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Abstract
Our recent studies showed that maintenance of protein tyrosine phosphorylation by PTP inhibition
enhanced cell growth, clonogenic survival, and mutagenesis after a single low-level Cr(VI) exposure,
thereby suggesting that tyrosine phosphorylation-dependent signaling may govern inappropriate
survival in human lung fibroblasts (HLFs). Our goal is to identify specific phospho-tyrosine regulator
(s)/downstream effectors involved in enhanced survival after Cr(VI) exposure and PTP inhibition.
Phosphotyrosine profiling array showed that PTP inhibition following Cr(VI) exposure increased
tyrosine phosphorylation of specific proteins, such as FGR and ABL, which are upstream regulators
of both Erk and Akt pathways. To explore the roles of these pathways in the PTP-induced increase
in clonogenic survival after Cr(VI) exposure, we examined the effect of combined Akt1 and Erk1/2
knockdown via siRNA technology. Akt1 and/or Erk1/2 silencing had no effect on the PTP inhibitor-
induced increase in survival following Cr(VI) exposure, suggesting the presence of non-Akt/non-
Erk-mediated survival signaling. Interestingly, geldanamycin, an HSP90 inhibitor and non-specific
Raf inhibitor, abrogated the PTP inhibitor-mediated increase in survival following Cr(VI) exposure
and abolished the expression/activity of c-Raf and activity of Mek. These findings prompted us to
explore upstream regulators of Erk, i.e., Ras, c-Raf and Mek for their potential roles in clonogenic
survival. GW5074, a specific c-Raf kinase inhibitor did not alter the effect of the PTP inhibitor but
decreased Cr(VI)-mediated clonogenic lethality, potentially though Mek hyperactivation. A genetic
approach with a c/a Mek1 mutant also showed that Mek activity was not directly associated with the
PTP inhibitor effect. Finally, a genetic approach with d/n or c/a Ras and c-Raf mutants, showed that
Ras and c-Raf activities play a substantive role in enhancing clonogenic survival by PTP inhibition
following Cr(VI) insult. In conclusion, these studies highlight a novel pro-survival mechanism for
clonogenic survival in the face of genotoxic stress in the presence of PTP inhibition via an Erk/Mek-
independent and Ras/c-Raf-dependent regulation in normal human lung fibroblasts.
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1. Introduction
In the United States, lung cancer is the leading cause of cancer death [1]. Patients with early
stage disease can be effectively treated with surgery, but most patients present at diagnosis
with advanced stage, which is essentially incurable since systematic chemotherapy has poor
long-term outcomes in these patients. Even after surgery, 50% of operated patients will develop
metastatic disease [1]. All these facts emphasize the need for new early detection tools and for
more effective therapies for lung cancer. Characterization of cellular and molecular alterations
in normal human cells upon genotoxin exposure may be applicable to targeting early
oncogenesis in the clinical setting. Indeed, studies on the molecular basis of carcinogenesis
show promise in the development of targeted agents that inhibit the development of cancer.

Upon exposure to a genotoxin (i.e., hexavalent chromium [Cr(VI)]) cells undergo apoptosis,
growth arrest, and cell cycle checkpoint arrest depending on the extent of the damage. Cellular
survival in the face of genotoxic stress may produce an intrinsically death-resistant phenotype;
such a selective growth advantage may allow for the emergence of transformed cells. Many of
the early, transforming events that occur in carcinogenesis are only now becoming better
understood. There are numerous reports that dysregulated protein tyrosine phosphorylation is
responsible for the maintenance of proliferative signals and is involved in the early stages of
neoplasia [2,3]. While protein tyrosine kinases catalyze the addition of phosphate, PTPs
catalyze the removal (for review, see [4]).

Signaling pathways that regulate cell survival and proliferation are altered in the process of
carcinogenesis. One of the intracellular signal transduction pathways that drives tumorigenesis
and cancer progression is the Ras/Raf/Mek/Erk pathway. This signal transduction cascade
regulates fundamental cellular processes including cell proliferation and survival,
differentiation, and apoptosis. These specific cell fates are dependent upon the duration and
intensity of activation of the individual components in the signaling cascade, as well as on the
cell lineage-specific substrates [5–7]. The Ras/Raf/Mek/Erk pathway interacts with other
mitogenic pathways (i.e., PI3K/Akt) to determine cell fate after extracellular stimuli.
Maintenance of cell survival and growth is achieved in part through the continuous progression
of cell cycle and consequent proliferation. All components in the Ras/Raf/Mek/Erk cascade
have been shown to be involved in cell cycle progression, cell survival and proliferation.

Our recent study [8] showed that maintenance of protein tyrosine phosphorylation by PTP
inhibition was associated with increased cell proliferation, clonogenic survival, and
mutagenesis after a single Cr(VI) exposure in human lung fibroblasts. Notably, PTP inhibition
increased Cr(VI)-induced forward mutations at the HPRT locus in two mammalian cell lines,
which was coincident with enhanced clonogenic survival, suggesting regulators of tyrosine
phosphorylation may determine cell survival/death as an initial event after Cr(VI) insult. The
goal of the current study was to identify specific phospho-tyrosine regulator(s)/downstream
effectors involved in enhanced survival after Cr(VI) exposure and PTP inhibition. Here we
report that both Ras and c-Raf activities play an important role in the increase of clonogenic
survival in the presence of PTP inhibition following Cr(VI) insult in normal human lung
fibroblasts.
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2. Materials and methods
2.1 Cell Culture and Chromium Treatment

Human lung fibroblasts (HLFs, ATCC, Manassas, VA) were maintained and treated with
sodium chromate (Na2CrO4.4H2O) ( J.T. Baker Chemical Company, Philipsburg, NJ) in the
absence or presence of the PTP inhibitor, sodium orthovanadate (SOV, Na3VO4) (Sigma-
Aldrich, St. Louis, MO) as we have previously described [8]. U0126, geldanamycin (GA), and
GW5074 were from BioMol (Plymouth Meeting, PA). Unless otherwise specified, all
chemicals were from Sigma (Sigma-Aldrich, St. Loius, MO) and were of the highest purity
available.

