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Abstract

Background: Current evidence indicates that even low-level lead (Pb) exposure can have detrimental effects, especially in
children. We tested the hypothesis that Pb exposure alters gene expression patterns in peripheral blood cells and that these
changes reflect dose-specific alterations in the activity of particular pathways.

Methodology/Principal Finding: Using Affymetrix Mouse Genome 430 2.0 arrays, we examined gene expression changes in
the peripheral blood of female Balb/c mice following exposure to per os lead acetate trihydrate or plain drinking water for
two weeks and after a two-week recovery period. Data sets were RMA-normalized and dose-specific signatures were
generated using established methods of supervised classification and binary regression. Pathway activity was analyzed
using the ScoreSignatures module from GenePattern.

Conclusions/Significance: The low-level Pb signature was 93% sensitive and 100% specific in classifying samples a leave-
one-out crossvalidation. The high-level Pb signature demonstrated 100% sensitivity and specificity in the leave-one-out
crossvalidation. These two signatures exhibited dose-specificity in their ability to predict Pb exposure and had little overlap
in terms of constituent genes. The signatures also seemed to reflect current levels of Pb exposure rather than past exposure.
Finally, the two doses showed differential activation of cellular pathways. Low-level Pb exposure increased activity of the
interferon-gamma pathway, whereas high-level Pb exposure increased activity of the E2F1 pathway.
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Introduction

While substantial progress has been made in identifying the

alterations in cancer genomes, much less is understood of the

contributions of environmental agents in defining the course of

cancer development. Mounting evidence indicates a role for lead

in carcinogenesis. Epidemiological studies show that environmen-

tal and occupational lead exposures increase cancer risk,

particularly lung and stomach cancer [1–4]. There is also ample

evidence from animal studies that lead is carcinogenic, causing

lung, brain, hematopoietic and kidney tumors [5–7]. Furthermore,

recent studies have revealed several biological mechanisms that

might contribute to the carcinogenic effects of lead, including the

inhibition of DNA synthesis and repair, oxidative damage,

interaction with DNA-binding proteins and tumor suppressor

proteins and alterations to gene transcription [6–9]. Lead has also

been shown to damage chromosomes by causing micronuclei

formation, chromosomal aberrations and sister chromatid ex-

changes. [6,10]. Finally, lead enhances the carcinogenicity of other

genotoxic and mutagenic substances such as UV-radiation, oxygen

radicals and various chemical mutagens in the context of co-

exposure [11–15]. Therefore, lead exposure can cause the

deregulation of several cellular pathways that are critical for

normal cell division, DNA synthesis, DNA and damage repair and

gene transcription, setting the stage for tumorigenesis.

An ability to detect and quantify the effects of past and present

lead exposure on specific cellular pathways might facilitate the

monitoring of individuals for increased cancer risk and also

contribute to an understanding of how lead exposure contributes

to carcinogenesis. Current research emphasizes the need to evaluate

the mechanisms of lead-induced carcinogenesis, particularly oxida-

tive stress/apoptosis and the roles of cellular defense mechanisms,

signaling pathways, and intracellular lead-binding patterns.

Because children are especially susceptible to the effects of lead,

the Center for Disease Control and Prevention (CDC) has led

nationwide efforts to eliminate lead exposure in children. Although

Pb has been banned from gasoline, residential paint and solder

used for food cans and water pipes, the CDC estimates that over

300,000 U.S. children (ages 1–5 years) have elevated blood lead

levels (BLLs) [16]. Exposure is most likely to occur through

inhalation or ingestion of Pb dust or through exposure to soil or

water contaminated with Pb from industrial and manufacturing

sources. Pb poisoning in children can cause brain damage,

behavioral problems, growth delays, hearing problems, headaches
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and in rare cases seizures, coma and even death [6]. The CDC has

set a goal to eliminate BLLs $10 mg/dL in young children by

2010. However, many studies indicate that even BLLs below

10 mg/dL can cause negative health effects [17–19] and the CDC

has stated that there is ‘‘no safe blood lead level’’ in children [16].

Accumulating evidence indicates that low-level Pb exposure can

have a detrimental effect on health, especially that of children. In

addition, many studies point to a role for Pb in facilitating

carcinogenesis. Therefore, sensitive tools are needed to be able to

detect past and present Pb exposures, even at low levels. In

addition to assessing individual exposure history, it is imperative to

be able to understand the biological mechanisms through which

Pb contributes to negative health outcomes, including increased

cancer risks. Therefore, two major challenges in the field of Pb

toxicology are to 1) evaluate the health impact of low-level

exposures that do not cause any observable health effects and 2)

understand the mechanisms by which Pb affects normal cellular

pathways and how this may contribute to future health risks.

