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SIMVASTATIN INDUCES AUTOPHAGY-MEDIATED CELL DEATH IN
METASTATIC BREAST CANCER CELLS
By
Jessica Allagoa, M.S.
Texas Southern University, 2024

Associate Professor Erica Cassimere, Ph.D., Advisor

Breast cancer remains one of the leading causes of cancer deaths among women.
Due to the limited effectiveness of current anticancer drugs, ongoing research has extended
towards alternative drug categories for potential treatments. Recent findings indicate that
statins possess the ability to suppress tumors across various cell types. Traditionally,
statins are known as a class of cholesterol-lowering agents and function by inhibiting 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase, a key enzyme in the mevalonate
pathway. However, statins can also suppress cell proliferation and ultimately lead to cell
death, which includes Type I apoptosis-induced cell death or Type II autophagy-induced
cell death. Autophagy is a vital physiological cellular process that facilitates the
intracellular degradation and removal of misfolded proteins and damaged organelles.
Initially, autophagy was considered a pro-survival process, however, other reports have
shown that improper balance of autophagic pathways can also exert pro-death pathways.

One type of statin, simvastatin, has been shown to induce autophagy in prostate
cancer cells. However, its effects on other tumors remain poorly understood. In this study,
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we hypothesize that simvastatin induces autophagy-mediated cell death in breast cancer
cells. We used two metastatic breast cancer cell lines as a model for tumors which typically
exert resistance to anticancer treatments. Cells were treated with simvastatin at various
concentrations up to 48 hr. Cell morphology was examined microscopically, and induction
of autophagy was measured using Western blotting. Following treatment with simvastatin,
we observed increased rounding of cells in both MDA-MB-231 and MDA-MB-468 cells.
Moreover, increase in protein expression of a classic autophagy marker, LC3-II, was
markedly enhanced following a dose response treatment of simvastatin. To determine if
the rounded cells were indicative of cell death, we performed a Trypan blue exclusion
assay. Cell death was dramatically increased in a dose-dependent manner following
simvastatin treatment, particularly at 48 hr. Moreover, we co-treated cells with simvastatin
and chloroquine, an agent which blocks autophagy, and observed that cell death was
reduced as compared to simvastatin alone, suggesting that autophagy contributed to cell
death. These results demonstrate that simvastatin suppresses cell proliferation through
induction of autophagy in breast cancer cells. Therefore, simvastatin may serve as an

attractive anticancer agent to target advanced breast tumors.
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CHAPTER 1
INTRODUCTION

On a global scale, breast cancer ranks as the most prevalent form of cancer among
women. The disease is characterized by a complex interplay of genetic and clinical
variations, resulting in multiple distinct subtypes. As a genetic disease, cancer originates
from alterations in genes that affect cellular functions, particularly those related to growth
and division mechanisms. This condition triggers uncontrolled cell proliferation and the
spread of abnormal cells throughout the body. (National Cancer Institute, 2021). In contrast
with normal cells, which strictly adhere to growth regulatory signals, cancer cells deviate
significantly in behavior. They initiate growth even without external growth signals and
ignore signals that would typically stop cell division or induce programmed cell death,
known as "apoptosis."

Moreover, cancer cells promote the growth of blood vessels toward tumors,
ensuring a continuous supply of oxygen and nutrients for their growth while eliminating
waste products through these vessels. While normal cells remain mostly stationary within
the body, cancer cells invade neighboring tissues and metastasize to distant body parts.
These cells also have the capability to manipulate the immune system to support their
growth and viability instead of attacking them. Cancer cells are prone to various
chromosomal aberrations, including duplications and deletions. Due to their distinct
nutrient requirements, they utilize specific energy-generating mechanisms that facilitate
rapid growth, distinguishing them from normal cells (Farkas et al., 2021).
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Autophagy is a physiological process known to serve diverse cellular functions,
including adaptation to starvation, development, cell death, and tumor suppression
(Mizushima et al., 2007). This mechanism initiates the formation of autophagosomes in
response to various stressful conditions such as organelle damage, the presence of
abnormal proteins, and nutrient deprivation (Russell et al., 2014). Autophagosomes capture
degraded components and subsequently fuse with lysosomes for recycling. This autophagic
process plays a critical role in safeguarding cellular organelles from toxins, regulating cell
metabolism and energy balance, and promoting cell survival. Autophagy modulation
assumes dual roles in cancer biology, contributing to both tumor promotion and
suppression, thereby influencing cancer-cell development and proliferation (Lim et al.,
2013).

Over the last decade, the landscape of cancer treatment has significantly expanded,
offering patients a broad range of options. Evidence suggests that targeting epigenetic
alterations responsible for drug resistance may potentially restore chemotherapy sensitivity
in patients. However, a significant obstacle persists across various treatments: the
emergence of drug resistance. Although researchers often study different resistance
mechanisms independently, it is widely acknowledged that a single tumor likely harbors
multiple resistance mechanisms. When cancer cells become resistant to treatment drugs,
they can undergo regrowth and reform tumors, a process known as recurrence or relapse.
Resistance can develop rapidly, sometimes within weeks of starting treatment, or it may
evolve gradually over months or even years.

Considering the limited efficacy of current anticancer drugs due to the development

of chemo resistance, ongoing research has expanded its exploration into alternative drug



categories for potential treatments. Recent findings suggest that statins have the capacity
to induce autophagy across various cell types, including vascular endothelial cells, cardiac
cells, respiratory tract mesenchymal cells, and transformed tumor cells (Araki et al., 2012).
Statins, commonly used as cholesterol-lowering agents, work by inhibiting 3-hydroxy-3-
methyl-glutaryl-CoA reductase, a key enzyme in the mevalonate pathway. Several
signaling pathways, such as the AMPK/mTOR (AMP-activated protein kinase/mechanistic
target of rapamycin) pathway and the AMPK/p21 pathway, are implicated in the regulation
of statin-induced autophagy (Zhang et al., 2013).

These findings strongly suggest a delicate balance between apoptosis and
autophagy regulation. This study illuminates a significant pharmaceutical property of
simvastatin, demonstrating its ability to disrupt equilibrium, alter cell fate, and induce cell
death through the activation of extracellular regulated proteins. Autophagy serves a pivotal
role in limiting cancer necrosis and inflammation responses during the initial phases of
cancer metastasis, thereby diminishing the invasion and migration of cancer cells from
primary sites to other parts of the body. The primary hypothesis proposes that
simvastatin induces autophagy-mediated cell death in metastatic breast cancer cells.
Consequently, this approach may offer a promising treatment strategy for triple-negative

breast cancer.



CHAPTER 2

LITERARY REVIEW

What is Cancer?

Cancer i1s a genetic disease originating from alterations in genes that regulate
cellular functions, particularly in relation to growth and division mechanisms. This
condition triggers unbridled cell proliferation and the subsequent dissemination of these
abnormal cells throughout the body. Specific genetic mutations that contribute to cancer
emergence can arise during cellular division or due to external risk factors in the
environment. These factors encompass elements such as the chemicals found in tobacco
smoke, the consumption of alcohol, dietary patterns, and the impact of ultraviolet rays
emitted by the sun (National Cancer Institute, 2021).

The genetic modifications that play a role in cancer primarily impact three
fundamental categories of genes: proto-oncogenes, tumor suppressor genes, and DNA
repair genes. The first two categories are associated with cell growth and division, while
the third category plays a role in repairing damaged DNA. All three categories are
susceptible to undergoing modifications that can lead to the development of cancer. These

alterations are commonly referred to as the "drivers" of cancer (Hausman et al., 2019).

