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Abstract
Bladder cancer has been associated with chronic arsenic exposure. Monomethylarsonous acid
[MMA(III)] is a metabolite of inorganic arsenic and has been shown to transform an immortalized
urothelial cell line (UROtsa) at concentrations 20-fold less than arsenite. MMA(III) was used as a
model arsenical to examine the mechanisms of arsenical-induced transformation of urothelium. A
microarray analysis was performed to assess the transcriptional changes in UROtsa during the
critical window of chronic 50 nM MMA(III) exposure that leads to transformation at three months
of exposure. The analysis revealed only minor changes in gene expression at one and two months
of exposure, contrasting with substantial changes observed at three months of exposure. The gene
expression changes at three months were analyzed showing distinct alterations in biological
processes and pathways such as a response to oxidative stress, enhanced cell proliferation, anti-
apoptosis, MAPK signaling, as well as inflammation. Twelve genes selected as markers of these
particular biological processes were used to validate the microarray and these genes showed a
time-dependent changes at one and two months of exposure, with the most substantial changes
occurring at three months of exposure. These results indicate that there is a strong association
between the acquired phenotypic changes that occur with chronic MMA(III) exposure and the
observed gene expression patterns that are indicative of a malignant transformation. Although the
substantial changes that occur at three months of exposure may be a consequence of
transformation, there are common occurrences of altered biological processes between the first
two months of exposure and the third, which may be pivotal in driving transformation.
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1. INTRODUCTION
Arsenic is a ubiquitous environmental metalloid. Risks for the development of skin, lung,
and bladder cancers have been associated with chronic exposure to low concentrations of
inorganic arsenic (Wu et al., 1989; Chen et al., 1992; NRC 2001; IARC 2004). A major
source of exposure occurs through drinking of contaminated water. Although the EPA and
World Health Organization (NRC, 2001) have recommended inorganic arsenic limits in
drinking water not to exceed 10 ppb, there are still populations worldwide exposed to higher
levels (Tapio and Grosche, 2006).

The exact biological events by which inorganic arsenic causes cancer have not been fully
elucidated. Oxidative stress, increased cell proliferation, inhibited DNA repair, genotoxicity,
and altered cellular signals have all been suggested as critical events in arsenic-induced
carcinogenesis (Hei and Filipic, 2004; Platanias, 2009; Kitchin and Conolly, 2010).
Additionally, long-term exposure to arsenic has been associated with diabetes, hypertension,
cardiovascular ailments, and neuropathies (Tseng et al., 1996; Chen et al., 1996; Vahidnia et
al., 2007; Druwe and Vaillancourt, 2010).

Inorganic arsenate [As(V)] and arsenite [As(III)] are the primary species of arsenic
consumed by humans. The biotransformation of inorganic arsenic in humans progresses
through biochemical reduction and methylation steps leading to several detectable
metabolites (Vahter, 1994, 1999). The activities and toxicities of these various metabolites
may partly account for the diverse physical manifestations seen with chronic arsenic
exposure. Of notable interest are the methylated arsenicals in the trivalent state, namely,
monomethylarsonous acid [MMA(III)] and dimethylarsonous acid [DMA(III)]. Both the
trivalent forms MMA(III) and DMA(III) have been shown to be more cytotoxic than the
methylated pentavalent forms and inorganic arsenic (Hughes, 2002; Styblo et al., 2002;
Hirano et al., 2004). In particular, MMA(III) has been shown to be a potent generator of
reactive oxygen species (ROS), to produce more DNA damage, and appears to be more
clastogenic than inorganic arsenic (Mass et al., 2001; Kligerman et al., 2003; Kitchin and
Ahmad, 2003). The genotoxic effects of MMA(III) have been attributed to the generation of
ROS (Nesnow et al., 2002; Schoen et al., 2004). Since these various metabolites have been
detected in the urine of individuals chronically exposed to inorganic arsenic, the bladder
urothelium is clearly a site of exposure (Vahter, 1999; Valenzuela et al., 2005; Xie et al.,
2006).

The ability of arsenicals to modify the expression of genes in keratinocytes and urothelial
cells has been previously investigated (Hamadeh et al., 2002; Rea et al., 2003; Su et al.,
2006; Baily et al., 2010). Additionally, Gentry et al. (2010) conducted a comprehensive
literature search on the gene expression changes associated with arsenic exposure with
primary cells and immortalized cell lines. This review of in vitro effects with inorganic
arsenic exposure on immortalized cells revealed a consistent set of gene expression changes
in stress response (increase in AP-1 and Trx), inflammation (i.e., S100A8), proliferation
(Fos, Jun, CFER, CDH1, MAP3K11), cell cycle control, oxidative stress, and apoptosis
(p53, NFkB). However, few studies have examined the effects of methylated arsenic species
in vitro. Bailey et al. (2010) and Su et al. (2006) demonstrated distinct profiles of cellular
responses to inorganic arsenic and the methylated metabolites. Bailey et al. (2010) reported
that MMA(III) appeared to exhibit a greater carcinogenic potential, and involved more pro-
inflammatory signals and the expression of growth factors compared to inorganic arsenic
exposure at a comparable concentration in human keratinocytes. Su et al. (2006) provided
insight on the perturbations caused by arsenicals in immortalized urothelial cells (SV-
HUC-1). Key similarities and differences were observed between As(III), MMA(III), and
DMA(III), and that some changes in gene expression could be explained by epigenetic
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alterations. Even with these bodies of work, the understanding and research on the
relationship between chronic MMA(III) exposure and the development of bladder cancer is
still limited.

UROtsa (immortalized human urothelial cells) are a suitable model to study long-term
exposures to arsenicals (Eblin et al., 2008a). Although immortalized by a stable transfection
of the SV40 large T-antigen, UROtsa retain normal morphological and phenotypic qualities
of the urothelium (Petzoldt et al., 1995). UROtsa have been described as non-tumorigenic in
immuno-compromised mice. UROtsa cells are not fully differentiated, and as such may be
more sensitive to carcinogens as they lack the uroplakin-containing asymmetric unit
membrane that serves as a major barrier between the urine and the bladder urothelium. With
these limitations in mind, the cell line provides a potential model to investigate chronic
exposure to environmental carcinogens and the development of bladder cancer.

