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Altered gene expression in human cells
treated with the insecticide diazinon:
correlation with decreased DNA excision
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Many industrial and agricultural chemicals have steroid
hormone agonist or antagonist activities and disrupt
hormone-regulated gene expression. The widely-used
agricultural insecticide, diazinon, was evaluated using
MCF-7 cells - a breast cancer-derived, estrogen-depen-
dent, human cell line - to examine the capacity of this
chemical to alter steroid hormone-regulated gene expres-
sion. MCF-7 cells were treated with 30, 50, or 67 ppm of
diazinon, and gene expression in treated cells was
measured as mRNA levels in the cells compared to
mRNA levels in untreated or estrogen-treated cells.
DNA microarray analysis showed significant up- or
down-regulation of a number of genes in treated cells
compared to untreated cells. Of the 600 human genes on
the chip utilized, specific genes with related functions
were selected for additional consideration. Real time
quantitative PCR (qrtPCR) completed to corroborate
mRNA levels as a measure of specific gene expression,

Introduction

Cellular receptors for steroid hormones include
nuclear proteins which bind to 17p-estradiol (ER),
testosterone (AR), glucocorticoids (GR), thyroid
hormone (TR), progesterone (PR), mineralocorti-
coids (MR), vitamin D3 (D3R), or vitamin A (RAR).
Additional receptors that potentially interact
with steroid hormones include orphan receptors,
such as RXR, and other nuclear receptors, such as
AhR, involved in the initiation of cytochrome
P450 gene expression. The steroid hormone recep-
tors belong to a broad group of proteins - the
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confirmed results obtained from analysis of the micro-
array data. The data show that ERCCS5, encoding Xero-
derma pigmentosum protein G (XPG), essential for DNA
excision repair, and ribonucleotide reductase subunit M1
(RNRM1), encoding a gene necessary for providing the
nucleotides needed for DNA repair, were down-regulated
in cells treated with diazinon. These studies were
designed to provide base-line data on the gene expres-
sion-altering capacity of a specific agricultural chemical,
diazinon, and allow assessment of some of the potentially
deleterious effects associated with exposure of human
cells to diazinon. Human & Experimental Toxicology
(2006) 25, 57-65
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nuclear receptor superfamily — which have differ-
ing motifs of gene activation and variable specifi-
city of ligand binding.""®> Through receptor-
mediated control of gene expression, the hormones
that bind steroid receptors exert exquisite regula-
tion of physiological functions, essential not only
for fetal growth and development, but for good
health in general. Interaction of a receptor (for
instance, ERa) bound to its specific ligand (ERo/
17B-estradiol) with specific response elements in
the upstream regulatory sequences of genes, acts to
initiate expression of the specific estrogen-regu-
lated genes.’®

Existing data suggest that agricultural workers
and their families may be chronically exposed
to a variety of chemicals and their breakdown
products that may bind one or more of the
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steroid receptors and interfere with regulation of
gene expression. The exposure of agricultural and
industrial personnel and their families to endo-
crine disruptive chemicals (EDC) has been
well-documented for some chemicals in some geo-
graphical areas, but these classes of chemicals, in
general, have been poorly defined regarding their
potential to disrupt endocrine function and alter
gene expression.

In many instances, a direct cause-and-effect
relationship has been drawn between acute ex-
posure to some chemicals and health, with the
effects of that exposure being observed as altered
physiological responses and health in both hu-
mans and laboratory animals.°”® Much less is
known about chronic exposure to low levels of
EDC. It is clear from studies of chronically
exposed mammals that EDC may cross the pla-
centa and alter fetal growth and development,
that lactating females may offload large quantities
of potentially EDCs in milk, that nursing young
may have extremely high serum levels of chemi-
cals relative to the actual environmental exposure
levels of the chemicals, and that nursing young
may be significantly affected by exposure to EDC
in milk.'%~"? ‘

