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Functional evaluation of DNA double-strand break repair protein XRCC4 associated 

with development and cancer risk 

 

By: Anie Day DC. Asa 

Tokyo Institute of Technology, 2020 

Academic Supervisor: Assoc. Prof. Yoshihisa Matsumoto 

ABSTRACT 

XRCC4 is one of the most essential proteins for DNA double-strand break repair 

through non-homologous end joining. Several reports identified mutations in XRCC4 of 

patients with developmental diseases. There are also reports showing that a polymorphism in 

XRCC4, which changes its subcellular localization, is associated with increased cancer risk. 

This study aimed to explore the role of DNA repair function of XRCC4 in development and 

protection against cancer. I generated XRCC4 mutants mimicking these disease-associated 

mutants and cancer risk-associated polymorphism and analyzed their functional characteristics, 

i.e., radiosensitivity and DNA repair capability as well as protein expression and subcellular 

distribution. These mutants showed varying degrees of dysfunction, depending on the positions 

of mutations or the length of missing parts. These results highlighted the significance of 

XRCC4 in the regulation of normal development and protection against cancer through DNA 

repair, maintaining genomic integrity and stability. 
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SUMMARY 

DNA double strand break (DSB) is the most detrimental damage that can happen to 

DNA. DNA DSBs occur at random upon genotoxic stresses which include ionizing radiation 

or as intermediates during a process called V(D)J recombination in the immune system. 

Eukaryotic cells have two major pathways to repair DNA DSBs: homologous recombination 

(HR) which precisely repair DNA DSBs using sister chromatid as a template, and non-

homologous end-joining (NHEJ) which repairs DSBs by ligating two broken ends.  NHEJ, 

which is predominant in mammalian cells and is active throughout the cell cycle, involves 

several key players such as DNA dependent protein kinase catalytic subunit (DNA-PKcs), 

heterodimeric Ku protein (Ku86 and Ku70), and the DNA Ligase IV (LIG4)-XRCC4-XLF 

complex.  X-ray Complementing 4 (XRCC4) is one of the most essential proteins for DNA 

DSB repair through NHEJ pathway. XRCC4 was initially found as the gene which could 

restore normal V(D)J recombination and DNA double-strand break repair of Chinese hamster 

ovary-derived XR-1 cells.  In NHEJ, XRCC4 has an active role of bridging damaged DNA to 

LIG4 for ligation of DNA ends. In studies in mice, deficiency in XRCC4 or LIG4 causes 

embryonic lethality and is associated with massive neuronal cell death, severe growth 

retardation and failure in neurogenesis.  In recent studies, several human patients exhibiting 

developmental diseases such as microcephaly and growth defect, were found to harbor 

mutations in XRCC4. There are also reports showing that a polymorphism in XRCC4, which 

changes its subcellular localization, is associated with increased cancer risk. These XRCC4 

mutations were found at or nearby different locations in the XRCC4 gene structure 

corresponding to different functionalities in its DNA repair capability. These disease-

associated mutations have caused varied effect in DNA repair from less or unstable XRCC4 

expression to total loss of DNA repair function. Unexpectedly, lymphocytes indicate normal 

immunological functions. This study aims to analyze the functional characteristics of XRCC4 
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mutations associated to development and cancer risk to delve deeper to the significance of the 

structure integrity of XRCC4 in the DNA repair, and in non-development and protection of 

diseases such as cancer. Human XRCC4 cDNA was obtained from polymerase chain reaction 

(PCR) of the cDNA pool of human T-cell leukemia MOLT-4 cells and integrated into 

p3xFLAG-CMV-10 plasmid to express XRCC4 protein with triple tandem FLAG epitope, or 

into pEGFP-C1 plasmid to express it as a fusion protein with green fluorescent protein (GFP). 

Mutations were introduced by PCR primers of different sequences depending upon the 

mutation. The entire XRCC4 open reading frame of the constructs was then verified to be the 

correct sequence by sequencing for all the constructs.  These cDNAs of XRCC4 mutants were 

transfected to XRCC4-deficient L5178Y mouse leukemia (M10) cell line, obtained from 

RIKEN cell bank, and human osteosarcoma (U2OS) cell line. For M10 cells, plasmids were 

transfected by electroporation and visible colonies formed were expanded to obtain the stably 

transfected clones of the different mutated XRCC4 constructs. For U2OS cells, plasmids were 

transfected by lipofection. Cells were irradiated using 60Co γ-ray source. The analysis of the 

expression level of XRCC4 was performed by Western blotting. The radiosensitivity of M10 

cells are assessed in terms of the ability of the cells to proliferate by forming colonies in soft 

agarose 10-14 days after radiation exposure. Nuclear localization of U2OS cells was examined 

by observation under inverted fluorescence microscope. Repair of DNA double-strand breaks 

after radiation exposure was analyzed using the phosphorylation status (γ-H2AX) of serine 139 

of histone H2AX as an index. Results showed that these disease-associated mutants showed 

varying degrees of dysfunction, depending upon the positions of its mutations, the length of 

deletions, or its proximity to significant positions associated to other NHEJ proteins. For 

disease-associated mutations, V83-S105del transfectant showed the highest radiosensitivity, 

which was close to control vector transfectant. D254Mfs*68 transfectant showed the second 

highest radiosensitivity with diminished protein expression. W43R, R161Q, R225X and 
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R275X transfectants, expressing the protein at equal or higher level than wild-type XRCC4 

transfectant, showed slight but statistically significant increase in radiosensitivity compared to 

wild-type XRCC4 transfectants. When expressed in human osteosarcoma (U2OS) cells, 

R225X, R275X and D254Mfs*68 localized to the cytoplasm, whereas other mutants localized 

to the nucleus. As for A247S polymorphism associated to cancer risk, the mutation A247S has 

shown to be causing a significant change in subcellular localization of XRCC4 in U2OS cells 

which also reiterates the impact of conserved nuclear localization signal and phosphorylation 

sites of XRCC4 to its function. The significant increase in gamma H2Ax foci as compared to 

wild-type XRCC4 which increases after radiation exposure, indicates that A247S 

polymorphism and the change in location from A247S polymorphism causes deficiencies in 

DNA DSB repair through NHEJ which may lead to improper gene function leading to 

tumorigeneses and cancer development. These results highlighted that defects of XRCC4 in 

disease patients such as insufficiency in protein quantity and impaired functionality affects 

DNA repair, stressing the significance of XRCC4 in DNA repair, normal development, 

protection against cancer and in maintaining genomic integrity and stability.
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Chapter 1 

Introduction 

1.1 Theoretical Background 

DNA 

The deoxyribonucleic acid (DNA) is a self-replicating carrier of hereditary material and 

informational component found inside living organisms. As shown in Figure 1, the DNA 

composition is made up of four chemical bases: adenine (A), guanine (G), cytosine (C), and 

thymine (T).  The order, or sequence, of these bases determines the information for maintaining 

an organism. DNA is also composed of sugar molecule and a phosphate molecule, which 

together are called a nucleotide. Nucleotides are arranged in two long strands that form a spiral 

double-stranded helix like resembling a twisted ladder. The DNA needs to maintain a high 

degree of fidelity to replicate itself.  In the cell cycle, the DNA must be replicated when cells 

are ready to divide and must be read to produce molecules necessary to carry out functions in 

the cell. In human cells, around 6 billion of DNA are distributed across 46 human chromosomes. 
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Figure 1. The DNA Structure and DNA composition 

DNA Damage 

The DNA needs to be protected as it is continually exposed to different DNA damaging 

agents, whether it be natural and man-made. DNA damage is any modification to the DNA 

coding properties or DNA transcription or replication. It can occur in varied forms including 

apurinic/apyrimidinic (AP) sites, adducts, single-strand breaks (SSBs), double-strand breaks 

(DSBs), DNA-protein cross-links, and insertion/deletion mismatches (Rao, Spring 1993). 

Sources of DNA Damage 

Every day, mammalian cells accumulate an estimated 100,000 lesions in their DNA as 

a result of factors such as replication stress, environmental genotoxins, exposure to reactive 
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oxygen species, and exposure to exogenous agents such as radiation e.g. ultraviolet and 

ionizing radiation, etc. (Figure 2). 

 

Figure 2. Sources of DNA Damage and Fate of DNA After Damage 

Exogenic sources of DNA damage can be classified as physical source, or chemical 

source. Physical sources are radiation including UV radiation from the sun and ionizing 

radiation. UV radiation produces covalent bonds that crosslink adjacent pyrimidine bases in 

the DNA strand. Ionizing radiation initiates DNA mutations by generating free radicals within 

the cell that create reactive oxygen species (ROS) and result in single-strand and double-strand 
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breaks in the double helix. Chemical sources, on the other hand, can attach alkyl groups 

covalently to DNA bases or nitrogen compounds that can methylate or ethylate the DNA base. 

Endogenic sources of DNA damage are from DNA polymerases in processes such as DNA 

replication or from hydrolysis, oxidation, alkylation, and mismatch of DNA bases (Rask, et al., 

2007) (Yu, et al., 2003).  

Radiation and DNA Damage 

Radiation is an energy that passes from a source through a certain space, which may be 

able to penetrate to certain materials. Radiation is both harmful and beneficial, hence the 

comparison to a two-edge sword. With the many beneficial effects especially in medical and 

diagnostic use for human health, it can also cause harm and is a possible carcinogen. Living 

organisms may be exposed to radiation in several ways such as medical and diagnostic 

procedures, exposure to background radiation from cosmic rays, natural radiation and 

radioactivity, nuclear tests, and nuclear accidents (Desouky, et al., 2015). When cells are 

exposed to radiation, the probability of the radiation interacting with the DNA molecule is very 

small because the DNA constitutes only a small part of the cell. However, the big portion of 

the cell which is water has a high probability of interaction with radiation. When radiation 

interacts with water, it can break bonds that hold the water molecule together, producing 

fragments such as hydrogen and hydroxyls which may be harmful or not depending on the ions 

and compounds that was created. However, when they could combine to form toxic substances, 

such as hydrogen peroxide (H2O2), this may contribute to indirect destruction of the cell. The 

degree of effect caused by ionizing radiation will also be dependent on other factors such as 

radiation dose, dose rate, type of radiation, the part of the body exposed, age, and health. 

For ionizing radiation, radiochemical damage on the DNA can occur by direct or 

indirect action. If radiation interacts with atoms of the DNA molecule, or some other cellular 
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component critical to the survival of the cell, it is referred to as a direct effect. Such an 

interaction may affect the ability of the cell to reproduce and survive. This may cause an effect 

such that chromosomes may not replicate properly, or the information carried by the DNA 

molecule may be altered. Direct action may also cause one or both sugar phosphate backbones 

or the base pairs of the DNA to break physically. 

