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Abstract

Emerging evidence suggests the role of environmental chemicals, in particular endocrine-disrupting chemicals (EDCs), in 
progression of breast cancer and treatment resistance, which can impact survival outcomes. However, most research tends 
to focus on tumor etiology and the effect of single chemicals, offering little insight into the effects of realistic complex 
mixture exposures on tumor progression. Herein, we investigated the effect of a polycyclic aromatic hydrocarbon (PAH)-
enriched EDC mixture in a panel of normal and breast cancer cells and in a tumor organoid model. Cells or organoids in 
culture were treated with EDC mixture at doses estimated from US adult intake of the top four PAH compounds within 
the mixture from the National Health and Nutrition Examination Survey database. We demonstrate that low-dose PAH 
mixture (6, 30 and 300 nM) increased aryl hydrocarbon receptor (AhR) expression and CYP activity in estrogen receptor (ER) 
positive but not normal mammary or ER-negative breast cancer cells, and that upregulated AhR signaling corresponded 
with increased cell proliferation and expression of antiapoptotic and antioxidant proteins XIAP and SOD1. We employed 
a mathematical model to validate PAH-mediated increases in AhR and XIAP expression in the MCF-7 ER-positive cell line. 
Furthermore, the PAH mixture caused significant growth increases in ER-negative breast cancer cell derived 3D tumor 
organoids, providing further evidence for the role of a natural-derived PAH mixture in enhancing a tumor proliferative 
phenotype. Together, our integrated cell signaling, computational and phenotype analysis reveals the underlying 
mechanisms of EDC mixtures in breast cancer progression and survival.

Introduction
Breast cancer is the most common cancer among women world-
wide, and in the USA one in eight women will develop invasive 
breast cancer (1). Although multimodal therapies continue to 
increase patient survival, aggressive locally advanced breast 
cancers are characterized by high rates of residual disease, 

treatment resistance and recurrence, leading to the worst sur-
vival outcomes among breast cancers and therefore present a 
major clinical challenge (2). Breast cancer outcomes are influ-
enced by patient and tumor characteristics as well as access 
to quality treatment (3–5); however, emerging epidemiological 
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cancer studies suggest a role of environmental chemical ex-
posures, in particular endocrine-disrupting chemicals (EDCs), 
in breast cancer development and biology (6–11). EDCs are pre-
sent in a wide variety of human products and emissions (12–14). 
Chemical screening by the U.S. Environmental Protection Agency 
shows that nearly 87 000 EDCs have some effect on mammary 
growth, development and maintenance (15), which has led to 
the U.S. Federal Interagency Breast Cancer and Environmental 
Research Coordinating Committee emphasizing the need to in-
vestigate mechanisms of EDC influence on breast cancer (16).

Polycyclic aromatic hydrocarbons (PAHs) are prototypical 
EDCs present ubiquitously in the environment as they are re-
leased via incomplete organic fuel combustion from anthropo-
genic and natural sources including tobacco smoke, charred or 
smoked meat, industrial byproduct emissions, forest fires, vol-
canic eruptions and even contaminated food (17). Both ambient 
air and human serum PAH levels have previously been linked 
to increased breast cancer risk (18,19). Some PAHs target the 
aryl hydrocarbon receptor (AhR) pathway (20) and subsequently 
upregulate cytochrome p450 enzymes (CYPs) which facilitate 
their metabolism, although CYP activity can be cell line spe-
cific in terms of CYP1A1 or CYP1B1 dominating PAH metab-
olism (21–23). Importantly, PAH compounds such as benzo[a]
pyrene (BaP) are also known to generate DNA-reactive metabol-
ites and upregulate reactive oxygen species. This subsequently 
upregulates superoxide dismutase (SOD) antioxidant enzymes, 
including in breast cells (24). We have previously observed that 
increased expression of antioxidants like SOD1 (25,26) causes 
clonal expansion of aggressive, drug tolerant breast cancer cells. 
Indeed, we recently reported that EDCs such as bisphenol A and 
2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane upregulate epi-
dermal growth factor receptor/extracellular signal-regulated 
kinase signaling and a corresponding increase in expression of 
SOD1 and antiapoptotic proteins leading to resistance to an epi-
dermal growth factor receptor targeted drug (27).