Mechanism of Cancer

Ordinarily, the body efficiently removes cells bearing compromised DNA before
they transition into a cancerous state. However, this natural safeguard diminishes with the
passage of time as we age. This phenomenon contributes significantly to the heightened
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susceptibility to cancer during the later stages of life. Every individual cancer case exhibits
a distinctive array of genetic changes. As the cancer progresses, further modifications
inevitably take place. Remarkably, even within a single tumor, divergent cells can harbor
distinct genetic mutations as it can originate from almost anywhere in the human body
which consists of trillions of cells. Typically, human cells grow and multiply through cell
division to form new cells so when cells grow old or become damaged, they die, and are
replaced by the newly formed cells. Occasionally, this orderly process falters, leading to
the growth of abnormal or damaged cells when it should not occur. In such instances, the
normal cell regulatory mechanisms that dictate cell behavior fail to suppress these
processes as intended, resulting in a decline in the overall quality of life (Kroemer et al.,
2008).

In certain cases, abnormal or damaged cells exhibit an anomalous capacity to
reproduce beyond normal bounds, leading to the potential formation of tumors—which are
essentially lumps of tissue. Some tumors which are noncancerous are considered to be
benign. Benign tumors lack the capacity to invade neighboring tissues and when surgically
removed, they typically do not reappear. Conversely, cancerous tumors, which may also
be called malignant tumors possess the ability to infiltrate adjacent tissues and migrate to
other parts of the body, giving rise to new tumor growth in a process, termed metastasis.

(Seyfried et al., 2013) (Figure 1).
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Figure 1:  Stages of Breast Cancer
(https://www.saintjohnscancer.org/breast/breast-cancer/types-of-
breast-cancer/)

Characteristics of Cancer

Cancer cells exhibit several distinctions from normal cells. They initiate growth
even in the absence of growth signals and disregard signals that would normally halt cell
division or trigger programmed cell death, a process known as "apoptosis”. In contrast,
normal cells strictly adhere to these regulatory signals. While normal cells cease growth
upon encountering other cells and remain mostly stationary within the body, cancer cells
invade nearby tissues and disseminate to distant body parts (Kroemer et al., 2008).
Furthermore, cancer cells can stimulate the growth of blood vessels towards tumors,
ensuring a supply of oxygen and nutrients to sustain their growth, while concurrently
expelling waste products through said vessels. These cells have the capability to manipulate
the immune system, diverting it to support their growth and viability (Becker et al., 2016).
Cancer cells are also prone to various chromosomal aberrations such as duplications and
deletions (Farkas et al., 2021). Due to their distinct nutrient requirements, they generate
energy in a specific manner that facilitates accelerated growth, setting them apart from

normal cells (Kroemer et al., 2008).



Classification of Breast Cancer

There are more than 100 distinct types of cancer, often named after the organs or
tissues from which they originate. These cancers can also be classified based on the specific
cell type that initiated them, such as epithelial or squamous cells. Among these, carcinomas
stand as the most prevalent category as they stem from epithelial cells, which cover the
inside and outside surfaces of the body.

For this study, our focus will be directed towards the subtypes of breast cancer. On
a global scale, breast cancer stands as the most prevalent form of cancer among women
(Zhou et al., 2023). The most common breast cancers are ductal carcinoma in situ (DCIS)
and invasive carcinoma. Both of which are adenocarcinomas originating from gland cells
within the milk ducts or lobules—milk-producing glands. Breast cancer embodies a
complex interplay of genetic and clinical variations, presenting multiple distinct subtypes.
The classification of these subtypes has evolved over the years. A widely accepted
classification system for breast cancer emerges from an immunohistochemical standpoint
based on the expression of the following hormone receptors. These include the hormone
receptors (HR); estrogen receptor (ER) and progesterone receptor (PR), and the human
epidermal growth factor receptor (HER2), (Shaath et al., 2021).

The estrogen receptor (ER) plays a crucial role in diagnosis, as around 70-75% of
invasive breast carcinomas express notably high proportions of ER (Zhang et al., 2013). In
conjunction, progesterone receptor (PR) expression is found in over 50% of ER" patients
and rarely in those with ER™ breast cancer (Hicks et al., 2016). ER influences PR
expression, so PR levels provide insights into the functional ER pathway (Nicolini et al.,

2018). Higher PR expression is linked to improved survival rates, delayed recurrence and



treatment failure or progression, while lower levels indicate a more aggressive disease
course, high recurrence risk and poor prognosis (Purdie et al., 2014). Human epidermal
growth factor receptor 2 (HER2) is a protein naturally synthesized by the body and
genetically, it is essential for the growth and repair of healthy breast cells (Moasser et al.,
2007). HER2 overexpression accounts for approximately 15-25% of breast cancers (Vaz-
Luis et al., 2013). The amplification of this results in heightened activation of proto-
oncogenic signaling pathways, driving uncontrolled cancer cell growth, and leading to
worse clinical outcomes in HER2" cases. Furthermore, HER2 overexpression corresponds

with a notably shorter disease-free interval (Krishnamurti et al., 2009).

Luminal A Subtype

Luminal A tumors represent the most prevalent molecular subtype, as it exhibits a
comparatively slower growth rate compared to other cancer variants (Barnard et al., 2015).
These tumors are characterized by their reliance on hormone receptors. The estrogen
receptor (ER) and/or progesterone receptor (PR) are thus categorized as HR" (Reid et al.,
2021). ER" and/or PR" cancers are fueled by estrogen and/or progesterone, so therapies
that decrease the levels of these hormones have proven effective in managing this form of
breast cancer (Higgins M.J., 2009). Furthermore, luminal A cancers are also known as

HER2".

Luminal B subtype

Luminal B breast cancer cells are defined by a more rapid growth rate compared to
the luminal A subtype, and they are recognized for their heightened aggressiveness. These

cells display positivity for hormone receptors and an elevated level of HER2, leading to a



dual classification as ER" and HER2" (Li et al., 2015). Their advantages lie in the efficacy
of hormone therapy and, to a greater extent, chemotherapy when contrasted with the
preceding subtype (Lafci et al., 2022). Despite the prevalence of bone recurrence, they
exhibit a heightened propensity for visceral recurrence, coupled with a diminished survival

rate from initial diagnosis to relapse (Usman et al., 2022).

Triple-negative Subtype

Triple-negative breast cancer is a type of breast cancer where the cells lack
receptors for estrogen, progesterone, and HER2. This form of breast cancer typically
originates in the breast ducts with an estimate of two-thirds of women with breast cancer
cells containing estrogen and progesterone receptors, and approximately 20 to 30 percent
of breast cancers with an excess of HER2 receptors (Kumar et al., 2016). Healthy breast
cells should possess receptors for said hormones along with the HER2 receptor but not in
surplus amounts. Triple-negative breast cancer (TNBC) manifests aggressive
characteristics, with 80% of breast cancer tumors attributed to the tumor suppressor genes
BRCA1 and BRCA2 falling within this category (Loibi et al., 2017). The likelihood of
TNBC development fluctuates based on factors such as genetics, ethnicity, age, body

weight, breastfeeding practices, and parity (Collignon et al., 2016).

