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Abstract
Benzo[a]pyrene (BaP) is activated by xenobiotic-metabolizing enzymes to highly mutagenic and
carcinogenic metabolites. Previous studies in this laboratory have shown that benzo(a)pyrene
quinones (BPQs), 1,6-BPQ and 3,6-BPQ, are able to induce epidermal growth factor receptor
(EGFR) cell signaling through the production of reactive oxygen species. Recently, we have
reported that BPQs have the potential to induce the expression of genes involved in numerous
pathways associated with cell proliferation and survival in human mammary epithelial cells. In the
present study we demonstrated that BPQs not only induced EGFR tyrosine autophosphorylation,
but also induced EGFR-dependent tyrosine phosphorylation of phospholipase C-γ1 and several
signal transducers and activators of transcription (STATs). The effects of BPQs were evaluated in
a model of EGF withdrawal in MCF10-A cells. We found that BPQs (1 μM), induced EGFR
tyrosine phosphorylation at positions Y845, Y992, Y1068, and Y1086. PLC-γ1 phosphorylation
correlated with the phosphorylation of tyrosine-Y992, a proposed docking site for PLC-γ1 on the
EGFR. Additionally, we found that BPQs induced the activation of STAT-1, STAT-3, STAT-5a
and STAT-5b. STAT5 was shown to translocate to the nucleus following 3,6-BPQ and 1,6-BPQ
exposures. Although the pattern of phosphorylation at EGFR, PLC-γ1 and STATs were quite
similar to those induced by EGF, an important difference between BPQ-mediated signaling of the
EGFR was observed. Signaling produced by EGF ligand produced a rapid disappearance of EGFR
from the cell surface, whereas BPQ signaling maintained EGFR receptors on the cell membrane.
Thus, the results of these studies show that 1,6-BPQ and 3,6-BPQ can produce early events as
evidenced by EGFR expression, and a prolonged transactivation of EGFR leading to downstream
cell signaling pathways.
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INTRODUCTION
Breast cancer is one of the most common cancers and the second leading cause of cancer-
related deaths for women in the United States. Environmental factors, including diet, are
believed to play important roles in breast cancer development (Shi et al., 2004; Brody et al.,
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2007). Polycyclic aromatic hydrocarbons (PAHs), ubiquitous environmental carcinogens,
have been associated with several types of cancer (Bostrom et al., 2002), including breast
cancer (Brody et al., 2007). Occupational exposure to benzo[a]pyrene (BaP), a prototype
PAH, has been the subject of concern for many years because it has been implicated in many
cancers (Bosetti et al., 2007). An additional important source of exposure to PAHs for many
people is through the diet (Lee et al., 2007). BaP is metabolized to four ultimate
carcinogenic forms of reactive (+)- or 9-benzo[a]pyrene diol epoxides (BPDEs) that
covalently bind to DNA, proteins, or lipids, which might be mechanistically related to BaP
mutagenesis and carcinogenesis (Pelkonen and Nebert, 1982; Cavalieri and Rogan,1985;
Conney et al., 1994). BPQs (1,6-BPQ and 3,6-BPQ) are also metabolites of BaP that have
been demonstrated to activate signaling pathways associated with increased intracellular
Ca2+, protein tyrosine kinase signaling, cell proliferation, and increased cell survival through
the generation of reactive oxygen species (ROS) (Tannheimer et al., 1998, 1999; Burdick et
al., 2003, 2006). Additionally, recent studies from this laboratory have demonstrated that
1,6-BPQ and 3,6-BPQ activate dioxin response elements (DRE) and anti-oxidant response
elements (ARE) in human mammary epithelial cells (Burchiel et al., 2007). Based on the
patterns of genes induced, we concluded that three main pathways are activated by BPQs:
(1) AhR-dependent pathways associated with activation of DRE, signaling, and metabolism
of PAHs and steroids; (2) oxidative stress pathways likely associated with Nrf2 and ARE
activation; and (3) epidermal growth factor receptor (EGFR) activated pathways.

Redox-dependent post-translational modification of proteins is emerging as a key signaling
system, conserved through evolution, and influencing many aspects of cellular homeostasis
(Cecarini et al., 2007). Recent data provide new insights into the interplay between
phosphorylation-and redox dependent signaling. Reactive oxygen species (ROS) have been
included among intracellular signal transducers for the epidermal growth factor receptor
(Chiarugi et al., 2007). It is well known that ROS act as chemical messengers in cellular
processes such as mitogenic signal transduction, gene expression, cell proliferation,
senescence and apoptosis (Martinez-Sanchez and Giuliani, 2007; Carreras et al., 2007).