In the mammalian cell, ionizing radiation induces around 850 pyrimidine lesions, 450 

purine lesions, 1000 single-strand breaks (SSB) and 20–40 double-strand breaks (DSB) per 

cell per Gray with low linear energy transfer (LET) γ-radiation (Lomax, et al., 2013). A dose 

of 2 Gy/fraction of ionizing radiation which is a typical therapeutic dose may bring about 3000 

DNA lesions per cell exposed (Lomax, et al., 2013). The most deleterious lesion induced by 

ionizing radiation is the DSB. The yield of DSB increases linearly with radiation dose, which 

starts from few mGy of radiation dose exposed (Rothkamm, et al., 2003). 

The adverse effect of radiation can be categorized to deterministic and stochastic effects.  

Deterministic effects are characterized by a threshold dose in which below it, there is no clinical 

effect, and with increasing dose, the severity of certain effects to human body also increases 

(Desouky, et al., 2015). Stochastic effects on the other hand are associated to long-term, low-

level chronic exposure to radiation. The probability of stochastic effects increases with 

radiation dose, but no threshold dose is assumed (Desouky, et al., 2015).  

Radiation and Cell Survival 

A cell survival curve shows the relationship between the radiation dose and the 

proportion of cells that survive. When cell loses its reproductive integrity, or its ability to 

proliferate indefinitely, it is considered to have undergone cell death.  The mean lethal dose for 

loss of proliferative capacity in cells is usually less than 2 Gy, although a much higher dose, a 

dose of 100 Gy is necessary to significantly destroy cell function in nonproliferating systems. 
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A dose-survival curve is the loss of reproductive integrity as a function of radiation dose which 

may be assessed by the ability to form a colony which can be seen easily with the naked eye 

(Hall and Giaccia, 2012).  

There are three models that mathematically describe cell survival curves: the single-

target model, the multitarget model and the linear–quadratic (LQ) model. In the single-target 

model, the cell has a single target that when hit which causes the cell to die without an 

opportunity to repair the damage from radiation. The multitarget and LQ models are both 

considered multiple-target models which assume that the cell contains two or more targets that 

must be hit before the cell is killed. To be killed, the cell must accumulate enough targets in a 

limited time such that repair mechanisms are not capable to act. However, when the first target 

happens, the cell may have enough time to repair the damage before the next target, which is 

called sublethal damage. Low dose causes mostly sublethal damage, and high dose causes 

lethal damage. This may explain the change in slope, called a shoulder in a survival curve 

(Kelsey, et al., 2014). 

There is a difference of the shape of survival curve depending upon the type of radiation. 

At “low doses” for sparsely ionizing or low-linear energy transfer [LET] radiation such as x-

rays, the survival curve starts out straight on the log-linear plot with a finite initial, with a 

surviving fraction that is in exponential function of dose. At higher doses, the bending or 

curving region occurs which extends over a dose range of a few grays. Then at high doses, the 

survival curve often tends to straighten again, and the surviving fraction returns to being an 

exponential function of dose (Hall and Giaccia, 2012). 

DNA Repair 

To ensure faithful replication and transfer to daughter cell of DNA, multiple 

mechanisms have evolved to detect and counteract possible DNA lesions that may threat 
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genome integrity. Cells have developed multiple repair mechanisms wherein each corrects a 

different subset of lesions to repair damage. As a result, not all damages are irreversible, though 

in many instances, the cells are able to completely repair any damage and function normally. 

Some major DNA repair mechanisms are base excision repair (BER) which repairs damage to 

a single base; mismatch repair (MMR) which repairs mis-repaired but undamaged nucleotides; 

nucleotide excision repair (NER) which repairs bulky, helix-distorting lesions; and double-

strand break (DSB) repair which includes both homologous recombination (HR) and End 

Joining (EJ) or more popularly known as non-homologous end joining (NHEJ).  Other than the 

DNA repair pathway, cells have also developed DNA damage sensors, checkpoints, and signal 

effectors as control mechanisms in the cell cycle to signal for DNA repair and keep the integrity 

and fidelity of the cell. When cells are unsuccessfully repaired or the damage is critical, 

different consequences may occur such as cell-cycle arrest, apoptosis or cell death, and 

mutagenesis which may induce progression of diseases like cancer, aging, inborn diseases 

(Figure 2). 

Double-Strand Break (DSB) Repair 

Double-strand breaks in DNA occurs or arises when both strands of the DNA duplex 

are severed. It can result in loss and rearrangement of genomic sequences. Unrepaired DSBs 

are the most important lesions in inducing chromosomal abnormalities and gene mutations 

(Ward, 1995). The proper repair of DNA double strand breaks (DSBs) is vital for the 

preservation of genomic integrity. There are two main pathways that repair DSBs, Homologous 

recombination (HR) or template-assisted repair and Non-homologous end-joining (NHEJ) 

(Wang, et al., 2013), although current studies have also reported on the alternative end joining 

pathways of DSB repair (DiBiase, et al., 2000) (Dueva, et al., 2013) (Wang, et al., 2013) 

(Terzoudi, et al., 2000) (Chang, et al., 2017).  
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Non-Homologous End-Joining (NHEJ) Pathway 

In mammalian cells, non-homologous end-joining (NHEJ) is the principal pathway for 

DSB repair throughout their entire cell cycle. There are several proteins which are reportedly 

involved in this pathway as shown in Figure 3. NHEJ begins with the binding of one 

heterodimeric protein called Ku70/80 to each end of the DSB to maintain them close together 

in preparation for ligation and prevent their degradation. Ku 70/80 forms a Ku: DNA complex 

with the DNA where the Ku heterodimeric protein positions the two ends of the broken DNA 

strands for repair. With this positioning, DNA sequence information is lost in the process. 

Multiple enzymes are involved in the rejoining process, including PAXX, DNA ligase IV, 

XRCC4, and DNA-dependent protein kinase (DNA-PK).  The Ku:DNA complex serves as a 

node at which the nuclease, polymerases and ligase of NHEJ can dock (Lieber, 2010). Ku80, 

XRCC4 and Ligase IV are the ‘core’ NHEJ factors as these proteins were conserved during 

evolution and are required for all known NHEJ reactions. Ku heterodimer binds to the broken 

DNA ends and forms a complex with DNA-PKcs. The ligase IV/XRCC4 complex ligates the 

processed ends with the help of XLF.  

NHEJ deficiencies in mice are associated with impaired neurogenesis and growth delay 

(Gao, et al., 1998) (Gu, et al., 2000) (Frank, et al., 2000). Defective NHEJ also causes gross 

chromosomal aberrations, genomic instability, and lymphomagenesis (Difilippantonio, et al., 

2000). In research in mice, when NHEJ genes are disrupted, the radiosensitivity of the cells 

(Okayasu, et al., 2000), as well as its immunodeficiency (Woodbine, et al., 2014) are 

compromised. This is because of the important role that NHEJ play not only in DNA repair but 

also in V(D)J recombination process, where immunoglobulin genes are rearranged to generate 

diversity in immune system. Furthermore, mice deficient for XRCC4 or LIG4 are embryonic 
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lethal, with severe growth retardation and failure in neurogenesis which shows that NHEJ is 

essential for growth and neurogenesis. 

 

Figure 3. NHEJ Pathway and Proteins Involved in the Pathway 
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XRCC4 

XRCC4 is a homodimer of 1008 nucleotides corresponding to 336 amino acids, which 

is responsible for the recruitment of several NHEJ factors to the DSB ends. The first subunit 

contains amino acid residues 1 – 203 and has a longer stalk than the second subunit which 

contains residues 1 – 178. Different important sites which allow for XRCC4 function are in 

different domains (Figure 4) which may be at the N-terminal, which is associated with its 

hydrophobic core, coiled coil where Ligase IV interacting domain is located and C-terminal 

domain where nuclear localization and phosphorylation sites are found.  

 

Figure 4. XRCC4 Structure and Location of Important Sites in Its Structure 

XRCC4 has no known enzymatic activity, however, the best studied processing enzyme 

that XRCC4 interacts with is DNA ligase IV wherein XRCC4 is the key protein that enables 

interaction of ligase IV to damaged DNA and therefore ligation of the ends. XRCC4 tightly 

associates with Ligase IV to stabilize Ligase IV from degradation and to stimulate its action 

(He, et al., 2014). XRCC4 also binds DNA to DNA ligase IV (LIG4). XRCC4 tetramer bridges 

the two ends of the broken DNA and catalyzes the coordinate ligation of the two DNA strands 

(Lee, et al., 2000).  
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The LIG4-XRCC4 complex is responsible for the NHEJ ligation step, and XRCC4 

enhances the joining activity of LIG4. Figure 5 shows the overall architecture of the XRCC4 

in a homodimer in a complex with Ligase IV. The XRCC4 dimer is drawn as a ribbon where 

the head domains are blue; the helical tails, red; and the ligase-binding region, magenta. The 

ligase linker sequence is shown as a green tube. N- and C-termini are indicated for XRCC4 

protomer A and for the ligase chain (Sibanda, et al., 2001).  

 

Figure 5. Overall Architecture of XRCC4-Ligase IV Complex (Sibanda et al. 2001) 

XRCC4 is also in conjunction with the protein Ku for mediating the recruitment of 

processing enzymes to DSBs. Binding of the LIG4-XRCC4 complex to DNA ends is dependent 

on the assembly of the DNA-dependent protein kinase complex DNA-PK to these DNA ends. 

Because of the complex role of XRCC4 in NHEJ more than just basic recruitment of the 

terminal ligase for the repair of the DSB, mutations in the XRCC4 gene have been reported to 
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cause embryonic lethality in mice and developmental inhibition and immunodeficiency in 

humans.  XRCC4 therefore has significant roles in NHEJ repair signaling and genomic 

integrity. 

Genetic knock-out of XRCC4 in mice leads to embryonic death, which suggests that 

XRCC4 is critical for DSB repair during development (Gao, et al., 1998).   Studies in mice 

showed that the deficiency in XRCC4 as well as LIG4 causes late embryonic lethality, 

associated with defective lymphogenesis and neurogenesis (Frank, et al., 2000) (Shaheen, et 

al., 2014). 

 

XRCC4 Mutations Associated to Development  

Mutations in the XRCC4 gene have been identified through whole-exome sequencing 

(WES) of patients with developmental diseases such as microcephaly and growth defects. 

These disease patients were found to harbor mutations on the DNA repair protein in XRCC4 

(Bee, et al., 2015; de Bruin, et al., 2015; Guo, et al., 2015; He, et al., 2014; Murray, et al., 2015; 

Rosin, et al., 2015). Cells of these patients with different kinds of mutations at different 

locations of XRCC4 have caused varied effect in DNA repair from less or unstable XRCC4 

expression to total loss of DNA repair function. Unexpectedly, however, the lymphocytes of 

most of these patients were reported to show normal immune levels, indicating normal 

immunological functions. 

