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Abstract
Although the consequences of genotoxic injury include cell cycle arrest and apoptosis, cell survival
responses after genotoxic injury can produce intrinsic death-resistance and contribute to the
development of a transformed phenotype. Protein tyrosine phosphatases (PTPs) are integral
components of key survival pathways, and are responsible for their inactivation, while PTP inhibition
is are often associated with enhanced cell proliferation. Our aim was to elucidate signaling events
that modulate cell survival after genotoxin exposure. Diploid human lung fibroblasts (HLF) were
treated with Cr(VI) (as Na2CrO4), the soluble oxyanionic dissolution product of certain particulate
chromates, which are well-documented human respiratory carcinogens. In vitro soluble Cr(VI)
induces a wide spectrum of DNA damage, in both the presence and absence of a broad-range PTP
inhibitor, sodium orthovanadate (SOV). Notably, SOV abrogated Cr(VI)-induced clonogenic
lethality. The enhanced survival of Cr(VI)-exposed cells after SOV treatment was predominantly
due to a bypass of cell cycle arrest, as there was no effect of the PTP inhibitor on Cr-induced apoptosis.
Moreover, the SOV effect was not due to decreased Cr uptake as evidenced by unchanged Cr-DNA
adduct burden. Additionally, the bypass of Cr-induced growth arrest by SOV was accompanied by
a decrease in Cr(VI)-induced expression of cell cycle inhibiting genes, and an increase in Cr(VI)-
induced expression of cell cycle promoting genes. Importantly, SOV resulted in an increase in
forward mutations at the HPRT locus, supporting the hypothesis that PTP inhibition in the presence
of certain types of DNA damage may lead to increased genomic instability, via bypass of cell cycle
checkpoints.
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1. Introduction
Deregulated cell proliferation and resistance to apoptosis are thought to be at the foundation
of neoplastic evolution. Tightly orchestrated signaling pathways govern both cell proliferation
and apoptosis. Thus, inappropriate activation/inactivation of key signals that control cell
survival can contribute to autonomous growth and neoplastic transformation. There is
considerable evidence that protein tyrosine phosphorylation is responsible for the maintenance
of proliferative signals and is involved in the early stages of neoplasia (for review see [1]).
Protein tyrosine phosphatases (PTPs), such as PTEN (phosphatase and tensin homolog deleted
on chromosome ten) and MKP (MAP kinase phosphatase) are integral components of survival
pathways, and are responsible for their respective inactivation [2;3]. Indeed, certain of these
PTPs have been described as tumor suppressors since their overall effect is to decrease cell
proliferation (for review see [4;5]).

Dysregulated cell proliferation underlies carcinogenesis and can be caused by genetic/
epigenetic alterations induced by endogenous and environmental genotoxins. The initial
consequence of genotoxic injury is usually cell cycle checkpoint arrest but may also activate
apoptotic or terminal growth arresting pathways. Cellular survival in the face of genotoxic
insult may produce an intrinsically death-resistant phenotype; such a selective growth
advantage may allow for the emergence of cells that are more prone to neoplastic evolution.

Certain forms of hexavalent chromium [(Cr(VI)] are known human respiratory carcinogens
that can be employed as useful genotoxic tools with relevant toxicological importance [6]. The
intracellular metabolic reduction of Cr(VI) to its toxic metabolites is well documented and
there is an extensive background on the mechanisms of Cr(VI)-induced macromolecular
damage. The structural and functional aspects of Cr(VI)-induced DNA damage are summarized
in several recent review articles [7;8]. Epidemiological studies carried out in the U.K., Europe,
Japan and the U.S. have consistently shown that workers in the chromate production industry
have an elevated risk of respiratory disease, fibrosis, perforation of the nasal septum,
development of nasal polyps, and lung cancer [9;10]. Indeed, environmental and occupational
exposure to chromate continues to loom large as a major public health issue and a source of
continuous high-profile litigation.