Animals exposed to EDC at relatively high levels
may exhibit weight loss, thymic atrophy with
impaired immune function, hepatotoxicity, in-
creased incidence of cancer, loss of reproductive
efficiency in adult animals, developmental anoma-
lies including skeletal defects and altered sex
determination or decreased post-natal male or
female reproductive development, early or delayed
pubertal changes, ototoxicity, altered neurodeve-
lopmental changes including cognitive deficits,
decreased learning potential, and overt fetal toxi-
city and/or fetal death.'>**~1® All of these effects of
chemical exposure can result from disrupted endo-
crine-regulated gene expression, and may differ
dramatically between individual humans, and be-
tween inbred strains of animals, dependent in part
on an individual’s capacity to carry out hormone-
regulated gene expression and on the interaction
of specific chemicals with the variety of enzymes
that metabolize, activate, or remove hydro-
carbons.>'”~%? Very little is known about how
humans and other animals are affected by chronic
low-level exposure to most EDC, including the
insecticide, diazinon.

California, Texas and Florida have the most
significant historical use of diazinon in the US.
It has been detected in the Sacramento River
and its tributaries during the dormant spray
season coinciding with the winter months when

the area receives the majority of its annual rainfall.
Pesticides applied during this period have the
increased potential to wash off applicant
areas and migrate with runoff water, creating
significant contaminant loads (www.sacriver.org/
subcommittees/op/documents/WQMSD_Draft/Ch2_
sourceD.html).

Acute exposure to diazinon is known to inhibit
acetylcholinesterase (ACE) causing nausea, dizzi-
ness, and confusion, with exposure at high levels
causing respiratory paralysis and death, and to
inhibit protein synthesis in vitro.?® However,
chronic effects are not well delineated. Diazinon
apparently inhibits protein synthesis causing
protein deficiency, which is thought to depress
immune system function and cause lesions of
the thymus and spleen, and to repress lympho-
cyte activation by affecting amino acid metabolic
pathways. Diazinon exposure has also been re-
ported to be associated with declining semen
quality,®*~?° and with increased risk for cancer
types, such as non-Hodgkin’s lymphoma in human
males.?”

In this paper, the authors present data from an
evaluation of the effects of diazinon exposure on
gene expression in human cells. These data, from an
in vitro study, determine some of the effects of
cellular exposure to low concentrations of an agri-
cultural and horticultural chemical, diazinon, that
has, until recently, been routinely used to spray
crops, vegetables, and ornamentals in the US and
continues to be in use in large parts of the world. A
correlation between diazinon exposure and the
potential for diminished DNA excision repair is
suggested by these data.

Materials and methods

Tissue culture

Cells of the human breast cancer line, MCF-7,
obtained from ATCC (Manassas, VA), were grown
in minimal essential medium (MEM; Sigma, St.
Louis, MO) containing Phenol red, supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologi-
cals), 5% insulin, 5% sodium pyruvate, l-glutamine
(Sigma, St. Louis, MO), in a humidified atmosphere
at 37°C, 5% CO,. Cells were then switched to MEM
without Phenol red or FBS for 18 hours, because
Phenol red acts as a weak estrogen,?® and FBS
contains variable levels of estradiol. Culture without
Phenol red and in low levels of estradiol was
followed by treatment with 17B-estradiol (Sigma),
for another 18 hours or with diazinon at various
concentrations in the presence or absence of 17p-
estradiol.



Table 1 Primers used for real-time qrtPCR
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Gene name PubMed ID Oligonucleotides 5’-3’
Excision repair protein 5 L20046 Forward GACACGTTCTGAAGTCATTGGCCCTGFAMC
Reverse TGGTCTGCTGTTCTTGGATGGT
Ribonucleotide reductase M1 subunit X59543 Forward GACATACACCCTGGCCCTGAATATGTAGFAMC
Reverse GGGCGATGGCGTTTATTTG
GADPH X01677 Forward CATCAAGAAGGTGGTGAAGCA
Reverse =~ CTACACTACCACCTGGTGCTCAGTGFAMAG

Treatment with diazinon

Cells were treated with 30, 50 or 67 ppm of diazinon
with or without 17p-estradiol at 3 x 10~ M. In each
experiment, the carrier dimethylsulfoxide (DMSO)
was present at <0.01% final concentration in the
culture medium.

