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ABSTRACT 

MANGALAM SUBRAMANIAN 

THE ROLE AND MOLECULAR MECHANISM OF HMGN PROTEINS IN 
GLOBAL GENOME REPAIR AFTER UV IRRADIATION 

DECEMBER 2009 

High Mobility Group Nucleosomal Binding proteins (HMGNs) are a family 

of non-histone proteins that unfold chromatin by interacting with histone tails, 

competing with histone H1, and modulating post-translational modification of 

histones. By virtue of these architectural chromatin changes, HMGNs regulate 

transcription, replication and DNA repair. Nucleotide excision repair is a major 

DNA repair pathway that removes bulky DNA adducts caused by ultraviolet (UV) 

irradiation. The chromatin structure restricts the access of repair complexes to 

DNA lesions, and, therefore, remodeling and unfolding the chromatin is essential. 

We found that HMGN null cells (derived from DT40 chicken cells) were sensitive 

to UV irradiation. These cells also had a high apoptotic rate and a prolonged 

arrest in the G2/M and mitotic phases following UV irradiation. Moreover, UV

hypersensitive HMGN null cells showed low cyclobutane pyrimidine dimers 

(CPD) removal rates as compared to the wild-type cells. These results 

demonstrate the functional significance of HMGN proteins in nucleotide excision 

repair- global genome repair (NER-GGR). A global wave of core histone 

deacetylation peaking 4 hours after UV irradiation was observed in chicken and 
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human cell lines. Following the nadir of acetylation, the acetylation levels 

gradually returned to the pre-UV steady state levels. We demonstrated that the 

wild-type cells but not HMGN1a/N2 null cells had a global increase in acetylation 

of histones H4K5 and H3K9 48 hours after UV irradiation. At 72 hours after UV 

irradiation H3K14 acetylation increased, a phenomenon that happened also in 

Hela cells 24 hours after UV irradiation. lmmunoprecipitations of HMGN1 from 

Hela cells followed by histone acetyltransferase (HAT) assays demonstrated an 

associated HAT activity before UV irradiation and at 10 hours and 24 hours after 

UV irradiation. By co-immunoprecipitation assays, we showed that before UV 

irradiation and 2 minutes after UV irradiation, HMGN1 associated with p300, and 

10 minutes and 24 hours following UV irradiation, HMGN1 associated with CBP. 

These results showed that HMGNs are involved in NER-GGR, but the 

association of HMGNs to p300/CBP and to the HAT-activity did not correlate with 

the peak of the CPD removal, indicating that HMGNs are involved in NER-GGR 

by HAT-dependent and independent pathways. 
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CHAPTER I 

INTRODUCTION 

The Cellular Response to UV Irradiation 

Signaling Pathways Activated Upon UV Irradiation. 

A major adverse effect of ultraviolet (UV) radiation on cells is damage to DNA 

caused primarily by pyrimidine dimers, leading to either cell death or somatic 

mutations, which are thought to be one of the initial steps of neoplastic 

transformation. However, UV irradiation not only leads to the destruction of 

cellular integrity, but also induces specific cellular reactions. This induction 

response, known as the "mammalian UV response", is characterized by 

transcriptional activation or repression of a specific set of genes, gene 

amplification, an increase in the rate of recombination and the induction of 

endogenous viruses (Ronai et al., 1990; Herrlich et al., 1992). Among the first 

gene products that are activated via increased transcription and or post

translational modification (PTM) are the tumor suppressor protein p53 and 

several transcription factors encoded by the class of immediate early genes, 

such as c-myc, egr-1, NF-KB, p62rcF/elk-1, and c-fos and c-jun, components of 

the dimeric transcription factor AP-1 (Herrlich et al., 1992). Mammalian UV 

response is mediated by AP-1 which is involved in a protective function other 
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than the repair (Devary et al., 1992; Engelberg et al., 1994 ). Most DNA damaging 

agents, including UV radiation, are known to damage other cellular components 

such as the membrane lipids, proteins, RNAs and ribosomes. Schreiber and 

others showed that the transcription factor c-Fos is an essential component of 

the cellular defense mechanism against the cytotoxic effects of UVC irradiation 

(Schreiber et al., 1995). Cells lacking c-Fos are hypersensitive to UV irradiation, 

but are fully capable of repairing UV-damaged DNA, demonstrating that functions 

of the UV response other than DNA repair are indeed relevant to the survival of 

mammalian cells (Schreiber et al., 1995). 

Apoptosis Versus DNA Repair. 

In addition to cellular response to UV, other pathways are activated upon 

UV irradiation which occurs in the nucleus (Schreiber et al., 1995). Damage to 

DNA induces several cellular responses that enable the cell either to eliminate or 

cope with the damage, or to activate a programmed cell death process, 

presumably to eliminate cells with potentially catastrophic mutations. These DNA 

damage response reactions include: (a) removal of the DNA damage and 

restoration of the continuity of the DNA duplex; (b) activation of a DNA damage 

checkpoint, which arrests cell cycle progression to allow the repair and prevent 

the transmission of damaged or incompletely replicated chromosomes; (c) 

transcriptional response, which causes changes in the transcription profile that 

may be beneficial to the cell; and (d) apoptosis, which eliminates heavily 
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damaged or seriously deregulated cells (Sancar et al., 2004 ). DNA repair 

mechanisms include direct repair, base excision repair, nucleotide excision 

repair, double-strand break repair, and cross-link repair (Sancar et al., 2004 ). 

ATMIATR Response. 

DNA-damage checkpoints block progression through the cell cycle until 

the damage is repaired. ATM/ATR and Chk1/2 are tumor-suppressor proteins 

that normally function in the DNA damage checkpoints (Lodish, 2007). People 

with mutations in both copies of ATM and Chk2 develop cancers far more 

frequently than normal people (Lodish, 2007). Double-strand break formation 

resulting from collapse of replication forks is responsible for the activation of ATM 

and DNA- dependent protein kinases (DNA-PKcs kinases) catalytic subunit, 

which phosphorylate Chk2, thereby activating its kinase activity (Yajima et al., 

2009). Activated Chk2 then phosphorylates the Cdc25A phosphatase, marking it 

for polyubiquitination (Niida and Nakanishi, 2006). Degradation of Cdc25A leads 

to arrest in G1 or S, by inactivation of cyclin-dependent kinases (Cdks) (Lodish, 

2007). 

Another tumor suppressor protein, p53, is essential for the G1 checkpoint 

arrests, when the cells are exposed to DNA-damaging irradiation (Lodish, 2007). 

Unlike other cell-cycle proteins, p53 is present at very low levels in normal cells 

because it is extremely unstable and is rapidly degraded by Mdm2, an ubiquitin 

ligase (Lodish, 2007). Expression of p53 gene is heightened only in stressful 
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situations, such as UV or gamma irradiation, heat or low oxygen levels. DNA 

damage by gamma irradiation or by other stresses leads to the activation of ATM 

or ATR, resulting in phosphorylation, stabilization and marked increase in the 

concentration of p53 (Lodish, 2007). This leads to increase in p21, which inhibits 

all mammalian cyclin-CDKs (Lodish, 2007). If the DNA damage is limited and 

repairable, phosphorylation of p53 occurs at certain sites and the modified p53 

activates genes related to cell cycle arrest and eventually DNA repair; for 

example p21, GADD45, and p53R2 (Nakamura, 2004 ). Under some 

circumstances, when cells suffer from extensive DNA damage, p53 also 

activates expression of pro-apoptotic proteins like Bax that leads to apoptosis, 

the process of programmed cell death (Nakamura, 2004 ). 

DNA Repair Mechanisms and Focus on NER-GGR 

Causes of DNA Damage. 

The DNA is frequently damaged by a variety of environmental and 

endogenous agents produced as products or byproducts of physiological 

reactions (Ames et al., 1993). DNA damage can be subdivided into two main 

types: 

(1) endogenous damage such as attack by reactive oxygen radicals produced 

from normal metabolic byproducts. Reactive oxygen species (ROS) including 

H2O2, the 02- · radical and OH· - radical, which is widely believed to play a 
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critical role in the etiology of aging, many degenerative diseases and cancer 

(Ames et al., 2003 ). 

(2) exogenous damage includes external agents such as ultraviolet (UV 200-

300 nm) radiation from the sun, other radiation frequencies including x-rays 

and gamma rays, hydrolysis or thermal disruption, certain plant toxins, 

human-made mutagenic chemicals such as hydrocarbons from cigarette 

smoke, and cancer chemotherapy and radiotherapy (Ura and Hayes, 2002). 

Types of DNA Damage. 

Some types of DNA damages are (Lodish, 2007; Watson, 2007): 

(1) oxidation of bases [e.g. 8-oxo-7,8-dihydroguanine (8-oxoG)] and 

generation of DNA strand interruptions from reactive oxygen species. 

(2) alkylation of bases (usually methylation) such as formation of 7-

methylguanine. 

(3) hydrolysis of bases such as depurination and depyrimidination. 

(4) mismatch of bases due to DNA replication errors in which the wrong DNA 

base is added in the newly formed DNA strand. 

Since repair systems must be capable of recognizing and dealing with 

each type of damage, it is not surprising that there are a number of different 

types of repair systems. Our research focuses on one such type of repair 

mechanism, nucleotide excision repair (NER). This repair mechanism enables 

the removal of a variety of bulky, DNA-distorting lesions, including UV-induced 
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cis-syn cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone 

photoproducts (6-4PPs) that induces a DNA bend or kink of 7-9° and 44°, 

respectively (Figure 1) (Kim and Choi, 1995; van Steeg and Kraemer, 1999; Ura 

and Hayes, 2002). 

A. cyclobutane pyrimidine dimers 
(CPDs) 
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Figure 1. Two major types of DNA damages caused by UV irradiation. 
(http://asajj.roswellpark.org/hu berman/D NA_ Repair/damage_ types. html) 

Subpathways and Various Components of NER. 

The process of NER incorporates two subpathways, transcription coupled 

repair {TCR) and global genome repair (GGR) (see Figure 2). TCR, as its name 

suggests, is a mechanism by which transcriptionally active genes are repaired. 
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TCR removes 6-4PPs and CPDs efficiently from the transcribed strand of 

expressed genes (van Hoffen et al., 1995; Ura and Hayes, 2002). On the other 

hand, GGR is transcription independent and removes lesions from the entire 

genome including the non-transcribed DNA strand genes (Ura and Hayes, 2002). 

A major difference between the two modes of NER is in the damage 

recognition step. In transcription-coupled NER, damage recognition is mediated 

by RNA polymerase II (pol II) stalling at damage sites (Tornaletti and Hanawalt, 

1999). In GGR-NER, the XPC along with hHR23b protein, play a key role in the 

recognition of DNA lesions (Sugasawa et al., 1998; Riedl et al., 2003). Even 

though the initial damage recognition step differs, both the pathways follow the 

same method of removing the bulky adduct. 

NER works in the following manner, which is highly conserved in 

eukaryotes (Figure 2): 

(1) Duplex DNA around the damaged site is unwound by helicase 

activities of transcription factor II H (TFIIH) in the presence of xeroderma 

pigmentosum proteins such as XPA, XPB, XPD and replication protein A (RPA) 

(Evans et al., 1997a; Evans et al., 1997b); (2) This open complex formation is a 

prerequisite for dual incision by two structure-specific endonucleases, xeroderma 

pigmentosum-Excision repair cross complementing protein 1 (XPF-ERCC1) and 

xeroderma pigmentosum G (XPG), at sites 5' and 3' of the lesion, respectively 

(O'Donovan et al., 1994; Park et al., 1995; Sijbers et al., 1996); (3) The resulting 

8 



gap is filled by DNA polymerase (o or s), and the nick in the repaired DNA strand 

is rejoined by DNA ligase I. 

There are more than 30 recognized proteins which participate in NER, 

some of which are proteins that also participate in transcription and replication 

(Aboussekhra et al., 1995). 

Impairment in NER. 

Impairment in NER activity has been associated with at least three rare 

human autosomal recessive genetic disorders: xeroderma pigmentosum (XP), 

Cockayne syndrome (CS), and trichothiodystrophy (TTD). So far, seven NER

deficient XP complementation groups (XPA through XPG), two CS groups (CSA 

and CSB), and one TTD group (TTD-A) have been identified, and in all cases the 

responsible genes have been cloned (Nishi et al., 2005). Other DNA repair 

disorders include Werner's syndrome (which is associated with premature aging 

and retarded growth), Bloom's syndrome (sunlight hypersensitivity, high 

incidence of malignancies especially leukemias) and ataxia telangiectasia 

(sensitivity to ionizing radiation and some chemical agents). All of the above 

diseases are often called "segmental progerias" (accelerated aging diseases), 

because their victims appear elderly and suffer from aging-related diseases at an 

abnormally young age (Ellis, 1997). 
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Chromatin 

Chromatin Structure. 

DNA is compacted and organized in chromatin in the eukaryotic nucleus. 

Organization of DNA into chromatin and chromosomal structures plays a central 

role in many aspects of cell biology and development in eukaryotes (Ehrenhofer

Murray, 2004). Folding of DNA in the chromatin structure is important, since it 

enables compression of 2-meter long DNA strand into a 10-micrometer size cell. 

The repeat unit of chromatin is the core nucleosome in which 146 base pairs of 

DNA are wrapped around the histone octamer that consists of two molecules 

each of the core histones H2A, H28, H3 and H4 (Luger et al., 1997; Ehrenhofer

Murray, 2004). Nucleosomal arrays along the DNA fold into a 30 nm fiber, upon 

incorporation of the linker histone H1. There are two kinds of chromatin 

structures: heterochromatin and euchromatin. The most common form of 

silencing of genes is associated with a dense form of chromatin called 

heterochromatin (e.g. telomeres, centromeres) and euchromatin is the region, 

which is unfolded and active in transcription (Watson, 2007). 

NER Meets Chromatin. 

In eukaryotic cells, the inheritance of both the DNA sequence and its 

organization into chromatin is critical to maintain genome stability. This 

maintenance is challenged by DNA damage (Green and Almouzni, 2002). Early 

work of Smerdon and colleagues demonstrated that chromatin structure is 
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altered during NER repair of UV-induced DNA lesions (Smerdon and Lieberman, 

1978). As mentioned before, UV radiation induces the formation of CPDs and 6-

4PPs, which form bulky lesions in chromatin (Aboussekhra and Thoma, 1999; 

Peterson and Cote, 2004 ). Their yield and distribution depend on DNA sequence, 

the local DNA structure and the association of DNA with chromosomal proteins 

(Pfeifer, 1997; Peterson and Cote, 2004 ). Specifically, the chromatin environment 

has been shown to affect UV-induced damage distribution in nucleosomes 

isolated from UV irradiated cells (Gale et al., 1987; Pehrson, 1995). The CPD 

distribution shows a striking 10.3-bp periodicity with a strong preference for sites 

where the minor groove is oriented away from the histone surface (Gale et al., 

1987; Pehrson, 1995). On the other hand, 6-4PPs are distributed relatively 

uniformly within nucleosome cores and preferentially formed in linker DNA of bulk 

chromatin from UV irradiated cells (Mitchell et al., 1990). 

In order to investigate the effects of nucleosome structure on the formation 

of UV-induced DNA lesions, several groups have used reconstituted model 

nucleosomes containing a defined DNA sequence (Suquet and Smerdon, 1993; 

Liu et al., 2000; Ura et al., 2001 ). The use of a dinucleosome as a substrate 

further demonstrated that excision of 6-4 photoproducts by purified factors is 

strongly inhibited by this chromatin structure even when the lesion was located 

within the linker DNA (Ura et al., 2001 ). Proteins required before excision include 

XPC-hHR23B (homologous to yeast RAD23p) complex, XPA, and the replication 
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protein A (RPA) (Volker et al., 2001 ). Consistent with inhibition occurring at this 

stage, the affinities of both XPC and XPA for DNA are decreased 5-fold on 

nucleosomal DNA compared with naked DNA (Hara et al., 2000). 

From the above findings, it is apparent that the chromatin structure 

restricts the access of proteins or protein complexes to their respective DNA 

binding sites. This clearly indicates that there should be a step before repair, 

which is "Chromatin Remodeling". ATP-dependent remodeling enzymes, histone

modifying enzymes, chromosomal architectural factors, or post-translational 

modifications of histones achieve chromatin remodeling individually or in 

combination, and is discussed in detail in the following sections. 

Rearrangement of Chromatin Structure During NER Repair 

ATP-dependent Chromatin Modifying Enzymes. 