EGFR stimulates tumor growth and progression by activating several signaling pathways
associated with cell proliferation, angiogenesis, invasion, metastasis and inhibition of
apoptosis (Sebastian et al., 2006). EGFR exerts its function in the cellular environment
mainly, if not exclusively, via its tyrosine kinase activities. In general, tyrosine
autophosphorylation serves to stimulate the catalytic activity of EGFR and to generate
docking sites for recruitment of substrate proteins. Tyrosine phosphorylation of cellular
substrates is thus the first and crucial step in transducing EGFR-mediated signals (Herbst,
2004). It has been reported that several non-physiologic agents such as radiation, oxidants
and alkylating agents induce ligand-independent activation of numerous receptor tyrosine
kinases at the inner side of the plasma membrane, including EGFR (Knebel et al., 1996).
Because in our previous studies, BPQs (1,6-BPQ and 3,6-BPQ) enhanced EGFR pathway
activation in mammary epithelial cells by producing ROS (Burdick et al., 2003), the purpose
of the present study was to analyze the EGFR tyrosine phosphorylation patterns induced by
BPQs. We addressed the role of phosphorylation on specific EGFR tyrosine residues and the
phosphorylation-dependent activation of major intracellular signaling pathways associated
with this receptor.

In the present study we used a previously characterized model of EGF withdrawal in
MCF-10A cells (Burdick et al., 2003) to investigate how phosphorylation of specific
tyrosine residues on the EGFR induce downstream signaling pathways following BPQ
exposure. Here, we show that BPQs are able to increase EGFR tyrosine phosphorylation and
autophosphorylation, induce the phospholipase C-γ1 and activation of STATs. Importantly,
specific phosphorylation of EGFR tyrosine residues was correlated with activation of these

Rodríguez-Fragoso et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intracellular signaling pathways. These findings suggest potential mechanisms whereby BaP
metabolites can activate EGFR in human mammary epithelial cells to promote
carcinogenesis.

MATERIALS AND METHODS
Chemicals

All chemicals were purchased from Sigma (St. Louis, MO), unless otherwise indicated. 1,6-
BPQ and 3,6-BPQ were purchased from Midwest Research Institute (Kansas City, MO) at
>99% purity and maintained as stock solutions in anhydrous tissue culture grade DMSO.
Except where noted, the final concentration of DMSO in all experiments was 0.1%.

Antibodies
An antibody against EGFR was purchased from Cell Signaling Technology (Boston, MA) as
were antibodies against phospho-EGFR (Tyr1045 and Tyr845). Antibodies against phospho-
EGFR (Tyr992, Tyr1068 and Tyr1086) were purchased from Biosource (Camarillo, CA).
Antibodies specific against STAT1, phospho-STAT1 (Tyr701), STAT 3, phospho-STAT 3
(Tyr705), STAT 5a (Tyr694, and STAT 5b (Tyr699) were purchased from Biosciences (San
Jose, CA). Anti-phospholipase C γ1 and anti- phospho- phospholipase C γ1(Tyr783)
antibodies were purchased from Upstate Biotechnology (Lake Placid, NY). The anti-actin
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

MCF-10A Cell Culture and treatments
MCF-10A cells are a spontaneously immortalized and growth factor-dependent mammary
epithelial cell line that is grown on a Type I collagen-coated (PureCol Inamed Biomaterials,
Fremont, CA) 100×20 mm dishes (Corning Glass, Corning, NY, USA) in serum-free,
growth factor-defined media at 10% CO2 and 37°C, as described elsewhere (Burdick et al.,
2003; Davis et al., 2003). For treatments, MCF-10A cells, passage 56 (and higher), were
plated into fifteen 100mm dishes at 3.5×105 cells per dish in 5ml SFIHE (serum free media
containing growth factors insulin, hydrocortisone, epidermal growth factor) with 2% FBS,
after 24 hr the media was removed and fresh SFIHE was added. On day 5, media was
removed and cells were placed in serum free media containing hydrocortisone and insulin
(SFIH), and were without EGF for approximately 24 hr. Cells in a EGF-deficient medium
(SFIH medium) were then incubated with different treatment regimens (as listed below).
Treatments were run in triplicate at 1 μM 1,6-BPQ and 3,6-BPQ, and 10 ng/ ml EGF. All
treatments, except EGF, contained 0.1% DMSO. DMSO was not found to alter cell growth
or phosphorylation of any of the proteins examined. Cells remained in treatment media for
18 hr or 15 min and were then lysed for further studies.

