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Abstract 

 Polycyclic aromatic hydrocarbons (PAHs) are a class of carcinogenic endocrine 

disrupting chemicals (EDCs), produced from incomplete organic fuel combustion. Human 

exposure is often chronic in response to complex chemical mixtures. Although multiple studies 

study the effects of single EDCs such as bisphenol A and benzo(a)pyrene on cancer incidence 

and cell growth characteristics, the mechanistic effects of complex mixtures of EDC/PAH are 

largely unknown. In order to test the hypothesis that chronic treatment with a physiologically 

relevant mixture and dose will increase mitogenic signaling resulting in cancer cell proliferation, 

this study developed two breast cancer cell chronic exposure models to test a PAH mixture 

derived from a former USEPA Superfund site. Treatment dosage were determined by assessing 

U.S. adult exposure metabolite data from National Health and Nutrition Examination Survey 

(NHANES). Following treatment (12 weeks), clonal population of estrogen receptor/ER+MCF-

7-Pmix(3nM) and ER-SUM149-Pmix(6nM) were isolated. The MCF-7-Pmix(3nM) and SUM149-Pmix(6nM) 

variants had decreased AhR, ER and antioxidant (SOD1) levels. Decrease in AhR corresponded 

with suppressed target CYP1A1 activity. Additionally, imaging of tumor organoids derived from 

the SUM149 and SUM149-Pmix(6nM) cells revealed differential morphological characteristics. 

These signaling and phenotypic effects in the chronic PAH mixture variant cells were not 

observed in cells treated with acute (24h) treatment at similar doses. In conclusion, this study has 

led to the generation of PAH-tolerant breast cancer cell lines that can serve as models to further 

elucidate effects of low dose environmental chemicals on aggressive characteristics of breast 

cancer progression and resistance to targeted therapeutics like AhR and ER antagonists. 
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Introduction 

A. Endocrine disrupting chemicals (EDCs) and breast cancer 

Among women, breast cancer is the most commonly diagnosed type of cancer and the 

second leading cause of cancer death (Bray et al., 2018). According to the American Cancer 

Society (2017), one in eight women will be diagnosed with invasive breast cancer in the United 

States in their lifetime. Disparities in the development and progression of aggressive and advanced 

breast cancers remain, even when adjusting for genetic and physiological differences (Gray et al., 

2009). This suggests that other factors, such as environmental factors, may play a large role in the 

disease. 

Endocrine disrupting chemicals (EDCs) are widespread in the environment and can mimic 

hormones, thus interfering with hormonal processes and signaling in the body that is responsible 

for the maintenance of homeostasis and regulation of developmental processes. EDCs have also 

been linked with increased incidence of hormone-driven cancers, such as breast cancers (Gray et 

al., 2009). While human EDC exposures often occur chronically at very low doses and in complex 

mixtures, there is a lack of studies in the scientific literature on the chronic effects of EDC mixture 

exposure on breast cancer cells at physiologically relevant doses. 

B. Polycyclic Aromatic Hydrocarbons are a representative class of EDCs 

Polycyclic aromatic hydrocarbons (PAHs) are a large class of EDCs that are products of 

incomplete organic fuel combustion. PAHs are ubiquitous in the environment and commonly 

formed from the burning of organic material such coal, oil, gas, wood, garbage and tobacco smoke 

(CDC, 2017). Human exposure to PAHs occurs through inhalation, ingestion, and skin contact 

routes (CDC, 2017) and occurs in complex mixtures making it difficult to attribute experimentally 

derived health effects to specific PAHs. Many PAH compounds have been identified as 
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carcinogenic or mutagenic, including naphthalene, the simplest PAH compound structure (IARC, 

2010). 

C. PAHs traditionally target the aryl hydrocarbon receptor (AhR) pathway 

PAHs are most well-known to interact with the aryl hydrocarbon receptor (AhR), and 

impact downstream metabolic signaling (Soto & Sonnenschein, 2010). PAH have varying binding 

affinity for the AhR, which can consequently upregulate levels of cytochrome p450 enzymes such 

as CYP1A1 and CYP1B1 that are responsible for metabolizing PAH compounds (Dietrich, 2016). 

The activation of AhR also has antioxidant functions by promoting the transcription of proteins 

such as superoxide dismutase (SOD1), that protect the cell against increased levels of ROS. As 

seen in Schema 1, CYP1A1 can increase ROS levels through metabolization of PAHs, often 

producing hydroxy metabolites (Vondáček, 2018), and increased levels of SOD1 also help to 

reduce this ROS production. The balance between levels of ROS and antioxidant proteins can 

determine the oxidative stress state of the cell, potentially affecting cell survival. 

