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Abstract
The environmental pollutant 6-nitrochrysene (6-NC) is a potent mammary carcinogen in rats; it is
more potent than numerous classical mammary carcinogens such as benzo[a]pyrene (BaP). The
mechanisms that account for the remarkable carcinogenicity of 6-NC remain elusive. Similar to BaP,
6-NC is also known to induce DNA damage in rodents and in human breast tissues. As an initial
investigation, we reasoned that DNA damage induced by 6-NC may alter the expression of p53
protein in a manner that differs from other DNA damaging carcinogens (e.g. BaP). Using human
breast adenocarcinoma MCF-7 cells and immortalized human mammary epithelial MCF-10A cells,
we determined the effects of 6-NC on the expression of p53 protein and its direct downstream target
cyclin-dependent kinase inhibitor p21Cip1 as well as on the cell cycle progression. Western blot
analysis demonstrated that treatments of MCF-7 and MCF-10A cells with 6-NC for 12, 24 or 48 h
did not increase the level of total p53 protein; however, an increase of p21Cip1 protein and a
commitment increase of G1 phase were observed in MCF-10A cells but not in MCF-7 cells. Further
studies using 1, 2-dihydroxy-1, 2-dihydro-6-hydroxylaminochrysene (1, 2-DHD-6-NHOH-C), the
putative ultimate genotoxic metabolite of 6-NC, was conducted and showed a significant induction
of p53 (p < 0.05) in MCF-7 cells; however, this effect was not evident in MCF-10A cells, indicating
the varied DNA damage responses between the two cell lines. By contrast to numerous DNA
damaging agents such as BaP which is known to stimulate p53 expression, the lack of p53 response
by 6-NC imply the lack of protective functions mediated by p53 (e.g. DNA repair machinery) after
exposure to 6-NC and this may, in part, account for its remarkable carcinogenicity in the mammary
tissue.

1. Introduction
Although breast cancer is second only to lung cancer as the leading cause of cancer-related
deaths in American women [1], its etiology remains obscure. In addition to genetic disposition,
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most cancers including breast cancer in the U.S. are related to environmental factors and
lifestyles [2,3]. Consequently, the identification of carcinogens present in the human
environment challenges both scientist and regulatory agencies. A number of ubiquitous
environmental agents have been shown to induce mammary cancer in rodents; thus, they must
be regarded as potential human risk factors and are candidates for a detailed evaluation [4].
Nitropolycyclic aromatic hydrocarbons (NO2-PAH) are widespread environmental
contaminants which are normally produced from incomplete combustion of organic
compounds such as diesel, gas, kerosene and liquid petroleum [5]. Exposure to environmental
carcinogens, including NO2-PAH, has been implicated in the etiology of various types of
cancer, including breast cancer [3,6–8]. 6-NC is a representative member (Figure 1) of NO2-
PAH. Previous studies demonstrate that under identical conditions, 6-NC is a more potent
mammary carcinogen than benzo[a]pyrene (BaP) and the heterocyclic aromatic amine 2-
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) [9–11]. Furthermore, the finding of
6-NC-hemoglobin adducts in humans [12] and the ability of human liver, lung and breast tissues
to metabolize 6-NC into DNA reactive species [13,14] have raised the concern about the effects
of this compound on human health.

6-NC requires metabolic activation to generate several electrophilic species before they can
react with DNA and other macromolecules to initiate the carcinogenic process [4,13,14]. Our
previous studies have shown that 1, 2-DHD-6-NHOH-C (Figure 1), a metabolite derived from
ring oxidation and nitroreduction of 6-NC, is the ultimate genotoxic metabolite responsible for
the formation of the major DNA adducts detected in the mammary gland of rats treated with
6-NC [4]. Earlier studies conducted in our laboratory demonstrated that human breast
adenocarcinoma cell line MCF-7 [p53 wild type, estrogen receptor alpha (ERα)-positive] and
immortalized human mammary epithelial cell line MCF-10A (p53 wild type, ERα-negative)
[15] can metabolize 6-NC to intermediates that can damage DNA; furthermore, DNA adducts
derived from 6-NC were detected in MCF-7 cells [14].