While exposure to single EDCs and PAHs like bisphenol A and 
BaP have been studied extensively, it is crucial to note that rarely 
does single chemical exposure occur in the real world. Rather, hu-
mans are exposed to various chemicals in low doses, potentially re-
sulting in cumulative toxic and carcinogenic effects. There remain 
difficulties in obtaining realistic and exposure-relevant chemical 
mixtures, including mixtures of PAHs, which provides a challenge 
for scientific discovery concerning the effects of mixture exposure.

In this study, sediment derived from the PAH-contaminated 
former United States Environmental Protection Agency (USEPA) 
Superfund site Atlantic Wood Industries (AWI) in Portsmouth, VA, 
along the Southern Branch of the Elizabeth River, provided an op-
portunity to derive a complex PAH mixture that represents a real-
world exposure scenario. Pore-water extraction of Elizabeth River 
sediment at the AWI Superfund site followed by mass spectrom-
etry characterization of PAH compounds in the resulting mixture 
revealed 36 known PAHs with concentrations ranging from 0.0003 
to 0.341 ng/ml aqueous sediment extract, with naphthalene being 
the most highly concentrated (28,29). Previous studies have also 
shown the cancer and human exposure relevance of this mixture 
(30). This complex mixture provided us the perfect model EDC 
mixture for in vitro breast cancer cell exposure.

Our objective in this study was to determine if low-dose 
treatment with EDCs such as PAHs could not only upregulate 
AhR signaling in breast cancer cells but further cause an aggres-
sive, hyperproliferative breast cancer phenotype. This is the first 
study to look at a naturally occurring PAH mixture with well-
defined composition and identified doses that are relevant to 
human intake.

Methods

Human intake exposure analysis
Metabolite concentrations for four representative PAHs in the PAH mix-
ture (naphthalene, fluorene, phenanthrene and pyrene) were obtained 
from the National Health and Nutrition Examination Survey (NHANES) 
database, years 2005–14. Excretion fractions of these PAHs in urine were 
obtained from the literature (31,32), as well as standardized daily adult 
urine output (33) and adult body weight (34). Using a back-of-the-envelope 
reverse dosimetry pharmacokinetic equation model described previously 
(35), we constructed estimated daily intake exposure for these four PAHs: 
exposure intake rate (µg/kg day) = [concentrationurine metabolite × daily adult 
urine output × MWparent]/[urinary excretion fraction × adult body weight 
× MWmetabolite]. These daily intake values were then compared with con-
centrations present in our complex PAH mixture diluents, based on mass 
spectrometry values shown in (30).

Toxic equivalence to benzo(a)pyrene for 
carcinogenicity
A toxic equivalence (TEQ) of the PAH mixture compared with B(a)P was 
completed using toxic equivalency fractions (TEFs) from the literature for 
18 of the 36 compounds. A TEQ is calculated by multiplying the TEF for 
each compound by their concentration within the mixture, and summing 
the results to obtain a mixture TEQ.

Cell culture and reagents
Human mammary epithelial cells (HME1-tert), MCF-7 and MDA-MB-231 
cells, both human breast adenocarcinoma cell lines, were obtained from 
the Duke University Cell Culture Facility. T47-D cells were a generous 
gift from the Blobe lab at Duke University. SUM149 cells, a human in-
flammatory breast cancer cell line, were obtained from Asterand, and all 
cell lines were cultured as per manufacturer’s instructions and previous 
studies (36). Sediment extract containing the PAH mixture was prepared 
as described by Clark et al. (28) and stored in a glass container covered 
with aluminum foil at 4°C. BaP was purchased from Sigma–Aldrich and 
prepared in deionized water. Chlorothalonil, a potent fungicide shown 
to have cytotoxic effects in breast cancer cells (27), was obtained from 
Sigma–Aldrich. PAH mixture doses used in this study were 6, 30, 300 and 
16  000  nM while BaP was used in 1  µM doses and chlorothalonil at a 
5 µM dose. All cell lines were authenticated using short tandem repeat 
polymorphism analysis by the Duke DNA sequencing core prior to their 
use for this study, banked upon receipt and all cell lines were cultured 
for no more than 6 months during this study. Additionally, all cell lines 
used were short tandem repeat profiled within the past 6  months. All 
cell lines were cultured with 1% penicillin/streptomycin (Invitrogen) 
supplemented in their respective media. Cells were cultured in complete 
growth medium at 37°C under an atmosphere of 5% CO2.