XRCC4 Mutation Associated to Increased Cancer Risk 

There has been increasing interest in the role that DSB repair genes play in n both 

cancer susceptibility and tumor development. XRCC4 has an important role in the non-

homologous end joining pathway of DNA repair to maintain genome stability and for non-
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occurrence of diseases like cancer. In a case-control study with breast cancer patients, the 

mutation A247S in XRCC4 is associated with breast cancer susceptibility in Chinese women 

and was identified as a breast cancer susceptibility gene in the Chinese population (He, et al., 

2014). In another report on the XRCC4 247 polymorphism, this A247S polymorphism 

decreased survival and increased death risk of Diffusely Infiltrating Astrocytoma (DIA) which 

is a common tumor in the central nervous system (Lin, et al., 2013). There are other reports on 

XRCC4 single-nucleotide polymorphisms (SNPs) which were associated to hepatocellular 

carcinoma (Long, et al., 2013), lung cancer (Yu, et al., 2011), multiple myeloma (Cifci, et al., 

2011), and oral cancer (Tseng, et al., 2008). When XRCC4 mutation occurs, there is a 

possibility of functional changes, thereby decreasing NHEJ capacity which may play an 

important role in the tumorigenesis.  Because of this, an important research question 

established was the role of these XRCC4 mutations to the functions of XRCC4 in DNA repair 

ability through NHEJ pathway as well as in genomic stability to know the role of XRCC4 in 

cancer predisposition.  

1.2 Statement of the Problem 

 Although the function of XRCC4 to NHEJ Pathway of DNA repair has been extensively 

studied, the extent of the role that disease mutations play to XRCC4 function in DNA repair has 

not yet been fully revealed. In this study the functional characteristics of XRCC4 mutations 

associated to development and cancer risks are analyzed to further delve into the significance of 

the XRCC4 structure in the role it plays in NHEJ, DNA Repair, tumorigenesis, genome stability 

and non-progression of diseases. 

 

1.3  Objectives of the Study 

This study aims to explore the role of XRCC4 in development and cancer suppression.  

Specifically, it aims to: 
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1. Introduce different mutations to the XRCC4 protein based on mutation of patients 

associated to development and cancer risks;  

2. Analyze DNA repair function of XRCC4 mutated cells associated to development which 

are located at different positions in the XRCC4 gene; 

3. Analyze the role of XRCC4 to cancer risk by comparing wild-type XRCC4 function to 

the functions of an XRCC4 polymorphism related to cancer and; 

4. Determine the significance of the structure integrity of XRCC4 to its function in DNA 

double strand break as well cell stability and survival. 

 

1.4 Significance of the Study 

Mutations in XRCC4 identified with patients with development and cancer risks 

showed varied effects in DNA repair capability. In this study, some of the XRCC4 mutations 

associated with development and cancer risks reported in literature will be introduced to wild-

type XRCC4 and analyzed with its functional characteristics to delve deeper to the function of 

the structure and the significance of the integrity of XRCC4 in the DNA repair and non-

occurrence of diseases. Mutations to XRCC4 reported to be associated to development and 

cancer risks will be generated and its effect to DNA repair will be investigated by analyzing 

subcellular localization, functional characteristics, protein expression, DNA repair and 

radiosensitivity.  

This research is significant because related studies mainly described the identification 

of the disease patients with various XRCC4 mutations. Some of them studied the functionality 

of XRCC4 in terms of DNA repair ability and radiosensitivity, but not all of these mutations 

were analyzed in these aspects. This is the first study to examine the functionality of various 

XRCC4 mutations in the same background. This study will give a better understanding on the 

characteristic of XRCC4 as a DNA repair protein in human and find out the effect of different 



 
 

28 

specific mutations to cell survival, and the potential role of specific mutations of XRCC4 to 

DNA repair function.  

 

1.5 Scope and Delimitation 

In previous studies, individual reports showed XRCC4 mutations after sequencing of 

the whole genome of patients. Because of the differences in the genetic make-up of each patient 

and the existence of multiple mutation to some patients, the effects of these mutations to the 

structure of XRCC4 and its functionality may not yet be fully revealed. In this study, instead 

of studying the fibroblasts of patients that harbor the mutations, these reported mutations are 

prepared in the same background as stable mutated transfectants from wild type-XRCC4 and 

are analyzed and compared in terms of their biochemical characteristics and effect in DNA 

repair, then allowing the comparison of different mutations of XRCC4 in terms of their 

function as compared to wild-type, normal functioning XRCC4 in the same genetic background.  

The research is limited to the study of some but not all XRCC4 mutations reported to 

be associated with developmental diseases and cancer risks, successfully generated during the 

current study. It is also limited only to in vitro studies of the mutations and not to the cells 

obtained from the fibroblasts of the patients directly.  

Lastly, in this study, the radiosensitivity of different mutations was shown without  

showing the radiosensitivity of threshold dose, due to the fact that even if it is present, threshold 

is below 100 mSv or 0.1 Gy. This threshold for 0.1 Gy cell survival maybe far smaller than 

dose studied for radiosensitivity in this research which is 2 and 4 Gy. It is expected that the 

radiosensitivity of the threshold if ever studied and included, will be very close to 1 which 

maybe difficult to discern from unirradiated cells and maybe within statistical variation.  

 
1.6  Definition of Terms 
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Conceptual Definition: 

Frameshift Mutation– mutation that occurs when the addition or loss of DNA bases changes 

a gene's reading frame, shifts the grouping of the bases and changes the code for amino acids.  

Point Mutation –  mutation in the form of insertion, deletion or substitution to a single 

nucleotide base in a sequence of DNA or RNA 

Microcephaly - head circumference measurement that is smaller than a certain value for babies 

of the same age and sex, usually more than 2 standard deviations (SDs) below the average.  

Missense mutation –a point mutation in which a single nucleotide change results in a codon 

that codes for a different amino acid 

Nonsense mutation – a genetic mutation in a DNA sequence that results in a shorter, 

unfinished protein product. 

Operational Definition: 

A247S – substitution of Alanine to Serine at position 247 

D254Mfs*68 –  Substitution of aspartic acid (D) to Methionine causing a frameshift of 68 

nucleotides;  68th codon is a stop codon. 

R161Q – substitution from Arginine to Glutamine at position 161 

R225X – deletion of Arginine at position 275 causing a premature stop to XRCC4 sequence. 

R275X – deletion of Arginine at position 275 causing a premature stop to XRCC4 sequence. 

W43R – substitution from Tryptophan to Arginine at Position 43 

V83_S105del – deletion from Valine at Position 83 to Serine at position 105 causing deletion 

of 23 amino aci  
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Chapter 2 

Materials and Methods 

2.1  Cell Culture and Subculture  

Murine M10 L5178Y-derived Leukemia Cell Line (M10) obtained from RIKEN cell 

bank (Tsukuba, Ibaraki, Japan; Code RCB0136) were cultured in RPMI1640 medium 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin (5000 μg/ml) -

streptomycin (5000 μg/ml) and 100 ul 1 % Beta-mercaptoethanol mixed solution as antibiotics 

and allowed to grow in 25 cm2 culture flasks in a humidified 5% CO2, 37⁰C incubator. The 

cells were sub-cultured in a new culture flask with fresh culture medium every 3-5 days to 

ensure healthy growth which is characterized by smooth, round appearance of the cells. 

Human Osteosarcoma cell line (U2OS) was cultured in DMEM/Ham’s F2 medium 

(NacalaiTesque, Kyoto, Japan) supplemented with 10% FB (Hyclone, Logan, UT, USA), 100 

units/mL penicillin (NacalaiTesque, Kyoto, Japan) and 100 μg/mL streptomycin 

(NacalaiTesque, Kyoto, Japan) at 37⁰C in humidified atmosphere containing 5% CO2. 

Cultured cells proliferate in a standard growth pattern. After the cells are seeded, the 

growth of the cells is in the lag phase when the cells are adapting to their new environment and 

preparing for fast growth. Log phase is the period of fast growth after lag phase when cells 

proliferate exponentially and consume more nutrients in the culture medium. When the culture 

medium starts to be depleted of nutrients or when the available spaces are filled up, the growth 

phase is said to be stationary or in a plateau, when proliferation is greatly reduces and starts to 

cease. For optimal growth, cells require enough space for expansion, and enough nutrients to 

grow. Therefore, there is a need to subculture in new culture flasks with fresh culture medium.  

 As M10 cells are suspension cells which doesn’t adhere to container, the subculture can 

be done by diluting the cells 20-30 folds in a new flask with new culture media. M10 cells are 
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passaged every 2-3 days during the log phase before they reach confluency. For attached U2OS 

cells needs to be detached before dilution. The cells are washed with phosphate-buffered saline 

PBS (–) twice and then enzymatically treated with Trypsin to detach them from the surface of 

culture dishes. After ensuring detachment, cells are centrifuged, and diluted to desired 

confluency in a new culture dish with new culture medium. 

2.2  Freeze Stock and Thawing frozen cells 

 Cells which are continuously cultured are prone to microbial contamination and 

senescence, so preserving them for long storage is a must especially when dealing with 

established cell lines. It also prevents the cell aging when passing through several generations 

of passaging to maintain the minimal number of generations from initial stock. Freeze stocks 

are stored in -85 degrees Celsius and can be thawed when needed. To prepare a freeze stock, 

cells were harvested by centrifugation at 1000 rpm for 5 minutes and supernatant was removed. 

Cell pellets were mixed with freezing media to a final concentration of 106 cells/ml. When 

needed to be thawed, frozen cells are thawed rapidly at 37 degrees Celsius water bath. Thawed 

cells were then diluted in culture medium and centrifuged at 1000 rpm for 5 minutes to remove 

the previous supernatant which is toxic at room temperature. Then, thawed cells were 

suspended in new culture media and kept in 37 degrees Celsius incubator for optimum growth. 

2.3  Mutagenesis 

Vector 

Stable Transfection 

In this study, two types of vectors were used. The first vector as shown in Figure 6 is 

the p3xFLAG-CMV10 vector which is a shuttle vector for Escherichia coli and mammalian 
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cells where the normal human XRCC4 cDNA and the different mutations are inserted. The 

p3xFLAG-CMV10 vector has neomycin resistance as well as ampicillin resistance for growth 

selection in bacterial and mammalian cells. The main advantage of p3xFLAG-CMV10 vector 

is that it contains strong CMV promoter for high level expression in mammalian cells, and 

p3xFLAG which is three times Flag tag which enhances the detection of low expression 

proteins.  

 

Figure 6. PCMV10 Vector Map 
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Transient Transfection 

Another vector used in this study is the pEGFP-C1 as shown in Figure 7, which was 

used as vector for the constructs of mutations of XRCC4 in several analysis such as subcellular 

localization. pEGFP-C1 encodes for a red variant of wild-type GFP has been optimized for 

higher expression in mammalian cells as well as brighter fluorescence for improved 

microscopy. pEGFP-C1 also contains neomycin and kanamycin resistance which allows for 

selection of stable transfected eukaryotic cells. 