Bredfeldt et al. (2006) first demonstrated that UROtsa chronically exposed to 50 nM
MMA(III) for a period of 24 weeks underwent phenotypic changes consistent with
malignant transformation, i.e., increased rate of proliferation, anchorage-independent
growth, and, at 52 weeks of exposure, formation of tumors in immuno-compromised mice.
However, Wnek et al. (2010) were able to observe these changes as early as 12 weeks of
exposure, and this acquired phenotype was sustained even after withdrawal of MMA(III).
Therefore, the documented biochemical effects from MMA(III) exposure in UROtsa, such
as the induction of ROS, DNA damage, production of pro-inflammatory cytokines,
activation of mitogenic signals, and the increase in proliferation rate, exemplifies the utility
of the model in the study of arsenic carcinogenesis and the unique effects of MMA(III) on
the biology of the urothelium (Eblin et al., 2008b; Wnek et al., 2009; Escudero-Lourdes et
al., 2010). Unlike previous studies, the research herein associates transcriptional changes
with the malignant transformation of a human urothelial cell line, allowing for a more
comprehensive understanding of the biological changes associated with chronic MMA(III)
exposure.

2. MATERIALS AND METHODS
2.1 Chemicals

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), antibiotic-
antimycotic, and 1X trypsin-ethylenediaminetetraacetic acid (EDTA) (0.25%) were acquired
from Gibco Invitrogen/Molecular Probes Corporation (Carlsbad, CA). Diiodomethylarsine
[MMA(III) iodide, CH3AsI2] was prepared by the Synthetic Chemistry Facility Core
(Southwest Environmental Health Sciences Center, Tucson, AZ) using the technique of
Millar et al. (1960). Dissolution of diiodomethylarsine in water yields monomethylarsonous
acid [MMA(III)] and the concentration of MMA(III) is verified using high performance
liquid chromatography – inductively coupled mass spectrometry (HPLC ICP-MS) in the
analytical core of our NIEHS Superfund Research Program. MMA(III) solutions in distilled,
de-ionized water were stable for approximately 4 months at 4 °C with no degradation
observed when monitored using HPLC ICP-MS (Gong et al., 2001).

2.2 Cell Culture Procedures
UROtsa cells were a generous gift from Drs. Donald and Maryann Sens (University of North
Dakota, ND). Cell culture conditions were derived from those previously described by Rossi
et al. (2001) and Bredfeldt et al. (2004). UROtsa cells were cultured in a growth media of
DMEM containing 5% (v/v) FBS and 1% (v/v) antibiotic–antimycotic. Cultured cells were
incubated at 37 °C and 5% CO2. Confluent cells were removed from plates with trypsin–
EDTA (0.25%) and subcultured at a ratio of 1:3. All UROtsa cells used in this study tested
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negative for the presence of mycoplasma contamination. Treated cultures of UROtsa were
continuously grown in media supplemented with 50 nM MMA(III) and refreshed every two
days. The use of 50 nM (or approximately 6.2 ppb) of MMA(III) in the assessment of effects
from chronic arsenic exposure is a relevant physiological concentration, which falls within
the range of MMA(III) detected in urine of individuals exposed to environmentally relevant
concentrations of inorganic arsenic from the water supply (Aposhian et al., 2000; Le et al.,
2000; Mandal et al., 2001, 2004).

2.3 Gene Expression Analysis
UROtsa (at passage 23) were grown until they were 80% confluent in 75 cm2 flasks with
DMEM (as described above). Six conditions were maintained at the time of harvest: control
(3 replicates), 24 hr (1 replicate), 1 month-exposed (3 replicates), 2 month-exposed (4
replicates), 3 month-exposed (4 replicates), and 4 month- exposed (1 replicate) cultures.
Total RNA was prepared from each sample according to the RNeasy Mini Kit (Qiagen,
Valencia, CA). RNA concentrations and quality were determined spectrophotometrically
using A260 and A260/A280, respectively. All RNA samples were stored at −80°C until
analysis. The isolated total RNA samples were used to produce labeled target, hybridized to
Affymetrix GeneChip® Human Gene 1.0 ST Array, and read using the Agilent/Affymetrix
2500A scanner according to manufacturer’s protocols. Raw data (CEL files) were
normalized and summarized according to Irizarry et al. (2003), as implemented in package
aroma.affymetrics (ref: H. Bengtsson; K. Simpson; J. Bullard; K. Hansen, aroma.affymetrix:
A generic framework in R for analyzing small to very large Affymetrix data sets in bounded
memory, Tech Report). Differential expression was tested using package LIMMA in R
programming environment (Smyth, 2005). All p values were adjusted according Benjamini
and Hochberg’s method to control the false discovery rate using a global method.
Adjustment of p-values was performed separately in each tested group (significance level
used, p value=0.05). Batch correction was performed according to Johnson et al. (2007). It
has been shown previously that using additional criteria such as fold-change in expression
does not lead to a better gene list (Zhang and Cao, 2009). Therefore, no cut-off in the fold-
change was applied to the analyses.

To detect differentially expressed genes, replicates for each time point were compared to the
expression level of control. Additionally, for detection of differential expression in the first
two months of MMA(III) exposure for only the Gene Ontology analysis, samples were
pooled into groups to gain more sensitivity. First group included the control (t=0) and the 24
hr exposure. This was performed based on the observation that genes involved in response to
MMA(III) exposure did not change substantially in 24 hr. The second group contained
samples from 1 and 2 months of exposure. Again, this was performed based on the
observation that there were not many genes that changed between first and second months of
exposure. Application of this pooling follows the rationale that using groups with more
replicates will increase the statistical power of the test.

The method of Signaling Pathway Impact Analysis (SPIA) according to Tarca et al. (2009)
was applied to assess significant pathways associated with the condition of chronic arsenic
exposure. The version of SPIA used in this analysis applies the Kyoto Encyclopedia of
Genes and Genomes (KEGG) signaling pathway data
(http://www.genome.jp/kegg/pathway.html). SPIA uses the information from a set of
differentially expressed genes and their fold changes, as well as pathway topology in order
to assess the significance of the pathways in the conditions under study. Gene Ontology
terms were used for functional annotation of differentially express genes. Enrichment
analysis of Gene Ontology terms was performed using method implemented as R package
topGO by Alexa et al. (2010).
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2.4 Quantitative Reverse Transcription PCR
Total RNA was isolated from all cells using the RNeasy Mini Kit (Qiagen, Valencia, CA).
Gene expression was measured using quantitative real-time reverse transcription (QRT)-
PCR. Total RNA was reverse transcribed to complementary DNA (cDNA) (Applied
Biosystems, Foster City, CA). Converted cDNA was added to Universal PCR Master Mix
(Applied Biosystems, Foster City, CA) and gene-specific Taqman Primers/Probes for each
gene target (Applied Biosystems, Foster City, CA); and subjected to real-time PCR analysis
using Roche Universal Probe technology (Roche) on an ABI 7500 Real-Time Detection
System (Applied Biosystems, Foster City, CA). Results were calculated using the delta delta
Ct method normalized to glyceraldehydes 3-phosphate dehydrogenase (GAPDH) expression
for each sample according to manufacturer’s instructions.