Many groups are applying genomic tools to the study of Pb

toxicology. For example, Ruden et al. used expression quantitative

trait locus mapping techniques to identify genomic regions

containing putative ‘‘master-regulators’’ of response to Pb

exposure in fruit flies [20]. Bouton et al. [21] characterized gene

expression in immortalized astrocytes, thus confirming several

genes previously reported to be induced by lead and also

identifying some novel ones. This work prompted a follow up

study, which investigated the mechanisms by which Pb induced

vascular endothelial growth factor (VEGF) expression in astro-

cytes, demonstrating the potential for microarray studies to reveal

novel mechanisms of toxicity [22]. Finally, Kasten-Jolly et al. have

described the effects of developmental Pb exposure on gene

expression in the spleen [23]. The results of this study provided

insight into the role of Pb exposure on inhibition of heme

biosynthesis and the generation of peptides that could contribute

to autoimmune syndromes. It is vital to understand the effects of

Pb exposure on target tissues and organs, and the gene expression

patterns described in these studies serve as biomarkers of effect.

However, many of the tissues known to be affected by Pb (e.g.

spleen and brain tissues) are not easily accessible and thus do not

represent a means to assess exposure in a noninvasive manner.

Our study, which presents the first microarray analysis of the

effects of Pb exposure on PBCs, highlights the potential to use

blood-based biomarkers to identify low- and high-level exposures

and gain a better understanding of the underlying mechanisms of

Pb toxicity.

Previous studies have highlighted the opportunity to use gene

expression patterns in peripheral blood cells (PBCs) as a basis for

measuring exposure to environmental agents as well as a way to

probe the underlying mechanisms of toxicity. These studies

capitalize on the natural facility of PBCs as indicators of

environmental exposure combined with the power of global gene

expression analysis. For example, molecular signatures generated

to diagnose radiation exposure [24–26] also have the potential to

identify those genes that are affected by radiation exposure and

may have implications in the treatment of radiation injury. Many

other groups have described blood-based gene expression

signatures of occupational and environmental exposures [27–30].

We use a similar approach to develop signatures of Pb exposure

based on peripheral blood cell gene expression. However, our

approach is unique in that we have made use of a collection of

signatures that represent the activation of various cell-signaling

pathways to identify the pathways that are either activated or

repressed in response to Pb exposure. We describe dose-specific

signatures of Pb exposure in a mouse model and also identify

pathways that are perturbed in a dose-specific manner. These

findings suggest that the response to Pb exposure may be quite

distinct depending on the level of exposure. In addition, our results

confirm previous studies that suggest there is no safe level of Pb

exposure. Even low levels of Pb exposure alter normal gene

expression patterns in peripheral blood cells and result in the

aberrant activation of cellular signaling pathways.

Results

We generated blood-based gene expression signatures that

reflect changes in the transcriptome of peripheral blood cells. As

shown in Figure 1, we were able to generate robust signatures for

each dose of Pb exposure. Each signature demonstrated a strong

capacity to distinguish Pb-exposed mice from controls in a leave-

one-out crossvalidation. The low Pb signature (Figure 1A–B)

showed a sensitivity of 93% and specificity of 100% based on a

receiver-operator characteristic curve (AUC = 0.9619, p-value

= 0.0006340). The high Pb signature (Figure 1C–D) showed

100% sensitivity and specificity in classifying samples based on

exposure (AUC = 1.000, p-value = 0.0002173). It was also evident

from this analysis that the signatures were dose-specific. In other

words, the high dose signature could not accurately distinguish low

Pb exposure from control and vice versa (Figure 1B, D). Consistent

with this specificity, the 250-probe signatures only have 28 probes

in common. (Table S1 lists the probes in each signature along with

the corresponding gene symbol and description.)

A focus of the approach of developing gene expression

signatures of Pb exposure was the potential that this might

provide a method sensitive enough to reveal a history of exposure.

To evaluate the extent to which the signature persists following Pb

exposure, we analyzed the expression of the signature genes

following a two-week absence of Pb in the drinking water. As

shown in Figure 2, the effect was transient, with the expression of

the signature genes returning to the level of background after two

weeks of Pb-free drinking water. As such, it would appear that the

distinct expression signature resulting from Pb exposure reflects

the acute and current exposure to Pb rather than a lasting effect on

gene transcription patterns in the peripheral blood cells. The

normalized gene expression value for the genes in each signature

relative to control values is listed in Table S2.

In order to better understand the similarities and differences

between the two signatures, we broke each signature into two

components – genes that were either upregulated or downregu-

lated in response to Pb exposure – and compared these for each

dose. The high dose Pb signature was composed of 91 upregulated

probes and 159 downregulated probes. The low dose Pb signature

was composed of 170 upregulated probes and 80 downregulated

probes. A comparison of the upregulated probes revealed that the

signatures shared only 10 in common; a comparison of the

downregulated probes revealed that the signatures only shared 7 in

common (see Figure 3). Table S3 shows the top gene ontology

categories for the genes that are upregulated and downregulated in

response to each level of Pb exposure. An analysis of the gene

ontology categories that were significantly enriched in the

upregulated sets of genes revealed that although the genes induced

by the low and high doses of Pb did not overlap extensively, they

reflected similar biological processes, namely the cellular response

to unfolded proteins. However, the high-dose Pb signature also

includes several upregulated genes related to the processes of

angiogenesis and blood vessel formation. A similar analysis of the

gene ontology categories enriched in the downregulated genes

revealed that the high dose signature genes were related to the

cellular response to heat, and G-protein coupled receptor

Peripheral Blood Signatures of Lead Exposure
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signaling. The downregulated genes within the low dose signature

represented anti-apoptotic genes and genes involved in antigen

presentation. A particularly interesting finding came from a

comparison of those genes downregulated in response to high

levels of Pb, but upregulated in response to low doses. This

particular subset of genes was enriched for binding sites for various

hormone receptors, such as androgen receptor, progesterone

receptor and glucocorticoid receptor (Table S4).