The overall objective of our laboratory is to elucidate the coordinate signaling events that
mediate cell fate determination and survival, and consequently mutagenesis, after genotoxic
insult. The present study tested the hypothesis that maintenance of protein tyrosine
phosphorylation by SOV modulates survival after Cr(VI)-induced genotoxic insult. The data
show that SOV reversed Cr(VI)-induced clonogenic lethality. The enhanced survival of Cr
(VI)-exposed cells after SOV treatment was predominantly due to a non-lethal bypass of Cr-
induced growth arrest and was not due to decreased Cr-DNA adduct burden. This was
accompanied by a decreased induction of negative cell cycle regulatory genes by Cr(VI) and
an increased induction of positive cell cycle regulatory genes. Notably, co-treatment with SOV
resulted in an increase in forward mutations at the hypoxanthine-guanine
phosphoribosyltransferase (HPRT) locus, which underscored the potential for genomic
instability as a result of loss of checkpoint control. Taken together, this work suggests that
regulators of tyrosine phosphorylation may govern cell survival as an initial event after Cr(VI)
genotoxic insult and potentially facilitate the earliest stages of neoplastic evolution.

2. Material and methods
2.1 Materials

Sodium chromate (Na2CrO4.4H2O; [Cr(VI)]) was purchased from J.T. Baker Chemical
Company, Phillipsburg, NJ. Sodium orthovanadate (Na3O4V; SOV) was purchased from
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Aldrich Chemical Company, St. Louis, MO. Cell culture reagents were from Invitrogen Life
Technologies, Gaithersburg, MD, and fetal bovine serum (FBS) was from Hyclone, Logan,
Utah. Other chemicals were either from Sigma (St. Louis, MO) or Fisher Scientific (Pittsburgh,
PA), and were of the highest purity available.

2.2 Cell Culture
The normal diploid human lung fibroblast (HLF) cell line, LL24, was originally isolated from
normal autopsy tissue of an 11-year-old male, and was obtained from the ATCC (Manassas,
VA). HLF cells were maintained in Ham's F-12 nutrient mixture, supplemented with 15% FBS,
and containing 50 units/ml penicillin and 50 μg/ml streptomycin. Chinese hamster ovary cells
(CHO, AA8) were maintained in minimal Eagles medium (MEM), supplemented with 10%
FBS, 1% penicillin-streptomycin and 2 mM glutamine. All cells were maintained at 37°C in
a humidified incubator under an atmosphere containing 5% CO2.

2.3 Experimental Treatment
In all experiments, cells were seeded 24 h prior to exposure with Cr(VI) and/or SOV. Sodium
chromate and SOV were respectively dissolved in deionized H2O and sterilized by passage
through a 0.2 micron filter before each use. Cells were treated with the indicated final
concentration of Cr(VI) for 24 h in complete medium. In experiments in which SOV was co-
incubated with Cr(VI), the SOV was added 30 min prior to Cr(VI) addition. The cells were
either collected for analysis after treatment or rinsed with phosphate buffered saline (PBS) and
allowed to recover in complete medium for an additional 24 h before analysis.

2.4 Clonogenicity Analysis
Cells were seeded at 1 × 105/60 mm dish, and incubated with 0, 1 or 2 μM Cr(VI), in the
absence or presence of 10 and 25 μM SOV. Following 24 h treatment, the cells were collected
by trypsinization, washed and reseeded at 2 × 103/60 mm dish (in the absence of any agent),
as previously described [11]. Cells were incubated for 14 days, and were fixed and stained with
crystal violet (80% methanol, 2% formaldehyde, 2.5g/L crystal violet). Colonies of 20 cells or
greater were counted.

2.5 Cell Growth Analysis
Cells were seeded at 1 × 105/100 mm dish and incubated with 0, 1, or 2 μM Cr(VI) in the
absence or presence of 10 and 25 μM SOV. A group of replicate dishes were seeded for each
dose tested and all of the replicates within the group received the same treatment. One replicate
was taken at day 2, 4, 5, 6, 8, 10, 12, and 14 after treatment and counted to determine total cell
number at each dose and time. Cells were gently harvested with trypsin, centrifuged at 600 ×
g for 5 min, and the cell pellets were resuspended in 1 ml PBS. Total cell number was
determined using a hemacytometer (Hausser Scientific, Horsham, PA). Data were normalized
to the same day non-treated control.

