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Abstract
Arsenic (As) is a well-known environmental toxicant and carcinogen as well as an effective
chemotherapeutic agent. The underlying mechanism of this dual capability, however, is not fully
understood. Tumor suppressor gene p53, a pivotal cell cycle checkpoint signaling protein, has been
hypothesized to play a possible role in mediating As-induced toxicity and therapeutic efficiency. In
this study, we found that arsenite (As3+) induced apoptosis and cell cycle arrest in a dose-dependent
manner in both p53+/+ and p53−/− mouse embryonic fibroblasts (MEFs). There was, however, a
distinction between genotypes in the apoptotic response, with a more prominent induction of
caspase-3 in the p53−/− cells than in the p53+/+ cells. To examine this difference further, a systems-
based genomic analysis was conducted comparing the critical molecular mechanisms between the
p53 genotypes in response to As3+. A significant alteration in the Nrf2-mediated oxidative stress
response pathway were found in both genotypes. In p53+/+ MEFs, As3+ induced p53-dependent gene
expression alterations in DNA damage and cell cycle regulation genes. However, in the p53−/−
MEFs, As3+ induced a significant up-regulation of pro-apoptotic genes (Noxa) and down-regulation
of genes in immune modulation. Our findings demonstrate that As-induced cell death occurs through
a p53-independent pathway in p53 deficient cells while apoptosis induction occurs through p53-
dependent pathway in normal tissue. This difference in the mechanism of apoptotic responses
between the genotypes provides important information regarding the apparent dichotomy of arsenic’s
dual mechanisms, and potentially leads to further advancement of its utility as a chemotherapeutic
agent.
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Introduction
Arsenic (As) is a well-known environmental toxicant that has been associated with numerous
human health impacts including dermatosis, diabetes mellitus, cardiovascular disorders, and
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cancer (Tapio and Grosche, 2006). Within the last decade, arsenic has also been used as an
effective chemotherapeutic agent for acute promyelocytic leukemia (APL) (Chen et al.,
1997; Miller et al., 2002) and has been shown to induce apoptosis in a relatively wide spectrum
of tumors such as lung, ovarian, gastric, neuroblastoma, and breast cancer (Bode and Dong,
2002). Despite its well-known toxicity and carcinogenicity, arsenic trioxide is approved by the
Food and Drug Administration as a chemotherapeutic agent for the treatment of APL (FDA,
2000). Currently, there are over 40 clinical trials underway to extend arsenic’s therapeutic
application(Litzow, 2008). The underlying mechanism of arsenic’s paradoxical capability to
act both as a carcinogen and as a chemotherapeutic agent, however, is unclear. Understanding
this dichotomy has the potential to improve the ability to effectively use As3+ as a
chemotherapeutic agent as well as protect against its toxicity.

Arsenic-induced cell cycle arrest and apoptosis is commonly associated with an increased
generation of reactive oxygen species (ROS), depletion of the cellular antioxidant system,
inhibition of DNA repair and DNA methylation, and decreased mitochondrial membrane
potential accompanied by cytochrome c release and caspase activation (Miller et al., 2002).
Research data imply that arsenic significantly affects specific signal transduction molecules
that are involved in mediating cellular proliferation or apoptosis, including MAPKs, p53, AP-1,
and NFκB. These changes in cellular signaling pathways have been associated with both
arsenic’s carcinogenicity and cancer-therapeutic effect (Kitchin, 2001; Qian et al., 2003).

The tumor suppressor gene p53, for example, has been linked to the DNA damage, cell cycle
perturbations, and apoptosis that is seen with arsenic (Park et al., 2000; Yih and Lee, 2000).
P53 is crucial in maintaining genome integrity through the induction of cell cycle arrest,
allowing for the DNA repair or apoptosis for cells with irreparable damage (Vogelstein et
al., 2000). In the presence of functional p53, exposure to 5 μM arsenite has been found to
induce DNA strand breaks, increasing the p53 phosphorylation (Yih and Lee, 2000; Yih et
al., 2002). Arsenic trioxide was also shown to inhibit proliferation of the human B lymphoma
MBC-1 by up-regulating p53 expression and inducing apoptosis (Shen et al., 2000).

However, a number of alternate studies have demonstrated that As3+ also disrupts mitosis and
induces apoptotic cell death in p53 deficient cells such as HeLa S3 and U937 cells (Huang and
Lee, 1998; McCabe et al., 2000). In addition, P53 deficient myeloma cells were shown to be
more sensitive to As3+ treatment exhibiting a higher level of apoptosis than p53+/+ cells (Liu
et al., 2003). In an earlier study exploring the induction of p53 in cell lines with different genetic
backgrounds including C-33A with mutations of the p53 gene, HeLa, Jurkat, and a transformed
lymphoblast cell line, Salazar et al. found that C-33A cells showed the higher sensitivity to
arsenic treatment while HeLa, Jurkat, and LCL-EBV cells showed similar cytotoxicity curves
(Salazar et al., 1997). In addition, transfected Jurkat cells and human lymphocytes with mutated
p53 genes showed increased sensitivity to arsenic cytotoxicity. Since treatment with arsenite
or arsenate resulted in apoptosis in both wild-type p53 (p53+/+) and p53-deficient (p53−/−)
cells, Bode and Dong suggested that p53 signaling pathway is not involved in arsenic-induced
apoptosis (Huang et al., 1999; Bode and Dong, 2002). The use of cell lines to characterize the
cellular response to arsenic has provided some clues but due to the complexity of the genetic
background of these cell lines, there remains no firm consensus on the overall role of p53 in
mediating As-induced toxicity. In this study, we applied mouse embryonal fibroblasts (MEFs)
isolated from p53+/+ and p53−/− mouse to examine the role of p53 in As3+-induced changes in
signaling pathways. The ease of isolation of MEFs from mid-gestation mouse embryos and
the ability to derive these cells from mice harboring various genetic alterations has been made
the MEFs ideal model system for examining signaling pathways changes under different
conditions (Vengellur et al., 2003). We have applied this culture system to investigate the
molecular mechanism of metal-induced cell cycle arrest and apoptosis, as well as the role of
p53 (Gribble et al., 2005).
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High throughput gene expression profiling from mRNA expression microarray has become a
powerful tool in the characterizations of biological processes, disease states, and response to
drugs, as well as response to genetic perturbations (Lamb et al., 2006). In this study, we applied
this approach to testify our hypothesis that although arsenic induces cell cycle arrest and
apoptosis in both p53+/+ and p53−/− cells, the underlying molecular mechanisms or gene
pathways are different. A systems-biology based examination of differential signaling
pathways from the microarray study in the normal cells (p53 wildtype) and genetic abnormal
MEFs (p53 knockout) may provide important information regarding the apparent dichotomy
of arsenic’s dual mechanisms potentially leading to further advancement of its utility as a
chemotherapeutic agent.

