., 2010; Korolev et al., 2012). 
Monovalent cations, divalent cations, and 
polyamines that promote nucleosome 
folding have been also identified by in 
vitro nucleosome arrays (Grigoryev et al., 
2009; Korolev et al., 2012). Specifically, 
calcium ions have been shown to be 
involved in chromatin compaction in vitro 
and associated with mitotic chromosome 
condensation (Kahl and Means, 2003; 
Skelding et al., 2011; Strick et al., 2001). 
However, all previously mentioned studies 
were not linked to global cellular stress-
induced chromatin compaction. 

Here, for the first time, we 
demonstrate that an environmental 
genotoxic agent, UV radiation, causes an 
immediate and global chromatin 
compaction in cells and that this 
immediate compaction results in a robust 
reduction in the newly formed lesions, 
This DNA protection is occurring in a 
matter of second or minutes unlike other 
known protection mechanisms that 
respond slower and provide a long-term 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transcription-intermediary-factor-1-beta
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defense (hours to days) (Miyamura et al., 
2007; Wasmeier et al., 2008). To confirm 
that the chromatin compaction has a 
causal role on DNA protection, we 
demonstrated that protection is achieved 
also by the compacted mitotic 
chromosomes.  

By chelating cellular calcium, we further 
demonstrated that influx of calcium 
cations following UV irradiation mediates 
the global chromatin compaction and DNA 
protection. We further demonstrated that 
this response is widespread and 
conserved from human HeLa cells, 
through primary human melanocytes, to 
C. elegans.   

The existing dogma is that following UV 
irradiation or gamma radiation, chromatin 
has to unfold to allow access for DNA 
repair machinery (Dinant et al., 2012; 
Gospodinov and Herceg, 2013; Green 
and Almouzni, 2002; Polo and Almouzni, 
2015; Soria et al., 2012). Our results, 
however, show that on a global scale, the 
chromatin is being condensed.  

Results  

UVC Induces a Global Chromatin 
Condensation in HeLa S3 Cells and 
NIH2/4 Cells  

Recent studies have shown that 
chromatin undergoes a dramatic global 
compaction in response to DNA damage 

caused by -radiation (Hamilton et al., 
2011; Takata et al., 2013). To investigate 
whether UV radiation is also induces 
chromatin compaction, HeLa S3 cells 
were irradiated with 30 J/m2 (164 
seconds) and HeLa cells nuclei were 
collected at different time points after UV 
irradiation and partially digested with 
micrococcal nuclease. DNA was then 
purified from digested chromatin from the 
non-irradiated control samples, and from 

the UV-C treated samples. The DNA 
fragments sizes representing the 
nucleosomal ladder were then analyzed 
by agarose gel electrophoresis and 
ethidium bromide staining (Figure 1A). 
The results showed that the chromatin 
was globally and rapidly compacted as 
could be demonstrated, five minutes after 
irradiation. Four to twenty-four hours after 
irradiation, the chromatin returned to the 
pre-UV irradiation compaction steady 
state. UV irradiation in different 
mammalian cell lines activates a complex 
signaling network that leads to apoptosis 
(Chathoth et al., 2009; Kulms and 
Schwarz, 2000). During the apoptosis 
process, the chromatin compaction shifts 
from a heterogeneous form to an inert 
highly condensed form that is 
subsequently fragmented and packaged 
into condensed bodies called apoptotic 
bodies (Lin et al., 2016). To determine if 
UV-C radiation stimulates an apoptosis-
dependent chromatin condensation 
immediately after UV irradiation, the level 
of active caspase 3, an early apoptotic 
marker, immediately after UV irradiation 
was assessed. HeLa S3 cells were UV 
irradiated at 30 J/m2 and cell lysates from 
various time points after UV irradiation 
were subjected to Western blotting 
analysis using an antibody against active 
caspase 3. This assay allowed us to 
compare the time and kinetics of 
apoptosis versus the kinetics of chromatin 
compaction.  Results showed that there 
was no active caspase detectable five and 
ten minutes after UV irradiation. The 
earliest active caspase 3 bands could be 
detected 4 hours to ten hours after UV 
irradiation. Thus, the immediate chromatin 
compaction five to ten minutes after UV-
irradiation is inconsistent with the et of 
apoptosis (Figure 1B).  As additional 
experimental approach to test chromatin 
compaction after UV irradiation, we used 
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NIH2/4 cells that are stably transfected 
with an array of 256 repeats of Lac 
operon sequence (LacO) that can bind 
multiple copies of Lac repressor (LacR) 
fused to CFP (LacR-CFP). Fusion 
proteins containing the LacR-CFP 
expressed from a transiently transfected 
plasmid bind to the LacO sites and can 
allowing visualization of chromatin 
structural changes array in living cells 
(Soutoglou and Misteli, 2008; Tumbar et 
al., 1999) (Figure 1C, schematic drawing 
demonstrates LacO: LacR-CFP 
interaction). In the non-treated cells 
containing of LacO, the LacR-CFP formed 
a small, compact spots in the nucleus of 
the cells (Figure 1D, right panel). UV 
irradiation of the NIH2/4 cells with UVC 
(30 J/m2) (Figure1D, middle panel) or 
UVB (300 J/m2) (Figure1D, left panel) led 
to a significant chromatin compaction. 
Array compaction was determined by 
measuring the longest diameter of the 
LacO: LacR-CFP specks before and after 
UVC or UVB irradiation (Figure 1E). 
Nuclear lamins associated with 
chromatin/histone and play a crucial role 
in chromatin organization during the cell 
cycle (Dechat et al., 2009; Dillon, 2008; 
Fraser and Bickmore, 2007; Kalverda et 
al., 2008; Mateos-Langerak et al., 2007; 
Misteli, 2007; Trinkle-Mulcahy and 
Lamond, 2008). We predicted the nuclei 
diameter and volume will decrease as the 
condensing chromatin pulls in the nuclear 
membrane after UV irradiation. Thus, we 
examined whether the chromatin 
compaction upon UV irradiation influences 
the HeLa cell nuclei diameter and volume. 
HeLa cells were irradiated with 30 J/m2 

and stained with Hoechst dye and the 
diameter of the nuclei were measured 
before and five minutes after UV 
irradiation. We were able to detect a 
significant reduction in the volume of 
irradiated nuclei further supporting that 

UV radiation induces chromatin 
compaction (Figure 1F). In summary, our 
data clearly demonstrate a global 
chromatin compaction and nuclear 
diameter reduction immediately after UV 
irradiation. The compaction of chromatin 
post UV irradiation was constant between 
human cells (HeLa cells) and mouse cells 
(NIH2/4) and was induced by both UVC 
and UVB.  

 

Chromatin compaction protects 
against further DNA damage by UV 
irradiation 

In previous studies, chromatin compaction 
was shown to play a key role in protection 
against double-strand breaks (DSBs) 
generated by γ-rays and other types of 
DNA damages in vitro and in situ (Cann 
and Dellaire, 2011; Hamilton et al., 2011; 
Takata et al., 2013; Tan and Lan, 2016) 
To determine whether UV irradiation could 
protect chromatin from further damage, 
we established a double irradiation 
protocol in which HeLa S3 cells were 
irradiated with 30 J/m2, 15 J/m2 or twice 
with 15 J/m2 with a five minute break in 
between irradiation. Our hypothesis was 
that if compaction of chromatin protects 
DNA from further damage then the 
treatment of irradiation of 15 J/m2 twice 
with 5 minutes break would allow 
chromatin compaction prior to the second 
treatment resulting in a significantly less 
damage than the 30 J/m2 irradiation. DNA 
was purified immediately after irradiation 
(time 0), and 7 and 20 hours after UV 
irradiation. The amount and the kinetics of 
cyclobutane pyrimidine dimer (CPDs) and 
their removal rate from DNA were 
analyzed by southwestern blotting for the 
analysis of 6-4photoproducts (6-4PPs). 
DNA was purified immediately after 
irradiation (time 0), and 2, 4 and 10 hours 
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after UV irradiation. DNA was slot blotted 
onto a nylon membrane and probed with 
monoclonal antibodies against CPDs or 6- 
4PP (Figure 2A and 2C). The negative 
control was DNA from non-irradiated cells. 
The CPD and 6-4PP levels were 
standardized against the total DNA levels 
by staining the membranes with ethidium 
bromide. CPD/DNA and 6 -4PP/DNA 
ratios, were determined using spot 
densitometry of CPD and 6- 4PP blots 
and ethidium bromide membranes. 
Results showed that cells that were 
double irradiated at 15 J/m2 with five 
minutes break had a significant lower 
CPDs and 6-4PPs rate in comparison to 
cells subjected to 30 J/m2. Moreover, the 
results indicated that the cells irradiated 
with 15 J/m2 and twice with 15 J/m2 with a 
five-minute break between had almost the 
same initial level of lesions immediately 
after UV irradiation and they had the 
similar capacity to remove UV-induced 
DNA lesions over time (Figure 2B and 
2D). The amount of CPD lesions 
increased after 7 hours, and we speculate 
that this increase is due to the reactive 
oxygen species (ROS) that can be 
generated by  UV which play role in  CPD 
formation (Herrling et al., 2006; Hochberg 
et al., 2006).  

