DISSERTATION

v-H2AX FOCI AND THE MEASUREMENT OF VARIATION IN

RADIOSENSITIVITIES OF HUMAN AND RODENT CELLS

Submitted by
Takamitsu Kato

Department of Environmental & Radiological Health Sciences

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado
Spring 2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3226136

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alighment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform 3226136
Copyright 2006 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY
MARCH 2, 2006

WE HEREBY RECOMMENDED THAT THE DISSERTATION PREPARED UNDER

OUR SUPERVISION BY TAKAMITSU KATO

ENTITLED y-H2AX FOCI AND THE MEASUREMENT OF VARIATION IN

RADIOSENSITIVITIES OF HUMAN AND RODENT CELLS

BE ACCEPTED AS FULFILLING IN PART THE REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY.

Committee on Graduate Work

O ittan Cprlion

Jonathan O. Carlson

I ) penmm

Matsumi Nagasawa

70/// Chorpsn

Ryu1¢l41 Okayasu

// ¢ ¢ Aobert L. Ullirch
i % Lt

% Michael M. Weil
Adv1ser U Joel S.Bedford

VB EW Y

Dégartment Headz John D. Zimbrick

ii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF DISSERTATION

v-H2AX FOCI AND THE MEASUREMENT OF VARIATIONS IN
RADIOSENSITIVITIES OF HUMAN AND RODENT CELLS

DNA double strand breaks produced by radiation or other agents results in
massive phosphorylation of the H2AX histone variant in chromatin around the site of
each break. Immunocytochemical detection of this phosphorylated form (y-H2AX)
reveals fluorescent foci in irradiated cells and was used in a low dose rate irradiation
assay to resolve even relatively small differences in cellular radiosensitivity. This assay
revealed highly significant differences in the radiation response for cells derived from
humans and mice that were heterozygous or normal with respect to the ATM gene. The
assay also revealed differences for cells from unaffected parents of children with
retinoblastoma and for cells from about 30% of clinically normal individuals.

Variation in y-H2AX induction and disappearance after irradiation were also
measured in mutant and wild type CHO cells and in normal human fibroblasts.
Disappearance of y-H2AX foci after irradiation was much slower for mitotic than for G,
cells although no differences were seen for another assay measuring DNA breakage by
gel electrophoresis. The expressed y-H2AX foci in G¢/G; or G; cells can persist into
metaphase but the levels expressed in mitosis is dependent on the repair capacity for the
different DNA damages. y-H2AX foci can disappear with either rejoined or misrejoined
DSBs. G premature chromosome condensation analysis showed y-H2AX foci
disappeared after rejoining of DSBs and even after misrejoining. I also observed that high

expression of y-H2AX in S phase cells is related to DNA replication. After the process of
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premature chromosome condensation, S-phase PCC showed huge expression of y-H2AX
foci related to replication.
Takamitsu Kato
Department of Environmental & Radiological Health Sciences
Colorado State University

Fort Collins, Colorado 80523
Spring 2006
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Chapter 1

INTRODUCTION

The research described in this dissertation utilized a relatively new and highly
sensitive assay to study cell cycle related changes in radiation induced DNA breaks and
their repair in normal and in radiosensitive mutant cells and to determine whether it can
be used for distinguishing even mildly hypersensitive cells. This assay involves
measurement of the phosphorylated form of the H2AX* histone variant that occurs in the
form of amplified foci in chromatin around the site of DNA breaks. The following

section reviews the background information pertinent to the study.

1-1: DNA Double Strand Breaks (DSBs*)

What is important about DNA DSBs?

There is strong circumstantial evidence to indicate that DNA is a principle target
for many of the important biologic effects of ionizing radiation (IR*). DNA double
strand breaks (DSBs) are considered the critical primary lesions that can lead to the
formation of chromosome aberrations, and in turn, certain of these can lead to various
biological responses including cell killing, mutation and oncogenic transformation (1-3).

Some lines of evidence supporting the importance of DNA DSBs include studies
involving the energy deposition from decay of incorporated 12TUdR*. The auger

electrons have a very short range confined to the local neighborhood of the DNA and
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each decay produces one DSB. Such decays can result in chromosomal aberrations and
cell killing (4-8). Treatment of cells with restriction endonucleases gave direct evidence
that chromosome aberrations can be produced when DSB is the only lesion induced (9-
11). Revel and co-workers showed that after irradiation of G; cells are unable to form
colonies but cells without micronuclei form colonies (12). Cornforth and Bedford
reported a one-to-one relationship between the average number of lethal aberrations per
cell and the log of the surviving fraction in AG1522 normal human fibroblasts exposed to
x-rays (13). So in these studies DSBs directly correlated with chromosome aberrations
that produce acentric fragments which, in turn resulted in cell death. In addition to these
studies many have shown there are elevated levels of chromosomal aberrations after
irradiation in DNA repair deficient cell lines. These cells are also more radiosensitive for

cell killing, mutation induction and so called in vitro malignant transformation (14-17).

Source of DSB formation

DNA DSB can be formed if single strand breaks (SSBs*) in the two strands of
DNA are directly opposite one another, or separated by only a few base pairs. Agents
like H,O,* produce many SSBs, but few of these are close enough together on opposite
strands to cause a DSB. Jonizing radiation is one of very few agents that directly and
promptly produces DSBs because the SSBs are not produced randomly, but sometimes in

close proximity along tracks of the charged particles delivering the dose. Restriction

enzyme treatment forms only DSBs as blunt or cohesive ends. UV* or alkylating agents
can result in lots of SSBs when repair processes try to excise the damaged bases and in

some cases DSBs may be caused indirectly during DNA repair and replication (18,19).
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DSB are not only induced by exogenous factors like IR but also can result from a
variety of endogenous processes during the normal cellular metabolism, mediated by free
radicals and can result from DNA replication, e.g. topoisomerases (20,21). An estimated
ten DSBs arise spontaneously in each S-phase cell because of endogenously produced
SSBs in a parental strand being passed by the replication fork (22). Normal cells
generally repair such damage but repair deficient cells may fail to do so and thus may die
from chromosome fragment loss.

The yield of DSB induction from irradiation depends on DNA association with
protein and its state of condensation (23). There is an eightfold protection against
radiation induced DSBs produced in DNA packed into a basic nucleosome repeat
structure compared with naked DNA embedded in agarose (24), and a further fivefold

protection of DNA when the nucleosomes are condensed into chromatin fibers .

Mechanism of DSB repair

Mechanisms of DSB repair have been reviewed recently by Thompson and Schild
(25-27). DSBs can be repaired by three basic processes. One process is known as
homologous recombination repair (HRR*), which is an error free pathway requiring an
undamaged DNA strand such as a sister chromatid as a template in the repair. Another
process is single strand annealing (SSA*) which is an error prone mechanism requiring
nearby homologous sequence around DSB sites as template for repair. The third process
is an end-to-end rejoining by a process known as nonhomologous end joining (NHEJ*)

which is a more error prone mechanism. These pathways are outlined in Figure 1-1.
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Figure 1-1.
Diagrams of DNA DSB repair
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HRR is highly conserved process helping to maintain genome integrity from
bacteria to mammals. For some situations involving the need to resolve DNA DSBs the
error free process of HR plays an important role. In the early stages of the cellular
response to the induction of DSBs, ATM* senses the DSB, and ATM and other PIKK*
(phosphatidylinositol 3-kinase-related kinases) phosphorylate H2AX, which can then
interact with BRCA1* and NBS1*., BRCAI is reported to serve as an anchor and
coordinator of the repair complex. The Mrel1*-Rad50-NBS1 (MRN* complex) resects
the DNA to provide single stranded DNA (ssDNA*) overhangs for DNA pairing and
strand exchange. Rad51 binds to ssDNA tail coated by RPA* to initiate strand exchange.
Rad52 helps Rad51 to form DNA exchange intermediates. BLM* interacts with the
Holiday junctions* and forms foci with Rad51. WRN* interacts with Rad52 in Holiday
juction. Following sister-chromatid pairing and strand invasion of DNA overhangs, HRR
has two possibilities to finish the process either by non-crossing over or crossing over.
Finally the gaps are filled in by DNA polymerase and fresh DNA ends joined together by
ligase (This process is also reviewed in (28-33)).

In contrast to HR which is most active through late S- and G,-phases of the cell
cycle because HR requires homologous DNA, the NHEJ pathway is active during all cell
cycle phases and appears to be reasonable for virtually all the repair of spontaneous and
IR-induced DSB during G¢/G;-phases in mammalian cells because homologous DNA
sequence is not available in those phases. Following initial binding of the DNA end by
Ku* heterodimer, Ku protein recruits DNA-PKcs* to the site. DNA-PKcs, after being
activated by forming DNA-PK* complex (DNA-PKcs, Ku70/80), results in the release of

DNA-PKcs from the extreme end of DNA. A complex of Ku, XRCC4*, DNA ligase [V*
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and a DNA polymerase then forms at the end-to-end junction and catalyzes alignment-
based gap filling and ligation (also review in (2,34-36)).

In addition to NHEJ and HRR pathways, Single Strand Annealing (SSA) can
occur when, the broken ends of DSB are resected by a nuclease (reviewed in (37)). In the
case of long homology sequences between direct repeats on the overhangs, RPA* and
Rad52 are necessary for facilitating DNA pairing followed by removal of the tails by

ERCCI1/XPF* nuclease and gap filling by DNA polymerase.

Methods for the measurement of DSB

Historically four major approaches have been used for measuring DNA DSBs, all
of which detect changes in DNA in size (reviewed in (38,39)). These methods include
sedimentation (40-42), viscoelastometry (43), pulsed field gel electrophoresis (44), and
neutral elution (45). All the methods have very high detection limits for DSB. The doses
used in these methods are typically in the superlethal range for cells and for the most part
not in the range of measurement of cell survival, mutation and chromosome aberrations.

An indirect method that has proved to be much more sensitive for detection of
DSB was discovered in 1998, by Bonner and co-worker (46). They showed that a
numerous H2AX molecules are phosphorylated around the site of a single DSB after IR
exposure. This is defined as a focus. The yield of foci in the cell showing
phosphorylation of H2AX was equivalent to the number of decays of incorporated
1251rdU, each of which is known to produces one DSB (47). Currently phosphorylation of

H2AX (y-H2AX*) is the most sensitive assay to detect DNA DSB (Figure 1-2).
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1-2: y-H2AX
v-H24X

The proteins binding to DNA to form chromosomes are divided into histone or
nonhistone chromosomal proteins. Histones are responsible for the nucleosome which is
the most basic level of chromosome organization. Each individual nucleosome core
particle consists of a complex of eight histone proteins (two of each H2A, H2B, H3, H4)
and 146bp double-stranded DNA wrapped around inside. Each nucleosome core particle
is separated from the next by linker DNA. The average nucleosome structure repeats
itself at intervals of about 200bp, thus making liner DNA, on average, about 51 bp
(48,49).

H2AX is one of the histone variants of H2A. It comprises about 10% of the total
H2A in mammalian cells (49,50). H2AX is phosphorylated when a DNA double strand
break (DSB) is produced either by an endogenous process or an exogenous process such
as by IR. At the maximum time point, approximately 1% of the total H2AX becomes -
phosphorylated per Gy of IR. It is known that about 30 to 40 DNA DSBs are introduced
by each Gy of IR into 6x10° bp (about 4x10'? Dalton) contained in the mammalian
diploid genome in the Go/G;-phase (4). About 0.03% of the chromatin appears to be
involved per DNA DSBs in y-H2AX foci formation (46). Thus, 2 Mbp of DNA or 10,000
nucleosomes per DSBs are involved with each DNA DSB.

v-H2AX phosphorylation and dephosphorylation is unlikely to result from
diffusion or replacement of free histones (51). H2AX phosphorylation appears to depend

on ATM and other PIKK (52-54). Under most normal growth conditions, IR-induced
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H2AX phosphorylation can be carried out by ATM and DNA-PK in a redundant,
overlapping manner. After DNA DSBs are rejoined y-H2AX dephosphorylation occurs
and this may involve the protein phosphatase 1a because Calyculin A, a phosphatase

inhibitor, inhibites early elimination of y-H2AX and DSB rejoining (55).

H2A4X gene

The histone H2AX gene, located 11Mb telomeric to ATM at 11q23.3,isina
region commonly deleted or translocated in several human hematological malignancies
and solid tumors (56,57). H2AX +/— and H2AX~/- mice are viable, so H2AX is not
necessary for their development. But H2AX —/— have a phenotype of hypersensitivity to
radiation, growth retardation, immune deficiency, and mutant males are infertile (58,59).
Cells from such H2AX—/— mice exhibit elevated levels of spontaneous and IR-induced
genomic instability. They have an altered ability to recruit certain components of
radiation-induced foci. NBS1, RAD51, and MREI11 foci stay longer, but BRCA1 and
53BP1 did not form foci after IR exposure (59). H2AX—/— cells show increased use of
SSA, an error prone deletional mechanism of DSB repair. This leads to the genomic
instability for the phenotype of H2AX —/— mice and explain common deletion of H2AX

gene in hematological malignancies and solid tumors in human patients (58-60).

H2A4X phosphorylation as a Biodosimeter

There is a direct correlation between the number of ' decays and the number of
y-H2AX foci per cell, consistent with the assumption that each '*°I decay yields a DNA

DSB which yields a visible y-H2AX focus. y-H2AX antibody forms the basis of a

10
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sensitive quantitative method for the detection of even a single DNA DSB in eukaryotic
cells (61,62).

Cell line-dependent differences in the kinetics of y-H2AX appearance after
irradiation are related to radiosensitivity (63,64). It is reported that various radiosensitive
DNA repair deficient mutants show higher residual levels of y-H2AX foci after repair has
occurred or altered kinetics of phosphorylation and dephosphorylation of H2AX after IR

exposure (65).

v-H2AX colocalization with other DNA repair proteins

v-H2AX has been reported to colocalize within a few minutes with other DNA
repair proteins such as MDC1*, 53BP1*, HDAC4*, ATM, Chk2p*, MRN complex
(Mrel1, Rad50 and NBS1) and much later with BRCA1, phosphorylated-DNA-PKcs,
TopBP1, RPA, Rad 51, FANCD2*, BLM and WRN (27,66-68).

Although it is known that phosphorylation of H2AX occurs around DSBs about
2Mb (69), very little y-H2AX can be detected in chromatin at shorter distance of 1-2kb
of the break (70). In contrast, this region contains almost all the Mrel1 and other repair

proteins that bind as a result of the break (71).

Conditions Altering y-H2AX foci formation

It is known that high salt solution condenses chromatin structure. Postirradiation
incubation in hypertonic 0.5M Na" increases y-H2AX expression about 4-fold, and
results in the formation of larger foci. Further disappearance of y-H2AX is inhibited after

irradiation in high salt condition (72). This may indicate a reduced ability to repair DNA

11
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damage or possible a reduced capacity to dephosphorylate y-H2AX in the hypertonic
environment (73).

Phosphorylation of H2AX occurs in hyperthermia without irradiation (74).
Induction of y-H2AX foci is correlated with the temperature dependence of cell killing.
During periods when cells are exposed to heat, the cell cycle dependent pattern of cell
killing is the same as the cell cycle pattern of y-H2AX foci formation, i.e., y-H2AX levels
are high in heat sensitive S-phase, high in heat sensitive G,/M and lower in the G; heat
resistant phase (74).

Iron depletion induces DNA DSBs in treated cells, and activates a DNA damage
response including y-H2AX foci, RPA, and CHK1* kinase. Iron chelating may result in
the higher free radical accumulation to cause DNA DSBs (75).

Phosphorylation of H2AX occurs without external stimulus. y-H2AX foci
accumulate in senescing human cell cultures and in aging mice (76). This may result
from internal DSBs accumulation. It is also known that some tumor cells have high
spontaneous or background levels of y-H2AX foci (77).

Phosphorylation of H2AX is dose rate dependent. High dose-rate radiation
exposure induces a significant number of foci in a dose-dependent manner, but at least
for very low dose-rate radiation only a few y-H2AX foci were observed (78). Clearly
DNA DSBs induced by low dose-rate radiation are efficiently repaired during chronic

irradiation.

Cell Cycle Effect for y-H2AX foci
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The levels of induction of y-H2AX foci by radiation are cell cycle dependent. The
total number of induced y-H2AX foci in Go/M phase is reported to be almost twice the
number as seen in Go/G;-phase because the DNA content in G; cells is twice that for Gi.
v-H2AX levels have been reported to be approximately 3 times lower in unirradiated G-
phase cells than S- and G»-phase cells (79).

DNA DSBs can be formed not only directly by ionizing radiation but also as a
result of secondary effects after UV exposure (19). Photolysis of BrdU-labeled DNA by
UV light also induces DSBs and leads to H2AX phosphorylation (80). Xeroderma
Pigmentosum (XP*) is known as UV sensitive syndrome involving a defect of Base
Excision Repair (BER). XPV cells develop DNA DSBs during UV-induced replication
arrest (81). These UV-induced foci occur in cells that are unable to carry out efficient
bypass replication of UV damage. As a result, DNA DSBs can be produced along with y-
H2AX foci formation.

The highest degree of H2AX phosphorylation induced by UV was seen in S-phase
cells, particularly during the early portion of S-phase. H2AX phosphorylation observed
throughout S-phase reflects formation of DSBs due to the collision of replication forks

with the UV-induced primary DNA lesions (80).

1-3: Ataxia-Telangiectasia

Ataxia-Telangiectasia

Ataxia-telangiectasia (A-T*) is an autosomal recessive disease syndrome. A-T
patients are homozygous recessive for ATM* mutant alleles that produce either defective

or no protein product. Among numerous other clinical manifestations, these patients are
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highly predisposed to cancer, extremely radiosensitive and have increased chromosomal
radiosensitivities. The frequency of ATM —/— homozygotes is estimated to be about 1 in
40,000 while ATM +/— heterozygotes are thought to comprise about 1% of the general
population (82-85).

There is a clear increased risk of lymphoid leukemia in A-T patients.
Approximately 10% of A-T patients will develop lymphoid leukemia as children (86).
Cancer of one form or another occurs in roughly one-third of A-T patients. For ATM
heterozygotes younger than age 45, the risk of death from a malignant neoplasm was
estimated to be greater than 5 times the risk for the general population. ATM
heterozygotes may make up more than 5% of all persons dying from a cancer before age
45 (84).

When compared with non-carriers the estimated increased relative risk of cancer
of all types among A7TM heterozygotes was reported to be 3.8 in men and 3.5 in women.
Breast cancers in heterozygous women have an increased relative risk of 5.1. ATM
heterozygotes might account for between 1 and 13% of all breast cancer cases, with

3.8 % being proposed as the best estimate (82).

ATM (Ataxia Telangiectasia mutated) gene and ATM protein

ATM is mutated in patients with the autosomal recessive disorder ataxia
telangiectasia. The ATM gene was mapped and identified by positional cloning on
chromosome 11q22-23 (87). The gene is approximately 150kbp in length, and extends
over 66 exons (88). The ATM transcript is 12 kbp and it’s large 9168bp ¢cDNA (cording

region) encodes a 350kDa protein. The protein structure is similar to
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phosphatidylinositol-3’kinase gene family (87). ATM protein is almost exclusively
nuclear and is expressed in all cell lines and tissues that have been analyzed. While total
ATM protein levels are not regulated in response to UV or IR, the protein kinase activity
of ATM, as determined by immunoprecipitation kinase assays, increased two- to three-
fold following exposure to IR (89). ATM expression is reduced dramatically or is absent
in all A-T patients analyzed, including those predicted to express proteins that should be
detected by antibody. The majority (85%) of known ATM mutations are truncating

mutations, that do not allow synthesis of full length ATM protein (89).

A-T and DNA damages

A-T cells are unusually sensitive to IR and certain chemicals that produce prompt
DNA DSBs like Bleomycin (90). IR produces a large number of lesions in DNA,
including various kinds of base damage, single strand breaks (SSBs) and double-strand
breaks (DSBs). Bleomycin produces SSBs and DSBs in DNA. In addition to an increased
sensitivity of A-T cells to the production of chromosome type aberrations after irradiation
of Gg or G cells, chromatid type aberrations are also produced (13,91).

Peripheral lymphocytes from A-T patients are about twice as sensitive as normal
lymphocytes to the induction of chromatid-type aberrations by ionizing radiation after
exposure during the G,-phase of the cell cycle (92). Nagasawa and Little (93) reported
that the capacity for repair of potentially lethal damage (PLD*) was almost absent in A-T
cells, but normal in ATM heterozygotes and wild type individuals. The decline in
chromosomal aberrations, seen in normal cells during confluent holding after IR, was

absent in A-T cells consistent with the lack of PLD repair. Cornforth and Bedford
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showed that the reduced PLD repair capacity in contact inhibited A-T cells was due to a
defective repair of chromosome breaks entirely during the Gg or G, phase of the cell
cycle and had nothing to do with events that may have developed later in the cell cycle
before cells reached mitosis (94).

However, the most studies on the induction and repair of DSB have established no
clear relationship between DSB and the hypersensitivity of A-T cells (95,96), the study of
Comforth and Bedford showed an lower rejoining of PCC breaks during Gy in A-T cells
(94). Alkaline elution studies shown that there is no difference in repair of DNA SSBs in
patients with A-T vs. normal cells (97).

The cause of increased radiosensitivity in A-T cell may be a defect in their ability
to correctly repair to DNA damage rather than a defect in their ability to rejoin breaks at
all (98,99). The reason that chromatid type aberrations are produced after irradiation of
A-T cells in Gy may in some way be related to an additional, but as yet unknown defect

in their ability to repair base damages during S-phase.