SWI/SNF chromatin remodeling enzymes are multi-subunit complexes 

that hydrolyze ATP to alter chromatin structure and allow the binding of 

regulatory factors to nucleosomal DNA (Ura and Hayes, 2002). SWI/SNF 

enzymes have been shown to activate and repress a subset of genes in both 

yeast and higher eukaryotes (Hill et al., 2005). These chromatin-remodeling 

complexes of the SNF2 super family are classified into one of three distinct 

groups: SWI/SNF-like (e.g. SWI/SNF, RSC and BRM), ISWl-like (e.g. NURF, 

CHRAC, ACF, ylSWI complexes and RSF), and CHO-like (e.g. Mi-2/NURD) 

proteins (Ura and Hayes, 2002). The recent purification of a complex containing 
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SNF2-related ATPase that may be linked to DNA repair underscores a 

connection between repair and chromatin remodeling activities specifically. 

Recombinant ACF facilitates the excision of 6-4PP lesions by the NER core 

factors, in particular those situated in the linker DNA (Ura et al., 2001 ). This was 

the first biological evidence to indicate a direct connection between ATP

dependent chromatin remodeling and NER (Ura et al., 2001 ). 

HATs/HDACs 

HATs. 

Another set of chromatin remodeling enzymes are histone acetyl 

transferases (HATs) that are usually involved in unfolding the chromatin. Addition 

of an acetyl group to the core histones by the HATs neutralizes the positive 

charges of the histones, thus alleviating the strong interaction between the 

negative charged DNA and the less positively charged histones (Gray and Teh, 

2001 ). There are two types of HATs, the cytosolic (type-B) HATs and the nuclear 

(type-A) HATs (Gray and Teh, 2001 ). We will be concentrating on nuclear HAT 

proteins, type-A. 

Acetylation of Histones and Non-histones by HATs. 

UV irradiation stimulates histone acetylation (histone H3 and H4) and 

chromatin remodeling at a repressed yeast locus, MFA2 (Yu et al., 2005). This is 

brought about by Gcn5p (HAT in yeast) and partially by Swi2p. The deletion of 
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GCN5 but not of SWl2, impairs repair of DNA damage at the MFA2 promoter (Yu 

et al., 2005). 

The HAT protein, p300 is not only found to be linked in NER, but also with 

other DNA repair mechanisms. p300 is found to be associated with newly 

synthesized DNA at UV-damaged sites, especially with PCNA, which is a key 

protein in DNA synthesis (Hasan et al., 2001 ). In addition, p300 is found to 

interact and acetylate other proteins, which are essential elements in the DNA 

repair machinery of the cell. These proteins include: p53 - a very important 

stress response and DNA repair protein (Rubbi and Milner, 2003), p127 - a part 

of a UV-DNA binding protein (UV-DOB) heterodimer (Rapic-Otrin et al., 2002) 

and NEIL 2 - a recently discovered glycosylase (Bhakat et al., 2004). Further, 

histone acetylation by an essential Sas2-related acetyltransferase 1 (Esa1) is 

linked to the double strand break repair (DSB) repair protein Ku?0 especially 

during non-homologous end joining repair (NHEJ), where histone H4 gets 

hyperacetylated (Bird et al., 2002). 

Histone acetyl transferases CREB binding protein (CBP) and p300 interact 

with the small subunit of the XP-E damage-specific DNA binding protein (DOB). 

The human SPT3-TAF 1131-GCN5L acetylase complex (STAGA) interacts with 

the large subunit of DOB (Datta et al., 2001; Martinez et al., 2001 ). Recently, 

Bhakat and others found that human 8-oxoguanine-DNA glycosylase 1 (OGG1) 

is acetylated by p300 in vivo predominantly at Lys338/Lys341 in Hela cells. The 
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OGG1 is the major DNA glycosylase responsible for repair of 7, 8-dihydro-8-

oxoguanine (8-oxoG) and ring-opened fapy-guanine, critical mutagenic DNA 

lesions that are induced by reactive oxygen species (Bhakat et al., 2006). Recent 

studies showed the interaction of p300 with CSB protein following UV irradiation 

in NER-TCR subpathway (Fousteri et al., 2006). 

In addition, p300 is known to serve as co-activator of many transcription 

factors (Chen et al., 2002). One study showed p300 served as a co-activator of 

cardiac-specific transcription factors like GATA-4. Their findings demonstrated 

that acetylation of GATA-4 and other histones by p300 was involved in the 

differentiation of ES cells into cardiac myocytes (Kawamura et al., 2005). p300 

associates with cyclooxygenase 2 (COX-2) promoter, which increases COX-2 

mRNA expression. Defective histone acetylation due to reduced recruitment of 

HA Ts to the COX-2 promoter results in diminished COX-2 gene transcription in 

idiopathic pulmonary fibrosis (IPF) (Coward et al., 2009). 

Deacetylation of Histones. 

The histone deacetylases (HDACs) are class of enzymes that remove the 

acetyl groups from an £-N terminal amino acid on a histone. Deacetylation of 

histones is important for compaction of chromatin after DNA repair is completed. 

Sin3p/Rpd3p deacetylase complex is required for efficient repair by NHEJ in 

Saccharomyces cerevisiae (Fernandez-Capetillo et al., 2004; Fernandez

Capetillo and Nussenzweig, 2004 ). In another study, researchers showed role of 
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HDACs in DNA repair after reactive oxygen species (ROS) damage. In this case, 

OGG1 interacts with class I histone deacetylases (Bhakat et al., 2006). 

Role of HMGNs in NER 

HMG Chromatin Proteins - HMGA, HMGB and HMGN. 

The HMG proteins are among the largest and best characterized group of 

non-histone chromosomal proteins (Bustin and Reeves, 1996; Bustin, 1999; 

Bustin, 2001 ). There are three families of HMG proteins that are classified 

according to their functional DNA interaction motifs: HMGA, HMGB, and HMGN. 

The DNA binding motif for the HMGA family is called the "AT hook", the "HMG

box" defines the HMGB family, and the HMGN family is known for its 

nucleosome-binding domain (Bustin and Reeves, 1996; Bustin, 19_99; Bustin, 

2001 ). Members of the HMGN family include HMGN1, HMGN2, HMGN3, 

HMGN4 (Birger et al., 2001 ), and HMGN5 (Rochman et al., 2009). The binding of 

HMGN to nucleosome reduces the compaction of the chromatin fiber by 

competing with linker histone H1, by interacting with N-terminal tails of histone 

H3 and H2A and by modulating the post-translational modification of core 

histones, thereby promoting overall accessibility to nucleosomes (Lim et al., 

2005; Postnikov et al., 2006). 

Functional Significance of HMGNs. 

Traditionally, HMGNs were thought to be factors that enhance the rate of 

transcriptional initiation (Paranjape et al., 1995), transcription elongation (Ding et 
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al., 1997) and replication (Ding et al., 1994; Ding et al., 1997). In recent years, 

HMGNs were found to participate in stress responses and DNA repair. Birger 

and colleagues found that loss of HMGN1 protein increased the cellular 

sensitivity to ionizing radiation and the tumor burden of mice (Birger et al., 2005). 

HMGNs are also known to participate in the response for various stresses such 

as heat shock (Belova et al., 2008). Studies with mice embryonic fibroblast 

lacking HMGN1 suggested a role of HMGN1 in TCR, but this system did not 

provide information about GGR since this repair is not efficient in mice cells 

(Birger et al., 2003). A study by another group showed that HMGN1 is associated 

with Cockayne syndrome A (CSA) protein in the NER-TCR subpathway (Fousteri 

et al., 2006). There are only a few proteins known to associate with HMGN1. For 

instance, 14.3.3 protein was shown to interact with HMGN1. This interaction 

impedes the reentry of the HMGNs into the nucleus until the end of telophase 

(Prymakowska-Bosak et al., 2002). Hansen and colleagues showed HMGN1 

interacts specifically with both estrogen receptor a (ERa) and serum response 

factor (SRF), which regulate the responses of Trefoil factor 1 (TFF1) and FOS to 

estrogen (Zhu and Hansen, 2007). The latter work indicates the role of HMGN1 

in regulating the expression of particular genes via specific protein-protein 

interactions with transcription factors at target gene regulatory regions (Zhu and 

Hansen, 2007). 
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It has been shown that HMGN1 elevates the levels of histone H3 lysine 14 

(H3K14ac) based in knockout mice studies (Lim et al., 2005). In vitro, HMGN1 

enhances the ability of p300/CBP-associated factor (PCAF) to acetylate 

nucleosomal, but not free histone H3. Thus, HMGN1 modulates the levels of 

H3K14ac by binding to chromatin (Lim et al., 2005). HMGN1 also enhances the 

rate of heat shock-induced H3K14 acetylation in the Hsp70 promoter, thereby 

enhancing the rate of chromatin remodeling and the subsequent transcription 

during the early rounds of Hsp70 activation when the gene is still associated with 

histones in a nucleosomal conformation (Belova et al., 2008). 

Our Research Questions and Research Hypotheses. 

The above studies indicate that HMGN proteins are involved in various 

stress responses, but they do not indicate the role of HMGN proteins in the NER

GGR subpathway. Therefore, our main research goal is to identify the role of 

HMGN proteins in NER-GGR. The second aim of our research is to elucidate the 

potential of HMGN-HATs' association that might be involved in HMGNs response 

to UV irradiation, via NER-GGR subpathway. It has been shown that the HAT

p300, and HAT-PCAF acetylate HMGN1 and HMGN2 (Herrera et al., 1999; 

Sergei et al., 2000). Other studies suggest that p300 not only acetylates non

histone proteins, but also interacts with some of them, such as in the case of p53 

(Iyer et al., 2004). Therefore, our hypothesis was that the HMGNs tether HATs to 

the chromatin to facilitate acetylation of core histones. We further postulated that 
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the p300 or other HATs complex is recruited to the DNA damage site by HMGNs, 

as part of the repair process in NER-GGR. 

HMGN Null Cells - a Tool Used for the Study. 

HMGN1 a/N2 null cells were derived from DT40 chicken B-lymphoblastoid cell 

lines at Dr. Jerry Dodgson's lab (Li and Dodgson, 1995; Li et al., 1997). DT 40 

chicken cells have a high homologous recombination rate making them a 

favorable system for targeted disruption of various genes. The HMGN 1 a null cell 

line was named 8/bsr8 and HMGN2 null cell lines were named D98-7 and D108-

1. Double null cell lines (quadruple disruptions) were generated by two 

independent pathways and were named Nh43, Nh52, Bp39, and Bp5 

respectively (as shown in Figure 3). Two HMGN2 vectors were used to target the 

endogenous gene and these were designed to replace the majority of the 

promoter sequence and exon 1 (which contains the translation initiation codon 

and four additional highly conserved codons) with drug-selectable cassettes; 

therefore, the null mutants were not expressing any HMGN2 mRNA. Two 

HMGN1a vectors were used to target the endogenous gene and these were 

designed to replace four of the six HMGN1a exons with drug-selectable markers. 

Therefore, the HMGN1a doubly disrupted cell line 8/bsr8 and the quadruply 

disrupted HMGN1a/HMGN2 mutant cell lines were not expressing any HMGN1a 

mRNA. 
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Generation of HMGN1a. HMGN2 and Double Null Mutants 

DT-40 
IHMG~·hi-:-N• 
IHMGu\/12-:-/-:-

8/bsrB 
IH~G~fa-1-

Figure 3. HMGN1a/N2 null cell lines derived from the DT40 lymphoblastoid 
chicken cells. The names of the cell lines are presented in italics. The smaller 
blue and red fonts are describing the allele which was disrupted in each selection 
step (gift of Dr. Jerry Dodgson, Michigan State University). 

HMGN1a and HMGN2 Null Cells are Viable. 

Preliminary results indicated that deletion of HMGN1 a and HMGN2 genes 

were not lethal and the cells could grow in tissue culture (Li and Dodgson, 1995; 

Li et al., 1997). Our scientific goal was to test whether the HMGN null cells will be 

sensitive to the UV irradiation and to study if and how HMGNs facilitate the DNA 

repair after UV irradiation with respect to GGR. 
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CHAPTER II 

MATERIALS AND METHODS 

Maintenance of Chicken HMGN Null Cell Lines 

The DT40 derived cell lines; null for HMGN1 a, HMGN2 or for both 

HMGN1a and HMGN2 were generated by targeted gene disruption in Dr. Jerry 

Dodgson's laboratory (Li and Dodgson, 1995; Li et al., 1997). Cells were cultured 

at 37°C under 7.5% CO2 in Dulbeco's modified Eagle's medium containing high 

glucose or 4 mM L-glutamine (Gibco BRL, catalog number 11960-044) 

supplemented with 10% fetal bovine serum (Gemini Bioproducts), 5% chicken 

serum (Gibco BRL), 10 µg/ml gentamicin (Gibco BRL), 0.5 µg/ml amphotericin B 

(Fungizone, Gibco BRL) and 50 µM 2-mercaptoethanol. The above serums were 

inactivated for 30 minutes at 56°C. 

Derivation of HeLa HMGN1 Tag Cell Lines 

HeLa cells were established to express stably HMGN1or HMGN2 tagged 

at the carboxyl terminus with both FLAG and HA peptide tags by retroviral 

transduction (Ogryzko et al., 1998; Lim et al., 2002). A wild-type HeLa cells were 

stably tranduced with co-cistronic retroviral construct containing a CMV promoter 

with HMGN1, HA-tag, FLAG-tag and IL2 receptor. Similarly empty plasmid was 

stably transfected in HeLa cells which served as control for the experiments and 

named by us HeLa wild-type tag. 
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Maintenance of HeLa HMGN Tag Cell Lines 

Hela HMGN1 tag and wild-type tag cell lines were maintained at 37°C 

under 5% CO2 in Dulbeco's modified Eagle's medium (Gibco BRL, catalog 

number 11960-044) supplemented with 10% fetal bovine serum and 0.1 mg/ml of 

streptomycin and penicillin. 

UV Survival Assay 

Exponentially growing DT40 derived cell lines with a concentration of 0.5 x 

106 cells/2 ml of 1 X PBS were plated in 60 mm petri dishes. The cells were 

irradiated with UVC (254 nm) at various joulages- 0, 3, 6, 9 and 12 J/m2
• The 

irradiated cells were centrifuged in 15 ml test tubes and fresh medium was added 

to the cell pellet. Then the cells were transferred to 60 mm petri dishes and 

incubated at 37°C, 7.5% CO2 for 72 hours. For testing the cells viability we used 

Trypan blue exclusion assay (0.2%). The cells that are colorless were 

determined alive and cells which stained blue as dead. The survival curves were 

plotted where survi.val is expressed as percentage of survived/untreated cells (0 

J/m2
). All experiments were conducted in triplicate and were repeated at least 

twice. To test the reliability of results, statistical analysis was performed with non

parametric Mann-Whitney U tests, two-tailed, p s; 0.1. Due to small sample sizes 

and use of non-parametric testing the alpha error is set at 0.1. 
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Growth Curve of DT40 and DT40 Derivative Chicken Cells 

Exponentially growing DT 40 derived chicken lymphoblastoid cell lines with 

concentration of 0.1 x 106 per 4.5 ml of media containing cells were plated in 60 

mm petri dishes in triplicate. These cells were maintained at 7.5% CO2 at 37°C. 

These cells were counted on hemocytometer slide using Trypan blue exclusion 

assay (0.2%), every 24 hours. Nine to twelve counts were made for every time 

point. The graph was plotted as concentration of cells (cells/ml) versus time 

(hours). All the doubling time of the HMGN null derivative cell lines were 

calculated from the slope of the exponential phase, except for D98-7 cell line 

which showed a trimodal curve, the doubling time was calculated by combining 

the three peaks of saturation densities and calculated from the slope of the 

exponential phase. Standard errors were calculated for each point and added to 

the graph. The results were analyzed by Mann-Whitney U test, two tailed, p ::5 

0.1. All experiments were done in triplicate. Due to small sample sizes and use of 

non-parametric testing the alpha error is set at 0.1. 

Southwestern Analysis of Photoproduct Levels 

DNA was extracted from cells at various times after UV irradiation with a 

dose of 12 J/m2 and slot-blotted onto Hybond-N+ membrane (Amersham 

Pharmacia). The DNA was cross-linked by 15-minute incubation in an 80°C 

vacuum-oven. The relative levels of CPD dimers were assessed using mouse 

anti-cyclobutane pyrimidine dimer (CPD) monoclonal antibody, TDM-2 (gift from 
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Dr. Taketsugu Tadokoro, Department of Dermatology, Osaka University, Japan). 