Total RNA extraction and quantification

Cells were harvested at the end of 36 hours of
treatment using Ambion lysis solution. RNA was
extracted using the totally RNA kit of Ambion
(Austin, TX). Extracted RNA was spectrophoto-
metrically quantified and evaluated on an agar-
ose gel, along with an MCF-7 standard  of
induced mRNA (Ambion), to check for RNA
quality (see figure 2).

c¢DNA microarray

mRNA was prepared from total RNA using the
Oligotex kit (Qiagen, Valencia, CA) and labeled
with Cy-3 or Cy-5 using the micromax ASAP kit
(Perkin Elmer, Boston, MA). This was followed by
hybridization of 10 pg control mRNA labeled with
Cy-5 and 10 pg test mRNA labeled with Cy-3 for 16
hours on Phase 1 microarray slides containing hu-
man genes (Santa Fe, NM). Phase 1 microarray slides
were developed with batteries of genes to assess
immuno- and neuro-associated genes and genes
known to be associated with hepatotoxicity, but
also contain a variety of other function-related
genes.

Scanning and data analysis

Fluorescent signals on the slides were scanned
using a Gene Pix Axon 4000b scanner (Axon
Instruments, Union City, CA) and their intensities
were analysed using Acuity software (Axon Instru-
ments).

Reverse transcription

After visualizing 2 pg of each RNA sample on a
non-denaturing gel, 1 pug of high quality total RNA
was used for reverse transcription. Briefly, for a
25-uL. RT reaction, random hexamers (16 uM final,
Roche, Indianapolis, IN), Oligo dT (500 ng/uL,

Promega, Madison, WI), RNA 1.0 pg, and RNAse-
free water were combined, heated at 65°C for
5 min, and allowed to cool to room temperature.
A cocktail of the following components was
added to each sample; 5 x1st strand buffer, 0.1
M DTT (both included with SuperScript II),
RNase block (Brinkman, Westbury, NY), 10 mM
dNTPs (Promega, Madison, WI) and SuperScript II
RT (Invitrogen, Carlsbad, CA). The cocktail was
used without RT as a control. Each tube was
mixed and centrifuged briefly. The RT reaction
was run at 37°C for 1 hour, reverse transcriptase
was inactivated by heating at 90°C for 5 min, and
samples were cooled on ice. A reaction with and
without reverse transcriptase was performed with
each sample. For real time PCR, a master mix
containing Platinum Quantitative PCR SuperMix-
UDG, ROX reference dye, RNAse/DNAse-free
water, 10pM FAM-labeled LUX primers and
10 uM  unlabeled reverse primer was assembled.
All components were from Invitrogen. The pri-
mers (Table 1) were specific for the genes selected
for special consideration or for GADPH, a house-
keeping gene common to most mammalian cells.
Primers were designed using Invitrogen’s LUX
primer design program (available from the Invi-
trogen website) and labeled with FAM. Each
sample — 10pL with or without RT - was
combined with 40 puL of the master mix in an
optically clear semi-skirted PCR plate. Reactions
contained primers specific for the genes of inter-
est and for GADPH in each sample. Real time
PCR employed an Applied Biosystems Prism
7700 thermocycler (Foster City, CA) and used
a three-step cycling program recommended by
Invitrogen: 50°C, 2min hold (UDG treatment),
95°C, 2min hold and 45 cycles of 95°C, 15 s,
55°C, 30s, 72°C, 30s.

Data analysis

The data are presented as normalized expression
levels — (expression level of the gene of interest
divided by the expression level of GADPH). The
expression level for qrtPCR studies was deter-
mined by the equation: 2**“, Ct being the cycle
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Figure 1 Structure and activation of the insecticide diazinon.
(From: www.sigma-aldrich.com)

number at which the threshold was crossed for the
test gene GADPH, and 45 is the number of cycles in
the program.”®

Results

MCF-7 cells were grown in medium containing
10% normal FBS (NFBS), or in medium with
serum-stripped FBS, for 18 hours and treated
with diazinon (initial range: 0.3-300 ppm), with
or without 17B-estradiol. Cells were harvested after
36 hours, RNA was isolated and microarray slides
were labeled. Cells treated with diazinon >90 ppm
in the medium died. At 30, 50 and 67 ppm of

Figure 2. Agarose gel electrophoresis of a diazinon-treated MCF-
7 RNA sample.