Mouse Atm*

The mouse homolog, Atm, has been identified and mapped to mouse chromosome
9C, which is syntenic to human 11q22-23 (100). Mouse Atm* shows 84% amino acid
identity and 91% similarity with human ATM (100). Mice with a disruption of Atm are
viable, as is the case in human A-T. A4fm homozygous mice show significantly reduced
body weight compared to their wild type littermates, while heterozygous mice have
similar weight of wild type mice (101). Atm is essential for germ cell development and

fertility (101). Atm mutant mice develop malignant thymic lymphomas between two to
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four months of age (101). The analysis of metaphase spreads from primary cultures of the
thymomas arising in A-T mice revealed multiple, recurrent rearrangements in their
chromosomes (101).

Atm mice are also extremely radiosensitive to the acute lethal effects of radiation
(101). All Atm homozygous mice irradiated at 8 Gy died 3-5 days post-irradiation and
two thirds of the homozygous mice died within 7 days after 4 Gy of irradiation. On the
other hand, all heterozygotes and wild type mice survived the same 4 weeks duration
after 4 Gy of irradiation, and two thirds of them died within 18 days after 8 Gy of
irradiation. The cause of death in these experiments was severe damage from radiation to
the gastrointestinal tracts (101).

Not only acute effects, but late effects of radiation are also dependent on Arm
status (102). If one eye of Atm wild-type, heterozygous and homozygous knockout mice
were exposed to various doses of radiation, a large difference was reported for a given
dose for cataract development in the animals of all three groups (102). The lenses of Atm
—/— mice were the first to opacify for doses above 0.5Gy (102). Cataracts generally
appeared earlier in the heterozygote versus wild-type animals (102). Radiation
carcinogenesis studies with Atm mice were also reported Weil and his colleagues who
reported that radiation induced genomic instability and mammary ductal dysplasia is Atm
heterozygous mice (103). Smilenov and his co-workers (104) and Spring and co-workers

(105) also showed Atm heterozygous cells were more sensitive to radiation oncogenesis

than normal cells.

Role of ATM protein in the DSB repair pathway
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The role of ATM and other proteins in DSB repair has been reviewed recently by
Kurz and Lees-Miller and by Lavin and his co-workers (106,107).

ATM is a serine-threonine protein kinase that undergoes autophosphorylation
after DNA damage. This subsequently initiates a signaling cascade that involves the
phosphorylation of several substrates. ATM normally exists on a dimeric protein and IR-
induced activation occurs through intermolecular autophosphorylation of Ser-1981,
which causes dissociation of the ATM dimers and enhancement of kinase activity.
Although ATM binds preferentially to DNA ends in vitro (108), the in vivo activation is
thought to result from changes in chromatin structure instead of DNA binding (109).
Active ATM or other PIKK (ATR or DNA-PKcs) rapidly phosphorylates histone H2AX
Ser139 extending over a region of 2Mbp from the site for each DNA DSBs. The MRE11-
RAD50-NBS1 complex (MRN complex) is also recruited to the DNA lesion site together
with BRCA1. MRN nuclease/helicase complex is believed to process the DNA ends to
obtain ssSDNA overhangs in order to facilitate binding to proteins. This multiprotein
complex apparently coordinates co-localization of active ATM together with other factors
including MDC1/NFBD1 and 53BP1. This cascade of phosphorylations may aid the
recruitment of DNA repair proteins such as Ku70/80, DNA-PKcs, XRCC4 and Ligase IV
for NHEJ or the Rad 51 complex for HRR.

Although the key sensor proteins that first recognize DSBs are still not identified

unequivocally, ATM is a major candidate. It could act alone or in combination with other

proteins such as 53BP1 and MDC1/NFBDI1 that localize within minutes to sites of DSBs.

ATM heterozygotes
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As mentioned above, A-T patients who are homozygous recessive for the ATM
gene are extremely radiosensitive and have a high risk of cancer. Even though the parents
of A-T patients (obligate heterozygotes) do not have the A-T disorder, numerous studies
have indicated they are mildly radiosensitive and also have a higher risk for development
of cancer. The relation ship between Atm heterozygosity and radiation induced cancer
risk is also reported (103-105). Determination of 4TM heterozygosity is therefore of
medical interest (84,104,110-114). Unfortunately, it is very difficult and expensive to
diagnose A-T heterozygosity in clinical situation by PCR* based methods because the
mutation is not known except where it may have been identified in A-T families.
Recently cells from many apparently normal individuals have been shown to be mildly
hypersensitive to radiation. The number of those radiosensitive people reported by
Nagasawa and Little (115) is so high that the frequency cannot be explained even from
contribution of inherited mutation of ATM and BRCA. Therefore, diagnosis of ATM
heterozygosity by detection of a mild increase in radiosensitivity is not likely to be

specific for ATM.

Detection of ATM heterozygotes by radiation hypersensitivity

There is no doubt that A-T patients and their cells are radiosensitive, and that A-T
patients have a higher cancer risk than normal populations (84,104,110-114). Therefore,
it is of interest to distinguish 4TM heterozygotes and other sensitive subpopulations from
the general public and to estimate their radiosensitivity and risk for carcinogenesis.

Chen and his co-workers reported identification of a series of A-T obligate

heterozygotes based on the sensitivity of lymphoblastoid cell lines to IR (116). Detection
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of increased radiosensitivity in heterozygous carriers of the ATM gene have been reported
by G,-phase chromosomal radiosensitivity of peripheral blood lymphocytes (117,118).
Both A-T patients and obligate heterozygotes showed significantly increased levels of
radiation-induced chromatid damage relative to that of normal controls.

Cell cycle analysis of postirradiation samples is another useful method that can
detect increased radiosensitivity in ATM heterozygotes (119). Relative to normal cells
much larger fractions of cells from A-T heterozygous were irreversibly blocked in G-
phase when density-inhibited confluent cell cultures are irradiated and immediately
subcultured to release them into the cell cycle. This blocking was determined by
following cumulative labeling indices during incubation with *H-thymidine. Little or no

such block occurred in cells from normal individuals or A-T patients.

1-4. Radiosensitivity of cells derived from apparently normal individuals

The human population is now more than 6 billion. Human beings have spread on
almost the entire earth and adapted to many environmental conditions. Obviously our
genetic diversity is huge compared to inbred mice strains and there are many phenotypic
differences among individuals. Accordingly it is not surprising that there are differences
of radiosensitivity among people.

As mentioned above, genetic disorders such as those involving DNA repair
associated genes like ATM contribute radiosensitivity. While some people may be mildly

radiosensitive as a result of heterozygosity for a gene like ATM or perhaps BRCA4, it
seems unlikely that the limited number of currently known genes of this kind could

account for more than 5% to 10% of the population. Nevertheless, Nagasawa and Little
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reported 3 out of 10 apparently normal human fibroblast cell lines (GM2987, GM3348,
and GM3377) showed moderate degree of radiosensitivity (115). They examined cell
survival, cell cycle delay, and chromosomal aberrations. The radiosensitivities in those
cells were not as severe as in A-T cells but falling within the range of normal population.
Also Deschavanne and co-workers have reported a range of sensitivities of cells from
apparently normal individuals (120).

Fitzek and his co-workers reported unexpected hypersensitivity to radiation of
fibroblasts from unaffected parents of children with hereditary retinoblastoma (121).
Unexpected sensitivity to cell killing and cell cycle delay were observed in at least one
parental fibroblast strain. Parental strains were equally, or even more hypersensitive than
the probands. They suggested increased parental cell sensitivity to radiation may come
from the presence of an as yet unrecognized genetic event occurring in one or both
parents of children with retinoblastoma. Although it is not known, the radiosensitive

population may have elevated risk of hereditary mutation.
1-5. Useful techniques to determine radiosensitivity

In this dissertation, the very sensitive y-H2AX assay that detects the presence of
DNA DSBs was used in combination with low dose rate irradiations with the idea that
this might amplify small differences in radiosensitivity seen for acute high dose-rate

irradiation. The G; irradiated y-H2AX foci in metaphase was also used.

Low dose-rate irradiation
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A single low LET electron track from a y ray exposure can deposit anything from
0.001cGy up to about 2.5¢Gy, rarely, and the average track will deposit about 0.1¢Gy
when it traverses a cell nucleus. It is known that a 1 Gy dose of y-rays produces about 30-
40 DSBs in a nucleus, so 0.25¢Gy irradiation would, on average, induce 1 DSB per cell
nucleus (122). Such a single low LET electron track also produces other kinds of damage
to the DNA such as a base change, and SSBs, in addition to DSBs, or possible complex
damage from an ionization cluster (122).

Dose rate is one of the principle factors that determine the biological response for
a given absorbed dose. As the dose rate is lowered and exposure time extended, the
biological effect of a given dose generally is reduced. Cells have more opportunity for
DNA repair to reduce a biological effect from radiation during the prolonged exposure
time (123-125). The magnitude of the dose rate effect from the repair of sublethal
damage varies enormously among different types of cells. A cell which has high repair
capacity, exemplified by a broad shoulder of their acute survival curve shows a
correspondingly large dose rate effect. The dose rate effect caused by repair of sublethal
damage is most dramatic between 0.01 and 1 Gy/min. A pronounced dose rate effect was
observed over the range between 55.6 and 0.29 Gy/h, but a limit to the repair dependent
dose rate effect was reached at 0.29 Gy/h since no further reduction in effect per unit

dose was observed when the dose rate was lowered to 0.17 or 0.06 Gy/h (126).

Low dose rate effect for radiosensitive cells

A significant reduction in the radiation sensitivity of cell with the normal DNA

repair capacity was observed for continuous low dose rate radiation exposure compared
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to the results from acute exposure, but for DNA repair deficient cell lines there seem to
be small or no difference in the survival curves when low dose rate and acute exposure
were compared. This occurs not because the radiosensitive cells become more sensitive at
low dose rates, but rather because there is a large dose rate effect for normal cells which
become more radioresistant at low dose rate (17,127).

In yeast, a certain radiosensitive mutant strain can’t rejoin DSB at all. In such
mutants approximately one DSB per cell corresponds to a lethal event, suggesting a DSB
is a potentially lethal lesion. The dose rate effect is based on DSB repair during
irradiation; it is absent in DSB repair deficient mutants (128).

Because low dose rate irradiation has increased the differences in response for
repair proficient vs. deficient cells, chronic exposure should better differentiate the
smaller differences in normal and intermediate sensitive cells related to acute high dose
rate exposures. In one study low dose rate exposure demonstrated an enhanced degree of
radiation hypersensitivity in fibroblast strains derived from obligate 47M heterozygote
donors (124,129). In the study of Blocher and co-workers, the response of 10 ATM
heterozygous strains was indistinguishable from that of 5 normal controls for acute
exposure but chronic exposure 4ATM heterozygote respoﬁses were intermediate between

normal and ATM homozygous strains (129).

Go-chromosomal radiosensitivity assay

The G, chromosome radiosensitivity assay developed from the work of Sanford
and co-workers (130,131). Briefly, cycling cells were irradiated with a dose of 0.5-2 Gy.

Following a 0.5 hour incubation time to allow mitotic cells present during irradiation to
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enter G;-phase, Colcemid is added for 1-3 hours. The cells thus observed at metaphase
would have been in the G-phase of the cell cycle at the time of irradiation.

Numerous studies have reported on a correlation between cancer susceptibility
and an increased sensitivity to the induction of G, chromosomal aberration induction
following exposure to ionizing radiation or other treatments that directly or indirectly
produce DNA DSBs (130-135). One interesting example has involved approaches to the
identification of A-T heterozygotes who are at increased risk for breast cancer (eg.,
(130,134-139)). Scott and his colleagues have reported that numerous factors associated
with experimental protocols can influence the outcome of the assay itself (135).
However, they have shown that by including appropriate matched controls within each
assay protocol to reduce inter-experiment variation, then with the protocol they use, a
statistically significant (P = 0.048) distinction in G, chromosomal radiosensitivity was
observed for a group of 10 individuals who were A-T heterozygotes. Only two of these
10 had mean G; aberration scores outside the 95% confidence limits of the control group
of 53 individuals (135). In the earlier report of Scott and co-workers it is of interest to
note that some 9% of samples from the control population showed G, chromosomal
radiosensitivities overlapping the range seen for A-T heterozygotes (140). The assay has
generally been recognized as very useful even if some have reported it to be less than

robust (eg., (141)).

Does the G, Assay reflect DNA repair defects measured by y-H2AX?

In the G»-assay, chromosome aberrations are scored. If chromatid exchanges are

the result of misrepair of DSB, and chromatid gaps and breaks are the result of unrepaired
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DSB, then y-H2AX should be located at the points of the aberration. Further, if y-H2AX
dephosphorylation occurs after DSB rejoining completed, it may be possible to observe

slow but completed DSB on correctly repaired breaks.

Premature Chromosome Condensation

The induction of Premature Chromosome Condensation (PCC*) is an approach
that has been used to study the breakage and rejoining of chromosome during interphase
(94,142-148). Fusion between mitotic and interphase cells result in rapid chromosome
condensation, with dissolution of the nuclear envelope within 30 minutes after treatment
with inactivated Sendai virus (142,143). The morphology of Prematurely Condensed
Chromosomes (PCC) varies according to the stage of the interphase cells in the cell cycle
at the time of fusion. Thus, the PCC of G, phase cells were very long, single chromatids,
those of G, are elongated and slender double chromatids, and those of the S phase are
characterized by their fragmented appearance (146).

In X-irradiated G, cells, Waldren and Johnson reported in early G; HeLa cells the
net number of chromosome fragments per cell increases linearly with dose up to 1800 rad,
with about 10 fragments produced per Gy (146). If fragmentation is equated with
metaphase chromatid breakage, the degree of damage in PCC exceeds by a factor of
about 10 the expected aberration frequency at the first mitosis.

Cornforth and Bedford reported x-ray induced PCC breakage and rejoining of
contact inhibited Gy normal human fibroblast AG1522 and other cell strains (94,147-149).
They showed a dose response curve shortly after irradiation with a slope of 6.3 excess

PCC fragments per Gy in a cell. The initial rate of decrease in breaks due to rejoining was
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similar to the rate of increase in survival after incubation because of the repair of
potentially lethal damage. The rate of rejoining is also in close agreement with the
rejoining of DNA DSB obtained from measurements with pulse field gel electrophoresis.
The numbers of chromosome breaks per cell produced by 1 Gy of irradiation from
PCC method by Waldren and Johnson (146) and Cornforth and Bedford (147) are
significantly lower than the number of DNA DSBs measured by other method like pulsed
field gel electrophoresis and y-H2AX foci assay (23,47). One reason for this is that with
the PCC method a cell fusion and incubation time of 10-20 minutes is required for
chromatin condensation. Since the fast component of DSB repair occurs with a half time
less than 30 minutes, many DSBs would be expected to repair during the process of PCC
induction. Another possibility is that not all the DSBs are revealed as PCC breaks since

chromatin may be hold together by more than just the DNA.

1-6: Issues studied in this dissertation

The y-H2AX assay provides means for studying the production and repair of
DNA DSBs not previously possible for low doses of radiation in the biologically relevant
range. The aim of this dissertation was, first, to determine the usefulness of the assay for
resolving relatively small differences in radiosensitivity using low dose rate as opposed to

high dose rate exposure conditions. The second aim was to more carefully characterize
the y-H2AX assay with respect to its applications for cells in different phases of the cell
cycle where large differences in chromatin condensation occur and to change in cellular

radiosensitivity.
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Chapter 2

v-H2AX Foci after Low Dose-Rate Irradiation Reveal Mouse
Atm Haploinsufficiency

ABSTRACT

I have investigated the use of the y-H2AX assay, reflecting the presence of DNA
double strand breaks (DSBs), as a possible means for identifying individuals who may be
intermediate with respect to the extremes of hyper-radiosensitivity phenotypes. In this
case, cells were studied from mice that were normal (4tm-+/+), heterozygous (Atm +/-),
or homozygous recessive (Atm —/—) for a truncating mutation in the Atm gene. After
single acute (high dose-rate) exposures, differences in mean numbers of y-H2AX foci per
cell between samples from A¢m +/+ and Atm —/— mice were clear at nearly all sampling
times, but at no sampling time was there a clear distinction for cells from Atm+/+ vs.
Atm +/— mice. In contrast, under conditions of low dose-rate irradiation at 10 cGy/hour,
appreciable differences in the levels of y-H2AX foci per cell were observed in
synchronized G cells derived from A¢m +/— mice relative to cells from Atm +/+ mice.
The levels were intermediate between those for cells from Atm +/+ and Atm —/— mice.
After 24 hours exposure at this dose-rate, measurements in cells from four different mice
for each genotype yielded mean frequencies of foci per cell of 1.77 = 0.13 (SEM) for Atm
+/+ cells, 4.75 £ 0.2 for the Atm +/— cells, and 11.10 £ 0.33 for the Atm —/— cells. The

distributions of foci per G cell were not significantly different from Poisson. To the
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extent that variations in sensitivity with respect to y-H2AX foci formation reflect
variations in radiosensitivity for biological effects of concern, such as carcinogenesis, this
assay may provide a relatively straightforward means for distinguishing individuals who

are also mildly hypersensitive to radiation, such as I observed for Atm heterozygous mice.
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INTRODUCTION

Numerous studies have reported on a correlation between cancer susceptibility
and an increased sensitivity to the induction of G, chromosomal aberration induction
following exposure to ionizing radiation or other treatments that directly or indirectly
produce DNA DSBs. One interesting example has involved approaches to the
identification of A-T heterozygotes who are at increased risk for breast cancer (eg., (1-
7)). Scott and his colleagues have reported that numerous factors associated with
experimental protocols can influence the outcome of assay itself (5). However, they have
shown that by including appropriate matched controls within each assay a significant G,
chromosomal hyper-radiosensitivity was observed for a group of A-T heterozygotes
relative to controls. This assay has also been used to show an elevated G, chromosomal
radiosensitivity in lymphocytes of randomly selected breast cancer patients of unknown
ATM genotype, compared to cells from normal control individuals (4,8). The proportion
of these breast cancer patients whose lymphocytes showed elevated sensitivity was some
40%,; far greater than the expected population frequency of A-T heterozygotes (of the
order of 0.5% to 1%), and even greater than the total expected frequency of this
population together with populations of individuals with mutations of BRCA1, BRCA2,
and TP53, which add less than another 5% (4,7,9). In the earlier report of Scott and co-
workers it is of interest to note that some 9% of samples from the control population
showed G, chromosomal radiosensitivities overlapping the range seen for A-T
heterozygotes (8). The assay has generally been recognized as very useful even if some

have reported it to be less that robust (eg., (10,11)).
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Another potentially useful assay, involving chromosomal aberrations measured by
whole chromosome painting by fluorescence in situ hybridization, was reported using
human lymphocytes and lymphoblast lines from A-T and Nijmegen Breakage Syndrome
(NBS) families (12). This report showed that both A-T and NBS heterozygotes could be
distinguished from normal individuals by hypersensitivity to radiation. The mean
number of chromosome breakpoints per cell were significantly higher for cells from
individuals from these groups relative to controls, although some 15 to 20% of the mean
values for heterozygotes fell in the range of means for the normal controls

A different G, chromosomal aberration assay was reported recently by Johnson
and colleagues (13), based on their earlier observation that camptothecin (CPT*) causes
DNA DSBs by promoting the collapse of replication forks during S phase, and that A-T
fibroblasts are defective in the repair of these kinds of DSBs (14). This assay clearly
distinguished A-T heterozygotes, largely due to a higher sensitivity for induction of
chromatid exchanges in prematurely condensed chromosomes of G; cells (14) .

Predating most of the so-called "G, assays" showing hyper-radiosensitivity for
ATM heterozygotes, Nagasawa and Little and their colleagues demonstrated a significant
difference in radiation induced G, blocks and delayed entry into S phase following
irradiation and subculture of different strains of contact inhibited fibroblasts derived from
ATM heterozygotes relative to both normal individuals and ATM homozygotes (15-17).
In most cases, the cells from 47TM heterozygotes were also mildly hypersensitive to
radiation induced cell killing (17).

To the extent that variations in DNA DSB processing pathways contribute to

variations in susceptibilities among individuals to cancer, measurement of y-H2AX foci
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in cells promises to be a sensitive marker for tracking these variations indirectly (18-20).
For acute high dose-rate exposures to sparsely ionizing radiations, the initial induction of
DSBs per cell (per unit of DNA) is approximately the same for a given dose, regardless
of genetic defects that may lead to altered radiation responses. Thus, differences in
responses depend largely on differences in DNA DSB repair capacity and the balance of
repair vs. misrepair and other processes that occur after irradiation.

Virtually all important biological effects of radiation, such as mutagenesis,
carcinogenesis, and cell killing are influenced by dose-rate or the manner in which a dose
is administered in time (eg, (21-29)). The dose-rate effect is due, in large part, to the
capacity for cells to repair important molecular lesions, such as DSBs. A given dose is
generally less effective if it is spread over a period of hours, days or weeks, as opposed to
being administered acutely within a few minutes. Cells defective in such repair processes
generally show much reduced sparing by low dose-rate irradiation compared to the
relatively larger dose-rate effect for repair proficient cells. Consequently, a much larger
difference in responses between defective and proficient cells is generally seen for low
than for high dose-rate exposure conditions (30-33). This property was the basis for a
strategy used in this laboratory to isolate radiosensitive mutant cell lines that proved to
have defects in DNA DSB damage processing (31,32,34,35), so I reasoned that a y-
H2AX assay carried out at low dose-rate might also provide a more sensitive means for

distinguishing even mildly hyper-radiosensitive individuals than would be possible for
acute high dose-rate exposures. I tested this hypothesis by comparing numbers of -

H2AX foci in cells from mice that were heterozygous for the Atm gene (4tm +/=) with
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cells from Atm +/+ and Atm —/— mice after either 24 hours of continuous irradiation at a

dose-rate of 10 cGy per hour, or at various times after a single acute y-ray dose of 1 Gy.