2.2 Phosphotyrosine Profiling Array
To explore the effect of PTP inhibition on protein tyrosine phosphorylation after Cr(VI)
exposure, TranSignal Phosphotyrosine Profiling Arrays (Panomics, Fremont, CA) were
utilized according to the manufacturer’s protocol. Briefly, total protein was isolated from HLFs
treated with 1 μM Cr in the absence or presence of 10 μM SOV for 24 hrs. One milligram of
the respective protein lysate was incubated with the membrane array overnight. After washing
the membranes, tyrosine-phosphorylated proteins were detected with a biotin-conjugated anti-
phosphotyrosine antibody and streptavidin-HRP. Chemiluminescence images from
membranes exposed to Hyperfilm ECL were analyzed with a Personal Densitometer SI and
ImageQuant software (GE Healthcare, Piscataway, NJ). The array contains 38 SH2 domain-
containing phosphotyrosine proteins spotted in duplicate along with positive orientation
markers on the bottom and the right edges of the membrane. These positive markers were used
as a normalization index across the multiple membranes.

2.3 Transfection
All transient transfections were performed with the Amaxa Nucleofector system (Amaxa,
Gaithersburg, MD) according to the manufacturer’s protocol. In all transfection experiments,
pmaxGFP (Amaxa) was used as a transfection control and transfection efficiency was
approximately 70–80% as assessed by fluorescence microscopy. Briefly, adherent HLFs were
serum starved for 4 hrs, collected by trypsinization, and approximately 1.8 × 106 cells
suspended in nucleofection solution R were mixed with the indicated amount of siRNA or
plasmid, and then transfected using the T20 pulsing parameter. Cells were transferred into
culture wells or dishes containing prewarmed F12 medium supplemented with 20% FBS. At
16 hr post-transfection, cells were washed twice with PBS, and then incubated in F12 medium
with 15% FBS. All experimental treatments were done at 48 hr post-transfection with the
following exception: After c-Raf and Ras plasmid transfection, cells were treated at 24 hr post-
transfection since the maximum expression of these plasmids was achieved at this time.
Respective siRNA for a non-target luciferase control and siRNA SMARTpool for Akt1, Erk1
and Erk2 were purchased from Dharmacon (Chicago, IL). Constitutively active (c/a) Mek1
plasmid (R4F) was a gift from Dr. Natalie G. Ahn, University of Colorado [9,10]. The c/a Akt1
(MyrAkt1) plasmid was obtained from Dr. Philip Tschlis at Tufts University School of
Medicine. The dominant negative (d/n) Ras, c/a Ras, d/n c-Raf, and c/a c-Raf plasmids
(RasN17, RasL61, dnRaf-1, and Raf1-CAAX, respectively) were gifts from Dr. Kang-Yell
Choi, YonSei University [11,12]. The pmax vector from Amaxa was used for mock control
transfection.

2.4 Immunoblotting
Total protein lysates were extracted and Western blotting was performed as we have previously
described [13]. Antibodies used were as follows: Akt1 (Upstate, Lake Placid, NY), p-Akt
(ser473), Total Akt, Total c-Raf, p-c-Raf (ser338), p-c-Raf (ser289/296/301), total Mek1/2, p-
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Mek1/2(ser217/221), p-Erk1/2(thr202/tyr204), total Erk1/2, p-p90 RSK(ser380), and HA-tag
(Cell Signaling, Denvers, MA), pan-Ras (Pierce, Rockford, IL), Mek1, Mek2 (Santa Cruz
Biotechnology, Santa Cruz, CA ), β-actin and α-tubulin (Sigma, St. Louis, MO).

2.5 Clonogenicity assay
HLFs, at 24 – 48 hr post-transfection with the indicated siRNA or plasmid, were incubated
with 0 - 2 μM Na2CrO4 for 24 hr in the absence or presence of 10 μM SOV. For studies with
chemical inhibitors, i.e., U0126, geldanamycin (GA) and GW5074, cells were pre-incubated
with chemical inhibitors for 0.5 hr at 24 hr post-plating and then treated with Cr(VI) ± SOV
for 24 hr. Cells were collected by trypsinization, washed and reseeded at 8 × 102/60 mm dish
and colonies were stained as previously described [8].

2.6 Ras activity assay
The EZ-Detect Ras Activation kit (Pierce, Rockford, IL) was utilized to measure Ras activity
according to the manufacturer’s instructions and as previously described [14]. A GST-fusion
protein containing the Ras-binding domain of c-Raf was used to specifically pull down GTP-
bound Ras. The active Ras was then detected by immunoblotting. Negative and positive
controls were prepared with 500 μg of control protein lysates with the addition of GDP (1 mM)
and GTPγS (0.1 mM), respectively.

2.7 Statistical analysis
To assess significant differences among experimental groups, a two-tailed, unpaired Student’s
t test was performed when comparing two groups. ANOVA was used when more than two
groups were compared with an untreated control group and Tukey’s multiple comparison was
used as a post-hoc test (GraphPad Prism 4, San Diego, CA).

3. Results
3.1 PTP inhibition increases tyrosine phosphorylation of specific proteins that are upstream
effectors of both Akt and Erk pathways

In order to explore the molecular mechanism(s) of enhanced survival in the presence of PTP
inhibition after Cr(VI) exposure, we first examined possible alterations in protein tyrosine
phosphorylation after Cr(VI) exposure in the presence or absence of PTP inhibition utilizing
a phosphotyrosine array. Tyrosine phosphorylation of Abl1, Crkl, FGR, Fyn, Grap, and Rasa1
were increased by 3- to 134-fold upon co-treatment with Cr(VI) and the PTP inhibitor, as
compared to Cr(VI) treatment alone (Fig. 1A and B). There was a moderate increase by 1.4–
1.7 fold in levels of tyrosine phosphorylation of the respective p85a and b subunit, indicative
of PI3K/Akt activation. Also, there was a weak increase of PLCg1 domain 2 upon SOV
treatment following Cr(VI) insult. Given the facts that the tyrosine phosphorylation of several
known upstream effectors (i.e., FGR and ABL) of both Akt and Erk pathways were increased
by SOV from phosphotyrosine array data and protein expression pattern of p-Akt(ser473) were
abrogated by co-treatment with Cr(VI) and the PTP inhibitor as compared to that of Cr(VI)
alone (Lal et al., unpublished results), we postulated that the PI3K/Akt and/or Mek/Erk
pathways may play a role in the enhanced clonogenic survival induced by PTP inhibition after
Cr(VI) exposure.