2.6 mRNA expression analysis
Cells were seeded at 2 × 106/150 mm dish and incubated without or with 1 μM Cr(VI) in the
absence or presence of 10 μM SOV. Following 24 h treatment, RNA was isolated using RNA-
Bee (Tel-Test, Friendswood, TX) followed by a secondary purification on Qiagen RNAeasy
Mini columns (Qiagen, Valencia, CA). RNA quality was assessed by Agilent bioanalyzer
(Agilent Technologies, Santa Clara, CA) and RNA Integrity Numbers (RIN) for all samples
were >9.9. Labeled cRNA was hybridized to GeneChip Human Genome U133 Plus 2.0 Array
(Affymetrix, Santa Clara, CA) and arrays were scanned with an Agilent laser scanner. The raw
expression data were analyzed by GeneSpring (Agilent Technologies) for differentially
regulated genes after respective treatment. Data set was filtered by 1-way ANOVA with 5%
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FDR and 1,880 genes out of total 54,675 transcripts were chosen. Transcripts associated with
cell cycle and cell proliferation (according to GO Biological Process) were selected and further
filtered by expression fold cutoff at 1.5. All original microarray data has been deposited to the
GEO web site http://www.ncbi.nlm.nih.gov/geo/, accession number GSE12205.

2.7 Mutation Frequency
HLF cells were seeded at 5×105/100 mm dish, and incubated for 24 h with either 0−3 μM Cr
(VI) or 1 h with 0, 250, and 250 μM methyl methanesulfonate (MMS, as positive control) in
the presence or absence of 10 μM SOV. CHO cells were seeded at 1×105/60 mm dish, and
incubated for 24h with either 0−12 μM Cr(VI) or 1 h with 0 and 500 μM MMS in the presence
or absence of 10 μM SOV. After washing, HLF and CHO cells were grown exponentially for
13 and 7 days, respectively, following treatment. For mutant selection, HLF cells were plated
at 2×105 in 8 replicate 100 mm dishes and CHO cells were plated at 1×106 in 2 replicate 150
mm dishes. Cells were maintained in hypoxanthine-free EMEM containing 15% FBS and 30
−60 μM 6-TG, which selectively inhibits the growth of HPRT wild-type cells [12]. In parallel
with mutant selection, 300−800 cells were plated in nonselective medium to determine cloning
efficiency. After 21 and 8 days, respective HLF and CHO colonies were stained with crystal
violet, and colonies with ≥50 cells were counted and HPRT mutation frequency was calculated
per million clonable cells.

2.8 Statistical analysis
To assess significant differences among experimental groups, statistical analyses were
performed using GraphPad Prism version 4.00 for Windows (San Diego, CA). A two tailed,
unpaired t test and one-way analysis of variance (ANOVA) with either a Tukey or Dunnetts
post test were used with an α level of 0.05 when comparing two experimental groups and for
multiple sample comparisons, respectively.

3. Results
3.1 SOV reverses Cr(VI)-induced clonogenic lethality

PTP inhibition by SOV increased the abundance of proteins containing phosphotyrosine
moieties (Supplemental Figure 1). As shown in Figure 1, a 24 h exposure to Cr(VI) induced a
concentration-dependent decrease in clonogenic survival, which was almost 100% lethal at 3
μM (data not shown), consistent with our previous studies [11;13;14]. SOV resulted in a
significant increase in percent clonogenic survival, which ranged from 2 to 3-fold and 2 to 7-
fold after 1 and 2 μM Cr(VI), respectively. The PTP inhibitor alone had no effect on clonogenic
survival at a concentration of 10 μM, however at 25 μM, it caused a 57% decrease in clonogenic
survival (data not shown). At a concentration of 50 μM, SOV alone was over 75%
clonogenically lethal, and was not used for further studies (data not shown).

3.2 SOV attenuates Cr(VI)-induced growth arrest
Clonogenicity is an indicator of long-term cell survival and replicative potential after exposure
to a genotoxic agent. We have previously shown that cell populations exposed to Cr(VI) have
a concentration-dependent spectrum of responses, presumably correlated to the extent of DNA
damage, ranging from transient cell cycle checkpoint arrest to terminal growth arrest and
apoptosis [14]. In order to understand the mechanism of enhanced clonogenic survival in the
presence of Cr(VI) after SOV treatment, we monitored HLF cell growth over a 14-day period
following a 24 h exposure to Cr(VI) (1−2 μM), in the presence and absence of SOV (10 and
25 μM). As shown in Figure 2A, 10 μM SOV alone had no effect on cell growth, however it
attenuated Cr-induced growth arrest for the period of the study, which was significant at days
5/6 and 8/12 for 1 and 2 μM Cr(VI), respectively. Moreover, this concentration of SOV
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completely abrogated Cr-induced growth arrest 12 days after incubation with 1 μM Cr(VI),
however these data were not statistically significant. In keeping with the clonogenic survival
data, 25 μM SOV was associated with a persistent growth delay, averaging at around 40−50%
less than that of the control growth rate (Figure 2B). Nevertheless, there was a clear trend for
this concentration of SOV to attenuate Cr-induced growth arrest starting 8 days after incubation
with 2 μM Cr(VI), which was statistically significant at day 14. The attenuation of Cr(VI)-
induced growth arrest by SOV was concomitant with both G1/S and G2/M checkpoint bypass
(data not shown).