The relative level of DNA loaded on each blot was determined by staining with 

0.5 µg/ml ethidium bromide, in 1X TAE (40 mM Tris acetate; 2 mM disodium 

EDTA). The CPD/DNA ratio was determined using spot densitometry of the CPD 

blot and lmageQuant software (Molecular Dynamics). The tests were done in a 

linear range according to the calibration curve. The results were analyzed by 

Kruskal-Wallis test, two tailed, p s; 0.1. Due to small sample sizes and use of 

non-parametric testing the alpha error is set at 0.1. 

Apoptosis Studies in Chicken HMGN Null Cells 

Exponentially growing DT40 and DT40 derived HMGN cells were 

irradiated with a UVC dose of 6 J/m2 with a concentration of 0.5 x 106 cells/2ml 

PBS in triplicate. The irradiated cells were centrifuged and media were added to 

the pellet. The cells were maintained in the petriplates for 48 hours in the 

incubator at 7.5% CO2 and 100% humidity. Briefly, 48 hours following irradiation 

the cells were rinsed twice with chilled 1X PBS and centrifuged at room 

temperature at 1000 rpm for 8 minutes and the pellet was resuspended in 500 µI 

(1x106 cells/ml) 1X Annexin V Binding Buffer. Non-irradiated cells were used as 

control. The cells were labeled using the Annexin V-FITC Apoptosis Detection Kit 

I (BO Pharmingen), according to the manufacturer recommendations with slight 

modifications. Then 200 µI cells were stained with 10 µI propidium iodide and 5 µI 

of Annexin V-FITC and incubated for 15 minutes at room temperature in the dark. 
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The samples were brought to a volume of 800 ml with Binding Buffer and run on 

a FACS Calibur (BO Biosciences). A minimum of 10,000 cells was acquired for 

each sample. Cell Quest Pro software was used for both acquisition and 

analysis. All experiments were done in triplicate. The results were analyzed by 

independent t-test and paired t-test, two-tailed, p :5 0.05. Due to small sample 

sizes and use of parametric testing the alpha error is set at 0.05. 

Cell Cycle Analysis 

Cells grown at 5 x106 cells/ml in 90 mm petri dishes were UV irradiated at 

12 J/m2
. Forty-eight hours after irradiation the cells were pulsed with 20 µM BrdU 

for 30 minutes. Cells were washed with 1X PBS, resuspended, fixed with chilled 

70% ethanol, and stored in -20°C. For analysis, the cells were incubated with 3 

ml 2N HCI for 30 minutes and then 6 ml of 0.1 M sodium borate (pH 8.5) was 

added. The cells were washed twice with PBS containing 0.5% Tween and 0.5% 

BSA (PBS/T). The cells were stained with anti BrdU-FITC conjugated antibody 

for 60 minutes at room temperature. This was followed by a 20 minute treatment 

with 200 g/ml RNase A, and an overnight incubation with 20 g/ml propidium 

iodide. Samples were run on a FACS Calibur (BO Biosciences). A minimum of 

20,000 cells was acquired for each sample. CellQuest software was used for 

both acquisition and analysis. The results were analyzed by independent t-test 

and paired t-test, one-tailed, p :5 0.05. Due to small sample sizes and use of 

parametric testing the alpha error is set at 0.05. 
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Western Blot Assays for Cell Cycle Analysis 

Whole cell lysates were prepared from irradiated chicken cells at 12 J/m2 

at various time intervals after irradiation: 30 minutes, 4 hours, 10 hours, 24 hours, 

48 hours and 72 hours and non-irradiated cells being the control. The lysates 

were run on 15% SOS-PAGE gels and transferred to lmmobilon PVDF 

membrane (Millipore, Temecula, CA) by semi-dry transfer cell (BIO-RAD). The 

membranes were then subjected to antibodies against phosphorylated-Chk1 

Ser345 (0.1 µg/ml, Cell Signaling) and phospho-H3 Ser 10 (0.04 µg/ml, Upstate 

Biotech). The membranes were incubated overnight at 4°C on a rotary shaker at 

a low speed. The membranes were rinsed twice with 1X PBS and washed three 

times for 10, 5, and 5 minutes with 0.1 % Tween-20 (1X PBS-T) before incubation 

at room temperature with horse radish peroxidase (HRP)-conjugated secondary 

antibody (goat-anti rabbit, 2 x 10-6 µg/ µI ; Thermo Scientific, Rockford, IL). 

Following incubation, membranes were rinsed twice with 1X PBS and washed 

three times with 0.1 % PBS-T. Blots were then incubated with ECL 

chemiluminiscent reagent (Amersham, Piscataway, NJ) for 5 minutes. The 

membranes were then exposed to X-ray films (lmmobilon, Amersham), 

developed with Kodak developer and fixer solutions. Densitometric analysis 

(Alpha lnnotech, San Leandro, CA) was carried out to determine the levels of 

phosphorylation relatively to protein levels as determined by Coomassie staining 

technique. All experiments were done in triplicate. The results were analyzed by 
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non-parametric, Kruskal-Wallis test analysis and Mann-Whitney U with a 

significance level of two-tailed, p :5 0.1. Due to small sample sizes and use of 

non-parametric testing the alpha error is set at 0.1. 

Histone Post-translational Modifications in Chicken Lymphoblasts, Post-UV 
Irradiation 

Both wild-type and double null chicken cells (6 x 107 cells/ml), were 

irradiated with UVC (254 nm) while gently agitated, at a dose of 12 J/m2
, whole 

cell lysates were prepared at various time intervals post-UV irradiation: 30 

minutes, 4 h, 10 h, 24 h, 48 hand 72 h in 150 mm petri dishes. The proteins 

were resolved on a 15% SOS-PAGE criterion gels. Non-irradiated cells were 

used as a negative control. The cell treatment after irradiation is explained in the 

above procedure (see UV survival assay). Whole cell extracts were prepared 

from the respective time intervals using 1X SOS Laemmli buffer (1.0 M Tris-HCI, 

pH 6.8, glycerol, 10% (w/v) SOS, 0.1 % (w/v) bromophenol blue). The proteins 

were resolved on a 15% SOS-PAGE gel. The extracts were subjected to Western 

blot analysis (as explained above, see assaying for checkpoint arrest) using the 

following antibodies against: H3K9ac (1 x 10-3 µg/ml, Upstate), H4K5ac (4 x 10-5 

µg/ml, Santa Cruz Biotech), H3K14ac (2 x 10-5 µg/ml, Upstate), and H3K9me3 (2 

x 10-5 µg/ml, Upstate). Spot densitometric analysis was used for determining the 

standardized levels of acetylation and methylation by Alpha lnnotech software. 

All experiments were repeated five times. The results were analyzed by non

parametric, Kruskal-Wallis test analysis and Mann-Whitney U with a significance 
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level of two-tailed, p ::5 0.1. Due to small sample sizes and use of non-parametric 

testing the alpha error is set at 0.1. 

Histone Post-translational Modifications in UV Irradiated HeLa Cells 

He La wild-type cells were grown to 80% confluency in 100 mm tissue 

culture petri dishes, in triplicate. The cells were incubated at 37°C, 5% CO2, and 

100% humidity. These cells were UV irradiated at 30 J/m2 and whole cell lysates 

were extracted after 30 min, 4 hours, 10 hours, 24 hours, 48 hours and 72 hours 

using 1X Laemmli buffer. Non-irradiated cells were used as control. The proteins 

were resolved on a 15% SOS-PAGE. These lysates were subjected to Western 

blot analysis (as explained above) using specific antibodies against H3K9ac (1 x 

10-3 µg/ml, Upstate), H3K14ac (2 x 10-5 µg/ml, Upstate), and H4K5ac (4 x 10-5 

µg/ml, Santa Cruz Biotech). The protein loading was standardized using 

Coomassie staining technique. ECL treated membranes were exposed to X-ray 

films, and then spot densitometric analysis (Alpha lnnotech) was performed to 

measure the levels of acetylation. The protein levels and the relative 

modifications rate were calculated based on the optical densities of three 

experiments. 

Analysis of HeLa HMGN Clones 

We wanted to explore the possibility that HMGNs and HATs interact 

during UV-induced DNA damage repair. Co-immunoprecipitations of HA-tagged 
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HMGNs could be a useful tool for this purpose. Hela cells stably transfected with 

recombinant HA-tagged HMGN1 or HMGN2 genes (Ogryzko et al., 1998; Lim et 

al., 2002) were cloned in 96 and 24 well-plates, and were analyzed to identify 

high level HMGN expressing clones, using antibodies against HMGN1 with a 

concentration of 4.21x10-2 µg/ml and HMGN2 with concentration of 0.51 µg/ml 

(gifts by Dr. Bustin) and against HA antibody (Upstate Biotech) with a 

concentration of 0.001 µg/ml. The proteins were resolved on 18% SOS-PAGE. 

The blots were incubated with secondary antibody with goat-anti-rabbit (PIERCE) 

horse radish peroxidase. The blots were stained with ECL (Amersham) were 

exposed to X-rays (lmmobilon). Equal loading was determined by Coomassie 

staining. Spot densitometric analysis (Quantity One image software, FX) was 

carried out to determine the levels of HMGN expression. Clones which 

expressed high levels of HMGNs were used for Co-IP assays. 

HAT Assay of HMGN1 lmmunoprecipitate Following UV Irradiation 

Protein extracts were prepared from Hela overexpressing HMGN1 tag 

and wild-type tag cells using RIPA buffer of total volume of 25 ml (containing 

sterile 1X PBS buffer (Biosource), 100 mM sodium othovanadate, 0.5 M sodium 

fluoride, 500 µM Nonidet p-40, 2 µM trichostatin A), complete Mini was added as 

the protease inhibitor (Roche Diagnostics). The protein concentration was 

determined by Bradford Assay. These whole cell lysates were prepared from UV 

irradiating Hela cells (30 J/m2
) at various time intervals. The immunoprecipitation 
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assay was performed following the protocol given in Santa Cruz Biotechnology 

with slight modification. 

The immunoprecipitate was added to 1 X HAT buffer (2 X Tris borate, 

1 mM DTT) containing free core histones (0.25 M sulfuric acid extraction from 

DT40 chicken cells) and 72 µM Ac-CoA (Sigma) in a final volume (50 µI). The 

reaction mixtures were incubated at 37°C for 40 minutes with constant agitation. 

The reactions were stopped by the addition of an equal volume of 2X SDS-gel 

sample buffer (100 mM Tris-HCI (pH 6.8), 200 mM DTT, 2% SDS, 0.1 % 

bromophenol blue, 20% glycerol). The mixtures were boiled for 5 minutes, and 

the proteins were resolved on a 15% SDS-polyacrylamide gel. The reaction 

mixtures were subjected to Western blot with antibodies against H4K5ac and 

H3K14ac, to test for HAT activity. The electrophoresis was performed at 15 

V/cm2 and stopped when the bromophenol blue reached the bottom of the gel. 

Non-parametric Wilcoxon-Signed Ranks test was used to test the significance in 

acetylation of HMGN1 immunoprecipitates, one-tailed, p :s; 0.1. Due to small 

sample sizes and use of non-parametric testing the alpha error is set at 0.1. 

Co-lmmunoprecipitation Assay 

Whole cell protein extracts were prepared from Hela overexpressing 

HMGN 1 tag (C10 clone, table 5) and wild-type tag cells using RIPA buffer of total 

volume of 25 ml (containing sterile 1X PBS buffer (Biosource), 100 mM sodium 

othovanadate, 0.5 M sodium fluoride, 500 µM Nonidet p-40, 2 µM trichostatin A), 
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complete Mini was added as the protease inhibitor (Roche Diagnostics). The 

protein concentration was determined by Bradford Assay. These whole cell 

protein extracts were prepared from UV irradiating Hela cells (30 J/m2
) at 

various time intervals after UV irradiation. The immunoprecipitation assay was 

performed following the protocol given by Santa Cruz Biotechnology with slight 

modification. Protein extracts (2 mg - 4 mg) were precleared with 0.25 µg of lgG 

(normal mouse, rabbit, or goat lgG) corresponding to the host species of the 

primary antibody, together with 20 µI of resuspended volume of the appropriate 

agarose conjugate (protein NG agarose). They were incubated at 4°C for 1 hour. 

Post-preclearing, the supernatant was collected by centrifugation at 2,500 rpm 

for 5 minutes at 4 °C. The protein extracts (2 mg or 4 mg) were incubated with 2 

µg of one of the following antibodies against HMGN1 (gift from Dr. Bustin), 

against p300 (Upstate Biotech, Santa Cruz biotech), against p400 (Santa Cruz 

Biotech) or against CBP (Upstate Biotech). Twenty µI of protein NG- Agarose 

conjugate was added to the supernatant. A negative control was prepared by 

immunoprecipitating the protein extracts using antibody against non-immune lgG. 

The tubes were incubated at 4 °Con a rollordrum overnight. After incubation, the 

pellet was collected by centrifugation at 2,500 rpm for 5 minutes at 4 °C. The 

pellet was washed 3 times with RIPA buffer, each time repeating centrifugation 

step above. 30µ1 of 1 X SOS Laemmli loading buffer was added and boiled for 5 

minutes. These were then subjected to 15% or 5% SOS-PAGE gels. Western 
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blot analysis detected the protein bound to the immunoprecipitate (for details see 

above in the section of histone post-translational modifications in UV irradiated 

Hela cells). 

CPD Removal Rate of HMGN Null Cells With and Without Trichostatin A 

Wild-type chicken and HMGN null cells were plated with a concentration of 

0.88 x 106 cells/ml in 260 mm tissue culture petri dishes. The cells were 

incubated in the given conditions: at 37°C, 7.5% CO2, and 100% humidity. Prior 

to UV irradiation, the cells were treated with 2 µM TSA, an HDAC inhibitor, for 15 

hours. The cells were then subjected to UVC irradiation at 12 J/m2
. Cells were 

incubated with DMEM medium for time intervals of 7 hours and 20 hours. Cells 

were extracted using cell scrapper and digestion buffer. DNA was purified 

immediately after UV irradiation (time 0) & 7 hand 20 h after UV irradiation. Non

irradiated cells were used as control. Repair rates of each cell line were detected 

by Southwestern blot analysis. One µg of DNA per treatment group was loaded 

on a slot blot membrane and incubated with antibodies against mouse anti

cyclobutane pyrimidine dimer (CPD) monoclonal antibody, TDM-2 (gift of Dr. 

Taketsugu Tadokoro, Department of Dermatology, Osaka University, Japan). 

Standard Western blot protocol was followed after incubation. ECL treated 

membranes were exposed to X-ray films. The DNA loading was quantified using 

ethidium bromide staining technique. Spot densitometric analysis was performed 

to calculate the CPD/DNA ratio, DNA levels, and their repair rates. The 
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experiments were repeated three times independently. The results were 

analyzed by non-parametric, Mann-Whitney U test and Wilcoxon Signed Rank 

test with a significance level of two-tailed, p :s; 0.1. Due to small sample sizes and 

use of non-parametric testing the alpha error is set at 0.1. 
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CHAPTER Ill 

RESULTS 

Experiment 1: HMGN1a and HMGN2 Null Mutants are Hypersensitive to UV 
Irradiation 

The functional significance of proteins can be studied by "knocking out" 

their gene. Previous studies have shown that mice lacking the HMGN1 gene 

were more sensitive to UV and gamma irradiations and had a lower capacity to 

repair UV-induced DNA-damage by TCR (Birger et al., 2003). Recent studies 

showed that MEF cells lacking HMGN1 were also sensitive to heat shock (Belova 

et al., 2008). However, HMGN1 knockout mice could not be used to study the 

involvement of HMGNs in NER-GGR since mice cells do not have an efficient 

NER-GGR. Chicken cells, like human cells but unlike mouse cells, have efficient 

global genome repair (GGR). Dodgson and his colleagues (Li et al., 1997) 

generated HMGN1 a and HMGN2 null cells from DT40 chicken B-lymphoblastoid 

cell line (Figure 3). These cells enabled us to test whether HMGNs are involved 

in NER-GGR. Since deletion of HMGN1a and HMGN2 genes were not lethal and 

the cells could grow in tissue culture (Li and Dodgson, 1995; Li et al., 1997), we 

could test if HMGN null cells would be sensitive to UV irradiation. Wild-type and 

mutant DT40 cells (Figure 3) were irradiated with UVC doses ranging from 3 to12 

J/m2
. The four HMGN knockout strains were: (1) HMGN1 mono knockout; (2) 

HMGN2 mono knockout; (3) HMGN double knockout cells, first disrupted for 
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HMGN1a followed by HMGN2 and (4) HMGN double knockout first for HMGN2 

followed by HMGN 1 a. Seventy-two hours after the irradiation, the viability of cells 

was measured by Trypan blue exclusion assay. 