Additionally, AhR has been found to have a compounding effect with increased estrogen 

receptor activity (Vondáček, 2018). Many PAHs are capable of hormone mimicry and have 

binding affinity for the estrogen receptor (ER), causing increases in estrogenic activity (Kavlock, 

1996). The activation of ER results in increased transcriptional activity, known to promote 

proliferation in ER positive breast cancer cells (Vondáček, 2018). Activated AhR has been 

suggested to provide inhibitory crosstalk for the ER (Vondáček, 2018), but is also known to 

redirect ER-a to AhR responsive elements in the genome, subsequently causing their upregulation 

(Matthews, 2006). Thus, significant crosstalk between the AhR and ER pathways can potentially 

amplify the impacts of PAHs from the AhR pathway and, therefore, impacting proliferative 

signaling in breast cancer cells. 
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D. Mounting evidence that PAHs can impact cell survival pathways 

In previous studies, acute (24hr) treatment of breast cancer cell lines with single EDC 

compounds such as bisphenol A (BPA) and 2,2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane 

(HPTE) has been shown to upregulate epidermal growth factor receptor (EGFR) and downstream 

mitogenic and anti-apoptotic/cell death signaling (Sauer et al., 2017). Evans et al. (2018) expanded 

on the link between mitogenic and cell death signaling in cancer cells, showing that potent X-

linked inhibitor of apoptosis protein (XIAP) is regulated by MAPK-interacting kinases (MNK), 

and successfully merges a mitogenic pathway involving EGFR-induced mitogen-activated protein 

kinase (MAPK) signaling (including extracellular signal-regulated kinases (ERK)) with NFκB 

(Nuclear Factor Kappa-light-chain-enhancer of activated B), a protein complex which controls 

transcription of DNA and is a distinct feature amongst aggressive breast cancers. This axis was 

named the MNK-XIAP-NFκB axis (Schema 1), and if impacted by PAH treatment, could provide 

a mechanistic link between PAH exposure and breast cancer cell survival. Indeed, acute (24hr) 

treatment with PAH mixture has shown an increase in XIAP protein levels in estrogen receptor 

positive breast cancer cells (Gearhart-Serna et al., 2017), and further work is needed to determine 

the effects of PAH treatment on other aspects of the MNK-XIAP-NFκB axis. 
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Schema 1. Pathways of interest for PAH mixture exposure effects on breast cancer cells. PAH 

compounds traditionally target the AhR and ER pathways but could also affect MNK-XIAP-NFκB 

axis, impacting both proliferation and cell survival via increased mitogenic signaling and inhibited 

cell death signaling. Based on: (1) CDC (2017); (2) Tan, Chang, Puga, & Xia (2002); (3) Soto & 

Sonnenschein (2010); (4) Kavlock (1996); (5) Vondáček (2018); (6) Evans et al. (2018); (7) 

Dietrich (2016). 
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E. Experimental Objectives and Hypothesis 

 Although there is a multitude of data in the literature on single PAH compound effects on 

cells including breast cancer cells, little is known regarding the effects of chronic, physiologically 

relevant treatment of a complex PAH mixture on breast cancer cells. Since PAH exposure in 

humans occurs chronically and at low doses, there is a great need for these studies. The objectives 

of this study were (1) to conduct an exposure assessment to determine doses of PAH mixture 

relevant to U.S. adult  exposure that can be used in vitro; (2) to develop variant breast cancer cell 

line models of estrogen receptor positive and triple negative receptor subtypes exposed chronically 

(12 week) to these PAH mixture doses; and (3) to characterize these variant cell lines and 

determine the effects of chronic (12 week) PAH mixture treatment on breast cancer cell 

progression, including proliferation, viability, AhR pathway, and cell death signaling. I 

hypothesized that chronic (12 week) treatment of breast cancer cells with physiologically relevant 

doses of a complex PAH mixture will not only recapitulate more relevant exposure parameters, 

but also cause increased breast cancer progression via increased mitogenic and cell death signaling 

(MNK-XIAP-NFκB axis), increasing AhR pathway signaling (AhR-SOD1-CYP1A1) and, for 

cells that are ER positive, increased estrogen receptor (ER) activity. This increase in activity was 

expected to result in increased proliferation and tumor organoid size. Results of this study were 

expected to provide mechanistic insights into whether chronic PAH mixture exposure can impact 

tumor cell survival and proliferation, and if there is hormone receptor subtype specificity, which 

could have implications for patient prognosis and response to therapy. 
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Methods 

PAH Compound Adult Intake Rate Analysis 

Urine metabolite ranges for four PAHs (naphthalene, fluorene, phenanthrene, and pyrene) 

were collected from the U.S. CDC National Health and Nutrition Examination Survey (NHANES) 

during the period 2005-2013. Using the excretion fractions, standardized daily adult urine output, 

and average adult weight obtained from the literature (Appendix B), as well as the patient’s 

metabolite concentrations, the daily adult intake rate was estimated (Eq. 1). The first, second, and 

third quartile were taken for each PAH chemical and compared to the concentrations in my PAH 

mixture to find relevant doses reflective of low-, median-, and highly-vulnerable populations.  

