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Project Description

This Major Qualifying Project (MQP) was completed to satisfy the requirements of both the
Biology & Biotechnology and Professional Writing degrees. The purpose of this project was to
expand on current knowledge in the field of stress granule biology as well as apply this
knowledge to public health through conduction of an epidemiological study. These studies
worked collaboratively to contribute to the field of stress granule biology and lay the
groundwork for further studies into the implications of bisphenol analogue exposure and stress
granule formation on human health. To complete this combined MQP, I conducted lab work
studying stress granule formation in response to BPA under the guidance of Dr. Natalie Farny
and conducted an epidemiological study on the incidence of female reproductive cancers in
correlation with socioeconomic status in NY state under the guidance of Dr. Brenton Faber.

This full MQP report is a compilation of the work completed for both majors, written by myself.
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Abstract

Bisphenol A (BPA) is a component of polycarbonate plastics and epoxy resins that activates the
cellular stress response, triggering formation of stress granules (SGs). The pathway of
BPA-induced SG formation has yet to be elucidated. It was hypothesized that BPA induces SGs
through GPER1, a G protein coupled estrogen receptor. Use of an agonist (G1) and antagonist
(CIMBA) suggest that GPER1 plays a role in BPA-induced SGs. SGs are believed to be
cytoprotective. Repeat exposure to BPA is thought to compromise this protective mechanism,
leading to increased disease risk. An epidemiologic study was conducted to examine the
relationship between female reproductive cancers (FRCs) and socioeconomic status as a marker
of BPA exposure, and a linear relationship was observed in NY state.



Introduction

Overview of BPA and bisphenol analogues

Bisphenol A, also known as BPA, is a synthetic chemical widely used in the production of
polycarbonate plastics, epoxy resins, and other consumer products such as toys, electronics, and
medical supplies (Chen, Kannan,

Tan, et al, 2019). While bisphenol _

analogues differ in their overall "]
chemical structure, all contain two " " '
hydroxyphenyl groups, as shown - ) |  —~

in Figure 1, and are utilized in ,

commercial manufacturing for

similar purposes. The image to

the right shows the chemical

structures of BPA and several

common bisphenol analogues _ ||
(Chen, Kannan, Tan, et al, 2019).
Bisphenol analogues have grown
in use as an alternative to BPA
due to the implementation of
policies banning BPA in

AT

Figure 1. Chemical struciures of BPA and bisphenol analogues. Reproduced from Chen et. al, 2009,

consumer products for its

observed effects on human health.

BPA has been described as an estrogen-mimicking endocrine disruptor (EED), although the exact
mechanism of endocrine disruption is unknown. Exposure to EEDs is associated with many
adverse health conditions, such as male and female infertility, polycystic ovarian syndrome
(PCOS), and estrogen-dependent cancers. Human exposure to bisphenols occurs predominantly
through dermal contact and hand-to-mouth transfer of products containing bisphenols. Research
suggests that dietary sources of bisphenols may increase exposure by at least one order of
magnitude when compared to non-dietary sources (e.g. dermal contact and spatial proximity).
This contamination of food with bisphenols often occurs through contact between foodstuffs and
their containers, such as with canned foods. Biomonitoring of human bisphenol exposure is
primarily conducted via urinalysis and blood serum assessment (Chen, Kannan, Tan, et al, 2019).

Prior Research

In 2016, a group of researchers analyzed the results of an NHANES cross-sectional study
spanning from the years 2003-2008 to examine the correlation between canned food and
beverage consumption and BPA levels in the urine (Hartle, Navas-Acien, & Lawrence, 2016).
This study involved routine urinalysis in conjunction with a 24-hour dietary recall of 6,372
participants over this 5 year period. Other demographics obtained include sex, age, race, Poverty
Income Ratio (PIR), education, and smoking status/exposure. This study found that self-reported
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consumption of canned food within 24 hours of urinalysis resulted in a statistically significant
increase in urinary BPA levels for both adults and children in a dose-dependent manner.
Self-reported consumption of one canned food was associated with a 24% increase in urinary
BPA levels within 24 hours while self-reported consumption of two or more canned foods was
associated with a 54% increase in urinary BPA levels compared to those who reported no canned
food consumption. The researchers also noted differences in the exposure rate based on the type
of food within the can. Compared to those who self-reported no canned food consumption, those
who reported consumption of canned fruits or vegetables experienced, on average, a 41%
increase in urinary BPA within 24 hours. Canned pastas were found to increase urinary BPA
levels by 70% and canned soups were associated with a 229% increase. No correlation between
canned beverage consumption and urinary BPA levels was identified (Hartle, Navas-Acien, &
Lawrence, 2016).

Other epidemiologic studies have been conducted to assess cancer rates and exposure to
carcinogens, such as through smoking, proximity to nuclear radiation, and occupational risk
factors. For example, a review article relating smoking to lung cancer was published in 2012
(Lee, Forey, & Coombs, 2012). This study involved systematic review of 287 studies conducted
in the 1900s containing data collected from patients diagnosed with lung cancer. Meta-data were
stratified based on the following indices: type of lung cancer (e.g. squamous cell carcinoma and
adenocarcinoma); smoking status (never a smoker, ex-smoker, and current smoker); type of
smoking product used (e.g. cigarettes, pipes, and cigars); dose-related metrics (frequency of use,
duration of use, and age of onset); and patient age, sex, and race. The researchers performed
statistical analysis on various combinations of these indices to control for confounding variables
and determine a correlation between smoking and lung cancer (Lee, Forey, & Coombs, 2012).

Numerous in vivo studies, conducted both in human cell lines and mammalian models, have
found that exposure of cells to BPA results in altered cell functions that promote carcinogenesis
through increased proliferation, invasion, and decreased apoptosis across several tissue types
including breast, ovarian, colon, and liver (Chevalier et al., 2012; Prins et al., 2014; Ge et al.,
2014; Wang et al., 2015, 2017, 2019; Ma et al., 2015; Song et al., 2015; Pfeifer et al., 2015;
Jeong et al., 2017; Sauer et al,. 2017; Hui et al., 2018; Qu et al., 2018; Hanafi et al., 2019). BPA
has been found to interfere with cell signaling pathways through interaction with nuclear and
membrane-bound receptors, many of which are involved in reproductive and endocrine function
(Khan, Correia, Adiga, et al., 2021). In this way, reproductive cancers such as breast, ovarian,
and endometrial are of particular interest for those researching BPA as a carcinogen.

