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ABSTRACT OF DISSERTATION

CHARACTERIZATION OF THE FLOW CYTOMETRY MUTATION ASSAY AND

ITS USE IN NOVEL GENOTOXICITY STUDIES

The ﬂdw cytometry mutation assay (FCMA) has been previously demonstrated to
be a rapid and sensitive assay for measuring mutations induced by a wide variety of
genotoxic agents. However, details of the assay have not been fully evaluated. The
purpose of this research was to first investigate in depth the kinetics of expression of
CD59 mutants in the flow cytometry mutation assay. After characterization I have used
the assay to measure mutagenesis induced by a hypoxic environment and examined the
effects of DNA repair proteins on survival, cell cycle and mutagenesis.

After treatment with a mutagen, the mutant fraction measured by the FCMA
increased to a peak over time and subsequently decreased to a stable plateau. Using ‘ethyl
methanesulfonate (EMS), ionizing' radiation (IR) and asbestos, I determined that the
return to normal cell proliferation and, more importantly, cell survival are indicators of
peak mutant expression. Decreased survival and slowed growth of CDS359 cells
contribute to the decline in the mutant fraction and confirms that mutations that are not
clonogenically viable are measured by the FCMA on the peak day of expression.

To complement previously published results using ionizing radiation, I analyzed
clones isolated from several CD59" regioné and generated mutant spectra for the point

mutagen EMS using flow cytometry. Cells sorted from intermediate regions of CD59
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expression remained stable over time. Also, mutations induced by EMS were
predominantly small intragenic mutations, unlike radiation that produced mainly large
deletions.

I then determined that a severely hypoxic environment induced a significant
mutant yield. It has been previously shown that hypoxic stress can generate DNA
damage and mutations which are likely caused by reactive oxygen species (ROS)
released from mitochondria during hypoxia or generated upon reoxygenation. Here I
demonstrate that the oxygen radical scavenger dimethyl sulfoxide (DMSO) significantly
decreased cell killing and mutagenesis after hypoxia treatment, supporting the concept
that ROS are responsible for hypoxia induced mutations.

I also investigated the effects of silencing of DNA repair proteins on cell survival,
cell cycle and mutagenesis. The knockdown of homologous recombination repair protein
Rad51C slightly increased sensitivity to IR and drastically increased killing by EMS
treatment. Rad51C knockdown also caused a significant G2 phase buildup of cells by 18
hours after EMS treatment, but it had no affect on mutagenesis. Silencing of the non-
homologous end joining (NHEJ) protein Ku80 slighﬂy increased cell killing by IR and
slowed the uptake up BrdU in S phase. Finally, Ku80 knockdown decreased the mutant
yield after EMS treatment, implying that this point mutagen generates significant double
strand breaks (DSBs) during S phase that are often repaired by NHEJ.

In summary, I have demonstrated that the FCMA is a fast and reliable method to
measure mutagenesis induced by an agent and to‘ quantify the degree of damage by

obtaining a mutant spectrum. I have used this assay to investigate mechanisms of
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mutagenesis by EMS, IR, asbestos and hypoxia and evaluated the effects of DNA repair

pathways on cell cycle, cell killing and mutant induction.

Stephen Berkeley Keysar

Graduate Degree Program in Cell & Molecular Biology
' Colorado State University

Fort Collins, CO 80523

Summer 2009
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CHAPTER 1

INTRODUCTION

Cancer arises from the accumulation of mutations of cellular genes that regulafe
proliferation, DNA repair and apoptosis. Mutations are generated when DNA is damaged
during exposure to endogenous and exogenous sources and errors during DNA
replication. The general public is regularly exposed to carcinogens. The known
genotoxicity of many carcinogens places great importance on the ability to accurately
assess the mutagenic potential of these compounds. Mutation éssays were developed
decades ago to determine the mutagenic potential of compounds. The speed and
sensitivity to accurately detect mutations generated by a wide range of mutagens have
increased over time. |

The research described in this dissertation was completed to characterize the
kinetics of mutants in the flow cytometry mutation assay (FCMA) and to conduct novel
studies using mutagenesis as an endpoint. A variety of techniques were use_d to measure
the survival and proliferation of mammalian cglls following treatment with genotoxic
agents. These techniques often used flow cytometry as a rapid method to analyze

millions of cells in a relatively short amount of time. The types of mutations generated



by known and novel mutagens were investigated and compared in an attempt to
determine the mechanism by which they induce DNA damage.
Mutagenesis

Many physical and chemical agents interact with DNA and frequently cause
alterations in the chemical and structural properties of the molecule. Agents that cause
DNA damage have a wide range of mechanisms from simple DNA base adducts caused
by alkylating agents to double-strand breaks generated by ionizing radiation. The manner
in which certain agents such as ionizing radiation (1), N-methyl;N'-nitro-N-
nitrosoguanidine (MNNG) (2) and ethyl methanesulfonate (EMS) (3) modify DNA have
long been characterized and are often used as genotoxic references when developing
assays (4,5). The mechanisms behind DNA damage generated by other agents such as
asbestos (6), hypoxia (7) and other novel compounds are only now being examined.

Depending on the severity, damage produces several different outcomes both in
vitro and in vivo. If the immediate damage is severe, the affected cell may not recover.
This will result in cell death, including necrosis and apoptosis (8,9). However,v if the
damage is not immediately lethal, cells may attempt to repair the DNA with a mechanism
specific for the type of lesion (10,11); this will be discussed in more detail shortly.
Finally, damage that is overlooked by the cell or that is not completely repaired may be
replicated and become a permanent mutation in the genetic code (12). The array of
mutations that can be generated in cells is vast and ranges from simple point mutations
and deletions to chromosomal rearrangements, including translocations (13,14).

Depending on zygosity, mutations in genes that are essential to cell survival are

often lethal, while most mutations are non-lethal and can be passed on by replication to



future generations of cells. Multiple mutations in genes whose products regulate cellular
processes such as proliferation, DNA repair and apoptosis may result in genomic
instability and cellular transformation (15). The uncontrolled growth of cells containing
mutations in genes that regulate DNA repair and cell death would likely lead to more
mutations and possibly malignant cancér (16).
Mutation Assays

Since it was determined that many mutagens are also carcinogens, there has been
a need to develop assays that will rapidly and sensitively measure DNA damage and the
mutagenic potential of known and unknown agents. There have been many assays
developed over the past four decades that measure DNA damage and mutations in a wide
range of systems. One of the earliest is the Ames -assay, a bacterial reverse mutation
assay measuring an agent’s ability to generate gain of function mutations in specific
biosynthetic genes (17,18). This assay is still used today, stressing its importance.
However, genotoxicity in mammalian systems was an up and coming area of research.

Early studies in mammalian systems used the mutations in genes of RNA
degradation purine salvage pathways to study mutation induction. Chinese hamster ovary
(CHO) cells with single mutations in the X-linked hypoxanthine
phosphoribosyltransferase  (hprf) gene (19) and the heterozygous adenine
phophoribosyltransferase (aprf) (20) gene were selected for using the toxic purine
analogs 6-thioguanine and 8-azaadenine respectively. Many physical ana chemical
agents were tested with these systems resulting in modest mutant yields (21,22); these
were later enhanced with more modern assays.

L5178Y/Tk™" mouse lymphoma assay



The mouse lymphoma mutation assay (MLA), using the L5178Y " cell line,
has been in use for over 30 years to test the genotoxicity of a large variety of agents. This
assay is capable of detecting mutations at both the heterozygous thymidine kinase (zk)
and the hemizygous Aprt genes (23,24). In comparison to the Aprt locus, the tk locus is
capable of measuring a broader spectrum of mutations from point mutations and
intragenic deletions to chromosomal mutations. This is ’because mutations that
encompass adjacent genes could be compensated for by the homologous chromosome
(25,26). Tk mutants are selected with the toxic thymidine analog triﬂuorothymidine/
(TFTX).

By measuring colony size at a set time after selection, mutants can be classified as
either fast or slow growing. However, there is little concrete evidence demonstrating that
colony size is directly related to the typé or size of the mutation (25). Although a wide
range of mutagens have been evaluated with the MLA (24), the months needed for the
selection, colony formation and counting of mutants limit this assay. This is an area
where mutation assays in the future can make improvements.

TK6 mutation assay

Like the MLA, the TK6 mutation assay was developed to detect mutations in the
tk gene. The 1k'" TK6 cells were developed from the WI-L2 human lymphoblast cell line
(4). Similar to the MLA, TFTR is used to select for tk’” mutants after treatment with a
mutagen. This can be completed within 3 days, and subsequent colony formation of

mutants is completed within a few weeks. A broad range of chemical and physical agents

have also been tested with the TK6 assay (4,27-29).



Interestingly, it is possible to obser\{e and compare the difference in mutations
generated by the same mutagen in the heterozygous 7k gene as well as the X-linked Aprt
locus. This has been completed by generating mutant spectra for both loci with the same
agent (30,31). More recent studies have been conducted using the p53 mutéted WTK1
and the p53 null NH32 cell lines, both of which are nearly identical to the TK6 cell line.
This allows for the comparison of mutation rates and mutant spectra generated in the p53”
" cell lines and p53** TK6 cell lines (32,33).

The TK6 mutation assay has also been used for novel studies attempting to
elucidate and characterize the roles of DNA repair proteins in mutagenesis (34-36). The
bystander response has also been examined using mutagenesis in TK6 cells as an
endpoint (33). The TK6 remains a versatile human cell line mutation assay but is also
limited by the necessity of clonogenic survival in order to quantify mutants.

CHO A complement mediated mutation assay

Early studies into genetic linkage were completed by fusing Chinese hamster
ovary (CHO) cell lines auxotrophic for specific nutrients and with cells. The resulting
hybrids contained human chromosomes with genes complementing the CHO
auxotrophies and were able to grow in minimal media. Human CD surface antigens were
also expressed by genes located on the incorporated human chromosomes (37). Human
chromosomes were rapidly lost from the fused cells, and as corresponding CD antigens
were lost from the cell surface, investigators were able to determine the auxotrophies that
returned; this in turn demonstrated genetic linkage. The CHO Ay cell line was the result
of one of these experiments and was later used by Waldren et al. to develop a novel

mutation assay (5).



The antigen lethal (Ar) cell line is a stable human-hamster hybrid generated by
the fusion of a CHO-K1 cell and a human amniotic fluid fibroblast. The cells contain a
complete set of hamster chromosomes and one copy of human chromosome 11. Genes
along chromosome 11 express several human cell surface antigens. The original linkage
studies determined CHO Ay cells are sensitive to killing in the presence of specific
monoclonal antibodies and antisera (37). This assay selects for mutants of thevSI/cd59
locus found at 11p13.5 on human chromosome 11, which expresses the cell surface
antigen a;/CD59 (38). CD59 mutants are selected by using CD59 specific antibodies and
antisera (Fig. 1). The surviving CD59" cells form colonies and the mutant fraction (MF)
was calculated by MF = # colonies/(# cells plated x plating efficiency) (5,39). Later, the
ALN cell line was developed by incorporating a neomycin resistance gene adjacent to
cd59 on chromosome 11, and by treating cells with neomycin, background mutants were
reduced (40).

Unlike many traditional assays, the CHO Ay assay has the ability to detect point
mutations, intragenic deletions and large deletions (>150 Mb) of nearly the entire length
of chromosome 11 (41,42). Loss of the entire chromosome results in death due to
essential gene(s) found at 11pl15.5 (38). Recently, the cell line ALC was developed
containing two copies of chromosome 11 heterozygous for CD59. This allows for
deletions of the entire chromosome to be measured (43,44).

The CHO A system has been used to measure mutants generated by a broad
spectrum of chemical and physical agents including gamma (y)-radiation, alpha (a)-
particles, asbestos, ultra violet (UV) light, EMS, MNNG, and benzo[a]pyrene (5,6,45,46).

The CHO A assay has also been used as an endpoint in bystander studies (47-49). This
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Figure 1. Basic steps involved in the CHO Ap mutation assay. Cells are first treated
with a mutagen, cultured for roughly 1 week to allow for mutant expression and finally

treated with CD359 specific antibodies and complement. Surviving colonies are used to
calculate the mutant fraction.



assay has demonstrated the ability to detect mutations caused by agents that have no
activity in bacterial assays (50). Furthermore, multiplex PCR with primers specific for
exons 1-4 of CD59 and 5 other markers on chromosome 11 (RAS, LDHA, WT, CAT,
APO-A1) have been used to generate mutant spectra for various genotoxic agents (44,50-
53). Although this assay proves sensitive to a wide range of mutagens, like other
clonogenic assays it is time consuming and takes up to 5 weeks to test an agent.

Flow cytometry mutation assay (FCMA)

As was previously discussed, the abilities of the MLA, TK6 and CHO Aj assays
to sensitively detect mutations generated by known and novel mutagenic agents in
mammalian cells have been reported for decades. The capability to quickly determine if
a novel compound will have deleterious effects on humans has been used for years by
research groups and pharmaceutical companies alike. Although these assays are the
industry’s standard, there are several areas that need improvement. By decreasing the
amount of time to analyze an agent and increasing the sensitivity of the assay, a
significant amount of money could be saved by companies testing the genotoxicity of
novel compounds. These areas for improvement were first proposed when developing
the FCMA (2).

The FCMA utilizes the same CHO AN cell line as the standard CHO A_ assay
but does not rely on the clonogenic survival of CD59 cells as the endpoint. As an
alternative to usihg antibodies and antisera, fluorochrome conjugated monoclonal
antibodies against CD359 are used to assay for the presence of the cell surface protein
(2,54). Mutations of the c¢d59 gene are scored by the decrease in antibody binding to the

CD359 antigen when analyzed using flow cytometry. Using this assay we have found



consistent ~400 fold separations in fluorescence intensities between CD59" and CD59TL
populations (55).- Mutants were originally scored by falyling within a gate set at 97% of
the negative peak (2) and were later counted as cells with <1% of the fluorescence of the
control positive peak (55) (Fig. 2). By carefully examining cells sorted from the mutant
regions, we have previously proposed that the 1% gating scheme remains a conservative‘
estimate of the true mutant region (56) and this will be examined in more detail in
chapters 2 and 3.'

French et al. 2006 (55) examined the ability of the FCMA to measure the
mutagenic potential of 17 physical and chemical agents. First, cell survival curves were
generated for all agents to be tested in order to determine the doses required for 20%,
40%, 60% and 80% cell survival after treatment. Cells were‘ then treated with the
appropriate doses calculated for each agent and remained in culture until day 6 when they
were stained with phycoerythrin (PE)-conjugated monoclonal antibodies against CD59
and run on the flow cytometer. Samples were then obtained and analyzed every 1 to 2
days until day 12 to determine the optimum day of mutant expression. The published
mutant fraction results for all doses for the 17 agents are displayed in Table 1.

Following treatment, the mutant fraction (MF) in clonogenic assays, like the TK6,
increases with time and the remains constant. This was determined by MFs at many
times (days 0-17) after treatment with mutagens (4). The FCMA differs slightly in that
following treatment, the CD59 MF increases to a maximum and then decreases to a stable
plateau (Fig. 3). It should be noted that there is a variation in MF over time when results

include slow growing mutants (31)

" Of the 17 agents I personally assayed chrysotile “A” rhodesian asbestos, chloropheniramine maleate and
ethyl methanesulfonate. Also tested but not shown were benzene and dioxane.
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Figure 2. (Top) Original gating region for the FCMA set as 97% of unstained control
cells. (Bottom) Mutant region used by French ef al. 2006 (55) set as 1% of the
fluorescence of the mean of the CD59 positive peak.
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Treatment concentration resulting in approximately 80%, 60%, 40% and 20%

survival for the 17 agents tested, revised from French et al 2006 (55). Fold increase is
the ratio of the maximum induced mutant frequency to the control mutant frequency.

Numerical values represent the average mutant frequency + SEM in 1x10° cells from at

Table 1.

least three independent experiments with triplicate samples in each experiment, except
BaP and cholchicine (2 experiments) and methylcholanthrene (1 experiment).

The

CD59 mutant region was defined as those cells exhibiting a fluorescence signal of less

than 1% of the mean fluorescence value from the CD59" population of control cells.

*indicates significance difference relative to control (p<0.05).

tindicates significant

11

difference (p<0.1). NT: not tested. NS: not significantly different.
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The question that arises is: what is the FMCA actually measuring on the peak day of
expression? This question will be explored in detail in Chapter 2.

The speed in which the FCMA can detect CD59" cells after treatment is appérent
in that samples are analyzed within 6 to 12 days after treatment and do not require several
weeks for colony formation and counting as the MLA, TK6 and CHO Ay assays require
(4,5,57). The FCMA has also correctly classified agents that are false negatives in other
assays such as chlorpheniramine maleate (58) and false positives such as thalidomide
(59). Also, low responders such as tetrachloroethane (TTCE) (60) and asbestos (6)‘were
determined to be moderately mutagenic with the FCMA. With the speed and the
sensitivity to detect mutations generated by a wide range of agents it is important to fully
characterize the assay, allowing its use in the study of novel agents and experiments with
mutagenesis as an endpoint.

Flow cytometry generated mutant spectra

The serisiﬁvity of the FCMA to rapidly assess the genotoxicity of chemical and
physical agents has previously been reported to be equal to or greater than traditional
mammalian assays (55,61). After determining the mutagenic potential of agents, a
mutant spectrum cé.n be generated which gives the size and number of the ﬁlutations
generated by an agent, from point mutations to large deletions. Other assays have relied
on PCR, DNA sequencing and Southern Blot analysis of isolated mutant clonal
populations to generate mutant spectra (32,44,50), but these processes are time
consuming and are not completed when most agents are assayed. Other assays have also
been limited by the size of mutations they can measure since essential genes were

adjacent to the genes of interest (62). Importantly with the Ay cell line only a small
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region on the p-arm of chromosome 11 is needed for viability allowing deletions of >150
Mb to be measured with the FCMA (44).

Using the CHO A assay, mutant spectra have been generated for many agents
using PCR on the DNA isolated from the resulting CD59" colonies (6,63). Primers
specific for the 4 exons of ¢d59 (64) (Fig. 4) as well as 5 additional genes (RAS, LDHA,
WT, CAT and APO-A1) located along the léngth of chromosome 11 have been used in
multiplex PCR reactions to determine the presence or absence of the genes. Although
these results are accurate and useful in understanding the mode of action for various
genotoxic agents, it remains a laborious task taking several months from the time of cell
treatment.