Intake Rate (μg/kg-day) = 
Urine Metabolite Concentration (μg/L) × Urine Output (L/day) × MWparent (g/mol)

Urinary Excretion Factor × Adult Weight (kg) × MWmetabolite (g/mol)
 (Eq. 1) 

 

Cell Culture and Reagents 

SUM149 cells were cultured in F-12 HAM medium containing 5% FBS (non-heat 

inactivated), 5μg/mL insulin, 1μg/mL hydrocortisone, 10mM HEPES and 1% 

penicillin/streptomycin. MCF-7 cells were cultured in DMEM media with 10% FBS (not heat 

inactivated), 10μg/mL insulin, and 1% penicillin/streptomycin. Cell lines MCF-7 and SUM149 

were seeded in a six-well plate and media was replaced daily for twelve weeks with desired 

concentrations of PAH mixture (untreated, 1nM, 3nM, 6nM PAH mixture) at 37C and 5% CO2 

(Fig. 1C). The complex PAH mixture was a generous gift from Dr. Rich Di Giulio’s lab in the 

Nicholas School of the Environment, as pore water extract collected from a former U.S. 

Environmental Protection Agency (US EPA) Superfund site in Portsmouth, Virginia. Chronic 

PAH treated variant cell lines that remained after twelve weeks were labeled according to their 

treatment such as MCF-7-Pmix(3nM) for twelve week treated MCF-7 cells with 3nM PAH mixture, 
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and SUM149-Pmix(6nM) for twelve-week treated SUM149 cells with 6nM PAH mixture. Cells were 

maintained in treatment media for ongoing experiments, with the addition of acute (24hr) treatment 

on untreated SUM149 cells. 

 

MTT 2D Proliferation Assay 

Cells were seeded at 4,000 cells per well into a 96-well flat bottom plates and incubated 

overnight at 37C. After 24hr, the old media was aspirated and 100μL of treatment media was 

added to each well with desired concentrations of PAH mixture (untreated, 1nM, 3nM, 6nM PAH 

mixture) depending on specified cell line (MCF-7-Pmix(3nM) and SUM149-Pmix(6nM)) as well as acute 

(24hr) 6nM PAH mixture treatment. Following a 24hr incubation period, 20μL MTT [3(4,5-

dimethylthlthiazol-2-yl)-2,5-diphenyltetrazolium] (use 5mg/mL stock to attain 0.5mg/mL final) 

was added to each well. After incubating for 2h, the reagent was aspirated and replaced with 100μL 

DMSO in each well. Absorbance was read at 570nm using a BMG Fluostar Optima plate reader. 

 

Ethoxyresorufin-O-deethylase (EROD) Activity Analysis 

Cells were seeded in a 6-well plate at 100,00 cells per well. Following 24hr, media was 

aspirated and replaced with treatment media containing desired concentrations of PAH mixture for 

SUM149-Pmix(6nM), along with acute (24hr) treatment of SUM149 untreated. After 24hr of 

treatment, cells were washed twice with DPBS, then incubated at 37C for 1h with 2mM 

ethoxyresorufin in reaction buffer (50mM Tris, 0.1M NaCl, 6.23mM MgCl2). A 100μL aliquot of 

the assay supernatant was transferred to a black-well clear bottom 96-well, and fluorescence was 

read in a BioTek fluorescence plate reader at excitation  (530nm)/emission  (590nm). 
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Trypan Blue Exclusion Viability Assay 

Cells were seeded in a 12-well plate at 30,000 cells per well and treated with desired 

concentrations of the PAH mixture. Following 24hr, the cells were trypsinized, and resuspended 

in medium. The resuspended cells were centrifuged at 1600 RPM for 4min. After aspirating the 

supernatant, 70μL of cold DPBS was added to the pellet. An aliquot of cell suspension was mixed 

with equal volume of 0.4% trypan blue solution. Cell numbers were counted from 10μL of the 

mixture using a hemocytometer and viable white cells and dead blue cells were counted. 

