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Abstract
The molecular basis and downstream targets of oral selenium supplementation in individuals with
elevated risk of cancer due to chronic exposure from environmental carcinogens has been largely
unexplored. In this study, we investigated genome-wide differential gene expression in peripheral
blood mononuclear cells (PBMC) from individuals with pre-malignant arsenic (As)-induced skin
lesions before and after six months daily oral supplementation of 200 μg l-selenomethionine. The
Affymetrix GeneChip Human 133A 2.0 array, containing probes for 22,277 gene transcripts, was
used to assess gene expression. Three different normalization methods, RMA (Robust Multi-chip
Analysis), GC-RMA and PLIER (Probe Logarithmic Intensity Error), were applied to explore
differentially expressed genes. We identified a list of 28 biologically meaningful, significantly
differentially expressed genes. Genes up-regulated by selenium supplementation included TNF,
IL1B, IL8, SOD2, CXCL2 and several other immunological and oxidative stress-related genes. When
mapped to a biological association network, many of the differentially expressed genes were found
to regulate functional classes such as fibroblast growth factor, collagenase, matrix metalloproteinase
and stromelysin-1, and thus, considered to affect cellular processes like apoptosis, proliferation and
others. Many of the significantly up-regulated genes following selenium-supplementation were
previously found by us to be down-regulated in a different set of individuals with As-induced skin
lesions compared to those without. In conclusion, findings from this study may elucidate the
biological effect of selenium supplementation in humans. Additionally, this study suggests that long-
term selenium supplementation may revert some of the gene expression changes presumably induced
by chronic As exposure in individuals with pre-malignant skin lesions.
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INTRODUCTION
Nearly 100 million people worldwide, including an estimated 35 to 77 million people in
Bangladesh alone, have been exposed to arsenic (As) through contaminated groundwater.. The
problem in Bangladesh has been designated as the largest mass poisoning event in human
history by the World Health Organization (Smith et al. 2000) Arsenic has been associated with
a wide range of health effects including increased risk of non-melanocytic skin cancers
(NMSC) as well as other internal malignancies (Alain et al. 1993;Soucy et al. 2003). As-
induced NMSCs are preceded by typical pre-malignant skin lesions, which include
pigmentation changes (melanosis and leucomelanosis) and/or bilateral hyperkeratosis and
nodules over the palms and soles. The exact mechanism by which As induces skin lesions and
influences progression of the lesions to NMSC is not well known. However, there is mounting
evidence that As may produce reactive oxygen species (ROS) that may induce DNA damage,
including single- and double-strand breaks and nucleotide base modification, which in turn
may lead to carcinogenesis (Amundson et al. 1999;Kessel et al. 2002;Liu and Jan 2000;Liu et
al. 2005;Lynn et al. 2000;Roussel and Barchowsky 2000;Shi et al. 2004). Thus, antioxidant
agents have been hypothesized to be potentially beneficial in treating individuals with arsenical
skin lesions. Towards this end, we have recently conducted a randomized, double-blind,
placebo-controlled chemoprevention trial to evaluate the effect of vitamin E and/or selenium
supplementation in individuals with As-induced skin lesions in Bangladesh (Verret et al.
2005). The potential role of vitamin E and selenium supplementation in the prevention of
cancer, cardiovascular and other chronic disorders has been extensively examined with great
enthusiasm in other non-As settings with mixed success. However, the molecular basis and
downstream targets resultant from antioxidant supplementation remain largely unexplored.

In the present study, we investigated genome-wide differential expression of genes using the
Affymetrix GeneChip Human 133A 2.0 array in peripheral blood mononuclear cells (PBMC)
collected pre and post six-month selenium supplementation of individuals with As-induced
premalignant skin lesions.

MATERIALS AND METHODS
Study population

The study participants were enrolled in a recently conducted randomized double-blind placebo-
controlled trial of selenium and vitamin E in Araihazar, Bangladesh. Details of the trial design
and methods have been published elsewhere (Verret et al. 2005) and are briefly detailed here.
The trial participants included 121 adult men and women with clinical signs of As-induced
skin lesions. Individuals who reported taking any antioxidant vitamins or selenium within the
past six months were excluded. Using a 2×2 factorial design, participants were randomized to
one of four treatment arms for daily supplementation of 200 μg l-selenomethionine, 400 IU
racemic α-tocopherol, combination, or placebo for a six-month period. Extensive interview
and clinical data as well as biological samples (fasting blood and urine) were collected from
all trial participants at baseline and at the end of the six-month intervention period. Overall
treatment compliance was excellent, with only 7.44% of patients missing 1 day, 6.61% missing
2 days and 2.48% missing 3 days of pills during the 6-month study duration (Verret et al.
2005).