HER2-positive/HER2-enriched Subtype

HER2" breast cancer subtype is rendered among the more prevalent breast cancer
variations in the United States. They are negative for estrogen receptor (ER) and
progesterone receptor (PR) while exhibiting a positive status for HER2. The cancer cells

linked to HER2" generate HER2 protein receptors due to an excessive number of copies of



10

the HER2 gene found on breast cells. In normal circumstances, these receptors govern the
growth, division, and repair processes of healthy breast cells. Although, in excess, these
receptors prompt cells to proliferate, leading to rapid and uncontrolled growth. Physicians
frequently examine breast cancer tissue to detect surplus HER2" genes, aiding in the
determination of whether the patient might benefit from targeted therapeutic approaches
which can impede HER2's role in the sustenance of cancer cell growth (Li et al., 2015).
The symptoms of HER2" breast cancer resemble those of other breast cancer types,
including the presence of a breast lump, alterations in breast shape, discomfort, swelling,
and abnormal discharge. Treatment approaches for HER2" breast cancer are based on the
stage of the cancer and may incorporate an aggregation of various strategies (Figueroa-

Magalhaes et al., 2014).

Detection of Breast Cancer

In the initial stages of cancer, detection can significantly enhance the likelihood of
a successful cure. Research indicates that screening tests can be lifesaving for certain types
of cancer by detecting the disease at an early, treatable stage or elevated risk cases. The
diagnostic process typically involves a combination of medical assessments as there isn't a
singular test that can definitively diagnose cancer. This comprehensive approach helps
healthcare professionals obtain a more accurate understanding of the underlying cause of

the symptoms or abnormalities detected during screening (Song et al., 2016).
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Physical Exam

A doctor may conduct a physical examination, feeling for lumps or abnormalities
that could indicate the presence of cancer. Changes in skin color or organ enlargement may

also be assessed during this examination (Abo Al-Sheikh et. al., 2021).

Laboratory Tests

These include urine and blood tests, helping your doctor identify cancer-related
abnormalities. With reference to leukemia, which may be particularly detected through a

complete blood count to analyze unusual white blood cell count (Park et al., 2022).

Imaging Tests

Noninvasive imaging tests allow your doctor to examine internal organs and bones.
Examples include a computerized tomography (CT) scan, bone scan, magnetic resonance
imaging (MRI) positron emission tomography (PET) scan, ultrasound, and X-ray

(Wekking et al., 2023).

Biops

In a biopsy, cell samples are collected for laboratory testing. This option usually
depends on the type and location of cancer. In many cases, a biopsy is the definitive method
for diagnosing cancer. Cell samples scrutinized under a microscope to observe
morphological differences. Normal cells exhibit uniformity in size and organized structure.
Cancer cells appear less orderly, with variations in size and a lack of apparent organization

(Matsutani et al., 2020).
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Treatment of Breast Cancer

Cancer treatments are designed with diverse objectives, each serving a specific
purpose tailored to encompass the primary goal of treatment, which is to achieve a cure for
cancer, allowing the individual to lead a normal life span. The possibility of a cure varies
depending on the specific characteristics of the cancer as well as the treatment

administered.

Primary Treatment

Primary treatment is the complete removal of cancer from the body or eradication
of cancer cells. Surgery is often the most frequent primary treatment for many common
cancers. However, radiation therapy or chemotherapy may be employed if the cancer is

particularly responsive to these modalities (Desai et al., 2021).

Adjuvant Treatment

This treatment eliminates any residual cancer cells post-primary treatment, reducing
the risk of cancer recurrence. Any cancer treatment may serve as adjuvant therapy, with
chemotherapy, radiation therapy, and hormone therapy being common choices (Desai et

al., 2021).

Palliative Treatment

This form of treatment alleviates the side effects of treatment, or symptoms caused
by cancer, particularly when a cure is not feasible. Surgery, radiation, chemotherapy, and
hormone therapy are utilized to manage symptoms and control cancer spread. Palliative
treatment can be administered concurrently with other interventions aimed at curing

cancer. In certain cases, the treatment aims to achieve a complete cure, while in others, the
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goal is to prevent the cancer from spreading further. (Van et al., 2022). Additionally, some
treatments are administered to alleviate the side effects of other interventions and to relieve
symptoms caused by either the cancer itself or its treatment. The treatment plan may evolve

over time, adapting to the body’s specific response and changing circumstances.

Surgery

This is the most common treatment approach to several cancer types. It involves
the removal of cancerous mass (tumor) and adjacent tissue, sometimes to alleviate tumor-
related side effects through operation. (Centers for Disease Control and Prevention, 2023).
There are two primary types of surgeries for breast cancer treatment: A mastectomy
involves the complete removal of breast tissue while a lumpectomy involves the removal
of the tumor along with a small portion of healthy tissue surrounding it to ensure complete

removal of cancer cells (Goethals et al., 2022).

Chemotherapy

The primary objective of chemotherapy is to suppress cell proliferation and hinder
tumor multiplication, thereby preventing invasion and metastasis. This treatment is
administered using drugs orally or through a blood vessel to eliminate cancer cells.
Different drugs may be given concurrently or sequentially (American Cancer Society).
However, a significant challenge associated with chemotherapy is its potential toxic effects
on normal cells (Wu and Waxman, 2018). This is because chemotherapy drugs are
designed to target rapidly dividing cells, which include both cancerous and healthy cells.
As a result, normal cells can also be affected by chemotherapy, leading to various side

effects and complications. There are several commonly used chemotherapy drugs for breast
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cancer treatment, including Docetaxel, Paclitaxel, Doxorubicin, Epirubicin, Capecitabine,
Carboplatin, Cyclophosphamide, Fluorouracil, Methotrexate, and Protein-bound Paclitaxel
(Ge et al., 2022). Balancing the therapeutic benefits of chemotherapy with its potential

toxicities remains a critical aspect of cancer treatment management.

Cryotherapy

This is also known as cryosurgery, it employs very cold gas to freeze and eliminate
cancer cells (Doroshow, 2020). This treatment approach is gaining international traction
with reference to its recent inclusion in the 2020 guidelines by the American Society for
Clinical Oncology (ASCO) to prevent Chemotherapy-Induced Peripheral Neuropathy
(CIPN). Although, it's important to note that while this practice is considered "promising,"
it is not yet firmly established (Loprinzi, 2020). It is occasionally utilized to treat cells with
the potential to develop into cancer, termed pre-cancerous cells, on areas like the skin or
cervix. Moreover, doctors can utilize a specialized instrument to apply cryotherapy to

tumors located internally, such as those in the liver or prostate.

Immunotherapy (Biological Therapy)

Immunotherapy harnesses the body's inherent infection-fighting capability, namely
the immune system (National Cancer Institute, 2022). It employs substances produced
naturally by the body or synthesized in a laboratory to enhance the immune system's
efficacy, fostering a more targeted approach to combat cancer cells or to manage side
effects from other cancer treatments. (Centers for Disease Control and Prevention, 2023).
Pembrolizumab is an FDA-approved therapy, in combination with chemotherapy both

before and after surgery, is utilized for treating high-risk, early-stage, and triple-negative
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breast cancers. On the other hand, Trastuzumab and Pertuzumab are agents that target
ERBB2 monoclonal antibodies thereby halting signaling pathways associated with cell
proliferation (Trayes et al., 2021). Immunotherapy functions through several key
mechanisms to combat cancer effectively. Firstly, it can halt or slow down the growth of
cancer cells, impeding the spread to other areas of the body, preventing metastasis.
Additionally, this treatment enhances the proficiency of the immune system, empowering
it to identify and eliminate cancer cells more effectively, thereby bolstering the body's

natural defenses against the disease.

