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ABSTRACT

The Investigation of The Role of Epibrassinolide-Induced Autophagy During
Tamoxifen Resistance in Breast Cancer Cells

Kopal, Esranur
Master Thesis, Department of Molecular Biology and Genetics
Supervisor: Prof. Dr. Pinar Obakan Yerlikaya
JUNE 2024, 129 Pages.

Breast cancer is one of the leading causes of cancer-associated death among women
worldwide. Tamoxifen (TAM) is a widely used hormone therapy approach for the
treatment of breast cancer. However, elevated estrogen receptor expression and
signaling in breast cancer cells may result in the development of drug resistance.
Endoplasmic reticulum stress (ER stress) is one of the combating mechanisms of drug
resistance. The activation of apoptosis or autophagy in response to ER stress depends
on the extent and duration of the stress. Epibrassinolide, a natural plant steroid
hormone, has been shown in previous studies to have anti-cancer properties inducing
by apoptosis and autophagy. Autophagy is a crucial recycling process to maintain
cellular homeostasis within the cells eliminating mis /unfolded proteins and damaged
organelles and aiding stress adaptation. Autophagy has a multifaced role in drug
resistance. It can either facilitate or impede resistance based on variables such as the
nature of the drug, cellular environment and signaling pathways involved.

In our study, we aimed to investigate the autophagic effect of EBR and/or TAM
induced by ER stress to overcome drug resistance in MCF-7 / MCF-7/TAMR and
MDA-MB-231 cell lines. For this purpose, relative cell viability analysis (MTT) and
cell survival analysis were performed to analyze changes synergistic effect of EBR
and TAM on cell viability. Moreover, the colony formation potential of EBR and/or
TAM drugs was investigated in 2D and 3D manner Also, the number of death cells,
mitochondrial membrane potential loss, and formation of DNA fragmentation were
detected by PI, DiOC6, and DAPI respectively. The cell cycle distribution effect of
EBR and/or TAM was detected by flow cytometry analysis. Moreover, autophagy
induction was evaluated by MDC staining and GFP-LC3 transfection in all cell lines
in the presence of 3-MA.. Furthermore, expression profile changes of ER stress proteins
autophagy proteins (Beclin-1, Atg5, LC3, and p62), resistance marker (MRPI), and
apoptosis markers (PARP, caspase 9, caspase 3) were evaluated in the presence of 3-
MA either alone or in combination EBR and/or TAM by immunoblotting in all cell
lines.

As a result, EBR in combination with TAM decreased the cell viability in 2D and 3D
cell cultures. In addition, EBR+TAM combination increased the number of
fragmented DNA also decreased mitochondrial membrane potential. Moreover,

xii



following exposure to EBR+TAM, cell cycle arrest was observed at G1 stages in MCF-
7ITAMR cells. Furthermore, autophagic vacuole formation also LC3 puncta formation
were augmented following EBR+TAM administration and reversed in the presence of
3-MA in breast cancer cell lines. Moreover, elevation of ER stress markers was
detected in the same treatment conditions in all breast cancer cell lines. Also, EBR in
combination with TAM increased the autophagic marker expression. On the one hand,
decreasing in apoptotic marker expression was observed. Furthermore, following
EBR+TAM administration expression of the drug-resistance gene was downregulated
and reversed with the addition of 3-MA.

In conclusion, our results revealed that EBR in combination with TAM may play a
crucial role in elevating TAM sensitivity by overcoming drug resistance through ER
stress-induced autophagy in breast cancer cell lines.

Key words: Autophagy, Drug resistance, Endoplasmic Reticulum Stress,
Epibrassinolide, Tamoxifen
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OZET

Epibrasinolidin Otofajiyi Tetiklemesindeki Roliiniin Tamoksifene Direncli
Meme Kanseri Hiicre Hatlarinda incelenmesi

Kopal, Esranur
Yiiksek Lisans Tezi, Molekiiler Biyoloji ve Genetik Boliimii
Danisman: Prof. Dr. Prnar OBAKAN YERLIKAYA
Haziran 2024, 129 Sayfa.

Meme kanseri, diinya genelinde kadinlar arasinda kansere bagh 6liimlerin 6nde gelen
nedenlerinden biridir. Tamoksifen (TAM) meme kanseri tedavisinde yaygin olarak
kullanilan bir hormon tedavi yaklasimidir. Ancak, meme kanseri hiicrelerinde yiiksek
Ostrojen ifadesi ve sinyali, ila¢ direncinin gelisimine neden olabilir. Endoplazmik
retikulum (ER) stresi, ilag direncine kars1 miicadele mekanizmalarindan biridir. ER
strese yanit olarak apoptoz veya otofajinin aktivasyonu, stresin siddeti ve siiresine
baglidir. Epibrasinolid (EBR), onceki ¢alismalarda apoptoz ve otofajiyi tetikleyen
anti-kanser ozelliklere sahip dogal bir bitki steroid hormon olarak gosterilmistir.
Otofaji, hiicreler aras1 homeostazi korumak i¢in énemli bir geri donilistim siirecidir,
hiicrelerdeki yanlis katlanmig/katlanmamig proteinleri ve zarar gérmiis organelleri
temizleyerek stres adaptasyonuna yardimci olur. Otofajinin ilag¢ direncinde ¢ok yonlii
bir rolii vardir. ilag tiirii, hiicresel ortam ve ortama dahil olan sinyal yolaklar1 gibi
degiskenlere bagli olarak ila¢ direncini destekleyebilir veya engelleyebilir.

Calismamizda EBR ve/veya TAM’1n ER stresi tarafindan tetiklenen otofajik etkisinin
ila¢ direncini kirmaya yonelik etkisini MCF-7, MDA-MB-231 VE MCF-7/TAMR
hiicre hatlarinda inceledik. Bu amagcla goreceli hiicre canliligi analizi (MTT) ve hiicre
sagkalim analizi, EBR ve TAM’in hiicre canliligi iizerindeki sinerjik etksinin
degisimlerini analiz etmek igin yapild:. ilaveten, EBR ve/veya TAM ilaclarmin koloni
olusturma potansiyeli 2D ve 3D olarak incelendi. Ayrica, 6lii hiicre sayisi,
mitokondriyal membran potansiyel kaybi, DNA par¢alanmasinin olusumu sirastyla PI,
DiOC6 ve DAPI ile tespit edildi. EBR ve/veya TAM’ 1n hiicre dongiisii dagilim dengesi
akis sitometrisi analizi ile belirlendi. Ayrica, otofajinin tetiklenmesi, 3-MA varliginda
tim hiicre hatlarinda MDC boyama ve GFP-LC3 transfeksiyonu teknikleriyle
degerlendirildi. Dahasi, ER stresi proteinlerinin, otofaji proteinlerinin (Beclin-1, Atg5,
LC3 ve p62), direng belirleyicisinin (MRPI) ve apoptoz belirteglerinin (PARP, kaspaz
9, kaspaz 3) anlatim ifadelerinin degisiklikleri, 3-MA’in tek basina veya EBR ve/veya
TAM’1n kombinasyonu varliginda immiinoblotlama ile degerlendirildi.

Sonug olarak, EBR’nin TAM ile kombinasyonu, 2D ve 3D hiicre canligin1 azaltmistir.
[laveten EBR+TAM kombinasyonu, par¢alanmis DNA sayisin1 ve mitokondriyal
membran potansiyelini azaltmistir. Dahasi, EBR+TAM’a maruz kalan MCF-7/TAMR
hiicrelerinde G1 evresinde hiicre tutulumu gerceklestirilmistir. Ayrica, EBR+TAM
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uygulamasina takiben otofajik vakul olusumu ve LC3 punkta olusumu meme kanseri
hiicre hatlarinda artmis ve 3-MA varliginda geri ¢evrilmistir. Ek olarak, aym tedavi
kosullarinda ER stresi belirteg¢lerinde anlatim seviyesinde yiikselme meme kanseri
hiicre hatlarinda tespit edilmistir. Ayrica, EBR’nin TAM ile kombinasyonu otofajik
belirteglerinin ifade anlatimini arttirmustir. Ote yandan, apoptotik belirteg ifadelerinde
azalma gozlenmistir. {laveten, EBR+TAM uygulamasini takiben, ilag direnci geninin
ifadesi diisiik seviyede tespit edilmis ve 3-MA varliginda geri gevrilmisitir.

Sonug olarak, EBR’nin TAM ile kombinasyonunun, ER stresi tarafindan tetiklenen
otofaji araciligiyla ilag direncini asarak, TAM duyarliligin1 arttirmada meme kanseri
hiicre hatlarinda kritik bir rol oynayabilecegi ortaya koyulmustur.

Anahtar Kelimeler: Endoplazmik Retikulum Stres, Epibrasinolid, Ila¢ Direnci,
Otofaji, Tamoksifen.
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1. INTRODUCTION

1.1 BREAST CANCER

Breast cancer (BC) is the most frequently diagnosed malignancy in women worldwide.
According to the most current global cancer burden estimates, 2.26 million new cases
of BC will be diagnosed in 2020, making it the most prevalent cause of cancer death
among women (Wilkinson et al., 2022). BC is the most prevalent cancer among
Turkish women, accounting for 25,249 new cases in 2022 and 23.5% of all female
malignancies countrywide, according to the Globocan Cancer Observatory (Ferlay et
al., 2024).

Breast tissue comprises 15-20 lobs and contains many lobules, also known as glands,
that play a role in milk production. It also involves ducts that connect the lobules
through the nipple and connective tissue, lymphatic tissue, and fatty tissue. BC occurs
when the unregulated growth of the cells is found in any components of the mammary
gland. The histological categorization of BC is based on the diversity of pathological
growth patterns. At least 18 different histological types of breast cancer are
distinguished by the World Health Organization (Lukasiewicz et al., 2021). Most BCs
are carcinomas, tumors that start in the epithelial cells that line the body's organs and
tissues. Up to 25% of all invasive BCs are histologically special forms of BC (Weigelt
et al., 2010). Adenocarcinoma is a more specific type of carcinoma. It typically starts
in the cells in the ducts (milk ducts) or lobules (milk-producing glands), which is the
name given to carcinomas that develop in the breast. However, it generally occurs
inside the lobules or ducts. Therefore, they refer to lobular carcinoma in situ (LCIS)
or ductal adenocarcinoma in situ (DCIS). DCIS is the most common type of non-
invasive BC (90%) rather than LCIS (Wehweck et al., 2021). Although the non-
invasive type of BC is detected, most BCs are the invasive type which means cancer

cells spread around connective or fatty tissues of the breast. The most widely



diagnosed (80%) invasive type of cancer is infiltrating ductal carcinoma (IDC). The
other frequent type is invasive lobular carcinoma. Also, medullary carcinoma is a
different type of invasive BC, and only 5% of patients suffer from this type. The other
invasive BC type is mutinous carcinoma, a rare type obtained from mucus-producing
cancer cells. Moreover, tubular carcinoma, a special IDC type, accounts for around
2% of BC. In elderly women tubular carcinoma is more seen (Makki et al., 2015).
Inflammatory BC is a rare type of invasive BC, but it is more aggressive and fast-
growing (Weigeltetal., 2010). All in all, numerous classifications have been proposed
based on molecular and histological characteristics. All these features have critical
implications for therapy (Makki et al., 2015).

1.1.1. Risk Factors of Breast Cancer

BC risk factors are categorized as non-modifiable and modifiable factors. The non-
modifiable risk factors include gender, age, race/ethnicity, genetic predisposition or
family history, mutations, and hormonal imbalance (Lukasiewicz et al., 2021). One of
the most significant non-modifiable risk factors for the contribution of BC in the
female sex due to enhancing hormonal stimulation. Although men have insignificant
estrogen levels, women present vulnerable levels of estrogen and progesterone in a
particular manner. Any distributions of these sex hormones within the physiological
levels have been linked to an increased risk of BC for premenopausal and
postmenopausal women (Mayrovitz (Ed.)., 2022). Even though BC cases are rare for
men and occurrence is less than 1%, the diagnosis is more advanced than in
women(Lukasiewicz et al., 2021) The occurrence of BC increases proportionally with
age like other carcinogenesis. Nowadays, 80% of BC patients are detected >50, and at
the age of 60, the peak of the disease is observed throughout the world. Accumulation
of cellular alterations increases with age on account of carcinogenesis and increases
with time (Lukasiewicz et al., 2021). The diagnosis of age is highly correlated with
outcome prognosis. Women diagnosed with BC in young patients (ages lower than 50)
have a lower survival rate compared to those diagnosed at ages 50-70. The most likely
reason for triple negative BC (TNBC) occurrence in patients 40 years old or younger
(Mayrovitz (Ed.)., 2022). However, the mechanism is not identified, the disparities of

race and ethnicity are the other affecting factors for BC carcinogenesis. The mortality



rate of BC in black women is higher than in whites because of socioeconomic
disparities. Also, the genetically more aggressive type of BC is detected in black
women compared with other ethnicities. The genetic predisposition is another risk
factor for BC development. Approximately 13-19% of BCs are inherited and
correlated with family history (Lukasiewicz et al., 2021). In general, a woman who has
a first-degree relative with BC increases her risk of acquiring the disease 1.5 to 3 times.
Moreover, a person's increased relative risk (RR) of early-onset BC (before the age of
35) is associated with having a first-degree relative who had the disease (Harbeck et
al., 2019). The number of affected first-degree relatives also increases the risk of
developing BC in patients. The BC susceptibility gene 1 (BRCAL) or BC susceptibility
gene 2 (BRCAZ2) as the primary gene related to hereditary BC has been found in most
women who have familial BC. The mutations of these genes are inherited mainly in
an autosomal dominant manner. According to a large study, the cumulative cancer risk
has been reported as 72% in BRCA1 mutation carriers and 69% in BRCA2 mutation
carriers (Mayrovitz (Ed.)., 2022). Besides the above-mentioned high penetrance genes,
several genes and their mutations are linked with the induction of BC. Tumor protein
53 (TP53), cadherin 1 (CDH1), phosphatase and tensin homolog deleted on
chromosome ten (PTEN), and serine-threonine kinase 11 (STK11) are the other highly
penetrant genes for BC occurrence. Also, there are lower penetrance genes including
various DNA repair genes such as ataxia-tel-angiectasia mutated (ATM), checkpoint
kinase 2 (CHEK2), partner and localizer of BRCA2 (PALB2
and BRACL1 interacting helicase 1 (BRIP1) associated with BC development
(Lukasiewicz et al., 2021; Sarhangi et al., 2022). Further research has revealed a strong
correlation between exposure to endogenous hormones such as progesterone and
estrogen, and the risk of BC in females. Consequently, the potential for certain events
harboring pregnancy, breastfeeding, menopause, and menarche, along with their
duration and the associated hormonal imbalance, is significant (Lukasiewicz et al.,
2021) For instance, studies indicate that starting the early menstruation cycles below
the age of 12 increases the exposure time of the endogenous hormones in this manner

increases the rate of BC risk.

Besides the non-modifiable factors, modifiable risk factors harboring dietary factors,

chemical alcohol consumption, and physical activity are affected by the occurrence of



BC (Harbeck et al., 2019). According to data from epidemiological studies obesity is
linked with an increased probability of BC risk. This association primarily affects
obese post-menopausal women who are at increased risk of developing estrogen
receptor-positive BC. Nonetheless, obese women get poor clinical outcomes
independent of menopause. Following study results by Wang et al., women aged 50 or
older who have a higher Body Mass Index (BMI) than those who have a lower BMI
are more likely to get BC. Furthermore, the researchers observed that higher BMI
correlated to more aggressive biological characteristics of the tumor, such as a larger
size and a higher percentage of lymph node metastasis. In addition, women who are
exposed to chemical compounds on a long-term basis have a much higher chance of
progression of BC. This risk slightly increases with the length of exposure. So far,
several chemicals have been studied in BC development, the most studied ones are
polychlorinated biphenyls (PCB) and dichlorodiphenyltrichloroethane (DDT). These
studies put forward that early exposure to these compounds negatively affects the
development of the mammary glands. Other drugs harbors antibiotics,
antihypertensive compounds, antidepressants, etc. also may include potential risk
factors for the progression of BC (Lukasiewicz et al., 2021). Alcohol consumption is
another risk factor for the development of BC. The elevated estrogen levels are carried
on by the consumption of alcohol and the resulting hormonal imbalance that affects
the risk of carcinogenesis within the female organs. Furthermore, research has shown
that consuming alcohol increases the incidence of estrogen-positive BC in certain.
Moreover, studies have noted that drinking alcohol raises the risk of breast tumors that
are estrogen-positive in particular (Lukasiewicz et al., 2021). Various studies indicate
the association between increased physical activity and lower BC risk. In this manner,
the protective effect of physical activity was put forward in all women who had family-
diagnosed diseases (Mayrovitz (Ed.)., 2022). Several theories explain the preventive
impact of physical exercise against BC incidence. These include the possibility that
physical activity lowers cancer risk by modifying immune system responses, lowering
estrogen levels and insulin-like growth factor-1 levels, or limiting exposure to
endogenous sex hormones. To sum up, ages, genetics, reproductive history,

environmental factors, and multiple factors that are still undiscovered have



complicated roles in the development of BC. In this context, these many factors need

to be considered in treatment approaches.

1.1.2. Molecular Classification of Breast Cancer

BC is a genetically heterogeneous neoplasm with multiple subtypes. Basis of
histological and molecular characteristics, BC is classified into four categories:
luminal A and luminal B (estrogen receptor-positive group), basal-like- and human
epidermal growth factor 2 (HER2) according to a study by Perou and Sorlie (Jones et
al., 2012)(Figure 1).

Luminal A (~40%)
HR+ (ER+ and/or PR+), HER2

Luminal B (~20%)
HR+ (ER+ and/or PR+), HER2+/-

HER2-enriched (~10-15%)
HR- (ER-, PR-), HER2+
Receptors
HR: Hormone
ER: Estrogen

PR Progesterone Triple Negative (~15-20%)
HER2 HR- (ER-, PR-), HER2-

Figure 1. Molecular classification of breast cancer (Lazaratos, A. (2020) BioRender).

1.1.2.1. Estrogen receptor positive group (Luminal A and B)

The most general type of BC is Luminal A, and it is almost 40-50% of all BC cases
(Sarhangi et al., 2022). Luminal A subtypes are the presence of the estrogen receptor,
progesterone receptor (PR), and a lack of HER2 receptor. The cell proliferation marker
which is Ki-67 is low almost less than 20% in the luminal A subtypes. The most well-
known mutations in Luminal A incorporate PIK3CA (45%), TP53, CDH1, GATAS,
MAP3K1, and MAP2K4 (Sarhangi et al., 2022). Clinically, they are low-grade, slowly
developing, and have the best chance of survival with a lower recurrence rate.
Chemotherapy has a more restricted efficacy on these carcinomas. However, hormone
therapy (tamoxifen or aromatase inhibitors) has a high response rate (Mayrovitz (Ed.).,
2022).



Luminal B types are the members of hormone estrogen receptor-positive tumor groups.
The incidence of Luminal B (20-30%) is less than Luminal A. Luminal B types are
categorized into two subgroups. The first group is HER2- and has a higher degree of
estrogen receptor and PR expression besides the high expression of Ki-67. In the
second group, it can be PR negative (-) in some cases in the presence of the expression
of estrogen receptors and HER2. In addition, the second one the expression of K-i67
is either high or low depending on the condition (Sarhangi et al., 2022). Generally,
Luminal B types display an expression of Ki-67 of more than 20%. The detection of
the most common type mutations in luminal B types is TP53 and PI3BKCA mutations.
They are of a high histological grade. The luminal B subtypes exhibit more aggressive
behavior than luminal A. It is related to the worst prognosis group of luminal tumors.
These tumors may benefit from hormonal therapy together with chemotherapy
(Mayrovitz (Ed.)., 2022).

1.1.2.2. HER2 positive

The high expression of HER2 besides the absence of estrogen receptors and PR
receptors is detected in HER2-positive tumor subtypes. Approximately 15-25% of BCs
consist of overexpression of HER2. It has a poor prognosis. Two subcategories are
harboring HER2-enriched (HER2+, estrogen receptor-, PR-, Ki-67 30%) also luminal
HER2 (HER2+, estrogen receptor +, PR+, and Ki-67: 15-30%) (Mayrovitz (Ed.).,
2022). The frequency of TP53 and P13K mutations in HER2-positive tumors is higher
than in luminal subtypes (in order of 72% and 39%) (Sarhangi et al., 2022). This
subtype demonstrates a more aggressive course of disease and growth faster than
luminal ones. Also, it has a high risk of recurrence especially five years after the
treatment. Chemotherapy is highly responsive to HER2 patients. In addition,
chemotherapy-specific drug candidates directed to the HER2 receptor are used for

therapeutic response (Mayrovitz (Ed.)., 2022).

1.1.2.3. Basal-like /Triple-negative

TNBC is a heterogeneous type of BC. Its name suggests that it is a triple negative for
all three receptor expressions: estrogen receptor, PR, and HER2. 15-20% of all BC
cases are constituted of TNBC tumor and TNBC frequency varies depending on



ethnicity. It seems to be by young women at age 40, especially younger black women
(Mayrovitz (Ed.)., 2022). The well-recognized characteristics of TNBC are
aggressiveness compared to other types, poor prognosis, and distinct metastatic
properties. Even though BRCA1/BRCA2 mutations are associated with all BCs, the
TNBC subtype has the greatest prevalence of BRCAL/BRCA2. Approximately 20% of
TNBC patients are thought to have a germline mutation of BRCA1/BRCA2. (Sarhangi
et al., 2022). In conclusion, BC has several biological subgroups that differ in

incidence, progression risk, metastasis potential, and treatment response.