One observed cellular effect of BPA is its role in the formation of stress granules (SGs), which
are aggregates of cytoplasmic proteins and mRNA (Fay, Columbo, Cotter, al., 2021). SGs are
highly conserved among eukaryotes and form in response to inhibition of mRNA translation,
which can be triggered by extracellular stressors such as heat shock, UV radiation, and oxidative

10



stress. SGs trigger the integrated stress response (ISR), which slows translation to conserve
energy and activate downstream pathways geared toward cellular survival (Fay, Columbo,
Cotter, al., 2021). BPA causes SG formation through activation of PKR-like endoplasmic
reticulum kinase (PERK), although the mechanism through which BPA activates the PERK
pathway is currently unknown. Chronic exposure to BPA and the associated adverse health
effects may be related to the assembly of SGs and altered induction of the integrated stress

response (ISR).

Integrated Stress Response and Stress Granules
The protein folding environment of the endoplasmic reticulum can be disturbed by cellular
stressors, activating the unfolding protein response (UPR), which is just one component of the
ISR (Cui, Li, Ron, et al., 2011). The goal of the UPR is to reduce the unfolded-protein load and
promote ER protein folding capacity to restore balance. Folding capacity is promoted via
increased expression of protein chaperones and other folding enzymes via IREa and ATF6

activation. There are four mammalian kinases activated during the ISR: heme-regulated elF2a
(HRI), double-stranded RNA-dependent protein kinase (PKR), general control non-depressible
kinase 2 (GCN2), and PERK. Each kinase is activated by a specific cellular stressor and once
activated, all phosphorylate serine 51 on the a-subunit of elF2, resulting in SG formation, and

Figwre 2. Ire |, PERE, aind ATFS psthway

setematic, Reprodissed from Deleon, Wasg, and Amart, 20020

Overview of Estrogen Receptors
Estrogens, the primary female sex hormones, are steroid hormones responsible for female
reproductive function and characteristics. Estrogens bind to extracellular estrogen receptors
(ESRs) that ultimately control gene expression. There are several different types of estrogen
receptors, the most classic of which are the nuclear receptors ESR1 (ER1/ERa) and ESR2
(ER2/ERB) (Fuentes & Silveyra, 2019). Previous research has suggested that BPA-induced SG

ultimately, translational arrest. A
schematic of this pathway is shown in
Figure 2 (Appenzeller-Herzog, 2010).
Long-term, low-dose BPA exposure
can suppress later SG formation,
which should be triggered by acute
stressors, suggesting that chronic BPA
exposure may impact a cell’s ability to
deal with environmental stress (Cui,
Li, Ron, et al., 2011). It is theorized
that this chronic BPA exposure and
the resulting defect in later SG
formation from acute stressors causes
the adverse health effects observed in
humans.
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formation does not function through either of these ESRs, although it is known that the PERK
pathway is activated downstream (Friend, Hoppe, & Wu, 2018). The recently discovered G
Protein-Coupled Estrogen Receptor (GPER1) is a membrane receptor that is responsible for
mediating fast responses to estrogens via activation of extracellular signal-regulated kinases
(ERKSs) (Ho Vo, Hartig, Weinert, et al., 2019). Structurally, GPER1 contains 7 transmembrane
a-helical domains, 4 extracellular domains, and 4 cytosolic domains. GPER1 shows low binding
affinity for estrogen compared to ESR1 and ESR2. Because GPER1 is a membrane receptor,
binding of estrogens to the extracellular domain triggers protein-kinase signaling cascades
involving secondary messengers. There are 4 major cascades currently identified: phospholipase
C (PLC)/protein kinase C (PKCs) pathway, Ras/Raf/MAPK cascade, phosphatidyl inositol 3
kinase (PI3K)/Akt kinase cascade, and cAMP/protein kinase A pathway.

Some mechanisms of crosstalk between genomic and nongenomic pathways have been
described. For example, estrogen-bound nuclear estrogen receptors (ESR1 and ESR2) dimerize
and translocate to the nucleus, where they bind phosphorylated transcription factors from the
GPERI1 pathway. Another mechanism involves interactions at the plasma membrane between
GPERI1 and these nuclear estrogen receptors, which activate protein kinase cascades that
phosphorylate transcription factors, such as AP-1, STATs, and Elk-1, and nuclear estrogen
receptors themselves. Figure 3 shows a diagram of these estrogen receptor pathways (Deleon et
al., 2020).

EGFR T g g sl
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Figure 3. ESR1, ESR2, and GPER] pathway crosstalk schematic. Reproduced
from DeLeon, Wang, and Arnatt, 2020.
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Activation of PERK via GPERI1

Several studies have shown that the PERK pathway is activated downstream of GPER1 is several
contexts, including cell proliferation, inflammation, and cholesterol gallstone formation
(DeLeon, Wang, Gunn, et al., 2020; Notas, Panagiotopoulos, Vamvoukaki, et al., 2021; Xu,
Wang, Wu, et al., 2017). While GPER1 has been identified as the mechanism through which
PERK is activated in these contexts, it has yet to be explored in the context of stress granules. It
has been previously noted that BPA-induced SGs form primarily through activation of the PERK
pathway, suggesting that GPER1 may be involved in this process (Fay, Columbo, Cotter, et al.,
2021). This project focuses on determining the pathway through which BPA triggers SG
formation, with the hypothesis that BPA binds to GPER1, which activates the PERK pathway to
induce SG formation.

GPERI1 Agonists and Antagonists

Many GPERI1 agonists and antagonists have been identified and utilized to research GPER1
activity; however, many of these drugs are not commercially available (DeLeon, Wang, &
Arnatt, 2020). Of the agonists that are commercially available, such as the G-series GPER1
agonists, many are not GPER1 specific and exhibit cross-reactivity with the classic estrogen
receptors ESR1 and ESR2 (DeLeon, Wang, & Arnatt, 2020). For the scope of this project, the
GPERI1 agonist G-1 was used as previous work has shown that ESR1 and ESR2 do not play a
role in BPA-induced SG formation (Friend, Hoppe, & Wu, 2018). Of the antagonists that are
commercially available, CIMBA is the only one that has been investigated in the literature due to
its high specificity for GPER1 (DeLeon, Wang, & Arnatt, 2020).