3.2 Silencing of Akt1 and Erk1/2 has no effect on the PTP inhibitor-induced increase in
clonogenic survival following Cr(VI) treatment

In order to explore the respective role of Akt and Erk in the enhanced clonogenic survival after
Cr(VI) exposure and PTP inhibition in HLFs, we silenced Akt1 and Erk1/2 protein expression
using akt1 and erk1/2 siRNA. We focused on akt1 since we found the relative mRNA
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expression of this isoform to be around 3 – 7-fold higher than that of akt2 and akt3, respectively,
in HLFs by PCR (data not shown). Transient transfection of 0.12, 0.5, and 1.0 nmoles of akt1,
erk1 and erk2 siRNA resulted in approximately 75%, 97%, and 92% knockdown of Akt1, Erk1
and Erk2 protein, respectively, at 72 hr post-transfection (Suppl. Fig. 1). Akt1 silencing
effectively inhibited the expression of the pan-active form, i.e., p-Akt(ser473) by 80% on
average, thereby confirming that akt1 is the predominant isoform transcript in HLFs. We also
observed similar knockdown of total Akt protein expression by 70% after akt1 siRNA
transfection. Transfection of non-target luciferase siRNA (mock) showed no effect on either
Akt1 or Erk1/2 protein expression (Suppl. Fig. 1). Similarly, Erk1 protein expression was not
affected by Erk2 silencing, and vice-versa, indicating the high specificity of erk1 and erk2
siRNA (Suppl. Fig. 1B). Furthermore, the respective silencing of Akt1, Erk1 and Erk2 after
combined transfection with akt1, erk1 and erk2 siRNA was similar as that observed after
transfection with the respective individual siRNA (Suppl. Fig. 1C).

As shown in Fig. 2A, Cr(VI) induced a significant dose-dependent decrease (p<0.001) in
clonogenic survival in mock-transfected HLFs as we have previously seen in non-transfected
HLFs [13]. SOV alone, at a concentration of 10 μM had no effect on clonogenic survival.
However, PTP inhibition induced a significant increase (p<0.001) in clonogenic survival after
Cr(VI) exposure as we have recently reported [8], which was, on average, 1.4-fold with 1 μM
Cr(VI) and 4-fold with 2 μM Cr(VI) (Fig. 2A). As shown in Fig. 2B-E, neither individual nor
simultaneous Akt1 and Erk1/2 silencing had any effect on the PTP inhibitor-induced increase
in clonogenic survival after Cr(VI) exposure. In other words, neither Akt1 nor Erk1/Erk2 was
required for the PTP inhibitor effect on clonogenic survival. In addition, transient silencing of
the expression of these proteins also had no effect on HLF clonogenic survival in the absence
or presence of Cr(VI) alone.

Only phosphorylated/active forms of Akt1 and Erk1/2 transduce their upstream survival signal
to downstream effectors in cells. Akt1 silencing effectively decreased the expression level of
p-Akt(ser473) as shown in Suppl. Fig. 1A. However, combined Erk1 and Erk2 silencing was
associated with the persistent expression of p-Erk1/2(thr202/tyr204), which remained at 68%
of the control value at 72 hr post-transfection, given a 70–80% transfection efficiency in HLFs
(Fig. 2F). These results suggested that residual p-Erk1/2 activity may play a role in maintaining
enhanced clonogenic survival after Cr(VI) exposure and PTP inhibition despite complete
silencing of total Erk1/2 protein expression. In order to investigate such a possibility, we
additionally inhibited Erk1/2 phosphorylation with the Mek inhibitor U0126 in the presence
of combined Erk1/2 silencing (Fig. 2F) and examined clonogenic potential. Mek inhibition by
U0126 did not alter the PTP inhibitor-mediated increase in clonogenic survival after Cr(VI)
exposure in HLFs (data not shown). In addition, neither PI3K inhibition with LY294002 nor
Mek inhibition with U0126 in non-transfected HLFs altered the ability of the PTP inhibitor to
enhance clonogenic survival following Cr(VI) insult (data not shown). Taken together, these
data suggest the presence of a non-Akt/non-Erk-mediated alternative survival pathway(s)
which governs enhanced clonogenic survival upon Cr(VI) insult in the presence of PTP
inhibition.

3.3 Geldanamycin abrogates the PTP inhibitor-induced increase in clonogenic survival
following Cr(VI) treatment

Geldanamycin (GA) is an inhibitor of HSP90 that regulates many client proteins downstream
of the pathways that appear to be activated by SOV, as assessed by phosphotyrosine array (Fig
1). Indeed, GA has been used as a non-specific Raf inhibitor [15]. First, we examined the ability
of GA to inhibit the total expression/activity of c-Raf, Mek, Erk, and Akt by immunoblotting
in HLFs (Fig. 3A). As reported previously [16], the c-Raf activity, as measured by p-c-Raf
(ser338) protein expression, was completely inhibited by 1 μM GA, while the expression of
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total c-Raf was inhibited by 80%. As expected, the activity of Mek1/2 and Erk1/2, as measured
by the expression of their phosphorylated forms, p-Mek1/2(ser217/221) and p-Erk1/2(thr202/
tyr204), respectively, was completely abolished by GA. Neither total expression of Mek1/2
nor Erk1/2 was significantly altered by GA treatment. Finally, p-Akt (ser473) expression was
completely inhibited by GA while total Akt expression was inhibited by 40%.

These results prompted us to examine whether inhibition of Mek and c-Raf activity as well as
Akt and Erk activity in the presence of GA could alter clonogenic survival in HLFs before and
after co-treatment with Cr(VI) and SOV. At a concentration of 1 μM, GA alone induced a 25%
decrease in clonogenic survival, which was further augmented in the presence of SOV (Fig.
3B). The Cr(VI)-induced dose-dependent decrease in clonogenic survival was also observed
in GA-treated HLFs, but was more pronounced after 1 μM exposure. Importantly, GA
completely abrogated the PTP inhibitor-mediated enhanced clonogenic survival following Cr
(VI) exposure (Fig. 3B). Taken together, these data suggest that c-Raf activity alone or in
combination with Mek activity may be necessary for the PTP inhibitor effect on clonogenic
survival in the presence of Cr(VI) insult in HLFs.