I found that for the 1 Gy acute (high dose-rate) exposure there was a clear
separation in the mean numbers of y-H2AX foci per cell for Atm+/+ and Atm —/— mice
at most sampling times after irradiation, but there was very little difference in the means
between the Atm+/+ and Atm +/— mice. The same y-H2AX assay carried out at low
dose-rate, however, revealed a highly significant difference in foci per cell between cells
from Atm +/— and Atm +/+ mice, allowing an unequivocal distinction between mice of
these genotypes and, as expected, an even greater difference between cells from the

Atm~+/+ and the Aim —/— mice.
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MATERIALS AND METHODS
Mice and Cell Strains

The cell strains were primary cultures derived from ear punch biopsies from
mice that were being used to generate congenic strains for the Atm"™4*® knockout allele
(36). The founder strain is 129S6/SvEvTac- Atm™" 4wt At the time tissues were
collected, the knockout allele was fully introgressed onto the A/J background and

tmiAwb/+ >

partially introgressed onto the CBA/J background. The progeny of Atm

At mtmIAwb/+

matings were genotyped by PCR amplification of tail snip DNA using a
protocol provided by Dr Carrolee Barlow. The amplification primers used were
GACTTCTGTCAGATGTTGCTGCC (ATM-F), CGAATTTGCAGGAGTTGCTGAG
(ATM-B), and GGGTGGGATTAGATAAATGCCTG (ATM-Neo). The strains,

genotypes, and sex of mice used for establishing the cultures are summarized in Table 2-

1.

Cell Culture

Cells were cultured in Minimum Essential Medium (MEM) supplemented with
10% Fetal Bovine Serum (FBS), 100units/ml of penicillin and 100pg/ml of
streptomycin, and were maintained at 37°C in a humidified atmosphere of 5% CO, in
air. Because cells in S-phase have much higher levels of spontaneous y-H2AX foci, and
also because the number of foci per cell depends on DNA content (19), I carried out these
experiments with cells synchronized and maintained in G, during the irradiation

exposures using the isoleucine deprivation method (37).
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Table 2-1

Mouse cell strains characteristics.

Alm Mouse .

status D # Mouse Strain Genotype Sex

362 129S6-CBA/J mixed Male

390 129S6 W Male

H 412 12956 Alm Male
659 12956 Female

370 129S6-CBA/J mixed Male

. 407 129S6 tm1Awb/+ Male

+ 416 12956 Atm Male

420 12986 Male

338 129S6 Male

- 347 12956 tm1Awb/AmM1Awb Male

/ 417 12956 Atm Male

679 12986 Male

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Since polyploidy and aneuploidy can sometimes develop in cultures after several
serial subcultures following their establishment from primary explants, and could
therefore contribute to a non-uniform population of cells with respect to DNA content, I
measured the distribution of DNA content per cell in cultures at the time the experiments
were catried out. As an internal reference standard I utilized a mosquito cell line which
has approximately 30% of the DNA content of mammalian cells, and these were mixed
together and stained with the mouse cell samples during the flow cytometry
measurements (38,39). After cells were grown in normal medium to approximately 80%
confluence, this medium was removed and replaced with MEM made without the
addition of isoleucine, and containing 5% dialyzed FBS. Between 20 and 40 hours after
this medium change, 95% of cells had accumulated in the G;-phase as confirmed by
BrdU uptake analysis (by immunocytochemistry) and by DNA content analysis by flow
cytometry as described above and on previous occasions (38-40).

The flow cytometry and BrdU uptake results indicated that the DNA content
heterogeneity was not likely to be a serious problem, but to minimize contamination of
the synchronized diploid G; sample populations with S or G,, or any polyploid cells at
the time of scoring y-H2AX foci, I scored only the smaller cell nuclei, avoiding
occasional larger cell nuclei. As will be shown and discussed below the distributions of
foci per cell observed by scoring only these smaller nuclei did not show evidence of
appreciable contamination with S-, G,-, or polyploid cells or with cells of appreciably
different radiosensitivity, that would have resulted in distortions of the expected Poisson

distributions for uniform populations of G cells. I therefore concluded that any such
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contamination would not be sufficient to affect conclusions drawn from this study, and in
any case I saw no evidence that any heterogeneities that were observed were any different

for samples from the different groups of mice with different Atm genotypes.

Irradiations:

Irradiations were carried out using either a J.L.. Shepherd Model Mark 1-68 6000
Ci ¥'Cs irradiator or in a 37°C low dose-rate irradiation facility in which (depending on
the dose-rate desired) samples can be placed at various distances above a plane of from
one to twelve 4Ci "*’Cs sources that are remotely positioned under the cell cultures or
retracted into the shielded safe position. These irradiation facilities have been described
previously (34,41,42). Dose-rates and field uniformities over the position of samples
were measured using an ion chamber (Radcal 2025AC Radiation monitor with 20x5-180
Electrometer/Ion chamber). The dose-rate for the acute high dose-rate exposure was
250cGy/min. The dose-rate for the 24-hour protracted low-dose rate exposures was 9.9 to
10.2 c¢Gy/hour.

Cells were grown on chamber slides or flaskettes to form a monolayer as
described above, and when samples were ready for irradiation, flasks were sealed and
placed in position in the appropriate irradiator. After the low dose-rate exposures, cells
were immediately (within 5 minutes) processed for immunocytochemistry as described

below. After the high dose rate exposures samples were returned to the incubator and
processed at various times later to determine the time course of y-H2AX development.
y-H2AX: Immunocytochemistry
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After irradiation, cells were washed with ice cold PBS and fixed in PBS
containing 4% paraformaldehyde for 15min. After three further washes with PBS for
10min, cells were treated with 0.2% Triton X-100 solution in PBS for Smin. Before
immunocytochemical detection of y-H2AX, cells were blocked with 10% goat serum
solution for 1 hour at room temperature or overnight at 4°C to reduce subsequent non-
specific antibody binding.

Primary rabbit polyclonal antibody from Trevigen (Gaitherburg, MD) or mouse
monoclonal antibody from Upstate (Chicago, IL), was diluted 1:100 or 1:500
respectively, and chamber slides or flaskettes with the cell monolayers were incubated in
the diluted antiserum for 1 hour at 37°C. Cells were then washed with PBS 3 times for
10min. each, and secondary antibody (Alexa Fluor, Molecular Probes (Eugene, OR))
diluted 1:100 for anti-rabbit primary or 1:500 for anti-mouse primary was added and the
slides were incubated for another 1 hour at 37°C. Slides were mounted in a solution of
1.5png/ml DAPI containing slow-fade (Molecular Probes) after 4 washes with PBS for
10min each. There were some differences in levels of fluorescence signal strength from
individual foci depending on whether the rabbit polyclonal or mouse monoclonal

antibodies were used, but the number of foci was approximately the same.

y-H2AX: Scoring Foci

Images of cells were obtained using an Olympus AX-70 fluorescence microscope
equipped with a PSI image analysis system utilizing the MAC-Probe package. The
thickness of the cell nuclei for these mouse cell strains when the cells are attached and

flattened to the culture vessel surface is typically around 2 micrometers (43) and the foci
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were sufficiently intense that focusing the microscope approximately midway through the
nuclei revealed virtually all the y-H2AX foci present, as judged by counting all the foci as
the focal plane was moved from the top to the bottom of the nuclei compared to the
numbers for counts taken with the focal plane midway through the nucleus. There was
often some non-specific background signal over and between cells that was smaller and
less intensely fluorescent than the y-H2AX foci, so before counting foci the images were
processed by a "background subtraction" applied uniformly across the microscope fields.
The processed images were stored and cells from these were later scored. As mentioned
above, only the smaller cell nuclei were scored, and the occasional larger nuclei were

ignored. Samples were coded so the scorer did not know their origin.
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RESULTS

Acute high dose-rate irradiation:

The time course for development and disappearance y-H2AX foci after an acute
high dose-rate y-ray exposure of 1 Gy was measured for cells from the six of the twelve
mouse cell strains, two from each Afm genotype (Mouse ID Numbers 390, 412, 407, 416,
347 and 417 shown in Table 2-1). After irradiation, the cultures were incubated for 5, 10,
15, 20, 30, 45, 60 minutes, and 3, 6, 12, and 24 hours and then processed for examination
and enumeration of y-H2AX foci per cell. The results are plotted in Figure 2-1.

The general patterns of change in the appearance and disappearance of y-H2AX
foci as a function of time after irradiation were dependent on the Atm genotype. In the
cells from normal A¢fm +/+ mice, the number of y-H2AX foci increased rapidly, reaching
a maximum about 20 minutes after irradiation, then decreased to half its maximum value
by about 40 minutes, and finally decreased more slowly with another halving of the
number of foci per cell occurring some 2 hours later. By 12 or 24 hours after irradiation
the number of foci per cell had decreased to only about 5% of the maximum value.

These estimates allow for a zero-dose background
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Time Course y-H2AX Foci/Cell After 1Gy of Irradiation

25 o

Number of Foci per Cell

Time After 1Gy Acute Dose (Hours)

Figure 2-1
The time course of y-H2AX foci formation and disappearance after an acute y-ray
dose of 1 Gy for cells from wild-type Atm +/+ mice (®); heterozygous Atm +/—
mice ( A) and homozygous recessive Atm —/— mice (¢). Vertical dashed lines
drawn at 1 hour on the abscissa show the range of values at the time where there
was a maximum separation for cells from the mice of different Atm genotype.
Vertical dashed lines also indicate the separation at 24 hours.
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frequency of about 1 focus per cell. This pattern is not too different from the rejoining
kinetics of G; chromosome breaks and for DNA DSBs reported for normal cells on
numerous occasions following radiation doses less than 10 Gy (35,44-50).

At the other extreme, cells from 4tm —/~ mice showed a slower initial
development of foci, reaching a maximum after about 1 hour. The number of foci then
remained relatively constant for the next 2 hours and then began to decline. About 35%
of the maximum number of foci remained up to 24 hours after irradiation. Again, the
similar early maximum for normal vs. A-T cells and the difference in residual levels was
also comparable to observed initial and residual levels measured previously for
interphase chromosome breakage and rejoining in human normal and AT cells (45)

The time course for cells from Afm +/— mice showed an intermediate pattern of
formation and disappearance of foci after irradiation. The number reached a maximum
level similar to that for normal or Atm —/— cells at 30-45 minutes, but after this
maximum, the rate of decrease was not remarkably different from that for normal cells.
Neither were the residual levels after 12 or 24 hours significantly different between the
Atm +/— and Atm +/+ cells.

Since the optimum time for distinguishing Atm +/~ from normal cells appeared
to be at about 1 hour after the 1 Gy acute high dose-rate exposure, I carried out additional
experiments at this dose and sampling time for all 12 cell strains, and also included

samples for measurement 24 hours after irradiation. The mean values and uncertainties

derived from the data from these experiments for the 0 Gy controls and for the 1 hour and
24 hour sample times after 1 Gy, are summarized in Table 2-2. The data for the low

dose rate experiments described below are also summarized in Table 2-2.

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Continuous Low Dose-Rate Irradiation - (24h at 10cGy/h)

After a continuous exposure of cells for 24 hours at a low dose-rate of 10 cGy per
hour, y-H2AX foci were scored and the results are shown in Table 2-2 and summarized
graphically in Figure 2-2. The mean values and uncertainties are summarized in the last
column in Table 2-2. It is informative to present the data for the low dose rate
irradiations more completely to include the distributions of y-H2AX foci per cell as this
allows a better appreciation of the variation among cells within a strain and between
strains from different mice.

With the exception of the data for cells from the homozygous Atm —/— mouse
#338, where the observed distribution was significantly underdispersed relative to a
Poisson with the observed mean, no other significant deviations were observed from the
expectation of a Poisson distribution of foci per cell among cells in the individual
populations, and the pooled data also were well fit by Poisson distributions (Figure 2-2,
lower panels). This would indicate relatively homogenous populations of similar
sensitivities in each case. I cannot explain the underdispersion in the above sample,
except to speculate that some unknown factor in the sample preparation or image

processing may have been involved.
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Frequency (%)

y-H2AX foci formation after 10 cGy/h for 24 hours irradiation
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Homozygote
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347
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Mean Number of Foci per Cell
Atm Mouse ID# C% D
genotype High dose rate Low dose rate
0Gy 1Gy+1h 1Gy+24h | 10c¢Gy/h x 24h
362 0.76 5.22 1.68 1.69
(0.62-0.92) | (4.27-6.37) (1.37-2.05) (1.38-2.06)
390 0.62 5.18 1.36 2.53
(0.51-0.76) | (4.23-6.31) (1.11-1.66) (2.07-3.09)
412 0.85 5.92 1.84 1.31
+/+ (0.70-1.04) | (4.84-72) (1.51-2.24) (1.07-1.60)
659 1.23 9.62 1.80 1.55
(1.01-1.50) | (7.87-11.74) (1.47-2.20) (1.27-1.90)
Mean of Means 0.87 6.49 1.67 1.77
(&SEM) (z0.075) (z0.25) (0.13) (0.13)
370 1.50 9.62 1.30 4.93
(1.23-1.83) | (7.87-11.74)  (1.06-1.59) (4.03-6.01)
407 1.13 8.10 2.20 4.41
(0.92-1.38) | (6.63-9.88) (1.80-2.68) (3.61-5.38)
416 1.34 9.22 1.54 4.52
+/— (1.10-1.63) 1 (7.54-11.25) (1.26-1.88) (3.70-5.51)
420 1.35 11.56 1.86 5.14
(1.10-1.65) | (9.46-14.10) (1.52-2.27) (4.20-6.27)
Mean of Means 1.33 9.63 1.73 4.75
(xSEM) (z0.12) (=0.31) (0.13) (z0.22)
338 0.96 224 10.28 11.64
(0.79-1.17) [(18.32-27.33) (8.41-12.54)] (9.52-14.20)
347 1.65 16.06 6.86 9.66
(1.35-2.01) J(13.14-19.59) (5.61-8.37) | (7.90-11.79)
417 1.84 18.34 9.00 11.24
—[— (1.51-2.24) |(15.00-22.37) (7.36-10.98)} (9.19-13.71)
679 0.95 19.06 9.76 11.88
(0.78-1.16) [(15.59-23.25) (7.98-11.91)] (9.72-14.49)
Mean of Means 1.35 18.97 8.98 11.11
(xSEM) (£0.12) (£0.44) (£0.30) (£0.33)
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The mean values of foci per cell and the uncertainties for the series involving low
dose-rate irradiations, summarized in the last column of Table 2, show that not only is
there a highly significant increase in mean values of y-H2AX foci per cell for samples
from Atm +/— mice relative to Atm +/+ mice, but the difference is large. The
probability that any of the mean values of foci per cell for any of the samples from the
four Atm +/— mice is actually »not different from the mean observed for the control
population is much smaller than 0.001, and therefore, the probability that none of the
means from the four Atm +/— samples are different from the control mean is extremely
small. The mean of the means for the samples from the four Atm +/+ mice was 1.77 +
0.13 (SEM) foci per cell and the mean of means for the samples from the Atm +/— mice
was 4.75 £ 0.22 (SEM). Thus, the mean foci per cell for the samples for Atm +/— mice
was approximately 2.7-fold higher that that for the Atm +/+ samples. The numbers of
foci per cell was even larger (11.10 + 0.33 SEM or about 6.3-fold larger) for samples
from Atm —/— mice.

These results are graphically summarized in Figure 2-3, where the means and
estimated standard errors of the means for the zero dose controls and the corresponding
values for the low dose-rate irradiated groups for each of the 3 sets ( Atm +/+, Atm +/—,

and Atm —/—) are plotted.
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Figure 2-3
The means and standard errors of the number of y-H2AX foci per cell for pooled
data for unirradiated control mice or mice irradiated continuously at 10 ¢Gy/h for
24 hours (from the data summarized in Table 2) are shown for Atm +/+, Atm +/—,
and Atm —/— mice.
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DISCUSSION

The y-H2AX assay I describe involving a continuous low dose-rate irradiation
protocol, enables a clear distinction to be made between cell samples derived from Aim
+/—and Atm +/+ mice but of course the assay is indicative only of hypersensitivity to
the radiation effect measured, i.e., the levels of these foci. While a high level of these
foci for a sample of unknown origin might be expected to result from any of a number of
other known or even unknown genetic factors, this should be considered an advantage if
the assay is more generally applicable to assess radiation sensitivity.

To the extent that alterations in the processing of DSBs revealed by the y-H2AX
assay reflect the radiosensitivity status for biological effects of concern, such as
carcinogenesis, the assay could have several useful applications. Preliminary
experiments in our laboratory (data not shown) have indicated that cytocentrifuge
preparations of lymphoblastoid cell lines yield perfectly acceptable material for
quantitative measurements of y-H2AX foci, so peripheral blood lymphocytes, the
classical example of a non-cycling Gy cell population that is free from high background
foci S-phase cells, should provide material by a minimally invasive procedure for a rapid
assay to help identify hypersensitive individuals. Then, if the individual so desires,
further genetic testing might be carried out to identify the nature of the defect, or help
identify unknown genes affecting this phenotype. Preliminary studies in our laboratory
concerning the application of the approach described here to human cells indicate that

such phenotypic screening may indeed be possible.
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Beyond any potential practical applications, it is noteworthy that the y-H2AX
assay used here identifies a defect involving the processing of a particular kind of DNA
damage produced by ionizing radiations, eg., DNA DSBs. While it may be reasonable to
suggest that the chromosome-damage assays discussed earlier reflect differences in the
repair or processing of DNA damage (eg, (1,2)), this is nevertheless an assumption. The
present study does not identify the nature of the biochemical mechanisms involved in the
damage processing defect, but it does identify DNA DSBs as the principal component of

the initial damage being processed.
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Chapter 3

Levels of y-H2AX Foci after Low Dose-Rate Irradiation
Distinguish Human A7TM Heterozygotes and other Mildly
Radiosensitive Individuals

ABSTRACT

I have investigated the use of the y-H2AX assay, reflecting the presence of
DNA double strand breaks, as a possible means for identifying individuals such as ATM
heterozygotes who may be intermediate between the extremes of normal radiosensitivity
and hypersensitive phenotypes. I compared levels of y-H2AX foci after irradiation in
cells from six apparently normal individuals as well as from individuals from two
separate A-T families including the proband, mother, father, and three unaffected siblings
in each family. After a 1 Gy single acute (high dose-rate) y-ray dose delivered to non-
cycling contact inhibited monolayers of cells, clear differences were seen between
samples from normal individuals (47M +/+) and probands (4TM —/-) at nearly all
sampling times after irradiation, but no clear distinctions were seen for cells from normal
vs. obligate heterozygotes (47M +/-). In contrast, after 24 hours of continuous
irradiation at a dose rate of 10 cGy/hour, appreciable differences in foci per cell were
observed for cells from individuals for all the known ATM genotypes as compared with
controls. Four unaffected siblings had mean numbers of foci per cell similar to that for
the obligate heterozygotes, whereas the other two had mean values similar to that for

normal controls. I determined independently that those siblings with mean foci per cell
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in the range of ATM heterozygotes bore the mutant allele, while both siblings with a
normal number of foci per cell after irradiation had normal alleles. A more limited set of
experiments using lymphoblastoid cell strains in the low dose-rate assay also revealed
distinct differences for normal vs. ATM heterozygotes, and opens the possibility of
utilizing peripheral blood lymphocytes as a more suitable material for an assay in

humans.
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INTRODUCTION

Many cellular phenotypic tests readily reveal extreme differences in
radiosensitivity between individuals, but unequivocal detection of mild or less extreme
hypersensitivity has proven more difficult (1-18). Differences in biological responses to
a given dose of a particular radiation depend largely on differences in DNA DSB repair
capacity and the balance of repair vs. misrepair and other processes that occur after
irradiation. In general, biological effects of radiation, such as mutation, carcinogenesis
and cell killing, are reduced for low LET radiation exposures that are protracted or spread
over a period of hours or days compared to the same total dose delivered acutely in a few
seconds or minutes (eg (19-27)). Cells defective in DNA damage processing show much
reduced dose-rate effects compared to the relatively larger dose-rate effect for the
proficient system, so there is generally a much larger difference in responses for doses
delivered as protracted low dose rate exposures than for the same doses delivered as acute
high dose-rate exposures (28,29). This property was the basis for a strategy used in this
laboratory to isolate radiosensitive mutant cell lines that proved to have defects in DNA
DSB damage processing (28-31), and also to test a y-H2AX focus assay carried out at
low dose rate to provide a more sensitive means for distinguishing even mildly hyper-
radiosensitive individuals than would be possible for acute, high dose-rate exposures.
Others have also used the same rationale to enhance discrimination of mild

hypersensitivity in the G; assay (32).
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In a recent previous report I found that for low dose-rate irradiation (10 ¢cGy/h for
24 hours) a clear distinction was observed between cells from normal Atm +/+ vs. Atm
+/— mice using the y-H2AX assay (33) and even larger differences were seen for cells
from Atm —/— mice. In this case cells from mice with altered 4¢m genotypes were all
obtained from mice with the same knockout alleles, so the same specific mutation was
involved for all heterozygotes and other differences in genetic background were
minimized. Thus, differences observed in the radiosensitivity phenotype were almost
certainly due to differences in the A#m genotype rather that some other more complex

differences in genetic background.