DNA damage induced by numerous carcinogens, if not repaired, can lead to mutagenesis and
tumor initiation [16]. The p53 tumor suppressor protein is a transcription factor which regulates
important cellular responses to DNA damage [17]. Following DNA damage, p53 can be
activated leading to the repair of DNA damage or apoptosis. The major downstream target of
p53 is the cyclin-dependent kinase inhibitor p21Cip1, which is responsible for exerting G1 arrest
[18,19]. Many PAH carcinogens and their reactive metabolites such as BaP or its ultimate
carcinogen anti-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE), are
known to induce the expression of p53 protein [20–24]; however, studies of the effects of 6-
NC on molecular markers (e.g. p53) that are critical in the development of breast cancer are
lacking. Thus, as an initial investigation we reasoned that using human breast cancer MCF-7
cells and immortalized MCF-10A cells, the effects of 6-NC on p53 and p21Cip1 protein
expression as well as cell cycle progression may differ from those exerted by other chemical
carcinogens such as BaP.

Our results demonstrate that by contrast to BaP, 6-NC failed to increase the levels of total p53
protein in both cell types. Since p53 is involved in the regulation of global nucleotide excision
repair that is presumably responsive to DNA damage, these results may, in part, account for
the remarkable carcinogenicity of 6-NC.

2. Materials and Methods
2.1. Chemicals and reagents

6-NC and 1, 2-DHD-6-NHOH-C were synthesized and purified as described previously [4].
Dimethyl sulfoxide (DMSO, cell culture grade), propidium iodide, cholera toxin,
hydrocortisone, and insulin were purchased from Sigma Chemical Co. (St. Louis, MO).
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Dulbecco’s modified Eagle’s medium (DMEM)/F-12 was purchased from Clonetics.
Penicillin/streptomycin, phosphate buffered saline (PBS), epidermal growth factor (EGF),
trypsin-EDTA and horse serum were purchased from Gibco-Invitrogen. Fetal bovine serum
(FBS) (heat inactivated) was purchased from Gemini Bio-Products (Woodland, CA).

Monoclonal antibody against p53 or p21Cip1 was purchased from Upstate (Lake Placid, NY).
Mouse monoclonal antibody against β-actin was purchased from Sigma Chemical Co. (St.
Louis, MO). Antibodies against phospho-p53 at Ser15 and Ser20 were purchased from Cell
Signaling Technology (Beverly, MA). Secondary anti-mouse or anti-rabbit IgG, conjugated
with horse radish peroxidase (HRP), were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

2.2. Cell culture and treatments
MCF-7 and MCF-10A cells were obtained from American Type Culture Collection (Manassas,
VA) and grown in 75-cm2 cell culture flasks at 37°C in a humidified atmosphere with 5%
CO2 in air. MCF-7 cells were maintained in DMEM/F12 (1:1 mixture) supplemented with 10%
FBS and penicillin/streptomycin (50 μg/mL). MCF-10A cells were maintained in DMEM/F-12
supplemented with 5% horse serum, penicillin/streptomycin (50 μg/mL), insulin (10 μg/mL),
hydrocortisone (500 ng/mL), EGF (20 ng/mL), and cholera toxin (100 ng/mL). Cells were
seeded in 12 well plates at least 24 h before treatment. The medium was replaced with fresh
medium (1 ml) before treating the cells with different concentrations of carcinogens or DMSO
for the time indicated. 6-NC and 1, 2-DHD-6-NHOH-C were dissolved in DMSO, yielding a
final DMSO concentration of 0.1% (v/v) in the medium. An initial growth inhibition
experiment was conducted to determine the highest concentration of 6-NC that can be used in
this study. In order to maximize the p53 response, we chose two concentrations of 6-NC (2
and 4 μM) at which more than 75% of the cells survived under the experimental conditions.

2.3. Cell lysis and Western blotting
Total cellular protein was homogenized in lysis buffer containing 20 mM Tris buffer, pH 7.4,
150 mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,
1 mM β-glycerol phosphate, 1 mM Na3VO4, 1 mM NaF, 10 μg/ml leupeptin, 1 mM PMSF,
10 μg/ml aprotinin and 10 μg/ml pepstatin A. Cell debris and particulate fractions were removed
by centrifugation at 13,000 × g for 10 min at 4 °C. Protein concentration was measured using
Bio-Rad DC protein assay kit. Equal amounts of protein (approximately 25 μg) were diluted
with 3 × sample buffer containing β-mercaptoethanol and bromophenol blue and then heated
at 100 °C for 5 min. Proteins were separated by 10% SDS-PAGE, transferred onto PVDF
membranes (Bio-Rad, Hercules, CA), and subjected to immunoblot analysis using the
respective antibody against: phospho-p53, p53, p21Cip1, and β-actin. Immunoreactive proteins
were subsequently detected with appropriate secondary antibodies conjugated with HRP and
enhanced chemilluminescence kits and exposed in the SynGene Gene Gnome. Band density
was determined using SynGene GeneTools software. The relative densities of phospho-p53,
p53, and p21Cip1 to β-actin were calculated. Statistical analyses were performed using the
Student’s t test and p < 0.05 was considered statistically significant. All values represent mean
± S.D. (n ≥ 3).