3. RESULTS
3.1 Gene Array Analysis

To evaluate global changes in gene expression from long-term low-dose exposure to
MMA(III), samples from 0, 24 hr, 1 month, 2 months, 3 months, and 4 months of exposure
were analyzed. Since replicates were available only for control (t=0), 1, 2, and 3 months of
exposure, the sample from the 4 months exposure time point were not used in statistical
tests, but the 24 hr sample was included in the 1–2 month statistical analysis. Three months
of exposure to 50 nM MMA(III) were required before a substantial number of genes was
altered in their expression (Table 1). The number of significantly altered genes in the first
and second months of exposure was small (52 genes and 88 genes, respectively), with
predominantly down-regulation occurring. At the third month of exposure the number of
differentially expressed genes was increased to 2779, with genes distributed more or less
equally between up- and down-regulation.

3.2 Comparison of Gene Expression Changes Between Time Points
Fifteen differentially expressed genes were common between each month of exposure
(Figure 1). This group of genes includes MRPL23, GBP5, IFIT2, PARP14, XRN1, CXCL10
and 11, CCRL1, and PDCD1LG2. Between 1 and 2 months of exposure 19 differentially
expressed genes were found to be common; between 2 and 3 months, 58 genes, and between
1 and 3 months, 22 genes. A majority of these genes were down-regulated in the first two
months. By the third month of exposure substantial alterations were seen in the number of
genes changed, and the number of genes found up-regulated in comparison to the number of
genes down-regulated were about the same.

Line plots show only minor changes in gene expression at one and two months of exposure
(Figure 2). The most substantial and significant changes occurred at three months of
exposure, with multi-fold changes in expression for many genes.

3.3 PCR Validation and Markers of Bladder Cancer
Twelve genes were selected as representatives of cell processes: proliferation, cell cycle
changes, oxidative stress response, DNA repair, surface adhesion, and differentiation. Some
of these genes have been found altered in human and mouse bladder cancers (see second
paragraph in Discussion). To confirm the accuracy of the microarray these genes were
subjected to quantitative PCR. Time-dependent changes in the expression of these genes
were observed with the greatest changes occurring at 3 months of exposure (Figure 3 and 4).
At the first and second months of exposure TMPRSS11A, CXCR4, CRYAB, CTNND2,
PDGFRA, and ERCC2 displayed varying levels of expression, but by the third month of
exposure these genes were significantly elevated with TMPRSS11A, PDGFRA, and
CTNND2 showing 8-, 12-, and 32-fold increases over control, respectively. At the first and
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second months of exposure the expression of KRT7, TGFBI, DUSP1, DCLRE1C, IRF1, and
ICAM1 were observed to be either slightly depressed, significantly depressed, or slightly
elevated (i.e., KRT7 at 2 months of exposure). At the third month of exposure the expression
of these genes were significantly depressed by as much as 80%. The observed trends with
PCR validations of these genes were consistent with the observed changes in the microarray
results.

3.4 Pathways and Categories of Gene Expression Changes
3.4.1 Summary of Functional Categories and Differentially Expression Gene
Transcripts—A summary of differentially expressed genes presented in functional
categories is given in the following sections (Table 2 and 3):

DNA Repair: In the gene array, by the third month of exposure, two critical genes involved
in DNA double-strand break repair, DCLRE1C and XRCC4, were found to be down-
regulated (Table 3). P53 gene transcripts and target gene, p21 (a direct inhibitor of cell-cycle
progression), were found to be suppressed by 3 months of exposure to MMA(III). Moreover,
gene transcripts of proteins directly involved in apoptosis and/or cell-cycle progression were
unchanged or slightly depressed (RRM2B, TP53INP1, and GADD45B).

Oxidative Stress: Oxidative stress is a significant category assessed by Gene Ontology
analysis in chronically exposed cells. Wnek et al. (2009) observed elevated ROS and DNA
damage in UROtsa at 12, 24, and 52 weeks of chronic exposure to MMA(III). The over-
expression of genes associated with oxidative stress, such as SOD-1, glutathione peroxidase
1, metallothionein 1X, and oxidative stress response 1, is evident in the gene array data
(Table 2). Additionally, several glutathione S-transferases were found to be elevated:
GSTM3, GSTA1 and A4, GSTZ1, and MGST1. Only slight elevations were observed with
GSTTP1 and GSTT1. Although arsenic has been reported to be an inducer of NRF2 and
activated in mouse bladder tissue with arsenic exposure (Jiang et al., 2009), the target gene
transcripts for NQO1 and HMOX1 had not been changed appreciably at 1, 2, and 3 months
of exposure to MMA3; and TXNRD1, GCLC, PRDX1 were found only slightly elevated
while GCLM was slightly depressed at 3 months of exposure. NRF2 activation has been
observed in UROtsa with acute exposures to higher concentrations of As(III) and MMA(III)
(Wang et al., 2007), but to our knowledge there is no precedent on the behavior of NRF2
and the expression of target genes with chronic low-dose MMA(III).

Apoptosis: SPIA analysis indicates apoptosis is an active biological pathway in the first two
months of exposure, and by the third month anti-apoptotic mechanisms are in effect.
Important activators of apoptosis were also found to be down-regulated, such as Fas, CASP8
and FADD-like apoptosis regulator, interleukin 1a, and suppressor of cytokine signaling 2
(Table 3). Other transcripts of reported anti-apoptotic genes were found to be elevated, such
as crystallin alpha B (Arya et al., 2007), and T-box 3, an inhibitor of senescence
(Brummelkamp et al., 2002) (Table 2). Apoptosis-inducing genes shown to be elevated in
the third month of exposure included DNASE1L3, DAPL1, GPC3, and BNIP3. In
promoting cell growth and survival, a slight over-expression of Akt1 was observed as well
as over-expression of several HSP90 transcripts. HSP90 plays a role in Akt stabilization and
preventing proteolytic removal (Liao and Hung, 2010).

Proliferation And Cell Growth: In the present study, PDGFRA, an activator of the MAPK
pathway, was found to be over-expressed (Table 2). Additionally, the gene array data
showed that DUSP1, DUSP6, and DUSP10 were down-regulated, possibly enhancing the
activity of this pathway (Table 3). Furthermore, BMP7, 8A, and 3 were found to be elevated
in the gene array at three months of exposure to MMA(III) and concomitant down-
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regulation was seen with BMPR1A and BMPR2. Other genes involved in promoting cell
growth and proliferation were found to be elevated at the third month of exposure including
EMP1, NTS, IGFBP5, NAP1L2, and PIK3CB. Several fibroblast growth factors (FGF1,
FGF2) and receptors (FGFR1, FGFR3) were found to be elevated. Finally, cyclin D3 was
found to be slightly depressed at three months of exposure, and cyclin D1 and D2, CDK4,
cyclin E2, and TFDP1, genes that promote G1 to S phase transition, were not appreciably
changed.

