MILLER, KATELYN JO, Ph.D. Investigation of Environmental Virus-Host Interactions:
Chlorpyrifos Effects on Epstein-Barr Virus and B-Lymphocyte Replication. (2019).
Directed by Dr. Amy Adamson. 144 pp

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus that infects nearly
95% of the world’s population. EBV is closely associated with many diseases, most
commonly with infectious mononucleosis, though the virus is also linked to different
types of cancer such as Burkitt’s lymphoma, other non-Hodgkin’s lymphomas,
Hodgkin’s lymphoma, gastric carcinoma, and nasopharyngeal carcinoma. Pesticides are
globally used residentially and agriculturally and have been a topic of discussion with
regard to their effects on human health. Chlorpyrifos, a neurotoxic acetylcholinesterase
inhibitor, has been banned for residential use in the United States since 2000. However, it
is still one of the most commonly used organophosphate pesticides for agriculture.
Epidemiological case studies have investigated potential associations with individuals
who have occupational organophosphate exposure (such as farmers) and certain types of
cancer. However, many of these studies have inconclusive or conflicting results. An
understudied area of investigation is interactions of ubiquitous human viruses and other
environmental factors, such as pesticides, that may promote or further exacerbate adverse
human health issues. It is equally important to understand if environmental factors affect
virus-host interactions and by what cellular mechanisms. This dissertation investigates
the effects of chlorpyrifos and its active metabolite, chlorpyrifos-oxon, on EBV-host
interactions; specifically exploring the effects on EBV and B-lymphocyte replication.
Findings suggest that chlorpyrifos and chlorpyrifos-oxon exposure produce low levels of

oxidative stress and DNA damage to B-lymphocyte cells to initiate cellular signaling



cascades to induce cell cycle arrest. Additionally, we find that pesticide exposure affects
EBV lytic replication and latency in addition to cellular targets that are involved with
viral and host-cell replication and regulatory functions. Overall, our results show that the
presence of EBV appears to have a protective response to cells under cytotoxic stress.
Findings from this study will contribute to a better understanding of EBV-host biology
and interactions in the presence of exogenous environmental factors that may be harmful

to human health.
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CHAPTER I

INTRODUCTION AND BACKGROUND

1. Introduction

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus that infects nearly
95% of the world’s population.! EBV is most commonly linked with infectious
mononucleosis, which is characterized by fatigue, swollen lymph nodes, fever, sore
throat, body aches, and rash. The virus is also associated with different types of cancer
such as Burkitt’s lymphoma, other non-Hodgkin’s lymphomas, Hodgkin’s lymphoma,
gastric carcinoma, and nasopharyngeal carcinoma.® Pesticide use is a worldwide practice
residentially and agriculturally and has been a topic of discussion with regard to potential
adverse effects to humans. Chlorpyrifos is a type of organophosphate pesticide that is
neurotoxic to insects.>> Although certain organophosphates are banned or heavily
restricted for residential use, chlorpyrifos is still used (with restrictions) in
agriculture/commercial farming.**2 Epidemiological case studies have suggested a
connection between pesticide exposure (especially for farmers or other individuals who
have occupational exposure) and certain types of cancer including non-Hodgkin’s
lymphoma.” 2 In contrast, meta-analysis studies (using patient data, farmer/worker
interviews, and blood and urine sample analysis), also report there is little to no direct

connection with pesticide use and cancer formation.51014-1°



An understudied area is the investigation of viruses interacting with other
environmental factors, such as pesticides, to further promote adverse human health
issues. However, it is equally important to understand the basic research and science
aspects of environmental factors effects on virus-host interactions.

2. Background

2.1 Epstein-Barr Virus

Epstein-Barr virus (EBV) is a well-studied, double stranded DNA (Baltimore
class 1), gamma human herpesvirus (HHV-4) that infects over 95% of the world’s
population.t EBV has important research implications and impact due to its global
presence in human populations. EBV is primarily orally transmitted through the exchange
of saliva (kissing, sharing food or drink, using the same utensils), but the virus can also
be transmitted through blood transfusions, organ transplants, and sexual contact. Initial
infection of the virus typically occurs early in life with little (cold and flu like) to no
symptoms, while if infected at adolescence or later, individuals may observe common
symptoms of infectious mononucleosis.?%?! Once infected with the virus, the individual is
a carrier of the virus for life. Most commonly known to cause infectious mononucleosis,
EBV is also widely associated with cancers such as Hodgkin’s and non-Hodgkin’s
lymphoma, Burkitt’s lymphoma (a type of non-Hodgkin’s lymphoma), EBV-associated
gastric carcinoma, and nasopharyngeal carcinoma.! Immunocompromised individuals are
more prone to acquire these malignancies associated with EBV. It is well established that
cancer and tumor formation from EBV infection involve the latency state of infected cells

and the switch back to lytic replication.?? 2



2.2 EBV Infection and Replication

EBV has two mechanisms of replication, lytic replication and latency. Lytic
replication is the process of producing new virions in host epithelial and B-lymphocyte
cells and is a key step in virus pathogenesis.?2-% Once the host cell is initially infected
with EBV (primary infection), the virus can either infect B-lymphocyte cells and enter
latency and/or infect neighboring epithelial cells where the virus continues lytic
replication.»?6-2° EBV glycoproteins attach to host cell receptors or integrins and enter
the host cell through glycoprotein mediated fusion (epithelial cells) or endocytosis (B-
lymphocyte cells).! For B cells, EBV glycoprotein gp350 binds to the host receptor
CR2/CD21 before being endocytosed.?%3° Other important EBV glycoproteins
necessary for infection include gB that mediates fusion of the virus to the B cell
membrane, and the gHgL and gp42 complex that interacts with human leukocyte antigen
(HLA) class 11 and aids in B cell infection.?83%-33 EBV entry into epithelial cells on the
other hand is still an area that researchers continue to explore. From what we know now,
epithelial cells do not utilize endocytosis, but fusion for viral entry via BMRF2 and
integrins for binding, then gHgL and gB for membrane fusion.!*234 It is important to note
that gp42 is an important glycoprotein that mediates and regulates cell type tropism for
EBV.1’30’31’33’34

After attachment, the EBV viral capsid enters the cytoplasm and is transported to
the nucleus via microtubules.! Once in the host cell nucleus, the EBV genome is released
and lytic replication resumes.® Three types of viral genes and proteins are transcribed and

translated during lytic replication: 1) immediate-early, 2) early, and 3) late.! Immediate-

3



early genes and gene products are transactivators that regulate and promote synthesis of
EBV early genes and proteins which are associated with viral replication.23-3" EBV late
genes and proteins are involved with structural and survival characteristics of EBV, such
as capsid formation and gene products that are involved with evasion of the host’s
immune system,127:37.38

Reactivation of the lytic cycle from latency in B cells is important for maintaining
production of new virions and contributing to EBV pathogenesis.**%° Various factors
can contribute to reactivation of lytic replication including DNA damage and chemical
agents like sodium butyrate (NaB) and12-0-tetradecanoyl phorbol-13-acetate (TPA).?*
Production of new virions can advance infection of host B cells to become latent which
can lead to carcinogenesis through the expression of latency genes and proteins.:3%40
Thus, the production of new EBV virions or the reactivation of lytic replication is
necessary for the production of new latent cells.

2.3 EBV Latency and EBV Associated Cancers

After primary infection in epithelial cells, EBV can infect naive B cells (cells that
have not been exposed to antigens).! B cells infected with EBV transform to become
memory, immortalized B cells where the EBV genome circularizes and the cells replicate
as lymphoblastoid cell lines (LCLs).2*-** B-lymphocyte cells infected with EBV that
express genes for latent proteins may lead to cancers like non-Hodgkin’s Lymphoma
(such as Burkitt’s lymphoma) and immunodeficiency dependent lymphomas. 1234547
EBV latency has three programs (I, 11, and 111) and within these programs different types

of genes are expressed that are associated with the development of lymphomas or other
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cancers.1234648 The main types of latency gene products include: EBV nuclear antigens
(EBNAS), EBV latent membrane proteins (LMPs), EBV-encoded small RNAs (EBERS),
and miRNAs.! These are important for maintenance of the viral genome episome,
replication, and enhancement of cell survival (EBNA-1)***: B cell transformation
(EBNA- 3A/3C and LMP-1)°!; oncogene, activator to oncogenic signaling pathway, and
a tumor necrosis factor receptor (LMP1).4144%2 EBNA-1 is expressed in all latency
programs, while other latency protein expression is dependent on the program and

progression of certain EBV-associated diseases (Table 1).

Table 1. EBV-Associated Diseases and Latency Proteins Expressed. Adapted from

Fields Virology.*

Disease

EBV Genes/Proteins
Expressed

Latency Program

Burkitt’s Lymphoma | EBNA-1 1
Gastric Carcinoma EBNA-1 1
Hodgkin’s EBNA-1, LMP1, 2
Lymphoma LMP2

Nasopharyngeal EBNA-1, LMP1, 2
Carcinoma LMP2

Post-transplant EBNA-1, EBNA-2, 3

Lymphoproliferative
Disease

EBNA-3, EBNA-LP,
LMP1, LMP2




Low levels of latent viral proteins allow EBV to evade an immune response by
the host. Latency of EBV mainly occurs in B-lymphocyte cells and can occur soon after
infection or can occur after lytic replication.1*® EBV can still replicate while dormant,
however, mechanistically, replication occurs through the host cells’ cellular division
rather than viral replication mechanisms.?’

2.4 EBV-Host Interactions

It is well known that EBV and other herpesviruses utilize and hijack host
mechanisms/signaling pathways for replication and survival.*®>® EBV protein expression
can either activate or disrupt certain cellular pathways/cascades or conversely the activity
of a particular pathway might initiate EBV protein activity. Some examples of this
include 1) EBV lytic replication is inhibited by the inactivation of mMTORC1% and YY1
regulation,?** 2) activation of EBV lytic proteins BZLF1 and BMRF1 induce activation
of MAPKs like p38 and JNK®® and the PI3K signaling cascade,®’ 3) ATM-mediated cell
cycle signaling is induced with EBV Iytic replication,>® 4) latent EBV protein LMP1
disrupts NF-kB regulation to transform lymphocyte cells and to promote cell
proliferation,®°° and 5) LMP2 activates the Ras/PI13K-AKT constitutively for B cell
transformation.°

2.5 Neuronal and Immune Cell Acetylcholine and Acetylcholinesterase

Acetylcholine is a neurotransmitter that is typically found within the central
nervous system at synapses. Choline acetyltransferase synthesizes acetylcholine from
acetyl-CoA and choline at the presynaptic terminal of neuronal cells. Once released to the

synaptic cleft, acetylcholine binds to either nicotinic (ligand-gated ion channels) or
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muscarinic receptors (G-protein-coupled receptor/integral membrane protein) on the post-
synaptic cell where acetylcholinesterase AChE breaks down acetylcholine (to choline and
acetate) (Fig.1).5! Choline can then reenter the presynaptic terminal to start synthesis with
acetyl-CoA and choline acetyltransferase (Fig.1). AChE typically is stored in vesicles
near acetylcholine receptors in the synaptic cleft (space between the presynaptic terminal
and postsynaptic cell) of the cytoplasm of neurons.5? Although acetylcholine is normally
found in neuronal cells, it can also be found in a variety of mammalian immune cells,
including human lymphocytes.®*®® Like neuronal cells, lymphocyte nicotinic and
muscarinic receptors are present and acetylcholine is synthesized also by choline
acetyltransferase or carnitine acetyltransferase.51%4%6-68 Studies have shown that only T-
cells synthesize choline acetyltransferase, and not B cells; however, other studies have
found that B cells do produce choline acetyltransferase.®2%8% |t has also been established
that both T and B cells express AChE mRNA.% Based on different studies investigating
non-neuronal acetylcholine activity, it appears that in immune cells, like lymphocytes,
acetylcholine receptors are found on the cell membranes where extracellular
acetylcholine can bind to the receptor. From there, AChE can hydrolyze acetylcholine to
acetate and choline, where choline and acetyl-CoA within the cell can form acetylcholine

via an acetyltransferase where acetylcholine can be transferred to other cells.5?



Presynaptic Terminal
Ch=Choline

CAT=Choline Acetyltransferase
ACh= Acetylcholine

AChE= Acetylcholinesterase

ACh Receptors

PostsynapticCell

Figure 1. Overview of Synthesis and Regulation of Acetylcholine at Synapses.
Acetylcholine is typically most associated at the synapses of neurons. Acetylcholine is
synthesized in the presynaptic terminal by choline and acetyl-CoA with choline
acetyltransferase (CAT or ChAT). Newly formed acetylcholine is packaged in vesicles
and gets transferred to the synaptic cleft (space between the pre and postsynaptic cells)
where it will bind to acetylcholine receptors (AChRs). Acetylcholinesterase (AChE)
will then breakdown acetylcholine to choline and acetate. Choline will then get
shuttled back into the presynaptic terminal to undergo acetylcholine synthesis again.



2.6 Organophosphates and Pesticide Use

Organophosphates (such as chlorpyrifos) are commonly used as pesticides for
residential and agricultural use. Specifically, they act as neurotoxic insecticides and
function as AChE inhibitors.2#1270-"3 Qrganophosphates are irreversible inhibitors that
prevents AChE from hydrolyzing acetylcholine. This in turn prevents the breakdown of
acetylcholine (to choline and acetate) and results in acetylcholine accumulation causing
overstimulation, thus creating issues with neurotransmission, and eventual
neurotoxicity.241270-73

Organophosphate poisoning can lead to sweating, muscle weakness, involuntary
muscle movements, excessive production of saliva, and excessive constriction of the
pupil.”* More severe organophosphate poisoning can lead to extreme health conditions
like loss of consciousness, failure of the respiratory system, convulsions, and in the some
cases, death.*"%:72

The main route of absorption is through ingestion or inhalation, but
organophosphates can also be absorbed dermally depending upon the organophosphate as
they are lipophilic.* Many organophosphates are biotransformed to a more toxic form,
such as oxons, though this form is more likely to degrade freely.3*747> In humans,
biotransformation occurs mainly in the liver through phase I and phase 1 reactions.”®"®"
In vivo, organophosphates become transformed to their active metabolite through a
variety of different process such as oxidation, desulfuration, hydroxylation, and other
reactions not related to oxidation (Fig.2).”%">"®7° Detoxification of organophosphates

occurs either through bond cleavage via hydrolysis, glutathione S-transferases (GST),
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dearylation, and hydrolytic enzymes (Fig.2).”%"1.73.74798 Qther characteristics of
organophosphates include being lipophilic, which allows easy absorption to target insects
and also the ability to be easily stored in fat cells in humans, causing delayed neuropathy,
and depending on the organophosphate, being prone to having additive effects when
another organophosphate is present and absorbed.*"%7281 Prolonged exposure to humans
may potentially cause dysregulation in important cellular signaling pathways.

Chlorpyrifos (CPF) is an example of a commonly used organophosphate in
agriculture. As of the early 2000s, there were 10 million pounds of CPF applied to crops
each year and of those crops, corn used CPF the most at 5.5 million pounds of CPF.1182
Over the years, CPF and other organophosphates have been heavily regulated, banned, or
phased out by the Environmental Protection Agency (EPA).>*8% In the US, CPF is no
longer allowed for residential use, but is allowed for agricultural use, and has undergone
several reevaluations and human health risk assessments by the EPA, 2 with the most
recent in 2016.%4

CPF toxicity is caused through the irreversible binding of the active metabolite
chlorpyrifos-oxon (CPO) to AChE.®-8" CPO is the oxidized metabolite of CPF and is
known to be more toxic than the parent compound.®” CPF to CPO metabolism is

cytochrome P450 (CYP450) mediated, more specifically CYP2B6 and CYP3A4.7488
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As mentioned with general organophosphate metabolism, CPF is detoxified by

dearylation (CYP450 mediated) or hydrolysis to form the non-toxic 3, 5, 6-trichloro-2-

pyridinol or TCP. The TCP metabolite is often used to detect CPF exposure in blood or

urine samples (Fig.2).748587.89
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Figure 2. Biotransformation of Chlorpyrifos. Chlorpyrifos can undergo oxidative
desulfuration to form its active metabolite, chlorpyrifos-oxon. Alternatively,
Chlorpyrifos can also undergo a detoxifying step involving dearylation or hydrolysis
to form the metabolites, 3,5,6-trichloropyridinol (TCP) and diethylthiophosphate.
Chlorpyrifos-oxon also undergoes a detoxifying step via paraoxanase to form TCP

and diethylphosphate.
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2.7 Cell Cycle Requlation and Cancer

The cell cycle is an important cellular mechanism necessary for chromosome
replication and segregation. This process includes mitosis and interphase (G1, S, and G2
phases). During G1 phase, the cell awaits a signal to initiate entry into S phase, and
prepares for DNA replication. S phase is the actual step where DNA is replicated, and
during G2 phase the cell is preparing for the newly synthesized DNA to undergo mitosis.
During mitosis the chromosomes, as well as all other cellular components, are
segregated; this stage is immediately followed by cytokinesis.