1.1.3. Molecular Mechanisms in Breast Cancer Development and Progression

Hanahan and Weinberg defined in 2011 that cancer cells exhibit a set of properties or
hallmarks harboring incessant growth, evading growth suppressors, evasion of cell
death, activating invasion & and metastasis, genomic instability, inducing
vascularization, escaping immune destruction, creating self-sufficiency metabolism
(Hanahan and Weinberg., 2011). Hanahan exhibited four more cancer hallmarks in
2022, including non-mutational epigenetic reprogramming, polymorphic microbiomes
unlocking phenotypic plasticity, and senescent cells. Modifications of signal
transduction pathways are fundamental for forming many of these hallmarks. These
signaling pathway changes result from proto-oncogene mutations or inactivation of
tumor suppressor genes, and mutated proteins with uncontrolled activity (Hanahan,
2022). Diverse signaling pathways with multiple genes have been affected in the
pathophysiology of BC. Estrogen receptor signaling and HER2 receptor signaling
pathways are the most studied pathways directly related to BC progression. Moreover,
the PISK/Akt/mTOR, Notch, and Ras pathways also correlate with the progression of
breast carcinogenesis (Feng et al., 2018)

One of the most affected signaling paths for the tumorigenesis of BC is the estrogen
signaling pathway. A class of female hormones known as "estrogens" includes estrone,
estradiol, estriol, and estretrol. Regarding chemistry, estrogens are members of the
chemical molecule family known as steroids (Fuentes et al., 2019). To date, three
distinct estrogen receptors have been put forward in breast tumors; two of them are

nuclear receptors, estrogen receptor alpha (o) and estrogen receptor beta (B), and the



other one is G-protein coupled estrogen receptor-1 (GPER) that triggers non-genomic
effects of estrogen in the cytosol (Girgert et al., 2019). The human gene ESR1, located
at location 6g25.1 on chromosome 6, encodes the estrogen receptor a. Apart from the
66kDa full-length estrogen receptor o isoform, multiple other shorter isoforms (36kDa
and 46kDa) have been detected due to different start codons or alternative splicing
outcomes. Conversely, the ESR2 gene, located on chromosome 14 (14923-24),
encodes estrogen receptor B, of which five recognized isoforms exist. The GPER1
gene, which codes for the membrane receptor, is located at locus 7p22.3 on
chromosome 7 (Fuentes et al., 2019). The structures of the estrogen receptors, estrogen
receptor o, and estrogen receptor B, share several structural regions and are composed
of multiple functional domains, as they belong to the nuclear hormone receptors
superfamily of transcription regulators. There are no structural similarities between
GPERL1 and estrogen receptor a or estrogen receptor p. The binding affinity of this
receptor is lower than that of other estrogen receptors. This could be significant,
though, since GPERL1 is responsible for the activation of second messenger-mediated
intracellular signaling cascades and quick response to estrogen. Thanks to their steroid
structures, estrogen gets into the plasma membrane and triggers an intercellular
signaling cascade by association with GPER, estrogen receptor o, and estrogen
receptor B. Estrogen-mediated signaling pathways can be categorized into two groups:
genomic and non-genomic in terms of binding estrogen receptor complexes to DNA
directly or indirectly. In direct genomic signaling, which is a known classical signaling
mechanism, the estrogen receptor complex translocates the nucleus and interacts with
specific DNA sequences named estrogen response elements (ERES). In the indirect
genomic signaling pathway, estrogen receptor complexes have been related to the
activation of other signal transduction mechanisms and protein kinase cascade
consequences with the phosphorylation of transcription factors. In this way, it
regulates transcription with the interaction of DNA sequences. Some transcription
factors impacted by these signaling pathways include CCAAT-enhancer-binding
protein beta (C/EBP), Elk-1, CREB, the NF-kB complex, and the signal transducer
and activator of the transcription (STAT) family. Moreover, protein cascades
comprising the four major classes are the Ras/Raf/MAPK pathway, cCAMP/ protein
kinase A (PKA) signaling pathway, the phospholipase C (PLC)/ protein kinase C



cascade (PKCs), and the phosphatidylinositol 3 kinase (PI3K)/Akt kinase signaling
pathway also take the role in the indirect signaling pathway. Convergence of the two
conventional estrogen receptor regulatory mechanisms might thus lead to increased
transcriptional activity in certain tissues and physiological processes (Fuentes et al.,
2019). The specific action that the activated estrogen receptor produces is dependent
on the chemical structure of the ligand that the receptor is coupled to in addition to the
cellular environment. As a result, considerable effort has been expended on studying
the structure-activity links underlying the estrogen receptor. Selective estrogen
receptor modulators (SERMSs), phytoestrogens, endoestrogens, xenoestrogens, and
metalloestrogens are five major groups of ligands that bind to estrogen receptors.
Investigations into structure-activity and estrogen receptor relationships have yielded
successful anti-estrogen therapeutics harboring tamoxifen (TAM), anastrozole,
raloxifene, and others. In BC pathogenesis, approximately 75% positive estrogen
receptor o expression is detected. In this context, new information continues to unveil
new insights into pharmacological intervention for cancer particularly through studies
on estrogen receptors in BC (Clusan et al., 2023; Fuentes et al., 2019; Schuur et al.,
2015).

Another pathway that is associated with the progression of BC is the HER2 signaling
path. A member of epidermal growth factor receptors (EGFR) is HER2. It constitutes
four tyrosine kinases EGFR (HER1), HER2 (ErB2/c-neu), HER3 (ErB3), and HER4
(ErB4). These kinases have many domains including the extracellular ligand binding
domain, intracellular domain, and transmembrane domain for controlling several
biological processes (Feng et al., 2018). The activation of HER2 receptors leads to
turning on other signaling mechanisms that intersect with cell proliferation, cell cycle
progression, cell differentiation, survival, migration, and adhesion such as
phosphatidylinositol 4,5-biphosphate 3-kinase (PI3K), mitogen-activated kinase
(MAPK), and glycogen synthase kinase-3 (GSK-3) (Crusio et al., 2021.; Ortega et al.,
2020). The HER2 overexpression seems to be the mark of various BC cell lines.
Abnormal amplification of HER2 protein is associated with the tumorigenesis of BC
via affecting downstream signaling pathways. Targeted therapy is a strategy to directly
engage specific molecules in these signaling pathways to prevent the progression of

tumors. The first direct therapy against the extracellular subdomain of HER2 emerged



as a humanized monoclonal antibody called trastuzumab (Herceptin). Despite the poor
effectiveness of monoclonal antibodies as therapies at the time, studies including the
addition of trastuzumab to routine adjuvant chemotherapy were started. The outcomes
of these studies showed that, in comparison to adjuvant chemotherapy alone, targeting
HER2 with trastuzumab improved disease-free survival in women with HER2-positive
patients. Patients will respond well to therapy, as is all too often in cancer cases, only
for that same drug to lose its effectiveness a few weeks, months, or years later, and the
disease relapses. This phenomenon is likewise seen in the HER2 system (Schuur and
DeAndrade, 2015). Understanding the mechanism behind trastuzumab resistance has
proven challenging, primarily because of the difficulty in obtaining tumor samples that
are resistant to trastuzumab. Additional investigation into the biology of HER2
signaling in invasive BC (IBC) has provided an understanding of the resistance
mechanisms. Resistance to anti-HER2 agents can occur through a mechanism where
HER2 forms dimers with EGFR (HER1) or HER3 family members, enabling signaling
even in the presence of HER2 inhibitors. Pertuzumab, another monoclonal antibody
targeting HERZ2, prevents this dimerization process and proves to be an effective
therapy for HER2-positive BC. Importantly, it can complement the action of
trastuzumab, leading to an enhanced therapeutic outcome. These results support the
principle that blocking “rescue” signaling overcomes therapy resistance. Developing
new treatment methods by targeting downstream pathways of HER2 is a crucial factor
in increasing the effectiveness of the therapeutic response. For instance, overactivity
in the PISK/AKT pathway downstream of HER2 has been commonly detected in
biopsy samples of BC that are resistant to trastuzumab (Crusio et al., 2021). In
preclinical studies, Buparlisib (BKM120), a broad inhibitor of PI3K, has been shown
to demonstrate synergistic effects in inhibiting growth when combined with agents that
target the HER2 receptor (Ortega et al., 2020).

Besides the estrogen and HER?2 signaling the PISK/Akt/mTOR is one of the critical
pathways for BC tumorigenesis. The PI3K/Akt/mTOR signaling pathway regulates
cell growth, proliferation, survival, motility, metabolism, and immune response. The
dysregulation of this pathway has been linked with a broad spectrum of cancer
symptoms such as uncontrolled cell proliferation, metabolic reprogramming in tumor

cells, and genomic instability. Furthermore, activation of the PI3K/Akt/mTOR
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pathway is one of the primary reasons for cancer cell resistance to anticancer
treatments. In nearly all human cancers including BC, this pathway has been altered
where up to 60% of tumors contain various variants that hyperactivate this system
(Feng et al., 2018; Ortega et al., 2020). Activation of PI3K is a crucial stage in
oncogenesis and contributes to treatment resistance in estrogen receptor +/HER2+
breast tumors. PI3KCA mutations are more prevalent in luminal A subtype tumors,
occurring in 45% of cases, with HER2+ mutations following in 39% of cases, luminal
B in 30% of cases, and TNBC mutations in 9% of instances. Currently, the PI3K
inhibitors have been improved for preventing cancer tumorigenesis. The FDA just
approved alpelisib as the first PI3K inhibitor for the treatment of BC, therefore actual
research on this kind of inhibitor is becoming increasingly interesting. Taselisib's
effectiveness in treating BC in cellular models with PIK3CA mutations has also been
documented in other preclinical investigations (Feng et al., 2018; Ortega et al., 2020).

Another critical pathway for the progression of BC is the Notch pathway. The Notch
pathway is known as an evolutionarily conserved pathway that mediates cell fate, stem
cell differentiation, and organ development. The Notch signaling comprises four
receptors including Notch 1, 2, 3, 4, and five ligands harboring Delta-like (DLL) 1, 3,
4 and Jagged (Jag) 1, 2. The Notch ligand-receptor complex is subsequently
proteolytically cleaved many times, resulting in the formation of the Notch
extracellular domain and the Notch intracellular domain (NICD). NICD functions as a
transcription factor, regulating downstream target genes (Feng et al., 2018). Any
perturbation of this pathway including activation of mutations in the Notch receptor,
amplification of ligands and/or receptors, and/or overexpression of its target genes
results in cellular transformation, heightened proliferation, and drug resistance in
breast, prostate, multiple myeloma, T-cell acute lymphoblastic leukemia, and other
cancers (BeLow and Osipo, 2020). Since overexpression of Notch 1, 3, and 4 was
observed in the transition from normal breast cells into cancerous cells, it has been
revealed that Notch exhibits oncogenic properties in breast tumor formation.
Moreover, high levels of expression of Jagl and/or Notchl in tumors were indicated
to be correlated with poor prognosis and to be an independent prognostic factor in

primary human BCs. Additionally, Notch signaling interacts with the HER2 signaling
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system, which is linked to more aggressive disease and is activated in about 20% of
breast tumors (BeLow and Osipo, 2020; Feng et al., 2018).

One more pathway taking a role in tumorigenesis of breast tissue is the Ras pathway.
The Ras pathway mediates the activation of extracellular signaling and cytoplasmic
signaling networks by receptor tyrosine kinases (RTKSs) (Crusio et al., 2021). The
epidermal growth factor receptor (EGFR), belonging to the RTK family, is a well-
documented activator of Ras signaling. This activation occurs through the recruitment
of the molecular scaffolding protein growth factor receptor-bound protein 2 (GRB2).
The Ras-guanine exchange factor (Ras-GEF) SOS1, which is attracted to GRB2,
causes the exchange GDP for GTP, resulting in activating the Ras protein (Gimple and
Wang, 2019). The Ras protein family consists of four members which are H-Ras, N-
Ras, K-Ras A, and K-Ras B. There are several downstream effector pathways found
for Ras. The best-characterized pathways are the MAPK/ERK pathway and PI3K-Akt
pathway. Ras pathways play a role in the proliferation of cells, growth, and survival
of the cell, motility, and metabolism. The first identified mutated oncogene in humans
is Ras. The oncogenic activity of Ras is detected in many cancers frequently amongst
the other mutations. Also, oncogenic activation of Ras is shown in the progression of
BC. Overexpression of HER2 and EGFR receptors and loss of expression of Ras
GTPase activating proteins (RasGAPs) are frequently detected in human BC. The H-
Ras and N-Ras isoforms are the most detected mutated forms in aggressive types of
BC (Galig, 2019). Therewithal in basal-like cancer, the activation of K-Ras is observed
(Crusio et al., 2021). These isoforms demonstrate functional diversity in the
progression of BC. These diverse functions harbor metabolic reprogramming,
epithelial-mesenchymal transition (EMT), proliferation, cell death mechanism, and so
on. Invasive properties of BC cells are demonstrated via activation of H-Ras.
Furthermore, de novo lipogenesis and activation of autophagy-related genes also the
formation of autophagic vacuole are triggered via oncogenic K-Ras (Crusio et al.,
2021.; Galie, 2019). Oncogenic Ras proteins serve a promoter role in cell cycle
progression via inhibiting CDKs which are p21 and p27. Moreover, the anti-apoptotic
and pro-apoptotic effects of Ras depend on the Ras effector status. The function of
oncogenic Ras in cancer is directed towards pro-survival (Crusio et al., 2021).

Furthermore, the immune evasion role of the Ras/MAPK pathway was determined in
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triple-negative BC cells (Gali¢, 2019). Apart from its strong role as a modulator of
tumor transformation and progression, Ras may potentially contribute to treatment
resistance in BC. The act of Ras in breast tumorigenesis and resistance to treatments
justifies considering Ras as a target in BC treatment. In this context, the inhibition of
Ras signaling pathways has great potential as a therapeutic candidate for BC.
Therefore, multiple signaling pathways contribute to the progression of BC

tumorigenesis in a different direction.

1.1.4. Treatment Options

Breast cancer patients are diagnosed via physical examination, mammography, and
diagnostic ultrasound. Moreover, magnetic resonance imaging, positron emission
tomography/computerized tomography (PET/CT), and scintigraphy are available in
clinics for diagnosis (Schuur and DeAndrade, 2015). Biopsy is the gold standard for
the assessment of the BC probability from the tissue specimens. Fine needle aspiration
(FNA), core needle biopsy, and excisional biopsy are the three types of biopsy
techniques. After the biopsy, pathological analysis was performed for examination of
biomarkers of tumor samples. The prognosis of BC types is an important factor in
determining the correct treatment approach (Schuur and DeAndrade, 2015). Entirely
BC is a heterogeneous disease on the molecular level thereby this property gives the
directions for new treatment approaches such as biologically directed therapy for any
molecular subtype. Current treatment strategies for BC are radiotherapy, surgery,

chemotherapy, hormonal therapy, and targeted therapy (Clusan et al., 2023).

1.1.4.1. Surgery, radiotherapy, chemotherapy, hormone therapy, targeted
therapy

For invasive BC, the removal of breast tumor tissues is contributed via two major
surgical procedures; breast-conserving surgery (BCS) and mastectomy. While the
BCS, also known as lumpectomy, provides the partial removal of the cancerous breast
tissues via preserving surrounding healthy breast tissue, mastectomy is the removal of
a complete breast tumor and is related to the reconstruction of the breast immediately.
Axillary lymph node dissection (ALND) and sentinel lymph node biopsy (SLNB) are

the affected lymph nodes during BCS so the removal of these is required. Even though,
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in stages 1 and 111, BCS is preferred primarily as a treatment option, the tendency of
mastectomy is detected because of the local recurrence. The local recurrence rates are

variable significantly between breast tumor subtypes in patients.

Chemotherapy is the most known systematic therapy strategy for the treatment of high-
risk BC patients. The most known chemotherapeutic drug families are anthracycline
and taxane. They are applied either before surgery (as neoadjuvant) or after surgery
(as adjuvant) according to the breast tumor characteristics. Choosing the appropriate
chemotherapy drug is critical since the preoperative chemotherapy response differs in
variable breast tumor subtypes. However, chemotherapy seems to be an effective
strategy for therapy. Its application causes various side effects such as vomiting, hair

loss, fatigue, diarrhea, and so on.

After the surgery and chemotherapy, radiotherapy which is the local therapeutic option
is applied to ensure the destruction of all cancerous cells decreasing the recurrence of
BC. Depending on the surgery types, several choices are detected for radiotherapy.
Breast radiotherapy, chest-wall radiotherapy, and breast boost therapy are the most
common techniques. Some of the most prevalent side effects of radiation therapy in
BC patients include skin irritation and darkening in the treated area, tiredness, and
lymphoedema. Nonetheless, radiation treatment is strongly associated with improved

overall survival rates and reduced risk of cancer recurrence (Lukasiewicz et al., 2021).

To provide the most effective treatment in the most suitable scenarios, targeted
medicines are designed to associate with signaling pathways molecules that are crucial
for the genesis and progression of cancer. Hormonal (endocrinal) therapy and
biological therapy are the most studied strategies for therapeutic options for BC
development nowadays. The hormonal therapy can be received in patients with all
estrogen receptor-and/or PR- and/or PR-positive (Luminal) subtypes of BC in cases of
recurrence or metastasis of BC (Lukasiewicz et al., 2021; McDonald et al., 2016). The
detection of high expression of hormone receptors in BC patients leads to a
development phenomenon which is blockage of hormone expression as a treatment
modality. In these ways, the selective estrogen receptor modulators (SERMs) and
selective estrogen receptor degraders (SERDs) have been improved. While the SERMs

which include TAM, toremifene aim to block estrogen receptors, SERDs that harbor
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aromatase inhibitors (Als) (such as exemestane, letrozole anastrozole) goal to reduce
estrogen levels (Lukasiewicz et al., 2021). This therapy can be applied as either
neoadjuvant or adjuvant therapy in BC patients. After surgery, adjuvant hormonal
therapy has been used as a standard for at least 5 years. Extending this therapy up to
10 years or 15 years seems beneficial for patients prone to relapse (Harbeck et al.,
2019). However, during this treatment, almost 50% of patients developed progressive
resistance to hormonal therapy (Lukasiewicz et al., 2021). Therefore, further

investigation will be required to overcome this situation.

Biological therapy (targeted therapy) can be administered at any stage of BC treatment.
Targeted therapy is commonly applied in HER2-positive BC patients; prominent
medicines comprise trastuzumab (HER2-specific monoclonal antibody), pertuzumab
(a monoclonal antibody), deruxtecan, lapatinib, and neratinib (Lukasiewicz et al.,
2021; McDonald et al., 2016). The overall survival is extended via anti-HER2 therapy,
most patients develop resistance to this therapy. To minimize resistance combined
treatment approaches with chemotherapy provide significant long-term benefits
compared to alone (Crusio et al., 2021.). Cyclin-dependent kinase (CDK) inhibitors
are another type of targeted therapy approach. Particularly, CDK4 and CDKG6
inhibitors including palbociclib, abemaciclib, and ribociclib, block the proliferation of
cyclin-dependent kinase in hormone receptor-positive cancer cells. The ER-positive
and HER2-negative BC cells are treated with a higher response rate when the CDK
inhibitors and endocrine therapy combine. Furthermore, to enhance survival for ER-
positive patients who harbor BRCA1 and BRCA2 mutation, PARP inhibitors (olaparib
and talazoparib) have been applied (Sarhangi et al., 2022). Moreover, these inhibitors
are also used for TNBC patients who have BRCA1 and BRCA2 mutations (Shaikh et
al., 2022). Also, in BC patients who have mutated PI3KCA, alpelisib is developed to
target the PI3K protein to prevent abnormal cell proliferation. Furthermore, targeting
signaling pathways is another biological therapy strategy for BC therapy. For instance,
everolimus which is an mTOR inhibitor helps to stop new vessel formation for the
growing tumors in postmenopausal women. Besides these strategies, immunotherapy
approaches have been seen as targeted therapy approaches. For example, for metastatic
TNBC patients atezolizumab which is a programmed cell death-ligand 1 (PD-L1)

antagonist is approved by the FDA. Moreover, some antibody-drug conjugates
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(ADCs) such as sacituzumab govitecan (SG), and ladiratuzumab vedotin have been
developed to target cell surface proteins for the TNBC. The success of the SG has been
demonstrated in the clinic and is the first drug approved by the FDA in the ADC
category (Shaikh and Emens., 2022; Zhu et al., 2023). In conclusion, new biologic
drugs and treatment strategies that address the unique and complex molecular
characteristics of tumors in each BC patient are revolutionizing treatment algorithms
for BC patients and are expected to provide increasing benefits to BC patients with an

expanding pipeline of promising agents (Kumar et al., 2023; Tarantino et al., 2020).

1.2. TAMOXIFEN AND BREAST CANCER

The hormone-dependent BC types have been detected in almost 70% of patients.
Almost two-thirds of the proliferation of BC cells relies on the activation of the
estrogen receptor a. Therefore, hormone therapy is recommended for treatment
options for patients with estrogen-positive BC. TAM is the first and most widely used
chemo-preventive reagent for BC. TAM, which is known as an estrogen receptor o
antagonist, is categorized under the selective estrogen receptor modulator (SERM)
(Ahmed et al., 2021; Clusan et al., 2023). The major human estrogen, which is 17p-
estradiol, binds to estrogen receptor o and closes the hydrophobic pocket via the helix-
12 domain. Estrogen receptor o translocates to the nucleus, where it activates the
estrogen response element, promoting the transcription of estrogen-dependent genes.
TAM is converted into 4-hydroxytamoxifen (4OH-TAM), which binds to estrogen
receptor a. Unlike 17p-estradiol, this causes a distinct conformational shift and does
not close the hydrophobic pocket with helix-12. Consequently, 4OH-TAM inhibits the
activation of estrogen receptor-o through its triphenylethylene backbone structure
(Bekele et al., 2016). Besides estrogen receptor-positive patients” TAM may be an
additional option for treating estrogen receptor-negative tumors. Initial findings
claimed that TAM caused estrogen receptor-negative tumors to undergo apoptosis by
elevating the oxidative state of the cells, blocking Protein Kinase C (PKC), and
ultimately preventing DNA synthesis and proliferation in malignant gliomas (Radin

and Patel, 2016). Various studies have put forward the anti-tumor effects of TAM such
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as inhibition of tumor growth and invasion capacities, leading to apoptosis and
autophagy (Ahmed et al., 2021; Shagufta, 2018; Wu et al., 2016).

TAM has been the sole therapy approach for advanced BC for over 20 years. For
premenopausal and postmenopausal women, 5 years of TAM therapy is applied and
seen as the preferred treatment. Although TAM has excellent clinical results, most
patients with metastases and around 40% of individuals on adjuvant TAM relapse
(Barazetti et al., 2021; Howell and Howell, 2023). Understanding the mechanisms of
TAM resistance is critical to creating effective countermeasures against relapse. TAM
resistance has been linked to a variety of pathways. One of them is the loss of ER
expression. Activation of oncogenic signaling cascades for instance, PI3K/Akt/mTOR
resulted in the overexpression of the receptor tyrosine kinases (RTKs) which seems to
be one of the other TAM resistance mechanisms. Moreover, some transcription factors,
cell cycle regulators, and protective autophagy have critical roles in resistance
mechanisms (Ahmed et al., 2021; Barazetti et al., 2021; Yao et al., 2020).