EGFR Immunoprecipitation and Western blot analysis
Lysates were prepared by scraping cells off of the plastic plates in lysis buffer (20 mM
HEPES, 2mM EGTA, 50 mM β-glycerophosphate, 5mM sodium fluoride, 50 μM DTT, 100
mM PMSF, 1% Triton X-100, 10% glycerol and 0.1% protease and phosphatase inhibitor
cocktails (Sigma, St. Louis, MO) and cleared by centrifugation. Protein concentrations were
determined with the BCA protein assay (Biorad Laboratories, Hercules, CA), and the
remaining lysate was boiled in Laemmli sample buffer (Jorissen et al., 2003). EGFR
immunoprecipitations were carried out essentially as described in Burdick et al., 2003. Three
hundred μg of protein were incubated with 2 μg of anti-EGFR antibody with Protein A/G
PLUS-Agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA) for 4 hr at 4°C. Beads
were collected by centrifugation, washed four times with lysis buffer, and resuspended in 2×
sample buffer. For Western analysis, samples were electrophoresed through 7% gels and
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transferred to PVDF membranes (Millipore, Bedford, MA). Immunoblot analyses were
carried out using the appropriate antibodies. Specific phosphotyrosines were detected with
Western Lightning Enhanced Chemiluminescence reagents (Perkin Elmer Life Science,
Boston, MA). The intensity of each band was imaged and quantified by using a Kodak
Imager system (Kodak Co. Rochester, NY).

Anti-phosphotyrosine-Western blots
Eighty μg aliquots of lysates were separated by SDS-polyacrylamide gel electrophoresis
(10% gel for anti-phospholipase C-γ1 and 7% gel for STAT1, STAT 3, STAT 5a and STAT
5b) and transferred to PVDF membranes (Millipore, Bedford, MA). Membranes were
blocked for 1 hr in Tris-buffered saline (50 mM Tris, 150 mM NaCl, pH 7.4) with 0.05%
Tween 20 (TBST) and 5% nonfat dry milk and exposed to the primary antibodies listed
above overnight at 4°C in 5% BSA in TBST using the manufacturers' suggested dilutions.
Blots were then washed (3 × 5 min) in TBST, exposed to secondary antibody where
appropriated for 1 hr at a 1:2000 dilution in 5% nonfat dry milk in TBST. Bound horseradish
peroxidase was detected with the Western Lightning Enhanced Chemiluminescence reagents
(Perkin Elmer Life Science, Boston, MA). The intensity of each band was imaged and
quantified by using a Kodak Imager scanning system (Kodak Co. Rochester, NY).

Immunofluorescence
MCF-10A cells were grown on Vitrogen coated microscope slides for 24h in complete
media (SFIHE). Cells were placed in SFHI media overnight and then treated. Cells were
fixed with 2% paraformaldehyde for 15 min on ice. Slides were washed with PBS and then
incubated for 10 min with 0.5% Triton X-100 to permeabilize cells. All slides were then
incubated with a10% BSA block to decrease non-specific binding. Slides were incubated
with primary antibodies overnight at 4°C. To detect EGFR, an anti-EGFR antibody was
used (#2232, Cell Signal Technologies) and for STAT 5 an anti-STAT 5 antibody
(Biosciences, San Jose, CA) was used. Slides were washed thrice in PBS, stained with
secondary antibody for 1 h, washed thrice in PBS, and then mounted with Vectashield
mounting media (Vector Laboratories, Burlingame, CA). Fluorescence microscopy analysis
was performed on a Zeiss Axioplan 2 microscope located in the UNM Cancer Center Core
facility lab.

Statistical Analyses
Data were analyzed for statistical differences (p < 0.05) between control and treated groups
using SigmaStat software (Jandel Scientific, San Rafael, CA). ANOVA followed by
Dunnett's t tests was performed on sample means.

RESULTS
BPQs stimulate EGF-Receptor tyrosine phosphorylation at specific phosphostyrosine
residues

Based on our previous observations that BPQs can mimic EGFR signaling to induce cell
proliferation (Burdick et al., 2003), we examined the effects of 1,6-BPQ and 3,6-BPQ on
EGFR activation, as measured using anti-phosphotyrosine blots. The rapid phosphorylation
and autophosphorylation of various tyrosine residues present in the EGFR have been
identified as important triggers of the activation of signaling pathways that occur in cells
following treatment with EGF (Jorissen et al., 2003). Since many diverse agents, including
X-rays, UVA, UVB, mitomycin-C, alkylating agents, oxidants and antioxidants have also
been reported to induce gene transcription and to activate EGFR signal transduction
pathways (Reynolds et al., 2003), we examined whether BPQs could also trigger EGFR
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activation. As shown in Figure 1, there are numerous tyrosine residues on the EGFR that can
be phosphorylated leading to downstream signaling (Sebastian et al., 2006).