All the HMGN null mutant cells were significantly more UV-sensitive as 

compared to wild-type DT40 control cells (Figure 4, Table 1 ). The LD50 (UV dose 

resulting in 50% lethality) for the wild-type cells was 9.4 ± 2.33 J/m2
, while the 

LD50 for the cell variants lacking HMGN was in the range of 2.63 ± 0.51 to 3.69 ± 

0.83 J/m2
. These differences in the LD50 values between the wild-type cells and 

all the HMGN null cells were found to be significant (Mann-Whitney U Tests, two 

tailed, p :5 0.1 ). The level of UV sensitivity of HMGN2-/- cells (D108-1) (3.69 ± 

0.83 J/m2
) was somewhat lower than that of the other null cells but analysis 

showed that D108-1 cells were statistically similar to the other HMGN null cells 

(non-parametric Mann-Whitney U, p > 0.127). Interestingly, the levels of UV 

sensitivity of HMGN2-/- cells (D108-1) and HMGN1 a-/- cells (8/bsr8) were similar 

to each other and similar to the two doubly disrupted cell lines Nh43 and Bp5. No 

apparent additive or synergistic effects were observed in the sensitivity of the 

doubly disrupted cell lines. Thus, cells lacking HMGN showed increased 

sensitivity to UV irradiation. 
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Figure 4. Chicken cells that lack HMGN1a, HMGN2 or both HMGN1a and 
HMGN2 are hypersensitive to UV irradiation. Shown are survival curves of wild
type and null mutant HMGN DT40 cells, 72 hours after irradiation with various 
doses of UVC in the range of 0-12J/m2

. Each data point represents the mean of 
three independent measurements (±SE), as measured by Trypan blue exclusion 
assay. 

Table1. LD50 of UV irradiated wild-type DT40 cells and DT40 derived null HMGN 
cell lines. 

DT40 D108-1 8lbsr8 B 5 Nh43 
9.40±2.33 Jim 3.69±0.83 Jim * 2.83±0.35 Jim * 3.03±0.80 Jim * 2.63±0.51 Jim * 

The LD50 values (in J/m2 ± SD) of the wild-type DT40 cells, the derived null 
HMGN2 cells (D108-1 ), null HMGN 1 a cells (8/bsr8), and two double null cells 
HMGN1 a-/-;N2-/- (Bp5 and Nh43) were calculated based on the experiments 
presented in Figure 4 (n ~ 3). 
Note: * - indicates a significant difference of HMGN null cells from the wild-type 
cells as determined by non-parametric Mann-Whitney U tests (p s 0.1 ). 
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The hypersensitivity of HMGN null cells could be explained by three 

possible ways: 

(1) There is a growth advantage of wild-type cells relatively to the HMGN null 

cells; 

(2) HMGN null cells are repairing damage slower; therefore, it may lead to slower 

recuperation from DNA damage and massive death from apoptosis; or 

(3) HMGNs are involved in some of the survival pathways which are induced by 

cellular targets that are not related to DNA damage. 
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Experiment 2: Growth Curve of Chicken HMGN1 a and HMGN2 Mono 
Knockout and Double Knockout Cells at 37°C 

We wanted to test whether the hypersensitivity to UV irradiation by HMGN 

null cells is because of growth rate advantage of wild-type cells over HMGN null 

cells. Such a phenomenon was found, for example, with cells lacking the FOS 

gene (Schreiber et al., 1995). In order to test this possibility, the growth rates of 

wild-type DT 40 cell line and the derived chicken HMGN null cell lines were 

studied at 37°C. The cells were diluted to a concentration of 0.1 x 106 cells/ml 

and grown in the same growth medium (see Materials and Methods) and were 

counted every 24 hours by Trypan blue exclusion assays. These experiments 

were carried out in triplicate and the cell counts were taken until the cells reached 

their death phase. 

Based on previous studies, we hypothesized, that there would be no 

differences in the growth rates between the HMGN null cells and wild-type cells 

(Li et al., 1997). However, based on our detailed analysis there were some cell 

lines that showed significant differences either in their saturation density, or their 

growth rate [(Mann-Whitney U test, p ~ 0.1) (Figure 5, Tables 2 and 3)]. The 

differences were between the wild-type DT40 cells and the HMGN null cells or 

differences were between the various cell lines. 

Based on the results shown in from Figure 5 and Tables 2 and 3; overall 

there were no significant differences observed between the wild-type DT40 cells 

and the HMGN null cells in their doubling time and saturation density (Mann-
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Figure 5. Growth curves of DT40 and DT40 derived HMGN1a or HMGN2 null cell lines at 37°C. HMGN null cells 
derived from knocking out HMGN 1 a first (yellow, green and dark blue) grow faster than cells derived from knocking 
out HMGN2 first (purple, light blue and pink). Trypan blue exclusion assay was used to count the cells. Each data 
point represents the mean of three independent experiments (±SE). 



Table 2. Saturation density and doubling time of wild-type and HMGN1 a/l\J2 
null cells grown at 37°C. 

Cell lines Genotype 
Saturation density± SD Doubling time 

(106 cells/ml) (hours) 

DT40 
(WT) 

2.50 ± 0.75 29.11 ± 4.56 

8/bsr-8 
(HMGN 1 a-/-) 

2.58 ± 0.31 19.7 ± 2.05 

D108-1 
(HMGN2-/-) 

1.90 ± 0.22 37.24 ± 6.29 

D98-7 
(HMGN2-/-) 

1.60±0.15 61.70± 6.22* 

Nh43 
(HMGN1 a-/-;N2-/-) 3.96 ± 0.67* 28.27 ± 1.59 

Nh52 
(HMGN1 a-/-;N2-/-) 

2.21 ± 0.29 26.9 ± 1.58 

Bp39 
(HMGN2-/-;N 1 a-/-) 

1.80 ± 0.19 53.9 ± 3.85* 

Bp5 (HMGN2-/-;N 1 a-/-) 0.83±0.19* 46.44 ± 8.76 

The numbers are calculated from Figure 5, based on three independent 
experiments. Saturation density is the maximal concentration the cells reach. 
Doubling time is the time it takes for the cells to duplicate their concentration at 
the logarithmic phase of the curve (i.e. at their maximal growing rat~)-

Note: * - significantly different from wild-type by non-parametric Mann-Whitney U 
test, two-tailed, p s 0.1. 
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Whitney U test, two-tailed, p :5 0.1 ). However, chicken cells derived from 

disrupting HMGN1a first followed by disrupting HMGN2 (Nh43, 3.96 ± 0.67 

cells/ml) showed significantly higher saturation density, as compared to cells 

derived from disrupting HMGN2 first followed by HMGN1 a (Bp5, 0.83 ± 0.19 

cells/ml). Chicken cells disrupted for HMGN 1 a alone, 8bsr/8 showed significantly 

higher saturation density and doubling time (2.58 ± 0.31 cells/ml; 19.7 ± 2.05 

hours) as compared to cells derived by disrupting both ~MGN2 alone (D98-7, 

1.60 ± 0.15 cells/ml; 61.70 ± 6.22 hours) or disrupting HMGN2 first followed by 

HMGN1a (Bp5, 0.83 ± 0.19 cells/ml; 46.44 ± 8.76 hours). Based on the doubling 

time, D98-7 (61.7 ± 6.22 hours) and Bp39 (53.9 ± 3.85 hours), cells derived from 

disrupting HMGN2 alone, grew significantly slower compared to the wild-type and 

HMGN1a null cells. Since D98-7 cell line showed a trimodal curve, the doubling 

time was calculated by combining the three peaks of saturation densities and 

calculated from the slope of the exponential phase. 

Thus, the growth curves of the HMGN null knockout first for HMGN 1 a had 

faster growth rate as well as high saturation density in comparison with those of 

the wild-type cells and the HMGN2 null cells (Figure 5). In spite of the differences 

in the growth pattern of HMGN null cells their UV sensitivity was similar, and 

therefore, we concluded that UV-hypersensitivity of HMGN null cells is not due to 

growth rate advantage of the wild-type or HMGN1 a-/- cells. Therefore, we 

wanted to test other possible causes for the UV-hypersensitivity of HMGN null 
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cells. One such possibility is that the HMGN null cells repair damage slower than 

the wild-type cells, which may lead to a slower recuperation from DNA damage 

and a massive death from apoptosis. 

D.T 
DT40 8/bsr8 D 108-1 D98-7 Nh43 Bp5 Bp39 

S.D 

DT40 

8/bsr8 

D108-1 

D98-7 

Nh43 

Bp5 

Bp39 

Nh52 
* 

Table 3. Represents statistically significant doubling time and saturation 
densities of HMGN null chicken cells from the growth curve analysis shown in 
Figure 5 and Table-2, using non-parametric Mann-Whitney U test, p :5 0.1. 
D.T - doubling time 
S.D - saturation density 

Note: * - indicates significant differences in the doubling time and saturation 
density between the cell lines. This difference was using non-parametric Mann
Whitney U test, and was shown to be significant, two-tailed, p :5 0.1 

N.S. - indicates there are no significant differences between the saturation 
density and doubling time across the cell lines. 
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' Experiment 3: Decreased Rate of Cyclobutane Pyrimidine Dimers Removal 
in Cells Lacking Either HMGN2 or Both HMGN1 a and HMGN2 Proteins 

Since the wild-type cells, DT40, did not have a growth advantage over the 

HMGN null cells, we tested whether the increased mortality rate after UV 

irradiation was due to slow DNA repair rate in the null cells. To test this 

hypothesis, we analyzed the kinetics of cyclobutane pyrimidine dimers (CPDs) 

removal in HMGN null and wild-type cells following UV irradiation (in 

collaboration with Ms. R.W. Gonzalez). DNA was purified from cells immediately 

after UV irradiation (time 0) and at 7 hand at 20 h after UV irradiation. The DNA 

was slot blotted onto nylon membrane and probed with antibodies directed 

against CPDs (Figure 6A). To measure the amount of DNA loaded, the nylon 

membrane was stained with ethidium bromide. Following UV irradiation there 

was a gradual decrease in the CPD content of the DNA of all the cells, an 
0 

indication of active repair of the damaged DNA. However, the removal of CPDs 

from the chromatin of the HMGN2-/- and HMGN 1 a-/-; N2-/- cells was significantly 

slower in comparison to the removal of CPDs from the chromatin of the wild-type 

cells (by non-parametric Kruskal-Wallis test, p :5 0.1 ). Seven hours, after 

irradiation 60% of CPDs were removed from wild-type DT40 cells but less than 

20% were removed from cells lacking HMGN variants (Figure 6B). 

43 



A 
DT-40 D108-1 Nh43 

No UV 

"' E 0 - - -----, Lesions N ..... 7h - - - {Anti CPD 
(.) Antibody) > 20h ::) 

C 1.2 l 
.2 1.0 t'- · -· 
- I 

~ 0.8 +1 ----------= 
<t z 0.6 
Q --a 0.4 
CL. 
<.) 

0.2 

0.0 

OT40 D108-1 

Cell line 

Nh43 

B 120 -,----------■ Oh □ 7h ~ 20h 

- 100 
Ol"o 80 
~ 
~60 
c:P 
Q.. 
0 

40 
20 
0 

DT 40 D108-1 Nh43 
Cellile 

Legend: 
DT40: wt 
D108-1: N2-/
Nh43: N1 a-/-; N2-/-

Figure 6. A decreased rate of cyclobutane pyrimidine dimers removal in cells 
lacking HMGN proteins. (A) Shown is southwestern analysis of the CPD removal 
rates in cells lacking HMGN2 (D108-1) or both HMGN2 and HMGN1 a (Nh43) 
compared to that of wild-type DT40 cells. DNA was extracted from cells at 0, 7 
and 20 hours after UVC irradiation with a dose of 12 J/m2

. Two µg of DNA were 
loaded per slot in a Slot Blot system and transferred to Hybond-N+ membrane. 
The membrane was incubated with CPD monoclonal antibody. The CPD values 
were normalized against the DNA levels by staining the membranes with 
ethidium bromide. The CPD/DNA ratio was determined using spot densitometry 
of the CPD and DNA blots. (B) Quantification of the experiment represented in 
panel A. The bar graph represents the kinetics of removal of photoproducts. The 
percent CPD is the percentage of CPD levels at the time interval after UV 
irradiation relatively to the levels of CPDs after Oh. The graph represents the 
means (± SE) from three independent experiments. (C) A bar graph presenting 
the averages (± SE) of the CPDs/DNA at time O after UV irradiation of three 
repetitions of the experiment described in panels A and B. Note:*,# - HMGN null 
cells have a significantly slower CPD removal rate, 7 h and 20 h following UV 
irradiation as compared to the wild-type DT40 cells (Kruskal-Wallis test, p :5 0.1 ). 
The wild-type DT40 cells and the null D108-1 and Nh43 cells were not 
statistically different from each other (Kruskal-Wallis test, p > 0.275). 
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Twenty hours following the amount of CPDs present in wild-type cells was 

approximately 10% of the initial content, while in the HMGN null cells 

approximately 40% of the original damage still remained in the DNA. These 

results indicate that loss of HMGNs decreases the removal rate of CPD 

photoproducts from the chromatin, suggesting that HMGNs affect the rate of 

repair of the DNA damage induced by UVC irradiation. In addition, we analyzed 

the CPD/DNA ratio at time zero after UV irradiation in the wild-type DT 40 cells 

and in the null HMGN cells, without standardizing these values to 100% (Figure 

6C). The data indicate that though there are small differences between the wild

type DT 40 cells and the null cells, these differences are not consistent between 

the null cell lines, and they are not statistically significant, neither between the 

HMGN null cells to DT40 cells, nor between the null D108-1 cells and Nh43 cells 

(non-parametric Kruskc1I-Wallis test, all p > 0.275). These results therefore, 

suggest that HMGNs affect the repair rate of DNA damage induced by UV 

irradiation and not the initial rate of CPDs caused by UV. The repair kinetics in 

cells lacking only HMGN2 was similar to those of cells lacking both HMGN1 a and 

HMGN2. 

It is known that increased rate of mortality in UV irradiated cells is linked to 

the activation of the apoptotic pathway (Martin et al., 1991; Aseeta et al., 2005). 

Therefore, we wanted to test if the UV-hypersensitive HMGN null cells have a 

higher apoptosis rate than the wild-type. 
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Experiment 4: UV-Hypersensitive HMGN2 and HMGN1 a/N2 Null Cells Have 
a Higher Apoptosis Rate Than the Wild-type Cells 

Since the HMGN null cells died at a higher rate after UV exposure (see 

Figure 4), we wanted to test if HMGN null cells have a higher apoptosis rate as 

compared to the wild-type cells, after UV irradiation. HMGN2-/- cells, HMGN 1 a-/-; 

N2-/- cells and wild-type DT40 cells were UV irradiated with 6 J/m2 and 48 hours 

following irradiation the cells were tested for their apoptosis levels. The reason 

for choosing 6 J/m2 was that at this dosage we observed the largest differences 

between the survival of wild-type and the HMGN null cells in the UV survival 

curve (Figure 4 and Table 1 ). 

The apoptosis assay was conducted by staining control and UV irradiated 

unfixed cells with Annexin V and propidium iodide. FITC-conjugated Annexin V 

detects translocation of phosphatidylserine from the inner leaflet of the 

membrane to the outer leaflet of the membrane, an early apoptotic event. 

Propidium iodide is used to detect the permeabilization of the plasma membrane, 

an event that occurs late in apoptosis. The levels of fluorescence were measured 

by flow cytometry using a fluorescent activated cell sorter (FACS). Using 

quadrant analysis on a dot plot images from these experiments provided a 

quantitative measure of the percentage of cells in early and late apoptosis. 

The quadrant analysis of the FACS results demonstrated that, post-UV 

irradiation, the late and total apoptosis rates were higher in both HMGN2-/- cells 

(D108-1 ), as well as in the HMGN 1 a-/-;N2-/- double knockout clones (Nh43 and 
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Bp5), as compared to the wild-type DT40 cells (Figure 7 and Table 4) by 

independent group t-test, p s 0.05. The sum total of both early and late apoptotic 

cells were: 33.7% for the wild-type DT40 cells, 41.7% for the D108-1 cells, 47.9% 

for Nh43 cells, and 58.6% for Bp5 cells (Table 4). In contrast to that, the early 

apoptotic rates were lower in the HMGN null cell lines in comparison to the wild

type DT 40 cells (independent group t-test, p s 0.05). 