In light of the differences we observed between the low-dose and

high-dose Pb signatures, we hypothesized that Pb exposure could

result in differential activation or repression of cellular pathways

based on the level of exposure. To test this theory, we took

advantage of a collection of gene expression signatures represent-

ing the activity of particular cellular pathways [31,32]. We applied

this set of signatures to the gene expression data from Pb-exposed

mice and looked for pathways that were differentially regulated

based on level of exposure. As shown in Figure 4, the E2F1

pathway was found to be upregulated in the blood of mice exposed

to high doses of Pb relative to the low dose (p-value 0.0249, F-

value = 4.126). We also observed a trend in which the interferon-

gamma (INFc) pathway was upregulated in the blood of mice

exposed to low doses of Pb as compared to the high dose (p-value

= 0.0840, F-value = 2.667).

Discussion

The concept of using the blood to assess Pb exposure is well-

established in the medical and public health fields. Measuring

Figure 1. Dose-Specific peripheral blood signatures. We generated signatures of lead exposure based on gene expression analysis of whole
blood from exposed mice and control mice. A) A 250-probe signature of low-dose lead exposure is shown as a heatmap, where each column
represents an individual biological sample and each row represents an Affymetrix M430 2.0 probe identifier. Red = high expression; blue = low
expression. B) The signature is able to accurately distinguish samples from control mice from those exposed to low levels of lead as shown in the
leave-one-out crossvalidation. However, this signature is specific to low level lead exposure, as there is no significant difference in predicted
probabilities of samples from control mice and those exposed to high-dose lead. C) A 250-probe signature of high-dose lead exposure is shown as a
heatmap of gene expression. D) While the signature is able to accurately distinguish between samples from control mice and mice exposed to high
levels of lead, it is unable to classify samples from mice exposed to low lead levels, demonstrating its dose specificity. Open purple circles = control
mice; close purple circles = mice exposed to low-level lead; open red circles = control mice; close red circles = mice exposed to high-dose lead.
doi:10.1371/journal.pone.0023043.g001
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BLLs directly is the most common method of determining blood

Pb concentration. BLL is a measure of circulating Pb and does not

measure total Pb stored in the body. Nor does it measure the

effects of current or cumulative Pb exposure. Pb is also known to

impair heme biosynthesis. Therefore, an alternative method to

screen for Pb exposure is to measure the level of erythrocyte

protoporphyrin (EPP) or zinc protoporphyrin (ZPP), which is an

early and reliable indicator of impaired heme biosynthesis. This

method is not sensitive enough to be used to screen children, but

can be used in monitoring occupationally exposed adults and can

reflect average Pb exposure over a period of a few weeks. Our

approach, as outlined in Figure 1, was to measure global gene

expression in the blood of mice exposed to lead acetate via their

drinking water and to generate a signature based on the genes

most highly correlated with the exposure. Our hypotheses were

that 1) PBC gene expression signatures would be good indicators

of low-level Pb exposure which is not associated with observable

effects, but contributes to negative health outcomes, and 2) PBC

gene expression signatures may reflect past exposures, representing

an opportunity to characterize an individual’s exposure history

and its relationship to current health issues and future health risks.

We report robust and dose-specific blood-based signatures of Pb

exposure. The low-level Pb signature is particularly promising

because it represents an estimated BLL of 3.3 mg/dL, which is well

below the 10 mg/dL level for children set by the CDC. It is also

below the lower limits of detection for the EPP and ZPP tests. The

ability to detect such low-level Pb exposure could allow researchers

Figure 2. Transcriptional changes following exposure and recovery. A) Schematic of experimental design, in which mice were exposed to
lead via drinking water over the course of two weeks at which time a blood sample was collected. Then the lead source was removed and the mice
had a two-week recovery period before a second blood collection. B) The x-axis represents the 250 probes in the low-dose lead signature, ordered
from lowest to highest average expression value relative to controls. The y-axis represents the normalized average signal intensity of the probe across
the samples. The blue field represents the mean signal intensity of the signature probes in mice exposed to low-dose lead, normalized by subtracting
the mean values in the control mice. The magenta field represents the mean signal intensity of the same signature probes after the two-week
recovery period and normalized against controls. C) A comparison of the gene expression signature in mice following two weeks of exposure to high-
dose lead (blue) and then two weeks of recovery (magenta).
doi:10.1371/journal.pone.0023043.g002

Figure 3. Overlap between upregulated and downregulated
genes. Each signature was broken down into genes either upregulated
or downregulated in response to lead exposure compared to controls.
A) A Venn diagram comparing the upregulated gene lists from each
signature (high-dose lead, n = 91; low-dose lead, n = 170). We identified
10 overlapping upregulated genes. B) By comparing those genes
downregulated in response to each dose of lead, we identified 7
overlapping genes (high-dose lead, n = 159; low-dose lead, n = 80).
doi:10.1371/journal.pone.0023043.g003
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to better monitor low-level exposures and associated side effects

(both short-term and long-term).