Inflammation: Several key pro-inflammatory cytokines and chemokine, such as IL-6, IL-8,
TNF, and COX have been reported to elevate with arsenic exposure (Lin and Karin, 2007).
Although previously shown that the protein level of several of these cytokines were elevated
in UROtsa exposed chronically to MMA(III) for 3 months (Escudero-Lourdes, 2010), the
transcripts for these and other cytokines were found to be reduced in the present study
(IL1A, IL1B, IL7, IL6, FAS, and LIFR) (Table 3). Additionally, a number of other
inflammatory-related gene transcripts (IRF7, CD86, TLR3) was found to be down-regulated
at three months of exposure. Of the cytokine receptors, CXCL1, CXCL2, CXCL10, and
CXCL11 were found down-regulated; and CCL2 and CCL20 were also down-regulated. The
JAK-STAT signaling pathway partially mediates the regulation of cytokines and growth
factors in development (Li, 2008). Suppression of the JAK-STAT pathway was evident from
the gene array. STAT1, STAT2, STAT3, STAT4, STAT5A gene transcripts were found
depressed at three months of exposure. Additionally, JAK2, SOCS2, SOCS3, and IL6 gene
transcripts were down-regulated. Eblin et al. (2007) showed that UROtsa exposed
chronically to MMA(III) for 12, 24, and 52 weeks had persistent elevated protein levels of
COX-2 protein. In the present study, COX-2 gene transcripts were found to be depressed at
3 months, as well as phospholipase A2. Although COX-1 gene transcripts were found to be
only slightly elevated at 1 and 2 months of exposure, at 3 months there was a substantial
decrease.

ECM-Receptor Interactions: ECM-receptor interactions have also been significantly
altered. Tenascin gene transcripts were found up-regulated. Laminin, collagen type IV,
CD36, and integrin beta 8 and alpha 5 gene transcripts were found to be depressed.

3.4.2 Summary of Signaling Pathway Impact Analysis (SPIA)-Based Analysis
—The most relevant KEGG diseases and biochemical systems perturbed at one and two
months of MMA(III) were immune system and related diseases, infectious diseases, and cell
growth and death. Of notable interest are the inhibition of chemokine signaling, inhibition of
cytosolic DNA-sensing pathway, inhibition of cytokine-cytokine receptor interactions, and
activation of apoptosis.

The most relevant diseases and biochemical systems which were perturbed at three months
of MMA(III) exposure, were found to be immune system and related diseases, metabolic
disease, cardiovascular disease, MAPK signaling, and other signaling components. Of
notable interest are the activation of the MAPK signaling pathway, alterations in the
cytosolic DNA-sensing pathway, alterations in cytokine-cytokine receptor interaction,
changes in antigen processing and presentation, alterations in toll-like receptor signaling
pathway, and the inhibition of ECM-receptor interactions.

3.4.3 Summary of Gene Ontology Analysis—The most significant Gene Ontology
categories altered in the third month of exposure included immune and inflammatory
responses, antigen processing and presentation, regulation of cell proliferation, response to
oxidative stress and other stressors (i.e., wound healing), multi-organism processes, response
to stimulus (i.e., chemotaxis, response to virus and drug and cytokines), intracellular protein
kinase cascade (i.e., JAK-STAT cascade), and anti-apoptosis (Table 4).
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The most significant molecular functions altered in the third month of MMA(III) exposure
included growth factor activity, MHC class I receptor activity, oxidoreductase activity, and
phosphate binding. Cellular components altered by the third month of exposure include
those integral to the plasma membrane, extracellular space, and MHC class I and II protein
complexes. This contrasts with the 1-to-2 month exposure results that indicated alterations in
transcriptional activity (i.e., negative regulation of NF-kappaB transcription factor activity),
regulation of protein stability, vasculature development (i.e., angiogenesis), protein
modification, homeostasis of cell number, and immune and inflammatory responses.
Molecular functions altered in first two months of exposure included nucleotide binding,
hydrolase activity, G-protein-coupled receptor binding, chemokine activity and receptor
binding, ligase activity, and peptidase activity (Table 4).

4. DISCUSSION
The present work supports earlier findings that chronic 12-week exposure to 50 nM
MMA(III) leads to substantial biological and functional changes in UROtsa. The work by
Wnek and colleagues (2010) suggested that the observed phenotypic changes should
coincide with perturbations in the transcriptional activity of the cells. Hyper-proliferation,
morphological changes, acquisition of anchorage-independent growth in semi-solid media,
and the formation of tumors in immuno-compromised mice all coincide with alterations in
pathways associated with cancer progression (from Gene Ontology and SPIA-based
analysis). Implicated in this process are the activation of the MAPK signaling, perturbations
in ECM-receptor interactions, enhancement of anti-apoptotic processes, and the activity of
growth factors. Additionally, the time-dependent analysis of gene expression revealed that at
three months of exposure other changes are consistent with an induction of a stress response
to ROS, and alterations to the expression of genes involved in DNA repair and the
inflammatory response. These concomitant events (increased cellular proliferation,
unregulated cell cycle control, oxidative stress response) may be particularly important as
indicators of carcinogenic processes and coincide strongly with the transcriptional changes
between 2 and 3 months of exposure. When presented with the observed time-dependent
phenotypic changes reported from previous studies, the line plots visually relate the
profound transcriptional changes that occur in this window of time (Figure 5).