Ethoxyresorufin-O-deethylase activity analysis
Ethoxyresorufin-O-deethylase assay assesses cytochrome p450 (CYP1A1/
CYP1B1) enzymatic activity. Cells were plated at 75 000 cells/well in 6-well 
plates and grown for 24 h, then treated as indicated. Twenty-four hours 
following treatment, cells were washed twice in Dulbecco’s phosphate-
buffered saline and incubated with 2  mM ethoxyresorufin in reaction 
buffer (50 mM Tris, 0.1 M NaCl, 6.23 mM MgCl2, pH 7.8, warmed to 37°C). 
Then assay supernatant (100  µl) was transferred to a black-well clear 
bottom 96-well plate, and fluorescence was read in a BioTek© fluorescence 
plate reader at excitation λ (530  nm)/emission λ (590  nm). A  resorufin 
standard curve was utilized from the same 96-well plate. Fluorescent 
counts were normalized to untreated cells.

Abbreviations 

AhR aryl hydrocarbon receptor
BaP benzo[a]pyrene
EDC endocrine-disrupting chemical
ER estrogen receptor
PAH polycyclic aromatic hydrocarbon
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Cell proliferation assay
Cell proliferation were assessed by MTT assay (3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium bromide), based on the conversion of MTT into 
formazan crystals by living cells, which determines metabolic activity and 
is an acceptable measure of viable, proliferating cells. Cells were seeded at 
4000 cells/well into 96-well flat bottom plates. Cells were grown for 24 h 
then treated with PAH mixture (6, 30 or 300 nM), BaP (1 µM) or chlorothalonil 
(5  µM) then grown for another 24  h. Proliferation was assessed using 
3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium, after which cells were 
incubated at 37°C for 2 h, dimethyl sulfoxide was added to each well and 
absorbance was read at 550 nm on a Molecular Devices plate reader.

Trypan blue exclusion viability assay
Cells were plated in a 12-well plate at 30 000 cells per well for 24 h, then 
treated with PAH mixture (6, 30, 300 or 16 000 nM), BaP (1 µM), chlorothalonil 
(5 µM) or left untreated. Cells were trypsinized after 24 h and resuspended 
in media, then centrifuged at 1600 rpm for 4 min. The supernatant was as-
pirated and 70 µl cold Dulbecco’s phosphate-buffered saline added to the 
pellet. An aliquot of cell suspension was mixed with an equal volume of 
0.4% trypan blue solution, and cell numbers were recorded in 10 µl of the 
resultant mixture using a hemocytometer.

Tumor organoid culture
SUM149 cell line was plated at 10 000 cells per well in an ultra-low at-
tachment 24-well plate with filtered media supplemented with 2.25% 
polyethylene glycol as described previously (37,38). Organoids were left 
to form for 24 h, verified formed and uniform by microscopy, then treated 
with PAH mixture (6, 30, 300 and 16 000 nM), chlorothalonil (5 µM) or left 
untreated. Organoids were left to grow for 72 h on a rotating shaker at 
40 rpm, after which they were imaged at ×4 magnification and their gross 
particle area was analyzed using NIH Image J.

Immunoblot analysis
Cells were seeded into 6-well plates at 75  000 cells/well and incubated 
for 24 h at 37°C, after which cells were treated with PAH mixture (6, 30 
or 300 nM), BaP (1 µM) or left untreated then incubated for another 24 h. 
Alternatively, tumor organoids were treated as described above then left 
to grow for 72 h. Cells were then harvested and lysed after trypsinization, 
and immunoblot analysis was performed as described previously (25). 
Membranes were incubated overnight at 4°C with primary antibodies 
AhR, ER-a, SOD1, XIAP (1:1000 dilution) or glyceraldehyde 3-phosphate 
dehydrogenase (1:2000 dilution). Membranes were washed and incu-
bated with anti-mouse or anti-rabbit horseradish peroxidase-conjugated 
antibodies (Cell Signaling Technologies) for 1  h at room temperature. 
Chemiluminescent substrate was applied for 5 min, and then membranes 
were exposed to radiographic film. Densitometric analysis was performed 
using NIH ImageJ software with glyceraldehyde 3-phosphate dehydro-
genase as a loading control, where numbers represent analysis of total 
protein to glyceraldehyde 3-phosphate dehydrogenase, with all values 
normalized to the untreated lanes. Full immunoblot images can be found 
in Supplementary Material.