Activation of GPERI1 using the GPER1
agonist G-1 has been shown to activate the = _
UPR in MCF-7 cells, as indicated by G;, - '*%

increased expression of the UPR markers . / = H‘M _ ﬂ' . ]I
PERK, ATF-4, GRP-78, and CHOP (Ho Vo, S0 e (i =

Hartig, Weinert, et al., 2019). In this pathway, - e e — )
shown in Figure 4, binding of G-1 to GPERI1 l / l\. / l
results in ER Ca*" efflux that triggers o= ¥ 6

e MCF-T cells

phosphorylation of PERK and IRE1a as well i £ o) =
as cleavage of ATF6. This robust activation of = 1
GPERI and the subsequent activation of the : # cnmmtion (GNP
UPR via G-1 resulted in cell death in the 3 *

.. s A
estrogen receptor positive breast cancer cell : E— o
line MCF-7 (Ho Vo, Hartig, Weinert, et al., 2 ppci g
2019). The GPERI1 antagonist CIMBA was . _

Figure 4. GPER signaling and activation of the cellular stress response.

used to protect against cholesterol gallstone

|lu[|1|||,|l.|-;;u|,| fram Ho Vi, H::l'l'ig_ Weiner, et al.,, 2009
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formation in female mice by binding to and blocking activation of GPER1 (DeLeon, Wang,
Gunn, et al., 2020).

Epidemiology of female reproductive cancers in NY state

In conjunction with my laboratory work, I conducted an epidemiological study on the incidence
of female reproductive cancers in the state of NY in correlation with socioeconomic status as a
marker of BPA exposure. I hypothesized that higher rates of breast, ovarian, and endometrial
cancer would be correlated to low socioeconomic status due to increased exposure to BPA
through canned food consumption. Newly diagnosed cancer cases in the state of NY reported
from 2011-2015 were obtained from NY public health data (“Cancer Mapping,” 2018). Data was
formatted to display the three female reproductive cancers (FRCs) of interest: breast, ovarian,
and uterine (endometrial). Observed cancer rates in each block group were compared to expected
cancer rates for that block group and given a score of either 0 (expected was higher than or equal
to observed) or 1 (observed was higher than or equal to expected). A composite score for each
block group (0-3) was calculated by adding up the block group score for each FRC. The average
composite score (0-3) for each county was calculated based on block group composite scores and
compared to socioeconomic markers for each county. The socioeconomic markers used were
students eligible for free lunch, food insecurity, and poverty, which were obtained from the
USDA food assistance and insecurity data for the years in question (“Food Environment Atlas,”
2022).
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Background

This project focuses on determining the pathway through which BPA triggers SG formation, with
the hypothesis that BPA binds to GPER1, which activates the PERK pathway to induce SG
formation. Experiments were carried out on wild-type U20S (wtU20S) cells, which are a human
osteosarcoma cancer cell line that shows moderate expression of GPER1. wtU20S cells were
obtained and cultured. Stress granule assays were conducted in 12 well plates containing sterile
coverslips, to which cells were added and incubated overnight at 37 °C. Cells were then treated
with 500 uM DMSO (negative control), 500 uM sodium arsenite (positive control), 250 uM
BPA, 300 uM BPA, 400 uM BPA, and 500 uM BPA for one hour. Synergistic assays were also
conducted in which cells were pretreated for 2 hours with either G-1 or CIMBA and then treated
with either 250 uM BPA or 300 uM BPA. Cells were then fixed with PFA and methanol and
treated with BSA. The primary rabbit antibody G3BP1 (1:1000) was used to directly bind SGs.
The secondary rabbit antibody, which was tagged with a green fluorophore, was used to bind the
primary antibody and indicate SGs while Hoescht, a blue nuclear dye, was used to visualize
U20S cells. Coverslips were mounted to microscope slides and analyzed for the presence of SGs
via fluorescence microscopy.

16



Materials and Methods

Cell Culture

Wild-Type osteosarcoma (wtU20S) cells were cultured in complete DMEM media (88% DMEM
(+ glutamine, + glucose, - sodium pyruvate), 10% FBS, 1% Penicillin/Streptomycin, and 1%
sodium pyruvate) and T75 flasks, which were replaced every 5 cell passages. Cells were

incubated at 37°C with 5% CO, and sub-cultured every 1-3 days at a ratio of 1:2 or 1:4.

Acute Exposure Assay

wtU20S cells were plated at a density of 1 x 10° cells/mL, 1 mL of media/well in 12-well plates
containing coverslips. Plates were incubated overnight at 37°C. The following day, 0.5 mL of
media from each well to receive the same treatment were combined and combined with their
respective treatment: 500 pM DMSO (negative control), 500 uM sodium arsenite (positive
control), 300 uM BPA, 400 uM BPA, or 500 uM BPA. Excess media was aspirated from the
12-well plates and 0.5 mL of treated media was returned to its respective well. Plates were
incubated at 37°C for 1 hour.

DMS0D Ars DMS0 Ars
300 p 400 M S00 uM 200 250 uM 300 uh 00

0]0)0e
0000

BPA
BPA

Figure 5. Acule Exposure Assay setup with treatments for each well. 500 uM DMSO was used as a negative
control and 500 uM sodium arsenite (Ars) was used as a positive control. The following concentrations of BPA
in DMSO were used: 200 pM, 250 M, 300 uM, 400uM, and 500uM. Wells that were not used are grayed out.

Synergistic Exposure Assay

wtU20S cells were plated at a density of 1 x 10° cells/mL, 1 mL of media/well in 12-well plates
containing coverslips. Plates were incubated overnight at 37°C. The following day, 0.5 mL of
media from each well to receive the same treatment were combined and combined with their
respective treatment: 500 uM DMSO (negative control), 500 uM sodium arsenite (positive
control), 250 uM BPA, 300 uM BPA, 1 uM G1, 1 uM CIMBA. Excess media was aspirated
from the 12-well plates and 0.5 mL of treated media was returned to its respective well. DMSO,
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sodium arsenite, and BPA wells were incubated for 1 hour at 37°C. Wells containing G1 and
CIMBA alone were incubated for 2 hours at 37°C. Synergistic wells were pretreated for 2 hours
with either G1 or CIMBA at 37°C then treated with BPA for 1 hour at 37°C.