Unfortunately, the signatures reported here do not seem to be

indicators of past exposure. However, the gene expression data

generated provide a wealth of molecular information that is useful in

understanding the biological processes and signaling pathways

underlying the toxic effects of Pb at different doses. Many

toxicogenomic studies have analyzed transcriptome or gene

expression data using various annotation or pathway building tools.

We have used similar approaches to confirm some important genes

and pathways that have previously been implicated in Pb exposure,

such as the unfolded protein response, cell death processes,

angiogenesis and endocrine disruption. We observed the upregula-

tion of genes related to the unfolded protein response in both the

low and high Pb signatures. The unfolded protein response (UPR)

involves the transcription of chaperones used to aid in proper

protein folding and is known to be triggered by some toxicants,

including Pb, whichis thought to trigger the UPR through a

mechanism that involves inhibiting protein folding by substituting

for zinc or calcium ions [31]. Apoptotic cell death is known to play a

role in lead-induced neurotoxicity [33–35], and it is feasible that it

occurs in the peripheral blood even at low levels of exposure.

Additional anti-apoptosis genes are actually downregulated in the

low Pb signature, strengthening the argument that this low level of

exposure induces cell death in the PBCs. The high Pb signature also

included some upregulated genes related to angiogenesis and blood

vessel formation. This is consistent with work mentioned previously,

in which the mechanism of Pb-induced VEGF expression was

elucidated in astrocytes [21,22]. Interestingly, a subset of genes that

were upregulated in response to low doses of Pb and downregulated

in response to high doses of Pb was significantly enriched for binding

sites for various hormone receptors, such as androgen, progesterone

and glucocorticoid receptors. Although Pb is a known endocrine

disruptor, leading to reproductive impairment in vertebrates, the

mechanisms for this are not entirely clear and the effects of low-level

exposure are not well understood [36–39].

In addition to traditional gene annotation approaches, we also

use a novel approach to assess pathway activity by applying a panel

of gene expression signatures generated by specific perturbations in

controlled in vitro experiments to our dataset. Although use of this

panel of signatures is not new, its application to evaluating toxicant

exposure is. This approach allows us to assess the relative activity of

a given pathway across samples. This approach has been successful

in identifying the deregulation of oncogenic pathways in either

cancer cell lines or patient tumor samples and predicting which

targeted therapies might be most effective [32,40]. In the context of

Figure 4. Differential pathway activation. A) A heatmap displaying the predictions of pathway activity shows the predicted probability of
activation of a particular pathway (E2F1, IFN-gamma) across samples from mice exposed to different levels of lead. Red = high probability; blue =
low probability. B) Scatter plot of predicted E2F1 pathway activity for samples from mice exposed to low-dose lead (purple circles), high-dose lead
(red circles) or no lead (control, open circles). The x-axis represents the exposure group and the y-axis represents the probability that the E2F1
pathway is activated in an individual sample. C) Predicted probabilities for IFN-gamma pathway activity in mouse blood samples.
doi:10.1371/journal.pone.0023043.g004
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environmental exposure to toxic metals, this approach could be

used as a tool for discovery to identify new pathways that are

affected by a particular toxicant or as a means of studying how

pathway activity varies depending on factors, such as level of

exposure, age, sex and co-exposure with other toxicants.

Our findings suggest that distinct biological processes are

involved in the response to Pb depending on the level of exposure.

Unlike the current methods used to assess Pb exposure, this

approach not only assesses exposure in a dose-specific manner but

it also provides information about the effects of the exposure on

cellular pathways and processes. At low levels of exposure, the

IFNc pathway is upregulated. This supports previous findings that

Pb inhibits IFNc production in a dose dependent fashion [41]

enhancing development of Th2 (Type 2 T helper cell) responses

versus Th1 (Type 1 T helper cell) responses [23,37]. Mechanistic

studies suggest that Pb selectively inhibits translation of IFNc [42].

IFNc plays a major role in immune system function by regulating

macrophage activation, differentiation of progenitor helper T cells

and enhancement of the major histocompatibility complex

molecule expression. INFc is known to have some immunomod-

ulatory effects and may be responsible for the disruption to the

various endocrine pathways observed in response to low-dose Pb

exposure. It is responsible for regulating cell-mediated immune

responses to infectious pathogens. It is also reported to have

antitumor activity. Even transient disruption of this pathway in

response to low levels of Pb exposure may have significant

consequences in terms of susceptibility to disease, including

infection, allergy and even cancer.

High Pb levels were found to enhance E2F1 pathway activity.

This is also supported by previous findings that suggest that Pb

exposure affects cell cycle and can actually increase DNA

synthesis. This has been observed in a variety of contexts. Pb

stimulated DNA synthesis in vascular smooth muscle cells [43] and

rat kidney cells [44]. Razani-Boroujerdi et al. [45] demonstrated

that Pb enhanced proliferation of rat splenic lymphocytes in vitro.

