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MLH1 MutL homolog 1 NFKB2 Nuclear factor of kappa light
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MMR Mis-match Repair NLNRA Normal level natural radiation
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MNase Micrococcal nuclease NLRC4 NLR family, CARD domain
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NR4A2 Nuclear receptor subfamily 4, | PRKDC Protein kinase, DNA-activated,
group A, member 2 catalytic peptide
NT5E 5'-nucleotidase, ecto (CD73) | POLB Polymerase (DNA directed),
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0OGG1 8-oxoguanine DNA QC Quality check
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P53 protein p53 RAD18 RAD18 homolog
PAPB2 Polyadenylate-binding protein | RAD21 RAD21 homolog (S. pombe)
2
PAPD4 PAP associated domain RAD23B RAD23 homolog B
containing 4
PBMCs Peripheral blood mononuclear | RAD50 RAD50 homolog (S.
cells cerevisiae)
PBS Phosphate buffered saline RAD51 RAD51 recombinase.
PCNA Proliferating cell nuclear RAD52 RAD52 homolog (S.
antigen cerevisiae)
PDK4 Pyruvate dehydrogenase RAD54 RAD54 homolog (S.
kinase, isozyme 4 cerevisiae)
PET Positron emission tomography | REV3L REV3-like, catalytic subunit of
DNA polymerase zeta
PIKK Phosphatidylinositol 3- RIN RNA integrity number
Kinase-Related Kinase
PLK3 Polo-like kinase 3 RMA Robust multichip analysis
PMAIP1 Phorbol-12-myristate-13- RMI1 RMI1, RecQ mediated genome
acetate-induced protein 1 instability 1,
PMS1 Postmeiotic segregation 1 RNA Ribonucleic acid
PMS2 Postmeiotic segregation 2 ROS Reactive oxygen species
PMSF Phenylmethylsulfonyl RPMI Roswell Park Memorial
fluoride Institute
POLH Polymerase (DNA directed), | RPA Replication Protein A
eta
PPIF Peptidylprolyl isomerase F rpm Revolution per minute
PPP1R15A | Protein phosphatase 1, rRNA Ribosomal RNA

regulatory subunit 15A




RT g-PCR | Real time quantitative TNFa Tumor necrosis factor, alpha
polymerase chain reaction
SD Standard deviation TRAF4 TNF receptor-associated factor
4
SARI1B SAR1 homolog B TSC22D2 TSC22 domain family,
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SCN1A Sodium channel, voltage- THAP2 THAP domain with apoptosis
gated, type I, alpha subunit protein 2
SEM Scanning electron microscopy | UBE2B Ubiquitin-conjugating enzyme
E2B
SEM Standard error of mean UBE2T Ubiquitin-conjugating enzyme
E2T
SETDB2 SET domain, bifurcated 2 UNG Uracil DNA glycosylase
SFRS3 Splicing factor, UNSCEAR | United Nations Scientific
arginine/serine-rich 3 Committee on the Effects of
Atomic Radiation
SFRS5 Splicing factor, UPL Universal probe library
arginine/serine-rich 5
SLC2A3 Solute carrier family 2, uv Ultra violet
member 3
SNRPA1 small nuclear ribo- XPB Xeroderma pigmentosum,
nucleoprotein peptide A' complementation group B
SP1 Specificity Protein 1 XPC Xeroderma pigmentosum,
complementation group C
SSB Single Strand Break XPD Xeroderma pigmentosum,
complementation group D
sSDNA Deoxyribonucleic Acid- XPF Xeroderma pigmentosum,
Protein Kinase complementation group F
Sv Sievert XPG Xeroderma pigmentosum,
complementation group G
TC-NER Transcription coupled- XRCC4 X-ray repair complementing
Nucleotide Excision Repair defective repair in Chinese
hamster cells 4
TF Transcription factor XRCC5 X-ray repair complementing
(KU80) defective repair in Chinese
hamster cells 5
TNFRSF10B | Tumor necrosis factor XRCC6 X-ray repair complementing
receptor superfamily, 10b (KU70) defective repair in Chinese

hamster cells 6
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Human beings are continuously exposed to low levels of ionizing radiation (IR) through various
man-made and natural sources. Natural radiation exposures are mainly from terrestrial and
cosmic sources whereas man-made low level exposure varies from medical exposures
(diagnostic and therapeutic) to accidental exposures such as Chernobyl and Fukushima Daiichi
nuclear disasters. IR induces a variety of isolated and clustered DNA damages such as base
damages, single strand breaks (SSBs) and double strand breaks (DSBs). DSBs are most
deleterious and if remain unrepaired or misrepaired may lead to consequences like lethal
mutations, genome instability and carcinogenesis. However, cells possess efficient surveillance
systems, termed as the DNA damage response (DDR). DDR is a complex phenomenon, which
involves all major cellular activities such as damage recognition, DNA repair, cell cycle

progression, transcriptional changes, and chromatin modification.




Biological effects of high doses of IR in humans are well documented. However, data at
low dose and low dose rate exposures are inconsistent and inconclusive. The current paradigm of
radiation protection supports the linear no threshold (LNT) hypothesis, although it lacks
scientific evidence of experimental data (1). The data for low dose radiation exposure has been
extrapolated from high acute exposures. Efforts have been made worldwide to generate radio-
biological data at low dose exposures in human cells, tissues, organs and organisms. Recent
studies have shown that biological effect of low and high dose exposures are quantitatively and
qualitatively different especially at the level of DNA damage and gene expression (2-4).
Biological and health effects at low dose exposures below 100 mSv have important implications
in radiation protection science. High level natural radiation areas (HLNRA) provide unique
opportunity to study the biological and health effects of low dose/dose rate radiation directly on
humans. The HLNRA of Kerala coast is a 55 km long and 0.5 km wide strip extending from
Neendakara in south to Purakkadu in north. Due to non-uniform distribution of monazite in the
beach sand, a great deal of variation is observed at the level of background radiation, which
varies from <1.0 mGy to 45 mGy/y. Areas with a background dose > 1.5 mGy/y are considered
as HLNRA and < 1.5 mGy/y are considered as normal level natural radiation area (NLNRA).
The human population inhabiting this area has been investigated using various biological end
points such as chromosome aberrations, micronuclei frequency, DNA strand breaks and telomere
length. None of the above parameters showed significant difference between NLNRA and
HLNRA population. Epidemiological data such as incidence of cancer and congenital
malformations did not show any statistical difference at the level of phenotype (5-9). Further
new high throughput techniques might throw some new insights to understand the biological

effect of low dose and low dose IR.



The rationale of the present thesis is to understand cellular and molecular effects of low
dose radiation, which might provide a better understanding of the underlying biological
processes occurring in human cells exposed to low dose radiation.

Objectives of the thesis: The aim is to understand the molecular basis of the DNA damage
response in human cells on exposure to low dose IRs. The objectives are:
1. To study DNA damage and repair using gamma-H2AX as a biomarker
2. Transcriptome analysis of human population residing in normal and high level natural
radiation areas:

e To find out the differentially expressed genes (up/down regulated), if any.

e Bioinformatic analysis to understand the molecular networks of differentially
expressed genes and their involvement in various pathways.

e To carry out validation of selected differentially expressed genes using real time
g-PCR.

3. Evaluation of the changes in chromatin structure/conformation on exposure to low dose
radiation.
Outline of the Thesis: The work embodied in this thesis is divided into five chapters:
1) Introduction 2) Materials and Methods 3) Results 4) Discussion 5) Summary and
Conclusions.
1. Introduction:
IR challenges the integrity of the genome by causing several types of lesions in DNA, of which
DSBs are most deleterious. Cells possess inherent surveillance systems which monitor and
maintain the integrity of genome and termed as the DNA-damage response (DDR). DDR is a
complex phenomenon, which involves all major cellular activities such as damage recognition,

cell cycle progression, transcriptional changes, DNA repair, apoptosis and chromatin
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modification. Alteration in the global pattern of gene expression is an important aspect of
cellular response which plays an essential role in orchestrating a variety of cellular events
including growth arrest, apoptosis and DNA repair. Along with transcriptional changes cells
respond to radiation stress by activating and modifying various regulatory proteins which in
turn leads to changes in chromatin structure. Post translational modification of histone proteins
might be playing a crucial role in radiation induced damage recognition as well as
recruitment of repair proteins for efficient DNA repair. Phosphorylated H2AX or gamma-
H2AX is one of the important biomarker to study radiation exposure in terms of double strand
break detection. Studies have shown that gene expression profile is different in high dose and
low dose exposure. Although, a lot of studies deal with the effect of acute doses of radiation in
human cells, limited data is available at chronic radiation exposure. High Level Natural
Radiation Areas (HLNRA) offer unique opportunities to study DNA damage and its cellular
responses at chronic low dose exposures on human population.

2. Materials and Methods:

In the present study, venous blood samples from random and healthy male individuals belonging
to Kerala coast (NLNRA and HLNRA) and Mumbai were collected in EDTA vacutainers with
written informed consent approved by Medical ethic committee, BARC. PBMCs were separated
and divided into different aliquots for each study. For acute dose studies, PBMCs were irradiated
with gamma radiation using cobalt-60 source at room temperature. DNA damage quantitation
study using gamma- H2AX was carried out using two approaches: Basal frequency of DSBs
were measured using fluorescence microscopy and induced DSBs and their repair Kinetics was
studied using flow cytometry. Gene expression study was carried out by two approaches: 1)

Transcriptome study was carried out using Human HG U133 plus 2 microarray chip (Affymetrix,
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USA). 2) Validation of microarray data and transcriptional changes at acute doses was carried
out using hydrolysis probe based quantitative real time PCR (RT @-PCR). Chromatin
conformational changes at acute low doses were studied using Dynamic Light Scattering (DLS).
Statistical analysis: Statistical analysis was done using SPSS software. Student t-test, ANOVA
(Analysis of Variance) and regression analysis were used for all the experiments. The level of
significance was set at p<0.05 for all statistical analysis. The materials and methods section will
be discussed in detail in the thesis.

3. Results:

The results are discussed under the three headings. These include: DNA damage and repair using
gamma-H2AX as a biomarker, gene expression studies at both acute as well as chronic exposure
and radiation induced chromatin changes at acute doses.

3.1 DNA damage and repair kinetics study using gamma H2AX biomarker:

3.1.1 Evaluation of basal level frequency of DNA DSBs in NLNRA and HLNRA individuals:
The basal level frequency of DNA DSBs was estimated among 91 individuals from NLNRA (<
1.5 mGyly, N=30) and two dose groups of HLNRA {Low dose group, LDG (1.51-5.0 mGyly,
N=20) and High dose group, HDG (>5.0 mGy/y, N=41)}. The mean frequency of gamma-H2AX
foci in NLNRA, LDG and HDG was observed to be 0.095 + 0.009, 0.096 + 0.008 and 0.078 *
0.004 per cell respectively. A marginal reduction in frequency of gamma H2AX foci, though not
significant (P= 0.1) was observed in the HDG individuals as compared to the LDG and NLNRA
individuals.

3.1.2 Induced damage in HLNRA and NLNRA individuals: Induced damage in terms of
gamma H2AX positive cells (DSBs) was studied in 78 individuals {NLNRA, N=23 and HLNRA

(LDG, N=21 and HDG, N=34)}. Our results revealed a decreasing trend in the mean gamma-
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H2AX positive cells at 1.0 Gy and 2.0 Gy in LDG and HDG individuals as compared to
NLNRA. However, at 0.25 Gy, a statistically significant reduction (p< 0.05) of DSBs was
observed in HDG individuals as compared to LDG and NLNRA individuals.