A series of experiments were performed to determine whether exposure of cells to BPQs
result in changes in the phosphorylation status of specific EGFR tyrosines. First, the effects
of BPQs were examined following exposure of intact cells and examination of either whole
cell lysates (Fig. 2A) or after lysate immunoprecipitation of the EGFR with anti-EGFR
antibody (Fig. 2B). For these experiments, MCF-10A cells were exposed to 1 μM 1,6-BPQ,
1 μM 3,6-BPQ, or 10 ng/ml EGF for 18 hr. We used the 1 μM concentrations of BPQs and
the 18 hour time point to examine phosphorylation changes because these conditions have
been shown in previous studies to be optimal (Burdick et al., 2003). Previous kinetics
studies have been performed indicating that tyrosine phosphorylation by EGF was optimal at
15 min. Thus, both the 15 min and 18 hr time points were used in these studies for
comparison of EGF effects. Whole cells were lysed and equal amounts of total protein
lysates were subjected to SDS-PAGE analysis. An increase in the signal was observed only
in those whole cell lysates treated with10 ng/ml EGF for 15 min (Fig. 2A). No changes in
the intensity of the EGFR protein in immunoprecipitates were observed (Fig. 2B). However,
significant changes were detected in EGFR tyrosine phosphorylation in the anti-
phosphotyrosine blots (Fig. 2C). Densitrometic analysis revealed that BPQs and EGF
induced EGFR tyrosine phosphorylation, but at different specific tyrosine residues (Fig.
2D). 1 μM 1,6-BPQ induced a significant increase in phosphorylation at Y845 and only
modestly increased Y992, Y1068 and Y1086 phosphorylation; no effect was observed on
phosphotyrosine Y1045. In contrast, we found that 1 μM 3,6-BPQ induced the
phosphorylation at all EGFR tyrosines examined. The most important effects were observed
on phosphotyrosine Y845 and to a lesser degree at tyrosine Y992, Y1045, Y1068 and
Y1086. Interestingly, 10 ng/ml EGF produced a different effect on EGFR tyrosine
phosphorylation in MCF-10A cells depending on the time of exposure. EGF produced a
rapid (15 min) and transient increase in tyrosine phosphorylation of EGFR, most notable at
Y1068 and Y845. EGF also increased phosphorylation at Y992, Y1045 and Y1086. Only a
slight increase in phosphorylation on Y845 and Y1068 in EGF-treated cells for 18 hr was
observed. These results indicate that BPQs induce EGFR tyrosine phosphorylation at many
of the same tyrosine residues as occur with EGF; however, the kinetics of tyrosine
phosphorylation are quite different with maximal effect of EGF occurring at ~15 min and
maximal effects for BPQs occurring at 18 hr.

BPQs-induced activation of PLC-γ1
Phospholipase C-γ1 (PLC-γ1) is known to be activated in response to growth-factor
stimulation by a mechanism that relies on tyrosine phosphorylation, and it plays an
important role in regulating cell proliferation (Wang et al., 2006). PLC-γ1 activation has
also been reported to enhance cell survival during the cellular response to oxidative stress
(Bai et al., 2002). PLCγ1 activation is associated with Y992 phosphorylation on the EGFR
(Sabastian et al., 2006). To determine whether the increase in phosphorylation on specific
EGFR tyrosines led to downstream signaling from receptor, we analyzed PLC-γ1
expression and activation in MCF-10A cells. Cells were treated basically as described in
“Material and Methods”. Whole cell lysates were subjected to an immunoblot analysis by
using anti-phospholipase C-γ1 antibody. Our results showed that cell lysates did not
demonstrate changes in total PLC-γ1 protein levels with any treatment (Fig. 3, top). The
effect of BPQs on PLC-γ1 activation was also investigated by subjecting whole cell lysates
to immunoblot analysis with antibodies anti-phosphotyrosine-PLC-γ1 (Tyr783). Fig. 3,
(bottom) shows the quantitative analysis of bands with all treatments. We found that both
BPQs induced PLC-γ1 phosphosphorylation. The effect on PLC-γ1 phosphorylation was
similar for both 1,6-BPQ and 3,6-BPQ. In order to compare the magnitude of PLC-γ1
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activation induced by BPQs with EGF, we stimulated MCF-10A cells with 10 ng/ml EGF
for 15 min and 18 hr. A significant increase in PLC-γ1 tyrosine phosphorylation was only
observed in cells exposed at 15 min. It was interesting to note that the level of PLC-γ1
phosphorylation produced by BPQs at 18 hr was similar in magnitude to that produced by
EGF at early time points (15 min).