Chromatin compaction and protection 
commence immediately upon UV 
irradiation and mitotic chromosomes 
are more protected from the damage 
caused by UV irradiation.  

To demonstrate whether the chromatin 
compaction and protection from further 
damage initiates immediately upon 
irradiation or a minimal time is required for 
compaction and then protection will be 
achieved, intact HeLa cells S3 and naked 
DNA extracted and purified from non-
irradiated HeLa S3 cells were irradiated 
with a range of UVC doses, but with 

different UVC intensities; low UVC 
intensity and high UVC intensity. Low 
UVC intensity required more time than 
high UV intensity to produce the same UV 
joulage.    

Intact cells were irradiated with 15 J/m2, 
30 J/m2 and 45 J/m2 with two different 
intensities (0.094 and 0.559 J/m2/s). DNA 
was purified and was slot blotted onto a 
nylon membrane, probed with monoclonal 
antibodies against CPDs (Figure 3A and 
3C). The CPD levels for both intact cells 
and naked DNA were standardized 
against the DNA levels by staining the 
membranes with ethidium bromide (Figure 
3B and 3D). Results showed that cells 
that were irradiated with a lower UV 
intensity had a lower level of CPDs in 
comparison to cells irradiated with a 
higher intensity. This result supports the 
hypothesis of an immediate compaction of 
chromatin. Thus, the longer time it takes 
to deliver the dose of UV the more 
compaction of chromatin is achieved and 
fewer photolesions accumulation occurs. 
On the contrary, the irradiated naked DNA 
showed no difference between lower and 
higher intensities of UV irradiation which 
suggest that the chromatin structure is 
indispensable for DNA protection.  

We demonstrated a correlation between 
the UV-induced compaction of chromatin 
and the protection of the DNA from further 
damage in vivo. However, the question 
was whether the compaction of chromatin 
is the cause for the protection or there is 
another factor induced by UVR that elicits 
the DNA protection. Therefore, we 
decided to test another cellular condition 
that involves chromatin compaction that is 
not induced by UVC: Are the mitotic 
chromosomes more protected than the 
interphase decondensed chromatin? To 
address this question, we arrested HeLa 
S3 cells in mitosis by incubation with 
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nocodazole (Downing, 2000; Jordan and 
Wilson, 1998). Cells lysates were 
collected from mitotically arrested cells 
(synchronized) and non-arrested cells 
(non-synchronized) and the level of 
mitotic cells were confirmed by  western 
blotting with a mitosis-specific marker 
anti-phosphohistone H3 antibodies  
(Bedekovics et al., 2018) (Figure 3E) and 
Mitotic Index was also calculated based 
on the number of metaphase cells that 
had been scored (Figure 3F). The 
synchronized cells were irradiated with 15 
J/m2 and 30 J/m2 and DNA was purified 
immediately after irradiation (time 0), and 
7 and 20 hours after UV irradiation, those 
time points are standard time interval to 
compare the photolesions removal by 
NER, and the amount and the kinetics of 
cyclobutane pyrimidine dimers (CPDs) 
removal from the DNA were measured by 
southwestern blotting. DNA was slot blot 
onto a nylon membrane, probed with 
monoclonal antibodies against CPDs 
(Figure 3G and 3H). We found that the 
more compact chromatin (mitotic 
chromosomes) are more protected from 
photolesions than the decondensed 
interphase chromatin suggesting that 
chromatin compaction protects genomic 
DNA against UV-induced damage 
whether it is compacted due to mitosis or 
due exposure to UV radiation.   

 

Potential mechanisms that facilitate 
chromatin compaction in HeLa cells 
following UV irradiation 

Acetylation levels after UV irradiation  

Histone acetylation and histone 
deacetylation on lysine residues in the N-
terminal tails of the core histones are 
considered epigenetic marks of chromatin 
that are associated with unfolded or 
compacted chromatin, respectively 

(Barnes et al., 2005; Kornberg and Lorch, 
1999a; Ruan et al., 2015). We, therefore, 
we wanted to test the hypothesis that the 
UV-induced chromatin compaction is 
associated and may even be caused by 
core histone deacetylation. 

To assess the level of core acetylation 
following UV irradiation, HeLa S3 cells 
were UV irradiated at 30 J/m2 and whole 
cell lysates were prepared at different 
time points after the irradiation. The 
lysates were then subjected to analysis of 
acetylation levels of H3K9, H3K14, and 
H4K5 by western blotting with the 
appropriate antibodies. The western blot 
analysis and the graphical presentation 
(Figure 4A) revealed a global wave of 
deacetylation reaching its maximum 4 
hours after UV irradiation in the three sites 
tested. After the four hours point, there 
was a gradual increase in the acetylation 
of the three residues back to the pre-UV 
steady-state level. This phenomenon of 
returning to the pre-UV acetylation 
steady-state levels was also observed in 
DT40 wild-type chicken cells (data not 
shown). In summary, these results 
demonstrated a post-UV core histone 
deacetylation wave followed the 
chromatin condensation; however, the 
wave of core histone deacetylation 
progressed much slower than the 
condensation of chromatin and hence is 
not likely to cause it. 

 

To determine if this wave of deacetylation 
play a causal role in chromatin 
compaction, HeLa S3 cells were treated 
with Trichostatin A (TSA) for 20 hours, 
TSA inhibits class I and II  histone 
deacetylases (HDACs) (Imai et al., 2000; 
Vanhaecke et al., 2004), then HeLa S3 
cells were irradiated with 30 J/m2 and 
HeLa cells. Nuclei and cell lysates were 
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collected at 5 and 10 minutes after UV 
irradiation and non-UV control samples 
were then subjected to western blotting 
analysis using the anti-H3K9ac or anti-
H4K5ac (Figure 4B). Western blotting 
results showed hyperacetylation of H3K9 
and H4K5 in the TSA treated cells as 
expected. The nuclei from the control non-
irradiated cells and from the UV-C treated 
cells were partially digested with 
micrococcal nuclease and then the DNA 
chromatin was purified. The purified DNA 
was analyzed by agarose gel 
electrophoresis and stained by ethidium 
bromide staining (Figure 4C).  Cells not 
treated with TSA served as a negative 
control. At the peak of chromatin 
compaction 5-10 minutes, post-UV 
irradiation, TSA treatment that caused 
hyperacetylation of core histone did not 
inhibit chromatin compaction. Thus, we 
concluded that core histone the 
deacetylation is not the cause for the UV-
induced chromatin compaction. 

 
H1 Linker histone and Heterochromatin 
protein 1 are not involved in chromatin 
compaction after UV irradiation 
 
H1 linker histone and heterochromatin 
protein 1 play essential roles in the 
compaction of both euchromatin and 
heterochromatin (Hergeth and Schneider, 
2015; Zeng et al., 2010). The basic C-
terminal domain (CTD) and N-terminal 
domain (NTD) of H1 bind to and 
neutralize the negatively charged linker 
DNA on either side of the nucleosome, 
thereby facilitating euchromatin 
compaction (Roque et al., 2016; Schlick et 
al., 2012; Schmitges et al., 2011). 
Heterochromatin protein 1 (HP1) and tri-
methylation of histone H3 at  lysine 9 
(H3K9me3) are also associated with a 
highly compacted heterochromatin in 
which  H3K9me3 serves as a binding site 

for heterochromatin protein 1  (HP1) 
(Lachner et al., 2001), which aids in the 
formation of heterochromatin through 
oligomerization (Nielsen et al., 2001). To 
determine whether chromatin compaction 
following UV irradiation is related to 
increased chromatin-bound levels of linker 
histone H1 (H1), heterochromatin protein 
1 (HP1-α) or the tri-methylation of histone 
H3 on lysine 9 (H3K9me3). HeLa S3 cells 
were cross-linked with 1% formaldehyde 
before and 5 and 10 minutes after UV 
irradiation and nuclei were isolated and 
chromatin was fractionated after reversing 
the crosslinking by heating for 30 minutes 
at 65 °C and dialyzed overnight (to dilute 
the reverse crosslinking 5M NaCl 
solution).   H1, HP1-α and H3K9me3 
levels were analyzed by Western blotting 
using an antibody against H1, HP1-α 
H3K9me3 (Figure 4D and 4 E). 
H3K9me3The results showered no 
significant increase in H1, HP1-α and 
H3K9me3 levels after UV irradiation 
(Figure 4D). This result suggested that the 
total levels of chromatin associated H1 
and HP1 proteins were similar   between 
the condensed and decondensed 
chromatin, indicating that the chromatin 
compaction and protection are H1 and 
HP1-independent.  
 

 

 

The UV-induced chromatin compaction 
is photoproducts site-independent.   