 

Tumor Organoid Growth Assay 

2.25% PEG media solution was placed in a warm water bath, vortexed, and filtered using 

a 0.2μm filter. SUM149 cells were seeded at 10,000 cells per well in an ultra-low attachment plate 

with pre-treated media where applicable. Treatment media added was dependent on cell line, 

SUM149-Pmix(6nM) as well as the addition of acute (24hr) 6nM PAH treatment to SUM149 

untreated. The plate was placed on the BellyDancer apparatus at 40rpm. The tumor organoids were 

imaged at 4x magnification every 24hr for 96h and tumor organoid area was quantified using 

ImageJ. 

 

Western Immunoblot Analysis 

Protein concentration in samples was measured using NanoDrop 2000 Pierce 660nm assay. 

Western immunoblotting was performed, and membranes were kept overnight in primary 

antibodies for AhR, ER, EGFR, ERK, XIAP, SOD1, and GAPDH proteins at 1:1000 

concentration. Membranes were washed and incubated with anti-mouse or anti-rabbit HRP 

secondary antibodies for 1 hour at room temperature. Membranes were placed in ECL detection 
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reagents and then exposed to radiographic film. Densitometric analysis was performed using 

ImageJ with GAPDH as loading control and normalized to untreated cells.  
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Results 

1. Assessment of U.S. adult PAH exposure to calculate relevant in vitro doses  

The second quartile (median) intake rates of U.S. adults estimated for naphthalene, 

fluorene, phenanthrene and pyrene PAH compounds were 0.1308ug/kg-day, 0.0156ug/kg-day, 

0.0427ug/kg-day, and 0.0342ug/kg-day, respectively. The first quartile (lower) intake rates 

estimated for naphthalene, fluorene, phenanthrene and pyrene were 0.0563ug/kg-day, 

0.0068ug/kg-day, 0.0214ug/kg-day, and 0.0156ug/kg-day, respectively. The third quartile (higher) 

mean intake rates estimated for naphthalene, fluorene, phenanthrene and pyrene were 

0.2979ug/kg-day, 0.0362ug/kg-day, 0.0828ug/kg-day, and 0.0769ug/kg-day, respectively (Fig. 

1A). When summed and compared to the in vitro complex PAH mixture, “median” PAH exposure 

was determined to be equivalent to 3nM PAH mixture, “lower” exposure comparable to 1nM PAH 

mixture, and “higher” exposure for vulnerable populations comparable to approximately 6nM 

PAH mixture (Fig. 1B). Use of these doses for in vitro treatment of two breast cancer cell lines 

and endpoint analyses conducted following 12 weeks of treatment, for MCF-7 estrogen receptor 

positive and SUM149 triple negative cell lines, is shown in Fig. 1C.  
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Figure 1. Chronic PAH mixture treatment dosage estimation based on biomarker data and 

experimental flowchart. Total intake exposure estimated for four PAH compounds and in sum, 

calculated for U.S. adults from CDC NHANES survey 2005-2014 biomarker data, stratified into 

first, second, and third quartiles. (B) Summed intake exposure for the four PAH compounds in the 

exposure assessment compared to equivalent doses of complex PAH mixture for first, second, and 

third quartile exposure. (C) Experimental flowchart showing cell lines, PAH mixture doses used 

representative of first, second, and third quartile mean exposures, and endpoint assays conducted 

following chronic treatment of cell lines with PAH mixture (12 week). 

 

B. 

C. 

A. 
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2. Development of chronic PAH mixture treated breast cancer cell lines 

 MCF-7 cells treated with 1nM, 3nM, or 6nM PAH mixture survived for 7 weeks of 

treatment, although 1nM and 6nM treated cells had clearly decreased viability at this time (Fig. 

2). By 9 weeks of treatment the 6nM cells were deceased, and by week 11 prior to endpoint assays, 

1nM treated cells were also deceased. This left only untreated and 3nM treated MCF-7 cells for 

endpoint assays, creating variant cell line MCF-7-Pmix(3nM). SUM149 treated and untreated cells 

all survived for 9 weeks, but 1nM and 3nM treated cells had greatly decreased viability at this time 

and by week 11 prior to endpoint analysis, both 1nM and 3nM treated cells were deceased (Fig. 