3.4 c-Raf activity drives enhanced clonogenic survival after Cr(VI) exposure and PTP
inhibition

In order to determine the direct role of c-Raf activity in enhanced clonogenic survival after Cr
(VI) exposure and PTP inhibition, we employed a combined pharmacologic and genetic
approach. We used GW5074, a potent and selective inhibitor, which has been reported to inhibit
the Raf/Mek/Erk kinase cascade by blocking the kinase activity of c-Raf [17]. As expected,
protein expression of p-Erk1/2(thr202/tyr204) and p-p90Rsk(ser380), two downstream
mediators of the Raf signaling cascade, were decreased to 30% and 50% of their respective
control level by 50 μM GW5074 (Fig. 4A). This decrease was dose-dependent up to 50 μM,
and higher concentrations were cytotoxic. Unexpectedly and in contrast, we observed an
apparent hyperactivation of Mek1/2 as shown by the approximate 5-fold increase of p-Mek1/2
(ser217/221) protein expression after 50 μM GW5074 treatment, which was also dose-
dependent, and maximum at 50 μM. In addition, no change was observed in the activating
phosphorylation of c-Raf [p-c-Raf (ser338)] while a gradual decrease in the inhibitory
phosphorylation of c-Raf [p-c-Raf (ser289/296/301)] was observed after treatment with 1–50
μM GW5074 (Fig. 4A). Protein expression of p-Akt (ser473) was not altered by GW5074 in
HLFs (data not shown).

Next, we studied the effect of GW5074 on clonogenic survival following Cr(VI) exposure with
and without SOV co-treatment. A concentration of 50 μM GW5074 was selected since this
dose showed the maximum change in relevant phosphoprotein expression with minimum
cytotoxicity (Fig. 4A,B). As previously observed, Cr(VI) treatment induced a dose-dependent
decrease (p<0.001) in clonogenic survival, while PTP inhibition significantly decreased
(p<0.001) Cr(VI)-mediated clonogenic death in HLFs treated with the vehicle (DMSO).
GW5074 treatment alone had no effect on clonogenic survival (Fig. 4B). Whereas pre-
incubation of HLFs with GW5074 did not prevent the Cr(VI)-induced dose-dependent decrease
in clonogenic survival, the presence of GW5074 significantly diminished clonogenic lethality
induced by 1 μM and 2 μM Cr(VI), by approximately 2- and 5-fold, respectively (Fig. 4B).
Moreover, the SOV-induced increase in clonogenic survival after Cr(VI) exposure was not
altered in GW5074-treated cells (Fig. 4B).

Next, we attempted to identify a potential correlation between the enhanced clonogenic
survival and c-Raf and Mek phospho-protein expression after GW5074 treatment from parallel
analyses of clonogenicity and immunoblotting. As shown in Fig. 4C, the expression level of
p-c-Raf (ser338) was increased by around 1.5-fold by SOV in the vehicle control both in the
absence and presence of 2 μM Cr(VI) exposure. Notably, this activating phosphorylation of c-
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Raf was increased around 2-fold after GW5074 treatment in the presence of 2 μM Cr(VI) alone
or in conjunction with that of SOV, which is concordant with the enhanced survival shown in
Fig. 4B. The expression level of p-Mek1/2 was not altered by Cr(VI) or SOV treatment either
alone or combined, in DMSO-treated control cells. In the presence of 50 μM GW5074 treatment
alone, the expression level of p-Mek1/2 was increased by 4-fold on average, and was markedly
increased to 12- and 8-fold by 2 μM Cr(VI) treatment alone, and in the presence of the PTP
inhibitor, respectively.

Although p-Erk1/2 levels were decreased by GW5074 treatment (Fig. 4A), neither Cr(VI),
SOV, nor the combination of Cr(VI) and SOV had any further effect on Erk1/2 phosphorylation
(data not shown). Furthermore, there was no correlative change in protein expression level of
pan-Ras (data not shown), total c-Raf, total Mek1/2 (Fig. 4C) and total Erk1/2 (data not shown)
with clonogenic potential under any of these aforementioned conditions.

Taken together, these data suggest that active c-Raf, potentially through downstream Mek1/2
hyperactivation, might be the critical governor of Cr(VI)-mediated clonogenic lethality and
that p-c-Raf(ser338) and p-Mek1/2 activity may be associated with the PTP inhibitor-induced
increase in clonogenic survival in HLFs.

In order to further examine the role of c-Raf activity in clonogenic survival after the respective
Cr(VI), SOV and combined treatment, we employed a genetic approach, and decreased and
increased c-Raf activity by d/n c-Raf and c/a c-Raf plasmid transfection, respectively. As
shown in Figure 4D, d/n c-Raf transfection decreased SOV-mediated clonogenic survival to
1.8-fold as compared to 2.2-fold induction by SOV in mock-transfected cells while c/a c-Raf
transfection further increased SOV-mediated clonogenic survival by 2.9-fold after 1 μM Cr
(VI) treatment. This respective attenuation and augmentation of the PTP inhibitor effect on
clonogenic survival after transfection with d/n c-Raf and c/a c-Raf was also observed in the
presence of 2 μM Cr(VI) treatment. Neither d/n c-Raf nor c/a c-Raf expression alone altered
Cr(VI)-mediated clonogenic lethality.