Material and Methods
Cell culture

Mouse embryonal fibroblasts (MEFs) were isolated following a modified protocol (Gribble et
al., 2005). Briefly, embryos were separated from the uteri of pregnant females on day 14 of
gestation. The torso and limbs were dissected to isolate fibroblasts. DNA obtained from the
tail was used for PCR genotyping. Single cell suspensions were plated in 100 mm dishes in
DMEM F-12 with 10% v/v Nu-Serum. The ease of isolation and the ability to derive these
cells from mice harboring various genetic alterations has made the MEFs an ideal model system
for studying aspects of cell growth control and functional genetics (Vengellur et al., 2003).

Arsenic treatments, cell cytotoxicity and apoptosis
MEFs, at either passage 6 or 7, were grown to near-confluency (85–90%) and switched to lower
serum (containing 5% Nu-serum) DMEM F-12 culture medium for 24h. MEFs were treated
with sodium arsenite (As3+) at concentrations of 0–20 μM for 24 h. All cultures were monitored
with an inverted phase-contrast microscope during culture to assess their general appearance
as previously described (Yu et al., 2005). Cells were harvested and total protein and mRNA
were extracted as described previously (Yu et al., 2005). Cell viability was determined using
the neutral red uptake assay (Borenfreund and Puerner, 1985), based on lysosomal
accumulation of neutral red in viable cells. Apoptosis-associated endpoints were determined
either by quantitatively measuring the activities of caspase 3/7 and 8 with a fluorometric assay
using DEVD-AMC and IETD-AMC (Axxora, San Diego, CA) as the respective caspase-
specific substrates or semi-quantitatively detecting the cleaved form of caspase-3 with Western
blot analysis using an anti-caspase-3 antibody (Cell Signaling, Inc).

Cell cycle analysis
Cell cycle kinetics were examined using bivariate BrdU-Hoechst flow cytometry according to
our established protocol, which allows for the dynamic change of cell cycle progression to be
monitored (Sidhu et al., 2005). Briefly, cells were cultured with 5-bromo-2′-deoxyuridine
(BrdU) to incorporate BrdU into their DNA. After incubation, cells were harvested and re-
suspended in Hoechst 33258 buffer and propidium iodide (PI) with RNase (0.1%). Cells were
analyzed using a Coulter Epics Elite flow cytometer (Beckman Coulter). MPLUS 5.0 software
(Phoenix Flow Systems) was used to analyze the data. Analysis was conducted to determine
the proportion of cells in each cell cycle phase (G0/G1, S, G2/M) from successive rounds of
cell division.

RNA Isolation and Microarray Hybridization
For the microarray-based gene expression analysis, treatments were restricted to one time point
(24 h) and a single concentration (5 μM). The concentration selected was based on minimal
impacts on morphology, cell viability and caspase 3/7 activity after 24 h treatment. Total RNA
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from three biological samples for each group was isolated using the RNeasy Mini Kit (Qiagen,
Valencia, CA) and quality was assayed on the Agilent 2100 Bioanalyzer (Agilent, Palo Alto,
CA). Array analysis was conducted in the NIEHS Center for Ecogenetic and Environmental
Health (CEEH), the Functional Genomics Laboratory following the manufacturer’s protocols
for the technical aspects associated with the determination of gene expression using the
CodeLink Mouse UniSet 10K oligonucleotide microarray. Three independent samples were
collected per treatment. The first step in preparing samples for hybridization was the synthesis
of cDNA from 5 μg total RNA using Superscript II. The resulting cDNA was column purified
using the QIAquick purification kit for PCR products (Qiagen, Valencia, CA). Lastly, cRNA
was produced from the second strand of DNA using the In Vitro Transcription Kit (Amersham
Biosciences, Piscataway, NJ). In addition to the nucleotide mix, 10 mM Biotin-11-UTP was
added (Perkin Elmer Life Sciences, Boston, MA). The amplified product was purified with the
RNeasy Mini Kit (Qiagen, Valencia, CA). cRNA was quantified by its absorbance at 260 nm
on a UV spectrophotometer, while the quality of the cRNA was assessed on the Agilent 2100
Bioanalyzer. cRNA was stored at −80°C until used for array hybridization. Hybridization was
carried out for 18 h on an orbital shaker set at 300 rpm and 37°C. After removing the
hybridization chamber, arrays were washed with 0.75× TNT for 1 h at 46°C. Incubation for
30 min with AlexaFlour 647-streptavidin (Molecular Probes, Inc., Eugene, OR) was followed
by four 5 min washes in 1× TNT and two vigorous rinses in 0.05% Tween-20. Slides were
dried by centrifugation at 2000 rpm for 3 min and arrays were scanned on an Axon GenePix
4000 Scanner (Axon Instruments, Union City, CA) set to a wavelength of 635 nm, a PMT
voltage of 600 V, and 10 μM resolutions. CodeLink array data was first run through
accompanying software from Amersham Biosciences. Raw data extracted from the images are
deposited in the NCBI GEO data base. These values were imported to BRB Array Tools v3.0
and a log base 2 transformation was applied and normalized each array by using the median
intensity over entire arrays (Wright and Simon, 2003).

A systems-based GO-Quant functional GO and pathway analysis of microarray data
Microarray analysis was conducted based on our recently established GO-Quant approach
(Yu et al., 2006). Briefly, a class comparison was conducted in each treatment by using the
Randomized Variance Model (Wright and Simon, 2003). Three hundred and eight-four genes
significantly altered in either genotype (p53+/+ or p53−/−) at p ≤0.001 were selected and ratios
were derived by dividing each normalized gene value by the average value of the controls.
Two-class unpaired comparison of fold changes of these significant changed genes between
the two genotypes after treatment was conducted using SAM (Significant Microarray Analysis)
program (Tusher et al., 2001), which is built in MeV (MultiExperiment Viewer) software
(Delta 1.8 and 90% percentile false discovery rate set at 0.05%) (Saeed et al., 2003). Further
hierarchical clustering analysis of each group was conducted in MeV.