5). This left only untreated and 6nM treated SUM149 cells for endpoint assays, creating variant 

cell line SUM149-Pmix(6nM). At 12 weeks, viability was not significantly different between 

untreated and treated variant cell lines for MCF-7 or SUM149 cells (Fig. 3A, 6A).  
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Figure 2. Chronic PAH mixture treatment impacts cell growth in estrogen receptor-

positive breast cancer cells. Representative images of MCF-7 cells untreated or treated with 1, 

3, or 6nM PAH mixture over 12 weeks at week 1, 3, 5, 7, 9, 11, and 12.  
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Figure 3. Chronic PAH mixture treatment decreases proliferation in estrogen receptor-

positive breast cancer cells. (A) Fold-change in viability relative to untreated cells by Trypan 

blue viability assay and (B) 2D proliferation by MTT assay at 12 weeks post-treatment, for 

MCF-7-Pmix(3nM) cells relative to untreated cells. **p<0.01 

 

 

B. 

A. 
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Figure 4. Chronic PAH mixture treatment downregulates AhR and survival pathway 

proteins in estrogen receptor-positive breast cancer cells. Western immunoblot of MCF-7 and 

MCF-7-Pmix(3nM) cells, following 12 weeks of treatment, for XIAP, SOD1, AhR, ER, EGFR, 

ERK, and GAPDH proteins. XIAP = X-linked inhibitor of apoptosis protein, SOD1 = superoxide 

dismutase, AhR = aryl hydrocarbon receptor, ER = estrogen receptor, EGFR = epidermal growth 

factor receptor, GAPDH = glyceraldehyde 3-phosphate dehydrogenase. Experiments are 

ongoing, therefore, these western immunoblots will be reran for further analysis. 
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Figure 5. Chronic PAH mixture treatment impacts cell growth in estrogen receptor-

negative breast cancer cells. Representative images of SUM149 cells untreated or treated with 

1, 3, or 6nM PAH mixture over 12 weeks at week 1, 3, 5, 7, 9, 11 and 12.  
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Figure 6. Chronic PAH mixture treatment appears to not impact viability and proliferation 

in estrogen receptor-negative breast cancer cells. (A) Fold-change in viability by Trypan blue 

viability assay and (B) 2D proliferation by MTT assay at 12 weeks post-treatment relative to 

untreated cells, for SUM149-Pmix(6nM) cells. 

 

  

B. 

A. 
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Figure 7. Chronic PAH mixture treatment downregulates AhR and survival pathway 

proteins in triple negative breast cancer cells. Western immunoblot of SUM149 and SUM149-

Pmix(6nM) cells, following 12 weeks of treatment, for XIAP, SOD1, AhR, ER, EGFR, ERK, and 

GAPDH proteins. XIAP = X-linked inhibitor of apoptosis protein, SOD1 = superoxide 

dismutase, AhR = aryl hydrocarbon receptor, ER = estrogen receptor, EGFR = epidermal growth 

factor receptor, GAPDH = glyceraldehyde 3-phosphate dehydrogenase. Experiments are 

ongoing, therefore, these western immunoblots will be reran for further analysis. 

 

 

 

 

 



 22 

3. Characterization of newly developed chronic PAH treated variant cell lines 

 MCF-7-Pmix(3nM) cells exhibited decreased AhR, ER, and SOD1 protein levels, and 

increased in XIAP when normalized to MCF-7 0nM PAH (Fig. 4). There was no change in ERK 

protein levels and EGFR was virtually non-existent (Fig. 4). As determined by MTT 2D 

Proliferation Assay, there was a statistically significant decrease in MCF-7-Pmix(3nM) cells as 

opposed to parental MCF-7 cells (p<0.01) (Fig. 3B). 

SUM149-Pmix(6nM) cells exhibited decreased AhR, ERK, XIAP, and SOD1 protein levels, 

and an increase in EGFR protein level (Fig. 7). ER was virtually non-existent in SUM149 cells. 

2D proliferation was not different between parental SUM149 and SUM149-Pmix(6nM) cells. There 

was however a statistically significant decrease in CYP1A1 activity between SUM149 parental 

and SUM149-Pmix(6nM) cells (p<0.05) (Fig. 8). Representative images of tumor organoid 

formations showed an increase in organoids formed in SUM149-Pmix(6nM) cells compared to 

parental (Fig. 9). Additionally, there was a decrease in tumor organoid size of SUM149-Pmix(6nM) 

cells compared to parental following 96h growth assay (p<0.01) (Fig. 10A). 