3.5 Increase in activating phosphorylation of Mek decreases Cr(VI)-induced clonogenic
lethality, but has no role in the PTP inhibitor effect

The ability of GW5074 to elevate p-Mek1/2 levels and protect HLFs from Cr(VI)-mediated
clonogenic death prompted us to investigate the direct role of the activating phosphorylation
of Mek (ser217/ser221) in the Cr(VI)-induced clonogenic lethality utilizing a c/a Mek1 mutant
in which ser217 and ser221 are substituted to glutamic acid and aspartic acid, respectively.
Simultaneous phosphorylation on these 2 amino acids represents the best indirect index for
Mek activity. HA-tagged c/a Mek1 plasmid was transiently transfected into HLFs to express
activated Mek1 and its effect on clonogenic survival after Cr(VI) treatment in the presence or
absence of the PTP inhibitor was examined (Fig. 5). Figure 5A shows that the SOV-induced
increase in clonogenic survival after 1 or 2 μM Cr(VI) treatment is not altered by
overexpression of activated Mek1. Furthermore, c/a Mek1 overexpression was associated with
a statistically significant decrease (p<0.01) in 2 μM Cr(VI)-mediated clonogenic lethality
suggesting that Mek1 activity alone is sufficient to decrease Cr(VI)-mediated clonogenic death
(Fig. 5B and Fig. 4B). Taken together, activated Mek1 appeared to decrease Cr(VI)-mediated
clonogenic lethality, but did not alter the PTP inhibitor’s effect.

3.6 Ras activity also drives enhanced clonogenic survival after Cr(VI) exposure and PTP
inhibition

We examined the role of Ras in clonogenic survival since we observed increased tyrosine
phosphorylation of specific proteins that are upstream effecters of this pathway (Fig. 1A-B),
and since Ras is one of the direct upstream regulators of c-Raf. We first determined whether
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total expression of Ras was altered by 24 hr Cr(VI) or SOV treatment either alone or combined
in HLFs. Figure 6A shows that SOV alone increased pan-Ras expression by 2-fold, which was
modestly augmented to 2.6-fold by co-treatment with Cr(VI). Due to the ability of active Ras
to transduce its signal to downstream effectors, we performed a Ras activity assay in HLFs
after treatment with SOV and Cr(VI) alone or in combination for 1 hr. A GST-fusion protein
containing the Ras-binding domain of c-Raf was used to pull down GTP-bound/active Ras. As
shown in Figure 6B, SOV alone increased Ras activity by 2.1-fold on average. While Cr(VI)
alone had no effect, in the presence of SOV, Ras activity was increased to 2.8-fold of control,
which was significantly higher than that observed in the presence of Cr(VI) alone.

Then, the direct role of Ras in clonogenic potential was assessed by transfection with either d/
n Ras or c/a Ras plasmids in HLFs following Cr(VI) exposure with or without SOV co-
treatment. As we observed for d/n c-Raf transfection in HLFs, d/n Ras transfection decreased
SOV-mediated clonogenic survival to 2.5-fold as compared to 4.5-fold induction in mock-
transfected cells after 2 μM Cr(VI) treatment while c/a Ras transfection augmented SOV-
mediated clonogenic survival by 7.2-fold (Fig. 6C). Transfection of either d/n Ras or c/a Ras
had no further effect on SOV-mediated clonogenic survival after 1 μM Cr(VI) treatment.
Neither d/n Ras nor c/a Ras expression altered Cr(VI)-mediated clonogenic lethality in HLFs.

Taken together, our data suggest that the activity of Ras also drives clonogenic survival after
Cr(VI) exposure potentially though activation of its direct downstream target, c-Raf, playing
a substantive role in the effect observed with the PTP inhibitor.

4. Discussion
In the present study, we demonstrate that the individual activity of two upstream regulators of
Mek, i.e., Ras and c-Raf, is associated with enhanced clonogenic survival after PTP inhibition
and Cr(VI) exposure. Interestingly, these pro-survival effects of Ras/MAPK pathway members
were Mek/Erk-independent in normal human lung fibroblasts. Moreover, overexpression/
activation of Mek protected human lung fibroblasts from Cr(VI)-induced clonogenic lethality.

Depending on the extent of the genotoxic insult, an arrested cell could either regain its
replicative potential by repairing the damaged DNA faithfully or be removed from the dividing
population. The fate of cells after exposure to a genotoxin can be further modulated by the
presence of inappropriate growth signals such as perturbation of intracellular tyrosine
phosphorylation levels. We have shown the involvement of upstream phospho-tyrosine
regulation of survival pathway(s) after Cr(VI) treatment with PTP inhibition through phospho-
tyrosine profiling array. Four of these proteins (Abl1, Crkl, Fyn and Grap) have been
documented to play a role in cell survival and proliferation as adaptor kinases for receptor
tyrosine kinases by regulating Ras/MAPK and/or PI3K/Akt pathways [18–21]. In addition, it
has been suggested that FGR (member of Src family tyrosine kinases) may be involved in
altering the Ras/MAPK and PI3K/Akt cascades and modifying apoptotic control in prostate
cancers [22]. Consistent with our observations, the PTP inhibitor, SOV, has been shown to
activate the PI3K/Akt and/or MAPK/Erk signaling pathway during and after ischemia in vivo
and in vitro [23–26]. As early as 1 hr after treatment with SOV in HLFs, there was a ~4-fold
increase in tyrosine phosphorylation of PTEN which was consistent with an increase in in vitro
Akt kinse activity by co-treatment with the PTP inhibitor and Cr(VI) (Lal et al., unpublished
results). In the present study, we explored roles of two specific survival pathways, PI3K/Akt
and Erk MAPK, in clonogenic survival after Cr(VI) insult with or without PTP inhibition.

We have studied Cr(VI) as a model genotoxin in order to elucidate survival signaling pathways
in the early stages of carcinogenesis. The Cr(VI) concentration used in the current studies, 1 –
2 μM, was shown to result in growth arrest and clonogenic lethality, whereas the maintenance
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of protein tyrosine phosphorylation by PTP inhibition during Cr(VI) exposure abrogated these
two biological end points [8]. Akt1 was found to be required for the bypass of Cr(VI)-mediated
G1/S checkpoint arrest (Lal et al., unpublished results), which was accompanied by an increase
in short-term cell survival, as measured by cell proliferation assay up to 72 hr post-transfection
(Suppl. Fig. 2A) and as previously reported [27]. Nevertheless, transient c/a Akt1 expression
had no effect on Cr(VI)-mediated clonogenic death (Suppl. Fig. 2B). This suggests two
possibilities to explain our findings on the unique role of Akt1 in short-term and long-term cell
survival after Cr(VI) insult in the presence of either exogenously overexpressed Akt1 protein
or PTP inhibition. First, it is possible that transient Akt1 activity is sufficient to release cell
cycle arrest and growth arrest induced by Cr(VI) and sustained Akt1 activity may be required
for surviving cells to maintain their replicative potential for longer periods after Cr(VI)
exposure. Second, survival pathway(s) other than Akt1 may be involved in the modulation of
Cr(VI)-mediated clonogenic death in HLFs. Our present data support this latter hypothesis.

