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ABSTRACT
THE THESIS OF

Woael Imad Farchoukh for Master of Science
Major: Biochemistry

Characterization of the de novo Ceramide Metabolic Pathway in the Bcl-2- and Bcl-xL-
Dependent Response to TNF-a-induced Apoptosis in MCFE-7 cells

Several challenges remain in the treatment of breast cancer, the world’s most prevalent cancer in
women. One of these challenges, resistance to chemotherapeutic drugs, has been associated with
the upregulation in the expression of Bcl-2 and Bcl-xL in several models. Bcl-2 and Bcl-xL,
members of the Bcl-2 family, prevent apoptosis. They inhibit TNF-a-induced apoptosis in
different cellular models. On the other hand, ceramide, a signaling sphingolipid that controls
different cellular processes, induces apoptosis. Bcl-2 and Bcl-xL interaction with ceramide was
previously studied in the TNF-a-induced response in MCF-7 breast cancer cell line where it was
shown that Bcl-xL acts upstream of ceramide while Bcl-2 functions downstream of this
sphingolipid. Both Bcl-2 and Bcl-xL inhibited ceramide-induced death in response to TNF-a..
However, Bcl-2 did not inhibit ceramide accumulation in response to TNF-a and displayed a
protective effect against ceramide-induced death. Although Bcl-xL, and to a lesser degree Bcl-2,
were shown by previous literature to interfere with ceramide generation following TNF-a
treatment in MCF-7 cells, disclosing regulatory mechanisms controlling this interaction remains
to be essential.

In the current work, we aimed to characterize the metabolic pathways that control ceramide
accumulation, particularly through de novo synthesis and salvage pathways, in response to TNF-
a treatment in MCF-7 cells overexpressing Bcl-2 or Bel-xL. We hypothesized that Bcl-2 and
Bcl-xL regulate the de novo ceramide synthesis pathway and might be involved in the activation
of sphingosine kinase 1 (SphK1) of the salvage pathway, thus contributing to resistance to
apoptosis following TNF-a treatment.

We first validated the resistance of MCF-7 Bcl-2 and MCF-7 Bcl-xL to TNF-a-induced
cytotoxicity by MTT. We then studied the transcriptional regulation of DEGS1, CerS2, CerS4,
and CerS6, enzymes of the de novo synthesis pathway, by gRT-PCR and revealed that
expression of Bcl-xL produced a downregulation in the mRNA expression of DEGS1 and CerS4
after 8h of TNF-a treatment whereas no change was detected with Bcl-2 expression. SphK1
MRNA expression was also not affected in both cell lines, and this was confirmed by the
inability of SK1-I to sensitize the resistant cells to TNF-o by MTT. We then aimed to interfere
with the de novo pathway using 2 synthetic retinoids: 4-HPR and ST1926. Whereas both
modulators are activators of the de novo synthesis pathway, 4-HPR inhibits DEGS1 enzyme
leading to the accumulation of the ceramide precursor, dihydroceramide. Pre-treating the MCF-7
Vector control cells with 4-HPR partially inhibited TNF-a induced cell death. In addition,



ST1926 was able to re-sensitize MCF-7 Bcl-xL to TNF-a induced apoptotic cell death evidenced
by the expression of cleaved PARP-1. MCF-7 Bcl-2, however, displayed resistance to the effect
of ST1926 and nearly total inhibition of PARP-1 cleavage in response to TNF-a with or without
ST1926. Further investigation of the death response induced by TNF-o with or without ST1926
revealed that ST1926 is not likely to function through p53. Interestingly, MCF-7 Vector cells
displayed a significant upregulation of p53 upon TNF-a treatment at 48h suggesting the
involvement of p53 in TNF-a induced apoptosis. While no change in the protein expression of
p53 was detected in MCF-7 Bcl-xL at 48h, MCF-7 Bcl-2 displayed a significant increase in p53,
which, in the absence of apoptosis, suggests that cells may be induced to undergo cycle arrest.
Although sharing similar function, it appears that the anti-apoptotic proteins Bcl-xL and Bcl-2
function at sites that can modulate different responses to TNF-a. Understanding the exact
mechanism by which these proteins resist TNF-a-induced apoptosis may help to discover new
therapeutic approaches for breast cancer.
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CHAPTER |

INTRODUCTION

A. Breast cancer
1. Epidemiology and risk factors

According to the World Health Organization, breast cancer was diagnosed in 2.3 million
women in 2020 with 685,000 deaths globally. It accounts for the world’s most prevalent cancer
in women, as 7.8 million women alive were diagnosed in the past 5 years by the end of 2020 [1].
In addition, breast cancer was shown to constitute around 20% of all cancer cases in Lebanon in
an 11-year study that aimed to determine breast cancer prevalence rates from 2005 up to 2015.
Lebanon was also found to have one of the highest breast cancer incidences in the world [2]. An
increased risk of breast cancer in certain families is often associated with defects in several genes
[3]. The best-characterized genetic mutations in breast cancer are breast cancer 1 (BRCAL) and
breast cancer 2 (BRCA2), which are tumor suppressor genes responsible for maintaining DNA
integrity by repairing double-stranded breaks [4]. Women with BRCAL mutations have a 60%
risk of developing breast cancer by the age of 70 and 55% risk for BRCA2 [5]. In addition, 80-
90% lifetime risk was associated with TP53 mutation, another tumor suppressor gene, even
higher than BRCA1/2 mutations which are the most common high penetrance germline mutations
in hereditary breast cancer [6]. Collectively with other genes, such as PTEN, CDH1, and STK11,
these known highly penetrant germline mutations are attributed to no more than 25% of cases
based on previous investigations and quantitative modeling [7, 8]. Further, age, blood group,
gender, smoking, obesity, ethnicity, alcohol consumption, lifestyle, and hormonal-replacement
therapies are all risk factors significantly associated with the progression of breast cancer [9].
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2. Breast cancer subtypes

Breast cancer is the abnormal growth of cells that starts in breast tissues, which are mainly
composed of stromal and glandular tissues. Glandular (lobular) tissues are responsible for milk
production, while the stromal tissues provide support due to their abundance in fatty and fibrous
connective tissues [10] (Figure 1). Before reaching an invasive state, the pre-cancerous state is
associated with benign lesions confined inside the ducts or lobules referred to as atypical
hyperplasia [atypical ductal hyperplasia (ADH) and atypical lobular hyperplasia (ALH)]
imposing a risk factor of developing breast cancer (Figure 2). It is noteworthy to mention that
women diagnosed with ADH or ALH lesions are four times more likely to advance into breast
cancer [11]; however, not all ADH progress into carcinoma [12]. Two subdivisions of breast

cancers are identified:

a) Insitu (non-invasive) carcinoma

i Ductal carcinoma in situ (DCIS)

DCIS differs from ADH by the abnormality of cell proliferation. DCIS develops in
the milk ducts without affecting or penetrating the basement membrane, and often
regarded as stage O breast cancer [13]. However, DCIS has a variable and non-obligate
invasive potential. Furthermore, around 40% of DCIS were shown to progress to invasive

ductal carcinoma (IDC) [14]. Current treatments for DCIS include surgery, followed by

radiation and endocrine therapy in case it was hormone receptor positive [15].
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ii.  Lobular carcinoma in situ (LCIS)
LCIS develops in the milk-producing glands of the breast. Although it is considered
as a risk factor for breast cancer, it is usually regarded as a benign lesion, as surgery

might be recommended for some variants [16].

b) Invasive carcinoma

Invasive carcinoma can penetrate into the stroma and metastasize to the lymph nodes [17].
Invasive ductal carcinoma is the most common type of invasive carcinoma accounting for 50-
75% of patients, while invasive lobular carcinoma was shown to constitute 5%-15% of patients,

followed by mixed lobular/ductal mixed carcinomas and other histologies [18].

c) Rare types of breast cancer

I Inflammatory breast cancer (IBC)

IBC is a rare type accounting for 1% to 6% of breast cancer cases with a higher
metastatic potential [19, 20]. In addition, most of IBC cases arise from ductal carcinoma
often accompanied with inflammatory symptoms, such as warm breast, erythema, edema,

and orange peel of the breast [21].