The present report extends this study to cells derived from different human
individuals and different families of individuals, where the diversity of genetic
background would be greater. While differences in ATM genotypes would certainly be
expected to contribute to differences in y-H2AX foci phenotypes after irradiation, it is
doubtful that this would be the only source of such differences. In the present study I
compared numbers of y-H2AX foci in contact inhibited low passage cultured fibroblasts
from two A-T families where a proband, both parents, and three unaffected siblings from
each family were available. I generally refer to these contact inhibited low passage
cultures of normal or untransformed human fibroblasts as being composed of Gy cells, for
reasons outlined below in the Methods section. For the normal controls, low passage
cells from six apparently normal individuals were used. The comparisons in the present
study were made after either 24 hours of continuous irradiation at a dose-rate of 10 ¢cGy
per hour as used in the previous study, or at various times after a single acute y-ray dose

of 1 Gy. Because an assay such as the one I have studied here would be of much greater
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practical use if it could be applied to cells, such as peripheral blood lymphocytes that are
more easily sampled from individuals, I carried out a limited number of experiments
using the low dose-rate assay with lymphoblastoid cell strains derived from individuals
who were either apparently normal, ATM +/— heterozygotes or affected A-T probands

(ATM —/-).
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MATERIALS AND METHODS

Cells

Nearly all cell strains used in this study were from the Coriell Institute Cell
Repository. The apparently normal fibroblast strains were GM08680 (46, XY, foreskin),
GMO08429 (46,XY, skin, ear tag), GM08402 (46,XY, skin), GM08400 (46,XX skin),
GMO05400 (46,XY inguinal skin biopsy), and GM02149 (46, XX, skin, clinically normal
wife of patient with Huntington Chorea). The fibroblast strains derived from individuals
belonging to A-T family 605 (Coriell designation number) were GM03395 (proband),
GM 03396 (mother), GM03397 (father), GM03398 (unaffected sister of proband),
GMO03399 (unaffected sister of proband), and GM03490 (unaffected brother of proband).
The cells from individuals belonging to A-T family 516 (Coriell designation number)
were GM03487 (proband), GM03489 (mother), GM03488 (father), GM03490
(unaffected brother of proband), GM03491 (unaffected sister of proband), and GM03492

(unaffected sister of proband).

Five lymphoblastoid cell strains were also used. From the NIGMS Coriell
Institute lymphoblastoid cells derived from A-T family 516 (also used in the fibroblast
study) were GM03187 (father), GM03188 (mother), and GM03189 (proband). Another
lymphoblastoid strain designated L3 from an A-T patient (47M—/-) bearing a
homozygous truncation mutation, and a normal strain designated C3 (C3ABR) was
kindly supplied by Dr. Martin Lavin of the Queensland Institute of Medical Research,
Herston Queensland, Australia (34). The growth and maintenance of these cells in our

laboratory have been described previously (35).
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Cell Culture

Cells were cultured in Minimum Essential Medium (MEM) supplemented with
15% Fetal Bovine Serum (FBS), 100units/ml of penicillin and 100pg/ml of
streptomycin, and were maintained at 37°C in a humidified atmosphere of 5% CO, in
air. Cells were grown on chamber slides or flaskettes to form a monolayer as described
above, and when samples were ready for irradiation, flasks were sealed and placed in
position in the appropriate irradiator. Because unirradiated cells in S-phase have much
higher levels of y-H2AX foci, and also because the number of foci per cell depends on
DNA content (17), I carried out these experiments with non-cycling contact inhibited Gy
cells as reported on other occasions (36-38). It may also be worth noting that I generally
refer to these contact inhibited low passage cultures of normal or untransformed human
fibroblasts as being composed of "Gy" cells since earlier observations in our laboratory
had shown that 1) virtually all the cells under these conditions were completely negative
in immunocytochemical tests for DNA polymerase a, 2) virtually all had a G; DNA
content, 3) cycling G cells, whether the G; transit time is long or short, stain intensely
with anti-DNA polymerase o antibody, and 4) only a very low proportion of cells in such
cultures incorporate tritiated thymidine even after 24 hours of continuous labeling
(39,40). As will be shown and discussed below the observed distributions of foci per cell
were generally well fitted to the expected Poisson distributions for uniform populations.

Before experiments were carried out, the cell cultures were coded so the person
performing the experiments and scoring the slides did not know the origin of the cells.

Only after the samples were scored and the data were compiled and summarized, were
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the samples decoded. At least three independent experiments were carried out for each
fibroblast strain and irradiation condition.

For the limited studies with the lymphoblastoid strains, cells were cultured in
suspension in medium RPMI containing 15% fetal bovine serum. These cells do not
undergo contact inhibition and enter a non-cycling Gy state. As previous work has shown
that even unirradiated S phase cells have a very high background of y-H2AX foci, and
because rapidly proliferating cell cultures are not suitable for the low dose-rate assay, I
synchronized the cells in G; before irradiation using the isoleucine deprivation method
(41). G phase synchronization after isoleucine deprivation was confirmed by flow
cytometry (DNA content), and after labeling with BrdU, by immunocytochemistry using

an anti-BrdU antibody.

Irradiations:

Irradiations were carried out using either a J.L. Shepherd Model Mark I-68 6000
Ci '¥Cs irradiator or in a 37°C low dose rate irradiation facility in which, depending on
the dose-rate desired, samples can be placed at various distances above a plane of from
one to twelve 4Ci *’Cs sources that are remotely placed under the cell cultures or
retracted into the shielded safe position. These irradiation facilities have been described
on numerous occasions (30,38,42). Dose-rates and field uniformities over vthe position of
samples were measured using an ion chamber (Radcal 2025AC Radiation monitor with
20x5-180 Electrometer/Ion chamber). The dose rate for the acute high dose rate exposure
was 250cGy/min. The dose rate for the 24 hour chronic low dose rate exposures was 9.9

to 10.2 cGy/hour.
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When fibroblasts were ready for irradiations the monolayer cultures on the
chamber slides or flaskettes were sealed and placed in position in the appropriate
irradiator. After the low dose-rate exposures, cells were immediately (within 5 minutes)
processed for immunocytochemistry as described below. After the high dose rate
exposures samples were returned to the incubator and processed at various times later to
determine the time course of y-H2AX development.

For the lymphoblast cells, synchronized G, phase cultures were irradiated in T25

flasks in suspension, and only the low dose-rate protocol was used.

y-H2AX: Immunocytochemistry

After irradiation, cells were washed with ice cold PBS and fixed in PBS
containing 4% paraformaldehyde for 15 minutes. After three further washes with PBS for
10 minutes, cells were treated with 0.2% Triton X-100 solution in PBS for 5 minutes.
Before immunocytochemical detection of y-H2AX, cells were blocked with 10% goat
serum solution for 1 hour at room temperature or overnight at 4°C to reduce subsequent
non-specific antibody binding.

Mouse monoclonal antibody from Upstate (Chicago, IL), was diluted 1:500, and
chamber slides or flaskettes with the cell monolayers were incubated in the diluted
antiserum for 1 hour at 37°C. Cells were then washed with PBS 3 times for 10 minutes
each, and secondary antibody (Alexa Fluor 488 conjugated goat anti mouse, Molecular
Probes (Eugene, OR) diluted 1:500 was added and the slides were incubated for another 1
hour at 37°C. Slides were mounted in a solution of 1.5ug/ml DAPI containing slow-fade

(Molecular Probes, Eugene, OR) after 4 washes with PBS for 10 minutes each
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For the lymphoblastoid lines, cells were centrifuged onto slides using a
cytocentrifuge. The slides were then rinsed with PBS, and fixed using paraformaldehyde.

Further processing was the same as for the fibroblast cultures as described above.

y-H2AX: Scoring Foci

Images of cells were obtained using an Olympus AX-70 fluorescence microscope
equipped with a PSI image analysis system utilizing the MAC-Probe package. The
thickness of the cell nuclei for these cell strains when the cells are attached and flattened
to the culture vessel surface is typically around 2 micrometers and the foci were
sufficiently intense that focusing the microscope approximately midway through the
nuclei revealed virtually all the y-H2AX foci present, as judged by counting all the foci as
the focal plane was moved from the top to the bottom of the nuclei compared to the
numbers for counts taken with the focal plane midway through the nucleus. There was
often some non-specific background signal over and between cells that was generally
somewhat smaller and less intensely fluorescent than the y-H2AX foci, so before
counting foci the images were processed by a "background subtraction” applied
uniformly across the microscope fields. The processed images were stored and cells from
these were later scored

In cases where there is a very low average number of foci per cell and the number
of cells with a Poisson expectation of 1 or 2 foci per cell is appreciable, this subtraction
can lead to a spurious increase in the 0 or 1 focus per cell class, but the distortion in the
picture is generally obvious. In these cases bimodal distributions, were fitted to make a

minor adjustment to the mean values used for comparisons among cell strains.
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Otherwise, comparing means for slightly more sensitive vs. less sensitive cells in the
assay could lead to a bias toward concluding a significant difference occurred when there
was actually no difference. The correction applied would actually increase the means for
less sensitive cells with virtually no change for more sensitive cells, thus reducing the
differences for cell samples with lower (eg. normal) compared to the higher (eg. ATM
heterozygotes) mean numbers of foci per cell. In no case in the present study, whether

or not this correction was applied, our conclusions would not be altered.

ATM Genotyping by PCR and Sequencing

The ATM genotypes of the unaffected siblings in A-T families 516 and 605 were
unknown to us at the time the y-H2AX focus assays were carried out, but the mutations in
the probands of these families are know, so I genotyped coded samples of DNA from the
sibs’ fibroblasts for the relevant mutations. Genotyping was accomplished by amplifying
the relevant regions of the gene and sequencing the amplification products. The proband
in family 516 is a compound heterozygote with an 8266A>T base substitution on the
maternal allele and a 4 basepair insertion at nucleotide 1141 on the paternal allele (Coriell
Institute for Medical Research, NIGMS Catalogue). The proband in family 605 is
homozygous for a 7913G>A mutation. The primers used to PCR amplify the 8266A>T
region were AGATGCTGTCATGCAACAGG and GCCTCCCAAAGCATTATGAA,
and the primers for the 1141ins4 region were GCAACAACAGCGAAACTCTG and
CCAAGGCACAAGATCAAAATC. The 7913G>A region was amplified with a primer
set consisting of ATCGAACAGAGGCTGCAAAT and

TGAAAAAGTAACCAGGGAATGC. Following 31 cycles of amplification (94°C, 30
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sec denaturation, 57°C, 30 sec annealing and 72°C, 60 sec extension) the PCR products
were purified by agarose gel electrophoresis and sequenced by a commercial sequencing

service (Davis Sequencing, Inc.,Davis, CA)
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RESULTS

Acute high dose-rate irradiation:

The time course for development and disappearance y-H2AX foci after an acute
high dose-rate y-ray exposure of 1 Gy was measured by fixing and processing cultures
that had been incubated for 15, 20, 30, 45, 60 minutes, and 2, 3, 6, 12, and 24 hours after
irradiation, and these were then examined by fluorescence microscopy for enumeration of
v-H2AX foci per cell. The results are plotted in Figure 3-1.

The general patterns of change in the appearance and disappearance of y-H2AX
foci as a function of time after irradiation were dependent on the ATM genotype. In the
cells from apparently normal individuals, the number of y-H2AX foci increased rapidly,
reaching a maximum about 20 minutes after irradiation, then decreased to half its
maximum value by about 40 minutes, and finally decreased more slowly with another
halving of the number of foci per cell occurring some 2 hours later. By 12 or 24 hours
after irradiation the number of foci per cell had decreased to only about 5% of the
maximum value. This pattern is not too different from the rejoining kinetics of
interphase Gy chromosome breaks measured by premature chromosome condensation
and for DNA DSBs, as well as for the disappearance of y-H2AX foci reported for normal
cells on numerous occasions following such relatively low radiation doses (31,37,39,43-

47).
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Figure 3-1
The development and disappearance of y-H2AX foci in contact inhibited
monolayer cultures is shown for various human fibroblast strains as a function of
time after a acute (high dose-rate) gamma radiation dose of 1 Gy. The dotted line
traces the pattern for cells from apparently normal human cell strains, the dashed
line for ATM heterozygotes, and the solid line, for affected A-T individuals. The
symbols and corresponding cell strain designations are shown in the insert.
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At the other extreme, cells from ATM —/— homozygotes showed a slower initial
development of foci, reaching a maximum after about 1 hour. The maximum foci per cell
at this time was only about 22; lower than the maximum of about 34 observed for cells
derived from normal individuals. The number of foci then remained relatively constant
for the next 2 hours until after 3 hours the number began to decline. About half of the
maximum number remained up to 24 hours after irradiation. The lower early maximum
value for cells from A-T patients relative to that for normal individuals may reflect a
slower initial phosphorylation of H2AX in the ATM —/— cells required for the
development of foci but of course other explanations are also possible.

The time course for cells from ATM +/— heterozygotes showed an intermediate
pattern of formation and disappearance of foci after irradiation. The number reached a
maximum level that was also somewhat lower (~27 foci per cell) as well as later (around
45 minutes) relative to that for normal cells, but after this maximum, the rate of decrease
was not remarkably different from that for normal cells. Neither were the residual levels
after 12 or 24 hours significantly different for the Atm +/— and Atm +/+ cells. The
delayed maximum for cells from ATM +/— heterozygotes, however, did result in a
significant distinction between the cells from heterozygotes and apparently normal
individuals with this for sampling times between 45 and 60 minutes, but there was no

difference at 60 minutes between samples from probands and heterozygotes.

Continuous Low Dose-Rate Irradiation - (24h at 10cGy/h)
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The results for 24 h protracted or continuous irradiation at a low dose-rate of 10
cGy per hour are shown in figure 3-2. It is informative to present the data for the low
dose rate irradiations more completely to include the distributions of y-H2AX foci per
cell as this allows a better appreciation of the variation in numbers of foci among cells in
a sample and between samples from different individuals. The mean numbers of foci per
cell and the estimated standard deviations for the cells from the various individuals are
summarized in Table 3-1. Also summarized are the pooled means for particular sets
(e.g., normal, ATM hets, probands) and estimated standard errors of the means for the
sets. These standard errors are worth noting because it is the dispersion of mean values
among a set of similar genotypes or putative radiosensitivity phenotypes that allows
distinctions or inferences to be drawn about the significance of differences that may exist
between samples. I also note, as mentioned in the Methods section, that the image
analysis approach I used for scoring foci per cell involves a small background subtraction
and even though the nuclei scored are relatively flattened (~2 microns thick) occasional
foci that are at the extreme ranges of the optical focal plane result in flaring and dimming
of the image and may also be subtracted. The resulting distortion of the distributions is
most apparent at the very lowest numbers of foci per cell resulting in a spurious increase
noticeable in the numbers of cells with zero or one y-H2AX focus. This is apparent as a
bimodal distribution. Therefore, rather than taking a mean value of a distribution that is

clearly bimodal, spuriously biasing the mean to lower values, I fitted data to bimodal

distributions and utilized the means () and estimated errors of the higher distributions.

The light dashed lines in figure 3-2 show the fitted Poisson distributions, and bimodal
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Table 3-1

ATM Genotype Mean foci per
Cell Source | Cell Strain ATM status from PCR and
.1 Cell (= SD)
Sequencing
GMO02149 45(x£2.2)
GM05400 47(x£2.2)
Apparently | GM08400 4,6 (£2.2)
Normal | GM08402 Unknown (N.D.) 11.9 (£3.2)
GMO08429 4.3 (x£2.0)
GMO08680 54 (+2.4)
GMO03395 A-T Proband —/— 22.1 (£ 4.3)
GMO03396 | Oblig.Het.(Mother) +/— 11.0 (= 3.2)
. GMO03397 | Oblig.Het.(Father) +/— 11.6 (£3.2)
Family 605 =51 103398 wa 112 (£3.1)
GMO03399 | Unaffected Siblings +/- 10.5 (£2.9)
GMO03400 +/- 109 (x3.1)
GMO03487 A-T Proband —/— 19.7 (£ 4.1)
GMO03488 | Oblig.Het. (Father) +/— 11.5(x3.2)
, GMO03489 | Oblig.Het. (Mother) +/— 10.2 (£ 3.1)
Family 516 "Ghi03490 - 114 (£3.1)
GMO03491 | Unaffected siblings +/+ 6.3 (£2.6)
GM03492 ++ 48(x£2.2)
Pooled Mean of Means
Phenotypes (= SEM)
Normal 4.6 (£0.13)
Heterozygotes 11.0 (= 0.20)
A-T Probands 20.9 (£ 0.27)

Footnote: 'The same mutant A7M allele in family 605, a G>A substitution at nucleotide
residue 7913, was present in both obligate heterozygous parents. In family 516, the
mutant ATM allele of the father was a 4-base insertion at nucleotide residue 1141, and
this was inherited by the only sibling (cell strain GM03490) shown to be heterozygous.
The ATM mutant allele of the mother was an A>T substitution at residue 8266.
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distributions were fitted only when single distributions resulted in an unacceptably high
chi-square value for the fit. Thus, the means and error estimates quoted below for the
samples falling in the range of foci per cell for normal-derived cells, all refer to these p
estimates.

From figure 3-2, it is immediately apparent that the distributions show a much
lower range of foci per cell for 5 of the 6 apparently normal samples compared to the one
outlier. The results for the cells designated GM08402, showed a distribution that was
well fit by a Poisson with a mean of 11.9 + 3.3, while the higher mean values (u;) for the
samples from the other 5 apparently normal individuals ranged from around 3.5 to 5.5.
GM 08402 fibroblasts originated from an apparently healthy 32 year old male donor.
While it cannot be ruled out, the likelihood of an individual being an ATM heterozygote
as a random sampling from the general population would be expected to be of the order
of 1%, so the probability that one cell strain of six obtained from randomly selected
apparently normal individuals would be from an ATM heterozygote would be of the order
of 5 to 6%.

For the samples from individuals from the two A-T families, the ATM —/—
probands clearly showed hypersensitivity in the low dose-rate y-H2AX assay with mean
foci per cell values of 22.1 £ 4.2 for GM03395 family 605 proband cells and 19.7 + 4.1
for GM03487 family 516 proband cells. The mean foci per cell estimates for obligate
heterozygous parents in family 605 were 11.0 + 3.2, and 11.6 + 3.2, respectively, and in
family 516, the mean foci number for heterozygous strains GM03488 and GM03489

were 11.5+ 3.3, and 10.2 + 3.1.
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This assay shows a clear difference between the ATM +/— obligate heterozygous
parents relative to the ATM —/— probands within families. Further, across the different
families with their inherent genetic background heterogeneities, the results of the mean
foci per cell in the assay are very similar among all the heterozygotes and similar to the
mean for the sample from one of the apparently normal individuals (GM08402), though
as I have already pointed out it seems unlikely that individual is an ATM heterozygote.

What is also clear is the appreciable and consistent difference in foci per cell for
normal compared to the samples from 47TM heterozygotes. Mean foci per cell values (y,)
for samples from 5 of the 6 apparently normal individuals ranged from 4.5 to 5.4, and the
mean and standard error of these means was 4.6 £ 0.2. For the obligate ATM
heterozygotes the mean foci per cell ranged from 10.2 to 11.6, with a mean and standard
error for the pooled data of 11.1 + 0.2.

The results from the assay for unaffected siblings in the two A-T families were
also interesting. As summarized in Table 3-1, in family 605, there was no significant
difference in the mean numbers of foci per cell in pair-wise comparisons between any of
the three siblings in this assay. For GM03398 the mean was 11.2 + 3.1, for GM03399 the
mean was 10.5 £ 2.9, and for GM03490, the mean was 10.9 + 3.1. Neither were these
values significantly different from those for samples from their obligate 4TM
heterozygous parents. In family 516 only one of the three unaffected siblings had a mean

foci per cell value (11.4 £ 3.0 for GM03490) similar to that for the heterozygous parents,

while the mean foci per cell for the other unaffected siblings were 5.3 + 2.3 for GM03491
and 4.8 = 2.2 for GM03492. These values were not significantly different from each

other or from the any of the mean values from 5 of the 6 apparently normal controls.
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From this assay alone, one would strongly suspect that, given the family histories, all
three of the unaffected siblings in family 605 were 4TM heterozygotes and in family 516,
only one of three was an ATM heterozygote.

To determine whether the individual siblings suspected of being ATM
heterozygotes by the low dose-rate y-H2AX assay were, in fact, heterozygotes I carried
out an ATM genotyping with respect to the known mutations in these families, from
coded samples from the cell strains derived from individuals from these families by PCR
amplification of the genomic regions of interest and sequencing of the products. The
PCR/sequencing assay confirmed the known ATM mutations in the parents and
probands, and showed that in family 605, all three siblings were heterozygotes. Because
both heterozygous parents had the identical mutant allele, it was not surprising that all
had the same G>A substitution at nucleotide residue 7913. In family 516, only one of the
siblings (GM03490) was heterozygous, with the mutant allele being the 4-base insertion
at nucleotide residue 1141, also present in the heterozygous father. This mutant allele
was also present in the proband (GM03487) in family 516, as was the allele bearing the

A>T substitution inherited from the heterozygous mother (GM03489).