STAT-1 activation is induced by BPQs in MCF-10A cells
It has been shown that EGF induces STAT-1 phosphorylation, a known downstream target
of this receptor (Leaman et al., 1996). STAT-1 signaling pathway has been found to be vital
for proliferation following EGFR activation. To determine whether BPQ activation of EGFR
signaling led to downstream STAT-1 signaling, we compared the effect of BPQs and EGF in
MCF-10A cells obtained from EGF-deficient media. Treatment of MCF-10A cells with 1
μM BPQ did not modify the total amount of STAT-1 protein; however, 1,6-BPQ and 3,6-
BPQ were able to induce STAT-1 phosphorylation (See Fig. 4). The effect of 3,6-BPQ on
STAT-1 tyrosine phosphorylation was of a similar magnitude to that seen in cells treated at
10 ng/ml EGF for 15 min. In contrast to our findings of transient PLC-γ1 phosphorylation
produced by EGF, we observed STAT activation in cells treated at both the 15 min and 18
hr time points.

STAT-3 activation is induced by 3,6-BPQ but not by 1,6-BPQ in MCF-10A cells
It has been reported that constitutive activation of STAT-3 contributes to oncogenesis by
promoting proliferation and inhibiting apoptosis of tumor cells (Grandis et al., 2000; Kijima
et al., 2002). Tyrosine 705 on STAT-3 is phosphorylated by upstream tyrosine kinases, such
as EGFR. Because of the important role of STAT-3 in tumor growth and survival in breast
cancer, we evaluated the status of STAT-3 expression and activation. To explore the effect
of BPQs on STAT-3 activation, MCF-10A cells were treated in EGF deficient media at 1
μM 1,6-BPQ, 3,6-BPQ, or 10 ng/ml EGF for 15 min or 18 hr. Fig. 5 shows the Western blot
results for total STAT-3 expression and activation in MCF-10A cells. Constitutive STAT-3
phosphorylation and expression was detectible in MCF-10A cells. STAT-3 activation was
only observed in cells treated with 1 μM 3,6-BPQ, and no significant effects were observed
at 1 μM 1,6-BPQ or 10 ng/ml EGF for 18 hr. Total STAT-3 levels were similar in all
treatments, indicating that the differences in constitutive activation of STAT-3 between
treatments could not be attributed to simple variation in protein expression. As previously
reported EGF (10 ng/ml) induced STAT-3 phosphorylation, but this was only observed at
short times (15 min). Our findings suggest that 3,6-BPQ is able to induce STAT-3
phosphorylation after long periods of time (18 hr) and its effect is quantitatively similar to
the rapid (15 min) activation produced by EGF.

BPQs can differentially induce STAT-5a and STAT-5b activation in MCF-10A cells
The role of the STAT-5a and STAT-5b transcription factors in breast cancer has been
studied in different models (Biscardi et al., 2000). STAT-5a and STAT-5b proteins are
normally involved in a variety of cellular processes including cell proliferation,
differentiation and apoptosis. Previous studies have also demonstrated that STAT-5a and
STAT-5b activation is dependent on the kinase activities of the EGFR and c-Src, and the c-
Src mediated EGFR tyrosine phosphorylation (Y845) (Kloth et al., 2003). We found that
Y845 EGFR phosphorylation, which has been correlated with STAT-5 activation (Sebastian
et al., 2006), was increased significantly after treatment with BPQs for 18 hr (Figure 2).
Therefore, we examined the phosphorylation status of STAT-5a and STAT-5b in MCF-10A
cells treated with 1 μM 1,6-BPQ, 1 μM 3, 6-BPQ, or 10 ng/ml EGF for 18 hr. As shown in
Fig. 6 (top), BPQs did not alter the expression of STAT-5 at the total protein level; however,
BPQs were able to induce STAT-5a and STAT-5b phosphorylation. 1,6-BPQ induced
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STAT-5a and STAT-5b in tyrosine phosphorylation, as did 3,6-BPQ. The induction of the
STAT-5a activation correlated with EGFR tyrosine phosphorylation at Y845.

BPQs induce STAT-5 translocation to the cell nucleus
Because we found that STAT-5a and STAT-5b were phosphorylated following BPQ
exposure, we next examined the cellular localization of STAT-5a/b following treatments
with EGF and BPQs to determine if the increased phosphorylation of STAT-5 correlated
with translocation of the protein to the nucleus. As shown in Figure 7, STAT-5 was seen in
the nucleus of permeabilized MCF-10A cells after treatment with BPQs, as detected by the
nuclear localization of STAT-5 protein using anti-STAT-5 antibodies. Following either 1,6-
BPQ or 3,6-BPQ treatments, STAT-5 protein appeared in the nucleus beginning 1 hr after
treatment and persisted for 18 hrs. EGF also translocated the STAT-5 protein to the nucleus
within 30 min and persisted for 1 hr, while STAT-5 protein was present in the cytoplasm by
18 hr. These results are consistent with the prolonged EGFR signaling produced by BPQs on
STAT-5 signaling pathways discussed above.