Hvperthermia

Hyperthermia applies heat to damage and eliminate cancer cells and can be targeted
to a small area (tumor), parts of the body (organ or limb), or the entire body. Clinical trials
investigating the effects of Hyperthermia Therapy (HT) have shown a noteworthy
reduction in tumor size in combination with other treatments. Interestingly, HT at
temperatures ranging from 41 to 44°C did not demonstrate toxicity to normal cells, yet it
induced toxicity specifically in cancerous cells (Ahmed et al., 2013). It is typically
delivered externally with a machine or internally using a needle/probe placed inside the

tumor (National Cancer Institute, 2022).

Radiation Therapy

During radiation therapy, high-powered energy beams like x-rays particles, or
radioactive seeds and protons destroy cancer cells (National Cancer Institute, 2022).
Cancer cells exhibit a faster rate of growth and division compared to normal cells in the

body. Since radiation is particularly detrimental to rapidly dividing cells, radiation therapy
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inflicts more damage on cancer cells than on normal cells. This hinders the growth and
division of cancer cells, ultimately resulting in cell death (American Cancer Society, 2022).
An estimate of about 50% of all cancer patients will undergo radiation in their treatment
cycle (Delaney et al., 2005) as it yields approximately 40% of curative treatments (Barnett
et al. 2009). There are two main types of radiation therapy used in cancer treatment. The
first is external beam radiation therapy, which is the most common approach. It involves
directing x-rays or particles at the tumor from outside the body. The second type is internal
beam radiation therapy, also known as brachytherapy, which involves placing radiation
sources inside the body. This method can include using radioactive seeds near the tumor,

taking a liquid or pill orally, or administering radiation through a vein intravenously (IV).

Hormonal Therapy

This treatment is targeted for cancer growth fueled by hormones, such as breast,
ovarian and prostate cancer as it involves the use of surgery or drugs to remove natural
hormones from the body or block their effects to impede cancer cell growth. (Draganescu
et al., 2017). It encompasses the use of various medications that target estrogen receptors
(ER) in breast cancer especially. These drugs include ER modulators like Tamoxifen,
which is taken orally and prevents estrogen from binding to breast cancer cells. Another
type is selective ER down regulators such as Fulvestrant, which disrupts estrogen receptors.
Aromatase inhibitors like Letrozole, Anastrozole, and Exemestane are also used; they
reduce estrogen production in the body. Typically prescribed after surgery, hormone

therapy helps reduce the risk of tumor recurrence and regression (Saeaib et al., 2020).
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Laser Therapy

Laser therapy employs an exceptionally narrow and focused beam of light to
eradicate cancer cells. It is commonly administered using a thin, illuminated tube inserted
into the body. Delicate fibers at the tube's end guide the light toward cancer cells
(Doroshow, 2020). This treatment has a wide range of applications in oncology, including
reducing or eliminating tumors size, assisting in the management of cancer symptoms like
bleeding, and sealing nerve endings and lymph vessels post-surgery to alleviate pain,

reduce swelling, and prevent the spread of tumor cells.

Photodynamic Therapy

Photodynamic therapy involves administering a person a drug sensitive to a
specific type of light through an injection (National Cancer Institute, 2022). This drug
lingers in cancer cells for a more extended period than in healthy cells. The use of a laser
triggers a transformation in the drug, turning it into a substance that effectively kills the

cancer cells (Doroshow, 2020).

Targeted Therapies

This treatment targets specific abnormalities within cancer cells crucial for their
survival by using drugs to impede cancer growth with minimal harm to normal cells
(American Cancer Society, 2022). Conventional chemotherapy functions by eliminating
both cancer cells and some normal cells. In contrast, targeted treatment precisely focuses
on specific targets (molecules) within cancer cells that influence proliferation. The

monoclonal antibodies trastuzumab (Herceptin) and pertuzumab (Perjeta), which target the
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HER?2, have significantly enhanced the prognosis for HER2-positive breast cancer patients

(Slamon et al., 1989).

Stem Cell Transplant (Bone Marrow Transplant)

A bone marrow transplant can involve the utilization of either the patients’ cells or
cells obtained from a donor (American Cancer Society, 2022). It is commonly used to treat
blood cancers and cancers originating in the lymph nodes as it involves replacing bone
marrow cells lost due to intensive chemotherapy or radiation therapy. Administering this
treatment enables higher doses of chemotherapy and can replace diseased bone marrow

(Centers for Disease Control and Prevention, 2023).

Clinical Trials

The first clinical trial was initially employed for assessing cancer treatments in the
mid-1950s (Frei et al., 1958). It has emerged as a valuable method for evaluating the
comparative efficacy of treatments. In a matter of two decades, we have gathered a
significant body of knowledge that offers objective data regarding cancer treatments.
Today, thousands of ongoing cancer clinical trials contribute to advancing treatment
methodologies. Other treatments may also be available, contingent on the specific type of
cancer. The diverse array of treatment options underscores the multidimensional approach
taken by medical professionals in addressing the complexities of cancer and tailoring
interventions based on factors such as cancer type, stage, and the individual needs of

patients (Desai et al., 2021).
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Cancer Treatment Resistance and Reoccurrence

Over the past decade, the landscape of cancer treatment has expanded significantly,
providing patients with a broader array of options. Some of these treatments yield
remarkable responses, leading to the complete elimination of tumors, even in cases where
cancer has spread extensively. However, a major obstacle persists across various
treatments: the emergence of drug resistance. This phenomenon poses a formidable
challenge for both cancer researchers and patients. When cancer cells develop resistance
to the effects of treatment drugs, they can undergo regrowth and reform tumors, a process
known as recurrence or relapse. Resistance can manifest rapidly, sometimes within weeks
of initiating treatment, or it may evolve over months or even years.

Combining cancer drugs is a potential strategy to overcome or slow down the
development of resistance by treating patients with combinations of various drugs. A
strategy for combination treatment is to "simultaneously administer drugs that function
through distinct molecular mechanisms," (Al-Lazikani et al., 2016). This method aims to
enhance the killing of tumor cells, reduce the risk of drug resistance, and mitigate
overlapping toxicity. An alternative strategy involves administering drugs that target the
specific resistance mechanism developed by tumors. Subsequently, patients are treated
once more with the drug to which they developed resistance. The rationale is that this
combined approach may potentially "re-sensitize" patients to the initial treatment.

Immunotherapies, which aim to enhance the immune system's ability to combat
cancer, have shown robust and enduring responses in patients with diverse cancer types.
However, like other treatments, immunotherapies exhibit ineffectiveness in certain

patients, and for some, their efficacy wanes after an initial positive response. Researchers
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are optimistic that combining immunotherapies with either other immunotherapies or
various types of cancer drugs could counteract the development of resistance (Merghoub
et al., 2016). While different resistance mechanisms are typically studied independently,
there is a consensus that a single tumor likely harbors multiple resistance mechanisms.
Nevertheless, the considerable challenge lies in the extensive number of drug combinations
requiring testing to identify the most suitable match for each patient. This presents a

significant obstacle to the precision approach.