300 M BPA +

DRSO Ars 300 uM BPA CIMBA CIMBA

250 pM BPA (-1 250 pM BPA + G-

@@
OO0
QOO
00

Figure 6. Synergistic Exposure Assay sctup with treatments displayed for each well. 500 pM DMSO was
used as a negative control and 500 pM sodium arsenite {Ars) was used as a positive control. Wells treated
with 1 pM Gl oand | pM CIMBA were incubated for 2 hours. Wells treated with both G| and BPA or CIMBA
and BPA were pretreated with their respective agonist/antagonist for 2 hours prior to BPA exposure. The
following concentrations of BPA in DMS0 were used: 250 uM and 300uM. Wells that were not used are
grayed out,

G1/CIMBA Acute Exposure Assay

wtU20S cells were plated at a density of 1 x 10° cells/mL, 1 mL of media/well in 12-well plates
containing coverslips. Plates were incubated overnight at 37°C. The following day, 0.5 mL of
media from each well to receive the same treatment were combined and combined with their
respective treatment: 500 uM DMSO (negative control), 500 uM sodium arsenite (positive
control), 1 uM G1, 10 pM G1, 100 uM G1, 1 uM CIMBA, 10 uM CIMBA, or 100 uM CIMBA.
Excess media was aspirated from the 12-well plates and 0.5 mL of treated media was returned to
its respective well. Plates were incubated at 37°C for 1 hour. 1 trial of this experiment was
conducted as preliminary data for further experimentation.
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Figure 7. Gl/CIMBA Acute Exposure Assay setup with treatments displayed for each well. 500 uM DMSO
was used as a negative control and 300 uM sodium arsenite (Ars) was used as a positive control. The
following concentrations of G1 and CIMBA in DMSO were used: 1 pM, 10 pM, and 100 phd. Wells that were
not used are grayed out.

Cell Fixation and Blocking

Following the 1-hour incubation period, the wells were washed with non-sterile 1X PBS. Cells
were fixed using 0.5 mL of 4% paraformaldehyde (PFA) and placed on the shaker at room
temperature for 10 minutes. PSA was aspirated from all wells and replaced with 0.5 mL of
non-sterile methanol (MeOH). Plates were placed on the shaker at room temperature for 10

minutes. Wells were washed 3 times with non-sterile 1X PBS. Cells were blocked using 0.5 mL
of 5% BSA and placed on the shaker for 1 hour.

Antibody Staining

Following the incubation period, wells were washed with non-sterile 1X PBS. Cells were treated
with 0.5 mL of the primary rabbit antibody for G3BP1 (1:1000) in 5% BSA and placed on the
shaker for 1 hour. Wells were washed 3 times with non-sterile 1X PBS. Cells were treated with
0.5 mL of the secondary rabbit antibody tagged with a green fluorophore (1:500) and Hoescht
(1:5000) in 5% BSA and placed on the shaker covered for 1 hour.

Mounting Slides

Secondary antibody mixture was aspirated from all wells. Slides were labeled appropriately and
small drops of vinol were placed where the coverslips would be mounted. Coverslips were
carefully removed from their respective wells using forceps and placed top down on the vinol
drop. Coverslips were pressed down evenly and excess vinol was removed using water and Kim
wipes. Slides were stored in a slide deck to prevent photobleaching.
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Data Collection and Statistical Analysis

Slides blinded using tape to hide the slide label containing the treatment then re-labelled with a
letter. were scored based on the percentage of cells containing SGs in a single-blind manner. At
least 250 cells in at least 3 views were scored and cell counts were used to calculate the
percentage of SG formation for each treatment. Experiments were repeated for a total of 3 trials,
unless otherwise indicated.
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Results

Initial Acute Exposure Assays were conducted with various concentrations of BPA in DMSO to
determine the concentrations that would be used to measure the effects of G1 and CIMBA on SG
formation. The results of these trials are shown in Figure 8. To first determine the optimal BPA
concentration that would later be used to explore the effects of the GPER1 agonist and
antagonist, an Acute Exposure Assay was performed. The goal of this experiment was to identify
a BPA concentration that reliably produced ~50% SG formation such that increases and
decreases in SG formation caused by the GPER1 agonist and antagonist could be observed.
wtU20S cells were therefore treated with concentrations of BPA ranging from 200-500 uM. The
results are shown in Figure 8.
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Figure 8. Scatter Plot of Initial BPA Concentrations with line of best fit. BPA was dissolved in DMS0 and
concentrations ranged from 200 pM 1o 300 pM. Cells were treated with BPA for | hour at 37°C. Line of

Best Fit: ¥ = 0L1837x + 12389, BT = (L6342

As G1 was hypothesized to increase SG formation due to activation of GPER1, 250 uM BPA
was chosen as the treatment concentration as it was found to trigger ~ 50% SG formation in the
Acute Exposure Assays, which allowed for shifting in either direction to be detected. As CIMBA
was hypothesized to decrease SG formation through blocking of GPERI1 activation, 300 uM
BPA was chosen as the treatment concentration as it was found to trigger ~77% SG formation in
the Acute Exposure Assays, which allowed more room for detection of decreased SG formation.

The Synergistic Exposure Assay involved pre-treating cells for 2 hours with either G1 or
CIMBA followed by a 1 hour treatment with BPA and observing the percentage of SG
formation. Each treatment and pre-treatment were also scored to determine baseline values for
SG formation.

21



A) SG Formation of Synergistic Exposure Assay B) SG Formation of Synergistic Exposure Assay

Yigure 9, Bar Graph of Synergistic Exposure Assay results with standard error bars and individual trial results.