BPQs maintain EGFR expression on the surface of MCF-10A cells
EGF is known to cause EGFR receptor internalization and recycling in epithelial cells
(Levkowitz et al., 1999). Because of the difference in kinetics of EGFR activation and
several signaling pathways discussed above it was of interest to determine whether BPQs
influence EGFR internalization in MCF-10A cells. EGFR localization was determined by
immunofluorescence in SFIH media following treatment with EGF or BPQs (Figure 8).
After treatment with EGF, EGFR internalization was detected by punctuate staining and
decreased EGFR expression on the cell surface by 18 hr. However, following treatment with
1,6-BPQ or 3,6-BPQ, surface staining was maintained at 18 hr. This result was confirmed by
flow cytometry (data not shown). Thus, the delayed phosphorylation of EGFR produced by
BPQs may be responsible for maintenance of the protein on the cell surface of MCF-10A
cells.

DISCUSSION
We previously reported that two BPQs (1,6-BPQ and 3,6-BPQ) increase cell proliferation
and transactivate the EGFR in human mammary epithelial cells (Burdick et al., 2003). In an
attempt to explain how BPQs can induce EGFR activation and lead to downstream
signaling, we demonstrate in the present studies that 1,6-BPQ and 3,6-BPQ increase tyrosine
phosphorylation at numerous sites on the EGFR leading to activation of phospholipase C-γ1
and several signal transducers and activators of transcription (STATs). Both 1,6-BPQ and
3,6-BPQ induced the EGFR tyrosine phosphorylation at Y845, Y992, Y1068 and Y1086
residues. 3,6-BPQ also induced phosphorylation of Y1045. However, the magnitude of
tyrosine phosphorylation and profile of tyrosine residues activated were different for these
agents compared to EGF. Because we have previously shown that BPQs cause tyrosine
phosphorylation by a ROS-dependent mechanism that is sensitive to catalase and anti-
oxidants (Burdick et al., 2003), the present results strongly suggest that downstream
signaling by EGFR is also associated with oxidative stress.

It has been shown that various ligands and transactivator agents can differentially induce
specific tyrosine phosphorylations on EGFR to activate downstream signal transduction
pathways (Knebel et al., 1996; Herbst, 2004; Sebastian et al., 2006). The phosphorylation of
tyrosine residues plays a key in the regulation of signal transduction during a plethora of
eukaryotic cell functions (Chiarugi, 2005; Lee et al., 2004). The phosphorylation states in
the cell environment are governed by the opposing activities of protein tyrosine
phosphatases (PTPs) and protein tyrosine kinase (PTKs) in vivo; tyrosine phosphorylation is
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a reversible and dynamic process. Previous studies by this group have shown that
halogenated aromatic hydrocarbons, such as 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD)
and polycyclic aromatic hydrocarbons, such as benzo[a]pyrene (BaP) and their metabolites,
are able to increase tyrosine phosphorylation of PTKs, such as Lyn, Syk, IGF-IR, Shc, IRS-1
and EGFR (Tannheimer et al., 1998; Burdick et al., 2003, 2006). In the last two decades,
evidence in the literature has shown the participation of redox sensitive proteins in the
regulation of EGFR tyrosine phosphorylation in the activation of cell signaling (Burdick et
al., 2003, Knebel et al., 1996; Wang et al., 2000; Khan et al., 2006; Rhee, 2006).
Interestingly, it has been reported that H2O2 induces phosphorylation preferentially at
tyrosine residues on EGFR in intact cells (Goldkorn et al., 1998). Previous studies by our
group have shown that BPQs (1,6-BPQ and 3,6-BPQ) produce reactive oxygen species
(such as superoxide anion and H2O2), and transactivate the EGFR, leading to strong
proliferative activity in human mammary epithelial cells (Burdick et al., 2003, 2006). In
addition, we have recently shown evidence that 1,6-BPQ and 3,6-BPQ activate response
elements in promoter sequences of oxidative stress-associated genes (HMOX1, GCLC,
GCLM and SCL7A11) (Burchiel et al., 2007). The HMOX-1 gene is activated within 2 hrs
of exposure to BPQs. Therefore, oxidative stress appears to be the major mechanism by
which 1,6-BPQ and 3,6-BPQ might induce the protein phosphorylation.