 

4. Comparison of short-term PAH treated SUM149 cells 

 To test the potential difference between short-term (24hr) and chronic (12 week) PAH-

treated SUM149 cells, CYP1A1 activity, and tumor organoid growth were assessed between 

parental and 6nM 24hr PAH-treated SUM149 cells. There was no significant change in tumor 

organoid size following 24hr 6nM PAH mixture treatment (Fig. 10B). There was however a 

statistically significant increase in CYP1A1 activity by EROD assay between parental and 24hr 

6nM PAH-treated SUM149 cells (p<0.01) (Fig. 8). 
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Figure 8. Chronic PAH mixture treatment downregulates AhR-targeted CYP1A1 activity 

in triple negative breast cancer cells. CYP1A1 activity by EROD assay at 12 weeks post-

treatment for chronic SUM149-Pmix(6nM) and acute (24hr) 6nM PAH mixture treated parental 

SUM149 cells relative to 12 week long untreated cells. *p<0.05, **p<0.01, #<0.0001 
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Figure 9. Chronic PAH mixture treatment alters tumor organoid growth in triple negative 

breast cancer cells. Three representative images of tumor organoid formations at 24hr, 48hr and 

72hr timepoints for (A) untreated SUM149 cells and (B) chronic SUM149-Pmix(6nM) cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. 

A. 
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Figure 10. Chronic PAH mixture treatment decreases tumor organoid size in triple 

negative breast cancer cells. Fold change in SUM149 tumor organoid area relative to untreated 

following 96h growth assay for (A) chronic SUM149-Pmix(6nM) cells and (B) acute (24hr) 6nM 

PAH mixture treated SUM149 cells. **p<0.01 

 

 

 

 

B. 

A. 
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Discussion 

1. Doses of PAH mixture used in vitro are representative of adult PAH exposure 

 Gearhart-Serna et al. (2018) measured the carcinogenic properties of the four individual 

PAHs included in the intake rate exposure calculations, which included naphthalene, fluorene, 

pyrene and phenanthrene, and found that these four were amongst the top six most highly 

concentrated PAH compounds in the PAH mixture and were also considered cancer-relevant by 

their placement on the USEPA list of priority PAHs (Appendix A). The exposure assessment in 

Gearhart-Serna et al. (2018) used data from 2003-2008 found that PAH exposure is affected by 

multiple factors including race/ethnicity, family income, and smoking status. The highest 

exposure rate based on smoking status was for smokers, followed by those exposed to 

secondhand smoke, while for race/ethnicity the highest exposure rates were for Non-Hispanic 

blacks. These show that these factors and demographics play a role in PAH exposure which 

could be a potential cause for disparities among these groups. However, there is a lack of 

evidence on the potential effects of chronic PAH mixture exposure on breast cancer cell 

signaling and morphology, especially at physiologically relevant doses. NHANES PAH 

metabolite exposure analysis showed that the physiologically relevant doses for low, median, and 

high intake rate exposures were comparable to 1nM, 3nM and 6nM of the complex PAH 

mixture. These doses were used for in vitro treatment of MCF-7 estrogen receptor positive and 

SUM149 triple negative breast cancer cell lines. 

2. Creation of variant chronic cell lines MCF-7-Pmix(3nM) and SUM149 Pmix(6nM) 

 Treatment of SUM149 and MCF-7 breast cancer cells for twelve weeks with the three 

physiologically relevant treatment doses were intended to investigate potential differences 

between low, median and high PAH exposures and their effects on breast cancer cells of 
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different subtypes. For SUM149 cells, the 6nM PAH treatment dose representative of high 

exposure survived to create the SUM149-Pmix(6nM) variant cell line. For MCF-7 cells, the 3nM 

PAH treatment dose representative of median exposure survived to create the MCF-7-Pmix(3nM) 

variant cell line. At 12 weeks of treatment, there was no difference in viability between untreated 

parental cells and PAH treated cells for both MCF-7 and SUM149 (MCF-7-Pmix(3nM) and 

SUM149-Pmix(6nM)). This suggests a higher tolerance of SUM149 cells to chronic PAH mixture 

treatment than MCF-7 cells, and perhaps that there is a “sweet spot” of exposure which any one 

cell line can or will tolerate in terms of PAHs. For example, very low doses such as 1nM could 

cause ROS to build up at levels which increase cell death signaling, while higher doses may be 

cytotoxic by mutagenesis. More research is needed to explore these possibilities. 

3. Aryl hydrocarbon receptor pathway and hormone receptor status 

Results show clear differences in aryl hydrocarbon receptor and estrogen receptor levels 

based on PAH mixture dose and the hormone receptor status of the cell line. SUM149 is a triple 

negative breast cancer cell line, meaning that it does not respond to estrogen, progesterone, or 

HER2 receptor therapies, and is a highly aggressive inflammatory breast cancer subtype. 