With PCR analysis, specific markers of carcinogenesis showed time-dependent changes in
gene expression, with the most prominent changes occurring at three months of exposure.
With the corresponding enhancement in proliferation, the MAPK signaling pathway appears
to be active through the down-regulation of phosphatases (i.e., DUSP1, DUSP6) that
attenuate the pathway, and by the up-regulation of growth factors and corresponding
receptors (i.e., PDGFRA, FGFR3). The role of DUSPs in cancer is not well understood. The
variations in the expression of these proteins have been observed in various cancers and cell
lines (Patterson et al., 2009; Bermudez et al., 2010; Moncho-Amor et al., 2010). In bladder
cancer, DUSP1 over-expression has been observed in early stages of the cancer, decreasing
with higher grade and metastases. The decline in gene expression of these proteins possibly
enhances MAPK signaling in UROtsa. KRT7 was selected for PCR analysis since previous
studies on UROtsa exposed to 50 nM MMA(III) found significant gene promoter
methylation by 24 weeks of exposure (Jensen et al., 2009), and a decrease in gene
expression with 12 weeks of exposure followed by withdrawal of MMA(III) for 12 weeks
(Wnek et al., 2010). Hypermethylation and silencing have also been proposed as a
mechanism regulating TGFBI expression in lung and prostate cancers (Shah et al., 2008).
Since TGFBI possesses a tumor suppressing function, its down-regulation may be a
contributing factor in the transformation process in conjunction with the suppression of
IRF1 gene transcripts. IRF1 has been proposed to act as a tumor suppressor, and shown to
be reduced in hematopoietic, gastric, and breast cancer (Ogasawara et al., 1996; Nozawa et
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al., 1998; Cavalli et al., 2010). In contrast, elevation in TMPRSS11A gene transcripts at 3
months, which is involved in cell cycle regulation and inhibition of tumor progression
(Yueying et al., 2008; Li et al., 2011), does not appear to have a sufficient impact on the
control of cellular proliferation. CTNND2 has been implicated in promoting anchorage-
independent growth (Zeng et al., 2009), which is a phenotypic change observed in UROtsa
just beyond three months of exposure. The over-expression of this gene is consistent with
expression patterns found in bladder cancer specimens (Zheng et al., 2004). Alterations in
the expression of DCLRE1C, CRYAB, ERCC2, and CXCR4, all of which have been
reported to be modified in human cancers, are consistent with decreased capacity for DNA
repair, oxidative stress, anti-apoptosis, and enhanced proliferation (Arrigo et al., 2007;
Malats, 2008; Morio and Kim, 2008; Sun et al., 2010).

It has been proposed that arsenic promotes carcinogenesis through the modification of
cellular signal transduction and biological functions (Kitchin, 2001). The use of SPIA-based
and Gene Ontology provides insight into the alterations of specific pathways by mapping
genes against the KEGG database of signaling pathways and Gene Ontology terms. The
analyses revealed that several critical pathways and biological functions were altered by
chronic exposure to MMA(III) which support the observed phenotypic changes. Earliest
perturbed pathways are associated with the inflammatory response, and these perturbations
continued into the third month of exposure. At the third month of exposure the MAPK
signaling pathway was activated, which up-regulates cell proliferation and this was reflected
in the enhanced growth seen in UROtsa with chronic exposure to MMA(III). Disruption in
ECM-receptor interactions due to the altered expression of integrins, collagen, laminin, and
glycoprotein gene transcripts lend some support to the colony-forming potential of the cells.
An unexpected result was the suppression of many important pro-inflammatory mediators.
The presence of these mediators has been considered a pre-disposing factor in the malignant
transformation of cells (Balkwill and Mantovani, 2001; Balkwill et al., 2003; Dobrovolskaia
and Kozlov, 2005; Kundu and Surh, 2008; Escudero-Lourdes et al., 2010). The implications
of these suppressed gene transcripts are not clear and will require further analysis. Another
intriguing outcome of these analyses was the attenuation of HLA class I and II (MHC class I
and II) antigens, FAS, and CCL5 (a chemotactic cytokine that recruits lymphocytes to a site
of inflammation), which is suggestive of an aggressive and invasive phenotype. Carcinomas
deficient in HLA class I antigens are strongly associated with tumor grade and probability of
recurrence in patients with bladder cancer (Du and Wang, 2011). This may be the first
observation where low-level chronic-exposure of a methylated metabolite of arsenic
suppresses the gene expression of components of the JAK-STAT pathway, and the pro-
inflammatory response in a human urothelial cell line.

Bredfeldt et al. (2006) first demonstrated the malignant transformation of UROtsa from
chronic 53-week exposure to MMA(III). The criteria used to assess transformation were an
increase in the cell proliferation rate, colony formation in soft agar, and tumor formation in
nude mice. This was the same criteria used by Sens et al. (2004) to assess transformation of
UROtsa from chronic exposure to inorganic arsenic over 52 weeks. However, if we examine
the original transformation model developed by Bredfeldt et al. (2006), it is apparent that
UROtsa can form tumors in nude mice at a high passage number (>100), despite previously
being characterized as non-tumorigenic, and raises concern about the stability of UROtsa in
long-term culture. This observation suggests that MMA(III) may be accelerating
spontaneous transformation of UROtsa. This is a possible scenario given that the SV40 T-
antigen oncoprotein disrupts the activity of p53, an important mediator of the cellular
response to DNA damage, cellular senescence, and apoptosis (Pipas and Levine, 2001).
However, UROtsa in long-term culture did not form colonies in soft agar, and it was
proposed that the formation of tumors might have been an artifact of the nude mice system.
Additionally, it should be noted that there is no association between germline mutations in

Medeiros et al. Page 9

Toxicology. Author manuscript; available in PMC 2013 January 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



p53 and the risk of developing bladder cancer, excluding environmental factors such as
exposure to carcinogens (Birch et al., 2001). Therefore, to address the observed
inconsistency with UROtsa in long-term culture, the cells used in the present study were
started at a much lower passage number. The control cells remained stable over the three-
month period, showing no sign of anchorage-independent growth or tumorigenicity.

The changes observed between the first two months of exposure and the third month may
very well encompass the earliest modifications that promote malignant transformation
characteristic to MMA(III) exposure. This was exemplified by the fact that altered biological
processes that were identified in the first two months of exposure were also present in the
third. However, the overall changes occurring at the third month may be viewed as a
consequence of a transformed population, and not necessarily the continued effects of
MMA(III) exposure. Tokar et al. (2010) have reported that the arsenic-induced malignant
transformation of a human prostate cell line was a result of an over-accumulation of cancer
stem cells. Such stem-like cancer cells have been considered as a sub-population in
urothelial carcinomas (Brandt et al., 2009). Support for a stem-like population in the
UROtsa cell line can be inferred from the gradual acquisition of anchorage-independent
growth with MMA(III) exposure. Wnek et al. (2010) first reported the ability of UROtsa,
chronically exposed to MMA(III), to form colonies in soft agar by three months. The
fraction of cells that displayed this phenotype was small compared to the fraction of cells
that acquired the phenotype at 4 and 5 months of exposure. Additionally, when 3-month
exposed cells were allowed to continue growing in the absence of MMA(III), the number of
cells that form colonies increased in a time-dependent manner and the changes were very
substantial the longer the cells were grown.