To establish the association between the treatment and the affected gene ontology (GO) terms,
we applied the MAPPfinder to identify enriched biological themes, particularly GO terms at
p ≤ 0.001 (Dahlquist et al., 2002). Z-score and permutation p-value was used to rank these
terms of biological significance (Dahlquist et al., 2002). The output of the MAPPfinder
calculation was input into the GO-Quant program and the average ratio of each GO item was
calculated, which allows for the quantitative comparison between the two genotypes after
As3+ treatment (Yu et al., 2006). In addition, a canonical pathway-based analysis was
conducted with Ingenuity Pathway Analysis (IPA; Ingenuity® Systems,
www.ingenuity.com) for either genotype to identify the genes significantly associated with
canonical pathways in the Ingenuity Pathways Knowledge Base. IPA 6-1202 includes more
than 100 curated canonical pathways incorporating more than 6000 discreet gene concepts.
The significance of the association between the significantly changed genes (p≤0.01 and fold
change ≥1.5) and the canonical pathway was determined based on a p-value calculated with
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Fisher’s exact test. Further comparison of pathways changed with As3+ treatment between
p53+/+ and p53−/− MEFs was conducted.

The results of quantitative data on cell viability, caspase activity assays, and densitometry
analyses of western blot data of cleaved caspase 3 are expressed as mean ± standard error of
the mean (SEM). Differences between dose of treatments and genotypes were examined for
statistical significance by two-way ANOVA followed by Tukey HSD pair-wise comparison.

Quantitative RT-PCR (qRT-PCR) analysis
MEFs were treated with As3+ under the same conditions as in the microarray study, and total
RNA were isolated following 8 and 24 h treatment. We conducted quantitative gene expression
analysis of cell cycle regulatory genes including Cyclin B1, Cdc25c, Uchl1, and Ube2c using
Taqman Universal PCR Master Mix and 6-FAM dye-labeled Taqman assays (Applied
Biosystems) (Luderer et al., 2003) and antioxidant glutathione S-transferase Gsta2 gene using
SYBR green PCR Master Mix (Applied Biosystems). GAPDH was utilized as an internal
control to normalize the data. RNA was collected using TRIZOL (Invitrogen) and purified with
the RNAeasy kit (Qiagen). cDNA synthesis was generated using Oligo(dT)12–18 and
Superscript II Reverse Transcriptase (Gibco). For gene expression of Cyclin B1, Cdc25c,
Uchl1, Ube2c, and GAPDH, 4 uL of cDNA were included in a PCR reaction that also consisted
of the appropriate forward and reverse primers at 360 nM each, 80nM TaqMan probe and
TaqMan Universal PCR Master Mix, No Amperase UNG (Applied Biosystems Inc., Foster
City, CA). The PCR reaction for Gsta2 differed in consisting of 120 nM of each primer and
SYBR green PCR Master Mix (Applied Biosystems Inc., Foster City, CA). The PCR primers
and the dual-labeled probes (6-carboxy-fluorescein (FAM) and 6-carboxy-tetramethyl-
rhodamine (TAMRA) for all genes were designed using ABI Primer Express v.1.5 software
(Applied Biosystems Inc., Foster City, CA). All oligo sequences are listed in Table 1.
Amplification and detection of PCR amplicons were performed with the ABI PRISM 7700
system (Applied Biosystems Inc., Foster City, CA) with the following PCR reaction profile:
1 cycle of 95°C for 10 min., 40 cycles of 95°C for 30sec, and 62°C for 1 min. GAPDH
amplification plots derived from serial dilutions of an established reference sample (mouse
liver RNA) were used to create a linear regression formula in order to calculate Cyclin B1,
Cdc25c, Uchl1, Ube2c, and Gsta2 expression levels. GAPDH gene expression levels were
utilized as an internal control to normalize the data. Reported fold changes in expression are
the ratios of treatment over control values.

Results
As3+ induced cell death and cell cycle arrest in both p53-wildtype and knockout MEFs

In this study, arsenic-induced cytotoxicity and cell cycle arrest were examined in both
p53+/+ and p53−/− MEFs. As shown in Figure 1, As3+ treatment resulted in a consistent
concentration-dependent compromise to morphological integrity. No significant
morphological changes were observed with 5 μM in either genotype (Fig. 1A). Significant
morphological changes were observed in p53−/− cell at 10 μM including irregular cell shape
and condensation. Significant disruptions of morphology such as round-up, and detachment
were observed in both genotypes at the high concentration of 20 μM. As3+ treatment reduced
cell viability as assessed by NR dye uptake assay in a dose- dependent manner (Fig. 1B).
Significant decreases in NR dye uptake were observed at 5 and 10 μM with greater decreases
in p53−/− cells than that in the p53+/+ cells. NR dye uptake rates were sharply reduced to less
than 15% at 20 μM in both p53+/+ and p53−/− (Fig. 1B). Furthermore, there was a dose-
dependent induction of apoptosis as evidenced by up-regulation of cleaved caspase 3 (Fig. 1C)
and increases in caspase 3/7 (Fig.1D), and caspase 8 activities (Fig.1E) in both genotypes, but
were significantly higher in the p53−/− cells compared to the p53+/+ cells.
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As3+ treatment resulted in a dose-dependent inhibition of cell cycling that was observed as an
increase in all phases of the original cell population (G0/G1

0, G2/M0) and a decrease in any
cells taking up BrdU (new cell cycle) at concentrations ≥2 μM (24 h), independent of genotype
(Fig. 2A). In the p53+/+ cells, a significant increase of the cell population in G2/M0 phase was
observed at concentrations ≥5 μM (Fig. 2B), leading to fewer cells progressing to the next
round of G2/M phase (G2/M1) at concentrations ≥2 μM (Fig. 2B). In the p53−/− cells, we
observed a concentration-dependent increase of cells in G2/M0 at concentrations ≥5.0 μM (Fig.
2B) and a significant decrease in second round of G2/M (G2

/M1) phase at concentrations ≥5
μM. We also observed a significant decrease in the third round of G2/M (G2/M2) at
concentrations ≥2 μM (Fig. 2B).

Differential gene expression between p53+/+ and p53−/− MEFs
Without functional p53, the p53−/− cells in our study proliferated faster than p53+/+ cells as
illustrated by the progression of cell cycle (Fig. 2). Knocking down the p53 gene induced
dramatic differential gene expression. We identified 817 genes that were differentially
expressed between the two genotypes at a cut-off of p ≤ 0.001 (Fig. 3). 53 dependent genes,
such as p53 (Trp53), p21 (Cdkn1a), Ccng1, Bax, Perp, Pmaip1, Ccng1, and Ccne1, were
significantly down-regulated in the p53−/− MEFs, while other cell cycle regulatory genes, such
as Cdkn2a, Rhou, Nmyc1, Ccni, and Cdkn1c, were up-regulated. The functional canonical
pathway analysis shows that gene expression of 38 genes within apoptosis regulation and 30
genes in cell cycle regulation were altered (Supplementary Table 1). The altered gene
expression in p53- knockout MEFs confirms its critical role in regulating cell cycle and
apoptosis, and the identification of p53 dependent signaling pathway by the knockout of p53
further validates this approach as a tool to characterize potential signaling pathways.