Table 2 Acronyms used for treatments

Acronym Type of treatment

NFBS MCF-7 cells grown in medium containing
normal fetal bovine serum (10%) for 36 hours
MCF-7 cells grown in medium containing
charcoal-dextran treated FBS medium (10%) for
36 hours

MCF-7 cells grown in NFBS for 18 hours,
followed by addition of 3.3 ng/mL of Enable to
the medium for 18 hours

MCF-7 cells grown in NFBS for 18 hours,
followed by addition of 3.3 ng/mL of Enable
and 17 B-estradiol to the medium for 18 hours
MCF-7 cells grown in NFBS for 18 hours,
followed by addition of 17 B-estradiol to the
medium for 18 hours

MCF-7 cells grown in SFBS for 18 hours,
followed by addition of 3.3 ng/mL of Enable to
the medium for 18 hours

MCF-7 cells grown in SFBS for 18 hours,
followed by addition of 17 B-estradiol to the
medium for 18 hours

MCF-7 cells grown in NFBS for 18 hours,
followed by addition of 3 ppm of diazinon to
the medium for 18 hours

MCF-7 cells grown in NFBS for 18 hours,
followed by addition of 30 ppm of diazinon to
the medium for 18 hours

MCF-7 cells grown in NFBS for 18 hours,
followed by addition of 50 ppm of diazinon to
the medium for 18 hours

MCF-7 cells grown in NFBS for 18 hours,
followed by addition of 67 ppm of diazinon to
the medium for 18 hours

SFBS

NFBS T1-E2

NFBS T1+E2

NFBS E2

SFBS T1

SFBS E2

NFBS D3

NFBS D30

NFBS D50

NFBS D67

diazinon, cells were alive and not morphologically
altered.

Identification of genes affected by diazinon

DNA microarray analysis of the affects of diazinon
is dependent on activation of the insecticide
(Figure 1). In human liver, this is a function of
CYP2C19, and without activation by this or other
CYP, diazinon would not be expected to alter gene
expression.??>*° Microarray experiments examined
the effects of diazinon on gene expression in MCF-
7 cells and are summarized in Table 2. The data
show a number of genes with dysregulation. For
grtPCR corroboration of altered gene expression,

Table 3 Microarray experiments with diazinon-treated MCF-7
cells

Control Test (CY3) Results

(CY5)

NFBS NFBS D3 No significant difference in gene
expression

NFBS NFBS D30 16 genes up-regulated

NFBS NFBS D50 24 genes up-regulated

NFBS NFBS D67 Three genes down-regulated and 28

genes up-regulated
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Figure 3 Amplification plots A and B for genes of MCF-7 cells treated with diazinon at 67 ppm.

two genes were chosen from 67 ppm treatment
levels (Figure 3A, B). These genes, excision
repair protein 5 (ERCC-5) and ribonucleotide
reductase subunit M1 (RNRM1), were down-regu-
lated (Table 4).

Quantitative real time PCR data and expression
levels

Reverse transcription and quantitative real time PCR
(qrtPCR) was carried out as above and shown in
Figure 3(A,B). The data confirmed results of the
microarray analysis. Normalized expression levels
computed for ERCC5 and RNRM1 are given in
Figures 4 and 5.