We have previously reported a method in wﬁich a mutant- spectrum can be
generated by multi-parameter flow cytometry on the peak day of mutant expression or by
analyzing mutant clonal populations isolated by cell sorting (65). Like the CD59 gene
located on chromosome 11 that expresses the CD59 cell surface protein; there are 4 other
genes located along the length of the chromosome that also express surface antigens
(CD151, CD44, CD90, CD98). Cells can be stained for the presence of Glycosyl
phosphatidylinositol (GPI) anchors using FLAER, a fluorochrome conjugated bacterial
toxin, aerolysin, that specifically binds GPI proteins (66). It was previously proposed
that some CD59" cells are mutated in a GPI biosynthesis gene that prevents the GPI
linked CD59 and CD90 proteins to be bound to the cell surface, so mutations of a GPI
synthesis gene instead of the CD59 gene itself can lead to the CD59" phenotype (67).
GPI linkage and its relationship to the FCMA will be discussed in more detail in a

following section.
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In order to generate a mutant spectrum using flow cytometry, individual CD59
cells were sorted from the FCMA mutant region 6 days after exposure to 4 Gy using y-
irradiation. The resulting clonal populations were then analyzed for the presence of the
five surface antigens and GPI linkage. PCR analysis was cbmpleted on DNA isolated
from the same clonal populations to validate the results obtained by flow cytometry. The
locations of the genes (RAS, LDHA, WT, CAT, APO-A1) as well as the genes for the 5
surface antigens on chromosome 11 are displayed in Figure 5. Importantly, the results of
both the flow cytometry and PCR were compiled and found to be in total agreement (Fig.
6). With the ability to generate mutant spectra rapidly using flow cytometry and with the
accuracy of PCR, we are now able to generate spectra for a variety of agents.

Glycosyl phosphatidylinositol (GPI) anchors

Cell surface proteins have many important roles, including acting as cell-cell
recognition sites, cell” adhesion sites, receptors and nutrient/ion transporters.
Traditionally, all cell surface proteins were thought to contain transmembrane domains
holding them in the lipid bilayer (68). Early studies using phosphatidylinositol (PI)
specific phospholipase C (PI-PLC) to cleave PI sites demonstrated that the enzyme
alkaline phosphatase was bound to the cell surface by GPI linkage and not a
transmembrane domain (69,70).

In order to generate GPI linked proteins, several distinct processes must occur.
Biosynthesis of GPI takes place on the cytoplasmic side of the endoplasmic reticulum
(ER) (71,72). This then translocates to the ER lumen where the phosphatidyl group
associates with the inner leaflet of the lipid bilayer (73). All GPI linked proteins have a

hydrophilic NH>-terminal signal peptide to direct them into the ER lumen and a
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Figure 4. The 4 exons of human cd59 adapted from Petranka el al. 1992 (64). The
translated sequence is shaded.
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RAS 0.55 Mb
CD151 o0.82Mb

LDHA 18.38 Mb

WT 32.37 Mb
CD59 33.69 Mb
CAT 34.43 Mb

CD44 35.21 Mb

CD98 62.40 Mb

APO-Al 116.20 Mb
CD90 118.80 Mb

Figure 5. Diagram with the location on human chromosome 11 of 5 genes expressing
CD antigens that are analyzed by flow cytometry and 5 genes analyzed by PCR.
Measurements are in mega base pairs from the pTer of chromosome 11. Measurements
retrieved from www.ncbi.nlm.nih.gov.
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Figure 6. Adapted from C.D. Ross et. al. 2007 (65). Mutant spectra of 19 different
CHO A| clones that had been irradiated and then cloned by cell sorting. The individual
clones were analyzed both by PCR (indicated by white labels) and flow cytometry
(indicated by grey labels). Clones were also analyzed for the four exons of CD59 and the
presence of a GPI-anchor using FLAER. The presence or absence of markers is indicated
by + and -.
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hydrophobic COOH-terminal sequence that serve as a recognition site for a transamidase,
which transfers the protein to the GPI anchor (68). The final structure consists 6f the
protein linked to a phosphoethanolamine that serves as a bridge to the core glycan and a
. phospholipid tail that attaches the glycan to the cell membrane (74) (Fig. 7). GPI
anchored proteins are then transported to the cell surface, and in the case of CDS59, this
occurs via the Golgi complex (75).

GPI anchored proteins are known to associate with lipid rafts in order to organize
cellular processes such as signal transduction (74). The importance of GPI linkage is
apparent given that certain genetic defects in GPI linkage are embryonic lethal in
mammals (76), and in hematopoietic progenitor cells mutations of the X-linked GPI gene
phosphatidylinositol glycan-class A (PigA) lead to paroxysmal nocturnal hemoglobinuria
(PNH) (77). PigA is a protein necessary for the biosynthesis of a GPI intermediate (67).
Mutations of PigA causes the clonal expansion of GPI" blood cells leading to PNH, a
disease characterized by intravascular hemolysis and bone marrow failure (78-80).

The possible role of GPI mutations in the CHO A assay has been discussed
previously; CD59 is a GPI linked cell surface protein and loss of GPI may falsely imply
mutation of ¢d59 (81). Since the PigA gene is X-linked, single mutations could easily
lead to the CD59 phenotype (67). We have previously determined that some cells
quantified by the FCMA as CDS59 are actually lacking GPI anchors by using a
fluorescently labeled inactive variant of the pore forming toxin aerolysin (FLAER)
(56,65). The non-toxic form of aerolysin binds specifically to GPI anchors and is

commonly used in diagnosis of PNH (66). In the following chapters, I will discuss how
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CD59 protein

phbsphoethanolamine

glycan

phosphatidylinositol

Figure 7. Adapted from Lodish 2008 (82), the basic structure of a GPI linked cell
surface protein (CD59). The protein is linked through a phospoethanolamine bridge to
the core glycan/s and the phospholipid tail attaches the entire complex to the cell
membrane.
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GPI anchors play a role in the overall composition of the CD59" population when using
the FCMA.
Genotoxic Agents

A wide range of genotoxic agents were used when initially testing the FCMA. In
the following chapters I have used several fully characterized mutagens as well as agents
that are only now being studied. Here I briefly discuss the diverse mechanisms by which
these agents generate DNA damage and in turn mutations.

Ethyl methanesulfonate (EMS)

Initial studies characterizing the FMCA used ionizing radiation, a know clastogen,
that consistently generates large deletions in many assays (65,83). In order to more fullsl
characterize the FCMA, I used EMS in the studies reported here. EMS is a point
mutagen and interaction with DNA is understood in depth (3,22).

EMS is an ethylating agent, a known mutagen and carcinogen, and it has been
used for decades in mutagenesis studies (84). Alkylating agents introduce adducts into
the bases of DNA, and the type of adducts depend on the nucleophilic selectivity of the
reaction intermediates. EMS reacts predominantly with nitrogen atoms since they are
stronger nucleophiles but may also react with oxygen atoms (85). Early work quantifying
the formation of adducts was completed using the enzyme linked immunosorbent assay
(ELISA) (12). Alkylation of oxygen can result in direct point mutations, where as
nitrogen alkylation has been correlated with structural chromosomal aberrations (13).

EMS exposure generates the commonly mutagenic adduct O6-ethylguanine
(O6EG) that is commonly matched with thymine during replication. This leads directly

to GC to AT transitions (11,86) and single strand-breaks (87) that can lead to the
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formation of double-strand breaks during replication (88). The frequency of O6EG
formation has been directly correlated to induced mutations across species, supporting its
role as the mutagenic adduct (3). GC to AT transitions were the dominant lesions
generated by EMS at the Aprt locus of CHO cells, bﬁt there was also a threshold for
mutations generated by EMS that was not seen with other alkylating égents. This is
likely due to the low levels of O6EG generated by EMS allowing O6-alkylguanine DNA
alkyltransferase to” remove the ethyl groups from the 0° position of guanine, an
irreversible reaction for the protein, until the protein’s threshold is reached (89).

Ionizing radiation

For over a century the effects of ionizing radiation on human tissues have been
observed (90), and for the past 60 years, the ability of radiation to generate DNA damage
and chromosomal aberrations has been well documented (91-94). In the following
chapters, investigations using radiation in the form of y-rays were conducted using a
- B7Cs source irradiator (J.L. Shepherd and Associates, Glendale, CA). Electromagnetic
radiations, including y-rays, have both direct and indirect effects on DNA. Directly
damaging effects are caused by secondary fast electrons generated by the absorption of a
photon, while indirect damage is generated by radicals formed by the interaction of fast
electrons and water (90).

Much of the energy deposition of y-radiation occurs within regions with
dimensions similar to the width of DNA (95) in the form of “spurs” (96). Ionizing
radiation may generate spurs that result in up to 5 possible ion pairs and 5 electrons
ejected in an area encompassing up to 20 DNA base pairs (97,98). This amount of

energy deposition in a small area results in'significant damage in a relatively short length

22



Type Yield

Single-strand breaks 1000
8-hydroxyadenine 700
Thymine damage 250
DNA-protein crosslinks 150
Double-strand breaks 40

Table 2. Adapted from Ward 1988 (1), the relative amount of different types of DNA
damage produced in one cell per 1 Gy x-rays.
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of DNA. For every Gy of ionizing radiation, there are thousands of damaged sites
ranging from base damage to double-strand breaks (1) (Table 2). Double-strand breaks
are considered the most deleterious radiation induced damage and are the most difficult
for cells to repair (95). If the dose a cell receives is not lethal, much of the damage will
be repaired by specific mechanisms (99), but some damage may result in mutations
ranging from point mutations to large deletions (100,101). The mutations that radiation
generates in cells are known precursors to carcinogenesis (16,102).

Asbestos

The term “asbestos” refers to the fibrous form of a set of silicates from serpentine
and amphibole mineral groups including crocidolite and chrysotile. Chrysotile asbestos
makes up 95% of the total asbestos mined and used in manufacturing in the United States
(103). Cohort studies of mine workers in Canada exposed to chrysotile asbestos (104),
mine workers in Australia exposed to crocidolite asbestos (105) and workers exposed to a
wide variety of particulates in manufacturing plants (103) have associated exposure to
many diseases including pulmonary fibrosis, lung cancers and mesotheliomas (106). Cell
and animal assays have also been used to determine the genotoxicity of particulates and it
has been reported that asbestos fibers are mutagens (6,107).

The manner in which silicate fibers can induce mutations in cells, animals and
humans has also been investigated. The basic structure of the fibers alone can generate
reactive oxygen species (ROS) and reactive nitrogen species (RNS) (108). Mitochondrial
membranes have also been proposed to be damaged by the fibers triggering a cascading
ROS production by lipid peroxidation (109). This damage has been predicted as a

possible mechanism for how asbestos can inflict DNA damage without entering the
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nucleus (110). The role of ROS in asbestos induced DNA damage has been solidified by
studies demonstrating increases in ROS  in treated cells using radical probes (110). Also,
researchers found decreased mutagenesis in cells simultaneously treated with asbestos
and radical scavengers (111).

The types of DNA damage and mutations induced by asbestos exposure have also
been investigated. Cells exposed to fibers for >24 hr have increésed DNA double strand
breaks (112). Mutant spectra generated from cells exposed to asbestos are comprised
mostly of large deletions, ranging from a few thousand to several million base pairs (6).
Other groups have reported increased G to T transversions induced by the pre-mutagenic
adduct 8-hydroxydeoxyguanosine (8-OHdG), an adduct commonly generated by ROS
(107).

People in the United States, and now more significantly in the developing world
(110), are exposed to asbestos on a daily basis. The mechanisms by which these fibers
induce mutations and consequently cancer are currently being clarified. This genotoxic
agent exemplifies the importance of correct classification when developing a new
mutation assay.

Hypoxia

The negative effects of the hypoxic tumor environment on cancer treatment and
prognosis, specifically in the area of radiotherapy, have been discussed for nearly 80
years (113,114). Decreased oxygen in the environment significantly reduces the
mutagenic potential of ionizing radiation, leading to an increased dose required to

successfully treat the tumor (115). Recently it has been reported that the stress of being
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under hypoxic conditions in itself may increase mutagenesis and genetic instability in cell
lines, human tissues and tumors (116).

Several pathways of hypoxia induced mutagenesis have been proposed; DNA
damage generated by reactive oxygen species (ROS) produced upon reoxygenation (117),
ROS leakage from the mitochondria (118) and decreased DNA repair activity in
homologous recombination repair (HRR) (119,120) and mismatch repair (MMR)
pathways (121). To date hypoxia induced mutagenesis has not been quantified using
traditional mammalian mutation assays.

DNA damage response

Genotoxic agents generate a wide range of damage, but of these DNA double-
strand breaks are considered the most deleterious to cells and most likely to induce
carcinogenesis (1,102). Cells have developed specialized mechanisms to deal with
damage and prevent cellular transformation. Multiple checkpoints throughout the cell
cycle recognize damage, including double-strand breaks. Cell cycle progression is halted -
at G1 and G2 checkpoints after irradiation (122). If the DNA damage is too extensive,
prior to or after repair, some cell types also have the ability to enter a programmed cell
death or apoptosis. Apoptosis is the “last straw” in preventing DNA damage from being
passed on to subsequent generations (123). Figure 8 contains a basic flow chart
diagramming a cell’s response to DNA damage from signaling to repair, cell cycle
progression or apoptosis.

Induced G1 checkpoints are due to the presence of DNA breaks that are detected
predominantly by the ataxia telangiectasia mutated kinase (ATM) and to a lesser extent

ataxia telangiectasia related kinase (ATR); these elicit both a fast and slow response
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(122). The fast response is generated when ATM or ATR activate Chkl, and in turn
Chk1 can phosphorylate Cdc25A, targeting it for ubiquitination (124). The degradation
of Cdc25A means the Cdk2-cyclin E complex remains inactive since dephosphorylation
of specific residues is required for activation (125). This complex hyperphosphorylates
pRB and is therefore required for entrance into S phase (126). The slow G1 response to
DNA damage involves the stabilization of p53 and transcriptional activation of its target
genes. The stabilization of p53 occurs when it is phosphorylated at specific serines
directly by ATM and ATR or indirectly by Chkl and Chk2 Stable p53 increases
transcription of p21, and this inhibits Cdk2-cyclin E (126,127).

Like the G1/S transition, the G2 phase to M phase transition has a check point but
it is p53 independent and only occurs when the Cdkl-cyclinB complex, also known as
the mitosis-promoting factor (MPF), is fully activated by the phosphorylation of the
correct residues (128). When associated with cyclin-B, Cdkl is inhibited by
phosphorylation of Y15 by Weel (129,130). The T160 residue is then phosphorylated by
Cdk activating kinase (CAK) (131), allowing Cdc25C phosphatase tc; remove the
phosphate from Y15 and consequently activating the MPF complex (132). A G2/M
block occurs when damage is recognized by ATM and/or ATR. These activate Chk2 and
Chk1 respectively, which in turn phosphorylate and inactivate Cdc25C (122). Without
the removal of the phosphate group from Y15 by Cdc25C, the MPF complex remains

inactive and cells will not move into mitosis (132), allowing time for DNA repair.
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Figure 8. Adapted from I[liakis et al. 2003 (122). DNA damage sensing and signal
transduction pathway induced by ionizing radiation.
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DNA Double-Strand Break Repair
Non-homologous end-joining repair

An important role of the DNA damage response is in the repairing of double-
strand breaks. Saccharomyces cerevisiae predominantly uses homologous recombination
repair (HRR) to fix double-strand breaks, and since homologous chromosomes are used
as a template for copying information there is minimal loss of genetic information (88).
However, most mammalian cells rely on non-homologous end-joining (NHEJ) to join
broken chromosomes. Unlike HRR, NHEJ does not use a homologous chromosome as a
template for repair and may result in deletions. NHEJ may be the predominant repair
mechanism in vertebrate cells; because much of the mammalian genome is comprised of
repetitive DNA sequences, a homology search to conduct HRR may occasionally be
insurmountable (133).

The Ku70/80 heterodimer is proposed to be one of the first protein complexes to
recognize the broken ends of chromosomes (134); it binds DNA with the broken ends
fitting into a specific opening of the dimer (135). Ku70 and Ku80 are constitutively
expressed proteins and make-up an abundant protein complex with an estimated 4x10°
molecules per mammalian cell (135). The importance of this complex is readily apparent,
because Ku80 heterozygosity leads to genomic instability (136). Ku80 also has a role in
telomere maintenance and its deficiency leads to early senescence in cells (137).

The binding of Ku70/80 attracts the catalytic subunit of DNA-dependent protein
kinase (DNA-PK,s) (138). NHEJ is regulated by the autophosphorylation of DNA-PK;
(139) and the juxtaposition of the two broken ends only occurs when DNA-PK,; is

efficiently phosphorylated (140). The complex comprised of MRE11, RAD50 and NBS1
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(MRN) has been proposed to have a role in holding the broken ends in close proximity to
each other (141) and will only form in the presence of ATM phosphorylated histone
variant H2AX (yH2AX) (142). yH2AX may be necessary in order to provide the proper
chromatin environment for MRN foci formation (143).

Often the ends of the chromosomes are not broken “cleanly”, such is seen when
the strand breaks are generated by ionizing radiation. Since damage induced by ionizing
radiation occurs within spurs or blobs, the bases and the DNA backbone near the break
are often damaged and require processing prior to ligation (144). The protein Artemis
has been found to mediate end processing often resulting in a small deletion (145,146).
When the broken ends are brought together they can be immediately joined by the Ligase
IV/XRCC4 complex, which is stimulated by XRCC4-like factor (XLF or Cernunnos)
(14l7,148) (Fig. 9).

Homologous recombination repair

HRR is also used to repair double-strand breaks caused by genotoxic agents.
Unlike NHEJ, HRR of double-strand breaks is relatively error free as long as the template
DNA used during repair is identical to the original DNA sequence (149). There are three
major steps involved in the processing of the DNA damage and copying of the correct
DNA sequence. First, the 5° ended DNA strand is resected at the break points leaving a
3" single strand. Second, the 3" end invades the homologous DNA duplex to initiate
strand exchange. Finally, after strand exchange the 3" end of the invading strand primes
replication and repair (150) (Fig. 10).

Resecting of the 5" end occurs only after the DNA double-strand break ends are

recognized and bound by the MRN complex (151,152). Bases and backbone residues

30



A

DSB

Ku70/Ku80 .
DNA-PK,, “recognition”

MRE11,
RADS0,

NBS1 “cleaning ends”

Ligase IV, . .
XRCC4 i “ligation”

Figure 9. Basic mechanism of the repair of DNA double-stranded breaks by non-
homologous endjoining.
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Figure 10. Adapted from Hoeijmakers 2001 (16). Basic schematic of homologous

recombination repair of a DNA double-strand break.
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adjacent to breaks generated by ionizing radiation are often damaged (144) and may need
to be “cleaned” by the huclease activity of MRE11 (153). Resec;ting of the 5" end is
likely completed by the EXO1 5°-3" nuclease (154). This leaves single stranded 3" ends
that are able to perform a homology search and consequently initiate invasion of the
homologous region.