We have demonstrated chromatin 
compaction following UV irradiation by 
micrococcal nuclease digestion and LacO: 
LacR-CFP array experiments. To further 
study if the chromatin compaction takes 
place only adjacent to photoproducts or 
globally, we used global and local UV 
irradiation and immunofluorescence 
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microscopy. Local UV irradiation is a 
method that uses a porous membrane 
through which the cells were irradiated 
allowing visualization of DNA 
photoproducts within specific sites in the 
nucleus (Suzuki et al., 2010).  The UV 
irradiation of the cells was done globally 
(without using a filter) 30 J/m2 and locally 
at 100 J/m2 through an isopore 
polycarbonate membrane filter (3 µm in 
size), which generated damage in a 
spotted pattern. The high UV dose used 
(100 J/m2) was necessary to visualize the 
permanence of CPD lesions 5 minutes 
after irradiation. Cells were fixed and then 
incubated with antibodies against CPD 
and stained with Hoechst as a counter 
stain (Figure 4E). Global UV and local UV 
irradiation results showed that chromatin 
compaction is not colocalized with areas 
of UV damage the (CPD foci).  

 

The compaction of chromatin after UV 
irradiation is calcium-dependent 

Monovalent cations, divalent cations, 
and polyamines are known to promote 
nucleosome array folding in vitro 
(Grigoryev et al., 2009; Vanhaecke et al., 
2004). Calcium is one of the most 
abundant divalent cations present in cells 
and is known to boost chromosome 
condensation by neutralizing the 
negative charge of DNA (Gan and 
Schlick, 2010; Korolev et al., 2010). 
Divalent cations, particularly Mg2+ and 
Ca2+, are known to increase during the 
mitotic phase of the cell cycle when 
chromosome compaction occurs (Strick 
et al., 2001; Tombes and Borisy, 1989) . 
In addition, It has been shown that solar 
ultraviolet radiation leads to rapid calcium 
mobilization in melanocytes (Bellono et 
al., 2013) suggesting ca+2 changes may 
trigger chromatin compaction. To 

examine the effect of Ca2+ depletion on 
chromatin compaction after UV 
irradiation, HeLa cells were incubated 
with the Ca2+-chelating agents:1,2-bis(o-
aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid)  (BAPTA-AM) and 
ethylene glycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA) for 45 
minutes before UV irradiation. When 
inside the cell BAPTA-AM is cleaved by 
esterases to form the active form – 
BAPTA, whereupon it loses its ability to 
traverse cellular membranes, thereby 
trapping it within cells (Strayer et al., 
1999). The calcium-chelators treated 
HeLa S3 cells were irradiated with 30 
J/m2 and nuclei were collected at different 
time points and digested with a 
micrococcal nuclease. Digested chromatin 
was extracted also from the control 
groups that were irradiated without Ca2+-
chelating agent treatment. DNA was 
purified and the nucleosomal ladder was 
analyzed by agarose gel electrophoresis 
and stained by ethidium bromide staining 
(Figure 5A). The micrococcal nuclease 
analysis demonstrated that calcium 
depletion leads to less compacted 
chromatin after UV irradiation. To further 
confirm the micrococcal nuclease results,  
we used fluorescence microscopy to 
examine the relationship between Ca2+ 
levels before and after UV irradiation. 
HeLa cells were treated with BAPTA-AM 
and EGTA along with fluorescent calcium 
indicator called Fluo4-AM to image the 
changes in chromatin compaction, cells 
were fixed, and images were taken with 
no UV irradiation (Figure 5B right panel) 
and after UV irradiation (Figure 5B left 
panel). The cells treated with both 
chelators demonstrated a reduced Fluo4-
AM signal. Thus, the chelators were 
effective in blocking some of cellular 
calcium when the cells treated with 
BAPTA and EGTA separately there was a 

https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Ethane
https://en.wikipedia.org/wiki/Acetic_acid
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reduction in chromatin compaction.  
Interestingly, there was a higher decrease 
in the compaction of chromatin, as seen 
with Hoechst staining when cells were 
treated with both BAPTA and EGTA. To 
explore whether chromatin compaction 
after UV irradiation is associated with a 
change in Ca2+ concentration, HeLa cells 
were labeled with the Ca+2 Fluo-4 AM and 
intracellular and nuclear calcium intensity 
were measured before and after 30 J/m2 
irradiations (Figure 5C). Results revealed 
that there is a significant increase in both 
cytoplasmic and nuclear calcium (Figure 
5D) 5 minutes after UV irradiation. These 
results indicate that calcium cation influx 
contributes to promoting chromatin 
compaction after UV irradiation. 

 

 

Calcium ion depletion leads to reduced 
chromatin compaction after local UV 
irradiation and a decrease in nuclear 
diameter after UV irradiation.  

To investigate the effect of different 
calcium chelators on compacted 
chromatin foci upon local UV-irradiation 
the NUCLEAR-ID Green chromatin 
condensation detection kit was used to 
stain the condensed chromatin by this 
DNA intercalating dye. HeLa cells were 
grown on a glass slide and incubated 
with the Ca2+-chelating agents BAPTA-
AM or EGTA separately, or together, and 
then locally irradiated at 100 J/m2 through 
an isopore polycarbonate membrane filter 
(with pores 3 µm in size). Cells that were 
not irradiated and not treated with Ca2+-
chelating agents BAPTA-AM and EGTA 
served as negative controls. Cells were 
observed under a fluorescence/confocal 
microscope with a filter set for GFP/FITC 
(Figure 6A). When the cells were 
irradiated, we observed higher amounts of 

nuclear staining compared to the 
unirradiated cells. However, when the 
cells treated with chelating agents 
independently there was a reduction in 
the amounts of nuclear staining indicating 
less chromatin compaction.  As in the 
previous assay, there was considerable 
decrease in the compaction of chromatin 
when cells were treated with both BAPTA 
and EGTA. Since calcium ions chelation 
decrease chromatin compaction after UV 
irradiation, next we wanted to examine 
whether the calcium chelating agents 
influences the HeLa cell nuclei volume 
and diameter. HeLa cells were incubated 
with calcium chelator, irradiated with 30 
J/m2, and stained with Hoechst dye and 
their nuclear diameters were measured. A 
significant reduction in the nuclei diameter 
was detected after UV irradiation; 
however, cells that were incubated with 
chelators and irradiated had no any 
significant decrease in their nuclear 
diameter (Figure 6B). These results 
evidently demonstrate that the 
mechanism of a chromatin compaction 
and nuclear diameter reduction are 
calcium-dependent mechanism.   

Calcium ion depletion impedes the 
chromatin compaction protection 
mechanism and impairs the nucleotide 
excision repair after UV irradiation  

To test the how calcium depletion affects 
the CPD and 6- 46PP photolesions 
removal rate after UV irradiation. HeLa S3 
incubated with a combination of Ca2+-
chelating agents BAPTA-AM and EGTA 
and then irradiated with 30 J/m2, 15 J/m2 
and twice with 15 J/m2 with a five-minute 
break between. DNA was purified 
immediately at different time points after 
UV irradiation. DNA was slot blotted onto 
a nylon membrane and probed with 
monoclonal antibodies against CPDs or 6- 
4PP (Figures 7A and 7C). The negative 

https://www.spandidos-publications.com/mmr/7/5/1425#f4-mmr-07-05-1425
https://www.spandidos-publications.com/mmr/7/5/1425#f4-mmr-07-05-1425
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control was DNA from non-UV irradiated 
cells). The CPD and 6-4PP levels were 
standardized against the DNA levels by 
staining the membranes with ethidium 
bromide. CPD/DNA and 6 -4PP/DNA 
ratios were determined using spot 
densitometry of CPD and 6- 4PP blots 
and ethidium bromide stained DNA 
membranes. Results showed that cells 
that were incubated with calcium 
chelators lost their ability to protect DNA 
from further damage and lost their ability 
to remove UV-induced DNA lesions over 
the course of time (Figures 7B and 7D). 
These results support the pivotal and 
perhaps the causal role of calcium cations 
cellular influx in chromatin compaction 
and DNA protection in UV-induced NER 
function.  

 

Discussion 

In the present study, we found that 
chromatin is globally compacted after 
UVC irradiation, and this compaction 
protected genomic DNA from further 
damage. Importantly, this study suggests 
the causal involvement of Ca2+ ions in 
chromatin compaction and following DNA 
protection. We ruled out as possible 
mechanism for chromatin compaction 
TSA-inhibited HDAC I and II classes, H1 
and HP1, as well as H3K9 methylation. 
However, we cannot rule out additional 
mechanisms that nay contribute to this 
compaction phenomenon, such as sirtuin 
mediated descetyaltion. Based on our 
results and finding by others (Hamilton et 
al., 2011; Strayer et al., 1999), we 
propose that cellular DNA protection by 
chromatin compaction represent a 
universally conserved function, from 
human cell lines like HeLa cells through 
human melanocytes to C. elegance, in a 
large variety of stresses. Several in vitro 

studies have shown that chromatin 
condensation by polyamine or monovalent 
cations also protected genomic DNA and 
suppressed more damage induced by 
gamma radiation (Douki et al., 2000; 
Spotheim-Maurizot et al., 1995; Warters 
et al., 1999). Here, we demonstrated that 
calcium ions are crucial in chromatin 
compaction and DNA protection in vivo, 
and that calcium is required and essential 
for nucleotide excision repair.  