These results all together indicate that cells lacking HMGN proteins had a 

higher apoptosis rate following UV irradiation as well as activated the apoptotic 

pathway faster, and therefore moved faster from early to late apoptosis. 
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knockout HMGN2-/- cells (D1081-1) and double knockout HMGN1a-/-; N2-/- cells (Nh43 and Bp5), were irradiated 
with UVC at 6 J/m2

. Early and late apoptosis rates were measured 48 hours after UV irradiation by Annexin V and 
propidium iodide double stain. Shown is a dot plot of the cell population as detected by FAGS and analyzed by 
quadrant statistics. The lower left quadrant represents live and non-apoptotic cells, which are negative for both 
Annexin and propidium iodide, the lower right quadrant represents early apoptotic cells, which are Annexin positive, 
but propidium iodide negative. The upper right quadrant (Pl positive and Annexin V positive) represents late 
apoptotic cells; the upper left quadrant includes dead cells (only Pl positive). The percentage of cells in both early 
and late apoptosis (bottom right and top right rectangles) is shown in Table 4. 
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Table 4. Higher UV-induced apoptosis rate in HMGN2-/- and HMGN1 a-/-; N2-/- cells. 

Early Early Late Late Total Total 
Cell line 

before UV after UV before UV after UV before UV after UV 

DT-40 2.91 ± 0.75 10.40 ± 0.95 
. 

2.20 ± 0.44 23.30 ± 3.27 
. 

5.11 ± 1.18 33.70 ± 3.62 
. 

D108-1 1.26 ± 0.15 5.21 ± 1.46 ·~ 3.28 ± 0.55 36.48 ± 1.0i~ 4.54 ± 0.47 41.69 ± 2.43*~ 

Nh43 2.07 ± 0.51 5.39 ± 0.70 ·~ 6.48 ± 3.42 42.55 ± 2.54·~ 8.55 ± 3.91 47.94 ± 3.15·~ 

Bp5 1.35 ± 0.32 6.72 ± 0.44 ·~ 2.54 ± 0.57 51.86 ± 1 _gs·~ 3.90 ± 0.88 58.58 ± 2.02·~ 

Apoptosis levels following UV irradiation of cell lacking HMGNs. The wild-type and null HMGN cells were irradiated at 
6 J/m2 and 48 hours later were double labeled with propidium iodide and Annexin V (see explanations in the legend 
of Figure 7 and Materials and Methods). The labeled cells were then subjected to FAGS analysis, and quadrant 
analysis was carried out to detect apoptotic rates. 
Note: * - There is a significant difference in apoptotic levels (both early and late) between the UV irradiated and the 
non-irradiated cells within each cell line. This difference was tested using paired t test, and was shown to be 
significant, p ~ 0.05. ~ - There is a significant difference between wild-type and null HMGN cell line in early and late 
phases post-UV irradiation. This difference was tested using independent group t test, and was shown to be 
significant, p ~ 0.05. 



Experiment 5: Loss of HMGN2 or HMGN1 a and HMGN2 Increases Gi/M 
Checkpoint Arrest Following UV Irradiation 

The cellular response to UV irradiation is known to involve not only 

apoptosis but also cell cycle arrest, mainly at the G1/S and the G2/M checkpoints 

(Saka et al., 1997). Therefore, our next goal was to explore whether the UV

hypersensitivity involves an increased activation of one of these checkpoints. 

The cells lacking HMGNs were UV irradiated (12 J/m2) and 48 hours after 

irradiation their cell cycle distribution was measured as follows. The cells were 

pulsed for 30 minutes with BrdU, fixed in 70% ethanol, and double stained with 

anti-BrdU antibodies and propidium iodide. 

In FAGS analysis, a dot plot of BrdU levels against propidium iodide (Pl) 

levels produces a typical "horse shoe" shape (Figure 8A) in which the G1 and Go 

cells are represented in the lower left corner of the plot while the G2-M cells are 

depicted by the right side of the plot. All the cells that are in between these two 

groups, in the arch of the "horse shoe", which are high in BrdU, are cells in S

phase (Figure 8A). 

The results revealed that UV irradiation of cells lacking either HMGN2 

(D108-1 cells), or lacking both HMGN1a and HMGN2 (Nh43 cells), decreased 

the relative amount of cells in S-phase as compared to the more moderate 

decrease in the wild-type DT40 cells. The S-phase population significantly 

decreased in D108-1 cells from 40.7% to 21.1 %, and in Nh43 cells from 48.2% to 
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14.0% (paired t-test. p ::5 0.05), as opposed to an insignificant decrease in the 

wild-type cells from 38.7% to 30.3% (Figure 8B). 
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Figure 8. UVC-induced G2/M or mitotic arrest in HMGN2-/- and HMGN 1 a-/-; N2-
/- cells. This Figure shows the UV-induced cell cycle arrest in wild-type DT40 
cells, HMGN2-/- disrupted clone, D108-1, and double disrupted HMGN1 a-/-;N2-/
cells, Nh43. Cells at a concentration of 1x106 cells/ml were irradiated with a 
joulage of 12 J/m2. Forty-eight hours later the cells were labeled with BrdU, fixed 
and incubated with anti BrdU-FITC antibody, propidium iodide stained, and 
analyzed by FACS. The results indicate that cells lacking HMGN2, and even 
further, cells lacking both HMGN1 a and HMGN2, have a higher accumulation 
rate at G2/M or M, and a much lower rate of S-phase cells (continued on the next 
page). 
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Figure 8 continued. Quantification of UVC-induced G2/M or mitotic arrest in 
HMGN2-/- and HMGN 1 a-/-; N2-/- cells. Quantification of the experiment 
represented in Figure SA, n = 3. Overall there is a significantly higher G2/M or M 
arrest in N 1 a-/-; N2-/- as compared to wild-type after UV irradiation using 
independent t-test, one-tailed, p ~ 0.05. The letters a-d indicate the columns 
with significant statistical differences as determined by paired t-test (one-tailed, p 
< 0.05). The letters e and f indicate the columns with significant statistical 
differences as determined by independent t-test (one-tailed,p ~ 0.05). 

The decrease of cells in the S-phase after UV irradiation is associated with 

a concomitant increase in the population of G2-M cells in the null mutants as 

compared to non-irradiated cells, (paired t-test, one-tailed, p ~ 0.05), and a 

significant increase of the G2-M population of irradiated Nh43 cells also in 

comparison to the irradiated wild-type cells (independent t-test, one-tailed, p ~ 

0.05). This increase in the G2/M population could be the result of an activation of 

either the G2/M checkpoint arrest, one of the mitotic checkpoints or activation of 
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both. However, there were no significant differences in G1/S arrest in HMGN null 

cells after UV irradiation by paired t-test, one-tailed, p :5 0.05, (Figure 8, A and B). 

Experiment 6: Cells Lacking HMGN2 or Both HMGN1 a and HMGN2 Show 
Prolonged G2/M Arrest and Early Mitotic Arrest in HMGN1 a and HMGN2 
Double Null Cells 

Studies in Dr. Bustin's lab showed that HMGN1-/- mice had lower G2/M 

arrest upon ionizing-irradiation (Birger et al., 2005). The previous experiment 

(Figure 8, A and B) showed that both HMGN2-/- and HMGN1 a-/-; N2-/- cells 

showed high G2/M or mitotic arrest as compared to the wild-type. This 

experiment, however, did not distinguish between the two types of cell cycle 

arrest: G2/M or mitotic arrest. 

Therefore, we wanted to test whether the HMGN null cells are involved in 

increased activation of the G2/M or the mitotic checkpoints after UV irradiation. 

We extracted proteins following UV irradiation at 12 J/m2 from mono knockout, 

double knockout and wild-type cells at various time intervals (see Materials and 

Methods) and subjected them to Western blot analysis using respective 

antibodies. We used two checkpoint markers: phosphorylated Chk1 Ser345 for 

G2/M checkpoint arrest; and phosphorylation of H3 Ser 10 (H3S 1 Op) for mitotic 

arrest. 

The Western blot analysis (Figure 9) indicated that the cells lacking 

HMGN2, and furthermore, the double null cells lacking HMGN1a and HMGN2, 

had longer arrest time in G2/M checkpoint. In the wild-type DT40 cells there is a 

sharp drop in the phosphorylation of Chk1 Ser345 10 hours after UV irradiation. 

53 



In contrast, in the D108-1 cell-line the high levels of Chk1 phosphorylation 

continued to the 24 hour point, and in the double null Nh43 cells the high level of 

phosphorylation remained even 48 hours after UV irradiation. The rates of mitotic 

cells were also higher after UV irradiation in the double null cells, indicating 

activation of mitotic checkpoints as well. Figure 10 demonstrates that 24 hours 

after UV irradiation, HMGN1 a-/-; N2-/- cells showed prolonged G2/M arrest as 

compared to the wild-type and HMGN2-/- cells (Kruskal-Wallis test, p :5 0.1 ). 

Figure 11 demonstrates that, 4 hours and 72 hours post-UV irradiation, 

HMGN1 a-/-; HMGN2-/- cells showed high mitotic arrest relatively to wild-type and 

HMGN2-/- cells (Kruskal-Wallis test, p :5 0.1 ). However, HMGN2-/- and the wild

type cells did not show any significant differences in mitotic arrest after UV 

irradiation (Figure 11) (Kruskal-Wallis test, p :5 0.1 ). These results explain the 

significantly higher levels of G2 and M cells in the HMGN1 a-/-; N2-/- cells, Nh43, 

which were observed in the propidium iodide and BrdU double staining (Figure 

8A). It is important to note that the differences between the null cell lines, D108-1 

and Nh43, and the wild-type DT 40 cells, cannot be attributed to random 

mutations that may have accumulated in these cells, but only to the lack of 

HMGN proteins. The reason for excluding this possibility is that the two null cell 

lines were independently derived from DT40; Nh43 cells were first disrupted for 

HMGN1 a alleles and then for the two HMGN2 alleles, so they were not derived 

from the D108-1 (HMGN2-/-) cells (see Figure 3 on page 20). 
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Figure 9. Prolonged G2/M checkpoint arrest and high mitotic arrest in 
HMGN1a-/-; HMGN2-/- cells.'UV irradiated cell lines DT40, Nh43 and D108-1 
were lysed at different time intervals. The proteins were resolved on a 15% SDS
PAGE. The whole cell lysates were subjected to Western blot analysis against 
phosphorylated Chk1 Ser345 and H3S10p. Equal loading of proteins was 
determined by Coomassie staining of a similar gel. The Western blot analysis 
indicated that D108-1 and Nh43 cells have high G2/M arrest after 24 hand even 
48 h as opposed to the wild-type cells, thus indication of prolonged G2/M arrest. 
Nh43 has an early and increased mitotic arrest which is evidenced especially 4 
hours and 72 hours after UV irradiation. 
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Figure 10. Quantification of G2/M checkpoint arrest in chicken HMGN null cells. 
The graph shows that HMGN1 a-/-; N2-/- cells have a prolonged G2/M arrest as 
compared to the wild-type and HMGN2-/- cells, 24 hours after UV irradiation 
(Kruskal-Wallis, p::;; 0.1 ). The relative phosphorylation of Chk1-Ser 345 is 
calculated as the ratio between the spot densitometric values of Ph-Chk1 (from 
Western blot) and the values of histone H3 or H4 (from Coomassie staining). 
Each data point represents the mean of three independent measurements(± SE) 
such as the one presented in Figure 9. Different letters (a and b) indicate cell 
lines with significant differences at the specific time point (Kruskal-Wallis, two
tailed, p::;; 0.1 ). Post-hoc analysis shows statistical differences between a and b. 
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Figure 11. Quantification of mitotic checkpoint arrest in chicken HMGN null 
cells. The graph shows that HMGN1 a-/-; N2 cells have high mitotic arrest as 
compared to the wild-type and HMGN2-/- cells, 4 hours and 72 hours post-UV 
irradiation (Kruskal-Wallis, two-tailed, p :s; 0.1 ). The percent phosphorylation is 
calculated based on the ratio between the spot densitometric values of H3S1 Op 
(from the Western blot) and the levels of the histone H3 or H4 from Coomassie 
staining. Each data point represents the mean of three independent 
measurements(± SE) such as the one presented in Figure 9. Different letters (a 
and b) indicate cell lines with significant differences at the specific time point. The 
same letters indicate cell lines with no significant differences between each other 
at the specific time points. Post-hoc analysis shows statistical differences 
between a and b. 
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From the above experiments we concluded that, the UV-hypersensitivity of 

HMGN null cells, the high apoptosis and increased G2/M checkpoint arrest are 

due to slow DNA repair rate. We therefore wanted to in·vestigate the molecular 

mechanism by which HMGN1 protein is involved in the DNA repair pathway post

UV irradiation. 

Experiment 7: Study of Core Histone Post-translational Modifications in 
Chicken HMGN1 a-I-; N2-I- Cells Following UV Irradiation 

There is ample evidence that acetylation of core histones is 

mechanistically important for DNA repair (Ramanathan and Smerdon, 1989). 

Recently, HMGNs were shown to modulate core histones post-translational 

modifications (L:im et al., 2005). Therefore, the inability of HMGN null cells to 

repair DNA efficiently may be due to their deregulated core histone post

translational modifications. 

We hypothesized that HMGNs are involved in the regulation of histone 

modifications after UV irradiation. Therefore, we compared the acetylation and 

methylation levels of several lysine residues in histones H3 and H4, in HMGN 

double null chicken cells and wild-type cells, as a function of time after UV 

irradiation. The reason we chose to continue this experiment on the HMGN1a/N2 

double null cells and not on the mono null cells for HMGN1 a or HMGN2 were 

that the double null cells showed a stronger effect in the cell cycle arrest 

experiments. HMGN double null cells and wild-type chicken cells were UV 

irradiated at 12 J/m2 and cell lysates were prepared before UV irradiation and at 
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various time intervals post-UV irradiation: 0 minutes (non-irradiated), 30 minutes, 

4 hours, 10 hours, 24 hours, 48 hours, and 72 hours. Here, no UV served as the 

basal line. The protein extracts were subjected to Western blot analysis using 

antibodies against acetylated histone H3 lysine 9 (H3K9ac), acetylated histone 

H3 lysine 14 (H3K14ac), acetylated histone H4 lysine 5 (H4K5ac) and , 

trimethylated histone H3 lysine 9 (H3K9me3). Figure 12 represents Western 

blots of post-translational modifications of histones at different time points after 

UV irradiation. Accompanied with Figure 12, are the graphical representations of 

post-translational modifications of the histones obtained by five independent 

experiments (Figures 13-16). 

Acetylation of histone H4 lysine 5, 48 hours post-UV irradiation was 

significantly higher in DT40 as compared to Nh43 and Bp5 (Figure 13) (non

parametric Kruskal-Wallis test, p :5 0.1 ). Acetylation of histone H3 lysine 9 

(H3K9ac), 48 hours after UV irradiation was significantly higher in DT40 as 

compared to Nh43 and Bp5 cells (Figure 14) (Kruskal-Wallis test, p :5 0.1 ). The 

percent of acetylation of histone H3 lysine 14 (H3K14ac), 72 hours after UV 

irradiation was significantly higher in DT40 cells as compared to Nh43 and Bp5 

cells (Figure 15) (Kruskal-Wallis test, p :5 0.1 ). 