1.3. EPIBRASSINOLIDE

The diversity of the chemical structure of the plants has great biological potential, at
this moment approximately 60% of FDA-approved drugs for cancer have a natural
origin like taxanes, vincristine, irinotecan, etc. However, up to the present, few studies
have been conducted on the potential of natural plant hormones in preventing cancer
(Steigerova et al., 2010). In this context, brassinosteroids (BRs) which are
polyhydroxysteroid phytohormones have been investigated due to their highest
bioactivity and structural similarity to animal steroid hormones. The BRs play a crucial
role in various physiological functions of plants and take a role in the developmental
processes of plants either at the organ level or at the cellular level. They take a role in
the hormonal balance regulation, synthesis of nucleic acid and proteins, regulation of
enzyme activity, growth, and development, etc. BRs have a dynamic role in response
to stress conditions. Until recently, 70 different kinds of BRs have been analyzed in
various plants (Kaur Kohli et al., 2020). Based on the highest bioactivity and

commercial availability the 24-epibrassinolide (EBR) and 28-homobrassinolide (28-
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HomoBL) are the most investigated BR compounds (Kvasnica et al., 2019). BRs were
initially thought to only affect hormones like NHR inhibitors due to their resemblance
to steroid-like composition. However, when the nuclear hormone receptor (NHR) and
EBR interaction was investigated, it was revealed that it caused cell death both in
NHR-expressing and non-NHR-expressing cancer cells (Malikova et al., 2008;
Steigerova et al., 2010, 2012). Malikova et al., study was conducted on hormone-
sensitive/insensitive breast (MCF-7/MDA-MB-468) and prostate (LNCAP/DU-145)
cell lines. It was put forward those cell inhibitory responses of EBR through the cell
cycle arrest at the G1 phase for MCF-7, MDA-MB-468, and LNCAP cell lines,
whereas G2 arrest in DU-145, and triggering apoptosis (Malikova et al., 2008). Our
earlier investigation also indicates that EBR induced apoptosis in prostate cancer cell
lines which are LNCAP and DU-145 in a caspase-dependent manner by changing the
expression of the BCL-2 family members (Obakan et al., 2014a). Moreover, our
previous findings revealed that after EBR treatment in mouse embryonic fibroblast
cells (MEF), there was no change in cell viability (Adacan, Obakan-Yerlikaya, et
2020a). This suggests that natural BRs generate distinct responses in cancer and
normal cells, indicating a significant therapeutic potential due to their selective
cytotoxic effects on cancer cell lines rather than untransformed human fibroblasts
(Huskova et al., 2020).

The significant therapeutic potential of the BRs has been revealed in many cancer
models in recent studies. Steigerova et al. studied the antiproliferative mechanism of
EBR and 28-homocastasterone (28-homoCS) in breast and prostate cancer cell lines
however the main mechanism behind their activities is not completely understood
(Steigerova et al., 2010). Some investigations demonstrated that EBR triggers the
production of reactive oxygen species (ROS). This production of ROS influences
polyamine metabolism resulting in mitochondria-mediated apoptosis through the
PIBK/MAPK pathway (Coskun et al., 2015). Furthermore, the antiangiogenic
properties of BRs also were put forward in studies. Human umbilical vein endothelial
cells (HUVEC) and human microvascular endothelial cells (HMEC-1) were utilized
to test the antiangiogenic properties of BRs and their derivatives. It was found that
EBR and 28-HomoCS significantly reduced cell adhesion, which affected the
antiproliferative potential of the cells. They also inhibited the migration of HUVEC
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cells and HMEC-1 cell proliferation in a dose-dependent manner (Kaur Kohli et al.,
2020). These studies put forward the diverse action mechanisms of BRs such as
anticancer, antiproliferative, anti-angiogenesis, antiviral, and so on (Huskova et al.,
2020).

Utilizing the stable isotope labeling by amino acids in cell culture techniques (SILAC),
diverse cellular functions of EBR and novel targets of EBR were identified firstly in
the Obakan et. al 2015 study (Obakan et al., 2015). In this way, the alterations profile
of 160 protein expressions in a various cellular function was analyzed between EBR-
treated and untreated control samples. For instance, in this investigation, dramatic
downregulation of calreticulin (CALR) which is the unfolded protein response (UPR)
chaperone was detected after 12 h EBR exposure, also other UPR-related proteins were
affected after exposure to EBR. Thus, EBR has been demonstrated to have an
endoplasmic reticulum inducer effect in prostate and colon cancer cell lines (Obakan
et al., 2015). Moreover, EBR causes the imbalance of the Ca*? homeostasis leading to
endoplasmic reticulum stress-mediated apoptosis in colon cancer cells SW480 and
DLD-1 (Obakan-Yerlikaya et al., 2017). Furthermore, EBR induced autophagy Atg5
independent manner on the account of ER stress via acting on CALR in MEF cells
(Adacan, Obakan-Yerlikaya, et al., 2020a). Also, activation of autophagy in polyamine
metabolism via EBR is put forward in colon cancer cells in SW480 and DLD-1
(Adacan and Obakan Yerlikaya, 2020b). Further step the induction of autophagy with
EBR was detected in the SCID mouse xenograft model in this way impaired the

progression of colon cancer (Obakan Yerlikaya et al., 2023).

EBR will be a promising anti-cancer agent for preventing cancer progression through
mediating cell death mechanisms and its effectiveness will be tested in different types
of tumors. Especially considering these findings the novel BR drugs and nanocarriers
for these drugs have been improved to prevent the progression of cancer. (Banerjee et
al., 2019; Zhou et al., 2022).
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1.4. ENDOPLASMIC RETICULUM STRESS AND UNFOLDED PROTEIN
RESPONSE IN BREAST CANCER

The endoplasmic reticulum (ER), one of the largest organelles, is made up of tubular
and reticular structures that extend through the cell and connect to other organelles for
maintaining physiological conditions in a normal stage in eukaryotic cells (Huang et
al., 2023). This multifunctional organelle takes a role in various functions involving
calcium storage and signaling, lipid synthesis, metabolism, synthesis and transport of
membrane proteins, cytoplasmic proteins, and secretory proteins. According to
functional and physical characteristics, two types of ER are categorized: rough and
smooth. The smooth ER (SER) which does not contain ribosomes plays a role in the
production of hormones and lipids. While the rough ER (RER) which contains
ribosomes is crucial for the synthesis, folding, and modifying post-translational
manner, quality checks also transport at least one-third of total proteins in cells
(Bonsignore et al., 2023). The primary role of the ER is to effectively regulate quality
so that only correctly folded proteins may get to their intended location. The array of
enzymes located in ER harboring specific chaperons, foldases, oxidoreductases, and
glycosylating enzymes regulate the maturation process of proteins starting from
nascent polypeptides form to properly folded and modified state (Oakes, 2020). The
specific ER-resident chaperons are categorized into three subgroups. One of them is
molecular chaperone-binding immunoglobulin (BiP; also known as 78kDa glucose
regulatory protein (GRP78)) and GRP94 which also take the role in assembling also
folding unspecified proteins. The other ones are CALR, calnexin (CANX), and lectins
facilitate the maturation of the glycoproteins. The last one is the Heat shock protein 47
(Hsp47) plays a role, particularly in collagen. Moreover, other functional classes of
enzymes known as protein disulfide isomerases (PDIs) facilitate the synthesis and/or
dissociation of disulfide bonds. Furthermore, the Ca*? trafficking in and out of ER is
known to control a wide range of cellular processes and signal transduction pathways.
The Ca*? binding chaperons, of which calreticulin is one of the prominent examples,
control proper protein folding of the newly synthesized proteins and other quality
control pathways in the ER. As a result, the fluctuations of the Ca*? levels are also

critical to the folding capacity of the ER (Sano and Reed, 2013). Under a normal state,
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the elimination of misfolded or damaged proteins is mediated via the ER-associated

protein degradation (ERAD) mechanism to protect the cells (Sisinni et al., 2019).

Although the functions of ER are tightly regulated, the disruption of protein folding
capacity or calcium homeostasis in ER due to various external events and cell-intrinsic
stimuli provokes ER stress (Chen and Cubillos-Ruiz., 2021; Hetz et al., 2020). These
stress stimuli harbor decreasing oxygen levels which takes a role in the formation of
disulfide bonds to keep the conformation of protein stable, lacking nutrients
(specifically glucose deficiency leads to disturbance in protein glycosylation), rapid
cell proliferation, perturbation in redox homeostasis, decreased calcium ions levels and
accumulation of misfolded or unfolded proteins in the ER lumen (Rozpedek et al.,
2016). In response to ER stress, unfolded protein response (UPR) which is an adaptive
mechanism of ER stress is triggered to cope with stress conditions (Chen and Cubillos-
Ruiz, 2021; Hetz et al., 2020). Activation of UPR contributes to the restoration of
homeostasis of proteins (proteostasis) in ER by enhancing protein folding capacity,
decreasing protein overload, and raising the degradation of misfolded protein through
reprogramming gene expression. In mammals, the basic UPR signaling pathway is
initiated via three key ER transmembrane proteins which act as sensors of an ER stress
including inositol requiring protein-la (IREla), activating transcription factor 6
(ATF-6) and protein kinase RNA-like ER kinase (PERK). These sensors consist of
three domains. One of them is a luminal domain which senses the unfolded protein
peptides and misfolded proteins in the ER lumen. The transmembrane and cytoplasmic
domains are the other ER stress sensor domains that coordinate translation or
transcription by transmitting signals through the nucleus (Chen and Cubillos-Ruiz,
2021; Hetz et al., 2020; W. Huang et al., 2023). During non-stress conditions, BiP
binds to these ER stress sensors (IRE1a, PERK, and ATF-6) thereby keeping them in
an inactive state by blocking the UPR signal. Under the ER stress conditions, BiP
demonstrates a higher tendency for binding of misfolded proteins or unfolded proteins,
by this way dissociate from these sensors to be activated via autophosphorylation,
homodimerization, and cleavage process, resulting in induction UPR (Huang et al.,
2023).
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Figure 2. Unfolded protein response mechanisms (de la Calle et al., 2022).

1.4.1. Endoplasmic Reticulum Stress Signaling Pathways

The most evolutionary conserved arm of the UPR, also the first characterized ER stress
sensor is IRE1 — X box binding protein 1 (XBP1) (Hetz et al., 2020; W. Huang et al.,
2023). There are two isoforms of IRE1- X binding protein which are IREla and
IRE1B. The ERN1 gene encodes IREla. Two enzymatic activities: serine/threonine
kinase and endonuclease are detected in the cytoplasmic domain of IRE1a. When the
accumulation of misfolded or unfolded proteins, they either connect directly to the
luminal domain of IREla or bind to BiP promoting dimerization of IRElo and
activation of its kinase activity by autophosphorylation and endonuclease activity. The
active state of IREla leads to splice intron from X-box binding protein 1 to obtain
functionally active protein XBP1. Afterward, XBP1 translocates to the nucleus where
it provides transcription of UPR targeting genes in the nucleus also ER-related protein
degradation components (ERAD) via promoting transcription of genes (Chen and
Cubillos-Ruiz, 2021; Huang et al., 2023). The activated IRE1 RNAse domain also
facilitates the degradation of mRNAs localized in ER through a process termed
regulated IRE1-dependent decay (RIDD). As a result of this process, cellular

metabolism, inflammation, protein folding load, and inflammasome signaling
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pathways are all regulated, which reduces ER stress and encourages cell recovery to
homeostasis. Under chronic ER stress, the cytoplasmic domain of IREla also
functions as a scaffold to attract adaptor proteins, such as members of the tumor
necrosis factor receptor-associated (TRAF) family, to trigger inflammatory responses.
IREla recruits TRAF2 in cases of severe and prolonged endoplasmic stress. This also
triggers cell death and subsequent activation of c-Jun N-terminal kinase (JNK). As an
alternative, upon activating the RIDD pathway, the cascade of caspase 8 or caspase 2

triggers apoptosis (Qing et al., 2023).
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Figure 3. IRE1la pathway.
Like IREla, PERK is one type of ER-resident type-1 transmembrane protein. PERK
is also known as serine-threonine kinase, the best substrate for eukaryotic translation
initiation factor 2a (eIF2a). While the N-terminal region of PERK is in the ER lumen
and associated with BiP, the C-terminal region is linked with the cytoplasmic kinase
domain. In response to ER stress conditions, BiP is released from sensors and binds to
misfolded proteins with higher affinity, thereby activating PERK via
homodimerization and autophosphorylation. Activated PERK phosphorylates both
itself and elF2a. The elF2a diminishes the mRNA translation by interfering with 5’-
cap assembly, thus reducing protein synthesis so that ER stress load (Huang et al.,
2023). Although the phosphorylation of e1F2a resulted in reduced mRNA translation
the selective mRNAs such as triggering the activation of transcription factor 4 (ATF4)
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are preferentially translated. ATF4 serves as a crucial transcriptional regulator that
targets genes involved in protein folding, amino acid metabolism, autophagy, and
apoptosis, triggering the cell fate response. A double-edged sword effect is observed
in ATF4 under ER stress. At one point, ATF4 induces proapoptotic factor C/EBP
homologous protein (CHOP; also referred to as GADD153) and GADD34 which
provide mRNA restoration thanks to the dephosphorylation of elF2a via targeting
protein phosphatase 1 (PP1). This loop ends with the restoration of the synthesis of
protein and termination of stress response signaling. On the other hand, if severe ER
stress continues, ATF4 activates caspase 8 expression in response to the activation of
GADD34 and CHOP, hence inducing apoptosis (Qing et al., 2023). Moreover, it is
worth noting that CHOP stimulates the expression of ER oxidoreduction la. (EROIa)
genes. Under physiological conditions, these enzymes are exclusively connected to the
ER membrane and take a critical role in disulfide bond formation for recently
translated proteins. Furthermore, the EROla is a needed oxygen molecule for the
oxidation of PDI that catalyzes disulfide bond formation. As a result, it can be
hypothesized that under conditions of prolonged ER stress, ERO1 produces H.O> and
promotes a hyper oxidizing environment that induces apoptosis (Rozpedek et al.,
2016).
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Figure 4. PERK signaling pathway.

Activating transcription factor 6 (ATF-6) is the third pathway in UPR signaling. ATF6
is a member of ER-resident type 11 transmembrane protein, consisting of cytoplasmic
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N-terminal Zip transcription factor domain and a major ER luminal domain. ATF-6
has two types that differ in transcriptional effects ATF-6a and ATF-6p3. The ATF-6a
transcriptional activation is highly potent compared to the ATF-6p (Huang et al.,
2023). Under prolonged ER stress, unlike the IRE1a and PERK, the luminal domain
of ATF-6a is translocated through the Golgi apparatus via direct separation of BiP. In
the Golgi, ATF-6a is cleaved via two proteases, S1IP and S2P (site-1 and site-2
proteases, also known as MBTPS1 and MBTPS2) resulting in releasing basic leucine
zipper (bZIP) fragment harboring N- terminal fraction (ATF6p50). Following this type
of regulated intramembrane proteolysis (RIP), ATF6p50 transports to the nucleus. It
mediates the ER stress response elements that take a role in protein folding processes
such as chaperones, foldases, etc, also in the ERAD complex (Chen and Cubillos-Ruiz,
2021; Hillary et al., 2018; Qing et al., 2023). For instance, the induction of primary
(unspliced) XBP1 transcript and BiP via ATF6a contributes to proteostasis and
enhancement of the regulatory output of the IRE1a arm. Moreover, additional targets
identified in ATF6's regulatory repertoire are protein disulfide isomerase-associated 6
(PDIAG) and ER degradation enhancing a-mannosidase-like protein 1 (EDEM1)
which facilitate the degradation of misfolded proteins (Figure 5) (Hillary et al., 2018).
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Figure 5. ATF6 signaling pathway.

25



1.4.2. Endoplasmic Reticulum Stress Response in Breast Cancer Cells

A tumor occurs when abnormal cell accumulation occurs in any body part. This
excessive proliferation of tumor cells and insufficient angiogenesis can trigger the
perturbation of ER stress homeostasis. The hypoxic conditions also cause the
activation of ER stress. In addition, genetic instability, and somatic mutations in
secretory pathway proteins in tumor cells can affect their folding and result in ER stress
(Y. Lin et al., 2019; Oakes, 2020). Under pathological settings, ER stress is linked to
a variety of metabolic illnesses, including cardiovascular disease, diabetes, and cancer.
The relevant role of ER stress response and cancer have been investigated in the past
15 years (Chen and Cubillos-Ruiz, 2021). Several studies put forward that activation
of ER stress also UPR under stressful conditions is one of the survival strategies in
cancer cells (Fu et al., 2021). Initially, the UPR response generated by mild ER stress
was assumed to be a self-regulating mechanism for protecting cells from permanent
damage (Xu et al., 2022). Both autophagy and UPR signaling pathways are considered
cell self-protection strategies; nevertheless, when cellular stress persists or intensifies,
these pathways may trigger cell death. The activation of ER stress is a complex
molecular process comprising signaling pathways involved in cellular autophagy,
apoptosis, oxidative stress, and inflammatory responses (Chen and Cubillos-Ruiz,
2021). Even while there is still much to learn, new research has begun to shed light on
the connection between cancer and dysregulated UPR. Various lines of evidence have
demonstrated that persistent activation of the UPR is linked to treatment resistance and
recurrence of disease. In such a scenario, the molecular mechanisms driving prolonged
activation of the UPR are considered new potential targets for restoring drug sensitivity

in breast tumors (Sisinni et al., 2019).

ER stress in breast tumors results from hypoxia and nutrient deprivation caused by
cytotoxic and endocrine therapeutic interventions. The progression of the ER stress is
variable in the three UPR arms in different subtypes of breast tumors. In BC cells, the
overexpression of BiP protein has been analyzed both in the estrogen-positive and anti-
estrogen-resistant BC cells. Moreover, a study demonstrated that elevated estrogen
levels can trigger the expression of BiP and XBP1. Moreover, IRE1a-XBP1 and PERK
signaling plays a key role in the progression of the ERa positive breast tumor.

Moreover, upregulation of these UPR components might correlate with contributing
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resistance to chemotherapeutic drugs and anti-estrogenic drugs such as faslodex and
TAM (Bonsignore et al., 2023). Within the scope of this information, the UPR
response elements have become targeted mechanisms for therapeutic purposes
nowadays. Several small molecule inhibitors that target the UPR pathway have been
found to interfere with the development of BC. For instance, MKC8866, one type of
IREla inhibitor, has been used in IREla activity in Phase 1 clinical trials for BCs.
Also, GSK260414 has been found to interfere with PERK activity and observed to
prevent metastasis in TNBC, therefore it has entered the Phase 1 clinical trial of BC
(Patra et al., 2023).

In conclusion, the ER is a dynamic organelle that coordinates signaling pathways to
promote cell adaptation, survival, and cellular resistance. Although ER stress has been
linked to several disorders, there are still many unsolved concerns about its role in
health and disease. Several disorders have been linked to ER stress-mediated cell death
either apoptosis or autophagy which makes this mechanism a desirable target for the
therapy. Thus, understanding the process behind ER stress responses could help shape

future treatment methods for cancer therapy (Sano and Reed, 2013).

1.5. AUTOPHAGY

Autophagy is an evolutionarily highly conserved catabolic process from yeast to
mammals. Firstly, the “autophagy” term was used by De Duve to describe self-
destruction at the cellular level in the 1960s. Under normal physiological conditions,
autophagy takes a role in maintaining cellular homeostasis via recycling of cellular
content and elimination of misfolded protein aggregates or dysfunctional organelles.
In this manner, this process is essential for maintaining a balance of the intracellular
environment and protecting the cells from death. In the case of cells facing intrinsic
and extrinsic stress conditions which comprise such as nutrient starvation, energy
deprivation, ER stress, hypoxia, ROS, growth factor deficiency, tumor
microenvironment, etc. Autophagy is triggered to recover metabolic requirements to
increase cell survival (Kocaturk et al., 2019). Besides normal physiological conditions,

autophagy is also detected in the pathological conditions of various diseases such as
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tumors, infection, neurodegenerative disorders, aging, and diabetes (Chavez-

Dominguez et al., 2020).

1.5.1. Types of Autophagy

Autophagy is also known as an intracellular lysosome-dependent pathway. In research
done so far, autophagy has been categorized into four major classes based on the
delivery strategies of intracellular components (cargo) to lysosomes for degradation;
macro-autophagy (referred to as autophagy here), micro-autophagy, and chaperon-

mediated autophagy (CMA) and selective autophagy (Wu and Sharma, 2023).

The term "microautophagy” describes a process in which the lysosome membrane is
deformed to allow cytoplasmic contents to invaginate. Through membrane protrusion
and invagination, lysosomes and late endosomes immediately take up autophagic
payloads during microautophagy. Then, the autophagic cargoes are broken down in
the endolysosomal lumen (Wang et al., 2023). Microautophagy is observed in cases of
nutrient deficiency. Both nitrogen deprivation and rapamycin promote micro
autophagy of soluble components, even though, pexophagic vacuole invagination is
dependent on autophagy related gene (Atg) proteins. A vacuolar transport chaperone
(VTC) complex is required for microautophagy. This complex is in the ER, vacuoles,
and the cell periphery. This process does not cause membrane loss caused by classical

autophagy (Uttenweiler et al., 2007).

CMA is one of the specific protein degradation processes. The individual cargo protein
is directly translocated through the lysosomal membrane for degradation via CMA.
The cargo protein which carries the KFERQ motif for the recognition binds to heat
shock protein cognate 71 (HSC70) which is a key chaperone for CMA. Once this
connection occurs the HSC70/cargo complex is delivered to the lysosome surface and
interacts with the lysosome-associated membrane protein type 2A (LAMP2A). The
translocation complex is then formed by assembling LAMP2A monomers into
multimeric complexes. Once this structure is created appropriately, translocation of
proteins across the lysosomal membrane occurs, at the same time lysosomal-HSC70
draws into the lumen to prevent it from out of the membrane. During this process,

stability of the LMP2A is provided via HSC90 which takes a role in covering
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lysosomal protease binding regions preventing degradation during this transition.
Lastly, the protein degrades within the lysosome later, and the translocation complex

disassembles (Auzmendi-Iriarte and Matheu, 2021).