Gene expression changes in response to As3+ in p53+/+ and p53−/− MEF cells
A total of 186 genes were found to be responsive to As3+ at a cut-off of p ≤ 0.001 in p53+/+.
Among these genes, 37 genes were significantly up-regulated and 149 genes were down-
regulated. The top ten up-regulated genes (based on the p value of the statistical analysis) were
Gsta2, Gsta3, Gsta4, Hmox1, 2310005E10Rik, Abca8b, Ubd, Enpp2, Zfp91, and Apoh
(Supplement Table 2). The top ten down-regulated genes were 2010317E24Rik, Calmbp1,
Ccnb2, Cdkn3, Ccnb1, Kif20a, Gzme, Cdc20, 2310007D09Rik, Cdca3, Hmmr, Mcpt8, and
Ube2c. In the p53−/− genotype, a total of 229 genes were differentially expressed when treated
with As3+ for 24 h. Among these genes, 93 genes were up-regulated and 136 genes were down-
regulated at cutoff p ≤ 0.001. The top ten up-regulated genes (based on the p value of the
statistical analysis) include Gsta2, Gsta3, and Gsta4, Pmaip1, Fetub, Hmox1, 1700016M24Rik,
Gstm7, Krt1-13 and Nqo1(Supplement Table 2). The top ten down-regulated genes include
Hp, Rsad2, Serpina3n, Ccl5, Rac3, Lum, Sod3, Mmp3, Gck and Zbp1.

The comparison between the genotypes after As3+ treatment is shown in Figure 4. Within these
384 significantly changed genes either in p53+/+ or p53−/− cells, we found 149 genes whose
expression levels were either significantly up or down-regulated in both p53+/+ and p53−/−

cells after As3+ treatment (A) based on SAM two-unpaired group comparison with Delta value
of 1.8 and 90% percentile false discovery rate of 0.05%. This group included up-regulated
genes in antioxidant and phase II enzymes such as Gsta2, Gsta3, Gsta4, and hmox1, as well as
down-regulated genes such as penk1, Rsad2, Tgtp, and Has2. Significant lower expression
levels in p53+/+ cells than those in the p53−/− cell are listed in Fig. 4B. Within these 126 genes,
103 genes were significantly down-regulated in p53+/+ cells such as Ccnb1 (Cyclin B1), Ccnb2
(Cyclin B2), Ube2c, and Cdca3, and 23 genes were significantly up-regulated in p53−/− cells
such as Fetub, Pmaip, NCf2, and Star. Fig. 4C shows significantly down-regulated genes (90

1Current Address: Molecular Epidemiology, Inc., 15300 Bothell Way NE. Lake Forest Park, WA 98155
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genes) in p53−/−, including a number of genes in immune responses such as Cxcl10, Zbp1,
Mmp3, Lum, Ifit1, Ifitm7, and Ccl5.

Figure 5 summarizes GO-Quant-based quantitative functional comparative analysis between
the p53+/+ and p53−/− cells. Significantly altered GO terms as identified by MAPPFinder were
listed with a GO hierarchic structure (path) and quantitative calculation of average fold changed
in each GO term by GO-Quant was visualized proportional to fold changes in colors. Common
alteration of gene expression in both p53 genotypes were up-regulation of glutathione
transferase activity (7), down-regulation in stimulus response (2), immune response (2), steroid
metabolism (2), and protein catabolism (4). In the p53+/+ cells, significant down-regulation of
gene terms occurred in cell cycle (1), especially genes in M and S phase, and DNA metabolism
including DNA replication and initiation in p53+/+ (3 and 8). In the p53−/− cells, significant
down-regulation in G-protein-coupled receptor binding and chemokine receptor binding and
activity were observed in the p53−/− cells after As3+ treatment (5).

Comparison of these significantly associated pathways changed with As3+ in the p53+/+ cells
and p53−/− cells by the IPA is listed in Fig. 6.

NRf2-mediated oxidative stress response
Independent of genotype, As3+ induced significant alterations in NRf2-mediated oxidative
stress response pathway (Fig. 6 and 7A). These genes are also related to glutathione metabolism
and xenobiotics cytochrome p450 metabolism, as well as Aryl hydrocarbon receptor signaling.
As shown in Fig. 6, a detailed pathway comparison between p53+/+ and p53−/− cells, As3+

treatment induced significant up-regulation of Gsta2, Gsta3, Gsta4, Gsto1, Gstm1, Gstm3,
Gclm, Noq1, Hmox1, Ephx1, Ephx2, and Cat in both genotypes. We further explored kinetic
transcriptional changes of Gsta2 gene using quantitative RT-PCR, and observed an increase
in Gsta2 at 8h implying that defense mechanisms in response to As3+-induced oxidative stress
precede cell cycle inhibition and cell death as expected (Fig. 8A).

DNA damage and cell cycle regulatory genes
Although As3+ induced similar effects on cell cycle arrest and cell death in both p53−/− and
p53+/+ cells, changes in gene expression associated with DNA damage and cell cycle regulation
were different between the two genotypes. We observed that As3+ induced significant changes
in p53 canonical pathway in p53+/+ cells, however, in the p53−/− cells, we also observed
significant genes changed previously found to be p53-dependent, such as Gadd45a, Gadd45g,
Perp, and Pmip1 (Figure 6). In the p53+/+ cells, we observed that As3+ induced a significant
down-regulation of DNA replication and cell cycle regulatory genes which have been
previously identified as p53-dependent target genes (Fig. 5B, Fig. 6, and 7B). Figure 7B, a
modified cell cycle gene pathway from the KEGG database (Ogata et al., 1999), shows p53
mediates stress by regulating transcription of genes involved in executing cell cycle arrest and
apoptosis. As3+ treatment induced a p53-dependent alteration in the cell cycle regulatory genes
in p53+/+ cells. Specifically, within the p53+/+ cells, As3+ treatment resulted in a significant
up-regulation of Gadd45a, Gadd45g, Mdm2, and Cyclin A1, and a significant decrease in PIK1,
p18, p19, Cyclin A2, Cdc2a in G1/S phase and Chek2, Cdc25b/c, Cyclin B1/B2, Top2a,
Cdkn2d, and Cdc20 in the G2/M phase. In the p53−/− cells, we observed up-regulation of
Gadd45a, Gadd45g, Chek1 and Top2a/b genes (Fig. 7B).