Prior to strand invasion, multiple Rad51 recombinase proteins bind the single
strand, “coating” it and forming the nucleoprotein filament. RadSl binding is facilitated
by replication protein-A (RPA) (155), which functions to remove secondary structures of
DNA and allow for proper Rad51 binding (156). Rad52 also interacts with RPA and is
necessary for proper recombination (157), and the Rad54 protein plays an important role
in the homology search. Once the nucleoprotein filament has formed, it displaces one
strand of the homologous region by forming a displacement-loop (D-loop) (158).

As previously stated, replication is primed by the 3" end of the invading strand.
The resulting elongation displaces the homologous template strands, consequently
increasing the size of the D-loop. By DNA annealing, the loop can then capture the
second broken end and is also clongated by DNA synthesis (149). Following DNA
synthesis, gap-filling and ligation results in formation of two Holliday junctions, four
branched DNA structures. Different sites of cleavage in these junctions, by proteins yet
to be identified, result in either genetic crossover or non-crossover events (150).

Repair of Damaged and Mismatched DNA Bases

Organisms ranging from bacteria to mammals have developed mechanisms to

repair damaged DNA bases and to prevent the propagation of errors during DNA

replication. Exposure to alkylating agents can generate base adducts including O6EG.
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These are commonly matched with thymine during replication, resulting in, GC to AT
transitions (11,86). Proteins like 06-methylguanine methyltransferase can directly
reverse simple alkylations prior to it becoming a permanent mutation (159). Other types
of base damage, including mismatches, are too complex for this simple repair and require
specific mechanisms (Fig. 10).

Base excision repair (BER)

Many of the common DNA modifications, generated by endogenous sources like
ROS, are repaired by BER. Excision of bases altered by oxidative damage is completed
by DNA glycosylases. =~ When the damaged nucleotide is removed, the APEI]
endonuclease replaces the glycosylase. Preparation for the new nucleotide includes
APEIl, cleavage at the 5" side of the abasic site. The presence of APE1 recruits Pol j,
which inserts the correct base, and the final nick is sealed by the LIG3-XRCC1 complex
(16,159,160).

Nucleotide excision repair (NER)

Helix-distorting damage like pyrimidine dimers generated by UV radiation and
bulky adducts caused by benzo[a]pyrene are repaired by NER. The XPC protein
recognizes the damaged site, and the helicase activities of several subunits of TFIIH,
XPA and RPA formi an open bubble DNA structure. The 3" side of the damage is cleaved
by the XPG nuclease, while the 5° side is nicked by the nuclease activity of the ERCC1-
XPF complex. A 24-32 residue piece is released, filled by PCNA dependent Pol & or Pol

d and sealed by LIG1 (16,159,160).
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Figure 11. Adapted from Lindahl and Wood 1999 (160); a basic diagram of how

different types of DNA base damage are repaired by alkyl-transferases, base excision
repair and nucleotide excision repair.
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Mismatch repair (MMR)

Unpaired and mis-paired bases in DNA can arise from spontaneous or induced
base modifications and replication errors (161). Mismatch repair is able to reverse base-
base mismatches and insertion/deletion loops caused by DNA polymerase slippage; these
occur during DNA synthesis (162). The MSH2-MSH6 complex recognizes base-base
mismatches while MSH2-MSH3 recognizes larger insertion/deletion damage. These
complexes can both recognize and bind single base insertions and deletions (163).
Nicking of the damaged strand by the endonuclease function of PMS2 is followed by
EXO1 excision of the sequence. RPA proteins then bind ahd coat the single stranded
DNA gap. DNA synthesis is then completed by Pol §, and the resulting nick is sealed by
DNA ligase (164).

Conclusion

In this introduction, I have briefly touched on the historical development of
mammalian mutation assays and the search for more sensitive and less time consuming
systems. The ability of the FCMA to detect significant mutation fractions generated by a
broad spectrum of physical and chemical agents has previously been reported. The
processes by which these agents act on DNA and the response of mammalian cells to
these insults have also been discussed in this chapter. In the following chapters I
characterize the mutant kinetics of the FMCA after treatment with a range of genotoxic
agents. I have also used the FCMA to assess the mutagenic potential and types of
mutations generated by agents like asbestos, and hypoxia that have not been studied in
depth using mammalian mutation assays; 1 will discuss these experiments and results in

detail in the following chapters.
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CHAPTER 2

Kinetics of CHO A, mutant expression after treatment with
v radiation, EMS and asbestos.

Cytometry A. 2009

Abstract

The flow cytometry mutation assay (FCMA) uses hybrid CHO Ap cells to
measure mutations of the CD59 gene located on human chromosome 11 by the absence
of fluorochrome-conjugated antibody binding to the CD59 surface antigen. Mutant
expression peaks between 6-12 days, then decreases to a stable plateau, instead of a
constant mutant fractiqn obtained by clonogenic assays. To evaluate this variable mutant
expression time, cells were treated with radiation, EMS or asbestos and cell proliferation
and survival were measured at times leading up to peak mutant expression. Potential
doubling time (Tpe) values increased by at least 75% for each agent by 3 hr after
treatment but returned to control levels after only three days. Survival returned to 90% of
control within a week, close to the peak expression day for all 3 agents. The survival of
CD59 cells sortéd on the peak day of expression was roughly half that of CD59" cells.

Cloned EMS-treated CD59 cells had a doubling time of 16.7 hr vs. 14.1 hr for CD59"
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cells. Triple mutants (CD597/CD44/CD90") were preferentially lost from the population

over time, while the proportion of CD597/CD90" increased. In conclusion, the peak day

of mutant expression occurs only when cells recover from the toxic effects of the

mutagen. A fraction of cells originally quantified as mutants are lost over time due to

lethal deletions and slower growth.

Keywords: mutation, CD59, CHO, flow cytometry, EMS, radiation, asbestos
Introduction

People may be exposed to a wide range of potentially genotoxic substances in the
environment. Furthermore, regulatory agencies require many commercial compounds to
be tested for mutagenicity prior to production (1). Since it was discovered that many
mutagens are also carcinogens, there have been efforts to develop more sensitive methods
to detect mutations caused by various agents, including mammalian cell assays such as
th¢ mouse lymphoma assay and Chinese hamster ovary-human hybrid (CHO Ap) assay
(2-4). We and others have developed a flow cytometry fnutation assay (FCMA) using the
hybrid CHO Ap cell line that measures mutant yield in less than two weeks (5-7).
Mutations in the CD59 gene located on human chromosome 11 are measured by the
absence of fluorochrome-conjugated antibody binding to the CDS9 antigen on the cell
surface, instead of relying on clonogenic survival.

We have previously characterized the sensitivity of the FCMA to detect mutations
induced by a wide range of genotoxic agents, including low responders, while
discriminating between true mutagens and false positives (8). Due to the significant
differences in mutant detection between clonogenic assays and the FCMA, it is important

to determine if mutant fractions generated by the two methods are similar. Significantly
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larger mutant fractions for the same agents have been measured using the FCMA when
compared to clonogenic assays such as the mouse lymphoma assay (MLA) or the HPRT,
which is expected since only a small region of the p-arm of human chromosome 11 is
essential for survival (9). Also, the FCMA yields much larger mutant fractions than the
clonogenic CHO Aj, assay when comparing the same agent (10,11), even though both
assays rely on the loss of CD59 expression on the cell surface for mutant detection.

The peak day of mutant expression for various agents using the FCMA ranges
from days 6 to 12 after treatment (8), whereas clonogenic assays measure a stable mutant
population 3 to 6 days after treatment that does not vary over time (12). Variafions in
mutant expression and mutant fraction over time suggest a change in growth and/or
survival characteristics of cells with mutations of the CD359 gene. Since CDS59 is not an
essential gene for the hybrid cells, deletions of the entire gene would not be expected to
change cell growth characteristics. Large deletions of chromosome 11 caused by
radiation are not lethal and are a significant part of the mutant fraction (13).

To elucidate why the peak day of mutant expression’ and the mutant fraction vary
over time, we investigated‘ growth and survival characteristics of cells treated with a wide
range of mutagenic agents, including a clastogen (y-radiation) (14), an alkylating agent
(EMS) (15,16), and asbestos that indirectly acts on DNA by generating reactive oxygen
species (17,18). To investigate the variation in the day of peak mutant expression, daily
survival and potential doubling time (Tpy) (19,20) were calculated for cells after
treatment to determine if mutants are maximally expressed only after cells recover from
genotoxic and celiular damage. The variation in mutant fraction over time may be due to

loss of cells from the population which are originally scored as CD59 negative. Thus we
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measured the survival of CD59 negative cells sorted from the mutant region on the peak
day of expression, as well as growth characteristics for CD59 negative clones, and
compared them to CDS59 positive cells.
Methods

Cell culture

The CHO Ay cells were originally obtained from C.A Waldren (Colorado State
University). These cells consist of a standard set of Chinese hamster ovary Kl
chromosomes as well as a single copy of human chromosome 11. Cells designated as
CHO AL(N), which we used in these experiments, contain a neomycin resistance gene on
chromosome 11 which confers resistance to the antibiotic G418. By treating cells
periodically with 800 pg/ml G418 aptibiotic (Sigma-Aldrich, St. Louis, MO),
spontaneous background mutants were reduced. Cells were cultured in Ham’s F-12
nutrient mix supplemented with 10% fetal bovine serum (Gemini Bio-Products,
Woodland, CA), penicillin/streptomycin (0.14 and 0.2 g/L, respectively) and 7.5% (w/v)
sodium bicarbonate, pH 7.3. Cells were maintained in T75 tissue culture flasks at 37°C
in a humidified 5% CO, incubator. ‘The cells were passed every 3 to 4 days to avoid
confluence. After 3 to 4 months of continual use, the flasks of stock cells were discarded
and new cells were thawed and maintained as above.
Cell treatment

Twenty four hr prior to treatment, 4 x 10° cells were seeded in T-75 flasks so that
there would be approximately 1 x 10° cells at treatment time. Cells were then treated
with the following: *’Cs vy radiation (4 Gy at 0.93 Gy/min at room temperature), ethyl

methane sulfonate (EMS) (6.5 or 8 mM for 3 hr) or chrysotile “A” Rhodesian asbestos
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(20 pg/ml for 24 hr). Mock treatments were used as controls. Following treatment, cells
were washed twice with warm phosphate buffered saline (PBS) and given fresh medium.
Antibody labeling

Labeling for the presence of CD59 was done using phycoerythrin (PE) —
conjugated mouse anti-human CD59 monoclonal antibodies (Caltag Laboratories,
Burlingame, CA). The cells were first trypsinized, counted and 1 x 10° cells were
transferred to 15 ml conical tubes for processing. With exception of the incubation
period, the cells and buffers were kept on ice at all times prior to analysis on the flow
cytometer. The tubes were then centrifuged for.3 min at 1500 rpm to pellet the cells.
After aspirating the supernatant, the cells were suspended in 1 ml cold staining buffer
(1% BSA, 0.1% sodium azide in PBS) and transferred to 1.2 ml microcentrifuge tubes.
Following another centrifugation, the‘ supernatant was aspirated and the cells were
carefully resuspended in 50 pl staining buffer containing a 1:40 dilution of the anti-CD59
antibody. The tubes were incubated at 37° C for 30 min and subsequently washed once
more in 1 ml cold staining buffer. After pelleting the cells, they were resuspended in 0.5
ml staining buffer and passed through a 40 um nylon mesh filter into flow cytometry
analysis tubes.
Analysis of Ty, and G2 phase

At time points ranging from 3 hr to 8 days after treatment with EMS, asbestos or
radiation, non-conﬂuent dividing cells were pulse labeled with 10 uM
bromodeoxyuridine (BrdU) for 20 minutes by adding BrdU directly to the culture
medium. Cells were then washed twice with warm PBS and returned to the incubator for

3 hr to allow for uptake of BrdU during DNA synthesis. After 3 hr, cells were
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trypsinized, counted and 5 x 10° cells were transferred to 15 ml conical tubes for - /
processing. Samples were centrifuged for 3 min at 1500 rpm to pellet cells. The
supernatant was aspirated and the cells were resuspended in 2 ml cold PBS. The samples
were then fixed by adding 5 ml cold 100% ethanol (70% final concentration) drop wisé
while vortexing gently. Samples were kept on ice for at least 30 min prior to
denaturation and staining.

After 30 min samples were centrifuged, the supernatant was removed and cells
were resuspended in 0.1 ‘ml PBS. 2 ml of pepsin/HCI (0.2 mg/ml in 2 N HCIl) was slowly
added to the samples while gently vortexing and samples were incubated at 37° C for 20
min. After incubating, 3 ml of 1 M Trié was added to samples to terminate pepsin
hydrolysis and the samples were centrifuged. The supernatant was aspirated and the cells
were resuspended in 2 ml PBS and centrifuged again. The PBS was then aspirated and
the pellet was resuspended in 100 pl of a 1:30 dilution of the primary mouse anti-BrdU
antibody (Dako, Denmark) in TBFP buffer (0.5% Tween 20, 1% BSA, 1% FBS in PBS).
Samples were incubated for 25 min at room temperature and then rinsed with 5 ml PBS
and centrifuged. The supernatant was decanted and the pellet was fesuspended in 200 pl
of a 1:200 dilution of the secondary antibody goat anti-mouse IgG conjugated to Alexa
Fluor® 488 (Molecular Probes, Eugene, OR) in deionized water and the samples were
incubated for 25 min at room temperature in the dark. The samples were again rinsed
with 5 ml PBS and resuspended in 1 ml of propidium iodide (PI) (10ul/ml in PBS)
containing RNAse (40 KU/ml). Samples were incubated at room temperature for 20 min

prior to flow cytometry analysis.
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An EPICS V (Beckman Coulter, Miami, FL) and a MoFlo™ (Beckman Coultef,
Fort Collins, CO) flow cytometers were used for cell cycle experiments utilizing BrdU
and PI. For the EPICS V a 488 nm laser was used for excitation alongb with 515 nm
longpass, 590 nm dichroic, 590 nm longpass (red photomultiplier tube) and 530 nm
shortpass (green photomultiplier tube) filters. Gating of forward scatter and integral red
fluorescence versus peak integral red fluorescence was use to select for whole cells with
incorporated P1. Histograms of PI and PI versus log integral green fluorescence (LIGFL)
for 30,000 events were collected for each sample. Histograms were analyzed using
MultiCycle and Multi2D software (Phoenix Flow Systems, San Diego, CA. A method to
- calculate Relative Movement of green fluorescent cells (S phase cells) was previously
described, as well as determining time in S phase (T;) and Tbot values (19,21). The
percentage of cells in G2 phase was determined by analyzing the PI cell cycle
distributions with MultiCycle.
Daily clonogenic survival

Cells were trypsinized, counted and plated for survival in 6-well plates from 2 to
12 days after treatment with EMS, asbestos or radiation. Thre¢ wells containing 4 ml
medium were plated with 300 to 500 treated cells depending on the time after treatment
and three wells were plated with 300 control cells. Cells were grown for 7 to 8 days
before they were stained with crystal violet for colony counting. Control wells were used
to calculate plating efficiency (PE) and surviving fraction of treated cells was calculated
by (colonies / (PE x cells plated)).

Cell sorting
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CD59 negative cells from the mutant region of the FCMA were isolated using a
MoFlo™ Cell Sorter (Beckman Coulter, Fort Collins, CO), using the same filter set-up
and gating scheme as previously published (8). Single cells were sprted into individual
wells of 96-well culture plates containing 200 ul of medium. Sorted cells were grown for
18 to 21 days, replacing medium twice, until they formed visible colonies. Cloned cells
were transferred by pipette to T25 tissue culture flasks, allowed to expand and passed
when nearly confluent.

On the day of peak mutant expression after treatment with EMS (9 days) and y-
radiation (6 days), 300 cells were sorted from four regions of the mutant peak into 35 mm
culture dishes containing 4 ml of medium using a MoFlo™ cell sorter. Cells were
allowed to grow for 7 to 8 days before colonies were stained with crystal violet and
counted for surviving fraction.

Mixing experiments

Single cells sorted from mutant regions 1-3 (Fig. 4A) nine days after treatment
with 8 mM EMS were éxpanded to 11 stable CD59 negative clonal populations. Four
clones were isolated from region 1, 5 clones from region 2, and 2 clones from region 3.
One million cells were seeded in T75 flasks at a 1:1 ratio of isolated mutant clone cells
and sorted CHO A control cells (CD59 positive). Cells were trypsinized, counted and
passed (2 x 10°) on days 3, 6 and 10 after mixing. Isolated cells were stained with CD59
specific antibodies and the number of CD59 positive and CD59 negative cells was
determined by gating within flow cytometry histograms.

A CyAn™ flow cytometer (Beckman Coulter, Ft. Collins, CO) was used with a

488 nm solid-state laser for excitation and a 545 nm dichroic longpass and 575/25
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bandpass filter for PE detection. A total of 1 x 10° cells were analyzed for each sample.
A gating region was set on forward scatter versus side scatter to eliminate cellular debris.
The photomultiplier tube voltage was set so that cohtrol CD59" cells were approximately
in channel 1200.
Multicolor analysis

Multicoior staining for CD59/CD90/CD44 was done as previously described (22).
For CD59/CD90/CD44, cells were isolated and washed once, then suspended in 50 ul
staining solution (1.3 ul anti-CD59-PE, 10 pl anti-CD44-biotin (Serotec, Raleigh, NC),
10 pl anti-CD90-Alexa647 (Serotec, Raleigh, NC) and 28.7 pl staining buffer). Samples
were incubated on ice for 30 min, then 1 ml staining buffer was added to each sample and
samples were centrifuged. Samples were resuspended in 100 pl Streptavidin-Alexa488
(1:100 dilution in staining buffer) (Molecu]ar Probes, Eugene, OR) and weré incubated
on ice for 30 min. The pellet was resuspended in 0.5 ml staining buffer and passed
through a 40 um mesh filter into flow cytometry analysis tubes. The fraction of CD59
mutants was determined by gating on 10% of the CD59" peak, as discussed by Ross and
Fox (22).