2.4. Flow Cytometry
Cells were grown to exponential phase and treated with the indicated concentration of
compounds that had been dissolved in DMSO or DMSO only for 24 h. Cells were harvested,
fixed in ice-cold 70% ethanol, and stored at −20°C. The fixed cells were washed with
phosphate-buffered saline, treated with RNase A (3 units/mL) at 37°C for 30 min, and stained
with propidium iodide (50 μg/mL) for 5 min. DNA content for 250,000 cells per analysis was
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monitored with a Becton-Dickinson FACScan flow cytometer and Modfit software (LT version
2.0) was used for analysis of cell cycle status.

2.5. siRNA Transfection
Since 6-NC had no measurable effect on p53 expression in both cell lines, this experiment was
conducted to determine the linkage between p21Cip1 expression and G1 accumulation in
MCF-10A cells treated with 6-NC. The p21Cip1 siRNAs kit was purchased from Cell Signaling
Technology, Inc (SignalSilence p21waf1/cip1 siRNA kit). According to the manufacturer, the
targeting sequence of human p21Cip1 gene is 5′-AACUUCGACUUUGUCACCGAG-3′ that
corresponds to the 108 nucleotides from the start codon [25]. MCF-10A cells were plated at a
density of 5 × 105 cells per well of 6-well plates. Cells were transfected with 100 nM of siRNA
targeted against p21Cip1 according to the manufacturer’s suggested procedures. Briefly, 5 μL
of TransIT-TKO (Mirus) were diluted in 250 μL of serum-free media and incubated for 5 min
followed by addition of siRNA. The resulting mixture was then incubated for an additional 5
min at room temperature prior to the addition to MCF-10A cells. At 24 h post-transfection,
cells were treated with 4 μM of 6-NC for an additional 24 h before harvest. The dose of 6-NC
and the incubation time were selected based on the results of cell cycle analysis. These cells
were then analyzed by flow cytometry or Western blot as described above.

3. Results
3.1. Effects of 6-NC on the expression of phosphorylated p53, p53 and p21Cip1 proteins in
MCF-7 and MCF-10A cells

Lysates from cells treated with 2 or 4 μM 6-NC for 12, 24 or 48 h were subjected to Western
blot analysis to determine the levels of phosphorylated p53, p53 and p21Cip1 proteins. The
results of BaP are included for comparison. Our results showed that by contrast to BaP,
treatments of MCF-7 and MCF-10A cells with 6-NC did not result in an increase in the level
of total p53 protein despite weak induction of phosphorylated p53 at Serine 15(Ser15) (Figure
2). Phosphorylation of p53 protein at Ser20 was not detected in either cell line (data not shown).
By contrast to MCF-7 cells, treatments of MCF-10A cells with 6-NC led to an increase in the
level of p21Cip1 protein which is independent of p53 expression (Figures 2 and 3). BaP has
already shown to induce p53 and p21Cip1 expression in MCF-7 cells [24] but similar studies
using MCF-10A cells have not been reported. Our results show that BaP also increases the
levels of p53 and p21Cip1 in MCF-10A cells but to a less extent than in MCF-7 cells (Figure
2).

3.2. Effects of 1, 2-DHD-6-NHOH-C on phosphorylated p53, p53 and p21Cip1 protein
expression in MCF-7 and MCF-10A cells

To bypass the metabolic activation of 6-NC, we examined the effects of its putative ultimate
genotoxic metabolite 1, 2-DHD-6-NHOH-C on p53 and p21Cip1 protein expression in MCF-7
and MCF-10A cells. The results of BPDE are included for comparison. Our results demonstrate
that treatment of MCF-7 cells with 1, 2-DHD-6-NHOH-C (0.5, 1, 2 and 4 μM) resulted in a
significant increase of phospho-p53(Ser15) (p < 0.05) or p53 protein (p < 0.05) at 24 h (Figure
4A); however, the effects were not dose-dependent. A non-significant increase of p21Cip1

protein was detected in MCF-7 cells. The p53 response observed in MCF-10A cells was much
weaker than that found in MCF-7 cells (Figure 4B); however, induction of p21Cip1 was detected
and comparable to that observed in MCF-7 cells.