Few studies have investigated the effects of MMA(III) in vivo. A majority of studies focused
on the pentavalent methylated metabolites. One of the earliest indications of the toxic effects
of MMA(III) on bladder tissue was through the preliminary findings of Shen et al. (2006).
They showed that the effects of methylated metabolites on F344 female rats resulted in
pathological changes of the bladder which were attributed to MMA(III) following DMA(V)
treatments in the diet. Other studies have also provided some evidence of the carcinogenicity
of MMA(III) in rodent models (Delker et al., 2009; Krishnamohan et al., 2006). In an
attempt to elicit some type of toxicological response, researchers had employed very high
concentrations of MMA(III) in these studies, far beyond the relevant levels of exposures in
human populations. Additionally, humans are generally exposed to inorganic arsenic from
water sources, and the methylated species are formed from hepatic biotransformation.
Furthermore, arsenic has been shown to have significantly different toxicokinetic properties
in rodents compared to humans (Aposhian, 1997).

ROS and subsequent DNA damage have been associated with the transformation of the
UROtsa cell line (Eblin et al., 2006, 2007). Although an elevation in DNA damage has been
detected in UROtsa between one and three months of exposure to MMA(III) and attributed
to elevation in ROS (Wnek et al., 2009, 2010, 2011), oxidative stress did not appear as a
significant category in the Gene Ontology analysis of the first two months of exposure. It is
certain that an increasing trend was observed with endogenous ROS, but only a significant
change was measured at three months of exposure. This suggests ROS may not entirely be
playing a pivotal role in the transformation process. It is possible that the biochemical
alterations acquired at the third month of exposure become particularly important in
significantly elevating ROS levels, but in the present study, changes with inflammatory-
related genes and altered metabolic processes characterized the first two months of
exposure. Although oxidative stress has been considered a mode of action in arsenic-induced
carcinogenesis with a number of in vitro studies, this has not been well established in vivo
(Clewell et al., 2011). 8-Hydroxy-2′-deoxyguanosine (8-OHdG) has long been used as an
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oxidative stress marker. Several studies have associated arsenic exposure and increased
urinary 8-OHdG levels in rodents exposed to arsenicals (Nishikawa et al., 2002; Yamanaka
et al., 2001). Studies on human populations and oxidative stress from arsenic exposure have
yielded mixed results. Increased urinary 8-OHdG has been measured in humans living in
arsenic-affected areas of Asia (Fujino et al., 2005; Kubota et al., 2006), yet Burgess et al.
(2007) did not find an association between urinary 8-OHdG and arsenic when examining
populations in Arizona and Sonora, Mexico exposed to arsenic in drinking water below 40
micrograms/L. Therefore, the role of oxidative stress in arsenic-induced bladder cancer in
human populations is not entirely clear.

In conclusion, the previously observed phenotypic changes in UROtsa following 3 months
exposure to 50 nM MMA(III) [hyper-proliferation, increases in DNA damage, ROS
production, and colony formation in semi-solid media] coincides with the substantial gene
expression changes presented here. These changes include the expression of genes involved
in an oxidative stress response, decreases in specific DNA repair genes, up-regulation of
genes involved in proliferation, and the suppression of inflammatory components. These
events support the pleiotropic response of urothelial cells to chronic MMA(III) exposure,
and indicate that the most critical window of time in the transformation of UROtsa from
continuous exposure to MMA(III) occurs between two and three months of exposure.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Chronic exposure to 50 nM monomethylarsonous acid in UROtsa was
investigated.

• At three months of exposure substantial changes were observed in gene
expression.

• Notable changes occurred in mitogenic signaling, stress, immune and
inflammatory responses.

• Gene expression changes correlate with phenotypic changes from previous
studies.
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FIGURE 1.
Venn diagrams illustrating common differentially expressed genes between first, second,
and third month of continuous exposure to 50 nM MMA(III).
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FIGURE 2.
Line plot depicting gene expression changes in UROtsa with continuous exposure to 50 nM
MMA(III). Each vertical line represents a replicate for the given time point listed along the
X-axis. Y-axis is shown in log2 scale.
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FIGURE 3.
Confirmation of microarray results by QRT-PCR analysis of selected gene transcripts
elevated in UROtsa exposed continuously to 50 nM MMA(III). Graph represents selected
genes up-regulated at 3 months of exposure to MMA(III) as well as expression levels at 1
and 2 months of exposure. mRNA was normalized to UROtsa control and relative to
GAPDH levels. Error bars indicate standard deviation of triplicates.
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FIGURE 4.
Confirmation of microarray results by QRT-PCR analysis of selected gene transcripts
suppressed in UROtsa exposed continuously to 50 nM MMA(III). Graph represents selected
genes down-regulated at 3 months of exposure to MMA(III) as well as expression levels at 1
and 2 months of exposure. mRNA was normalized to UROtsa control and relative to
GAPDH levels. Error bars indicate standard deviation of triplicates.
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FIGURE 5.
Comparison of observed phenotypic changes with the gene expression profile (from Figure
2) that occurs in UROtsa with continuous exposure to 50 nM MMA(III). The phenotypic
changes listed in the curved arrows are reported by Wnek et al. (2010).
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TABLE 1

Expression of genes in UROtsa cells exposed continuously to 50 nM MMA(III).

Change in Expression 1 MONTH 2 MONTH 3 MONTH

up-regulated after exposure 12 23 1240

down-regulated after exposure 40 65 1539

no change 33200 33164 30473
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TABLE 2

List of gene transcripts ELEVATED in UROtsa with 3 month continuous exposure to 50 nM MMA(III).

Oxidative Stress or Similar Response

OXSR1 regulates actin cytoskeleton in response to stress

SOD1 catalyzes the dismutation of superoxide into oxygen

GSTM3 detoxifies endogenous compounds

GSTA1, GSTA4, GSTZ1 defense against toxic, carcinogenic and pharmacologically

HSPB8 chaperone

MT1X heavy metal binding and control of oxidative stress

Apoptosis

DNASE1L3 mediates breakdown of DNA during apoptosis

DAPL1 apoptosis; early epithelial differentiation-associated

GPC3 induce apoptosis in certain cell types; peptidyl-dipeptidase inhibitor activity

BNIP3 protein heterodimerization activity; induce apoptosis, even in the presence of BCL2

Inflammatory Response

CXCR4 chemokine receptor

CYP4F11 aromatase activity; heme binding; metal ion binding; monooxygenase activity

S100A8 involved in inflammatory response, cell cycle progression and differentiation

Growth & Proliferation

EMP1 cell growth; cell proliferation and differentiation; multicellular organismal development

IGFBP5 alter the interaction of IGFs with their receptors

KGFLP1 growth factor activity

NTS stimulation of growth and proliferation

NAP1L2 regulate neuronal cell proliferation

PIK3CB involved in signaling pathways regulating cell growth

PDGFRA cell proliferation, differentiation, and growth

DNA Repair Elements

BCL11B zinc ion binding; a role in response to DNA replication stress and damages