3.1.3 Repair Kinetics of DSBs in HLNRA and NLNRA individuals: Repair kinetics of DSBs
was studied in 30 individuals {NLNRA, N=8 and HLNRA (LDG, N=7 and HDG, N=15)} at
different post irradiation time points (0.5 to 24 h) at low (0.25 Gy) and high dose (2.0 Gy)
exposures. Repair kinetics of DSBs followed a biphasic curve consisting of a rapid phase of foci
formation for which peak was obtained at 2.0 h followed by an exponential phase of DSB repair
in terms of decrease in gamma H2AX intensity. Fast and efficient repair of DSBs were observed
at 4 to 6 h post irradiation time points. The percentage of DSB repaired at 6 h in NLNRA, LDG,
and HDG were 51.3, 51.0, 59.1 and 44.9, 59.2, 62.9 at 0.25 Gy and 2.0 Gy respectively. The
residual damage at the end of 24 h was approximately 15-20%. .

3.2 Gene expression studies at chronic and acute exposure:

3.2.1 Global gene expression profile (Transcriptome analysis) in HLNRA and NLNRA
individuals using microarray: Transcriptome analysis was carried out on 36 individuals from
NLNRA and HLNRA. The individuals belonged to NLNRA (< 1.5 mGy/y, Group I) and three
HLNRA groups {(1.51-5.0 mGy/y, Group Il), (5.1-15 mGyly, Group Ill) and ( > 15.0 mGyly,
Group IV)}. A total of 6 (3 up and 3 down), 24 (15 up and 9 down), 97 (72 up and 25 down)
genes were differentially expressed at a threshold of 2 fold (p< 0.05) in Group II, III and IV
respectively. At a threshold of 1.3 fold (p < 0.05), 138 (39 up and 99 down), 1361 (611 up and
750 down), 2427 (889 up and 1538 down) were differentially expressed in Group I, 11l and IV

respectively. Among these 82 genes (13 up and 69 down) were observed to be common in all



HLNRA groups. The above results indicated background dose dependent increase in number of
differentially expressed genes.

3.2.2 Gene ontology analysis of differentially expressed genes: Analysis have shown that the
majority of genes in higher HLNRA dose groups (> 5.0 mGyl/y) are involved in DNA repair, cell
cycle, stress response, immune response, RNA processing and histone/chromatin modification.
Some of the important DDR and repair genes were XRCC4, LIGASE4, RAD23B, ERCC4,
GADD45B, CDKN1A etc. Some of the important transcription factors such as, c-JUN, ATF2,
CREBZF were over expressed in HLNRA individuals. We have also observed few dose
responsive genes with respect to background doses which included DDIT3, GADD45B, PMAIP1,
DUSP1, PAPD4, DUSP10 etc. Important signaling pathways such as MAPK pathway, p53
pathways etc. were also overrepresented in HLNRA groups. In summary, an important finding of
this study is the abundance of DNA damage response and repair genes in high dose groups of
HLNRA (>5mGyly) in response to chronic low dose rate radiation.

3.2.3 Validation of selected genes form microarray data: Thirty genes selected from
transcriptome data were validated using RT g-PCR in two sets of individuals: the first set of 30
individuals was from microarray experiment and the second set of 24 individuals was completely
a new group of individuals. Data showed similar trend and good correlation between microarray
analysis and RT g-PCR. We observed few of the genes showing dose related changes in
transcriptome analysis also showed similar changes in q-RT PCR suggesting them to be possible
signatures of low dose exposure.

3.2.4 Expression profile of genes involved in DNA repair pathway after a challenging dose in
NLNRA and HLNRA individuals: Radio-adaptive response of six genes (KU70, KUB80,

DCLRELC, XRCC4, PRKDC and LIGASE4) involved in DSB repair was studied at 4 h after

7



giving the challenging dose of 2 Gy in 20 individuals (HLNRA, N=10 and NLNRA, N=10). We
observed XRCC4, DCLRE1C and KU80 genes showed significant upregulation in HLNRA
individuals as compared to NLNRA indicating the involvement of NHEJ pathway in efficient
repair of DSBs in HLNRA individuals.

3.2.5 Gene expression profile of selected genes after exposure to acute doses of IR.
Transcription profile of a set of genes (HISTH2B, PLK3, DDIT3, JUN, DUSP10, PAPD4, BTG1,
PMAIP1 etc) was studied in PBMCs of 10 individuals. A significant up regulation was observed
in the transcription profile of DDIT3, PMAIP1, HISTH2B, PLK3, DUSP10 genes at 4 h post
irradiation.

3.3 Radiation induced chromatin conformational changes at acute doses:

Conformational changes in terms of hydrodynamic diameter of chromatin fiber at different doses
were analyzed using DLS. Our study revealed significant changes in hydrodynamic diameter in
PBMCs exposed to low level gamma radiation (0.25 Gy and 0.50 Gy) followed by 2 h post-
irradiation recovery period. Inter-individual variation was clearly observed. The study will be
extended to HLNRA population in future.

4. Discussion

Biological effect of low dose radiation in humans has important implications to human health.
Human population residing in HLNRA provides an opportunity to study the biological effects of
chronic low dose radiation in vivo. In the present study, quantitation of spontaneous or basal
level frequency of DNA DSBs showed a marginally reduced frequency of DSBs in HDG of
HLNRA (> 5.0 mGy/y). Gamma H2AX assay is specific to DSBs and has been shown to have
sensitivity to detect DSBs at doses as low as 1 mGy. The basal level frequency obtained in our

study are comparable to the results obtained in other studies (10,11). A significant reduction in
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DSBs was observed at 0.25 Gy in HDG individuals as compared to LDG and NLNRA
individuals. At higher doses (1.0 and 2.0 Gy), a decreasing trend of DSBs was observed in HDG
and LDG as compared to NLNRA suggesting that induction of damage at low and high doses
are different. Repair Kinetics study at 2.0 Gy revealed that there is biphasic repair kinetics with a
peak at 2h. Significantly efficient repair of DSBs at 4 to 6 h post irradiation time point indicated
radioadaptive response in vivo. The residual damage did not show much variation and it was 15-
20 % at the end of 24h for low and high doses. Our results indicated that HLNRA individuals are
repairing DSBs more efficiently as compared to NLNRA individuals. Transcriptome analysis
revealed background dose dependent increase in the number of differentially expressed genes in
HLNRA individuals as compared to NLNRA. Over representation of genes involved in response
to DNA damage and repair, cell cycle regulation, RNA processing, stress response, chromatin
modification, apoptosis and immune response in high dose groups of HLNRA (> 5.0 mGyl/y).
Some of the important pathways such as p53 pathway, MAPK pathways were activated at higher
background dose group. Our results indicated abundance of DDR and repair genes in HLNRA
individuals belonging to HDG (> 5.0 mGy). This could be the reason of reduced frequency of
basal level DSBs observed in HDG of HLNRA individuals that might have influenced faster and
efficient repair of DSBs observed in HLNRA individuals. Alteration in chromatin structure is
another important aspect of cellular response to DNA damage. Relaxation of chromatin fiber at
damage site plays crucial role in initiating DNA damage response in human cells. In the present
study, using DLS, changes in the hydrodynamic diameter of chromatin fibers were observed at
low doses (0.25 and 0.5 Gy) indicating qualitative difference between high and low dose

exposures.



5. Summary and Conclusions:

In the present thesis, the cellular responses to chronic low level radiation exposure were

investigated in human individuals residing in HLNRA and NLNRA. The basal frequency of

DNA DSBs was evaluated using gamma H2AX marker in NLNRA and HLNRA individuals

exposed to < 5.0 mGy/y ( LDG) and > 5.0 mGy/y (HDG). Radio-adaptive response was studied

in terms of induced level of DSBs after giving challenging dose to the PBMCs of individuals
from HLNRA (LDG and HDG) and NLNRA. DNA repair Kinetics was studied at different post-
irradiation time points in HLNRA (LDG and HDG) and NLNRA individuals. Transcriptome
analysis was carried out to find out differentially expressed genes and involvement of different
pathways in response to chronic radiation exposure. Selected genes from transcriptome analysis
were validated by g-RT PCR. Radio-adaptive response of NHEJ repair pathway genes was
studied after giving a challenging dose in HLNRA and NLNRA individuals. Chromatin
conformational changes were studied in PBMCs exposed to acute doses of IR in terms of
hydrodynamic diameter. This thesis leads to the following conclusions.

+«+ A marginal reduction in basal level frequency of DNA DSBs was observed in HLNRA

individuals (> 5.0 mGy/y) as compared to NLNRA.

« A significant reduction of induced DSBs observed at 0.25 Gy. However, a decreasing trend
in gamma-H2AX positive cells was observed at 1.0 Gy and 2.0 Gy in LDG and HDG
individuals as compared to NLNRA.

«»+ Significantly increased repair of DSBs was observed at 4 h and 6 h in HLNRA individuals as
compared to NLNRA individuals at 0.25 and 2.0 Gy challenging doses. Repair kinetics of

DSBs showed a biphasic pattern. A residual damage of 15-20 % observed at the end of 24 h.
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Significant upregulation of genes involved in NHEJ repair pathway genes was observed in
HLNRA individuals after giving challenging dose of 2.0 Gy indicating their role in in vivo
adaptation.

Transcriptome analysis revealed a dose dependent increase in the number of differentially
expressed genes in different background dose groups of HLNRA individuals as compared to
NLNRA individuals.

An over-representation of DNA damage response and repair, cell cycle regulation,
apoptosis and histone modification genes was observed in HLNRA individuals (>5.0
mGyly).

DLS may be useful in studying the radiation induced changes in chromatin structure at low

dose exposures.
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Human beings are exposed to various types of physical and chemical mutagens in their daily
lives. Exposure to physical mutagens such as ionizing radiation (IR) comes from various natural
as well as man-made sources. Natural radiation exposures are mainly from terrestrial and cosmic
sources whereas the sources of man-made exposure may vary from medical (diagnostic and
therapeutic) to accidental exposures such as Chernobyl and Fukushima Daiichi incidents. The
global average of annual background exposure to radiation due to natural sources is around 2.4
millisievert/year (mSv/y) (1). Contribution from natural background radiation is substantial.
However, man-made exposures which include radio-diagnostic examinations such as
angiographic procedures, computed tomography, occupational exposure as well as exposures
from nuclear accidents may expose a large population to the level of radiations which are higher

than the annual exposure through natural sources.

Nuclear
Fa2llozut Fuel Cycle
1%

Occugéztional _\\\7\ /

Medical X-rays

Consumer Products
/ 58%

16%

/,

Nuclear Medicine

_

Man-made
radiation
18%
Natural background /
radiation
82%

Figure 1.1: Different sources of low level radiation exposure to human beings. (Source: Health
Risks from Exposure to Low Levels of IR: BEIR VII — Phase 2 report)
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1.1 Health risks and low dose radiation

Biological effects of IR in human cells/tissues may vary with type and quality of radiation,
dose and dose rate as well as duration of exposure (acute or chronic). The biological and health
effects of high doses of IRs are well documented which especially came from data of atomic
bomb survivors. However, limited information is available on biological effects of IR at low
dose and low dose rate. In general, low dose and low dose rate exposures are considered to be
below 100mSv (2-3). Understanding the biological and health effects of very low dose and dose
rate {in the order of few milligray (mGy)} of IR on human beings is of utmost importance as the
data is very inconsistent in this region of dose response curve. Additionally, in recent years,
studies pertaining to low dose and low dose rate radiation exposure have gained importance as it
poses concern among the public due to accidental exposure situations such as Chernobyl and
Fukushima Daiichi and the increasing use of medical radiation in health care. Hence, it has
become a thrust area of research in radiation biology today. For the last few years,
epidemiological information at low dose exposures has improved and plenty of data has been
generated in human population on cancer incidences and heritable changes (4-12). However,
epidemiological studies are not conclusive enough due to the low statistical power. At the same
time, it needs a larger population or cohort to be studied to draw firm conclusions. It is also
important to understand the biological mechanisms at low dose and low dose rates to understand
the effect of IR at low doses occurring in human cells. Therefore, efforts have been made
worldwide to study the biological effect of IR at low dose and low dose rates using various
biological end points (13).