Selective autophagy is the name that suggests select targets specifically for
degradation at a specific cellular organelle. According to their targets, several
pathways were identified in studies harboring mitophagy, ER-phagy, xenophagy,
lysophagy, pexophagy, lipophagy, ribophagy, aggrephagy, etc. Many selective
autophagy receptors (SARS) have been identified against specific cargo such as NBR1,
p62, TOLLIP, NIX, NCOA4, and Cue5 (Alvarez-Meythaler et al., 2020). The
recognition of cargo can be achieved via cargo ubiquitylation which differs in non-

selective autophagy.

The term autophagy refers to macroautophagy in literature according to general
acceptance. Nowadays various studies have been focused on understanding the
molecular mechanism of macro-autophagy. The initiation of autophagy occurs with
the formation of autophagosomes which engulf cytosolic components either
cytoplasmic proteins or aggregates or damaged organelles, later followed by lysosomal
fusion where the proteases disrupt the cargo material. The process of autophagy is
mediated by sequential five steps: initiation, membrane nucleation, phagophore
formation, phagophore elongation (autophagosome maturation), fusion, and

degradation of cargo (Figure 6).
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Figure 6. Mechanism of autophagy (Hansen et al., 2018) .
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The autophagy mechanism is highly correlated with several protein complexes and the
two ubiquitin-conjugation-like systems. The Atgs were characterized as key players in
every step of the autophagic pathway because of initial studies of yeast in the 1990s
(Kocaturk et al., 2019). Autophagy is activated and progresses because of intrinsic and
environmental stressful situations. At the same time, the occurrence of autophagy is
controlled via an assortment of signaling pathways. The execution of autophagy relies
on master regulators of cellular energy metabolism which are mammalian targets of
rapamycin (mTOR) and AMP-activated protein kinase (AMPK). The mTOR consists
of two different signaling pathways referred to as mTORCI and mTORC2, however
only mTORCL1 is directly correlated with the autophagic process (Cocco et al., 2020).
Under nutrient-rich conditions, the mTORC1 negatively regulates autophagy by
suppressing the formation of the ULK complex that constructs ULK1/2, ATG13, and
FIP200 (ULK interacting protein). Whereas the AMPK which is a serine protein kinase
positively regulates autophagy in response to nutrition starvation via two distinct
mechanisms (1) suppression of the mTORC1 complexes, (2) activation of the ULK
complex through class Il phosphatidylinositol 3- kinase (PI3K) bypassing mTOR
(Cocco et al., 2020). Moreover, two major complexes of protein take a role in the
initiation step of autophagy. The first complex is the ULK1/2 and FIP2g. The PI3K
complex is a second major effector protein complex for autophagy consisting of
VSP34, VSP15, Beclin-1, Atgl4, and UV radiation resistance-associated gene
(UVRAG) proteins. This complex is responsible for membrane nucleation and
phagophore formation which is a cup-shaped structure. One of the main proteins for
the nucleation process is Beclin-1 which binds with VSP34. The VSP34 takes a role
in the production of the phosphatidylinositol 3-phosphate (P13P) which is essential for
the phagophore nucleation. Moreover, Beclinl interacts with various other mediators
like UVRAG, Atgl4L, Beclin-1 regulated autophagy protein 1 (AMBRAL), and
vacuole membrane protein 1 (VMP1) to mediate the membrane formation differently.
Accumulation of the PI3P promotes additional binding of Atgs to expand phagophore
formation (Kocaturk et al., 2019). In the maturation stage of phagophore two-
ubiquitin-like protein (UBL) conjugation systems are detected. The first system
comprises of conjugation of Atgl2-Atg5 UBL and later conjugates with Atgl6L1 to
form the Atgl2-Atg5-Atgl6L1 complex contributing to enlarging of phagophore for
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forming a large multimeric complex. This complex also serves as a function of the E3-
like kinase to the second conjugation system. This conjugation process, which involves
the formation of autophagosomes, occurs in a stepwise manner depending on the E1-
like enzyme Atg7. Atg7 stimulates the activation of the Atg8. With the help of the E3-
like Atgl2-Atg5 conjugate, the conjugation of microtubule-associated light chain B
(LC3B) protein which is the mammalian homolog of yeast Atg8 is linked to
phosphatidylethanolamine (PE) by an amide bond. Then cleavage of the LC3B
precursor protein is mediated with Atg4B protease for modifying LC3B to LC3B-I
(Finnegan et al., 2022; T. Huang et al., 2018; J. Zhang et al., 2023). Then the LC3B-I
subsequently transported to Atg3 and linked with PE to construct the LC3B-II-PE
complex, referred to as a marker of autophagosome formation. When autophagosome
formation is completed LC3B-1 dissociates from PE via the outer membrane Atg4 and
returns to the cytosol. Whereas the LC3B-II on the membrane's inner side remains
attached to the membrane and degrades the substrates in the cargo. Gamma-
aminobutyric acid receptor-associated protein (GABARAP), an LC3-related protein,
has a comparable role in autophagosomal expansion, including autophagosome
formation and substrate sequestration into double-membrane vesicles. Atg9, a
transmembrane protein, also contributes to the phagophore expansion by supplying
lipid bilayers to the nascent phagophore, allowing for additional elongation of the
autophagosome before it is completed (Yun et al., 2020). After the autophagosome
membrane's completion, intracellular cargo is engulfed by autophagic vesicles to
deliver lysosomes for degradation by hydrolyses into lysosomes. The fusion of the
autophagosome with the lysosome is referred to as autophagolysosome (AL). Several
autophagy receptors/adaptor proteins including sequestosome 1 (SQSTM), nuclear dot
protein 52 kDa (NDP52), a neighbor of BRCAL (NBR1), and autophagy-linked FYVE
protein (ALFY) have been responsible for the selective recognition also the
recruitment of autophagosomal cargoes for the targeted autophagic response.
SQSTM1 which is known as p62 is the best-characterized autophagy receptor up to
date ( Huang et al., 2018; Yun et al., 2020). In addition, multiple proteins such as
soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE)
proteins including syntaxin 17 (STX17), synaptosomal-associated protein 29
(SNAP29), and vesicle-associated membrane protein 8 (VAMPS8), Rab GTPases
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proteins especially Rab7, lysosomal integrin protein (LAMP2), and membrane
tethering proteins play critical roles in this fusion process. Thereafter fusion process
degradation of products which includes amino acids, sugars, nucleotides, and fatty
acids, where in content onto autophagolysosome by the lysosomal proteases are
returned to cytosol in the reason for the reuse in the metabolic process.

1.5.3. Dual Role of Autophagy for Cancer

The first direct correlation between autophagy and cancer was identified by Beth
Levin’s groups in 1999. They put forward deletions of the monoallelic BECN1 (Atg6
gene in yeast) gene in human cells might promote tumorigenesis both in vitro and in
vivo manner. In this context, initial studies have shown a tumor-suppressive role of
autophagy. Indeed, autophagy has a double-edged sword effect in cancer progression
in a context-dependent manner. At the early stage of malignant formation, autophagy
is responsible for preventing tumorigenesis. Once tumorigenesis has occurred,
autophagy has been indicated to take a role in encouraging tumor growth. The onco-
suppressive role of autophagy may exert many mechanisms comprising; degradation
of oncogenic proteins, maintenance of cell metabolism, preservation of genomic
stability, and so on (Rybstein et al.,, 2018). Contrary to the tumor-suppressive
mechanism of autophagy, the tumor-promoting functions of autophagy have been
detected in several of the hallmarks of cancer. One of them is that autophagy
contributes to cell proliferation by supplying nutrients and energy requirements for
cancer cells under stress conditions (Chavez-Dominguez et al., 2020; Rybstein et al.,
2018). For instance, environmental stress contributes to the inactivation of PI3K and
AKT/mTOR pathways to activate autophagy for sustaining survival mechanisms in
breast cells. Moreover, autophagy promotes the contribution of the stemness
phenotype to induce the expression of the stem cell markers and signaling pathways.
In a murine model, stimulation of stemness of two stem-like BC cell lines has occurred
via autophagy activation of the EGFR also TGFB/Smad paths (Wu and Sharma, 2023).
Furthermore, autophagy provides tumor dormancy under unfavorable conditions. This
dormancy is highly correlated with the recurrence of the disease, metastasis, and

therapy resistance later. The growth and extravasation of the dormant cells are
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mediated via autophagy within the tumor microenvironment. Dormant BC models
both in vivo and in preclinical human models have been put forward that autophagy
inhibition in such a model resulted in decreasing cell viability also the burden of
metastasis (Wu and Sharma, 2023). In addition, autophagy provides the resistance of
cancer cells to therapy. For example, autophagy promotes resistance to treatment for
TAM in BC cell lines. According to Samaddar et al. and Qadir et al., TAM/4-OHT
coupled with autophagy suppression (3-Methyladenine (3-MA), bafilomycin Al,
siRNAs targeting Atg7, Atgb, and Beclinl) restored the sensitivity of TAM/4-OHT in
resistant MCF-7 cells (Mele et al., 2020). This autophagy-related drug resistance
mechanism has been seen as a barrier to cancer therapy because of that the role of
autophagy in the resistance mechanism is not fully defined. Hence, suppressing
autophagy can be exerted as an alternative strategy (or novel therapeutic target) to re-
sensitize cancer cells to therapy.

1.5.4. Targeting Autophagy in Breast Cancer

The complex relationship between autophagy-related genes and BC has been put
forward in various aspects because of the paradoxical role of autophagy. Moreover,
due to the variety of the expression profile of BC subtypes, different outcomes in
response to autophagy have been identified. In the estrogen receptor-positive breast
tumors, an autophagy-mediated drug resistance mechanism was observed against the
endocrine therapy. In this case, the inhibition of autophagy provides the reverse of
drug resistance through the promotion of apoptosis. For instance, the cytoprotective
autophagy ensures the reverting of the Exemestane (aromatase inhibitor) resistance in
BC models (Cocco et al., 2020). Moreover, low levels of autophagy have been detected
in HER2+ tumors. The association between the deficiency of the Beclin 1 expression
and the amplification of HER2 was observed in in vitro studies. For this reason,
according to studies, the overexpression of the Beclin 1 gene hinders the progression
of HER2+ tumors (Wu and Sharma, 2023). Furthermore, elevated levels of autophagy
are the most detected in the TNBC subtype compared to other subtypes of BC cells.
The higher levels of autophagy led to invasive properties of the TNBC tumors. Thus,
targeting autophagy-related genes in TNBC tumors seems to be a potential target for

therapeutic purposes. For instance, a study showed that the knockdown of the LC3 and
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Beclinl genes resulted in the inhibition of the autophagy process and prevent the
proliferation of the cells migration of the cells also triggered apoptosis in MDA-MB-
231 and BT-549 cells (Cocco et al., 2020). Moreover, the enrichment of Atg7 provides
better prognostic outcomes for TNBC patients. Whereas the higher expression of the
Atg7 leads to apoptosis in TNBC cells, the negative effect on the growth and
progression of the TNBC cells was detected in the presence of the Atg7. In addition,
silencing of the Atg7 in MCF-7 cell lines promotes the anticancer effects of docetaxel
via increasing apoptotic efficiency based on a study (M. Li et al., 2019; Wu and
Sharma, 2023). Consequently, modulation of autophagy as a therapeutic candidate can
reduce the progression of the tumor and enhance the effectiveness of conventional

therapy.

1.6. CROSSTALK BETWEEN ENDOPLASMIC RETICULUM STRESS,
APOPTOSIS, AND AUTOPHAGY

Accumulation of unfolded or misfolded proteins in the ER lumen leads to the
dysfunction of the ER resulting in ER stress. The ER stress triggers UPR which is
known as an adaptive mechanism for the cells. It activates various complementary
signaling mechanisms to cope with any protein folding alterations. The UPR-linked
pathways provide the restoring homeostasis of the cell either blocking or enhancing
cell death according to its capacity to get rid of stress conditions or not (Sisinni et al.,
2019). The UPR coordinates the regulation of reciprocal integration of apoptosis and
autophagy maintaining the maintenance of the cell homeostasis. Apoptosis refers to
the programmed cell death that happens not only in response to cell injury or external
stress but also throughout development and morphogenesis (Jan and Chaudhry, 2019).
Autophagy is linked with both cell survival and cell death processes. A natural process
of autophagy provides recycling of the damaged or old organelles as misfolded or
unfolded proteins in the cells for cell survival. Like UPR, in a physiological condition,
autophagy correlated with cell survival. The persistence of ER stress resulting from
UPR initiates the autophagic process through multiple pathways resulting in apoptotic

or autophagic cell death (Lin et al., 2019). Molecular crosstalk has been identified
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between three UPR transducers with autophagy and apoptosis in several studies (Lin
etal., 2019; Song et al., 2018).

1.6.1. Apoptosis and Unfolded Protein Response

Apoptosis is one of the cell death mechanisms and is categorized into two pathways:
intrinsic apoptotic machinery and extrinsic apoptotic pathway. The pro-apoptotic
proteins are exposed via stimulating apoptotic signals which change the mitochondrial
inner membrane potential and end up with activation of the intrinsic apoptotic
signaling mechanism. In the extrinsic apoptotic pathways referred to as death receptor
(DR) mediated apoptosis which promotes the FAS-associated death domain (FADD)

to create a death-inducing signaling complex (DISC).

During the intrinsic pathway of apoptosis, the correlation between ER and apoptosis
is identified. Ca*? is released through the cytosol from the ER lumen and enhances the
caspase 12 activation. When caspase-12 is triggered, it enhances the activation of the
downstream caspases harboring caspase-7 and caspase-9 ends up with the activation
of caspase-3 ultimately apoptosis starts (Kara and Oztas, 2020). Moreover, the
activation of the UPR sensors is highly detected with the triggering apoptotic
machinery. The phosphorylation of elF2a via PERK triggers the ATF4 activation
which in turn stimulates the expression of CHOP. CHOP enhances the expression of
many pro-apoptotic BCL-2 family members while inhibiting the expression of the Bcl-
2 gene. Then these genes activate caspase 3 and caspase 9 as a result in triggering
apoptosis. Recent investigations have identified that specific BCL-2 members, well-
characterized ones BAX and BAK can be in the ER. These precise proteins in the ER
take a role in regulating calcium homeostasis and are disrupted under prolonged ER
stress (Kara and Oztas, 2020; Scull and Tabas, 2011). Moreover, it is highlighted that
PERK and ATF4 are mainly pro-survival pathways, but they can also enhance
apoptosis by activating CHOP, the primary mediator of UPR-induced apoptosis.

During ER stress, the extrinsic apoptotic pathway is triggered via promoting activation
of the JNK signaling cascade which is primarily linked with IRE1a paths. This signal
operated via the TRAF2 and the apoptosis signal-regulating kinase 1 (ASK1) which
form a complex IREla. The IRE1a-TRAF2-ASK1 pathway induces the downstream
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of the stress kinases, JNK, and p38 MAPK. Whereas the activation of INK triggers the
activation of BH3-only protein Bim, p38 MAPK promotes and activates the CHOP
which induces genes harboring Erola and DRS5 associated with favor apoptosis (J.-X.
Zhang et al., 2023). Furthermore, under severe ER stress, Bak and Bax are also
activated directly via IREla induction (Kara and Oztas, 2020). The relationship

between ER stress apoptosis has been pointed out in the literature to date.

1.6.2. Autophagy and Unfolded Protein Response

ER stress activates two protein degradation pathways: ERAD-mediated ubiquitin-
proteasome degradation and autophagy-mediated lysosome degradation. In ERAD,
unfolded protein is retranslated to the cytosol, where the proteasome ubiquitinates and
degrades them. As a secondary response mechanism, autophagy is activated since the
ER stress capacity exceeds the accumulation of misfolded/unfolded proteins. Even
though many studies have demonstrated that ERAD is the primary cellular mechanism
to get rid of unfolded proteins in the presence of ER stress, several studies have
recognized that autophagy is strongly stimulated in the context of ER stress (Sano and
Reed, 2013).

In the process of autophagy, each of the UPR transducers is involved in different stages
of autophagy, from autophagy initiation to autophagosome formation. The PERK arm
of the UPR is associated with the elongation also autophagosome formation process
of autophagy (Song et al., 2018). Activation of PERK suppresses global protein
translation by phosphorylating elF2a, which in turn facilitates the selective translation
of transcripts containing an alternative open reading frame, comprising ATF4, a
crucial transducer. The ATF4 expression regulates one of the autophagy-related genes
ATG12, moreover, CHOP regulates the expression of ATG5. These genes are involved
in the elongation of the autophagosome (Lin et al., 2019; Sisinni et al., 2019; Song et
al., 2018). Furthermore, the TAM treatment also triggered the autophagy process
through the ATF-4-induced LAMP3 manner. Moreover, bortezomib treatment of BC
leads to an increase in LC3B expression resulting in autophagy via an ATF4-dependent
manner. In addition to chemotherapeutic drugs, radiotherapy induces PERK-
dependent autophagy in BC (Bonsignore et al., 2023). The IREla branch of UPR
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boosts autophagy through the activation of stress kinases J-N terminal kinases (JNK)
pathway. The activation of JNK concludes with the phosphorylation of BCL-2 in the
complex of BCL-2/Beclinl, ending up releasing Beclinl. The Beclin-1 enhances
isolation membrane nucleation which is the first step of autophagy. In addition, the
transcription factor of XBP-1 which is mediated via IREla also activates Beclinl
expression resulting in autophagy (Song et al., 2018). Moreover, the XBP-1 tends to
recruit soluble LC3-1 to structures of membranes giving cause for autophagosome
formation (Sisinni et al., 2019). Research on IRE1a, PERK, and ATF6 impairment in
ER stress discovered that autophagy was reduced in the IRE1a signaling pathway but
not in the PERK or ATF6 pathways. This implies that the IRE1a signaling pathway is
highly correlated with ER stress-induced autophagy ( Lin etal., 2019). Multiple studies
revealed that ATF-6 is needed to induce autophagy with the help of the overexpression
of death-associated kinase which plays a role in autophagosome formation via
phosphorylation of Beclinl (Oakes, 2020). Moreover, the ATF6 arm of UPR also
regulates autophagy indirectly through the XBP-1 and CHOP (Hillary and FitzGerald,
2018). In conclusion, the crosstalk between ER stress and autophagy has been
investigated through the distinct mechanism for discovering novel targets for

therapeutic purposes.

1.7. DRUG RESISTANCE MECHANISM IN BREAST CANCER

Cancer is the disease with the highest mortality rate worldwide. To date, many
treatment strategies have been developed to overcome cancer. However, tumor cells
have been unaffected by various chemotherapeutic agents also other cancer-related
drugs because of multidrug resistance (MDR). This MDR is classified as intrinsic and
acquired resistance. Intrinsic resistance in other terms natural resistance is a crucial
factor in the effectiveness of medications as it develops before the patient is exposed
to them. Activating internal cellular defense mechanisms can reduce the therapeutic
effect of a given medication. The widely known reasons for innate resistance in tumors
are pre-existing genetic mutations, insensitive subpopulations, and internal defense
mechanisms against environmental toxins (Mehdizadehtapeh and Obakan Yerlikaya,

2021). On the other hand, acquired resistance has arisen after the administration of
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chemotherapeutic agents or other drugs. Acquired resistance may be promoted on
account of activation of the proto-oncogene, expression changes of drug targets due to
mutations also changes in the tumor microenvironment (TME) following treatment.
To prevent tumor recurrence in the later stages of treatment, as acquired drug
resistance progresses, the treatment plan must be redesigned according to acquired
resistance. The MDR mechanism is a complex process since several pathways are
associated with this process. The MDR mechanism is divided into seven parts. They
include reducing drug absorption with the help of the solute carriers, elevating drug
efflux via membrane transporters especially ATP-binding cassette transporters (ABC),
altering the target of the drug, activation a detoxification system, preventing drug-
inducing cell death by the blockage of the cell death mechanism signaling, changing
in the microenvironment, and finally providing adaptation via some epigenetic

regulation, according to Li et al ( Lietal., 2017).
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Figure 7. Multidrug resistance mechanisms (Li et al., 2017).
Both in the healthy cells and cancerous cells, the membrane transporters that contribute
to the pharmacokinetic effect of the drugs are expressed and comprise nearly 49 genes
categorized into 7 subfamilies from A to G ( Kumar and Jaitak, 2019). P-glycoprotein
(P-gp) also MDR1/ABCB1, multidrug resistance-associated protein 1
(MRP1/ABCC1), and BC resistance protein (BCRP/ABCG2) are only a few of the

fifteen ABC transporter proteins that have been identified to far as drug efflux pumps
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in MDR (isaoglu et al., 2020). In tumor cells, overexpression of these transporters is

the main contributor to drug resistance against treatment strategies.

ER is one of the corresponding mechanisms having an impact on MDR. The
association between ER stress and chemoresistance mechanism has been analyzed in
various tumor types. Drugs that confer acquired resistance to ER stress can activate
membrane transporter genes such as P-gp, MRP1, and BCRP. Therefore, it was stated
that ER stress sensors may be inducers of MDR. According to investigations, BiP
(GRP78), one of the ER stress pathway members, induces tumor MDR mainly in two
ways. One of them, GRP78, can reduce ER stress and cell apoptosis resulting in
enhancing the resistance of tumor cells to chemotherapy and radiotherapy. Another
function of GRP78 is that it conveys signals to promote EMT and stemness of cancer
cells when located on the cell surface, consequent with activation of MDR (Qing et
al., 2023). For instance, in drug-resistant BC cells, the inhibition of BiP via sSiRNA
enhances the cells undergoing apoptosis and elevates the sensitivity of the
chemotherapy and modulates the anti-estrogen sensitivity. Considering studies related
to GRP78 and MDR, BiP can be a novel therapeutic candidate for MDR in cancer
cells. Moreover, the PERK pathway, which is the key signaling path of UPR, is closely
related to drug resistance mechanisms. Studies in various tumor cells found that PERK
activation increases P-gp expression, leading to drug resistance. Also, further studies
have revealed that PERK and Nrf2 regulate the transcription of the MRP1 genes so
that the PERK/Nrf2/MRP1 axis can be targeted to overcome resistance to
chemotherapy. The IREla which is the other conserved arm of the UPR also linked
with the MDR. The XBP1 takes a unique role in encouraging cell survival and MDR.
Thereby, this close relationship contributes to the development of therapeutic
approaches against MDR. For the treatment of ER-positive BC patients’ TAM is used
as one strategy, however almost half of these patients demonstrate resistance to
chemotherapy. To overcome this situation molecular analysis was performed and the
high expression of the XBP1 was detected in ER-positive BC patients. The inhibition
of XBP1 via a splicing inhibitor known as STF-083010 reverses the drug sensitivity
of the TAM-resistant cells and leads to apoptosis. ATF6 is the most enigmatic of the
three UPR pathways, and the relationship between ATF6 and tumor MDR has not been

widely investigated. The research potential of ATF6 is quite high based on the crucial
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effect of the conversion of drug resistance mechanisms (Qing et al., 2023). In the
aggressive types of tumors ER-stress-mediated drug resistance is widely detected
(Mehdizadehtapeh and Obakan Yerikaya, 2021).