As shown in Figure 9, pretreatment with G1 and CIMBA followed by treatment with BPA did
not produce a significant change in SG formation, as confirmed by T-Test. DMSO (negative
control), G1, and CIMBA all showed no significant SG formation, suggesting that any changes
in SG formation with pretreatments was due to synergy. Ars (positive control) was found to
produce ~ 100% SG formation at 500 uM. Cell images from the Synergistic Exposure Assay are
shown in Figure 10.

Figure 10. Fluorcscence Microscopy snapshots of cells foom trial | of the Synergistic Exposure Assay. A) DMS0. B) sodium arsenive. C) G alone. D)
CIMBA alene. Ep 250 pMs BPALF) 300 M BPA, G G+ 250 ph BPA, H) CIMBA + 300 g8 BPA, White armows indicate stress granules

To determine if G1 and CIMBA cause SG formation at higher concentrations, one trial of a Dose
Curve Assay was conducted with the following G1 and CIMBA concentrations: 1 uM, 10 uM,
and 100 uM. The results are shown in Figure 11. These results suggest that at high
concentrations G1 may be sufficient to cause SG formation on its own and CIMBA is not
sufficient to cause SG formation, as is consistent with the hypothesis.
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G1/CIMBA Dose Curve
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Figure 11. Scatter Plot of G1 and CIMBA Dose curve with line of best fit and R value for each data set.
Gl:y=27119e"""% R = 0.9449, CIMBA: y = 2.1793¢ """ R* = 0.0328.



Conclusions

As shown in Figure 8, the initial BPA concentration curve followed a linear distribution
with a line of best fit slope of y = 0.1837x + 12.389 and R? value of 0.6342. The greatest
variance between trials of this experiment was seen in 300 uM BPA, which produced 58-100%
SG formation. This data suggests that 300 uM BPA approaches the concentration threshold for
SG formation and that the inherent error of micropipettes was enough to produce these variable
results. 300 uM BPA was used in conjunction with CIMBA in the Synergistic Exposure Assay.
250 uM BPA, which produced 48.34% SG formation, was used in conjunction with G1 in the
Synergistic Exposure Assay.

As shown in Figure 9, the Synergistic Exposure Assay produced highly variable results.
A statistically significant difference in SG formation was found between the positive (ars) and
negative (DMSO) controls, as confirmed by a paired T-Test (p = 5.96 x 10°°). No statistically
significant difference was found between BPA + G1/CIMBA synergy and treatment with BPA
alone (p = 0.22), although trials 1 and 2 of the Synergistic Exposure Assay both showed an ~50%
increase in SG formation. Lack of literature citing the use of G1 and CIMBA to study SGs may
account for the obtained results as pretreatment doses may have been suboptimal, especially for
CIMBA, which has only been used in 1 published study to date. Neither G1 nor CIMBA
produced any significant SG formation at the 1 pM concentrations used in the Synergistic
Exposure Assays, suggesting that any change in SG formation seen in synergy treatments can be
attributed to synergy between G1/CIMBA and BPA.

Trial 1, representative images are shown in Figure 10, showed the most promising results
with SG formation increasing from 48% with 250 uM BPA alone, which was consistent with the
BPA concentration curve produced from the Acute Exposure Assays, to 100% with 250 uM BPA
and G1 synergy. Trial 1 showed no statistically significant difference between SG formation
from 300 uM BPA alone (60%) and 300 uM BPA and CIMBA synergy (71%), reinforcing the
notion that the agonist and antagonist concentrations should be optimized for further
experiments. Additionally, the size of the SGs also seemed to differ between BPA treatment
alone and synergy. For example, SG size appeared to increase between 250 uM BPA alone
(Panel E) to 250 uM BPA and G1 pretreatment (Panel G), suggesting that pretreatment with G1
not only increased the number of cells that produced SGs but also the size of the SGs produced.
Additionally, SG size appeared to decrease between 300 uM BPA alone (Panel F) to 300 uM
BPA and CIMBA pretreatment (Panel H), suggesting that although pretreatment with CIMBA
did not show any statistical difference in the number of cells that produced SGs, appeared to
decrease the size of the SGs produced. Both of these findings are consistent with the hypothesis
that GPER1 modulates BPA-induced SG formation and marks an additional area for
quantification of BPA-induced cellular stress. These findings will need to be quantified and
validated by measuring SG diameter and area using digital image analysis software such as Zen
or Imagel.

As shown in Figure 11, G1 produced a slight increase in SG formation at higher

concentrations, following an exponential line of the best fit with a slope of y =2.7119 x 10019
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and R? value of 0.9449, suggesting high correlation. This finding suggests that at high
concentrations G1 may be sufficient to activate the ISR and trigger SG formation, as is consistent
with the hypothesis. CIMBA did not appear to produce SGs even at higher concentrations,
following a linear line of best fit with a slope of y = 2.1793 x 10°°** and R? value of 0.0328,
suggesting poor correlation. No statistically significant difference in SG formation between any
of the G1 or CIMBA doses. This finding suggests that even at high concentrations, CIMBA
alone is not sufficient to activate the ISR and trigger SG formation, as is consistent with the
hypothesis.

Limitations

Due to limited time, few replicates were produced for the given experiments. More replicates of
the assays should be performed to explore the relationship between GPER1 and BPA-induced SG
formation. Higher concentrations of CIMBA should be considered for Synergistic Exposure
Assays as the hypothesized result was not observed, likely due to suboptimal drug
concentrations.

Further Research

Additional replicates of the Synergistic Exposure Assay should be conducted to more clearly
determine the effect of synergy on SG formation. Higher pretreatment concentrations of CIMBA
should also be considered to optimize this protocol. The GI/CIMBA Acute Exposure Assay
should also be repeated with concentrations of G1 more closely resembling that of BPA (e.g.
200-500 uM) to confirm that G1 is sufficient to trigger SG formation at higher concentrations.
GPERI1 knockout cell lines could also be engineered to determine the effects on SG formation in
response to BPA. Finally, the size and number of SGs in individual cells could also be quantified
to capture the more subtle changes in SG formation produced from GPER1 modulation.
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Chapter 3: Incidence of Female
Reproductive Cancers in Correlation with

Socioeconomic Status in NY State as a
Marker of BPA Exposure
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Background

I conducted an epidemiological study of the incidence of female reproductive cancers in the state
of NY in correlation with socioeconomic status as a marker of BPA exposure. I hypothesized that
higher rates of breast, ovarian, and endometrial cancer would be correlated to low socioeconomic
status due to increased exposure to BPA through canned food consumption.