Although we emphasized the importance 
of chromatin compaction in the 
maintenance of genomic DNA integrity by 
the robust reduction in both CPD and 6 -4 
PP photolesions, chromatin compaction 
might interfere with DNA damage repair 
due to a reduction in chromatin 
accessibility. However, recent studies 
observed local nucleosome fluctuations in 
living mammalian cells, and this 
fluctuation increases chromatin 
accessibility, especially in compacted 
chromatin regions (Hihara et al., 2012)   

According to our model (figure 8), upon 
UV irradiation calcium influx from different 
cellular and extracellular calcium storages 
neutralizes the negatively charged DNA 
phosphate group, which leads to 
chromatin compaction, and in turn, this 
response causes the pulling of the nuclear 
envelope, which results in nuclear 
diameter and volume reduction. 

Furthermore, we reported that chromatin 
decondensed and returned to its pre-UV 
steady-state four to twenty-four hours 
after UV irradiation, increasing chromatin 
accessibility for global repair.  

Despite the ability of divalent calcium 
cations to promote the chromatin 
compaction upon UV irradiation, we 
cannot rule out the involvement of other 
monovalent, divalent, or polyvalent 
cations, or other components.  
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Furthermore, it is important to emphasize 
that our findings provide a theoretical 
basis for a possible new generation of 
sunscreen creams. Sunscreens include 
physical ingredients that include the 
minerals titanium dioxide and zinc oxide 
that block and scatter the rays before they 
penetrate human skin and chemical 
ingredients like avobenzone and 
octisalate, which absorb UV rays before 
they can damage the skin. Our findings 
provide a theoretical basis to add agonist 
chemical that will induce the function of 
rhodopsin that senses the UV irradiation 
and activates G protein, which activates 
downstream signaling cascade to facilitate 
calcium release from the smooth 
endoplasmic reticulum or other depots to 
initiate and enhance chromatin 
compaction and protection.    

Finally, our study provides strong 
evidence that intensive and prolonged 
exposure to the sun can be safer than 
shorter but frequent times of exposure. 
Our studies explain the molecular 
mechanism for the phenomenon of higher 
skin cancer rate among people who have 
several short exposures to the sun during 
the day in comparison to individuals that 
have one prolonged exposure.  
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Methods Details  

Cell culture  

Human HeLa S3 cells were used for micrococcal nuclease digestion, Southwestern 

experiments, and Western blotting. Human HeLa cells were used for immunostaining 

after local UV irradiation and calcium intensity measurement. NIH2/4 mouse embryonic 

cell line, which carries an array of 256 copies of the LacO binding sequence and 96 

copies of the tetracycline response element sequence, was a gift from Dr. Tom Misteli 

(NIH). Cells were maintained in Dulbecco’s modified Eagle’s medium (Gibco/BRL) 

supplemented with 10% heat-inactivated fetal bovine serum (Gemini) and 1% Penicillin-

streptomycin. The cells were grown in tissue culture flasks or spinner flasks in an 

incubator with 5% CO2 and 100% humidity at 37 °C. 

Western blot  

Whole cell lysates were fractionated on a 12% or 15% SDS polyacrylamide gel. The 

proteins were transferred to PVDF membranes (Millipore) using a Bio-Rad semidry 

transfer cell. Membranes were probed overnight at 4ºC with one of the following primary 

antibodies: anti-Histone H1 (Santa Cruz Biotechnology), anti-phospho-H3S10 (Upstate), 

anti-acetyl-H3K9 (Millipore), anti-acetyl-H4K5 (Santa Cruz Biotechnology), anti-

trimethyl-H3K9 (Millipore), anti-Caspase 3 (Millipore), and anti-HP1α (Millipore). The 

bound antibodies were detected with horseradish peroxidase-conjugated secondary 

antibodies and proteins were visualized using an ECL Plus kit (Amersham Biosciences). 
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UV irradiation 

Prior to irradiation, HeLa S3 cells were grown in a spinner flask and then centrifuged at 

500 x g for 5 minutes followed by two washes with PBS (Thermo Fisher).  The cells 

were then resuspended in PBS, placed in large tissue culture plates 30 ml capacity, and 

then incubated with a thin layer PBS during UV irradiation.  Cells were exposed to 

global UV irradiation with Philips TUV lamp (predominantly 254 nm) for different doses 

and intensities. For local UV irradiation, HeLa regular cells grown on coverslips were 

covered with a porous isopore polycarbonate filter with pores of 3.0 µm diameter 

(Millipore) and irradiated with 100 J/m2 doses. Following UV irradiation, the filter was 

removed, and the cells were fluorescently labeled or immunostained. A UV-C sensor 

(UV Products) was used to calibrate the fluency rate of the incident light.  

Southwestern analysis of photoproduct levels 

HeLa S3 cells were grown and maintained in a spinner flask in presence or absence of 

calcium chelators. The cells were washed twice, resuspended in PBS, and then 

irradiated at the desired joulage in a 150 mm polystyrene petri dish. Following UV 

irradiation, fresh media was added and the cells were incubated in spinner flasks 

maintained in an incubator under normal growth conditions. At different time points (0 

hour – 24 hours), DNA was extracted using proteinase-K buffer and purified by phenol-

chloroform method (Gross-Bellard et al., 1973). The extracted DNA (1 µg) was slot-

blotted onto Hybond- N+ membranes (GE Lifesciences). The DNA was cross-linked by 

a 30 minutes incubation in an 80 °C vacuum-oven.  The level of CPDs and 6-4PPs and 

their removal rates were assessed using mouse anti-CPD (Clone: TDM2) and mouse 
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anti-6-4PPs monoclonal antibodies  as described by Schwarz et al (Schwarz et al., 

2002). Anti-CPD Clone: TDM2 was a gift from T. Tadokoro, Department of 

Dermatology, Osaka University, Japan). The CPD and 6-4PP photolesions to DNA ratio 

was determined using spot densitometry with AlphaEaseFC (FluorChem HD2) software, 

version 6.0. The tests were performed in a linear range according to the calibration 

curve. 

 

Fluorescent Labeling 

HeLa cells were grown on glass coverslip to 70% confluence, washed twice with cold 

PBS, incubated with a layer of PBS, and globally or locally radiated. After irradiation, 

cells were fixed and lysed by addition of PBS containing 2% paraformaldehyde and 

0.2% Triton X-100 while maintaining the cells on ice for 15 minutes. Cells were washed 

twice with cold PBS and blocked with 3% bovine albumin in PBS for 30 min at room 

temperature. To visualize UV-induced photoproducts, cells were washed twice with 

PBS, treated with 2 M HCl for 5 min at 37ºC to denature the DNA, and washed once 

with PBS. Cells were subsequently rinsed once with washing buffer (PBS containing 

0.5% bovine albumin and 0.05% tween-20), incubated with the cyclobutane pyrimidine 

dimers (CPDs) primary antibody in washing buffer for 2 hours at room temperature.  

Cells were washed three times with washing buffer, then incubated with goat anti-

mouse-FITC in washing buffer for 1 hour at room temperature followed by three washes 

in washing buffer. Chromatin was counterstained with Hoechst stain (5 µg/mL) 

(Invitrogen) for 5 minutes, and Prolong Antifade mounting medium (Invitrogen) was 

added before sealing the coverslip.  
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Isolation of Nuclei and Microccocal Nuclease Digestion 

For the isolation of nuclei, HeLa S3 cells grown in suspension were centrifuged at 180 x 

g at 4 ºC for 5 minutes and washed twice with PBS, then resuspended in PBS and 

placed in 150 mm polystyrene petri dishes and irradiated. The irradiated cells were 

incubated in DMEM in a 37 °C incubator for different time points.  Five and 10 minutes 

time points were incubated in ice cold PBS. For intact nuclei isolation, the irradiated 

cells were centrifuged at 500 x g at 4 ºC for 5 minutes. The cell pellet was resuspended 

in lysis buffer A (10 mM Tris-Cl (pH 7.4), 10 mM NaCl, 0.5% NP-40, and 1 mM PMSF).  