Lymphoblastoid cells:

The results of the more limited set of experiments involving the cells of
lymphoblast origin, designed to investigate the possibility of using the assay in further
studies using more accessible peripheral blood lymphoblasts, are summarized in Table 3-
2. In this case only two separate experiments were carried out for each cell strain, and

only 50 cells were scored for each sample in each experiment. Further, cells from only
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one normal control (4TM +/+), two obligate heterozygotes (4TM +/-), and two affected
probands (ATM —/—) were included. From this summary in Table 3-2 it is also clear that
the low dose-rate assay clearly separates and distinguishes three distinct phenotypes
associated with normal, ATM-+/—, and ATM —/— cells. The mean y-H2AX foci per cell
for the ATM +/+ normal cells was 2.7 (+ 2.0). For the obligate heterozygous parents
from family 516 (also used in the fibroblast study) the mean values were 6.2 (£ 2.3) and
6.7 (£ 2.5). For the ATM —/— probands, the numbers of foci per cell for the family 516
proband was 14.2 (£ 4.1) and for the L3 proband cells the mean was 14.6 (£ 5.1).
Although the different phenotypic groups were statistically distinct, all the values
appeared to be uniformly lower for the lymphoblast cells. Since the conditions of the
assay and cell fixations were somewhat different for the experiments using lymphoblast
vs. fibroblast derived cells, attributing the difference to cell types from our data is not
warranted. For example, I used prolonged isoleucine deprivation for G; phase
synchronization and cytocentrifuge cell preparations for the lymphoblastoid cultures, but
used contact inhibited Go monolayers with iz situ monolayer fixation and
immunocytochemistry for fibroblasts. In spite of the limitations, however, the
experiments demonstrate that that there are no fundamental problems in terms of general
cell types that would preclude the use of peripheral blood lymphocytes for the assay. In
fact the latter cell type should be superior to the cultured lymphoblastoid cultures, since

cell cycle synchronization would not a problem.
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Mean Foci per Cell

Cell Source Cell Strain ATM status (*S.D)
Queensland Institute C3 Normal (WT) 2.7 (£2.1)
. (ATM +/+)
for Medical Research AT Affocted
(Dr. M.F. Lavin) L3 (ATM —/) 14.6 (£5.1)
Oblig. Het.
GMO03187 (ATM +/-) 6.2 (£2.3)
Coriell Institute Oblig. Het.
A-T Family 516 GM03188 (ATM +/-) 6.7(2.5)
Proband
GMO03189 (ATM —/) 14.2 (+4.1)
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DISCUSSION

By way of connecting hyper-radiosensitivity phenotypes to cancer susceptibility,
several studies have identified individuals who may be cancer prone through expression
of hypersensitivity to G, chromosomal aberration induction following exposure to
ionizing radiation or other treatments that directly or indirectly produce DNA DSBs.
Particularly pertinent examples are approaches to the measurement of hypersensitivity of
A-T heterozygotes who are known to be cancer prone (1). Among these, several have
utilized the G, chromosomal radiosensitivity assay mentioned above (eg.,(2-8)). While
there are numerous factors involving experimental protocols that influence the outcome
of the G, assay itself (6), and some have reported it to be less than robust (eg, (10)), with
appropriate matched controls the assay has been recognized as very useful (6). This
assay has also been used to show an elevated G, chromosomal radiosensitivity in
lymphocytes of breast cancer patients compared to cells from control individuals, and the
proportion with elevated sensitivity was some 40%); far greater than the expected
frequency of ATM, BRCAI, BRCA2, and TP53 heterozygotes combined (~6%) (8,9).
Another potentially useful assay involving chromosomal aberrations measured by
chromosome painting was shown to distinguish differences, on average, between cells
from normal individuals and from both ATM and Nijmegen Breakage Syndrome (NBS)
heterozygotes, some 15 to 20% of the mean values for heterozygotes fell in the range of
means for the normal controls (48) .

A different G, chromosomal aberration assay was reported recently by Johnson

and colleagues based on their observation that Camptothecin (CPT) causes DNA DSBs
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by promoting the collapse of replication forks during S phase, and that A-T fibroblasts
are defective in the repair of these kinds of DSBs (12,13). Cells derived from ATM —/—
homozygotes were by far the most sensitive in this assay, but cells from obligate ATM
+/— heterozygotes from the two families studied were also significantly more sensitive
than those from normal individuals, principally due to the appreciable hypersensitivity for
induction of chromatid exchange-type aberrations in G, prematurely condensed
chromosomes (13).

In another kind of assay measuring differences in radiation-induced G; blocks and
delayed entry into S phase, Nagasawa and Little and their colleagues in the mid-1980's
demonstrated significant differences in cells from 4TM heterozygotes relative to cells
from both normal individuals and affected probands (14,16).

The measurement of y-H2AX foci in cells as a sensitive assay reflecting breakage
and rejoining of DNA DSBs has greatly facilitated studies that may help to elucidate the
possible role of variations in DNA DSBs processing pathways in the known variations in
susceptibilities among individuals to cancer (15,17,18). While the chromosomal or cell
cycle checkpoint radiosensitivity assays may be linked to DNA DSB processing, the link
is more indirect than appears to be the case for the y-H2AX assay, though in contrast to
the chromosomal aberration assays, the y-H2AX assay does not appear to reveal
processes leading to mis-repair or mis-rejoining.

In the present study, the y-H2AX assay using the continuous low dose-rate
irradiation protocol clearly enables a distinction between cell samples derived from
normal ATM +/+ individuals relative to ATM +/— obligate heterozygotes and, of course,

affected ATM —/— probands. While it might prove very useful for distinguishing 4TM
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heterozygotes among unaffected siblings in A-T families in which the mutations were
unknown, the assay, of course, is indicative only of hypersensitivity to radiation in
respect to levels of these foci, which may have resulted from any of a number of other
possible genetic factors.

As mentioned earlier, the hypersensitivity response in this assay for one of the cell
strains from the group of six apparently normal individuals seems unlikely to have been
the result of ATM heterozygosity in this individual, though it cannot be ruled out.
However, several previous studies on radiation sensitivity of cells from apparently
normal individuals, have suggested that a surprising proportion if the population, perhaps
a high as 20 to 25%, show a mild hypersensitivity similar to that reported for ATM
heterozygotes (16,36,49,49-54). We have also seen a high proportion of mildly
hypersensitive cell strains derived from apparently normal individuals using a low dose-
rate colony formation assay. (P. Wilson, PhD Dissertation, CSU, 2006). Further, we
have reported a similar hypersensitivity for cells from the apparently normal parents of 5
Retinoblastoma (RB*) patients where the sensitivity is unlikely to be directly related to
the RB gene (50). Additional studies using the present low dose-rate y-H2AX assay on
cells from individuals in the RB families will be reported elsewhere.

It is interesting that not only was one of six samples from the apparently normal
individuals hypersensitive in the y-H2AX assay, but the level of hypersensitivity was
very similar to that for cells from ATM heterozygotes, and further that the levels of
hypersensitivity for ATM heterozygotes was the same within the same family as well as
between the two families. Although the numbers of individuals involved is relatively

small for the ATM families, the similarity of radiosensitivity phenotypes that appears to
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be independent of the presumably diverse genetic backgrounds represented by the parents
in these families, might argue that a fairly limited number of genes affect this low dose-
rate y-H2AX radiosensitivity phenotype. This is further suggested by the similar level of
hypersensitivity for the cells from one of the apparently normal individuals. Also
suggesting a limited number of genes affecting radiosensitivity for the G, chromosomal
radiosensitivity phenotype, Scott and his co-workers reported radiosensitivities by this
assay in 37 first-degree relatives of 16 hypersensitive breast cancer patients (7). Some
62% (23 of these 37) were also hypersensitive, whereas only 7% or 1 of 15 first-degree
relatives of 4 patients with normal G, sensitivity. The distribution of sensitivities was
trimodal, suggesting the involvement of a limited number of genes.

Different measurements of radiation damage, ranging from molecular and cellular
endpoints such as DNA DSBs, chromosomal aberrations, mutations, or cell killing, to
tissue effects or late effects in animals, such as carcinogenesis, would be expected to
involve contributions from a wider and wider spectrum of genetic determinants involved
in the expression of biological effects. Still, genetic factors affecting responses at the
cellular and molecular level are likely to exert a substantial influence on variations in the
effects of radiations of concern for humans, and in this sense studies and assays such as
the one described here may be helpful to better recognize the sources and explain such

variations among individuals.
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Chapter 4

Evidence for A Defect in DNA Double Strand Break
Processing in Cells from Unaffected Parents of Retinoblastoma
Patients and Other Apparently Normal Humans: Application
of Two y-H2AX Focus Assays

ABSTRACT

In recent previous reports we have shown that 1) a y-H2AX focus assay applied
after protracted low dose-rate irradiation allowed a clear distinction to be made between
cells from 4TM heterozygotes and other mildly hypersensitive but apparently normal
individuals, relative to cells from the majority of clinically normal individuals, 2) cells
from unaffected parents of Retinoblastoma (RB) patients in all 5 families tested show a
mild hypersensitivity to radiation induced G; arrest and cell killing, and the latter is
enhanced for low dose-rate irradiation, and 3) the parents in these RB families display a
distinctive gene expression profile. These observations suggest the possibility of an
enhanced germline mutation rate, perhaps resulting from some mild defect in genome
maintenance. I therefore examined the levels of y-H2AX foci reflecting the presence of
DNA double strand breaks (DSBs) in a G»/M assay and in non-cycling Gy cells after low
dose rate irradiation; a condition that enhances differences in processing breaks for
normal vs. hypersensitive cells. The latter assay reflects the capacity of cells to process
DNA DSBs by non homologous end joining (NHEJ) and the former, any additional

contribution resulting from homology directed repair (HDR). I found that cells from all
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parents tested in the 5 RB families were clearly hypersensitive in the low dose rate assay.
In addition, low passage cultured fibroblasts from 7 of 19 apparently normal individuals

that appeared to be mildly hypersensitive in cell survival assays were also hypersensitive
in the low dose-rate y-H2AX assay. The relative hypersensitivities of the cell strains seen
in the low dose-rate Gy assay were similar in the G,/M y-H2AX focus assay, although the

statistical resolution of differences was lower.
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INTRODUCTION

Previous studies have shown a mild hypersensitivity to radiation in cells derived
from a surprisingly high proportion of apparently normal individuals (1) and of particular
interest, a consistent mild hypersensitivity to radiation in cells derived from the parents of
five unselected hereditary retinoblastoma patients (2). Further, cells from the parents in
the RB families display a pattern of gene expression that is distinctly different from cells
derived from age and sex matched normal individuals, when as few as 9 genes were
analyzed (3). The expression array used was enriched for about 19,000 known genes,
and while none of the above 9 were known DNA repair genes, this does not rule out the
possibility that DNA damage processing may still be involved in the radiation
hypersensitivity. For example, one or more of the 9 genes referred to above (NM23A,
MCMS5, HOXB2, HOXD10, HOXC10, polo-like kinase I and E2F1, (3)) might indirectly
interfere with damage processing. Another possibility is that a change in expression of
one or more of the other 10,000 genes not present in the expression arrays used
previously might actually involve as yet unknown DNA repair related genes as a unique
feature of the cells from the RB parents, or the mildly hypersensitive cells from other
clinically normal individuals, or that the deficient is not manifest at the level of gene
expression.

A more direct test of DNA damage processing capacity related to ionizing
radiation sensitivity should involve measurement of the production and rejoining of DNA
DSB in an assay where differences in repair function are enhanced. I have employed

such an assay that allows a clear difference in DNA DSBs to be measured after low dose-

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



rate irradiation of cells from normal vs. ATM +/— individuals. This assay, involving the
scoring of y-H2AX foci in non cycling contact inhibited cells, takes advantage of the fact
that for repair deficient cells dose-rate effects are generally reduced relative to their wild-
type counterpart, and the damage measured is directly related to the presence of DNA
DSBs.

The low dose-rate y-H2AX assay, for reasons mentioned above, requires the use
of non-cycling G, or Gy cells, and reflects only the contribution to DSB rejoining from
the NHEJ system. Such cells do not contain certain components required for homology
directed repair (eg., RADS51) let alone sufficient levels of nearby homologous substrate to
repair a significant fraction by a process involving homologous recombination. For this
reason, I have also examined and applied another assay in which cells irradiated in G, are
scored for the levels of y-H2AX foci present a short time later on the chromosomes of
mitotic cells. In S- and G; phases, cells do have the capacity and availability of
homologous substrate to carry out a homology directed repair (HDR) of DSBs, in
addition to the very active NHEJ system that also operates. Thus, cells defective in
NHEJ would be expected to register as hypersensitive in both the low dose-rate G assay
and the G,/M assay, while deficiencies in an HDR system would register as sensitive in
the G2/M, but not the low dose-rate Gy assay.

The present study examines the radiosensitivity of cells from 8 parents of RB
patients from 5 families, and from 21 apparently normal individuals, with respect to the
levels of y-H2AX foci per cell after 24 hours of continuous low dose-rate irradiation (10
cGy/h) of contact inhibited cultures, as well as in the G,/M focus assay described above.

In the low dose-rate study the cells from 7 of the 8 parents of RB patients and 6 of 18
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from apparently normal individuals revealed a radiation hypersensitivity comparable to
that seen previously for cells from 8 different ATM (+/-) heterozygotes. In the G,/M
assay cells from 7 of 8 parents of RB patients and 6 of 14 from apparently normal

individuals tested were hypersensitive.
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MATERIALS AND METHODS

Cells and Cell Culture

The clinical source and characteristics of the skin fibroblast cell strains from the
parents and probands derived from the five retinoblastoma families was reported
previously (2). The cell strains from the RB families were established at the Harvard
School of Public Health, and are designated by the families of origin as MF-4F, MF-2M
and MF-3R for family I; MF-6F, MF-7R from family II; MF-11F, MF-12M, and MF-
10R, for family III; MF-15F, MF-13M, and MF-14R from family IV, and MF-18F, MF-
16M, and MF-14R from family V. In each family the code letter F, M, and R, refers to
the father, mother, and proband, respectively (2). The low passage human fibroblast
cultures from individuals who were clinically apparently normal, were from the Coriell
Institute for Medical Research (CIMR) in Camden, NJ. These strains are designated
GMO04505, GM08402, GM03440, GM05757, GM08333, GM00038, GM00500,
GMO08447, GM05756, GM00969, GM08429, GM08399, GM01652, and AG1522. One
other cell strain, designated RMP4 from an apparently normal individual was obtained
from the Harvard School of Public Health at the same time as the RB family cell strains.

Stock cultures were grown in Eagle's Minimal Essential Medium (GIBCO, Grand
Island, NY) supplemented with 15% heat inactivated fetal bovine serum, penicillin (50
units/ml) and streptomycin (50 pg/ml), and were maintained at 37°C in a humidified
atmosphere of 5% CO; in air. For experiments where y-H2AX foci were measured, cells
were grown on chamber slides or flaskettes to form confluent contact inhibited

monolayers for the low dose-rate irradiation experiments, or in T75 flasks to yield
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exponentially growing partly confluent monolayers for the Go/M experiments. After
preparation, the cultures were placed in the appropriate irradiation facility. For the case of
low dose-rate exposures, requiring 24 hours irradiation, the flaskettes were first sealed
and then placed in position in the low dose-rate irradiation facility where they were kept
at 37°C throughout the 24 hour period. The cells were kept in the non-cycling contact
inhibited state because there is a high background of y-H2AX foci in S phase cells, and
virtually all the cells in the contact inhibited cultures are in a Gy state with a G; DNA
content. Further, for the low dose-rate irradiation it was undesirable to allow cells to
continue to progress through the cell cycle and proliferate during the 24 hour exposure
periods. For the G,/M experiments, the log phase cultures were irradiated and then
incubated for 0.5 hours before Colcemid was added for a 1 hour period to allow
accumulation of mitotic cells that had been irradiated in G,.

Before any of the experiments were carried out, the cell cultures were coded so
the person performing the experiments and scoring the slides would not know the origin
of the cells. After the samples were scored, and the data compiled and summarized, the
origin of the cultures was decoded. Three independent experiments were carried out for
each cell strain for the different irradiation protocols involving Gy cells, and the numbers
of y-H2AX foci were scored in each of 100 cells for each sample in each experiment. For
the Go/M y-H2AX assay, two experiments were carried out, and 30 cells were scored in

each experiment.

Irradiations
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High dose rate irradiations were carried out using a J.L. Shepherd Model Mark I-
68 6000 Ci *'Cs irradiator. Low dose-rate irradiations were carried out in a 37°C low
dose rate irradiation facility where samples can be placed on shelves parallel to, and at
various distances above, a plane of from one to twelve 4 Ci 137Cs sources, depending on
the dose-rate desired. The sources can be remotely placed under the cultures or retracted
to a shielded safe position to avoid exposure of personnel involved. The radiation
facilities have been described previously (4). Dose-rates and field uniformities over the
positions of samples were measured using an ionization chamber (Radcal 2025AC
Radiation monitor with a 20x5-180 Electrometer/Ion chamber). For the acute high dose
rate exposures the dose-rate was 250cGy/minute and for the 24 hour chronic exposures

the dose-rate was 9.9 to 10.2 cGy /hour.

y-H2AX Immunocytochemistry

Immunocytochemistry for detection and the scoring of y-H2AX foci in this
laboratory has been described in detail in previous reports. Briefly, the procedures were
as follows. Immediately after irradiation, cells in the culture vessels were washed with
ice cold PBS and then fixed in PBS containing 4% paraformaldehyde for 15 minutes.
After three further washes with PBS for 10 minutes each, cells were treated with 0.2%
Triton X-100 solution in PBS for 5 minutes. Before immunocytochemical detection of y-
H2AX, cells were blocked with a solution of 10% goat serum in PBS for 1 hour at room
temperature to reduce subsequent non-specific anti- y-H2AX antibody binding. Mouse
monoclonal anti~y-H2AX antibody from Upstate, was diluted 1:500, in PBS, and the

flaskettes with the cell monolayers were incubated in the diluted antibody for 1 hour at
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37°C. Cells were then washed three times with PBS for 10 minutes each time, and then
secondary antibody (Alexa fluor 488 conjugated goat anti-mouse, from Molecular
Probes) that had been diluted 1:500 was added and the slides were incubated for another
1 hour at 37°C. After four washes with PBS for 10 minutes each, slides were then
mounted in a solution of 1.5pg/ml DAPI containing slow-fade (Molecular Probes).

The preparation of samples for scoring of y-H2AX foci on mitotic cells after G,
irradiation was accomplished by harvesting the cultures after the 1 hour incubation in
Colcemid, and preparing slides using a cytocentrifuge. Briefly, mitotic cells were
harvested by shaking them off the culture surface, then after centrifugation, cells were
resuspended in swelling buffer (50mM KCl, 50mM MgSO4 SmM HEPES) for 20
minutes and centrifuged onto slide with the cytocentrifuge (Cytospin, Shandon). Cells on
the slides were then fixed in 4% paraformaldehyde, washed with PBS, and permeabilized
for 5 min in KCM buffer containing Triton X-100 (120mM KCl, 20mM NaCl, Tris-HCl
10mM, EDTA 0.5mM, Triton X-100 0.1%, pH 7.5). Further immunocytochemistry was

similar to that used for the Gy monolayers.

Scoring y-H2AX Foci

Images of cells were captured using an Olympus AX-70 fluorescence microscope
equipped with a PSI image analysis system utilizing the MAC-Probe package. The
thickness of the cell nuclei for these cell strains when they are attached and flattened to
the surface of the culture vessel was approximately 2 micrometers and the foci were
sufficiently intense that focusing the microscope midway through the nuclei allowed

virtually all the foci to be visualized. There was usually a low level background signal
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that appeared over and between cells. This background was generally somewhat smaller
and less intensely fluorescent than the y-H2AX foci, so before scoring the numbers of
foci over the nuclei a background subtraction was applied uniformly across the
microscope field images captured. The images were then stored and cells from these
were later scored. As previously reported, in a few cases where very low numbers of
foci per nucleus were seen this subtraction can result in a spurious increase in the
numbers of cells with 0 or 1 focus per cell, leading to a poor fit to the expected Poisson
distribution of the frequency of cells with various numbers of foci per cell for a
population of cells of uniform sensitivity. In the few instances where this occurs, I
routinely fit bimodal (mixed) Poisson distributions to the observed distributions of
numbers of cells with various numbers of foci per cell, and use the higher mean value for
the bimodal distribution. In this way comparisons of slightly less with slightly more
sensitive cells would not bias the conclusion that one cell strain was less sensitive than
another, when in fact it was not. Scoring y-H2AX foci on metaphase cells was also

carried out by the same image analysis procedure.
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RESULTS

The summary mean values for the complete data set for y-H2AX foci per cell for
all the irradiation conditions and the estimated standard errors of these means are
summarized in Table 4-1, but the results focusing on the various different irradiation and
sampling conditions are presented in Figures 4-1 to 4-3.

Figure 1 summarizes the histograms recording the percentage of cells with
various numbers of y-H2AX foci per Gy cell in the 24 hour low dose-rate irradiation
protocol. In each panel the mean value for the distribution is shown along with the
standard deviation to indicate variation in focus counts among cells for that sample. The
top two rows of panels (A-H) show the results for cells derived from 8 parents of RB
patients and the bottom four rows of panels (I-V) from 15 clinically normal individuals.
The data summarized in Figure 1 are for total spontaneous and radiation induced foci per
cell, but as shown in Table 4-1, where the mean foci number from all the irradiation
protocols and controls are shown, the numbers of foci in unirradiated Gy cells is fairly
low compared to the total. Also shown for each histogram are Poisson distributions
derived using the observed mean values. The observed distributions, by and large, were
reasonably close to the Poisson expectations. Among the samples from apparently normal
individuals the majority of about 9 of the 15 are similar in sensitivity and more resistant
(less sensitive) with respect to the levels of foci per cell than the other 6. Also relative to
the majority of cells from apparently normal individuals, all 8 of the samples from the
parents of RB patients showed an increased sensitivity similar to that for the 6 more

sensitive normal samples. T- tests verified that differences in mean values for any of the
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samples from the more sensitive apparently normal or RB parents groups compared to
any from the more resistant normal group were all highly significant.

The spectrum of radiosensitivities obtained using this low dose-rate Go y-H2AX
assay is illustrated in Figure 2, where the frequencies among the sensitivity categories
(induced foci per cell from Table 4-1) are shown for the different human cell strains. Also
shown are the relative positions in this sensitivity spectrum of cell strains derived from
the parents, probands and three siblings from each of two Ataxia-Telangiectasia families
along with cells from other apparently normal individuals in another recent report from
this laboratory. At one end of the spectrum there are 14 samples from apparently normal
individuals with average numbers of induced foci per cell ranging from 2 to 6, and at the
other end there are 2 samples from individuals with Ataxia-Telangiectasia with 18 to 21
induced foci per cell. In between, with mean numbers of induced foci per cell ranging
from 6 tol1, are all 8 of the samples from parents of RB patients, together with 6 samples
from apparently normal individuals, and all 8 of the ATM heterozygotes.

Also, data reported in Table 1 include results from a series of experiments for
acute high dose-rate exposures with Gq cells where y-H2AX foci were measured 1 and 24
hours after an exposure of 1 Gy. These two sample times correspond to post-irradiation
times when the numbers of foci are near the maximum and the residual minimum after
repair, respectively. Previous reports from this laboratory comparing sensitivities to the
induction of y-H2AX foci for acute high dose-rate and chronic low dose-rate exposures
showed no significant differences for normal ATM +/+ vs. ATM+/— heterozygotes with

the acute high dose-rate, but an appreciable difference for the low dose-rate protocol.
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Likewise, no differences in sensitivities were resolved in the present study for any of the
cell strains using the high dose-rate Gy protocol.