3.3 Effect of 6-NC on cell cycle regulation in MCF-7 and MCF-10A cells
Cell cycle distribution was determined by flow cytometric analysis of propidium iodide stained
cells. MCF-7 and MCF-10A cells were treated with 6-NC under experimental conditions
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identical to those employed in the above mentioned studies that were aimed at determining the
effect of this carcinogen on the expression of p53 and p21Cip1 protein. Figure 5 shows the
percentage of MCF-7 (A) and MCF-10A cells (B) in different phases of cell cycle after
treatment with (1) DMSO; (2) 2 μM 6-NC; (3) 4 μM 6-NC for 24 h. Figures 6 summarizes the
changes in cell cycle for MCF-7 (A) and MCF-10A (B) cells, respectively. 6-NC induced a
G1 increase, which was more pronounced in MCF-10A cells than in MCF-7 cells; however, a
G2 increase was only noticed in MCF-7 cells. Reduction in S phase was observed in both cell
types.

3.3 Effect of p21Cip1siRNA on cell cycle regulation in MCF-10A cells treated with 6-NC
To test whether the observed increase in G1 phase in MCF-10A cells treated with 6-NC is
mediated by the increased expression of p21Cip1 protein, cells were treated with p21Cip1 siRNA
as described in Materials and Methods section. Our results, although preliminary, showed that
transfection with siRNA in MCF-10A cells reduced the effects of 6-NC (4 μM, 24 h) on
p21Cip1 protein expression by ~50%; treatment with siRNA also reduced the effect if 6-NC on
G1 accumulation by ~11%.

4. Discussion
The p53 protein is a transcription factor which regulates important cellular responses to DNA
damages [17]. By contrast to other DNA damaging agents such as BaP, we showed that 6-NC
did not increase the level of total p53 protein in both MCF-7 and MCF-10A cells. Although
the mechanisms that can account for the remarkable mammary carcinogenicity of 6-NC in
rodents remain unclear, the lack of p53 response by 6-NC in these cells imply the lack of
protective functions mediated by p53 (e.g. DNA repair machinery) and this may, in part,
contribute to the potent mammary carcinogenicity of 6-NC.

Further studies using 1, 2-DHD-6-NHOH-C, the putative ultimate genotoxic metabolite of 6-
NC, clearly demonstrate the ability of this metabolite to increase the levels of phosphorylated
as well as total p53 proteins in MCF-7 cells (Figure 4A). These results indicate that the weak
induction of p53 by 6-NC may be at least partially due to the low efficiency of MCF-7 cells in
metabolizing 6-NC into 1, 2-DHD-6-NHOH-C. However, the low metabolic capacity could
not account exclusively for the weak response of p53 in MCF-10A cells (Figure 4B) as we
observed that treatments of MCF-10A cells with 1, 2-DHD-6-NHOH did not result in a distinct
increase of p53. To determine whether the observed differences in p53 responses were due to
the nature of the DNA damaging species or to differences in cell types, we examined the effects
of BPDE, the ultimate carcinogenic form of BaP. Both 1, 2-DHD-6-NHOH-C and BPDE
induced stronger p53 responses in MCF-7 cells than those obtained from MCF-10A cells
(Figure 4). Thus, the differential p53 responses observed between MCF-7 and MCF-10A cells
following treatments with ultimate carcinogens are due primarily to the differences in cell
types.

Several studies have shown that p21Cip1 expression can be induced in both p53-dependent and
p53-independent manners [26–29]. In this study, we also demonstrated that p21Cip1 protein
was increased by 6-NC in a p53-independent manner and this effect appeared to depend on
cell types since it was only observed in MCF-10A cells but not in MCF-7 cells. To clarify if
the differences in p21Cip1 response were due to the carcinogen itself or to the differences in
cell types, we conducted a parallel experiment using BaP. We found that both carcinogens
induced a significant increase of p21Cip1 in MCF-10A cells after 24 h (Figure 2B). Although
the increased expression of p21Cip1 in MCF-10A cells by BaP may be through both p53-
dependent and independent pathways, these results suggest that a p53-independent p21Cip1

regulation pathway was involved in the up-regulation of p21Cip1 by 6-NC in MCF-10A cells
but not in MCF-7 cells.
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Cell cycle progression is controlled by a highly complex network. The roles of p53 and
p21Cip1 in cell cycle regulation have been demonstrated [19,30]; in addition, literature data
suggest the involvement of AhR and ER in the cell cycle progression [31–33]. As described
above, 6-NC induced p21Cip1 expression that is independent of p53 and only in MCF-10A
cells. Therefore, to link the effect of p21Cip1 expression to changes in the cell cycle distribution
induced by 6-NC, additional experiments were conducted using p21Cip1 siRNA. Although the
results are considered preliminary and expected based on literature data, we demonstrate the
linkage between p21Cip1 expression and G1 accumulation in MCF-10A cells treated with 6-
NC. However, future studies are required to support this observation.