ii. Paget's disease of the breast

It is a nipple disease that constitute around 1-4.3% of all breast cancers associated

with DCIS and/or IDC in the majority of cases [22]. It is characterized by a lesion
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extending between the nipple and areola. In advanced stages, it can involve the skin

accompanied by ulcerations, discharge, and inflammatory symptoms [23].

iii.  Phyllodes Tumors (PT) of the breast
This type of breast cancer involves the connective tissues, also known as the
stroma, accounting for 0.3-0.5% of breast cancer in females [24]. Most of PTs are benign

(60-75%), but there are other malignant phenotypes that can acquire metastatic potentials

if untreated [24, 25].

iv.  Angiosarcoma of the breast
It is a highly aggressive cancer starting from the endothelial cells that surround
blood and lymphatic vessels [26]. It is extremely rare and was shown to account for

around 0.04% of malignant breast cancer cases [27].
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Figure 1. Breast cancer structure. Breast is composed of connective and lobular tissues. Lobular
tissues are the milk producing glands. Breast cancer can arise from either the lobular tissues or

their connecting ducts known as lobular and ductal carcinoma, respectively [10].

Myoepithelium Cancer cells

Normal Ductal ADH Invasive ductal
duct hyperplasia carcinoma

Figure 2. Progression of ductal breast carcinoma. Ductal carcinoma grows as benign lesions
restricted to the ducts known as ADH. DCIS is identified once the duct is completely filled with
tumor cells. This can progress into IDC where the tumor is no longer confined to the mammary

duct, and has acquired metastatic potentials [28].
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3. Stages of breast cancer
The size and type of tumor, as well as the extent to which tumor cells have invaded the breast

tissues, determine the stage of breast cancer falling to into 5 different stages:

e Stage 0: the tumor is still confined to the breast tissue with a non-invasive potential.
DCIS is an example of this tumor [29].
e Stage I: it is further divided into two categories: stage IA and stage IB [29].
» Stage IA: a 2 cm tumor with negative lymph nodes.
» Stage I1B: a small group of cancer cells that have reached the lymph node.
They can measure up to 0.2 mm.
e Stage II: it is further divided into two categories: stage 1A and stage 11B [29].
» Stage l1A: axillary or sentinel lymph nodes are affected with no tumor found
in the breast. The tumor can measure up to 5 cm.
» Stage I1B: the tumor did not reach the axillary nodes. However, it might
reach a size larger than 5 cm.
e Stage IlI: it is further divided into three categories: stage I11A, stage 111B, and stage
1C [29].

» Stage II1A: tumor is not found in the breast and has affected 4-9 axillary or
sentinel lymph nodes.

» Stage I11B: a tumor of any size accompanied by inflammatory markers, such
as redness, breast skin ulcers and swelling. It affects up to 9 axillary or
sentinel lymph nodes.

» Stage Il1C: the tumor can be found in 10 or more axillary lymph nodes, and

in the lymph nodes surrounding the clavicle.

25



e Stage IV: the cancer has an advanced metastatic potential. The tumor has spread to

other organs of the body, such as brain, liver, lungs, bones, etc. [29].

4. Molecular biomarkers of breast cancer
Previously identified molecular targets in breast cancer also contribute to its sub-
classification, such as estrogen receptor alpha (ERa), progesterone receptor (PR), and human

epidermal growth factor receptor 2 (HER?2).

a) Estrogen receptor alpha (ERa)

Estrogen receptor alpha (ERa) is a steroid hormone receptor and a transcription factor that is
activated by estrogen inducing oncogenic growth. ERa signaling can also be induced via the
expression of the progesterone receptor (PR) [30]. Tumors expressing either ER-a or PR are
indicated as HR+ and constitute around 70% of breast cancers [31]. Current treatments for these

cancers include chemotherapy and endocrine agents that work by downregulating their signaling.

b) Human epidermal growth factor receptor 2 (ERBB2)

Transmembrane receptor known as human epidermal growth factor receptor 2 (ERBB2)
(formerly HER2 or HER2/neu), encoded by ERBB2 gene, is another molecular target that
promotes cancer growth, and is found positive in approximately 20% of breast cancers [32].
Chemotherapy and targeting ERBB2 using monoclonal antibodies constitute the current
treatments for patients with ERBB2+ tumors [33]. Moreover, a mix of hormone and ERBB2

therapy might be prescribed for patients with HR+ and ERBB2+ tumors [34].
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¢) Triple-negative breast cancers (TNBCs)

Triple-negative breast cancers (TNBCs) are characterized by the downregulation or absence
of ER-a, PR, and HERZ2; and are currently treated with chemotherapy [35]. TNBCs have a high
rate of distant relapse and are considered most aggressive [36]. They constitute around 15% of

breast cancer patients with relatively poor outcome [37].

5. Current therapeutic strategies

Non-metastatic breast cancers are initially treated locally by surgical resection, and removal
of axillary lymph nodes to prevent metastasis. Systemic therapy consists of adjuvant and
neoadjuvant types that can be pre and/or postoperative. Metastatic cancers are also treated by the
same category of systemic therapies accompanied by surgery and radiation for palliation.
However, metastatic breast cancer disease is currently incurable, and the main goals of the

different therapeutic approaches are to prolong life span and ease symptoms [18].

a) Systemic therapies

Patients diagnosed with hormone positive (HR+) breast cancer, ie. (ER+), can benefit
from endocrine therapy, in addition to chemotherapy, that target the key signaling pathways
contributing to growth and carcinogenesis. For example, tamoxifen is a known selective
inhibitor for ER-a receptor in the treatment of HR+ breast cancers working by competitive
inhibition. Similarly, aromatase inhibitors (letrozole, anastrozole, and exemestane) are other
therapeutics used in HR+ disease which act by downregulating circulating estrogen by
preventing its conversion from steroids [31]. Patients with ERBB2+ tumors are also treated

with chemotherapy, and targeted therapy, such as trastuzumab which is a monoclonal
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antibody targeting ERBB2 receptor [38]. They may benefit from endocrine therapy in case
they have HR+ disease [18]. Triple negative tumors do not express neither ER-o nor ERBB2
and are treated with conventional chemotherapy. However, disclosing their key cellular
signaling pathways has identified novel therapeutic targets and future strategies [36].
Examples of chemotherapeutic regimens used in the treatment of breast cancer include
Adriamycin/ cyclophosphamide (AC), Adriamycin/ cyclophosphamide/paclitaxel (AC-T),
and docetaxel/cyclophosphamide [39]. Given the lack of advances in the treatment of certain
breast cancers, such as the triple negative subtype, immunotherapy has emerged as a novel
therapeutic strategy with promising outcomes [40]. Pembrolizumab is a monoclonal antibody
and immune-checkpoint inhibitor that has recently gained FDA approval for treating early-
stage triple-negative breast cancer [41]. It works by inhibiting the interaction between the
programmed cell death protein 1 (PD1) of effector T-cells with its ligands (PDL1 and PDL2)
expressed on cancer cells resulting in the activation of immune responses [42]. Several side
effects are associated with these regimens that can range from edema, myalgias, asthenia,
nausea, and neutropenia to uterine cancer, osteoporosis, febrile neutropenia, and heart failure
in rare cases [18]. Although the current therapeutic strategies gained some success in the past
50 years, several challenges are still being faced in the treatment of breast cancer [43].
Furthermore, toxicities experienced in conventional therapeutic approaches, metastasis, and
resistance to therapy have all encouraged the discovery of new therapeutic targets in cancer

research by disclosing key novel neoplastic pathways.