Furthermore, Lu et al. [46] has shown that Pb stimulates DNA

synthesis in human astrocytoma cells. Increases in cell proliferation

have also been observed in vivo in both rat kidney [47] and rat liver

[12,48]. This cumulative evidence for the role of Pb in enhancing

cell proliferation and DNA synthesis may have relevance to the

potential role of Pb in carcinogenesis.

Our work has demonstrated the ability to detect the effects of Pb

exposure on PBC gene expression, even at low levels of exposure.

Furthermore, we have shown that the IFNc and E2F1 pathways are

aberrantly regulated in response to low-level and high-level Pb

exposure respectively. These results underscore the importance of

understanding the effects of Pb exposure on critical cellular pathways.

By identifying the pathways that are impacted by Pb, we can better

understand the mechanisms underlying the negative health conse-

quences of Pb exposure and gain insight into the role of environmental

and occupational exposures in contributing to overall health.

Materials and Methods

Ethics Statement
Animal use and husbandry was conducted humanely and with

regard to alleviation of suffering in accordance with the Guide for

the Care and Use of Laboratory Animals and all procedures were

approved by Duke University Institutional Animal Care and Use

Committee (IACUC) under protocol number A122-08-05.

Murine Pb Exposure Study
Nine-week old female Balb/c mice (Jackson Laboratories, Bar

Harbor, ME) were divided into three groups. All mice received Pb-

free rodent chow. Each group received drinking water with

different concentrations of Pb in the form of lead acetate trihydrate

(Sigma Aldrich, St. Louis, MO) for a period of two weeks. The

control group (n = 14) received 0 mg/mL; the low exposure group

(n = 15) received mg/mL; and the high exposure group (n = 15)

received 50 mg/mL. We chose these concentrations of Pb based on

previous studies by Iavicoli et al. [49], who found that the

relationship between the amount of Pb administered in the

drinking water and the resulting BLL after two weeks of exposure

could be represented by the following formula:

PbB (mg=dL)~328 PbW (mg=L) z1:617

In this formula PbB is blood-lead concentration and PbW is water-

lead concentration [49]. Using this equation, we estimate the final

PbB concentration in the mice to be approximately 3.3 mg/dL in

the low-level exposure group 18 mg/uL in the high-level exposure

group. These levels would be in addition to any background levels

of Pb due to contamination of the drinking water. After two weeks

of exposure, peripheral blood was collected by submandibular

bleed from half of the control mice (n = 7) and all of the exposed

mice (n = 15 per group). All mice were then switched to Pb-free

drinking water for two additional weeks. A second blood sample

was collected after this recovery period (controls, n = 7; low Pb,

n = 15; high Pb, n = 13). In the high Pb group, 1 mouse died

during the recovery period, and 1 blood sample was not used due

to contamination. All blood samples (72 total blood samples) were

collected using GoldenRod animal lancets (MEDIpoint, Inc.,

Mineola, NY) and stabilized using RNAProtect Animal Blood

Tubes and total RNA was extracted using the RNEasy Protect

Animal Blood Kit (Qiagen, Valencia, CA). Globin transcript was

removed using GLOBINclear for mice (Ambion, Austin, TX).

RNA Preparation and Microarray Analysis
Total RNA quality was assessed using an Agilent 2100

Bioanalyzer (Agilent, Palo Alto, CA). Each sample (150 ng) was

amplified using the MessageAmp Premier RNA Amplification Kit

(Ambion, Austin, TX) and analyzed using the Mouse Genome 430

2.0 Array (Affymetrix, Santa Clara, CA). The data discussed in

this publication are MIAME compliant and have been deposited

in NCBI’s Gene Expression Omnibus (GEO). The are accessible

through GEO Series accession number GSE28261 (http://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28261).

Statistical analysis
We compared gene expression profiles from whole blood

samples isolated from mice exposed to lead acetate through

drinking water or control mice. We generated a Pb exposure-

associated gene expression signature composed of a subset of genes

most correlated to Pb exposure by applying established methods of

supervised classification and binary regression [50] to data

normalized using the Robust Multi-array (RMA) method. The

data presented here are based on signatures composed of 250

Affymetrix probes for the purposes of comparing gene lists of

equivalent size. Optimal signatures for each dose (meaning the

signature used to achieve maximum accuracy in a leave-one-out

crossvalidation) may vary from those reported here. We calculated

the average probe expression value for each group of mice at each

timepoint (following exposure and recovery) and calculated the

level of gene expression as the difference between Pb-exposed mice

and controls for each timepoint.