The cell cycle is regulated and controlled by many different regulatory proteins,
however cyclin dependent kinases (CDKSs) are key in driving cell cycle progression (and
also arrest).®>% There are nine known CDKs, of which five are necessary and activated
during G1 (CDK2, 4, and 6), S (CDK2) or G2 (CDK1) phase.®*%23 Cyclins binding to
CDKs are also necessary for cell cycle progression and regulation, especially for
transitions and entry from one phase to another (such as G1 to S transition or G2 to
mitosis transition).%® Although there are at least sixteen types of cyclins, only cyclins A,
B, D, E, and H are seen in cell cycle activity.?® Notably, cyclin D is active during G1,
cyclin E promotes the G1 to S transition and is active during S phase (along with cyclin
A), and cyclin B regulates early M phase events.®%* Phosphorylation is also a major
regulator for CDKs, with activating and inhibitory phosphorylation events. When the
phosphatase Cdc25 dephosphorylates CDK at an inhibitory site, the CDK becomes

active; conversely persistent phosphorylation of CDK due to either deactivated Cdc25 or
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by the active kinases Weel or Myt1, results loss of CDK activity and thus cell cycle
arrest.90,91,95—101

In order to regulate and maintain proper cell cycle progression, cell cycle
checkpoints are present to ensure DNA is properly replicating and to prevent damaged
cells from progressing through the cell cycle.®2%"192 During these checkpoints, if the cell
detects DNA damage or issues with DNA replication, it will induce cell cycle arrest to
allow time to repair or to prepare for programmed cell death (apoptosis).?>-97:100.103 Cg]|
cycle arrest can be initiated by the activation of tumor suppressor proteins such as p53 or
by CDK inhibitors such as p21.9%%% |n the presence of DNA damage, a cascade of
events involving the DNA damage response (DDR) signaling pathway is activated to
activate ataxia-telangiectasia-mutated (ATM) and ataxia-telangiectasia-mutated and rad3
related (ATR) protein kinases.100194-197 Activation of ATM and ATR result in
phosphorylation of either p53 or p21 or of Chk1 or Chk2 (checkpoint control proteins).
Phosphorylation of p53 and p21 results in cell cycle arrest at the G1/S
transition,%0:91.9.100104.107 phogphorylation of Chk1 via ATR results in phosphorylation
(deactivation) of Cdc25C and subsequent phosphorylation/deactivation of CDK1 (thus a
G2/M transition cell cycle arrest), while phosphorylation of Chk2 via ATM results in
phosphorylation (deactivation) of Cdc25A which in turn phosphorylates/deactivates
CDK?2 (thus a G1/S transition cell cycle arrest),%0:91:93,96100,104,107-109

Cancer is the result of uncontrolled cell proliferation.®® Exogenous factors can
alter regular cell cycle function or can cause mutations to proto-oncogenes or tumor

suppressor genes so that proto-oncogenes promote tumor growth versus healthy cell
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proliferation, while mutated tumor suppressor genes will not stop cell cycle progression
when needed.*19211% Cycle dysregulation can also involve mutations or issues with
CDKs, cyclins, other CDK substrates, as well as other cell cycle checkpoint proteins like
Chk1 and Chk2,%9100.111

This dissertation project described the investigation of the effects of chlorpyrifos
and its active metabolite chlorpyrifos-oxon on EBV-host/cell interactions in B-
lymphocyte cells, with specific focus on EBV and B-lymphocyte replication. Our initial
conceptual model for our hypothesis was that CPF and CPO irreversibly binds to B-
lymphocyte AChE to inhibit the breakdown of acetylcholine and therefore accumulation
of acetylcholine outside of the cell and depletion inside the cell (Fig. 3A). We also
hypothesized that the presence of chlorpyrifos would affect both EBV and B-lymphocyte
replication by organophosphate induced cytotoxicity. Additionally, we hypothesized that
the presence of Epstein-Barr virus and the pesticide chlorpyrifos (and the active
metabolite chlorpyrifos-oxon) would interact and initiate a combined effect on three
different B-lymphocyte cell lines, two with the virus and one without the virus. That is,
we thought cells infected with the virus would have a greater and different response in
comparison to the cells without the virus (Fig. 3B). However, after analysis of our results,
we now believe the interaction between the host cell and the presence of EBV and
chlorpyrifos was more so a potentiation relationship/effect. With a potentiation effect, we
saw that presence of EBV showed a protective response when cells were under
organophosphate influenced stressors in comparison to EBV-negative cells. This effect

would be beneficial to EBV or for potential disease progression where normal cellular
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responses are delayed when cells were exposed to high concentrations of the
organophosphate. In contrast, this effect could be a potentially dangerous disadvantage
for host cells and human health given the same delayed in cellular response (e.g. cell
cycle arrest at higher concentrations of CPF or CPO).

The results from this basic research approach will provide further insight about
environmental virus-host interactions at the cellular level and how these effects can alter
important cellular signaling pathways and mechanisms which in turn can impact human
health. Overall, we found it fascinating that the presence or absence of EBV made a
difference in how cellular mechanisms and pathways in B-lymphocytes reacted in the

presence of CPF or CPO.
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Figure 3. Initial Conceptual Models for the Effects of EBV Infection and
Organophosphate Exposure. (A) Presence of organophosphates may cause
acetylcholine buildup on the outside of B-lymphocyte cells and thus cause cellular
damage and problems with cellular regulation. (B) Both EBV and organophosphates
can cause independent health concerns, but the combination of both may cause a
synergistic reaction that promotes human health issues.
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CHAPTER II
ORGANOPHOSPHATE EXPOSURE CAUSES VIRAL AND CELLULAR

DYSREGULATION IN B-LYMPHOCYTE CELLS

This Chapter is coauthored by Katelyn Miller and Amy Adamson

1. Introduction

Epstein-Barr virus (EBV) is one of the most prevalent human herpesviruses,
infecting more than 90% of the adult population.! The virus is known to be associated
with a variety of human health issues including infectious mononucleosis, Burkitt’s
lymphoma, Hodgkin’s and non-Hodgkin’s lymphoma, and nasopharyngeal carcinoma
and cancer.! Although EBV is a well- studied, ubiquitous virus, there is still a knowledge
gap in virus-environmental interactions in relation to human health. An example of an
understudied virus-environmental interaction is the potential relationship between EBV,
pesticides, and cancer formation.

Organophosphate pesticides are commonly used worldwide, both in an
agricultural and residential context (though most organophosphates have been banned,
phased out, or restricted for residential use in the U.S. starting by the year 2006).341!
According to the Environmental Protection Agency (EPA), some organophosphates are
moderately toxic and non-carcinogenic.>* Organophosphates act as neurotoxins, targeting

and inhibiting acetylcholine from binding to acetylcholinesterase.®>#'2 This inhibition
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prevents the breakdown of acetylcholine to choline and acetate, and thus leads to
acetylcholine accumulation, hyperstimulation of acetylcholine receptors, and eventual
neurotoxicity.> Organophosphates, in particular chlorpyrifos (CPF), have mainly been of
concern for young children due to the pesticide’s ability to cause developmental
issues.!12115 Recently, it has been suggested that the EPA ban CPF for agricultural use
because of these developmental problems. Other studies have investigated how
organohalogens, organochlorines, and organophosphates are toxic or contribute to
developmental issues in environmental ecosystems like fresh water aquatic systems (from
agriculture runoff) and animals (including farm livestock, birds, fishes, and
amphibians).”>!1%117 Other commonly used pesticides like organohalogens and
organochlorines have been previously studied in relation to antibody titers of EBV
antigens and risk of non-Hodgkin’s lymphoma. These studies concluded that blood
samples with increased titer levels of EBV early antigen 1gG have increased risk for hairy
cell leukemia and other forms of non-Hodgkin’s lymphoma with the presence of
organochlorines and organohalogens.18-120 Here, we are interested in how pesticides
affect ubiquitous viruses like EBV and how the pesticide-virus interactions can contribute
to human health at the cellular and molecular level.

Although some moderately-toxic organophosphate pesticides are considered non-
carcinogenic, there have been several international meta-analyses that have investigated
the relationship between lymphomas (Hodgkin and non-Hodgkin) and occupational
exposure to pesticides. Many of these case studies focus around individuals who closely

work with pesticides (insecticides, herbicides, fungicides) like farmers, field workers, and
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their families.%814-16121-124 Some studies analyzed data relating to individuals who have
lymphomas and compared them to occupational exposure to a variety of different
pesticides including organophosphates,®” while other studies collected urine samples
13124125 or plood samples and looked for residual waste products of the
organophosphates.?® These studies found mixed results from their analyses for linking
pesticide exposure and lymphoma formation; studies either cited a weak!?? or moderate
correlation and stated that further studies needed to be conducted to factor in other
variables.®®12 With such inconclusive results, it is critical to investigate, outside of case
study data, how two environmental factors, both potentially linked to cancer and other
adverse health issues, interact with each other and contribute to human disease.

Here we examine how both the virus and host cells are affected when EBV
infected B cells are exposed to organophosphate pesticides chlorpyrifos (CPF) and its
active metabolite chlorpyrifos-oxon (CPO). Specifically, we investigated essential
cellular mechanisms, including cell viability and the cell cycle, to determine if and how
basic cellular biology was altered in the presence of an organophosphate, comparing
EBV-positive (EBV+) and EBV-negative cells (EBV-). We used concentrations of CPF
and CPO that represent the high end of environmental exposure (100-125 uM) as well as
concentrations that exceed those environmental levels (150-200 uM).*?” As EBV requires
host cellular machinery/mechanisms to be maintained in cells and to propagate, we also
investigated how EBV biology itself was altered at the protein level, when EBV+ cells

were exposed to organophosphates.
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Only one other similar study has been undertaken to our knowledge. A study by
Zhou et al. presented evidence that CPF caused oxidative stress in Raji cells [EBV+,
Burkitt’s lymphoma (BL)]. This was the only cell line used in their study and they report
that CPF exposure caused latent EBV to reactivate when cells were exposed to CPF.1%8
Within our study however we were not able to reproduce reactivation of EBV in EBV+,
BL cells or other EBV lymphoblastoid cell lines upon any CPF exposure.

Here, we postulate that the organophosphate, CPF and CPO (active metabolite)
bind to acetylcholine receptors on B cells and thus also irreversibly bind to AChE. The
CPF and CPO presence and binding to AChE would then result in the accumulation of
acetylcholine outside the cell, and thus prevent sufficient amounts of choline, and acetate
inside the cell for B cell function and survival (Fig. 4A). We hypothesize that the
combination of EBV infection and organophosphate exposure results in a synergistic
effect that affects human health at the cellular level (Fig. 4B).

Our investigation of how organophosphates affected EBV+ and EBV- cells
showed that cell viability decreased as the concentration of CPF, but not CPO, increased
[EBV+, non-BL and EBV-, BL]. Additionally, we observed that both CPF and CPO
induced a G1/S transition cell cycle arrest in EBV+ and EBV- cells. We also concluded
that proteins necessary for EBV replication and proteins known to regulate EBV
replication were affected with CPF and CPO exposure. Most interestingly though, we
found that in almost all of our results, EBV- cells were overall more sensitive to the
organophosphate exposure and elicited responses at lower concentrations in comparison

to EBV+ cells.

34



That is, EBV- cells responded appropriately with CPF and CPO activity, while EBV+

cells had a delayed response in cellular activity, presumably, protected by EBV.
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Figure 4. Initial Conceptual Models for the Effects of EBV Infection and
Organophosphate Exposure. (A) Presence of organophosphates may cause
acetylcholine buildup on the outside of B-lymphocyte cells and thus cause cellular
damage and problems with cellular regulation. (B) Both EBV and organophosphates
can cause independent health concerns, but the combination of both may cause a
synergistic reaction that promotes human health issues.
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2. Materials and Methods

2.1. Cell Culture

IM9 and Raji are immortalized, human derived B-lymphocyte cell lines that are
infected with EBV. IM9 cells are non-cancerous, derived from an individual with
infectious mononucleosis [EBV+, non-Burkitt’s lymphoma (BL)] (ATCC), while Raji
cells are cancerous, derived from an individual with Burkitt’s lymphoma (EBV+, BL)
(ATCC). Ramos cells are a B-lymphocyte cell line derived from an individual with
Burkitt’s lymphoma, but not infected with EBV (EBV-, BL) (ATCC). Cells were
maintained at 37°C and 5% CO. with RPMI-1640 media containing 10% fetal bovine
serum, plus penicillin, streptomycin, and fungicide.

2.2. Organophosphate Pesticides

Organophosphates used in this experiment include CPF and CPO (the active
metabolite). CPF and CPO (Chem Service Inc., West Chester, PA) were dissolved in
DMSO for a final stock concentration of 100 mM.

2.3. Treatment Conditions

Cells were either left untreated, were treated with vehicle (DMSO, Sigma
Aldrich), or were treated with organophosphate (ranging from 0-300 puM). Treatments
were incubated for 24 hr prior to assays. EBV+ cells were induced into the lytic cycle
with 20 ng/mL 12-0-tetradecanoyl phorbol-13-acetate (TPA) and 3 mM sodium butyrate

(NaB).
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2.4. Cell Viability

Cell viability was assayed with the Guava ViaCount reagent (Millipore Sigma,
USA) according to manufacturer’s protocol. Prepared samples were analyzed using the
Guava easyCyte flow cytometer and the ViaCount program. Cell count was also carried
out by the ViaCount program.

2.5. Cell Cycle

Cell cycle stages were determined with Guava Cell Cycle reagent (Millipore
Sigma, USA) according to manufacturer’s instructions. Samples were incubated in the
dark at room temperature for 30 minutes prior to analysis using the Cell Cycle program
on the Guava easyCyte flow cytometer.

2.6. Western Blot

Protein samples were lysed with ELB lysis buffer (0.25M NaCl, 0.1% NP40O, 50
mM HEPES pH 7.5, 5 mM EDTA, and protease/phosphatase inhibitors) and 20-40 ug
were run on a 10% SDS-PAGE gel at 200V and transferred to an Immobilon membrane
(Millipore) overnight at 100 mA.

2.7. Immunoblotting

Blots were blocked with 0.25% milk block solution (0.25% milk, 1x PBS, and
0.1% Tween-20). Primary antibodies used include a Tubulin (1:500; Santa Cruz
Biotechnology), -Actin (C4) (1:500; Santa Cruz Biotechnology), EBV ZEBRA (BZ1)
(1:500; Santa Cruz Biotechnology), and EBV EBNA-1 (1EB12) (1:500; Santa Cruz
Biotechnology) overnight at 4°C. Secondary antibodies used include goat-anti-mouse 19G

(H+L) and goat anti-rabbit 1gG (H+L) (1:5000) (Jackson ImmunoResearch Laboratories,
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Inc) for 10 minutes at room temperature. After each primary and secondary antibody
incubation, blots were washed four times with Western wash solution (1x PBS, 0.1%
Tween-20) using the SNAP i.d. 2.0 Protein Detection System (Millipore). Imaging and
quantification were done using the C-DiGit Western Blot Scanner (LICOR).

2.8. Statistical Analysis

A two-tailed student T-test was used to establish statistical significance with p-
values <0.05 as significant for Western blots. A one-way ANOVA with a Dunnett’s
multiple comparison test was used for analysis when comparing treatments to the control
when the standard deviations were equal while a Dunnett’s T3 multiple comparison’s test
was used for unequal variance (with a Welch’s one-way ANOVA). Statistical analysis
and graphs were made using PRISM’s Graphpad using the mean of all the trials and
SEM.

3. Results

3.1 Chlorpyrifos, but not Chlorpyrifos-Oxon, Exposure Neqgatively Affects Cell Viability

of B-Lymphocyte Cells

To determine if chlorpyrifos (CPF) treatment was toxic to cells, EBV+, BL and
EBV+, non-BL cells were exposed to 14 different concentrations (10, 20, 40, 50, 70, 80,
100, 125, 150, 175, 200, 250, 275, and 300 uM) of CPF or to the DMSO vehicle for 24 hr
and were assessed for cell viability (Fig. 5). EBV+, BL cell viability was statistically
unaffected by CPF treatments relative to the DMSO control (93% viable). Treatments
that ranged from 10-125 uM were 88%-94% viable. From 150 uM to 300 pM, there was

a trend of decreased cell viability with increasing CPF concentration (going from 78% to

38



down to 49% viable) (Fig. 5A). EBV+, non-BL cell viability was more greatly affected
by the CPF exposure with three of the treatment doses (175, 275, and 300 uM) and
showed decreased cell viability with statistical significance in comparison to the DMSO
control (91%viable) (Fig 4B). EBV-, BL cells were exposed to 100, 125, 150, 175, and
200 uM CPF, and showed statistically significant decreased viability at 125 and 175 pM
in comparison to the DMSO control (Fig. 5C). Notably, the EBV+, BL and EBV+, non-
BL cells remained viable at concentrations of CPF that were toxic to the EBV- cell line
(125 pM).

Concentrations of the active metabolite of CPF, chlorpyrifos-oxon (CPO) used in
subsequent experiments were based on results from this cell viability assay using CPF
(Table 2). CPO was also tested for its effects upon cell viability on all three cell lines.
Interestingly, this compound caused no statistically significant changes in cell viability
(Fig. 5).