 

Figure 7. pEGFP-C1 Vector  
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Primer Design 

To produce the desired mutations in the XRCC4 gene, the right primer is necessary to 

successfully amplify the DNA. To design the primer, the codes corresponding to the mutation 

were placed in the middle of the sequence being generated. Eighteen (18) nucleotides, the same 

as the original wild type XRCC4 sequence, were copied and added before and after the position 

of the mutations for both the 5’- and the 3’- ends. These primer designs were requested to be 

generated to the company. Primers were then obtained, and plasmids are constructed using the 

primer design for each of the mutations. 

Table 1. Forward and Reverse Primer Sequences for the generation of XRCC4 mutations based 

on patients associated to diseases in development and cancer risks 

XRCC4 Mutation Forward and Reverse Primer Sequence 

W43R Forward: 5-TCAGCACGGACTGGGACAGTTTCTGAA-3 

Reverse: 5-CCCAGTCCGTGCTGAATGACCATCAGT-3 

V83S-105del Forward: 5-GCTGATTTCAGACTTGGTTCCTTC-3 

Reverse: 5-TCTGAAATCAGCTGGTCCTGCTCC-3 

R161Q Forward: 5-CAAGGACAATTTGAAAAATGTGAGT-3 

Reverse: 5-TTCAAATTGTCCTTGAACATCATTCCA-3 

R225X Forward: 5-GCTGACTGAGATCCAGTCTATGATGAG-3 

Reverse: 5-TGGATCTCAGCAGTCATTTCAGA -3 

R275X Forward: 5-AGACAGTGAATGCAAAGAAATCTTGG-3 

Reverse: 5-TTGCATTCACTGTCTCCTTTTTCTACT-3 

D254Mfs*68 Forward: 5-AGTAAAATGATTCCATTATTTCAAGT -3 

Reverse: 5-GGAATCATTTTACTTACAGCAGCTGA-3 

A247S Forward: 5-GGGTTGTCTTCAGCTGTCGTAAGTAAA -3 

Reverse: 5-AGCTGAAGACAACCCAGAGAGATCAGT-3 
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Plasmid Construction 

Plasmids were inserted to the p3xFLAG-CMV10 vector by polymerase chain reaction 

(PCR) using PrimeSTAR Max Premix (2X), and forward primer and reverse primer with a 

final concentration of 0.2 μM plasmid concentration. Deionized water was mixed to make a 

final volume of 10 μL sample for each mutation sample. The PCR tubes were placed inside the 

PCR Thermal cycler Dice (TaKaRa, Japan) with conditions as shown in Table 2. After this 

step was performed, PCR products of mutated XRCC4 were contained in the plasmid. 

Table 2.  Conditions for the Polymerase Chain Reaction (PCR) For the Insertion of the XRCC4 

Mutations to the Plasmid 

PCR Steps Temperature Time 

Initialization 98⁰C 3 minutes 

Denaturation 98⁰C 10 seconds 

Annealing 55⁰C 15 seconds 

Elongation 72⁰C 30 seconds 

Elongation 72⁰C 6 minutes 

Final Hold 4⁰C Indefinite 

 

Bacterial Transformation  

The plasmids were introduced to bacteria cells by transformation. In the process of 

transformation, lysogeny broth (LB) plates were used for the bacteria to grow. First, the LB 

plates were prepared by combining 2.5% w/v LB broth with 1.5% w/v agarose in deionized 

water. The mixture was autoclaved at 121⁰C for about 121 minutes and left to cool down about 

65⁰C before the antibiotic Ampicillin (50 ug/mL) was added for the purpose of selectively 
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excluding Escherichia coli without the exogenous DNA. This solution was poured in plates 

and allowed to solidify.  

 Competent cells (E coli HIT-JM-109) from -80⁰C freezer was thawed by dipping in 

room temperature water for 10 seconds. About 10% v/v plasmid was added in 20 μL aliquot of 

Escherichia coli competent cells and placed on ice for 10 minutes. A one-minute heat shock 

was performed to the bacterial solution to enhance uptake of exogenous DNA into Escherichia 

coli. The plasmid-bacterial solution was put back in ice for 10 minutes before plating in LB 

plate and then incubated at 37⁰C overnight. 

Proliferation of Competent Cells 

Colonies were formed in LB plate when the plasmid were successfully inserted in the 

competent cell. A single colony was picked and placed in 15 mL centrifuge tube containing 3 

mL of LB medium (2.5 % w/v LB broth powder in deionized water added with 30 μg/mL 

Kanamycin. The tubes were placed in a shaker incubator at 37⁰C and180 rotations/minutes to 

proliferate the Escherichia coli overnight. 

DNA Purification 

MINI Prep protocol was used to isolate high copy plasmid DNA from the E.coli. Briefly, 

Escherichia coli cells are cultured in 15 mL centrifuge tube overnight. Then the cell culture 

was transferred to a 1.5 mL tube and centrifuged at 16000g for 1 minute to collect cell pellets. 

The centrifuge tube is then vortexed to break cell pellets. Then several kinds of lysis buffer 

from the Mini Prep Kit was used to treat the cells. After treating with buffers, the solution was 

centrifuged for 5 minutes to remove any sediments that formed after reaction. A column and 

collection tube were used to load the supernatant and then centrifuged again wherein the flow-

through was disposed. The column was then washed with wash buffer and centrifuged again 
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to remove any remaining buffer. Elution buffer was then used to treat the cells and collect the 

plasmid DNA. The concentration of the plasmid was measured using Nanodrop ND-1000 

spectrophotometer. 

MIDI/MAXI Prep Protocol was used to purify large concentration of plasmid DNA. 

The MIDI Prep Kit utilizes a Nucleosome Extra Silica Resin to purify plasmid DNA. The DNA 

which is negatively charged can bind with the positively charged anion exchanger group in the 

resin. Cells for MIDI/MAXI Prep are cultured in 200 mL flask overnight and transferred to 

large centrifuge bottles. A high-speed centrifuge machine was then used for large volume 

centrifugation. After centrifugation, the cell pellet was then vortexed repeatedly to allow to 

disintegrate. Buffers were then added to lyze the bacteria cells. The lysate was loaded to 

Nucleobond Xtra Column Filter equilibrated with buffer. The plasmid DNA was collected by 

the resin in the column. After discarding the filter and washing again with buffer, the resin was 

washed with another buffer and the DNA is eluted from the resin with an elution buffer. The 

eluate is mixed with isopropanol and reconstituted using the Nucleobond Finalizer from the kit, 

and Tris buffer. The concentration of the plasmid was measured using NanoDrop ND-1000 

spectrophotometer. 

Restriction Enzyme Check 

Restriction enzyme recognizes and cleave DNA double strand at specified nucleotide 

sequences. Insert check was performed to know if the plasmid of interest was inserted as a 

recombinant plasmid. The DNA was treated with restriction enzyme and loaded in 

electrophoresis gel containing 2.5% w/v agarose in 0.5 % 

Tris/Borate/Ehylenediaminetetraacetic acid (EDTA), or TRIS buffer. Electrophoresis was run 

for 30-45 minutes at 100 V. Successful insert checks show marked bands indicating pCMV 

vector and the XRCC4.  
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Sequence Check 

The DNA was sent for sequence check to know if proper mutation is established before 

transfecting into mammalian cells. Sequence check samples were prepared containing 300-600 

ng plasmid and 6.4 pmol universal primer in a final volume of 14 uL.  

2.4  Transfection 

Stable Transfection 
 

To introduce the plasmid DNA to mammalian cells, stable transfection was performed 

into M10 cell line, an XRCC4-deficient derivative of murine leukemia cell line L5178Y, 

harboring a nonsense mutation in XRCC4 gene (c.A370T, p.R124X) (Mori, et al., 2001) (Sato, 

et al., 1979). M10 cells are mostly null functional due to the loss of interaction with Ligase IV. 

Transfection was performed by electroporation using Neon Transfection system (Invitrogen, 

Calsbad, CA, USA). About 106 M10 cells were transfected with 1 ug/mL plasmid DNA and 

allowed to grow in RPMI1640 medium with 10% fetal bovine serum in 24 hours. Transfected 

cells were then plated into 0.17% w/v agarose plate containing RPMI1640 medium 

supplemented with 15%FBS, 1% penicillin and streptomycin, 10 uM β-Mercaptoethanol and 

G418 with final concentration of 0.8 mg/mL. Once colonies were formed, they were picked up 

and cultured in culture medium for analysis. 

Transient Transfection 

For U2OS cells, plasmids were transfected using Lipofectamine 2000 Reagent 

(Invitrogen). To knockdown endogenous XRCC4, small interfering RNA (siRNA targeting 3’-

untranslated regions (UTR) was transfected 24 hours before plasmid transfection. The 

sequences of RNA duplexes were 5’- CUA UGU UUU CUA UUC AUU UdCdT -3’ and 5’ - 

AAA UGA AUA GAA AAC AUA GdTdC -3’ where d is deoxyribonucleotide.   
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2.5  Analysis of Functional Characteristics of XRCC4 Mutations  

 
Protein Expression Level 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), SDS-PAGE 

utilizes a gel with SDS which give a negative charge to each protein in proportion to mass. The 

SDS sample buffer consisted of 125 mM tris-hydroxymethyl aminomethane (Tris) (pH 6.8), 

4 % w/V SDS, 20% v/v glycerol, 5% v/v glycerol, 5% β-mercaptoethanol, 0.05% w/v 

bromophenol blue and 0.01% w/v crystal violet.  The gel utilized a combination of SDS 

separating gel solution containing 1.5 M Tris (pH 6.8), 0.4% w/v SDS, 10% acrylamide/bis-

acrylamide (40:1), 0.1% v/v tetramethylethyene diamine (TEMED) and 0.03% w/v ammonium 

persulfate (APS)1.5 M Tris, as well as SDS stacking gel solution at the top of the plate (about 

2.5 cm from top of the plate) containing 0.5 M Tris (pH 8.8), 0.4% w/v SDS, 10% 

acrylamide/bis-acrylamide (40:1), 0.1% v/v TEMED and 0.075 w/v APS in between two glass 

plates with rubber strip and comb as shown in the figure. The gel plate was assembled into the 

gel cassette and the samples were loaded into the wells created by the comb. The current and 

voltage for electrophoresis was set to 20 mA per gel, and 200 V respectively.  

After SDS-PAGE, western blotting was performed to detect protein of interest by 

probing specific antibody to a target protein. The electrophoresis gel utilized in SDS-page is 

removed in the gel cassette and gel plate to be transferred in a polyvinylidene difluoride 

(PVDF) membrane (Merck-Millipore, Billerica, MA, USA, 6 cm by 9 cm per gel). This 

membrane was pre-washed in methanol for one minute and stored in the transfer buffer (100 

mM Tris, 192 mM glycine and 5% methanol until use. The transfer from gel to membrane 

utilized a transfer device set to 110V and 110 mA current per gel. The transfer also utilized 

filter papers of the same size of the membrane soaked in transfer buffer. The filter paper, 
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membrane and gel were utilized by placing three filter papers in the bottom most part of the 

transfer machine, followed by the membrane, and then the gel from SDS-PAGE, and lastly 

three more filter papers on top of the gel. Bubbles in between each layer which may hinder 

good transfer to membrane were removed using a roller before starting transfer at given 

violated and amperes. 