Unique gene expression alterations in immune responses network in p53−/− MEFs
In the p53−/− cells, As3+ treatment induced significant changes in pathways related to immune
response network such as interferon, IL-6, NFκB, toll-like receptor, leukocyte extravasation,
antigen presentation, acute phase response, LPS/IL-1mediated inhibition of RXR function,
complement system, and IL-10 signaling pathways (Fig. 6). Fig 7C is a modified canonical
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NFκB pathway with the interaction of cytokine IL-6 pathway. Significant down-regulation of
genes involved in both NFκB and IL-6 signaling pathways was observed in p53−/− cells.

Temporal changes of genes of Gsta2, Ccnb1, Cdc25c, Uchl1, and Ube2c by quantitative
reverse transcription-PCR (qRT-PCR)

Quantitative analysis of gene expression in the antioxidant pathway, Gsta2, and cell cycle
regulation of Ccnb1, Cdc25c, Uchl1 and Ube2c was conducted using qRT-PCR. A significant
correlation between the gene expression results in the microarray analyses and the qRT-PCR
analysis for these genes was observed (r = 0.94, P ≤ 0.001) (Fig. 8A). This result validate this
subset of expression patterns from the microarray experiment. In addition, the time-dependent
examinations of these genes demonstrate that As3+ treatment at 5 μM significantly increase
the Gsta1 antioxidant response at both 8 and 24 h in both genotypes (Fig. 8B). Significant
decreases in Cyclin B1, Cdc25c, and Ube2c were observed in the p53+/+ cells both at 8h and
24h. While in p53−/−, significant decreases in Cyclin B1 and Cdc25c were only observed at 8h
and no difference at 24 h. (Fig. 8B). Significant increase in Uchl1 was also observed in both
genotypes at both time-points.

Discussion
Our study demonstrates that As3+ induced dose-dependent cell cycle arrest and apoptosis in
both p53+/+ and p53−/− cells, supporting findings of previous reports (Huang et al., 1999; Bode
and Dong, 2002). Induced cell death in p53−/− cells appears to be unique to As3+, whereas this
response is not seen in other metals such cadmium and methylmercury (Gribble et al., 2005),
where less cytotoxicity were observed in p53−/− cells versus p53+/+ cells. Previous studies have
demonstrated that p53-deficient cells have a greater sensitivity to As3+-mediated cytotoxicity,
cell cycle arrest, and apoptosis (Huang and Lee, 1998; McCabe et al., 2000; Liu et al., 2003).
This unique response in genetically modified p53−/− cells may be associated with arsenic’s
unique ability to act as a chemotherapeutic agent for cancer cells since p53 mutations have
been linked with more than 60% of all human cancers (Olivier et al., 2002). A majority of the
literature currently available supports the premise that many chemotherapeutic agents cause
DNA damage and activate the p53 pathway to induce growth arrest and apoptosis. However,
p53 function is often inactivated or suppressed in human cancers (Olivier et al., 2002).
Compared to the vast amount of literature available about the p53-dependent pathway, only a
few studies have reported p53-independent pathways leading to cell cycle arrest and apoptosis..
Therefore, the understanding of a p53-independent pathway may provide important
information for the development of new therapies or novel biological targets for cancer
treatment.

The gene knockout approach has been widely used as an efficient approach in identifying
critical signaling pathway. The differences in the phenotype such as toxicity and cell cycle
arrest between the wildtype and knockout are used to draw conclusions as to whether the
specific gene is involved in or not. For example, methylmercury and cadmium have been shown
to induce significantly more apoptosis and cell cycle arrest in p53+/+ versus p53−/− cells, which
suggests that p53+/+ is critical in methylmercury-and cadmium-induced toxicity (Gribble et
al., 2005). If there is no difference between the two genotypes, it is generally concluded that
p53 is not a critical genes. Our current study, as well as the previous study, demonstrates that
As3+ induces cytotoxicity within p53+/+ and p53−/− cells in a similar dose-dependent manner
(Huang et al., 1999; Bode and Dong, 2002). This observation seems to suggest that p53 is not
involved in As-induced cell death as proposed by previous studies (Huang et al., 1999; Bode
and Dong, 2002). However, our systems-based genomic analysis demonstrated that arsenic
induced differential gene pathways leading to cell cycle arrest and apoptosis in p53+/+ cells
versus p53−/− cells. In p53+/+ MEFs, As3+ induced p53-dependent gene expression alterations
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in DNA damage and cell cycle regulation genes, while in the p53−/− MEFs, As3+ induced a
significant up-regulation of apoptosis-related genes (Noxa) and down-regulation of genes
involved in the regulation of immune modulation. Our current study illustrates the need for
careful interpretation when using the gene knockout approach for identification of critical gene.

The As3+-mediated induction of antioxidant and phase II detoxification enzyme genes from
our microarray analysis highlights these potential cellular pathways as contributors to As3+-
induced cell death in both p53-proficient and-deficient cells (Figure 6). Antioxidant and phase
II detoxification enzymes have been shown to act as important defense mechanisms against
As3+ treatment (Miller et al., 2002). As3+ was found to generate oxidative stress by inhibiting
mitochondrial respiratory function leading to an increase in ROS and depleted ATP (Pelicano
et al., 2003). The cellular and molecular adaptive responses to oxidative stress involve
increased expression of antioxidant enzymes, phase II detoxification enzymes, and stress-
inducible cytoprotective genes aimed at reversing the oxidant imbalance and achieving cellular
homeostasis. Recent research revealed that Nrf2 is essential for the coordinate transcriptional
induction of various antioxidant and phase II detoxifying enzymes through the antioxidant
response element (ARE) (Moi et al., 1994). ARE sequences have been characterized within
the proximal regulatory sequences of genes encoding the antioxidant enzymes glutathione
GST, NQO1, heme oxygenase-1 (HO-1), and γ-GCS and it regulates a wide range of metabolic
responses to oxidative stress caused by ROS (Prestera et al., 1995). As a consequence of
inadequate induction of these molecules, Nrf2-deficient mice are sensitive to high oxidative
stress and drug-induced stress (Chan et al., 2001;Enomoto et al., 2001). Ramos-Gomez et al.
showed that Nrf2 was central to the constitutive and inducible expression of phase II enzymes
in vivo and dramatically influences susceptibility to carcinogens (Ramos-Gomez et al.,
2003). Nrf2-mediated oxidative stress including GSTs, heme oxygenase, and metallothionein
has been reported after As3+ treatment (Miller et al., 2002). A recent study shows that elevation
of ROS levels by Emodin increased As2O3-induced apoptosis (Yi et al., 2004).