PAH ligand circuit mathematical model analysis
Simulations were performed in MATLAB (Mathworks) and bifurcation dia-
grams were drawn using MATCONT (39). The model formulation for the 
interactions among AhR, XIAP, nuclear factor-kappaB (NFκB) and CYP ac-
tivity based on this study and published experimental work is given by:

dX
dt

= gXHS(N,λN,X)HS(E,λE,X)− kXX

dN
dt

= gNHS(X,λX,N)− kNN

dA
dt

= gAHS(P,λP,A)HS(N,λN,A)HS(A,λA,A)− kAA
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where X, N and A denote the levels of XIAP, NFκB and AhR correspond-
ingly, E represents an external signal that is increasing the levels of XIAP 
and P denotes PAH that are activating AhR. gX, gN and gA represent their 
respective production rates, whereas kX, kN and kA are respective degrad-
ation rates. HS(X,λX,Y) = H−(X) + λX,Y(1− H−(X))denote shifted Hill func-
tions representing the effect of X on the production of Y, where H−(X) is 
the negative Hill function and λX,Y represent the fold-change in the pro-
duction of Y due to X. For inhibition, λX,Y < 1; for activation, λX,Y > 1, λX,Y = 1 
denote no effect. nX,Y represents the strength of cooperativity of X in 
modulating Y. Degradation rates (represented in per hour) for XIAP, NFκB 
and AhR have been estimated based on experimental data on their half-
lives (40–42). Production rate (denoted in molecules per hour) estimation 
is based on typical number of protein molecules reported for signaling 
molecules (~100 000) (43). Fold-change corresponding to the effect of XIAP 
on NFκB and vice versa was gathered from existing data (44–46), whereas 
that concerning the regulation of AhR has been estimated from our data. 
Bifurcation diagrams are drawn for the parameter E, for two different 
values of P = 0 (no exposure to PAH) and 500 (exposure to PAH).

Statistical analysis
Statistics were performed using the GraphPad InStat Student’s two-tailed 
t-test or one-way analysis of variance with Fisher’s least significant dif-
ference post hoc tests. Differences were considered significant at P < 0.05.

Results

PAH mixture is a complex, representative 
EDC mixture

As PAHs are a class of EDCs, we conducted a literature search 
to determine the estrogen receptor (ER alpha or beta) binding 
affinity and activity of the 36 individual components, as well 
as their related hydroxy, quinoid and ketone metabolite com-
pounds (Table 1). Twenty-six PAH compounds (parent or metab-
olite) had adequate data on binding affinity or activity, although 
very few compounds had complete data (20,47–54) and nine 
compounds had no data available. No parent PAH compound 
was a strong inducer of ER activity or bound well to the receptor, 
but 11 hydroxy metabolites and 2 quinoid metabolites were 
inducers of ER activity as defined by the activity assays in each 
literature reference, not including weak inducers. Additionally, 
seven hydroxy metabolites and six quinoid metabolites exhib-
ited significant ER binding. Ketone metabolites did not appear to 
be active. A few of the compounds and metabolites in the PAH 
mixture showed antiestrogenic activity in some induction as-
says, although these data are not shown due to inconsistent data 
and to maintain focus on positive estrogenic activity induction.

Next we queried for AhR activity and affinity (20,55–61) of the 
individual PAH compounds in the PAH mixture. Literature ana-
lysis identified five parent compounds with AhR strong binding 
affinity, while binding affinity data were not available for me-
tabolites. In terms of AhR activity, most parent PAH compounds 
were weak inducers or non-inducers, and 10 compounds were 
potential inducers. Metabolites showed higher AhR activity cap-
abilities, with four hydroxy metabolites, three quinoid metab-
olites and five ketone metabolites exhibiting activity induction, 
not including those which were weak inducers of AhR activity 
(Table 2).