Discussion

Excision repair protein-5 (ERCC5, aka ERCM2;
UVDR; XPG; XPGC)

DNA excision repair (NER) is one of the primary
mechanisms by which mammalian cells remove

DNA lesions caused by ultraviolet light or by
exogenous DNA adduct-forming agents. Exposure
to mutagenic or genotoxic agents may cause cell
cycle delays allowing repair of DNA damage, repair
that is central to maintaining normal cellular func-
tions. A wide spectrum of structurally unrelated
lesions, such as UV-induced photoproducts, bulky
chemical adducts, and certain types of DNA cross-
links, are efficiently removed during NER. In the
process of repair, the products of more than a dozen
genes are involved in damage recognition, inci-
sion, excision, DNA elongation, and DNA ligation.
Collectively, they restore the normal DNA
structure.®' >4

Excision repair protein-5 (XPG, ERCC5) has
endonuclease activity and plays a major role in
incision of both the 5" and 3’ sides of UV-initiated
DNA lesions.’’ Individuals with a homozygous
defect in the ERCC5-encoded protein (aka
XPG, XPGC, ERCM2, UVDR) suffer from
Xeroderma pigmentosum (XP), or in some in-
stances, Cockayne syndrome,* associated with
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Table 4 Gene expression profile after treatment with diazinon at
67 ppm

Pub Med ID Gene name Ratio
L20046 ERCC 5 (excision repair protein) 0.524
X59543 Ribonucleotide reductase M1 subunit 0.55
U50079 Histone deacetylase 1 0.704
X15759 Cytochrome C oxidase subunit II 0.823
M11717 Heat shock protein 70 0.953
M34664 Heat shock protein 60 (chaperonin) 0.984
XM011855 Ribosomal protein L13A 1.073
X13403 Octamer binding protein 1 1.119
XM012041 KAI1 metastasis suppressor gene 1.131
(CD82)
XMO007615 Ribosomal protein S17 1.142
X15187 Glucose-regulated protein 94 1.219
XM012549 Ribosomal protein L13 1.361
X16869 Elongation factor-1 alpha 1.379
NMO002737 Protein kinase C alpha 1.397
M84739 Calreticulin 1.47
X66403 Acetylcholine receptor epsilon 1.745
XM014287 pMS5 protein 1.759
NMO000274 Ornithine aminotransferase 1.782
XM008176 MYB binding protein 1.796
XMO007981 Type I transmembrane protein Fn14 1.802
(FN14)
L10752 3-Methyladenine DNA glycosylase 1.805
XM007417 Transforming growth factor-beta3 1.814
NMO004106 High affinity IgE receptor gamma chain  1.85
(FcERIgamma)
XMO005893 Mitochondrial voltage dependent anion  1.864
channel (VDAC2)
NM003104 Sorbitol dehydrogenase 1.905
NMO000931 Tissue plasminogen activator 1.934
Y10313 Interferon related developmental 1.934
regulator IFRD1 (PC4)
NM002426 Macrophage metalloelastase 1.94
XM004968 Hepatocyte growth factor receptor 1.954
XM008437 Nerve growth factor receptor 1.965
NMO000853 Glutathione S-transferase theta-1 1.966
AF096290 Very long-chain acyl-CoA synthetase 1.974
XM007704 Fumarylacetoacetate hydrolase (FAH) 1.983
XM004689 Insulin-like growth factor binding 1.986
protein 3
NM030938 Hypothetical protein DKFZp5661133 1.988
XM008817 Membrane bound cytochrome b5 2.011
NMO001888 Crystallin 2.021
M59907 Melanoma-associated antigen ME491 2.049
XM004212 Diubiquitin (UBD) 2.053
XM009082 Low density lipoprotein receptor 2.114
M23452 Macrophage inflammatory protein-1 2.12

alpha

Ratios >1.5 are considered up-regulated and <0.6, down-
regulated. Values are fold change at each time point rela-
tive to the control. Values in bold have been verified by
real-time PCR.

the inability to initiate DNA excision repair.®’~°
In lung cancer patients and patients with squa-
mous cell carcinoma of the head and neck, the
levels of ERCC5 are significantly lower than in
normal individuals.’® Defective excision repair
increases the occurrence of transformed cells by
allowing unrepaired DNA damage to remain in
place, leading to increased mutation and cell
transformation. DNA repair capacity varies from

individual to individual, and reduced expression
of ERCC5 and other ER proteins is likely to
increase the susceptibility of an individual to a
variety of ultraviolet light- or mutagenic chemical-
induced cancer types. Individuals heterozygous for
ERCC5 are at a lower risk for cancer than persons
who are homozygous for mutant ERCC5, and at a
greater

risk than those persons homozygous normal for
this gene.