We also studied the sensitivity of HLF cells to Cr(VI)-induced apoptosis, in the absence and
presence of SOV. The basal apoptotic level in the untreated cells was around 5% of the total,
as measured by phosphatidylserine (PS) translocation to the outer leaflet of the plasma
membrane. Treatment with 6 μM Cr(VI) induced apoptosis in around 18% of the cells,
regardless of SOV treatment. Moreover, neither 10 nor 25 μM SOV alone had any effect on
PS translocation after 24 h exposure (Supplemental Figure 2).

Notably, co-incubation with 10 μM SOV had no effect on Cr-DNA adduct levels which were
approximately 5 and 10 pmol/ug DNA at 1 and 2 μM Cr(VI), respectively (Supplemental Table
1), consistent with our previous report [15].

3.3 Microarray screening of cell cycle regulatory genes after co-treatment with Cr(VI) and
SOV

We used microarray analyses to characterize the effect of SOV on changes in gene expression
after Cr(VI) exposure. Due to the observed effect of this PTP inhibitor on the attenuation of
Cr-induced growth arrest, we focused on transcripts associated with cell cycle and cell
proliferation (according to GO Biological Process). Seventy-one transcripts were identified
that exhibited at least a 1.5-fold change in expression when compared to the control after 24h
exposure to Cr(VI), either in the presence or absence of SOV (Supplemental Table 2).

When the data were analyzed for differential gene expression profiles among untreated
(control), Cr(VI), and Cr(VI) + SOV-treated groups, distinct patterns of expression emerged.
The expression data were combined accordingly into 5 groups, as shown in Figure 3A-E. In
group A, 8 genes were found to be upregulated by Cr(VI) treatment both in the absence and
presence of SOV, as compared to control. In contrast, in group B, SOV co-treatment abrogated
the upregulation of 18 genes induced by Cr(VI) treatment. Group C depicts 11 genes that were
upregulated by Cr(VI) + SOV co-treatment, as compared to both control and Cr(VI) treatment
alone. Conversely, in Group D, 20 genes were found to be downregulated by Cr(VI) + SOV
co-treatment, when compared to both control and Cr(VI) treatment alone. Finally, the 14 genes
comprising Group E, were downregulated by Cr(VI) treatment as compared to control, however
SOV co-treatment abrogated this downregulation.

We further classified the 71 transcripts as either positive (n=27) or negative (n=26) regulators
of cell cycle progression, based on an extensive literature search and Entrez Gene and PubMed
(NCBI, NLM, NIH) classifications (Supplemental Table 2). A designation of either no/
unknown function (n=18) was used for the respective following criteria: no apparent cell
proliferation function was identified; gene expression reported to correlate with both positive
and negative regulation of cell cycle progression; relationship of gene expression to cell cycle
progression was cell context-specific, with no known function in lung fibroblasts; no
information could be obtained.

As shown in Figure 3F, the majority of the gene expression data was concordant with cell
survival/cell growth data as shown in Figures 1 and 2 (i.e., genes that were upregulated by the
PTP inhibitor were more likely to have a positive effect on cell cycle progression and vice
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versa). This is evidenced in Groups C and E (gene expression upregulated by SOV co-
treatment), respectively, in which 6/8 and 10/13 transcripts with known function were positive
effectors of cell cycle progression. Conversely, in Groups B and D (gene expression down
regulated by SOV co-treatment), the respective 8/10 and 13/15 transcripts with known function
were negative regulators of cell cycle progression. In Group A (similar upregulation of genes
by Cr(VI) alone and with SOV co-treatment), 7/7 transcripts with known function were positive
effectors of cell cycle progression, however the Cr-induced expression of these transcripts was
not significantly altered by the PTP inhibitor.