The p53-dependent regulations of cell cycle alteration observed in this study (Figure 6 & 7)
are consistent with previously published gene targets that are regulated by p53 (Kho et al.,
2004). In addition, the p53-dependent gene profile alterations by As3+ are quite similar to that
of other metals, such as cadmium and methylmercury (Yu et al., 2007). Our results indicate
p53 dependency in As3+-induced cell cycle arrest, and these transcriptional changes may
contribute to As3+-induced inhibition of cell proliferation in the functional p53 cells. The above
results suggest that cells with a functioning p53 protein utilize this pathway to mediate cellular
defense and thereby mitigate damage. Impairment of this checkpoint mechanism causes
rearrangement, amplification, and loss of chromosomes, events that are causally associated
with cancer. Alteration of p53-dependent cell cycle regulatory genes, therefore, might play an
important role in As3+-induced toxicity as well as carcinogenesis.

Our microarray results are consistent with previous reports that Gadd45 is induced by genotoxic
stress through both p53-dependent and-independent pathways (O’Reilly et al., 2000). Gadd45
has been considered a p53 target gene whose expression is dependent on the activation of p53.
Gadd45 also binds and synergizes with p21 to elicit growth arrest (Vairapandi et al., 2000). In
addition to its ability to inhibit proliferation and stimulate DNA repair, Gadd45 can also induce
apoptosis when over-expressed in primary human fibroblasts in vitro (Wang et al., 1999). Both
up-regulation in the p53+/+ and p53−/− MEF cells suggests that the induction of Gadd45 by
As3+ is also through a p53-independent pathway. Arsenite-induced G2/M cell cycle arrest was
also found partially through the p53-independent but c-Jun-N-terminal kinase-dependent
induction of Gadd45a (Chen et al., 2001). Our current study suggests the important role of
Gadd45 in the response to DNA damage by As3+, especially in the p53−/− cells. In the
p53−/− cells, As3+ also induced up-regulation of Top2a, while this gene is found to be down-
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regulated in p53+/+ cells. The relationship between the induction of Gadd45 and other genes
such as Top2a and cell cycle arrest in p53−/− cells still needs to be studied.

In the p53−/− cells, we identified 118 unique gene expression alterations in response to As3+.
Activations of apoptosis pathway genes, Perp and Pmaip1, previously known as Noxa (Attardi
et al., 2000; Villunger et al., 2003) were observed, highlighting the possible molecular targets
induced by As3+ in the treatment of cancer cells. The Perp gene is highly expressed in cells
undergoing p53-dependent apoptosis (Attardi et al., 2000). Until now, Perp was found to be a
direct p53 target gene, and its over-expression sufficient to induce cell death in fibroblasts
(Attardi et al., 2000). Cellular stress leads to DNA damage and activation of the intrinsic
mitochondria-initiated apoptotic pathway. Mitochondria-initiated apoptosis is tightly regulated
by BCL-2 family proteins. Anti-apoptotic members such as BCL-2 and BCL-X contain four
Bcl-2 homology (BH) domains; the multi-BH domain pro-apoptotic members BAX and BAK
contain BH domains 1–3, and a diverse group of loosely related pro-apoptotic proteins such
as BID, BAD, BIM, BIK, PUMA, and NOXA contain only BH domain 3 (BH3) (Puthalakath
and Strasser, 2002). BH3-only BCL-2 family proteins Noxa and Puma have been found to be
important downstream genes of p53 to induce apoptosis (Villunger et al., 2003). Noxa is
essential for the release of cytochrome c from mitochondria and mediate stress responses, both
dependent and independent of p53 (Villunger et al., 2003). These responses are activated both
by cytokine deprivation, cytotoxic drugs, and radiation (Villunger et al., 2003). The efficacy
of chemotherapeutic agents on tumor cells has been shown to be modulated by p53 and its
target genes such as Bcl-2 family members. However, various chemotherapeutic agents can
induce cell death in tumor cells that do not express the functional p53, suggesting that some
chemotherapeutic agents may induce cell death in a p53-independent pathway. Liang et al
recently demonstrated a p53-independent mechanism for induction of Noxa by another anti-
cancer drug, GSI (Liang et al., 2004). Treatment of melanoma cells with GSI can activate
apoptotic machinery via Noxa in the absence of p53. Moreover, Noxa−/− MEFs exhibited
modest but significant resistance to etoposide-induced apoptosis (Villunger et al., 2003). Our
current study suggests that As3+ induces the apoptotic process in p53−/− MEF cells through
the activation of p53-independent Noxa signaling pathway and As3+-induced significant up-
regulation of BCL-2 BH3 only is tightly related to its anticancer capability.

In the p53−/− cells, significant alterations in genes linked to the immune responses involving
multiple pathways such as IL6, IL10, Toll-like receptor, and NFκB signaling pathways were
observed. Cytokine deregulation such as elevation of serum IL-6 has been shown to participate
in the development or evolution of the malignant process (Kurzrock, 2001). Serum IL-6 levels
are elevated in both relapsed and newly-diagnosed Hodgkin’s and non-Hodgkin’s lymphoma
(Heinrich et al., 1990), and these levels correlate with established prognostic features (Negrier
et al., 2004). Cytokines can be used to decrease apoptosis in normal cells and inhibition of
cytokine activity may improve cancer therapy by enhancing apoptosis in cancer cells.
Apoptosis can be induced not only by cytokine withdrawal from cytokine-dependent normal
and cancer cells, but also by various DNA damaging and other cytotoxic agents. An early study
showed that development and aging of the immune system were accelerated in p53-deficient
mice (Ohkusu-Tsukada et al., 1999). A recent study by Komarova et al suggested that p53
inhibits inflammation through suppression of NFκB (Komarova et al., 2005). A systems-based
comparative gene expression study in head and neck cancer cell lines also identified NFκB
regulons are differentially expressed in cancer subsets with distinct p53 status (Yan et al.,
2008). The concerted alterations in gene expression patterns reflect cross-talk among NFκB
and p53 signaling pathways. The unique regulation in cytokine responses by As3+ in the p53-
deficient cells might play a critical role in induction of apoptosis. Further clarification of the
role of the immune response and NFκB signaling pathway of As3+ in tumor cells will help add
to the understanding of the molecular mechanism of As3+ in cancer treatment.
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In summary, although our results demonstrated that As3+ induced concentration-dependent
apoptosis and cell cycle arrest in both wildtype and p53-knockout MEFs, our gene expression
profiling revealed both common and unique gene pathways involved between the two
genotypes. As3+ induces ROS, leading to alterations in antioxidant potentials such as
glutathione transferase, heme oxygenase 1, and induces DNA damage in both p53+/+ and
p53−/− cells. However, in the presence of functional p53, p53 is activated by several post-
transcriptional modifications in response to DNA damage, which in turn activate its
downstream targets such as p21, Gadd45, and cyclin B to cause cell cycle arrest and Noxa and
Perp to induce apoptosis. In contrast to effects of As3+ mediated via p53, which trigger only
slight apoptosis, As3+ triggers prominent apoptosis in p53−/− cells through the p53-independent
pathway. In addition to production of ROS and induction of antioxidant genes, treatment with
As3+ in p53−/− cells uniquely induces alterations in the modulation of immune responses,
leading to the activation of the p53-independent cell cycle regulatory genes and pro-apoptotic
machinery including Noxa and Perp.