Autophagy

Autophagy, a vital physiological cellular process that facilitates the intracellular
degradation and removal of misfolded proteins and damaged organelles. It is known to
serve various cellular functions such as adaptation to starvation, development, cell death,
and tumor suppression (Mizushima et. al., 2007). This mechanism triggers the formation
of autophagosomes under various stressful conditions like organelle damage, the presence
of abnormal proteins, and nutrient deprivation (Russell et al., 2014). This autophagic
process plays a critical role in safeguarding cells organelles from toxins, regulating cell
metabolism and energy balance, and fostering cell survival. The modulation of autophagy
assumes dual roles in cancer biology, contributing both to tumor promotion and
suppression, thus influencing cancer-cell development and proliferation (Lim et al., 2013).
Moreover, autophagy regulates cancer stem-cell properties by maintaining stemness,
inducing recurrence, and fostering resistance to anticancer agents. Certain anticancer
medications have the capacity to modulate autophagy. Consequently, chemotherapy
strategies that regulate autophagy may impact cancer-cell survival or death (Rosenfeldt et

al., 2011).
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Metastasis, the process by which cancer cells infiltrate and colonize new tissues
and organs via the vascular and lymphatic systems, is a defining feature of cancer
progression. During metastasis, cancer cells from the primary site exhibit heightened
motility, migrating towards secondary locations. In primary cancer cells, autophagy is
induced by hypoxia and nutrient deprivation, serving as a protective mechanism against
cell necrosis and inflammation (Sosa et al., 2014). Autophagy exhibits both pro-metastatic
and anti-metastatic effects (Kenific et al., 2010). In its anti-metastatic role, autophagy
limits cancer necrosis and inflammation responses during the initial stages of cancer
metastasis, also reducing invasion and migration of cancer cells from primary sites.
However, in advanced stages of metastasis, autophagy switches to a pro-metastatic role by
promoting cancer cell survival and colonization at secondary sites. (Hamurcu et al., 2018).

The autophagic process can be broken down into distinct steps (Figure 2). During
initiation, ULK1 protein complex activates the PI3KC3-C1 protein complex. These
complexes are transported to the site where the phagophore assembles, aiding in the
formation of autophagosomes. Next, in the extension step, ATG12 is activated by ATG7,
which creates an ATG12-ATGS complex and a subsequent interaction with either ATG16
or ATG16L1 forms an ATG12-ATG5-ATG16L complex. Concurrently, ATG7 helps in
attaching phosphatidylethanolamine (PE) to LC3-I to form LC3-II. The maturation step
involves the formation of closed autophagosomes which finally fuse with the lysosomes.

(Zhao et al., 2023)
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Figure 2:  The Classical Process of Autophagy
(https://www.frontiersin.org/files/Articles/1228045/fendo-14-1228045-
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Simvastatin

In response to the limited effectiveness of current anticancer drugs resulting from
the emergence of chemoresistance, ongoing research has extended its exploration into
alternative drug categories for potential treatments. Research findings indicate that statins
possess the ability to induce autophagy across various cell types, including vascular
endothelial cells, cardiac cells, respiratory tract mesenchymal cells, and transformed tumor
cells (Araki et al., 2012). Statins, a class of drugs long used as cholesterol-lowering agents,
function by inhibiting 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA
reductase), a key enzyme in the mevalonate pathway. Several signaling pathways are
involved in the regulation of statin-induced autophagy, including the AMPK/mTOR

(AMP-activated protein kinase/mechanistic target of rapamycin) pathway and the

AMPK/p21 pathway.
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One type of statin, simvastatin, has been demonstrated to trigger autophagy in
prostate cancer cells. This characteristic makes simvastatin a promising candidate for
potential use in treating various other types of cancer as well. Simvastatin was the first
statin approved by the FDA is recommended to be administered orally alongside dietary
adjustments. It is categorized as a hexahydro naphthalene, belonging to the same class as
lovastatin from which is derived from through semi-synthetic processes but differing in the
ester group substitution; with a 2, 2-dimethylbutyrate ester group in place of the 2-
methylbutyrate ester moiety found in lovastatin (Figure 3). Simvastatin aids in decreasing
cholesterol synthesis, mitigating complications related to dyslipidemia, and treating

cardiovascular diseases (Talreja et al., 2024)

Figure 3: Chemical Structure of Simvastatin
(https://www.researchgate.net/figure/Chemical-Structure-of-
Simvastatin_figl 262462596)
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Rationale for This Study

Autophagy plays a pivotal role in intracellular degradation and the removal of
misfolded proteins and damaged organelles. Initially perceived as a pro-survival
mechanism, recent studies have highlighted the potential of autophagy to trigger pro-death
pathways when its balance is disrupted. Recent research suggests that statins, traditionally
recognized as cholesterol-lowering agents, possess the capability to suppress tumors across
various cell types. In addition to their cholesterol-lowering effects, statins exhibit the
ability to suppress cell proliferation, ultimately leading to cell death through Type I
apoptosis-induced cell death or Type II autophagy-induced cell death. Simvastatin, a
specific type of statin, has been demonstrated to induce autophagy in prostate cancer cells.
However, its impact on other tumor types remains inadequately understood. We
hypothesize that simvastatin induces autophagy-mediated cell death in metastatic
breast cancer cells. The foundation of this hypothesis lies in the anti-metastatic and
autophagic properties exhibited by simvastatin within the prostate cancer cells. In this
study, we aim to investigate the hypothesis by elucidating the effects of simvastatin on
breast cancer cells, as we seek to enhance our understanding of the potential therapeutic

applications of statins in cancer treatment.



CHAPTER 3

DESIGN OF THE STUDY

Cell Culture

The metastatic breast cancer cell lines, MDA-MB-231 and MDA-MB-468, were
obtained and cultured in growth media containing Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS), and 1% Penicillin-
Streptomycin (P/S) (VWR). Cells were incubated at 37°C in a water-jacketed incubator
containing 5% CO2 and split routinely every 2-3 days depending on the confluency. For
routine maintenance, growth media was aspirated from a T75cm2 flask and cells were
washed with about 4 mL of Phosphate Buffered Saline (PBS). Next, 1 mL of 0.25% trypsin
was then added to each flask before incubating for 2-3 minutes prior to trypsinization check
under microscope. The flask was taken back under the hood and 9 mL of growth media
was added, mixed and drawn up in a total volume of 10 mL, which was transferred into a

15 mL centrifuge tube.

Drug Treatment

Cells were seeded at a density of 3 x 105 cells in a 6-well plate in replicates. Both
6-well plates were removed from the incubator and viewed for confluency under the
microscope. Old media was aspirated and each well in the plate was washed with 2 mL of
PBS. New growth media was then added in 2 mL quantities after the PBS was aspirated.
Cells were treated with varying concentrations of vehicle control, dimethyl sulfoxide

25
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(DMSO), simvastatin (0 uM to 2 uM) or chloroquine (0 uM to 10 uM) for 24 and 48 hours,
respectively. Following treatment, morphology was visualized using a Nikon inverted
microscope. Alternatively, cells were harvested for protein expression for Western blotting

or Trypan Blue Exclusion Assay.

Trypan Blue Exclusion Assay

Treated cells were harvested and separated into 15 mL centrifuge tubes and
centrifuged for 3 minutes at 1500 RPM. The media was removed, and cells were
resuspended in 1 mL of growth media. From this, 300 uL of cell suspension was added to
300 pL of 0.4% trypan blue solution. Following gentle mixing, cell viability was measured

using a Bio-Rad automated cell counter.