Ribonucleotide reductase M1 (RNRM1)
Ribonucleotide reductase (RNR) plays a key role in
the synthesis of DNA during excision repair.
Recent studies have shown that there are three
human RNR subunits: RNRM1, RNRM2 and
p53R2. RNRM1 is a large peptide chain, one of
the two components of ribonucleotide reductase,
and both RNRM2 and p53R2 are small protein
subunits of RNR. The cellular function of RNRM1
is to provide the deoxynucleotides required for
DNA synthesis and repair through catalysis of
ribonucleoside diphosphates to the corresponding
deoxyribonucleosides, catalyzing the rate-limiting
step in deoxyribonucleotide biosynthesis. The ac-
tivity of this heterodimeric enzyme is dependent
on the expression of both its large and small
subunits.?”-3®

The p53R2 protein directly interacts with
RNRM2, while RNRM1 interacts weakly with
p53R2, but not with p53. After exposure to UV,
p53R2 and RNRM2 dissociate from p53 and bind
RNRM1. Before UV treatment of cells, all RNR
subunits are localized in the cytoplasm, translocat-
ing to the nucleus after UV treatment.?”

RNRM1 and Ilung cancer

There is an incompletely defined relationship
between allele loss at human chromosome 11p15.5
and increased metastasis in patients with lung
cancer.’® The RNRM1 gene, which maps to
11p15.5, suppresses invasion, migration, and in
vivo metastasis by up-regulation of the PTEN tu-
mor-suppressor gene when it is over-expressed in
human and mouse lung cancer cell lines.

Conclusions

These studies indicate that treatment of human
cells in culture with diazinon results in down-
regulation of a number of genes. Two genes with
related functions have been corroborated using
qrtPCR. Down-regulation of the two DNA exci-
sion repair-associated genes, ERCC5 and RNRM1,
in human cells exposed to diazinon, can poten-
tially result in serious health problems. The
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Figure 4 QRT PCR amplification plots for diazinon treatment. GADPH is the standard gene. (A) The cycle at which ERCC5 crosses the
threshold in all samples. (B) The cycle at which RNRM1 crosses the threshold in different samples, respectively.

potential consequences of low-dose, long-term, light and/or mutagenic chemicals. These data
exposure to diazinon appear to be potentially  suggest that diminished expression of ERCC5
significant to the developing fetus, and to devel- and RNRM1 after diazinon exposure has the
oping and adult humans exposed to ultraviolet potential to result in the increased incidence of
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Figure 5 Normalized gene expression levels for diazinon treatment. (A, B) Represent individual expression levels of RNRM1 and
ERCC5 compared with GADPH, respectively.
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basal cell carcinoma and/or melanoma, and in
possibly elevated levels of metastasis of trans-
formed cells.

Acknowledgements

This study was supported, in part, by USEPA
STAR award 430891, a NOAA Texas Sea Grant

References

1

2

10

11

12

13

14

Fuller P. The steroid receptor superfamily: mecha-
nisms of diversity. FASEB 1991; 5: 3092-99.

Truss M, Beato M. Steroid hormone receptors: interac-
tion with deoxyribonucleic acid and transcription
factors. Endocrinol Rev 1993; 14: 450-79.

Waxman DA. P450 gene induction by structurally
diverse xenochemicals: central role of nuclear recep-
tors CAR, PXR, and PPAR. Arch Biochem Biophys
1999; 369: 11-29.

O’Malley B, Tsai M-J. Molecular pathways of steroid
receptor action. Biol Reprod 1992; 46: 163—67.
Lieberman BA. The estrogen receptor activity cycle:
dependence on multiple protein—protein interaction.
Crit Rec Endocr Gene Expr 1997; 7: 43-59.

Jackson TF, Halbert FL. A toxic syndrome associated
with the feeding of polybrominated biphenyl-contami-
nated protein concentrate to dairy cattle. ] Am Vet Med
Assoc 1974; 165: 437-39.