B. Apoptosis resistance: a hallmark of cancer
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1. Overview of apoptosis

Apoptosis, also known as programmed cell death, is a critical mechanism that aims to
preserve the tissue cellular proliferation in various physiological processes including aging,
embryonic development, and normal tissue homeostasis [44-46]. Deregulation of these normal
processes was shown to contribute to several diseases with high morbidity and mortality
worldwide, such as neurodegenerative diseases [47-49], cardiovascular diseases [50, 51],
autoimmune diseases [52, 53] and infectious diseases [54]. Apoptosis evasion is one of the
cancer hallmarks that is crucial for acquiring immortality through sustained proliferation and
growth [55]. One of the major reasons behind drug resistance in cancer treatment is attributed to
the increase in anti-apoptotic signals that play an important role in tumorigenesis and metastasis
[56-59]. Thus, understanding key mechanisms promoting therapy resistance is essential for the
future advancement of anti-cancer agents. Programmed cell death culminates in the degradation
of cellular components following caspase activation. In contrast to necrosis which results in
acute cell trauma, apoptotic mechanisms tag the cell for phagocytic clearance with minimal
stress and damage to the surrounding tissue [60]. Importantly, apoptosis can be triggered by

internal or external stimuli attributed to 2 distinct pathways: intrinsic and extrinsic.

a) The intrinsic pathway of apoptosis

The intrinsic apoptotic pathway is mediated through the mitochondria, and its execution is
regulated by members of the Bcl-2 family, which include pro-apoptotic and anti-apoptotic
proteins. In fact, cell fate decisions are determined by the balance of these 2 groups (Figure 3)
[61]. Each member of this family is characterized by the presence of one or more BCL-2

homology (BH) domains, BH1-BH4. BH3 containing proteins, such as Bcl-2 associated agonist
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of cell death (BAD), BH3-interacting mediator of cell death (BIM), BH3-interacting domain
death agonist (BID), Bcl-2-interacting killer (BIK), Bcl-2-modifying factor (BMF), p53-
upregulated modulator of apoptosis (PUMA), and Noxa -Latin for damage- are key regulators
that trigger pro-apoptotic signals by binding and activating Bcl-2-associated X protein (BAX),
and/or Bcl-2 antagonist/killer (BAK), which are apoptotic pore-forming proteins at the
mitochondrial outer membrane [62]. This induces their oligomerization and macropore formation
resulting in mitochondrial outer membrane permeabilization (MOMP) which leads to the release
of apoptogenic factors from the intermembrane space, and subsequently caspase activation [63].
Direct activation of caspases involves cytochrome c release into the cytoplasm which in turn
binds to apoptotic protease-activating factor 1 (APAF1) to form the apoptosome, while indirect
activation is mediated by the release of second mitochondria-derived activator of caspases
(SMAC?21) and serine protease (OMI) that function to repress the activity of caspase-inhibitory
proteins, such as X-linked inhibitor of apoptosis protein (XIAP) [64]. Initiator caspase 9 is
activated following these events and, in turn, induces executioner caspases 3 and 7 to fragment
cellular components. In fact, caspases can lunch a proteolytic cascade involving DNA
fragmentation and chromatin condensation [65]. Caspase 3 and 7 also cleave poly (ADP-ribose)
polymerase-1 (PARP-1) whose normal function is to repair damaged DNA [66]. PARP-1
cleavage, cell shrinkage, and nuclear condensation are all considered hallmarks of apoptosis [65,
67].

In contrast to pro-apoptotic elements, pro-survival proteins contain all BH domains, and
these include B cell lymphoma 2 (Bcl-2), B cell lymphoma extra-large (Bcl-xL), B cell
lymphoma W (Bcl-W), Bcl-2-related isolated from fetal liver 1 (BFL1), and Myeloid cell

leukemia 1 (Mcl-1) [62]. These proteins function by sequestering monomeric activated BAK or
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BAX, preventing the release of pro-apoptotic factors from the mitochondria allowing sustained
growth and proliferation. The intrinsic apoptotic pathway can be initiated following exposure to
diverse stimuli, including mitochondrial damage [68], cellular organelle damage [69], genotoxic
stress (ionizing radiation) [70], chemotherapy [71], and hypoxia [72]. Depriving cells of growth
factors [73] and nutrients [74] can also trigger programmed cell death. However, the mechanisms
of the induction may differ depending on the type of stimulus. Furthermore, p53 was shown to
induce the transcription of BAX [75], PUMA [76], Noxa [77], and repress Bcl-2 in response to
genotoxic stress (chemotherapeutics and ionizing radiation) [78]. It was also found to act on the
Bcl-2 family post-translationally through forming inhibitory complexes with Bcl-2 and Bcl-xL at
the mitochondria further promoting its destabilization [79]. In contrast, growth factors
deprivation or kinase inhibition trigger apoptosis through the upregulation of BIM [80], and
dephosphorylation of BAD [81], respectively. Thus, cell fate decisions are modulated by the

specificity of the responses where each can be triggered by a different stimulus.
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Figure 3. The intrinsic apoptotic pathway mediated by Bcl-2 family through the mitochondria.

BH3-only

Cell fate decision is regulated by members of the Bcl-2 family which is divided into two groups:
pro-apoptotic and anti-apoptotic. Intracellular stresses induce the activation of pro-apoptotic
elements, such as BIK, BIM, BID, BAD, NOXA, and PUMA which are BH3-containing only
proteins. These members will trigger BAX/BAK oligomerization resulting in MOMP, and the
release of cytochrome ¢ which will bind to APAF-1 forming the apoptosome. This will in turn
activate initiator caspase 9, and subsequently effector caspases inducing apoptosis. In contrast,
anti-apoptotic members, such as Bcl-2, Bcl-xL, Mcl-1, and Bcl-W function to sequester the

activity of pro-apoptotic members BAX and BAK preventing MOMP formation [82].

b) The extrinsic pathway of apoptosis
The extrinsic pathway is initiated by the binding of external death ligands, such as Fas ligand
(Fas-L), TNF-related apoptosis-inducing ligand (TRAIL), and tumor necrosis factor oo (TNF-a),

to the death domain of their corresponding transmembrane receptors which belong to the TNF

32



receptor family. They are characterized by the presence of cytoplasmic death domain (DD)
consisting of 80 amino acid sequence essential for apoptosis, and these include Fas/CD95/Apo-1,

TRAIL receptors (DR4 and DR5), and the type 1 TNF receptor (TNFR1) [83].

i. TNF-o signaling pathway

The signaling pathway involved in extrinsic apoptosis is best characterized in the
TNF-o/TNFR1 (Figure 4). TNF-a is a cytokine produced by immune cells to regulate a
variety of physiological processes, such as apoptosis, inflammation, and immunity [84].
Upon binding to its receptor TNFR1, it will induce a conformational change exposing the
DD domain to TRADD (TNFR-associated death domain). This will recruit FADD (Fas-
associated death domain), which is an adaptor protein essential to initiate cellular death
signals. FADD will then bind to pro-caspase 8 inducing its activation. Caspase 8 will, in
turn, induce a protease cascade activation involving executioner caspases 3 and 7. It will
also activate the mitochondrial pathway through BID cleavage leading to the release of
apoptogenic factors from the mitochondria [85].

Another pathway involving TNFR1 signaling is apoptosis suppression through the
activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) and
activator protein- 1 (AP-1) by c-Jun N-terminal kinases (JNK) signaling. This anti-
apoptotic effect is mediated by the recruitment of other adaptor molecules, such as
TNFR-associated factor 2 (TRAF2), and receptor-interacting protein (RIP) [86]. It is also

noteworthy to mention that the overexpression of some proteins, including Bcl-2 and Bcl-

XL inhibit TNF-a induced apoptosis [87, 88].
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Figure 4. Schematic representation of TNFRL1 signaling [89]. Binding of TNF-a to its receptor
TNFR1 will recruit adaptor proteins, such as TRADD and FADD which will in turn promote the
cleavage of procaspase 8. Caspase 8 will launch a series of caspase activation events involving
executioner caspases 3 and 7, thereby activating the cell death cascade. It will also cleave the
pro-apoptotic Bcl-2 family member BID to t-BID further promoting the apoptotic event through
the mitochondria [85]. In contrast, the overexpression of anti-apoptotic Bcl-2 members, such as
Bcl-2 and Bcl-xL will hinder TNF-a induced apoptosis by inhibiting the release of apoptogenic
factors from the mitochondria (cytochrome c) and caspase activation [87, 88]. The recruitment of
other adaptor molecules, such as TRAF2 and RIP will promote anti-apoptotic signals through the

activation of AP-1 by JNK signaling, and the activation NF-«xB [86].
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2. Bcl-2 family and apoptosis resistance in cancer