Harvesting of Cells

Cells were to be collected at the 24 hour and 48-hour timepoint respectively. A total
of six 15 mL centrifuge tubes were labelled to the predetermined drug concentrations. The
6-well plate was extracted from the incubator and cell death was viewed in each well to
confirm accuracy based on timepoint and drug concentration under the microscope. The
growth media was then transferred from each well to the respective labeled tubes according
to the corresponding concentration. Each well was washed with 1mL of PBS which was
also transferred into the respective labeled tubes. Thereafter, each well was trypsinized
with 500 pL of 0.25% trypsin and incubated for 2-3 minutes. The plate was viewed under
the microscope to confirm trypsinization and neutralized with 500 pL of growth media.
The total contents of each well were transferred into the corresponding 15 mL centrifuge

tube to bring up to a total of 4 mL in each tube. The empty dish was viewed under the
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microscope to ensure most cells were collected. The 15 mL centrifuge tubes were then
centrifuged at 4°C, 1500 rpm for 5 minutes. Next, the media was aspirated leaving the
pellet behind and 1 mL of PBS was added to each tube with mixing to break the pellet
before transferring to the appropriately labeled mini centrifuge tube, which were then
centrifuged in the mini refrigerated centrifuge at 4°C, 5000 rpm for 5 minutes. The PBS
was then extracted from each mini centrifuge tube and the remaining suspension was spun
again on the tabletop centrifuge for 5 seconds. The remaining suspension was carefully
collected leaving behind the pellet. Each tube was labeled with the timepoint (24/48 hours)

and stored at -80°C.

Protein Lysate Preparation

The amount of lysis buffer needed to be transferred to the pellet was predetermined
based on the pellet size and that information was then used to confirm the amount of lysate
that needs to be transferred to the new labeled tube. To prepare protein lysates, 3 mL of
Radio Immunoprecipitation Assay (RIPA) lysis buffer was placed in a 15 mL centrifuge
tube. Next, 30 uL of each of the protease inhibitors were added: 100 mM sodium
orthovanadate, 200 mM phenylmethylsulphonyl fluoride (PMSF), and 1X protease
inhibitor cocktail were added to the 15 mL centrifuge tube and mixed. Then, the
predetermined volume of lysis buffer- protease inhibitor mix ranging between 30 pL -100
puL was added to the mini centrifuge tube containing the cell pellets from each timepoint
which was then incubated on ice for 15 minutes. Following incubation, the mini centrifuge
tubes were centrifuged in the refrigerated micro centrifuge at 12,000 RPM for 10 minutes

at 4°C. The supernatant was transferred to a new pre-labeled tube and stored.
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Protein Estimation

The protein lysate samples were extracted from -80°C freezer and thawed on ice
alongside 5 mg/ml Bovine Serum Albumin (BSA). 1 mL of Bio-Rad Protein Assay Dye
Reagent Concentrate (Bradford Reagent) was diluted with 4 mL dH>O in a 15 mL
centrifuge tube and vortexed to mix. Microcentrifuge tubes were labeled and set up from
row A1-A4 and B1-B4. 200 uL of diluted reagent was added to each tube in row “A”. 10
uL of H>O was added to tubes B2, B3, B4 and 20 puL of 5 mg/ml BSA to B1. Then, 10 uL
was transferred from B1 to B2, mixed and another 10 puL from B2, repeated to B3 but not
B4. 1 pL was then added from B1 to Al and the same pattern was followed for B2, B3 and
B4. In the sample preparation step, 200 uL of diluted reagent was added to separate tubes
for protein estimation of the actual samples. 200 pL of diluted reagent was transferred to
the sample tube before 1 pL of sample was added per tube with respect to sample number
and drug concentration for each timepoint. 85 uL of prepared sample was then transferred
to each well in duplicates into a 96-well plate. The plate was then read using a microplate
reader (Molecular Devices) and the data was extracted and saved under a template. The
required microgram (ug) for the western blot step was documented according to the sample

number that correlates the dosage concentration from both timepoints.

Western Blot

The samples were heated at a 100°C for 5 minutes, centrifuged and loaded
according to protein estimated concentration alongside the 4 uL protein marker on both
ends and in-between to demarcate the 24 hr. from the 48-hr. lysate. The proteins were
resolved on a 12% gel at 100V for 2 hours and transferred onto a nitrocellulose membrane

at 85 V for 1 hour. The membrane was then blocked in 5% (w/v) nonfat milk containing
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1X Tris-buffered Saline-Tween 20 (1X TBS-T) for 1 hour at room temperature. Next, the
membrane was rinsed with 1X TBS-T and probed overnight with an LC3 antibody
(1:5000). The following day, the membrane was washed three times with 1X TBS-T for 10
minutes each then incubated with Goat-anti-rabbit horse-radish peroxidase (HRP)
conjugated secondary antibody (1:5000) for 1 hr. The membrane was washed again three
times in 1X TBS-T for 10 minutes each, followed by enhanced chemiluminescent (ECL)
detection using Santa Cruz Biotechnology Luminol Reagent or Thermo Scientific Super
Signal West Pico PLUS Chemiluminescent Substrate. The membrane was then placed in
between the autoradiography cassette film and developed in the dark room. Exposures were
repeated for minute to second intervals and fed through the developer. The x-ray film was
marked according to the protein ladder and labeled with the conditions used to detect the
protein of interest. The membrane was then stored in 1X TBS-T at 4°C till the next day for
the reprobing step following the same procedure with a GAPDH-specific antibody (1:5000)

to confirm equal loading of protein across gel.



CHAPTER 4
RESULTS AND DISCUSSION

To test the effects of Simvastatin on breast cancer cells, we first employed the
MDA-MB-231 metastatic breast cancer cells. Cells were routinely cultured using standard
protocols in media containing specific agents, as outlined in the materials and methods
section. Regular microscopic inspections were conducted before the cells reached peak
confluency to confirm their viability and overall health in the growth media. Cells were
seeded in replicates into 100 mm cell culture dishes.

Cells were treated with simvastatin (0 uM to 2 uM) or vehicle control (DMSO) for
24 hr. and 48 hr., respectively. After the incubation process, morphological alterations we
observed and recorded using a Nikon inverted microscope at the same intervals. A
comparative analysis of these changes was conducted between the simvastatin-treated
samples and the untreated control group. During this analysis, it was observed that the
number of rounded cells visibly increased with increasing drug concentration from the 24-
hour to the 48-hour period, with the most rounded cells being observed with 2 uM
treatment at 48 hr. (Figure 4).

The autophagic flux in metastatic breast cancer cells was investigated using
simvastatin at concentrations ranging from 0 pM to 2 pM. The first set of cells incubated
with the drug were harvested after 24 hr., followed by another batch after 48 hours.

Following treatment, the cells were collected into pellets and lysed to estimate their

protein content using a microplate reader. After protein estimation, Western blot
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analysis was performed using predetermined protein concentration levels. The expression
levels of cleaved LC3-II, an autophagic marker were examined. Results from this
experiment depicted a resultant up-regulation of LC3-II with increased simvastatin
concentrations in MDA-MB-231 cell lines. To ensure for equal protein sample loading, a
GAPDH-specific antibody was probed on the same membrane (Figure 5).

To rule out the possibility that the increased expression was a cell-line specific
phenomena, a similar experiment was conducted using the MDA-MB-468 metastatic
breast cancer cells. Cells were treated as previously described. Microscopic images
revealed decreased viability with the appearance of more rounded cells with increased
dosage over time, albeit to a lesser extent than MDA-MB-231 cells (Figure 6). Western
blot analysis was similarly performed in MDA-MB-468 cells treated with varying
concentrations of simvastatin. LC3-II protein expression levels revealed an increase in
elevated autophagy levels in response to higher drug concentrations in the MDA-MB-468
cell line, particularly after 24 hr. However, an increase in LC3-II expression was also
observed in the samples treated for 48 hr. A GAPDH-specific antibody was conducted on
the same membrane to confirm equal loading of protein samples (Figure 7). These results
indicate that simvastatin induces autophagy in these metastatic breast cancer cells.