The roles of the Erk MAPK pathway in cell survival and growth have been extensively studied
alone or with other mitogenic pathways in immortalized or cancer cells. Inhibition of either
PI3K/Akt or Erk MAPK signaling pathways suppressed growth of breast cancer cell lines, but
Erk MAPK signaling was critical for cell survival [28]. Coutant et al (2002) reported that the
antiapoptotic function of EGF in primary cultures of rat hepatocytes was dependent on the Erk
MAPK pathway whereas the inhibition of the PI3K cascade had no effect on hepatocyte
survival [29]. In contrast, McCubrey et al (2006) reported that Raf/Mek/Erk is associated with
proliferation and the prevention of apoptosis while Akt is associated with the long-term
clonogenicity in hematopoietic cells [15]. Based on published reports it is feasible that the
contribution of specific survival pathways to determine long-term survival/death upon
genotoxic stress is cell type-specific and cell stage-specific. A persistent activation of Erk
MAPK in rat hepatoma cells following exposure to 0.3 – 3.0 μM Cr(VI) up to 16 hrs has been
suggested as a mechanism of Cr-induced carcinogenesis [30]. High levels of Cr(VI) (>10μM)
have been shown to activate MAPKs (i.e., Erk, p38) [31] while lower concentrations (<10μM)
were more selective in activating JNK in immortalized lung epithelial cells [32]. Alternatively,
we have previously shown that 6 μM Cr(VI) induced a burst of Erk activity in HLFs, ranging
from 0.5–3 hr after exposure, which returned to basal levels by 24 hr. Neither sensitization to,
nor inhibition of, Cr(VI)-induced clonogenic lethality was observed after Erk inhibition by 25–
100 μM PD98059 indicating a lack of Erk involvement in Cr(VI)-mediated clonogenic death
[13]. In addition, our present data show that both Erk silencing with siRNA and abrogation of
Erk activity by additional U0126 treatment in Erk-silenced cells had no effect on Cr(VI)-
induced clonogenic lethality.

Our present study is the first report that activated Mek, in the absence of Erk activity plays a
role in the protection of normal human cells from genotoxin-induced clonogenic death. Indeed,
we have shown that hyperphosphorylation of Mek after GW5074 treatment as well as Mek1
overexpression dramatically decreased Cr(VI)-induced clonogenic lethality in HLFs. These
observations suggest the presence of a novel, Erk-independent signaling pathway, potentially
involving a kinase substrate downstream of Mek that is able to transduce its signal to regulate
cell growth/proliferation. Alternatively, Mek activation alone may be sufficient to regulate cell
growth upon genotoxin exposure. It is possible that Mek translocates to the nucleus and
regulates cell growth or interacts with cytosolic effectors that regulate cell survival/growth in
HLFs. Indeed, Mek translocation to the nucleus has been reported and its nuclear localization
was promoted by G2-M progression [33]. A potential role of Mek translocation in enhanced
clonogenic survival after genotoxin exposure is currently under investigation in our laboratory.

In sharp contrast, in the absence of genotoxin exposure, either exogenously expressed or
chemically induced Mek activity had no effect on HLF clonogenic potential. In other words,
whereas induced Mek activity during Cr(VI) exposure was cytoprotective, it did not increase
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the basal level of clonogenic potential when the cells were not challenged by Cr(VI). This
interesting phenomenon was not observed for Ras and c-Raf activity. This unique role of Mek
activity during genotoxin stress may have resulted from the presence of a threshold for activity
or activating phosphorylation level above which enhanced clonogenic survival can be achieved
in HLFs. In support of this hypothesis, a very recent study reported that a precise threshold
level of Myc is required for tumor maintenance, whereupon there is a switch in gene expression
program from a state of proliferation to a state of proliferative arrest and apoptosis [34].

The expression level of total Mek1/2 protein was not altered after treatment with GA or
GW5074 which is consistent with the idea that activating phosphorylation/activity of Mek is
critical to the decrease in Cr(VI)-mediated clonogenic death in HLFs. Again this emphasizes
the importance of level and duration of kinase activity in the Ras/MAPK axis during Cr(VI)
insult and in the determination of cell fate (i.e., clonogenic survival and death). Duration of
Akt and Mek activity as measured by the expression of their phosphorylated forms was
monitored after transfection with c/a Mek1 or c/a Akt1 (Suppl. Fig. 3). A sustained expression
level of HA tag and total Mek1 protein was observed up to 5 days post-transfection while HA
tag and p-Akt(ser473) was expressed by 3 days post-transfection, suggesting that a sustained
level of Mek activity during Cr(VI) exposure and recovery may contribute to an increase in
long-term survival of Cr(VI)-challenged cells and that transient level of Akt activity may be
responsible for short-term cell survival including cell cycle checkpoint override.

The Ras/Raf/Mek/Erk signaling cascade plays a critical role in the transmission of signals from
the outside of the cell through Erk translocation to the nucleus to regulate gene expression and
cell survival. Generally this signaling module is serially activated by extracellular stimuli and
plays its roles in cell proliferation and survival in a context-dependent manner. Also the
individual components of this cascade, i.e., Ras, c-Raf, Mek1, Mek2, or Erk1/2 have been
shown to be sufficient to stimulate the cell growth accompanied by cellular transformation
[35–43] [44]. In agreement with these reports, constitutively expressed Ras or c-Raf individual
activity was sufficient to enhance the PTP inhibitor’s effect on clonogenic survival. In addition,
neither Mek nor Erk was associated with the PTP inhibitor effect. Notably, the HSP90
chaperone protein was also shown to play a role in the PTP inhibitor effect on Cr(VI)-induced
clonogenic death. Although GA, an HSP90 inhibitor and non-specific Raf inhibitor, disrupts
numerous signaling pathways implicated in cancers (see review [45]), we focused on the PI3K/
Akt and Ras/Raf/Mek/Erk pathways in the present study since tyrosine phosphorylation of
several known upstream effectors of those pathways were increased by the PTP inhibitor, SOV.
The effect of GA on Cr(VI)-induced clonogenic lethality was pronounced as it not only
abrogated the SOV effect, but also augmented the Cr(VI) effect (Fig. 3B). In contrast, the extent
of the decrease in the SOV-mediated effect on Cr(VI)-induced clonogenic lethality either by
d/n c-Raf or d/n Ras was about 50% effective (Fig. 4D,Fig. 6C). These findings suggest that
other client proteins of HSP90 may also be responsible for the PTP inhibitor effect. Based on
our current data and published reports [45–47], ERBB2, BCR-ABL, B-Raf, and Fyn among >
100 known HSP90 client proteins are potential candidates to help us to fully understand the
PTP inhibitor-mediated decrease in Cr(VI)-mediated clonogenic lethality, and consequent
enhanced mutagenesis [8].