The participants in the selenium-only treatment arm of the clinical trial were eligible for the
current study (n=31; 28 men and 3 women). Among the 28 male participants, 20 were current
smokers, 6 were past smokers, and 2 were non-smokers. To minimize the effect of sex and
smoking on gene expression profiles, we considered only males and current smokers for
inclusion in the present study due to the more prevalent distribution of those characteristics in
the eligible population. The 14 oldest males (aged 47 to 60 years) were selected for the current
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study from the eligible male current smokers (n=20). Older age was selected with the rationale
that older individuals had longer duration of arsenic exposure. In the present study, differential
gene expression was examined pre- and post-selenium supplementation among this subset of
14 individuals.

Biological samples
We assessed gene expression changes in mononuclear cells from peripheral blood of patients
with arsenical skin lesions as a surrogate marker of the carcinogenic effects of arsenic on target
tissues, including those of skin. Fasting blood samples and spot urine samples were collected
pre- and post-treatment with selenium for a 6-month period. The samples were kept on ice
following collection and processed in the field laboratory within 3–6 hours of collection to
isolate mononuclear cells and other blood fractions. Details of the blood processing protocol
have been described elsewhere (Argos et al. 2006). The mononuclear cells were preserved in
RLT buffer (Qiagen, Valencia, CA, USA) or Trizol reagent (Invitrogen, Carlsbad, CA, USA)
and stored at −80ºC until the samples were shipped on dry ice to Columbia University for RNA
extraction.

Arsenic assessment
Urinary arsenic concentrations were measured by graphite furnace atomic absorption
spectrometry using the Analyst 600 graphite furnace at the Columbia University Trace Metals
Core Laboratory, as has been described previously (Nixon et al. 1991). Urinary arsenic was
expressed as μg per gram creatinine, which was measured by a colorimetric Sigma Diagnostics
kit (Sigma, St. Louis, MO, USA).

RNA extraction
Mononuclear cells were isolated from anti-coagulated whole blood using Ficoll-Paque Plus
(Amersham Biosciences, Piscataway, NJ, USA). The details of the cell separation process have
been described in our previous study (Argos et al. 2006). RNA was extracted from RLT or
Trizol buffer preserved mononuclear cells using the RNeasy Micro Kit (Qiagen). RNA quality
and quantity were measured using RNA 6000 Nano Chips (Agilent, Palo Alto, CA, USA) in
Agilent BioAnalyzer and optical fiber based ND-1000 spectrophotometer, both of which
allowed measurements from a 1 μL RNA sample. Agilent 2100 Expert software V B 01.02
was used for reading the nano-chips. Option for RIN measurement was not available. As seen
in the electropherogram in Figure 1A, the two most distinct and intense peaks correspond to
18S and 28S rRNA. A 28S/18S ratio greater than 1.4 and the sum of both rRNA peak areas
accounting for more than 33% of all RNA were taken as indicators of good quality RNA. With
the ND-1000 spectrophotometer, all the samples had an A260/A280 ratio greater than 2.0,
indicating high-quality RNA (see Table 1).

Affymetrix GeneChip Protocol
The Affymetrix GeneChip HG 133A 2.0 array was used for independent level (i.e., 28 samples
on 28 different chips) genome-wide gene expression assessment according to the
manufacturer’s standard protocol (Affymetrix 2001). Briefly, starting with 2 μg of total RNA,
double-stranded cDNA was generated using T7- Oligo [dT] primer: 5′-GGC CAG TGA ATT
GTA ATA CGA CTC ACT ATA GGG AGG CGG-[dT]24 -3′ and SuperScript-II (Affymetrix
GeneChip Expression 3′-Amplification One-Cycle cDNA synthesis kit, Affymetrix
Cat#900493, Santa Clara, CA, USA). The cDNA samples were purified using GeneChip
Sample Cleanup Module (Affymetrix). Then, the in vitro transcription was performed using
the Affymetrix GeneChip IVT Labeling kit (Affymetrix) to produce biotin-labeled cRNA.
Purification of cRNA was done using the GeneChip Sample Cleanup Module (Affymetrix).
Quality and quantity of purified cRNA samples were checked running a 1 μl sample on the
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ND-1000 spectrophotometer as well as on the Bioanalyzer. A A260/A280 ratio between 2.0 and
2.2 was accepted. The adjusted cRNA yield was calculated as below:

Adjusted cRNA yield = RNAm − (total RNAi)(y),

where, RNAm = amount of purified cRNA measured (μg), total RNAi = starting amount of
RNA (μg), and y = fraction of cDNA used in the in vitro transcription reaction.

From starting material of 2 μg of total RNA, the mean (±SD) adjusted cRNA yield was 30.96
(±11.15) μg. For each sample, 15 μg of adjusted cRNA product was fragmented using 5x
fragmentation buffer supplied in the GeneChip Sample Cleanup Module. Fragmented cRNA
was run on the Bioanalyzer to ensure the fragmented size. Typical electropherograms of
fragmented cRNA are shown in Figure 1B. Biotin-labeled fragmented cRNA was then supplied
to the core facility for hybridization onto the GeneChip Human Genome-U133A 2.0 array.
This micro-array platform contains 22,277 probe sets for interrogation, including known genes
and expressed sequenced tags. After 16–18 hours of incubation, each micro-array was stained
with streptavidin-phycoerythrin and washed and scanned by the high resolution Affymetrix
GeneChip Scanner 3000 according to GeneChip Expression Analysis Technical Manual
procedure (Affymetrix). After scanning, the raw intensities of each probe were stored in
electronic files (DAT and CEL formats) by GCOS software (Affymetrix).

Some of the quality control matrices of the Affymetrix GeneChip Human Genome-U133A 2.0
arrays are shown in the Table 1 which shows noise (RawQ) less than 5 and background signal
less than 100 in all the arrays, quite uniform scaling factor - 1.70 (SD 0.32) and consistent
detection of Bio-B and Bio-C spike controls in all. On average 54.32% (±SD 1.73) probes were
present in the arrays. The 3′/5′ ratio of the housekeeping genes GAPDH and HSAC07 were
1.23 (±SD 0.17) and 1.31 (±SD 0.23) respectively showing good and uniform in-vitro
transcription. There was no significant difference of RNA quality judged by 260/280 ratio
between the RLT and Trizol preserved samples (2.11±0.038 vs. 2.11±0.040, p=1.0), although
the 28s/18s ratio measured by BioAnalyzer was little better for the RLT preserved samples as
compared to the Trizol preserved ones (2.0±0.067 vs. 1.75±0.387, p=0.025). However, there
was no difference in adjusted cRNA yield (32.32±11.16 μg vs. 29.61±11.39 μg respectively,
p=0.532) between the RLT and Trizol preserved samples. There was also no difference in the
other array indices like noise RawQ (1.51±0.101 vs. 1.59±0.115, p=0.069), scaling factor (1.64
±0.178 vs. 1.76±0.43, p=0.37), background (47.18±3.27 vs. 48.73±2.41, p=0.165), and the
proportion of probe present in the microarray (54.72±1.54% vs. 53.91±1.86%, p=0.216).