To determine whether simvastatin induces autophagy-mediated cell death rather
than apoptosis in metastatic breast cancer cells, we treated MDA-MB-231 cells with
chloroquine, an established chemical inhibitor of autophagy which blocks autophagosome-
lysosome fusion. MDA-MB-231 cells were treated with concentrations ranging from 0 uM

to 10 uM for 24 hr. and 48 hr. intervals. Cells were harvested for Western blot analysis.
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Results indicated a dose-dependent accumulation of LC3-II protein expression with
increasing concentrations of chloroquine, indicating a lack of LC3-II turnover (Figure 8).
This was supported by the observation that there was little cell death microscopically
viewed (data not shown). We chose to use 5 uM chloroquine as our optimized
concentration for subsequent experiments.

To test whether simvastatin induced rounded morphology was exerted through
autophagic pathways, MDA-MB-231 cells were co-treated with simvastatin and
chloroquine. For controls, cells were treated with vehicle control (DMSO), chloroquine
alone. Alongside these treatments, cells were co-treated with simvastatin +/- chloroquine.
The phenotypic comparison of chloroquine treatment alongside simvastatin yields apparent
differences against control sample. Of note, the treatment with vehicle control or 5 uM of
chloroquine resulted in little to no rounded cells. On the other hand, treatment with 1 uM
and to a greater extent, 2 uM simvastatin resulted in more rounded cells (as previously
observed), particularly at the 48-hr period. However, the co-treatment of 1 uM simvastatin
with chloroquine showed microscopically more attached cells when compared to the
treatment with 1uM of simvastatin alone from 24 hr. to 48 hr. (Figure 9). Interestingly,
enhanced magnification of the data in Figure 9 revealed a noticeable contrast when
examining the 48 hr. timepoint of the 2 uM treatment of simvastatin, wherein more rounded
cells were observed with simvastatin along when compared to co-treatment with
chloroquine (Figure 10). These data reveal that rounded morphology is rescued as a

consequence of chloroquine treatment.
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To determine if the rounded cells visualized thus far were indicative of cell death,
a Trypan blue exclusion assay was performed. Following treatment of simvastatin on
MDA-MB-231 cells, cell suspensions were collected at each concentration, mixed with
Trypan blue dye, and then loaded onto cell-count slides. The cell viability was assessed
using a Bio-Rad automated cell counter, which excluded non-viable (dead) cells stained
with Trypan blue dye. The results indicated a decrease in cell viability in MDA-MB-231
cells following dose-dependent treatment with simvastatin across three trials (Figure 11,
12 & 13). Of note, the highest dose of simvastatin treatment (2 uM) resulted in the lowest
cell viability (12%, 12% and 29%, respectively). Collectively, these data suggest that

simvastatin induces autophagy-induced cell death.
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Figure 4: Morphology of MDA-MB-231 Metastatic Breast Cancer Cells Treated
with Simvastatin

MDA-MB-231 cells were treated with simvastatin and incubated for the
appropriate time interval. Following incubation, morphological changes were
observed and captured with a Nikon inverted microscope between the 24- and
48-hour timepoints. Morphological changes and apparent cell number were
compared between treated and non-treated (control) samples.
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Western blot Analysis for LC3-II Protein Expression in MDA-MB-231
Metastatic Breast Cancer Cells treated with Simvastatin

Autophagic flux in MDA-MB-231 cells was examined via use of Simvastatin,
at a concentration range from 0 uM-2 uM. Cells were incubated under
standard culture conditions within a 24-hour and 48-hour timepoint. Cells
were harvested and LC3-II expression was verified via Western blot analysis
employing an LC3-II-specific antibody. To ensure equal protein loading, the
same membrane was probed using a GAPDH-specific antibody.
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Morphology of MDA-MB-468 Metastatic Breast Cancer Cells Treated
with Simvastatin.

MDA-MB-468 cells were treated with simvastatin and incubated for the
appropriate time interval. Following incubation, morphological changes were
observed and captured with a Nikon inverted microscope between the 24- and
48-hour timepoints. Morphological changes and apparent cell number were
compared between treated and non-treated (control) samples.
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Western blot Analysis for LC3-II Protein Expression in MDA-MB-468
Metastatic Breast Cancer Cells Treated with Simvastatin

Autophagic flux in MDA-MB-468 cells was examined via use of Simvastatin,
at a concentration range from 0 uM-2 uM. Cells were incubated under
standard culture conditions within a 24-hour and 48-hour timepoint. Cells
were harvested and LC3-II expression was verified via Western blot analysis
employing an LC3-II-specific antibody. To ensure equal protein loading, the
same membrane was probed using a GAPDH-specific antibody.
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Figure 8: Western Blot Analysis for LC3-1II Protein Expression in MDA-MB-231
Metastatic Breast Cancer Cells Treated with Chloroquine

Autophagic flux in MDA-MB-231 cells was examined via use of
Chloroquine, an autophagy inhibitor, at a concentration ranging from 0 uM-
10 uM. Cells were incubated under standard culture conditions within a 24-
hour and 48-hour timepoint. Cells were harvested and LC3-II expression was
verified via Western blot analysis employing an LC3-II-specific antibody. To
ensure equal protein loading, the same membrane was probed using a
GAPDH-specific antibody.
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Morphology of Simvastatin Co-treatment with Chloroquine of MDA-
MB-231 Metastatic Breast Cancer Cells

MDA-MB-231 cells were treated with both simvastatin (SIM) and
chloroquine (CQ) and incubated for the appropriate time interval. Following
incubation, morphological changes were observed and captured with a Nikon
inverted microscope between the 24- and 48-hour timepoints. Phenotypic
differences of chloroquine treatment alongside simvastatin treatment were
compared against control sample.
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Figure 10: Enhanced Visualization of Morphology of Simvastatin Co-treatment
with Chloroquine in MDA-MB-231 Metastatic Breast Cancer Cells

MDA-MB-231 cells were treated with simvastatin and chloroquine and
incubated for the appropriate time interwall. Following incubation,
morphological changes were observed and captured with a Nikon inverted
microscope between the 24- and 48-hour timepoints. Phenotypic differences
of chloroquine treatment alongside simvastatin treatment were compared
against control sample.
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Simvastatin treatment in MDA-MB-231 cells
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Figure 11: Cell Viability Assay Trial #1 of MDA-MB-231 Cells Treated with
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A trypan blue exclusion assay was performed to determine the effect of
various concentrations of simvastatin on viability of MDA-MB-231
metastatic breast cancer cells. Cells were treated, harvested, and resuspended
in growth media. Trypan blue was added to cell suspension to measure cell
viability using an automated cell counter.
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Simvastatin treatment in MDA-MB-231 cells
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Figure 12: Cell Viability Assay Trial #2 of MDA-MB-231 Cells Treated with
Simvastatin

A trypan blue exclusion assay was performed to determine the effect of
various concentrations of simvastatin on viability of MDA-MB-231
metastatic breast cancer cells. Cells were treated, harvested, and resuspended
in growth media. Trypan blue was added to cell suspension to measure cell
viability using an automated cell counter.
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A trypan blue exclusion assay was performed to determine the effect of
various concentrations of simvastatin on viability of MDA-MB-231
metastatic breast cancer cells. Cells were treated, harvested, and resuspended
in growth media. Trypan blue was added to cell suspension to measure cell
viability using an automated cell counter.
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Discussion

To adequately access simvastatin's role in promoting autophagy within metastatic
breast cancer cells, we utilized the MDA-MB-231 and MDA-MB-468 cell lines as
investigative models. These cells were cultured according to standard protocols or in media
supplemented with specific agents (refer to materials and methods for details). Prior to
reaching peak confluency, cells underwent periodic splitting and were inspected
microscopically using a Nikon inverted microscope and digitally using an automated cell
counter to conduct the trypan blue exclusion assay. This additional step was performed
pre-treatment to confirm their viability (live cell count) and health status in the growth
media before the administration of simvastatin. Upon achieving the targeted confluency,
we treated the cells with varying simvastatin concentrations, from 0 pM to 2 uM.
Observations at 24- and 48-hour post-treatment involved detailed microscopic analysis of
cell morphology, where we noted an increase in rounded and/or detached cells (Figure 4).
To determine if these morphological changes were indicative of cell death, another trypan
blue exclusion assay was performed post-treatment, which demonstrated a concentration-
dependent increase in cell mortality. Following this, the cells were collected, lysed, and
subjected to protein concentration measurement via a microplate reader.