To investigate why CPF caused changes in cell viability and not CPO, we also
looked at overall cell concentration (cells/mL) for each cell line and treatment (Fig. 6).
CPF treated cells showed decreased total number of cells with increased CPF
concentration, a similar trend to CPF cell viability results (Fig. 6A-C). CPO treated cells
however showed that EBV+, BL cells increased in cell concentration in comparison to
the DMSO control, EBV+, non-BL cells varied, but overall had a trend of slightly
decreased cell concentrations, and EBV-, BL cells showed dramatic decrease of cell

concentration at higher concentrations in comparison to the DMSO control (Fig. 6D-F).
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Overall these results showed that EBV-, BL cells were more sensitive in assessing
CPF exposure and cell viability. The results also showed that CPF affected B-lymphocyte
cell viability more than CPO. Our results that looked at cell concentration provided
evidence that CPF affects cell proliferation in a concentration dependent manner for all
three cell lines. CPO treated cells showed that cell proliferation was not affected in
EBV+, BL, but only slightly decreased cell viability in EBV+, non-BL, however; EBV-,

BL was the most affected showing that CPO exposure decreased cell proliferation.

Table 2. Organophosphate Type and Concentrations

Organophosphate Concentration Used (upM)
Chlorpyrifos 10, 50, 100, and 300
Chlorpyrifos-oxon 100, 125,150, 175, and 200
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Figure 5. CPF Decreased Cell Viability while CPO showed no Change in Cell
Viability in B Cells. (A) EBV+, BL, (B) EBV+, non-BL were treated with CPF (0-300
puM) for 24 hours, while (C) EBV-, BL were treated 0-200 uM of CPF. To compare to
the parent compound, (D) EBV+, BL, (E) EBV+, non-BL, and (F) EBV-, BL cells
were exposed to CPO for 24 hours at 100, 125,150, 175, and 200 uM. ViaCount
reagent (EMDMillipore) and flow cytometry was used to measure cell viability of host
cells when exposed to the insecticide. * indicates p-value <0.05, CPF=Chlorpyrifos,
CPO=Chlorpyrifos-oxon, n= 4 for EBV+, BL for CPF treatments, n=5 for EBV+, non-
BL CPF treatments, and EBV-, BL CPF and all CPO treatments experiments were
n=3.
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Figure 6. Increasing Concentrations of CPF Decreased Total Cell Concentration while
Increasing Concentrations of CPO Affected Total Cell Concentrations in EBV- Cells.
(A) EBV+, BL, (B) EBV+, non-BL, and (C) EBV-, BL cell lines were exposed to CPF
for 24 hours. While (D) EBV+, BL, (E) EBV+, non-BL, and (F) EBV-, BL cell lines
were exposed to CPO for 24 hours. Cells were analyzed via flow cytometry to
determine the total cell concentration of each sample. * indicate p-values < 0.05 when
compared to the vehicle control group (DMSO).
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3.2 Organophosphates Alter Cell Cycle Requlation of B Cells

To determine if CPF exposure could affect cell cycle progression from one phase
to another (G1, S, G2, and back into G1), EBV+, BL, EBV+, non-BL, and EBV-, BL
cells were treated with four different concentrations of CPF (10, 50, 100, and 300 pM) or
the DMSO vehicle for 24 hr and were assayed for cell cycle phases (G1, S, or G2) (Fig.
7). All cell lines exposed to CPF at all treatment doses did not show statistically
significant changes in the percentage of cells in G1 phase (Fig. 7). EBV+, BL cells had a
statistically significant decrease of the percentage of cells in S phase at 300 uM (9.95%)
in comparison to the DMSO control (18.78%) (Fig. 7A). EBV+, non-BL and EBV-
negative, BL cells did not have any statistically significant changes in the percentage of
cells in S phase (Fig. 7B and 7C). All three cell lines showed decreased percentage of
cells in G2 phase with statistical significance in comparison to the DMSO control (Fig.7):
EBV-+, BL (DMSO: 17.18%, 300 uM: 8.25%), EBV+, non-BL (DMSO: 25.65%, 300

UM: 13.60%), and EBV-, BL (DMSO: 20.48%, 300 LM: 8.75%).
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Figure 7. High Concentrations of CPF Induced Cell Cycle Arrest in B Cells. (A)
EBV+, BL, (B) EBV+, non-BL, and (C) EBV-, BL cell lines were exposed to CPF for
24 hours. Cells were analyzed via flow cytometry to determine the percentage of cells
in G1, S, or G2 phase of the cell cycle. * indicate p-values < 0.05 when compared to

the vehicle control group (DMSO). n = 4.
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Since the active metabolite is typically more toxic than the parent compound, we
wanted to see if the potentially more toxic metabolite would cause cell cycle arrest at
lower concentrations. We exposed CPO to all three cell lines at five different
concentrations (100, 125, 150, 175, and 200 uM). In EBV+, BL cells exposed to the
CPO, the average percentage of cells in G1 phase increased with concentration in
comparison to the DMSO control (42.6%): 100 uM (48.96%), 125 uM (53.4%), 150 uM
(56.33%), 175 uM (58.53%), and 200 uM (56.26%) (Fig 8A). The mean percentage of
exposed cells in S phase of the cell cycle overall decreased with increased concentrations
of the CPO when compared to the DMSO control (13.8%): 100 uM (15.86%), 125 uM
(11.5%), 150 pM (9.6%), 175 uM (7.63%) and 200 pM (7.43%), with statistical
significance at 175 and 200 uM (Fig. 8A). The average percentage of cells in G2 phase
also decreased with increased concentrations compared to the control (22.53%): 100 uM
(13.8%), 125 UM (13.43%), 150 pM (13.8%), 175 M (14.6%) and 200 uM (17%), with
statistical significance at 125 uM (Fig. 8A). For EBV+, non-BL cells, the mean
percentage of cells in G1 phase in comparison to the DMSO control (14.28%) were as
follows: 100 uM (22.05%), 125 uM (24.38%), 150 uM (28.20%), 175 uM (26.43%), and
200 uM (25%) (Fig. 8B). The average percentage of EBV+, non-BL cells in S phase in
comparison to the control (5.62%) were as follows: 100 uM (5.1%), 125 uM (6.55%),
150 pM (9.35%), 175 pM (8.72%), and 200 pM (10.95%), with statistical significance at
150 uM and 200 pM (Fig. 8B). The mean percentage of EBV+, non-BL cells in G2 phase
initially increased at 100 uM (40.05%), 125 uM (38.90%), and 150 uM (34.90%) and

then decreased at 175 uM (24.08%) and 200 uM (23.08%) compared to the DMSO

45



control (32.30%) (Fig.8B). The average percentage of EBV-, BL cells at G1 phase
increased at all concentrations compared to the control (23.43%): 100 uM (29.63%), 125
UM (31.73%), 150 pM (32.63%), 175 puM (34.70%), and 200 uM (36.17%) with
statistical significance at 100 uM, 175 pM, and 200 uM (Fig. 8C). The percentage of
cells in S phase did not show any statistical significance throughout treatments in
comparison to the DMSO control (19.20%): 100 uM (18.97%), 125 pM (20.13%), 150
MM (19.67%), 175 uM (16.63%), and 200 uM (18.23%) (Fig. 8C). Similarly, the average
percentage of EBV-, BL cells in G2 phase did not show any statistically significant
differences when treatments were compared to the DMSO control (23.63%): 100 uM
(21.83%), 125 pM (21.07%), 150 UM (20.53%), 175 pM (19.90 %), and 200 UM (16.90
%) (Fig. 8C).

Taken together, these data indicated that the parent compound induced cell cycle
arrest at the G1/S transition at high concentrations (300 uM). Whereas the oxon form,
CPO, had the ability to cause cell cycle arrest at the G1/S transition in EBV- cells at
lower concentrations (starting at 100 uM) in comparison to EBV+ cells. Interestingly,
there was increased entry into S phase within EBV+, non-BL cells that were not yet
cancerous, at specific doses (150 uM and 200 uM). This suggested that the active
metabolite of CPF can potentiate with EBV to promote cell cycle progression under
conditions that would normally halt the cell cycle and/or kill the exposed cells. Overall
these results showed, again, that EBV-, BL cells were more sensitive and induced proper
cellular response (cell cycle arrest in the presence of cytotoxic stressors) at lower

concentrations in comparison to EBV+ cell lines that responded at higher concentrations.
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Figure 8. CPO Exposure Induced Cell Cycle Arrest to B Cells in a Dose Dependent
Manner. (A) EBV+, BL, (B) EBV+, non-BL, and (C) EBV-, BL cell lines were
exposed to CPO for 24 hours. Cells were analyzed via flow cytometry to determine
the percentage of cells in G1, S, or G2 phase of the cell cycle. * indicate p-values <
0.05 when compared to the vehicle control group (DMSO). EBV+, BL and EBV-, BL:

n=3, EBV+, non-BL: n=4.
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3.3 Chlorpyrifos-Oxon Exposure Alters Expression of Important Viral and Cellular

Proteins

To understand viral changes that may be occurring in EBV+ cells at a dose of
organophosphate that did not cause major effects, cells were exposed (for 24 hours) to
100 uM of CPF or CPO in the presence of TPA/NaB, a chemical inducer of the EBV
Iytic life cycle. The 100 uM concentration of CPF or CPO was chosen since both EBV+
cell lines showed decreased cell viability, without killing cells when exposed to CPF
during preliminary analysis; the same concentration was used for CPO since the active
metabolite is typically more toxic than the parent compound. BZLF1 is an important
EBV protein that acts as a transactivator for EBV early genes (necessary for viral
replication). EBV+, BL cells showed decreased expression of the viral protein BZLF1
when compared to cells only exposed to TPA/NaB: the effect of the oxon form was the
most dramatic (Fig. 9A). We found neither CPF nor CPO were able to induce lytic
replication on their own, however (Fig. 9A). These results refute the results by Zhao et al,
who claimed that CPF treatment of EBV+, BL cells readily triggered Iytic replication?®,

Under the same conditions, EBV+, non-BL cells showed increased expression of
BZLF1 when exposed to CPF, but showed decreased expression of BZLF1 when cells
were exposed to CPO (Fig. 9B). Similarly, neither CPF nor CPO alone were able to
induce lytic replication without TPA/NaB treatment.

EBV+, BL and EBV+, non-BL cells were exposed to a dosage series of CPO and
Western blots were probed for the EBV latent protein EBNAL. EBNAL is important for

EBV replication during latency, host survival, and transcription for other latent genes.'?
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EBV+, BL cells did not show any expression changes of EBNA1 (Fig. 10A). While
EBV+, non-BL cells, however, showed EBNAL expression increased with statistical
significance as compared to the DMSO control at 125 pM and 175 uM (Fig. 10B).
Overall, these results indicate that a dose of CPO that caused no visible cellular
effects (in terms of cell viability and cell cycle) was able to have dramatic effects upon
EBV gene expression. Such changes to viral gene expression may be the underlying

causes for the subsequent cellular changes seen at higher doses of CPO.
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Figure 9. CPF and CPO Exposure Altered EBV BZLF1 Expression. (A)EBV+, BL
cells treated with 100 uM CPF or CPO when the virus was active showed decreased
expression in the viral protein BZLF1. (B) EBV+, non-BL cells treated with 100 uM
CPF showed increased expression of BZLF1, while CPO showed decreased
expression of BZLF1 when the virus was active. Induction of lytic replication was
through chemical induction using TPA/NaB. Cells were treated with CPF or CPO and
chemically induced for 24 hours. TPA/NaB= 12-O-Tetradecanoylphorbol-13-acetate
and sodium butyrate, CPF= chlorpyrifos and CPO = chlorpyrifos-oxon. n=3, * indicate

p-value <0.05.
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Figure 10. CPO Exposure Increased Expression of Latent EBV Protein EBNAT in
EBV+, non-BL Cells, but not EBV+, BL Cells. (A) EBV+, BL cells and (B) EBV+,
non-BL (B) were treated with CPO for 24 hours. EBNA1 was standardized to the
loading control (a-Tubulin) and treatments were compared to the DMSO control.

n=3, * indicate p-value <0.05.
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As viral protein levels were altered under CPO treatment conditions, we wanted
to examine how CPO affected cellular protein levels, especially proteins that are also
associated with and regulate EBV replication. One important regulator of protein
translation is p70S6K, a kinase that is phosphorylated by mTORC1. Phospho-p70S6K in
turn phosphorylates a variety of targets, most notably the ribosomal subunit S6; such
activation is essential for protein translation.!?® EBV+, BL, EBV+, non-BL, and EBV-,
BL cells were exposed to increasing doses of CPO (100, 125, 150, 175, and 200 uM) and
Western blots were probed for phosphorylated p70S6K. EBV+, BL cells showed no
changes in phosopho-p70S6K levels until the 200 uM dose, which exhibited a
statistically significant decrease (Fig.11A). In contrast, EBV+, non-BL cells showed a
statistically significant decrease of phospho-p70S6K at the lowest concentration of CPO
(100 uM), but as the CPO dose increased, so did the phospho-p70S6K levels (Fig. 11B).
EBV-, BL cells showed no change of phospho-p70S6K levels until the 200 uM dose,
which exhibited a statistically significant increase (Fig. 11C). We did not probe for total
p70S6K in this study. Interestingly, these results showed that EBV+ cells decreased in
phosphorylated p-70S6K while EBV- cells increased in phosphorylated p-70S6K. These
results also provided further evidence that presence of EBV alters how B-lymphocytes
function. We were also curious to investigate if latency regulation was affected by CPO
exposure so we investigated the cellular protein Ying-Yangl (YY1).

YY1 is an essential, ubiquitous transcriptional activator and repressor that acts
through DNA promotor tethering.**>!3! This is an important protein to investigate as it

regulates essential cellular mechanisms like the cell cycle (cell proliferation and
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apoptosis) and response to genotoxic stimuli,> as well as viral regulation of EBV latency
(driving the virus to remain latent).>>*%9132 EBV+, BL, EBV+, non-BL, and EBV-, BL
cells exposed to CPO (100, 125, 150, 175, and 200 uM) for 24 hours were probed for the
cellular protein YY1. EBV+, BL cells did not show any YY1 expression changes (Fig.
12A). EBV+, non-BL cells only showed decreased YY1 expression with statistical
significance at 200 uM (Fig. 12B). In contrast, EBV-, BL cells showed a statistically
significant increase of YY1 expression at 125 puM of CPO (Fig. 12C). Overall, though,
YY1 expression did not change drastically with increasing concentration of CPO,
regardless of cell line. Presence and expression of YY1 would indicate a drive to keep the
EBV latent replication.

For the two cellular proteins we assessed, we found that phospho-p70S6K showed
a general trend for decreased levels within both EBV+ cell lines, while increased
expression in the EBV- cell line. This correlated with our findings that CPO decreased
EBV BZLF1 expression; we know from previous work that EBV lytic replication and
BZLF1 levels were dependent upon mTORC1 activity, and specifically phospho-p70S6K
levels (unpublished). This indicated that CPO exposure may cause mTOR pathway
inhibition in an EBV specific manner. We also found that YY1 levels did not change in
EBV+, BL cells, but decreased in EBV+, non-BL cells at the highest dose, and increased
in EBV-negative, BL cells at lower doses. This indicated that YY1 not only appears to be
unaffected by CPO exposure, but also may have influenced lytic EBV to shift to latency

or to remain latent in the presence of CPO.
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Figure 11. CPO Exposure Decreased Expression of p-p70S6K in EBV-Positive Cells,
but Not EBV-Negative Cells. (A) EBV+, BL, (B) EBV+, non-BL, and (C) EBV-, BL
cells were treated with CPO for 24 hours and assessed for the expression of
phosphorylated p70S6K via Western Blot. Treatments were compared to the DMSO
control and standardized to a loading control (actin). n=3, * indicate p-value <0.05.
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Figure 12. YY1 Expression in B Cells was not Greatly Affected by CPO Exposure.
(A) EBV+, BL, (B) EBV+, non-BL, and (C) EBV-, BL cells were treated with CPO
for 24 hours and assessed for YY1 expression via Western Blot. Treatments were
compared to the DMSO control and standardized to a loading control (actin or
tubulin). n=3, * indicate p-value <0.05.
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4. Discussion and Conclusion

Studying virus-host interactions is important to discover crucial details about
cellular and viral responses and how they affect diseases related to viral infection. The
relationship between virus-host interactions and how they are affected by exogenous
environmental factors, such as pesticides, remains unclear. This study investigated
whether the presence of EBV infection and organophosphate pesticides (CPF and its
active metabolite CPO) created a potentiated effect that would cause changes to the virus
and to host cells, thus contributing to a disease (such as cancer) phenotype more so than
either factor alone. We found that a globally used insecticide, CPF, and its active
metabolite CPO, affected B-lymphocyte cell viability, cell proliferation, cell cycle
progression, and EBV protein expression.

In terms of cell viability, EBV- cells were most sensitive to CPF at lower doses,
whereas EBV+ cells experienced little to no change in cell viability at these lower doses.
EBV+, non-BL cells were the most sensitive to CPF at higher doses. Interestingly, CPO
exposure at all doses had little effect on both EBV+ and EBV- cells. In fact, EBV+, BL
cell line experienced higher cell viability percentages (though not statistically significant)
in comparison to the EBV-, BL cell line. With cell proliferation (cell concentration,
cells/mL), we saw that with CPF exposure, both EBV+ and EBV- cell lines experienced
decreased cell concentrations with increasing concentrations of CPF. However, with CPO
exposure, EBV+ cell lines overall did not show any decreased cell concentrations
whereas EBV- cells showed a drastic decrease in cell concentration. The differences of

results between CPF and CPO related cell viability could be explained if CPF has a
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different molecular target to cause cell death more readily in comparison to cells exposed
to CPO. These results provided us with 1) a series of pesticide doses to use in subsequent
experiments that were not just toxic to cells, and 2) the knowledge of other cellular
changes (for example, changes to the cell cycle stages) would not be artifacts of toxicity.
Together, we saw that presence of EBV made the cells more resistant or protected when
exposed to the organophosphate.