The observed differential mechanism of cell death between p53+/+ and p53−/− cells might be
directly link to As’s unique ability to act as both a carcinogen and a chemotherapeutic agent.
Our finding of the unique response to As3+ in p53 genotype cells provides a potential new
direction for exploring the role of p53 in carcinogenesis as well as p53-independent apoptosis
in cancer treatment with arsenic. The understanding of the different mode of action of arsenic
in the normal tissues and p53-deficient cancer cells may provide critical information in
developing new clinical applications and, in particular, for designing “cocktails” for enhanced
chemotherapy. This approach has the potential to be useful in the treatment of certain human
cancers, especially for “drug-resistant” cancers, the effectiveness of which are through p53-
dependent apoptosis induced by most of the clinically used chemotherapy agents.
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Figure 1. Arsenic (As3+) exposure induced changes in cell morphology (A), viability assessed by
neutral red dye (NR) uptake assay (B), and apoptosis (C–E)
Cultures of p53 wildtype (p53+/+) and knockout (p53−/−) MEF cells were exposed to various
concentrations of As3+ (μM) for 24h. Following the exposure, cell morphological changes were
monitored with an inverted phase-contrast microscope (A). Cell viability was assessed utilizing
the NR uptake assay, which indirectly reflects the uptake function of the cells (B). Apoptosis
was monitored by measuring cleaved caspase-3 with Western blot analysis (C) as well as
caspase 3/7 (D) and caspase 8 (E) activities. Quantitative analysis of band intensities and area
were achieved using the “Quantity One” software (Bio-Rad Laboratories). Statistical analysis
of cell viability, caspase activities was conducted using two-way analysis of variance
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(ANOVA, p ≤ 0.001 (Δ)) followed by Dunnett’s method to the control, with a significance
level of p ≤ 0.05 (*). Data presented as mean ± SE, n ≥3. Morphological impacts including
irregular cell shape, condensation are evident after 24 h exposure at an As3+ ≥ 10 μM. Dose-
dependent decreases in NR uptake were observed, significantly from the concentration ≥ of 5
μM in both genotypes. The induction of caspase 3/7 and caspase 8 activities as well as cleaved
caspase-3 increased in a dose-dependent manner in both genotypes and was significantly higher
in the p53−/− than those in the p53+/+ cells (ANOVA, p ≤ 0.001).
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Figure 2. Arsenic (As3+) causes a concentration-dependent cell cycle disruption
Decease in the proportion of cells reaching new round of cell cycle (A) and G2/M cell cycle
inhibition (B). Cultures of p53 wildtype (p53+/+) and knockout (p53−/−) MEF cells were
exposed to various concentrations of As3+ (μM) for 24h. Evaluation of bivariate Hoechst-PI
flow cytograms was conducted to determine the total number of cells, and the proportion of
cells in the first and successive rounds of cell division. Statistical analysis was conducted using
ANOVA followed by Dunnett’s method to the control, with a significance level of p ≤ 0.05
(*). Data presented as mean ± SE, n ≥3. Dose-dependent inhibitions of cell cycle were observed,
significantly at concentration ≥ 2 μM in both genotypes (A). As3+ exposure causes a
concentration dependent increase in the number of cells in G2/M0 in both p53 genotypes (B),
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with significant inhibitions at 5 and 10 μM of As3+ in both at 24h. Cell cycle progression
inhibition can be observed by the lack of new cells in the second round of cell division G2/
M1, significant at concentration ≥ 2 μM As3+ in p53+/+ cells at 24h. In the p53−/− cells,
As3+ caused decrease in the number of cells in the second round of G2