Resuits

Temporal variation in mutant expression, T,o and G2 delay

The variation in the fraction of mutant cells measured by the FCMA after
treatment with EMS, radiation or asbestos shows a peak in mutant expression (6-9 days)
followed by a decrease over time (Fig. 1). As previously reported, the peak day of

mutant expression varies for different treatments (8).
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We first determined whether this variation in peak day of mutant expression was
the result of alterations in cell growth or the cell cycle. By using bivariate histograms of
DNA content versus BrdU incorporation, the relative movement of cells through S phase
and in turn the potential doubling time of treated cells was calculated by standard
methods. T values for control cells before treatment with EMS, radiation and asbestos
was determined to be 14.1 + 1.2 hr, which corresponds well to the CHO Ay, doubling time
of 14.5 hr established by our lab using growth curves. Ty values for cell populations
more than doubled 3 hr after treatment with 8 mM EMS, increased 75 % by 6 hr after
treatment with asbestos, and the percentage of cells in G2 phase 'more than tripled after
treatment with 4 Gy y-rays (Fig. 2). Because of the large G2 delay caused by radiation, it
was not possible to get an accurate measure of T, By day 3 after treatment normal
cycling had resumed, giving Tp,o values similar to controls, which is well before the peak
day of mutant expression for all three agents. Thus, the peak day of mutant expression
cannot be explained simply by alterations in cell growth.

Clonogenic survival

We next evaluated whether the variation in peak mutant expression was due to the
difference in the time for the recovery of clonogenic survival. Cells were treated with 6.5
or 8.0 mM EMS, 20 pg/ml asbestos or 4 Gy y-radiations. At various times up to 12 days
after treatment, cells were isolated and plated for clonogenic survival along with controls
for each sample. After growing for 7-8 days, colonies were counted and surviving
fractions were determined (Fig. 3). The survival on the peak day of mutant expression

was ~96% for both 6.5 and 8.0 mM EMS, ~97% for asbestos and ~70% for cells treated
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with radiation. The survival of cells treated with all agents recovered significantly from
times right after tree;tment to the peak day of mutant expression.
Mutant region survival

The fraction of CD59 negative cells was reduced substantially after the peak day
of mutant expression (Fig. 1), as previously reported (8). Cells were sorted from six
regions of the mutant peak of radiation and EMS treated cells and were platéd for
clonogenic survival (Fig. 4A). These 6 regions were selected because we have
previously shown that, while the majority of CD59 mutants are in regions 1 and 2, some
mutants are also present in regions 3-6 also (22). Cells treated with 4 Gy y-rays and
isolated from region 1 had a survival of ~20% while regions 2-6 were ~50% of control
cells (Fig. 4B). Cells sorted from the 6 mutant regions 9 days after treatment with 8 mM
EMS had a survival of less than 40% compared to untreated control cells and only 50%
of cells sorted from the positive peak, while the treated cells in the CD59" peak had a
survival of 80% compared to the control (Fig. 4B). However the survival of cells sorted
from the 6 mutant regions 35 days after treatment with 8 mM EMS was indistinguishable
from controls (Fig. 5). This suggests that a large fraction of CD59" cells that are counted
on the peak day of mutant ‘expression are not viable, are lost from the population and will
not be detected when samplés ‘are stained several days later.
Mixing experiment and clonal growth

To determine if CD59 mutants grew at a slower rate than CD59 positive cells,
single cells sorted from mutant regions 1-3 (Fig. 4A) 9 days after treatment with 8 mM
EMS were expanded to 11 stable CD59" clonal populations. On days 3, 6 and 10 after

mixing with CD59 positive control clones, the percentage of CD59" cells in the total
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population was determined by flow cytometry. By compiling the results for all 11 clones
~ (Fig. 6) we find CD59 cells are lost from the mixed population at an exponential rate.
The average doubling time (7y) of the 11 clonal populations was determined by growth
curves at least 30 days after treatment with EMS to be 16.7 + 0.9 h while the Ty for stock
CHO Ay cells has been measure by our lab to be 14.5 hr. Again, it is important to note
that these clones were in culture for over 30 days prior to mixing and were selected as the
fastest growing clones from the 96 well plates.
Multicolor Analysis

In order to ascenain if complex mutations are lost at a disproportionate rate from
the population, we measured the expression of 3 different mutations simultaneously (Fig
7). From days 6 to 24 after treatment with § mM EMS, CD59" cells were analyzed for the
presence or absence of CD90 and/or CD44 (Fig. 8). Spontaneous background mutant
fractions were stable over months as follows: CD59" (13.0 + 5.4%), CD597/CD44" (27.7
3.5%), CD597/CD90" (8.0 + 2.6%) and triple mutants (51.3 +8.3 %). These percentages
are of a total background CD59 mutant fraction of ~0.3% of the total population. Six
days after treatment the fractions of CD59 mutants that were also negative for another
marker changed dramatically. CDS59 only mutants increased to about 30% of the total
’CD59' population on day 6 but stabilized at about 10% by day 9. Triple mutants slowly
decreased from 35% on day 6 to slightly more than 20% on day 24. The fraction of
CD59/CD44" cells decreased from 28v% to 12% over the same time. Finally, only 10%
of CDS59" cells were also CD90" on day 6 after treatment but rapidly increased to nearly

60% of CD59 mutants by day 24.
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Figure 1. Mutant fraction (mutants/1x10° cells) over time for cells treated with (A) 8
mM EMS (1 experiment run in ftriplicate) (B) 4 Gy y-rays (2 experiments run in
triplicate) and (C) 20 pg/ml asbestos (2 experiments run in triplicate). Error bars
represent the SEM. All results are corrected for background mutants which were ~0.3-
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Figure 4. Clonogenic survival of cells based on CD59 expression. (A) Six regions of a
CD39 histogram on the peak day of mutant expression after y radiation; (B) surviving
fraction of cells from various regions (top) 6 days after y radiation (4 experiments run in
triplicate, error bars represent the SEM), (bottom) 9 days after treatment with 8 mm EMS
(3 experiments run in triplicate with error bars representing the SEM).
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Figure 5. Clonogenic survival of cells sorted from six CD59 negative regions of the
mutant peak (Figure 4A) on day 35 after treatment with § mM EMS, 26 days after the

peak day of mutant expression (1 experiment run in triplicate with error bars representing
the standard deviation).
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from histograms similar to that shown in Figure 7. Two independent experiments run in
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Discussion

The purpose of our study was to characterize the kinetics of mutant expression
measured by the FCMA by determining the causes of the variation in the peak day of
mutant expression for different agents as well as the subsequent decrease in the mutant
fraction over time. Logistically, differences in the peak day of expression can be
overcome by sampling and measuring mutants on a range of days following treatment
with a novel agent on déys 6, 9 and 12 for example, which would include the peak day
for mutant expression for every mutagen tested with the FCMA to date. Though this
would increase the amount of time required in testing a new compound, the FCMA is
already more rapid then standard assays (MLA, CHO A;) by a matter of weeks (8).

To better understand the variation in peak mutant expression between different
genotoxic agents we analyzed the clonogenic survival of cells over time after treatment,
in conjunction with measuring Tpo and fraction of G; cells, to determine if peak mutant
expression corresponded to a return of treated cells to untreated cell growth and survival
characteristics. Tpo: analysis for EMS and asbestos treated cells showed that normal cell
proliferation resumed within 3 days after treatment. The percentage of cells in G, phase
was calculated for irradiated cells since the well characterized G; block induced by
radiation in mammalian cells (23) made it impossible to calculate Ty The percentage of
G; phase cells in the irradiated population returned to control levels within three days,
indicating normal cell cycling had resumed. Three days is well before the earliest peak
mutant expression of day 6 for radiation, and normal cell cycling has resumed nearly a

week before the peak day for cells treated with asbestos and EMS. Thus these changes in
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cell growth parameters cannot fully explain the delay and variation in peak mutant
expression.

Unlike cell proliferation, survival of treated cells did not return to control levels
until the peak day of mutant expression (EMS and asbestos) or just aﬁer (radiation).
Therefore, the time at which survival of the treated population returns to control levels
can be considered a rough indiéator for the maximal day of mutant expression and is
supported by results for other DNA damaging agents like N-methyl-N'-nitro-N-
nitrosoguanidine (MNNGQG) with survival at ~95% on the peak day of expression (day 12)
(8). This is most likely due to the loss of cells that are destined to die from the population
so the remaining cells are nearly all viable.

After the peak day of mutant expression, the mutant fraction decreased to a stable
plateau. The FCMA differs from traditional mammalian mutation assays in that mutants
are measured by the lack of CDS59 staining instead of selective clonogenic survival,
allowing for the possibility of counting dying cells, cells blocked in the cell cycle, or
slower growing cells, which would not be scored in the clonogenic assays. To determine
if the peak mutant fraction is artificially high due to the inclusion of ceils that will |
ultimately die, we examined the survival of CD59™ and CD59" cells. The survival of
CD59" cells on the peak day of expression after irradiation was roughly half that of
CD59" cells, suggesting that CD59" cells would be dispfpportionately lost from the
population as we have previously proposed. This would indicate that the plateau level is
likely the fraction of mutants that are able to survive and would be similar to the mutant

yield that would be measured by a clonogenic assay.
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It is worth noting that the level of the plateau relative to the peak is not constant
for the three different mutagens analyzed here. The plateau is about 40% of the peak for
EMS, less than 20% for gamma radiation and not significantly different for asbestos. The
peak levels also vary substantially. This is likely a reflection of the type of mutations
caused by the three agents. lonizing radiation is known to be a clastogen (14) which
often causes very large deletions (see Ref 13 for example); EMS is an alkylating agent
(15,16) that causes small mutations, though it can also cause some large deletions
(manuscript in preparation); and asbestos induces ROS (reactive oxygen species) (17,18)
and hence causes point mutations. It is consistent with the mechanisms that radiation
would cause greater cell killing than EMS which would be greater than asbestos. The.
plateau levels would reflect the varying degrees of cell killing, which would explain the
different peak/plateau ratios we observed.

To verify that CD59" cells are disproportionately lost from populations due to
growth characteristics, we mixed clonal CD59 and CD59" cell populations and found
that mutants were rapidly lost from the population and on average had doubling times
over 2 hr longer than control cells. Slowly growing mutants have also been observed in ‘
the L5178Y/TK"" Mouse Lymphoma Assay (24) and TK6 assay (25). Since the cd59
gene is located on a nonessential copy of human chromosome 11, mutations of ¢d59 and
even large deletions of adjacent genes should have no effect on growth, unliké thymidine
kinase assays like the MLA where deletions of adjacent genes lead to slowly growing
mutants or cell death (26). It is interesting to note that our previous results with -
radiation did not show a decreased growth rate in ‘Fhe mutant population (22). The

difference between EMS-induced mutants and radiation-induced mutants may be that
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EMS causes smaller mutations that may not kill cells but slows their growth whereas
radiation causes large deletions that kill cells if mutations occur in other chromosomes
besides chromosome 11.

Another factor leading to the loss of CD59" cells over time may be large deletions
or the loss of entire chromosome 11, including the essential region on the short arm at
11p15.5 (27). The loss of this essential region may not be immediately lethal, resulting in
cells with this deletion to be lost over several weeks. The FCMA allows for the
possibility of measuring multiple mutations on chromosomé 11 simultaneously to better
understand the mutagenic lesions caused by various genotoxic agents (22). The fraction
of cells with mutations only in CD59 slightly increases on day 6 but were stable at ~10%
at later times. However, complex mutants and larger deletions such as CD59/CD44" and
triple mutants Become a smaller proportion of all CD59" cells over the 24 day period. On
the other hand the fraction of CD59/CD90" mutants increased over time. Most of these
mutants are not complex deletions but instead single mutations in
glycosylphosphatidylinisotol (GPI) anchor X-linked gene Pig4 (28). CD59 and CD90 are
anchored to the extracellular membrane by GPI so cells with mutated Pig4 will be
negative when stained with anti-CD59/CD90 antibodies. Of 32 EMS generated mutants
that lack surface staining for both CD59 and CD90, over 90% lack GPI anchors when
stained with FLAER, a bacterial toxin aerolysin conjugated to Alexa-488 (13).

The Variétion in the peak day of mutant expression is likely due to the difference
in the amount of time needed for cells to recover from genetic insult and express the
mutated phenotype. We conclude that the decrease in the mutant fraction after the peak

day of expression is caused by the loss of cells destined to die that may have lost
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chromosome 11 entirely and to slowly growing mutants. We have previously shown that
Ay cells with triple mutants after ionizing radiation are preferentially lost from the cell
population over time (22). Some cells scored as mutants with the FCMA may not be
viable and would not be detected using the clonogenic assay.‘ While these CD59" cells
may not be considered true mutants since they are inviable, they do give a more accurate
measure of DNA damage caused by genotoxic agents since they clearly do show that
there is a higher fraction of induced mutations than would be indicated by a clonogenic

assay.
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CHAPTER 3

EMS mutant spectra generated by multi-parameter flow cytometry

Abstract

The CHO Ay cell line contains a single copy of human chromosome 11 that
encodes several cell surface proteins including glycosyl phosphatidylinositol (GPI) linked
CD59 and CD90, as well as CD98, CD44 and CD151 which are not GPI-linked. The
flow cytometry mutation assay (FCMA) measures mutations of the CD359 gene by the
absence of ﬂuoresccf,nce when stained with antibodies against the CD59 cell surface
protein. We have measured simultaneous mutations in CD59, CD44, CD90, CD98 and
CD151 to generate a mutant spectrum for ionizing radiation. After treatment with ethyl
methanesulfonate (EMS) many cells have an intermediate level of CD59 staining. Single
cells were sorted from CD59 regions with varying levels of fluorescence and the
resulting clonal populations had a stable phenotype for CD59 expression. Mutant spectra
were generated by flow cytometry using the isolated clones and nearly all clones were
mutated in CD59 only. Interestingly, about 60% of the CD59 negative clones were
actually GPI mutants determined by staining with the GPI specific fluorescently labeled
bacterial toxin aerolysin (FLAER). The GPI negative cells are most likely caused by
mutations in the X-linked pigA gene important in GPI biosynthesis. Small mutations of

pigAd and CD359 were expected for the alkylating agent EMS and the resulting spectra are

79



significantly different than the large deletions found when analyzing radiation mutants.
After analyzing the CD59  clonal populations we have adjusted the FCMA mutant
regions from 1% to 10% of the mean of the CD59 positive peak to include the majority of
CD59 mutants.
Introduction

We have previously characterized the flow cytometry mutation assay (FCMA) as
a sensitive ‘and rapid method of measuring the genotoxicity of known and unknown
chemical and physical agents (1-3). The FCMA uses the CHO Ay cell line that has an
incorporated human chromosome 11 as well as the entire hamster genome. This cell line
was originally used in the standard complement based CHO AL clonogenic mutation
assay (4,5). Chromosome 11 contains genes encoding cell surface proteins including
CD59, mutations of which are scored by the absence of fluorescence when stained with
phycoerythrin (PE) - conjugated monoclonal antibodies against CD59. Individual
mutants can be sorted and cloned for further analysis. Additional genes on chromosome
11 encode proteins that are expressed on the surface of the cells, including CD44, CD90,
CD98 aod CD151. These genes are not encoded by the normal hamster genome, only by
human chromosome 11. By measuring the presence or absence of these proteins also, it is
possible to generate mutant spectra using flow cytometry (6) more rapidly and efﬁciently
than spectra generated by PCR (7,8) and Southern Blot (9). The term “mutant spectra” is
used here to indicate the distribution of mutations in genes along chromosome 11
indicated by the loss of surface expression of the gene product. We have previously
shown that the loss of the surface protein expression is completely correlated with the

loss of the respective gene(s) based on PCR results (6).
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We previously defined the mutant region of the FCMA as cells with fluorescence
less than 1% of the mean fluorescence of the positive peak (2). This was a conservative
measurement and we subsequently showed that many cells mutated in CD59 by the
clastogen gamma radiation (10) were not being scored in that region (11), suggesting that
a larger region should be used. In that report we also showed that the mutants that
initially have an intermediate level of fluorescence lose CD59 expression over time to
background (unstained) control levels of fluorescence (11). The complete loss of
fluorescence can be explained by large deletions within or encompassing the CD59 gene
so no CDS59 protein is expressed on the plasma membrane.

Since ionizing radiation is a clastogen and is well known to cause large deletions,
it is important to identify whether other mutagens that primarily cause small mutati‘ons
would generate similar mutants. In this report we investigate CD59" populations and
clones generated by exposure to the known alkylating agent ethyl methanesulfonate
(EMS) (12,13) that are believed to be mostly point mutations. Point mutations allow for
mutated conformations of CD59 on the cell surface and in turn intermediate staining,
suggesting that a larger region should be used for mutant detection. Furthermore, these
point mutations should lead to stable phenotypes of CD59 fluorescence that would not
reduce to background levels over time.

Many cell surface proteins including CD59 are linked to the cell membrane by
glyéosyl phosphatidylinositol (GPI) anchors (14,15). Interestingly, many CD59" clones,
including nearly all CD597/CD90" clones, were found to be negative for GPI anchors

when stained with the GPI protein specific fluorochrome conjugated toxin aerolysin
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(FLAER) (16). The lack of GPI linkage is most likely due to the mutation of pigd, an X-
linked GPI biosynthesis protein (17).

In this paper we analyze clones with intermediate CD59 fluorescence and
subsequently generate mutant spectra. Our results show that the mutant region of the
FCMA should be enlarged to encompass more of the CD59" region, making an even more
sensitive assay. Also, by having the ability to generate mutant spectra using flow
éytometry we are able to rapidly and with accuracy determine the nature of mutations
generated by novel agents.

Materials and Methods
Cell Culture

The CHO AL(N) cell line contains the entire Chinese hamster KI cell line genome
with an incorporated copy of human chromosome 11 including a gene conferring
resistance to the antibiotic G418 (Sigma-Aldrich, St. Louis, MO). By treating cells
periodically with 800 pg/ml G418, spontaneous background mutants were reduced. Cells
were cultured in Ham’s F12 medium supplemented with 10% fetal bovine serum (Gemini
Bio-Products, Woodland, CA), penicﬂlin/streptomycin (0.14 and 0.2 g/L, respectively)
and 7.5% (w/v) sodium bicarbonate, pH 7.3. Cells were trypsinized and passed every
three to four days to avoid confluence that can increase the background mutant fraction.
Cells were maintained in humidified 5% CQO, incubators at 37° C.