This phenomenon of returning to the pre-UV acetylation steady state 

levels was observed only in the OT 40 wild-type chicken cells but was lacking in 

the HMGN null cells. However, H3K9me3 (Figure 16) did not show any 

significant differences across the cell lines (Kruskal-Wallis test, p > 0.1 ). 
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Figure 12. The effect of UV irradiation on post-translational modifications of histones H3 and H4 in wild-type and 
HMGN1 a/N2 null chicken cells. Wild-type DT40 cells and HMGN double null cells were UV irradiated at 12 J/m2 and 
whole cell lysates were obtained using 1X Laemelli buffer, at various times post-UV irradiation. The proteins were 
resolved on a 15% criterion SOS-PAGE (BIO-RAD). Post-translational modifications of these proteins were 
detected by Western blot analysis using specific antibodies against the various post-translational modifications as 
indicated in the figure (top four rows). The protein loading was quantified using Coomassie staining technique 
(bottom panel). 
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Figure 13. Kinetics of acetylation of histone H4 lysine 5 (H4K5ac) post-UV 
irradiation in wild-type OT 40 and HMGN 1 a/N2 null chicken cells. The graph 
represents the effect of time after UV irradiation on the levels of H4K5ac as 
detected by Western blots on whole cell lysates, such as the one presented in 
Figure 12. Acetylation of histone H4 lysine 5, 48 hours post-UV irradiation was 
significantly higt;ler in DT40 as compared to Nh43 and Bp5, (Kruskal-Wallis, p :5 
0.1 ). The standardized levels of acetylation were calculated as the ratio between 
the levels of H4K5ac obtained from the Western blot to the levels of histone H4 
obtained from Coomassie staining. Spot densitometric analysis is carried out 
using Alpha lnnotech software program. Each data point represents the mean of 
five independent experiments(± SE). Different letters (a and b) represent cell 
lines with significant differences in the specific time point. The same letters 
indicate cell lines with no significant differences between each other in the 
specific time point. Post-hoc analysis shows statistical differences between a and 
b. 
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Figure 14. Kinetics of acetylation of histone H3 lysine 9 (H3K9ac) post-UV 
irradiation in wild-type DT40 and HMGN1 a/N2 null chicken cells. The graph 
represents the effect of time after UV irradiation on the levels of H3K9ac as 
detected by Western blots on whole cell lysates, such as the one presented in 
Figure 12. Acetylation of histone H3 lysine 9, 48 hours post-UV irradiation was 
significantly higher in DT40 as compared to Nh43 and Bp5, (Kruskal-Wallis, p::; 
0.1 ). The standardized levels of acetylation were calculated as the ratio between 
the levels of H3K9ac obtained from the Western blot to the levels of histone H3 
obtained from Coomassie staining. Spot densitometric analysis is carried out 
using Alpha lnnotech software program. Each data point represents the mean of 
five independent experiments (± SE). Different letters (a and b) represent cell 
lines with significant differences in the specific time point. The same letters 
indicate cell lines with no significant differences between each other in the 
specific time point. Post-hoc analysis shows statistical differences between a and 
b. 
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Figure 15. Kinetics of acetylation of histone H3 lysine 14 (H3K14ac) post-UV 
irradiation in wild-type DT40 and HMGN1a/N2 null chicken cells. The graph 
represents the effect of time after UV irradiation on the levels of H3K14ac as 
detected by Western blots on whole cell lysates, such as the one presented in 
Figure 12. Acetylation of histone H3 lysine 14, 72 hours post-UV irradiation was 
significantly higher in DT40 as compared to Nh43 and Bp5, (Kruskal-Wallis, p :5 
0.1 ). The percent acetylation is calculated as the ratio of the levels of H3K14ac 
obtained from the Western blot to the levels of histone H3 obtained from 
Coomassie staining. Spot densitometric analysis is carried out using Alpha 
lnnotech software program. Each data point represents the mean of five 
independent experiments (± SE). Different letters (a and b) represent cell lines 
with significant differences in the specific time point. The same letters indicate 
cell lines with no significant differences between each other in the specific time 
point. Post-hoc analysis shows statistical differences between a and b. 
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Figure 16. Kinetics of histone H3 lysine 9 trimethylation (H3K9me3) post-UV 
irradiation in wild-type DT40 and HMGN1a/N2 null chicken cells. The graph 
represents the relative levels of histone H3 lysine 9 trimethylation (H3K9me3) 
over the period of time. There were no significant differences in H3K9me3 across 
the cell lines over the period of time after UV irradiation, by non-parametric 
Kruskal-Wallis test, p > 0.1. The standardized levels of trimethylation were 
calculated as the ratio between the levels of H3K9me3 obtained from the 
Western blot to the levels of histone H3 obtained from Coomassie staining. Spot 
densitometric analysis is carried out using Alpha lnnotech software program. 
Each data point represents the mean of five independent experiments (± SE). 
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Experiment 8: Core Histone Post-translational Modifications in HeLa Cells 
Following UV Irradiation 

Since chicken cells demonstrated significantly a slower recovery in the 

acetylation levels of histones H3 and H4 after UV irradiation as a function of the 

presence of HMGN1a/N2 in the cells, we suggested that HMGNs may be 

involved in recruiting HATs to the chromatin following UV irradiation. Given that 

most commercially available antibodies are directed against human proteins, we 

decided to test our hypothesis in Hela cells. To this end, we wanted to first test 

whether the human cells showed similar kinetics of PTMs to chicken cells 

following UV irradiation. 

Hela wild-type tag cells (containing empty vector plasmid) were UV 

irradiated at 30 J/m2 and whole cell lysates were prepared at various time 

intervals after the irradiation. The lysates were then subjected to Western blot 

analysis using the following antibodies: anti-H3K9ac, anti-H3K14ac, and anti

H4K5ac (see Materials and Methods). 

The Western blot analysis (Figure 17) and the graphical presentation 

(Figure 18) revealed a global wave of deacetylation reaching its maximum 4 h 

after UV irradiation in the respective sites: H4K5ac, H3K9ac and H3K14ac, in 

Hela cells. After the 4 h point, there is a gradual increase in the acetylation of 

these residues back to pre-UV steady state levels. This phenomenon of returning 

to the pre-UV acetylation steady state levels was also observed in the DT 40 wild

type chicken cells but was lacking in the HMGN null cells (Figures 13-15). 
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Figure 17. UV irradiation induces a rapid and global wave of deacetylation of 
core histones in Hela cells. The top three rows represent Western blots 
displaying levels of three different acetyl lysines in histones H3 and H4 (as 
indicated). The bottom panel with the Coomassie staining demonstrates equal 
loading of proteins. The proteins were resolved on a 15% SOS-PAGE. The cells 
were irradiated at 30 J/m2 and extracted at various time intervals post-UV 
irradiation. The proteins were resolved on the blots and were subjected to 
antibodies against: H3K9ac, H4K5ac and H3K14ac. UV irradiation induces a 
rapid and global wave of deacetylation of core histones in Hela cells. Each 
experiment was repeated three independent times and the graphical presentation 
of the averages is shown in Figure 18. 
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Figure 18. UV irradiation induces a rapid global wave of deacetylation of core 
histones H3 and H4 in Hela cells (quantification). The graph represents percent 
acetylation 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 the respective residues: H3K9, H3K14 and H4K5. Each data point 
represents the mean of three independent repetitions (± SE) of the experiments 
show in Figure17. The levels of acetylation were measured by spot densitometry 
and standardized against the levels of H3 and H4. 
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Both chicken and human cells have similar post-translational 

modifications. They both have a wave of global deacetylation followed with an 

increase in the acetylation reaching to pre-UV steady state acetylation levels 

after UV irradiation (Figures 13-15). Since both cell lines had a phase of 

increased acetylation, we were able to test whether p300 or other HATs are 

associated with HMGN1 at these times (we tested no UV, 4 h, 10 hand 24 h 

after UV irradiation). 
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Experiment 9: Isolation of HMGN1 Overexpressing Clones for 
Co-immunoprecipitation 

Since we observed change in the levels of histone acetylation after UV 

irradiation in Hela cells, we decided to explore the possibility that HMGNs and 

HATs interact following UV irradiation and that HMGN recruit HATs to chromatin. 

Co-immunoprecipitations of HA-tagged HMGNs can be a useful tool for this 

purpose. Hela cells previously stably transfected with recombinant HA-tagged 

HMGN1 or HMGN2 genes (Ogryzko et al., 1998; Lim et al., 2002) were cloned by 

limited dilution in 96 and 24 well-plates. The clones were analyzed to identify 

those that highly expressed HMGN proteins, using antibodies against HMGN1 

and HMGN2 (gifts by Dr. Bustin) and against HA (Upstate Biotech). Equal 

loading was determined by Coomassie staining. Spot densitometric analysis was 

carried out to determine various HMGN expression levels. Clones that were 

determined to express high level of HMGNs were used for the subsequently 

described Co-IP assays. The clone C10 overexpressing HMGN1-HA tag was 

used for the following co-immunoprecipitation assay (Figure 19, Table 5). 
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Figure 19. Analysis of the expression levels of HMGN1-HA in various stably transfected Hela cell clones. (A) 
Western blot analysis of HMGN1 clones using antibodies against HMGN1 and against HA. The proteins were 
resolved on an 18% SOS-PAGE. Hela cells stably transfected with recombinant HA-tagged HMGN1 genes were 
cloned by limited dilution and the clones were analyzed to identify high level HMGN-HA expressers. The bottom 
panel shows equal loading of protein lysates by Coomassie staining. Densitometric analysis was carried out to 
determine various levels of HMGN expression. 



Table 5. Expression levels of HMGN 1-HA protein in stably transfected Hela cells. 

~ s ~1 (C'jl[ll Ill:?: 1))1]1[1 ~11 ~3 ~ll f1 @i'l ~~ ~ll 

a-HMGN1 + +++ + ++ ++ +++ + +++ + ++ + 

a-HA ++ +++ ++ ++ ++ +++ ++ ++ + ++ + 

Expression L-M H L-M M M H L-M M l M l 
level 

Summarizes the levels of HMGN1-HA expression based on the Western blots 
shown in Figure 19. 

Experiment 10: HAT Assay of HMGN1-immunoprecipitate Following UV 
Irradiation 

We have demonstrated that in chicken cells the loss of HMGN1a and 

HMGN2 is associated with impaired NER-GGR and with decreased acetylation of 

H3K9, H3K14 and H4K5 after UV irradiation. Therefore, we suggested that in the 

later stages after UV irradiation HMGN may associate with HATs and tether them 

to the chromatin to increase the acetylation of these histone residues and 

consequently increase the repair efficiency. 

Histone acetyltransferase p300 was reported to specifically acetylate but 

not associate with HMGN1 (Sergei et al., 2000; Lim et al., 2005). p300 has been 

found to interact with and acetylate non-histone proteins, like p53 (Iyer et al., 

1998) - a very important stress response protein and DNA repair protein (Iyer et 

al., 1998). p300 was also found to be associated with newly synthesized DNA at 

UV-damaged sites, especially with PCNA (Hasan et al., 2001 ), which is a key 

protein in DNA synthesis. Specific acetylation of HMGN 1 by p300 weakens its 
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interaction with nucleosome cores (Bergel et al., 2000.). HMGN1 elevates the 

levels of H3K14ac and H3K9ac by enhancing the action of HAT (Lim et al., 2005; 

Belova et al., 2008). However, an association between HMGNs and HATs was 

never reported. 

To test for the possible association between HMGN1 and a HAT, we 

decided to test HMGN1 precipitates for HAT activity. The HAT activity in HMGN1 

immunoprecipitates was determined by the following HAT assay. Whole cell 

protein extracts from Hela C10 cells were immunoprecipitated with anti-HA 

antibody. The immunoprecipitate complexes were incubated in a HAT reaction 

buffer with core histones and Ac-CoA (72 µM) at 37°C, with constant agitation, 

for 40 minutes. The complex was then subjected to Western blot analysis using 

antibodies against H4K5ac and H3K14ac. 

The HAT assay showed that HMGN1 immunoprecipitates are associated 

with acetylation activity of H4K5 for the most part before UV irradiation and 10 

hours and 24 hours after UV irradiation (Figure 20, A and B). But a lower level 

HAT activity was also observed 4 h after UV irradiation. HMGN1 

immunoprecipitates, both before and after UV irradiation, showed significantly 

higher acetylation activity of H4K5 as compared to the control, by non-parametric 

Wilcoxon-Signed Ranks test, p s 0.1 (Table 6). However, the HMGN1 

immunoprecipitates did not associate with acetylation of H3K14ac before or after 

UV irradiation (Figure 20, A and B). The increase in acetylation of H4K5 10 hours 

and 24 hours post-UV irradiation observed in Hela cells (Figure 18), especially 
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H4K5 correlates with the HMGN1 immunoprecipitated HAT activity in those time 

intervals (Figure 20B and Table 6). Nevertheless, these results indicated that 

HMGN1 is associated with a certain HAT and we wanted to identify this HAT by 

co-immunoprecipitation assays. 
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Figure 20. HAT activity is associated with immunoprecipitated HMGN1. (A) HAT 
assay in which non-irradiated whole cell lysates from Hela cells were 
immunoprecipitated with anti-HA antibody and acetylation of free core histones 
(isolated from OT 40 chicken cells) was detected using anti H4K5ac and anti 
H3K14ac antibodies. Cold 72 µM Ac-CoA was used for the reaction mixture and 
the mixture was incubated at 37°C for 40 minutes with constant agitation. (B) 
HMGN1 immunoprecipitates are associated with H4K5 acetylation especially 
before UV irradiation and 10 hours and 24 hours after UV irradiation, when 
immunoprecipitated with anti-HA antibody. The proteins were resolved on a 15% 
SOS-PAGE for both the experiments. 

Table 6. Folds of acetylation of H4K5ac relatively to non-Immune lgG (control1 ). 

control No UV 4h 10h 24h p300 (No UV) 

1 2.28±0.70* 1.61±0.37* 2.38±0.89* 2.11±0.36* 5.32±2.75* 

Represents the folds of acetylation of H4K5 in anti-HA immunoprecipitates 
relatively to non-Immune lgG shown in Figure 20B. The HMGN1 
immunoprecipitates, both before and after UV irradiation, have significantly 
higher acetylation of H4K5 activity as compared to the control non- Immune lgG 
precipitates in Hela overexpressing HMGN 1 tag cells. These experiments were 
repeated three times independently. Note: * - significant differences by Wilcoxon
Signed Ranks test, one-tailed, p :5 0.1. 
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Experiment 11: Co-immunoprecipitation Assay of HAT and HMGN1 
Proteins 

HMGN null cells showed slower recovery of acetylation of histones H3 and 

H4 after UV irradiation, we therefore suggested that HMGNs may be involved in 

recruiting HATs to the chromatin. Moreover, we have shown that HMGN1 

immunoprecipitates were associated with HAT activity, we wanted to explore the 

specific HAT associated with HMGN 1. Since the previous reports have shown 

that p300 is involved in NER, we hypothesized that HMGN1-p300 dimerization is 

induced by DNA damage after UV irradiation. The potential association of p300, 

and the p300 family HATs, p400 and CBP, with HMGN1 was explored by co

immunoprecipitation assay. 

HMGN1-HA tag overexpressing Hela cells (clone C10) were used for the 

co-immunoprecipitation assay. These cells were UV irradiated at 30 J/m2 and 

whole cell and protein extracts were prepared at various time intervals after UV 

irradiation. The protein extracts were then subjected to immunoprecipitation with 

anti-HA or anti-HMGN1 antibodies and following Western blot with anti-p300, 

anti-p400, or anti-CBP (CREB - binding protein) antibodies. 

Figure 21 is a control immunoprecipitation that shows goat- and rabbit

antibodies against human HMGN1 can efficiently precipitate HMGN1 in IP 

experiments. The association between p300 and HMGN1 was observed before 

UV irradiation and 2 minutes after UV irradiation (Figure 22D). The association 

between CBP and HMGN1 was observed 10 minutes and 24 hours after UV 
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irradiation (Figure 23, A and 8). However, association between p400 and 

HMGN 1 could not be observed before or after UV irradiation (Figure 24 ). 

A. 

B. 

IP: a- HMGN1 (g) 

N1 
(g) 

lgG 
(g) 

Input 

IP: a-HMGN1 (r) 

WB:a-HA (r) 

Figure 21. Goat- and rabbit-antibodies against human HMGN1 can efficiently 
precipitate HMGN1 in IP experiments. (A) Demonstrates that goat anti-HMGN1 
immunoprecipitates HMGN1. (B) Demonstrates that rabbit anti-HMGN1 
immunoprecipitates HMGN1. The proteins were resolved on a 15% SOS-PAGE. 
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Figure 22. p300 and HMGN1 are associated with each other before and after 
UV irradiation in Hela cells. (A) lmmunoprecipitation with extracts from non
irradiated HMGN 1- tag overexpressing cell-lines or Hela wild-type tag cells, with 
anti-HMGN1 or anti-HA tag and detecting with anti-p300 antibody on the Western 
blot does not show any association. The proteins were resolved on a 5% SOS
PAGE. (B) lmmunoprecipitation with extracts from UV irradiated and non
irradiated HMGN1- tag overexpressing cell-lines with anti-HA and detecting anti
p300, shows no association. The proteins were resolved on a 5% SOS-PAGE. 
(C) The reciprocal experiment of the above two experiments (Figure 22, A and 
B), where immunoprecipitation with extracts from HMGN1- tag overexpressing 
Hela cells with anti-p300 antibody and detecting HMGN1 on Western blot did not 
show any association. The proteins were resolved on 18% SOS-PAGE. (0) 
Association between p300 and HMGN1 was observed before UV irradiation and 
2 minutes after UV irradiation when immunoprecipitating with anti-HMGN1 
antibody and Western blotting against p300. The proteins were resolved on a 5% 
SOS-PAGE. 
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Figure 23. CBP and HMGN1 are associated with each other after UV irradiation 
in Hela cells. (A) Association between CBP and HMGN1 was observed 10 
minutes after UV irradiation when immunoprecipitating with goat-anti-HA 
antibody and Western blotting against CBP. The proteins were resolved on a 5% 
SOS-PAGE. (B) Association between HMGN1 and CBP was observed 24 hours 
after UV irradiation when immunoprecipitating with goat-anti-HA antibody and 
Western blotting against CBP. The proteins were resolved on a 5% SOS-PAGE. 