We also used relative quantification experiment of gene expression using real-time PCR for a
selected set of genes to confirm the results from microarray experiments. We tested a total of
11 genes, of which 7 genes (CXCL2, IL1beta, IL8, PTX3, SOD2, TNF and TNF-AIP6) were
selected from the genes which we found to be differentially expressed in microarray platform
in the present study after selenium supplementation; the remaining 4 were selected (ID2,
IL1RN, TNF-AIP3 and VEGF) from the genes that were found to be differentially expressed
among individuals with skin lesion compared to those without in our previous study (Argos et
al. 2006). These four genes were not found to be differentially expressed after selenium
supplementation. As reference housekeeping gene GAPDH was selected for normalization
purpose. We used commercially available validated Taqman Gene Expression Assays and
Taqman MGB probes (Applied Biosystems, USA) and followed the standard protocol of
ΔΔCt method (Livak KJ 2001). Primers were selected from ABI inventoried list and only those
were selected which spans an exon-exon junction of the associated genes and thereby would
not amplify genomic DNA contamination. As template, 100 ng of cDNA was used per well in
20μL reaction volume. ABI 7300 real time PCR instrument (Applied Biosystems, USA) was
used for thermocycling & reading.
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Statistical analysis
The method used for normalization of micro-array-based gene expression data can have a major
impact on the results of differential expression analyses. Therefore, we used three different
procedures for normalization to extract the signal intensity data – RMA (Robust Multi-chip
Analysis) (Irizarry et al. 2003), GC-RMA (Irizarry et al. 2003) and PLIER (Probe Logarithmic
Intensity Error) (Affymetrix 2001). RMA is a method of adjusting gene expression values,
which fits a robust linear model to the probe-level data, analyzing each hybridized chip in the
context of other chips in the experiment. The algorithm consists of three steps - a model-based
background correction stage neutralizes the effects of background noise and the processing
artifacts, a subsequent quantile normalization stage aligns expression values to a common scale,
and finally, an iterative median polishing procedure summarizes the data and generates a single
expression value for each probe set (Irizarry et al. 2003). GC-RMA is a refinement of the RMA
algorithm replacing the model used in the background correction stage with a more
sophisticated computation that uses each probe’s sequence information to adjust the measured
intensity for the effects of non-specific binding due to the differences in bond strength between
the two types of base pairs (Irizarry et al. 2003). It also takes into account the optical noise
present in data acquisition for an even greater accuracy and sensitivity. The two steps of the
RMA algorithm following background correction, namely, the global, cross-chip
normalization and summarization through median-polishing, remain unchanged. PLIER
accounts for the difference between probes by means of a parameter called probe affinity. Probe
affinity represents the strength of signal produced at a specific concentration for a given probe.
PLIER estimates the signal for the entire probe set more accurately by utilizing these inherent
probe affinities, empirical probe performance, and by handling error appropriately across low
and high concentrations. Probe affinities are calculated using experimental data across multiple
arrays. PLIER also utilizes an error model that assumes that error depends on the probe, rather
than on the signal alone (Affymetrix 2001). We used all the three methods of normalization to
compare the results and to select a reliable list of differentially expressed genes.

To reduce noise for the significance analysis, probe sets that did not show a twofold change in
expression in at least one experiment (chip) were filtered out. For statistical comparisons Array-
Assist software 3.3 [Iobion Informatics, LLC] was used. For PLIER normalization, perfect
match-only model was used. Essentially, we used paired t-test to compare the differences
between pre- and post-intervention mean values of gene expression levels for each gene. The
resulting p-values arising out of these tests for all genes were corrected for multiple testing
using Benjamini-Hochberg method of false discovery rate (FDR) of 5 percent (Benjamini and
Yekutieli 2005;Hochberg and Benjamini 1990). The FDR is essentially the proportion of genes
claimed to be differentially expressed that are false positives. A gene was considered to be
significantly differentially expressed if it showed at least 2-fold change with a FDR of 0.05.

We used Pathway Assist v3.0 software (Iobion Informatics, LLC) to explore the biological
active network from the list of significant differentially expressed genes. Natural Language
Processing was used for MedScan search, specifically the ResNet database covering more than
50000 gene-gene or protein-protein connections.

For the relative quantification of gene expression using real-time PCR data, ΔΔCt method was
used (Livak KJ 2001), where expression of each gene in each sample well was normalized for
expression of house-keeping gene GAPDH and then the relative expression in post-treatment
group was compared to pre-treatment group taking the expression of pre-treatment group as
1. All the calculations were done using SDS software v 1.2 (Applied Biosystems, USA).
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RESULTS
The characteristics of the study population are shown in Table 1. The mean age of the study
participants was 53.8 years and mean BMI was 18.2 kg/m2. There was a slight reduction in
urinary arsenic concentration between the pre- and post-treatment assessment (157.6 μg/g of
creatinine and 137.8 μg/g, respectively).