Cells were vortexed and then centrifuged at 500 x g at 4 ºC and resuspended in buffer 

A and of buffer B (10 mM Tris-Cl (pH 7.4), 3 mM CaCl2, 2 mM MgCl2, 1% NP-40, and 1 

mM PMSF) in one to one ratio per 50 million cells. Cells then were transferred to an ice-

cold Dounce homogenizer with pestle type B and 10 to 20 strokes were carried out. The 

lysate was then centrifuged for 5 minutes at 500 x g at 4ºC. Nuclei were stored in 

glycerol storage buffer (50 mM Tris-Cl (pH 8.4), 40% glycerol, 5 mM MgCl2 and 0.1 mM 

EDTA) at a concentration of 50 million cells/ 200 µl. For micrococcal nuclease (MNase) 

sensitivity digests, the nuclei concentration was adjusted based on the relative 

absorbance of 260nm in nuclei buffer R (0.1% SDS and 0.1% NaOH).  Nuclei (500 µg) 

were digested with 50 units of micrococcal nuclease (Roche) for eight minutes at 25°C 

in 1 ml of digestion buffer (85 mM KCl, 1 mM CaCl2, 5 mM PIPES (pH 7.5), 5% 

sucrose). Digested chromatin was extracted from UV irradiated cells with and without 

calcium chelators, and then purified using phenol: chloroform. DNA concentration was 

measured at 260 nm, and 5 µg of isolated DNA from different samples was fractionated 
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by 2% TAE agarose gel electrophoresis followed by 0.5 µg/ml ethidium bromide 

staining. Gel analysis was carried out by using spot densitometry and AlphaEaseFC 

(FluorChem HD2) software, version 6.0.  

 

HeLa cell nuclear LacO: LacR-CFP diameter measurement  

NIH2/4 cells containing 256 chromosomal tandem repeats of LacO were plated on 

coverslips, grown to 70% confluence, washed twice with cold PBS and transfected with 

LacR-CFP plasmid using Lipofectamine 3000 reagent (Thermofisher Scientific). The 

cells were then irradiated with 30 J/m2 and fixed with 4% paraformaldehyde for 15 min 

at room temperature.  HeLa S3 cells were grown to about 70% confluency. The media 

was removed, and the cells were washed once with serum free DMEM.  BAPTA-AM in 

DMSO (50 µM final concentration) was added to 1 ml of serum free DMEM. EGTA (50 

µM final concentration) was added to 1 ml of serum free DMEM and a mixture of 

BAPTA-AM in DMSO and EGTA (50 µM final concentration). Cells then were incubated 

for 40 minutes at 37°C.  The cells were washed twice with PBS and were irradiated with 

30 J/m2 with a thin layer of PBS and stained with Hoechst. Cells were then washed 

once with CO2 independent medium lacking phenol red (Invitrogen) and imaged with the 

same media.  The diameter of LacO: LacR-CFP specks as well as the HeLa S3 nuclear 

diameter were measured was measured using NIS-Element AR.  

 

 

 



 
 

39 
 

 

Core Histone Hyperacetylation and Mitotic Arrest prior to UV irradiation of cells  

To hyperacetylate core histones, HeLa S3 cells grown in suspension were treated with 

2 µM of trichostatin A (Sigma) for 20 hours. Cells were collected by centrifugation at 180 

x g at 4ºC for 5 minutes.  Cells were washed twice with PBS and then resuspended in 

PBS and placed in 150 mm polystyrene petri dishes. The cells were irradiated then 

incubated in PBS for 5 or 10 minutes and nuclei were isolated and subjected to 

micrococcal nuclease digestion. Additionally, whole cell lysates of each time point were 

collected by lysis with 1X Laemmli buffer and mini complete protease inhibitor tablet 

(Roche Life Sciences). For mitotic arrest, HeLa S3 cells were treated with 100 nM 

nocodazole (Sigma) for 20 hours. To assess mitotic arrest, cells were either lysed with 

1X Laemmli buffer followed by western analysis for phosphorylated H3S10 or stained 

with Hoechst and the Mitotic index was measured microscopically. Mitotically arrested 

cells were suspended in PBS and irradiated at the desired joulage. Following UV 

irradiation, fresh media was added, and the cells were incubated in spinner flasks under 

normal growth conditions for the 0, 7, and 20-hours’ time points. DNA was extracted at 

the desired time points (0-24 hours) and the levels of CPDs and 6-4PPs and removal 

rate were assessed.  
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Level of Chromatin-bound H1, HP1-α and H3K9me3 assessment upon UV 

irradiation  

HeLa cells were irradiated with 30 J/m2 then incubated in fresh medium under normal 

growth conditions. DNA was crossed-linked by adding 1% formaldehyde in PBS after 

the desired time then incubated for 10 minutes at 37ºC. Nuclei from each time point 

were isolated as previously described. Nuclei were resuspended in swelling buffer (25 

mM EDTA and 1 mM PMSF) and incubated for 60 minutes at room temperature.  Nuclei 

were pelleted at 500 x g at 4ºC for 5 minutes and then resuspended in 1 ml of lysis 

buffer (10% SDS, and 0.1M NaHCO3).  NaCl (5M) was added and cross-linking then 

reversed by heating at 65ºC for 4 hours.  The lysate was dialyzed overnight in a Slide-a-

Lyzer cassette (10,000 molecular weight cutoff, Pierce) against PBS in cold room. The 

nuclear lysate was collected and 1X Laemmli buffer were added with mini complete 

protease inhibitor tablet (Millipore) and heated at 94ºC for 20 minutes. Lysate was 

centrifuged at 10,000 X g for 2 minutes at 4ºC. Western blotting analysis was performed 

for anti-histone H1, anti-trimethyl-H3K9 and anti-HP1α. Non-UV irradiated sample 

served as a negative control. 

Chromatin compaction 

HeLa S3 cells were plated on coverslips, grown to 70% confluence, washed twice with 

cold PBS. Cells were stained with 5 µM of Nuclear ID-green staining reagent (Enzo) in 1 

ml of serum free DMEM. Cells were incubated at 37°C for 20 minutes. Cells then were 

washed twice with PBS and covered with a very thin layer of PBS and then a porous 

isopore polycarbonate filter with pores of 3.0 µm diameter (Millipore) were placed during 
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irradiation with UVC (254 nm) 100 J/m2 doses. Filters were carefully removed, and the 

cells were then washed once with PBS and stained with 0.5 µg/ ml Hoechst stain for 5 

minutes, and then cells were washed with PBS and imaged in CO2 independent 

medium lacking phenol red.  

 

 

Calcium Ion Measurements 

Calcium measurements were performed using the cell-permeable calcium specific dye, 

Fluo4-AM (Invitrogen). HeLa cells were grown to approximately 70% confluency, the 

media was removed, and the cells were washed once with serum free DMEM 

(Invitrogen). Cells were incubated for 40 minutes at 37°C with a mixture of Fluo4-AM 

(1µM final concentration) and Pluronic F-127 (0.04% final concentration) in serum free 

DMEM. For experiments using BAPTA-AM or EGTA, 50 µM BAPTA-AM in DMSO and 

50 µM EGTA were added to the Fluo4-AM/Pluronic F-127 mixture prior to the addition of 

serum free DMEM. The cells were then washed once with PBS and imaged in CO2 

independent medium lacking phenol red (Invitrogen). Fluo4-AM was imaged with 

excitation at 488 nm and emission at 525 nm in a 37 °C chamber attached to the 

confocal microscope. All images were obtained using a 60x oil immersion objective, and 

the quantification of change in Fluo4-AM fluorescence was carried out using ImageJ 

software, with a region of interest drawn within the nuclear and cytoplasmic regions of 

cells and mean fluorescent intensity measured and compared with non UV-irradiated 

cells. 
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Figure legends 

 

Figure 2.1: UVC Induces global chromatin condensation in HeLa cells. (A) Agarose 
gel of DNA fragments partially digested by micrococcal nuclease of control group (lane 
1), 5min, 10 min, 4 hours, and 24 hours (lanes 2, 3, 4, and 5) after UV irradiation 
respectively. (B) cleavage of procaspase-3 into active caspase -3 in HeLa cells after 
different time points. HeLa cell lysates were analyzed for cleavage of procaspase-3 
using immunoblot with anticasepase-3 antibodies. (C) Schematic drawing demonstrates 
the interaction of LacR-CFP to condensed array of 256 repeats of Lac operon (LacO) 
chromatin array. NIH2/4 cells were transfected with LacR-CFP expression plasmid for 
two days. The transfected cells kept unirradiated as a negative control (D) and then 
UVC irradiated with 30 J/m2 and UVB with 300 J/m2, and then fixed by 4% 
paraformaldehyde and visualized by confocal microscope. (E) The Bar graph indicates 
mean diameter of condensed array before and after UV-C and UV-B irradiation ±SE. 
Thirty-two cells of each treatment were examined (Mann-Whitney U test, p < 0.05, n = 
3). (F) Bar graph represents HeLa S3 nuclei mean diameter after 5 minutes of UVC 
radiation with 30 J/m2. (Mann-Whitney U test, p < 0.05, n = 300) 

 