XPD (or ERCC2) transcription-coupled nucleotide excision repair

Surface Adhesion

CDH4, CDH16 cell-to-cell adhesion

CTNND2 cell-to-cell adhesion

CD302 is a C-type lectin receptor involved in cell adhesion and migration

IGSF9 proportion of cell adhesion molecules

LPHN1 G-protein coupled receptor activity; cell adhesion and signal transduction

TMPRSS11A regulates cell-cell and cell-matrix interactions
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Developmental/Differentiation

BMP3, BMP7, BMP8A growth-inhibitory factors; angiogenesis

NELL2 involved in growth and differentiation

SPRR3 keratinocyte differentiation marker

WNT5A regulation of cell fate & development

Bladder Cancer and Metastasis Markers

FGF1, FGF2 involved in angiogenesis

FGFR1, FGFR3 FGF receptors

MMP11, MMP14 degrades non-collagen matrix

TNC promotes cell growth, cell migration, and angiogenesis
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TABLE 3

List of gene transcripts SUPPRESSED in UROtsa with 3 month continuous exposure to 50 nM MMA(III).

Oxidative Stress

CYP24A1 drug metabolism and synthesis of cholesterol; oxidoreductase activity

CYP2J2 aromatase activity; electron carrier activity; heme binding; metal ion binding

DUOX2 ROS generator

DUSP1 induced by stress and growth factors; negative regulation of cellular proliferation

FAM129A response to stress

GPX8 reduces peroxides

SQSTM1 scaffolding/adaptor protein

Apoptosis

IFI27 impact cellular apoptosis

IFI6 protein binding; role in the regulation of apoptosis

CARD11 guanylate kinase activity; regulator of cell apoptosis and NF-kappaB activation

CEACAM1 roles in differentiation and arrangement of tissue apoptosis

FAS regulation of programmed cell death

GSDMC a tumor suppressors gene; regulation of cell proliferation; regulation of apoptosis

GSDMB regulation of apoptosis in epithelial cells

XAF1 inhibitor of apoptosis; bind and inhibit caspases; zinc ion binding

Inflammatory or Immune Response

CTSS cysteine-type endopeptidase activity; peptidase activity

CXCL10 inflammatory response

CCL2 heparin binding; signal transducer activity; protein binding

FYB protein binding; protein amino acid phosphorylation

GDF15 cytokine activity; growth factor activity

GBP2 GTPase activity; cytokines; antiviral effects and inhibit tumor cell proliferation

HCP5 to control disease progression soon after infection

IFIT1 cellular antiviral responses

IFIT2 microtubule-associated protein

IFI44L immune response

IL1A copper ion binding; interleukin-1 receptor binding

IRF1 regulates transcription of interferons; involved in the JAK-STAT signaling pathway

IRF7 plays a role in the transcriptional activation of virus-inducible cellular genes

IL6 pro-inflammatory and anti-inflammatory cytokine

IL7 lymphocyte regulatory factor

IL8 induction of chemotaxis

HLA antigen presentation

NFKB1 transcription factor involved in immune and inflammatory response

PTGS1, PTGS2 (or COX1 & 2) biosynthesis of prostanoids

RSAD2 iron-sulfur cluster binding; metal ion binding; antiviral defense

Toxicology. Author manuscript; available in PMC 2013 January 27.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Medeiros et al. Page 27

STAT1, STAT3, STAT6 interferon signaling

SOCS3 inhibits activity of JAK2 kinase

SP100 interferon-stimulated antigen

TRIM22 metal ion binding; transcription corepressor activity; ligase activity

TNFAIP3 DNA binding; cysteine-type peptidase activity; protein binding; a zinc finger protein

TLR3 pathogen recognition and activation of innate immunity

Proliferation

HBEGF growth factor activity

BMPR1A, BMPR2 receptor for BMPs

GBP2 GTPase activity; cytokines; antiviral effects and inhibit tumor cell proliferation;

PLAU involved in degradation of the extracellular matrix; tumor cell migration/proliferation

DNA Repair Elements

DDB2 participates in nucleotide excision repair; mediates ubiquitylation of histones H3, H4

DCLRE1C involved in DNA repair

XRCC4 involved in DNA repair

Surface Adhesion

ALCAM receptor binding; cell adhesion molecule that binds to CD6

ASAM a role in cell-cell adhesion; component of epithelial tight junctions

AMTN protein binding; cell adhesion

AMIGO2 protein binding; neuronal activity-dependent; cell-to-cell interaction

CDH6, CDH13 cell-to-cell adhesion

ICAM1 expressed on endothelial cells; binds to integrins

PVRL3 cell adhesion molecule binding; protein binding; protein homodimerization activity

PCDH1 involved in neural cell adhesion and neuronal development;

TGFBI binds to type I, II, IV, VI collagens and fibronectin

Cell Cycle Control

CDKN1A regulator of cell cycle progression

DRAM1 regulated as part of the p53 tumor suppressor pathway

TP53 tumor suppressor

RB1 tumor suppressor

SPARC calcium ion binding; extracellular matrix binding; inhibits cell-cycle

Bladder Cancer Markers

CFHR1 marker for transitional cell carcinoma

DBC1 inhibits cell proliferation

KRT7 type II keratin specifically expressed in simple epithelia

LCN2 innate immune response

ZFP36L2 metal ion binding; nucleic acid binding; transcription factor activity
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TABLE 4

Most significant biological processes, molecular functions, and cellular components altered in 1–2 months and
3 months of continuous exposure to 50 nM MMA(III). The grayed listings are those identified as common
terms between the 1–2 month exposure interval and the 3 month. Lists have been ordered with the most
significant terms at the top. The top 30 terms in each category are listed. For a more complete presentation of
this table with numerical data, please see supplementary material.

GENE ONTOLOGY TERMS ALTERED IN 1–2 MONTHS

BIOLOGICAL PROCESSES

GO.ID Term

GO:0006878 cellular copper ion homeostasis

GO:0042130 negative regulation of T cell proliferat...

GO:0006955 immune response

GO:0006954 inflammatory response

GO:0002376 immune system process

GO:0006213 pyrimidine nucleoside metabolic process

GO:0032088 negative regulation of NF-kappaB transcr...

GO:0045087 innate immune response

GO:0006952 defense response

GO:0001525 angiogenesis

GO:0042157 lipoprotein metabolic process

GO:0032103 positive regulation of response to exter...

GO:0048646 anatomical structure formation involved ...

GO:0048514 blood vessel morphogenesis

GO:0048002 antigen processing and presentation of p...