In contrast, the G, assay, which did involve acute high dose-rate irradiation
exposures, did reveal a significantly elevated level of y-H2AX foci on mitotic
chromosomes for samples from 7 of 8 parents of RB patients and 5 to 6 from apparently
normal individuals following a dose of 0.5 Gy given to late G, cells. In this assay,
randomly dividing log phase cultures of cells were irradiated, and after 0.5 hours
incubation to allow cells in mitosis at the time of irradiation to complete mitosis,
Colcemid was added and mitotic cells were harvested for scoring 1 hour later. The
spectrum of relative sensitivities for induced foci in this assay is shown in Figure 3.
Since earlier studies in this laboratory comparing sensitivities of cells from normal and
A-T families had not included this G,/M assay, only results from the present study were
summarized in this figure. It is potentially of interest that cell strains shown as 8447 and
2M 1in this figure appeared in the sensitive group in this assay but in the resistant (normal)
category or on the resistant side of the sensitive category in the Gy low dose rate assay
(Figure 2). Conversely strains shown as 8399 and 15F were more resistant in this Go,/M
assay, but were in the sensitive category in the Gy low dose rate assay. While these
observations may tentatively suggest some underlying differences in NHEJ and HDR
processes, the very high zero dose background levels, and the significantly over-
dispersed distributions of frequencies of cells with various numbers of foci per cell for
many of the samples warrant some reservations about such conclusions, at present.

These distribution histograms are shown in Figure 4-4.
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Another point worth noting regarding the G,/M assay is that if the number of -
H2AX foci reflect the number of DNA DSBs present then, all else being equal, cells with
twice the DNA content would be expected to have twice the initial number of y-H2AX
foci. The number of induced foci in Gy RB parent cells after 1 Gy was about 9 so I
would expect about 4.5 induced foci for half that dose (0.5 Gy). Doubling this for a G,
DNA content would return the expectation to 9 foci per cell. In fact, the net number for
0.5 Gy given to G, cells was around 25; nearly 3-fold higher that this simple expectation.
Since the initial DNA breakage per Mb of DNA is the same for G; and G cells (5-8), the
observed difference for y-H2AX foci would suggest a difference in initial chromatin
organization, or the additional factor of chromatin condensation between irradiation in G

and foci observation in mitosis.
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Mean Number of y-H2AX Foci per Cell
(£S.E.M.)
GO Irradiation — GO Foci G2 Irradiaiton —»M Foci
GO-phase Low dose rate Acute High Dose Rate
0Gy 10cGy/h 24 hours 1Gy 0 Gy G2 0.5Gy G2
+ 1 hour + 24 hours + 1 hour M + 1 hourM

CellSlain Control To_tal Net (Induced) Total Total Control Total Net (Induced)
MF-2M 1.89 9.68 7.79 13.06 1.99 9.07 . 48.75 39.68
(+0.08) (#0.18) #0.2) (*0.21) (0.08) (£0.18) (£0.41) (£0.48)
S wrer I 082 76 6.98 14.95 14 988 | 3695 | 27.07
S (£0.05) (20.16) (#0.17) (20.23) (x0.07) (20.18) (£0.36) (£0.40)
% MF-6F 2.74 12.55 9.82 18.3 5.56 8.93 41.25 32.32
rel (£0.10) (0.21) (£0.36) (£0.25) (£0.14) (+0.18) (£0.38) (£0.42)
8 MF-12M 0.94 9.11 8.17 14.2 1.64 10.73 38.76 28.03
;q:) (£0.06) (£0.18) (£0.19) (£0.22) (20.08) (£0.19) (£0.37) (£0.41)
v MF-13M 0.81 10.97 10.16 16.31 1.73 11.28 38.36 27.09
5 (£0.05) (£0.20) (£0.20) (20.24) (0.08) (#0.20) (£0.36) (£0.41)
(7} MF-15F 1.02 9.21 8.2 15.88 1.32 12.16 32.02 19.86

-
C (20.06) (0.18) (£0.19) (0.23) (£0.07) (£0.21) (0.33) (£0.39)
% ME-16M 1.12 9.42 8.3 15.59 1.46 7.89 37.11 29.22
o {20.06) (20.18) (£0.19) (£0.23) (£0.07) (0.17) (£0.36) (#0.39)
ME-18F 0.81 9.71 8.9 13.82 1.03 7.79 36.87 29.07
(£0.05) (£0.18) (£0.19) (20.22) (£0.06) (£0.16) (£0.36) (£0.39)
—— —— — =:
AG1522 0.84 45 3.67 11.38 1.65 6.38 21.98 15.61
(+0.05) (#0.12) (+0.14) (20.20) (£0.08) (#0.15) (0.28) (£0.31)
GM00038 0.39 8.28 7.89 13.5 1.28 4.00 21.72 17.72
(£0.04) (20.17) (20.17) (0.22) (£0.07) (+0.12) (0.27) (£0.30)
GMO00500 0.82 11.28 10.46 15.48 2.92 6.81 35.58 28.77
(£0.05) (20.20) (£0.20) (¢0.23) (£.010) (£0.15) (£0.35) (£0.38)
GM00969 1.57 10.62 9.05 17.83 213 11.88 40.74 28.86
(£0.07) (0.20) (£0.21) (£0.25) (0.09) (£0.20) (£0.38) (#0.43)
GMO1652 0.14 4.46 4.32 14.28 0.82 4.30 20.68 16.38
(£0.02) (20.12) (+0.13) (0.22) (£0.05) (£0.12) (£0.27) (£0.29)
® | GMo3440 1.17 6.27 5.10 16.74 242 6.89 26.5 19.61
£ (20.06) (20.15) (20.16) (£0.24) (£0.09) (£0.15) (£0.30) (£0.34)
'6 GMO04505 0.91 9.99 9.07 19.89 2.33 10.74 41.32 30.57
zZ (+0.06) (20.19) (20.19) (20.26) (+0.09) (#0.19) (0.38) (0.42)
%‘ GMO5756 0.39 4.84 4.48 12.71 1.04 477 27.45 22.68
qc) (£0.04) (0.13) (0.13) (£0.21) (20.06) (20.13) (0.31) (#0.33)
E GMO5757 0.18 4.87 4.69 12.00 0.51 3.33 21.81 18.48
8 (0.02) (£0.13) (0.13) (#0.20) (£0.04) (£0.11) (£0.27) (0.29)
Q. 1.66 9.66 8.00 13.05 2.22 7.07 34.11 27.04
< (GM0g402 (+0.08) (£0.18) (+0.20) (£0.21) (+0.09) (£0.16) (£0.34) (£0.38)
GM08333 0.82 5.14 4.32 11.62 1.44 5.94 24.82 18.88
(£0.05) (x0.13) (£0.14) (£0.20) (£0.07) (£0.14) (£0.29) (£0.33)
GMO08399 0.39 8.50 8.11 14.09 1.27 9.21 23.32 14.12
(£0.04) (#0.17) (#0.18) (£0.22) (x0.07) (£0.18) (£0.28) (£0.34)
GM08429 0.70 5.24 4,54 11.86 1.41 5.63 31.55 25.92
(£0.05) (20.13) (£0.14) (£0.20) (20.07) (£0.14) (£0.33) (£0.36)
GM08447 0.72 6.27 5.56 12.78 1.10 13.53 4470 31.18
(+0.05) (#0.15) (£0.16) (0.21) (0.06) (#0.22) (+0.39) (£0.45)
RMP-4 0.05 5.89 5.84 12.50 0.82 5.06 27.24 22.18
(0.01) (£0.14) (+0.14) (£0.21) (+0.05) (+0.13) (#0.31) (¢0.33)
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y-H2AX Foci 24 Hours Continuous Irradiation at 10 cGy/h
(Apparently Normal, Sensitive Normal, and Rb Parents)
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Apparently Normal

Parents of Rb patients
ATM+/+ Sibs of ATM families
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Figure 4-2

From the low dose-rate Gy assay, the symbols designating each of the cell strains
used in this study as well as several from a previous study are plotted at the position
on the abscissa corresponding to the mean values for numbers of y-H2AX foci per
cell obtained for that cell strain. The open circles represent samples from
apparently normal individuals, with those designated 8680, 8400, and 2149 being
from a previous study. The open triangles from another study represent values for
siblings with normal ATM genotypes from two AT families. The closed triangles
were values from ATM +/— heterozygotes from the previous study, and the closed
diamonds are the values for the RB parents from this study. The closed squares are
from ATM —/— probands from the previous study. The overall plot represents the
spectrum of radiosensitivities for y-H2AX foci in the low dose-rate assay.
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Figure 4-3

From the G,/M assay, the symbols designating each of the cell strains in this study
are plotted at the position on the abscissa corresponding to the mean values for the
numbers of y-H2AX foci per cell obtained for that cell strain. The open symbols
represent samples from apparently normal individuals and the closed diamonds
were from the RB parents. A similar sensitivity spectrum was observed though
there were two or three cases where a strain that was sensitive in this assay was
resistant in the low dose rate Gy assay and vice versa.
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Parents of Retinobiastoma Patients

G2/M y-H2AX foci Assay for Unirradiated and 0.5Gy Irradiated cells
(Apparently Normal, Sensitive Normal, and Rb Parents/ Categorized from LDR GO Assay)
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Figure 4-5
¥H2AX assayed in metaphase after G, irradiation. GM8402 were irradiated 0.5Gy.
Colmiced was added 0.5 hour after irradiation. Mitotic cells were harvested 1 hour
after colcemid treatment.
Green indicates -H2AX and red, centromere region stained by CREST serum.
Arrow shows y-H2AX foci are present on chromatid break.
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DISCUSSION

It has been recognized for some time that plateau phase or contact inhibited G, or
Gy cultures offer distinct advantages for studying radiation damage repair processes (9-
12), and are especially useful where the focus of studies is on the contribution of such
repair processes to dose-rate effects (12,13). The fact that there is an appreciable
difference in radiosensitivities with respect to cell killing for cells derived from numerous
apparently normal individuals has been reported previously (1), and the subject, including
radiosensitivities for cells derived from patients with a range of genetic disorders has
been reviewed by others (eg, (14)). The present study has focused on cells from parents
of patients with the hereditary form of retinoblastoma which we have used for other
studies (2,3,15). The fact that cells from the parents are hypersensitive to radiation is of
particular interest because clinically, they, too, are apparently normal. This has led to the
suggestion that perhaps these parents harbor some genetic abnormality related to
maintenance of genome stability, and one possibility is that some DNA repair function
may be involved. The present study utilized a marker that reflects as closely as possible
the levels of DNA DSBs in cells at levels pertinent to biological radiation responses of
interest (y-H2AX foci), and by using the low dose-rate Gy assay to amplify differences
among cells in their capacity to rejoin DNA DSBs, I was able to reveal elevated levels in
cells from RB parents. The elevated sensitivity for this molecular damage end point was
comparable to the level seen previously for cells from individuals heterozygous for the
ATM gene. For the G,/M assay, the cells from 7 of 8 RB parents were also

hypersensitive for levels of y-H2AX, indicating some defect in processing DNA DSBs,
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although the statistical uncertainties in this assay. The G»/M y-H2AX focus assay is
reminiscent of the G, chromosomal radiosensitivity assay studied by numerous
investigators (16-19) and which has been suggested to reflect differences in DNA repair
among individuals with increased cancer risk (16). Certainly, 4TM heterozygotes and
individuals in breast cancer families show elevated sensitivities in the G, chromosomal
radiosensitivity assay, although, as suggested in the current study, these other reports
indicate that the frequency of individuals whose cells show with elevated sensitivities in
that assay are far greater that can be attributed to the expected frequencies of individuals
who might be heterozygous even for any of a number of known genes that could affect
radiosensitivity, such as ATM, BRCAI, BRCA2 and TP53 (19).

It is interesting to note that a predisposition to the development of second cancers
is also characteristic of RB patients, and second cancers often occur in the field treated by
radiation (20). If the elevated sensitivities I have observed with respect to cell killing and
DNA DSB processing reflected by the y-H2AX focus assay for cells from RB parents and
for cells from nearly one-third of other apparently normal individuals is indicative of
some as yet unknown defect in genome maintenance that resulted in increased germ line
mutation rates, this could lead to increased frequencies of heterozygosity in the offspring
for any of a number of genes that could predispose an individual to cancer.

Identification of such genes could provide new insights into mechanisms leading to

retinoblastoma as well as cancer predisposition in general.
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Chapter 5

Comparison of the Induction and Disappearance of DNA
Double Strand Breaks and y-H2AX Foci After Irradiation of
Chromosomes in G¢-phase or in Condensed Metaphase
Chromosome.

ABSTRACT

The induction and disappearance of DNA double strand breaks after irradiation of
G, and mitotic cells was compared with the y-H2AX foci assay and a gel electrophoresis
assay to determine whether cell cycle related changes in chromatin structure might
influence the y-H2AX assay which depends on extensive phosphorylation and
dephosphorylation of the H2AX histone variant surrounding DSBs. The appearance and
disappearance of y-H2AX foci after irradiation were much slower for mitotic than for G;

cells. No differences were seen for the gel electrophoresis assay.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION

DNA Double Strand Breaks (DSBs) produced by ionizing radiation are believed
to be the most important molecular lesion respectable for induction of cell killing,
mutation and chromosome aberrations for the cells. A relationship between the rate of
DNA DSB rejoining and radiosensitivity was reported in various DNA DSB repair
deficient cells (1-3). A slower rate of rejoining has been linked to a higher rate of
chromosome damage and radiosensitivity in cell death (4). It is also known that the
sensitivities of mammalian cells to radiation vary throughout the cell cycle. Cells are
typically radiation-resistant in the late S-phase. The most sensitive cells are those in M-
and G,-phase. Cells in the G- and early S-phase are intermediate in sensitivity (5,6).

Establishing a connection between DNA DSB rejoining efficiencies and cellular
radiosensitivity depends largely on the ability to assay for the presence of DNA DSBs
immediately and at various times after irradiation in a dose range that is relevant to the
cellular damage endpoint of concern. While it is certainly possible to measure the initial
induction of DNA DSBs by radiation after doses of a few Gy by gel electrophoresis
methods, the measurement becomes very difficult after 90 to 99% of breaks have been
rejoined (7,8).

Recently there has been an increased use of the very sensitive y-H2AX focus
assay as a means for measuring of the induction and rejoining of DNA DSBs (9,10).
While there is considerable evidence to support the connection between DNA DSBs and
v-H2AX foci, the appearance of these foci requires the phosphorylation of thousands of

H2AX molecules and their disappearance requires a corresponding dephosphorylation.
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Since the condensation status of chromatin changes dramatically during cell cycle (11), it
seems possible that it might also alter the rates of phosphorylation and dephosphorylation.
As a test of this possibility I compared the appearance and disappearance of y-H2AX foci
in mitotic and G cells after irradiation with the induction and disappearance of DNA
DSBs measured by gel electrophoresis. No differences were seen for mitotic vs. Gy cells
for the gel electrophoresis assay of DNA DSBs, but the appearance and disappearance of

v-H2AX foci were much slower in mitotic than in Gy cells
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MATERIALS AND METHODS

Cell culture

CHO (CHO10B2) cells were grown in Eagle’s minimal essential medium (MEM)
supplemented with 10 % heat-inactivated (56°C for 30 min) fetal bovine serum, penicillin
(100 units/ml), and streptomycin (100 pg/ml) in a humidified 5 % CO, atmosphere at

37°C.

Cell synchronization and y -irradiation

Synchronization of cell populations in the G; phase of the cell cycle was
accomplished by the isoleucine depletion method by Tobey and Ley (12).
Synchronization of cell population in metaphase was obtained by treatment with
Colcemid (0.1pg/ml) for 2 hours in 37°C incubator, and then harvesting the loosely
attached mitotic cells by mechanical shaking. Synchronized cell populations were
irradiated using a J.L. Shepherd Model Mark 1-68 6000 Ci "*’Cs irradiator. The dose-rate

was 2.5Gy per minute.

Gel Electrophoresis DNA DSB Assay.

DNA DSBs were measured by constant field gel electrophoresis (13). Cells were
incubated with 0.01 pCi/ml [**C] thymidine and 5 uM cold thymidine for at least 2 days
before each experiment. Then, cells were synchronized in the G, phase of the cell cycle
by the isoleucine depletion method. Cells were embedded in 0.5% agarose (Insert

agarose (FMC)) and irradiated in ice-cold medium. This was followed by an immediate
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lysis by lysis solution containing 0.5 M EDTA, 0.01 M Tris, 2% Sarcosyl, and 0.2 mg/ml
proteinase K (pH 8.0) at 0°C for 1 hour and 50°C overnight. After the overnightlysis,
samples were washed for 1 hour in 0.1 M EDTA, 0.01 M Tris at pH 8.0 and treated with
0.1 mg/ml RNase A for 1 hour at 37°C. Electrophoresis was carried out in 0.5xTBE
buffer (45 mM Tris, 45 mM boric acid, and 1.5 mM EDTA, pH 8.2) in a normal gel box
(Bio-Rad) in 0.6% agarose gel (Bio-Rad) at 14°C. The applied voltage was 0.6 V/cm for
40 hours. After electrophoresis, gels were stained and cut to separate the plug from the
lane for each sample. The *C activity of each piece was measured in a scintillation
counter, and the FAR (Fraction Activity Released) was calculated as the dpm of a lane

divided by the total dpm (lane + plug) per sample.

y-H2AX foci formation

The fixation procedure prior scoring y-H2AX was based on the method described
by Rothkamm and Lobrich (14) with slight modifications. For G;-phase, cells were
grown, synchronized, and irradiated on a chamberslide. At various times after irradiation,
cells were fixed in 4 % paraformaldehyde for 15 minutes, washed three times in PBS
for 10 minutes each, permeabilized for 5 minutes on ice in 0.2 % Triton X-100, and
blocked in PBS with 10 % Goat serum for 60 minutes at room temperature. For
preparation of metaphase sample, cells were swelled by treated with a hypotonic swelling
buffer (50mM KCl, 50mM MgSO, SmM HEPES) for 20 minutes and centrifuged onto
slides using a cytocentrifuge (Cytospin, Shandon). Cells were then fixed on the slides by
paraformaldehyde, washed with PBS, and permeabilized for 5 minutes in KCM solution

(120mM KCl, 20mM NaCl, Tris-HCl 10mM, EDTA 0.5mM, Triton X-100 0.1%, pH 7.5).
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Immunocytochemistory

The slides were incubated with anti-y-H2AX antibody (Upstate) for 1 hour,
washed three times in PBS for 10 minutes each, and incubated with Alexa fluor-
conjugated goat anti-rabbit secondary antibody (Molecular Probe) for 1 hour at room
temperature. Cells were washed four times in PBS for 10 minutes each and mounted by
using Slow Fade (Molecular Probes). Fluorescence images of cells were obtained using
an Olympus AX-70 fluorescence microscope equipped with a PSI image analysis system

utilizing the MAC-Probe package. Foci were then scored by recalling these images.
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RESULTS

Figure 5-1 summarizes results for the measurement by gel electrophoresis of
DNA DSBs initially produced in the G;-phase and metaphase cells showed no difference
in the increased fraction of activity released with increased dose. These results suggested
no difference in the production of DSB per Gy per Dalton of DNA. The initial induction
of DSB per DNA for both G-phase and metaphase was the same. It is worth to note FAR
(Fraction Activity Released) measures relative amount of DNA DSBs compared to total
DNA. It means that metaphase cells have twice more DNA than G, phase cells because
the metaphase cells have 4n DNA; G,-phase cells, 2n.

Results on the rejoining of DSB in Gi-phase and metaphase CHO cells are
summarized in Figure 5-2. Plotted in the figure is the fraction of activity released as a
function of the post-irradiation incubation time at 37°C after exposure to 40 Gy y-rays. It
is evident that there was no difference in repair kinetics between G;-phase and metaphase
CHO cells with this assay. In both the G-phase and metaphase cells, 50% DNA DSBs
were rejoined within about less than 25 minutes. Most of the repair was completed
within two to three hours after irradiation although the sensitivity of the assay to detect

differences in the FAR is very low.
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Figure 5-1.

A measurement of DNA DSBs in synchronized CHO cells exposed to high doses of
y-rays, as measured by Constant field gel electrophoresis. The results were obtained
from three independent experiments. Filled circle presents metaphase CHO cells
and open circle presents G;-phase CHO cells.
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Time After 40Gy Irradiaiton (Hours)

Kinetics of DSB repair in synchronized CHO cells measured with a FAR assay
using constant field gel electrophoresis. Cells were irradiated with 40 Gy on ice
followed by incubation at 37°C. Filled circles present results obtained with
metaphase CHO cells and open circles for G;-phase CHO cells.
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Using the more sensitive y-H2AX focus assay, dose response curves for the
induction of foci were obtained for G;-phase and metaphase CHO cells, and the results
are summarized in Figure 5-3. The foci numbers presented were the maximum seen in
experiments measuring their change with and after irradiation. Twice as many y-H2AX
foci were observed in metaphase cells for a given dose relative to G, cells. This
observation might be expected based on the two fold increase in DNA content for mitotic
vs. G cells. The increase for the metaphase cells showed a linear dose response up to
100cGy.

Summarized in Figure 5-4 are results in which the increase and disappearance of
v-H2AX foci were measured in G;-phase and metaphase CHO cells after a 1Gy dose of
y-rays. There were obvious differences in kinetics of foci disappearance for G;-phase vs.
metaphase CHO cells. As expected from the difference in DNA content, the maximum
number of foci after irradiation in metaphase cells was almost twice the amount in G-
phase cells. However, the disappearance of foci in metaphase cells is much slower.
Figure 5-5A-C show the examples of mitotic irradiated chromosomes with y-H2AX foci.