After the transfer step, blocking is needed to prevent membrane and antibody to interact 

which may cause noise. The blocking solution was 1% w/v skim milk diluted in a solution 

called TBST solution which consisted of 20 mM Tris (pH 7.6), 150 mM NaCl and 0,05% v/v 

Tween 20. Blocking was performed overnight. 

After blocking, antibody (0.1% v/v antibody) was applied in the PVDF membrane. Anti-

XRCC4 rabbit polyclonal antibody (Kamdar, et al., 2010), anti-FLAG mouse monoclonal 

antibody (clone M2; F3165; Sigma-Aldrich; St. Louis, MO, USA), anti-Glyceraldehyde-3-

Phosphate Dehydrogenase (GAPDH) mouse monoclonal antibody (clone 6C5; MAB374;), and 

anti-LIG4 guinea pig polyclonal antibody (gifted by Prof. Miki Shinohara, Kinki University) 

were used as the primary antibody at 1/1000 to 1/5000 dilution. As the secondary antibody, 

horseradish peroxidase-conjugated anti-rabbit immunoglobulins swine polyclonal antibody 

(P0399; Dako; Glostrup, Denmark), anti-mouse immunoglobulins goat polyclonal antibody 

(P0447; Dako) or anti-guinea pig immunoglobulins rabbit polyclonal antibody (P0141; Dako) 

was used at 1/1000 to 1/3000 dilution. 

 
The membrane was sealed and incubated with shaking for 30 minute or overnight. The 

membrane was washed 5 times with TBS-T solution (20 mM Tris (pH 7.6), 150 mM NaCl with 

20% Tween 20) changing the TBS-T solution every other stop. After the membrane was probed 

with primary and secondary antibody, WesternSure Chemiluminescent Western Blot reagent 

(LI-COR; Lincoln, NE, USA) was used to develop the membrane and see the band formed in 
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the membrane which will correspond to protein size which was captured by captured by C-

Digit Blot Scanner (LI-COR).  

 

Nuclear Localization 

 Nuclear Localization was observed after transfection with GFP. Plasmids were 

transfected using Lipofectamine 2000 Reagent (Invitrogen). To knockdown endogenous 

XRCC4, small interfering RNA (siRNA targeting 3’-untranslated region (UTR) was 

transfected 24 hours prior to plasmid transfection. The sequences of RNA duplexes were 5’- 

CUA UGU UUU CUA UUC AUU UdCdT -3’ and 5’ - AAA UGA AUA GAA AAC AUA 

GdTdC -3’ where “d” indicates deoxyribonucleotide.  Subcellular localization GFP-tagged 

XRCC4 was observed two days after cDNA transfection using inverted fluorescence 

microscope IX71 (Olympus; Tokyo, Japan).  Fluorescence of EGP was observed in inverted 

fluorescence microscope IX71 (Olympus; Tokyo, Japan). The nucleus of U2OS cells was 

stained with 4‘,6’-diaminodi-phenylindole (DAPI). The subcellular localization was quantified 

by counting 200-400 cells and identifying their localization in terms of whether it is found in 

the nucleus, nucleus and cytoplasm or cytoplasm only.  

 

Radiosensitivity Analysis 

 Radiation Source 

Cells were irradiated using 60Co �-source (222 TBq as of February 2010) . The dose 

rate was measured using ionizing chamber-type exposure dosimeter C-110 and the time to 

obtain the desired dose was calculated considering the ascending and descending of the delay 

time of the irradiation source.  The Cobalt-60 source has an energy of 1.17 MeV and 1.33 MeV 

and a half-life of 5.27 years.  



 
 

43 

Colony Formation Assay 

Colony Formation Assay is used to measure the ability of the cells to proliferate by 

forming colonies. This assay is used to analyze the effect of irradiation on the survival of the 

M10 cells with and without mutations. About 3.0 x 105 cells were counted and collected into 

15 mL tube. The cells were then gamma-irradiated using Cobalt-60 source (half-life=5.27 

years) with gamma energies 1.17 MeV and 1.33 MeV, at 2.0 and 4.0 Gy, with the exposure 

time calculated with consideration of dose rate and its decay through time of irradiation and 

the delay time of the irradiation source.  

After irradiation, irradiated cells were diluted, and appropriate number of cells were 

mixed into plating media containing 0.17 % w/v agarose in RPMI1640 solution with 15% FBS 

and 1% penicillin and streptomycin and were then dispensed into 3 plates with maximum 1000 

colonies per plate. 

Surviving Fraction Analysis 

 Cells were allowed to grow for 12-14 days at the 5% CO2, 37⁰C incubator after plating. 

To find out the number of cells that were able to withstand irradiation, the number of cells that 

appear in the plate were counted. 

To compute for the surviving fraction, the formula is shown below: 

 

 

 

 

!"#$%&'	)**%+%,&+- 
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Immunofluorescence 

About 105 cells were exposed to radiation of 2 and 4 Gray, and then were attached on 

a glass slide by centrifugation at 100g for 5 min. Cells were then fixed in the slides using 4% 

paraformaldehyde-containing phosphate-buffered saline PBS (–) and permeabilized with 0.5% 

Triton X-100–containing PBS(–). Slides were incubated with 5% bovine serum albumin–

containing PBS (–) (BSA-PBS) for one hour at room temperature for blocking.  Anti-γ-H2AX 

rabbit polyclonal antibody (Merck Millipore, 05–636) in BSA-PBS was used as primary 

antibody in which cells were treated overnight. After washing four times with 0.05% Tween 

20-containing PBS (T-PBS), slides were incubated with secondary antibody, Alexa Fluor 594-

conjugated anti-mouse IgG(H+L) goat polyclonal antibody (Invitrogen, A-11 032), which was 

used to treat cells for one hour at room temperature. After washing five times with PBS-T, 

slides were stained with 100 ng/ml of 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) 

in Fluorescent Mounting Medium (DAKO) and observed using an inverted fluorescent 

microscope IX-71 (Olympus). Fluorescent images were analyzed using ImageJ software and 

γ-H2AX foci were automatically detected and enumerated. Statistical significance was 

determined using one-sided Welch’s t-test. 

 

Chromatin Binding Assay 

About 107 CMV, XRCC4 and A247S  cells were harvested and rinsed twice with ice-

cold phosphate-buffered saline (PBS). The cell pellet was suspended in 150 μl of buffer A (50 

mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1/100 volume each of protease 

inhibitor cocktail for animal cells (Nacalai Tesque), phosphatase inhibitor cocktail I and II 

(Sigma-Aldrich)) with 0.2% Nonidet P-40. After standing on ice for 5 min, the suspension was 

centrifuged at 1,000 xg for 5 min and the supernatant was recovered as F-I. The cell pellet, was 
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resuspended in 150 μl of the same buffer and immediately centrifuged at 1,000xg for 5 min. 

The supernatant was recovered, was then resuspended in 150 μl of buffer A with 0.5% Nonidet 

P-40. After standing on ice for 40 min, the suspension was centrifuged at 16,000 xg for 5 min 

and the supernatant was recovered. The resultant pellet was suspended in equivalent volume 

of 2xSDS-PAGE loading buffer and heated in boiling water for 5 min. After centrifugation at 

16,000 xg for 5 min, the supernatant was recovered as F-IV.  

Laser Micro-irradiation  

GFP-XRCC4 stably expressing U2OS cells were plated on the glass-bottom 35 mm 

dishes and transfected with siRNA 2 days before observation. At the day of observation, culture 

media were replaced with phenol red-free DMEM (Nacalai Tesque Inc.) supplemented with 

10 % FBS. Then about 0.5 μg/mL Hoechst 33342 (Dojindo Molecular Technologies, Inc.) was 

added 30 minutes prior to the observation to sensitize the DNA damage. Leica TCS SP8 

LIGHTNING Confocal Microscope (Leica microsystems) with a 63x/1.40 oil immersion 

objective lens was used for induction of localized DNA damages by laser micro-irradiation. 

For the quantification, 20 cells were irradiated with laser, and then the intensity of green 

fluorescence was analyzed. The green fluorescence intensity at the irradiated sites were 

converted into numerical values by using SP8 software (Leica microsystems). The relative 

green fluorescence intensity was acquired after subtraction of the background intensity in the 

cells and division by the intensity at the irradiated area. 

Computational Analysis  

Dynamut was used as the program for analysis and prediction of protein stability changes 

upon point mutation using Normal Mode Analysis. By using Dynamut, Delta Delta G (DDG) 

can be computed which is a metric for predicting how a single point mutation will affect protein 
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stability.  DDG, or FFG, is the change in the change in Gibbs free energy, and is a measure of 

change in energy between the folded and  unfolded states (FG) and  change in FG when point 

mutation is present.  This folding  been found to be an excellent predictor of whether a point 

mutation will be favorable in terms of protein stability.  The information about the proteins 

were obtained from the Protein Data Bank (PDB) archive-information. The structures used in 

this study is the crystal structure of Human XRCC4 with PDB Accession Number 1FU1 and 

the structure of human XRCC4 in complex with the tandem BRCT domains of DNA Ligase 

IV with PDB Accession Number 3II6.  
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Chapter 3. Analysis of the Functional Characteristics of XRCC4 Mutations Associated to 

Development 

 

 

 

 

 

 

 

 



Chapter 3 

Analysis of the Functional Characteristics of XRCC4 Mutations Associated to 

Development 

 

3.1.  Generation of Mutations in XRCC4 Associated to Development  

XRCC4 mutations reported in literature to be associated to development are shown in 

Table 1 with its location in XRCC4 structure in Figure 8. All XRCC4 mutations are analyzed 

to be in different positions, varying in kind of mutation, with long deletions or substitution, and 

causing a change in corresponding amino acid, truncation of sequence or frameshift of the 

sequence. The different mutations may be near the N-terminal end, in the coiled coil region 

near the sequence encoding for dimerization of the protein, sequence for interaction with 

Ligase IV, in the nuclear localization signal sequences (NLS) or at the C-Terminal domain. 