To ensure sustained growth and proliferation, one of the mechanisms acquired by cancer is
apoptosis evasion through altering the expression of the anti-apoptotic and/or pro-apoptotic Bcl-
2 family. Gene mutations affecting the regulation of the mitochondrial pathway are exceptionally
common in carcinogenesis [90]. As previously stated, cell fate decision is mediated through an
equilibrium established by members of the Bcl-2 family which can be anti- or pro-apoptotic. For
cancer to successfully evade apoptosis, it is no surprise that it will increase anti-apoptotic
molecules and/or downregulate the pro-apoptotic members which will prevent the release of

cytochrome c from the mitochondria.

a) Bcl-2 and Bcl-xL overexpression in cancer

The Bcl-2 family members are master regulators of drug-induced apoptosis in the
treatment of cancers due to the upregulation of the anti-apoptotic proteins and/or the
downregulation of pro-apoptotic ones [91, 92]. Early observation of Bcl-2 overexpression in
cancer was significantly associated with the pathogenesis of human follicular lymphoma as a
result of Bcl-2 oncogene chromosomal translocation into the immunoglobulin heavy chain
gene locus [93, 94]. In addition, cells overexpressing Bcl-2 were shown to confer apoptosis
resistance to a wide variety of stimuli, such as TNF-a [87], chemotherapy [95], and y-
irradiation [96]. Beside evading apoptosis, Bcl-2 overexpression was found to promote
metastatic potential in breast cancer [97], glioma [98], colorectal cancer [99], melanoma
[100], neuroblastoma [101], and lung cancer [102] cell lines. Analysis of patient samples

exhibiting an upregulation of Bcl-2 revealed a role in invasion and metastasis in several
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cancers (lung cancer [103], laryngeal squamous cell carcinoma [104], and colorectal cancer

[105]).

Similar to Bcl-2, Bcl-xL overexpressing cells also restricted apoptosis following the
treatment with several stimuli, including y-irradiation [106], TNF-a [88], and chemotherapy
[107]. Upregulation of Bcl-xL was also shown to be significantly associated with increased
invasiveness in various cellular models, such as lung cancer [108], glioma [109], and colorectal
cancer [99]. Breast cancer overexpressing Bcl-xL cellular model implanted into mice fat pad
enhanced tissue invasiveness and distant metastasis to various organs, such as liver, brain, bones,
lymph node, lungs, and kidneys [110]. In addition, increased Bcl-xL levels were significantly
associated with tumor progression and poor prognosis in colorectal cancer as well as in
hepatocellular carcinoma patients [111, 112]. Breast cancer nodal metastasis, therapeutic
resistance [113, 114], and invasive potential of tongue cancer [115] were found to be closely
associated with upregulated Bcl-xL expression. More importantly, Bcl-xL was reported to be

more potent in preventing apoptosis than Bcl-2 in response to doxorubicin and taxol [116, 117].

I Bcl-2 and Bel-xL in breast cancer

In metastatic human breast cancer cell lines, overexpression of Bcl-2 renders the
cells less susceptible to taxane [118]. Additionally, estrogen promotes Adriamycin
resistance in breast cancer cells by a mechanism that involve Bcl-2 [119]. In fact,
estrogen was found to upregulate Bcl-2 expression by inducing its transcription in MCF-7
cell lines [120]. Around 75% of primary breast tumors express significant levels of Bcl-2

with the majority in ER+ (~85%) followed by HER2+ (50%) and TNBCs (41%) tumors

[121-123]. Long term resistance to tamoxifen has been associated with the upregulation
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in the expression of Bcl-2 and Bcl-xL [124]. Despite having similar function, Bcl-xL has
been identified as a more potent inhibitor to doxorubicin in MCF-7 cell line [116], and

was associated with poor outcome as compared with Bcl-2 [113, 125-128].

3. Bcl-2 and Bcl-xL: structure and function
Bcl-2 and Bcl-xL are two proteins playing important roles in many physiologic and

developmental processes [129]. Their 3D structure is composed of 8 a-helices with a
hydrophobic groove on the surface [130, 131]. Further, BH regions, including BH1, BH2,
and BH3 domains define the top of this groove which was illustrated to be responsible for the
interaction with pro-apoptotic members of the Bcl-2 family, such as BAD and BAK to inhibit
apoptosis. Bcl-2 and Bcl-xL also possess carboxy-terminal hydrophobic region that give
them the ability to localize to the cytoplasmic side of the mitochondrial membrane affecting
its integrity [132]. This region, also referred to as the hydrophobic transmembrane anchoring
(TM), allows them to integrate in other intracellular membranes, such as the endoplasmic
reticulum where they play an important role in regulating calcium homeostasis and signaling
[133]. Although sharing similar homology, some structural differences could explain distinct
interaction specificities with each of the BH3 family members. For example, Bcl-xL
displayed a greater binding affinity towards BAK and BAD proteins compared to Bcl-2 [130,
134, 135]. In addition, Bcl-xL was found to interfere with apoptosis signaling by specifically

binding and interacting with cytochrome ¢ [136].
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a) Post-translational modifications of Bcl-2 and Bcl-xL

Bcl-2 possesses a flexible loop domain (FLD) which is a major site for its regulation by
phosphorylation (Figure 5) [137]. Several kinases contribute to the phosphorylation of Bcl-2 at
distinct amino acids of the FLD region (T56, T69, S70, T74, and S87) [138-141], and these
include, mitogen-activated protein kinase (MAPK) p38 [142], mammalian target of rapamycin
(mTOR) [143], proto-oncogene serine/threonine-protein kinase (c-Raf) [144], cyclin-dependent
kinase 1 (CDK1) [145, 146], protein kinase A (PKA) [147], Jun N-terminal kinase (JNK) [148,
149], and protein kinase Cao. (PKCa) [150]. The phosphorylation level of these residues has been
implicated in the regulation of cell cycle and mitotic division. For instance, Bcl-2 was shown to
be normally phosphorylated during mitosis and to become hyperphosphorylated upon the
treatment with microtubule-damaging agents that induce cell cycle arrest and apoptosis [147,
151]. Phosphorylation of Bcl-2 triggered the dissociation of the Bcl-2/BAX, and subsequent cell
death upon paclitaxel treatment [152]. Similarly, Bcl-xL has an analogue of the FLD region
whose amino acids are also subjected to phosphorylation [153, 154]. Its phosphorylation at S62
by JNK enhances apoptosis accompanied by a reduced BAX binding [155]. Additionally, in

response to ionizing radiation, the phosphorylation of Bcl-xL at T47 and T115 by stress activated
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protein kinase (SAPK/INK) was found to trigger apoptotic response while the mutant Bcl-xL

(A47, A115) conferred resistance to DNA damage [156].
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Figure 5. Schematic representation of the Bcl-2 protein structure and its phosphorylation sites.
Bcl-2 or Bcel-xL structure is composed of four BH domains (blue), a transmembrane domain
(TM) (red), and a flexible loop region (FLD) (gray). T56, T69, S70, T74 and S87 of Bcl-2 and

S62 of Bcl-xL are residues within the FLD region targeted for phosphorylation [137].