Exposure to BPA and bisphenol analogues is correlated to endocrine disruption and,
subsequently, estrogen-related cancers such as breast, ovarian, and endometrial. Ingestion of
food that has been in contact with BPA and bisphenol analogues is believed to have the greatest
exposure risk, as compared to dermal contact and spatial proximity. BPA and, more recently
bisphenol analogues, have been used for the manufacture of food cans.

Due to decreased price of canned foods compared to fresh foods, increased shelf life and
therefore ability to buy in bulk, and increased availability in food deserts, factors that often affect
those in poverty, it is predicted that low socioeconomic status may be correlated with breast,
ovarian, and endometrial cancer.
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Materials and Methods

Obtaining Patient Data

Newly diagnosed cancer cases in the state of NY reported from 2011-2015 were obtained from
NY public health data (“Cancer Mapping,” 2018). Data was formatted to display the three female
reproductive cancers (FRCs) of interest: breast, ovarian, and uterine (endometrial). Observed
cancer rates in each block group were compared to expected cancer rates for that block group
and given a score of either 0 (expected was higher than or equal to observed) or 1 (observed was
higher than or equal to expected). A composite score for each block group (0-3) was calculated
by adding up the block group score for each FRC. The average composite score (0-3) for each
county was calculated based on block group composite scores and compared to socioeconomic
markers for each county. The socioeconomic markers used were the proportion of students
eligible for free lunch and the proportion of people living below the poverty line, which were
obtained from the USDA food assistance and insecurity data for the years in question (“Food
Environment Atlas,” 2022). A pre-made ArcGIS map containing points for each healthcare
facility in the state of NY was obtained from NY public health data (“Health Facility Map,”
2023).

Data Analysis

Average scores for each female reproductive cancer (breast, ovarian , and uterine) composite
score for FRCs, proportion of students eligible for free lunch, and proportion of people living
below the poverty line in each county were used to calculate standard deviation (SD),
interquartile range (IQR), upper limit for outliers, and lower limit for outliers for each marker.
Data was conditionally formatted to highlight cells within one SD above and below the mean,
greater than one SD above or below the mean, and outliers above the upper limit or below the
lower limit. Counties that included one or more outlier in the poverty markers or composite FRC
score were excluded from analysis.

Statistical Tests

The statistics coding program ‘R’ was used to run statistical analysis on the formatted data.
Normal Q-Q plots relating the breast, ovarian, uterine, and combined FRC scores individually to
poverty rate and percentage of students eligible for free lunch were generated. ANOVA Tests
were ran on the breast, ovarian, uterine, and combined FRC scores individually with poverty rate
and percentage of students eligible for free lunch to determine statistical significance of the data.
Finally, Pearson’s Correlation Tests were run on the breast, ovarian, uterine, and combined FRC
scores individually to poverty rate and percentage of students eligible for free lunch to determine
the degree of correlation between each cancer marker and the poverty markers.
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Results

Couney FRC Free Poverty Corunty FRC Free Foverty County FRC Free Faverty
Zcore | Lunch Rate Scare | Lunch Rute Seore Lumch Rate
Adbany L4490 | 047 126 Herkimer L197 | €321 127 Richmond Ldld | D49 142
Allegany 1475 | 0365 0168 JelMersan L1492 | d3ll 0141 Rackland 1.371 .20 140
Bromx 1.132 | D.7R3 0.303 Kangs 195 | (ak9 0223 3. Lawrence 1108 | 0350 155
Brocme 1428 | 316 w177 Lewas LIK2Z | G297 [ (.140 Saraliga 1.374 | L11% ikd
Caltarauges 1458 | 0332 {180 Lavingston 1.233 | 224 132 Schenectady 1.36:1 307 {120
Cayuga 15T | 0277 0127 Madizon 1.149 | @270 [ @129 Zchaharwe 1,357 | 0269 137
Chautasgua | 13425 | 0,372 0172 Momroe 1.274 | 345 [ 0.148 Schuyler D8R9 | 20 125
Chemung 1.266 | 0358 m175 Montgomery | 1.238 | (0329 184 Seneca 1.0 | 2R3 141
Chenango 1482 | 0371 o143 Massau 1398 | (146 61 Steuben 1102 | 0346 154
Clinton 1304 | 0241 w175 Mew York 1348 | (a3l 176 Zuffolk 1.429 | 185 NA7E
Columbin Lo 10277 0136 Mingam 1.354 | 309 [ QU155 Saullivan 1.229 | D358 181
Conland 1,358 | 0303 0162 Cmeida 1,365 | 362 | OL180 Tioga 1.222 | 0307 LLARN)
Delaware 1377 | 0355 | 0169 Omondagn 1344 | 3200 | 00146 Tompkins l444 [ D281 0.201
Duatchess 1.383 | 0,195 o104 Omtario 1,346 | 0200 0096 Ulster 1,280 | @254 140
Erie 1419 | D346 | 0156 Ohvange 1258 | ;265 | 0121 Warren 1.277 | 0221 0113
Essex 1.229 | D288 | 0u122 Ovleans 1267 | 335 | OL]142 Washington 1.333 [ 0247 0133
Franklin RG] | 0,363 0182 Oswepe 1430 | 03431 [ 2174 Waymne 1.357 | 0279 0122
Fulton 1283 | 0344 0179 LR 1349 | 0271 | D168 Westchester 1.366 [ D258 LA
Genesee 1.538 | D263 0134 Putniam LAG63 | (i | OuDG0 Whrarming 1.524 | 0234 0133
Gireene 1.333 | 0257 | Q.64 Chieens L15G | (eo0s | 0139 Yates 1.381 [ 0363 136
Hamiltarn 1500 | 0,070 0.l Rensselner 1.234 [ 266 | 0120 MY State 1310 | 0314 0145

Table 1. Female Reproduce Cancer Score (FRC

Score), proportion of students eligible for free lunch (Free

Lunch), and proportion of individuals below the poverty line (Poverty Rate) for each county in NY state.