Figure 2.2: UV induced chromatin compaction is a physiological response that 
protect the DNA from Further damage (A) and (C) represent Southwestern analysis 
of CPD and 6-4PP removal in the HeLa S3 cells. Cells were UVC irradiated with a dose 
of 30 J/m2, 15J/m2 , and twice 15 J/m2   with 5 minutes break. DNA was extracted from 
non-radiated cells and from cells immediately after irradiation, and 7 and 20 hours after 
irradiation for CPD, and DNA was extracted from non-radiated cells and from cells 
immediately after irradiation, and 2, 4 and 10 hours after irradiation. One µg of DNA was 
loaded per slot, on a slot blotter system and transferred to Hybond-N+ membrane. (A) 
The membranes were fixed at 80 ̊C for 15 minutes and incubated with anti-CPD 
monoclonal antibody, and with 6-4PP monoclonal antibody. The CPDs and 6-4PP levels 
were standardized against the DNA levels by staining the membranes with ethidium 
bromide. (B) and (D) represent the percent of CPD/DNA and 6-4PP/DNA that was 
determined using densitometry of four independents blots. The graphs represent the 
means (±SE) from four independent experiments. No significant differences were 
detected between single 15 J/m2 and double 15 J/m2 with 5 minutes break groups 
significant difference were found between 15 J/m2 and 30 J/m2 and between the double 
15 J/m2 and 30 J/m2-depicted by * (Kruskal-Wallis test, p > 0.05). (E) Western blots 
displaying the caspase-3 activation after UV irradiation. HeLa S3 irradiated with a dose 
of 30 J/m2, 15 J/m2, and twice 15 J/m2   with 5 minutes break at different time intervals. 
The cleavage of procaspase cannot be detected after the double 15 J/m2 with 5 minutes 
break group. 
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Figure 2.3: Chromatin compaction upon UV irradiation immediately protects DNA 
from further damage and condensed mitotic chromatin is more protected than the 
interohase relaxed chromatin after UVR (A) Southwestern analysis of CPD levels in 
the HeLa S3 cells upon UV irradiation with the same joulage but different UV intensities. 
Cells were UVC irradiated with a dose of 15 J/m2, 30 J/m2  and 45 J/m2 using 0.559 and 
0.094 J/m2/sec UV intensities.  DNA was extracted from non-radiated cells and from 
cells immediately after irradiation for CPD, and DNA was extracted from non-radiated 
cells and from cells immediately after irradiation. One µg of DNA was loaded per slot 
and transferred to Hybond-N+ membrane. The membranes were fixed at 80 ̊C for 15 
minutes and incubated with anti-CPD monoclonal antibody. The CPDs levels were 
standardized against the DNA levels by staining the membranes with ethidium bromide. 
(B) The percent of CPD/DNA was determined using densitometry of three independents 
CPD blots. Statistically significant differences were detected between the low and high 
intensity UV irradiated cells. (C) Southwestern analysis of CPD levels within naked DNA 
that was extracted and purified from HeLa S3 cells. Naked DNA were UVC irradiated 
with a dose of 5 J/m2, 10 J/m2, 15 J/m2 , 30J/m2  , and 45 J/m2 using 0.559 and 0.094 
J/m2/sec UV intensities . One µg of DNA was loaded per slot and transferred to Hybond-
N+ membrane. The membranes were fixed at 80 ̊C for 15 minutes and 
incubated with anti-CPD monoclonal antibody. The CPDs levels were standardized 
against the DNA levels by staining the membranes with ethidium bromide. (D)The 
percent of CPD/DNA was determined using densitometry of three independents CPD 
blots. No Statistically significant differences were detected between the low and high 
intensity UV irradiated naked DNA. (E) Western blot analysis of extracts from HeLa 
cells, either untreated or treated with nocodazole (100 ng/ml for 20 hours).  (F) Bar chart 
of mitotic index of HeLa S3 cells after 20 hours Nocodazole incubation. Each value 
represents the mean and standard error from three different observations. (G) 
Southwestern analysis of CPD levels in unsynchronized and synchronized HeLa S3 (n = 
3) at 0, 7, and 20 h post UVC (30 J/m2) and (15 J/m2). The CPDs level was 
standardized against the DNA levels by staining the membranes with ethidium bromide. 
(H) Quantitative percentage of CPD/DNA was determined using densitometry of three 
independents CPDs blots. The graphs represent the means (±SE) (n = 3). Single 
asterisk is statistically significant differences level between single 30 J/m2 with 
nocodazole and 30 J/m2, or the double asterisks indicated value that are significantly 
different between double 15 J/m2 nocodazole treated and nontreated cells as 
determined by Kruskal-Wallis test, p > 0.05. 
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Figure 2.4: Core histones hyperacetylation, H1 linker histone (H1), 
heterochromatin protein 1-α are not involved with UVC induced global chromatin 
compaction. (A). UV irradiation induces a rapid global wave of deacetylation of core 
histones H3 and H4 in HeLa cells.  The graph represents acetylation percent over time 
(hours) post UV-irradiation.  The cells were irradiated at 30 J/m2 at different time 
intervals. The deacetylation reached its maximum at 4 hours in respective residues: 
H3K9, H3K14, and H4K5. Each data point represents the mean of three independent 
repetitions (±SE). (B)  Trichostatin A treatment forms a stable hyperacetylated H3K9 
and H4K5. Cells treated with TSA for 16 hours then the cell lysates were subjected to 
western blotting with monoclonal antibody to the indicated histones (B). Increasing the 
acetylation level of core histones does not affect chromatin compaction rate after UV 
irradiation.  (C) Agarose gel of DNA fragments partially digested by micrococcal 
nuclease of control group (lane 2), 5 min, and 10 min, lanes 3 and 4 respectively after 
30 J/m2 UVC irradiation. Lanes 4, 5 and 6 represent DNA fragments after TSA and UV 
irradiation treatment at 5 and 10 minutes. (D) Western blots of H1 linker histone (H1), 
heterochromatin protein 1-α (HP1- α), and tri-methyl-histone H3 Lys9 (H3K9Me3) levels 
after 30 J/m2 UV irradiation. Linker histone H, HP1-α and H3K9Me3 were detected in 
nuclear extracts after reversing the cross linking of non-irradiated, 5 minutes and 10 
minutes after irradiation. SDS-PAGE stained with Coomassie to show equal loading. (E) 
Bar graph indicate the level H1 linker histone (H1), heterochromatin protein 1-α (HP1- 
α), and tri-methyl-histone H3 Lys9 (H3K9Me3) levels after 30 J/m2 UV irradiation. (F). 
Asynchronously growing HeLa S3 cells were irradiated with a dose of 30 J/m2 , 15J/m2  , 
and twice 15 J/m2   with 5 minutes break and also were irradiated (100 J/m2) through 
micropore filters. Cells were fixed five minutes post UV irradiation and immunostained 
with antibody recognizes CPD photolesions. 

   

 

Figure 2.5: UVC irradiation leads to an increase in intracellular and intranuclear 
calcium, which consecutively leads to chromatin compaction. (A) Nuclease 
sensitivity analysis of chromatin structure after incubating HeLa cells in BAPTA, AM and 
EGTA calcium chelators and then UVC irradiation. Agarose gel of DNA fragments 
partially digested by MNase of control group (lane 1), 5min, 10 min, 4 hours, and 24 
hours lanes 3, 5, 7 and 9 respectively after 30 J/m2 UV irradiation. Lanes 2, 4, 6, 8, and 
10 represent DNA fragments collected after BAPTA, AM and EGTA calcium Chelators 
and UV irradiation treatment.  (B) Calcium depletion prohibits chromatin compaction 
after UV irradiation. Fluo4-AM loaded HeLa cells S3 were imaged before and after UVC 
irradiation (30 J/m2). The increase in green fluorescence indicates an increase in free 
intracellular and intranuclear calcium levels. The increase in chromatin compaction 
(blue spots) can be seen from Hoechst staining. Increase in free intracellular and 
internuclear calcium upon UVC irradiation can be prevented by preloading the cells with 
EGTA or BAPTA-AM or both which are an intracellular and intranuclear Ca2+ chelators. 
Chromatin compaction is highly reduced in presence of EGTA and BAPTA-AM (left 
panel). Fluo4-AM loaded HeLa cells were imaged without UVC irradiation, which serve 
as control for experiment panel A. (C) Fluo4-AM loaded HeLa cells were imaged before 
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and after UVC irradiation (30 J/m2) and Fluo4-AM fluorescence intensity were measured 
in cytoplasm and nuclei. (D) Bar graphs representation of the fluo4-AM mean intensity 
for both cytoplasm and nuclei of HeLa S3 before and five minutes post UV irradiation. 
All determinations in all panels were made in the absence of extracellular calcium. Data 
are expressed mean ± SE; *p ≤ 0.05, n = 300. 