Treatment with EMS

One day prior to treatment, 4x10° cells were seeded in T-75 flasks, giving

approximately 1x10° cells at treatment time. Cells were treated with 8 mM ethyl

methanesulfonate (EMS) (CAS number 62-50-0) diluted in F12 medium for 3 hr in 37° C
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incubators. This dose results in 20% survival of cells (2). After the treatment, cells were
washed twice with warm PBS and F12 medium was replaced.
Antibody Labeling

One million cells were stained for CD59 using phycoerythrin (PE)—conjugated
mouse anti-human CD59 monoclonal antibodies (Caltag Laboratories, Burlingame, CA)
as previously described (1,2).

Multicolor staining for CDS59/CD90/CD44 and CD98/CD151 was carried out
separately as previously described (6), For CDS59/CD90/CD44 analysis, cells were
suspended in 50 pl staining solution (1.3 pl anti-CDS59-PE, 10 ul anti-CD44-biotin
(Serotec, Raleigh, NC), 10 pl anti-CD90-Alexa-647 (Serotec, Raleigh, NC) and 28.7 ul
staining buffer), incubated on ice for 30 min, then 1 ml staining buffer (1% BSA, 0.1%
sodium azide in PBS) was added to each sample and samples were centrifuged. Samples
were resuspended in 100 pl Streptavidin-Alexa-488 (Molecular Probes, Eugene, OR)
(1:100 dilution in staining buffer) and were incubated on ice for 30 min. The pellet was
resuspended in 0.5 ml staining buffer and passed through a 40 pm mesh filter into flow
cytometry analysis tubes. Separately, cells were stained with 50 pl staining solution
containing 10 pl anti-CD151-PE (BD Biosciences, San Jose, CA), 10 pl anti-CD98-FITC
(BD Biosciences, San Jose, CA) and 30 ul staining buffer.

The GPI-anchor was detected using the bacterial toxin aerolysin conjugated to
Alexa-488 at a concentration of 10 nM per sample. Cells were resuspended in 250 pl
FLAER (Protox Biotech, Victoria, Canada) (1:10 dilution in staining buffer) and were

then incubated for 30 min on ice (6).
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Flow Cytometry

Samples were analyzed on a CyAn™ flow cytometer (Beckman Coulter, Fort
Collins, CO) with 488 and 635 nm solid-state lasers for excitation. Fluorescence was
detected by the following filter configuration: 545 nm dichroic longpass (DLP) and
575/25 nm bandpass (BP), 545 nm DLP and 530/40 nm BP for Alexa-488 and 650 nm
DLP and 665/20 nm BP for Alexa-647. The same PMT voltages were used for various
experiments and the fluorescence intensities of positive and negative control populations
were stable over time. A gating region was set on forward scatter versus side scatter to
eliminate debris. When analyzing clonal populations for the presence of CD59, 5x10* to
1x10° events were collected per sample and all populations were sampled twice at least
one week apart, while multicolor analysis was completed only once.
Cell Sorting

Using an Epics V cell sorter, 1000 anti-CD59-PE stained cells were sorted into 35
mm Petri dishes from 6 CD59 negative regions and one region of the CD59 positive
peak 9 days after treatment with 8 mM EMS. Sorted populations were expanded in
dishes for 7 days and then transferred to T-75 flasks to keep in culture. When the
populations were stable they were stained again with anti-CD59-PE and single cells were
sorted into 96 well plates from 4 regions using a MoFlow™ Cyclone (Beckman Coulter,
Fort Collins, CO). Clones were allowed to grow for 18-21 days with one refeeding of
200 ul F12. Clones were trénsferred to T-25 flasks for continuous culturing.

In a separate experiment, a MoFlo™ Cyclone was used to sort single cells into 96

well plates from 4 regions of the CD59 negative population and 1 region of the positive
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peak 9 days after treatment with 8 mM EMS. Clones were grown for 18-21 days with
one refeeding and then were transferred to T-25 flasks for culturing.

| Results
Mutant Populations

One thousand cells were sorted from six CD59" regions (Fig. 1) 9 days after
treatment with 8 mM EMS to determine if they remain negative and have fluorescence
levels similar to their sorted regions. The sorted cells were expanded into populations
and were stained several times over the course of several weeks for CD59 and were
indeed found to be comprised of stable populations (Fig. 2). Population A is almost
completely negative while the dpposite is true for populations E and F. The populations
sorted’ from the middle regions of B, C and D contains the entire spectrum of CD59" to
CD59" cells. It is important to note that these populations remained stable and had very
similar profiles while remaining in culture for several months.

The populations B, C and D were chosen for sorting because they are
heterogeneous in fluorescence when stained for CD59. Single cells were sorted from 4
CD59 negative regions (Fig. 2) into 96 well plates and the expanded populations were
stained for CD59 twice over several weeks to determine if clonal populations are stable in
fluorescence intensity. All clonal populations remained fluorescently stable over several
weeks with intensities well within the same order of magnitude (Fig. 3).

The average CD59 staining fluorescence was calculated for the four regions of
populations B, C and D by averaging the intensities of all clones sorted from the regions
(Fig. 4). Negative controls were unstained stock cells while positive controls were the

same stock cells stained for CD59. The fluorescence of region 4 of populations B, C and
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D were all significantly lower than positive controls with values of p=0.001, p<0.001 and
p=0.03 respectively. Also, fluorescence of clones sorted from regions 1 through 4
increases in order for all three populations, demonstrating that clones have fluorescence
levels relative to the region from which theylwere sorted. After initial émalysis of the
clones, they were continuously grown in culture for 1-2 weeks and then re-analyzed to
determine that the fluorescence intensity was stable.
Moutant Region Sorting

In a separate set of experiments we sorted single cells directly from four CD59
negative regions and the positive peak (Fig. SA) 9 days after treatment with 8 mM EMS,
and expanded them into stable clonal populations. Region 1 represents 1% of the mean
positive peak or the region used to score for CD59 mutants with the FCMA, while
regions 2, 3 and 4 are between the mutant region and the positive peak. Clones were
stained for CD59 and average fluorescence was calculated for each region (Fig. 5B). The
average fluorescence for regions 1-3 were all significantly less than that of the positive
peak while region 4 was nearly significant (p=0.055).
EMS Mutant Spectrum

Cells were sorted directly from the mutant region (1% of the mean of the positive
peak) of stock CHO A; cells and were expanded into 23 stable clonal populations. The
baékground mutant fraction in this region is approximately 0.1%. Clones were then
stained for the presence of CD59, CD44, CD90, CD151 and CD98, generating a mutant
spectrum of spontaneous background mutants (Fig. 6). Of the 23 clones over half are
negative for both CD59 ;lnd CD44 which can most easily be explained as a deletion

encompaséing both genes that are less than 2 Mbp apart. Five of the background mutants
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were found to be positive only for CD151, which could be the result of a large deletion
encompassing nearly the entire chromosome. Interestingly, 5 mutants were negative for
both CD59 and CD90 only and, as will be discussed, are likely GPI mutants.

Clones isolated from regions 1-4 of populations B, C and D (Fig. 2) were
analyzed in the same manner as background mutants to generate a mutant spectrum of
EMS generated mutants. Along with the five CD surface proteins, clones were also
stained with FLAER, which is a GPI anchor specific toxin conjugated to a fluorochrome
that can detect the presence of GPI anchors in the cell membrane.

Of the 16 clones isolated from the 4 regions of population B only 1 was positive
for CD59 with fluorescence slightly less-than half of control stained cells (Fig. 7). Nine
clones were CD59 negative only while 6 clones were negative for both CD59 and CD90
but also FLAER, pointing to mutations in the GPI anchor instead of | chromosome 11.
Twenty clones were isolated from the 4 CD59" regions of population C. Only one clone
was positive for CD59 (in region 4), 5 of the 20 clones were only CD59 negative but 14
of the 20 clones are negative for CD59, CD90 and the GPI anchor (FLAER). Of the 17
clones isolated from the 4 regions of population D, two clones were complex, including a
large deletion and one clone with mutations in both CD59 and CD90 independently (Fig.
7). Also, 9 clones from population D were GPI mutants, 3 were CD59 negative while 3
were CDS59 positive. It is important to note that nearly all of the CD59" clones came
from region 4 which is on the tail of the distribution of positive cells. Thus, these may

represent cells that are outliers of the normal distribution and not true mutants.
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Figure 1. (A) CHO AL cells stained for CD59 9 days after treatment with 8 mM EMS.
Six regions (A-F) were set for sorting cells with varying levels of CD59 fluoresence.
Region A is the mutant region, <1% of the mean of the positive peak.
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CD59

Figure 2. 1000 cells each were sorted from regions A-F and expanded into stable
populations. Individual cells were then sorted from regions 1-4 from populations B, C
and D and were expanded into stable clonal populations. The X-axis represents the
fluorescence intensity of anti-CD59-stained cells and the Y-axis is the relative number of
cells.
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Figure 3. Examples of individual clonal populations grown from single cells sorted from
regions C1-4 shown in Figure 1. The X-axis in each histogram is the fluorescence
intensity of anti-CD59-stained cells and the Y-axis is the relative number of cells.
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Figure 4. The average fluorescence for clones grown from individual cells sorted from
the 4 CD59" regions populations B, C and D in Fig. 1. Each histogram represents from 6-
12 separate clones. Positive and negative controls are stained and unstained stock cells
respectively. The dark bars are for cells analyzed initially and the light bars are for cells
analyzed 1-2 weeks later after continuous culture. A) Clones from Fig. 1.B.B; B) Clones
from Fig. 1.B.C.; C) Clones from Fig. 1.B.D. Error bars represent the standard error of
the mean (SEM). '
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Figure 5. (A) Individual cells were sorted directly from 4 CD359 regions and the positive
peak of cells 9 days after treatment with 8 mM EMS. (B) Isolated clonal populations
were stained for CD59 and the average fluorescence from 8-14 clones was calculated for
each region. Error bars represent the SEM.
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Figure 6. Flow cytometry generated mutant spectrum for clones isolated from the
mutant region (1% of the mean of the positive peak) of untreated stock CHO Ay cells.
Dark regions stained positive for the CD marker and while white regions were negative
and are likely mutations. Chromosomal distances are measured from the p-terminus.
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Figures 7. Flow cytometry generated mutant spectrum for clones isolated from 4 regions
of populations B, C and D from Fig. 1. Cells were stained for five surface antigens as
well as for the presence of GPI anchors using FLAER. Dark regions stained positive for
the CD marker while white regions were negative and are likely mutations. The medium
shade represents GPI mutants, which are also negatively stained for CD59 and CD90
since they are GPI linked proteins.
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Discussion

Traditional clonogenic mutations assays are based on the ability of mutated cells
to survive and multiply when challenged, which in itself can be very time consuming on
the order of several weeks to more than a month (18-20). Generating a mutant spectrum
using PCR with DNA isolated from clones after running a traditional mutation assay (7)
or the FCMA (6) is possible but it adds significantly more time and can be difficult to get
all reactions working simultaneously. In this paper we propose that detecting mutations
caused by genotoxic agents is much less time consuming and more sensitive using the
FCMA and the newly defined mutant regions. Also, we suggest as we have previously
reported (6) that flow cytometry generated mutant spectra are not only faster, but simpler
and possibly more accurate for DNA damaging agents. Furthermore, we have
previously Qalidated the flow cytometry mutant spectra with PCR (6). Because of the
lack of availability of a complete set of labeled antibodies that could be run
simultaneously for all 5 markers plus FLAER, we were not able to actually do a complete
" mutant spectrum in one analysis. However, we have shown that in principle this could be
done, given the availability of the proper antibodies. This would make the flow
cytometry based assay even more rapid and flexible.

To determine if varying degrees of DNA damage cause different levels of CD59
expression, CD59" cells were isolated. By sorting populations of cells from the mutant
region 9 days after treatment with EMS we show that, unlike previously reported results
for ionizing radiation where cells were entirely negative or positive for CD59 (11), EMS
generates mutants with intermediate levels of CD59 expression that remain stable. This

conspicuous difference in CD59" cells generated by radiation and EMS is likely due to
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the way each agent acts on DNA. Radiation is known to cause double strand breaks
leading to deletions (21,22), leading to the complete loss of CD59 expression on the cell
surface while EMS is an alkylating agent often generating base substitutions (12,13),
which could lead to changes in protein folding and in turn antibody affinity for CD59 on
the protein surface. This in turn would lead to varying levels of expression of
fluorescence in this flow cytometry based assay.

To further understand the intermediate expression of EMS generated CD39
mutants, and to determine if their fluorescence is stable over time, individual cells were
isolated from four CD59" regions. The resulting clonal populations were stained twice
for CD59 with cells grown for 1-2 weeks between staining, resulting in very little
variation in their fluorescence. This stability further supports our hypothesis that these
cells with iﬁtermediate CD59 expression are mutants that consistently express a mutated
phenotype of the CD59 protein and not wild-type CD359 with protein levels changing on
the cell surface over time, which would cause fluorescence to vary. The average
fluorescence of these clones increases from regions 1 to 4 and are significantly less than
positive controls, meaning all four regions are negative in some degree for CD59. Clones
isolated from the CD59" region of cells 9 days after treatment with EMS support our
findings that CD59 mutants are stable and are not just a result of having been sorted
previously into populations.

The background mutant spectrum we obtained from cells sorted from the mutant
region of stock CHO Ay cells supports our previous hypotheéis (11) that most
spontaneous mutants are larger deletions. All of the isolated mutants were found to be

‘mutated in more than just CD59: 13 were also CD44 mutants while 5 were large
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deletions only positive for CDI51. It is very unlikely to find many CD/51 mutants since
it is relatively close to an essential gene needed for cell survival located on the end of the
p-arm of chromosome 11 (8,23). It is important to note that the 4 mutants that were
found to be negatively stained for both CD59 and CD90 are likely not mutated
independently in both genes but are instead mutations in an X-linked GPI linkage gene,
as dis)cussbed below.

The mutant spectra we obtained from individual mutant clones treated with EMS
were quite different from either background mutants or those induced by ionizing
radiation that we have previously reported (6). Almost all of the mutants were mutations
only in the CD59 gene or GPI mutants that are also most likely single small mutations.
We have previously used the fluorescently labeled inactive variant of the protein
aerolysiﬁ (FLAER) (6), which is a bacterial toxin that binds GPI anchor proteins (16,24),
to distinguish Between clonal populations with CD59 mutations and ones with mutated
GPI linkage genes after ionizing radiation. The most probable caﬁse in the loss of GPI
linkage would be a mutation in the X-linked hamster gene pigd, which encodes an
important protein for the biosynthesis of GPI anchors (17). It can also be assumed that
GPI mutants would also be small since pigd is X-linked and a large deletion could
encompass neighboring genes that are essential for survival. Small mutations in pig4
would also explain why some cells have an intermediate expression of CDS9. There
could still be partially functional GPI linkage but less efficient than normal, so there is
still some expression of CD59 on the surface of some of the cells that are mutated in pig4.

It is interesting to note that greater than 60% of the clones analyzed when

generating the mutant spectra for EMS were found to be GPI mutants and is a much
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greater fraction than the ~16% found for mutants generated by radiation (6). This
discrepancy may have several explanations; first, radiation causes large deletions which
“are of no consequence when they occur along chromosome 11, which for the most part is
not essential for survival, while large deletions of pigd on the X chromosome would
often be lethal. Secondly, we have reported that CD59 cells that are likely GPI mutants
increase from a small fraction to the majority of total CD59" cells measured with the
FCMA over several weeks (3). This increase could be caused by the importance of GPI
linkage in the cell membrane for proper cell death signaling (25,26) allowing GPI
mutants that would normally die to propagate.

We propose that generating mutant spectra by flow cytometry is not only much
faster but can also be more accurate than PCR. Proper antibody binding requires both the
presence of protein and correct folding compared to PCR, which can easily miss point
mutations since bnly the presence of the two primer specific regions are necessary for
positive results. Although sequencing of the genes of interest to generate a mutant
spectrum would be more accurate than PCR or flow cytometry, it would not be time or
cost effective for many clones, leaving flow cytometry as the best option, especially
when studying novel agents.

When originally developing the FCMA, we defined the mutant region as 97% of
unstained control cells which we later changed to 1% of the mean of the 'posiﬁve peak (2).
Here we propose to set the standard mutant region for the FCMA at 10% of the mean of
the CD59 positive peak. This change is supported by the reéults from sorting from the
CD59" regions and specifically the mutant spectra where nearly all of the clonal

populations from regions 1-3 (Fig. 2) were negative for CD59. We have reported similar
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results with mutants induced by ionizing radiation (11). Using this larger region for
mutant detection with the FCMA will give a better estimate of the mutant yield and will

be less sensitive to day to day fluctuations in antibody staining and detection.
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CHAPTER 4

Hypoxia induced mutations in mammalian cells detected by the flow cytometry

mutation assay and characterized by mutant spectra

Abstract

It has been recognized for decades that oxygen interacts with free radicals induced
by low LET radiation and “fixes” much of the resulting DNA damage, thus sensitizing
the cells to radiation. Under hypoxic conditions, cells are more resistant to cell killing by
a factor of 2.5 to 3, leading to detrimental consequences for the radiotherapy of tumors.
Recently it has emerged that hypoxic conditions alone are sufficient to generate
mutations in vitro and in vivo, likely due to the creation of reactive oxygen species (ROS)
and a decrease in mismatch and homologous recombination DNA repair activity. These
factors are known precursors to the onset of genetic instability and a reduced prognosis
for cancer treatment. We have previously characterized the flow cytometry mutation
assay (FCMA) and its sensitivity to detect significant mutant fractions induced by
genotoxic agents that are not detected by other mammalian assays. Here we measure the
mutant fraction induced by hypoxia. Cells cultured at <0.1% O, for 24 hr generated a
significant mutant fraction of 141+20 (p<0.01) and had growth kinetics and survival

- characteristics similar to that obtained by other mutagens. We investigated the role of

103



ROS by treating cells with the radical scavenger DMSO, which significantly reduced
hypoxia toxicity and mutagenesis. \Single cells were sorted from the mutant region of
both control and treated cells and the resulting clonal populations were stained for 5
antigens encoded by genes found along chromosome 11 to generate mutant spectra.
There was no significant difference found between background and hypoxia-induced
spectra. We have demonstrated that hypoxic conditions are sufficient to generate
mutations in mammalian cells in culture and the spectrum of mutations is
indistinguishable from background.
Introduction

The negative effects of the hypoxic tumor environment on cancer treatment and -
prognosis, specifically in the area of radiotherapy, have been discussed for nearly 80
years (1,2). Decreased oiygen in the environment significantly reduces cell killing by
ionizing radiation, leading to an increased dose required to successfully treat the tumor
(3). Recently, it has been reported that hjfpoxic stress itself can increase mutagenesis
and genetic instability in cell lines, human tissues and tumors (4).