The calculated breast, ovarian, uterine, and combined FRC scores for each county were
compared to the proportion of students eligible for free lunch (Free Lunch) and proportion of
individuals living below the poverty line (Poverty). These data were compared to the calculated
means for the state of NY and ANOVA tests were conducted to test for statistical significance.
First, Normal Q-Q plots were generated for each individual FRC and the combined FRC
separately against the combined poverty markers to determine the distribution of the data. All
Normal Q-Q plots displayed linear outputs, confirming that the data followed a normal
distribution. Figure 12 shows the Normal Q-Q plot for Breast Cancer.
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Figure 12. Normal Q-0 Plot of Breast Score against the poverty markers Free Lunch and
Poverty Rate. Graph was generated from the formatted NY State health data using R.

Since the data was shown to have a normal distribution, two-tailed ANOVA Tests were
conducted on each of the individual FRC scores and combined FRC score against the poverty
markers to test how, in combination, they affect each cancer score. Overall, these tests reject the
null hypothesis that there is no correlation between FRCs and poverty and accept the hypothesis
that there is a correlation between FRCs and poverty in NY state using a 95% confidence interval
P Value < 0.05). Figure 13 shows the code and value outputs for the ANOVA Tests,
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> anoval(lm(db4favg.Breast.Score-db4SFree. Lunch+db4iPoverty.Rate))
Analysis of variance Table

response: dbd$avg.Breast.Score

Df Sum Sq Mean Sq F value Pr{=F)
dbdiFree, Lunch 1 0.07896 0.078962 9.8B962 0.002595 =
dbdsPoverty.Rate 1 0.00409 0.004089 0.5125 0.476880
residuals 59 0.47076 0.007979
signif. codes:
Q tews' g 001 *®**+" Q.01 **' 0.05 *." 0.1 * " 1

= anova{Im(dbd%avg.Ovary.score~-dbdSFree. Lunch+dbdiPoverty.Rate))
Analysis of variance Table

pesponse: dbdfavg.ovary,Score
Df Sum 5 Mean 5q F value Pri>F)

dbdsFree. Lunch 1 0.00007 0,0000660 0.0110 0.9166
db4ipoverty.Rate 1 0.00309 0.0030945 0.5178 0.4746
Residuals 59 0.35258 0.0059760

= anovalIm{db43avg. FRC. Score~dbd43Free. Lunch+dbdiPoverty.Rate))
Analysis of variance Table

Response: db4$Avg.FRC.Score

pf Sum Sg Mean Sq F value Pr(>F)
db45Free. Lunch 1 0.07959 0.079591 3.3261 0.07325 .
db45SPoverty.Rate 1 0.00022 0.000219 0.0092 0.92407
Residuals 59 1.41181 0.023929

Signif. codes: 0 ****' 0.001 “**" 0.01 **' 0.05 *." 0.1 * " 1

Figure 13. ANOVA Test results for each individual FRC and
combined FRC against the poverty markers

The ANOVA Tests established that there was a statistical correlation between FRCs and poverty,
but the type of relationship between these variables was not yet known. To examine this
relationship, FRC scores and poverty marker values were examined together on a
county-by-county basis to determine whether they supported the hypothesis or not. Counties that
contained an FRC and at least one poverty marker that agreed (both higher or lower than the
population mean) were considered to support the hypothesis that higher rates of FRCs correlate
to low socioeconomic status. Counties that contained an FRC and two poverty markers that
disagreed (one higher and the other lower than the population mean) were considered to reject
the hypothesis. Counties that contained outliers in the FRC and/or one or more poverty markers
were excluded from analysis. Of the 62 counties in NY state, 36 supported the hypothesis
(58.07%), 23 rejected the hypothesis (37.10%), and 3 were outliers (4.839%). Figure 14 shows a
map visually displaying these results.
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Figure 14. Color-Coded Map of NY State according to the FRC and Poverty Marker correlation findings.

In order to examine some of the confounding variables that may be at play, access to diagnostic
healthcare was assessed by overlaying a map of healthcare facilities in the state of NY to the map
generated above (“Healthcare Facility Map,” 2023). Additionally, Healthcare Density was
calculated based on this value and Population Density was obtained for the year 2015. Figure 15
depicts the map overlay while Table 2 shows the healthcare and population data.
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Table 2. Healtheare Density (healthcare faciliies per square mile) and Population Density (people per square
mile) for each county in NY state, Cells are color-coded according to the correlation between FRC and Poverty.
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Figure 15, Color-Coded Map of NY State according to the FRC and Poverty Marker correlation
findings overlayed with points marking the locations of hospitals.
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Conclusions

As shown in Figure 14, 36 counties supported the hypothesis (58.07%), 23 rejected the
hypothesis (37.10%), and 3 were outliers (4.839%). These results are statistically significant,
suggesting that there is a correlation between FRCs and poverty.

Limitations

This study relies on the assumption that individuals living in poverty consume more canned
foods than those living above the poverty line, something that has yet to be concretely studied.
Additionally, there are several confounding variables complexing the relationship between
cancer and socioeconomic status, including but not limited to access to healthcare, degree of
urbanization, and workplace exposures.

Healthcare Disparities

Figure 15 addressed access to healthcare, which can result in decreased diagnostic rates and
preventative care in populations lacking access to healthcare. For example, many of the counties
in the northeastern portion of the state that did not show a positive correlation between FRCs and
poverty have fewer healthcare facilities within the county, which may account for this finding.
For example, St. Lawrence and Fulton both show low rates of FRCs and high rates of poverty
with low Healthcare Density and Population Density, suggesting that these counties are rural
with limited access to healthcare and therefore less likely to obtain a cancer diagnosis. Similarly,
Schenectady showed high rates of FRC and low poverty with high Healthcare Density and high
Population Density, suggesting that individuals residing in this county have greater access to
healthcare and therefore are more likely to obtain a cancer diagnosis compared to more rural
counties. Hamilton on the other hand showed high rates of FRC and low rates of poverty with no
healthcare facilities and very low population density, suggesting that other confounding variables
may also be at play.