Kashimoto T, Miyata H. Differences between Yusho
and other kinds of poisoning involving only PCBs. In
Waid JS ed. PCBs and the environment. CRC Press,
1987.

Lawrence C, Reilly A, Quyickenton P, Greenwald P,
Page W, Kuntz A. Mortality patterns of New York State
Vietnam veterans. Am J Public Health 1985; 75: 277 —
84.

Constable JD, Hatch MC. Reproductive ‘effects of
herbicide exposure in Vietnam: recent studies by the
Vietnamese and others. Terat Carcinog Mutagen 1985;
5: 231-50.

Tanabe S, Tatsukawa R, Maruyama K, Miyazaki N.
Transplancental transfer of PCBs and chlorinated
hydrocarbon pesticides from the pregnant striped
dolphin (Stenella coeruleoalba) to her fetus. Agric
Biol Chem 1982; 46: 1249-54.

Brouwer A, Ahlborg UG, Vandenberg M, Birnbaum LS,
Boersma ER, Bosveld B. Functional aspects of devel-
opmental toxicity of polyhalogenated aromatic-hydro-
carbons in experimental animals and human infants.
Eur J Pharm Environ Toxicol 1995; 293: 1—40.
Ridgway S, Reddy M. Residue levels of several
organochlorines in Tursiops truncatus milk collected
at varied stages of lactation. Mar Poll Bull 1995; 30:
609-14.

Chen PH, Hsu ST. PCB poisoning from toxic rice-bran
oil in Taiwan. In Waid JS ed. PCBs and the environ-
ment, Volume 3. CRC Press, 1987.

Guillette L], Pickford DB, Crain DA, Rooney AA,
Percival HF. Reduction in penis size and plasma
testosterone concentrations in juvenile alligators living
in a contaminated environment. Gen Comp Endocrinol
1996; 101: 32-42.

award 404227, the TAMU Center for Environmen-
tal and Rural Health P30 ES0O9106, and a subcon-
tract from CDC/NIOSH award 1 U50 OHO07541

to

the Southwest Center for Agricultural Safety

and Health, University of Texas Health Center at
Tyler.

15

16

17

18

19

20

21

22

23

24

25

26

27

Faqui AS, Dalsenter PR, Merker H-J, Chahoud I
Reproductive toxicity and tissue concentrations of
low doses of 2,3,7,8-tetrachlorodibenzo-p-dioxin in
male offspring rats exposed throughout pregnancy
and lactation. Toxicol Appl Pharmacol 1998; 150:
383-92.

Handy RD, Abd-El Samei HA. Chronic diazinon
exposure: pathologies of spleen, thymus, blood
cells, and lymph nodes are modulated by dietary
protein or lipid in the mouse. Toxicology 2002; 172:
13-34.

Whitlock JP Jr. The regulation of cytochrome P450
gene expression. Ann Rev Pharmacol Toxicol 1986; 26:
333.

Poland A, Knutson JC. Polychlorinated biphenyls
(PCBs) and polybrominated biphenyls (PBBs): bio-
chemistry, toxicology and mechanisms of activity.
Ann Rev Pharmacol Toxicol 1982; 22: 517.

Lu Y, Wang X, Safe S. Interaction of 2,3,7,8-tetrachlor-
odibenzo-p-dioxin and retinoic acid in MCF-7 human
breast cancer cells. Toxicol Appl Pharm 1994; 127: 1-
8.

Kharat I, Saatcioglu F. Antiestrogenic effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin are mediated by direct
transcriptional interference with the liganded estrogen
receptor. ] Biol Chem 1996; 271: 533—-10537.
Santostefano MJ, Wang X, Richardson VM, Ross DG,
DeVito MJ, Birnbaum LS. A pharmacodynamic analy-
sis of TCDD-induced cytochrome P450 gene expres-
sion in multiple tissues: dose-and time-dependent
effects. Toxicol Appl Pharmacol 1998; 151: 294-310.
Kappas W, Edwards R, Murray S, Boobis AR. Diazinon
is activated by CYP2C19 in human liver. Toxicol Appl
Pharmacol 2001; 177: 68-76.