Autophagy is the other corresponding mechanism of the MDR. Based on the studies
the relationship between drug resistance and autophagy is complicated due to the
double-edged effect. Autophagy either promotes drug resistance or creates sensitivity
against the drugs. Since a cytoprotective mechanism of autophagy is activated, MDR

treatment is more complicated.
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Figure 8. Paradoxical role of autophagy and multi-drug resistance (Sui et al., 2013).

BC cells are dead because of the cytotoxic effects of the drugs. Under these
circumstances, autophagy degrades all the cell’s debris to provide reusable nutritional
support for promoting tumor cell growth. This means cytoprotective autophagy plays
arole in such a condition (Wen et al., 2020). In this case, inhibition of autophagy may
re-sensitize resistant cancer cells and thus make chemotherapy more effective. In turn,
autophagy can also sometimes cause autophagic cell death, which is different from
apoptosis. As a result, autophagy may increase the effectiveness of MDR therapy in
some cancers (Isaoglu et al., 2020). In BC cell lines drug resistance mechanism is also
highly related to the autophagic process. For instance, increased levels of autophagy
have been analyzed in TAM-resistant ER-positive cells, epirubicin-resistant MCF-7
cells also trastuzumab-resistant HER-2-positive BC cells compared to the drug-

sensitive cell types (Wen et al., 2020). It means that a high level of autophagy is
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associated with resistance mechanisms for the drugs during systemic treatment. In this
case, the inhibition of autophagy seems to be one of the treatment options for resistant
cancer cell lines. For example, pharmacological inhibition of autophagy via

hydroxychloroquine (HCQ) or chloroquine (CQ) has resulted in decreased viability of
BC cells (Sameiyan et al., 2019).
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2. MATERIALS AND METHODS

2.1. CELL CULTURE

2.1. 1. Cell Lines

The metastatic mammary adenocarcinoma MDA-MB-231 is one type of triple-
negative BC cell line. The Michigan Cancer Foundation (MCF-7) is the estrogen,
progesterone HER2 positive cell line. MCF-7-TAMR which was obtained from MCF-
7 cell line via long-term 1uM TAM exposure, was used. These MDA-MB-231, MCF-
7, and MCF-7/TAMR, human BC cell lines were obtained from the American Type
Culture Collection (ATCC) (https://www.atcc.org/).

2.1.2 Passage, Cell Counting and Seeding

MDA-MB-231, MCF-7, and MCF-7/TAMR cell lines were routinely growing,
passaging, seeding, thawing, and freezing in this investigation. MDA-MB-231, MCF-
7, and MCF-7/TAMR were grown in Dulbecco Modified Eagle Medium (DMEM)
(Gibco, Grand Island, New York) supplemented with 10% FBS (fetal bovine serum)
(Gibco, UK), 1% penicillin-streptomycin (Gibco) and maintained in a humidified
incubator at 37° C with 5% CO. (Binder). In addition to these components of the
complete DMEM for MCF-7/TAMR, 4 mg/ml insulin (Gibco) and 10 pl/ml
Tamoxifen (TAM) (Cayman Chemical) were added. The cells were grown in the T-25
flask (Nest, CA, USA). When the cells grow cell surface confluency into the flask
reaches 80%, and the cells are passaged. Firstly, a medium in the flask was discarded
with a pipette, afterward the adherent cells onto the surface were washed with the
needed amount (Iml) of 1X phosphate buffer saline (PBS) (EcoTech), 1-2 times
depending on their debris. Once the PBS was removed, the required amount (1ml) of
trypsin-EDTA (ethylenediamine tetraacetic acid) (0.25%) (Gibco, Grand Island, New
York) was added to the flask for harvesting cells onto the surface. Later, the flasks
were placed into the incubator and incubated for 2-4 minutes based on the confluency
of the cells. When the time was out, the cells were controlled under the microscope
(ECLIPSE TS100, Nikon) to check the dissociation of the cells through the cell
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surface. If this separation was not enough, the mechanical power was applied gently,
and the removal of the cells was checked again. Then to inhibit the trypsin activation
1:1 ratio of DMEM was poured into the flask. Cell suspension (including detaching
cells) was collected from the flask and transferred into the 15 ml conical tube. The
flask was completed with a certain amount of medium which was determined based
on the surface area of the flask. After that, the cell suspension was centrifugated at
2500 rpm for 5 minutes (Centrifuge Z 206 A, Hermle), and the supernatant part was
discarded. According to the amount of pellet an appropriate amount of DMEM was
added to dissolve the pellet. The cell suspension, which was pipetted thoroughly and
became homogeneous, was prepared for cell counting. After the cell suspension was
ready for counting, the 10ul of cell suspension was taken and placed into a
hemocytometer. The four sets of 16 squares part of the hemocytometer were counted
under the light microscope (ECLIPSE TS100, Nikon) and an average was taken. Then
to obtain viable cell quantity in the 1ml of cell suspension, the average cell numbers
were multiplied by 10%. Lastly, according to cell types, the appropriate number of cells
were seeded again into the flask for continuing cells grown as a main stock. The
passage number was increased to +1 after each passage procedure. On the other hand,
a suitable number of cells were also seeded into plates either 6-well plates or 96-well
plates (BIOFIL) Petri dishes (60mm or 100 mm (BIOFIL) based on an ongoing

experiment.

2.1.3. Freezing and Thawing

A cell freezing procedure was performed to create cell stock to back up cells with low
passage numbers to maintain the stocks. The passage procedure was applied as
mentioned above. The cells were passaged, and then the cells were collected from the
15 ml conical tube and centrifuged at 2500 rpm for 5 minutes (Centrifuge Z 206 A,
Hermle). The pellet was dissolved with 1 ml freezing medium composed of 10%
Dimethyl sulfoxide (DMSO (Riedel-De-Haén) and 90% FBS (Gibco, UK), as a 1:9
ratio mixture. The cells within the DMSO: FBS solution were placed into cryovial
tubes (Biosigma, Sentezlab). These cryovial tubes were labeled including cell line

name, passage number, and dates of preservation. Lastly, the cryovial tubes were put
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into an ultra-low temperature freezer at -80° C for freezing (Haier). When we need a
cell with a low passage number or when we need to open a new cell because of any
contamination, we perform the cell thawing process. At first, the new cell stocks were
taken from the cell stock in an ultra-low temperature freezer -80°C (Haier). The
solution in the tube was dissolved by half at that point the 1:1 medium was added into
the tubes and mixed gently. After that, this mixture was placed into a 15ml conical
tube. Later, the cell suspension was centrifuged at 2500 rpm for 5 min (Centrifuge Z
206 A, Hermle) and cells were collected at the bottom of the falcon. The supernatant
was removed after centrifugation; the pellet was dissolved with an approximate
amount of medium. The new flask was opened, and the complete medium was seeded
onto the T-25 flask (NEST), for the final volume of the medium as 4 ml. The cell
suspension was transferred into a newly opened flask and the cells were controlled
under the microscope (ECLIPSE TS100, Nikon). Then the cells remained in an

incubator for growth.

2.2. CELL VIABILITY ASSAY

The MTT assay was performed to indicate the cell viability of the cells based on
measuring the metabolic activity of the cells. MDA-MB-231, MCF-7, and MCF-
7ITAMR cells were seeded into a 96-well plate (BIOFIL) at 7.500 cells/well. Then
cells were incubated for 24 h in the incubator for attaching and growing. Later, the
cells were exposed to drugs; EBR (Apollo Scientific), (E/Z)-4-hydroxy Tamoxifen
(40H-TAM), (Cayman Chemical), and 3-Methyladenine (3-MA) (Cayman Chemical)
according to the required concentrations. MCF-7/TAMR was also treated with
Tunicamycin (Tun) (Cayman Chemical). After 24 h incubation, 10ul of MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)/ (thiazolyl blue tetrazolium
bromide) reagent (Bio Basic) (0.1g MTT was dissolved with 10ml autoclaved ddH.0
water) was added onto each well and incubate them 4-6 hours in an incubator at 37°C
(Binder) for obtaining insoluble purple formazan crystals. Ensuring incubation, the
medium was discarded for each well of the plate being careful not to pull any crystal.
Then, formazan crystals were solubilized with 100ul dimethyl sulfoxide (DMSO)

(Riedel-De-Haén) and incubated for 5 minutes in a dark place at RT. Following the

44



last incubation, the density of cell viability was measured with a microplate reader
(Thermo Scientific, Multiskan FC 357) at 570 nm. Lastly, the cell viability percentage
was calculated based on absorbance values. Thus, both the effects of different doses

of drugs and the combination effects of these drugs were determined.

2.3. TRYPAN BLUE DYE EXCLUSION ASSAY

The trypan blue exclusion assay was performed to put forth the survival rate of the
cellsin 24, 48, and 72 h intervals. At first, MCF-7 TAMR cells were seeded into a 6-
well plate (BIOFIL) at a density of 75 x10° cells/well in a final volume of 1.5 ml
medium and incubated overnight. Treatment was carried out at doses which were
determined as 30uM EBR and 10uM TAM by MTT assay. After completion of 24, 48,
and 72 h drug treatment periods, all the media in each well was collected into
Eppendorf tubes separately. The tubes were centrifuged at 13.200 rpm at 1 min
(Centrifuge 5418 R, Eppendorf). Then, supernatant parts were removed. During
centrifugation, wells were washed with 1 ml of 1X PBS (EcoTech). After the
discarding supernatant, PBS within each well was collected from the Eppendorf tubes
one by one and the tubes were centrifuged again at 13.200 rpm at 1 min (Centrifuge
5418-R Eppendorf). The supernatant was taken off the tubes. At that time the
harvesting cells, 500ul trypsin-EDTA (Gibco) were given for each well and incubated
the 2-3 min in an incubator at 37°C (Binder). Then, to inhibit trypsin activation 1:1
ratio medium was added into each well. Later, the cells into wells were collected into
the Eppendorf tubes respectively and centrifuged again at 13.200 rpm at 1 min
(Centrifuge 5424-R Eppendorf). At that point, the supernatant was removed from each
well and the pellet was dissolved with a 1:1 ratio of trypan blue dye (0.4% solution
w/v) (EcoTech) medium according to the amount of pellet. Afterward, the 10ul
suspension was taken onto each tube and put into a hemocytometer for counting viable
(white) cells in the four sets of 16 squares under the inverted light microscope (Hermle,
Centrifuge Z206A). The cell survival curve created with the data which was repeated
at least three times, obtained for 24, 48, and 72 h was drawn with the GraphPad
application. The curve indicated the cytostatic and cytotoxic effects of the drugs on the

cells.
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2.4. COLONY FORMATION ASSAY

For analyzing the colony formation potential of the cells based on selected doses of
drugs, a colony formation assay was applied. MCF-7/TAMR cells were seeded onto
the 6-well plate (BIOFIL) at a density of 3.0 x10* per well within 1.5 ml medium for
each well and incubated into an incubator until the cells adhered to the surface.
Afterward, the medium was aspirated into each well and the wells were rinsed with 1
ml of 1X PBS (EcoTech) at one time and removed. According to the determined dose
of drugs, each well was treated respectively except for control wells. Only fresh
medium was given to control well. After 24 h incubation at 37°C, the drugs + medium
combination was removed from the wells and then 3 ml fresh medium was given for
each 6-well plate. Later, the plates were incubated in an incubator for approximately
14-21 days at 37°C. Each day the cells were checked. At the end of the incubation
periods, the medium was discarded and washed with 1X PBS twice. Then the fixation
was performed with a 1:3 ratio of acetic acid (BioRad): methanol (Riedel-de-Haén)
into a shaker (Sk-O180-S, DLAB) at 45 minutes in RT. Next, the removal of the
fixation solution was done and 1 ml of 0.5% crystal violet (Merck) was for each plate
and incubated them 2 hours at RT. Later, the dye was washed with distilled water. The
image of each well was pictured. Lastly, the colony numbers were encountered via

ImageJ software, and the graph was obtained based on the encountered numbers.

2.5. HANGING DROP ANALYSIS

According to the counting result obtained after passaging of MDA-MB-231, MCF-7,
and MCF-7 /TAMR cell line, a homogeneous solution was created with 2x10* cells
included in each 20 pl droplet. Selected drug doses for EBR, TAM, and 3-MA were
calculated according to the amount of solution prepared and drug treatment was carried
out. Next, 2 ml of 1X PBS (EcoTech) was added to a 60mm Petri dish (BIOFIL).
Afterward, on the cover side of the Petri dishes, 20ul of droplets of drug-treated cell
suspension were placed in approximately 7-8 droplets. The lid of the Petri dish was
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then carefully turned and closed. Later, Petri dishes were placed into the incubator
cautiously. The Petri dish was taken off the incubator at specified time intervals (24,
48, and 72 h), and 3D images of the cells were taken under the microscope (H600L,
Nikon) at 4X size, taking care not to disrupt the droplets on the cover. The size of the
sphere was measured by Image J and graphed via GraphPad.

2.6. FLUORESCENCE STAINING ASSAYS

2.6.1 Propidium lodide Staining Assay

The PI staining was performed to evaluate the cell viability of the cells because it binds
to damaged or dead cells. MCF-7/TAMR cells were seeded in a 96-well plate
(BIOFIL) at a density of 10 x 102 for each well. One day later cells were grown and
ready for drug exposure with determined doses and incubated overnight in an incubator
at 37°C (Binder). Later incubation, the medium was removed from the wells, and a
1:1000 ratio of PI (Sigma-Aldrich, Saint Louis, UK) /medium mixture was given to
each well as a final volume of 1.5 ml. The stock concentration of PI was 1mg/ml The
plate was incubated for approximately 10 minutes in the incubator (Binder) The
fluorescence results were obtained under fluorescence microscopy at ex/em: 535/615
wavelength (Axio Observer 5 Colibri7, Carl Zeiss Microscopy).

2.6.2. DAPI (4',6-diamidino-2-phenylindole) Staining Assay

The DAPI assay was performed to stain DNA by this way visualizing and fixing the
viable cells. MCF-7/TAMR cells were seeded into a 6-well plate at density 10 x 10* a
final volume of 1.5ml of each well. The cells were incubated in an incubator for
adherence and growing of the cells. Then, treatment was done at the determined doses
and left for 24 h incubation. After the 24 h incubation, the medium was thrown away
from the wells, and the 1:1000 DAPI (Thermo): medium mixture was prepared as
lul/mL. The stock solution of DAPI was 5mg/mL. Later, 1.5 ml of this mixture was
distributed into each well. This plate was incubated in an incubator for almost 20 min.

Afterward, the dye and medium mixture were removed from each well, and 1 ml of

47



1X PBS was added to the wells. The results were taken under fluorescence microscopy
at ex/em: 358/461(Zeis, Oberkochen, Germany).

2.6.3. DIOC6 (3) (3,3'-Dihexyloxacarbocyanine lodide) Staining Assay

DiOC6 (3) (3,3-Dihexyloxacarbocyanine lodide) staining was performed to detect the
mitochondrial membrane potential of healthy cells. MCF-7/TAMR cells were seeded
onto the 6-well plate as 50 x 10%/ 75 x 103 cells/well into 1.5 ml medium for each well.
Day after, the selected doses of drugs were administered to cells and incubated them
24 h in the incubator. Then, the medium was thrown away from the cells. The medium
with DiOC6 dye (Thermo) (Stock 1 to 5 uM) at a ratio of 1:1000 was given for the
cells. Afterward, the stained cells were incubated for 15 min incubator, and
fluorescence images were taken by fluorescence microscopy at ex/em 482/504nm

(Zeis, Oberkochen, Germany).

2.6.4. Monodansylcadaverine Staining Assay

Autophagic vacuole formation was detected via monodansylcadaverine (MDC), which
is a weak base fluorescent stain, and staining assay. After trypsinization, MCF-7 and
MDA-MB-231 cells were seeded onto 6- a well plate at a density of 50 x 10° as a final
volume of 1.5ml/well. MCF-7/TAMR cells were seeded onto the 6-well plate at 75
x10% cells/well in a 1.5ml medium. After overnight incubation, cells were treated with
determined drug doses and incubated for 24 h. Then, the medium was discarded into
the plate and cells were stained with MDC (stock prepared as 10 mg/ml) (Cayman
Chemical, USA) with a ratio of 1:1000. After the incubation of almost 10-20 minutes,
autophagic vacuole formation was detected under fluorescence microscopy at ex/em
335/525nm. (Zeis, Oberkochen, Germany).
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2.7. FLOW CYTOMETRY

MCF-7/TAMR cells were seeded onto the 6-well plate as 25x10* cells/wells. Then the
cells were placed in an incubator for adhering and growing. Later on, the cells were
treated with a decided dose of drugs, and they were incubated for 24 h. After that the
medium was collected into the Eppendorf tubes and centrifuged at 13.200 rpm for 1
min (Centrifuge 5424 R, Eppendorf). At this time cells were rinsed with 1ml of 1X
PBS (EcoTech). When the centrifugation finished supernatant was discarded and PBS
onto wells was collected onto Eppendorf tubes and centrifuged again at 13.200 rpm at
1 min (Centrifuge 5424 R, Eppendorf). Then the supernatant was removed, and cells
that were harvested with trypsinization were collected and put into Eppendorf tubes
and centrifuged at 13.200 rpm for 1 min (Centrifuge 5424 R, Eppendorf). The
supernatant part was removed, and the pellet was dissolved with 1ml 70% ice-cold
ethanol (ISOLAB) dropwise. In this way, the cells were fixed and stored at +4° (Flavel)
C for 4-6 months. Before reading samples, the following steps were applied. Firstly,
the suspension was centrifuged at 13.200 rpm for 1 min (Centrifuge 5424 R,
Eppendorf) to remove ethanol from the samples. Afterward, 1 ml of 1X PBS
(EcoTech) was added to each sample for washing. Later, 300ul 1X PBS +3ul PI+1ul
RNase A (EcoTech, EcoZyme) was put into each sample and pipetted then incubated
on ice for 15 min. Lastly, cell cycle phases for each sample were detected by flow

cytometry using BD Accuri C6 software (BD Bioscience).

2.8. GFP-LC3 PLASMID TRANSFECTION

The EGFP-LC3  (plasmid  #11546) was obtained from addgene
(https://www.addgene.org/11546). After that, plasmid isolation was performed
following the EcoSpin Plasmid Isolation Kit (EcoTech) protocol. Later plasmid
isolation, the cells were transfected with GFP/LC3 (addgene no: 11546) plasmid using
iN-fect™ in vitro Transfection Reagent. MDA-MB-231 cells were seeded onto the 6-

well plate as 10x10* cells/wells. MCF-7 cells and MCF-7/TAMR cells were seeded
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into the 96-well plate as 5 x10° and 7.5x10° respectively. When the cell grew properly,
transfection suspension was ready to prepare. First, serum-free DMEM (120ul/well)
for each 6-well collectively was taken into 1.5ml Eppendorf tubes. Also, the serum-
free DMEM (10ul/well) was collected for each 96-well. The desired plasmid:
transfection ratio was calculated as either 1:3 or 1:6. Then appropriate amount of
transfection reagent was added into serum-free DMEM and incubated them 5 min at
RT. Later, the 1ug plasmid/6-well or 0.2 pg or 0.4 ug plasmid/96-well was added to
serum-free DMEM mixed gently, and incubated for 30 min. Meanwhile, complete
DMEM into the plate washed with 1X PBS to remove the complete DMEM totally
from the plate. Then appropriate amount of serum-free DMEM was added to each 6-
well and 96-well plate respectively. At the end of the incubation, the total volume
transfection mixture of each well was added dropwise manner for each well already
containing serum-free DMEM. After the 4-6 hours of incubation, 20%FBS containing
DMEM with the suitable amount was added for each well. The plate was left to
determine adequate time whether the 24 or 48 h for the transfection. When the
transfection was done after checking, the cells were treated. The transfection reagent
was removed in all and drugs harboring complete DMEM were given for each well
according to their conditions. For starvation conditions 0.01%FBS containing DMEM
was given for selected wells and incubated 24 h. Lastly, the GFP-LC3 puncta
formation was observed via fluorescence microscopy at (ex/em 488/510 nm)

wavelength (Zeis, Oberkochen, Germany).

2.9. TOTAL PROTEIN ISOLATION

The cells were seeded onto 60mm Petri dishes (BIOFIL) at density 4.0 x10° in 3ml
medium. After the trypsinization procedure incubated in an incubator at 37°C (Binder)
until the cells adhered and grew appropriate confluency. Later, drug treatment was
performed according to selected doses of EBR, TAM, and 3-MA based on MTT assay.
Afterward, the cells were left for 24 h in the incubator at 37°C (Binder). Then the cells
that were controlled and treated were taken off the incubator for isolation. The medium
in all conditions (except control) was collected into the 1.5ml Eppendorf tubes and
centrifuged at 13.200 rpm for 1 min (Centrifuge 5424 R, Eppendorf). After that, the
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supernatants of each tube were discarded. This step was repeated two times. In a while,
the medium into control dishes was discarded directly and the Petri was rinsed with
1ml 1X PBS (EcoTech) and removed. After these steps, 1 ml of ice-cold 1X PBS was
added to the all-Petri dishes including the control, and then the cells were collected via
scraping procedure with the back of the pipette tip. The cells that were collected by
scraping were put into the Eppendorf tubes and centrifuged again at 13.200 rpm for 1
min (Centrifuge 5424 R, Eppendorf). Next, the supernatant was removed for all tubes
without disrupting pellets. These steps were followed two times. As follows, according
to pellet density, an appropriate amount of ice-cold Mammalian Protein Extraction
Reagent (M-PER) (+) (Thermo) was added for each, and the pellets were dissolved
properly. Later, the tubes were placed onto a shaker (Sk-0180-S, DLAB) for 20 min
incubation at room temperature. At the end of incubation, if the pellets were
precipitated, pipetting was performed again, and tubes were incubated for 2-3 minutes
in a shaker (Sk-O180-S, DLAB). After the incubation, the samples were centrifuged
at 13.200 rpm for 15 min at 4°C (Centrifuge 5418 R — Microcentrifuge, Eppendorf).
Finally, the supernatant parts where the protein was accumulated were collected in

new Eppendorf tubes stored at -20°C (Flavel).