Appreciating the PAH mixture complexity and potency of 
differing compounds, we conducted a literature search for PAH 
compound toxic equivalency factors (TEFs) and calculated a 
TEQ for carcinogenicity of the mixture using BaP as a reference 
(Supplementary Table 1, available at Carcinogenesis Online). TEFs 
were found for 18 of the 35 individual PAH compounds in the 
mixture (62,63). The mixture TEQ, which includes BaP as a com-
ponent, was 251.77, while BaP alone within the mixture had a A
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TEF-concentration multiplier of 44.30. Notably within the mix-
ture, dibenzo(a,l)pyrene, benzo(b)fluoranthene, fluoranthene, 
dibenz(a,h)anthracene and benz(a)anthracene dominated the 
TEQ, as these compounds had TEF-concentration multipliers of 
62.00, 52.88, 33.81, 28.00 and 15.52, respectively. It is important 
to note that dibenzo(a,l)pyrene and dibenz(a,h)anthracene both 
had TEFs of 10, compared with BaP TEF of 1. These compounds 
had highly variable concentrations within the mixture, re-
flecting that the most highly concentrated components are not 
necessarily the most potent or cancer relevant, as can be ex-
pected from a highly complex chemical mixture.

Identifying low doses of the Superfund-derived PAH 
mixture relevant to human exposure

Although standard single PAH concentrations used for in vitro doses 
exist in the literature, to identify physiologically relevant doses, we 
used national urinary metabolite biomarker data from the NHANES 
survey years 2005–14 for four most abundant PAHs (naphthalene, 
fluorene, phenanthrene and pyrene) present in the Superfund-
derived PAH mixture (28,29). A reverse dosimetry pharmacokinetic 
model was applied and when comparing these mean human ex-
posures to compound concentrations present in the PAH mixture, 
the values were roughly equivalent and of the same order of mag-
nitude as low nanomolar doses of 6 and 30 nM (Figure 1A). These 
concentrations along with a higher 300 nM treatment dose were 
subsequently used for the cell-based experiments in this study.

PAH mixture enhances proliferation of ER+ breast 
cancer cells through ER and AhR signaling

Based on the primary mechanism of PAH in inducing ER 
and AhR signaling and the link between ER and AhR acti-
vation (64), we investigated the Superfund-derived PAH-
enriched mixture in MCF-7 (ER+) breast adenocarcinoma cells. 
Immunoblot data of PAH mixture treated cells at 24 h show 
increase in ER levels and AhR levels comparable to the cells 

treated with estrogen (E2) or the control PAH (BaP), respect-
ively (Figure 1B and C). To further confirm AhR activation, we 
assessed ethoxyresorufin-O-deethylase activity, a sensitive 
and accurate bioassay in complex samples including breast 
cancer cells for determining CYP metabolic enzyme activity 
downstream of AhR, measuring both CYP1A1 and CYP1B1 
activity together (65,66). There was a significant increase in 
CYP1A1/1B1 activity following 24 h treatment with PAH mix-
ture (30 nM P = 0.0147, 300 nM P = 0.0032) or BaP treatment 
(P  <  0.0001) (Figure  1D). Similar results with increasing AhR 
protein levels and CYP1A1/1B1 activity following low-dose 
treatment with PAH mixture for 24 h were observed in T47-D, 
another ER+ breast cancer cell line (Figure 1E and F).

This increase in AhR signaling in PAH treated cells corres-
ponded with a significant increase in MCF-7 ER+ cell prolifer-
ation [PAH mixture 6, 30 and 300 nM all P < 0.01 or control 1 µM 
BaP (P  <  0.0001)] compared with untreated cells (Figure  1G). 
In addition, none of the PAH mixture doses used, both low 
and high up to 16  µM, caused any changes in MCF-7 cell via-
bility when compared with the cytotoxicity induced by 5 µM of 
chlorothalonil, a cytotoxic chemical control based on our pre-
vious studies (27) (Figure 1H).