/M1 at concentration ≥
5 and in the third round of G2/M2 at concentration ≥ 2 μM.
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Figure 3. Volcano plot illustrating the differential gene expression between p53+/+ and p53 −/− MEF
cells
A microarray based gene expression analysis was conducted and a randomized variance t test
(Wright and Simon, 2003) was used to select the significantly down-regulated genes (green)
and the up-regulated genes (red) at p ≤ 0.001 (n = 3). A total of 817 genes were differently
expressed in the p53−/− MEFs as compared to the p53+/+ MEFs. In the p53−/− cells there was
a significant up-regulation of chemokines and cytokines such as Ccl5, Ccl8, Cxcl5, Cxcl10,
Cxcl12, Cxcl14, Cxcl15, Cxcl16 and growth factor genes such as Igf1, Igf2, Fgf18, Fgf9,
Fgf13, Fgf21, Gdf5, Bmp2 and Bmp6. Genes involved in the regulation of cell proliferation,
cell death and apoptosis such as Bax, Mgmt, p53 (Trp53), p21 (Cdkn1a), Ccng1, Pmaip1 were
down-regulated in the p53−/− cells.
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Figure 4. Differential gene expression in p53+/+ and p53−/− cells after As3+ treatment
Synchronous cultures of p53 wildtype (p53+/+) and knockout (p53−/−) MEF cells were exposed
to As3+ (5 μM) for 24h. A microarray based gene expression analysis was conducted as
described in Experimental Procedures. A minimum of 3 arrays was analyzed for each
experimental condition. A randomized variance t test (Wright and Simon, 2003) was used to
select the significant down-regulated genes and up-regulated genes at p ≤ 0.001. A total of 186
and 229 genes were found to be responsive to As3+ at the cut-off of p ≤ 0.001 in p53+/+ and
p53−/− MEF, respectively. Further comparison of these significantly changed genes (384
genes) after As3+ treatment between two genotypes (p53+/+ and p53−/−) was conducted using
SAM program (Significant Microarray Analysis) (Tusher et al., 2001), which is built in MeV
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(MultiExperiment Viewer) software (Saeed et al., 2003). Three groups, no significant
difference (A), significant lower expression levels (B) or higher (C) in p53+/+ cells than those
in the p53−/− cell were identified with Delta value of 1.8 and 90% percentile false discovery
rate of 0.05%. Fig. 3A shows 149 genes, whose expression levels were either significantly up
or down-regulated in both p53+/+ and p53−/− cells after As treatment. The cluster included up-
regulated genes in antioxidant and phase II enzymes such as Gsta2, Gsta3, Gsta4, and hmox1
as well as down-regulated genes such as penk1, Rsad2, Tgtp, and Has2. Fig. 3B shows
significantly down-regulated genes (126 genes) in p53+/+ cells such as Ccnb1 (Cyclin B1),
Ccnb2 (Cyclin B2), and Cdca3 or up-regulated genes (23 genes) in p53−/− cells such as Fetub,
Pmaip, NCf2 and Star. Fig. 3C showed significantly down-regulated genes (90 genes) in the
p53−/−, including a number of genes in immune responses such as Cxcl10, Zbp1, Mmp3, Lum,
Ifit1, Ifitm7, Mmp3, and Ccl5.
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Figure 5. GO-Quant-based quantitative functional comparison of gene expression alteration in
p53+/+ and p53−/− cells after As3+ treatment
GO-Quant based quantitative functional Gene Ontological comparison between the p53+/+ and
p53−/− after As3+ treatment was conducted according to our previous report (Yu et al., 2006).
MAPPFinder (Doniger et al., 2003) was used to link the gene expression data to the GO
hierarchy (Ashburner et al., 2000) and establish associations between treatment and the
affected GO terms. MAPPFinder calculates a Z score as well as a permutation test p value for
the genes that are significantly altered after treatment (p ≤ 0.001) in each genotype. The right
side of Figure 4 listed the significantly altered GO terms (p ≤ 0.05) for the significantly changed
genes either in p53+/+ and p53−/− at p 0.001 and the left heatmap illustrates the quantitative
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result of the average fold changes in each GO term by GO-Quant program. The brightness of
color is proportional to the fold changes of gene expression level, and color indicates up-
regulation (red) or down-regulation (green) genes. Path (Gene ontology hierarch path), GOID
(gene ontology identification number), N (the number of gene changed), Z (the Z score) and
p (permutation p value) and GO Term (Gene Ontology term), were listed. Common alteration
of gene expression in both p53 genotypes were up-regulation of glutathione transferase activity,
down-regulation of steroid metabolism and protein catabolism. Significant down-regulation
of genes terms in cell cycle in the p53+/+ and significant down-regulation in G-protein-coupled
receptor binding and chemokine receptor binding and activity in the p53−/− cells were observed
after As3+ treatment.
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Figure 6.
Canonical pathway-based analyses of gene expression data from p53+/+ and p53−/− MEFs
treated with As3+. Ingenuity Pathway Analysis (IPA; Ingenuity® Systems,
www.ingenuity.com) was used to identify the genes significantly associated with canonical
pathways in the Ingenuity Pathways Knowledge Base. IPA 6-1202 includes more than 100
curated canonical pathways incorporating more than 6000 discreet gene concepts. The
significance of the association between the significantly changed genes (p ≤ 0.01 and fold
change ≥ 1.5) and the canonical pathway was determined based on a p value calculated with
Fisher’s exact test. Further comparison of pathways changed with As3+ treatment between
p53+/+ and p53−/− MEF was conducted. As3+ treatment induced alteration of NRf2-mediated
oxidative stress response, glutathione metabolism, biosynthesis of steroids, and aryl

Yu et al. Page 24

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2009 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hydrocarbon receptor signaling pathways in both p53+/+ and p53−/− cells. In the p53+/+ cells,
significant alteration in cell cycle, especially G2/M DNA damage checkpoint regulation, and
pyrimidine metabolism were observed after As3+ treatment. In the p53−/− cells, As3+ treatment
induced significant pathways changed mainly related to immune responses including
interferon, IL-6, NFκB, toll-like receptor, leukocyte extravasation, antigen presentation acute
phase response, LPS/IL-1 mediated inhibition of RXR function, complement system and IL-10
signaling pathways.
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Figure 7. Nrf2-mediated oxidative stress response pathway (A), cycle regulations (B), and IL6 and
NFκB signaling pathways (C) in response to As3+ in p53 wildtype (p53+/+) and knockout (p53−/−)
MEF cells
Cell cycle regulation pathway was modified from KEGG and a knowledge based pathways
about NRf2-mediated oxidative stress response and IL6 and NFκB were built in GenMAPP
program (www.gennmap.org) (Dahlquist et al., 2002). Differential gene expression was based
on treatment versus control expression change (1.5-fold and p<0.05, t test). Red indicates a
higher level of expression in the treatment while green indicates decreased level of expression
in the treatments. Grey indicates that the selection criteria were not met but the gene is
represented on the array. As3+ induced significant alterations in NRf2-mediated oxidative
stress response pathway in both p53+/+ and p53−/− cells (Fig 6A). P53-dependent down-
regulation of cell cycle regulatory genes in p53+/+ such as Cdc25B, Cdc25C, Ccnb1, Top2A,
Ccnb2, Plk1, Cdc2, Chek2 were observed (Fig. 6B). Activation of Gadd45a and Gadd45g,
Chk1, Topa/b in p53−/− cells were observed. As3+ induced a significant down-regulation in
canonical NFκB signaling and IL6 pathways in the p53−/− cells (C).
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Figure 8. Quantitative Realtime PCR (qRT-PCR) measurement of specific gene expressions in
As3+ treated p53 MEF cells
Figure A shows the correlation of the gene expressions measured from the Codelink microarray
and qRT-PCR and Figure B and C shows the time-dependent gene expression alterations of
five selected genes. Quantitative Realtime PCR (qRT-PCR) gene expression measurements
for Uchl1, Ube2c, Ccnb1, Cdc25c and GST2a in three biological samples exposed to As3+ (5
μM) for 8 and 24h in the same condition as microarray study were conducted as described in
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Experimental Procedure. Correlation of the gene expression patterns (in Log 2 fold) between
the microarray and qRT-PCR at 24 h was performed (A). For all of the five selected genes, we
found consistent results between the Codelink microarray and the qRT-PCR methods (r = 0.94,
p ≤ 0.001). For the time-dependent alterations in gene expression measured by qRT-PCR,
statistical analysis was conducted using ANOVA followed by Dunnett’s method to the control,
with a significance level of p ≤ 0.05 (*). Data presented as mean ± SE, n =3.
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