Marinovich M, Guizzetti M, Galli CL. Mixtures of
benomyl, pirimiphos-methyl, dimethoate, diazinon
and azinphos-methyl affect protein synthesis in HL-
60 cells differently. Toxicology 1994; 1-3: 173-85.
Chen H, Xiao ], Hu G, Zhou H, Wang X. Estrogenicity
of organophosphorus and pyrethroid pesticides. J
Toxicol Environ Health Part A 2002; 65: 1419 35.
Swan SH, Kruse RL, Fan L, Barr DB, Drobnis EZ,
Redmon JB et al. Semen quality in relation to biomar-
kers of pesticide exposure. Environ Health Perspect
2003; 111: 1478-84.

Lui WY, Lee WM, Cheng CY. TGF-betas: their role in
testicular function and Sertoli cell tight junction
dynamics. Int ] Androl 2003; 26: 147—-60.

DeRoos AJ, Zahm SH, Weisenburger DD, Holmes FF,
Burmeister LF, Blair A. Integrative assessment of
multiple pesticides as risk factors for non-Hodgkin’s



28

29

30

31

32

33

lymphoma among men. Occup Environ Med 2003; 60:
E11.

Berthois Y, Katzenellenbogen JA, Katzenellenbogen
BS. Phenol red in tissue culture media is a weak
estrogen: implications concerning the study of estro-
gen-responsive cells in culture. Proc Natl Acad Sci
USA 1986; 83: 2496-500.

Davidson LA, Lupton JR, Miskovsky E, Fields AP,
Chapkin RS. Quantification of human intestinal gene
expression profiles using exfoliated colonocytes: a
pilot study. Biomarkers 2003; 8: 51-61.

Buratti FM, Volpe MT, Meneguz A, Vittozzi L, Testai E.
CYP-specific bioactivation of four organophosphor-
othioate pesticides by human liver microsomes. Tox-
icol Appl Pharmacol 2003; 186: 143-54.

Demple B, Harrison L. DNA excision repair. Repair of
oxidative damage to DNA: enzymology and biology.
Ann Rev Biochem 1994; 65: 43-81.

Harada Y-N, Matsuda Y, Shiomi N, Shiomi T. Com-
plementary DNA sequence and chromosomal localiza-
tion of XPG, the mouse counterpart of human repair
gene XPG/ERCC5. Genomics 1995; 28: 59-65.

Sancer A. DNA excision repair. Ann Rev Biochem
1996; 65: 43-81.

Gene expression is altered in human cells by the insecticide diazinon
T Mankame et al.

34

35

36

37

38

39

Tian M, Jones DA, Smith M, Shinkura R, Alt FW.
Deficiency in the nuclease activity of 2004 Xeroderma
pigmentosum G in mice leads to hypersensitivity to
UV radiation. Mol Cell Biol 2004; 24: 2237-42.
Vermeulen W, Jaeken ], Jaspers NG, Bootsma D, Hoeij-
makers JH. Xeroderma pigmentosum complementation
group G associated with Cockayne syndrome. Am J
Hum Genet 1993; 53: 185-92.

Cheng L, Sturgis EM, Eicher SA, Spitz MR, Wei Q.
Reduced expression levels of nucleotide excision
repair genes in lung cancer: a case-control analysis.
Carcinogenesis 2000; 21: 1527-30.

Pitterle DM, Kim YC, Joliceur EM, Cao Y, O’Briant KC,
Bepler G. Lung cancer and the human gene for
ribonucleotide reductase subunit M1 (RRM1). Mamm
Genome 1999; 10: 916-22.

Bepler G, Zheng Z, Gautam A, Sharma S, Cantor A,
Sharma A et al. Ribonucleotide reductase M1 promo-
ter activity, polymorphisms, population frequencies,
and clinical relevance. Lung Cancer 2005; 47: 183—92.
Gautam A, Li ZR, Bepler G. RRM1-induced metastasis
suppression through PTEN-regulated pathways. Onco-
gene 2003; 22: 2135-42.

65