2.10. BRADFORD ASSAY

Protein concentration was determined via Bradford assay after the total protein
isolation. The 1X Bovine-serum albumin (BSA) (Sigma-Aldrich) standards were
utilized as different concentrations 0, 2,4,6, 8 ug/ml into 100ul of Bradford reagent
(Sigma Aldrich) for plotting standard curve graphs. At that time for protein samples,
the 1ul protein samples for each were added onto 100ul of Bradford reagent. After
adding the reagent, the incubation was performed for 15 min in the dark. Later, sample
absorbance was measured with a spectrophotometer at 595 nm (Multiskan FC 357
Microplate Photometer, Thermo Scientific). Based on BSA standards concentration
versus absorbance graphs were plotted in Excel. According to the graph, the required

volume of protein samples was determined.
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2.11. SDS-PAGE ANALYSIS

Protein expression was performed via SDS-Page analysis. The appropriate volume of
protein samples was calculated based on the equation of the BSA standard curve to
achieve equal loading of each sample. Also, 4X Laemmli buffer (EcoTech) amount
for each sample was calculated as a final concentration of Laemmli 1X based on an
equation of the BSA standard curve. The desired amount of protein samples (20-25ug)
and Laemmli buffer (EcoTech) were combined in (PCR) tubes (ISOLAB) and heated
them 95°C in a heat-blocker for 5 min (Thermo Scientific). The 12% Tris-glycine gel
was poured and waited until the polymerization according to our protocol given in
Supplementary Table 1. The polymerized gel was placed into a tank and filled up with
a 1X running buffer (EcoTech) The prepared protein samples mix was loaded into 12%
gel and running was started at 50V. When the dye reaches the separating gel part the
voltage increases to 70V. Lastly, the dye reaching nearly the bottom of the gel voltage
was increased to 90V. At the end of the running procedure, the semi-dry (Biometra

Fastblot, Analytik Jena) transfer was performed.

Before the transfer procedure, the gel was removed from the running tank, and the
stacking part was cut off. Then the gel was incubated in a 1X transfer buffer
(handmade). In addition, the polyvinyl-fluoride (PVDF) (0.45um) (GVS) was
activated as follows; 1 min incubation in methanol (Sigma-Aldrich) then washed with
5 min ddH>0 and waited 10 min 1X transfer buffer. Moreover, filter papers were rinsed
with a 1X transfer buffer. After the preparation of all these preliminary steps, the 4
filter papers were placed onto the device, then the membrane was put onto the filter
paper. Later, the gel was put onto the membrane and 4 filter papers were added to the
gel. In this way, the transfer sandwich was prepared. The transfer was done at 200mA
either 15 min for < 100kD or 20 min for >100kDa.

When the transfer was done, a blocking step was performed for membranes via 5%
skim milk on a shaker (Sk-0180-S, DLAB) for 1 h at RT. The skim milk was prepared
as 2.5gr skim milk powder (Bioshop, Canada) dissolving with 50ml 1X TBS-T. At the
same time, the gel was stained with Coomassie brilliant blue G-250 dye (B2025-1EA,
MERCK,) on a shaker (Sk-0180-S, DLAB) for 1 h at RT. The gels were taken into de-

staining solution after the Coomassie staining was removed after the 1h. Afterward,
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the membranes were incubated with primary antibodies ATF6 (1:250) (Invitrogen),
PERK (1:1000) (CST), IRE1-alpha (1:1000) (CST), Calreticulin (1:1000) (CST),
Calnexin (1:1000) (CST), GRP78 (1:1000) (Invitrogen), PDI (1:1000) (CST), Beclin-
1 (1:250) (St John’s Laboratory), Atg5 (1:500) (St John’s Laboratory), LC3A/LC3B
(1:500) (St John’s Laboratory), SQSTM1 (1:500) (St John’s Laboratory), cleaved
Caspase 3 (1:1000) (CST), Caspase 9 (1:250) (CST), cleaved PARP (1:1000) (CST),
MRP1 (1:500) (Invitrogen), GAPDH (2:5000) (Boster) which were prepared in 5%
skim milk overnight +4°C on roller (MX-T6-S, DLAB). When the primary antibody
incubation was completed, the membranes were washed with 1x-TBS-T 3 times for 5
min onto a shaker (Sk-O180-S, DLAB) at RT. Then membranes were taken into
secondary antibodies (1:1000 ratio prepared in 5% skim milk) which were appropriate
primary antibody hosts and HRP-conjugated and incubated overnight +4°C on roller
(MX-T6-S, DLAB). After incubation, the membranes were washed with 3 times 1X
TBS-T and one times 1X TBS for 5min onto the shaker at RT.

The enhanced chemiluminescence (ECL) solution which was composed of Solution A
and B was prepared for chemiluminescence detection of HRP-conjugated secondary
antibodies signals. The membranes were soaked in this ECL solution for 1 min then
the image was taken into the chemiDoc device (C300 Biosystems, Azure) at a
minimum of 10 sec and a maximum of 2 min 30 sec respectively. The statistical
analysis of the band thickness was measured with ImageJ software and the calculation

was done with Excel.

2.12. STATISTICAL ANALYSIS

GraphPad Prism 8 software was utilized for statistical analysis. The standard deviation
+/- (SD) values were added to the graphs resulting in a statistically significant test two-
way ANOVA or Student-t test. The significant value was considered according to a p-
value less than 0.05 and 0.0001. The immunoblotting analysis was performed with

ImageJ software. The results of all experiments were replicated at least three times.
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3. RESULTS

3.1 TAMOXIFEN IN COMBINATION WITH EPIBRASSINOLIDE
INDUCED CELL VIABILITY LOSS IN MCF-7/TAMR CELL LINE

The first step of this study was to determine whether MCF-7/TAMR cell line was
resistant to TAM and the dose of TAM to which the cell line is resistant. For this
purpose, the MTT assay was first performed at certain interval doses of TAM at 24 h.
The TAM was administered to MCF-7/TAMR cell line at 0, 10, 15, and 20uM doses
for 24 h. The result revealed that the doses of TAM given were not statistically
significant when compared to the control, and TAM resistance properties of MCF-
7ITAMR cell line were revealed at these doses. Subsequently, the effect of EBR alone
and in combination with TAM on cell viability was evaluated. The conditions of MTT
were as follows: control, 30uM EBR, 10uM TAM, 30uM EBR + 10uM TAM, 20uM
TAM, 30uM EBR + 20uM TAM. According to the findings, it was shown that EBR
had a statistically decreasing effect on cell viability. Additionally, a statistical decrease
was observed in the combination of both 30uM EBR +10uM TAM and 30uM EBR+
20uM TAM, compared to conditions where only 10uM or 20uM TAM was given.
This data was obtained from at least 3 replications. Based on these data the graphs

were evaluated (Figure 9).

54



MCF-7/TAMR MCF-7/TAMR

50
30puM EBR +20uM TAM

_ 150

9 150 ;\E il HE Control

?; ns z —== 30pM EBR

= ‘E 100 p —I = 10pM TAM
— L

= - = N .. .. 20uM TAM

= 3 L B 30pM EBR+10uM TAM

&) o

@ =

= =

- =

o

LES

Cc 10 15 20
Tamoxifen Treatment (uM)

Figure 9. EBR and TAM administration declined cell viability on MCF-7/TAMR.
A. Cells were incubated with different concentrations of TAM (0-10-15-20uM) for 24 h and
then analyzed with MTT assay. B. Cells were treated with the 30uM EBR with the different
concentrations of TAM for 24hr after then analyzed with MTT assay. Statistical differences
were given with a one-way ANOVA test. (ns: no significant, *p<0.05, ***p < 0.001,
****n<0.0001)

Trypan blue dye exclusion assay was performed to evaluate the effectiveness of EBR
on cell viability depending on time interval. Cells were treated with selected doses
which were 30uM EBR and 10uM TAM for 24, 48, and 72 h. Then, the living cells
that had not received dye were counted and the graph in Figure 9 was plotted with at
least three biological replications with the help of GraphPad. The green, red, blue, and
purple lines in the graphs represent the control, 30uM EBR, 10uM TAM, and 30uM
EBR +10uM TAM conditions respectively. According to the data, a cytotoxic effect
of EBR and EBR+TAM was observed significantly at 24 h. There were no significant
changes in 10uM TAM at 24h. At 48 and 72 h the cytostatic effect was detected.
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Figure 10. EBR in combination with TAM decreased cell survival in a time-dependent
manner MCF-7/TAMR.

Trypan blue dye exclusion assay was performed in MCF-7/TAMR cells. Selected doses of
EBR and TAM were administered either alone or in combination in a time-dependent
manner (0-72 h). The cytotoxic effect of EBR and EBR+TAM was detected at 24 h. All
results represented the average of three independent experiments. This graph was plotted
with GraphPad software. (ns: no significant, *p<0.05, ****p<0.0001)

3.2. THE EPIBRASSINOLIDE COMBINED WITH TAMOXIFEN
DECLINED THE 2-DIMENSIONAL COLONY-FORMING ABILITY OF
MCF-7/TAMR CELLS

The 2D colony formation potential of MCF-7/TAMR cell line was analyzed based on
the selected dose of drugs obtained from the previous experiment. During the
experiment, MCF-7/TAMR cells were treated as follows; control,30uM EBR, 10uM
TAM, 20uM TAM, 30uM EBR+10uM TAM, and 30uM EBR+20uM TAM (Figure
11 A). The colony formation potential was drastically reduced because of
combinations of 30uM EBR+10uM TAM compared to the administration of 10uM
TAM only. The number of colonies was counted with the help of Image J software and
the graph was plotted depending on the percentage of colony numbers via GraphPad
(Figure 11 B). A significant decrease in the number of colonies was observed when

the control and combined treatments were compared in MCF-7/TAMR cell line.
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Figure 11. EBR combined with TAM decreased the two-dimensional colony formation
potential of MCF-7/TAMR cells.
A. A colony formation potential was evaluated. B. The humber of colonies was counted
with the Image J program and then analyzed in GraphPad. The number of colonies
was significantly decreased in combined treatment. (ns: no significant, *p<0.05,
***p<0.001)

3.3. THE EPIBRASSINOLIDE COMBINED WITH TAMOXIFEN
RESTRICTED THE THREE-DIMENSIONAL COLONY-FORMING
POTENTIAL OF MCF-7/TAMR CELLS

To evaluate the three-dimensional colony-forming potential, hanging drop analysis
was performed with the appropriate time intervals (24,48 and 72 h). The image of each
drop for each time interval was taken under the microscope at 4X magnitude (500um)
(Figure 12 A). When compared to the drop of control, a decrease in colony formation
potential was detected in EBR+TAM conditions after 24 h of treatment. This was
demonstrated by the increasing cavities in treated conditions. At the same time, no

change was detected in the sphere form after the exposure of TAM alone at 24 h. Later
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24 h, an increase in the number of drug-exposed cells was observed in 48 h and 72 h
time intervals. The cells that underwent death due to accumulation were detected in
dark brown or black color. The diameters of the sphere of cells were quantified using

ImageJ software and the graph was plotted via GraphPad (Figure 12 B).
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Figure 12. Hanging drop analysis demonstrated the decreasing three-dimensional colony
formation potential of MCF-7/TAMR cells via EBR combination with TAM.
A. The 3D colony formation potential for each drug was evaluated by imaging the droplet of
each condition in a certain time interval (24 h/48 h/72 h). The images were taken at 4X
magnitude. B. Cell sphere area quantification was performed using ImageJ analysis. The graph
was plotted with the GraphPad software. (****p<0.0001)

3.4. THE NUMBER OF DEAD CELLS WAS INCREASED IN MCF 7/TAMR
CELL LINE AFTER EXPOSURE OF EPIBRASSINOLIDE COMBINED
WITH TAMOXIFEN VIA PROPIDIUM IODIDE STAINING

Pl staining was applied to assess the cell viability of MCF-7/TAMR cells. Figure 13.
A demonstrates both light microscope (LM) and fluorescence microscope images,
which were marked according to the type of given fluorescence dye, for the selected
conditions. In these results, as a fluorescence dye, the PI stain which binds to the
nucleic acids of the cells was used and seen as red dots. The light microscope image
indicated that the number of cells was diminished due to the exposure to drugs
compared to the control group (Figure 13 A). The number of dead cells was not present
in the control group in Figure 13 A, the number of Pl-stained cells was counted, and
the graphs were plotted and given in Figure 13 B. Whereas the number of non-living

cells was evaluated after the exposure to EBR treatment alone. Furthermore, the
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number of dead cells was also significantly increased when the exposure of
EBR+TAM compared to the administration of TAM only (Figure 13 B). When
comparing the EBR and 30uM EBR +10uM TAM also EBR and 30uM EBR +20uM
TAM statistical significance was identified and detected in the graph (Figure 13 B).
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Figure 13. Propidium iodide-stained cells were increased after the ERB combination with
TAM on MCF-7 TAMR cells.

A. The figure consists of the light microscope (LM) images also Propidium iodide (PI)-
stained which are red fluorescence images for all conditions. The number of cells was
diminished after the exposure to drugs in comparison with the control group in LM images.
Moreover, in the Pl-stained parts of the figure, the increasing number of dead cells was
evaluated with the combination of 30uM EBR and 10uM TAM. B. PI positive cell numbers
were counted from independent experiments, and the graph was plotted in GraphPad
software. (*p<0.05, **p<0.01, ***p<0.001)
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3.5. THE CELL VIABILITY LOSS OF MCF-7/TAMR CELLS WAS
INCREASED BY TAMOXIFEN IN COMBINATION WITH
EPIBRASSINOLIDE IN DAPI AND DiOC6 STAINING

For evaluating drug treatment effects on DNA fragmentation and mitochondrial membrane
potential, alone or in combination, fluorescent dyes were used including DAPI and
DiOC6 respectively in MCF-7/TAMR cell line. Fragmented DNA in the cells, also
named DAPI-positive cells, was detected as bright blue dots in the nuclei (Figure 14).
The number of DAPI-positive cells increased significantly with the treatment of EBR
and TAM combination compared to exposure to drugs alone in MCF-7/TAMR cells.
According to DIOC6 staining results, a control group was evaluated with the higher
number of DiOc6-stained cells with healthy mitochondria. The number of viable cells
was significantly reduced when the 30uM EBR +10uM TAM was administered There
were not any significant differences between the control and 10uM TAM treated
groups when the DIOC6 was given. The graphs seen in Figure 14 were plotted via
GraphPad when they counter the dead cells for evaluating DAPI, as well as live cells

for assessing DIOCG6 with the help of ImageJ software.
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Figure 14. Fragmentation of DNA was increased, whereas the mitochondrial membrane
potential was decreased in MCF-7/TAMR cells.
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Increasing fragmentation of DNA was detected in the 30uM EBR and 30uM EBR+10uM
TAM combinations via DAPI staining. Also, mitochondrial membrane potential was
diminished after exposure to 30uM EBR and 30uM EBR+10uM TAM and this decrease was
detected in DiOC6 staining. The graphs were plotted from at least 3 independent
experiments with the help of the GraphPad software. (ns: no significant *p<0.05, **p<0.01,
***p<0.001)

3.6. THE EPIBRASSINOLIDE COMBINATION WITH TAMOXIFEN
AFFECTED THE G1 PERCENTAGE IN MCF-7/TAMR CELL LINE

A flow cytometer approach was performed to observe the distribution of the cell cycle
phases after drug treatments alone or in combination. It was also examined whether
apoptotic cell death is present, and the cell population density in SubG1. Our results
displayed that there was upregulation of G1 percentage in the 30uM EBR+10uM TAM
conditions compared to control as well as 10uM TAM. This upregulation was statistically
significant indicated in the graphs which were plotted based on all repeated experiments in

GraphPad software.
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Figure 15. G1 arrest was detected in MCF-7/TAMR cells after the cells were treated with
the EBR and TAM combinations.

Following the treatment, the PI staining was performed. Then flow cytometry was utilized to
assess the distribution of cells across the cell cycle including G1, S, G2/M, and subG1. The
percentage of G1 was augmented in 30uM EBR+10uM TAM conditions compared to 10uM
TAM administered alone. Each experiment was conducted thrice, and graphs displayed the
mean values along with the + standard deviation. (*p<0.05)
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3.7. THE ELEVATED EXPRESSION OF THE ENDOPLASMIC
RETICULUM STRESS MARKERS WAS DETECTED AFTER EXPOSURE
TO THE EPIBRASSIONOLIDE COMBINATION WITH THE TAMOXIFEN

For analyzing the expression changes of ER stress markers, immunoblotting was
performed. Tun, which is an ER stress inducer, was used as a positive control (Luhr et
al., 2019). Before the usage of Tun, the dose of Tun for MCF-7/TAMR was evaluated
via MTT assay. According to data obtained from MTT, between the two selected
concentrations of Tun treatment, no significant change was observed (Figure 16 A).
Therefore, SuM Tun was selected as a positive ER stress inducer. The expression of
ER stress chaperons which are CALR, CANX, PDI, and BiP also three ER stress
sensors including PERK, IRE1a, and ATF6 were investigated according to expression
changes in MCF-7/TAMR cell line (Figure 16 B). Increased expression of ER stress
markers was determined after the exposure of selected doses of EBR+TAM and Tun
conditions compared to the EBR alone. When we look at the three ER stress sensors
that harbor IRE1a, PERK, and ATF6, their expressions were increased after exposing
the EBR+TAM. The GAPDH was used as a loading control.
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Figure 16. The expression of the ER stress markers augmented after exposing EBR
combination with TAM on MCF-7/TAMR cell line.
A. The dose of the Tun for MCF-7/TAMR was determined via MTT assay. The graph was
plotted based on the means of three replicates of experiments. The standard deviation was

indicated +. No significant change was observed between each dose of Tun B. ER stress
marker expressions was detected via immunoblotting techniques. The cell lysate (25ug) was
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loaded in 12% SDS-PAGE gels and propped with the CALR, CANX, PDI, BiP, ATF®6,
IREla, and PERK antibodies. Their expression augmented after the EBR combination with
TAM. Tun was utilized as a positive control for ER stress. As a loading control, GAPDH
was used.

3.8. AUTOPHAGY INDUCTION WAS DETECTED WITH
EPIBRASSINOLIDE IN COMBINATION WITH TAMOXIFEN AND
REVERSED WITH THE 3-METHYLADENINE IN ALL BREAST CANCER
CELL LINES

For evaluating whether the decrease in cell viability occurs through autophagy, we
used 3-MA, one of the autophagy inhibitors. Firstly, the dose of 3-MA was determined
via MTT assay for each cell line (Figure 17 A). There were no significant changes
between 5 and 10uM 3-MA in the MCF-7 and MCF-7/TAMR cell lines, whereas the
significant changes were detected in 10uM 3-MA conditions in MDA-MB-231 cell
line (Figure 17 A). The decreased cell viability following EBR alone or combined with
TAM was reversed by the addition of 10uM 3-MA to the combination, which was
detected by MTT assay (Figure 17 B). The administration of EBR+TAM has reduced
the cell viability in all breast cancer cell lines. The cell viability was increased
significantly in 3-MA combination with EBR+TAM in all breast cancer cell lines.
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Figure 17. 3-MA and combination treatment of EBR and TAM reversed the loss of cell
viability in MCF-7, MDA-MB-231, and MCF-7/TAMR cell lines.

A. Appropriate dose of 3-MA was determined via MTT assay. The 10uM 3-MA was
significant for the MDA-MB-231 cell line. There were no significant changes after
administration of 5 and 10uM 3-MA in MCF-7/TAMR and MCF-7 cell lines. B. 3-MA
combination with EBR+TAM increased the cell viability compared to EBR+TAM treatment
in all cell lines. The graphs were plotted from at least 3 independent experiments by using
GraphPad software. (ns: no significant *p<0.05, **p<0.01, ***p<0.001)

To analyze the effect of 3-MA on 3D colony formation potential, hanging drop
analysis was performed (Figure 18 A-C). The diameters of spheres were decreased
significantly after exposure to EBR+TAM in all breast cancer cell lines. The
administration of 3-MA reversed EBR and TAM combination's effect on the 3D
colony formation ability in MCF-7 and MDA-MB-231 cell lines but not in MCF-
7ITAMR cells. The sphere diameters were measured with the help of the Imagel
software and graphs were plotted via GraphPad software (Figure 18 D).
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Figure 18. Diameters of the sphere were declined following the EBR+TAM condition
reversed with the addition of 3-MA significantly in MCF-7, MDA-MB-231, and MCF-7
TAMR cell lines. A-C. The images of each condition were taken in a certain time interval 24
h/48 h/72 h at 4X magnitude (500pm) for each cell line. D. Diameters of cell sphere
quantification were performed utilizing ImageJ analysis. The graph was plotted with the
GraphPad software. (ns: no significant, *p<0.05, ****p<0.0001)

MDC staining was performed to indicate autophagic vacuole formation in MCF-7,
MDA-MB-231, and MCF-7/TAMR cell lines respectively. Following the
administration of selected doses of EBR and TAM, the addition of 3-MA to the
combined treatment for 24 h, induced autophagic vacuole formation as seen in green
dots under the fluorescence microscopy Figure 20. MDC-stained vacuole formation
increased prominently by the induction of EBR and EBR+TAM combination as well
as reduced cell density (Figure 19 A-C and IV). Whereas after the exposure of 3-MA
serves as a negative control the autophagic vacuole formation decreased in MCF-7,
MDA-MB-231, and MCF-7/TAMR cell lines. Also, cell density of each cell line was
increased in the presence of 3-MA (Figure 19 A-C and VII).
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Figure 19. The autophagic vacuole formation was shown following treatment of EBR and
TAM combination and reversed with the 3-MA in MCF-7, MDA-MB-231, and MCF-
7ITAMR cell lines.

Cells were stained with the MDC following 24 h drug exposure The figures of MCF-7,
MDA-MB-231, and MCF-7/TAMR were obtained via confocal microscopy. The results
were listed as A-C belonging to MCF-7, MDA-MB-23 MCF-7/TAMR respectively.

The GFP-LC3 transfection was performed to detect the autophagy induction. MCF-7,
MCF-7/TAMR, and MDA-MB-231 cells were treated with EBR, TAM, and
EBR+TAM, as well as a 3-MA combination version for all these drugs over 24 h.
Starvation conditions were applied as a positive control for all cell lines at 24 hr. The

LC3 puncta formation was detected in each cell line. In the control conditions which
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were taken only GFP-LC3 plasmid was used as a negative control for all cell lines.