C. Ceramide sphingolipid
1. General overview on sphingolipids

Sphingolipids are a group of lipids discovered by J. L.W. Thudichum in 1876 in brain
extracts and were considered merely as structural molecules. The backbone of sphingolipids
consists of sphingosine, and was named after the Greek mythical creature, the Sphinx due to
their mysterious functions [157]. Its chemical structure was disclosed in the 20" century
followed by identifying the function of other constituents of the plasma membrane
(sphingomyelins, glycosphingolipids, and gangliosides) in cell recognition and cell-cell
interaction. Further, sphingolipid metabolism and signaling have been widely appreciated in

cellular signaling, and have been implicated in wide variety of human diseases [158].
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Sphingolipids are important components of the plasma membrane contributing to its fluidity
and barrier function. In fact, the plasma membrane is a dynamic physical structure that
participates in many physiological processes [159]. Ceramide, the building block of
sphingolipids, is a neutral lipid composed of a fatty acid chain attached to a sphingosine base
(18C long-chain amino alcohol) via an amide bond (Figure 6). The fatty acid chain can be
characterized by its length (16C — 24C) as well as its saturation level, forming several ceramide
species that contribute to different biological functions [160, 161]. Sphingolipids are considered
amphipathic molecules due to their structure containing hydrophobic and hydrophilic residues.
Sphingolipids hydrophobic region consists of a sphingosine base attached to a fatty acid while
the hydrophilic portion can include phosphate, phosphorylcholine, and sugar residues forming
more complex sphingolipids, such as [sphingosine-1-phosphate (S1P) or ceramide-1-phosphate

(C1P)], sphingomyelin, and glycosphingolipids, respectively [162] (Figure 7).

Polar helad group Non—polarltail group
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Figure 6. Ceramide structure. Ceramide is composed of sphingosine (2-amino-4-trans-
octadecene-1,3-diol), an unsaturated 18 -hydrocarbons long-chain amino alcohol, joined to a

fatty acyl chain moiety by amide linkage [163].
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Figure 7. Sphingolipids structures. Ceramide is a central sphingolipid composed of a
sphingosine base (in blue) attached to a fatty acid (in red) and is considered the building block of
more complex ones (C1P, sphingomyelin, glycolipids, and glucosylceramide). Phosphate group
(in green) represents the hydrophilic group of S1P and C1P, while phosphocholine (in green)
represents the head group for sphingomyelin. Glucosylceramide and glycolipids have sugar

residues as head groups [162].

2. Ceramide: a bioactive lipid

Ceramide is not only a structural molecule, but also a bioactive lipid that participates in
signal transduction regulating various cellular function, such as cell migration [164, 165], cell
differentiation [166], apoptosis [160], and cell cycle arrest [167]. Furthermore, ceramide has
played an important aspect in disclosing signaling pathways regulating cancer biology [160],
neurological disorders [168], host-pathogen interaction [169], cardiovascular diseases, and
diabetes [161]. Endogenous ceramide accumulation was observed following the treatment with

several stress agents, such as TNF- a [170-174], FAS [175-177], chemotherapeutic agents [178-
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183], growth factors deprivation [167], irradiation [184, 185], hypoxia [186, 187], and heat

shock [188].

a) Ceramide and apoptosis

A significant body of evidence highlights the activation of ceramide metabolic pathways as a

downstream effector of programmed cell death.

I Ceramide and the extrinsic pathway of apoptosis

As previously mentioned, the extrinsic pathway is mediated by the activation of
TNFR family (TNFR1, FAS/CD95, and TRAIL) through ligand binding. Decreased
ceramide accumulation was observed in CD95 [189], TRAIL [190, 191], and TNF-a
[192, 193] -resistant cancer cells that can be reversed by the addition of an exogenous
ceramide source which confirms the function of ceramide as a downstream effector of the
extrinsic pathway. In response to TNF-a, ceramide can directly bind to cathepsin-D (the

endo-lysosomal aspartic protease CTSD) to induce its proteolytic activation. Cathepsin-D

can in turn cleave and activate the pro-apoptotic Bcl-2 family member Bid [194-196].

ii.  Ceramide and the intrinsic pathway of apoptosis

Ceramide was also shown to interact with the mitochondrial pathway in apoptosis.
In fact, ceramide induces MOMP, and ceramide channel formation at the mitochondrial
membrane resulting in the release of apoptogenic factors, such as cytochrome ¢ [197-

199]. BAX insertion and oligomerization required ceramide rich domains at the

mitochondrial outer membrane [200]. Furthermore, BAX and ceramide synergistically
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acted on disrupting the mitochondrial outer membrane in other studies leading to a more
efficient apoptosis and MOMP formation [201, 202]. Another role of ceramide in
apoptosis signal transduction is the activation of ceramide-activated protein phosphatase
(CAPP), a protein phosphatase 2A (PP2A), that can function to dephosphorylate anti-
apoptotic and pro-apoptotic Bcl-2 family members resulting in their deactivation and

activation, respectively to induce apoptosis [203, 204].

iii.  Ceramide and p53

p53, also identified as guardian of the genome, is a tumor suppressor and a
transcription factor that regulates a wide variety of cellular process, such as DNA repair,
cell cycle arrest, and apoptosis in response to stress [205]. Given the role of ceramide in
stress response mechanisms, such as senescence, cell cycle arrest, and death, its
connection with p53 has been regularly studied [206-208]. Following genotoxic stress,
Dbaibo et al. have shown ceramide accumulation to be induced in p53 dependent and
independent stress responses [209]. Moreover, multiple reports have revealed that
ceramide induction can be downstream, upstream or even independent of p53 in several
cellular models under different types of stimuli [210]. In addition, ceramide metabolic

enzymes were found to be transcriptionally regulated by p53. For example, CerS6 [211]

and nSMase [212] were identified as direct transcriptional targets of p53.
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3. Synthesis pathways of ceramide
Ceramide synthesis is highly compartmentalized, and its continuous flux can be achieved
through 3 major metabolic pathways that depend on cell type, and nature of the stimulus: The de

novo pathway, the salvage pathway, and the sphingomyelin hydrolysis pathway [213].

a) The de novo synthesis pathway

The de novo pathway synthesizes endogenous ceramide at the level of endoplasmic reticulum
(ER) starting with the condensation of serine and palmitoyl-CoA in a reaction catalyzed by
serine palmitoyl transferase (SPT) to form 3-ketosphinganine which will be reduced to
sphinganine by 3-ketosphinganine reductase (KDSR) [214, 215]. This is followed by its
acylation to form dihydroceramide by ceramide synthases (CerS1-6) [216]. A desaturation is
then inserted between C4 and C5 in a reaction catalyzed by dihydroceramide desaturase (DEGS
1-2) [217] (Figure 8). The generated ceramide can then be transported to the Golgi by the non-
vesicular transporter Ceramide Transporter (CERT) or vesicular trafficking to act as a precursor
for sphingomyelin and other complex glycosphingolipids by sphingomyelin synthase (SMS) and
glucosylceramide synthase (GCS), respectively. Vesicular flow will later shuttle these molecules
to the plasma membrane [218]. The de novo pathway was found to regulate apoptotic processes
in multiple cellular models following the treatment with a variety of stimuli, such as TNF-a,

hypoxia, and chemotherapeutic agents [172, 219-221].
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. Dihydroceramide desaturase (DEGS)

DEGS is the enzyme catalyzing the conversion of dihydroceramide into ceramide,
the last step of the de novo synthesis pathway of ceramide, by introducing a 4,5 trans
double bond to the sphinganine base [217].

DEGS exists in 2 isoforms: DEGS1 and DEGS2. They differ in tissue
distribution, and function whereby DEGSL is ubiquitously expressed and accounts for
ceramide generation in most tissues. In addition to the desaturase function, DEGS2 also
has a c-4 hydroxylase activity synthesizing phytoceramides that are confined to kidney,
skin, and intestine [222]. Mouse heart and cultured cells subjected to hypoxia displayed a
downregulation of DEGS enzymes accompanied by the accumulation of
dihydroceramide, and adaptation to the hypoxic condition [223]. Similarly, the
knockdown of DEGS1-2 under normal oxygen condition reproduced the inhibitory
activity of the hypoxic environment on cellular proliferation, while their overexpression

displayed a protective effect in hypoxia which highlights their function as oxygen sensors

[224].

ii.  Ceramide synthases (CerSs)

Ceramide synthases are encoded by a family of six genes referred to as longevity
assurance homologues (LASS) [225]. Multiple forms of CerSs have been identified
(CerS1-6). The function of these enzymes is to generate ceramide in the de novo and
the salvage pathways via the acylation of sphingoid bases with fatty acyl-CoA.