Outliers

By definition, 3 counties were considered to be statistical outliers: Franklin, Saratoga, and
Bronx. Franklin was considered an outlier due to its unusually low uterine and combined FRC
scores. After additional analysis, Franklin was also found to have a low population density and
healthcare density. These findings suggest that this county is very rural and lacks access to
healthcare and therefore diagnostic capabilities. Saratoga was considered an outlier due to its
unusually low proportion of students eligible for free lunch. Paired with low poverty rate and
high rates of FRC, it would be expected that Saratoga would have high Healthcare Density;
however, both the Healthcare Density and Population Density are low for the county. Additional
research revealed that General Electric dumped over a million pounds of polychlorinated
biphenyls (PCBs), a known carcinogen, in the Hudson River from 1947-1977. This
environmental risk and toxic exposure is likely to have had the greatest effect on individuals
residing in Saratoga, Albany, Rensselaer, Greene, Columbia, Ulster, and Dutchess counties
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(“PCBs and Human Health,” n.d.”). This may have contributed to the high rates of FRC
observed in these counties.

Finally, Bronx was considered an outlier due to its unusually high values of Free Lunch and
Poverty Rate. Bronx has the greatest Population Density of any county paired with high
Healthcare Density. The healthcare disparity in this county, marked by the large socioeconomic
disparity in the region, may account for the low rates of FRC as the individuals living in poverty
may lack the means to obtain healthcare, including transportation, financial support, and
knowledge of resources. On the upper end of this disparity, individuals from wealthier
backgrounds, while having access to the diagnostic capabilities of healthcare may also reap the
benefits of preventative care, as is reflected in the low rates of FRC in Bronx. A similar trend
was seen across Long Island, suggesting that healthcare disparity may be diffuse throughout the
region, accounting for the observed results.
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Chapter 4: Discussion
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Discussion

As described in Chapter 2, the obtained findings were consistent with the hypothesis that
GPER1 modulates BPA-induced SG formation. Figure 16 depicts a schematic with the proposed
pathway of BPA-induced SG formation based on the literature and experimental results obtained
in this study. This schematic proposes that BPA interacts with GPER1, causing it to translocate
from the plasma membrane to that of the endoplasmic reticulum, where it phosphorylates and
activates PERK. As has been confirmed in prior studies, PERK then phosphorylates elF2a,
which shuts down the translation and causes the transcription factor ATF4 to promote
transcription of UPR target genes geared toward conservation of cellular energy and formation of
SGs to relieve the unfolded protein load.
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Figure 16, Proposed schematic of GPER | modulation of BPA-induced SGs

BPA and Public Health

BPA has been identified as a potential endocrine disruptor and is associated with many disease
states, such as endocrine-dependent cancers, infertility, and Polycystic Ovarian Syndrome
(PCOS). Chronic exposure to BPA and the associated adverse health effects may be related to the
assembly of SGs and altered induction of the integrated stress response (ISR) in subsequent
exposures to cellular stressors. Determining the pathway through which BPA-induced SGs are
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formed can provide immense insight into potential therapeutics to combat BPA-induced SG
formation and lower disease risk.

Cancer Risk and Socioeconomic Status

The epidemiological study presented in Chapter 3 found a positive relationship between FRCs
and socioeconomic status. In this study, this correlation was attributed to BPA exposure through
canned food consumption, which was assumed to be related to socioeconomic status. While the
results obtained seem to support the hypothesis, several confounding variables also related to
socioeconomic status exist. These confounding variables are likely to produce similar findings in
additional studies relating cancer rates to socioeconomic status. For example, occupational
exposures to asbestos are a risk factor for development of mesothelioma, a rare lung cancer
(“Mesothelioma,” n.d.). Additionally, environmental exposure to carcinogens, such as exposure
to PCB in the Hudson River Valley described above, may also affect cancer risk. Here lies a
fundamental question in public health research: why do individuals participate in activities
and/or live in areas that increase their exposure risks?

There are several factors that contribute to individuals exposing themselves to carcinogens, such
as financial restraints, affinity characteristics, and lack of public knowledge. In the case of
ingesting canned foods, financial restraints, lack of access to fresh foods, and lack of public
knowledge are the predominant motivators for continued canned food consumption. Canned
foods are less expensive compared to fresh foods, non-perishable, and widely available, making
them an easy alternative to both fresh and frozen foods. Aside from personal use of canned
foods, food banks also primarily serve canned foods to their guests both due to reduced cost and
shelf stability. Both of these factors affect those of low socioeconomic status more greatly than
those of high socioeconomic status, marking a reduced risk of cancer. Lack of access to both
fresh foods and knowledge of BPA exposure as a cancer risk are likely to affect the population as
a whole, regardless of socioeconomic status. Affinity characteristics are another factor that may
contribute to individuals participating in activities that increase their exposure risk, such as with
smoking. Affinity characteristics are shared traits and lifestyle choices seen within populations of
like individuals. Those who are new to the population, such as children, will adopt these traits in
order to maintain their identity within the group. For example, a child who grows up in a family
of tobacco smokers is more likely to smoke themselves. In this way, the exposure activity is
perpetuated within the family.

In the case of living in an area where exposure to carcinogens is higher, such as in the Hudson
River Valley, factors such as financial restraints, familial ties, and affinity characteristics are also
at play. Financial restraints may prevent individuals from leaving an area as they may be unable
to afford the move. Individuals may also be bound by proximity to family and those with which
they share affinity characteristics. Proximity to family may provide financial and emotional

39



support while affinity characteristics may provide a sense of identity and belonging. Some
notable affinity characteristics include lifestyle, occupation, and linguistic representation.

Future Studies

The results presented in Chapter 2 are preliminary for the investigation of the role of GPER1 in
BPA-induced SG formation. Much work is necessary to elucidate this mechanism and determine
the role of GPERI1 in this pathway.

As mentioned in the previous chapter, this epidemiological study relies on the unstudied
assumption that individuals living in poverty consume more canned foods than those living
above the poverty line. This marks a large area for further research into the link between canned
foods, socioeconomic status, and cancer risk. Additionally, studies to assess the effect of
confounding variables such as access to healthcare, degree of urbanization, and workplace
exposures on the findings in this study may help illuminate factors not highlighted in this study.
Finally, expansion of the model used in this study to investigate FRCs and socioeconomic studies
in other US states and potentially other countries could provide additional insight into the scale
of this correlation.
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