3.4 SOV enhances Cr mutagenesis at the HPRT locus
Since the effect of SOV on Cr(VI)-induced clonogenic lethality was not due to decreased Cr-
DNA adduct burden, we hypothesized that increased genomic instability would accompany
this apparent loss of checkpoint control. Therefore, we measured the effect of SOV on mutation
frequency at the HPRT locus after exposure to either Cr(VI) for 24 h or MMS (as a positive
control for the mutagenesis assay) for 1 h. HPRT mutation frequency was corrected for cell
survival. As shown in Table 1A, in HLF cells, 2 μM Cr(VI) led to a 2.9-fold increase in mutation
frequency, which decreased with 3 μM Cr(VI), likely due to high toxicity, consistent with
previous reports [16;17]. 10 μM SOV consistently elevated the Cr-induced mutation frequency
(p<0.05 for 1 μM Cr(VI); p=0.0550 for 3 μM Cr(VI)) in HLF cells when compared to that in
the absence of SOV. MMS induced a respective 4.1- and 6.5-fold increase in mutation
frequency, which attained statistical significance with 500 μM MMS, and was not affected by
SOV. As shown earlier, SOV enhanced clonogenic survival after Cr(VI) exposure.
Interestingly, the PTP inhibitor had no protective effect against MMS-induced clonogenic
lethality, which was around 78−83% at 250 μM MMS in the presence or absence of SOV.
Moreover, the mutant colonies generated after Cr(VI) + SOV co-treatment contained around
1.5−2.0-fold more cells than those in the presence of Cr(VI) alone (data not shown).

We also examined the effect of SOV on HPRT mutation frequency in Chinese hamster ovary
(CHO) cells, a standard model for forward mutagenesis analysis at this locus (Table 1 B).
Mutation frequency increased at 6 and 9 μM Cr(VI), reaching statistical significance after
exposure to 9 μM Cr(VI). Mutation frequency declined after exposure to 12 μM Cr(VI),
presumably due to toxicity, and similar to that observed in HLF cells. Similar to its effect in
HLF cells, 500 μM MMS induced a 5-fold induction in mutation frequency in CHO cells. SOV
enhanced Cr(VI)-induced mutation frequency, reaching statistical significance in cells exposed
to 12 μM Cr(VI), despite the toxicity-driven decrease in mutagenesis by Cr(VI) alone. At 12
μM Cr(VI) SOV increased Cr(VI)-induced mutation frequency by around 16-fold, which was
accompanied by a 7-fold increase in clonogenic survival at the same Cr(VI) concentration.
Again, the PTP inhibitor was without effect on MMS-induced mutagenesis.

4. Discussion
The results of the present study suggest that maintenance of tyrosine phosphorylation through
PTP inhibition by SOV increases clonogenic survival in the presence of Cr(VI)-induced
genotoxic insult. Our data strongly indicate that the lack of a protracted growth arrest after Cr
(VI) treatment, in the presence of SOV, is the mechanism of enhanced clonogenic survival.
The enhanced survival induced by SOV after Cr(VI) exposure was not due to decreased Cr-
DNA adduct burden. Importantly, our data show that the SOV enhances Cr(VI)-induced
mutation frequency. Taken together, these results underline the potential for genomic
instability as a result of loss of checkpoint control and highlight a potential role for PTPs in
early neoplastic progression after initial genotoxic stress.

There is considerable evidence that dysregulated protein tyrosine phosphorylation is
responsible for the maintenance of proliferative signals and is involved in the early stages of
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neoplasia [1;18]. While protein tyrosine kinases catalyze the addition of phosphate, PTPs
catalyze the removal (for review, see [19]). Consequently, certain PTPs have been proposed
to function as tumor suppressors in cancer development, and have been regarded to have
therapeutic target potential [19-21]. Notably, the present study is the first report that PTP
inhibition by SOV results in a non-lethal bypass of growth arrest in the face of genotoxic insult.
Vanadate is widely used as a PTP inhibitor, acting as a reversible transition-state analog of
phosphate, thus mimicking the phosphorous group of phosphotyrosine, and binding to the
active site of the PTP [22]. SOV has been shown to activate tyrosine phosphorylation in vivo,
in association with its PTP inhibitory activity [23], which we have also found in the present
study. SOV has been reported to activate both AKT and ERK pathways [24-26], which is
presumably through PTP inhibition, highlighting a role for tyrosine phosphorylation in the
regulation cell survival. SOV has also been reported to inhibit both Na+/K+-ATPase [27]as
well as dynein ATPase activity [28], which would suggest a non-PTP inhibitor function for
SOV, however the concentrations of SOV used in these respective studies were around 30-fold
higher than those used in the present study.