Table 3 and 4 on the other hand shows summary of XRCC4 mutations and the associated 

developmental problems and diseases and the summary of patients profile assoicated to 

XRCC4 mutations, respectively. A more detailed patient profile is found in the appendix 1.  As 

shown in Table 3 and 4, a common feature to these patients is microcephaly and short stature 

like features with other complications. The mutations can be homozygous mutation in the 

patient but heterozygous to another mutation in the XRCC4 structure. 
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Figure 8. Location of XRCC4 mutation as compared to Wild-type XRCC4 structure 

Table 3. Summary of XRCC4 Mutations Reported in Literature 

XRCC4 
Mutation 

Diseases Nucleotide 
Mutation 

Status Referenc
e 

V83_S105del  Microcephaly 
Severe Short Stature  
Primary Gonadal Failure  
Early-Onset Metabolic 
Syndrome 
Malignant Gastrointestinal 
Stromal Tumor  

c.247_315d
el 
 

Homozygous (de Bruin, 
et al., 
2015) 

W43R Microcephalic Primordial 
Dwarfism 

c.127T>C 
 

Homozygous 
 
Homozygous 

 (Shaheen, 
et al., 
2014) 
(Murray, 
et al., 
2015) 

R161Q Severe Microcephaly 
Facial Dysmorphism 

c.482G>A Homozygous (Rosin, et 
al., 2015) 



 
 

50 

Short Stature 
R225X Microcephalic Primordial 

Dwarfism 
 
Cardiomyopathy 
Neurological Syndrome 
Low Stature 
Depression 
Cognitive Impairment 
 
Microcephaly 
Developmental Delay 
Progressive Ataxia 
Diabetes Mellitus 
Hypothyroidism 
Thalamic Glioma 
Moderate Hearing Loss 
Slurred Speech 

c.673C>T 
 

Heterozygous  
(+p.R161X) 
 
Homozygous 
 
 
 
 
Heterozygous 
(+p.D254Mfs*
68) 

(Murray, 
et al., 
2015) 
 
 
(Bee, et 
al., 2015) 
 
 
(Guo, et 
al., 2015) 
 
 
 

R275X Microcephalic Primordial 
Dwarfism 
 
Severe Microcephaly 
Facial Dysmorphism 
Short Stature 
 

c.823C>T Homozygous 
 
 
Heterozygous 
(+His9Thrfs*8
) 

(Murray, 
et al., 
2015) 
 
 
 
(Rosin, et 
al., 2015) 
 

D254Mfs*68 Microcephaly 
Developmental Delay 
Progressive Ataxia 
Diabetes Mellitus 
Hypothyroidism 
Thalamic Glioma 
Moderate Hearing Loss 
Slurred Speech 

c.G760del 
 

Heterozygous  
(+p.R225x) 

(Guo, et 
al., 2015) 
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Table 4. Profile of Patients Reported to be Harboring XRCC4 Mutations in 
Related Literature 

Patient Change in 
nucleotide 
sequence 

Change 
in amino 
acid 
sequenc
e 

Clinical features Reference 

Microcepha
ly 
(OFC) 

Short statue 
(Length/hei
ght) 

Other features 

P1 c.T127C 
(Homozyg
ous) 

p.W43R Y 
 

Y 
 

Speech delay, 
triangular bird-
like face, short 
philtrum 

(Shaheen
, et al., 
2014) 
 

P2 c.T127C 
(Homozyg
ous) 

p.W43R Y 
 

Y 
 

NR (Murray, 
et al., 
2015) 
 

P3 c.C481T 
c.C673T 

p.R161X 
p.R225X 

Y 
 

Y 
 

Gastrostomy, 
ectopic kidney, 
small bilateral 
kidneys, chronic 
lung disease 

(Murray, 
et al., 
2015) 
 

P4-1# c.C25del 
c.C823T 

p.H9Tfs*
8 
p.R275X 

Y 
 

Y 
 

NR (Murray, 
et al., 
2015) 
 

P4-2# c.C25del 
c.C823T 

p.H9Tfs*
8 
p.R275X 

Y 
  

Y 
 

NR (Murray, 
et al., 
2015) 

P5 c.C25del 
c.C823T 

p.H9Tfs*
8 
p.R275X 

Y 
  

Y 
 

Unilateral renal 
agenesis, 
cryptorchidism 

(Murray, 
et al., 
2015) 

P6 c.C25del 
c.G-10-1T 

p.H9Tfs*
8 
splicing 
defect 

Y 
  

Y Eczema (Murray, 
et al., 
2015) 

P7-1# c.C673T 
(Homozyg
ous) 

p.R225X NR Y Adult-onset 
cardiomyopathy, 
neurological 
disorders, short 
limbs, pes avus, 
bilateral 

(Bee, et 
al., 
2015) 
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cryptorchidism, 
hypotelorism 

P7-2# c.C673T 
(Homozyg
ous) 

p.R225X NR Y Adult-onset 
cardiomyopathy, 
neurological 
disorders, short 
limbs, pes avus, 
bilateral 
cryptorchidism, 
hypotelorism 

(Bee, et 
al., 
2015) 

P8-1# c.T246G, 
c.247_315
del 
(Homozyg
ous) 

p.D83E, 
p.V83_S
105del 

Y 
 

Y 
 

Primary gonadal 
failure, type 2 
diabetes, 
dyslipidemia, 
acanthosis, 
clinodactyly, 
cataracts, 
multinodular 
goiter 

(de 
Bruin, et 
al., 
2015) 
 

P8-2# c.T246G, 
c.247_315
del 
(Homozyg
ous) 

p.83del2
3, 
p.V83_S
105del 

Y 
 

Y 
 

Primary gonadal 
failure, type 2 
diabetes, 
dyslipidemia, 
acanthosis, 
clinodactyly, 
anemia, 
gastrointestinal 
stromal tumor 
(jejunum) 

(de 
Bruin, et 
al., 
2015) 
 

P9-1# c.G482A 
(Homozyg
ous) 

p.R161Q Y 
  

Y 
 

Mild intellectual 
disability, facial 
dysmorphism 

(Rosin, 
et al., 
2015) 
 

P9-2# c.G482A 
(Homozyg
ous) 

p.R161Q Y 
  

Y 
 

Mild intellectual 
disability, facial 
Dysmorphism 

(Rosin, 
et al., 
2015) 
 

P9-3# c.G482A 
(Homozyg
ous) 

p.R161Q Y Y 
 

Mild intellectual 
disability, facial 
dysmorphism 

(Rosin, 
et al., 
2015) 
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#: siblings. *Growth hormone treated.  
Abbreviations: F, female; M, male; Y, yes; N, no; NR, not reported; y, year; m, 
month; SD, standard deviation; OFC, occipitofrontal circumference. 
 
  

Successful mutagenesis was confirmed by nucleotide blast program comparing 

the nucleotide sequence to the original nucleotide sequence. The forward and reverse 

sequences of the mutations associated to development are found in Appendix 2. Then, 

constructs of wild-type XRCC4 and mutated XRCC4 were transfected into M10 or 

U2OS cells via Neon Transfection or Lipofection, respectively.  

 

3.2  Protein Expression Level  

Six XRCC4 mutations associated to development were successfully established 

which are point, deletion or frameshift mutations of XRCC4. As shown in Figure 9, the 

difference in XRCC4 protein’s molecular weight between wild-type XRCC4 and the 

XRCC4 mutations are analyzed with gel electrophoresis and western blotting using 

anti-XRCC4, anti-FLAG antibodies and GAPDH as loading control. Filled triangles 

are bands for Wild-type XRCC4, W43R, R161Q, and D254Mfs*68, open triangles are 

bands for V83_S105del and R275X (upper), filled diamonds are bands for R275X 

P10 c.C25del 
c.C823T 

p.His9Thr
fs*8 
p.R275X 

Y 
 

Y 
 

Facial 
dysmorphism 

(Rosin, 
et al., 
2015) 

P11 c.C673T 
c.G760del 

p.R225X 
p.D254
Mfs*68 

Y Y Progressive 
ataxia, 
hyperopia, 
diabetes 
mellitus, 
hypothyroidism, 
thalamic glioma, 
moderate 
hearing loss, 
slurred speech 

(Guo, et 
al., 
2015) 
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(lower) and open diamonds are bands for R225X. The stars in anti-FLAG blot indicate 

cross-reactive bands,  

Results using anti-XRCC4 and anti-FLAG antibodies were mostly consistent, 

except for R225X and D254Mfs*68, which were not detected by anti-XRCC4. 

V83_S105del, R225X and D254Mfs*68 was expressed at a similar level to wild-type 

XRCC4 and W43R, R161Q and R275X were expressed at even higher level than wild-

type XRCC4 (Figure 2). While the mobilities of W43R, R161Q, and D254Mfs*68 were 

like that of wild-type, V83_S105del, R225X, and R275X exhibited higher mobilities 

as expected from their molecular masses. R275X showed two bands of 50-55 kDa and 

40-45 kDa in apparent molecular masses, respectively, the latter being more intense 

than the former. The upper band exhibited similar mobility to V83_S105del and 

appeared considerably larger than the expected size of R275X.  Since the difference in 

the molecular mass of R275X and XRCC4(1-265) is 1.1kDa, the lower band would be 

more likely to be R275X. The identity of the upper band in R275X is currently unclear. 

Since XRCC4 was shown to be required for the stability of LIG4 [13], the 

expression of LIG4 in these transfectants was also examined (Figure 9). The expression 

of LIG4 in the mutant XRCC4 transfectants was comparable to that in the wild-type 

XRCC4 transfectant, although it was substantially reduced in the control vector 

transfectant. 
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Figure 9. Expression levels of XRCC4 in M10-transfectants with wild-type and disease-
associated mutants of XRCC4. 
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3.3.  Nuclear Localization 

To evaluate the ability of the XRCC4 mutations associated to development to localize 

to the nucleus where XRCC4 function is said to mostly located, cDNA for GFP-XRCC4 were 

generated and transiently expressed in U2OS cells. Live cell imaging of transfected U2OS cells 

reveal that XRCC4-WT localized to the nucleus, as well as mutated cells V83S-105del, W43R, 

R161Q and A247S. However, R225X, R275X and D254Mfs*68 did not localize to the nucleus, 

but instead localized in the cytoplasm (Figure 10).  It can also be observed that the D254Mfs*68 

showed punctated localization in the cytoplasm which is distinct from R225x and R275x.  

 

Figure 10. Localization of XRCC4 Mutations Associated to Development 
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*(Cells showing nuclear distribution (Nuc), nuclear plus cytoplasmic distribution (Nuc+Cyt) and cytoplasmic distribution (Cyt) were 
counted. Total number of counted cells was 100-128 for each transfectant.) 