Peripheral Blood Signatures of Lead Exposure
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Gene Set Enrichment Analysis
Gene Set Enrichment Analysis (GSEA, version 2.0.5) was used

as previously described [51,52]. Briefly, we used the gene set

annotation feature of GSEA (http://www.broadinstitute.org/

gsea/msigdb/annotate.jsp) to identify those gene sets that overlap

with the Pb signatures. These gene sets offer insights into the

functional annotation of our experimentally derived signatures and

have the potential to reveal the underlying biology of each

signature. First, we copied the list of the Affymetrix probe

identifiers comprising each signature generated by the binary

regression algorithm (genecoefficients.txt) and pasted it into the

browser’s query field. After selecting the appropriate identifier

platform (Affymetrix M430 2.0), we chose to compute overlaps

between each signature and the following: C2, or curated gene

sets, which is a collection of 1,892 curated gene sets; TFT, or

transcription factor targets, which includes 500 gene sets that

contain genes that share a transcription factor binding site defined

in the TRANSFAC (version 7.4, http://www.gene-regulation.

com/) database; and C5, which are gene sets that are named by

GO term and contain genes annotated by that term. We focused

on the top 20 gene sets in our efforts to annotate the biological

function of each signature.

Signature Annotation
In order to better understand the underlying biological response

represented by each Pb exposure signature, we used publicly

available tools to annotate each signature. Briefly, each signature

can be represented by a list of Affymetrix (M430 2.0 Array) probe

identifiers. This list was used as the input into GATHER (http://

gather.genome.duke.edu/) to generate the following annotations:

gene ontology (GO); KEGG (Kyoto Encyclopedia of Genes and

Genomes) pathways; and enrichment for transcription factor

binding sites (TRANSFAC v8.2 Professional). We also used the

Affymetrix NetAffx online batch query tool to translate each factor

from its list of M430 2.0 Array probe identifiers to gene symbols

and descriptions (https://www.affymetrix.com/analysis/netaffx/

index.affx).

Pathway Analysis
We analyzed the activity of several experimentally derived

pathway signatures as they related to our Pb exposure dataset.

Briefly, we used the ScoreSignatures module found on GenePat-

tern (https://cagt.igsp.duke.edu/gp/) to score a series of signa-

tures on our gene expression dataset. First, the RMA-normalized

data were translated from Affymetrix M430 2.0 probe identifiers

to HU133 Plus 2.0 using the FileMerger tool (http://filemerger.

genome.duke.edu/) and a bridging file from ChipComparer

(http://chipcomparer.genome.duke.edu/). We averaged gene

expression values for duplicated probes using an R script (by Jeff

Chang, see Supplemental Materials). The dataset file was then

saved in gct file format and uploaded to the GenePattern server.

After running the ScoreSignatures module, we plotted the

predicted pathway probabilities (probabilities.txt) for each path-

way in GraphPad Prism version 4.0b (GraphPad Software, Inc.,

La Jolla, CA). We tested whether the predicted probabilities for

each class were significantly different using a One-way ANOVA,

with Bonferroni’s Multiple Comparison Test to compare the

classes in a pairwise fashion.

Supporting Information

Table S1 Affymetrix HU133 Plus 2.0 probe identifiers from

each Pb signature and corresponding gene symbol, gene title and

GO biological process term.

(XLS)

Table S2 Normalized average signal intensity of all probes

comprising each signature. The Exposure column reflects gene

expression following 2 weeks of Pb exposure. The values represent

the mean signal intensity (RMA-normalized) across all samples

from the exposure group minus the mean signal intensity of the

samples from the control group. Likewise, the Recovery column

reflects gene expression following 2 weeks of Pb-free water. The

values represent the mean signal intensity of the samples from the

Pb-exposed mice minus the mean signal intensity of the samples

from the control mice.

(XLS)

Table S3 GO annotation terms for upregulated and downreg-

ulated genes in both high- and low-level Pb signatures.

(XLS)

Table S4 TRANSFAC annotations for those genes that are

upregulated in response to low-level Pb exposure, but downreg-

ulated in response to high-level Pb exposure.

(XLS)

Author Contributions

Conceived and designed the experiments: HL SM JN JC. Performed the

experiments: HL SM. Analyzed the data: HL. Contributed reagents/

materials/analysis tools: JN JC. Wrote the paper: HL. Interpreted the data:

HL SM JR JC. Provided critical revision of the manuscript: JR JC.

References

1. Fu H, Boffetta P (1995) Cancer and occupational exposure to inorganic lead

compounds: a meta-analysis of published data. Occup Environ Med 52: 73–81.

2. Lustberg M, Silbergeld E (2002) Blood lead levels and mortality. Arch Intern

Med 162: 2443–2449.

3. Steenland K, Boffetta P (2000) Lead and cancer in humans: where are we now?

Am J Ind Med 38: 295–299.

4. Silbergeld EK (1990) Implications of new data on lead toxicity for managing and

preventing exposure. Environ Health Perspect 89: 49–54.

5. (2006) Inorganic and organic lead compounds. IARC Monogr Eval Carcinog

Risks Hum 87: 1–471.

6. (2007) Toxicological Profile for Lead.In Book Toxicological Profile for Lead In

Book Toxicological Profile for Lead, (Editor ed.‘eds.). City: U.S. Department of

health and Human Services, ATSDR.

7. (1987) Overall evaluations of carcinogenicity: an updating of IARC Monographs

volumes 1 to 42. IARC Monogr Eval Carcinog Risks Hum Suppl 7: 1–

440.

8. Johnson FM (1998) The genetic effects of environmental lead. Mutat Res 410:

123–140.