Previous reports have shown vanadate-induced PTP inhibition to enhance survival by
decreasing apoptosis in primary mammary epithelial cells [29] as well as in rat brain and cardiac
models of ischemic injury [30-32]. However, in the present in vitro study we observed no effect
of SOV on Cr(VI)-induced apoptosis. It has also been reported that SOV was sufficient to
enhance S phase progression in murine 3T3 and epithelial cells [33;34], although SOV
treatment alone had no apparent effect on cell proliferation at concentrations ≤10 μM in the
present studies. Furthermore, at concentrations ≥ 25 μM, SOV decreased clonogenic survival
in our studies, consistent with reports of vanadate cytotoxity at higher concentrations [35;36].

As early as 4 days after Cr exposure, SOV was associated with an enhanced rate of proliferation.
This is consistent with our finding that SOV induced a bypass of both the Cr-induced G1/S
and G2/M checkpoints (data not shown). We analyzed the effect of SOV on changes in gene
expression induced by 1μM Cr(VI) after 24h, which is the concentration and time period in
which we observed checkpoint bypass in our aforementioned studies. Taken together, the data
suggest that potential transcriptional mechanisms by which SOV bypasses Cr(VI)-induced
growth arrest may be through both up regulation of genes that positively regulate cell cycle
progression and down regulation of cell cycle inhibiting genes. Moreover, at least for a subset
of genes, SOV appears to abrogate the Cr(VI)-induced upregulation of cell cycle inhibiting
genes, as well as to abrogate the Cr(VI)-induced downregulation of genes that positively
regulate cell cycle progression.

Resistance to growth inhibition is considered to be an early event in the multi-step process of
cancer progression [37]. Dysregulation of cell cycle checkpoint regulators and/or survival
signaling pathways have been reported to override growth arrest after DNA damage, but this
is often at the expense of cellular survival. Activation of Cdk1 after etoposide treatment results
in a DNA damage checkpoint override and subsequent sensitization, leading to cell death in
HeLa cells [38]. Inhibition of checkpoint effector pathways by caffeine has been shown to
increase sensitization to DNA damaging agents leading to cell death in several cell lines [39;
40]. A recent report indicates that both the overexpression of c-MYC and the activating
mutation of RAS were able to override the G2-restriction point in serum-starved mouse
embryonic fibroblasts; however c-MYC overexpression resulted in increased apoptosis,
whereas RAS activation resulted in continued proliferation in the absence of serum [41].
Studies by Knauf et al., demonstrated that expression of HRASV12 in rat thyroid PCCL3 cells
accelerated cell cycle progression after ionizing radiation, corresponding to an increase in
chromosomal instability [42;43]. Moreover, studies by Kandel et al. report a G2/M override
by AKT was accompanied by the accumulation of mutations after exposure to 6-TG in Rat1a
cells [44]. Indeed, our data suggest that PTP inhibition by SOV overrides Cr-induced growth
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arrest, enhances the rate of Cr-induced forward mutations at the HPRT locus in two different
cell types, consistent with enhanced clonogenic survival. Studies by Mailhes et al. found that
vanadate induced premature anaphase in oocytes as well as aneuploidy and polyploidy in
mouse bone marrow cells [45]. These data are consistent with those of other studies reporting
aneuploidy in vivo in bone marrow cells as well as micronuclei in lymphocytes after vanadium
exposure [46-48]. However, SOV exposure alone was not found to be mutagenic in our studies.
Moreover, SOV co-treatment had no effect on either MMS-induced mutagenesis or clonogenic
lethality in the respective HLF and CHO cell lines, which strongly points to a correlation of
genotoxin-induced genomic instability with cell survival. This could be related to genotoxin-
specific DNA damage response pathways. As described below, Cr(VI) induces a complex array
of DNA damage, while MMS exposure results in single base lesions. Indeed, as shown in our
present and previous studies [49], exposure to Cr(VI) (1 μM) induced a prolonged growth arrest
for over 6 days after end of the treatment. Notably, SOV significantly increased cell
proliferation in the presence of Cr(VI), as early as 5 days after exposure. In contrast, MMS-
induced single base lesions, which should be rapidly repaired, are associated with a transient
S phase arrest in human fibroblasts [50]. Thus, the positive effect of SOV on cell cycle
progression occurs during a period in which cells are still repairing Cr(VI)-DNA damage, while
the associated enhanced survival indicates that potentially lethal Cr(VI)-induced damage may
have already been repaired. Taken together, these studies support a role for SOV-mediated
PTP inhibition in cell cycle checkpoint override, leading to genomic instability.