The LC3 puncta formation was detected slightly in control conditions of MCF-7 cell

line compared to control conditions of other cell lines. The combined treatment of EBR

and TAM was shown to induce autophagy and further increase the LC3 puncta

formation compared to drugs administered alone in all cell lines. Moreover, the cells

exposed to EBR+TAM combination with 3-MA indicated reduced puncta formation

of LC3 when compared to only the administration of EBR+TAM in all cell lines

(Figure 20).
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Figure 20. The GFP-LC3 puncta formation was augmented after exposure to EBR+TAM
and the puncta formation was decreased in the addition of 3-MA to the combination of
EBR+TAM in MCF-7, MDA-MB-231, and MCF-7/TAMR cell lines.

The cells were subjected to 24 h with EBR, TAM, and EBR+TAM. Also, the 3-MA alone or
a combination version was administered. Moreover, the starvation media was given to all
cell lines for 24 h. After the incubation period was completed, the images of each condition
were obtained by confocal microscopy for all cell lines (A-C). The green dots represent the
LC3 puncta formation.

MCEF-7/TAMR
GFP-LC3/TRANSFECTION

3.9. THE EXPRESSIONS OF AUTOPHAGY-RELATED GENES AFTER

THE ADMINISTRATION OF EPIBRASSINOLIDE IN COMBINATION

WITH TAMOXIFEN WERE EVALUATED IN ALL BREAST CANCER
CELL LINES

The effect of EBR, TAM, and EBR in combination with TAM on the expression of
the autophagy-related genes was identified via immunoblotting in MCF-7, MDA-MB-
231, and MCF-7/TAMR cell lines. These genes harbor Beclin-1, Atg5, and p62.
GAPDH was used as a loading control for all cell lines. The Beclin-1 expression was
increased with the administration of EBR+TAM in both MCF-7 and MDA-MB-231
cells. The Beclin-1 expression was decreased in MCF-7/TAMR cell lines after the
combined treatment. The expression of the Atg5 was upregulated after treatments with
EBR+TAM in MCF-7 and MDA-MB-231 cell lines. However, the expression of Atg5
was decreased after EBR+TAM treatment in MCF-7/TAMR cell line. The p62
expression was downregulated with EBR+TAM treatment both in MCF-7 and MDA-
MB-231 cell lines. However, the expression of p62 was upregulated with EBR+TAM
administration compared to the drug administered alone. The GAPDH was used as

housekeeping control.
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Figure 21. The effect of EBR, TAM, and their combination on the autophagy-related gene
markers' expression was investigated on MCF-7, MDA-MB-231, and MCF-7/TAMR cell
lines.

Expression of the autophagy-related gene markers including, Beclin-1, Atg5, and p62 were
evaluated after the exposure of control, EBR, TAM, and EBR+TAM. GAPDH was used as a
loading control. The proteins (25 ug) were loaded onto 12% SDS-PAGE gels.

3.10. THE EPIBRASSINOLIDE AND COMBINED TREATMENT WITH
TAMOXIFEN-INDUCED AUTOPHAGY WAS PREVENTED VIA
ADDITION OF 3-METHYLADENINE

The expression profiles of autophagy-related markers were evaluated by
immunoblotting in all breast cancer cell lines. The expression of Beclin-1 was
increased after the exposure of EBR+TAM whereas when the EBR+TAM combined
with 3-MA the expression of Beclin-1 was diminished strikingly in both MCF-7 and
MDA-MB-231 cell lines. The expression of the Atg5 upregulated in EBR+TAM
treatment conditions in MCF-7 but not in MDA-MB-231. EBR+TAM treatment in the
presence of 3-MA downregulated the expression of Atg5 in MCF-7 but not in MDA-
MB-231. The lipidation of LC3 was detected in the presence of EBR and EBR+TAM
conditions of the MCF-7 cell line. Also, the same treatment condition triggered the
lipidation of LC3 in MDA-MB-231 cell line. Moreover, when the 3-MA+EBR+TAM
treatment was performed, recovery of LC3 was not detected in MCF-7 cell line.
However, in the same treatment condition, the expression of LC3l and LC3Il was
observed nearly the same in MDA-MB-231 cell line. The expression of the p62
downregulated following EBR+TAM treatment in MCF-7 and MDA-MB-231 cell
lines. When the 3-MA combined with EBR+TAM the expression of p62 was decreased
in MCF-7 cell line. However, p62 expression was increased after administration of the
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same condition in MDA-MB-231 cell line. The same autophagic markers will be
examined for MCF-7 TAMR. GAPDH was utilized as a loading control.
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Figure 17. The effect of EBR, TAM, and 3-MA alone or their combination on autophagy-
related gene expression was analyzed by immunoblotting. in MCF-7, and MDA-MB-231cell
lines.

A total of 25ug cell lysate was loaded in 12% SDS-PAGE gels and probed with Beclin-1,
Atg-5, LC3 I/1l, and p62 antibodies. GAPDH was used as a loading control.

3.11. THE EXPRESSION CHANGES OF ENDOPLASMIC RETICULUM
STRESS MARKERS WERE EVALUATED AFTER THE
ADMINISTRATION OF EPIBRASSINOLIDE AND TAMOXIFEN IN THE
PRESENCE OF 3-MA IN ALL BREAST CANCER CELL LINES

To analyze the changes in the expression of the ER stress markers, CALR, PDI, and
BiP, in the presence of the 3-MA, the immunoblotting technique was performed in
MCF-7, MDA-MB-231, and MCF-7/TAMR cell lines. The expression of the CALR
was downregulated after the administration of EBR+TAM in both MCF-7 and MCF-
7ITAMR cell lines. Whereas in the same condition, the expression of CALR was
upregulated in MDA-MB-231 cell line. The presence of 3-MA combination with
EBR+TAM increased the expression of CALR in MCF-7 cell line. However, in the
same conditions, there was no change in the expression of CALR in MDA-MB-231
cell line compared to EBR+TAM treatment. The CALR expression profiling was
decreased after exposure to 3-MA+EBR+TAM in MCF-7/TAMR cell line. Moreover,
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the expression of Pl was increased following EBR+TAM treatment in all breast cancer
cell lines. The Pl expression was decreased in EBR+TAM plus 3-MA treatment in all
cell lines. The expression of BiP upregulated following EBR+TAM treatment in all
cell lines. There was a slight increase in the BiP expression in the presence of 3-MA
with EBR+TAM in MCF-7 and MDA-MB-231 cell lines. However, in the same
treatment condition, the expression of the BiP was not changed compared to
EBR+TAM administration alone in MCF-7/TAMR cell line.
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Figure 18. The effect of EBR, TAM, and 3-MA and their combination on the expression of
ER stress markers was evaluated in MCF-7, MDA-MB-231, and MCF-7/TAMR cell lines.
The expression profiling of CALR, PDI, and BiP were investigated via immunoblotting
assay. The GAPDH was used as a loading control.

3.12. THE EXPRESSION CHANGES OF APOPTOSIS MARKERS WERE
EVALUATED AFTER EXPOSURE TO EBR AND TAM IN THE PRESENCE
OR ABSENCE OF 3-MA

We aimed to determine the expression changes of apoptotic markers including cleaved
PARP (c-PARP), caspase 9, and cleaved caspase 3 (c-caspase3) by immunoblotting
technique. We exposed selective doses of drugs for EBR and TAM in the presence or
absence of the 3-MA. The expression of c-PARP was decreased following the
administration of 3-MA+EBR+TAM compared to the administration of EBR+TAM
in the MCF-7 cell line. The c-PARP expression was increased in EBR+TAM treatment
compared to the administration of EBR and TAM alone in the MDA-MB-231 cell. The
immunoblotting analysis indicated that EBR, TAM, and their combination did not
affect the expression of c-PARP in the MCF-7/TAMR cell line. The cleaved caspase
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9 expression was shown in 3-MA+EBR+TAM condition in MCF-7 cell line. The
cleaved caspase 9 expression was decreased slightly when exposed to 3-
MA-+EBR+TAM condition compared to EBR+TAM condition in MDA-MB-231 cell
line. Cleaved caspase 9 expression was upregulated after the exposure of 3-
MA+EBR+TAM compared to EBR+TAM treatment in the MCF-7/TAMR cell line.
The caspase 3 deficiency was detected in the MCF-7 and MCF-7/TAMR cell lines
(Guo et al., 2016). Whereas expression of c-caspase 3 was upregulated in the presence
of 3-MA and its combination with EBR, TAM, or EBR+TAM conditions in
comparison to the absence of 3-MA conditions in MDA-MB-231 cell line.
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Figure 19. The expression of the apoptotic marker’s presence of EBR, TAM, and 3-MA and
their combination were analyzed in MCF-7, MDA-MB-231, and MCF-7/TAMR cell lines.
Expression changes of c-PARP, caspase 9, and c-caspase 3 were evaluated in the presence of
3-MA. The caspase 3 expression was only detected in MDA-MB-231 cell lines. GAPDH
was utilized as a housekeeping marker.

3.13. THE EPIBRASSINOLIDE AND COMBINED TREATMENT WITH
TAMOXIFEN DECREASED DRUG RESISTANCE

To evaluate the effect of EBR and / or TAM in terms of the correlation between drug
resistance mechanism and autophagy, MRPI (ABCC1), one of the MDR markers, was
analyzed in the presence of 3-MA. As seen in Figure 25, after the exposure of EBR +
TAM, the expression of the MRP1 was downregulated compared to the administration
of EBR and TAM alone in all breast cancer cell lines. The expression of the MRP1
was increased in the presence of 3-MA combined with EBR + TAM conditions in all

breast cancer cell lines.
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Figure 20. The expression of the MRP1 was decreased following administration of EBR+
TAM and was increased following 3-MA.EBR+TAM treatment in MCF-7, MDA-MB-231,
and MCF-7/TAMR cell lines.

Expression changes of the MRP1 (ABCC1) cassette protein were investigated within the
EBR, TAM, and 3-MA. The protein was loaded 25 ug on 12% SDS-PAGE. The GAPDH
was used as a housekeeping marker.

73



4. DISCUSSION

BC is the most common type of cancer in women. Based on the molecular
characterization 4 main classes for BC are Luminal A and B, HER2 +, and triple-
negative BC cells. The most common prevalent BC subtype is estrogen-positive BC.
Many treatment approaches for BC have been developed because of its heterogeneous
structure (Winters et al., 2017). Some hormonal therapy approaches that either restrict
estrogen synthesis or inhibit estrogen binding to its receptors have been developed to
prevent progression of the estrogen-positive breast tumors. TAM is the most known
SERM-utilized drug in the clinic in both premenopausal and postmenopausal cases.
Additionally, its effects on estrogen receptor-negative patients have also been
demonstrated in the literature (Croxtall et al., 1997) . However long-term usage of
TAM results in disease relapse after a certain period or the development of intrinsic or
acquired drug resistance because of the various complex changes that are taking place
in the tumor microenvironment. The MDR is one of the main obstacles in current
therapy approaches. The seven mechanisms contribute to the MDR. These
mechanisms are listed as follows: reduced drug uptake also increased efflux of the
drug, modified drug target, activated the detoxification mechanism, provided
epigenetic regulation, blocked cell death mechanism, and changed in tumor

microenvironment (Qing et al., 2023).

One of the corresponding mechanisms for drug resistance is ER stress (Qing et al.,
2023). Any perturbation in the function of the ER results in ER stress. UPR which acts
as an adaptive mechanism of the ER stress takes a role in restoring the protein
homeostasis in the ER. Three membrane-localized receptors IRElalpha, PERK, and

ATF6 govern these UPR signaling. These proteins transmit UPR signals to the nucleus
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via specific pathways, either preventing or promoting ER-stress-related cell death
(Sano and Reed, 2013). While at rest, BiP (GRP78) interacts with all these stress
sensors in the ER membrane. However, the accumulated misfolded or unfolded
proteins remove the BiP from these sensors. This event causes IREloa and PERK
signaling and oligomerization, and transportation of ATF6 to Golgi for activation via
proteases S1 and S2 (Bonsignore et al., 2023). These three signaling paths induce the
ER chaperons including CALR, CALNX, and PDI to provide proper folding to rescue
the cells. These chaperone proteins are also related to the induction of tumor
progression (Yadav et al., 2014). Therefore, the targeting of ER stress mechanisms has

been seen as a potential therapeutic approach for cancer therapy.

Many approaches have been found to cope with drug resistance besides the ER stress
in literature. Autophagy is one of the other corresponding strategies for drug resistance
mechanisms (Isaoglu et al., 2020). Autophagy is vital for maintaining cellular
homeostasis by eliminating damaged or unnecessary components that harbor proteins
and organelles through controlled degradation. It can be triggered via various stimuli
such as stress, nutrition deprivation, low oxygen levels, and energy deficits. The
P13K/Akt/mTOR signaling paths are highly correlated with ER stress according to
previous research (Y. Lin et al., 2019). This stress stimulus inhibits the mTOR
signaling, this way, it leads to the activation of autophagy-promoting synthesis
proteins needed for autophagy and produces autophagosomes. As a result of the
formation of autophagosomes this fuse with the lysosomes to form
autophagolysosomes complex for the degradation of unnecessary cellular components
for recycling them. The effect of autophagy on cancer is double-edged. Whereas the
basal level of autophagy seems in cytoprotective role for cancer cells, sustained
autophagy can lead to cell death via self-degradation of tumor cells. Intercalary, a
multifaceted relationship has been found between autophagy and drug resistance in
cancer. Autophagy contributes to resistance by promoting cancer cells to survive
against chemotherapy or targeted therapy. It also sensitizes them to treatment-induced
stress via increasing drug effectiveness. This interaction varies depending on factors
such as the type of cancer, specific drugs, and cellular conditions, highlighting the

importance of understanding it for improving cancer treatment (Sameiyan et al., 2019).
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Recent years have seen a significant increase in interest in the use of natural product
components for cancer prevention and therapy. Brassinosteroids (BRs) which are plant
steroid hormones take a critical role in plant development. Currently, studies on these
hormones are being conducted because of the finding of anti-cancer effects without
affecting normal cells in research (Kaur Kohli et al., 2020). Two of these have been
found the most current and promising anti-cancer properties, 24- homocastasterone
and EBR. In Malikova's study, which was the first study of these hormones, the anti-
cancer and anti-proliferative effects of these BRs have been indicated. In this
investigation, they put forward that the inhibitory effect of BRs at micromolar
concentrations in prostate and BC cell lines including LNCaP/DU-145, and MCF-
7/IMDA-MB-468 cells in order with the minimal effects on normal cell lines (Malikova
et al., 2008). BRs' similarity to steroid-like composition led to the first assumption that
they exclusively affected hormones, such as NHR inhibitors. However, much research
indicated that EBR leads to cell death in both NHR-expressing and non-expressing
cancer cells (Huskova et al., 2020; Malikova et al., 2008; Steigerova et al., 2010,
2012). Furthermore, our earlier research showed that there was no change in cell
viability in mouse embryonic fibroblast cells (MEF) following the EBR therapy
(Adacan and Obakan-Yerlikaya, 2020a). This shows that natural BRs cause different
reactions in cancer and normal cells, showing a high therapeutic index due to their
selective cytotoxicity on cancer cell lines rather than untransformed human fibroblasts
(Huskova et al., 2020).

In our study, we used the three different BC cell lines including MCF-7/TAMR, MCF-
7, and MDA-MB-231 cells for the investigation of the effect of EBR in terms of
autophagy induction via overcoming resistance through the ER stress. Our lab already
demonstrated that EBR and TAM combined treatment decreased cell viability
significantly compared to drug-alone conditions in hormone-sensitive/insensitive cell
lines, MCF-7 and MDA-MB-231 respectively. At the beginning of this study, we
evaluated the anti-proliferative effect of EBR in combination with TAM on the MCF-
7ITAMR cell line. Firstly, the TAM-resistant dose for MCF-7/TAMR cells was
determined by the MTT assay which is one of the cell viability assays. In the literature,
different TAM-resistant doses were detected (Actis et al., 2021). Our results showed

no significant changes in cell viability after exposure to the different doses of TAM
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(10,15 and 20uM). This result represents acquired drug resistance in MCF-7/TAMR
cells to TAM. As a further step, the 30uM dose of EBR which was determined based
on our previous study was administered individually and in combination with TAM
on the MCF-7/TAMR cell line (Adacan and Obakan Yerlikaya, 2020b). These results
showed that the resistance developed against TAM drastically reduced in 30uM EBR
combination with 10uM TAM in 24 h due to increases in the loss of cell viability. It
means that the antiproliferative effect of the TAM was increased with the combination
of the EBR. In literature as a natural compound, the synergistic effect of TAM with
sulforaphane or erucin which are the members of isothiocyanates (ITC) that are
phytochemicals found naturally in cruciferous plants also detected in MCF-7/TAMR
cells (Pawlik et al., 2016). Furthermore, in the literature, Antrodia cinnamomea extract
combined treatment with TAM demonstrated cell proliferation inhibition in MCF-
7ITAMR cells (Y.-S. Lin et al., 2018). Also, the synergistic effect of EBR was detected
by Yerlikaya et al., (2022). The EBR enhances the apoptotic effect of gemcitabine in
pancreatic cancer cell lines (Yerlikaya and Naxmedova, 2022). Furthermore, in our
study, the effect of the EBR+TAM on survival was evaluated in a time-dependent
manner. The cytotoxic effect of EBR in combination with TAM was detected in 24 h.
Also, the cytostatic effect was detected at 48 h and 72 h. In previous experiments,
combining TAM with persin, one of the plant toxins, indicated cytotoxic synergy in
the MCF-7/TAMR cell line (McCloy et al., 2013).

The effect of EBR through the inhibition of cell proliferation has been shown in
various types of cancer including prostate, pancreatic, lung, colon, and BC (Coskun et
al., 2015; Huskova et al., 2020; Malikova et al., 2008; Sadava and Chen, 2023;
Steigerova et al., 2010, 2012; Yerlikaya and Naxmedova, 2022). In this research
response of the EBR slightly differs for each type of cancer. Moreover, the inhibition
of cell proliferation after TAM administration has been detected in several cancer types
such as breast, liver, and ovaries (Sanaei et al., 2017). Besides the cell proliferation
inhibition, the effect of colony formation potential of EBR and TAM was analyzed in
MCF-7/TAMR cells with both 2D and 3D cell culture techniques. In a previous study,
colony numbers were reduced after exposure to the EBR in PANC-1 and MIA PaCa-
2 cell lines (Yerlikaya et al., 2022). Moreover, colony formation potential declined
after TAM was administered in MCF-7 cell line (Abdallah et al., 2020). In our
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investigation, we found that cotreatment EBR with TAM significantly decreased the
colony numbers in MCF-7/TAMR cell line. In literature TAM combination with other
natural drugs also decreased the colony formation ability, particularly in breast cancer
cell lines (Mandal et al., 2023; Wang et al., 2021). For instance, TAM combined with
D-limonene resulted in the decreasing colony formation ability of MCF-7 cells
(Mandal et al., 2023). Furthermore, to mimic the 3D form of the tumors in cell culture,
the hanging drop analysis was performed (Foty, 2011). In the literature, spheroid
diameters were decreased after the exposure of the 30uM EBR in SW480 and DLD-1
cells (Obakan Yerlikaya et al., 2023). In our investigation, we found that the sphere
forms of a control group and TAM-given only groups were the same, whereas sphere
formation was disrupted after the exposure of EBR in combination with TAM in MCF-
7ITAMR cell lines.

The diminishing of the MMP is generally observed during the apoptotic process
(Métivier et al., 1998). In literature, the decreasing MMP was detected after exposing
EBR to pancreatic cells (Yerlikaya et al., 2022). Similar results were obtained in our
study indicating that the EBR combined with TAM exposure after 24 h diminished the
numbers of DiOC6 cells significantly in MCF-7/TAMR. Moreover, in the literature,
TAM combined with D-limonene enhanced DNA fragmentation in MCF-7 cells
compared to drug exposure alone (Mandal et al., 2023). Our study also indicated that
combination therapy increased cell death numbers compared to EBR and TAM
administration alone in MCF-7/TAMR cells.

The cell cycle represents a sequence of events within a cell that orchestrates a cell
progression facilitating division and replication. According to the literature, the G1 to
S transition in the cell cycle was increased in MCF-7 /TAMR cells in contrast to MCF-
7 cells (Moon et al., 2021). In our investigation, we want to evaluate the effect of
EBR+TAM combination through the cell cycle progression in MCF-/TAMR cells.
Previous studies highlighted the role of EBR in cancer therapy via triggering cell cycle
arrest at G1 stages (Steigerova et al., 2010). Similarly, research regarding TAM has
been indicated to have G1 cell cycle arrest in various cancer cells (Mandal et al., 2023;
Sanaei et al., 2017). Moreover, combining TAM with naringenin caused cell cycle
blocking at G2 /M stages in the MCF-7 cell line (Z. Xu et al., 2018). In other studies,

combined treatment of TAM with celastrol leads to cell cycle arrest at the G1 phase in
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the MCF-7 cell line (Wang et al., 2021). Our findings revealed that the EBR+TAM
combination caused the G1 arrest in the MCF-/TAMR cell line. These results
suggested that EBR and TAM in combination may have a considerable effect on the

suppression of cancer cell proliferation.

ER stress has been implicated in several stages of tumor formation. Extensive research
indicates that UPR plays an essential role in the cancer cell's ability to maintain their
malignancy and resistance to therapy (Bonsignore et al., 2023). For instance, TAM can
activate UPR proteins harboring BiP and LAMP3, this makes cells more resistant to
TAM (Nagelkerke et al., 2014). Furthermore, in earlier research, key elements of the
ER stress pathway have been connected to endocrine response (McCloy et al., 2013).
Recent investigations have found that alterations in BiP and CHOP are linked to the
response of TAM, harboring reversing resistance (Briining et al., 2010; Tiwary et al.,
2011). EBR is triggering the ER stress mechanism was evaluated in the previous
studies via SILAC and mass spectrometry approaches. In a study, the increased
expression of CALR and CALNX was detected when the pancreatic cancer cells were
exposed to EBR (Yerlikaya et al., 2022). Moreover, in a research, TAM, and
combination with persin increased the expression of the ER stress response by
upregulating ER stress markers which are BiP, CHOP, and XBP-1 in the MCF-
7ITAMR cell line (McCloy et al., 2013). In our study, we evaluated the effect of EBR
in combination with TAM on expression changes in ER stress markers in MCF-
7ITAMR cells. As a result of immunoblotting, EBR in combination with TAM
increased the expression of the UPR sensors (PERK, IRE1a, and ATF6), chaperons’
proteins (CALR and PDI) also BiP compared to drugs administration alone. Tun was
found a positive control for ER stress induction (Luhr et al., 2019). These results
indicated that EBR+TAM contributes to the ER stress mechanism in MCF-7/TAMR
cells. This upregulation of ER stress markers might be associated with the developing
resistance mechanisms against the chemotherapeutic drugs. In this case, targeting UPR
components or the related signaling mechanism has been seen as one of the treatment

strategies nowadays (Bonsignore et al., 2023).