Nucleofection is a promising electroporation-based transfection method to perform gain- and
loss-of-function studies in normal cells. Also, pharmacological inhibitors are very useful tools
to block a particular target in a signaling cascade and determine its biological role in cells if
there is high-specificity for target molecule. Transient transfection with siRNA or expression
plasmids in HLFs was carried out successfully in our hands to study the respective and
combined roles of Ras, c-Raf, Mek1, Erk1/2, and Akt1 in Cr(VI)-mediated clonogenic lethality
with or without PTP inhibition. In contrast, a Raf-1 inhibitor, GW5074, resulted in an
unexpected response in one of its target kinase effectors, Mek, in HLFs. GW5074 has been
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reported to be a potent and selective inhibitor for c-Raf kinase activity, thus accompanied by
down-regulation of MAPK activity as measured by a cell-based assay of inhibition of EGF-
stimulated Erk activation [17]. In agreement with this report we observed down-regulation of
Erk and p90Rsk activity by 50 μM GW5074 treatment for 24 hrs in HLFs. Nevertheless, the
direct downstream effector of c-Raf, Mek1/2, was not inhibited by GW5074, but rather
activated by GW5074, as demonstrated by an increase in its activating phosphorylation. More
recently and consistent with our present data, GW5074 treatment of neurons caused c-Raf
activation and stimulated the Raf/Mek/Erk pathway [48]. These contradictory findings
surrounding the use of the Raf inhibitor GW5074 emphasize that the blockade of one particular
component in a signaling cascade by a small molecule chemical inhibitor could differentially
affect its downstream or upstream targets due to the structural characteristics of this type of
inhibitor as a general ATP competitor. Therefore, special caution is needed to thoroughly
examine a chemical inhibitor’s functionality in an experimental system.

5. Conclusion
Our current study is the first to delineate the roles for specific components of the Ras/Raf/Mek/
Erk pathway in determination of clonogenic survival/death following an acute exposure to low
concentrations of Cr(VI) in normal human lung cells. Current studies highlight a novel pro-
survival mechanism which is Mek/Erk-independent and Ras/c-Raf-dependent, which underlies
the observed increased clonogenic survival in the face of genotoxic stress in the presence of
PTP inhibition. We postulate that enhanced survival after genotoxin exposure may predispose
normal cells to be more susceptible to malignant transformation and oncogenesis. Our findings
provide insight into genotoxin-induced early carcinogenesis and highlight potential survival
signaling pathway interactions relevant to molecularly targeted therapeutics for cancer
prevention and treatment.
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Refer to Web version on PubMed Central for supplementary material.
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PTP  

protein tyrosine phosphatase

FGR  
Gardner-Rasheed feline sarcoma viral (v-fgr) oncogene homolog

ABL  
v-abl Abelson murine leukemia viral oncogene homolog

HLFs  
human lung fibroblasts

MEK  
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mitogen extracellular kinase

ERK  
extracellular signal-related kinase

JNK  
c-Jun N-terminal kinase

MAPK  
mitogen-activated protein kinase

d/n  
dominant-negative

c/a  
constitutively active

HSP90  
90-kDa heat shock protein

EGF  
epidermal growth factor
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Fig. 1. PTP inhibition increases tyrosine phosphorylation of specific proteins that are upstream
effecters of both Akt and Erk pathways
(A)Protein lysates were isolated from HLFs treated with 1 μM Na2CrO4 in the absence or
presence of 10 μM SOV for 24 hr and incubated with TranSignal Phosphotyrosine Profiling
Array. Representative blot for (i) 1 μM Cr(VI)- or (ii) 10 μM SOV + 1 μM Cr(VI)-treated
sample is shown from one experiment. Full description for selected 10 proteins delineated by
boxes: Abl1:v-abl Abelson murine leukemia viral oncogene homolog 1, Crkl: CrRK(v-crk
avian sarcoma virus CT-10)-like protein, FGR: Gardner-Rasheed feline sarcoma viral (v-fgr)
oncogene homolog, Fyn: FYN oncogene related to SRC, FGR, YES, Grap: Grb2-related
adaptor protein, P85a/b: PI3K regulatory p85 subunit a and b for domain 1, PLCg1-D2: 1-
phosphatidylinositol-4,5-bisphosphate phosphodiesterase gamma 1, SH2 domain 2, and
Rasa1: Ras p21 GTPase activating protein domain 1 and 2. (B) Tabular presentation for 10
phosphotyrosine proteins altered by PTP inhibition. Value for fold change in expression in
SOV+Cr/Cr column represents expression level after 10 μM SOV + 1 μM Cr co-treatment
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divided by expression level after 1 μM Cr treatment alone from averaged value of duplicate
spots for each protein from one experiment.
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Fig. 2. Silencing of Akt1 and Erk1/2 has no effect on the PTP inhibitor-induced increase in
clonogenic survival following Cr(VI) treatment
HLFs were transfected with (A) mock, (B) akt1, (C) erk1, (D) erk2, or (E) erk1/2 + akt1 siRNA
via nucleofection. HLFs at 48 hr post-transfection were incubated with 0, 1, and 2 μM
Na2CrO4 for 24 hr in the absence or presence of 10 μM SOV, then seeded for colony formation.
Data are expressed as percent clonogenic survival of Cr 0 μM control, and are the average ±
SE from 2–5 independent experiments performed in triplicate. *: statistically significant
difference between the samples with and without SOV at p<0.05. (F)p-Erk1/2 protein
expression level after transfection with either mock or erk1/2 siRNA in the presence of DMSO
or U0126. HLFs at 48 hr post-transfection with indicated siRNA were treated with 100 μM
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U0126 or its vehicle control DMSO for 24 hr, then protein lysates were extracted and analyzed
for p-Erk1/2 and α-tubulin (loading control) by immunoblotting. Numbers under the p-Erk1/2
blot show p-Erk1/2 expression normalized by α-tubulin level.
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Fig. 3. Geldanamycin abrogates the PTP inhibitor-induced increase in clonogenic survival
following Cr(VI) treatment
(A) HLFs at 24 hr post-seeding were treated with either 1 μM geldanamycin (GA) or DMSO
for 24 hr and total lysates were collected and analyzed for expression of indicated proteins by
immunoblotting. Numbers under the blot show individual protein expression normalized by
α-tubulin level. (B) HLFs at 24 hr post-seeding were pretreated with either 1 μM GA or DMSO
for 30 min and treated with 1 and 2 μM Cr(VI) with or without 10 μM SOV for 24 hr, then
seeded for colony formation. Data are expressed as percent clonogenic survival of Cr 0μM
control, and are the average ± SE from 4 experiments performed in triplicate. *: statistically
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significant difference between the samples with and without SOV at p<0.05. #: statistically
significant difference for two compared groups indicated by dotted line at p<0.05.