For the cell cycle, we found that CPF exposure likely induced a G1/S transition
cell cycle arrest at high concentrations (300 puM). The active metabolite, however, told a
different story. CPO at the lowest dose (100 pM) was capable of eliciting a significant
shift of cells into G1 phase in EBV-, BL cells, an expected response for cells exposed to a
potentially damaging agent. EBV+ cells did not experience a significant shift of cells into
G1, however, overall EBV+, BL and EBV+, non-BL both followed the trend of a G1/S
transition arrest. These results suggest that the presence of the virus in these cells allowed
for the continuation of DNA replication and mitosis despite exposure to a potentially
damaging agent. If cytotoxic damage was occurring in these cells, it would likely be
propagated. Again, it is interesting to note that EBV-, BL cells were once again more
sensitive to CPO and triggered cell cycle arrest at lower concentrations.

To examine the effects the organophosphate upon EBV biology, we monitored the
expression of a lytic and latent EBV protein. We found that CPO caused decreased
expression of the EBV protein BZLF1, an important transcription factor necessary for

128 \we did

Iytic viral replication. In contrast to a previous study by a different laboratory,
not observe lytic reactivation when EBV infected cells were exposed to just the
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organophosphate for 24 hours at 100 uM, nor 4 hours at 50, 100, 150, and 200uM (data
not shown). The expression of EBNA1, an important protein for viral replication during
latent EBV infection and for infected cell survival,! was increased when EBV+ cells were
exposed to CPO, specifically in EBV+, non-BL cells. The response we observed, that
CPO decreased BZLF1 expression and increased EBNA1 expression, suggests that the
pesticide drives cells towards a more latent state. Furthermore, increased EBNA1 levels
have been recently positively correlated to an increased incidence of lymphoma.t®
Altogether, it appears that CPO causes EBV protein expression changes that both
increase cell survival and promote cell cycle progression.

P70S6K is downstream of the mTORC1 pathway within the PI3K/Akt signaling
pathway and plays a major role in translation.***13> When active, mTOR directly
phosphorylates p70S6K, and this kinase then phosphorylates downstream targets to
promote protein translation. Studies have shown that inhibitors of the mTOR pathway
(such as rapamycin) directly affect phosphorylation of p70S6K expression,>4136:13/
Interestingly, when we examined phospho-p70S6K after 24 hours of CPO exposure, we
noticed a trend of decreased levels of this protein in EBV+, BL (at 200 uM) and EBV+,
non-BL cells (at 100 uM), while increased expression in EBV-, BL cells. As EBV
utilizes the host mTOR pathway to translate its viral proteins during lytic replication, and
actually promotes phosphorylation and activation of p70S6K (unpublished data), the fact
that CPO led to decreased levels of phospho-p70S6K may at least partially explain why
BZLF1 exhibited a decreased expression under CPO conditions. Results further provided

evidence that the presence or absence of EBV affected how host cells responded.
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YY1, another cellular protein that regulates EBV, is an essential protein that acts
as both a transcriptional activator and repressor for both humans and viruses.**® For EBV,
YY1 has been shown to act as a negative regulator for latent to lytic replication switches;
YY1 represses BZLF1 transcription, leaving the virus to remain latent (inactive), 30132138
Our study showed that BZLF1 was not expressed in the absence of TPA/NaB and the
presence of CPF or CPO. Consistent expression of YY1 throughout most of the
treatments (with the exception of decreased expression of YY1 at 200 uM in (EBV+,
non-BL cells) may have played a role as to why BZLF1 was not expressed in the absence
of TPA/NaB and why EBNAL did not deplete with increasing concentrations of CPO. It
was likely that YY1 was unaltered during CPO exposure and continued to repress BZLF1
production and keep EBV in the latent phase.

Other studies have shown the cytotoxic and genotoxic effects of organophosphate
exposure on different types of cells and tissues.3*24! These studies have also stated that
the mechanisms and pathways involved with these effects are not fully understood. There
are older studies that investigated pesticide exposure effects on EBV titers,118-120
However, current literature have focused on other environmental factors, like
environmental pollutants and lifestyle choices, and how it relates to EBV infection and
associated diseases like nasopharyngeal carcinoma, gastric cancer, and multiple sclerosis.
142-146

We acknowledge that our study only investigated thoroughly one
organophosphate and its active metabolite. Other organophosphates and combination

treatments are necessary to fully understand the effects of pesticides on virus-host
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interactions. The concentrations we chose for CPF and CPO exposure are relatively high
in comparison to environmental exposure levels, however; the lower end of our range
(100-125 uM) falls within reasonable and realistic environmental levels for humans.'?’

Overall our study found that cells exposed to CPF and CPO exhibited a
potentiated effect (as opposed to our initially hypothesized synergistic effect) depending
if EBV was present or not. This effect appeared to have contributed to the survival and
propagation of pesticide-exposed, EBV+ cells. EBV+ cells were only affected at higher
doses of CPF or CPO, whereas, the EBV-, BL cells responded to CPF or CPO exposure
more readily at lower concentrations. This protective or delayed cellular response when
EBV+ cells are exposed to the organophosphate could potentially promote health issues,
such as lymphoma formation, associated with EBV infection. Our revised model to
explain EBV and pesticide relationship can be seen in Fig. 13.

To further understand the effects of organophosphate exposure on viral and host
replication, we need to understand the affected mechanisms or pathways from the
presence of the pesticide. We suspect that DNA damage and oxidative stress may play a
role in our results. We hypothesize that the organophosphate is binding to
acetylcholinesterase receptors on B lymphocyte cells, creating irreversible inhibition
when bound to AChE to then cause deficient levels of acetylcholine inside the cell. This
deficiency may lead to DNA damage, oxidative stress, and other factors related to issues
with replication, since we know that acetylcholine is necessary for B cell survival and

overall function.56147
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CHAPTER IlI
EFFECTS OF OXIDATIVE STRESS AND DNA DAMAGE CONTRIBUTIONS TO

ABNORMAL REGULATION IN EBV INFECTED B-LYMPHOCYTES

This chapter is coauthored by Katelyn Miller and Amy Adamson.

1. Introduction

Epstein-Barr virus (EBV) is one of the most common human herpesviruses,
infecting more than 90% of adults worldwide. EBV is a known oncovirus associated with
cancers like Burkitt’s lymphoma and other non-Hodgkin’s lymphomas, gastric cancer,
and nasopharyngeal carcinoma.! Several studies have investigated how EBV-associated
diseases arise in the presence of environmental factors, for example, endemic Burkitt’s
lymphoma and malaria, and nasopharyngeal carcinoma and lifestyle factors like smoking
and diet.143145146.148 However, less commonly-studied areas are environmental virus-host
interactions. For example, the effects moderately-toxic pesticides, like the
organophosphate chlorpyrifos, have on the cellular mechanisms that EBV hijacks. One
interesting and conceivable cellular pathway that the pesticide may be able to affect is
oxidative stress and DNA-damage induced cell cycle arrest.

When there is an imbalance between the production and capacity of antioxidants
and the production of reactive oxygen species (ROS), like free radicals (hydroxyl and

superoxide radicals) and hydrogen peroxide, oxidative stress occurs.10414%-151 The
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inability for cells to combat the free radical imbalance through antioxidant production or
radical scavenging enzymes can lead to DNA, protein, and lipid damage.10414%-151
Damage to macromolecules can therefore lead to major cellular issues like
carcinogenesis, genotoxicity, and cytotoxicity. Oxidative stress is thus a factor that can
contribute to the DNA damage response (DDR) and downstream consequences to cell
cycle regulation, such as cell cycle checkpoints.1%41°1-153 |n order to understand how
chlorpyrifos can disturb the cell cycle, we first have to understand normal cell cycle
function.

In unperturbed cell cycle activity, unphosphorylated Cdc25s (Cdc25A and
Cdc25C for example) have the responsibility of dephosphorylating cyclin dependent
kinases (CDKSs) via phosphatase activity.®! Removing the phosphate group from a CDK
allows the cell cycle to progress.®® In the presence of ssDNA or stalled replication forks,
ATR activates and in turn phosphorylates/activates Chklat Ser317 and subsequently
Ser345.91:96.106.154 Activated Chk1 can then phosphorylate Cdc25A or Cdc25C
phosphatases.®:9:99100.106 Thjs phosphorylation of Cdc25A induces ubiquitin-mediated
proteasome degradation of Ccd25A and thus inhibits activity/dephosphorylation of
CDK1.91%97 phosphorylation of Cdc25C by Chk1 causes inactivation and thus prevents
dephosphorylation of CDK1, causing cell cycle arrest.%>%9" Chk2 is activated through
double stranded DNA breaks and subsequent ATM activation.®>>® Phosphorylated Chk2
will similarly phosphorylate/inactivate Cdc25A or Cdc25C, but will inhibit CDK2

activity.®>% Inhibition of CDK1 activity results in G2/M transition cell cycle arrest,

77



while CDK2 inhibition results in G1 cell cycle arrest.100.10815-158 A symmarized diagram
of normal cell cycle can be seen in Figure 14.

Our previous study (Chapter 2) revealed that the moderately toxic insecticide
chlorpyrifos (CPF) caused decreased cell viability for EBV+, non-BL cells and EBV-, BL
cells, but not EBV+, BL cells. In contrast, its active metabolite chlorpyrifos-oxon (CPO)
did not cause any changes in cell viability to any of the three cell lines used. We also
observed overall cell concentrations were affected in a concentration dependent manner
in all three cell lines for CPF. However, only EBV-, BL cells showed a noticeable cell
concentration change when exposed to CPO (decrease total cell concentration with
increasing CPO concentration). Our results also showed that CPF exposure at a high
concentration (300 uM) led to likely G1/S transition cell cycle arrest for EBV+ and EBV-
cells. Overall, CPO exposure at lower concentrations caused cell cycle arrest at the G1/S
transition for EBV+ and EBV- cells. However, EBV-, BL cells were clearly more
sensitive and were more readily entering cell cycle arrest at lower concentrations in
comparison to EBV+, BL and EBV+, non-BL cells.

To better understand our previous results and possible driving mechanisms of
inducing cell cycle arrest, we decided to investigate oxidative stress, DNA damage, and
the cell cycle checkpoints 1 and 2, in relation to CPO, CPF, and EBV interactions. Our
results showed that CPO induced oxidative stress and affected EBV+ cells more so than
EBV- cells. We also found that EBV+ and EBV- cells showed weak presence of DNA
damage caused by either high doses of CPF and CPO. Interestingly, when we

investigated how the cell cycle checkpoint proteins were affected by CPO exposure, we
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found that cell cycle checkpoint and DDR related proteins were still activated despite the
overall low presence of DNA damage. EBV+ cells overall showed decreased levels of
phosphorylated Chk1 (pChk1) at high doses and increased levels of phosphorylated Chk?2
(pChk2). Meanwhile, EBV- cells showed little change of pChk1 and pChk2 levels at all
CPO exposure doses. Taken together with previous flow cytometry cell cycle data, it
appears that CPO was able to induce cell cycle arrest at the G1/S transition in all cell
lines. Results from this study also provided further evidence that the presence or absence

of EBV affects how B-lymphocytes will function in the presence of cytotoxic agents.
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Figure 14. Summary of Unperturbed Cell Cycle and DNA Damage Induced
Cell Cycle Arrest. (A) Illustrates unperturbed cell cycle progression while
(B) illustrates cell cycle arrest induced by ssDNA or dsDNA breaks.
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2. Materials and Methods

2.1 Cell Culture

Two EBV+, B-lymphocyte, immortalized cell lines, Raji and IM9, and one EBV-,
immortalized cell line, Ramos, were used in this study. Raji cells were derived from an
individual who had EBV+ Burkitt’s lymphoma (EBV+, BL), IM9 cells were derived
from an individual with EBV+ mononucleosis (EBV+, non-BL), and Ramos cells were
derived from an individual with Burkitt’s lymphoma but without EBV infection (EBV-,
BL). All cell lines were purchased from ATCC, and cultured at the following conditions:
37°C at 5% CO3, and maintained in RMPI1-1640 medium with 10% fetal bovine serum,
with streptomycin, penicillin, and fungicide.

2.2 Organophosphate Pesticide

This study mainly used the active metabolite of chlorpyrifos (CPF), chlorpyrifos-
oxon (CPO) (Chem Service Inc., West Chester, PA). CPF and CPO were prepped with
DMSO for a stock solution at 100 mM and stored at -20 °C.

2.3 Organophosphate Treatments

Cells were treated with DMSO for the vehicle control or at five concentrations
(100, 125, 150, 175, 200 uM) of CPO for 24 hours. The TUNEL assay also included 200
MM of CPF.

2.4 General Oxidative Stress/CM-H2DCFDA

To test general for general oxidative stress, the CM-H2DCFDA kit
(Invitrogen/ThermoScientific) was used according to manufacturer’s protocol. This Kit

used 2,7-dichlorofluorescein diacetate or DCFDA to measure ROS activity like hydroxyl
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and peroxyl anions. Once the dye diffused into the cell, DCFDA underwent
deacetylatation and oxidation by ROS to form 2,7-dichlorofluorescein or DCF.
Therefore, if the organophosphate exposed to the cells generated oxidative stress, the
ROS would oxidize the cells to produce DCF and make the samples fluoresce. Samples
were analyzed via Guava easyCyte flow cytometer (Millipore Sigma, USA) with InCyte
software.

2.5 DNA Damaqge/TUNEL Assay

The presence of DNA damage was assayed using the APO-DIRECT™ kit (BD
Biosciences) per manufacturer’s protocol using the Incyte software of the Guava
easyCyte flow cytometer (Millipore Sigma, USA). EBV+, BL and EBV-, BL cells were
tested with DMSO, 100, 150, 200 uM of CPO and 200 uM of CPF. Positive and negative
control cells included in the kit were also used to establish presence or absence of DNA
damage. After cells were treated and for 24 hours, cells were fixed in 1%
paraformaldehyde (dissolved in 1x PBS) and stored in ice cold 70% ethanol before
staining with FITC-dUTP (a fluorescent label) and propidium iodide. Presence of DNA
breaks (both single stranded and double stranded breaks) at the 3°-OH termini were
labeled with FITC-dUTP. Cells were also stained with propidium iodide to indicate intact
DNA. Therefore, FITC-dTUP bound to DNA breaks fluoresced when assayed via flow
cytometry.

2.6 Western Blot and Immunoblotting

Samples exposed to CPO at 100, 125, 175, and 200 uM were lysed with 0.25M

NaCl, 0.1% NP40O, 50 mM HEPES pH 7.5, 5 mM EDTA , and protease/phosphatase
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inhibitors (ELB lysis buffer). Samples were stored at -80 °C. 20-40 ug were
electrophoresed on a 10% SDS-PAGE gel (at 200V) and transferred to an Immobilon
membrane (Millipore) at 100 mA, overnight.

After transferring proteins to the membrane, blots were blocked with 0.25% milk
block solution (0.25% milk, 0.1% Tween-20, and 1x PBS). Primary antibodies and
concentrations used to analyze proteins included: Total ATR (C1) (1:500, Santa Cruz
Biotechnology), phospho-ATR (Thr68) (1:1000, Cell Signaling), phospho-
Chk1(Ser317)(D12H3)XP (1:1000; Cell Signaling), phospho-Chk2 (Thr68)(C13C1)
(1:1000; Cell Signaling), total chk1 (1:500; Santa Cruz Biotechnology), g-Actin (C4)
(1:500; Santa Cruz Biotechnology), and a Tubulin (1:500; Santa Cruz Biotechnology).
Goat-anti-mouse IgG (H+L) and goat-anti-rabbit 1IgG (H+L) (Jackson ImmunoResearch
Laboratories, Inc) were used as secondary antibodies at 1:5000 dilution for 10-20 minutes
at room temperature. Blots were washed with wash solution (1x PBS, 0.1% Tween-20)
four times after each primary and secondary antibody incubation. The SNAP i.d. 2.0
Protein Detection System (Millipore) was used to perform the blot washes.
WesternBright ECL (Advansta), a horseradish peroxidase (HRP) substrate, was used for
chemiluminescent detection (incubated at room temperature for 5-10 minutes) before
imaging and quantifying the blot on the C-DiGit Western Blot Scanner (LiCOR).

Phosphorylated and total ATR and Chk1 levels were assessed separately via
Western blot, but the phospho and total levels were also assessed by comparing the ratios

to each other. For each trial, the treatment values from the Western blots were normalized
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to the loading control. The trials were then averaged and the ratio was calculated
(phosphorylated levels/total levels).