Figure 11. Quantification of Subcellular localization of wild-type and disease-associated mutants of 
XRCC4 tagged with GFP 

 
To confirm that the subcellular localization is not due to the endogenous XRCC4 

present in the cell, knockdown of endogenous XRCC4 was done by SIRNA silencing.  To 

knockdown endogenous XRCC4, small interfering RNA (siRNA targeting 3’-untranslated 

regions (UTR) was transfected 24 hours prior to plasmid transfection.  The results shown in 

Figure 12 shows a consistent localization with V83-S105del, W43R and R161Q being 

localized in the nucleus and R225X, R275X and D254Mfs*68 localizing in the cytoplasm. 
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Figure 12. Localization of XRCC4 mutations Associated to Development without 
Endogenous XRCC4
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3.4  Radiosensitivity 

The radiosensitivity of XRCC4 mutants associated to development was assessed using 

colony formation assay after radiation exposure to g-ray irradiation with irradiation doses of 2 

and 4 Gray using Cobalt irradiation source (Figure 13). Statistical significance of difference 

between the mutations and wild-type XRCC4 was analyzed by two-way factorial analysis of 

variance. The mutation V83S-105del showed the highest radiosensitivity (p=2.1 E-8 with 

XRCC4). V83S-105del has long amino acid deletion near the sequence with association for 

XLF which may have caused most prominent change on its radiosensitivity. This mutation has 

nearly the same cell survival effect as the negative control CMV, in both radiation doses 2 Gy 

and 4 Gy and statistical significance test show no significant difference to control CMV 

(p=0.42). It may also be observed that D254Mfs*68 mutation also has showed substantially 

increased radiosensensitivity compared to wild-type XRCC4 as shown by its less cell surviving 

fraction than radioresistant XRCC4 after irradiation at 2 Gy and 4 Gy with even more notable 

change at higher irradiation dose 4 Gy. (p=5.6E-4), These results reveal partial function of 

D254Mfs*68 even if its protein was low, As compared with V83S-105del and D254Mfs*68, 

W43R, R161Q, R225x, and R275x have shown lesser difference in cell survival rate as the 

radioresistant XRCC4 although is still statistically significant (W43R p=0.042; R161Q 

p=0.018; R225X p=0.018 and R275X p=0.014 in comparison with XRCC4 ) indicating only 

partial loss of function. With increase in irradiation, the mutations tend to be more 

radiosensitive as what can be observed in the effect of surviving fraction at 4 Gy.  
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Figure 13. Radiosensitivity of XRCC4 mutation associated to Development 

 
3.5 Structural Differences of XRCC4 Point Mutations Associated to Development 
 

Table 5 is a summary of the changes that have occurred to the structure of XRCC4 after 

two point mutations, W43R and R161Q. As shown in Table 5, the stability after point mutation 

is computed using delta delta G which gives the value for change in Gibbs free energy after 

point mutation using its 3D structure and Normal mode Analysis. W43R was computed to be 

destabilizing the structure of XRCC4 possible due to the change in molecular weight and 

polarity from the change in side change from Tryptophan to Arginine. On the other hand, 

R161Q mutation cause a change of Arginine to Glutamine which is a neutral amino acid with 

lesser molecular weight that Arginine.  The mutation was computed to cause a slight decrease 

in stability of the XRCC4 structure and an increase in the stability with the structure when 

bound to Ligase IV.  
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Table 5. Changes in the Structure of XRCC4 Point Mutations Associated to Development 
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3.6  Discussion 

In 2015, several patients reported with diseases associated to growth and development 

manifesting from their early years were reported to bear mutations on XRCC4 gene as shown 

in whole exome sequencing of their gene. To understand the changes that these mutations on 

the XRCC4 function in DNA repair, XRCC4 mutations were generated in the same background 

and functional characteristics of these mutations were investigated Results showed varying 

degree of protein expression, subcellular localization and increased radiosensitivity of XRCC4 

mutants associated to development compared to wild-type XRCC4.  

V83-S105del showed highest radiosensitivity, which is not significantly different to the 

control CMV vector transfectant. V83-S105del was expressed at similar level to wild-type 

XRCC4 in its protein expression although lower than W43R, R161Q, R225X and R275X, and 

could be localized to the nucleus. Additionally, LIG4 expression in V83_S105del was 

comparable to that in wild-type XRCC4 transfectant. However, this mutant is presumed to be 

defective in interaction with XLF, which requires XRCC4 amino acids 59-106 (de Bruin, et al., 

2015).  

D254Mfs*68 transfectant showed the second highest radiosensitivity. The protein 

expression of D254Mfs*68 with XRCC4 antibody was undetectable in XRCC4 antibody and 

low with FLAG antibody. The LIG4 expression in the D254Mfs*68 transfectant was 

comparable to the wild-type XRCC4 transfectant, but the D254Mfs*68 transfectant was more 

radiosensitive than the wild-type XRCC4 transfectant. This result indicated that D254Mfs*68 

retained partial function, although protein expression was low. DSB repair defects of 

D254Mfs*68 mutant might be mainly due to low abundance. Additionally, punctated 

cytoplasmic localization of D254Mfs*68 was observed. Guo et al. also reported that XRCC4 

proteins, i.e., R225X and D254Mfs*68, distributed in the cytoplasm as well as in the nucleus 
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of the fibroblast (Guo, et al., 2015). Considering this, the attachment of sequences due to 

frameshift in D254Mfs*68 might have caused a peculiar distribution in the nucleus and in the 

cytoplasm causing a change in XRCC4 function and stability. 

R225X was expressed at a similar level to wild-type XRCC4; and W43R, R275X and 

R161Q were expressed at higher levels than wild-type XRCC4 in M10-transfectants. They 

could correct the radiosensitivity of M10 to the extent close to wild-type XRCC4. LIG4 was 

expressed at a comparable level in the transfectants of these mutants and the wild-type XRCC4 

transfectant. These results indicated that these mutants were mostly functional when expressed 

at sufficient level and, therefore, XRCC4 defects in patients might be primarily due to low 

abundance of the proteins. Nonetheless, the radiosensitivity of the transfectants of these 

mutants was slightly but significantly higher than that of wild-type XRCC4 transfectant, 

suggesting that these mutants were not fully functional.  

W43R is highly conserved among XRCC4 and in XLF and PAXX in wide range of 

eukaryotic species, suggesting its role in maintaining the structure of globular head domain of 

XRCC4 (Ochi, et al., 2012) (Xing, et al., 2015). Another study which reports on a close 

mutation to position 43 is a substitution mutation at position 53 which reports that this 

substitution could fully restore normal radio-sensitivity to M10 cells (Ropars, et al., 2011). 

These reports may support the results obtained with the radio-sensitivity of the W43R mutation 

with a slightly but significant decrease as compared to wild-type XRCC4 when protein 

expression has higher level of than that of wild-type XRCC4..   

Bee et al. reported that XRCC4 protein expression was undetectable in patient with 

homozygous R225X mutation. Profound decrease of XRCC4 mRNA in these patients’ 

fibroblasts suggested the involvement of nonsense-mediated decay due to longer C-terminal 

untranslated region than wild-type XRCC4 mRNA (Murray, et al., 2015). In this study, R225X 

mutant was expressed higher than wild-type XRCC4 and restored the radiosensitivity to a 
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similar extent to wild-type XRCC4. These results indicate the DSB repair defect in patient with 

R225X mutation might be mainly due to low abundance of protein due to the long deletion. 

R275X mutant was expressed at a higher level than XRCC4 and restored the radiosensitivity 

with a slight but significant to XRCC4. The difference in subcellular localization of R225x and 

R275x mutation to cytoplasm rather than nucleus, may have caused the slight but statistically 

significant decrease in cell survival after irradiation compared to wild-type XRCC4 

transfectant.  These may suggest the importance of nuclear localization signal as the major 

mechanism that drives XRCC4 to the nucleus. On the other hand, it is  possible that because 

the XRCC4 is associated with DNA Ligase IV which is a nuclear protein with its own nuclear 

localization signal, the DNA Ligase IV may possibly drive XRCC4 to the nucleus at least even 

partially, causing a psrtial functional XRCC4 during DNA repair. 

In the present study, R161Q expressed at higher level than wild-type XRCC4 and restored 

its radioresistance to an extent close to wild-type XRCC4 though statistically less than XRCC4, 

indicating that DSB repair defects in patients harboring this mutation might be attributable to 

low abundance. The slight but statistically significant increase in radiosensitivity of the R161Q 

transfectant as compared to wild-type XRCC4 transfectant in the current study might suggest 

possible effect of R161Q mutation on XRCC4 function. Arg161 is located close to the 

dimerization domain and region associated to Ligase IV interaction suggesting that the slight 

change in Arg161 may have caused a decrease in functionality as compared to XRCC4.  

Several factors can account to the difference in protein expression of the different 

transfectants. DNA amount is equalized in this study, to ensure protein expression is equal. 

The CMV promoter for all constructs are the same, which allows high expression of 

mammalian cells. For some of the constructs, non-sense medicated decay may degrade the 

mRNA of the mutants. While point mutations are not subjected to non-sense mediated decay,  

premature stop codons such as truncation and frameshift mutations may be subjected to the 
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decay which may cause an effect to protein expression. For some mutants, low protein stability 

was also reported to the mRNA of patients.  However, when protein expression is low, it is still 

possible to be functioning at low levels.  Some mutants may be less abundant in expression 

that wild-type, but how much little is needed not to function is still unknown and may be 

studied in the future.  

In previous research using a murine model, deficiency in XRCC4 results in a lethal 

embryonic phenotype with significant neuronal damage and extensive apoptosis, arrested 

lymphocyte development, as well as severe growth retardation and reduced fibroblast 

proliferation rates in vitro. These mice develop lymphomas and severe growth retardation, 

suggesting that XRCC4 deficiency leads to growth failure (Fukuchi, et al., 2015) . The repair 

of DSBs is very crucial for the maintenance of genomic integrity. If DSBs are unrepaired, 

DSBs can induce apoptosis and give rise to increased cell death. XRCC4 serves as modulator 

in the NHEJ pathway of DSB repair in mammals which is very significant for DNA repair and 

genomic instability. 

 Disease-associated mutations are then correlated with sensitivity or resistance to radiation. 

therapeutic agents, One of the patients with V83_S105del mutation was reported to have tumor 

complications (Table 3, Table 4, p8-2#). Since the results of radiosensitivity in this study  show 

that V83S_105del was very radiosensitive, the proper choice of radiation and therapy should 

be assessed in treating the cancer complication.   According to the report, however (de Bruin, 

et al., 2015), the patient did not have a history of acute radiation exposure or an increased 

cumulative radiation dose through repeated medical imaging before diagnosis of the tumor, but 

was on chemotherapy before her demise at age 36. Disease-associated mutations may also  

increase the risk of cancer, so screening, detection and monitoring of complications may also 

be considered when mutations in DNA repair such as XRCC4 are found out.  
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In summary, in this chapter, XRCC4 mutations associated with developmental diseases 

were successfully generated and analyzed in terms of its functional characteristics on the same 

background.  The deletion mutation V83-S105del showed highest radiosensitivity which may 

have affected its XLF interaction. The frameshift mutation D254Mfs*68 also showed 

significantly higher radiosensitivity as compared to other mutations which may been caused 

by peculiar frameshift, localization and low protein abundance.  For other mutations, 

substitution mutations W43R and R161Q, and deletion mutations R225X and R275X showed 

slight but significant increase in radiosensitivity with protein expression similar to XRCC4 or 

even at higher level that XRCC4. These results show that the the defects of XRCC4 in disease 

patients might be due  to insufficiency in protein quantity and impaired functionality.  