Differential expression analysis
Paired pre- and post-treatment comparisons were conducted using the data generated from the
three different normalization methods – RMA, GC-RMA and PLIER. Significantly
differentially expressed genes were selected based on a FDR of 0.05. As shown in Figure 2A,
using the RMA-normalized data 50 genes (2 down-regulated and 48 up-regulated in the post-
treatment samples) were differentially expressed. As shown in Figure 2B, using the GC-RMA-
normalized data 116 genes (9 down-regulated and 107 up-regulated in the post-treatment
samples) were differentially expressed. Finally, as shown in Figure 2C, using the PLIER-
normalized data, 31 genes (1 down-regulated and 30 up-regulated in the post-treatment
samples) were differentially expressed. The overlap of differentially expressed genes from the
three analyses is shown in Figure 2D. We identified 28 differentially expressed genes (1 down-
regulated and 27 up-regulated in the post-treatment samples) which were common to all three
normalization methods and are presented in Table 2. Of interest to note, is the 28 out of 31
genes determined to be differentially expressed using the PLIER-normalized data were all
significantly differentially expressed using either the RMA- and GC-RMA-normalized data.

We then evaluated whether the changes in clinical (i.e., skin lesion status) and biochemical
(i.e., urinary As) endpoints in the trial had any relationship with gene expression. The skin
lesion status, defined by a quantitative score based on grading, improved only in 3 of the 14
individuals included in the present study (Verret et al. 2005). We compared the baseline gene
expression data of those three individuals with the remaining 11 participants but did not identify
any differentially expressed genes. Comparison of the post-selenium supplementation gene
expression data of those three individuals with the remaining 11 also did not reveal any
differential gene expression.

We further analyzed the gene expression data according to the change in creatinine-adjusted
urinary As concentration over the six-month treatment period. Individuals with an overall
decrease in urinary As concentration over the six-month period (pre-supplementation
concentration minus post-supplementation concentration > 0) were designated as Group 1 (Gr.
1) and, individuals with an overall increase in urinary As concentration over the six-month
period (pre-supplementation concentration minus post-supplementation concentration < 0)
were designated as Group 2 (Gr. 2). In Gr. 1 (n=9), the pre- and post-supplementation
creatinine-adjusted urinary As concentrations (mean ± SD) were 222.7 μg/g ± 98.9 and 159.6
μg/g ± 72.1, respectively. In Gr. 2 (n=5), the pre- and post-supplementation urinary As
concentrations corrected for urinary creatinine were 163.9 μg/g ± 95.3 and 222.4 μg/g ± 125.0,
respectively. We examined differential expression between pre- and post-supplementation
samples for these two groups separately. Data using the PLIER method are shown. Analysis
of Gr. 1 alone generated a list of 26 probes differentially expressed in between pre- and post-
supplementation samples. Pre- and post-supplementation paired comparison in Gr. 2 generated
a list of 10 probes that were differentially expressed. Figure 2E shows the Venn-diagram of
the overlap of differentially expressed genes generated from the Gr. 1 alone, Gr. 2 alone, and
combined analyses. From Gr. 1 analysis, there were 14 probes covering 4 known genes (IL1B,
KLF12, TRA2A and CIAS1) overlapping with the combined analysis, that were differentially
expressed. These genes were not shared by Gr. 2. Differential expression of these genes after
selenium therapy may partly be related to the slight decrease in urinary arsenic. Similarly, there
were five probes covering four genes differentially expressed only in Gr. 2 (IL8, CXCL1,
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ZNF91, and G0S2), possibly partly related to increase in urinary arsenic and there were five
additional genes differentially expressed in both the groups (Gr. 1 and Gr. 2) - IER3,
MGC12815, TNF, CXCL2 and SOD2, possibly exclusively related to selenium induced up-
regulation.

We compared the pre-treatment gene expression data of Gr. 1 and Gr. 2 to identify differentially
expressed genes which might predict decrease in urinary As after selenium supplementation,
but did not find any differential expression. Similarly, we also compared the post-treatment
gene expression data of Gr. 1 and Gr. 2 and did not find any differential gene expression in
relation to urinary As change.