2.7 Statistical Analysis

CM-H2DCFDA and immunoblotting were conducted with n=3 while the TUNEL
assay was conducted with a sample size of n=4. CM-H2DCFDA and TUNEL assay used
either a one-way ANOVA or a Welch’s one-way ANOVA and Dunnett’s multiple
comparison or Dunnett’s T3 multiple comparison tests, depending on equal variances, to
compare treatment groups to the DMSO control. Western blots were analyzed using a
two-tailed, two-sample with unequal variance, student T-test to compare each treatment
group to the DMSO control. Statistical significance was measured using p<0.05. Graphs
represent both the average and individual data points from each trial. PRISM Graphpad
was used for statistical analysis and to generate graphs. Only the averages of the
Phospho/Total ratios for ATR and Chk1 protein levels were graphed.

3. Results

3.1 Chlorpyrifos-Oxon Induced Oxidative Stress in EBV-Positive B Cells but not EBV-

Negative B Cells

Due to our previous work that indicated cell cycle dysregulation, presence of
cytotoxicity at high concentrations, and altered expression of important regulatory
proteins occurred in CPF and CPO treated B cells, (Chapter 2), it was of interest to
investigate what factors contributed to these findings. EBV+, BL, EBV+, non-BL, and
EBV-, BL cells were treated with CPO (100, 125, 150, 175, and 200 uM) for 24 hours

and assayed for the presence of oxidative stress using a CM-H2DCFDA kit which detects
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reactive oxygen species (ROS) within cells. EBV+, BL cells exhibited an increased level
of ROS at 100 pM (77.71%), 125 pM (78.33%), 150 UM (78.81%), 175 pM (85.83%),
and 200 uM (87.34%) in comparison to the DMSO control (61.81%), with statistical
significance at 175 and 200 uM (Fig. 15A). EBV+, non-BL cells showed no statistically
significant increase of ROS when cells treated with CPO were compared to the DMSO
control (67.37%): 100 UM (79.11%), 125 UM (83.13%), 150 UM (77.42%), 175 pM
(82.96%), and 200 uM (83.53%), although there was a general trend of increased ROS
presence with increased CPO dosage (Fig. 15B). EBV-, BL cells interestingly showed no
statistical changes in ROS when treated samples were compared to the DMSO control
(62.43%): 100 uM (66.80%), 125 uM (67.09%), 150 uM (65.41%), 175 uM (62.58%),
and 200 uM (60.02%) (Fig. 15C).

These results suggest that CPO exposure contributed to oxidative stress in EBV+
cells, but not in EBV- cells. This indicates that the presence of both EBV and the
pesticide can interact to cause a greater level of cell damage versus the presence of

pesticide only.
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Figure 15. CPO Exposure caused Oxidative Stress in EBV-Positive Cells, but not
EBV-Negative Cells. (A) EBV+, BL, (B) EBV+, non-BL, and (C) EBV-, BL cells
were treated with CPO for 24 hours and assessed for the presence of oxidative stress.
Treatments were compared to the DMSO control. n=3, * indicate p-value <0.05.

3.2 EBV-Positive and Negative Cells Exhibited Low Levels of DNA Damage when

Exposed to Chlorpyrifos-Oxon

To further investigate factors that contributed to changes in B cell biology when
exposed to CPF and CPO, we assayed for the presence of DNA damage with the TUNEL
assay. This assay tests for the presence of damaged DNA associated with both ssDNA
and dsDNA breaks. EBV+, BL and EBV-, BL cells were employed in this experiment
and treated with 100, 150, or 200 uM of CPO or 200 uM of CPF. The percentage of
FITC-dUTP that associated with DNA was measured in order to identify the presence of
DNA damage in these cells. EBV+, BL cells did not show any statistically-significant
differences in this assay when cells were treated with CPO or CPF when compared to the

DMSO control (3.88%): CPO-100 uM (3.92%), 150 uM (4.55%), 200 uM (7.66%), and
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CPF 200 uM (8.32%) (Fig.16A). However, there was a general trend of increasing DNA
damage with higher CPO or CPF doses (Fig.16A). EBV-, BL cells also showed a trend of
increasing of FITC-dUTP incorporation with increasing concentrations when compared
to the DMSO control (3.97%): CPO-100 uM (2.40%), 150 uM (7.98%), 200 uM
(11.91%), and CPF 200 uM (24.21%), with statistical significance at 200 uM of CPF
(Fig. 16B). These results suggest that CPO exposure triggers a minor amount of DNA
damage in B cells. Additionally, we saw that EBV-, BL cells appeared to be more
sensitive to the increasing CPO concentrations and the CPF exposure when compared to

EBV+, BL cells.
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Figure 16. CPO Exposure Contributed DNA Damage to B Cells. (A) EBV+, BL
and (B) EBV-, BL cells were treated with CPO or 200 pM CPF for 24 hours and
assessed for the presence of DNA damage via the TUNEL assay. Treatments were
compared to the DMSO control. n=4, * indicate p-value <0.05.

3.3 CPO Exposure Caused Misexpression of Proteins Associated with the DNA Damage

Response

ATM and ATR (Ataxia-telangiectasia mutated/ATM-and Rad3-Related) are
important kinases in the DDR pathway that phosphorylate specific proteins in the
presence of DNA damage (ssDNA and dsDNA breaks). Activated ATR (and ATM)
allow for phosphorylation and activation of cell cycle checkpoint proteins (such as Chk1
and Chk2), which in turn initiate a cascade of phosphorylation events that lead to cell
cycle arrest. An ATR response is activated in the presence of ssDNA and replication fork

stalls, versus ATM’s activation through DNA double-stranded breaks.
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We investigated, via Western blot, how CPO exposure affected phosphorylated
and total ATR protein levels in EBV+, BL and EBV-, BL to further investigate if the
presence or absence of EBV affected cellular function. EBV+, BL cells exposed to CPO
showed a general decrease in phosphorylated ATR (phospho-ATR), with statistical
significance at 175 uM (Fig. 17A). EBV-, BL cells showed a similar trend with a
decrease in phospho-ATR levels, with statistical significance at 100, 125, and 150 uM of
CPO when compared to the DMSO control (Fig. 17B). EBV+, BL cells showed a
statistically-significant decrease of total ATR at 200 uM (Fig. 18). EBV-, BL cells did
not show a statistically-significant decrease of total ATR, however there was a trend of
decreased levels starting at 175 uM (Fig. 18). When comparing the phosphorylated levels
to total levels, the EBV+, BL cell line showed a trend of decreased ratio with increasing
concentrations of CPO, while the EBV-, BL cell line showed the inverse trend (Fig. 19).
This suggested that CPO exposure caused a decrease in ATR production in EBV+, BL
cells, whereas EBV-, BL cells appeared to have an initial decreased production of ATR
then increased production with higher concentrations. Overall these results suggested that
although still phosphorylated and active, ATR activity decreased in the presence of CPO.
EBV-, BL cells particularly showed this decreased activity at lower concentrations in

comparison to EBV+, BL cells.
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Figure 17. CPO Exposure Decreased Phosphorylated Levels of ATR in B Cells. Raji
(A) EBV+, BL and (B) EBV-, BL cells were treated with CPO for 24 hours and
assessed for the expression of phospho-ATR via Western Blot. Treatments were

compared to the DMSO control. n=3, * indicate p-value <0.05.
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Figure 18. CPO Exposure Decreased Total Levels of ATR in B Cells. (A) EBV+, BL
and (B) EBV-, BL cells were treated with CPO for 24 hours and assessed for the
expression of total ATR via Western Blot. Treatments were compared to the DMSO
control. n=3, * indicate p-value <0.05.
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Figure 19. Phosphorylated ATR and Total ATR Ratios. (A) EBV+, BL and (B) EBV-,
BL cells were treated with CPO for 24 hours. The phosphorylated and total levels of

ATR were compared.

Evaluation of cell cycle checkpoint activity was also of interest to us to
understand if and how the DDR pathway played a role in CPO-exposed B cells. Chkland
Chk2 are not only are involved with cell cycle regulation, but also play roles in the
regulation of DDR. We assed total and phosphorylated levels of Chk1 and Chk2 in
EBV+, BL, EBV+, non-BL, and EBV-, BL cells when exposed to CPO via Western blot.
Chk1 and Chk2 are activated (phosphorylated) by single-stranded DNA breaks/ATR
activation, or double stranded DNA breaks/activation of ATM, respectively10%:15%-161

Compared to the DMSO control, EBV+, BL cells exposed to 175 puM and 200 uM of
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CPO showed statistically-significant decrease in phospho-Chk1 levels (Fig. 20A). This
correlated with decreased levels of total Chk1 protein in EBV+, BL cells, with statistical
significance at 175 uM (Fig. 21A). Similarly, EBV+, non-BL cells exposed to CPO at
150 puM, 175 uM, and 200 uM showed statistically-significant decreases of phospho-
Chk1, compared to the DMSO control (Fig. 20B). This also correlated with the decreased
levels of total Chk1, with statistical significance for all treatments when compared to the
DMSO control (Fig. 21B). Although EBV-, BL cells did not show statistically significant
changes in phospho-Chk1 (Fig. 20C), total Chk1 levels did show a statistically significant
decrease at 200 uM (Fig. 21C). When comparing the phospho/total ratios for Chk1,
EBV+, BL cells showed decreased ratios at higher concentrations (175 and 200 puM),
EBV+, non-BL showed increased and decreased ratios throughout different
concentrations, and EBV-, BL cells showed increased ratios with increasing
concentrations at 175 and 200 uM (Fig. 22). Ratio results suggested that CPO exposure
caused overall decreased production of Chk1 in EBV+, BL whereas EBV-, BL cells
showed increased production of Chk1 at high concentrations. Since we saw changing
levels of Chk1, we were also interested to see if Chk2 levels showed a similar trend and
to see if the ATM/Chk2 side of DDR was also activated.

Here, we only probed Western blots for phosphorylated Chk2. EBV+, BL cells
exposed to CPO showed statistically-significant increases of phospho-Chk2 levels at 100
MM, 125 pM, and 200 pM when compared to the DMSO control (Fig. 23A). Similarly,
EBV+, non-BL cells showed increased levels of phospho-Chk2 with statistical

significance at 125 uM CPO (Fig. 23B); EBV-, BL cells did not show any statistically-
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significant difference in phospho-Chk2 levels at any dose of CPO, although there was a
general trend of increasing phospho-Chk2 with increasing dose (Fig. 23C). We did not
look at total levels of Chk2, though it would be of interest to us to see if total levels
increased, decreased, or stayed the same so we could compare the phospho/total ratios.
In the presence of dsSDNA damage, we would expect to see increased levels of
phospho-Chk2 (an inhibitor of Cdc25A) which would then lead to decreased CDK2
activity, decreased cell entry into S phase, and thus eventually a G1 arrest. In turn, we
would expect decreased levels of phospho-Chk1 (an inhibitor of Cdc25C plus an
activator of weel), and activated CDK1, which would allow for G2 to M transition. For
EBV+, BL cells, we see significantly decreased phospho-Chk1 at higher doses of CPO
along with increased levels of phospho-Chkz2 at lower doses, aligning with a cell cycle
arrest at G1 phase. With EBV+, non-BL cells, we see significantly decreased phospho-
Chk1 at lower doses of the CPO along with increased levels of phospho-Chk2 at slightly
higher doses, supporting a scenario where there is a more likely progression into S phase,
along with transition into M phase. In contrast, EBV-, BL cells showed little change in
phospho-Chk1 and —Chk2 levels. Taken together, the presence of the virus may
predispose B cells to cell cycle deregulation in the presence of the pesticide, leading to
cell cycle abnormalities. Once more, we saw evidence that the presence of EBV changed

how B-lymphocytes were functioning in the presence of the organophosphate.
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Figure 20. CPO Exposure Decreased Phosphorylated Chklin B Cells. (A) EBV+, BL,
(B) EBV+, non-BL, and (C) EBV-, BL cells were treated with CPO for 24 hours. P-
Chklwas standardized to the loading control (f Actin) and treatments were compared
to the DMSO control. n=3, * indicate p-value <0.05.
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Figure 21. CPO Exposure Decreased Total Chk1 Protein Levels. (A) EBV+, BL, (B)
EBV+, non-BL, and (C) EBV-, BL cells were treated with CPO for 24 hours. Total
Chklwas standardized to the loading control (f Actin) and treatments were compared
to the DMSO control. n=3, * indicate p-value <0.05.
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Figure 22. Phosphorylated and Total Chk1 Ratios. (A) EBV+, BL and (B) EBV-, BL
cells were treated with CPO for 24 hours. The phosphorylated and total levels of Chkl

were compared.
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Figure 23. CPO Exposure Increased Phosphorylated Chk2 in B Cells. (A) EBV+, BL,
(B) EBV+, non-BL, and (C) EBV-, BL cells were treated with CPO for 24 hours. P-
Chk2 was standardized to the loading control (f Actin) and treatments were compared
to the DMSO control. n=3, * indicate p-value <0.05.

4. Discussion and Conclusions

Previous work (Chapter 2), showed CPF exposure of EBV+ and EBV- B-
lymphocyte cells decreased cell viability, caused dysregulation of the cell cycle, altered
levels of important EBV replication proteins (BZLF1 and EBNA-1), and caused changes
to levels of important cellular proteins like p70S6K and YY1. These results were
particularly interesting since there appeared to be some level of viral effect, where cells
that were EBV- showed a more sensitive response to CPO exposure in comparison to

EBV+ cells. That is, EBV appeared to have a protective effect on the CPO exposed host

98



cell. Therefore, we wanted to further explore what contributed to some of the effects that
we observed. We hypothesized that oxidative stress and the DNA damage response
signaling pathway could be contributing factors to the effects we observed in Chapter 2.
We used H2-CMDCFDA (for general oxidative stress), TUNEL assay, and Western blot
data to assess this hypothesis and to better understand how CPO affects EBV-host/cell
interactions.

Studies have shown that CPF and CPO exposure can induce oxidative stress in
different tissues (spleen, kidney, brain, and liver of rats)*®? and cell types (neuroblastoma,
blood, and oligodendrocyte progenitor in humans, erythrocytes and neurons in
mice).289127.163-167 Qur results showed that only EBV+, BL cells showed a statistically-
significant increased presence of oxidative stress at high concentrations of CPO. Even
though EBV+, non-BL cells exposed to CPO did not show any statistically significant
changes in oxidative stress, the results still showed a trend of increasing oxidative stress
at high concentration of CPO exposure. EBV-, BL cells on the other hand, did not show
any significant changes to oxidative stress. Together, this indicated that the presence of
both EBV and CPO may have elicited a potentiated effect with each other to increase the
production of reactive oxygen species and eventual oxidative stress. Additionally, results
indicated, regardless of statistical significance, that all treatments exhibited some level of
oxidative stress.

Literature also supports that in rat and human peripheral lymphocytes,
organophosphate (including CPF) exposure induced DNA damage.'%8%° With the

exception of one treatment in EBV-, BL cells (200 uM of CPF) we did not see
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statistically-significant changes in DNA damage; however, both EBV+, BL and EBV-,
BL cells did show that CPO and CPF exposure resulted in some DNA damage. This
lower level of damage could be explained by the fact that B-lymphocyte cells are not the
targets for CPF or CPO and thus, the response that B cells have to CPO exposure, in
comparison to neurons, is not as robust. We also did not expect to observe great amounts
of DNA damage as our data indicated CPO caused few changes in cell viability (Chapter
2). Additionally, it was interesting to compare oxidative stress and DNA damage results
since EBV+, BL cells showed evidence of increasing oxidative stress, but not DNA
damage while EBV-, BL cells showed no change of oxidative stress, but most were
responsive to DNA damage. It was likely that DNA damage was not the main mechanism
that was affected by oxidative stress, even though we have shown evidence that the DDR
pathway is in some way activated. Lipid peroxidation, which can be also be triggered by
oxidative stress, may have played a role in the effects that we saw in Chapter 2. Also it is
likely that a combination of oxidative stress, DNA damage, and lipid peroxidation were
contributing factors to cell viability, cell proliferation, cell cycle related changes when B-
lymphocytes were exposed to CPF or CPO. Regardless, it was still interesting to see that
with the little DNA damage produced by CPF and CPO, EBV+ and EBV- cells showed
activation of proteins associated with the DDR pathway.

The presence of sSDNA or dsDNA breaks via oxidative stress is known to trigger
the DDR signaling pathway by activating ATM (Ataxia-telangiectasia mutated) or ATR
(ATM-and Rad3-Related). 0010415215 Ag qur results showed the presence of oxidative

stress and DNA damage (though not statistically significant), we investigated if the DDR
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pathway was activated. We found EBV+, BL and EBV-, BL cells showed a trend of
decreasing (but yet still activated) phospho-ATR and total ATR levels with higher CPO
concentrations. This suggested that at lower CPO doses, oxidative stress associated
DNA-damage functions through ATR (due to the presence of sSSDNA). In contrast, at
higher CPO doses, DDR may be activated via ATM (due to dsDNA breaks). Given our
results, we can further explain and understand our results from Chapter 2.