Several pathways for hypoxia-induced mutagenesis have been proposed,
including DNA damage generated by reactive oxygen species (ROS) produced by
reoxygenation (5) and leakage from mitochondria (6). DNA repair activity has also been
reported to decrease in hypoxic cells and tissues, specifically in homologous
recombination repair (HRR) (7,8) and mismatch repair (MMR) pathways (9). Hypoxia
induced mutagenesis and suppressed repair can lead to genetic instability and more
aggressive tumors (10,11). To date hypoxia-induced mutagenesis has not been quantified

using traditional mammalian mutation assays.
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The use of flow cytometry to deteét mutations in the CD359 gene of CHO A( cells
has been developed by several groups independently (12-14) and we have used the flow
cytometry mutation assay (FCMA) to measure the mutagenic potential of a broad
spectrum of physical and chemical agents (15). The CHOJAL cell line was traditionally
used in the CHO Ay complement cytotoxicity assay (16-18), which is based on the loss of
expression of the CD59 antigen encoded by the CD59 gene found on the single copy of
the incorporated human chromosome 11 (19). The FCMA scores mutants by the absence
of fluorescence when stained with fluorochrome conjugated monoclonal antibodies
specific for the CD59 surface protein, while the Ay assay utilizes CD59 specific
antibodies and complement to kill CD59" cells.

We also developed a method to generate mutant spectra for clonal populations
sorted from the mutant region of cells after treatment by staining for 5 cell surface
proteins that are expressed by genes located along the entire length of human
chromosome 11 (20). | Mutant spectra generated in this manner are more rapidly produced
than those created using PCR (21) and when compared are equally accurate (20). Here
we show that hypoxia induces significant mutant fractions as measured by the flow
cytometry and CHO Ap mutation assays. The radical scavenger DMSO increases
survival and decreases mutagenesis in cells cultured under severely hypoxic conditions.
We also compare the mutant spectra for background and cells kept under hypoxic
conditions.

Materials and Methods

Cell culture
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CHO Ap(N) cells consist of a standard set of Chinese hamster ovary K1
chromosomes as well as a single copy of human chromosome 11, which contains a
neomycin resistance gene that confers resistance to the antibiotic G418. By treating cells
periodically with 800 pg/ml G418 antibiotic (Sigma-Aldrich, St. Louis, MO),
spontaneous background mutants were reduced. Cells were cultured in Ham’s F-12
medium supplemented with 10% FBS, penicillin/streptomycin (0.14 and 0.2 g/L,
respectively) and 7.5% (w/v) sodium lbicarbonate, pH 7.3. Medium used in the CHO AL
assay was supplemented in 3% FBS and 4% newborn calf serum. Cells were maintained
in T'75 tissue culture flasks at 37°C in a humidified 5% CO; incubator as described
previously (15).

Hypoxia treatment

A Forma Scientific water jacketed incubator with thermal, CO, and oxygen
control was used to obtain 2.5% to 0.1% oxygen environments. An incubator insert
chamber C-274 PRO-OX Model 110 and PRO-CO2 (BioSpherix, Redfield, NY) was
used to obtain oxygen levels of 0.1%. For oxygen levels <0.1% a BBL™ GasPak™ Plus
Anaerobic System (BD, Sparks, MD) was used and within 100 min of the start of the
treatment oxygen levels decreased to <0.1%. The day prior to treatment 2.5x10° to 4x10°
cells were seeded in 100 mm Petri dishes. Cells were plated with minimal medium to
reduce the amount of diffused oxygen present at treatment. Petri dishes were placed in
the hypoxic system for the desired period.

Certain samples were treated with the radical scavenger dimethyl sulfoxide

(DMSO). Two hr prior to hypoxia treatment DMSO was diluted (0.5% v/v) in F-12
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medium and added to culture plates. 12 hr after the end of hypoxia treatment medium
containing DMSO was replaced with fresh medium.
CHO A complement cytotoxicity assay

After completion of hypoxia treatment cells were cultured for 10 days to allow for
recovery of the temporary growth lag as described (16,22). Cells were then challenged
with 2% rabbit serum as a complement (Covance Research Products Inc., Denver, PA),
and 0.5% E7.1, a specific monoclonal antibody against the YCD59 antigen. Surviving
cells able to form colonies were counted as mutants. The mutant yield was adjusted for
the plating efficiency and background mutants.
Antibody staining for FCMA

Cells ( 1x10°) weré trypsinized, centrifuged and the resulting pellets were
suspended in 1 ml FACS buffer '(1% BSA, 0.1% sodium azide in PBS). Cells were
centrifuged a second time and stained with anti-CD59 monoclonal antibodies conjugated
to phycoerythrin (PE) (Caltag Laboratories, Burlingame, CA) at a 1:40 dilution in FACS
and were incubated at 37° C for 1 hour. One ml cold FACS was then added to the cells
and they wére again centrifuged, the supernatant was aspirated and cells were finally
suspended in 0.5 ml cold FACS and filtered through 40 pm mesh into flow cytometry
sample tubes on ice prior to analysis.
Multicolor staining for mutant spectrum

Clonal populations were stained simultaneously for CD59, CD44 and CD90 and
separately for CD151 and CD98 as previously reported (20). Cells ( 1x10°%) were stained
with 1.25 pl CD59-PE, 10 pl CD90-Alexa 647, 10 ul CD44;biotin and 28.75 ul FACS

buffer on ice for 30 min. After incubating, 1 ml FACS was added and cells were
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centrifuged and the supernatant was aspirated. Samples were then stained with 1 pl
Alexa 488 Streptavidin and 99 pl FACS and incubated on ice for 30 min. Other samples
were similarly stained with 10 ul CD98-FITC, 10 ul CD151-PE and 30 ul FACS for 30
min. on ice. After incubating 1 ml of buffer was added, samples were centrifuged and
resuspended in 1 ml FACS and filtered into flow cytometry tubes.
Flow cytometry

A CyAn ADP flow cytometer with 488 and 635 nm lasers (Beckman Coulter, Fort
Collins, CO) was used for quantification of mutant fractions and analysis of mutant
clones. The CD59" mutant regions were gated as 1% of the mean of the positive control
peak on a log scale. For the mutation assay as well as clonal analysis, 1x10° cells from
each sample were analyzed on the CyAn. Mutant regions for all other antigens were set
as 97% of the negative unstained control peak and clones were scored negative for
antigens if more than 80% of the clonal population fell within the region.
Mutant region sorting

Samples were stained for the presencé of CD59 and single CD59 negatiﬂze,
positive or control cells were sorted into 96 well plates containing 200 ul F12 medium 12
days after hypoxia treatment using a MoFlo High-Performance Cell Sorter (Beckman
Coulter, Fort Collins, CQO). Cells were allowed to form colonies in 96 well plates with
one re-feeding. After 21 days clones were transferred to T25 plates and expanded until
there were enough cells for flow cytometric analysis of the five antigens.
Clonogenic survival

From days 2 to 12 after hypoxia treatment cells were trypsinized, counted and

plated for survival in 6-well plates. Three wells containing 4 ml medium were plated
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with 300 to 500 treated cells depending on the time after treatment and three wells were
plated with 300 control cells. Cells were grown for 7 to 8 days before they were stained
with crystal violet for colony counting. Control wells were used to calculate plating
efficiency (PE) and surviving fraction of treated cells was calculated by (colonies / (PE x
cells plated)).
Results

Hypoxia mutant yield in the complement cytotoxicity CHO A; assay

A survival curve was generated for cells cultured under severely hypoxic
conditions (<0.1% oxygen) from 1 to 43 hr (not shown) and it was determined that the
time required to achieve 50% survival was 24 hr. Using the CHO A complement
cytotoxicity assay, mutant yields for cells cultured at oxygen levels of 2.5% (4 and 7
days), 1% (4 and 7 days) and 0.1% (4 days) were not significantly different when
compare to background (Fig. 1). However, cells cultured at <0.1% oxygen for 24 hr
demonstrated a significant (p<0.05) induction of mutations with 130 mutants per 1x10°
cells.
FCMA hypoxia mutant yield

In order to verify these results from the cytotoxicity mutation assay, we treated
cells with hypoxia and measured the mutant yield using the FCMA. After a 24 hr
hypoxia treatment cells were cultured for 12 days, isolated and then stained with
- antibodies against CDS59. Aﬁer staining, cells were run on a flow cytometer and the
mutant region was set at 1% of the CDS9 positive peak (Fig. 2). The resulting mutant
fractions are displayed in Fig. 3. The mutant fraction from hypoxia is significantly

different from controls 141420 (p<0.01).
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Effects of DMSO on survival and mutagenesis

We hypothesized that damage from ROS might be causing the mutations induced
by hypoxia. To test this, we treated cells with DMSO, a .free radical scavenger. DMSO
had no toxicity on control cells but did increase the survival of cells cultured under
hypoxic conditions (Fig. 6A). Cells treated concurrently with DMSO and hypoxia had
reduced mutant yields in the FCMA than cells treated with hypoxia alone (Fig. 6B)
Mutant region survival |

We have previously reported that the survival of cells sorted from the mutant
regions on the peak day of mutant expression after treatment with EMS or gamma
radiation was less than cells sorted from the CD59 peak of the same population (23).
The surviving fraction for the CD59' region was significantly less than the treated
positive peak with a p value of 0.02 (Fig. 5). Also, the surviving fractions of cells sorted
from the CD59" regions of hypoxia treated cells were lower than that of the positive peak
of untreated stock cells. These results are similar to what has been found with other
agents.
Daily clonogenic survival

We have previously shown that the return to control survival of treated cells is an
indicator of the peak day of mutant expression after treatment with genotoxic agents (23).
Cells were sorted from hypoxia treated and control populations from days 2-12 after
treatment and grown into colonies for survival analysis. Two days after treatment,
survival was only ~60% of controls but had returned to >90% by day 12 (Fig. 6) the peak
day of mutant expression for hypoxia treated cells.

Mutant spectra
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To determine if hypoxia generates mostly small intragenic mutations or large
multi-locus mutations, individual cells were sorted for the mutant regions of hypoxia
treated cells as well as untreated control cells and grown into clones. ,The resulting 23
control and 25 hypoxia treated stable clonal populations were then analyzed by flow
cytometry for the presence of CD59, CD44, CD90, CD151 and CD98 on the cell surface
to generate background and hypoxia-induced mutant spectra (Fig. 7).

All background mutants isolated from the rrlutant region of untreated control cells
were negative for more than 1 surface protein; 17% were>CD59'/CD90', ~60% were
CD59/CD44" and ~20% were negative for all antigens ‘except for CD151. The mutant
spectrum for clénes isolated from the hypoxia treated population was similar to that of
background mutants except for a higher proportion of cells missing all markers except
CDI151. Of the 25 hypoxia generated mutant clones, 4% were CD59" only, 12% were
CD59'/CD90', 40% were CD59/CD44", 4% were CD597/CD44/CD98™ and 40% were
negative for all antigens except for CD151.

Discussion

DNA damage and the resulting mutations are the known precursors to cellular |
transformation and tumorigenesis (24). The mutagenic and carcinogenic potential of
many chemical and physical agents have been characterized using mammalian cell
mutation assays (15,16,25). Hypoxia decreases the mutagenic potential of ionizing
radiation since the presence of oxygen helps to “fix” (make permanent) DNA damage (3).

Nevertheless it has been reported recently that hypoxic stress, both in vivo and in vitro,

can generate DNA damage and mutations (6,10).
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Figure 1. Mutant yield (mutants/Ix10° cells) using the CHO A complement
cytotoxicity mutation assay for cells cultured under hypoxic conditions (<0.1% - 2.5%
oxygen) for 1 to 7 days (minimum of three experiments run in triplicate). Mutant yield is
corrected for background and the error bars represent the standard error of the mean. *
significant at p<0.05.
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Figure 2. Example histogram of CHO Aj, cells stained with PE conjugated monoclonal
antibodies against CD59 12 days after a 24 hr <0.1% oxygen hypoxia treatment. Gating
is set as 1% of the mean of the positive peak for hypoxia treated cells.
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Figure 3. Mutant yield (mutants/I1x10° cells) for control and cells cultured at <0.1%
oxygen for 24 hr. Results are from 3 experiments run in triplicate and error bars
represent the standard error of the mean and results are significant at p<0.01.
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Figure 4. Clonogenic survival relative to control cells sorted from the 1% mutant region
and positive peak 12 days after cells were cultured in hypoxic conditions (<0.1% oxygen)
for 24 hr. Four replicates of 300 cells were sorted from each region and were cultured for
7-8 days to allow for colony formation. All error bars represent the standard deviation.
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Figure 5. Clonogenic survival of CHO Ay cells at time points (2-12 days) following
treatment with hypoxia treatment (1 experiment run in triplicate). All error bars represent
the standard deviation.
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Figure 6. Effects of 0.5% DMSO in F12 media on (A) cell survival (2 experiments run
in triplicate) and (B) mutant yield for untreated control cells and cells cultured for 24 hr
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CD98 62.40 Mb
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Figure 7. Mutant spectra of genes on chromosome 11 generated by flow cytometric
analysis of 5 surface antigens for clones isolated 12 days after treatment from the 1%
CD59 mutant region of (Top) control cells and (Bottom) hypoxia treated cells. Each
column represents an individual mutant clone. Missing antigens are represented by
negative marks while remaining antigens are marked by positive/shaded regions and
measurements are relative to the terminus of the p-arm of chromosome 11.
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Researchers have attempted to quantify the damage and resulting mutations
generated by hypoxia. Hypoxia induced DNA damage has been detected throughout the
bodies of individuals exercising at high altitude and has been attributed to ROS produced
upon reoxygenation (5) or by stress induced leakage of ROS from mitochondria (6,26).
Severe hypoxic conditions and the subsequent reoxygenation generate DNA damage in
mammalian cells when measured using the comet assay (27). Also, hypoxia in the tumor
environment decreases the activity of DNA repair mechanisms (7-9). Several groups
have found up to a 4 fold increase in mutations of genes located on vectors in mammalian
cells grown under hypoxic culture conditions as well as cells grown in hypoxic tumors
(10,11,28).

We have demonstrated that culturing cells under hypoxic conditions for 24 hr
generates a significant mutant yield as measured by the CHO Ap complement
cytotoxicity assay. Using the same cell line we have also characterized the FMCA by
testing its sensitivity with agents that were known low responders or false negatives with
other mammalian cell assays (15). In order to evaluate the frequency and type of
mutations that may be induced by hypoxia, we cultured CHO Ay, cells for 24 hr in <0.1%
oxygen and measured the mutant yield and spectrum of mutations. The results from both
assays clearly demonstrate that hypoxia treatment alone is sufficient to generate a
significant mutant yield.

An anaerobic chamber was used to generate hypoxic culture conditions and dry
test strips indicated when oxygen levels dropped below <0.1%, which occurred within an
hour. The culture medium and polystyrene culture dishes used during treatment

contained absorbed oxygen, requiring time for the oxygen levels in the medium around
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the cells to equilibrate to the chamber. A previous study of oxygen diffusion in
polystyrene dishes demonstrated that the partial pressure of oxygen in medium (20 ml)
held in 100 mm dishes reached the chamber levels within three hours and oxygen .levels
in dishes containing confluent mammalian cells dropped to 0% in under 90 min (29).
From this we can be confident that oxygen levels in the medium during these experiments
dropped below 0.1% in under 3 hr.

We have previously determined that the peak day of mutant expression falls
between days 6 and 12 for 17 different mutagens tested (15). It is important to note that
cells treated with hypoxia responded similarly in that the peak day of expression was day
12. We have reported that clonogenic survival of treated cells returns to control levels
v.r0uvgh1y the same time as the peak day of mutant expression (23). Hypoxia is no different
given that the survival of treated cells was ~90% of control on day 12. The survival of
mutants sorted from the CD59" region on the peak day of expression was less than those
cells sorted from the positive peak of the same population, which again holds true with
studies using known mutagens (30).

An advantage of the FCMA is that mutant cells can easily be sorted and cloned to
study the spectrum of mutationé in different mutants. We have shown that mutants
generated by gamma radiation are frequently large deletions (20) while those generated
by EMS are small, frequently intragenic, mutations (31). We have previously compared
the mutant spectrum obtained by detecting the presence or absence of CD surface
profeins with the presence or absence of flanking genes obtained by PCR analysis and
there is a perfect correlation (20). Thus we can confidently say that the mutant spectra

shown here do represent actual genetic mutations. Here we showed that the mutants
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generated by severe hypoxia were similar to spontaneous mutants isolated from control
populations. Both mutant spectra consisted typically of large deletions encompassing
two or more genes. Interestingly, the major difference between the spectra was that 40%
of the hypoxia generated mutants were large deletions of all markers except for CD151
while only ~20% of the background mutants had this deletion. The spontaneous mutant
background is ~0.05-0.15% for the 1% mutant region. Therefore, many more mutant
clones would'have to be analyzed to determine if hypoxia generates an abundance of a
specific mutation.

It has been previously reﬁorted that hypoxic stress generates a wide range of
mutations from C:G to A:T transversions tb deletions (10). The base 8-oxoguanine
generated by radicals upon reoxygenation is often mismatched with adenine leading to
the C:G to A:T transversions (28). Also, hypoxia significantly increases DNA strand
breaks that are likely responsible for the increase in deletions (27).

Using DMSO, we attempted to demonstrate that much of the damage generated
by severe hypoxia and reoxygenation was caused by oxygen radicals. Many studies have
demonstrated the ability of DMSO to reduce oxygen radical induced mutagenesis (32,33).
DMSO increased cell survival of hypoxia treated cells by ~30% and decreased the mutant
yield in the FCMA significantly. From our results we can conclude that oxygen radicals
are a significant source of DNA damage induced by hypoxic stress.