For the analysis of protein expression changes induced by simvastatin in metastatic
breast cancer cells, Western blotting was meticulously performed using proteins with
concentrations determined prior. In each experimental trial, membranes were incubated
with primary antibodies targeting the specific protein of interest, LC3-II, an autophagy
marker. The primary antibody LC3 (rabbit), was used to evaluate the expression levels of

this key marker. Following the development of the blots, particular attention was paid to
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the expression levels of LC3-II which showed an upregulation, correlating with increased
concentrations of simvastatin in both MDA-MB-231 and MDA-MB-468 cell lines
(Figures 5 and 7), suggesting a dose-dependent induction of autophagy by the drug. To
confirm the accuracy of protein loading across the samples, a control Western blot analysis
was concurrently performed using an antibody specific to GAPDH. Probing the same
membrane with a GAPDH-specific antibody ensured that any observed changes in target
protein expression were not due to variations in the amount of protein loaded onto the gel.
This step is essential for validating the reliability of the observed upregulation in autophagy
markers, providing a framework for the interpretation of the results.

To ascertain whether simvastatin induces autophagy-mediated cell death rather
than apoptosis in metastatic breast cancer cells, we first conducted an optimization
treatment with chloroquine, an established autophagy inhibitor in the MDA-MB-231 cell
line. The range of concentrations tested was from 0 uM to 10 pM, using identical cell
culture and protein estimation methodologies as described previously, prior to Western blot
analysis, with a dose of 5 uM being used at the optimal dose (Figure 8). The morphological
evaluation of chloroquine treatment against simvastatin reveals significant differences
when compared to the control group. Specifically, the presence of rounded cells appears to
decrease notably in the chloroquine treatment group compared to simvastatin treatment
alone. Furthermore, when comparing the co-administration of simvastatin and chloroquine,
there is a clear distinction as the number of visible live cells is significantly higher than in
the simvastatin treatment alone at the same concentration. This observation supports the

notion that the autophagic pathway has indeed been blocked. Since this approach aimed to
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dissect the specific pathway through which simvastatin exerts its cytotoxic effects on
cancer cells, the inclusion of chloroquine treatment led to a noticeable decrease in cell death
compared to the administration of simvastatin alone. This outcome underscores the pivotal
role of autophagy in the mechanism of action of simvastatin in inducing cell death in these
cancer cells. Our results, therefore, highlight the therapeutic potential of leveraging
autophagy as a mechanism to target and eliminate cancer cells, with simvastatin being a

promising agent in this regard.



CHAPTER 5
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Breast cancer is recognized as the most common type of cancer affecting women
worldwide as it represents a specialized cellular subset known for their pronounced
resistance to traditional cancer treatments. These cancer cells are integral to the process of
metastasis and relapse due to their ability to self-renew and differentiate into the diverse
cell types that comprise tumors. The challenge posed by the resilience of breast cancer cells
against conventional treatments underscores the urgent need for the development of
targeted therapies capable of effectively neutralizing these cells, thereby hindering the
progression and recurrence of breast cancer. Delving into the molecular mechanisms
behind the drug resistance is essential for the enhancement of breast cancer therapies and
the improvement of patient survival rates. This goal of this study focuses primarily on the
effects of simvastatin, a commonly prescribed cholesterol-lowering medication, on
metastatic breast cancer cells, specifically examining its role in inducing autophagy-
mediated cell death.

Autophagy, a cellular process involved in the degradation and recycling of cellular
components, has been identified as a potential therapeutic target in cancer treatment.
Simvastatin's repurposing for cancer treatment is based on its ability to induce cell death
in cancer cells without significantly affecting healthy cells. The impact of simvastatin on
the autophagic pathway in breast cancer cells was evaluated by treating MDA-MB-231 and

46
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MDA-MB-468 cell lines with varying concentrations of simvastatin for durations
spanning 24 to 48 hours. To assess cell viability, the trypan blue assay was utilized. A
notable decrease in the number of viable cells was observed as the concentration of
simvastatin increased, indicating that simvastatin curtailed cell proliferation in a dose-
responsive manner. The subsequent analysis of protein expression through western blotting
techniques highlighted an escalation in LC3-II levels correlating with the increased dosage,
signaling the activation of autophagy that led to cell death in these specific cell lines.

Considering the promising outcomes, we aim to conduct future experiments using
a variety of other breast cancer cell lines (Table 1). This will strengthen our assertion that
autophagy is not limited to the specific cells studied in this research. Incorporating
additional cell lines will help dispel any misconceptions regarding apoptosis as a potential
factor in cell death resulting from simvastatin treatment.

Moreover, identifying the molecular mechanism governing autophagy-induced cell
death in these breast cancer cells is of great interest. Considering that statins have been
previously reported to be involved in mTOR/ AMPK signaling, it is plausible that
simvastatin exerts its effects through these pathways. Thus, chemical inhibition in the
presence of simvastatin may shed light into the factors contributing to the observations
gained in this study.

One limitation of our study was the lack of backdating for the samples used in
protein estimation. This will impede our ability to revisit and compare older samples using
western blot analysis. However, we are taking proactive steps to address this limitation.
We plan to generate new samples with dating in mind, ensuring that we can conduct

multiple trials and generate more comprehensive data on the morphological changes
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observed post-treatment. This broader approach will not only enhance the reliability of our
results but also facilitate a deeper understanding of the mechanisms of action and possible
applications in cancer treatment.

Conclusively, this research highlights the effectiveness of simvastatin in targeting
metastatic breast cancer cells, which are known for their aggressive nature and resistance
to conventional treatments. By inducing autophagy-mediated cell death, simvastatin
presents a novel approach to combat metastasis in breast cancer. The findings suggest
potential clinical applications of simvastatin as a complementary therapy in the treatment
of metastatic breast cancer. Further investigation and clinical trials are essential to fully
understand its efficacy and safety in cancer treatment, potentially integrating it into existing
treatment strategies. Exploring dosages and treatment regimens will maximize therapeutic
outcomes while minimizing side effects. This also opens avenues for future studies to
explore the combination of simvastatin with other therapeutic agents, aiming to enhance
its anti-cancer effects. Investigating the role of genetic and molecular factors in modulating
the response to simvastatin could lead to personalized treatment strategies for metastatic

breast cancer.
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Table 1: Cell Lines for Future Studies

Triple Negative Cell Lines for Future Study
MDA-MB-468
HCC1599
HCC1937
HCC1143
DU4475
HCC38
HCC70

Panel of Triple Negative Breast Cancer Cell Lines to be used to test the effects of
Simvastatin on autophagy-induced cell death.
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