Within the tumor microenvironment, cancer cells proliferate in a persistent
environment of stress. Metabolic and pharmacological stress triggers several processes

for maintaining cell homeostasis such as autophagy. Previous studies put forward that
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one of the contributing mechanisms of autophagy is ER stress (Amaravadi et al., 2019).
Each of the UPR arms contributes to the induction of autophagy (Song et al., 2018).
Our next step was to examine whether ER stress activation contributes to the induction
of autophagy in BC cells treated with EBR+TAM. For this purpose, we investigated
the effect of EBR in combination with TAM combined with the 3-MA, which is one
of the early-stage autophagy inhibitors, on ER stress markers (Tran et al., 2015). To
detect the ER stress contributing to autophagy in distinct BC cell lines including MDA-
MB-231 and MCF-7 hormone-insensitive/sensitive cells besides the MCF-7/TAMR

resistance cell line.

Before revealing the relationship between ER stress and autophagy, autophagy was
first intended to be demonstrated. To assess whether autophagy triggered by
EBR+TAM promotes survival or death, as a first step, an MTT assay was done for all
cell lines to select the dose of 3-MA either alone or in combination with EBR and
TAM. The dose of EBR was the same as 30uM for the all-cell line for co-treatment,
however, the dose of TAM differed compared to MCF-7/TAMR and the other two cell
lines. Our previous studies indicated the synergistic effect of TAM and EBR was
determined at 20uM and 30uM respectively for both MCF-7 and MDA-MB-231 cell
lines. At the same time, the MCF-7/TAMR cell line exhibited drug resistance even for
a similar dose. Therefore, TAM concentrations were selected as 10uM for the MCF-
7ITAMR cell line. in the literature, cytotoxicity of TAM in MCF-7 cells was
suppressed with the addition of 3-MA (Kanematsu et al., 2010). Similarly, our results
demonstrated that the reconstructed cell viability was detected when the 10uM 3-MA

was combined with EBR+TAM in all cell lines.

Autophagy has a paradoxical role in tumor progression The cytoprotective and
cytotoxic properties change regarding the duration of stress stimulus. Moreover, the
nature of the cancer cells also affects the tendency of autophagy. The tendency of
autophagy is distinct based on the different natures of BC cells. MCF-7/TAMR cell
lines are more potent in demonstrating autophagy induction (Actis et al., 2021;
Finnegan et al., 2022). Therefore, previous research identified that suppressing
autophagy might be used to re-sensitize TAM-resistant BC cell lines (Wen et al.,
2020). On the other hand, one study demonstrated that induction of autophagy was

seen as a potential therapeutic approach to preventing tumor progression in TNBC

80



cells (Zhao et al., 2024). In this study, the effect of EBR+TAM on autophagy was
investigated using MDC and GFP-LC3 methods (Klionsky et al., 2016; Verwey et al.,
2016). One of the previous studies demonstrated that induction of autophagy was
mediated by the EBR administration detecting autophagosome formation in colon
cancer cell lines (Adacan and Obakan Yerlikaya, 2020b). Moreover, after exposure to
TAM in MDA-MB-231 cell line observed that the number of autophagic vacuoles
increased (SWu et al., 2016). Moreover Qadir et al., study indicated that following
TAM treatment increased punctate staining cells which were stained with MDC in
MCEF-7 cell line (Qadir et al., 2008). In our research, MCF-7, MDA-MB-231, and
MCF-7/TAMR cells treated with EBR combined with a selected dose of TAM over 24
h indicated increased autophagic vacuole formation. After the addition of 3-MA in
EBR+TAM combination vacuoles number decreased but was not eliminated
completely. This may be due to the off-target effects of 3-MA (Qadir et al., 2008).

Previous studies indicated that induction of ER stress leads to activation of LC3
lipidation in MEF cells after exposure to EBR (Adacan and Obakan-Yerlikaya,
2020b). In the literature, the quantity of LC3 puncta augmented following TAM
treatment in both MCF-7 and MCF-7/TAMR cells but declined following the 3-MA
combination (Li et al., 2022). In contrast, another investigation revealed that LC3
puncta formation raised after exposing bafilomycin, which is one type of autophagy
inhibitor, with tamoxifen in both MCF-7 and MCF-7/TAMR cell lines (Lee et al.,
2018). Deprivation of serum increased the autophagy detected in various cell lines
such as MDA-MB-231, MCF-7, and LNCaP cells (De et al., 2019). Similarly in our
investigation puncta formation was shown in the starvation conditions of autophagy in
all breast cancer cell lines. Moreover, a notable rise in the LC3 puncta formation
resulted following EBR+TAM administration in all breast cancer cells. However, the

synergistic effect of these drugs was reversed in all cell lines.

Previous research revealed that ER stress is one of the triggering mechanisms for
autophagy (Oh and Lim, 2009). One of the studies indicated that LC3 conversion was
mediated via activation of the PERK/eIF2a pathway (Kouroku et al., 2007).
Moreover, Ogata et al., (2006) study demonstrated that autophagosome formation was
observed both in starvation and ER stressors in MDA-MB-231 cell line (Ogata et al.,

2006). Moreover, one study indicated that TAM resistance was mediated with BiP via

81



triggering autophagy (Cook et al., 2012). The induction of autophagy by EBR through
the ER stress was identified in the SCID mouse xenograft model, inhibiting the growth
of colon cancer (Obakan Yerlikaya et al., 2023). Moreover, in other studies, the TAM
induced ER stress by activating the AMPK/mTOR pathway which is the master
regulator of the autophagy process in the TNBC cell line (Wu et al., 2016). Our study
evaluated the expression of the ER stress markers in all cell lines following
administration of solely EBR, TAM, and 3-MA or in combination. Previous studies
found that CALR, ER stress-related chaperone, was a principal target of EBR-
mediated apoptosis. The decreasing or increasing CALR expression was also detected
after the administration of EBR in different colon cancer patients. However, the same
study revealed that there was an increase in the expression level of most of the ER
stress markers (Obakan et al., 2015). In our research, the expression of CALR was
decreased after exposure to EBR+TAM in estrogen-sensitive cell lines, however,
upregulated expression of CALR was detected in MDA-MB-231 cell line. When 3-
MA was administered with EBR and TAM, it was observed that CALR expression
was completely reversed compared to drug exposure alone. This different response
may be due to the heterogenic nature of breast cancer cells. Moreover, the level of BiP
expression was augmented following EBR+TAM exposure in our study. In terms of
mechanism, BiP signaling might suppress apoptosis and trigger autophagy to assist
cells in coping with stress by inhibiting mTOR function and indirectly fostering
activation of Beclin-1 within breast cancer cell lines (Q. Wu et al., 2023). The double-
sided effect of PDI and autophagy was detected in the literature (Wang et al., 2022).
In our study, the expression of PDI was upregulated after exposure to EBR+TAM and
reversed in the presence of 3-MA. In this context, it can be said that it takes a role in

mediating of autophagy process.

Our experiment also continued by analyzing the effect of EBR+TAM on autophagy
markers. Previous studies demonstrated the EBR-induced autophagy effect (Adacan
and Obakan Yerlikaya, 2020b). TAM is seen as an autophagy inducer affecting several
autophagy-related genes (Actis et al., 2021; Boretto et al., 2023). For instance, the
effect of TAM through autophagy induction was evaluated in the MDA-MB-231 cell
line (S.T. Wu et al., 2016). According to the literature, the increasing expression of

Beclin-1, Atg-related genes, LC3-I1, and decreasing expression of p62 seem to be core
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markers for the detection of autophagy. In our study, we performed immunoblotting
analysis with those markers within the presence of 3-MA. The presence of the 3-MA
results in the decreasing expression of those markers compared to 3-MA absence
version. For instance, the TAM in combination with 3-MA decreases the LC3-II
expression compared to TAM given alone (Samaddar et al., 2008). A study supporting
our results indicated that inhibition of autophagy was carried out via 3-MA in this way
increasing cell survival in both MCF-7 and MDA-MB-231 cell lines were detected
(Lee et al., 2012; Verwey et al., 2016).In the literature, a combination of TAM and
ITC resulted in lipidation of LC3 (Pawlik et al., 2016). Moreover, TAM combined
with celastrol demonstrated a synergistic effect on autophagy through lipidation of
LC3 and decreased the p62 expression in the MCF-7 cell line Wang et al., 2021). In
our study, after EBR combination with TAM, the LC3-II expression, which is one of
the characteristic markers for the autophagy process, was increased in MCF-7 and
MDA-MB-231 cell lines. However, the lipidation of LC3 was decreased after the
addition of 3-MA within EBR +TAM condition in MDA-MB-231 cell line whereas
not in the MCF-7 cell line. This means the recovery of autophagy was not detected in
MCEF-7 cells compared to MDA-MB-231 cells. Sequestration of the p62, which is a
critical autophagy receptor, was detected in both MCF-7 and MDA-MB-231 cell lines
following EBR+TAM exposure. However, the expression of the p62 elevated after
exposure to the 3-MA plus EBR in combination with TAM in MDA-MB-231 cell line.
Also, the expression of p62 was elevated after EBR+TAM administration in MCF-
7ITAMR cells. According to the literature, accumulation of p62 was detected in the
inhibition of autophagy. (Liu et al., 2019). Expression of Beclin-1 was increased
following EBR +TAM conditions in MCF-7 and MDA-MB-231 cell lines. Whereas
in the presence of 3-MA with the same conditions, Beclin-1 expression was slightly
decreased both in two cell lines. However, the expression of Beclin-1 in EBR+TAM
condition was downregulated in MCF-7/TAMR cells. This result is contrary to the
literature. However, in the literature, the highest expression of Beclin-1 was detected
after the administration of TAM in MCF-7/TAMR cells compared to MCF-7 (Liu et
al., 2019). The expression of Atg5 was upregulated after exposure to the EBR and
TAM in MCF-7 cells. However, no change in the expression of Atg5 was seen in

MDA-MB-231 cell line following the same treatment conditions. On the one hand, the
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Atg5 expression in Mcf-7/TAMR was decreased with EBR+TAM treatment. These
may be due to Atg5/7-independent induction of autophagy. In the literature, Atg5/7
independent macroautophagy has been detected in mice (Nishida et al., 2009). In
addition, it has been shown in the literature, that EBR-induced autophagy was
independent of Atg5/7 (Adacan and Obakan-Yerlikaya, 2020a). On the other hand, the
expression of another autophagy marker could not be measured in the MCF-7/TAMR
cell line. The analysis of this marker will be performed in the future both in

combination with 3-MA or alone treatment conditions.

Autophagy is one of the critical mechanisms contributing to drug resistance (Chang
and Zou, 2020). Nowadays much research indicates that autophagy induction has been
seen as one of the contributors to therapy resistance in breast cancer cells (Liu et al.,
2019). In a further step of these experiments, we focused on autophagy and drug
resistance mechanism relationships. Elevated expression of the ABC transporters’
proteins harbor MRP1 (ABCC1), ABCB1, and ABCB2 accompanied the TAM
resistance (Guney Eskiler et al., 2016). In the literature, many studies focused on TAM
resistance mechanisms and autophagy (Finnegan et al., 2022). According to an
investigation, ER stress-triggered autophagy increased intracellular drug efflux via
upregulation expression of MRP1 (Chang and Zou., 2020). MCF-7 TAMR cell lines
are prone to autophagy to contribute to the resistance mechanism (Boretto et al., 2023).
Nowadays, to combat drug resistance against TAM, combination therapy approaches
to increase the sensitivity of TAM have been the subject of research articles. One of
them is that BreastDefend (BD), is a dietary supplement, and TAM reduces the
proliferation of MCF-7 cells in vitro and tumor progression in vivo, leading to cell
death through apoptosis and/or modulation of TAM resistance proteins (Cheng et al.,
2017). Our study has been presented similarly to these studies. In this research, we
aimed to overcome TAM resistance by increasing the effectiveness of TAM via EBR
and TAM combined treatment. Our immunoblotting assay indicated that 3-MA
addition restored the expression of MRP1 which was downregulated after exposure to
EBR+TAM conditions. These results revealed that EBR and TAM act synergistically
against the resistance of breast cancer cells by suppressing the expression of the MRP1.

We also showed that this suppression occurs through the triggering of autophagy.
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The relationship between autophagy and apoptosis is unclear. There are three types of
interactions between autophagy and apoptosis: (a) synergistic or collaborative effect,
where both promote cell death; (b) promoting effect, where autophagy induces
apoptosis; and (c) antagonistic effect, where autophagy inhibits apoptosis-induced cell
death (Das et al., 2021). For instance, celastrol is one of the traditional Chinese
Medicines that heightened the sensitivity of TAM by triggering apoptosis and
autophagy (Wang et al., 2021). In the current study, the apoptotic biomarkers including
PARP, caspase-9, and caspase-3 were investigated within the presence and absence of
3-MA and drug combinations to explore the possible correlation of EBR+TAM-
induced autophagy with apoptosis. The addition of 3-MA partially reduced the cleaved
PARP expression in MCF-7 cell lines compared to EBR+TAM administered alone.
Similarly in the literature inhibition of autophagy partially decreased the cleavage of
caspase 3 and PARP in C42 cell line (Zhang et al., 2011). No significant changes were

observed in PARP expression for TAMR, which is controversial in the literature.

In literature, caffeic acid phenethyl ester (CAPE) and TAM combination enhances the
cleaved caspase 9 expression which is the marker for the apoptosis in the MCF-7 cell
line. On the controversy, this combination did not affect the lipidation of LC3 (Motawi
et al., 2016). However, in literature inhibition of autophagy leads to apoptosis
(Kanematsu et al., 2010). In our study when we look at the caspase 9 expression, TAM
combination with EBR suppresses the apoptosis and leads to autophagy in all breast
cancer cell lines. When the autophagy was inhibited with 3-MA within these
conditions the expression of cleavage caspase-9 increased in MCF-7. Moreover,
caspase 9 expression was decreased in both MDA-MB-231 and MCF-7/TAMR cell
lines. The caspase-3 expression was not detected in the literature in MCF-7 and MCF-
7ITAMR cell lines (Guo et al., 2016). In our study, cleaved caspase-3 detection was
only observed in the MDA-MB-231cell line. The cleaved caspase-3 expression
decreased in EBR in combination with TAM, whereas when the 3-MA was added to
drugs the cleaved caspase-3 expression augmented. Our results indicated that

autophagy inhibition leads to caspase-dependent apoptosis.

The development of TAM resistance is virtually unavoidable caussing significant
therapeutic concern. ER stress is an important driver of a resistance mechanism. It

takes a critical role in the decision of cell death either survival or death triggering
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apoptosis or autophagy based on the stress level. Combination therapy with synthetic
and natural medicines has been proposed to alleviate tamoxifen's side effects and drug
resistance (Wang et al., 2021). In conclusion, our investigation indicated the
synergistic effect of EBR with TAM can lead to stress-mediated autophagy induction

to cope with drug resistance.
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6. SUPPLEMENTARY

Supplementary Table 1. SDS-PAGE gel recipe

THERMO
Gel Percentage (%) 12 (Separating) 5 (Stacking)

H20 2.3 1.7

30% polyacrylamide (mL) 2.8 0.425

Tris (mL) 1.75 (1.5M pH 8.8) 0.313 (0.5M pH 6.8)

10% SDS (nL) 70 25

10% APS (uL) 47 18.5
TEMED (uL) 14 4.1

Total volume (mL) 7 2.5

Supplementary Table 2. 10X Transfer buffer recipe

10X Transfer Buffer Recipe

30.3 g Tris Base

144 g Glycine

ILddH,0 pH 8.3

SupplementaryTable 3. ECL solution recipe

ECL
Solution A Solution B
dH20 9mL dH20 9mL
1M Tris-HCI pH 8.5 1mL 1M Tris-HCI pH 8.5 1mL
p-Coumaric acid 45 uL 30% H202 6 uL
Luminol 100 uL
Total volume 10 mL Total volume 10 mL
Luminol 250 mM Coumaric Acid 90 mM
0.44 g Luminol 0.148 g p-Coumaric acid
DMSO to 10 mL Absolute ethanol to 10 mL
Store in dark at -20C Store in dark +4C
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Tris-HCI 1M pH 8.5

8.74 g Tris base

4.42 g Tris HCI

dH20 to 100 mL

Supplementary Table 4. List of chemicals

Chemicals Brand Cat No.
(E/Z)-4-hydroxy Tamoxifen CAYMAN CHEMICAL 17308
0.25% Trypsin-EDTA(1X) Gibco 25200-056

10X PBS Serox SRD-807-500
10X TBS EcoTech PBS10x-10
3-Methyladenine (3-MA) CAYMAN CHEMICAL 13242
4X Laemmli EcoTech LSB-4X
Acrylamide/Bis-acrylamide (37.5:1) EcoTech AB3751100
Ammonium persulfate (APS) Sigma-Aldrich 01709-500ML
Asetic asit Bio-Rad BL0250001
ATGS5 polyclonal antibody St John's Laboratory STJ113131-50
Beclin-1 (BECN1) polyclonal St John's Laboratory STJ97474
antibody
Bradford Assay Kit Thermo Scientific 1856209
Bradford Reagent Sigma-Aldrich B6916-500ML
BSA Sigma-Aldrich A2153-10GR
Calnexin CST #2433

Calreticulin CST #12238

Caspase 3 CST #9662

Caspase 9 CST #9502

Coomassie Brilliant Blue-G250 MERCK D273
Crystal Violet KimyalL AB V21166.100
DAPI Thermo P162247
DiOC6 Thermo D273
DMEM Gibco 11965092
DMSO Riedel-De-Haén 41640
ECL (Solution A/B) EcoTech ECL50
EcoSpin Plasmid Isolation Kit EcoTech EcoPI-50x
EGFP-LC3 Addgene 11546
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Epibrassinolide

ApolloScientific

BIE0244

Ethanol Pure ISOlab 920.026.2500
Fetal Bovine Serum (FBS) Gibco 10270-106
Formaldehyde solution 37% Sigma 15512-5L-R
GAPDH polyclonal antibody Boster A00227-1
GFP-LC3 plasmid Addgene 11546
Glycine Bio-Rad BL-01400202
GRP78 polyclonal antibody Invitrogen PA1-014A
Hydrochloric acid %30 KIMYALAB V00318.905
Hydrogen peroxide TEKKIM TK.0880220.0100
1
Insulin Human Recombinant Zinc Gibco 12585-014
Solution
Infect Transfection reagent Intron Biotech 15081
IRE1-alpha ABclonal A21021
LC3A/LC3B polyclonal antibody St John's Laboratory STJ117779-50
Luminol Sigma-Aldrich 123072
Methanol Riedel-de-Haén 24229-2.5L
Monodansylcadaverine CAYMAN CHEMICAL 15571
M-PER Thermo 78501
MRP1 polyclonal antibody Invitrogen PA5-30594
MTT reagent Bio Basic NC461720

p62 (SQSTM1) polyclonal antibody

St John's Laboratory

STJ113744-50

PARP1 polyclonal antibody

St John's Laboratory

STJ193190-50

p-Coumaric acid Sigma-Aldrich 501-984
Penicillin/Streptomycin Solution Capricorn Scientific PS-B
(100X)
Penicillin/Streptomycin Solution SEROX SLP-508-100
(100X)
PERK monoclonal antibody ABclonal A21255
PDI CST #80797
Ponceau S Sigma-Aldrich P3504-10G
Propidium iodide Sigma-Aldrich P-4170-100MG
Protease inhibitor Roche 4693116001
Protein Marker (Pre-stained) EcoTech PM12
Protein Marker (Pre-stained) Abbkine BMM3001
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RNAse EcoTech EZRAL, EZRA5
SDS Scharlau SD0010
Secondary antibody (anti-mouse) BOSTER BA1050-0.5
Secondary antibody (anti-rabbit) CST #7074
Skim milk powder Bioshop SK1400.250
Sodium Chloride (NaCl) MERCK 1.06404.1000
Sodium Hydroxide (NaOH) Biosince (SentezLab) 000322
Sodium Hydroxyde Extra Pure KimyalLab 1310-73-2
TEMED MERCK 1107320100
Tris base Sigma-Aldrich T1503-1KG
Tris HCI Scharlau TR0425
Triton X-100 Sigma-Aldrich T8787-10ML
Trypan Blue (0.4% solution) EcoTech TRY-B100
Tunicamycin Sigma-Aldrich T7765-1MG
Tunicamycin CAYMAN CHEMICAL 11445
Tween-20 Sigma-Aldrich P1379-500ML

Supplementary Table 5. List of devices

Device

Brand

Axio Observer 5 Colibri7

Carl Zeiss Microscopy

Azure 300 Chemiluminescent Western Blot

Imager

Azure Biosystems

Biometra Fastblot

Analytic Jena

C6 Plus Personal Flow Cytometer BD Accuri

Centrifuge 5418 R - Microcentrifuge Eppendorf

Centrifuge 5424 R Eppendorf
Centrifuge Z 206 A Hermle

CO; incubators (C150) (9040-0078) BINDER
Digital Orbital Shaker (sk-0180-s) DLAB
ECLIPSE TS100 (Inverted microscope) Nikon
FLV1090 Mini Refrigerator Flavel

Heat blocker

Thermo Scientific

Invitrogen™ Mini Gel Tank

Thermo Scientific

Invitrogen™ Western Blot Wet Transfer
Device | Mini Blot Module

Thermo Scientific
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Lab Benchtop Mini Centrifuge ONILAB's Scientific
Laminar Flow Cabinet /Hood Labconco
MicroCL 17 Microcentrifuge Thermo scientific

Milli Q Ultrapure Water Purification Merck
System
Mini Vortex Isolab
mPAGE® Mini Gel Tank (MGT-4 Merck
Millipore)
Multiskan FC 357 Microplate Photometer Thermo Scientific
MW151 MAX pH Meter Milwaukee
Power Supply VWR
PowerPac™ Basic Power Supply Bio-Rad
Roller DLAB
Self-Contained Ice Machine Scotsman AF 80
Ultra-low Temperature Freezer Haier
Vertical Laboratory Steam Sterilizers Nuve
Water Bath VWB 18 VWR
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