Network analysis
Many of the differentially expressed genes may interact in biological pathways induced by
selenium therapy. Therefore, to explore biologically relevant genetic networks, MedScan
search was utilized with the ResNet database covering more than 50,000 gene-gene or protein-
protein connections. As shown in Figure 3A, 11 of the 28 common differentially expressed
genes were found to have direct interconnections. For each gene in the network, a network
neighborhood was defined containing the gene and all its directly interacting partners. TNF,
IL1B, IL8 and SOD2 were identified as key players in the network. Additionally, TNF was
found to have regulatory or expression effects on all other genes in the network (Arlt et al.
2001;Breviario et al. 1992;Nirodi et al. 2001;O’Connor et al. 2003;Rogers et al.
2001;Vlahopoulos et al. 1999;Wang et al. 2000) and IL1B to have effects on 8 genes (Bethea
et al. 1992;Hua and Lee 2000;Kayanoki et al. 1994;Ohno et al. 1997).

Figure 3B shows the regulatory effects of the significantly differentially expressed genes on
common functional classes. We found that nine of these genes, presented on the upper part of
the Figure 3B, may regulate 13 functional classes as shown in lower part of Figure 3B. Among
those are fibroblast growth factor (Isumi et al. 1998), collagenase (Alvaro-Gracia et al.
1990;Boyd and Farnham 1999;Brenner et al. 1989;Mauviel et al. 1996;Tamura 1991), matrix
metalloproteinase (Li et al. 2003;Oriente et al. 2000;Song et al. 2003), stromelysin 1 (Boyd
and Farnham 1999;DiBattista et al. 1994;Jayaraman et al. 1999;Rogers et al. 2001) all of which
may exert effect on skin lesion. Other functional classes include Protein Kinase A (PKA) (May
et al. 1998), cytochrome P450, transcription factor (Borrello and Demple 1997), chemokine
activity and cytokine activity, etc (Graness et al. 2002).

In the ResNet database, we also looked at the possible regulatory effects of the differentially
expressed genes on cellular processes (see Figure 3C). Thirteen differentially expressed genes
were found to have regulatory effect on 13 cellular processes including apoptosis (Garcia et
al. 2002;Sevilla et al. 2001;Terui et al. 1998;Weinmann et al. 1999), proliferation (Terui et al.
1998), maturation and others. TNF and ETS2 had possible regulation on all the 13 cellular
processes; IL8 and IL1B had possible regulation on 11 of them and SOD2 on seven cellular
processes.

Confirmation of microarray results by RT-PCR
Figure- 4 shows the result from relative quantification of gene expression using quantitative
RT-PCR experiment. Left half of the Figure 4 shows the RT-PCR result of seven genes that
we found to be up-regulated after selenium supplementation in microarray platform and the
right half of figure 4 shows that of 4 genes which were not found to be differentially expressed
after selenium supplementation in microarray. From Figure 4, it is evident that six genes
(CXCL2, IL1beta, IL8, PTX3, TNF and TNF-AIP6) out of seven were significantly up
regulated in RT-PCR experiment and confirmed the microarray results. Similarly it also shows
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that the genes which were not differentially expressed in microarray (right half of Figure 4),
were also not differentially expressed in RT-PCR experiment.

DISCUSSION
The present study evaluated genome-wide differential gene expression induced by selenium-
supplementation in individuals with As-induced skin lesions who had been chronically exposed
to As-contaminated groundwater.

Selenium has been shown to be effective in reducing the incidence of cancer in animal models
and human clinical trials (El-Bayoumy and Sinha 2005;Ip et al. 2002;Milner et al.
2001;Yoshizawa et al. 1998), but the molecular basis of selenium remained unclear. This issue
has been recently reviewed extensively (El-Bayoumy and Sinha 2005). In the mouse model,
there is experimental evidence that selenium induces genes involved in cell cycle, apoptosis,
transcription and immune/inflammatory response (Novoselov et al. 2005). The present study
in humans, also demonstrated molecular mechanism of selenium induced effect on genes
related to apoptosis (TNF, IL1B, IL8, SOD2, ETS2, ID2, CXCL2, CCL3, IER3), transcription
factor (TNF, IL1B, IL8, SOD2) and immune/inflammatory response (CCL3, CCL3L1,
CXCL2, CIAS1, TNF).