GO:0051707 response to other organism

GO:0007156 homophilic cell adhesion

GO:0006418 tRNA aminoacylation for protein translat...

GO:0043038 amino acid activation

GO:0043039 tRNA aminoacylation

GO:0050729 positive regulation of inflammatory resp...

GO:0051591 response to cAMP

GO:0048872 homeostasis of number of cells

GO:0001568 blood vessel development

GO:0016579 protein deubiquitination

GO:0001701 in utero embryonic development

GO:0001944 vasculature development

GO:0070646 protein modification by small protein re...

GO:0043433 negative regulation of transcription fac...

GO:0090048 negative regulation of transcription reg...

MOLECULAR FUNCTIONS

GO.ID Term
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GENE ONTOLOGY TERMS ALTERED IN 1–2 MONTHS

BIOLOGICAL PROCESSES

GO.ID Term

GO:0008252 nucleotidase activity

GO:0016787 hydrolase activity

GO:0017111 nucleoside-triphosphatase activity

GO:0003723 RNA binding

GO:0000166 nucleotide binding

GO:0003924 GTPase activity

GO:0032553 ribonucleotide binding

GO:0032555 purine ribonucleotide binding

GO:0016788 hydrolase activity, acting on ester bond...

GO:0004843 ubiquitin-specific protease activity

GO:0017076 purine nucleotide binding

GO:0019783 small conjugating protein-specific prote...

GO:0019825 oxygen binding

GO:0008009 chemokine activity

GO:0004812 aminoacyl-tRNA ligase activity

GO:0016875 ligase activity, forming carbon-oxygen b...

GO:0016876 ligase activity, forming aminoacyl-tRNA ...

GO:0016779 nucleotidyltransferase activity

GO:0042379 chemokine receptor binding

GO:0070011 peptidase activity, acting on L-amino ac...

GO:0001664 G-protein-coupled receptor binding

CELLULAR COMPONENTS

GO.ID Term

GO:0005796 Golgi lumen

GENE ONTOLOGY CATEGORIES ALTERED AT 3 MONTHS

BIOLOGICAL PROCESSES

GO.ID Term

GO:0006955 immune response

GO:0002474 antigen processing and presentation of p...

GO:0009615 response to virus

GO:0044419 interspecies interaction between organis...

GO:0034097 response to cytokine stimulus

GO:0009408 response to heat

GO:0042060 wound healing

GO:0019885 antigen processing and presentation of e...

GO:0051384 response to glucocorticoid stimulus

GO:0033280 response to vitamin D
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GENE ONTOLOGY TERMS ALTERED IN 1–2 MONTHS

BIOLOGICAL PROCESSES

GO.ID Term

GO:0032355 response to estradiol stimulus

GO:0008284 positive regulation of cell proliferatio...

GO:0006954 inflammatory response

GO:0045086 positive regulation of interleukin-2 bio...

GO:0002504 antigen processing and presentation of p...

GO:0032570 response to progesterone stimulus

GO:0032496 response to lipopolysaccharide

GO:0006935 chemotaxis

GO:0043129 surfactant homeostasis

GO:0030335 positive regulation of cell migration

GO:0045087 innate immune response

GO:0006916 anti-apoptosis

GO:0006979 response to oxidative stress

GO:0051240 positive regulation of multicellular org...

GO:0008015 blood circulation

GO:0019882 antigen processing and presentation

GO:0007259 JAK-STAT cascade

GO:0019221 cytokine-mediated signaling pathway

GO:0042493 response to drug

GO:0050729 positive regulation of inflammatory resp...

MOLECULAR FUNCTIONS

GO.ID Term

GO:0032393 MHC class I receptor activity

GO:0015197 peptide transporter activity

GO:0004298 threonine-type endopeptidase activity

GO:0008083 growth factor activity

GO:0004719 protein-L-isoaspartate (D-aspartate) O-m...

GO:0042301 phosphate binding

GO:0008252 nucleotidase activity

GO:0016628 oxidoreductase activity, acting on the C...

GO:0016836 hydro-lyase activity

GO:0005041 low-density lipoprotein receptor activit...

GO:0008009 chemokine activity

GO:0004033 aldo-keto reductase activity

GO:0032395 MHC class II receptor activity

GO:0008237 metallopeptidase activity

GO:0005178 integrin binding

GO:0046982 protein heterodimerization activity

GO:0005149 interleukin-1 receptor binding

Toxicology. Author manuscript; available in PMC 2013 January 27.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Medeiros et al. Page 31

GENE ONTOLOGY TERMS ALTERED IN 1–2 MONTHS

BIOLOGICAL PROCESSES

GO.ID Term

GO:0043548 phosphoinositide 3-kinase binding

GO:0005509 calcium ion binding

GO:0005161 platelet-derived growth factor receptor ...

GO:0008191 metalloendopeptidase inhibitor activity

GO:0008238 exopeptidase activity

GO:0005111 type 2 fibroblast growth factor receptor...

GO:0016813 hydrolase activity, acting on carbon-nit...

GO:0016918 retinal binding

GO:0017017 MAP kinase tyrosine/serine/threonine pho...

GO:0019841 retinol binding

GO:0008235 metalloexopeptidase activity

GO:0005125 cytokine activity

GO:0005520 insulin-like growth factor binding

CELLULAR COMPONENTS

GO.ID Term

GO:0042612 MHC class I protein complex

GO:0042824 MHC class I peptide loading complex

GO:0005615 extracellular space

GO:0042613 MHC class II protein complex

GO:0005887 integral to plasma membrane

GO:0005839 proteasome core complex

GO:0005576 extracellular region

GO:0009986 cell surface

GO:0031093 platelet alpha granule lumen

GO:0005578 proteinaceous extracellular matrix

GO:0005604 basement membrane

GO:0005764 lysosome

GO:0042598 vesicular fraction

GO:0005741 mitochondrial outer membrane

GO:0005626 insoluble fraction

GO:0005783 endoplasmic reticulum

GO:0005792 microsome

GO:0005737 cytoplasm

GO:0005788 endoplasmic reticulum lumen

GO:0045121 membrane raft

GO:0031901 early endosome membrane

GO:0010008 endosome membrane

GO:0044440 endosomal part

GO:0005911 cell-cell junction
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GENE ONTOLOGY TERMS ALTERED IN 1–2 MONTHS

BIOLOGICAL PROCESSES

GO.ID Term

GO:0043005 neuron projection

GO:0005789 endoplasmic reticulum membrane

GO:0005624 membrane fraction

GO:0009897 external side of plasma membrane

GO:0044297 cell body

GO:0043025 neuronal cell body

GO.ID = Gene Ontology identifier.
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