9. Garcia-Leston J, Mendez J, Pasaro E, Laffon B (2010) Genotoxic effects of lead:

an updated review. Environ Int 36: 623–636.

10. (2003) Report on Carcinogens, Eleventh Edition. In Book Report on

Carcinogens, Eleventh Edition, (Editor ed.‘eds.). City.

11. Columbano A, Ledda-Columbano GM, Ennas MG, Curto M, Chelo A, Pani P

(1990) Cell proliferation and promotion of rat liver carcinogenesis: different

effect of hepatic regeneration and mitogen induced hyperplasia on the

development of enzyme-altered foci. Carcinogenesis 11: 771–776.

12. Ledda-Columbano GM, Columbano A, Pani P (1983) Lead and liver cell

proliferation. Effect of repeated administrations. Am J Pathol 113: 315–320.

13. Roy NK, Rossman TG (1992) Mutagenesis and comutagenesis by lead

compounds. Mutat Res 298: 97–103.

14. Hartwig A (1994) Role of DNA repair inhibition in lead- and cadmium-induced

genotoxicity: a review. Environ Health Perspect 102(Suppl 3): 45–50.

15. Fischer AB, Skreb Y (2001) In vitro toxicology of heavy metals using mammalian

cells: an overview of collaborative research data. Arh Hig Rada Toksikol 52:

333–354.

16. (2007) Interpreting and Managing Blood Lead Levels ,10 mg/dL in Children

and Reducing Childhood Exposures to Lead: Recommendations of CDC’s

Advisory Committee on Childhood Lead Poisoning Prevention. In Book

Interpreting and Managing Blood Lead Levels ,10 mg/dL in Children and

Reducing Childhood Exposures to Lead: Recommendations of CDC’s Advisory

Peripheral Blood Signatures of Lead Exposure

PLoS ONE | www.plosone.org 7 August 2011 | Volume 6 | Issue 8 | e23043



Committee on Childhood Lead Poisoning Prevention, (Editor ed.‘eds.).

City:U.S. Department of Health and Human Services, CDC.
17. Barbosa F, Jr., Tanus-Santos JE, Gerlach RF, Parsons PJ (2005) A critical

review of biomarkers used for monitoring human exposure to lead: advantages,

limitations, and future needs. Environ Health Perspect 113: 1669–1674.
18. Bellinger D, Dietrich KN (1994) Low-level lead exposure and cognitive function

in children. Pediatr Ann 23: 600–605.
19. Bellinger DC (2008) Very low lead exposures and children’s neurodevelopment.

Curr Opin Pediatr 20: 172–177.

20. Ruden DM, Chen L, Possidente D, Possidente B, Rasouli P, Wang L, Lu X,
Garfinkel MD, Hirsch HV, Page GP (2009) Genetical toxicogenomics in

Drosophila identifies master-modulatory loci that are regulated by developmen-
tal exposure to lead. Neurotoxicology 30: 898–914.

21. Bouton CM, Hossain MA, Frelin LP, Laterra J, Pevsner J (2001) Microarray
analysis of differential gene expression in lead-exposed astrocytes. Toxicol Appl

Pharmacol 176: 34–53.

22. Hossain MA, Bouton CM, Pevsner J, Laterra J (2000) Induction of vascular
endothelial growth factor in human astrocytes by lead. Involvement of a protein

kinase C/activator protein-1 complex-dependent and hypoxia-inducible factor
1-independent signaling pathway. J Biol Chem 275: 27874–27882.

23. Kasten-Jolly J, Heo Y, Lawrence DA (2010) Impact of developmental lead

exposure on splenic factors. Toxicol Appl Pharmacol 247: 105–115.
24. Dressman HK, Muramoto GG, Chao NJ, Meadows S, Marshall D,

Ginsburg GS, Nevins JR, Chute JP (2007) Gene expression signatures that
predict radiation exposure in mice and humans. PLoS Med 4: e106.

25. Meadows SK, Dressman HK, Daher P, Himburg H, Russell JL, Doan P,
Chao NJ, Lucas J, Nevins JR, Chute JP (2010) Diagnosis of partial body

radiation exposure in mice using peripheral blood gene expression profiles. PLoS

One 5: e11535.
26. Meadows SK, Dressman HK, Muramoto GG, Himburg H, Salter A, Wei Z,

Ginsburg GS, Chao NJ, Nevins JR, Chute JP (2008) Gene expression signatures
of radiation response are specific, durable and accurate in mice and humans.

PLoS One 3: e1912.

27. Orphanides G (2003) Toxicogenomics: challenges and opportunities. Toxicol
Lett 140-141: 145–148.

28. Afshari FS, Chu AK, Sato-Bigbee C (2002) Recovery of adult oligodendrocytes
is preceded by a "lag period" accompanied by upregulation of transcription

factors expressed in developing young cells. J Neurosci Res 67: 174–184.
29. Waters MD, Olden K, Tennant RW (2003) Toxicogenomic approach for

assessing toxicant-related disease. Mutat Res 544: 415–424.