Although preliminary and needs further investigations, our pilot study identified a number of
differentially expressed genes that may elucidate the biological basis of potentially beneficial
effects of selenium supplementation among individuals with As-induced skin lesions. Four of
the genes (SOD2, TNF, IL1B and IL8) found to be up-regulated after selenium therapy in the
present study, have documented regulatory effects on four cellular components – mitochondrial
membrane, tight junction, matrix and collagen. Up-regulation of SOD2 increases
mitochondrial membrane potential (Goering et al. 2001). TNF-alpha can specifically down-
regulate the tight junction (Schulzke et al. 1998). TNF-alpha stimulates degeneration of
extracellular matrix by inducing the expression of MMP 1 and stromelysin 1 (MMP 3) by
fibroblast (Reunanen et al. 1998;Shalom-Barak et al. 1998). There is in vitro evidence that
IL1B and TNF-alpha decreases collagen synthesis and activate metalloproteinase activity that
degrade collagen (Cruwys et al. 1990;Siwik et al. 2000). TNF is also found to inhibit the type
I collagen gene (Brenner et al. 1989). Both TNF and IL1B can increase the expression of SOD2
(Kayanoki et al. 1994;Rogers et al. 2001). IL8 increases the expression of TNF (Kampik et al.
2000). These provide the molecular basis for the potential beneficial effect of selenium on the
regression of arsenic-induced skin lesion.

Recently, we conducted another study to examine differentially expressed genes among
individuals with As-induced skin lesions as compared to individuals without such lesions
(Argos et al. 2006). The top 50 differentially expressed genes were reported in that study. By
applying identical methods of normalization and statistical comparisons used in the present
study in that study population, we found 228 probes/genes to be down-regulated in skin-lesion
individuals (data not shown). Using the list of 228 probes, we further compared the pre- and
post-selenium supplementation gene expression data in the present study population.
Interestingly, we observed that out of the 228 probes down-regulated in skin lesion individuals,
32 probes (covering 21 known genes), were up-regulated by at least 2.0 fold (with a FDR of
0.05) and 58 probes (covering 35 known genes) were up-regulated by at least 1.5 fold in
response to six-months selenium supplementation in the present study. Among the genes down-
regulated in arsenic-induced skin lesion patients, we found that 21 of those genes were up-
regulated at least 2-fold and 35 were up-regulated by at least 1.5 fold, after selenium therapy
in the present study. Biological Network analysis of those 35 genes (1.5 fold up-regulated) also
suggested the effect on the following same targets - collagen, matrix, tight junction and
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mitochondrial membrane. These findings may support the rationale of selenium
supplementation for arsenical skin lesion cases.

In yeast, As has been shown to channel sulfur into glutathione, which then leads to indirect
oxidative stress by depleting glutathione pools (Haugen et al. 2004). In human, we found that
As exposure down-regulated oxidative stress related gene SOD2 (Argos et al. 2006) and here
we show that selenium therapy, in As-induced skin lesion patients, up-regulated the SOD2
gene.

There are some limitations of the study that should be noted. First, one must keep in mind that
the gene expression changes following selenium supplementation were observed in PBMC in
this study and not directly in target skin tissue which is the commonest site of arsenic-induced
carcinogenesis. PBMC may not be perfect surrogate marker for As-induced skin lesion, but
that was readily available. In future, we plan to investigate the gene expression changes in skin
biopsy samples. Second, in the absence of comparison of pre- and post-treatment samples of
the placebo group, it is difficult to rule out the possibility of other external factors such as
seasonal variation or inflammatory processes that may have contributed to differential gene
expression. In future studies, we plan to analyze gene expression profiles among individuals
in the placebo arm (before and after receiving placebo) for further confirmation of these
findings. Third, the short-term follow-up and limited sample size of the present study did not
allow us to look at the prognostic significance of the differential gene expression on visible
skin lesion change. Comparison of the three study subjects with modest clinical improvements
with the remaining subjects without such improvements did not reveal any significantly
differentially expressed genes. It is possible that use of more definitive measures of clinical
improvements, e.g., progression to NMSC (rather than improvements in skin lesions) may
allow such evaluations more appropriate and feasible. Finally, the current study was restricted
only among male smokers to minimize impact of subject heterogeneity, thereby limiting the
generalizability of the study findings. Clearly, larger and longer-term studies with more
definitive clinical endpoints are needed to examine the clinical significance of the gene
expression changes and the generalizability of these findings. We are currently conducting a
large scale (N=5,000) placebo-controlled randomized trial with five-year selenium and vitamin
E supplementations to examine cancer and mortality endpoints which would allow us to address
these issues more definitively.