78 



A. 

B. 

IP: a-HA (g) 

HA HA HA HA HA lgG Input Input 
(g) (g) (g) (g) (g) (g) 

IP: a-HMGN1 (g) 

WB: a-p400 (r) 

WB: a-p400 (r) 

N1 N1 N1 N1 N1 lgG lgGlnput Input 
(g) (g) (g) (g) (g) (g) (g) ' 

Figure 24. p400 and HMGN1 do not associate with each other before or after 
UV irradiation. (A) This figure shows no association between HMGN1 and p400 
before UV irradiation or at various time intervals after UV irradiation, when Hela 
whole cell protein extracts were immunoprecipitated with anti-HA antibody and 
anti-p400 was used for the Western blot. The proteins .were resolved on a 5% 
SOS-PAGE. (B) This figure shows no association between HMGN1 and p400 
before UV irradiation or at various time intervals after UV irradiation, when 
overexpressing HMGN1-tag whole cell protein extracts were immunoprecipitated 
with anti-HMGN1 antibody and anti-p400 was used for the Western blot. The 
proteins were resolved on a 5% SOS-PAGE. 
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Experiment 12: HMGN Null Cells Remove CPDs From DNA in a HAT
lndependent Manner 

So far we have shown that 24 hours following UV irradiation there was an 

increase in the acetylation of H3K9 and K14 and H4K5 in Hela cells (see Figure 

18). We have also shown that 48 h and 72 h following UV irradiation, there was 

a significant increase in the acetylation of histones H3 and H4 in the chicken 

wild-type cells as compared to the HMGN null chicken cells (see Figures 13-15). 

In addition, we have shown that HMGN1 immunoprecipitates a very significant 

HAT activity before UV irradiation and 10 and 24 hours after UV irradiation (see 

Figure 208 and Table 6). By co-immunoprecipitation assay, we have not only 

shown that before UV irradiation and 2 minutes after UV irradiation, HMGN1 

associates with p300 (see Figure 22D) but also 10 minutes and 24 hours 

following UV irradiation HMGN1 associates with CBP (see Figure 23, A and B). 

The above experiments suggest that HMGNs repair function following UV 

irradiation, may need the association of HAT proteins. Therefore, we wanted to 

test whether HMGNs require HAT activity to enhance the DNA repair. If so, the 

lack of HMGNs in the cells and the consequent lower HAT activity and impaired 

DNA repair would be possibly rescued by addition of an HDAC inhibitor that will 

increase the level of acetylation after UV irradiation of HMGN null cells. 

For this end we treated chicken DT40 cells and Nh43 (HMGN1a-/-; N2-/-) 

with trichostatin A (TSA) and tested if they would repair the UV-induced DNA 

damage more efficiently as compared to the untreated cells. The chicken cells 
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were treated with 2 µM TSA for 15 hours. The cells, at a concentration of 0.88 x 

106 cells/ml, were plated in 260 mm petridishes and irradiated at 12 J/m2
. DNA 

was purified immediately after UV irradiation (time 0), and 7 hand 20 h after UV 

irradiation. The DNA was slot blotted onto nylon membrane and probed with 

antibodies directed against CPDs. To measure the amount of DNA loaded, the 

nylon membrane was stained with ethidium bromide. 

Following UV irradiation there was a gradual decrease in the CPD content 

of the DNA of all the cells, an indication of active repair of the damaged DNA 

(Figure 25). The wild-type untreated cells showed a robust repair as compared 

with HMGN1a-/-; N2-/- cells. In the wild-type cells, 70% CPDs were removed 

from the chromatin 7 hours following UV irradiation in comparison with the double 

null cells, where only 10% CPDs were removed. This indicates that HMGNs are 

indeed required for the repair of the damaged DNA post-UV irradiation. 

However, the TSA treated wild-type cells did not remove the CPDs as 

efficiently as compared to the untreated wild-type cells. Only 50% of the damage 

was removed, 7 hours following UV irradiation in comparison with the untreated 

wild-type cells (Figure 25) (Wilcoxon-Signed Ranks test, two tailed, p > 0.1 ). The 

DNA repair removal rate, 7 hours following UV irradiation remained the same in 

both treated and untreated double null cells (Figure 25) (Wilcoxon-Signed Ranks 

test, two tailed, p > 0. 1). 
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Figure 25. TSA treated HMGN null chicken cells show slow DNA repair rate 
similar to the untreated cells. Shown is southwestern analysis of the CPD 
removal rates in cells lacking both HMGN2 and HMGN1a (Nh43) compared to 
that of wild-type DT40 cells. DNA was extracted from cells at 0, 7 and 20 hours 
after UVC irradiated with a dose of 12 J/m2 (see Materials and Methods). The 
CPD values were normalized against the DNA levels by staining the membranes 
with ethidium bromide. The CPD/DNA ratio was determined using spot 
densitometry of the CPD blot. The bar graph represents the kinetics of removal of 
photoproducts. The percent CPD is calculated based on the ratio of CPD levels 
at the given time interval after UV irradiation relatively to the levels of CPDs after 
0 h. The graph represents the means and standard error bars from three 
independent experiments. 

Note: *, § - Nh43 cell lines have a significantly slower CPD removal rate, 7 h and 
20 h after UV irradiation as compared to DT40 cells, when treated or untreated 
with TSA by Mann-Whitney U test (two tailed, p :5 0.1 ); Kruskal-Wallis test (two 
tailed, p :5 0.1 ). 

# -TSA treated Nh43 cells have a significantly slower CPD removal rate as 
compared to untreated Nh43 cells, 20 h following UV irradiation by Wilcoxon
Signed Rank test (two tailed, p :5 0.1 ). 
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However, TSA treated Nh43 cells have a significantly slower CPD removal 

rate as compared to untreated Nh43 cells, 20 h following UV irradiation (Figure 

25) (Wilcoxon-Signed Rank test two tailed, p ~ 0.1 ); Following TSA treatment, 

Nh43 cell lines showed a significantly slower CPD removal rate, 7 h and 20 h 

after UV irradiation as compared to DT40 cells (Mann-Whitney U test, two tailed, 

p ~ 0.1 ). In conclusion, there was no significant increase in the DNA repair rate in 

the TSA treated wild-type cells. Moreover, the cells lacking both the HMGN 

variants did not show any effect on the DNA repair rate upon TSA treatment. 

Therefore, based on this experiment we suggest that HMGNs repair the UV

induced DNA damage independent oftheir interaction with HATs, at specific time 

intervals after UV irradiation. 
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CHAPTER IV 

DISCUSSION 

Our major goal in this work was to determine the role and molecular 

mechanism of HMGNs involvement in the UV response of vertebrate cells. We 

found that the nucleosomal binding proteins HMGNs are involved in the NER

GGR subpathway. By analyzing HMGN null cells, we have shown that HMGNs 

are important in UV-induced DNA damage response and are needed for efficient 

removal of the CPDs from the chromatin template. It was previously shown that 

DNA repair is associated with increasing acetylation at the damage site 

(Smerdon et al., 1982). Recently several publications found that HMGNs are 

involved in modulating post-translational modifications of core histones 

(Postnikov et al., 2006; Ueda et al., 2006; Zhang and Wang, 2008). Therefore, 

we hypothesized that the mechanism by which HMGNs facilitate DNA repair is by 

modulating the post-translational modification of histones after UV irradiation. We 

further hypothesized that the association of HMGNs with HAT protein is the 

mechanism by which these proteins modulate the PTMs of histones and 

consequently facilitate the repair. The post-translational modification studies 

were conducted in chicken HMGN null cells and human Hela cells by Western 

blot analysis at various time intervals after UV irradiation. These studies led us to 

84 



an unexpected finding - the levels of core histone acetylation actually 

decreased following UV irradiation, and they only increased 4 -10 hours after 

UV irradiation. We demonstrated, though, that HMGNs are playing a role in the 

post-UV irradiation increase of the core histone acetylation levels. Previous 

studies have identified the independent involvement of HMGN1 and p300 in the 

NER-TCR process (Fousteri et al., 2006). We discovered an association of 

HMGNs with p300 before UV irradiation and immediately after UV irradiation. We 

also demonstrated an association of HMGNs with CBP 10 minutes and 24 hours 

after UV irradiation. Further support for the association of HMGNs with HATs 

came from demonstrating that HMGN1 immunoprecipitated HAT activity. On the 

other hand, the DNA repair capacity contributed by HMGNs is not related to their 

association with HATs since the DNA-repair rate in HMGN null cells treated with 

the HDAC inhibitor TSA does not increase. 

Our results indicate that HMGN1 is involved in NER-GGR, but the 

association of HMGNs with p300/CBP and the HAT-activity do not correlate with 

the peak of the CPD removal. Thus, HMGNs are involved in NER-GGR by a 

HAT-dependent and by a HAT-independent pathway. 

HMGN1 a and HMGN2 are in the Same Pathway in UV-induced DNA Damage 
Response 

Since cells lacking HMGNs had a lower survival after UV irradiation 

(Figure 4, Table 1 ), we concluded that HMGN proteins are important for the cells' 

response to UV. The double knockout HMGN cells did not show any major 
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additive or synergistic effect. These results indicated that for the most part 

HMGN1 a and HMGN2 function in the different stages of the same pathway in 

conferring UV-resistance to cells. In other words, disrupting each of the HMGN 

genes alone was sufficient to reduce the UV tolerance to almost the same level 

as disrupting both the genes. However, these results could not rule out a partial 

redundancy between HMGN2 and HMGN1a which could possibly contribute to a 

minor additive effect. 

We assessed if the UV hypersensitivity of HMGN null cells was due to 

growth rate advantage of the wild-type cells relatively to the HMGN null cells. 

This investigation was performed by the growth curve studies of the wild-type 

DT40 cell and HMGN null cells. Similar work was conducted by Schreiber and 

colleagues studying growth rate in UV-sensitive c-fos null cells (Schreiber et al., 

1995) and they did find a higher growth rate of the wild-type cells in comparison 

to the c-fos null cells. Previous work by Dr. Jerry Dodgson and others did not 

show significant growth rate differences in the HMGN null cell lines (Li et al., 

1997). In our study, we showed that, overall, there were no significant differences 

observed between the wild-type DT40 cells and the HMGN null cells (Tables 2 

and 3). However, the saturation density and growth rate of cells disrupted for 

HMGN1 a alone or disrupted for HMGN1 a first followed by disrupting HMGN2 

(Nh43) were higher and faster than the cells disrupted for HMGN2 first followed 

by HMGN1a (Bp5) or cells disrupted for HMGN2 (Figure 5, Tables 2 and 3). 
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The different growth patterns among these cells could be because of DNA 

imprinting or other epigenetic changes differentially induced by HMGN1 a or 

HMGN2. Cells lacking HMGNs may have an irregular epigenetic steady state 

that contributes to the deregulated growth curve pattern. The growth pattern 

differences, however, did not correlate with the UV-sensitivity of the HMGN null 

cells and therefore, they did not appear to confer an advantage to the wild-type 

cells over the null cells. 

HMGN1 a/N2 are Involved in Global Genome Repair 

Although the hypersensitivity of HMGN null cells could not be attributed to 

the growth rate of the cells, it could be explained by a slow DNA repair rate. 

Based on Southwestern blot analysis, we showed that HMGNs affect the repair 

rate of CPDs in the context of chromatin (Figure 6). Therefore, we concluded that 

the HMGN null cells hypersensitivity to UV irradiation is because of slower DNA 

repair rate. The increased rate of mortality in UV irradiated cells is linked to the 

activation of the apoptotic pathway (Martin and Cotter, 1991; Assefa et al., 2003). 

Indeed, HMGN null cells showed higher apoptosis rate following UV irradiation 

(Figure 7). Cells lacking HMGN proteins also activated the apoptotic pathway 

faster, and therefore moved faster from early to late apoptosis (Figure 7, Table 

4). 

HMGN null cells had also a higher G2/M population following UV 

irradiation (Figure 8, A and B). This increase in the G2/M population indicated an 
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activation of either the G2/M checkpoint arrest, or a mitotic checkpoint arrest, or 

both. In order to distinguish between these possibilities, we conducted a Western 

blot analysis with two antibodies, which served as specific markers for G2/M 

arrest and mitotic arrest. Interestingly, the HMGN1 a-/-; N2-/- cells, Nh43, had 

both an extended G2-M checkpoint arrest and a significant mitotic arrest (Figures 

9 and 11 ). In contrast, the null HMGN2-/- cells, 0108-1, had mainly extended Gr 

M arrest (Figures 9 and 10). A possible explanation might be that in the 

HMGN1a-/-; N2-/- cells there is a leakage of cells with DNA-damage through the 

G2-M checkpoint to the mitosis phase, and it follows by their arrest in the mitotic 

checkpoints. This leakage is indicative of a possible role of HMGN1a in the 

activation of the G2-M checkpoint. Evidence for the role of HMGN1 in the G2-M 

checkpoint arrest was previously found in mice cells. In response to gamma 

irradiation, Hmgn1-/- mouse embryonic fibroblasts did not show a decrease in the 

mitotic population as opposed to the wild-type cells (Birger et al., 2005). 

Therefore, the authors concluded the involvement of HMGN1 in G2-M arrest 

(Birger et al., 2005). 

It is important to note that the differences between the null cell lines, 

0108-1 and Nh43, and the wild-type DT40 cells cannot be attributed to random 

mutations that may have accumulated in these cells, but only to the lack of 

HMGN proteins. The reason for excluding this possibility is that the two null cell 

lines were independently derived from DT40; Nh43 cells were first disrupted for 
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HMGN1 a alleles and then for the two HMGN2 alleles, so they were not derived 

from the D108-1 (HMGN2-/-) cells (Li and Dodgson, 1995; Li et al., 1997). The 

higher apoptosis rate and increased checkpoint arrest of HMGN2-/- and 

HMGN 1 a-/-; N2-/- cells can be attributed to the lower removal rate of CPDs from 

chromatin (Figure 6). 

A previous paper analyzing Hmgn1 null mice cells indicated the 

involvement of these proteins in NER-TCR (Birger et al., 2005). Another group 

indicated the participation of HMGN1 in TCR process in a specific complex 

associated with CSB protein in human fibroblast cells (Fousteri et al., 2006). The 

former study conducted in mice could not demonstrate the role of HMGNs in 

NER-GGR since mice lack an efficient GGR subpathway. The latter group did not 

study the NER-GGR subpathway. 

Our research shows for the first time the involvement of HMGN proteins in 

GGR. This is also the first time a higher apoptosis and a cell cycle arrest in 

HMGN null cells were observed following UV irradiation. 

HMGNs Modulate PTMs After UV irradiation 

HMGNs are known to modulate the PTMs of the histones, when bound to 

the nucleosomes (Lim et al., 2005). Previous studies showed that loss of HMGN1 

elevated the steady-state levels of H2AS1 p throughout the cell cycle (Postnikov 

et al., 2006). HMGNs affect also the phosphorylation of H3S10 and H3S28; 

acetylation of H3K14, and H3K9; methylation of H3K9 and modifications of H2A 
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(Ueda et al., 2006). Thus, the interaction of HMGN with chromatin affects the 

levels of several types of modifications in the tails of the core histones (Ueda et 

al., 2006). Lim and others showed that HMGN1 increases the levels of 

acetylation of nucleosomal but not free H3K14, a modification that has been 

linked to transcriptional activation and gene expression (Lim et al., 2005). 

Other reports link the involvement of HMGN proteins in stress response 

and their ability to modulate core histone PTMs. Cells with HMGN responded 

better to ionizing radiation (IR) in comparison to cells lacking HMGN1 because 

HMGN caused a higher basal level of acetylation of H3K14 and a higher 

activation of ATM. Treatment of Hmgn1-/- mouse embryonic fibroblasts (MEFs) 

with histone deacetylase inhibitors bypassed the HMGN1 requirement for 

efficient ATM activation (Kim et al., 2009). Belova and colleagues showed that 

HMGN1 affects the acetylation of H3K14ac in response to heat shock stress 

(Belova et al., 2008). Other studies suggested the involvement of other types of 

HMG proteins in UV stress response. Mammalian cells lacking HMGB 1 proteins 

are hypersensitive to DNA damage induced by psoralen plus UVA irradiation 

(PUVA) or UVC radiation, showing less survival and increased mutagenesis 

(Lange et al., 2008). In additio_n, the study revealed by immunoblotting, that cells 

lacking HMGB1 showed no histone acetylation upon DNA damage, in contrast to 

HMGB1 proficient cells (Lange et al., 2008). 
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Our research, employing the chicken HMGN null cells gave us a unique 

insight into the role of HMGN proteins in modulation of histone acetylation upon 

UV irradiation and induction of NER-GGR. Post-translational modification studies 

in chicken HMGN null cells showed no increase in the acetylation of H3K9, 

H3K14 and H4K5, 48 hours and 72 hours, following UV irradiation (Figures 12-

15). This may indicate that HMGNs have a role in maintaining the chromatin 

architecture after the removal of the photoproducts. For example, H4K5ac is 

known to mark new histones to be assembled in the chromatin during the last 

stage of repair (Benson et al., 2007). Previous work by Bustin and others showed 

that HMGN1 modulates the levels of H3K14ac and H3K9ac (Lim et al., 2005; 

Ueda et al., 2006). However, there is no published data about the effect of 

HMGNs on the acetylation of H4K5. Our research contributes to the study of the 

effect of HMGNs following UV irradiation on this novel site of histone H4K5ac. 