Although immunodeficiency was not seen in mosy patients with XRCC4 mutations, it may 

be possible that the overall DNA changes in DNA repair function causes significant changes 

which is manifesting in e.g. development, therefore causing microcephaly and growth defects, 

as well as other complications. These findings reveal the significance of certain locations in 

the structure of XRCC4 as well as in its function in DNA repair through the NHEJ pathway.  

These reiterates the role of the integrity of XRCC4 to normal DNA DSB repair and in normal 

development and in the non-occurrence of diseases such as those related to development.  
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Chapter 5 

Conclusion 

In this study, six XRCC4 mutations associated with development, and one XRCC4 

mutation associated to cancer risk was successfully generated and introduced to cells lacking 

XRCC4 in order to delve deeper to the function of the structure, and the significance of the 

integrity of XRCC4 in the DNA repair, as well as its role in the non-progression and risk of 

diseases. The functionality of the XRCC4 mutations associated to development was studied in 

terms of protein expression level, subcellular localization and ability of the cells to survive after 

radiation exposure as shown by their radiosensitivity. On the other hand, the mutation 

associated to cancer was studied in terms of subcellular localization, DNA DSB repair by 

gamma H2Ax fluorescence as well as radiosensitivity.  

As a summary, the deletion mutation V83-S105del showed highest radiosensitivity in 

all XRCC4 mutations associated to development in which the radiosensitivity was close to 

control vector transfectant. This result shows the significance of the location of XLF interaction 

in the N-terminal region in XRCC4 function in DNA repair. On the other hand, for the 

frameshift mutation D254Mfs*68, its higher radiosensitivity as compared to other mutations 

may have been caused by its subcellular localization and low protein abundance caused by the 

aberrant sequence formed after the frameshift.  For mutations W43R and R161Q, and deletion 

mutations R225X and R275X, these mutations showed slight but significant increase in 

radiosensitivity compared to the wild-type XRCC4 even if the proteins are expressed at about 

equal or even higher level than wild-type XRCC4, which may show partial function of XRCC4 

being retained in these mutations but still causing an effect in its cell survival. When expressed 

in human osteosarcoma cells, R225X, R275X and D254Mfs*68 localized to the cytoplasm, 

whereas other mutants localized to the nucleus. These findings reveal that the defects of 
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XRCC4 in patients harboring these  mutations may be from insufficiency in protein quantity 

and impaired functionality. The present study shows the importance of XRCC4’s DSB repair 

function in normal development, the significance of certain locations in the structure of XRCC4 

as well as significance of a normal functioning DNA repair system for proper development and 

non-progression of diseases.  

For mutation associated to cancer, the mutation A247S caused a change in subcellular 

localization of XRCC4 in human osteosarcoma cells. The increase in cytoplasmic localization 

and cells without nuclear localization as compared to wild-type XRCC4 shows the significance 

of conserved nuclear localization signal of XRCC4, as well as several phosphorylation sites 

and ubiquitylation site near this polymorphism. The change in chromatin recruitment, the 

change in recruitment to DNA damage after micro-irradiation, the radiosensitivity, as well as 

the significant increase in gamma H2Ax foci which is an indicator of DSB repair, indicates 

that A247S polymorphism has deficiencies in DNA DSB repair through NHEJ which may lead 

to improper gene function leading tso tumorigeneses and cancer development.  

In conclusion, XRCC4 has shown to be an important NHEJ protein to maintain genomic 

stability, and for protection and inhibition of diseases such as those related to development and 

cancer. XRCC4 mutations may have likely resulted in overall reduction in efficiency of NHEJ 

repair explaining dwarfism and microcephaly, and greater cancer risks. This stresses the role 

that DNA repair mechanisms play in disease development. XRCC4 mutations may cause 

severe effects as well as increase the risk of developmental defects and progression of cancer. 

When mutations to XRCC4 are found out and assessed, early detection, monitoring, prevention 

of diseases may be possible.  
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Appendix 

Appendix 1.  Profile of Patients associated with XRCC4 Mutations 
 

Patient Gender Country of 
origin 

Consangu
inity of 
parents 

Change in 
nucleotide 
sequence 

Change in 
amino acid 
sequence 

Clinical features Reference 

Microcephaly 

(OFC) 

Short statue 

(Length/height) 

Other features 

P1 F Saudi Arabia Y c.T127C 

(Homozygous

) 

p.W43R Y 

(4y:-8.3SD) 

Y 

(4y:-7.1SD) 

Speech delay, triangular 

bird-like face, short 

philtrum 

(Shahee

n, et al., 

2014) 

P2 M Saudi Arabia NR c.T127C 

(Homozygous

) 

p.W43R Y 

(Birth:-4.87SD; 

3y1m:-8.3SD) 

Y 

(Birth:-2.52SD; 

3y1m:-4.7SD) 

NR (Murray

, et al., 

2015) 

 

P3 M Morocco NR c.C481T 

c.C673T 

p.R161X 

p.R225X 

Y 

(Birth:-4.57SD; 

2y9m:-8.3SD) 

Y 

(Birth:-6.32SD; 

2y9m:-5.7SD) 

Gastrostomy, ectopic 

kidney, small bilateral 

kidneys, chronic lung 

disease 

(Murray

, et al., 

2015) 

 

P4-1# M Italy NR c.C25del 

c.C823T 

p.H9Tfs*8 

p.R275X 

Y 

(Birth:-2.9SD 

8y4m:-5.6SD) 

Y 

(Birth:-4.49SD 

8y4m:-2.4SD) 

NR (Murray

, et al., 

2015) 

 

P4-2# M Italy NR c.C25del 

c.C823T 

p.H9Tfs*8 

p.R275X 

Y 

(Birth:-1.83SD; 

4y:-8.0SD)  

Y 

(Birth:-5.38SD; 

4y:-4.5SD) 

NR (Murray

, et al., 

2015) 

P5 M France NR c.C25del 

c.C823T 

p.H9Tfs*8 

p.R275X 

Y 

(Birth:-4.28SD; 

9y:-5.8SD)  

Y 

(Birth:-2.71SD; 

9y, -1.8SD*) 

Unilateral renal agenesis, 

cryptorchidism 

(Murray

, et al., 

2015) 
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P6 M United 

Kingdom 

NR c.C25del 

c.G-10-1T 

p.H9Tfs*8 

splicing 

defect 

Y 

(Birth:-2.9SD; 

5m, -8.9SD)  

Short statue 

(Birth:-6.56SD; 

5m, -7.2SD) 

Eczema (Murray

, et al., 

2015) 

P7-1# M Italy Y c.C673T 

(Homozygous

) 

p.R225X NR Y Adult-onset 

cardiomyopathy, 

neurological disorders, 

short limbs, pes avus, 

bilateral cryptorchidism, 

hypotelorism 

(Bee, et 

al., 

2015) 

P7-2# M Italy Y c.C673T 

(Homozygous

) 

p.R225X NR Y Adult-onset 

cardiomyopathy, 

neurological disorders, 

short limbs, pes avus, 

bilateral cryptorchidism, 

hypotelorism 

(Bee, et 

al., 

2015) 

P8-1# M Chile NR c.T246G, 

c.247_315del 

(Homozygous

) 

p.D83E, 

p.V83-

S105del 

Y 

(39.9y:-3.3SD) 

Y 

(Birth:-2.8SD; 

39.9y:-6.8SD) 

Primary gonadal failure, 

type 2 diabetes, 

dyslipidemia, acanthosis, 

clinodactyly, cataracts, 

multinodular goiter 

(de 

Bruin, et 

al., 

2015) 

 

P8-2# F Chile NR c.T246G, 

c.247_315del 

(Homozygous

) 

p.83del23, 

p.V83-

S105del 

Y 

(36y:-2.9SD) 

Y 

(Birth:-2.3SD; 

36y:-4.0SD) 

Primary gonadal failure, 

type 2 diabetes, 

dyslipidemia, acanthosis, 

clinodactyly, anemia, 

gastrointestinal stromal 

tumor (jejunum) 

(de 

Bruin, et 

al., 

2015) 

 

P9-1# M Turkey Y c.G482A 

(Homozygous

) 

p.R161Q Y 

(Birth:<-3SD; 

14y:-7.5SD)  

Y 

(Birth:-2 SD; 

14y, -5SD) 

Mild intellectual 

disability, facial 

Dysmorphism 

(Rosin, 

et al., 

2015) 

 

P9-2# M Turkey Y c.G482A 

(Homozygous

) 

p.R161Q Y 

(Birth:<-3SD; 

10.5y:-6.5SD)  

Y 

(Birth:NR; 

10.5y:-5SD) 

Mild intellectual 

disability, facial 

Dysmorphism 

(Rosin, 

et al., 

2015) 

 

P9-3# M Turkey Y c.G482A 

(Homozygous

) 

p.R161Q Y 

(Birth:<-3SD; 

6m:-4.5SD)  

Y 

(Birth:NR; 

6m:-3SD) 

Mild intellectual 

disability, facial 

Dysmorphism 

(Rosin, 

et al., 

2015) 
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P10 F Switzerland NR c.C25del 

c.C823T 

p.His9Thrfs

*68 

p.R275X 

Y 

(Birth:-3.7SD; 

14y10m:-

5.0SD) 

Y 

(Birth:-2.8SD; 

14y10m:-

2.6SD) 

Facial dysmorphism (Rosin, 

et al., 

2015) 

P11 F United 

Kingdom 

N c.C673T 

c.G760del 

p.R225X 

p.D254fs*6

8 

Y Y Progressive ataxia, 

hyperopia, diabetes 

mellitus, hypothyroidism, 

thalamic glioma, 

moderate hearing loss, 

slurred speech 

(Guo, et 

al., 

2015) 

 

#: siblings. *Growth hormone-treated.  
Abbreviations: F, female; M, male; Y, yes; N, no; NR, not reported; y, year; m, month; SD, standard deviation; OFC, occipitofrontal 
circumference.
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Appendix 2 - Sequence Check After Mutagenesis of XRCC4 Mutation Associated to 

Development 

V83_S105DEL - FORWARD 

 

V83_S105Del - REVERSE 
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W43R - FORWARD 

 

W43R - REVERSE 
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D254Mfs*68 -FORWARD 

 

D254Mfs*68 - REVERSE 
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R225X Forward 

 

R225X - Reverse 
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R275X Forward 

 

R275X - REVERSE 
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R161Q - Forward 

 

R161Q – Reverse 
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Appendix 3  - Sequence Check After Mutagenesis of XRCC4 Mutation Associated to 

Cancer Risk 

A247S - FORWARD 

 

A247S – REVERSE 

 