Culturing cells in an extremely hypoxic environment may generate mutations
caused by ROS leakage from mitochondria and ROS generated during reoxygenation.
Hypoxia in tumors can suppress repair, leading to a hypermutable phenotype that can

create an environment of genetic instability (34). Along with decreased DNA repair and
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mutagenesis, hypoxia may no longer just be an indicator of poor prognosis for
radiotherapy but may play a leading role in creating more aggressive metastases by

inducing genetic instability (4).
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CHAPTER &

Variations in cell cycle and mutant induction in CHO Ay cells after suppression of

DNA repair proteins

Abstract

The repair of DNA double-strand breaks (DSBs) is crucial for maintenance of the
genome and the avoidance of carcinogenesis. Non-homologous end joining (NHEJ) and
homologous recombination repair (HRR) are the foremost mechanisms for the’repair of
DSBs. Deficiencies in both mechanisms increase sensitivity to cell killing by genotoxic
agents and affect mutagenesis. Here we used short interfering RNAs to silence the
protein levels of Ku80 and Rad51C that play important roles in NHEJ and HRR
resbectively. We examined changés in cell survival, cell cycle and mutant induction after
treatment with ionizing radiation (IR) and ethyl methanesulfonate (EMS). Mutagenesis
was measured by the flow cytometry mutation assay, which uses the CHO A cell line to
detect mutations in the CD359 gene by lack of expression of CD59 cell surface protein.
Knockdown of Rad51C or Ku80 caused a 3-fold increase in cell killing by IR while
Rad51? knockdown. caused a 4-fold increase in cell killing by EMS. Knockdown of
Ku80 had no‘effect on cell killing by EMS. By measuring BrdU incorporation we

determined that the knockdown of either protein slowed cell proliferation significantly

126



when compared to mock controls for untreated and treated cells alike. We measured the
cell cycle distribution by staining with PI and found that silencing of Rad51C generated a
buildup of G2 phase cells after treatment with EMS. Knockdown of Rad51C did not
affect mutant yield after irradiation or EMS treatment; however, silencing of Ku80
decreased the mutant yield after EMS treatment. Increased céll killing after Rad51C
silencing implies that significant alkylating damage generated by EMS is repaired by
HRR. Also, reduced mutant yield after Ku80 knoci(down suggests that damage generated
by EMS during S phase is normally repaired by NHEJ.
Introduction\

DNA repair is crucial for the proper maintenance of the geﬁome, and deficiencies
in its various mechanisms can have deleterious effects (1-3). DNA double-strand breaks
(DSBs) are considered the most harmful type of lesion (4), and often result in mutations
that play a key role in carcinogenesis. Homologous recombination repair (HRR) and
non-homologous end joining (NHEJ) are the two prevailing repair mechanisms in
mammalian cells that are responsible for repairing DNA DSBs.

HRR uses a homologous allele or region as a template for the repair of DSBs. If
the region used is identical to the original sequence, a mutation is avoided (5,6). Rad51C,
a Rad51 paralog, is involved in the recruitment of Rad51 to the DSB to form HRR foci
(7,8). Rad51C forms at least two complexes with other RadS51 paralogs; these include the
heterodimer Rad51C and XRCC3 and the heterotetramer Rad51B,C,D and XRCC2 (9).
Previous reports have demonstrated that mammalian Rad51C mutants are up to 7-fold

more sensitive to DNA crosslinking agents, 4-fold more sensitive to alkylating agents and
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moderately sensitive to ionizing radiation (IR) (7,8,10,11). However, NHEJ is
considered the predominant mechanism of DSB repair in mammals.

NHE]J is a process by which two broken DNA ends are brought together, resected
and ligatéd (12). Unlike the high fidelity repair of HRR, end resection in NHEJ often
results in small deletions, and the joining of two different chromosomes may result in
translocations (13). The Ku70/80 heterodimer is proposed to be one of the first protein
complexes to recognize the broken ends of chromosomes (14). Ku70 and Ku80 are
constitutively expressed proteins, and the Ku70/Ku80 heterodimer is an abundant protein
complex with an estimated 4x10° molecules per mammalian cell. Interestingly, the
stability of each protein is dependent on dimerization with the other (15).

The binding of Ku70/80 attracts the catalytic subunit of DNA-dependent protein
kinase (DNA-PK,,) (16). NHEJ is regulated by the autophosphorylation of DNA-PK,
(17), and the juxtaposition of the two broken ends only occurs when DNA-PK, is
efficiently phosphorylated (18). This complex is vital for repair and genome
maintenance. Ku80 heterozygosity leads to genomic instabi_lity (19), and gene silencing
and mutated phenotypes increased sensitivity to IR (20,21).

We have developed the flow cytometry mutation assay (FCMA) using the CHO
Ay cell line to measure mutations of the CD359 gene. Mutants are scored by the absence
of fluorescence when staining with fluorochrome conjugated antibodies against the CD59
surface protein (22). The mutagenic potentials of a broad range of chemical and physical
agents have been determined and demonstrated the sensitivity and specificity of the assay

(23).
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To study the effects of DNA repair on mutagenesis, we have suppressed protein
levels of the Rad51C and Ku80. These have important roles in HRR and NHEJ
respectively. After transfection with Rad51C- or Ku80-specific short interfering RNAs
(siRNA), cells were treated with the clastogen IR (4) or the alkylating agent ethyl
methanesulfonate (EMS) (24). These agents were chosen due to their different genotoxic
properties and their fecent use in characterizing the kinetics of mutant expression inv the
FCMA (25). Here we demonstrate that knockdown of Rad51C significantly increases
cell killing and cell cycle alterations following exposure to EMS. Knockdown of Ku80
also modestly sensitizes cells to both radiation and EMS and decreases the mutant yield
after treatment with EMS. |

Materials and Methods
Cell culture

The CHO A (N) cell line contains the entire Chinese hamster KI cell line genome
with an incorporated copy of human chromosome 11 including a gene conferring
resistance to the antibiotic G418 (Sigma-Aldrich, St. Louis, MO). By treating cells
periodically with 800 pg/ml G418, spontaneous background mutants were reduced to
~300 mutants / 10° cells. Cells were cultured in Ham’s F12 medium supplemented with
10% FBS, penicillin/streptomycin (0.14 and 0.2 g/L, respectively) and 7.5% (w/v)
sodium bicarbonate, pH 7.3 Cells were maintained in humidified 5% CO; incubators at
37° C as previously described (23).
siRNA transfection

Transfection was completed using target-specific small interfering RNAs

(siRNAs) (21 nt) for hamster Ku80, hamster Rad51C and control non-target siRNA that
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were purchased from Dharmacon (Lafayette, CO) as purified and annealed duplexes.
The siRNA sequences used for knockdown (KD) in this study are, Ku80
GGAAGAAGUUUGAGAAGAAUU and Rad51C CAGCAAAGAAGUUGGGAUAUU.
Transfection of siRNAs was completed using Dharmafect-4 reagent (Dharmacon).
Transfection efficiency - was determiﬁed using transfection reagént and siGLO
phycoerythrin conjugated RNAs (Dharmacon) analyzed by flow cytometry.

Cells (1x10%) were plated in 60 mm dishes 24 hr prior to treatment in F12 medium.
Before treatment cells were washed twice with PBS and 2.8 ml serum-free, antibiotic-free
Opti-MEM medium was added. Dharmafect reagent and siRNA were incubated at room
temperature for 5 min separately in a total of 100 ul Opti-MEM. Transfection reagent
(1.3 pul/ml final concentration) and siRNA (100 nM final concentration) were mixed,
incubated for 20 min at room temperature and finally added to cells. 24 hr after starting
treatment 3 ml F12 (20% FBS) was added to the plates.

Irradiation and EMS treatment

All treatments occurred 48 hr after the beginning of siRNA knockdown. Prior to
treatment cells were washed twice with PBS and fresh medium was added. EMS was
diluted in F12 to a concentration of 8 mM and added to cells for 3 hr after which plates
were washed twice with warm PBS and replaced with fresh F12. Irradiations were done
at room temperature in a Mark I BCs y-irradiator (J.L. Shepherd and Associates,
- Glendale, CA) at a dose rate of 3.9 Gy/min.

Antibody staining
To stain for Ku80 or Rad51C; cells (1x106) were first fixed in 2 ml 1%

paraformaldehyde in PBS at 4°C for 15 min, then 100% cold ethanol was added drop-
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wise until reaching a final concentration of 80%. Cells were resuspended in
permeabilization buffer (0.25% Triton X-100 in PBS) for 30 min on ice. The cells were
resuspended in anti-Ku80 (1:400) or Rad51C (1:300) primary antibodies (US Biological,
Swampscott, MA) in TBFP (0.5% Tween 20, 1% BSA, and 1% FBS in PBS) and
incubated for 2 hr at room temperature. Cells were then incubated for 30 min on ice in
100 pl Alexa Fluor 488 goat anti-rabbit IgG (Molecular Probes, Eugene, OR) with 1:500
dilution in TBFP. The stained cells were analyzed by flow cytometry.

To stain for CD59, 1x10° cells were suspended in 1 ml FACS buffer (1% BSA,
0.1% sodium azide in PBS). Samples were centrifuged and stained with anti-CD59
monoclonal antibodies conjugated to phycoerythrin (PE) (Caltag Laboratories,
Burlingame, CA) at a 1:40 dilution in FACS and were incubated at 37° C forll hr. One
ml cold FACS was then added to the cells and they were again centrifuged, the
supernatant was aspirated and cells were finally suspended in 0.5 ml cold FACS and
filtered through 40 pm mesh into flow cytometry sample tubes which were kept on ice
prior to analysis.
Cell survival

Six hours after treatment cells were trypsinized and counted. Cells were serially
diluted to get a final concentration of ~500 cells/ml. Cells were then plated in six well
plétes and allowed to grow for 7 days before colonies were stained with crystal violet and
counted. The surviving fraction was calculated by standard methods.
Cell cycle analysis

Immediately after treatment cells were labeled by adding 10 uM

bromodeoxyuridine (BrdU) directly to the culture medium. After 6 or 18 hr, cells were
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trypsinized, counted and 5 x 10° cells were transferred to 15 ml conical tubes for
processing. Samples were centrifuged for 3 min at 1500 rprh to pellet cells. The
supernatant was aspirated and the cells were resuspended in 2 ml cold PBS. The samples
were then fixed by adding 5 ml cold 100% ethanol (70% final concentration) drop wise
while vortexing gently. Samples were kept on ice for at. least 30 min prior to
denaturation and staining.

After 30 min, samples were resuspended in 0.1 ml PBS followed by 2 ml of
pepsit/HCI (0.2 mg/ml in 2 N HCI) while gently vortexing and samples were incubated
at 37° C for 20 min. Pepsin hydrolysis was terminated by adding 3 ml of 1 M Tris. Cells
were washed with 2 ml PBS and were resuspended in 100 pl of a 1:30 dilution of the
primary mouse anti-BrdU antibody (Dako, Denmark) in TBFP buffer (0.5% Tween 20,
1% BSA, 1% FBS in PBS). Samples were incubated for 25 min ét room teﬁperature and
then rinsed with 5 ml PBS. Next, 200 ul of a 1:200 dilution of the secondary antibody
goat anti-mouse IgG conjugated to Alexa Fluor® 488 (Molecular Probes, Eugene, OR) in
deionized water was added to samples which were incubated for 25 min at room
temperature in the dark. Samples were washed with 5 ml PBS and resuspended in 1 ml
of propidium iodide (10png/ml in PBS) containing RNAse (40 KU/ml). Samples were
incubated at room temperature for 20 min prior to flow cytometry analysis.

Flow cytometry

A Dako CyAn™ flow cytometer with a 488 nm laser (Dako, Fort Collins, CO)
was used for quantification of mutant fractioﬁs. The CD59 mutant region was gated as
10% of the mean of the positive peak on a log scale. For the mutation assay 1x10° cells

from each sample were analyzed on the CyAn.
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As previously described (25), an EPICS V (Beckman Coulter, Miami, FL) flow
cytometer was used for cell cycle experiments using bromodeoxyuridine ‘(BrdU) and
propidium iodide (PI). Briefly, gating of forward scatter and integral red fluorescence
versus peak red fluorescence was used to select for whole cells with incorporated PI and
largely avoid clumped cells. Histograms of PI alone and PI versus log integral green
fluorescence (LIGFL) for BrDU incorporation were collected for each sample (50,000
cells). Histograms were analyzed using MultiCycle and Multi2D software (Phoenix Flow
Systems).

Results

siRNA transfection and gene silencing

| Successful transfection of fluorochrome conjugated RNAs was measured by flow
cytometry. By treating cells with 1 pl/ml Dharmafect-4 reagént and 40 nM siGLO RNA
we consistently achieved a transfection efficiency of >90% (Fig. 1). Cell samples
collected 48 hr after siRNA treatment were fixed and stained for either: Ku80 or Rad51C.
Quantified decreases in staining for both proteins are displayed in Figure 2, but due to
non-specific binding a percent knockdown is difficult to calculate.
Cell proliferation and survival

Cell growth was measured to determine the négative effects of siRNA
transfection. Total cell number after a 48 hr treatment with non-target siRNAs was ~20%
less than for mock-transfected controls. Transfection with Ku80 and Rad51 siRNAs both
decreased total cell number by ~30% (Fig. 3A).

Cell survival of untreated Rad51C or Ku80 transfected cells was 0.78 or 0.86

respectively, compared to mock control. There was no toxicity from non-target siRNA
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transfection (data not shown). Survival of mock-transfected cells after 4 Gy y-rays (0.20)
was further decreased by similar proportions after Ku80 (0.08) or Rad51C (0.06)
knockdown (KD). Survival after 8 mM EMS treatment was reduced nearly 5-fold
(p<0.01) from mock for Rad51C KD, with no significant change in Ku80 KD cells (Fig.
3B).

DNA repair and cell cycle

To determine the effects of repair protein knockdowns, we analyzed cell cycle
characteristics of cells isolated 6 and 18 hr after treatment with 4 Gy y-rays and 8 mM
EMS. By 6 hr after treatment, uptake of BrdU (Fig.4) had occurred in 95% of untreated
stock cells but only 90% and 86% of Ku80 and Rad51C knockdown cells respectively.
Similar patterns held true for irradiated and EMS-treated cells. BrdU uptake in mock,
Ku80 knockdown and RadS51C knockdown was 84%, 81% and 77% respectively after
irradiation and 77%, 71% and 67% respectively after treatment with EMS (Fig. 5).
Untreated mock and KD cells all had significant populations of BrdU positive G1 phase
cells (Fig. 4) while all cells treated with IR and EMS did not.

Univariate PI histograms were analyzed to measure changes in the proportion of
cells in the different phases of the cell cycle. Representative DNA histograms are
displayed in Figure 6 and detailed analyses are presented in Figure 7. Untreatéd Ku80
and Rad51C knockdown cells had slightly increased G2 populations when compared to
controls. At 6 hr after treatment with 4 Gy control, Ku80 and Rad51C cells all had >35%
of the populations in G2 phase. All three groups showed slight G2 increases after
treatment with EMS. Cells were also analyzed 18 hr after treatment and there were no

significant differences in the G2 population of Ku80 KD cells after irradiation but the
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siGLO-PE

Figure 1. Transfection of CHO Ap cells with PE conjugated RNAs (siGLO) and
Dharmafect-4 reagent. Gating region set as 99% of the mock transfected control (black)
~and positive cells are gray.
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Figure 2. Relative fluorescence of cells after (A) Non-Target siRNA (control) and Ku80
knockdown; cells stained with antibodies against the Ku80 protein and (B) Rad51C
knockdown; cells stained with antibodies against the Rad51C protein 48 hr after
transfection. Results based on one experiment run in quadruplicate with error bars
representing the standard deviation. * p=0.013, **p<0.01.
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Figure 3. (A) Fraction of total cell number compared to mock transfected control for
cells transfected with non-target, Ku80 or Rad51C specific siRNAs after 1x10° cells were
originally plated and grown for 24 hr, followed by a 48hr siRNA transfection. (B)
Survival of transfected cells after irradiation and EMS treatment. Both experiments are
based on one experiment run in triplicate. * p<0.05, ** p<0.01 and error bars represent
the standard deviation.
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Figure 4. Bivariate histograms for (top) untreated control and (bottom) EMS treated
cells measuring DNA content (PI) and incorporation of BrdU (6 hours treatment) during
‘DNA replication. Control cells have a clear population that have incorporated BrdU and
divided (G1 phase).
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Figure 5. Cell cycle analysis 6 hr after treatment with 4 Gy y-rays or 8 mM EMS for
cells with reduced Ku80 or Rad51C protein levels measured by the fraction of total cells
that have incorporated BrdU during DNA replication. Error bars represent the standard
deviation of three experiments run in triplicate. * p<0.05, ** p<0.01.
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Figure 6. Representative DNA content histograms for Mock, Ku80 siRNA and Rad51C
siRNA transfected cells 6 and 18 hours following 4 Gy y-rays and 8 mM EMS treatments.
* Buildup of G2 phase cells in the Rad51C KD population 18 hr after treatment with 8
mM EMS. \
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standard deviation. Significant at *p<0.05, **p<0.01 when compared to mock treatment.
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in CHO A cells measured by the FCMA for control, 6 days after 4 Gy y-irradiation and
9 days after 8 mM EMS treatment. Results are from a minimum of 3 experiments run in
triplicate with error bars representing the standard error of the mean. ** p<0.01
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percentage of cells in G2 decreased slightly for Rad51C KD cells. Also, there was a
significant increase (p<0.01) for EMS treated Rad51C knockdown cells (Fig. 7).
DNA repair and mutagenesis

Cells were transfected with siRNAs specific for Ku80 or Rad51C 48 hr prior to
treatment with radiation or EMS. Suppression of protein levels did not signiﬁéantly
increase background mutations. The knockdown of Ku80 and Rad51C did not affect
mutant induction after 4 Gy y-rays. However, knockdown of Ku80 decreased the mutant
fraction of cells treated with § mM EMS by 40% (Fig. 8).

| Disscussion

The repair of DNA double-strand breaks is crucial for the prevention of
carcinogenesis. HRR is a high fidelity repair mechanism that uses homologous alleles on
sister chromatids or homologous chromosomes as a template for repair (5,13). However,
NHEJ is the mechanism predominantly used in mammalian cells to repair breaks (12).
Here we have investigated the effects on cell cycle, survival and mutagenesis after
knockdown by RNA interference of Ku80 and Rad51C proteins. These play important
roles in NHEJ and HRR respectively. The direct calculation of protein knockdown was
not possible for Rad51C since there was not a significant separation between knockdown
and control. This is likely due to the non-specific binding of the polyclonal antibodies
that were used for quantification. However, the effects on cell cycle and survival serve as
a secondary confirmation of knockdown efficiency.

Previous studies of Rad51C deficient cells have found significantly increased
sensitivity to the crosslinking agent mitomycin C, moderate sensitivity to methyl

methanesulfonate, and slight sensitivity to IR (7,11,26). Sensitivity to IR was observed
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specifically in S and G2 phases (8). Rad51 expression increases during S phase and
peaks around the G2/M transition along with HRR activity (27). Here we demonstrate
that decreasing the levels of Rad51C increased cell killing 3-fold by ionizing radiation
and increased sensitivity to EMS by nearly 4-fold compared to mock cells. This suggests
that HRR plays an important role in the repair of damage generated by EMS that is
known to consist predominantly of base adducts and single strand breaks (24,28).