Due to lack of sufficient and conclusive radio-biological and epidemiological data at low

dose exposures, the current paradigm of radiation protection support the linear no threshold
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(LNT) hypothesis to estimate the risk at low dose radiation exposures. LNT model is based on
the fact that, smallest radiation dose has the potential to cause an increase in health risk to
humans and the effects at low dose exposures are extrapolated from the data of high dose
exposures. It implies that the radiation risk is directly proportional to the dose. The risks from
radiation have been largely derived from atomic bomb survivor studies (Life span study cohort).
The LNT model assumes that cancer incidence as it relates to radiation dose behaves in the same
way at low doses as at higher doses (14). However, use of LNT hypothesis as the basis of
radiation protection and the potential health effects at low dose exposures has been under debate
and discussion within the scientific community (15-21). LNT hypothesis assumes that DNA
damage and repair processes function with equal efficiency at low doses as well as high doses. It
has not taken into account the processes like scavenging of reactive oxygen species (ROS) and
programmed cell death in human cells. In the recent years, several studies have shown the
occurrence of mechanisms like low dose hypersensitivity, adaptive response, hormesis and

bystander effects in human cells exposed to low dose IR (18, 22-30).
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Figure 1.2: Different models for the health risks from exposure to low levels of IR. (Source:
Canadian union safety commission, 2013, www.nuclearsafety.gc.ca)

Keeping these studies in mind, several alternate theories have been proposed to explain
the relationship between low radiation exposure and cancer risk. The shapes of the dose response
curve have been proposed in four different models (figure 1.2). These models have been
proposed as alternate models based on cellular and sub-cellular responses to radiation at very
low doses to address findings of studies that do not follow the LNT model. Figure 1.2 illustrates
different radiation risk models that estimate the risk of cancer below the lowest dose where
excess cancers have been observed (~ 100 mSv). The hypersensitivity model suggests a greater
risk at lower doses, whereas the threshold model implies that no risk is associated with radiation
dose below a certain dose. Another model called hormesis suggests that low doses of radiation
exposure may even be protective or beneficial.

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
has evaluated health effects of exposure to IR at low doses and dose rates and has recognized the

limits to the statistical power of epidemiological studies. However, phenotypic effect is the most
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important consequence of the effect of radiation exposure. Interpolating the dose response
between data from epidemiological investigations and incremental doses above background
exposures requires knowledge of the mechanisms of radiation action and post-irradiation
processes that specifically relate to health effects (3). Therefore, it is essential to focus on
understanding the biological effects of low dose radiation as it will provide better insights into
the mechanistic understanding and its potential risk to human health.
1.2 High level natural radiation areas

There are many areas in the world, where the level of natural background radiation is
high (sometimes 10 -100 times the normal levels) either due to high levels of radioactivity in
soils, rocks and hot springs or due to high levels of indoor radon and its decay products. These
areas are known as High Level Natural Radiation Areas (HLNRA). Some of the prominent areas
around the world are Ramsar (Iran), Yangjiang (China), Guarapari (Brazil) and Kerala (India).
The level of background radiation dose in these areas varies from < 1.0 mGy/y to 260 mGyly.
The background radiation is elevated due to radioactive thorium containing monazite sand in
Kerala (India), Yangjiang (China) and Guarapari (Brazil) and due to radium content in the hot
springs in Ramsar (Iran). The HLNRAs offer ample opportunities to study the biological and
health effects of chronic low dose and low dose rate exposure directly on humans at all stages of

development.

The HLNRA of Kerala is about 55 km long and 0.5 km wide strip, extending from
Neendakara (Kollam district) in south to Purakkadu (Alapuzha district) in north Kerala (31)
(figure 1.3). The radioactive component of this beach sand is monazite, which contains thorium
(8-10%, highest in the World) and its radioactive daughter products. This area is thickly

populated with an approximate population size of 4,00, 000 inhabitants. This area is inhabited
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for around 1000 years and population has been living here for many generations. Due to non-
uniform distribution of monazite sand, the level of background radiation in this area varies
from <1.0 mGy to 45 mGy per year. The areas with a dose range of < 1.5 mGy/y are considered
as Normal Level Natural Radiation Areas (NLNRA), whereas dose range of >1.5mGyly is

considered as HLNRA. (6-7, 32-35).
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Figure 1.3: The High level Natural Radiation Areas of Kerala coast in south India (Source: Das, B.,
2010, BARC Newsletter, pp 28-37)
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It is a difficult task to delineate the effect of natural background radiation, if any, on humans as
there are many confounding factors such as age, gender, habits, diet, life style etc. in a
population. This area is unique as compared to other HLNRASs of the world because it exhibits a
great deal of variation in the level of background dose exposures, which is ideal to study in vivo
dose response. Since, the population is residing in this area for many generations, the
accumulated dose could play an important factor.

Studies on biological and health effects of the human population living in HLNRAs
provide an important source of information on the effects of chronic low dose rate exposures to
IR. The human population inhabiting this area has been investigated using various biological end
points. Several studies have been conducted to delineate the effect of low dose and low
dose rate chronic exposure on human population residing in this area. These include
demographic characterization of approximately 70,000 population which did not show any
significant differences in reproductive parameters, infant mortality etc between the high and
normal level radiation areas (36). In addition to humans, cytogenetic studies of native plants
belonging to different genera and species (37-38) and genetic studies on dental and skeletal
characterization of wild rats have been carried out in this area (39-40). These studies did not
reveal any significant difference between control and exposed population. However, a higher
prevalence of Down Syndrome (DS) among the population from HLNRA was reported (41) but
there were few shortcomings in the study design (42). An increased frequency of mitochondrial
germ line point mutation was reported in a study with saliva samples from residents of the high
radiation area of Kerala compared to a nearby control area (43). Similarly, an increase in Y
chromosome mutations was reported in this area (44). However, both the above studies did not

have dosimetric information and were therefore highly criticized.
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In recent years, epidemiological studies on cancer incidence conducted in this area on a
cohort of 69,958 individuals did not reveal any significant difference in the incidence of any of
the cancers in this area. Moreover, the relative risk remained flat with negative correlation values
(10). A large scale monitoring of the newborns from a hospital based study covering over
1,50,000 newborns did not show any significant difference in the incidence of congenital
malformations, still births and down syndrome between HLNRA and NLNRA population (7-8).
The data indicates that there is no significant effect of background radiation exposure at the level
of phenotype in this area. A case control study on cleft lip/palate and mental retardation was also
carried out in this area. The results obtained did not show any significant association of these two
diseases with radiation levels (9). Recently, a study on sex ratio at birth did not show influence
of high background radiation on the frequencies of male and female newborns (12).

Apart from epidemiology, biological studies conducted in this area include cytogenetic
investigation of karyotype anomalies (numerical and structural) of over 27,000 newborns.
Cytogenetic analysis included both stable (translocation and inversions) and unstable (dicentrics
and rings) type of chromosomal aberrations. No significant difference between control and
exposed population was observed. No dose response was observed when analysis was carried out
with different background dose groups (32, 45). The frequency of micronuclei (MN) was
determined among the newborns and was comparable between these two populations. Telomere
length analysis was carried out in newborns and adults (46-48). No attrition of telomere length
was observed with respect to different background dose groups. DNA mutation rate using
microsatellites and mini-satellites also did not show any significant change in the mutation rate
based on approximately 200 families from this area (49-50). DNA damage quantitation was done

using alkaline comet assay, where the frequency of strand breaks, oxidized purines and
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pyrimidines were quantitated (51). No significant difference was observed in all these parameters
in NLNRA and HLNRA individuals. However, reduction of DNA strand breaks was observed
among the individuals with higher age groups in HLNRA as compared to NLNRA (30).

Recently, DNA damage and repair study using alkaline comet assay revealed better
repair capacity among the individuals from HLNRA at early time point of fast repair process.
Additionally, challenging doses of 2.0 Gy and 4.0 Gy showed significant reduction of DNA
strand breaks in HLNRA groups with a background dose of > 5.0mGy/y (30). These results
further warrant a deeper understanding of cellular and molecular effects of chronic low dose
radiation in this population with newer molecular biological techniques.

1.3 Biological effects of ionizing radiation

IR interacts randomly with the important bio-molecules (DNA, RNA and Lipids) in the cell.
DNA is one of the most important target as it contains the hereditary material. IR damages DNA
molecule either through direct deposition of energy (ionization and excitation) or through
indirect mechanisms mediated by ROS produced by radiolysis of water (21). The interaction of
IR with human cells is complex. At high doses, human cells are typically hit by many tracks of
radiation, but at low doses most cells are typically hit by a single track of radiation. At very low
doses proportionately fewer cells are hit, mostly by single track of radiation (52). IR induces a
variety of isolated and clustered DNA damages such as base damages, single strand breaks
(SSBs) and double strand breaks (DSBs). It also produces clustered DNA damage which
includes DNA DSBs and non-DSB clusters. Clustered DNA damage, which is defined as two or
more of such lesions within one to two helical turns of DNA induced by a single radiation track
which is considered to be a unique feature of ionizing radiation. (53-55). Double strand break is a

type of clustered DNA damage, in which single strand breaks are formed on opposite strands in
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close proximity, also DSB cluster may have associated base lesions and AP sites (53-54, 56-60).
The induction of radiation induced cluster damage has been reported in mammalian cells (55, 61-
63). The yield of non-DSB clusters has been reported to be 4-8 times greater than that of DSB
lesion. Also, it has been reported that life span of clustered damage (DSB or non-DSB) in
mammalian cells is considerably longer than isolated lesions (53, 57, 64-65) as they are hard to
repair. Exposure to 1 Gy of low linear energy transfer (LET) IR is known to produce about 1000
SSBs, 500 base damages, approximately 40 DSBs and 150 DNA-protein cross-links (1). At a
typical radio-therapeutic dose of around 2 Gy/fraction of sparsely ionizing radiation, about 3000
DNA lesions are produced per cell exposed which is far lower than approximately 50 000 lesions
produced daily through ROS (66).

1.4 Cellular responses to DNA damage in human cells

DSBs are most deleterious and if remain unrepaired or misrepaired may lead to consequences
like lethal mutations, genome instability and carcinogenesis. However, to monitor and maintain
the integrity of genome, cells possess surveillance systems, termed as the DNA damage response
(DDR). DDR is a complex phenomenon which includes all major cellular activities such as
damage detection, cell cycle progression, transcriptional changes, DNA repair, apoptosis and

chromatin modification (figure 1.4)(67-72).
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Figure 1.4: Schematic representation of different cellular responses in response to IR induced
DNA damage in human cells.

One of the initial steps of DDR is the sensing and detection of DNA damage by signaling
pathways that amplifies and transduce the signal to produce appropriate biological responses.
The key DDR signaling components in human cells are PIKK (phosphophatidylinositol 3-kinase
like kinase) family protein kinases, ATM (ataxia-telangiectasia) ATR (ATM and RAD3 related)
and DNA-PK (DNA dependent protein kinase). These PIKKs are recruited to DNA damage site
and gets activated through the interaction with different sensor molecules. ATM is recruited to

DSBs by interacting with DSB sensor complex MRN, which consists of MRE11
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(meiotic recombination 11 homologue), RAD50 and NBS1 (Nijmegan breakage syndrome 1).
DNA-PK is recruited to DSBs through interaction with Ku proteins. The recruitment of ATR to
damaged DNA depends on interaction with ssDNA binding protein replication protein A (RPA)
adaptor protein known as ATR interacting protein (ATRIP). Activation of PIKKs leads to the
phosphorylation of H2A.X residues at DSB site which serves as the docking site of several
proteins involved in DNA repair, cell cycle checkpoints and chromatin remodeling. The
ATM/ATR transduces the signal through mediator proteins like 53BP1, MDC1 and BRCA1 and
activates protein kinases CHK1 and CHK2 which further mediates the activation of effector
proteins like p53 transcription factor. Activated p53 up-regulates a number of target genes such
as MDM2, GADD45A and CDKN1A/p21. The accumulation of these proteins activates cell
cycle checkpoints and slows the cell cycle progression that allows the cells to repair the damaged
DNA repair before it gets replicated. If the damage is beyond repair DDR signaling triggers cell
death by apoptosis or cellular senescence to maintain the genomic stability. DDR enhances the
repair of damage by activating and inducing DNA repair machinery transcriptionally or through
post-translational modifications such as phosphorylation, acetylation, ubiquitination or

sumoylation (73-80).