Bae et al. Page 19

Cell Signal. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Bae et al. Page 20

Cell Signal. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Mek activity is associated with decrease in Cr(VI)-induced clonogenic lethality and c-Raf
activity is associated with increase in clonogenic survival after Cr(VI) insult and PTP inhibition
(A)HLFs at 24 hr post-seeding were treated with a c-Raf inhibitor GW5074 at 1 – 50 μM in
DMSO solvent for 24 hr, then protein lysates were extracted and analyzed for indicated proteins
by immunoblotting. A box over blots at 50 μM GW5074 indicates the concentration that most
effectively inhibited 2 downstream effectors, p-Erk1/2 and p-p90Rsk. Numbers under the blot
show individual protein expression normalized by β-actin level. (B) HLFs at 24 hr post-seeding
were incubated with 0, 1, and 2 μM Na2CrO4 for 24 hr in the absence or in presence of 10
μM SOV and GW5074, and then seeded for colony formation. GW5074 treatment was 30 min
prior to SOV dosing at a concentration of 50 μM. Data are expressed as percent clonogenic
survival of Cr 0 μM control, and are the average ± SE from 3 experiments performed in
triplicate. *: statistically significant difference between the samples with and without SOV at
p<0.05, #: statistically significant difference for two compared groups indicated by dotted line
at p<0.05. (C) HLFs at 24 hr post-seeding were pretreated with either 50 μM GW5074 or
DMSO for 30 min, and then treated with 2 μM Na2CrO4 for 24 hr in the absence or presence
of 10 μM SOV. Protein lysates were analyzed for expression of indicated proteins by
immunoblotting. The box indicates c-Raf and Mek1/2 protein expression for which HLFs were
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treated with 2 μM Cr(VI) without or with SOV. Numbers under a set of blots show the fold
expression of phospho-protein/total protein for c-Raf and Mek after normalization by α-tubulin
level. (D) HLFs at 24 hr post-transfection with 2 μg of mock, d/n c-Raf, or c/a c-Raf plasmid
were assayed for clonogenicity as described in Fig. 4B. Data are expressed as fold increase in
clonogenic survival induced by SOV following 1 μM or 2 μM Cr(VI) treatment. Data are the
average ± SE of 3 experiments performed in triplicate. *: statistically significant difference
from mock control of respective Cr(VI) group at p<0.05. Statistically significant difference
between d/n c-Raf and c/a c-Raf is presented by dotted line with p-value.
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Fig. 5. Mek1 activity is not responsible for the PTP inhibitor-induced increase in clonogenic survival
and Mek1 activity decreases Cr(VI)-induced clonogenic lethality
HLFs at 48 hr post-transfection with 2 μg of mock or c/a Mek1 plasmid were assayed for
clonogenicity as described in Fig. 4B. (A) Data are expressed as fold increase in clonogenic
survival induced by SOV following 1 μM or 2 μM Cr(VI) treatment. Data are the average ±
SE of 2 experiments performed in triplicate. (B) Data are expressed as percent clonogenic
survival of Cr 0 μM control, and are the average ± SE from 2 experiments performed in
triplicate. *: statistically significant difference from mock control of 2 μM Cr(VI) group at
p<0.05.
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Fig. 6. Ras activity is also responsible for the PTP inhibitor-induced increase in clonogenic survival
(A)HLFs at 24 hr post-seeding were treated with 2 μM Cr(VI) or 10 μM SOV alone or in
combination for 24 hr, and pan-Ras protein expression was analyzed by immunoblotting.
Numbers under the blot show pan-Ras protein expression normalized by α-tubulin level. (B)
Level ofactive Ras in HLFs treated with 10 μM SOV or 2 μM Cr(VI) alone or in combination
for 1 hr was measured by pull down of Ras-GTP bound to the Ras-binding domain of c-Raf
followed by immunoblotting with pan-Ras antibody (shown as a insert). Negative and positive
control was prepared with GDP and GTPγS, respectively. A bar plot shows the relative level
of active Ras expressed as level of active Ras normalized by the Ras input from 3 experiments.*:
statistically significant difference among compared groups indicated by dotted line at p<0.05.
(C) HLFs at 24 hr post-transfection with 2 μg of indicated plasmid were assayed for
clonogenicity as described in Fig. 2. Data are expressed as fold increase in clonogenic survival
induced by SOV following 1 μM or 2 μM Cr(VI) treatment. Data are the average ± SE of 3
experiments performed in triplicate. *: statistically significant difference from mock control
at p<0.05. Statistical significance is shown with p-value for compared groups indicated by
dotted line.
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