We further tested the effect of the PAH mixture on via-
bility, proliferation and AhR signaling in a panel of human 
breast cancer cell lines to represent diverse receptor sub-
types. hTERT-HME1, an immortalized normal human mam-
mary epithelial cell line (67), did not express significant levels 
of AhR and no induction or CYP activity was observed post 
PAH treatment (Figure 2A). In contrast to the ER+ MCF-7 and 
T47-D cells, treatment with similar doses of the single PAH 
BaP or the Superfund-derived PAH mixture in ER− breast 
cancer cells (MDA-MB-231 and SUM149, both triple negative 
breast carcinoma cell lines) did not cause any significant in-
crease in AhR levels over basal expression, downstream CYP 
activity or changes in proliferation compared with untreated 
(Figure 2B and C).

Figure 1. PAH mixture is non-toxic and upregulates AhR toxicant response pathway and 2D proliferation in ER+ breast cancer cells at doses relevant to human ex-

posure. (A) Comparison of four PAH compound concentrations found in 6 and 30 nM doses of the PAH mixture with mean estimated intake of US adults for these same 

four PAH compounds. FLU, fluorine; NAP, naphthalene; PHE, phenanthrene; PYR, pyrene. (B) MCF-7 immunoblot and densitometry normalized to GAPDH and compared 

with untreated for ER-a following 24 h exposure to 6 nM PAH mixture, 1 µM BaP, estradiol (E2) or left untreated. (C and D) Cropped immunoblot of the AhR with densi-

tometry values normalized to GAPDH and compared with untreated and downstream CYP1A1/CYP1B1 enzyme activity by ethoxyresorufin-O-deethylase assay analysis 

in MCF-7 cells and (E and F) T47-D cells following 24 h PAH mixture treatment. AhR (100 kD), aryl hydrocarbon receptor; GAPDH (36 kD), glyceraldehyde 3-phosphate 

dehydrogenase. (G) Proliferation by MTT assay and (H) viability count in MCF-7 cells following low-dose PAH mixture or 1 µM BaP single chemical treatment for 24 h. 

BaP, benzo(a)pyrene; Ctrl, 5 µM chlorothalonil cytotoxic chemical control. *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.0001.
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Low-dose PAH mixture enhances tumor emboli/
organoid growth

Recently, we reported (38) differential effects of targeting survival 
signaling in SUM149, a highly heterogenous cell line derived from a 
primary, untreated, inflammatory breast cancer patient tumor, when 
grown as 3D cultures compared with 2D conditions (38). Using this 
3D simulation model (37,38), wherein tumors cells are induced to 
form tumor cell emboli/organoids similar to the clinicopathological 
hallmark observed in inflammatory breast cancer patients, we 
tested the effects of the PAH mixture (Figure 3A). Although SUM149 
2D cultures were inert to PAH exposure (Figure 2C), a significant in-
crease in 3D tumor organoid area with PAH mixture treatment at 30 

and 300 nM and toxicity at higher 16 000 nM dose or when exposed 
to the cytotoxic chemical (5 µM chlorothalonil) (Figure 3B and C) was 
observed. Additionally, these organoids sustained both antioxidant 
SOD1 and antiapoptotic XIAP survival signaling protein levels in 
addition to mitogen-activated protein kinase proliferative pathway 
extracellular signal-regulated kinase protein levels at low-dose PAH 
mixture exposure (Figure 3D).

Low-dose PAH mixture increases stress response-
mediated tumor cell survival signaling

In order to test the hypothesis that environmental chem-
icals act as cellular stressors and activate survival signaling in 

Figure 2. Treatment with low-dose PAH mixture does not affect viability, proliferation or the AhR toxicant response pathway in normal mammary or ER− breast cancer 

cells. For (A) hTERT-HME1 normal human mammary, (B) MDA-MB231 triple negative and (C) SUM149 triple negative breast cancer cells: Viability counts following low-

dose PAH mixture or 1 µM BaP single chemical treatment for 24 h. BaP, benzo(a)pyrene; Ctrl, 5 µM chlorothalonil cytotoxic chemical control. #P < 0.0001. Proliferation by 

MTT assay following low-dose PAH mixture or 1 µM BaP single chemical treatment for 24 h. Cropped immunoblot of the AhR with densitometry values normalized to 