1.5 DNA repair pathways

In human cells, different DNA repair pathways have evolved to repair different kind of DNA
lesions. Single strand breaks and base damages are repaired through base-excision repair
pathway (BER) and nucleotide excision repair (NER), whereas DNA double strand breaks are
repaired through homologous recombination (HR) or Non-homologous end joining (NHEJ)
pathway (59, 81-84). Although cells can adapt to low levels of irreparable damage, as little as

one DNA DSB can be sufficient to kill a cell if it inactivates an essential gene or triggers
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apoptosis (85-86). In general, IR induces around 850 pyrimidine lesions, 450 purine lesions,
1000 single-strand breaks (SSB) and 20—40 double-strand breaks (DSB)/cell/Gy in mammalian
cells with low linear energy transfer (LET) gamma-radiation (66).

Base excision repair (BER) is a multi-step process that corrects non-bulky damage such as
bases damaged by oxidation, methylation and other small chemical modifications from DNA.
These lesions are highly mutagenic and represent a significant threat to genome fidelity and
stability. BER has two sub-pathways, both of which are initiated by the action of DNA
glycosylase such as OGG1 (8-oxoguanine DNA glycosylase), MPG (3-methyl adenine DNA
glycosylase) and NEIL1 (endonuclease VIlI-like 1). These enzymes cleave the N-glycosidic
bond between the damaged base and the sugar phosphate backbone of the DNA. This cleavage
generates an apyrimidinic/apurinic (AP) or abasic site in the DNA. The AP site is subsequently
processed by AP endonuclease (APE1, APEX, REF-1) During short patch BER, the remaining
sugar backbone is removed by DNA polymerase beta (Pol ), which also inserts a new
nucleotide. The strand nick is finally sealed by a DNA ligase3/XRCC1 complex, thus restoring
the integrity of the DNA. The back-up pathway of BER, termed "long-patch” repair, is employed
when a modified base resistant to the AP lyase activity of DNA Pol B is present in the DNA.
Long-patch repair results in the replacement of approximately 2-10 nucleotides including the
damaged base. The long-patch repair is a PCNA-dependent pathway where the DNA
polymerases add several nucleotides to the repair gap, thus displacing damaged nucleotides as
part of a "flap” oligonucleotide. The resulting oligonucleotide overhang is excised by the Flap
endonuclease, FEN-1 prior to sealing of the nick by a DNA ligase (82, 87-90)

Nucleotide excision repair (NER) pathway repair bulky adducts and lesions such as pyrimidine

dimers caused by the UV light. Other NER substrates include bulky chemical adducts and DNA
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intra-strand crosslinks. The common features of lesions recognized by the NER pathway are that
they cause both a helical distortion of the DNA duplex and a modification of the DNA chemistry
(91). The NER process requires the action of more than 30 proteins in a stepwise manner that
includes damage recognition, local opening of the DNA duplex around the lesion, dual incision
of the damaged DNA strand, gap repair synthesis, and strand ligation (92-93). The two sub
pathways of NER are: global genomic NER (GG-NER), which corrects damage in
transcriptionally silent areas of the genome, and transcription coupled NER (TC-NER), which
repairs lesions on the actively transcribed strand of the DNA. These two sub-pathways are
fundamentally identical except in their mechanism of damage recognition (94). In GG-NER, the
XPC/hRAD23B protein complex is responsible for the initial detection of damaged DNA.
Conversely, damage recognition during TC-NER does not require XPC, but rather is thought to
occur when the transcription machinery is stalled at the site of injury. The stalled RNA
polymerase complex must then be displaced in order to allow the NER proteins access to the
damaged DNA. This displacement is aided by the action of the CSA and CSB proteins, as well
as other TC-NER-specific factors. XPA and the heterotrimeric replication protein A (RPA) then
bind at the site of injury and further aid in damage recognition. Next, the XPB and XPD
helicases, components of the multi-subunit transcription factor TFIIH, unwind the DNA duplex
in the immediate vicinity of the lesion. The endonucleases XPG and ERCC1/XPF then cleave
one strand of the DNA at positions 3' and 5' to the damage, respectively, generating an
approximately 30 base oligonucleotide containing the lesion. The oligonucleotide is displaced,
making way for gap repair synthesis. Finally, the DNA is re-synthesized by DNA pol é/¢ in co-

ordination with PCNA and RPA and nick is sealed by a DNA ligase (82, 89, 95).
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Mismatch Repair (MMR): The DNA mismatch repair (MMR) pathway plays an essential role in
the correction of replication errors such as base-base mismatches and insertion/deletion loops
(IDLs) that result from DNA polymerase mis-incorporation of nucleotides and template slippage,
respectively. The overall process of MMR is similar to the other excision repair pathways such
as long-patch BER and NER in that the DNA lesion is recognized, a patch containing the lesion
is excised, and the strand is corrected by DNA repair synthesis and re-ligation.

The mammalian MMR pathway consists of at least seven proteins including MSH2
MSH3,MSH6, MLH1, MLH3, PMS1 and PMS2 (96). MMR proteins function as a heterodimeric
complex. The MSH2 can form a heterodimer with either MSH6 (MutSa) or MSH3 (MutSp).
MutSo primarily recognizes base/base mismatches, whereas MutSp primarily recognizes large
insertion/deletion loops. Similarly MLH1 can form a heterodimer with PMS2 (MutLa), PMS1
(MutLp), or MLH3. MutS initiates the process by recognition and binding to the misrepaired
bases. Subsequently, MutL is recruited to the site and form a ternary complex with MutS
heterodimer (97). This complex initiates the downstream signaling by recruitment of exonuclease
(EXO1) that removes nucleotides between an adjacent SSB upto and beyond the mismatch on
the daughter DNA strand. The resynthesis by DNA polymerase & along with at two other
proteins, proliferating cell nuclear antigen (PCNA) and replication protein A (RPA) and finally,
the nick located in the daughter strand is sealed by a DNA ligase (82, 98-102).

Homologous Recombination (HR) : HR-directed repair corrects DSB defects in an error-free
manner using a mechanism that retrieves genetic information from a homologous, undamaged DNA
molecule. The majority of HR-based repair takes place in late S- and G2-phases of the cell cycle
when an un-damaged sister chromatid is available for use as repair template. The RAD52 group of

proteins, including RAD50, RAD51, RAD52, RAD54, and MRE11 mediate this process. The
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RADS52 protein itself is thought to be the initial sensor of the broken DNA ends. Processing of the
damaged ends ensues resulting in the production of 3' single-stranded DNA (ssDNA) overhangs. The
newly generated ssSDNA ends are bound by RAD51 to form a nucleoprotein filament. Other proteins
including RPA, RAD52, RAD54, BRCAL, BRCAZ2, and several additional RAD51 related proteins
serve as accessory factors in filament assembly and subsequent RAD51 activities. The RAD51
nucleoprotein filament then searches the undamaged DNA on the sister chromatid for a homologous
repair template (103) . Once the homologous DNA has been identified, the damaged DNA strand
invades the undamaged DNA duplex in a process referred to as DNA strand exchange. A DNA
polymerase then extends the 3' end of the invading strand and subsequent ligation by DNA ligase |
yields a hetero-duplexed DNA structure. This recombination intermediate is resolved and the precise,
error-free correction of the DSB is complete (104-106).

Non Homologous End Joining (NHEJ): The NHEJ repair pathway functions by simply joining the
DNA ends irrespective of their origin and does not require homology at the DNA ends. Thus, it does
not have the potential of restoring the original sequence in the vicinity of the DSB (107-108). NHEJ
is active in all phases of the cell-cycle and it repairs DSB with similar efficiency, however it is the
predominant DSB repair in Go/G; phase of cell cycle. NHEJ possesses only limited functionality for
single ended DSB that arise during replication (109). The various steps involved in NHEJ repair
pathway are as follows: (i) detection of the DSB and protection of the DNA ends, (ii) DNA end-
processing to remove damaged or non ligatable groups, and (iii) DNA ligation. The major proteins
required for NHEJ in human cells are the Ku heterodimer (composed of Ku70 and Ku80), the
catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs), Artemis, XRCC4, DNA Ligase

IV and XLF (XRCC4-like factor) (59, 82, 84, 110).
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1.6 Differential responses at low and high dose radiation exposures

Understanding the biological effects of acute and chronic low level radiation exposure in humans
has been a challenging task. Several studies have shown that the cellular responses in terms of
gene expression changes and DSB repair are quantitatively and qualitatively different at low and
high doses of radiation exposure. It has been shown using transcriptome analysis approach
where the expression of thousands of genes can be analysed simultaneously that genes expressed
at low doses are different than the genes differentially expressed at high doses. Similarly, at
acute doses it has been shown that  repair of DSBs in terms of gamma H2AX foci is
substantially compromised at doses less than 10 mGy as compared to higher doses (15, 17, 67,
70, 111). Hence, the experimental evidence at very low doses and the mechanistic studies at high
doses vs. low doses might throw some insights for risk estimation.

1.7 DNA damage response and alteration in chromatin structure

Human genomic DNA is packaged into nucleosomes which are composed of a histone octamer
consisting of four types of histone proteins (H2A, H2B, H3 and H4), wrapped by ~146 base pairs
of double stranded DNA. Dynamic packaging of DNA results in different levels of chromatin
compaction from 10 nm fiber to higher order structures (112) and plays a central role in DNA
damage response. The packaging of human DNA is complex and the accessibility to damage
sites for repair process to occur depends upon many factors including modifications and
rearrangements in chromatin structure. It may thereby affect several cellular processes including
transcription, replication and repair (75, 78, 113-118). Several studies have shown changes in the
chromatin dynamics in response to radiation induced DNA double strand breaks (75, 77, 116,
118-122). DNA damage induces various post-translational modifications such as

phosphorylation, acetylation etc. in histone proteins that alters chromatin structure (75, 123).
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Exposure of cells to radiation is known to cause global changes in the chromatin
architecture. Studies have shown that UV irradiation of cells appears to relax bulk chromatin
structure within the entire nucleus (112, 119, 124). Similarly, local perturbations in nucleosomal
structure may expose pre-existing methylated residues in core histones and also facilitates new
histone modifications which serve as the docking sites for the DNA damage response proteins. In
the recent years, the role of DNA damage responsive histone modifications like phosphorylation
of core histone variant H2AX, acetylation of H3 and H4 in chromatin reorganization has been
investigated substantially. However, the physical attributes/changes in the conformation of
damaged chromatin have not been well characterized and thus poorly understood. Biophysical
techniques such as Dynamic light scattering (DLS) or photon correlation spectroscopy may be
used as a tool to investigate the global changes in the conformation of chromatin structure in
response to radiation stress. It is a widely used technique in studying protein-protein interactions,
protein dynamics like folding and aggregation as well as DNA- protein interactions. However,
very few reports are available till date that employs scattering techniques as a tool in studying
chromatin structure and DNA-histone interactions. DLS is a sensitive and non-invasive
technique, which allows studying the internal dynamics of biological macromolecules in
solution. It has an advantage over scanning techniques like Atomic Force Microscopy (AFM)
and Scanning Electron Microscopy (SEM), where fixation of biomolecules is required (125-
129). Light scattering techniques have been used in studying helical structures of chromatin in
solution (130) finding linker/spacer regions in chromatin (131-132) and in understanding the
higher order chromatin structure (133-137). Recently, DLS has also been used to study the effect

of drug binding on chromatin structure (138-139). However, its application in
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studying radiation induced changes in chromatin structure has not been explored yet and may be
useful in studying chromatin conformational changes at low doses of radiation.
1.8 Gamma H2AX as biomarker for DNA double strand breaks
Exposure to IR induces plethora of DNA lesions, of which double strand breaks (DSBs) are
considered to be highly deleterious. A single radiation track of low LET radiation can produce
this kind of damage. One of the earliest events of cellular responses to DNA DSBs is the
phosphorylation at Ser 139 residue of H2A variant H2A.X, which is referred to as gamma-
H2AX. H2AX is a variant of the H2A protein family and constitutes around 10 % of
nucleosomal H2A histone protein in human cells. Gamma H2AX foci formation occurs rapidly
at the DSB sites and plays an important role in DNA damage response (DDR) signaling cascade
(17, 113, 140-148). Phosphorylated H2AX triggers the accumulation of a various DNA damage
signaling, chromatin modifying and DNA repair proteins at DSB site and form small discrete
nuclear foci termed as IR-Induced Foci (IRIF) (109, 144, 149-151). Gamma H2AX is a very
sensitive and specific biomarker to study double strand breaks in DNA. It is a very well
established DSB marker and has been used to estimate DNA DSBs induction and repair in
human cells exposed to very low doses (mGy levels) of IR (15, 17, 152-155). Gamma- H2AX
has been used to estimate baseline frequency of DSBs in peripheral blood lymphocytes in human
population. There are extensive efforts to use gamma H2AX in bio-dosimetry, population
monitoring and radio-theraupeutic/medical exposures (140, 142, 149, 156-158) .