In our previous study (Chapter 2), we observed changes in cell cycle regulation
when cells were exposed to CPF and CPO, suggesting that the presence of this
organophosphate may play a role in cell cycle progression. Zhao et al. also found similar
results when they exposed EBV+, BL cells to CPF for 4 hours.?® In our study, with
additional cell lines, concentrations, and the addition of the active metabolite (CPO), we
observed statistically significant data points supporting a model where CPO altered cell
cycle regulation to induce a G1/S transition arrest. Interestingly, when we investigated
the protein levels of cell cycle checkpoint regulators (Chk1 and Chk2), we observed a
statistically-significant decrease in phospho-Chk1 and increase in phospho-Chk2 levels.
We observed that phospho levels of Chk1 and Chk2 in EBV+ cells were affected by the
CPO more so than the EBV- cells, suggesting the presence of the virus influenced
cellular behavior when exposed to CPO. We also observed that decreased phospho and
total Chk1 levels corresponded to decreased phospho- and total ATR levels. Taken
together we believe it is possible that both ATR and ATM pathways were likely activated

(dsDNA breaks can form ssDNA residuals),?®1% put the increased Chk2 levels suggest
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the ATM pathway was favored. Overall, these results provided further support that CPF
and CPO exposure induced cell cycle arrest at the G1/S transition in EBV+ and EBV-
cells.

When we take the cell cycle, oxidative stress, DNA damage, and the cell cycle
checkpoint protein data together, we can better understand how CPO interacts with EBV
and B-lymphocytes in relation to oxidative DDR mechanisms. In EBV+, BL cells, we
believe that at lower concentrations, CPO produced low levels of oxidative stress to
induce small amounts of DNA damage to trigger the ATR response, as we observed
increased levels of phospho-Chk1. However, at higher concentrations (175 and 200 uM
of CPO), we believe there was a switch from ATR activation to ATM activation.
Although we did not have ATM protein level-data, there was a dramatic decrease of
phospho-Chk1 levels at 175 and 200 uM of CPO exposure, an increase of p-Chk2 levels
as CPO exposure increased, and a decrease in phospho-ATR levels. This agrees with our
cell cycle data where EBV+, BL cells appeared to have a G1/S transition arrest; the
activation of ATM and Chk2, and the subsequent deactivation of Cdc25A/C and CDK2
result in a G1/S transition arrest. Given only having oxidative stress, Chk1, and Chk?2
data, we can speculate that EBV+, non-BL cells behave similarly to EBV+, BL cells
resulting in ATM and Chk2-mediated DDR. However, this does not necessarily
correspond with our cell cycle data from Chapter 2 since increasing CPO exposure did
not result in cell cycle arrest at the G1/S transition; the number of cells actually increased
as CPO doses increased. Though it’s possible that there was a cell cycle arrest at the S/G2

transition since we also saw a decrease of cells in G2 phase with CPO exposure. In
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comparison, we believe EBV-, BL cells experienced enough oxidative stress, despite
seeing little to no change of oxidative stress (perhaps inducing some other type) with
increasing CPO doses, to trigger a mainly ATM mediated DNA-damage response since
we saw an overall trend of increased levels of phospho-Chk2. Again it is important to
note that Chk1 and Chk2 can both be active since double strand DNA breaks can form
single strand break intermediates,*®1% as we saw in the EBV-, BL cells.

Our study further investigated how virus-host/cell interactions are affected when a
potentially toxic, exogenous environmental factor is introduced into a system. Our
findings showed that the presence of increasing CPO doses varied in exhibiting oxidative
damage and genotoxic stress, depending on whether the B-lymphocyte cell line was
infected with EBV or not. We also found that EBV+, BL cells potentially showed an
ATR-mediated DNA-damage response at lower concentrations of CPO, then switched to
mainly an ATM-mediated DNA-damage response and cell cycle arrest. EBV+, non-BL
cells demonstrated a more interesting behavior where cells exhibited similar patterns seen
in EBV+, BL cells, but did not result in evident cell cycle arrest at the G1/S transition.
The EBV-, BL cells appeared to be acting through an ATM-mediated response despite
not having an overabundance of oxidative stress and genotoxic stress. Similar to our
previous study, it appears that EBV+ cells respond differently when compared to EBV-
cells. This suggests that presence of EBV plays a role in B-lymphocyte regulation and
response mechanisms in relation to potentially dangerous exogenous environmental

factors.

103



5. References

10.

11.

12.

Fields, B. N., Knipe, D. M. (David M. & Howley, P. M. Fields virology. (Wolters
Kluwer Health/Lippincott Williams & Wilkins, 2013).

Amitai, G., Moorad, D., Adani, R. & Doctor, B. P. Inhibition of
Acetylcholinesterase and Butyrylcholinesterase by Chlorpyrifos-oxon. Biochem.
Pharmacol. 56, 293-299 (1998).

Cohen, S. US Environmental Protection Agency, Office of Pesticide Programs. ...
1. Pomerantz (Environmental Protection Agency, Office ... (2006).

Epa, U. & of Pesticide Programs, O. Recognition and Management of Pesticide
Poisonings: Sixth Edition: 2013: Chapter 5 Organophosphates.

Colovi¢, M. B., Krstié¢, D. Z., Lazarevi¢-Pasti, T. D., Bondzi¢, A. M. & Vasi¢, V.
M. Acetylcholinesterase inhibitors: pharmacology and toxicology. Curr.
Neuropharmacol. 11, 315-35 (2013).

Navaranjan, G. et al. Exposures to multiple pesticides and the risk of Hodgkin
lymphoma in Canadian men. Cancer Causes Control 24, 166173 (2013).

Fritschi, L. et al. Occupational exposure to pesticides and risk of non-Hodgkin’s
lymphoma. Am. J. Epidemiol. 162, 849-57 (2005).

Boccolini, P. de M. M. et al. Pesticide use and non-Hodgkin’s lymphoma mortality
in Brazil. Int. J. Hyg. Environ. Health 216, 4616 (2013).

Parrén, T., Requena, M., Hernandez, A. F. & Alarcon, R. Environmental exposure
to pesticides and cancer risk in multiple human organ systems. Toxicol. Lett. 230,
157-65 (2014).

Agopian, J. et al. Agricultural pesticide exposure and the molecular connection to
lymphomagenesis. J. Exp. Med. 206, 1473-83 (2009).

USEPA. Organophosphorus Cumulative Risk Assessment 2006 Update. U.S.
Environ. Prot. Agency Off. Pestic. Programs 51-68 (2006).

Reigart, J. & Roberts, J. Chapter 4: Organophosphate Herbicides. Recognit.
Manag. Pestic. Poisonings (1999).

104



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Waddell, B. L. et al. Agricultural use of organophosphate pesticides and the risk of
non-Hodgkin’s lymphoma among male farmers (United States). Cancer Causes
Control 12, 509-517

Schinasi, L. & Leon, M. E. Non-Hodgkin lymphoma and occupational exposure to
agricultural pesticide chemical groups and active ingredients: a systematic review
and meta-analysis. Int. J. Environ. Res. Public Health 11, 4449-527 (2014).

Alavanja, M. C. R. et al. Non-hodgkin lymphoma risk and insecticide, fungicide
and fumigant use in the agricultural health study. PLoS One 9, 109332 (2014).

ALVES, J. S. et al. Investigation of potential biomarkers for the early diagnosis of
cellular stability after the exposure of agricultural workers to pesticides. An. Acad.
Bras. Cienc. 88, 349-360 (2016).

Cocco, P. et al. Lymphoma risk and occupational exposure to pesticides: results of
the Epilymph study. Occup. Environ. Med. 70, 91-8 (2013).

Ryniak, S. et al. Whole blood transfusion in the treatment of an acute
organophosphorus poisoning — a case report. Med. Sci. Monit. 17, CS109-CS111
(2011).

Thompson, B. et al. Variability in the take-home pathway: farmworkers and non-
farmworkers and their children. J. Expo. Sci. Environ. Epidemiol. 24, 522-31
(2014).

Hjalgrim, H., Friborg, J. & Melbye, M. The epidemiology of EBV and its
association with malignant disease. Human Herpesviruses: Biology, Therapy, and
Immunoprophylaxis (Cambridge University Press, 2007).

Macsween, K. F. & Johannessen, I. Epstein-Barr Virus (EBV): Infectious
Mononucleosis and Other Non-malignant EBV-Associated Diseases. in Viral
Infections of Humans 867-896 (Springer US, 2014). doi:10.1007/978-1-4899-
7448-8 38

Amon, W. & Farrell, P. J. Reactivation of Epstein-Barr virus from latency. Rev.
Med. Virol. 15, 149-56

Saha, A. & Robertson, E. S. Epstein-Barr virus-associated B-cell lymphomas:
pathogenesis and clinical outcomes. Clin. Cancer Res. 17, 3056-63 (2011).

Kenney, S. C. & Mertz, J. E. Regulation of the latent-lytic switch in Epstein-Barr
virus. Semin. Cancer Biol. 26, 60-8 (2014).

Murata, T. & Tsurumi, T. Switching of EBV cycles between latent and lytic states.
Rev. Med. Virol. 24, 142-53 (2014).

105



26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hammerschmidt, W. & Sugden, B. Replication of Epstein-Barr viral DNA. Cold
Spring Harb. Perspect. Biol. 5, a013029 (2013).

Tsurumi, T., Fujita, M. & Kudoh, A. Latent and lytic Epstein-Barr virus
replication strategies. Rev. Med. Virol. 15, 3-15 (2005).

Chesnokova, L. S. & Hutt-Fletcher, L. M. Epstein-Barr virus infection
mechanisms. Chin. J. Cancer 33, 545 (2014).

Speck, P., Haan, K. M. & Longnecker, R. Epstein—Barr Virus Entry into Cells.
Virology 277, 1-5 (2000).

Li, Q. et al. Epstein-Barr virus uses HLA class Il as a cofactor for infection of B
lymphocytes. J. Virol. 71, 4657-62 (1997).

Haan, K. M., Lee, S. K. & Longnecker, R. Different functional domains in the
cytoplasmic tail of glycoprotein B are involved in Epstein-Barr virus-induced
membrane fusion. Virology 290, 106-14 (2001).

Borza, C. M., Morgan, A. J., Turk, S. M. & Hutt-Fletcher, L. M. Use of gHgL for
Attachment of Epstein-Barr Virus to Epithelial Cells Compromises Infection. J.
Virol. 78, 5007 (2004).

Haan, K. M., Kwok, W. W., Longnecker, R. & Speck, P. Epstein-Barr virus entry
utilizing HLA-DP or HLA-DQ as a coreceptor. J. Virol. 74, 24514 (2000).

Chesnokova, L. S., Nishimura, S. L. & Hutt-Fletcher, L. M. Fusion of epithelial
cells by Epstein-Barr virus proteins is triggered by binding of viral glycoproteins
gHgL to integrins alphavbeta6 or alphavbeta8. Proc. Natl. Acad. Sci. U. S. A. 106,
20464-9 (2009).

Chevallier-Greco, A. et al. Both Epstein-Barr virus (EBV)-encoded trans-acting
factors, EB1 and EB2, are required to activate transcription from an EBV early
promoter. EMBO J. 5, 3243-9 (1986).

Rooney, C. M., Rowe, D. T., Ragot, T. & Farrell, P. J. The spliced BZLF1 gene of
Epstein-Barr virus (EBV) transactivates an early EBV promoter and induces the
virus productive cycle. J. Virol. 63, 3109-16 (1989).

Feederle, R. et al. The Epstein-Barr virus lytic program is controlled by the co-
operative functions of two transactivators. EMBO J. 19, 3080-9 (2000).

Middeldorp, J. M. & Pegtel, D. M. Multiple roles of LMP1 in Epstein-Barr virus
induced immune escape. Semin. Cancer Biol. 18, 388-396 (2008).

Kenney, S. C. Reactivation and lytic replication of EBV. Human Herpesviruses:
Biology, Therapy, and Immunoprophylaxis (Cambridge University Press, 2007).

106



40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

Kenney, S. C. & Mertz, J. E. Regulation of the latent-lytic switch in Epstein-Barr
virus. Semin. Cancer Biol. 26, 60-8 (2014).

Wang, D., Liebowitz, D. & Kieff, E. An EBV membrane protein expressed in
immortalized lymphocytes transforms established rodent cells. Cell 43, 83140
(1985).

Bornkamm, G. W. & Hammerschmidt, W. Molecular virology of Epstein-Barr
virus. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 356, 437-59 (2001).

Burkhardt, A. L., Bolen, J. B., Kieff, E. & Longnecker, R. An Epstein-Barr virus
transformation-associated membrane protein interacts with src family tyrosine
kinases. J. Virol. 66, 51617 (1992).

Kaye, K. M., Izumi, K. M. & Kieff, E. Epstein-Barr virus latent membrane protein
1 is essential for B-lymphocyte growth transformation. Proc. Natl. Acad. Sci. U. S.
A. 90, 91504 (1993).

Middeldorp, J. M., Brink, A. A. T. ., van den Brule, A. J. . & Meijer, C. J. L..
Pathogenic roles for Epstein—Barr virus (EBV) gene products in EBV-associated
proliferative disorders. Crit. Rev. Oncol. Hematol. 45, 1-36 (2003).

Young, L. S. & Murray, P. G. Epstein-Barr virus and oncogenesis: from latent
genes to tumours. Oncogene 22, 5108-21 (2003).

Carbone, A., Gloghini, A. & Dotti, G. EBV-associated lymphoproliferative
disorders: classification and treatment. Oncologist 13, 577-85 (2008).

Masucci, M. G. Epstein—Barr virus oncogenesis and the ubiquitin—proteasome
system. Oncogene 23, 2107-2115 (2004).

Kennedy, G., Komano, J. & Sugden, B. Epstein-Barr virus provides a survival
factor to Burkitt’s lymphomas. Proc. Natl. Acad. Sci. U. S. A. 100, 14269-74
(2003).

Correia, S. et al. Natural Variation of Epstein-Barr Virus Genes, Proteins, and
Primary MicroRNA. J. Virol. 91, e00375-17 (2017).

Tomkinson, B., Robertson, E. & Kieff, E. Epstein-Barr virus nuclear proteins
EBNA-3A and EBNA-3C are essential for B-lymphocyte growth transformation.
J. Virol. 67, 2014-25 (1993).

Mosialos, G. et al. The Epstein-Barr virus transforming protein LMP1 engages
signaling proteins for the tumor necrosis factor receptor family. Cell 80, 389-99
(1995).

107



53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

Piccaluga, P. P., Weber, A., Ambrosio, M. R., Ahmed, Y. & Leoncini, L. Epstein-
Barr Virus-Induced Metabolic Rearrangements in Human B-Cell Lymphomas.
Front. Microbiol. 9, 1233 (2018).

Adamson, A. L., Le, B. T. & Siedenburg, B. D. Inhibition of mTORCL inhibits
Iytic replication of Epstein-Barr virus in a cell-type specific manner. Virol. J. 11,
110 (2014).

Gordon, S., Akopyan, G., Garban, H. & Bonavida, B. Transcription factor YY1:
structure, function, and therapeutic implications in cancer biology. Oncogene 25,
1125-1142 (2006).

Adamson, A. L. et al. Epstein-Barr Virus Immediate-Early Proteins BZLF1 and
BRLF1 Activate the ATF2 Transcription Factor by Increasing the Levels of
Phosphorylated p38 and c-Jun N-Terminal Kinases. J. Virol. 74, 1224-1233
(2000).

Darr, C. D., Mauser, A. & Kenney, S. Epstein-Barr virus immediate-early protein
BRLF1 induces the lytic form of viral replication through a mechanism involving
phosphatidylinositol-3 kinase activation. J. Virol. 75, 6135-42 (2001).

Kudoh, A. et al. Epstein-Barr virus lytic replication elicits ATM checkpoint signal
transduction while providing an S-phase-like cellular environment. J. Biol. Chem.
280, 815663 (2005).

Hiscott, J., Kwon, H. & Génin, P. Hostile takeovers: viral appropriation of the NF-
kB pathway. J. Clin. Invest. 107, 143-151 (2001).

Fukuda, M. & Longnecker, R. Epstein-Barr Virus Latent Membrane Protein 2A
Mediates Transformation through Constitutive Activation of the Ras/P13-K/Akt
Pathway. J. Virol. 81, 9299 LP-9306 (2007).

Fujii, T., Moriwaki, Y. & Misawa, H. Critical roles of acetylcholine and the
muscarinic and nicotinic acetylcholine receptors in the regulation of immune
function. Life Sci. 91, 1027-1032 (2012).

Fujii, T. et al. Expression and Function of the Cholinergic System in Immune
Cells. Front. Immunol. 8, 1085 (2017).

Fujii, T., Moriwaki, Y. & Misawa, H. Critical roles of acetylcholine and the
muscarinic and nicotinic acetylcholine receptors in the regulation of immune
function. Life Sci. 91, 1027-1032 (2012).

Kawashima, K. & Fujii, T. Extraneuronal cholinergic system in lymphocytes.
Pharmacol. Ther. 86, 29-48 (2000).

108



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Fujii, T. et al. Expression and Function of the Cholinergic System in Immune
Cells. Front. Immunol. 8, 1085 (2017).

Fujii, T. et al. Expression and Function of the Cholinergic System in Immune
Cells. Front. Immunol. 8, 1085 (2017).

Kawashima, K. & Fuijii, T. The lymphocytic cholinergic system and its biological
function. Life Sci. 72, 2101-2109 (2003).

Fujii, T. et al. Species differences in the concentration of acetylcholine, a
neurotransmitter, in whole blood and plasma. Neurosci. Lett. 201, 207-210 (1995).