GAPDH and compared with untreated. AhR (100 kD), aryl hydrocarbon receptor; GAPDH (36 kD), glyceraldehyde 3-phosphate dehydrogenase. CYP1A1/CYP1B1 enzyme 

activity by ethoxyresorufin-O-deethylase assay analysis in following 24 h PAH mixture treatment or treatment with 1 µM BaP single chemical.
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tumor cells to adapt and overcome stress-mediated cell death 
stimuli, we assessed the PAH mixture treated cells for markers 
of an adaptive stress response signaling pathway. We have re-
cently (68) reported a dominant role of X-linked inhibitor of 
apoptosis protein (XIAP, potent antiapoptotic protein and regu-
lator of nuclear transcription factor NFκB and its target genes 
like SOD1) in enhancing aggressive breast cancer tumor growth 
and hyperproliferative phenotype (36,69,70). Indeed, PAH mix-
ture treatment caused upregulation of XIAP and SOD1 pro-
teins (Figure 4A and B) in ER+ MCF-7 and T47-D breast cancer 
cell lines.

Integrating our abovementioned quantitative signaling data 
following PAH exposure with earlier reports indicating crosstalk 
between XIAP and NFκB pathways (44,45) and transcriptional 
activation of AhR by NFκB (46), we constructed a mathemat-
ical model to predict the dynamics of PAH exposure and sur-
vival signaling in MCF-7 ER+ cells. The model predicts that even 
without PAH treatment, the system is bistable, i.e. cells can exist 
in a high XIAP/high NFκB/high AhR or a low XIAP/low NFκB/low 
AhR state. However, upon PAH treatment, two key changes are 
observed. First, intrinsic levels of AhR increase approximately 
twice (compare the lower green branch versus lower blue 
branch). Second, PAH treatment stabilizes the high XIAP/high 
NFκB/high AhR state; the difference in AhR levels between the 
two states is higher upon exposure to PAH as compared with 
that when the cells are not exposed to PAH, thereby making the 

transition from high XIAP/high NFκB/high AhR to low XIAP/low 
NFκB/low AhR state even more difficult (compare the length of 
dotted black arrows between green curves and those between 
blue curves in middle) (Figure 4C). Based on the aforementioned 
signaling and mathematical model datasets, a schema of the 
signaling implications of PAH mixture treatment on activation 
of AhR and ER, and upregulation of AhR responsive proteins 
CYP1A1/CYP1B1, SOD1 and antiapoptotic XIAP in ER+ cells is 
shown in Figure 4D.

Discussion
Elucidating the impact of complex chemical mixtures in our en-
vironment, in particular those identified as carcinogens of con-
cern, is of significant interest in tumor biology and therapeutic 
outcomes. This study investigated, and to our knowledge is the 
first to report, the mitogenic signaling effects of a pore-water 
extract from the river sediments of a Superfund site in normal, 
ER+ and ER− breast cancer cells. Our previous studies revealed 
that this sediment extract is enriched with PAHs, in particular 
36 separate PAH compounds detected using mass spectrometry 
(28,29), many of which also have potential carcinogenic prop-
erties (30). Herein, using previously published datasets, we first 
determined that the Superfund-derived extract is representa-
tive of a complex endocrine-disrupting mixture of compounds, 
which can potentially perturb ER and AhR pathway signaling. 

Figure 3. Treatment with low-dose PAH mixture exacerbates aggressive triple negative tumor organoid formation. (A) Schema of tumor organoid growth assay. (B) 

Representative images, (C) area quantification and (D) western immunoblots for XIAP and SOD1 with densitometry values normalized to GAPDH of SUM149 inflamma-

tory breast cancer cell line 3D organoids treated with PAH mixture for 72 h. Scale bar = 500 µm. BaP, benzo(a)pyrene; Ctrl, 5 µM chlorothalonil cytotoxic chemical con-

trol; GAPDH (36 kD), glyceraldehyde 3-phosphate dehydrogenase; SOD1 (23 kD), superoxide dismutase; XIAP (53 kD), X-linked inhibitor of apoptosis protein. *P < 0.05, 

***P < 0.001.
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The estrogenic activity seemed largely due to the result of me-
tabolites, hydroxy, quinoid or ketone derivatives of its PAH com-
ponents consistent with previous reports (20,47–54). We also 
determined that the mixture has high potential toxicity, with 
a TEQ much higher than that of BaP alone, a potent carcinogen 
on its own.