There are two technical approaches which can be used to study double strand breaks
using gamma H2AX foci as biomarker. 1) Immunofluorescence assay where the number of
gamma-H2AX foci are scored using fluorescence microscope. 2) Immunocytochemistry

approach where the intensity of gamma H2AX fluorescence is measured in cells using flow
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cytometry. The scoring of gamma H2AX foci is widely used for quantitative evaluation of DNA
DSBs at low dose exposures. However, this approach is not ideal to quantitate DSBs at higher
doses. At higher doses, it has been observed that gamma H2AX foci may get merged which may
lead to incorrect estimation of DSBs. Flow cytometry based fluorescence measurements of
gamma H2AX intensity is ideal approach to study DNA damage at higher doses. It is a
high throughput approach where fluorescence intensity of thousand of cells at a single
dose point can be measured accurately. This is comparatively a faster approach to quantify
DSBs in exposed cells.

There are several assays to study DNA DSBs in individual cells including dicentrics and
micronuclei, which are good indicators of radiation induced damage and are useful for biological
dosimetry, radio-therapeutic, diagnostic and population monitoring studies. The dicentric assay
is the current gold standard for radiation bio-dosimetry but its application in the particular
situation of a mass casualty is limited due to time constraint. Indeed, in addition to the time
required for the stimulation of cell division, the dicentric scoring is very time consuming. In
addition, the sensitivity of this technique is upto 0.1 Gy only. There are efforts worldwide to
establish new biomarkers for biological dosimetry, population monitoring and medical
diagnostic tools. In the past decade, assays like comet assay, pulse field gel electrophoresis
(PFGE) have become popular to study DNA damage. Both comet assay and PFGE reduces the
time required to detect the damage but they lack in the sensitivity to detect damage at low and
very low doses. Immunofluorescence based gamma-H2AX assay has several advantages over
other assays as it is very rapid and is specific for DSBs. This method is around 100 times more
sensitive to detect DNA damage as compared to comet assay and allows scoring of foci in single

intact cells (159) and each focus represents one DSB in this assay (17, 140, 143-144, 160).
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Gamma-H2AX is considered as a DSB specific marker and is widely used for
quantitative evaluation of DSB formation and repair in human lymphocytes and cell lines
exposed to IR (156, 161-162). Several studies have been conducted, where gamma H2AX foci
was used to quantify the effect of partial or total body exposures during fractionated and mixed
radio-therapeutic applications, CT/PET scans, X-rays, radio-iodine therapy etc (145, 163-169).
1.9 Gene expression changes as signature of radiation response
In human cells, DNA damage response may lead to the alteration of gene expression to
orchestrate a variety of cellular events including growth arrest, apoptosis, and DNA repair (170).
Alteration in transcriptome profile allows a cell to maintain its homeostasis following exposure
to genotoxic agents like IR. In the past decade, several studies have shown the importance of
gene expression profiling as a molecular biomarker or signature to radiation exposure.
Importantly, studies have suggested the development of gene expression profiles in peripheral
blood lymphocytes as an approach to radiation bio-dosimetry (68-69, 171-181). More recently,
studies have shown that gene expression signatures can be used in estimating dose rate effects
for human bio-dosimetry (182-183). However, there can be limitations as there are many genes
which may not show altered expression depending upon the function or the biological networks
they are involved in. Therefore, identifying dose responsive genes as radiation signatures is very
important. Additionally, the qualitative difference of expression of the identified genes may be
different at acute vs. chronic and low vs. high dose exposures. Hence, care must be taken while
identifying the gene expression as radiation signature for population monitoring, biological
dosimetry and medical/radio therapeutic applications.

Development of high throughput gene expression profiling has provided a much more rapid

and non-invasive method to identify changes at molecular levels. Transcriptome analysis using
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microarray chip provides information about global gene expression in response to any stress
including IR (67, 184-186). Transcriptional profiling is a sensitive biomarker of radiation
exposure and has been used to gain insight into the molecular mechanisms induced by low dose
exposures in a variety of cell types such as cultures of human myeloid cells (111, 174, 187),
human skin fibroblasts and keratinocytes (67, 188-189), peripheral blood mononuclear cells
(178, 182, 190-194), umbilical vein endothelial cells (195), lymphoblastoid cells (196-197),
tissue biopsy samples (70) and human embryonic cells (198). There are reports which have
shown the induction of transcriptional changes after ex vivo acute exposure to doses as low as 1
cGy (199). Only a few studies investigated transcript profiles after in vivo low-dose exposures. A
study carried out in brain tissue from irradiated mice identified several genes with modulated
transcript levels after exposures of 10 cGy (200). There are few reports where in vivo studies
have been carried out in humans (190-192). Fachin et al. (2009) and Morandi et al. (2009)
studied gene expression profile in occupational radiation workers and medical workers
respectively, Albanese et al. (2007) studied the expression of cytokine genes in chernobyl clean
up workers. These studies demonstrated that doses as low as mGy levels of low-LET radiation
are sufficient to modulate gene expression and has also demonstrated the potential of gene
expression changes as important biomarkers of radiation exposure. However, till now studies are
not available on gene expression patterns in human population exposed to low levels of chronic
irradiation with a dose as low as mGyl/y level. It will be interesting and informative to look for
molecular signatures in the population chronically exposed to low dose and low dose rate

radiation for generations in the Kerala coastal belt.
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1.10 Radio-adaptive response, Radiation hormesis and Bystander effect

Radio-adaptive response (RAR) is a phenomenon in which cells exposed to small conditioning
dose of IR (priming dose) reduces the biological effects of subsequent higher doses of radiation
(challenging dose). It is widely accepted that IR at high doses is detrimental to the exposed
organism. However, biological effects of low dose or low dose rate IR remain elusive. Radiation
hormesis implies that radiation exposure comparable to and just above the natural background
level of radiation is not harmful but beneficial while accepting that much higher levels of
radiation are hazardous (18-20, 201-202). Low doses in the mGy range may cause a dual effect
on cellular DNA. One is a relatively low probability of DNA damage per energy deposition
event that increases in proportion to the dose. At background dose exposures the damage to DNA
is much lower than that from endogenous sources, such as ROS. The other effect at comparable
doses is adaptive response or protection against DNA damage mainly from endogenous sources,
however, it depends on cell/tissue type, species and metabolism of the cells/tissues/organism.
Protection by adaptive response leads to DNA damage prevention by activating repair
mechanisms, immune system stimulation and activation of cell-cell communication (20, 203). It
has been reported that RAR develops within few hours, may last for days to months, decreases
steadily at doses above about 100 mGy to 200 mGy and seem to not been observed after acute
exposures of more than about 500 mGy. Radiation-induced apoptosis and terminal cell
differentiation also occur at higher doses and add to protection by reducing genomic instability
and the number of mutated cells in tissues. It is assumed that at low doses reduction of damage
from endogenous sources by adaptive response maybe equal to or outweigh radiation induced

damage (19).
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Radiation hormesis in humans has been reported in different radiation exposure groups ranging
from atomic bomb survivors, nuclear workers, radiologists and radiation technicians, patients
exposed to diagnostic radiation and/or radiotherapy, flight crews and astronauts, and residents living
in a high background radiation environment (18). It has been reported that population residing in
high level natural radiation areas in China and India have lower cancer mortality rate as compared to
other areas (11, 18, 25). Nair et al. (2009) did not observe any excess cancer risk due to high level
natural radiation exposure in Kerala population. Mine et al (1990) reported a significantly lower
mortality from non-cancerous diseases in Atomic bomb survivors. A lower cancer death rate was
reported in residents living in a high altitude compared to a low altitude environment (22).
Importantly, among 10,000 Taiwanese population who were accidently exposed for a period of 9-20
years to an average radiation total dose of 0.4 Sv by contamination of cobalt-60 in building material
of 1700 apartments, the incidence of cancer deaths was greatly reduced to about 3% of the incidence
of spontaneous cancer death in the general Taiwan population. In addition, the incidence of
congenital malformation was reduced as compared to general public (29). A study on nuclear
workers and population exposed due to nuclear accidents concluded that incidence of solid cancers
decreased in 21,500 radiation exposed workers at Mayak plant in Russia. The total cancer deaths in
8600 cleanup workers at Chernobyl (average dose received: 50mGy) was 12% lower than general
Russian population. The leukemia death rate in 96000 nuclear workers exposed to over 400 mGy was
only half than predicted (18, 205).

Several epidemiological and biological studies conducted in the population residing in
HLNRA of Kerala coast did not show any effect of elevated background radiation at any of the
biological end point studied. However, recently Kumar et al. (2015) observed reduced induction and
efficient repair of DNA strand breaks in HLNRA individuals as compared to individuals from

NLNRA. These results clearly indicated the existence of in-vivo radio adaptive response of long
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term low dose IR (LDIR). Since, HLNRA individuals are chronically exposed to low levels of
background radiation for several years, they are assumed to be primed with small background doses
and peripheral blood mononuclear cells (PBMCs) from these individuals will provide an ideal source
to carry out in vivo radio-adaptive studies. Therefore, molecular markers might help in identifying
radiation signature of low dose and low dose rate radiation exposure to human population.

Although, there are evidences to support the hypothesis of radiation hormesis or radio-
adaptive response occurring in human cells exposed to a low dose followed by a high challenging
dose exposure, one of the important limitations is the inter-individual variation existing in
population. The health effects of LDIR may significantly vary between individuals depending on age,
sex, genetic susceptibility, health status, variability in complexity of exposure etc (201, 206-207).

Several studies carried out in cell lines and animal models have suggested the activation of
immune response (208-211), DNA repair pathways (15, 17, 212), gap-junction mediated cell-cell
communication (203) and involvement of signaling pathways like p53 and MAPK pathway (213) in
radiation hormesis or radio-protective response but still the exact underlying mechanism behind this
phenomenon is not known.

The radiation induced bystander effect/response is a phenomenon in which un-irradiated cells
exhibits the effects of radiation as a result of signal received from nearby irradiated cells (18). This
phenomenon was first observed by Parsons et al. (1954) where they observed changes in bone
marrow following X-ray therapy to the human spleen in chronic granulocytic leukemia (214). Later,
in cultured cells exposed to low fluence a particle, the sister chromatid exchange was observed in
>30% of the total cells, whereas only 1% of the cell nuclei were traversed by particles (215).
Radiation induced bystander effects have been studied in a variety of in vitro models using a range of
endpoints including clonogenic survival, mutations, neoplastic transformation, apoptosis,

micronucleus, chromosomal aberrations etc. (216-218). Bystander response have been reported to be
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induced by different types of irradiation, including a-particle, X-ray, y-ray etc.(214, 216, 218-219).
Molecular processes like gap junction intercellular communication and ROS have been shown to be
involved in the induction of biological effect (220). Signaling cascades such as MAPK, NF-kappaB,
TNFo have been implicated in bystander response (18, 221-223). Bystander effects have also be
reported in various in vivo studies done on Chinese hamster and rat models where increased
chromosomal damage was observed in the cells which were not directly exposed to radiation (216,
224-226).