Fujii, T. et al. Induction of choline acetyltransferase mMRNA in human
mononuclear leukocytes stimulated by phytohemagglutinin, a T-cell activator. J.
Neuroimmunol. 82, 101-107 (1998).

Jokanovi¢, M. Biotransformation of organophosphorus compounds. Toxicology
166, 139-160 (2001).

Colovi¢, M. B, Krsti¢, D. Z., Lazarevi¢-Pasti, T. D., Bondzi¢, A. M. & Vasi¢, V.
M. Acetylcholinesterase inhibitors: pharmacology and toxicology. Curr.
Neuropharmacol. 11, 315-35 (2013).

Lotti, M. & Moretto, A. Organophosphate-induced delayed polyneuropathy.
Toxicol. Rev. 24, 37-49 (2005).

Wu, H., Zhang, R., Liu, J., Guo, Y. & Ma, E. Effects of malathion and chlorpyrifos
on acetylcholinesterase and antioxidant defense system in Oxya chinensis
(Thunberg) (Orthoptera: Acrididae). Chemosphere 83, 599-604 (2011).

Dzul-Caamal, R., Dominguez-Lopez, M. L., Olivares-Rubio, H. F., Garcia-
Latorre, E. & Vega-LoOpez, A. The relationship between the bioactivation and
detoxification of diazinon and chlorpyrifos, and the inhibition of
acetylcholinesterase activity in Chirostoma jordani from three lakes with low to
high organophosphate pesticides contamination. Ecotoxicology 23, 779-90 (2014).

Sparling, D. W. & Fellers, G. Comparative toxicity of chlorpyrifos, diazinon,
malathion and their oxon derivatives to larval Rana boylii. Environ. Pollut. 147,
535-9 (2007).

Karami-Mohajeri, S. & Abdollahi, M. Toxic influence of organophosphate,
carbamate, and organochlorine pesticides on cellular metabolism of lipids,
proteins, and carbohydrates. Hum. Exp. Toxicol. 30, 1119-1140 (2011).

Biotransformation of Individual Pesticides: Some Examples. Pestic.
Biotransformation Dispos. 195-208 (2012). doi:10.1016/B978-0-12-385481-
0.00009-5

109



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Eto, M. Organophosphorus pesticides: organic and biological chemistry. (CRC
press, 1974).

Tang, J. et al. Metabolism of Chlorpyrifos by Human Cytochrome P450 Isoforms
and Human, Mouse, and Rat Liver Microsomes. Drug Metab. Dispos. 29, 1201-
1204 (2011).

Qin, G. et al. Effects of chlorpyrifos on glutathione S-transferase in migratory
locust, Locusta migratoria. Pestic. Biochem. Physiol. 109, 1-5 (2014).

Wang, H.-P. et al. Subchronic neurotoxicity of chlorpyrifos, carbaryl, and their
combination in rats. Environ. Toxicol. 29, 1193-200 (2014).

Agency, U. E. P. & Programs, O. of P. Reregistration Eligibility Decision for
ChlorpyrifosNo Title. (2006).

U.S. Environmental Protection Agency, Office of Prevention, P.and T. S.
Reregistration Eligibility Decision (RED) for Chlorpyrifos. (2006).

United States Environmental Protection Agency. Chlorpyrifos: Revised Human
Health Risk Assessment for Registration Review. (2016).

Croom, E. L., Wallace, A. D. & Hodgson, E. Human variation in CYP-specific
chlorpyrifos metabolism. Toxicology 276, 184-191 (2010).

Sparling, D. W. & Fellers, G. Comparative toxicity of chlorpyrifos, diazinon,
malathion and their oxon derivatives to larval Rana boylii.
doi:10.1016/j.envpol.2006.10.036

Eaton, D. L. et al. Review of the Toxicology of Chlorpyrifos With an Emphasis on
Human Exposure and Neurodevelopment. Crit. Rev. Toxicol. 38, 1-125 (2008).

Croom, E. L., Wallace, A. D. & Hodgson, E. Human variation in CYP-specific
chlorpyrifos metabolism. Toxicology 276, 184-191 (2010).

Giordano, G. et al. Organophosphorus insecticides chlorpyrifos and diazinon and
oxidative stress in neuronal cells in a genetic model of glutathione deficiency.
Toxicol. Appl. Pharmacol. 219, 181-189 (2007).

Schafer, K. A. The Cell Cycle: A Review. Vet. Pathol. 35, 461478 (1998).

Donzelli, M. & Draetta, G. F. Regulating mammalian checkpoints through Cdc25
inactivation. EMBO Rep. 4, 671-7 (2003).

American Academy of Pediatrics. Committee on Infectious Diseases. Varicella
vaccine update. Pediatrics 105, 136-41 (2000).

Malumbres, M. Cyclin-dependent kinases. Genome Biol. 15, 122 (2014).
110



94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Schafer, K. A. The Cell Cycle: A Review. Vet. Pathol. 35, 461-478 (1998).

Stolz, A., Ertych, N. & Bastians, H. Tumor Suppressor CHK2: Regulator of DNA
Damage Response and Mediator of Chromosomal Stability. Clin. Cancer Res. 17,
401405 (2011).

Xiao, Z. et al. Chk1 mediates S and G2 arrests through Cdc25A degradation in
response to DNA-damaging agents. J. Biol. Chem. 278, 21767-73 (2003).

Wasil, L. R., Wei, L., Chang, C., Lan, L. & Shair, K. H. Y. Regulation of DNA
Damage Signaling and Cell Death Responses by Epstein-Barr virus Latent
Membrane Proteins (LMP) 1 and LMP2A in Nasopharyngeal Carcinoma Cells. J.
Virol. (2015). doi:10.1128/JV1.00958-15

Jazayeri, A. et al. ATM- and cell cycle-dependent regulation of ATR in response
to DNA double-strand breaks. Nat. Cell Biol. 8, 37-45 (2006).

Bartek, J. & Lukas, J. Chk1 and Chk2 kinases in checkpoint control and cancer.
Cancer Cell 3, 421429 (2003).

Smith, J., Mun Tho, L., Xu, N. & A. Gillespie, D. The ATM—Chk2 and ATR—
Chk1 Pathways in DNA Damage Signaling and Cancer. Adv. Cancer Res. 108, 73—
112 (2010).

Matheson, C. J., Backos, D. S. & Reigan, P. Targeting WEE1 Kinase in Cancer.
Trends Pharmacol. Sci. 37, 872-881 (2016).

Shackelford, R. E., Kaufmann, W. K. & Paules, R. S. Cell cycle control,
checkpoint mechanisms, and genotoxic stress. Environ. Health Perspect. 107, 5—
24 (1999).

Lowe, S. W. & Lin, A. W. Apoptosis in cancer. Carcinogenesis 21, 485-95
(2000).

Barzilai, A. & Yamamoto, K.-1. DNA damage responses to oxidative stress. DNA
Repair (Amst). 3, 1109-1115 (2004).

Gatei, M. et al. Ataxia-telangiectasia-mutated (ATM) and NBS1-dependent
phosphorylation of Chk1 on Ser-317 in response to ionizing radiation. J. Biol.
Chem. 278, 14806-11 (2003).

Stracker, T. H., Usui, T. & Petrini, J. H. J. Taking the time to make important
decisions: the checkpoint effector kinases Chk1 and Chk2 and the DNA damage
response. DNA Repair (Amst). 8, 1047-54 (2009).

111



107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

118.

119.

Nikitin, P. A. et al. An ATM/Chk2-mediated DNA damage-responsive signaling
pathway suppresses Epstein-Barr virus transformation of primary human B cells.
Cell Host Microbe 8, 510-22 (2010).

Wu, X. & Chen, J. Autophosphorylation of checkpoint kinase 2 at serine 516 is
required for radiation-induced apoptosis. J. Biol. Chem. 278, 36163-8 (2003).

Schuler, F. et al. Checkpoint kinase 1 is essential for normal B cell development
and lymphomagenesis. Nat. Commun. 8, 1697 (2017).

Weinberg, R. A. The retinoblastoma protein and cell cycle control. Cell 81, 323—
330 (1995).

Friedberg, E. C. DNA damage and repair. Nature 421, 436-440 (2003).

De Felice, A., Scattoni, M. L., Ricceri, L. & Calamandrei, G. Prenatal Exposure to
a Common Organophosphate Insecticide Delays Motor Development in a Mouse
Model of Idiopathic Autism. PLoS One 10, e0121663 (2015).

Dam, K., Seidler, F. J. & Slotkin, T. A. Chlorpyrifos exposure during a critical
neonatal period elicits gender-selective deficits in the development of coordination
skills and locomotor activity. Dev. Brain Res. 121, 179-187 (2000).

Dam, K., Garcia, S. J., Seidler, F. J. & Slotkin, T. A. Neonatal chlorpyrifos
exposure alters synaptic development and neuronal activity in cholinergic and
catecholaminergic pathways. Dev. Brain Res. 116, 9-20 (1999).

Campbell, C. ., Seidler, F. . & Slotkin, T. . Chlorpyrifos Interferes with Cell
Development in Rat Brain Regions. Brain Res. Bull. 43, 179-189 (1997).

Brouwer, A. et al. Interactions of Persistent Environmental Organohalogens With
the Thyroid Hormone System: Mechanisms and Possible Consequences for
Animal and Human Health. Toxicol. Ind. Health 14, 59-84 (1998).

Jayaraj, R., Megha, P. & Sreedev, P. Organochlorine pesticides, their toxic effects
on living organisms and their fate in the environment. Interdiscip. Toxicol. 9, 90—
100 (2016).

Nordstrom, M. et al. Concentrations of organochlorines related to titers to Epstein-
Barr virus early antigen 1gG as risk factors for hairy cell leukemia. Environ.
Health Perspect. 108, 441-5 (2000).

Hardell, L. et al. Case-Control Study on Concentrations of Organohalogen
Compounds and Titers of Antibodies to Epstein-Barr Virus Antigens in the
Etiology of Non-Hodgkin Lymphoma. Leuk. Lymphoma 42, 619-629 (2001).

112



120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

Hardell. Concentrations of organohalogen compounds and titres of antibodies to
Epstein-Barr virus antigens and the risk for non-Hodgkin lymphoma. Oncol. Rep.
21, (2009).

Alavanja, M. C. R., Ross, M. K. & Bonner, M. R. Increased cancer burden among
pesticide applicators and others due to pesticide exposure. CA. Cancer J. Clin. 63,
120-142 (2013).

Cocco, P. et al. Lymphoma risk and occupational exposure to pesticides: results of
the Epilymph study. doi:10.1136/0emed-2012-100845

Fritschi, L. et al. Occupational exposure to pesticides and risk of non-Hodgkin’s
lymphoma. Am. J. Epidemiol. 162, 849-57 (2005).

Alexander, B. H. et al. Chlorpyrifos exposure in farm families: Results from the
farm family exposure study. J. Expo. Sci. Environ. Epidemiol. 16, 447-456 (2006).

Eyer, F. et al. Extreme variability in the formation of chlorpyrifos oxon (CPO) in
patients poisoned by chlorpyrifos (CPF). Biochem. Pharmacol. 78, 531-537
(2009).

Spinelli, J. J. et al. Organochlorines and risk of non-Hodgkin lymphoma. Int. J.
Cancer 121, 2767-2775 (2007).

Saulsbury, M. D., Heyliger, S. O., Wang, K. & Johnson, D. J. Chlorpyrifos induces
oxidative stress in oligodendrocyte progenitor cells. Toxicology 259, 1-9 (2009).

Zhao, L. et al. Chlorpyrifos Induces the Expression of the Epstein-Barr Virus Lytic
Cycle Activator BZLF-1 via Reactive Oxygen Species. Oxid. Med. Cell. Longev.
2015, 309125 (2015).

Tavares, M. R. et al. The S6K protein family in health and disease. Life Sci. 131,
1-10 (2015).

Shi, Y., Lee, J.-S. & Galvin, K. M. Everything you have ever wanted to know
about Yin Yang 1...... Biochim. Biophys. Acta - Rev. Cancer 1332, F49-F66
(1997).

Donohoe, M. E. et al. Targeted Disruption of Mouse Yin Yang 1 Transcription
Factor Results in Peri-Implantation Lethality. Mol. Cell. Biol. 19, 72377244
(1999).

Montalvo, E. A., Cottam, M., Hill, S. & Wang, Y. J. YY1 binds to and regulates
cis-acting negative elements in the Epstein-Barr virus BZLF1 promoter. J. Virol.
69, 4158-65 (1995).

113



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

AlQarni, S. et al. Lymphomas driven by Epstein-Barr virus nuclear antigen-1
(EBNAL) are dependant upon Mdm2. Oncogene 37, 3998-4012 (2018).

Laplante, M. & Sabatini, D. M. mTOR signaling at a glance. J. Cell Sci. 122,
3589-94 (2009).

Ma, X. M. & Blenis, J. Molecular mechanisms of mTOR-mediated translational
control. Nat. Rev. Mol. Cell Biol. 10, 307-318 (2009).

Kawada, J. -i. et al. mTOR Inhibitors Induce Cell-Cycle Arrest and Inhibit Tumor
Growth in Epstein-Barr Virus-Associated T and Natural Killer Cell Lymphoma
Cells. Clin. Cancer Res. 20, 5412-5422 (2014).

Gottschalk, A. R. et al. Identification of immunosuppressant-induced apoptosis in
a murine B-cell line and its prevention by bcl-x but not bcl-2. Proc. Natl. Acad.
Sci. 91, 7350-7354 (1994).

Sinkovics, J. G. & Sinkovics, J. G. YY Proteins. in RNA/DNA and Cancer 131—
135 (Springer International Publishing, 2016). doi:10.1007/978-3-319-22279-0 8

Boussabbeh, M. et al. Diazinon, an organophosphate pesticide, induces oxidative
stress and genotoxicity in cells deriving from large intestine. Environ. Sci. Pollut.
Res. 23, 2882-2889 (2016).

Ojha, A., Yaduvanshi, S. K., Pant, S. C., Lomash, V. & Srivastava, N. Evaluation
of DNA damage and cytotoxicity induced by three commonly used
organophosphate pesticides individually and in mixture, in rat tissues. Environ.
Toxicol. 28, 543-552 (2013).

Karami-Mohajeri, S. & Abdollahi, M. Toxic influence of organophosphate,
carbamate, and organochlorine pesticides on cellular metabolism of lipids,
proteins, and carbohydrates. Hum. Exp. Toxicol. 30, 1119-1140 (2011).

Koriyama, C., Akiba, S., Minakami, Y. & Eizuru, Y. Environmental factors related
to Epstein-Barr virus-associated gastric cancer in Japan. J. Exp. Clin. Cancer Res.
24, 547-53 (2005).

Carrasco-Avino, G. et al. The conundrum of the Epstein-Barr virus-associated
gastric carcinoma in the Americas. Oncotarget 8, 75687-75698 (2017).

Kanda, T., Yajima, M. & lkuta, K. Epstein-Barr virus strain variation and cancer.
Cancer Sci. 110, 1132-1139 (2019).

Tsai, C.-W. et al. Contribution of Matrix Metallopeptidase-1 Genotypes, Smoking,
Alcohol Drinking and Areca Chewing to Nasopharyngeal Carcinoma
Susceptibility. Anticancer Res. 36, 3335-40 (2016).

114



146.

147.

148.

149.

150.
151.

152.

153.

154.

155.

156.

157.

158.

He, Y.-Q. et al. The Relationship Between Environmental Factors and the Profile
of Epstein-Barr Virus Antibodies in the Lytic and Latent Infection Periods in
Healthy Populations from Endemic and Non-Endemic Nasopharyngeal Carcinoma
Areas in China. EBioMedicine 30, 184-191 (2018).

Resende, R. R. & Adhikari, A. Cholinergic receptor pathways involved in
apoptosis, cell proliferation and neuronal differentiation. Cell Commun. Signal. 7,
20 (2009).

Hernandez-Vargas, H. et al. Viral driven epigenetic events alter the expression of
cancer-related genes in Epstein-Barr-virus naturally infected Burkitt lymphoma
cell lines. Sci. Rep. 7, 5852 (2017).

Gagné, F. & Gagné, F. Oxidative Stress. Biochem. Ecotoxicol. 103115 (2014).
doi:10.1016/B978-0-12-411604-7.00006-4

Betteridge, D. J. What is oxidative stress? Metabolism. 49, 3-8 (2000).

Cooke, M. S., Evans, M. D., Dizdarroglu M. & Lunec, J. Oxidative DNA damage:
mechanisms, mutation, and disease. FASEB J. 17, 1195-1214 (2003).

Yan, S., Sorrell, M. & Berman, Z. Functional interplay between ATM/ATR-
mediated DNA damage response and DNA repair pathways in oxidative stress.
Cell. Mol. Life Sci. 71, 3951-3967 (2014).

Kryston, T. B., Georgiev, A. B. & Pissis, P. Role of oxidative stress and DNA
damage in human carcinogenesis. Mutat. Res. Mol. Mech. Mutagen. 711, 193-201
(2011).

Shiotani, B. & Zou, L. ATR signaling at a glance. J. Cell Sci. 122, 301-4 (2009).