 

Figure 2.6: Local UV irradiation cause chromatin compaction and diminishes in 
presence of calcium chelators. (A). Asynchronously growing HeLa S3 cells stained 
with NUCLEAR-ID Green dye and then were irradiated with a dose 100 J/m2 through 
micropore filters. Cells were fixed five minutes post irradiation. Hoechst dye was used 
as a counter stain. Spotty pattern was observed upon local UV radiation and calcium 
chelators reduce the local compaction. UV irradiation reduces the nuclear diameter of 
HeLa S3 cells.  B. Bar graph represents HeLa S3 nuclei mean diameter after 5 minutes 
of UVC radiation with 30 J/m2 in absence and presence of calcium chelators (EGTA and 
BAPTA-AM). (one-way ANOVA, *p ≤0.05) 

 

Figure 2.7:  Calcium ions depletion impedes chromatin-dependent DNA 
protection from UV irradiation and impedes nucleotide excision repair 
Southwestern analysis of CPD and 6-4PP removal in the HeLa S3 cells. Cells were 
UVC irradiated with a dose of 30 J/m2, 15J/m2 , and twice 15 J/m2   with 5 minutes break 
in presence and absence of EGTA and PABTA-AM. DNA was extracted from non-
radiated cells and from cells immediately after irradiation, and 7 and 20 hours after 
irradiation for CPD, and DNA was extracted from non-radiated cells and from cells 
immediately after irradiation, and 2, 4 and 10 hours after irradiation. One µg of DNA was 
loaded per slot, on a slot blotter system and transferred to Hybond-N+ membrane. (A) 
The membranes were fixed at 80 ̊C for 15 minutes and incubated with anti-CPD 
monoclonal antibody, and (C) with 6-4PP monoclonal antibody. The CPDs and 6-
4PP levels were standardized against the DNA levels by staining the membranes with 
ethidium bromide. (B) The percent of CPD/DNA (D) and 6-4PP/DNA were determined 
using densitometry of four independents CPD a 6-4PPs blots. The graphs represent the 
means (±SE) from three independent experiments. Note:  The asterisks (*) indicated 
value that are significantly different between 30 J/m2 with and without calcium chelators 
(p ≤ 0.05) as determined by Kruskal-Wallis test.The double dragger (‡) indicated value 
that are significantly different between 15 J/m2 with and without calcium chelator s (p 
≤0.05) as determined by Kruskal-Wallis test, p > 0.05.The number sign (#) indicated 
value that are significantly different between double 15 J/m2 with and without calcium 
chelators (p ≤ 0.05) as determined by Kruskal-Wallis test, p ≤ 0.05. 
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Figure (8). Chromatin Compaction mechanism suggested Model 
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CHAPTER III 

Results  

 

Local UV-induced chromatin compaction is photolesions site-independent.   

To study if the chromatin compaction takes place just on the site of photoproducts or 

globally, we used local UV irradiation and immunofluorescence microscopy (Suzuki et 

al., 2010).  The UV irradiation of the cells was done locally at 100 J/m2 through an 

isopore polycarbonate membrane filter (3 µm in size), which generated damage in a 

spotted pattern. Cells were incubated for different time points and then fixed and then 

incubated with antibodies against CPD and stained with Hoechst as a counterstain 

(Figure 1). Local UV irradiation results showed that chromatin compaction is not 

colocalized with areas of UV damage the (CPD foci).  

Calcium chelator BAPTA-AM reduces the chromatin compaction upon UV 

irradiation. 

The NUCLEAR-ID Green chromatin condensation detection kit was used to stain the 

condensed chromatin.  HeLa cells were plated in clear bottom 96-well plates and 

treated with BAPTA-AM and then UV-irradiated with 70 J/m2. Cells that were not 

irradiated and not treated with Ca2+-chelating agents BAPTA-AM served as negative 

controls. Microplate reader with excitation wavelength 488nm and emission wavelength 

520nm was used to measure fluorescent signals for three independent experiments 

(Figure 2). When the cells were irradiated, we observed significantly higher fluorescent 

signals intensity compared to the unirradiated cells. However, when the cells treated 
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with chelating agent, there was a significant reduction in the fluorescent signal intensity,  

which means less chromatin compaction.   

 

 

Figure 3.1: Detection of locally induced UV damage in cell nuclei. A UV-blocking 
polycarbonate filter containing pores of 3 µm in diameter was used to cover a 
monolayer of cells. The filter-covered cells were UV irradiated with 100 J/m2 and, cells 
were incubated for 5 minutes, 30 minutes, and 60 minutes and then then fixed. CPDs 
were tagged anti-CPD antibodies followed by secondary fluorescently conjugated-
antibodies directed against the primary antibodies.  Nuclei were counter-stained with 
Hoechst staining. 
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Figure 3.2 Calcium chelators reduce chromatin compaction after UV 
irradiation. NUCLEAR-ID green chromatin condensation detection kit was used to 

analyze chromatin condensation using a fluorescence microplate reader. HeLa cells 
were plated in 96-well plates, treated with BAPTA-AM and then UV-irradiated with 70 
J/m2. Fluorescent signals are in relative fluorescence Units (RFUs) and linearity was 
verified with appropriate filter sets according to instrument specifications. 
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CHAPTER IV 

Discussion  

In this study, we used micrococcal nuclease assay, fluorescent microscopy, and 

southwestern techniques to analyze the effect of ultraviolet C light irradiation on the 

compaction level of chromatin in HeLa cells and within the nuclei of mouse fibroblast 

NIH2/4 cells. Over the past few decades, studies have shown the cellular response that 

follows DNA damage, termed DNA damage response (DDR) is  accompanied by 

changes in chromatin structure (Carrier et al., 1999; Ciccia and Elledge, 2010; Ziv et al., 

2006).  Studies suggested that upon damage, chromatin unfolds around the lesions by 

the action of chromatin remodeling factors and histone-modifying enzymes. Once DNA 

is accessible to enable DNA repair, DNA repair takes place and it is followed by 

restoration of chromatin to the pre-lession steady state involving histone chaperones 

and remodeling factors (Luijsterburg and van Attikum, 2011; Ransom et al., 2010; Soria 

et al., 2012).  Unlike the presumptive three-step model that describes the site of DNA 

damage and repair in the context of chromatin—access, repair and restore (ARR) 

model, our findings in this study indicate that on a global scale, the chromatin is 

condensed immediately after UV irradiation.  We also showed that the chromatin 

condensation after UV irradiation is independent of histones modifications such as 

acetylation and known chromatin condensing proteins such as H1 and HP1. We 

demonstrated that chromatin compaction is strongly affected by calcium cation influx 

following UV irradiation, which mediates the global chromatin compaction. This 
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mechanism appears to be part of a physiological response that protects from further 

DNA damage.   

Micrococcal nuclease digestion of UV irradiated HeLa cells showed a decrease in 

chromatin sensitivity to micrococcal nuclease as a result of immediate chromatin 

compaction five minutes after UV-irradiation. Twenty-four hours after irradiation, the 

chromatin returned to the pre-UV steady-state compaction level. NIH2/4 cells also 

showed chromatin compaction instantaneously after UVB and UVC irradiation. NIH2/4 

are stably transfected with an array of 256 repeats of Lac operon sequence (LacO) that 

can bind multiple copies of Lac repressor (LacR) fused to CFP (LacR-CFP).  Fusion 

proteins containing the LacR-CFP are tethered to the LacO sites, inducing small 

compacted dot in the nucleus of the cells that can be visualized in living cells (Soutoglou 

and Misteli, 2008; Tumbar et al., 1999). Diameters of the specs marking the chromatin 

domain of fusion proteins LacO:LacR-CFP showed a significant condensation after UV 

irradiation. These results combined suggest that there is a global UV effect which 

compact chromatin although this does not exclude the report by others that chromatin 

can locally detect and respond to sites of DNA damage. It has been shown that 

chromatin undergoes condensation after lethal genotoxic treatment such as UV 

radiations as part of the apoptotic process (Farkas et al., 2010; Lane et al., 2005). 

Apoptosis analysis by the apoptosis marker active caspase-3 after UV irradiation, did 

not suggest that apoptotic effects take part in the cell in the first hour after UV-

irradiation. Thus, this chromatin compaction is not due to apoptotic bodies, formation 

after UV-irradiation. 
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The two main UV-induced photoproducts, CPDs, and 6-4PPs, are not similarly detected 

in the nucleus of UV-irradiated cells and are produced in distinct locations of the 

chromatin (Pfeifer, 1997). Indeed, they are generated in different amounts; they do not 

distort the double helix at the same degree and since 6-4PPs create more distortion, 

radiated cells required less time to detect and repair 6-4PPs via nucleotide excision 

repair (NER) (Bergink et al., 2006; Sage, 1993). 

First and foremost, we suggested that the chromatin undergoes into a higher 

compaction state after UV-irradiation possibly to protect from further DNA-damage. To 

better understand the effect of chromatin condensation on DNA protection, we 

established a new assay using double UV irradiation principle. The UV induced 

photoproducts CPDs and 6-4PPs were analyzed globally in irradiated HeLa cells. 

Moreover, we used synchronized cells at mitotic stages to test and determine if the 

condensed mitotic chromatin provides natural protective barrier that suppress further 

DNA damage. Undoubtedly, synchronized mitotic chromatin irradiation showed more 

protection against photolesions than the non-mitotic chromatin. Cells that were double 

irradiated at 15 J/m2 with five minutes break had significantly 

lower cyclobutane pyrimidine dimer (CPD) and 6-4 photoproduct (6-4PP) rates in 

comparison to cells subjected to 30 J/m2. It has been suggested in many studies that 

ultraviolet light induces free radical formation in skin cells and indirectly contribute to 

CPD formation (Hochberg et al., 2006; Jurkiewicz and Buettner, 1994). We believe that 

the increase in CPDs not 6-4PPs level after UV irradiation is affected by the level of free 

radicals produced after UV radiation.  
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Additionally, by using different UV intensities that delivered the same dose but in a 

shorter or a longer time and then measuring the rate of photolesion removal over time, 

we further supported the notion that the chromatin compaction and protection is a 

coupled process that happens simultaneously.  The next question was: What is the 

molecular mechanism that causes this instant compaction? Histones’ post-translational 

modifications have the potential to directly modulate nucleosome structure and 

consequently chromatin structure and DNA accessibility (Bannister and Kouzarides, 

2011). Indeed, the acetylation state of histone tail lysine residues regulates both the 

local chromatin dynamics as well as the higher-order chromatin structure (Schneider 

and Grosschedl, 2007). 