Similar to decreased survival caused by knockdown of Rad51C, knockdown of
Ku80 sensitized cells to killing by ionizing radiation. However, Ku80 appears to have no
significant effect on killing induced by EMS. These results were expected since the role
of Ku80 in NHEJ is to recognize and recruit repair proteins to- DSBs (14), and unlike
radiation, EMS does not commonly generate DSBs. This is supported by previous
reports finding that IR increased apoptosis and decreased survival in Ku80 silenced and
mutated cells (20,21,29).

Next we investigated the effects of DNA repair protein gene silencing on the cell
cycle after treatment with IR or EMS. By measuring BrdU incorporation, we found that
knockdown of Rad51C altered cell cycle characteristics in CHO A( cells after treatment
with EMS and radiation by slowing progression through the cell cycle. Knockdown of
Rad51C slightly decreased the proportion of cells in G2 phase 18 hours after irradiation.
Knockdown of Rad51C followed by EMS treatment increased the percéntage of cells iﬁ
G2 phase by 6 hours and doubled that of control treated cells by 18 hours. We have
previously investigated the effects of EMS treatment on cell cycle in CHO cells and
found slowed proliferation but an increase in G2 phase cells (25). This “buildup” is

likely due to damage that is usually reversed by HRR activating cell cycle checkpoints,
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specifically the G2/M checkpoint (30,31). Since Rad51 expression and HRR activity
increase during S phase and peak at the G2/M transition (8) and Rad51 foci formation
decreases with knockdown of Rad51C (11), damage induced by EMS during late S and
G2 phase would likely not be sufficiently repaired, leading to a transient G2 block. The
rate of incorporation of BrdU was also reduced with Rad51C knockdown followed by
either radiation or EMS This suggests that the S phase checkpoint is also activated due
to unrepaired damage (30,32). It should also be noted that these cell cycle results
represent a snapshot at particular times. The fraction of cells in G2 phase at a particular
time is affected both by a transient cell cycle block and slowed progression through S
phase.

Silencing of Ku80 decreased the uptake of BrdU during DNA replication but did
not significantly affect the fraction of cells in G2 phase in untreated or irradiated cells
when compared to mock controls. Others have also recently reported that Ku80 silencing
suppresses DNA replication (33). Previously, we reported that ionizing radiation
generates a significant G2 block in CHO Ay cells (25) but Ku80 knockdown did not
increase this effect (20). Ku80 knockdown slightly increased the percentage of cells in
G2 phase 6 hours after treatment with EMS, but the G2 fraction returned to control levels
by 18 hours. This modest increase may only be due to the increased stress of transfection,
but could point to EMS damage during replication that resulted in DSBs. The latter is
likely since the induction of y-H2AX foci formation (34) by alkylating agents has been
found predominantly in BrdU labeled cells (35). Alkylating damage, when not repaired

prior to DNA synthesis, can stall replication and in turn lead to DSBs (36-38).

145



The relationship between DNA repair and mutagenesis was explored. HRR of
chromosome 11 would only be expected to occur during late S or G2 phase in CHO AL
cells because a sister chromatid would be required for a homology search due to the lack
of a homologous chromosome. Rad51C deficient cells have been reported to increase
sensitivity to IR in S and G2 phases when compared to G1 phase (8) and decrease repair
(HRR) of the oxidative stress induced by the bystander effect (39). Here we found that
silencing of Rad51C had no signiﬁcant effect on background mutants or mutant yield
after irradiation or EMS treatment. Since EMS generates significant killing in Rad51C
knockdown cells, we can be confident that HRR is crucial in the repair of alkylating
damage that leads to cell death.. The high fidelity of HRR and the increase in killing after
knockdown of Rad51C could lead to potential mutants being killed, which might be the
reason behind the lack of a change in mutant yield. In the fﬁtﬁre it would be interesting
to study mutations at hamster loci, possibly Aprt, to measure a possible difference
between the activities of HRR on the hamster genome when compared to chromosome 11.

Previous studies have reported decreased mutagenesis and chromosomal
rearrangements in LacZ reporter genes isolated from Ku80 null mice, suggesting that
without NHEJ, HHR accurately repairs damage and unrepaired DSBs are lost by
apoptosis (29). Conversely, increases in aberrations have been found by other groups
(19,40). The increase in cell cycle checkpoints and apoptosis was dependent on the
presence of WT p53 (41), hence the presence of p53 in Ku80 deficient cells may keep
mutation rates low. We found that knockdo‘wn.of Ku80 did not alter the mutant yield
after irradiation and since CHO A_ cells do not express p53, mutation rates would not be

expected to decrease. Furthermore, an increased Kkilling of cells that are normally
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repaired by NHEJ may have inhibited a significant increase. However, the mutant yield
after EMS treatment was significantly reduced in Ku80 kﬁockdown cells. EMS damage
may generate DSBs during DNA replication that are later repaired by NHEJ. In turn,
mutations would ultimately decrease in Ku80 deficient cells due to cell killing (35).

We have demonstrated that silencing proteins with importaht roles in NHEJ
(Ku80) and HRR (Rad51C) both sensitize CHO Aj, cells to killing. Interestingly,
suppression of the Rad51 paralog Rad51C increases cell killing 5-fold and generates
significant buildup of G2 phase cells after EMS treatment, but it does not alter the mutant
yield after either EMS or IR treatment. However, silencing of Ku80 reduces the mutant
yield in the FCMA after treatment with EMS, suggesting NHEJ repairs DSBs induced by

alkylation damage during replication.
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CHAPTER 6

CONCLUSIONS

Research Overview

The major role of genetic mutations in the initiation and progression of cancer has

been \/Nidely reported (1,2), placing great importance on quantifying the mutagenic

potential of compounds to which the population is exposed (3,4).- In Chapter 1 I

described several traditional mutation aésays that have been used to evaluate the

genotoxicity of hundreds of physical and chemical agents. The capabilities of these

assays to sensitively measure mutagenesis have not been limited to genotoxicity testing

but have alsq been used in novel investigations into the adaptive response, the bystander
effect and DNA repair (5-7).

The progression of mutation assays from bacteria to mammalian cells has
improved the relationship between the measured genotoxicity and the response an agent
will likely generate in humans. Ross et al. (8) adapted the CHO A( cell line, previously
used in the complement mediated cytotoxicity assay, to measure mutagenesis by flow

cytometry. Other groups have independently developed similar flow based assays but

have not investigated the kinetics of CD59 mutant expression or the definition of the
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mutant region in depth (9-11). The FCMA decreased the amount of time needed to test
the genotoxicity of an agent and measured significant mutant fractions generated by a
wide range of compounds (12). We have also reported the ability to rapidly generate
mutant spectra for y-rays of mutations up to the size of a large deletion that encompasses
nearly the entire length of chromosome 11 using multi-parameter flow cytometry (13).
However, to fully characterize this ability, agents that generate different types of DNA
damage also had to be assayed. |

The speed and sensitivity of the FCMA makes it a great candidate for research in
a variety of fields using mutagenesis as an endpoint. The kinetics of CD59 expression in
CHO Ay cells has previously been investigated (14). However, the kinetics of mutant
expression in the FCMA must be fully clarified prior to its use in novel studies. In
Chapter 2 I investigated in detail the kinetics of the expression of mutated CD59 after
treatment with EMS, asbestos and radiation. In clonogenic mutation assays treated cells
are consistently challenged on the same day and mutant fractions remain stable over time
(15). In these respects the FMCA differs slightly in that mutant expression for all agents
tested occurs maximally between days 6 and 12 (12), and after peak expression mutant
fractions decreased to a stable plateau.

To investigate peak mutant expression, I analyzed variations in cell proliferation
and cell survival. T, values for cells treated with EMS and asbestos and the percentage
of cells in G2 phase after irradiation returned to control levels within three days post
treatment. Since peak expression occurred no earlier than day 6 for all agents tested to
date, cell cycle changes are not likely the foremost source for variation in mutant

expression. However, clonogenic survival was found to return nearly to control levels by
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the day of peak expression (EMS, asbestos, MNNGQG) or shortly thereafter (y-rays). From
this it can be concluded that the efficient measurement of CD59" mutants requires a
sufficient time for fhe optimal expression of the mutated CD59 phenotype, as well as to
allow for the loss of dying cells from the population.

Next, I examined the mechanisms that cause the mutant fraction in a tfeated
population to decrease after the peak day of expression to a stable plateau. The working
hypothesis was that CD59" cells are preferentially lost from the population due to
retarded growth and/or cell death. After treatment with EMS and radiation, the surviving
fraction of cells sorted from the mutant region on the peak day of expression was ~50%
of cells sorted from the positive peak of the same population. Interestingly, there was no
difference in survival between mutants and non-mutants one month after treatment,
implying that many CD59" cells on the peak day of expression are actually dead or in the
process of dying. Also, when EMS generated CD59 clonal cells were mixed with CD59"
cells the CD59 mutants were exponentially lost from population. Therefore, the decrease
in mutant fraction after the peak day of expressrion can be attributed to a combination of -
the inclusion on the peak day of expression of clonogenically dead CD59" cells and
slowed mutant growth. Slow mutant growth has been observed in other assays (16), but
‘since most of chromosome 11 is not essential for growth or survival, this was not
expected to occur in the CHO Ay cells while selecting for mutations in CD59. With the
current information on mutant expression kinetics it is completely reasonable to report all
CD59- cells on the peak day of mutant expression as the mutant fraction. Though all
cells are not clonogenically viable we do measure DNA damage resulting in the loss of

the CD59 surface protein, which is also a result of the genotoxicity of an agent.
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In Chapter 3 1 generated mutant spectra for EMS and simultaneously attempted to
clarify the definition of the gating region of mutants in the FCMA. Clonal populations
were sorted from CD59 mutant regions following EMS treatment, and the stability of ;
CD59 fluorescence over time was measured. This was done to determine whether cells
scored as mutants were truly negative for CD59 or in a transient stage of expression.
~ Fluorescence, including intermediate levels, remained stable with repeated analysis over
several weeks, with fluorescence intensity closely related to the sorting region. This
contradicts results for clonal populations sorted from CDS59 negative regions after
irradiation; these clones initially had intermediate CD59 fluorescence but were
consistently positive or negative when stained at a later date (14). The differing results
were not surprising because radiation often generates large deletions that would result in
the complete loss of CD59; in contrast EMS would be expected to generate point
mutations and intragenic deletions, allowing for expression of a mutated protein and
intermediate staining. For example, point mutations and small intragenic deletions could
result in conformational changes in the CD59 protein and in turn the affinity of the
antibodies used for detection.

We have previously used flow cytometry to generate mutant spectra for CHO Ap
cells treated with ionizing radiation (13), which was validated by simultaneously using a
standard PCR method (6,17). As expected, radiation predominantly induced large
deletions ranging from several Mb to nearly the entire length of chromosome 11 (~150
- Mb). I generated mutant spectra following EMS treatment by analyzing clonal
populations sorted from 3 regions that had intermediate levels of CD59 expression. Most

sorted cells were determined to be negative for CDS59, but a significant fraction appeared
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to be mutated in a GPI linkage gene as determined by analysis with. FLAER (18). The
lack of GPI is likely caused by a single mutation of the X-linked pig4 gene that encodes
an essential biosynthesis protein (19). In comparison to radiation, EMS generates small
mutations, and a much larger fraction of the total mutants are GPI negative. This is easily
- explained by the observation that large deletions of pigd may encompass essential
hamster genes while smaller intragenic mutations would have little to no effect. Finally,
we confirmed that the 1% mutant region was a conservative estimate (14,20) and that a
10% mutant region should be used in the future, in order to include a greater proportion
of the mutants.

In Chapter 4 I used the FCMA to study the induction of mutations by culturing
cells under severely hypoxic conditions. Previous studies have determined that the stress
induced from hypoxia and the subsequent reoxygenétion can generate DNA damage and
mutations (21,22). The increase in mutagenesis has been attributed to the production of
ROS (23,24) and the suppression of DNA repair pathways in cells under hypoxic stress
(25,26). A 24 hr hypoxic treatment generated significant mutant fractions in both the
CHO A complement mediated assay and the FCMA. Survival characteristics of cells
treated with hypoxia were similar to those treated with other known mutagens, as
described in Chapter 2. Survival of the treated population did not return to control levels
until the peak day of expression, and survival of cells sorted from the mutant region on

‘the peak day was significantly less than the cells sorted from the positive peak of the
same population.

Mutant spectra were generated for background and hypoxia treated cells using the

same flow cytometry method as Chapter 3. Hypoxia mutations were not significantly
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different from background and consisted primarily of large deletions encompassing at
least two markers. Hypoxic stress would be eXpected to generate large quantities of
oxidative damage resulting in point mutations up to deletions (22). Reducing background
levels prior to treatment and increasing the number of mutant clones analyzed would
result in a better picture of the lesions predominantly génerated in CHO Aj cells by
hypoxia.

The radical scavenger DMSO was used to investigate the probable link between
hypoxia induced ROS and mutations (21). The presence of low levels of DMSO during
and after treatment was found to significantly increase cell survival and decrease
mutagenesis using the FCMA. These results strongly support the mechanism that
hypoxia indﬁced DNA damage is at least partially a consequence of ROS interactions.
However, future studies will have to be conducted to determine the manner in which the
radicals are produced.

In Chapter 5 I discussed the relationship between DNA ‘repair proteins, the
induction of mutations, consequent changes to the cell cycle and the effects of these on
the proliferation of CHO cells. I used short interfering RNAs (siRNA) to significantly
decrease the protein levels of Ku80 and Rad51C at the time of treatment with radiation or
EMS. These proteins were chosen for their significant roles in NHEJ and HRR
respectively. EMS and y-rays were chosen for this study due to the differences in the
types of DNA damage they generate and because they have previously been studied in
depth.

Both knockdowns resulted in increased sensitivity to IR and Rad51C silencing

resulted in nearly a fivefold increase in cell killing after EMS treatment while Ku80 KD
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had little effect, which has been observed by several groups previously (27-30). In
Chapter 2 I investigated the cell cycle kinetics of CHO Ay cells after irradiation and EMS
treﬂatment and in Chapter 5 I found that foilowing knockdown of Ku80, cell cycle
characteristics are not significantly altered in cells treated with radiation or EMS.
Interestingly, EMS generated a significant build-up of G2 phase cells by six hours after
treatment an‘d"‘further increased by 18 hours. These results suggest that Rad51C plays an
important role in the repair of the DNA damage generated by EMS that has previously
been determined to be predominantly alkylations and single-strand breaks. Next I
investigated silencing of these proteins and the effects on mutant yield in the FCMA.
Knockdown of Rad51C did not alter the mutant yield generated by these agents. HRR is
not predominantly used to repair radiation damage and increased killing by EMS may
have negated any net change in the mutant yield. However, silencing of Ku80
significantly reduced the mutant yield after treatment with EMS, which may be due to
DSBs generated by alkylation damage during replication being repaired by high fidelity
HRR rather than NHEJ. Finally, these results demonstrate the ability of the FCMA to be
used outside conventional genotoxicity testing.
Strengths and Limitations of the FCMA

We have found that mutagens often generate larger mutant yields in the FCMA
when compared to other mammalian assays, most interestingly the CHO Ap complement
mediated cytotoxicity assay (20). However, many of the CD59" cells measured on the
peak day of mutant expression would likely not form colonies in the compiement
cytotoxicity assay meaning the FCMA is measuring mutations encompassing the CD59

gene, but damage to the cells is too severe for clonogenic survival (colonies >50 cells)
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(31,32). When using the assay alone to assess genotoxicity the complication of the
variation of peak expressién can be overcome by analyzing treated cells on days 6, 9 and
12 to get within a day or two of the peak day.

The variation in peak expression and the subsequent loss of CD59 mutants
contribute to the complexity of using the FCMA as an endpoint in novel studies, such as
DNA repair. For example, by treating cells with siRNAs to knockdown expression of
DNA repair proteins prior to genotoxic insult, the ability of the cells to express mutated
CD59 proteins may be altered, in turn changing the peak day of mutant expression. If
necessary this can also be compensated for by analyzing cells a day prior to and after the
expected peak day.

By analyzing clonal populations sorted from CD59 regions after treatment with
EMS I have confirmed previous results that support setting the mutant gating region of
the FCMA at 10% of the positive peak (Fig. 1). By using the 10% region the variation of
mutant expression between experiments is reduced. Also, the 10% region reduces the
effect of variation in background mutants over time on the mutant’ fraction, especially in
the case of low responders like asbestos. However, even using the conservative estimate
of 1%, the mutant yield in the FCMA (>600 mutants / 10° cells, 8 mM) (12) is greater
than 12 fold higher than the hprt assay (~50 mutants / 10° cells) at a higher dose (10 mM)
(33). Significantly lower responses have also been found in the MLA, TK6 and LacZ
phage assays (34-36).

I have also confirmed that a portion of CD59 negative cells are actually mutated
in an X-linked GPI biosynthesis gene rather than the CD59 gene. Since two separate

mutations can lead to the same phenotype this makes the FCMA slightly more complex.
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Figure 1. Example histograms defining the 1% and 10% gating regions used in the
FCMA for (Top) untreated control cells and (Bottom) cells 9 days after treatment with 8
mM EMS
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However, it is interesting to note that the ratio between CDS59 mutations and GPI
mutations could be investigated for different genotoxic agents. We have already
determined that GPI" mutants are rare after treatment with IR but make up a large
percentage of EMS generated CD59" cells since large deletions of hamster chromosomes
would be fatal but small intragenic mutations would have no effect.
Future Directions

To further investigate the use of the CHO Ay cell line in the FCMA it woulci be
interesting to look in depth into why some cells mutated in the CD59 gene grow slower
than WT cells. Also, it would be important to explore any rellationship between the
size/type of mutation and the numerical difference between the mutant fraction on the
peak day of expression and the mutant fraction at the following plateau phase. In Chapter
2, we show that the ratio of peak MF:plateau MF is ~3:1 and 5:1 for EMS and radiation
respectively. Future research may result in a relationship between the amount of DNA
damage, or non-clonogenically viable CD59" cells, and stable mutations induced by
different agents. If the plateau consists of normally growing stable CD59 negative cells
the FCMA could be calibrated to the CHO Ay clonogenic assay by setting the mutant

region at the same mutant yield as the complement assay.
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