For the purpose of comparison the percentages of the remaining DNA DSBs and
v-H2AX foci for the G; and mitotic cells were plotted on the same graph (Figure 5-6).
The fast component of DNA DSB rejoining kinetics and y-H2AX foci disappearance
kinetics was very similar in G; cells, but clearly only y-H2AX foci disappearance was

much slower for mitotic cells.
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Figure 5-3
The maximum number of y-H2AX foci in G;-phase and metaphase CHO cells
measured by immunocytochemistry. Cells were irradiated at room temperature
followed by incubation at 37°C for 20 minutes. Filled circles trace the results found
using metaphase CHO cells and open circles; G;-phase CHO cells.
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Figure 5-4

The y-H2AX analysis after 1 Gy y-irradiation in G;-phase and Metaphase CHO
cells was measured by immunocytochemistry. Cells were irradiated at room
temperature followed by incubation at 37°C for the various times shown. Filled
circles trace the results seen for metaphase CHO cells and open circles for G;-phase
CHO cells.
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Figure 5-5
1-H2AX foci with metaphase chromosomes. Green represents 1-H2AX foci.
Chromosomes were counterstained by DAPI (blue). Cells were irradiated in
metaphase, and then assayed in metaphase after 30 minutes.

5-5A. 0 Gy irradiation

5-5B. 25 cQGy irradiation

5-5C. 100cGy irradiation
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Figure 5-6
The percentage of DNA DSBs and y-H2AX foci for the G; and mitotic cells is
plotted on the same graph.
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DISCUSSION

It is known that DNA is highly organized and packed in metaphase chromosomes.
Each DNA molecule has been packaged into a mitotic chromosome that is 10,000-times
shorter than its extended length. For G; cells the packing ratio is approximately 1:200-
1000 (11). This may suggest that because the histone proteins are so tightly packed
around the site of DNA DSBs, the accessibility of enzymes involved in
dephosphorylating y-H2AX molecules may be more limited in metaphase chromosomes
than G; chromosomes even after DNA DSBs were rejoined.

It may be pertinent that Calyculin A, an inhibitor of protein phosphatase 1,
enhanced cell killing from ionizing radiation (15) and inhibits the dephosphorylation of vy-
H2AX in interphase cells (16). Nazarov suggested there is a relationship between protein
phosphatasel and elimination of y-H2AX. But Calyculin A is also known as an inducer
of PCC (premature chromosome condensation) (17). This may also suggest that slow y-
H2AX dephosphorylation may be correlated with not only phosphatase inhibition but
also condensed chromatin structure.

Another possibility is a balance between kinase and phosphorylase in mitotic cells.
There are plenty amount of MPF (Maturation Promoting Factor, Mitosis Promoting
Factor) in mitotic cells. Active form of MPF is strong kinase and it may not allow
unknown phosphatase to dephosphorylate y-H2AX. Again, calyculin A, phosphatase
inhibitor, inhibits the dephosphorylation of y-H2AX. This may be another evidence to

show kinase-phosphatase unbalance is important to dephosphorylation of y-H2AX.
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Chapter 6

Signature of DNA DSBs Produced in Irradiated G, Cells
Persist into Mitosis.

ABSTRACT

I have observed that some of the DNA damage resulting from irradiation of G,
cells persists through the cell cycle and is expressed as y-H2AX foci in mitotic
chromosomes. This mitotic expression of damage after irradiation of G; cells was
compared in DNA repair deficient XR-1 and UV-1 mutants of CHO cells and their wild-
type counterparts. For the mutants I also compared the mitotic expression of y-H2AX
foci for immediate or delayed subculture of irradiated G, cells as well as for irradiation of
cells in G,. The latter comparison allowed deduction to be made on the contribution of S-
phase related generation of DNA DSBs from damages produced in G to the observed
foci on mitotic chromosomes.

Most of the y-H2AX foci appeared as single foci on one the other chromatid but
in some cases foci appeared on both chromatids as isolocus paired foci. The dose
response relationship for DNA DSB repair deficient mutant XR-1 indicated a 5 fold
higher radiosensitivity relative to wild-type cells. With delayed subcultures there was
about a 2-fold reduction in sensitivity for wild-type cells but no reduction for XR-1 cells.
UV-1 cells were even more sensitive than XR-1 cells. Relative to wild type cells, UV-1

cells showed 10 times more sensitive for mitotic y-H2AX foci with immediate subculture
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but the yield of UV-1 cells was decreased like wild-type CHO cells with delayed
subculturing. In contrast to the results with the different cell lines observed for G, cells,
no significant differences were observed for cells irradiated in G,.

The large number of foci in metaphase cells after G, irradiation of UV-1 cells
may correlate with DSBs formation from unrepaired base damagesas a result of
replication fork collapse during S-phase. Along with DSBs, these are expected to be
repaired with delayed subculture after irradiation in G; phase.

I conclude the persistence of damage expressed as y-H2AX foci in metaphase is
dependent on the repair capacity for the different DNA damages. y-H2AX foci can

disappear with either rejoined or misrejoined DSBs.
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INTRODUCTION

Misrepaired or unrepaired DSBs may contribute for the formation of
chromosomal aberrations, which in turn can lead to various effects such as cell killing,
mutation and oncogenic transformation (1-3). Recently, a relationship between
radiosensitivity and y-H2AX expression after irradiation is also reported (4).

The phosphorylation of the H2AX histone variant to form y-H2AX foci in cells
after irradiation is a very sensitive assay for DSB measurement, since each such break
has been shown to result in the formation of a y-H2AX focus (5,6). y-H2AX foci
disappear with time as these DSBs are rejoined. The formation of y-H2AX foci involves
phosphorylation of thousands or even tens of thousands of y-H2AX molecules extending
perhaps as far as a megabase from the DSB, and one postulated explanation for this has
been that a DSB results in massive relaxation of chromatin coiling (7). According to this
idea, the rejoining of the ends of DSB with themselves or with ends from other nearby
DSBs these allows reestablishment of the coiling which subsequently leads to
dephosphorylation of the y-H2AX and disappearance of the foci.

If these proposed ideas of the processes of y-H2AX formation and disappearance
are true, then what would be the fate of an unrejoined break in mitotic chromosomes after
Gi-irradiaiton that appears on a chromosomes terminal deletion, and do all rejoinings
completely restore the coiling and dephosphorylation status of y-H2AX?

To examine the behavior of the y-H2AX foci after formation, I studied y-H2AX
foci in metaphase chromosomes after G;- and Gp-phase irradiation of DNA repair

deficient mutant CHO cell lines and their wild type counterparts. I found that some y-

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



H2AX foci persist into metaphase and this is dependent on the repair capacity of the cells.
In a base damage deficient CHO mutant cell I observed a huge contribution of S-phase
dependent DSB formation, possibly due to base damage rather than DSBs initially

produced in G cells.
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MATERIALS AND METHODS

Cell lines and culture

XR-1 cells are a DNA DSB repair deficient mutant of CHO cells and were kindly
supplied by Dr. T.D. Stamato of the Lankenau Institute for Medical Research. These cells
were highly radiosensitive and deficient in LIG4/XRCC4 which leads to a deficiency in
NHE] (8-10). UV-1 was kindly supplied by Dr. C.A. Waldren of the Radiation Effect
Research Foundation. It is sensitive to UV, alkylating and DNA crosslinking agents (11-
13).

Cells were grown in Eagle’s minimal essential medium (MEM) supplemented
with 10 % heat-inactivated (56°C for 30 min) fetal bovine serum, penicillin (100
units/ml), and streptomycin (100 pg/ml) in a humidified 5 % CO, atmosphere at 37°C.
Synchronization of cell populations in the G; phase of the cell cycle was accomplished by

the isoleucine depletion method previously described by Tobey and Ley (14).

y-irradiation
Irradiations were carried out using either a J.L. Shepherd Model Mark 1-68 6000

Ci ¥'Cs irradiator at room temperature. The dose rate was 250 cGy/min.

Cell survival assay
Cell survival was measured by a standard clonogenic assay. Cells were seeded at
a density designed to yield approximately 50 viable colony-forming cells per dish after

the various treatments. Colonies were scored 7-10 days after irradiation. The dishes were
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then treated with 100 % methanol to fix the colonies, and stained with 0.1 % crystal

violet. A colony containing more than 50 cells was recorded as a survivor.

y-H2AX foci formation

G, irradiation G assay: for measurement of the appearance and disappearance of
v-H2AX foci in cells irradiated in G; and assayed in G, cells were grown, synchronized,
and irradiated on a chamberslides. At the appropriate times after irradiation, cells were
fixed in 4% paraformaldehyde for 15 minutes, washed three times in PBS for 10 minutes
each, permeabilized for 5 minutes on ice in 0.2% Triton X-100, and blocked in PBS with
10% Goat serum for 60 minutes at room temperature.

G irradiation, mitosis assay: for preparation of cells for irradiation in G; and
sampling in mitosis, cells were grown and synchronized in T25 flasks and after
irradiation the G; cells were subcultured either immediately or after a 12 hours delay. At
10 hours after subculture, cultures were incubated in the presence of Colcemid (0.1ug/ml)
for 6 hours to collect mitotic cells. For Gy-irradiated cells, exponentially growing cells
were irradiated and Colcemid was added 30 minutes later then, cells were harvested 1
hour later. Harvested metaphase samples were treated with a hypotonic swelling buffer
(50mM KCI, 50mM MgSO4 SmM HEPES) for 20 minutes and centirfuged onto slide
with cytocentrifuge (Shandon). Cells on these slides were then fixed with
paraformaldehyde, washed with PBS, and permeabilized for 5 min in KCM solution

(120mM KCl, 20mM NaCl, Tris-HCI 10mM, EDTA 0.5mM, Triton X-100 0.1%, pH 7.5).
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Immunocytochemistory

The slides were incubated with anti-y-H2AX mouse monoclonal antibody
(Upstate) with human CREST serum anti-kinetochore antibody for metaphase analysis
for 1 hour, washed three times in PBS for 10 minutes each, and incubated with Alexa
Fluor-conjugated goat anti-mouse secondary antibody (Molecular Probe) with Alexa
Fluor-conjugated anti-human secondary antibody (Molecular Probe) for metaphase
analysis for 1 hour at room temperature. Cells were washed four times in PBS
for 10 minutes each and mounted by using Slow Fade (Molecular Probes). Fluorescence
images were captured by using an Olympus Provis fluorescent microscope. The anti-
kinetochore antibody staining was carried out as it serves as an indicator that all the

chromosomes are receptive to the immunocytochemical procedure.
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RESULTS

Figure 6-1 shows dose survival responses for CHO, XR-1 and UV-1 cells v-
irradiated in G;-phase and subcultured immediately or after a 12 hour delay. For
immediate subculture, the survival curve for the wild type CHO cells showed a shoulder
with Dy=150 cGy. The survival curve for UV-1 cells had similar shoulder and Dy value.
Delayed subculturing for CHO wild type and UV-1 cells increased their survival due to
potentially lethal damage repair. XR-1 cells were much more radiosensitive than CHO
wild type and UV-1 cells. No increase in survival for delayed subculture was observed in
XR-1.

Figure 6-2 shows the time course for the formation and disappearance of y-H2AX
foci for synchronized cells irradiated in G, and arrested later in G;. CHO wild-type and
UV-1 mutant cells showed a rapid increase in the number of foci until 30 minutes after a
1 Gy irradiation dose. The number of foci reached maximum around 20 to 30 minutes
after exposure and then the number of foci per cell decreased fairly rapidly so that by 1
hour only half the maximum number of foci remained. The residual level of foci number
was less than 3 for each cell line at 24 hours after exposure. The number of y-H2AX foci
increased more slowly in XR-1 cells, but reached a higher maximum of 26 foci per cell at
3 hour after irradiation. The residual level of foci after long incubation time XR-1 was

more than 10; clearly higher than other two cell lines.
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Figure 6-1
Survival curves in CHO cells and their mutants for G,-irradiated immediate or after
a 12-hour delay at 37°C. Solid lines indicate immediate subculture and dashed line
for delayed subculture. Closed boxes indicate immediate subculture after irradiation
and open boxes, 12 hour delayed subculture.
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G, -irradiated y-H2AX foci formation in G,-phase cells
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Figure 6-2
v-H2AX scored in G;-phase CHO, UV-1 and XR-1 cells as a function of time after

irradiation of 1 Gy at G;-phase, and then cells were arrested in G1-phase until
fixation.
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The appearance of these mitotic y-H2AX foci after irradiation of G; CHO wild
type, XR-1 and UV-1 cells is illustrated in figure 6-3. The top row refers to CHO wild-
type cells, the middle to XR-1 cells and the bottom row to UV-1 cells. The zero dose
background levels of foci for the three cell lines were illustrated down the left column.
There were virtually no background foci on unirradiated mitotic wild-type but some
background levels were seen foci the UV-1 and XR-1 mutant cells. For a dose of 0.5 Gy
given to G cells there were clearly many more foci not only on mitotic XR-1 cells but
also on UV-1 cells.

The dose response relationships for y-H2AX foci on metaphase chromosomes
after irradiation of Gj cells with immediate or delayed subculture are shown in Figure 6-
4A, B and C. Most of the y-H2AX foci appeared as single foci on one the other
chromatid but in some cases foci appeared on both chromatids as isolocus paired foci. I
categorized the localization of foci as single, paired and total. Figure 6-4A shows the
frequency of single (unpaired) foci as a function of dose. Figure 6-4B shows the
frequency of paired foci with increasing dose and Figure 6-4C shows the total. CHO wild
type cells were least sensitive, and delayed subculturing reduced the induction of foci per
unit dose to about half. XR-1 showed six to seven times more foci per unit dose than
CHO wild type for both single or paired foci and delayed subculture‘did not reduce the
number of foci in XR-1 cells. UV-1 also showed an even larger foci number for the
immediate subculture group. There were about 65 total foci per cell for a dose of 0.5 Gy
given to G; UV-1 cells. With delayed subculturing, the number of foci for these cells was
decreased by about half comparing single to paired foci, about 15% of total foci were

paired and 85 % were single.
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Figure 6-3
v-H2AX foci formation in metaphase chromosome. 0 Gy (A, C, E) or a 0.5 Gy (B,

D, F) exposure of G; cells and immediately subcultured. Centromeres are stained
red and v-H2AX foci, green.
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Figure 6-4
v-H2AX foci induction in wild-type and various mutant CHO cells by v-
irradiation. Cells were irradiated in Gl-phase and assayed in metaphase after
immediately or delayed subculture. 6-4A shows single foci; 6-4B, paired foci, and

6-4C, total foci.
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Figure 6-5
Subculture timing affects y-H2AX persistence to metaphase. Cells were irradiated
to obtain consistent amount of foci (about 40 as total; CHO 3Gy, XR-1 0.5Gy, and
UV-1 0.2Gy). 6-5A shows single foci; 6-5B, paired foci, and 6-5C, total foci.

Single Foci Paired Foci Total Foci
50 10 50
A B —e— CHOWT
—8— XR-1
4 8 —v— UV-1
]
0 L
2 30 6 -
3 1
e 2
6 [
% 20 3
8 4 3
[S
P}
Z
10 - 2 i
—e— CHOWT 10 —e— CHOWT
—v— XR-1 —¥— XR-1
—— UvA1 —-— UvA1
0 T T T T 0 T T T T 0 T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Subculture Time After Irradiation (Hours)

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I also measured the rates of change in y-H2AX foci seen in metaphase cells with
delayed subculture of the G; irradiated cells as shown in figure 5. To obtain
approximately the same number of foci for the 3 cell lines for the immediate subculture
point; a 3 Gy dose was given wild-type cells, 0.5 Gy for XR-1 cells and 0.2 Gy for UV-1.
For CHO and UV-1 cells a rapid decrease was seen in the number of foci until about the
subculture was delayed for 12 hours or more. After that the residual level of foci stayed
at about 20 for a 24 hour delayed subculture. In XR-1 however no appreciable reductions
were observed for delayed subcultured up to 24 hours.

To determine the extent to which progression through S phase might be important,
especially for the UV-1 cells. The G, assay was carried out. The dose response for 0.5
and 1 Gy were very similar for all three cells lines (Figure 6-6). Per unit dose, the
induced number of foci in the G,/M assay (about 36 for 0.5 Gy) was almost 3 times that
seen with maximum foci number for cells irradiated and assayed both in Gy cells (20-25
for 1Gy) (Figure 6-2 and 6-5). The fraction of paired foci per total foci in G-irradiated
cells was very low; less than about 3 to 5 % compared to around 15 % for G, irradiated
cells assayed in mitosis.

Finally, the localization of y-H2AX was measured in wild-type CHO
chromosome aberrations. In wild-type CHO cells dicentrics had paired foci 22.7% in
immediate subculture and 0 % in 12 hours delayed subculture, and single focus 45.5% in

immediate subculture and 66.7% in 12 hours delayed subculture.
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Figure 6-6
G,-irradiated foci number on metaphase cells for various cell lines. G;-irradiated
cells were scored by G;-assay.
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DISCUSSION

At least qualitatively residual level of y-H2AX foci number in G;-phase is well
correlated with cellular radiosensitivity (4,16). Both CHO wild-type and UV-1 cells
showed rapid y-H2AX disappearance in G;-phase and both have a similar sensitivity for
cell killing. On the other hand, the highly radiosensitive XR-1 cells showed slower y-
H2AX foci formation and a much higher residual level of these foci.

One view concerning the appearance and disappearance of y-H2AX foci is that
these foci appear initially, one for each DNA DSB, and they disappear after the DSBs
rejoin or misrepair by interaction with another DSB and the y-H2AX histones are
dephosphorylated. If this were entirely so, I might expect unrejoined breaks that lead to
terminal deletions would be the only remaining broken ends at mitosis and unless ends
were processed to allow dephosphorylation they might be expected to yield a y-H2AX
focus on both the centric and acentric portions of the terminal deletion. All other
aberrations following G; irradiation are exchanges that involve rejoining. A 1Gy dose to
these wild type G; cells would be expected to produce only about 0.1 to 0.2 aberration
per cell of which only a fraction would be terminal deletion. I have observed about 10 y-
H2AX foci per mitotic cell, even for the more resistant wild type CHO cells. The residual
level in G; after irradiation of G; cells for 24 hours is about 2 or 3. Thus y-H2AX foci

from some other S phase related residual damage must be responsible for the levels seen
in mitosis. This is dramatically apparent in the UV-1 cells where the levels in mitosis

after G, irradiation are some 10 fold greater.
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Because XR-1 cells show a greatly reduced ability to repair DNA DSBs (17), I
might expect the same number of foci on metaphase cells for either immediate or delayed
subculture and this is what was observed. The UV-1 cells showed greatly reduced
number of y-H2AX foci in G. The reduction was similar to that seen for wild-type CHO
cells so the residual levels in G after 1 Gy were also only about 2 or 3 per cell. Yet the
number of y-H2AX foci was some 10 fold higher in UV-1 mitosis than wild type CHO
cells. This again would indicate that some damages other than DNA DSBs in G is
resulted in the additional production of additional DSBs as cells progressed through S
phase to mitosis. The fact that delayed subculture after irradiation in G; reduced the yield
in mitosis I would interpret as results from some repair of the DSB’s (as occurred for
wild type CHO cells) but a lack of repair in UV-1 cells of some type of base damage that
is fully repaired with delayed subculture in wild type but not in UV-1 cells.

There are only two ways to produce paired y-H2AX foci on chromosomes after
G, irradiation. One might be that a rejoined but distorted region of DNA is replicated in
S-phase and remains distorted to prevent dephosphorylation in both sister chromatids.
Another possibility is simply two independent single base damage in opposite chromatids
are close enough to recognize them as paired foci. But latter case hardly happens if the
total number of foci per cell is less than 100. A single focus on a chromatid could be
generated in several ways. One of the paired foci might disappear during the G,-phase.
Another possibility might be that an S-phase dependent DSB formation might occur from
primary DNA lesion such as SSB, base damage or DNA crosslink and result in single

focus on metaphase.
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Chromosomal aberrations such as dicentrics are produced from DNA DSBs. If the
v-H2AX foci remain even after DSB misrejoined, 1 should observe paired foci between
two centromeres. In wild-type CHO cells dicentrics had paired foci 22.7% in immediate
subculture and 0 % in 12 hours delayed subculture, and single focus 45.5% in immediate
subculture and 66.7% in 12 hours delayed subculture. This indicates y-H2AX
dephosphorylation occurs in most instances after rejoining even when DNA DSBs are
misrejoined. The result of decreased paired foci with increased single focus suggests
some single foci result from loss of one focus of paired foci. It is interesting that both
foci of a pair did not disappear at the same time. y-H2AX foci in chromosomes may be
an unrepaired DSB or a “a scar” recently form a DSBs.

In summary, y-H2AX foci persist until metaphase after G;-irradiation. Paired foci
are generated from G;-DSB, and single foci may be generated from loss of one of paired
foci and S-phase dependent DSB formation. y-H2AX foci can disappear after DNA is

misrejoined.
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Chapter 7

Tracking Connection between the Formation and
Disappearance of y-H2AX foci in Nuclei and the Prematurely
Condensed Chromosomes of G, Human Fibroblasts after y-
Irradiation.

ABSTRACT

The time courses of the development and disappearance of y-H2AX foci after
irradiation were measured in the nuclei of non cycling Go human fibroblasts and in the
same cells after induction of premature chromosome condensation. The purpose was to
investigate possible connections between the rejoining and mis-rejoining of DNA DSBs
and the early formation of chromosome aberrations.

For y-H2AX foci assayed in Gg nuclei after irradiation of Gy human fibroblasts, a
maximum of about 30 foci per cell was observed after 1 Gy, in agreement with estimate
of the number of DNA DSBs expected for this dose. However, about twice the numbers
of foci were seen for same dose after induction of premature chromosome condensation.
For both assays the number of foci then decreased at about the same rate when foci were
measured at various times after irradiation. The apparent excess number of foci above
expectation may be related to the unbalance of kinase-phosphatase by MPF that occurs
when mitotic and interphase cells were fused.

v-H2AX foci in the prematurely condensed chromosomes were often seen at the

broken ends of PCC fragments, and instances were also seen of y-H2AX foci at the
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junction point of translocations. Lesions allowing expression y-H2AX foci persisted even
after irradiated Gy cells were subcultured and allowed to progress to mitosis, but
incubation of Gy cells up to for 12 hours after irradiation before subculture resulted in the
disappearance of these foci on mitotic chromosomes.