Despite sharing similar enzymatic mechanisms, intracellular localization, and

structural features, they differ in their tissue distribution, and in their preference

45



towards different fatty acyl-CoA chain length (Table 1) [216]. CerSs have been
widely studied, and were regarded as important regulators of the programmed cell
death implicated in several diseases, such as cancer [226]. CerS6 was shown to be an
important mediator of TNF-a induced apoptosis in MCF-7 cells [227]. In addition,

ER+ tumors were reported to upregulate CerS4 and CerS6 [228].
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Figure 8. Schematic representation of the de novo synthesis pathway of ceramide. It begins with
a condensation reaction of serine and palmitoyl-CoA to form 3-ketosphinganine by serine
palmitoyl transferase (SPT), an enzyme which localizes to the endoplasmic reticulum. This is
followed by 3-ketosphinganine reduction by 3-ketosphinganine reductase (KDSR) to form the
sphinganine base. Ceramide synthases (CerS1-6) will catalyze the formation of dihydroceramide
by attaching a variable length fatty acid to the sphinganine molecule via amide linkage.
Ceramide is finally synthesized by the insertion of a 4,5 trans double bond to dihydroceramide in

a reaction catalyzed by dihydroceramide desaturase (DEGS) [229].
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Ceramide synthase Tissue expression Acyl-chain lengh

CerSt Brain, skeletal muscle, testis C18
CerS2 Kidney, liver C20-C26
CerS3 Testis, skin C22-C26
CerS4 Low level of expression in C18-C20
various tissues
CerS5 Low level of expression in C16
various tissues
CerS6 Low level of expression in Ci14 and C16

various tissues

Table 1. Ceramide Synthases isoforms. CerSs differ by their tissue distribution and specificity

towards different acyl-chain length [230].

b) The salvage pathway

The salvage pathway accounts for around 50-90% of the sphingolipid biosynthesis
suggesting an essential role for sphingolipid turnover/synthesis, and signal transduction [231,
232]. Ceramide can be generated through the degradation of complex sphingolipids, such as
sphingomyelin, and glucosylceramide by acid sphingomyelinase (aSMase) and acid -
glucosidase, respectively. The salvage pathway takes place at the level of lysosomes and/or late
endosomes that provide an acidic pH contributing to a constitutive degradation of sphingomyelin
[233]. First, aSMase will catalyze the hydrolysis of sphingomyelin to ceramide. In order, to be
translocated outside the lysosome, acid ceramidase will further hydrolyze ceramide to
sphingosine and its corresponding fatty acyl chain. These can exit the lysosome to be rejoined by
the action of CerSs at the level of ER to recycle ceramide that can re-enter in the synthesis of
complex sphingolipids, such as sphingomyelin formation in a reaction catalyzed by

sphingomyelin synthase (SMS), and glycosphingolipids by glucosylceramide synthase (GCS)
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[234]. In contrast, sphingosine can also be phosphorylated by sphingosine kinases (SphK) to
form sphingosine-1-phosphate (S1P) that can be either dephosphorylated by sphingosine-1-
phosphate phosphatase (SPP) or degraded by S1P lyase (SPL), the only irreversible reaction in
sphingolipid metabolism, forming hexadecenal and phosphoethanolamine to exit the

sphingolipid metabolism pathway (Figure 9) [218].

c) Sphingomyelin hydrolysis pathway

Sphingolipids are important components of the plasma membrane contributing to its
fluidity and barrier function. Sphingomyelin (SM) is one of the major functional constituents
of the plasma membrane that can serve as a pool of sphingolipids, and its metabolism has
been shown to play essential roles in homeostasis and cellular signaling [235, 236].

The formation of ceramide from sphingomyelin is accompanied by the release of
diacylglycerol (DAG) in reactions catalyzed by sphingomyelinases (SMases). SMases exist
in 3 isoforms that can differ in subcellular localization, organ distribution, and optimum pH:
neutral (nSMase), acid (aSMase), and alkaline SMase (alk-SMase). Most tissues ubiquitously
express nSMase and aSMase; however, alk-SMase is limited to the intestine and liver where
it contributes to the digestion of dietary sphingomyelin. aSMase takes part of the salvage
pathway and catabolizes sphingomyelin inside the lysosomes/endosomes; whereas nSMase
hydrolyzes the plasma membrane sphingomyelin (Figure 9) [218]. Further, a wide variety of
stimuli appeared to activate SMases including UV-A/ionizing radiation [184, 237] and serum
withdrawal [167]. In addition, nSMasel is considered as a housekeeping enzyme with no
particular involvement in signaling, while nSMase2 was reported to mediate IL-1p and

TNF cytokine responses [238-241]. MCF-7 cells treated with TNF-a were shown to
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accumulate 75% of ceramide through de novo pathway, however, the activation of nSMase

remained crucial for the achievement of a full apoptotic program [242].

4. Anti-apoptotic role of the sphingolipid metabolites S1P and C1P

In contrast to sphingosine and ceramide, sphingosine-1-phosphate (S1P) and ceramide-1-
phosphate (C1P) were found to oppose apoptotic signals and promote tumor progression,
inflammation, metastasis, and angiogenesis [243].

S1P can be generated by the phosphorylation of sphingosine by sphingosine kinases (SphKs),
which exist in 2 isoforms: cytosolic sphingosine kinase 1 (SphK1), and sphingosine kinase 2
(SphK?2) mainly localized to the nucleus [244]. SphK1 is anti-apoptotic while SphK2 appears to
have growth inhibitory and pro-apoptotic effects, but can display neoplastic properties in some
cancers [245]. S1P can be intra or extracellularly secreted by acting in an autocrine and paracrine
manner through 5 G-protein coupled receptors (S1PR1-5). More importantly, therapeutic
resistance was shown to be associated with upregulated SphK/S1P signaling in several cancers
[244].

Once generated in the ER, ceramide can be transported to the Golgi via ceramide transport
protein (CERT) to generate C1P by ceramide kinase (CERK). C1P will later be transferred by
C1P transfer protein (CPTP) to the plasma membrane to mediate its intra or extracellular
signaling though G proteins receptors [246]. CERK/C1P signaling was shown to be upregulated

in breast cancer with poor prognostic value and treatment resistance [247, 248].
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Figure 9. Schematic representation of the pathways involved in ceramide metabolism. Ceramide
can be synthesized from 3 major pathways: the de novo pathway at the level of ER,
sphingomyelin hydrolysis at the level of the plasma membrane or in the lysosomes, and the
salvage pathway in the lysosomes. Ceramide can be used for the production of complex
sphingolipids, such as sphingomyelin, ceramide-1-phosphate, and glycosphingolipids
(gangliosides, sulfatides, and lactosylceramides) in reactions catalyzed by sphingomyelin
synthase (SMS), ceramide kinase (CerK), and glucosylceramide synthase (GCS), respectively. In
the salvage pathway, ceramide can be produced from the hydrolysis of glucosylceramide and
sphingomyelin by B-glucosidase (GBA), and acid-sphingomyelinase (aSMase). Ceramide is then
cleaved by ceramidase (CDase), and shuttled outside the lysosome to the ER as sphingosine with

a free fatty-acyl chain to be rejoined by the activity of ceramide synthase (CerS) that regenerates
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ceramide. Sphingosine can also be subjected to phosphorylation by sphingosine kinase (SphK) to
produce sphingosine-1-phosphate (S1P). S1P can be either recycled back to sphingosine by
sphingosine-1-phosphate phosphatase (SPP), or irreversibly degraded by sphingosine-1-
phosphate lyase (SPL) to hexadecenal and phosphoethanolamine exiting the pathway. Adapted

from [218].

5. Sphingolipid rheostat

Cellular fate is dictated by ceramide/S1P ratio, which is described as one of the sphingolipid
rheostats. Four enzymes regulate the balance between survival and apoptosis in sphingolipid
metabolism: ceramide synthase, ceramidase, sphingosine kinase (SphK), and sphingosine-1-
phosphate phosphatase (S1PP) (Figure 10). This is not, however, the only balance, a balance
with the production of C1P is also crucial due its emerging role in promoting oncogenic
pathways [249]. As previously mentioned, a shift towards the production of S1P or C1P

promotes cell survival while the increase in ceramide activates apoptotic signals.