Zannini, L., Delia, D. & Buscemi, G. CHK2 kinase in the DNA damage response
and beyond. J. Mol. Cell Biol. 6, 442-57 (2014).

DiPaola, R. S. To Arrest or Not To G2-M Cell-Cycle Arrest. Clin. Cancer Res. 8,
3311-3314 (2002).

Selvarajah, J., Elia, A., Carroll, V. A. & Moumen, A. DNA damage-induced S and
G2/M cell cycle arrest requires mTORC2-dependent regulation of Chk1.
Oncotarget 6, 427-40 (2015).

Nikitin, P. A. et al. An ATM/Chk2-Mediated DNA Damage-Responsive Signaling
Pathway Suppresses Epstein-Barr Virus Transformation of Primary Human B
Cells. Cell Host Microbe 8, 510-522 (2010).

115



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Jackson, S. P. & Bartek, J. The DNA-damage response in human biology and
disease. Nature 461, 1071-8 (2009).

Giglia-Mari, G., Zotter, A. & Vermeulen, W. DNA damage response. Cold Spring
Harb. Perspect. Biol. 3, a000745 (2011).

Maréchal, A. & Zou, L. DNA damage sensing by the ATM and ATR kinases. Cold
Spring Harb. Perspect. Biol. 5, (2013).

Verma, R. S., Mehta, A. & Srivastava, N. In vivo chlorpyrifos induced oxidative
stress: Attenuation by antioxidant vitamins. Pestic. Biochem. Physiol. 88, 191-196
(2007).

Ki, Y.-W., Park, J. H., Lee, J. E., Shin, I. C. & Koh, H. C. JNK and p38 MAPK
regulate oxidative stress and the inflammatory response in chlorpyrifos-induced
apoptosis. Toxicol. Lett. 218, 235-245 (2013).

Mansour, S. A. & Mossa, A.-T. H. Lipid peroxidation and oxidative stress in rat
erythrocytes induced by chlorpyrifos and the protective effect of zinc. Pestic.
Biochem. Physiol. 93, 34-39 (2009).

Garg, H. K. G. and H. Pesticides - Toxic Aspects. (InTech, 2014).
d0i:10.5772/56979

Soltaninejad, K. & Abdollahi, M. Current opinion on the science of
organophosphate pesticides and toxic stress: a systematic review. Med. Sci. Monit.
15, 75-90 (2009).

Ranjbar, A., Pasalar, P. & Abdollahi, M. Induction of oxidative stress and
acetylcholinesterase inhibition in organophosphorous pesticide manufacturing
workers. Hum. Exp. Toxicol. 21, 179-182 (2002).

Ojha, A. & Srivastava, N. In vitro studies on organophosphate pesticides induced
oxidative DNA damage in rat lymphocytes. Mutat. Res. Toxicol. Environ.
Mutagen. 761, 10-17 (2014).

Sandal, S. & Yilmaz, B. Genotoxic effects of chlorpyrifos, cypermethrin,
endosulfan and 2,4-D on human peripheral lymphocytes cultured from smokers
and nonsmokers. Environ. Toxicol. 26, 433442 (2011).

Kindy, M. et al. Influence of chlorpyrifos oxon on the development and
progression of Alzheimer's disease in amyloid precursor protein transgenic mice.
Neuroimmunol. Neuroinflammation 2, 31 (2015).

Mamane, Y., Petroulakis, E., LeBacquer, O. & Sonenberg, N. mTOR, translation
initiation and cancer. Oncogene 25, 64166422 (2006).

116



172. Saulsbury, M. D., Heyliger, S. O., Wang, K. & Johnson, D. J. Chlorpyrifos induces
oxidative stress in oligodendrocyte progenitor cells. Toxicology 259, 1-9 (2009).

173. Li, D. et al. The organophosphate insecticide chlorpyrifos confers its genotoxic
effects by inducing DNA damage and cell apoptosis. Chemosphere 135, 387-393
(2015).

117



CHAPTER IV

DISCUSSION AND CONCLUSIONS

1. Overall Discussion and Conclusions

This dissertation investigated the organophosphate pesticide, chlorpyrifos (CPF)
and its active metabolite chlorpyrifos-oxon (CPO), and its effects on B-lymphocyte cells
infected with and without the ubiquitous Epstein-Barr virus (EBV). We were interested in
whether or not CPF and CPO exposure altered virus-host interactions both at the viral and
cellular level and what mechanisms were driving these effects. Using EBV+, BL, EBV+,
non-BL, and EBV-, BL cells, we were able to see how the presence of both EBV and the
organophosphate affected cellular and viral replication and the mechanisms that drove
these processes. Visual result summaries of the dissertation for both EBV+, BL, EBV+,
non-BL, and EBV-, BL can be seen in Figures 24 and 25.

In unperturbed cells, we can assume that most cellular processes are functioning
normally and in the presence of potential danger, cellular mechanisms would activate to
protect and repair the cell. We found that CPF induced cytotoxicity to decrease cell
viability in EBV+, non-BL and EBV-, BL cells, but not EBV+, BL cells. Interestingly,
none of the cell lines showed any significant changes in cell viability when cells were
exposed to CPO. Overall, this suggested that CPF may produce more immediate
cytotoxic effects on cells even though CPO, as the active metabolite, is more toxic.

However, this could be explained by CPF and CPO having neuronal cells as their target
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(CPF is a neurotoxin)®:7687 cell type in contrast to B-lymphocytes. Thus, the effects we
see in our results may not be as robust as they would be if we used neuronal or brain
cells. Alternatively, CPF and CPO may have different molecular targets when binding to
acetylcholine receptors which may have changed the toxicity of the organophosphate.
Although CPO may not be causing direct cytotoxic effects to cause cell death, the active
metabolite may alter other cellular functions to cause defects or dysregulation in
important pathways like the cell cycle since we did see CPF and CPO affect total cell
concentrations with increasing concentrations of the pesticide.®17

To investigate putative organophosphate-mediated irregularities in cellular
mechanisms, we decided to examine the cell cycle to determine if CPF and CPO
exposure induced cell cycle arrest or if exposure induced cells to progress through cell
cycle phases. In unperturbed cells, we would expect the cell cycle to aid in cell
proliferation of healthy cells and regulate and undergo proper defense and repair
mechanisms (activation of tumor suppressor proteins, deactivation of oncoproteins, and
cell cycle arrest to allow time for repair) in the presence of genotoxic or cytotoxic
factors.%10215% EBV+ BL, EBV+, non-BL, and EBV-, BL cells were exposed to CPF
and CPO for 24 hours then assessed for cell cycle progression in G1, S, and G2 phases.
We found that CPF exposure in all cell lines, at the highest dose (300 uM), showed
decreased number of cells in G2 phase, which suggests that this high dose induced a G1/S
transition arrest. CPO exposure on the other hand exhibited interesting results given that
we observed statistically significant results at lower CPO concentrations. Overall, EBV+,

BL cells appeared to experience a G1/S transition cell cycle arrest, as well as the EBV-,
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BL cells, though the evidence of cell cycle arrest in EBV-, BL cells was more apparent at
lower concentrations of CPO. EBV+, non-BL cells on the other hand, did not show clear
evidence of any type of cell cycle arrest. In fact, at certain CPO doses, the number of
cells entering S phase increased. One possible explanation would be that cell cycle
checkpoints were altered to prohibit an arrest, or the cells were undergoing an S/G2
transition arrest since we did see decreased percentage of cells in G2. These results
suggest EBV+ cells exhibit a delayed response in cell cycle arrest (seen in EBV+, BL
cells) or a response that promotes cell cycle progression through S phase (as seen in
EBV+, non-BL cells), because EBV-, BL cells showed evidence of cell cycle arrest at
lower concentrations of CPO.

Given that we know CPF and CPO exposure caused changes in cell viability, cell
concentration, and the cell cycle, it was of interest to us to investigate how viral
replication was affected, considering EBV replication and survival requires hijacking and
utilizing the host’s cellular mechanisms.'*® EBV immediate-early protein BZLF1 is an
important viral protein in lytic replication. BZLF1 acts as a required trans-activator for
EBV early proteins so that viral replication can occur,>3®’ thus its presence is a marker
for lytic replication. When EBV+, BL and EBV+, non-BL cells were exposed to 100 uM
of CPF or CPO for 24 hours and chemically induced for lytic replication (using sodium
butyrate and 12-O-tetradecanoylphorbol-13-acetate), BZLF1 levels decreased in EBV+,
BL but increased in EBV+, non-BL cells, while both cell lines exhibited decreased
BZLF1 levels with CPO exposure. We also examined the effects of CPO on EBV latent

proteins as EBV is typically maintained in latency. Latent protein EBNA-1 is expressed
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in all latency types and therefore is a marker for EBV latency. When EBV+, BL and
EBV+, non-BL cells were exposed to different doses of CPO for 24 hours, the cells
displayed decreased levels of EBNA-1. All together these results suggest that
organophosphate exposure to EBV+ cells drives the virus towards latency if lytic
replication is induced, or drives already latent cells to remain latent and not trigger lytic
reactivation. This was further supported when we examined cellular proteins that are
associated with the regulation of EBV replication such as YY1, which is a ubiquitous
promotor and repressor protein, and p70S6K, a protein most notably associated with
translation that is downstream of mMTORC1.12%1"1 YY1 is known to bind to EBV
promoters to repress or keep the virus in latency®3!; CPO exposure did not decrease levels
of YY1 in EBV+ cells which explains the decreased levels in BZLF1 and null change in
EBNA-1 levels. Previous studies have indicated that EBV lytic replication relies heavily
on mTORC1 activity®**3®; our results showed that phospho-p70S6K levels decreased
with CPO exposure. Decreased levels of activated p70S6K indicate that mTORC activity
is being inhibited by CPO and therefore helps explain decreased levels of BZLF1.
Although EBV-, BL were not related to regulation of EBV, it was interesting to see how
the absence of the virus actually increased levels of phospho-p70S6K.

After observing CPO-induced changes in both EBV and B-lymphocyte
replication, it was then of interest to investigate potential driving cellular mechanisms
that contributed to these results. Past literature and studies have established
organophosphates, and specifically chlorpyrifos, are able to induce oxidative stress and

DNA damage in certain cell types.28°128.168.170.172173 However, most of these studies did
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not specifically investigate how EBV+ B-lymphocyte cells influenced cellular signaling
pathways and cellular regulatory mechanisms in relation to cytotoxic and genotoxic
stressors. Therefore, we examined if B-lymphocytes exhibited organophosphate-induced
oxidative stress and DNA damage, in addition to proteins associated with these stressors.

EBV+, BL and EBV+, non-BL cells exposed to CPO for 24 hours overall showed
increased presence of oxidative stress, while EBV-, BL cells did not exhibit a decrease
nor increase of oxidative stress with increasing concentrations of CPO. This suggests that
EBV presence and CPO exposure together caused a greater cellular response in
comparison to only pesticide exposure. Additionally, other types of stressors may be
affecting EBV-, BL cells when exposed to CPO. Although not statistically significant, we
also determined CPF and CPO produced low levels of DNA-damage in EBV+, BL and
EBV-, BL cells, which may play a role in both viral and cellular changes pertaining to
replication such as triggering the Ataxia telangiectasia mutated (ATM)/Ataxia
telangiectasia Rad3 related (ATR) signaling cascade to induce cell cycle arrest. Although
the organophosphate did not produce large amounts of DNA damage, results still suggest
that CPF and CPO exposure were still able to act as cytotoxic and genotoxic stressors in
B-lymphocyte cells despite not dramatically affecting cell viability. To further explore
genotoxic stressors in relation to the cell cycle, we also explored how DDR and cell cycle
checkpoints were affected with CPO exposure.

In the presence of cellular stressors like DNA-damage, ATM and ATR are
typically activated to induce checkpoint proteins Chk1 and Chk?2 activity to initiate a

cascade of signaling proteins for cell cycle arrest,9-97:100.104.149.155160 1 the absence of
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DNA damage, Chk1 and Chk2 are not phosphorylated, which allows for Cdc25A/C to
either remove a phosphate group from CDK1 or CDK2 which in turn allows for the cell
cycle to progress.®®®! In the presence of ssDNA or double strand DNA breaks, cells
should respond by activating ATR (single stranded DNA breaks) or ATM (double
stranded DNA breaks) and then phosphorylate Chk1 (via ATR activation) or Chk2 (via
ATM activation).*®1% phosphorylation of Chk1 and Chk2 then results in the
phosphorylation Cdc25A and Cdc25C; this phosphorylation of Cdc25s inhibits its
activity and therefore will leave CDK1 (via ATR and Chk1) or CDK2 (via ATM and
Chk?2) phosphorylated and thus will cause cell cycle arrest.%:939:9101 \we found that
CPO exposure most likely induced an ATM-mediated response via double strand DNA
breaks in EBV+, BL and EBV-, BL cells, though ATR-mediated DNA-damage was
likely also present because double strand breaks can produce single strand DNA
intermediates to trigger the ATR-signaling cascade.®® This was supported by observing
phosphorylated and total ATR levels decreasing, phosphorylated and total Chk1 levels
decreasing, and phosphorylated Chk2 levels increasing when cells (especially EBV+, BL
and EBV+, non-BL cells) were exposed to CPO.

Overall, this dissertation addressed our initial hypotheses that 1) CPF and CPO
exposure would induce viral and host cell alterations related to replication, 2) EBV and
CPF (and its active metabolite CPO) alter virus-host interactions to produce a combined
effect, that is the presence of both EBV and CPF/CPO produces greater cellular responses
in comparison to cells that are not infected with EBV, and 3) CPF and CPO exposure to

B-lymphocyte cells induces cellular damage and irregularities in vital cellular
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mechanisms (such as the cell cycle) that in turn can affect EBV and B-lymphocyte
replication. Our results suggested that CPF and CPO exposure caused alterations in EBV
and host cell replication mechanisms with a) changes in EBV replication protein levels,
b) likely G1/S transition cell cycle arrest, and ¢) changes in total cell concentration in a
pesticide concentration dependent manner. We concluded that CPO exposure to B-
lymphocyte cells produced small amounts of oxidative stress and DNA damage and it is
likely that other factors like lipid peroxidation may also play a role in our results. We
speculate that this small amount of damage and stress was still enough to elicit a cellular
response to trigger cell cycle arrest. We also speculate that CPO may have bound to non-
target receptors in comparison to CPF, where CPF caused changes in cell viability while
CPO did not. This would explain, in part, why CPF may have reacted differently with the
host cells and virus in comparison to CPO. Lastly, we concluded that EBV and the
organophosphate alter virus-host interactions more so in a potentiation effect in
comparison to a combined effect, as initially hypothesized (Fig. 26). Our results
suggested that the presence of EBV has a protective response in favor of the virus, where
appropriate cellular responses are delayed until cells are exposed to higher concentrations
of CPF or CPO. In contrast, cells without the virus (EBV-, BL) are readily responding to
the organophosphate exposure at lower concentrations. We saw this effect in nearly all of

our results.
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2. Future Directions

To fully understand the effects of CPF and CPO on B-lymphocytes, a more in
depth investigation of the relationship between acetylcholine and B-lymphocytes is
needed. Although information on non-neuronal acetylcholine receptors are well
described, acetylcholine receptors in B-lymphocytes is less defined in comparison to
other immune cells like T cell and natural killer cells. One way to approach this is to first
identify if acetylcholinesterase (the target for CPO) is present in B-lymphocytes. This can
be done by probing for acetylcholinesterase via Western blot or by gRT-PCR to identify
if transcripts are present in these cells. Similarly, it would be necessary to identify which
type of acetylcholine receptors are present in B-lymphocytes, nicotinic or muscarinic
receptors; this could also be done through Western blot or qRT-PCR. If acetylcholine
receptors are detected, a colorimetric assay can detect levels of acetylcholine for cell
suspensions, where hydrogen peroxide (the byproduct of oxidized choline from
hydrolyzed acetylcholine) can be detected by the colorimetric probe. Knowing what type
of acetylcholine receptor and if acetylcholinesterase is present in B cells would provide
evidence that would determine if CPF and CPO have the same or different
targets/receptors. Thus, may help explain differences in results between the parent
compound and the active metabolite.

It would also be of interest to also investigate further aspects of the cell cycle and
cell cycle arrest. Targets downstream of Chk1 and Chk2 like the cell cycle regulators
CDKs and components that regulate CDKs (cyclins and CDK inhibitors) would be useful

in determining if cell cycle arrest has taken place in the presence of organophosphate
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exposure. Additionally, investigation of oncogenes, tumor suppressors and genes related
to DNA repair would also provide evidence that the cell cycle is being affected during
organophosphate exposure.

Lastly, it would be of great interest to further investigate this topic using an
additional cell line to fully compare EBV+, non-BL results. EBV+, BL and EBV-, BL
provides useful comparisons since both cell lines are both Burkitt’s lymphoma, so an
additional cell line, EBV-, non-BL would be beneficial. The addition of this cell line
would help determine if EBV-, non-BL cells showed a more sensitive response to lower
concentrations in comparison to EBV+, non-BL cells and if the presence of EBV and
organophosphates allows the cells to be protective of the virus and thus delays regular
cellular responses until higher concentrations. This would indicate that EBV presence
does play a major role in certain disease pathogenesis as the virus would disrupt normal

cellular functions.
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