In the present studies, we found that BPQs induce EGFR tyrosine phosphorylation, as well
as several other proteins associated with EGFR downstream signaling. We found that 1,6-
BPQ and 3,6-BPQ, were able to induce the phosphorylation and activation of PLC-γ1 in
MCF-10A cells. While the kinetics of BPQ activation (18 hrs) were different than EGF(15
min), similar magnitudes of activation were observed. PLC-γ1 is known to be activated in
response to growth-factor stimulation by a mechanism that relies on tyrosine
phosphorylation (Carpenter, 1999). PLC-γ1 binds directly to the autophosphorylated EGFR
via Y1173 and Y992 and is phosphorylated by EGFR kinase. We found that there was a
correlation between the pattern of EGFR tyrosine phosphorylation at Y992 and the pattern
of PLC-γ1 tyrosine phosphorylation in cells treated with 1,6-BPQ and 3,6-BPQ. These
results suggest that PLC-γ1 activation could be part of downstream signaling cascades
activated after EGFR phosphorylation.

We also found that 1,6-BPQ and 3,6-BPQ induced the activation of signal transducers and
activators of transcription, specifically STAT-1, STAT-3, STAT-5a and STAT-5b. STAT
proteins can bind to and become activated by EGFR through the SH2 domain (Leaman et
al., 1996). In addition, STATs can be activated by several EGFR-independent mechanisms
including other growth factor receptors and non-receptor tyrosine kinases. The SH2 domain
of STAT is, in fact, required for activation by tyrosine phosphorylation most commonly at
Y701, Y705, or Y694, respectively for STAT-1, STAT-3, and STAT-5 (Sebastian et al.,
2006; Herbst, 2004). Our results showed that there was a differential activation of STATs
induced by BPQs. 3,6-BPQ not only induced the activation of all STATs studied, but the
magnitude of phosphorylation was greater than in 1,6-BPQ-treated cells. Observations by
other groups (Xia et al., 2002) indicate that the EGFR cytoplasmic tail contains docking
sites for STAT-1 and STAT-3. However, EGFR phosphorylation appears to not be directly
involved in STAT-1 and STAT-3 activation. JAK activation is required for complex
formation STAT1/STAT3 with JAK1/JAK2, which is essential for STAT activation (Andl et
al., 2004). In contrast, STAT-5a and STAT-5b are tyrosine phosphorylated in response to
EGFR phosphorylation at Y845 (Sebastian et al., 2006). Tyrosine 845 is not an EGFR
autophosphorylation site; instead its phosphorylation requires the association of EGFR with
c-Src and the kinase activity (Boerner et al., 2005). c-Src kinase modulates STAT5
activation in at least two ways: (1) by direct phosphorylation of STAT; and (2) by
phosphorylating the EGFR at Y845; and on the other hand, STAT 1 and STAT 3 are
dependent on JAK activation. We demonstrated that 1,6-BPQ and 3,6-BPQ induced EGFR
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tyrosine phosphorylation, and the most important effect was observed at tyrosine 845;
however, we do not know whether JAK and c-Src are directly activated by BPQs. Given that
we found a significant increase in STAT-1, STAT-3 and STAT-5 phosphorylation, our
findings suggest that BPQs may play an important role to activate other tyrosine kinases
both upstream and downstream in the EGFR-STAT pathway. ROS-induced activation of c-
Src and JAK2 has been previously described (Garcia et al., 2001).

A key finding in the present study was that EGFR recycling following activation was
different in EGF versus BPQ-activated cells. EGFR internalization is seen after EGF
activation by tyrosine phosphorylation and downstream signaling (Levkowitz et al., 1999).
This process results in rapid, but transient signaling by EGF. Our results confirmed that EGF
rapidly induces the disappearance of EGFR from MCF-10A cell membranes. BPQs also
produced a rapid modulation of EGFR, beginning as early as 30 min after treatment and
resulting in prolonged (18 hr) expression of EGFR on the cell surface. Because we know
that BPQs produce rapid oxidative stress in MCF-10A cells, as evidenced by increased
HMOX-1 expression within 2 hrs of exposure to BPQs (Burdick et al., 2003), we
hypothesize that oxidative stress produced by BPQs is responsible for the changes in EGFR
expression. Whether the changes in EGFR expression is due to altered tyrosine kinase
activity is still under investigation. Finally, we have recently observed that like TCDD
(Davis et al., 2003), BPQs induce AhR activation in MCF-10A cells leading to the
expression of TGF-alpha which is a known agonist for the EGFR. Thus, we believe that
some of the 18 hr signaling events associated with BPQs are the result of the autocrine
production of TGF-alpha.