Apoptosis e — |:> Cell survival
/\/\/\/\/\/\/\H)i}%\ , Ceramidase H OH SphK HOH o
NitH 0 e /\/\/\/\/\/\/WOH — N (:;oi'd'ou
\/\/\/\/\/\/\/7)( Ceramide H,N H S1PP HN H
synthase
Ceramide Sphingosine Sphingosine-1-phosphate

Figure 10. Sphingolipid rheostat theory. It corresponds to a balance that exists between ceramide
and sphingosine-1-phosphate (S1P) lipids which dictates the cell fate. Favoring the production of
ceramide by ceramide synthase (CerS) mediates a pro-apoptotic response while the production of

sphingosine from ceramide by ceramidase (CDase), and its subsequent phosphorylation by
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sphingosine kinase (SphK) to generate S1P promote cell survival. Sphingosine-1-phosphate

phosphatase (S1PP) can reform sphingosine which can be recycled back to ceramide [249].

6. Ceramide species: structure and function

Six different isoforms of ceramide synthases (CerSs) synthesize ceramides of specific chain
length. In fact, ceramides biological function is dictated by their molecular species, and cellular
context [250]. In human head and neck squamous carcinoma, C18 ceramide displayed a pro-
apoptotic activity [251] while C16 ceramide was reported to have an anti-apoptotic one [252],
and pro-apoptotic in other cell lines [253, 254]. Similarly, very-long-chain ceramides (C20 and
C20:1) synthesized by CerS2 promoted mitochondrial dysfunction and apoptosis in
cardiomyocytes while long chain ceramide (C16) produced by CerS5 could not [255]. More
importantly, ceramide ratio of C16/C18 and C24/C18 was higher in malignant breast cancer
tissues compared to normal tissues with C16 elevation being associated with increased metastatic

potential [256].

a) Dihydroceramide

As previously mentioned, the last step of the de novo synthesis pathway of ceramide involves
the insertion of a trans double bond between C4 and C5 of dihydroceramide by DEGS enzyme to
generate ceramide. In fact, this trans unsaturation has been shown to modify ceramide packaging
behavior, biophysical, and elastic properties [222]. Early studies have regarded dihydroceramide
as an ineffective or biologically inert molecule due to its inability to induce cell death compared
to ceramide [170, 257, 258]. However, this dogma was mistaken especially because

dihydroceramide has been recently implicated in several physiological processes, such as

52



hypoxia [223, 224, 259], cell proliferation [260, 261], and autophagy [261-263]. Also, short and
long chain dihydroceramides have been shown to inhibit ceramide channel formation in

mitochondria to induce apoptosis [264].

7. Ceramide in cancer treatment

Over many years, molecular research advancement has disclosed key biological mechanisms
associated with cancer growth and progression. These discoveries have encouraged the
development of novel treatment approaches targeting factors involving DNA repair [265], cell
cycle [266], and immunity [267]. Sphingolipid metabolism is one of the emerging areas of
research that has been attracting cancer scientists given its role in controlling the cell fate
through the accumulation of bioactive lipids such as ceramide inside the cell. Regulation of
ceramide generation and its mechanism of action have gained significant attention in cancer
research due to its critical role as effector intracellular molecule in programed cell death, cell
cycle arrest, and autophagy [160]. Further, ceramide generation can be inhibited by the
upregulation of sphingomyelin synthase (SMS) and/or glucosyl-ceramide synthase (GCS), or its
clearance by ceramidase (CDase), all of which were described in several cancers decreasing its
pro-apoptotic signaling [160]. In fact, ceramide has been termed “tumor suppressor lipid” due to
its ability to promote cell death following the exposure to conventional anti-cancer treatments
such as radiotherapy [268] and chemotherapeutic agents (daunorubicin, etoposide, hesperidin,
fludarabine, taxol, and gemcitabine) [178-183]. Cancer therapy has also regarded ceramide as a
significant biomarker. For example, an enhanced tumor response was associated with total
plasma ceramide accumulation in cancer patients treated with a combination of radiation therapy

and the chemotherapeutic agent irinotecan [269]. Similarly, CerS6 was identified as prognostic
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biomarker among 19 genes predicting the survival of colorectal cancer patients [270]. However,
cancer resistance to therapy has been attributed to the overexpression of some ceramide
metabolic enzymes promoting growth [244, 271]. For example, SphK1 overexpression was
reported to promote cetuximab resistance in human colorectal cancer models, and their
sensitivity to the drug was restored in resistant cells after SphK1 knockdown by siRNA or its
inhibition by N,N-dimethyl-sphingosine [272].

Therefore, targeting ceramide metabolizing-enzymes emerged as a novel therapeutic
approach in the treatment of cancer [249]. For instance, targeting the ceramide-S1P pathway by
sphingosine kinase inhibitors displayed anti-neoplastic effects against different types of cancers,
such as glioblastoma [273], leukemia [274], and hepatocellular carcinoma [275]. In addition, the
administration of ceramide nanoliposome (CNL) in vivo and in cellular models was reported to
intensify the effect of chemotherapeutic agents [276-278], and to inhibit tumor growth by
inducing apoptosis [279-281]. However, these therapeutic approaches are still facing many
challenges in their delivery and bioavailability inside tumors due the hydrophobic and hemolytic
nature of ceramide [282]. Thus, understanding the catabolism and synthesis of ceramide may

help identify novel therapeutic targets for the treatment of cancer.

a) Ceramide and breast cancer

One of the ways by which cancer cells resist apoptosis is by increasing the expression of
ceramide metabolic enzymes resulting in the downregulation of ceramide [283, 284]. However,
ceramide metabolism in breast cancer has been debatable. In an attempt to study the differential
expression profiles of sphingolipids in breast tumors and normal tissues, Schiffmann et al.

showed a significant elevation of endogenous ceramide inside malignant tissues correlating it
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with the disease status [256]. Further, a high expression of ceramide synthases (CerS2/4/6),
associated with increased levels of C16:0-Cer, C24:1-Cer and C24:0-Cer, was reported in
malignant tissues compared to normal ones [256]. More importantly, ER+ tumors were linked
with increased levels of C18:0-Cer and C20:0-Cer, while C16-Cer elevation was associated with
metastatic potentials [256, 285]. In fact, ER+ tumors displayed an upregulation of CerS4 and
CerS6 [228]. In addition, the downregulation of SphK1 and SphK2 promoted the sensitivity of
MCEF-7 cells to doxorubicin [286, 287]. Similarly, high SphK1 expression was associated with
poor prognosis in breast tumors [228]. CERK expression was reported to confer
chemoresistance, migration, and growth of cells in TNBC [248].

TNF-a was shown to mediate apoptotic processes through the accumulation of ceramide that
can involve the de novo synthesis and the sphingomyelin hydrolysis pathways in MCF-7 cells

[172].

8. Bcl-2, Bel-xL, and ceramide

Bcl-2 and Bcl-xL interaction with ceramide was previously studied in TNF-a-induced
response in MCF-7 breast cancer cell line where it was demonstrated that Bcl-xL acts upstream
of ceramide while Bcl-2 functions downstream of this sphingolipid [288]. Moreover, both Bcl-2
and Bcl-xL inhibited cell death in response to TNF-a. However, Bel-2 did not significantly
inhibit endogenous ceramide accumulation in response to TNF-o compared to Bcl-xL, but
inhibited ceramide-induced death [288, 289]. In addition, caspase-8 was cleaved in MCF-7
Vector and MCF-7 Bcl-2 cells (overexpressing Bcl-2), but cleavage was completely inhibited in
MCF-7 Bcl-xL cells (overexpressing Bcl-xL) accompanied by a potent inhibition of ceramide

accumulation [288]. Interestingly, Bcl-2 overexpression was found to inhibit ceramide-induced
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apoptosis without interfering with ceramide generation which further demonstrates that Bcl-2
acts downstream [290-292]. Conflicting studies, however, have stated that Bcl-2 prevents both
ceramide accumulation and ceramide-induced cell death [187, 293, 294]. Targeting bacterial
sphingomyelinase to the mitochondria increased ceramide accumulation and apoptosis in MCF-7
cells, while this was resisted by the overexpression of Bcl-2 [292]. Several studies have reported
the function of Bcl-2 and Bcl-xL in inhibiting ceramide channel formation and cytochrome c
release [295-297]. While the majority of published research emphasizes the involvement of Bcl-
XL, however, a study on Bcl-2 and cell death abnormality gene 9 (CED-9) (a Bcl-2 homolog)
also supports this claim [297]. More importantly, Bcl-xL displayed a protective effect by directly
interacting with ceramide preventing channel formation [295]. In addition, S1P and C1P were

found to induce the expression of Bcl-xL or Bcl-2 modulating anti-apoptotic effects [298-300].