There are several advantages to the design and analysis of the present study. First, to minimize
the influence of extraneous factors, we kept our study population relatively homogenous with
regard to age, gender, and smoking status. Second, we also used three different normalization
methods of gene expression data to strengthen confidence in the list of differentially expressed
genes selected. Third, we have also confirmed some of the main results from microarray
experiments by RT-PCR method.

In conclusion, by comparing genome-wide gene expression data in arsenic-induced skin lesion
patients before and after selenium supplementation, we identified a number of biologically-
relevant, differentially expressed genes that may be induced by selenium. These selenium-
induced gene expression changes are in opposite direction to the changes seen among the As-
induced skin lesion individuals compared to those without, as we previously observed in
different set of individuals in this population. These findings may suggest some potential
benefit of selenium therapy in patients with premalignant As-induced skin lesions.
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Figure 1.
(A) Agilent 2100 BioAnalyzer electropherogram of 10 RNA samples overlaid on ladder marker
peaks (shown in red). After the initial spike, the ladder peaks correspond to 200 bp, 500 bp,
1000 bp, 2000 bp and 4000 bp respectively. The two distinct sharp peaks of RNA samples (in
different colors other than red) represent the 18s (around 2000 bp ladder marker) and 28s
(around 4000 bp ladder marker) and show evidence of high quality RNA. (B) Electropherogram
of fragmented cRNA of 10 samples overlaid on same ladder marker peaks. This shows uniform
and effective fragmentation of the labeled cRNA.
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Figure 2.
Upper panel shows heatmap comparing the gene expression in PBMC before and after six-
month of selenium supplementation. Three different normalization methods shown – (A)
RMA, (B) GC-RMA and (C) PLIER. In each heatmap panel, the left 14 columns represent pre-
supplementation and right 14 columns represent post-supplementation expression and each
row represents a gene/probe. The expression levels are shown in red (up-regulation) and green
(down-regulation) compared to average baseline. Lower panel shows venn- diagram: (D) Venn
diagram showing overlap of the lists of the differentially expressed genes analyzed by three
different normalization methods – RMA, PLIER and GC-RMA. Upper left circle represents
gene list from analysis using RMA normalized data, upper right circle represents GC-RMA
and lower middle circle represents that of PLIER normalized data. (E) Venn diagram showing
overlap of the lists of the differentially expressed genes analyzing the data of Gr-1 alone (upper
left circle), Gr. 2 alone (upper right circle) and the combined data (lower middle circle) using
PLIER normalization.
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Figure 3.
(A) Direct interactions between some of the differentially expressed genes. The solid and
dashed lines indicate expression and regulatory functions respectively. (B) Regulatory effect
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of some of the differentially expressed genes on functional classes. (C) Regulatory effect of
some of the differentially expressed genes on cell processes.
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Figure 4.
Relative quantification (RQ) of gene expression using Real-Time Quantitative PCR. X-axis
shows the genes and Y-axis represents corresponding RQ of gene expression compared to pre-
treatment stage, expression of which is set to 1. The vertical error bars represent 95%
confidence intervals of the RQ values.
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Table 1
A. Patient characteristics and B. Quality control data for RNA, and Affymetrix HG U133A 2.0 chips.

Mean SD

A. Patient characteristics (n=14, pre- and post-supplementation)
Male (%) 100%
Smoker (%) 100%
Age (years) 53.78 4.61
BMI (kg/m2) 18.20 2.53
Urinary Arsenic (μg/L)
 Pre-treatment 157.57 111.78
 Post-treatment 137.85 90.71
Urinary Arsenic (μg/g of creatinine)
 Pre-treatment 202.45 98.03
 Post-treatment 182.02 94.78
B. Quality Control Indices of RNA and Arrays (n=28)
RNA 260/280 ratio 2.11 0.03
BioAnalyzer 28s/18s ratio 1.87 0.30
Area Under Curve (%) for 28s & 18s peak 55.73 15.19
cRNA 260/280 ratio 2.07 0.03
cRNA yield (adjusted) in μg 30.96 11.15
Noise (RawQ) 1.55 0.11
Scaling Factor 1.70 0.32
Background 47.95 2.93
Probe present (%) 54.31 1.73
GAPDH 3′/5′ ratio 1.23 0.17
HSAC07 3′/5′ ratio 1.31 0.23
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