Meanwhile, MCF-7 is a well-known estrogen receptor positive cell line, as is T47-D. This 

difference in hormone receptor status could be the key to differences seen in AhR pathway 

activation, including AhR and SOD1 protein levels and CYP1A1 activity, due to known links 

between estrogen receptor and AhR signaling (Matthews 2006). In MCF-7-Pmix(3nM) cells, 

compared with parental MCF-7 cells, AhR and ER protein levels decreased along with 

downstream AhR pathway protein SOD1. This suggests receptor desensitization following 

chronic treatment with PAH mixture that is independent of the age of the cell line, since parental 

cells grown for 12 weeks did not show the same downregulation. In the literature, AhR levels 
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were also seen to decrease in estrogen receptor positive T47-D breast cancer cells when treated 

for 3.5 months with benzo[a]pyrene (BaP), a polycyclic aromatic hydrocarbon known to be 

highly carcinogenic and a potent AhR agonist (Moore et al., 1996). This study showed that there 

was a concurrent decrease in both AhR and ER protein levels following chronic BaP PAH 

treatment and emphasized the potential interaction between AhR and ER pathways through 

CYP1A1. Therefore, EROD analysis for MCF-7-Pmix(3nM) cells is needed to see if decreased AhR 

and decreased ER levels affects downstream CYP1A1 activity. Additionally, since SOD1 

detoxifies reactive oxygen species (ROS), decreased SOD1 levels could indicate higher levels of 

ROS in the cells leading to a decrease in proliferation, concordant with MTT 2D proliferation 

assay results, and thus ROS measurements could be utilized to further investigate the role of 

PAHs in AhR and ER pathways.  

 SUM149-Pmix(6nM) cells had similar results as MCF-7-Pmix(3nM) with a decrease in AhR 

protein levels along with a decrease in downstream AhR pathway protein SOD1. This is 

concurrent with findings in Moore et al. (1996) and could suggest higher levels of ROS. 

Meanwhile, CYP1A1 activity decreased for SUM149-Pmix(6nM) cells, compared with parental 

SUM149 cells, which implies lower levels of downstream ROS prevented oxidative stress cell 

death, contradicting with interpretation of AhR and SOD1 levels for SUM149-Pmix(6nM). 

However, parental SUM149 cells after acute (24hr) treatment to 6nM PAH mixture increased in 

CYP1A1 activity, compared to untreated SUM149 cells, and could indicate a time dependent 

response for the effects that are seen in SUM149-Pmix(6nM) cells. The different effects seen in 

acute (24hr) treatment and chronic (12 week) treatment emphasizes that our understanding on the 

effects of PAHs on human carcinogenic risk can be improved to become more accurate with a 

more physiologically relevant chronic (12 week) treatment. On top of this, the crosstalk between 
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AhR and ER can be impacting the results as seen in MCF-7-Pmix(3nM) cells. Although SUM149 

cells are unresponsive to the estrogenic effects of PAHs, there was an increase in ER protein 

levels for SUM149-Pmix(6nM) cells which would lead to an increase in CYP1A1 activity, contrary 

to EROD analysis results. Hence indicating that in SUM149-Pmix(6nM) cells, which is ER 

negative, the estrogenic effects are less effective and could be taking a smaller role than AhR or 

other pathways. Additionally, the higher dose for SUM149-Pmix(6nM) suggests that there exists 

higher resistance in SUM149 cells than MCF-7 cells, and therefore suggests a different pathway 

is taken by the PAHs to increase survival.  

4. MNK-XIAP-NFκB pathway response in variant cell line models 

 For the final pathway involving MNK-XIAP-NFκB, MCF-7-Pmix(3nM) cells showed 

consistent findings with Evans et al. (2018) with an increase in ERK protein levels and, 

consequently, an increase in downstream XIAP protein, compared to parental MCF-7 cells. 

However, upstream regulatory EGFR protein decreased in MCF-7-Pmix(3nM) cells, thus 

disagreeing with the potential pathway from Evans et al. (2018) which proposed that ERK and 

XIAP proteins are both dependent on EGFR levels, and as a result showing that there could be 

another mechanistic pathway impacting downstream ERK and XIAP protein levels. When 

focusing on the XIAP protein levels in MCF-7-Pmix(3nM), there should be an increase in survival, 

opposing AhR/ER pathway results. This suggests that XIAP plays a more effective role in 

maintaining MCF-7-Pmix(3nM) viability, where the median 3nM PAH mixture dose represents the 

tolerable dose, in spite of decreased proliferation. Therefore, viability analysis for MCF-7-

Pmix(3nM) is needed to see if the increase in XIAP increases cell viability and survival. 