The trimethylation of H3K9 is known to code for suppression of 

transcription and this mark is associated with heterochromatin regions (Fischle et 

al., 2003; Gonzalez-Gomez et al., 2003; Lachner et al., 2003). H3K9me3 is also 

known to serve as a mark for the binding of heterochromatin protein-1 (HP-1) 

which upon binding to these nucleosomes initiate heterochromatinization of the 

pericentric portion of the chromosome (Jacobs and Khorasanizadeh, 2002; 

Freitag et al., 2004 ). Some reports showed that the acetylation of H3K9 and its 

trimethylation are mutually exclusive (Lachner et al., 2004 ). However, based on 
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our research, despite the effect of HMGNs on increasing H3K9ac there is no 

effect on the trimethylation of H3K9 in chicken HMGN null cells and the wild-type 

cells (Figure 16). Thus, the trimethylation of H3K9 maintains its epigenetic state 

in the chromatin, independent of HMGNs. This finding indicated that HMGNs 

affect a different population of nucleosomes for the increase in H3K9ac rather 

than the nucleosome population which are marked by H3K9me3. 

The PTM studies in chicken cells revealed that the phenomenon of 

returning to the pre-UV acetylation steady state levels was observed only in 

DT40 wild-type chicken cells but was lacking in HMGN null cells. HMGN null 

chicken cells demonstrated a significantly slower recovery of the acetylation 

levels of histones H3 and H4 after UV irradiation. We therefore suggested that 

HMGNs may be involved in recruiting HATs to chromatin following UV irradiation. 

Since most commercially available antibodies are directed against human 

proteins, we decided to test our hypothesis in human Hela cell line. To further 

our study we wanted to first observe if human cells showed similar kinetics of 

PTMs to chicken cells following UV irradiation. 

Previous studies showed hyperacetylation of H3K9 and H3K14 following 

UV irradiation in yeast at the repressed MFA2 promoter (Yu et al., 2005). These 

events occurred 30 minutes immediately after UV irradiation and the level of 

histone hyperacetylation diminished gradually as repair proceeded (Yu et al., 

2005). Yu and others emphasized that UV radiation triggers genome wide 
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hyperacetylation of both histones H3 and H4 in yeast (Yu et al., 2005). Another 

study by Lange and colleagues showed increase in acetylation levels with time in 

MEF cells. The peak of acetylation of histone H4 was observed 30 minutes after 

UV irradiation and continued till 60 minutes (Lange et al., 2008). The former 

group performed their experiments in yeast and was observing changes in 

acetylation levels at a specific gene following UV irradiation. The latter group 

irradiated the MEFs at 100 J/m2 which could induce a massive apoptosis and 

thereby increase in acetylation levels. Moreover, they observed acetylation 

changes of histone H4 at large in shorter time intervals (1 minute to 60 minutes), 

and not at specific lysine residues of histone H4. 

On the contrary, our results showed a wave of global deacetylation 4 

hours after UV irradiation in both human and chicken cells (Figures 13-18). In 

agreement with our results, Tjeertes and others showed global deacetylation of 

histones H3K9 and H3K56 in response to UV irradiation and other stresses 

(Tjeertes et al., 2009). The global wave of deacetylation in histones that was 

observed in our research is a result of UV-induced stress response. Several 

reasons could explain this wave of deacetylation: 

(1) it could be part of compaction of chromatin to protect the chromatin 

from further molecular insult by UV irradiation; (2) it could be related to silencing 

of transcriptionally active genes to facilitate the repair in the following manner: a) 

to shut down transcription of active genes and direct some of the transcription 
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factors to repair or b) to channel the energy resources of the cells from gene 

transcription to repair. Recent studies from Tjeertes and others showed that 

H3K9Ac and H3K56Ac become diminished at promoter regions of both cell-cycle 

responsive and active genes in response to DNA damage (Tjeertes et al., 2009); 

(3) it may be a completely unknown event. 

HMGN1 Associates With HAT Proteins 

The increased acetylation after UV irradiation in wild-type cells but not in 

HMGN null cells suggested the possibility of increased HMGN-dependent HAT 

activity in both chicken and human cells. Therefore we decided to explore if 

HMGN1 immunoprecipitates any HAT activity, which could indicate HMGN1-HAT 

association. 

The in vitro assay showed that HMGN1 immunoprecipitated a significant 

HAT activity before UV irradiation and 4, 10 and 24 hours following UV irradiation 

in histone H4K5 (Figure 20B, Table 6). But the highest levels of HAT activity (2 

folds or higher) were before UV irradiation and 10 and 24 hours after UV 

irradiation. The timing of highest HAT activity in HMGN1 immunoprecipitates 

coincided with the kinetics of the acetylation of H4K5, H3K9 and H3K14 in 

chicken and Hela cells (Figures 13-18). This correlation could indicate that 

HMGNs were indeed involved in recruitment of HATs to chromatin after UV 

irradiation. This led us to further investigation to identify the specific HAT 

associated with HMGN1, using co-immunoprecipitation assay. Previous studies 
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have shown the involvement of p300 in DNA repair (Hasan et al., 2001 ). P300 

was also shown to acetylate HMGN (Bergel et al., 2000). In addition, p300 was 

found to associate with several of its substrates such as p53 (Iyer et al., 2004). 

We therefore hypothesized that p300 not only acetylates HMGN1 but also 

associates with it. Consequently, we chose antibodies against p300, CBP 

(homologue of p300) and p400 (belonging to the family of p300) for the co

immunoprecipitations. HMGN1 can unfold chromatin by competing with linker 

histones H 1, by directly interacting with the N-terminal tails of core histones H3 

and H2A, and by modulating the levels of PTMs (Bustin and Reeves, 1996; 

Bustin, 1999; Bustin, 2001 ). Based on previous theories the way HMGNs 

modulate the PTMs is by steric hindrance, but our work revealed another 

mechanism for post-translational modification regulation by HMGNs include the 

association with HAT proteins. By co-immunoprecipitation assays, p300 was 

shown to be associated with HMGN 1 before UV irradiation and 2 minutes after 

UV irradiation (Figure 22D). Moreover, CBP was shown to associate with 

HMGN1 10 minutes and 24 hours following UV irradiation (Figure 23, A and B). 

This is the first time to the best of our knowledge that HMGN proteins are found 

to be associated with HATs. There is a very limited number of reports about the 

interaction of HMGNs with other proteins. Lim and colleagues showed that in 

Hela nuclei a large fraction of the HMGN chromosomal proteins is found in 

multiple, metastable macromolecular complexes (Lim et al., 2002). In another 
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study, HMGN1 proteins have been shown to associate with 14.3.3 proteins which 

impede the reentry of the proteins into the nucleus until the end of telophase 

(Prymakowska-Bosak et al., 2002). Hansen and others showed that HMGN1 

interacts specifically with both, estrogen receptor a (ERa) and serum response 

factor (SRF), which regulate the responses of Trefoil factor 1 (TFF1) and FOS to 

estrogen respectively (Zhu and Hansen, 2007). The latter work demonstrated the 

role of HMGN 1 in regulating the expression of particular genes via specific 

protein-protein interactions with transcription factors at target gene regulatory 

regions (Zhu and Hansen, 2007). 

HMGN1 is Involved in NER-GGR in HAT- Independent Manner 

We have observed that cells lacking HMGNs have a lower HAT activity 

tethered to the HMGN proteins. If the association of HMGN1 and HAT proteins is 

needed for their DNA repair mechanism, by increasing the acetylation levels in 

HMGN null cells, we should be able to rescue the repair deficiency of cells. The 

increase in acetylation of histones can be achieved by HDAC inhibitors, such as 

TSA. Based on our results, TSA treated chicken HMGN null cells showed no 

difference or even slower (20 hour point) removal of CPDs in comparison to 

untreated HMGN null cells, indicating that HMGNs do not require HAT protein to 

enhance the repair rate (Figure 25). A previous study has shown that treatment 

with an HDAC inhibitor such as sodium butyrate improved DNA repair rate 

(Smerdon et al., 1982). This study focused on measuring the DNA repair 
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synthesis and not on the CPD removal rate. However, the use of sodium butyrate 

in millimolar concentrations could have triggered other mechanisms, in addition 

to hyperacetylation of core histones which could affect the DNA repair synthesis. 

The lack of increase in the DNA repair rates after HDAC treatment is in 

agreement with the fact that the acetylation of core histones increased after the 

peak of repair rate. These results could lead to a working model by which 

HMGN1 is participating in NER-GGR by both HAT-dependent and HAT

independent pathways as summarized below. 

Mechanism of HMGN1 Involvement in NER-GGR 

• Before UV irradiation, p300 is associated with HMGN1 (for details see 

Figure 26). 

• Immediately after UV irradiation, CBP replaces p300 in associating 

HMGN1. We propose that CBP is acetylating HMGN1, thereby inducing its 

dissociation from active genes an event which facilitates directing it to the 

damage site. 

• Four hours after UV irradiation, which is the peak of DNA repair, HMGN 1 's 

interaction with HATs is minimal. We predict that HMGN1 is still present in 

the vicinity of the damage site, suggesting that HMGN modulate DNA 

repair rate by unfolding the chromatin, but without interacting with HATs. 

This time point also marks the nadir of acetylation observed in both, 

human and chicken cells. At this time the chromatin may go through a 
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global compaction and heterochromatinization which is consistent with the 

timing of the decreased acetylation and HMGN-HAT interaction. The 

damage site may stay unfolded due to an increased HMGN and ATP 

dependent modeling complexes activity. 

• Twenty four hours after UV irradiation, the CBP reassociates with HMGN1 

an event which we believe is involved in reestablishing the pre-UV 

chromatin architecture. The cyclicity of the core histone acetylation status 

during the repair process observed by us marks as we believe, the 

cyclicity in the chromatin architecture as the repair process proceeds and 

eventually returns to the pre-UV steady state structure. This part of our 

model is also in agreement with Fousteri and others that suggested the 

involvement of HMGN1 in reestablishing the chromatin architecture after 

the damage removal in NER-TCR (Fousteri et al., 2006). 

This model is described in Figure 26, where we integrate the events 

following UV irradiation with the involvement of HMGN1 in the UV-induced DNA 

damage repair. 

Our proposed model incorporates the fact that HMGN 1 does not have to 

be associated with HAT protein through all the process, and therefore we 

hypothesize that HMGN1 is involved in NER-GGR by both HAT-dependent and 

HAT-independent pathways. 
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Figure 26. Proposed model for HMGN1 's involvement in NER-GGR. 
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LIST OF ABBREVIATIONS 

6-4 PPs - photoproducts 

8-oxo-G - 7 ,8-dihydro-8-oxoguanine 

AAF - amide 2-acetylaminofluorene 

Ac- acetyl 

Ac-CoA - acetyl coenzyme A 

ACF - ATP-dependent chromatin remodeling factor 

AT- hook-Adenine-Thymidine hook 

ATM - ataxia telangiectasia-mutated 

ATP- Adenosine tri phosphate 

ATR - ATM and Rad3-related 

BrdU - bromodeoxyuridine 

BRM - brahma, encodes ATPase subunit 

CAF-1- chromatin assembly factor 

cAMP- cyclic adenosine monophosphate 

CBP - GREB-binding protein 

Cdc-25A- cell division cycle 

Cdk - cyclin dependent kinase 
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CENP-A - centromere Protein A 

CHO - chromo-helicase/ATPase DNA binding 

Chk1/Chk2 - cell cycle checkpoint kinase 1/ 2 

CHRAC - chromatin accessibility complex 

Co-IP - co-immunoprecipitation 

COX-2 - cyclooxygenase 2 

CPDs - cyclobutane pyrimidine dimers 

CREB - cAMP-response element-binding protein 

CS - Cockyane Syndrome 

CUL4-DDB-ROC1 - ubiquitin ligase 

DOB 1/2 - damaged DNA binding complex 

DSB - double strand break repair 

DUB - deubiquitinating enzyme 

ERCC1 - Excision repair cross complementing protein 1 

FACS - fluorescent activated cell sorter 

FITC - fluorescein isothiocyanate 

GADD45 - growth arrest and DNA-damage-inducible 

GCN5 - general control of amino acid synthesis 5 (histone acetyl transferase) 

GGR- global genome repair 

H1- linker histone 

H2/H3/H4 - core histones 
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H2A.Z - histone 2 variant 

H2O2- hydrogen peroxide 

H3K14ac - acetylation of histone H3 lysine 14 

H3K9ac - acetylation of histone H3 lysine 9 

H3K9me3 - trimethylation of histone H3 on lysine 9 

H3S 1 Op - phosphorylation of H3 Ser 10 

H4K5ac- acetylation of histone H4 lysine 5 

HA tag - hemagglutinin tag 

HAT - histone acetyl transferase 

HDAC - histone deacetylases 

hHR238 - human homologue of the yeast protein RAD238 

HMGA - high mobility group AT-hook protein 

HMGB - high mobility group box protein 

HMGN - high mobility group nucleosomal binding proteins 

HMTases - histone methyl tranferases 

Hybond N+ - positively charged nylon membrane 

lgG - lmmunoglobulin G 

lgG (g) - goat lmmunoglobulin G 

lgG (m) - mouse lmmunoglobulin G 

lgG (r) - rabbit lmmunoglobulin G 

IP - immunoprecipitation 

114 



I-SWI - Imitation SWltch 

LDso - lethal dose 

MFA2 - mating pheromone a-factor 

Mi-2 - is a part of NURD complex, ATP-dependent chromatin remodeler 

N.S. - non significant 

NEIL -Nei like-2 protein, a DNA glycosylase/AP lyase specific 

for oxidatively damaged bases. 

NER - nucleotide excision repair 

NHEJ - non-homologous end joining repair 

N-terminal - amino terminal 

NURD - nucleosome remodeling and deacetylating complex 

NURF - nucleosome-remodeling factor 

Oi- - oxygen radical 

OGG1 - 8-oxoguanine-DNA glycosylase 1 

OH· -- hydroxyl radical 

P127 - tumor suppressor protein 

P21 - cyclin-dependent kinase inhibitor 

P300 - E1A binding protein p300 

P400 - E1A binding protein p400 

P53 - tumor suppressor protein 

P53R2 - p53 ribonucleotide reductase-repair protein 
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PAGE - polyacrylamide gel electrophoresis 

PCAF - p300/CBP Associated Factor 

PCNA - proliferating cell nuclear antigen 

PHO - plant homeo domain 

Pl - propidium iodide 

PK - protein kinase 

PTM - post translational modification 

RAD 23 - gene of Saccharomyces cerevisiae is required 

for excision-repair of UV damaged DNA 

RNA-Pol II - ribonucleic acid polymerase II 

ROS - reactive oxygen species 

RPA - replication protein A 

Rpd3p - histone deacetylase (yeast) 

RSC - ATP-dependent chromatin-remodeling complex (yeast) 

SD - standard deviation 

SE - standard error 

SOS - sodium dodecyl sulfate 

SNF - sucrose nonfermenting (yeast) 

SRF - serum response factor 

STAGA- SPT3-TAF1131-GCN5L acetylase 

Suv 39 - histone methyl transferase (murine) 
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SWI - switching (yeast) 

TCR - transcription coupled repair 

TF IIH - transcription factor 

TFF1 - trefoil factor 1 

TLS - translesion DNA synthesis 

TSA - trichostatin A(an HDAC inhibitor) 

TTD - trichothiodystrophy 

USP 1 - ubiquitin specific protease 1 

UV- ultraviolet rays 

UVC - ultraviolet subtype C 

XP - xeroderma pigmentosum 

XPA, 8, C, D, E, F, G, H - xeroderma pigmentosum protein 

GroupA-H-human homolog 

ylSWI -yeast Imitation SWltch 
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