Biological end points such as chromosome aberrations, micronuclei, DNA strand breaks and
gene expression have been used to study radio-adaptive and bystander effects in human lymphocy-tes
and cell lines. It has been observed that there is a narrow window period of 4-6 h for radio-adaptive
response to occur and the phenomena is transient. However, the long term effect of natural
background radiation exposure to human population and radio-adaptation is something to be
explored.

1.11 Human peripheral blood mononuclear cells (PBMCs)

One of the most important aspects of population study on human subjects is the accessibility and
ease of collection of sample and sensitivity towards genotoxic agent including IR. In recent
years, efforts have been made to develop biomarkers for radiation exposure by employing more
sensitive and high through put approaches such as genomics and proteomics to understand
cellular responses to IR. PBMCs are considered to be highly sensitive in response to IR exposure
and suitable for studying in vivo effects as well as ex vivo studies. PBMCs are mainly consists of
circulating lymphocytes and monocytes and are easily accessible and less invasive to collect

from human subjects which make it as a material of choice for radiation studies. Moreover,
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PBMCs can be used as surrogate cells that may mimic effects occurring in remote target tissues
of exposure (227-228).
1.12 Aims and Objectives of the thesis
In the present thesis, an attempt has been made to understand cellular and molecular
effect of low dose radiation, which might provide a better understanding of the underlying
biological processes occurring in human cells exposed to chronic low dose radiation. DSBs are
most deleterious form of DNA damage and even a single unrepaired DSB may be potentially
carcinogenic. An attempt has been made to quantitate/ measure DNA DSBs in human population
residing in HLNRA and NLNRA using a sensitive assay. The basal level frequency of DNA
DSBs was measured. Also, induction and repair of DSBs was studied in resting human cells after
giving challenging doses. Gene expression changes were studied at chronic as well as acute
exposure in resting PBMCs.
The aim is to understand the molecular basis of the DNA damage response in human cells on
exposure to low dose IR. The objectives are as follows:
1. To study DNA damage and repair using gamma-H2AX as a biomarker
2. Transcriptome analysis of human population residing in normal and high level natural
radiation areas:

e To find out the differentially expressed genes (up/down regulated), if any.

e Bioinformatic analysis to understand the molecular networks of differentially
expressed genes and their involvement in various pathways.

e To carry out validation of selected differentially expressed genes using real time
g-PCR.

3. Evaluation of the changes in chromatin structure/conformation on exposure to low dose

radiation.
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Chapter 2
Materials and Methods






2.1 Collection of human blood samples
2.1.1 Ethics Statement

Venous blood samples were collected from random and healthy volunteers with fully informed
and written consent which was approved by Medical Ethics Committee, Bhabha Atomic
Research Centre, Mumbai, India.

2.1.2 Study Subjects and sample collection

Chronic exposure studies: For studying the effect of chronic low dose exposure on humans,
venous blood samples were collected from inhabitants of HLNR and NLNR areas of Kerala
coast. Blood samples were collected by venipuncture in EDTA containing vaccutainers (BD
vaccutainers systems, U.S.A). For all the studies, healthy male individuals within similar age
group (18-59 y), having no chronic illness, having similar dietary habits and lifestyle, with no
recent medical radiation exposure was included from HLNRA and NLNRA. A detailed
questionnaire was used to obtain information on age, gender, tobacco smoking, occupation,
previous radiation exposure and medical history. All the volunteers were taken to the nearby
hospital for blood collection. After collection, blood samples were transported to the laboratory
in refrigerated conditions and processed immediately.

All the studies i.e. spontaneous frequency of DNA double strand breaks (DSBs), induction and
repair kinetics of DSBs using gamma H2AX as biomarker, transcriptome analysis using
microarray technique and gene expression studies using real time quantitative PCR (RT g-PCR)
were carried out on PBMCs isolated form venous blood samples collected from these
individuals.

Acute exposure studies: For studying the effects of acute low dose IR, venous blood samples

were collected from random volunteers from Mumbai. Studies on DNA damage using gamma
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H2AX, gene expression profile and chromatin conformational changes was carried out on
PBMCs isolated from these individuals. Blood samples were collected in EDTA containing
vaccutainers. All the volunteers were taken to pathology lab, Modular lab dispensary, BARC for
collection of blood and it was transported to laboratory in refrigerated condition and processed
with PBMC isolation immediately.

2.2 Dosimetry to measure external levels of gamma radiation in HLNRA and NLNRA
Dosimetry was carried out to measure the external gamma radiation levels in each donor’s house.
It was done using a halogen quenched Geiger Muller (GM) tube-based survey meter consisting
of a GM tube and a microprocessor-based digital display (Type ER-709, Nucleonix Systems,
India). Both inside house as well as outside house measurements were done. Measurements were
done at a height of 1 m inside (in the living room) and outside (near the entrance) of each house.
The mean of three readings was taken for each measurement. The survey meter readings
measured exposure in air (UR/ h) due to gamma rays and were converted to annual absorbed
dose (mGy/ y) by multiplying with 24 h x 365 days x 0.876 x 10, where 0.876 is the conversion
factor from exposure to absorbed dose (9, 30, 51, 229) . The occupancy factor of 0.5 was used to
calculate the contribution of inside and outside exposure to total absorbed dose received by an
individual. The sex and age specific occupancy factors were estimated in a previous study
conducted in this population (230).

2.3 Isolation of peripheral blood mononuclear cells (PBMCs) from whole blood

PBMCs were isolated by density gradient centrifugation using Histopaque 1077™

(Sigma
Aldrich, USA) solution. Histopaque solution was transferred carefully to 15 ml sterile
polypropylene centrifuge tube and overlaid with equal volume of whole blood. Mixing was

avoided since it affects the quality of PBMC separation. Centrifugation was done at 2000 rpm for
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30 min at room temperature (RT). Supernatant containing plasma and platelets was carefully
removed and the interface opaque layer containing PBMCs was carefully aspirated and
transferred to fresh sterile centrifuge tube. Equal volume of chilled isotonic phosphate-buffered
saline (PBS) solution was added to the tube and cells were washed gently. Centrifugation was
done at 1400 rpm for 10 minutes. Washing with isotonic PBS buffer removes contaminants such
as Histopaque solution, plasma or platelets and gives a transparent pellet containing lymphocytes
and monocytes. The pellet was washed twice with isotonic PBS buffer before used for further
experiments. Cells were stained with 0.4 % trypan blue and viable cell count was obtained by

using hemocytometer.

Centrifugation
at 2000 rpm,
30 min, room
temperature

Plasma
Peripheral
whole blood e Mononuclear cells

Histopaque

\/ ' Red blood cells

Figure 2.1: Schematic representation of separation of PBMCs from human blood by density

Histopaque

gradient centrifugation.

2.4 Irradiation of PBMCs

PBMCs were separated and re-suspended in 1 ml RPMI medium containing 10% fetal bovine
serum (FBS), 2mM L-glutamine and mixture of antibiotics (100pg/ml streptomycin and

100U/ml penicillin) and aligoted into different tubes as per experiment and taken for irradiation.
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2.4.1 Irradiation of PBMCs from HLNRA and NLNRA sample

For spontaneous or basal level frequency of DSBs and transcriptome analysis in HLNRA and
NLNRA individuals, PBMCs were processed without giving any acute irradiation.

Induced DNA damage using gamma H2AX biomarker

Induced DNA DSBs were studied in 78 individuals (HLNRA, N=55 and NLNRA, N=23).
PBMCs were separated and about 5-6 x 10° cells were obtained for each sample and aligoted into
four tubes (1-1.5 x 10° cells in each tube). Aliquots were irradiated with 0.25 Gy, 1.0 Gy and 2.0
Gy using a ®°Co gamma source (Low Dose irradiator-2000, BRIT, India) at a dose rate of 0.5
Gy/minute along with sham irradiated control (un-irradiated control). After irradiation, the tubes
were immediately kept on ice and transferred to CO, incubator at 37°C for 30 minutes.

DNA Repair kinetics using gamma H2AX biomarker

Repair kinetics of DSBs were studied in 30 individuals (HLNRA, N=22 and NLNRA, N=8) at
0.25 Gy and 2.0 Gy radiation doses at different time points between 0.5 to 24 h post irradiation.
About 14-16 x 10° cells were obtained from each individual and was divided into 2 sets of 5
aliquots and a sham irradiated control aliquot, each aliquot had about 1-1.5 x 10° cells. For each
sample, one set of aliquots was irradiated with 0.25Gy and another set of aliquots was irradiated
with 2.0Gy. After irradiation, all the tubes were immediately kept on ice and transferred to CO,
incubator at 37°C. Aliquots were taken out and processed at different time intervals (0.5, 2.0, 4.0,
6.0 and 24 h) post-irradiation.

Transcriptional profile / Gene expression analysis after giving challenging dose

PBMCs were separated for each individual and divided into two aliquots (~1.5 to 2 x 10° per
aliquot). One aliquot was used to study basal level of transcription profile in the individuals and

another aliquot was irradiated with a challenging dose of 2.0 Gy and incubated for 4h at 37°C
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post irradiation. After incubation, cells were pelleted and re-suspended in 100ul RNA later
solution (Sigma Aldrich, U.S.A) and stored at -20°C till further processing.
2.4.2 Irradiation of PBMCs of Mumbai samples
DNA damage study: PBMCs were separated from 10 individuals and aligoted into 5 tubes (about
1-1.5 x 10° cells per tube). PBMCs were irradiated with 0.25, 0.5, 1.0 and 2.0 Gy dose along
with sham irradiated control. Irradiation was done using ®°Co gamma source (Bhabhatron II,
Panacea Medical Technologies, Bangalore, India) at a dose rate of 1.0 Gy/minute at room
temperature. PBMCs were incubated for 30 minute in CO; incubator and processed further.
Gene expression studies: Study was carried out in 10 individuals. PBMCs were aliqoted into 2
sets and irradiated with 0.3, 0.6, 1.0 and 2.0 Gy doses with sham irradiated control. One set was
processed immediately after irradiation (0 h) and the other set was processed after 4 h incubation
at 37°C.
Chromatin conformation studies: Study was carried out in 10 individuals. PBMCs were
irradiated with 0.25, 1.0 and 2.0 Gy doses along with sham irradiated control. Irradiation was
done using ®°Co gamma source (Bhabhatron II, Panacea Medical Technologies, Bangalore,
India) at a dose rate of 1.0 Gy/minute at room temperature. PBMCs were incubated for 2 h in
CO; incubator and processed further. Time kinetics experiment: PBMCs were isolated from 6
individuals. For each individual, cells were aligoted in 5 tubes including sham irradiated control.
PBMCs were irradiated with 1 Gy dose and incubated in CO, incubator for 15, 45, 90 and 120
minutes before proceeding with chromatin isolation.
2.5 DNA damage quantitation using gamma H2AX as biomarker

DNA damage in terms of DNA DSBs was studied in HLNRA and NLNRA populations

using gamma H2AX as a sensitive and specific biomarker. Three different aspects were studied
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1) Spontaneous frequency of gamma-H2AX foci (DSB) in HLNRA and NLNRA population

2) Induced DSBs after giving challenging doses 3) Repair kinetics of DSBs at different post
irradiation timepoints. Fluorescence microscopy was employed to measure the spontaneous/basal
level frequency of gamma-H2AX foci whereas for induced DSBs and repair Kinetic studies, a

high through-put approach of flow cytometry was employed.

DNA DSBs analysis

(A) l’ l (B)

Fluorescence microscope Flow cytometric analysis

| |

Basal level frequency (No.
of foci were counted in
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Induced and repair kinetics.
(gamma H2AX intensity
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Figure 2.2: Schematic representation of DNA double strand break (DSB) analysis using gamma-
H2AX biomarker. A) Gamma-H2AX foci analysis using fluorescence microscopy, B) Gamma-
H2AX positive cells using flow cytometry.