It is documented that histone H3 and histone H4 acetylation both disrupts the formation 

of higher-order chromatin structure and changes the functional interaction of chromatin-

associated proteins, thereby increasing chromatin accessibility and vice-versa (Hunt et 

al., 2013; Shogren-Knaak et al., 2006).  Furthermore, previous studies have shown 

hyperacetylation of histone H3 Lysine 9  (H3-K9ac),  and lysine 14 (H3-K14ac) following 

UV irradiation of yeast cells and mouse embryonic fibroblasts (MEF cells) (Lange et al., 

2008; Yu et al., 2005). Hyperacetylation events occurred 30 minutes immediately after 

UV irradiation, and level hyperacetylation diminished progressively as repair proceeded 

(Yu et al., 2005).  

On the contrary, our results showed a wave of global deacetylation of histone H3 on 

Lysine 9  (H3-K9ac),  lysine 14 (H3-K14ac), and H4 on lysine 5 (H4-K5ac) that peaked 

4 hours after UV irradiation and chromatin condensation in human Hela cells. A global 
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wave of deacetylation of histone H3-K9ac and H3-K56 in response to UV irradiation and 

other stress was shown in a different study (Tjeertes et al., 2009).  

Histone deacetylases (HDAC) and histone acetyltransferases control the acetylation 

state of lysine residues, including those situated in the N-terminal ‘tails’ of histones. 

HDAC inhibitors (HDACis) comprise a diverse range of unrelated compounds that all 

induce an accumulation of hyperacetylated histones resulting in various biological 

effects. Trichostatin A (TSA) is an HDAC inhibitor, and incubation with TSA and then UV 

irradiating HeLa cells is expected to show hyperacetylation of histone H3 on Lysine 9  

(H3-K9ac),  and H4 on lysine 5 (H4-K5ac). Conducting this experiment would reveal 

whether the deacetylation of the core histones is required for the compaction of 

chromatin following UV radiation. Micrococcal nuclease digestion of TSA treated and 

UV irradiated HeLa cells showed the same results as TSA untreated and UV irradiated 

cells with a nonsignificant increase in chromatin sensitivity to micrococcal nuclease in 

the TSA treated cells. However, a similar pattern of digestion and the same level of 

compactness were observed. 

 

Linker histone H1 (H1) is known to be a key protein involved chromatin condensation in 

vivo (Allan et al., 1980; Bharath et al., 2002; Hendzel et al., 2004). The linker histone H1 

is a component of chromatin and binds to the nucleosomal core particle around the 

DNA entry and exit sites and the linker DNA. H1 can stabilize both nucleosome 

structure and higher-order chromatin architecture in both euchromatin and 

heterochromatin. In general, H1 molecules consist of a central globular domain and a 
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more flexible tail regions at both their N- and C-terminal ends (Bustin et al., 2005; 

Hergeth and Schneider, 2015; Roque et al., 2005).  

Another highly conserved chromatin-binding protein named heterochromatin protein 1 

(HP1) or its orthologue exists in organisms ranging from yeast to human (Zeng et al., 

2010). HP1 also plays a critical role in higher-order chromatin architecture in which its 

amino-terminal chromodomain binds methylated lysine 9 of histone H3, causing 

transcriptional repression. The highly conserved carboxy-terminal domain of HP1 

enables dimerization also serves as a docking site for proteins involved in a wide variety 

of nuclear functions, from transcription to nuclear architecture. In addition to 

heterochromatin packaging, it is becoming increasingly clear that HP1 proteins have 

diverse roles in the nucleus, including the regulation of euchromatic genes (Lomberk et 

al., 2006; Norwood et al., 2004; Tombes and Borisy, 1989). However, our results in this 

work suggest that linker histone H1 and Heterochromatin protein 1- α do not contribute 

to chromatin compaction after UV irradiation since they were found to be associated 

with chromatin at the same level before and after UV-irradiation.  

The conclusion from these experiment is that chromatin compaction upon UV irradiation 

is not dependent on epigenetic modifications and structural proteins. Mg2+ and Ca2+, are 

known to increase and shift from their storage organelles to chromatin during the mitotic 

phase of the cell cycle (Strick et al., 2001; Tombes and Borisy, 1989). Furthermore, EM 

studies found that salt concentration is a crucial parameter for the formation of 

compacted chromatin 30 nm fibers, by using extracted chromosomes, monovalent 

(Na+ and K+) and divalent (Mg2+ and Ca2+) cations were identified as important factors 
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for controlling overall chromosome folding (Finch and Klug, 1976; Pruitt and Grainger, 

1980; Widom, 1986; Woodcock et al., 1984). 

In vitro analysis of reconstituted nucleosome arrays showed cation-dependent 

compaction with monovalent and divalent cations, and polyamine (Grigoryev et al., 

2009; Hansen, 2002; Korolev et al., 2010). Positively charged ions neutralize the 

repulsion between the negatively charged DNA, thereby enhancing in vitro chromatin 

compaction. Other in-vitro studies revealed transitions in nucleosome folding status 

depending on calcium and magnesium concentration (Hansen, 2002; Maeshima et al., 

2016; Robinson et al., 2006; Visvanathan et al., 2013).  In micrococcal nuclease 

digestion of HeLa cells that were incubated with calcium chelators such as BAPTA-AM 

and EGTA did not show any change in chromatin sensitivity to micrococcal nuclease 

five and ten minutes after UV-irradiation. These results strongly suggest that calcium is 

an essential cation in chromatin compaction after UV irradiation. A couple of studies 

indicated that UVR phototransduction leads to activation of G- protein (Gα9/11 subunit), 

which in turn activates phospholipase C β (PLCβ) activity which was required both for 

intracellular Ca2+ release and  transient receptor potential A1 (TRPA1) activation in 

primary human melanocytes (Bellono et al., 2013; Wicks et al., 2011). In our work, 

microscopic studies of cellular and nuclear calcium levels in HeLa cells after UV 

irradiation revealed an immediate increased in intracellular and nuclear calcium cation.  

 Our findings demonstrated that Ca2+ is essential for the organization of a compacted 

chromatin level upon UV irradiation. We were able to detect a significant decrease in 

the HeLa cells' diameter upon UV irradiation. HeLa cells nuclei diameter reduction upon 

UV irradiation can be explained by the fact that nuclear lamins directly or indirectly 
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involved in anchoring chromatin to the nuclear lamina, which also acts as a 

nucleoplasmic scaffold for organizing chromatin in the nucleus (Bouvier et al., 1985; 

Mattout-Drubezki and Gruenbaum, 2003; Schirmer and Foisner, 2007; Takata et al., 

2007). Based on our model, calcium influx in nuclei neutralized the negatively charged 

DNA phosphate groups, which led to chromatin compaction, and in turn this response 

caused pulling the nuclear envelope, which resulted in nuclear diameter and volume 

reduction.  

We were unable to detect any significant change in HeLa cells nuclei upon UV-

irradiation that were incubated with calcium chelators such as BAPTA-AM and EGTA  

separately or together which supported the causative role of calcium influx in UV-

induced chromatin compaction. In our hypothesis about the role of calcium influx to 

nuclei is correct, we would expect the local UV irradiation of some regions in the 

nucleus would result in general chromatin compaction, which would not be confined to 

the irradiated foci. We used a method that produces UV-induced DNA damage within 

localized areas of the cell nucleus and allows us to subsequently visualize them in situ. 

Indeed, CPDs were produced and visualized as several foci per nucleus, and chromatin 

condensation appeared as an irregular spotty pattern, but there was no localization 

between CPDs distribution and chromatin compacted spots. Indeed, this finding 

supported the role of calcium influx, causing chromatin compaction. 

Calcium depletion showed a considerable reduction in the size of condensed spotty 

chromatin. Besides employing southwestern blot analysis, we found that the cells that 

treated with calcium chelators and then irradiated had no DNA protection at all, and the 

nucleotide excision repair was disrupted as well. Since UV-damaged DNA-binding 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-nucleus
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protein-1 (UV-DDB1), which is part of NER has calcium-dependent DNA binding (He et 

al., 2006), chelating calcium resulting in an impaired removal rate of both CPDs and 6-

4PPs.  

Despite the ability of divalent calcium cations to promote chromatin condensation upon 

UV irradiation, we cannot rule out the involvement of other bivalent or polyvalent cations 

in the compaction of chromatin after UV irradiation.  
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