 SUM149-Pmix(6nM) cells showed a link between ERK and XIAP protein levels, as in 

Evans et al. (2018), but no link with EGFR protein levels for the MNK-XIAP-NFκB pathway. 
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SUM149-Pmix(6nM) cells had a decrease in downstream ERK and XIAP protein levels with an 

increase in upstream EGFR levels. This opposite effect from MCF-7-Pmix(3nM) cells suggests that 

there could be a different mechanistic pathway for SUM149 cells that could be due to the higher 

dosage or structural differences. Moreover, even with the decrease in XIAP protein levels 

(implying a decrease in survival and proliferation) there was no change in proliferation and 

viability based on MTT 2D proliferation and Trypan blue exclusion assays, respectively, for 

SUM149-Pmix(6nM) cells compared to parental SUM149 cells. Overall, this suggests that 

antiapoptotic XIAP protein levels might not play a large role in SUM149-Pmix(6nM) cells as it does 

in MCF-7-Pmix(3nM) cells. 

5. Chronic PAH mixture treatment effects on tumor organoid formation 

 SUM149-Pmix(6nM) cells were analyzed using tumor cell organoid formation assay, 

compared to parental SUM149 cells. Tumor organoid formation was affected by PAH mixture 

dose. The decrease in organoid size in SUM149-Pmix(6nM) would suggest a decrease in aggressive 

tumor formation capabilities. However, Sauer et al. (2017) focused on the quantity of organoids 

formed and showed a similar increase in spheroid counts after high dosage treatment to 

Bisphenol A (BPA), another endocrine disrupting chemical. Therefore, even though SUM149-

Pmix(6nM) cells did not form larger organoids, than parental SUM149 cells, smaller organoids in 

higher quantities could be considered more aggressive if it increases metastatic capabilities. 

Additionally, acute (24hr) 6nM PAH mixture treated parental SUM149 cells showed no change 

in tumor organoid size when compared to untreated parental SUM149 cells. This suggests that 

the decrease in size in SUM149-Pmix(6nM) cells is dependent on the length of treatment and 

indicates that the number of organoids formed is a result of the PAH mixture treatment. Thus, 
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invasion and migration assays are needed to test if chronic (12 week) treatment to 6nM PAH 

increases metastatic capabilities, along with quantifying the number of tumor organoids formed. 

6. Summary and future directions 

 In conclusion, results show that each variant cell line is affected differently based on dose 

of PAH mixture, and could be due to cell surface receptor status, or overall effectiveness of 

individual proteins. Focusing on potential pathways, it was seen that the crosstalk between AhR 

and ER pathways is significant in MCF-7-Pmix(3nM) cells, meanwhile, AhR pathway alone is 

significant in SUM149-Pmix(6nM). This indicates that the AhR pathway plays an important role in 

both variant cell lines, but its effects have yet to be fully understood. Loaiza-Pérez et al. (2004) 

noted that AhR-deficient variant of MCF-7 breast cancer cells exhibited cellular resistance to 

aminoflavone, a new drug being researched to treat cancer. Furthermore, this shows the potential 

for decreased efficacy in treatments using AhR or ER antagonists in variant cell lines because of 

the decrease in AhR/ER protein levels. Future studies will use the variant cell lines MCF-7-

Pmix(3nM) and SUM149-Pmix(6nM) to assess ROS levels and investigate invasive and migratory 

capabilities in vitro and in vivo despite decreased AhR pathway signaling (Arora et al., 2017). 

More importantly, the efficacy of drug treatments needs to be looked into to improve treatments 

especially for vulnerable populations with high exposure to PAHs. Considering the differences 

seen between acute (24hr) and chronic (12 week) treatment with PAH mixture on CYP1A1 

activity, and tumor organoid size in SUM149 cells, future work will also compare chronic and 

acute treatment of MCF-7 cells to determine if there are differential effects based on hormone 

receptor status in terms of treatment length and effects. These studies will continue to elucidate 

effects of chronic, physiologically relevant EDC mixture exposure on breast cancer cells with 

implications for improving treatments for breast cancer patients.  
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Appendix A 

 

Table 1. Complex PAH mixture composition 

Complex PAH mixture composition was determined to be cancer-relevant in (Gearhart-Serna et 

al., 2018). Naphthalene, phenanthrene, fluorene and pyrene are among the most highly 

concentrated PAH compounds in the mixture and are considered cancer-relevant according to the 

USEPA list of priority PAHs. Table obtained from (Gearhart-Serna et al., 2018). 
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Appendix B 

Table 2. Exposure Assessment Model Inputs 

Values and sources for standardized adult urine output, adult body weight, urinary excretion 

fractions, and molecular weights used for exposure assessment calculations. 
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