30. Jayapal M, Bhattacharjee RN, Melendez AJ, Hande MP (2010) Environmental
toxicogenomics: a post-genomic approach to analysing biological responses to

environmental toxins. Int J Biochem Cell Biol, 42: 230–240.
31. Qian Y, Tiffany-Castiglioni E (2003) Lead-induced endoplasmic reticulum (ER)

stress responses in the nervous system. Neurochem Res 28: 153–162.

32. Bild AH, Yao G, Chang JT, Wang Q, Potti A, Chasse D, Joshi MB, Harpole D,
Lancaster JM, Berchuck A, et al. (2006) Oncogenic pathway signatures in

human cancers as a guide to targeted therapies. Nature 439: 353–357.
33. Lidsky TI, Schneider JS (2003) Lead neurotoxicity in children: basic mechanisms

and clinical correlates. Brain 126: 5–19.
34. Loikkanen J, Chvalova K, Naarala J, Vahakangas KH, Savolainen KM (2003)

Pb2+-induced toxicity is associated with p53-independent apoptosis and

enhanced by glutamate in GT1-7 neurons. Toxicol Lett 144: 235–246.

35. Oberto A, Marks N, Evans HL, Guidotti A (1996) Lead (Pb+2) promotes

apoptosis in newborn rat cerebellar neurons: pathological implications.

J Pharmacol Exp Ther 279: 435–442.

36. Damstra T (1977) Toxicological properties of lead. Environ Health Perspect 19:

297–307.

37. Iavicoli I, Fontana L, Bergamaschi A (2009) The effects of metals as endocrine

disruptors. J Toxicol Environ Health B Crit Rev, 12: 206–223.

38. Lockitch G (1993) Perspectives on lead toxicity. Clin Biochem 26: 371–381.

39. Hirsch HV, Possidente D, Possidente B (2010) Pb2+: an endocrine disruptor in

Drosophila? Physiol Behav 99: 254–259.

40. Gatza ML, Lucas JE, Barry WT, Kim JW, Wang Q, Crawford MD, Datto MB,

Kelley M, Mathey-Prevot B, Potti A, Nevins JR (2010) A pathway-based

classification of human breast cancer. Proc Natl Acad Sci U S A 107:

6994–6999.

41. Iavicoli I, Carelli G, Stanek EJ, 3rd, Castellino N, Calabrese EJ (2006) Below

background levels of blood lead impact cytokine levels in male and female mice.

Toxicol Appl Pharmacol 210: 94–99.

42. Heo Y, Mondal TK, Gao D, Kasten-Jolly J, Kishikawa H, Lawrence DA (2007)

Posttranscriptional inhibition of interferon-gamma production by lead. Toxicol

Sci 96: 92–100.

43. Fujiwara Y, Kaji T, Yamamoto C, Sakamoto M, Kozuka H (1995) Stimulatory

effect of lead on the proliferation of cultured vascular smooth-muscle cells.

Toxicology 98: 105–110.

44. Hitzfeld B, Planas-Bohne F, Taylor D (1989) The effect of lead on protein and

DNA metabolism of normal and lead-adapted rat kidney cells in culture. Biol

Trace Elem Res 21: 87–95.

45. Razani-Boroujerdi S, Edwards B, Sopori ML (1999) Lead stimulates lymphocyte

proliferation through enhanced T cell-B cell interaction. J Pharmacol Exp Ther

288: 714–719.

46. Lu H, Guizzetti M, Costa LG (2001) Inorganic lead stimulates DNA synthesis in

human astrocytoma cells: role of protein kinase Calpha. J Neurochem 78:

590–599.

47. Choie DD, Richter GW (1974) Cell proliferation in mouse kidney induced by

lead. I. Synthesis of deoxyribonucleic acid. Lab Invest 30: 647–651.

48. Liu JY, Lin JK, Liu CC, Chen WK, Liu CP, Wang CJ, Yen CC, Hsieh YS:

(1997) Augmentation of protein kinase C activity and liver cell proliferation in

lead nitrate-treated rats. Biochem Mol Biol Int 43: 355–364.

49. Iavicoli I, Carelli G, Stanek EJ, 3rd, Castellino N, Calabrese EJ (2002) Effects of

per os lead acetate administration on mouse hepatocyte survival. Toxicol Lett

129: 143–149.

50. West M, Blanchette C, Dressman H, Huang E, Ishida S, Spang R, Zuzan H,

Olson JA, Jr., Marks JR, Nevins JR (2001) Predicting the clinical status of

human breast cancer by using gene expression profiles. Proc Natl Acad Sci U S A

98: 11462–11467.

51. Subramanian A, Kuehn H, Gould J, Tamayo P, Mesirov JP (2007) GSEA-P: a

desktop application for Gene Set Enrichment Analysis. Bioinformatics 23:

3251–3253.

52. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,

Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP (2005) Gene set

enrichment analysis: a knowledge-based approach for interpreting genome-wide

expression profiles. Proc Natl Acad Sci U S A 102: 15545–15550.

Peripheral Blood Signatures of Lead Exposure

PLoS ONE | www.plosone.org 8 August 2011 | Volume 6 | Issue 8 | e23043