2.5.1 Evaluation of basal level frequency of DNA double stand breaks (gamma-H2AX foci)
using fluorescence microscopy.

The basal level/spontaneous frequency of gamma H2AX foci was measured in 91 individuals

from NLNRA (N=30) and HLNRA (N=61) population. The HLNRA individuals were classified

into Low Dose Group (LDG, 1.51-5.0 mGyl/y) and High Dose Group (HDG, > 5.0 mGyly).
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Immunofluorescence staining: PBMCs were separated and re-suspended in 0.5 ml chilled PBS
solution. Sample preparation for immunofluorescence assays was done as described elsewhere
with few modifications (231). The cells were transferred in to a sterile 15 ml centrifuge tube
containing freshly prepared chilled 1% formaldehyde solution (Sigma Aldrich). The suspension
was mixed gently and kept for 15 min on ice for fixation. After fixation, tubes were centrifuged
at 1500 rpm for 15 min at room temperature. Cells were washed with phosphate buffered saline
(pH 7.5) and transferred to 1.5 ml sterile centrifuge tubes. PBMC were re-suspended in 70 %
freshly prepared ethanol. The cells were stored at -20 °C till further processing and transported
from our laboratory at Kollam, Kerala to BARC, Mumbai. In Mumbai, the tubes were
centrifuged at 3000 rpm for 15 min and pellet was transferred to a fresh 1.5 ml tubes for further
processing. PBMC were permeabilized with 0.2% Triton- X- 100 solution (Sigma) for 5 min at
room temperature. Blocking was done with 1% bovine serum albumin (Sigma) and cells were
incubated overnight at 4°C in 1:100 (0.1pg/ml) concentration of anti-phospho-histone H2AX
(Ser139), antibody (Upstate-Millipore 05-636, CA, USA). After overnight incubation, cells were
washed in 1% blocking solution and labeled with Alexafluor- 488 conjugated rabbit anti-mouse
antibody (Molecular probes A-11059, Eugene, USA) for 1 hr at room temperature. After
secondary antibody incubation cells were washed with PBS and diluted to a concentration of
approximately 1 x 10° cells / ml. Around 100 pl of this cell suspension was layered onto poly-I-
lysine coated coverslips (BD BioCoat™ 354085, USA). Coverslips were kept for 30 min at room
temperature for adherence, washed with phosphate buffered saline and mounted onto glass slides
using Prolong Gold Antifade DAPI (4',6-diamidino-2-phenylindole) reagent (Molecular Probes

P 36931, USA).
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Fluorescence microscopy : Imaging was carried out in dark at 40x magnification using
fluorescence microscope (Carl Zeiss, Germany) equipped with DAPI and alexafluor filters. Two
slides were prepared for each sample. Around 20-25 random images were captured from both the
slides. About 250-300 independent cells were scored manually for gamma-H2AX foci for each
individual. Scoring was carried out manually from the merged image obtained from DAPI and
alexafluor filters. All the samples were blind coded and no information was known about the
individual during the preparation and scoring of the slide. The number of gamma-H2AX foci
seen in the cells was recorded. The information about multiple foci observed in the cells was also
recorded. The results were analyzed as mean frequency of foci per cell. The mean frequency of
foci was calculated by dividing the total number of foci observed by total number of cells scored
for each sample. After completing the scoring the samples were classified according the
background dose received by the individuals.

2.5.2 Measurement of induced DSBs and their repair kinetics using flow cytometry

Induced DSBs were measured in the PBMCs of 78 individuals (HLNRA, N=55 and NLNRA,
N=23) after giving challenging doses of 0.25, 1.0 and 2.0 Gy. PBMCs were incubated at 37 °C in
CO; incubator (5%) for 30 minute. A subset of 30 individuals was taken to study repair kinetics
of DSBs at different time points 0.5, 2, 4, 6 and 24 h post-irradiation after giving a challenging
doses of 0.25 Gy and 2.0 Gy. After incubation was over, tubes were centrifuged at 3000 rpm for
10 minute and supernatant was removed. Cells were resuspended in 0.5 ml PBS and transferred
to 1 % formaldehyde solution for fixation. PBMCs were processed and labeled with primary and
secondary antibodies as described in previous section. After secondary antibody incubation was
over, cells were washed and counterstained with DAPI (5ug/ml) stain for 30 minute at room

temperature and taken for flow cytometric analysis.
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Flow cytometry

Approximately 50000 cells were analyzed for each dose point or time point studied. Appropriate
isotype controls were included during the measurements. Gating was done in order to include
DAPI stained singlet cells in Go/G; phase for analysis. The results were analyzed as percentage
change in gamma H2AX positive cells at different experimental points as compared to control.
The percentage of gamma-H2AX positive cells at different dose points and time points were
normalized by subtracting the percentage of gamma-H2AX positive cells observed in sham-
irradiated control. Analysis was carried out using FloMax software (Partec) and Cyflogic
software (Version 1.2.1, www.cyflogic.com). In repair Kinetics experiments, the percentage of
repair was calculated at different time-points by using the formula (maximum DNA damage
observed — damage at time ‘T’ after irradiation) / maximum DNA damage observed) x 100.

2.6 Global gene expression profiling (Transcriptome analysis) using high throughput
microarray technique

Global gene expression profiling was carried out using Human Genome U133 Plus 2.0
GeneChips (Affymetrix, U.S.A) in 36 individuals from HLNRA (N=27) and NLNRA (N=9).
These probe arrays are high-density oligonucleotide microarrays which analyzes the expression
level of up to 47,000 transcripts and variants representing almost 30,000 human genes. Each
transcript is measured by 11 different 25mer oligonucleotide probes. Advantages of Affymetrix
GeneChip arrays include highly standardized array fabrication, as well as standardized target
preparation, hybridization, and processing protocols, resulting in low technical variability and
good reproducibility between experiments. Venous blood samples were collected and PBMCs
were separated. PBMCs were suspended in RNA later solution (Sigma) and stored at -20°C till

further processing. Multiple aliquots were prepared from each sample and used for microarray
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experiment as well as validation of selected genes using real time g-PCR. A schematic

representation is shown in figure 2.3.
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Figure 2.3: Schematic representation of gene expression analysis from human peripheral blood
mononuclear cells (PBMCs). A) transcriptome analysis using affymetrix chip B) validation of
gene expression using hydrolysis probe based real time g-PCR (LC480, Roche Diagnostics Pvt.
Ltd.).

2.6.1 Isolation of total RNA
Total RNA was isolated from PBMCs using RNeasy Mini Kit (Qiagen, U.S.A) as per

manufacturer’s instructions. In brief, PBMCs stored in RNA later (Sigma Aldrich, U.S.A) were
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centrifuged at 3000 rpm for 10 min. Supernatant was discarded and cells were washed with 1X
PBS solution. After centrifugation, cell pellet was re-suspended in 350 ul lysis buffer (premixed
with 10 pl of 14.5 M B- mercaptoethanol/ ml of lysis buffer) and mixed thoroughly. The cells
were homogenized by vortexing for 1 min at 14000 rpm. The lysate was pipetted on to
QIAshredder column and centrifuged for 2 min at 14000 rpm. This step removes insoluble debris
and reduces the viscosity of the lysate. Further, 350 pl of 70 % ethanol was added to the lysate
and mixed well by pipetting. Ethanol promotes selective binding of RNA to mini-spin column.
All 700 pl of lysate was added onto RNeasy mini spin column and centrifuged for 15 sec. at
10,000 rpm. After binding, 700 pl of high salt pre-wash buffer was added and column was
centrifuged for 15 sec at 10,000 rpm. Flow through was discarded and column were transferred
into fresh 2 ml tubes and the membrane was washed twice with 500 pl of wash buffer containing
absolute alcohol in 1: 4 proportion. The column was transferred to a fresh tube and centrifuged at
10,000 rpm for 2 min to remove any remnant of wash buffer and completely dry the membrane.
It is essential to remove residual ethanol since it may interfere with elution of RNA. The column
was transferred to fresh tube and 30 pl of elution buffer was added to it and centrifuged at 10,000
rpm for 1 min. The elute was stored at -80°C until further use. Repeated freeze and thaw of the
sample was avoided which may cause denaturing of RNA.

2.6.2 RNA Purity and Integrity

RNA quality is of utmost importance for gene expression studies using microarray as well as RT
g-PCR. RNA samples should be free from contaminating proteins, DNA, and other cellular
material as well as ethanol and salts associated with RNA isolation procedures. Impurities can
lower the efficiency of reverse transcription and subsequently reduce the level of amplification.

The quality and quantity of isolated RNA was checked using NanoDrop® ND-1000
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spectrophotometer (NanoDrop technologies). The RNA purity was assessed by measuring the
ratio of absorbance readings at 260 and 280 nm. The ratio of A260 to A280 values was in the
range of 1.8-2.1. The integrity of the RNA sample, or the proportion that is full length, is another
important component of RNA quality. Reverse transcribing partially degraded mRNAs will
generate complementary DNA (cDNA) that may lack portions of the transcripts that are
interrogated by probes on the array. The integrity of isolated RNA was evaluated with
microfluidic capillary electrophoresis using the Agilant 2100 Bioanalyzer with RNA LabChip®
Kit (Agilent technologies). Primarily full-length RNA transcripts with ratio of 28S to 18S rRNA
bands of 2:1 were used for the experiments. RIN (RNA integrity number) was calculated for all
RNA samples and samples with RIN value of greater than 8.0 were taken for microarray
experiments.

2.6.3 cDNA preparation, RNA amplification, labeling and hybridization

GeneChip®3’ IVT Express Kit (Affymetrix) was used for the preparation of biotin-labeled
amplified RNA (aRNA). All the procedures were conducted according to manufacturer’s
instruction (Affymetrix). Briefly, 100 ng of total RNA was reverse transcribed to synthesize first
strand cDNA using an oligo (dT) primer containing the T7 RNA polymerase promoter site
provided with Labeling Kit. Second strand of cDNA was synthesized from single stranded
cDNA using DNA polymerase and RNase H to simultaneously degrade the RNA and synthesize
double stranded cDNA. In vitro transcription and amplification was carried out to synthesize
multiple copies of biotin-labeled aRNA from double stranded cDNA templates. The aRNA was
then purified to remove unincorporated nucleotide triphosphates, salts, enzymes, and inorganic
phosphate. Prior to fragmentation and hybridization onto Human Genome U133 Plus 2.0

GeneChip expression arrays the aRNA concentration was measured using NanoDrop® ND-1000
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spectrophotometer (NanoDrop technologies) and size of aRNA fragments were analysed using
bioanalyzer and RNA 6000 nano kit (Agilent). The fragmentation of amplified RNA was carried
out to produce a distribution of 35-200 nucleotide, aRNA fragments with a peak at
approximately 100-200 nucleotide. The optimal fragmentation is necessary for optimal assay
sensitivity. 12.5 pg of aRNA was hybridized onto Human Genome U133 Plus 2.0 GeneChip
expression arrays using GeneChip hybridization, wash and stain kit (Affymetrix). Genome arrays
were hybridized for 16 hours at 45°C following the affymetrix protocol. Following washing and
staining, the GeneChips were scanned using the Affymetrix GeneChip Scanner 3000. The raw
data file formats were generated using GeneChip operating software (GCOS). The schematic

representation is shown in figure 2.4.
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Figure 2.4: An overview of the steps involved in in-vitro amplification of RNA used in
microarray experiment. Schematic representation of cDNA conversion from total RNA, in vitro
transcription and labeling of amplified RNA, and hybridization to Gene Chip is shown (source:
Affymetrix lab manual).
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2.6.4: Data Analysis

The data analysis process involved sample processing (probe level background correction,
normalization, probe-set summarization), quality check, differential expression analysis and gene
enrichment analysis. Each analysis has been described in detail below:

2.6.4.1 Sample processing

.CEL (probe intensity) files obtained for each sample were processed through RMA (Robust
multichip analysis) algorithm, which consists of probe level background correction,
normalization and probe set summarization. In order to detect if the expression data for any
sample has any abnormalities, the intensity distribution of samples is seen through Box plots in

figure 2.5.
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Figure 2.5: Box plot showing Robust multichip analysis (RMA) normalized intensity distribution
obtained after background correction of the samples used for microarray analysis.