Numerous y-H2AX foci were seen in the nuclei of unirradiated S phase cells, and
an enormous phosphorylation of H2AX was seen in unirradiated S cells but not Gy cells

after fusion with mitotic HeLa cells. And those y-H2AX was colocalized with BrdU.
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INTRODUCTION

v-H2AX focus is a signature of DNA DSB. Histone H2AX phosphorylation
occurs within a megabase or so around the location of each DSB (1,2). The detailed of
the mechanisms involved in phosphorylation and dephosphorylation of H2AX, however,
is still unknown (3). To attempt to relate the development and disappearance of y-H2AX
with chromosome breaks I followed these in prematurely condensed chromosomes (PCC)
(4-6).

PCC allows an analysis of the breakage and rejoining of interphase chromosome
(4-6). Because y-H2AX foci localizes on DNA DSBs, I set out to determine whether
localization of y-H2AX occurred on Go-PCC breaks after irradiation. The hypothesis or
expectation being tested was as follows (Figure 7-1).

First, since some 30 or so DNA DSBs are initially produced in Gg cells but only 5
to 6 PCC breaks are observed after a 1 Gy radiation dose, many of the DNA breaks may
be rejoined by the time the induction of PCC is completed (5). Thus, the maximum
number of y-H2AX foci expected in the Gy PCCs might be 30 or less. Second, while
many y-H2AX foci would be expected interstitially in PCCs I might expect a focus to be
present initially at the end of each unrejoined PCC break. Third, there should be at least
some y-H2AX foci present at the break points of translocation formed when PCC breaks
misrejoined to form an exchange. Forth, some H2AX phosphorylated regions of
chromatin may persist and may be observed in mitosis.

Each of these expectations was tested in the experiments reported below. The

measurement of radiation induced y-H2AX foci in S phase cells has been recognized as a
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potential problem become of high background frequencies in S phase cells even without
radiation. I therefore examined more closely the relationship between y-H2AX foci and
followed by DNA synthesis in S phase cells measurement of incorporated BrdU. Further
studied the degree of y-H2AX phosphorylation after induction of PCC in S phase cells

since the PCC process involves itself inhibition of phosphatases.
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Figure 7-1
Possible scheme for the phosphorylation of H2AX and the dephosphorylation of
v-H2AX. y-H2AX foci formation occurs after DSB formation and it disappears

following rejoining.
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MATERIALS AND METHODS

Cell lines and culture

Normal human fibroblast cell lines (AG1522 and GM8429) were grown in
Eagle’s minimal essential medium (MEM) supplemented with 15 % heat-inactivated
(56°C for 30 min) fetal bovine serum, penicillin (100 units/ml), and streptomycin (100
ug/ml) in a humidified 5 % CO; atmosphere at 37°C. To establish contact inhibited
population of cells in Gy cells were inoculated into T25 flasks or chamberslides and after
the cultures reached a confluent monolayer they were kept and additional 3 days to insure
they were fully contact inhibited. Cell cultures were irradiated using a J.L. Shepherd
Model Mark I-68 6000 Ci '*’Cs irradiator. The dose-rate was 2.5Gy per minute. T25
flasks were irradiated on ice for Gy PCC initial time point. For the time course Gy nucleus

and Gg PCC, flasks were irradiated at room temperature.

Premature chromosome condensation (PCC)

PCC protocol was carried out as previously described (5,7). Colcemid were added
to the exponentially growing HeLa cells for 3 hours. Mitotic HeLa (M-HeLa) cells were
obtained by mitotic shake. For measuring initial damages after irradiation, cells were
irradiated on ice after trypsinization. For time course, cells were kept 37°C for various
times after irradiation, and then cells were trypsinized to get single cell suspension. The
numbers of M-HeLa and sample cells were counted and same number of cells (5x10°
each) were mixed in cold medium. Cells were span down at 1500rpm for 4 minutes, and

the supernatant was discarded and 10ml of ice cold MEM with Colcemid was added.
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Cells were centrifuged, medium was discarded, and 0.5 ml of ice cold serum free MEM
with Colcemid was added to the cell pellet and mix well. 10l of Sendai-virus were
added the final concentration of virus was 200 HAU*/ml and the samples were mixed
well. The tube was then kept on ice for 15 minutes. After slow centrifugation to form a
loose pellet, the tube was incubated in 37°C for 10 minutes. 5 ml of MEM containing
15% FBS and Colcemid was then added and the tubes were incubated for an additional

35 minutes in 37°C. Cells were then centrifuge down and the supernatant was removed.

y-H2AX assay

Cell suspensions were treated with a hypotonic swelling buffer for 20 minutes and
cytocentrifuged on slides. Cells were fixed in 4% Paraformaldehyde for 15 minutes and
washed with PBS for 10 minutes repeated 3 times. After treatment in KCM solution for 5
minutes, cells were blocked by 10% goat serum for 1 hour. Anti-y-H2AX mouse
monoclonal antibody (Upstate) and CREST serum was treated for 1 hour at 37°C.
Primarily antibodies were washed in PBS for 10 minutes 3 times. Alexa 488 anti-mouse
secondary goat antibody (Molecular Probes) and Alexa 592 anti-human secondary goat
antibody (Molecular Probes) were treated for 1 hour at 37°C. Excess antibodies were
washed in PBS for 10 minutes 4 times. Nucleus was counterstained by 1.5ug/ml DAPI in
slowfade (Molecular Probes).

Images of cells were obtained using an Olympus AX-70 fluorescence microscope
equipped with a PSI image analysis system utilizing the MAC-Probe package. The

processed images were stored and cells from these were later scored.
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Immuno-FISH

To detect translocations in PCCs, cells were analyzed by FISH (fluorescence in
situ hybridization) (8,9) with y-H2AX staining. Firstly, slides were stained for y-H2AX
by immunocytochemistry. Slides were then denatured by 70% formamide / 2x SCC at
70°C for 2 minutes to denature the chromosomes. Following denaturation, the slide was
dehydrated for 2 minutes each in 70%, 90%, and 100% ethanol. Human chromosome 1
specific painting probe labeled with digoxigenin (Original probes were established by Dr.
A. Christian of Lawrence Livermore National Laboratory) was mixed by hybridization
mix (50% formamide, 2xSCC, 10% dextrin sulfate, 1pug probe and 1pug human Cot-1
DNA). This mixture was incubated at 84°C for 15 minutes to denature the probe, and
then kept at 37°C in 45 minutes to preanneal repetitive sequences. The probe was added
to the slide, and it was kept overnight in a humid 37°C chamber. Slides were washed at
45°C for 10 minutes in 50% formamide/2xSSC, and 10 minutes in 2xSSC. A solution of
10% goat serum in PN buffer (0.1M sodium phosphate, 0.1% NP-40 detergent) was
added to the slide for 5 minutes at room temperature to decrease the binding of anti-
digoxigenin antibody. Alexa 594-conjugated anti-digoxigenin antibody (Molecular
Probes) was then added to the slide for 1 hour, and rised off in PN buffer. The slide was
counterstained with DAPI/slowfade solution, and photographed using Olympus AX70
microscope with a Sensys CCD camera (Photometrics, Tucson AZ) equipped with a PSI

image analysis system utilizing the MAC-Probe package.

Go-phase Irradiation followed by Metaphase Analysis

176

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For preparation of cells to be irradiated in Gy and assayed in metaphase, the
irradiated G phase cells were either subcultured immediately or after various periods of
time for the delayed subculture. Thirty hours after subculture, Colcemid was added for 6
hours before mitotic cells were harvested by mechanical shaking of the flasks. Harvested
metaphase samples were treated in a swelling buffer for 20 minutes and centrifuged onto
slides by a cytocentrifuge. Cells were then fixed and stained as outlined above for

immunostaining.

Bromodeoxyuridine (BrdU) pulsed label

Exponentially growing cells cultured in chamberslides or T25 flasks were
prepared and 30 pg/ml of BrdU in cell culture medium was then added and the cultures
were incubated for 10 minutes. For interphase experiments, cells were washed with PBS
and fixed by 4% Paraformaldehyde for y-H2AX assay.

For PCC experiments, culture medium was removed and cells were washed with

PBS once. Cells were harvested by trypsinization and cell fusion was carried out with M-

Hel a cells.

y-H2AX assay for interphase cells and PCC cells

For fixation of interphase cells, after fixation in 4% Paraformaldehyde, cells were
washed with PBS three times for 5 minutes each, the cells were then incubated in 0.2%
TritonX-100 in PBS treatment for 5 minutes to enhance permeability for antibody

reaction, and 10% goat serum in PBS was added to block non specific binding of
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secondary antibody and the cells were then incubated at 4°C for overnight or 37°C for 1
hour.

For fixation of PCC cells, fused cell suspensions were treated by hypotonic
swelling buffer for 20 minutes and centrifuged onto slides by cytocentrifugation. Cells

were then fixed stained as above.

S-phase y-H2AX / BrdU in interphase and PCC

Exponentially growing cells were pulsed labeled by 30pg/ml of BrdU for 10
minutes. For interphase analysis, cells were washed and fixed directly on chamberslides.
For PCC analysis, cells were washed followed by trypsinization to prepare suspension for
cell fusion as previously described. Slides were fixed in 4% Paraformaldehyde for 15
minutes and washed three times in PBS for 10 minutes and treated in 0.2% Triton X-100
for 5 minutes. After blocking with 10% goat serum, y-H2AX was stained as previously
mentioned. Slides were treated with 70% formamide/2xSSC for 2 minutes at 70°C. Slide
was rinsed twice in 2xSSC for 3 minutes at RT, and then in PBS for 5 minutes. Cells
were incubated in 1:100 anti-BrdU rat antibody for 1 hour at 37°C and slides were rinsed
three times in PBS for 5 minutes. Slides were then incubated with Alexa 594 conjugated
anti-rat goat secondary antibody diluted in 1:100 for 1 hour at 37°C. The slides were then
washed in PBS for 5 minutes 4 times. Nuclei were counterstained by 1.5ug/ml DAPI in

slowfade.
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RESULTS AND DISCUSSION

Preparing good “spreads” of PCCs proved to be difficult with the cytocentirfuge
approach, but better preparations with drying in 3:1 (Methanol: Acetic Acid) is not
compatible with immunocytochemistry. Therefore the number of good PCC spreads,
sufficient for good localization of y-H2AX foci was very limited. The results from a few
of the reasonably well spread PCCs, however are shown in Figures 7-2A-D. y-H2AX foci
were stained green. To distinguish acentric PCC fragments, I used CREST serum for
staining centromeres by binding red fluorescent anti-kinetochore protein antibody. So the

PCC fragments without red signals (centromere) must be excess PCC fragments.

y-H2AX foci on Gy PCCs and Gy nuclei

Figure 7-1A and 1B illustrate y-H2AX foci on Gy PCCs immediately after 1Gy.
At this early time after irradiation many of the PCC breaks have not rejoined, and
numerous y-H2AX foci are present. Arrows point of several instances where y-H2AX
foci appear at the ends of acentric (centric in some cases) PCC fragments. Figure 7-2B
shows that even at this early sampling time what appears to be a recently rejoined break
can be seen as a double focus (paired arrows in Figure 2B). Figure 7-2C and D show Gy
PCCs at 24 hours after irradiation increasingly fewer y-H2AX foci are present. Dicentric
PCC fragment did not have y-H2AX foci between two centromere signals in figure 7-2D.

It indicates y-H2AX foci can be dephosphorylated even after misrejoining of DSBs.
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Figure 7-2.
PCC with v-H2AX foci after 1Gy of irradiation.
Green represents y-H2AX and Red represents centromere.
Figure 7-2A and B. PCC with ~H2AX foci, 0 minutes after 1Gy of irradiation.
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Figure 7-2C and D. PCC with -H2AX foci 24 hours after irradiation. Arrows
indicate no y-H2AX foci between two centrome regions.
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Figure 7-3 shows a PCC carried out 1 hour after irradiation and then stained with
a whole chromosome 1 specific FISH paint probe as well as immunocytochemistry for y-
H2AX foci. This illustrates a y-H2AX focus located directly at the break point of the
translocation.

Because of overlapping PCC chromosome spreads were not adequate for more
quantitative scoring of y-H2AX foci and these chromosomal locations. However, the
spreads were adequate for scoring total number of foci. Figure 7-4 shows the dose
response for induction of y-H2AX foci in PCCs carried out immediately after irradiation.
The dose response is very steep, with a slope indicating the induction of about y-H2AX
foci per Gy PCC per Gy.

Figure 7-5A and 5B show the number of y-H2AX foci on Gy PCCs for two human
cell lines at various times after a 1Gy radiation dose. As seen earlier in figure 7-4, foci
number per cell was much higher than expected at the earliest sample times. The so
called 0 hour time, however, represents the time, where the PCC procedure was started
immediately after irradiation, but actually some 20 minutes at 37°C is required for cell
fusion and PCC to occur. Still, 70 foci per cell is about twice the maximum number of
foci seen in Gy interphase nuclei where PCC has not been induced by fusion with mitotic
HeLa cells. After 30 minutes or so, however, the rate of decrease in foci number on PCCs
is slower.

The relative rates of change in y-H2AX foci after 1 Gy in the Gy interphase nuclei
and the Go PCCs are shown for comparison in figures 7-6A and 6B. Figure 7-6A show
the changes in y-H2AX foci in the Gy nuclei out to 24 hours after 1 Gy, and the relative

rates of change in both the Gy nuclei and the Gy PCCs are plotted together in figure 7-6B.
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Figure 7-3
Figure 7-3 represents an example immuno-FISH in PCC after irradiation. Cells
were irradiated and fixed after 1 hour of repair time. Green represents y-H2AX
foci (immunocytochemistry) and red shows chromosome 1 (FISH).

Figure 7-3A (merged color

Figure 7-3C Figure 7-3D Figure 7-3F Figure 7-3E
Merged chromosome -H2AX (green translocation (Chl
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Figure 7-4
Figure 7-4 represents the dose response curve of initial y-H2AX foci on PCC in
AG1522. Cells were irradiated and processed PCC immediately after irradiation.
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Figure 7-5.
Time course of y-H2AX foci on PCC after 1Gy of irradiation. Go-phase cells were
irradiated and processed PCC after certain repair time.
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Figure 7-6.
Comparison y-H2AX time course between Go-interphase nucleus and GO-PCC.
Figure 3A represents y-H2AX foci formation and disappearance in Go-phase
interphase nucleus after 1 Gy of irradiation. Figure 3B shows the remained foci
frequencies in Gy-phase interphase nucleus (solid line) and Go-PCC (dashed line).
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Residual lesion on Mitotic Chromosomes after Gy Irradiation:

To determine whether residual lesions affecting long after then previous induction
early in Gy cells I examined first post-irradiation mitotic cells. For these experiments I
either subcultured immediately or at various times up to 12 and 24 hours after irradiation.
The results are plotted in figure 7-7A and 7B. Figure 7-7A shows the dose response for y-
H2AX foci on mitotic cells when Gy cells were subcultured immediately or 12 hours after
irradiation. A very large (10 fold) difference in sensitivity was seen for immediate vs.
delayed subculture. The lesions leading to foci in mitosis disappeared after irradiation of
Gy cells with a half time of about 2 to 3 hours, and only about 5% remained after 24
hours.

As discussed previously, with immediate subculture cells may enter S phase
before repair of DSBs or even SSBs and base damage is complete, so impediments to
replication during S phase may well generate additional DNA DSBs not persist initially

in the irradiated Gy cells.

y-H2AX foci in S-phase nuclei and S-phase PCCs

We and other have repeatedly observed problem issues with y-H2AX assays
involving S phase cells, with or without irradiation (10). A simple example of this is
illustrated in Figure 7-8 which shows unirradiated human AG1522 cells from a log phase
population (Figure 7-8A) and from a contact inhibited Gy population of the same cells
(Figure 7-8B). There are very few y-H2AX foci on any of the cells of the contact
inhibited population but some 30 to 40 % of the cells in the log phase population contain

several foci each while others contain none.
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Figure 7-7.
v-H2AX foci in metaphase after irradiated Go-phase

Figure 7-7A represents dose response curves for immediate subculture (solid line)

and 12 hours delayed subculture (dashed line). Figure 7-7B represents that time

course of delayed subculture after irradiation of 4Gy.
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The thymidine analog BrdU is selectively incorporated into DNA and can be
detected with anti-BrdU antibodies. To more closely examine the correlation between the
appearance of y-H2AX foci as related to the synthesis of DNA, I labeled cells with BrdU
for 10 minutes and then several simultaneously carried out an immunocytochemical
staining for y-H2AX and BrdU. Figure 7-9 illustrates the result in nucleus did not
incorporate BrdU were no y-H2AX foci (Figure 7-9A), and in cells that did incorporate
BrdU (Figure 7-9B) were also regions with y-H2AX (Figure 7-9C and 9D).

Because I had observed high levels of radiation induced y-H2AX foci in Gg PCCs
and high levels in nuclei of unirradiated S phase cells I decided to examine y-H2AX foci
levels in unirradiated S phase PCCs. The surprising result is illustrated in figure 7-10 and
7-11. Ordinarily, S phase PCCs are diffuse with non replicating regions of chromatin
condensing interspersed with uncondensed replicating chromatin. Surprisingly, I found
enormously high levels of y-H2AX distributed throughout the unirradiated S phase PCCs.
This is illustrated in Figure 7-10. Panel A shows an S phase PCC with the centromeres
stained with an antikinetochore antibody (red). Panel B shows the same PCC stained of y-
H2AX (green).

Figure 7-11 shows the result of an experiment where unirradiated S phase cells
were flash labeled with BrdU and PCC was induced. These were then stained with anti-
BrdU antibody (red) shown in panel A or with anti-y-H2AX antibody (green) shown in
panel B. The areas stained in both cases indicating a close association between replication
of DNA and the expression of yv-H2AX. However, there appeared to be lower quantities

of y-H2AX in S phase nuclei that had not been fused with mitotic HeLa cells.
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Figure 7-8.
1H2AX foci formation in interphase cells without any irradiation.
Figure 7-8 A shows asynchronous log growing cells with v-H2AX foci (green).
Figure 7-8B shows contact inhibited Gy-phase cells with y-H2AX foci (green)
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Figure 7-9.
The localization of -H2AX foci and DNA replication sites. Cells were pulsed label
with BrdU and fixed. Red represents BrdU uptake sites, and Green represents -
H2AX foci. Yellow color indicates colocalization between BrdU and y-H2AX.

7-9A Merged 7-9B BrdU

7-9C y—H2AX 7-9D BrdU + y—H2AX
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Figure 7-10.
High expression of -H2AX foci in S-phase PCC cells without any
radiation and BrdU incorporation.
Figure 7-10A shows yv-H2AX foci (green) locates on S-phase PCC dotted
fragments. Figure 7-10B is same picture with figure 7-10A but no y-H2AX. Red
represents centromeres.
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Figure 7-11.
v-H2AX foci in S-phase PCC colocalized with BrdU uptaken sites.
Cells were pulsed labeled with BrdU and processed PCC. BrdU was stained by Red.
v-H2AX was stained by Green. Yellow represents colocalization between BrdU and
v-H2AX.

7-11A (BrdU) 7-11B (y-H2AX)

7-11C BrdU + y-H2AX
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Limili and co-workers suggested that replication collapse may be the reason for S-
phase dependent DSB formation in UV-exposed cells (11). Cells that have base damage
or single strand breaks may produce DSBs during replication. Another possibility is that
the PCC process causes DSB. In the process of condensation, chromatin fibers may be
under high tension and stretch during conformation changes. But I did not see excessive
v-H2AX foci on unirradiated Gy PCCs although there were relatively higher background
v-H2AX foci in these Go-PCCs than Gy-nucleus..

Topoisomererases are one candidate source for the DSB production. DNA
topoisomerase is an essential enzyme involved in resolving the torsional stress associated
with DNA replication, transcription, and chromatin condensation (12). Topoisomerase 1B
and IIA associate with replication (13). Topoisomerase IB does not produce DSB but
SSB during DNA replication, but the inhibitor of Topoisomerase IB like CPT is known to
produce DSB in S-phase (14). Another Topoisomerase which has function during
replication in mammalian cells is Topoisomerase ITA (13). Topoisimerase IIA directly
produces DSBs to untight supercoiled chromatin structure. Since I did not carry out
further experiments, Topoisomerases are just candidate for S-phase y-H2AX foci
expression.

It is known about 300 replication forks are actively replicating DNA at any one
time in mammalian cells. If all 300 replication forks produce DSBs, upon S phase PCC it
would have a huge impact on y-H2AX foci seen in these cells (about 10Gy of y-
irradiation) and it would be detectable by other methods of DNA DSB assays. Another

novel method for DNA DSB detection is Pulsed field gel electrophoresis (15-17). This
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method separates Megabase size of DNA and can directly detect as fewer 150 to 300
DSBs per cell (it means 5 to 10 Gy exposure). So far, there are no reports about high
background DSBs in S-phase cells (16). This indicates those DNA DSB during
replication may be different from the ones produced by ionizing radiation. The possible
characteristics of replication mediated DNA DSBs are 1) DSB formation occurs only
very few moments and it does not affect cell function. Because DSB rejoins so quickly,
gel electrophoresis can’t detect it. But each DSB causes histone H2AX phosphorylation
and can be observed by immunocytochemistry. 2) It is not actually DSB but histone
H2AX phosphorylation occurs in the unknown process during replication.

Even topoisomerase function is the reason for producing DSB during replication,
still S-phase PCC has too many foci to explain it. Further there are many more foci in the
S-phase PCC than are seen in interphase cells.

I concluded S-phase cells contain more y-H2AX foci than Gy-contact inhibited
cells and it is associated with DNA double strand breaks during DNA replication process.
But still the reason for the high expression of y-H2AX especially in S-phase PCC is

unclear.
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