To identify physiologically relevant concentrations of the PAH 
mixture for cell-based studies, we first conducted reverse dos-
imetry modeling to determine mean US adult exposure to four 
select PAHs in the sediment extract. Only four PAH urinary me-
tabolites—naphthalene, fluorene, phenanthrene and pyrene—
are available in this database, however, all four are on the USEPA 
list of priority PAHs due to their potential carcinogenic concern 
(71), and all are present at high concentrations in the sediment 
extract. Additionally, urinary metabolites are an accepted and 
previously used method by which to estimate exposure to PAHs 
(72–74). Based on the calculated estimates of exposure, we 
selected 6, 30 and 300 nM of PAH mixture as representative low 
doses (6 nM doses relevant to average exposure, while 30 and 
300  nM are more pertinent to vulnerable subpopulations ex-
posed to potential higher PAH exposure conditions).

The impacts of individual PAH chemical exposures in 
breast cancer cells, including MCF-7, have been well studied 
(75–77). However, the effects of a well-characterized complex 
PAH mixture relevant to human exposure in cancer models 
is lacking. Therefore, our observations that the Superfund-
derived mixture with known PAH components causes 
upregulation of ER levels, AhR activity and downstream 

increase in antiapoptotic and antioxidant proteins in ER+ cells 
and enhances a proliferative phenotype in both ER+ and ER− 
cells (tumor organoid growth) is of significance. The ability of 
AhR to recruit ER to AhR-regulated genes has been previously 
described, as well as the ability of AhR to control ER signaling 
(78–80). This modulation includes recruitment of ER to AhR 
growth factor targets, which we speculate may reinforce any 
proliferative abilities of the PAH compounds in the mixture. 
Recently, we reported the mitogenic effect of EDCs like bis-
phenol A, as single agents, in increasing breast cancer prolif-
eration and therapeutic resistance (27).

AhR has also been found to be constitutively active in 
many cancers (81), including aggressive breast cancers (82,83), 
in contrast to insignificant levels found in normal breast cells 
like HME1 (67) used in the current study wherein the PAH treat-
ments had no effects. A mathematical model was constructed 
representing the relationship between PAH ligand and AhR 
and including the relationship between XIAP and master 
transcriptional regulator NFκB. This model showed that PAH 
chemical presence in the cellular system leads to more stable 
and higher AhR and XIAP levels. This model incorporated data 
from MCF-7 ER+ cells, and further contributes to the possi-
bility of upregulated survival and stress response signaling via 
XIAP as mechanisms of cell survival in ER+ breast cancer cells. 
Taken together, these results demonstrate that a complex 
PAH mixture, representing a model class of environmental 
chemicals, has the potential to induce and stabilize/main-
tain a hyperproliferative cellular phenotype characterized by 

Figure 4. Treatment with low-dose PAH mixture increases survival signaling in ER+ breast cancer cells stabilized by high XIAP levels. (A) Cropped immunoblots with 

densitometry values normalized to GAPDH and compared with untreated cells for XIAP and SOD1 for (A) MCF-7 and (B) T47-D cells following 24 h treatment with 

low-dose PAH mixture. GAPDH (36 kD), glyceraldehyde 3-phosphate dehydrogenase; SOD1 (23 kD), superoxide dismutase; XIAP (53 kD), X-linked inhibitor of apoptosis 

protein. (C) Bifurcation diagram showing how cells can switch back and forth between high AhR and low AhR states. Solid lines represent stable states, dotted red lines 

unstable steady states. Blue curve represents the case when cells are treated with PAH, green curve denotes the case when cells are not treated with PAH. (D) Classic 

toxicant and oncogenic pathways affected by our low-dose PAH mixture treatment, allowing for increased cancer cell proliferation and survival.
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enhanced AhR, and XIAP-mediated stress response survival 
signaling.

Supplementary material
Supplementary data are available at Carcinogenesis online.
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