56



2.6.4.2 Quality Check (QC ) and Controls

To assess the sample quality and to identify samples with unusual behavior, quality checks were
performed at various levels. These include Chip parameter analysis, RNA degradation analysis,
and sample correlation analysis. Details of each have been given below:

Chip Parameter Analysis: RPT file was generated for each chip, which consists of various chip
parameters that could be used to assess the quality of chip. Values for these parameters were
computed from MAS 5.0 algorithm. These parameters include:

Raw Q: Pixel-to-pixel variation among the probe cells used to calculate background. Acceptable
value: <3

Average background: This was similar across all chips. If chips have significantly different
average backgrounds this could be due to different amounts of aRNA were present in the
hybridization cocktails, or because the hybridization was more efficient in one of the reactions,
incorporating more label and producing a brighter chip.

% Present Calls: Present/Marginal/Absent calls were generated for each probe set, using MAS
5.0 algorithm recommended by affymetrix. % Present calls studied for each sample and observed
to be more than 40% for all the samples. The samples qualified for the downstream analysis as
per affymetrix recommendations.

Scale factors: MAS 5.0 algorithm scales the intensity for every sample so that each array has the
same mean. The amount of scaling applied is represented by the ‘scale factor’, which provides a
measure of the overall expression level for an array and a reflection of how much labeled RNA is
hybridized to the chip. Large variations in scale factors occur if there have been significant issues
with RNA extraction, labeling, scanning or array manufacture. As recommended by affymetrix,

all our samples had scale factors within 3-fold of one another.
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3°:5’ ratios: Most cell types ubiquitously express -actin and GAPDH. These are relatively long
genes, and the majority of Affymetrix chips contain separate probe sets targeting the 5°, mid and
3’ regions of their transcripts. By comparing the amount of signal from the 3’ probe set to either
the mid or 5’ probe sets, it is possible to obtain a measure of the quality of the RNA hybridized
to the chip. If the ratios are high then this indicates the presence of truncated transcripts. Hence,
the ratio of the 3’ and 5” signal gives a measure of RNA quality. GAPDH is the smaller of the
two genes and the 3”:5” ratio or 3": mid ratio should always be at or around 1. Affymetrix
suggests that a B-actin 3”:5” ratio of less than 3 is acceptable. All our samples had ratio within the
permissible limits.

Spike-in controls (hybridization controls): In order to verify the efficiency of the hybridization
step, some additional labeled aRNAs are added during the latter stages of the sample preparation
protocol. These transcripts (BioB, BioC, BioD and CreX) are derived from Bacillus subtiliis.
Ideally, BioB should be called present on every array: an acceptable level is for it to be called
present on 70% of the chips in an experiment.

These chip parameters have been graphically represented in figure 2.6. The dotted vertical lines
indicate scale ranging from -3 to 3. Each row shows the %present, average background, scale
factors and GAPDH / beta-actin ratios for a chip.

e GAPDH 3" 5' (or 3": mid) values are plotted as circles. According to Affymetrix, they should
be about 1. GAPDH values that are considered potential outlier (ratio > 1.25) are colored red,
otherwise they are blue.

e beta-actin 3' : 5" (or 3" mid) ratios are plotted as triangles. Since the gene is longer, the
recommendation is that the 3' : 5' (or 3" mid) ratio should be below 3. The values below 3 are

colored as blue and those above as red.

58



e The blue strip in the image represents the range where scale factors are within 3-fold of the
mean for all chips. Scale factors are plotted as a line from the middle line of the image. A line to
the left corresponds to down-scaling and to the right corresponds to up-scaling. If any scale

factors fall outside this “3-fold region’, they are all colored as red, otherwise they are blue.
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Figure 2.6: Graphical representation of chip parameters of the representative samples used in
microarray experiment. The dotted vertical lines indicate scale ranging from -3 to 3. Each row
shows the % present, average background, scale factors and GAPDH / beta-actin ratios for a
chip. Circle represents GAPDH values and triangle represents beta-actin. The value in red circle
shows the outlier.
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RNA Degradation plot

RNA degradation plot assesses the differences in the quality of the RNA used in each array. It is
known that degradation usually starts at the 5' end of the RNA molecule and finishes in the 3'.
Therefore, for each transcribed gene in our samples, we would expect to find less chunks of
RNA coming from near the 5' end than from the 3' end. After labeling and hybridization, within
each probe set we find that the probes matching close to the 5' end have lower intensity measures
than the probes matching closer to the 3' end. RNA degradation plots show expression as a
function of 5'-3' position of probes. For each array and within each probe set, probes are arranged
by their proximity to the 5' end of the gene. The plot shows the average intensity of the probes
classified by this order. Each line corresponds to an array and the slope of its trend indicates
potential degradation of the RNA hybridized to the array. In general, larger the slope, the more
could be the degradation of the sample. Nevertheless, the purpose of this plot is to highlight
differences in the laboratory treatments of the arrays. Plots showing lines with different trends
(not parallel) correspond to groups of arrays having different degradation patterns and indicate

possible differences in the laboratory procedures (Figure 2.7).
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RNA degradation plot
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Figure 2.7: Representative image of RNA degradation plot of some of the representative samples
used in microarray experiment. The plot shows the average intensity of the probes from 5’ to 3’
end. Each line corresponds to an array and the slope of its trend indicates potential degradation
of the RNA hybridized to the array. X-axis represent probe number, Y-Axis represents mean
intensity

Sample Correlation Analysis

Pair-wise correlations between the samples were studied through Pearson's correlation
coefficient. A coefficient value close to 1.0 indicates linear relation between the two arrays. The

plot depicting the correlations is shown in Figure 2.8. The minimum correlation between the

sample was 0.95, which was above the acceptable criterion of 0.8.
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Figure 2.8: Sample correlation plot showing pair-wise correlation between the samples used in
microarray experiment. Color panel represents the range of correlation coefficient obtained in the
samples used in microarray experiment. Red to yellow represents increasing coefficient.

2.6.4.3 Differentially expressed genes

All samples (chips) were normalized, filtered and analysed with R software. Robust Multichip
Analysis (RMA) normalization method was used for background correction, normalization and
calculation of expression values. Baseline was set to median for all samples, where median of the
log-transformed value of each probe from all samples was calculated and this value was
subtracted from all samples. Multiple testing correction was performed using Benjamini and
Hochberg False Discovery Rate (FDR). ldentification of differentially expressed genes was
performed with the Limma package available on Bioconductor. For each gene in the set of all

arrays a linear model was fitted. The statistics used for significance analysis is the moderated t-
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statistic, which is computed for each probe and for each contrast. To reduce the risk of false-
positive, p-values were adjusted for multiple testing issues using Benjamini and Hochberg’s
method to control the false discovery rate (FDR). A gene was considered differentially expressed
when the corresponding adjusted p-value < 0.05 and the fold change greater than 1.3.

2.6.4.4 Gene Ontology and pathway analysis:

To determine the biological significance of the differentially expressed genes, functional
classification was performed using Gene Ontology (GO) analysis. This classifies the genes into
relevant ontology terms dealing with biological processes, molecular function and cellular
component. The overabundance of a particular term could be decided based on the number of
significant genes in the analysis, the number of significant genes relevant to the term. Fisher’s
exact test was used to determine the significance of the GO term. The threshold significance was
set at p < 0.05. Similarly pathways analysis was carried out. Bioinformatic analysis was carried
out using Genowiz and Explain 3.0 (Biobase database) software’s. In the present study, for GO
analysis, the data from Gene Ontology consortium was used, while for pathways, human KEGG
pathways were referred.

2.7 Gene expression study at chronic and acute doses using real time q-PCR

Validation of selected differentially expressed genes from microarray data, Radio-adaptive
response at transcriptional level in HLNRA and NLNRA individuals and gene expression
changes at acute radiation exposure was carried out using sensitive and specific hydrolysis probe
based approach in real time RT g-PCR. For validation, a total of 30 genes were selected from
microarray data and their expression levels were validated in 54 individuals. The validation was
carried out in two sets of individuals: the first set of 30 individuals was from microarray

experiment and the second set of 24 random individuals was collected separately. PBMCs were
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separated, re-suspended in RNA later solution and stored at -20°C till further use. For radio-
adaptive study, the background radiation doses received by HLNRA individuals were considered
as priming dose and PBMCs from 20 individuals (HLNRA, N=10 and NLNRA, N=10) were
separated and divided into 2 aliquots. mMRNA expression at basal level and after giving a
challenging dose with 2.0 Gy was studied. Gene expression of selected genes from microarray
data was carried out at different acute doses (0.3 — 2.0 Gy). PBMCs were irradiated in two sets.
One set was processed immediately after irradiation (0 h) and the other set was processed after 4
h incubation at 37°C.

2.7.1 Isolation of total RNA from human PBMCs

Total RNA was extracted from PBMCs using HiPurA™ Total RNA Miniprep Purification Kit
(Hi-Media Laboratory Pvt. Ltd., India) as per manufacturer’s protocol. In brief, about 350 ul of
RNA lysis solution was added to PBMCs and mixed thoroughly. The cells were homogenized
for 1 min by vortexing. This solution assists in cell disruption and denaturation. The lysate was
added to 2.0 ml collection tube containing HiShredder and centrifuged for 2 min at 14,000 rpm.
Further, about 350 pl of ethanol (70%) was added to the homogenized lysate and mixed
thoroughly by pipetting. The lysate was added to HiElute Miniprep Spin Column and centrifuged
for 30 sec at 14,000 rpm. After the binding step, prewash solution (700 pl) was added to the
HiElute Miniprep Spin Column and centrifuged at 14,000 rpm for 30 sec. The flow through was
discarded. Further, 500ul of wash solution was added to the HiElute Miniprep Spin column and
centrifuged for 2 min at 14,000 rpm to dry the membrane. This short washing step was used to
remove impurities like proteins, polysaccharides, low molecular weight metabolites and salts
from the membrane. The HiElute Miniprep Spin column was transferred to a new 1.5 ml

collection tube. Approximately 30 ul Elution Solution (RNase-Free Water) was directly added to
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the HiElute Miniprep Spin 42 column and centrifuged for 1 min at 14,000 rpm. The elute was
stored at -80°C. Repeated freeze and thaw of the sample was avoided which may cause
denaturing of RNA.

2.7.2 RNA integrity and cDNA synthesis
RNA was quantified using Picodrop Microlitre Spectrophotometer (picodrop limited, UK) and

the purity was checked by taking the ratio at 260 and 280 nm. RNA bands were visualised on
agarose gel, which was stained with ethidium bromide. RNA samples with clear-cut 28S and 18S
bands in 2:1 ratio were used for cDNA synthesis (Figure 2.9). Total RNA (250 ng) was reverse
transcribed to cDNA using transcriptor high fidelity cDNA Synthesis kit (Roche Diagnostics Pvt
Ltd. GmbH, Germany). The mixture containing total RNA (template) and 60 uM random primer
was denatured by heating the tube at 65°C in a thermocycler with a heated lid (to minimize
evaporation). This step ensures denaturation of RNA secondary structure. The tube was
immediately cooled on ice. The mixture containing 1X buffer, 20 U RNase inhibitor, 5 mM
DTT, dNTPs (1 mM each) and reverse transcriptase (10 U) was added to template-primer
mixture. The tubes were heated at 50°C for 30 min followed by 85°C for 5 min. cDNA was

stored at -20°C until further use.
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Figure 2.9 Ethidium bromide stained agarose gel (1%) showing different bands for total RNA
(28S, 18S and 5S) [where S stands for Svedberg constant which is related to sedimentation rate]

2.7.3 Quantitation of relative gene expression using hydrolysis probe based real time q-PCR

Intron spanning PCR primers were designed using Probe finder software version 1.1
(www.universalprobelibrary.co) and specific hydrolysis probes from universal probe library
(UPL) set for Humans (Roche Diagnostics Pvt. Ltd. GmbH, Germany) were used. All the primer
sets were procured from Sigma Aldrich, USA. Primer sequences used in the study are given in
table 2.1. PCR conditions were standardized for all the primer sets to obtain a clean and smooth

amplification curves as well as single and desired amplicon (Figure 2.10 and 2.11).
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Amplification Curve