The differential responses of p53 and p21Cip1 observed between MCF-7 and MCF-10A cells
may be due, in part, to the different genetic make-up of the two cell lines used in this study.
Estrogen receptor alpha has been correlated with the response of DNA damage as well as cell
cycle progression [33–35]. MCF-7 cell line which is derived from ductal adenocarcinoma
expresses ERα; however, the immortalized mammary epithelial cell line MCF-10A is ERα-
negative. It is likely that the different status of ERα may contribute, in part, to the varied
responses of p53, p21Cip1 and cell cycle regulation observed between the two cell lines in this
study. In addition to ER status, many of the biological actions of PAH or NO2-PAH, such as
the induction of cytochrome p450s, are believed to be mediated through the action of aryl
hydrocarbon receptor (AhR) [3,31]. AhR is also known to be involved in regulation of cell
cycle progression [31,32] as well as ER-mediated cell signaling pathway [36]. Earlier studies
have shown that 6-NC can induce the expression of cytochrome P450 1A1 [37,38]; our
preliminary studies (unpublished data) using a luciferase assay also show that 6-NC is a potent
AhR agonist. Clearly, the dysregulation of cell cycle induced by 6-NC can be due to the
interactions of factors described above.

In summary, our studies demonstrate that by contrast to numerous chemical carcinogens such
as BaP which stimulates p53 expression, the lack of p53 response by 6-NC imply the lack of
protective functions mediated by p53 (e.g. DNA repair machinery) and this may contribute to
its remarkable carcinogenicity in the mammary tissue.
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Abbreviations
PAH  

polycyclic aromatic hydrocarbons

NO2-PAH  
nitropolycyclic aromatic hydrocarbons

BaP  
benzo[a]pyrene

BPDE  
anti-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene

6-NC  
6-nitrochrysene

1,2-DHD-6-NHOH-C 

Sun et al. Page 6

Chem Biol Interact. Author manuscript; available in PMC 2009 May 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1,2-dihydroxy-1,2-dihydro-6-hydroxylaminochrysene

6-AC  
6-aminochrysene

N-OH-6-AC  
N-hydroxy-6-aminochrysene

1,2-DHD-6-NC 
1,2-dihydroxy-6-nitrochrysene

1,2-DHD-6-AC 
1,2-dihydroxy-6-aminochrysene

PMSF  
phenylmethylsulfonyl fluoride
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Fig. 1.
Metabolic activation of 6-NC to intermediate (N-OH-6-AC and 1, 2-DHD-6-NHOH) known
to damage DNA.
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Fig. 2.
Representative Western blot analysis of phospho-p53(ser15), p53 and p21Cip1 proteins in
MCF-7 cells (A) and MCF-10A (B) cells after exposure to 6-NC (2 μM and 4 μM) or BaP (2
μM) for 12, 24 and 48 h. Cells treated with DMSO alone were used as negative control. β-
Actin was used as a loading control.
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Fig. 3.
Changes in phospho-p53, p53 and p21Cip1 proteins following 12, 24 and 48 h treatment with
6-NC (2 and 4 μM) in MCF-7 (A) and MCF-10A (B) cells. The data represent the means of at
least three determinations ± S.D. and are expressed as fold of induction relative to DMSO
control.
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Fig. 4.
Western blot analysis of phospho-p53(ser15), p53 and p21Cip1 proteins in MCF-7 cells (A)
and MCF-10A cells (B) after exposure to 1,2-DHD-6-NHOH-C [0.5 ( ), 1 ( ),2 ( ) and 4
( ) μM] or BPDE ( 2 μM ) for 24 h. Cells treated with DMSO ( ) alone were used as
control. β-Actin was used as a loading control. Top panels: representative Western blots;
Bottom panels: quantitative analysis of protein changes (mean ± S.D, n=3). * indicates p <
0.05.
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Fig. 5.
Representative flow cytometry histogram in (A) MCF-7 cells and (B) MCF-10A cells treated
with 6-NC (2 and 4 μM) for 24 h. Cells treated with DMSO were used as control.
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Fig. 6.
Percentage of changes of (A) MCF-7 (B) MCF-10A cells (mean ± S.D) in G1 phase, S phase
and G2 phase after exposure to 6-NC for 24 h.
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