SOV increased clonogenic survival after Cr(VI) exposure but had no effect on clonogenic
survival after MMS exposure. As detailed earlier, this may be related to genotoxin-specific
cellular damage. Under physiological conditions, Cr exists as an oxyanion that enters the cell
through an anion transporter, after which Cr(VI) is metabolically reduced to genotoxic species
by cellular reducing agents such as glutathione and ascorbate [51]. The reduction process leads
to a complex array of DNA damage that includes Cr-monoadducts to both DNA bases and
sugar-phosphate backbone, strand breaks, oxidized bases, DNA-protein crosslinks, abasic
sites, Asc-Cr(VI) ternary adducts and DNA-Cr-DNA interstrand crosslinks (ICLs) (for review,
see [8]). We and others have highlighted the importance of both the ATM and the nucleotide
excision repair pathways in repair of Cr-induced DNA lesions [49;52-57]. In contrast, MMS
is a monofunctional DNA methylating agent, and base excision repair has been shown to be
critical for MMS-induced lesions [58]. Therefore, it remains possible that the effect of SOV
on Cr-induced survival is related to the activation of DNA damage response/repair pathways
that are not affected by MMS exposure. Although Cr-DNA adduct levels were unaffected by
SOV, as measured immediately after Cr(VI) exposure, this does not exclude the possibility
that SOV may alter DNA damage repair pathways or repair kinetics.

Acquired resistance to genotoxin-induced death is a hallmark of neoplastic progression.
Therefore, dysregulation of survival signaling may promote cell survival in the face of
genotoxin-induced damage, which in turn may contribute to genomic instability and promote
early stage carcinogenesis. The delineation of the molecular circuitry that promotes cell
survival in the face of genotoxin-induced damage will serve to improve our understanding of
carcinogenic mechanisms of action while potentially identifying biomarkers for risk
assessment, and may have the added benefit of identifying molecular targets for rational drug
design in anti-cancer therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of tyrosine phosphatase inhibition on clonogenic survival after exposure to Cr(VI)
HLF cells were incubated without (control) or with 1 or 2 μM Cr(VI) for 24 h (Cr 1, Cr 2), in
the absence (SOV 0) or presence of 10 or 25 μM SOV (SOV 10, SOV 25), and were washed
and reseeded to allow for colony formation. Colonies were stained with crystal violet, and
counted 12 days later. The data are expressed as percentage of respective control, in the absence
of Cr(VI) and are the means ± SE of 4−5 independent experiments. *, **: Statistically
significant difference from SOV 0 at p<0.05, p<0.01.
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Figure 2. Effect of tyrosine phosphatase inhibition on Cr(VI)-induced growth arrest
HLF cells were incubated without or with 1 or 2 μM Cr(VI) for 24 h in the absence or presence
of A) 10 or B) 25 μM SOV, and were washed, and cell numbers were counted for 14 days after
Cr(VI) removal. Data are expressed as number of cells counted, and are the means ± SE of 3
independent experiments. *: Statistically significant difference from SOV 0 at p<0.05; +:
p=0.079; ++: p=0.067.
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Figure 3. Effect of tyrosine phosphatase inhibition on expression profiles of cell cycle-related genes
HLF cells were incubated without or with 1 μM Cr(VI) for 24 h in the absence or presence of
10 μM SOV, and RNA was isolated and hybridized to GeneChip Human Genome U133 Plus
2.0 Array as described in the Materials and Methods section. Data set was filtered by 1-way
ANOVA with 5% FDR and transcripts associated with cell cycle and cell proliferation
(according to GO Biological Process) were selected and further filtered by expression fold
cutoff at 1.5. Seventy-one transcripts are shown here for Groups A-E. Data are the median,
25th and 75th percentile, and range of the log10 expression values from 4 independent RNA
samples per treatment group. *: Statistically significant difference from control at p<0.001; +:
Statistically significant difference in the presence vs. the absence of SOV at p<0.001. F)
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Number of genes in each respective group that were identified as positive or negative regulators
of cell cycle progression. No/unknown indicates the number of genes for which there was either
no known association with cell proliferation or for which the data were ambiguous in terms of
positive or negative regulation.
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