In summary, the experimental evidence presented here clearly support the hypothesis that
1,6-BPQ and 3,6-BPQ can transactivate EGFR and activate downstream cell signaling in
MCF-10A cells, probably mediated by oxidative stress. The patterns of EGFR, PLC-γ1 and
STATs phosphorylation found after treatment of cells with BPQs were quite similar to those
induced by the natural EGF ligand, and in fact some of the effects of BPQs may be due to
the autocrine upregulation of TGF-alpha. Further characterization and understanding of the
cellular mechanisms involved in ROS signal transduction via tyrosine kinase activation and
protein tyrosine phosphatase inhibition, as well as Ah receptor-dependent signaling may
provide further insights into the mechanisms by which BPQs contribute to tumor
progression.
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Figure 1.
Sites of tyrosine phosphorylation on the human EGF receptor leading to downstream
signaling. Figure based on Sebastian et al., 2006.
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Figure 2.
Effect of BPQs on phosphorylation of the EGFR phosphosites under growth factor-
dependent conditions. (A) Cell lysates were prepared in lysis buffer, subjected to Western
Blot analysis. (B, C) EGFR was immunoprecipitated from MCF-10A cells treated as was
specified in “Material and Methods”. Immunocomplexes were separated by SDS-PAGE and
subjected to Western blot analysis for EFGR phosphorylation using an anti-EGFR or site-
specific antibodies as indicated. (D) Densitometric analysis of the bands was used in order to
make a semi-quantitative analysis of phosphorylation of EGFR phosphosites. The relative
phosphorylation levels were estimated as compared to control. These results are
representative of several independent replicates performed for each of the different
phosphorylation sites.
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Figure 3.
BPQs induce Phospholipase C (PLC-γ1) activation in MCF-10A cells. MCF-10A cells were
cultured overnight in media without EGF and treated with 1 μM BPQs or 10 ng/ml EGF for
18h or for 15 min with 10 ng/ml EGF. Cell lysates were collected, separated with 7% SDS-
PAGE, and immunoblotted either with antiphospho- PLC-γ1 (Y783) or antiphospholipase
C-γ1 antibodies. Representative immunoblot and quantitative data of PLC-γ1 activation in
MCF-10A cells. Statistical analyses are for this individual experiment. Values represent
means ± S.E. * p < 0.05 as compared with control group.
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Figure 4.
STAT 1 activation is induced by BPQs in MCF-10A cells. Representative blot and
quantified data show that STAT-1 phosphorylation in MCF-10A cells in media without EGF
treated with 1 μM BPQs or 10 ng/ml EGF for 18 hr. Cell lysates were blotted with
phosphotyrosine antibody to determine the phosphorylation status of STAT-1, the
membrane was stripped of signal, and total STAT-1 levels were determined. 10 ng/ml EGF
(15 min exposure) is included as positive control. Statistical analyses are for this individual
experiment. Values are means ± S.E. * p< 0.05 as compared with control group.
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Figure 5.
STAT-3 activation is induced by 3,6-BPQ but not by 1,6-BPQ and EGF in MCF-10A cells.
Cells were treated with 1 μM BPQs or 10 ng/ml EGF for 18 hr and 10 ng/ml EGF for 15
min. Whole cell lysates (80 μg) were used for Western blot analysis and detected with anti-
phosphorylated STAT-3, stripped and reprobed with anti STAT-3 and actin antibodies. 3,6-
BPQ induced STAT-3 activation to the same extent as EGF (15 min). Statistical analyses are
for this individual experiment. Bars show the means ± S.E. * p<0.05 as compared with
control.

Rodríguez-Fragoso et al. Page 16

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
BPQs can induce differentially to STAT-5a and STAT-5b activation in MCF-10A cells. (A)
Subconfluent MCF-10A cells were subjected to 18 hr treatments with 1 μM BPQs or 10 ng/
ml EGF, in EGF-deficient media. Lysates were analyzed by Western blotting with anti-
phosphotyrosine anti-STAT-5a or anti-STAT-5b to determine the relative contribution of
BPQs in STAT-5 activation. Membranes were stripped and reprobed with STAT-5a,
STAT-5b, or actin antibodies. 10 ng/ml EGF (15 min exposure) is included as positive
control. BPQs induced STAT-5a activation in the same degree that EGF (15 min) but not
STAT-5b activation. (B) Densitometric analysis are the results of triplicate analyses for this
individual experiment, which is representative of others that were conducted. Shown is the
mean –fold induction ± S.E. * p < 0.05 as compared with control.
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Figure 7.
Immunofluorescence staining of STAT 5 after treatment in SFIH shows localization of the
STAT 5 in the MCF-10A cell nucleus over time.
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Figure 8.
Immunfluorescence analysis of EGFR in MCF-10A cells grown in SFIH media (without
EGF). Cells were treated with EGF, 1,6-BPQ, or 3,6-BPQ for up to 18 hrs. EGFR was
rapidly lost from the cell surface in EGF treated cells, whereas BPQs maintained EGFR
expression for up to 18 hrs.
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