D. Modulators of ceramide metabolism

1. Synthetic retinoids

Retinoids are a class of signaling molecules belonging to the vitamin A family. Dietary-
derived all-trans retinoic acid (ATRA), the main bioactive retinoid in the human body, mediates
its signaling though through RAR-RXR heterodimers [301]. In the nucleus, retinoic acid (RA)
mediates its effects through RAR-RXR heterodimers that are bound by DNA in regions known
as retinoic acid response elements (RARES). This will subsequently recruit coactivators, such as
HAT (histone acetyltransferase) to induce the transcription of target genes [302-304]. Given their
roles in regulating cell cycle and apoptotic processes, retinoids have gained importance in the

treatment of cancer. RA was able to induce apoptosis in several cancers, including human

56



medulloblastoma [305] and metastatic melanoma cells [306]. In addition, the overexpression of
RARa and RARYy sensitizes neoplastic epidermal keratinocytes to growth suppression and
apoptosis following RA treatment [307]. Retinoids combined with trastuzumab or tamoxifen
displayed an enhanced anti-tumor effect in breast cancer [308]. The usage of natural retinoids,
however, is limited in the treatment of most solid tumors in the long-term due to the vitamin-A
associated cytoxicity, and the development of retinoid resistance. Thus, much effort has been
invested in the development of selective retinoid derivatives to improve cancer therapy and

reduce their associated side effects [309, 310].

a) Fenretinide (4-HPR)

Fenretinide [N-(4-hydroxyphenyl) retinamide; 4-HPR] (Figure 11), is a synthetic retinoid
derived from ATRA that has been defined as an effective anti-cancer agent, especially due to its
pro-apoptotic activity in a wide variety of cancers, such as ovarian carcinoma, breast carcinoma,
prostate adenocarcinoma, lymphomas, leukemias, and others [311]. Furthermore, its enhanced
efficacy and low toxicity have been associated with the modification of the carboxyl end of all-
trans RA with an N-4-hydroxyphenyl [312, 313]. Interestingly, 4-HPR mediates its effect
through both receptor-dependent and -independent pathways [311]. Another cytotoxic
mechanism induced by 4-HPR involves the generation of reactive oxygen species (ROS) [313].
Further, this 4-HPR-induced ROS is inhibited following the treatment with anti-oxidants [314-
316], Bcl-2 overexpression [317], and BAX/BAK knockout [317]. Also, fenretinide was shown
to activate caspase-8 independently of Fas ligand, TNF-a, or TRAIL activation in ovarian
carcinoma cell line [318]. ATRA-resistant T lymphoma cells and adult T-cell leukemia (ATL)

displayed anti-proliferative and pro-apoptotic effects upon treatment with 4-HPR [319, 320].
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Furthermore, 4-HPR was able to induce cell death through ceramide accumulation, altering
mitochondrial membrane potential, and caspase activation in the human T-lymphotropic virus
type 1 (HTLV-1) negative T cells with no effect on normal T lymphocytes [320]. In addition,
ROS generation upon 4-HPR treatment mediated cell cycle arrest, ceramide accumulation,
cytochrome c release, and apoptosis [321]. DEGS1 enzyme is another identified molecular target
for 4-HPR [322]. However, it is considered as an enhancer of the de novo pathway of ceramide
synthesis due to its ability to activate SPT and/or CerSs with simultaneous inhibition of DEGS1

resulting in the accumulation of dihydroceramides [323].

Retinamide 4-hydroxyphenyl
o | - fDH|
o o
e 4-HPR

Figure 11. Chemical structure of fenretinide (4-HPR) [324].

b) Adarotrene (ST1926) synthetic retinoid

(2E)-3-[3'-(1-adamantyl)-4'-hydroxy[ 1,1’-biphenyl]-4-yl]-2-propenoic acid known as
ST1926 (Figure 12), is another synthetic retinoid that gained significant attention due to its anti-
tumor activity studied in vitro and in vivo models [325-329]. Its mechanisms of action include
early DNA double stranded breaks (6h), G1/S phase cell cycle arrest, and apoptosis [329]. In an
attempt to study its DNA damaging effect, Fratelli et al. have identified H2A.Z histone variant,

which is an active player in maintaining the genome integrity [330, 331], as a direct nuclear
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target of ST1926, among others [332]. DNA polymerase-a was also suggested as a molecular
target of ST1926, as cells with POLA1 mutations displayed a protective effect against ST1926-
induced DNA damage response [328]. In addition, ST1926 was reported to restore the de novo
synthesis pathway of ceramide in ATL cells, and to induce the expression of a distinct set of
CerSs without inhibiting DEGSL, resulting in ceramide accumulation rather than

dihydroceramide followed by cell death [325].

Figure 12. Chemical structure of the synthetic retinoid ST1926 [333].

2. Sphingosine kinase 1-Inhibitor (SK1-1)

SphK1 is an important enzyme in sphingolipid metabolism that functions to phosphorylate
sphingosine to generate S1P. In contrast to ceramide, S1P has a proinflammatory and anti-
apoptotic functions that are associated with tumor therapeutic resistance, angiogensis, and
metastasis [244]. Thus, targeting SphK1 gained significant attention in cancer research with the
aim to interfere with its neoplastic properties. SK1-1 [(BML258) or 1 (2R, 3S, 4E)-N-methyl-5-
(4-pentylphenyl)-2-aminopent-4-ene-1, 3-diol] (Figure 13) is a SphK1 selective inhibitor, and a
sphingosine analogue functioning by competitive inhibition [334]. In fact, its anti-neoplastic

effect was reported in several tumors, such as glioblastoma, breast, colon, and lung cancer [335].
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In an in vivo model of breast cancer, SK1-1 administration decreased S1P levels in serum, and
this was associated with reduced metastasis, angiogensis, and an enhanced apoptotic response

[336]. Similarly, SK1-1 was shown to render breast and prostate cancer cells susceptible to the

chemotherapeutic agent docetaxel [337].

Figure 13. Chemical structure of sphingosine kinase 1-Inhibitor (SK1-1) [338].
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CHAPTER I

AIMS OF THIS STUDY

Bcl-2 and Bcl-xL, anti-apoptotic members of the Bcl-2 family, prevent apoptosis by
sequestering pro-apoptotic members of the Bcl-2 family or blocking the mitochondrial release of
apoptogenic factors. They inhibit TNF-a-induced apoptosis in different cellular models [87, 88,
288, 339-341]. On the other hand, ceramide, a signaling sphingolipid that controls different
cellular processes, induces apoptosis. A previous work done by our lab group investigated
ceramide interaction with Bcl-2/Bcl-xL in the TNF-a-induced response in MCF-7 cells and
demonstrated that Bcl-xL acts upstream of ceramide and Bcl-2 functions downstream of this
sphingolipid. While Bcl-2 inhibited ceramide-induced death in response to TNF-a but not
ceramide generation, Bcl-xL prevented ceramide accumulation but did not protect from
ceramide-induced apoptosis [288]. Furthermore, one of the mechanisms mediating TNF-a
induced apoptosis in MCF-7 cells is the de novo synthesis pathway of ceramide [172]. In fact,
this pathway was found to mediate apoptotic processes in multiple cellular models following the

treatment with a variety of stimuli [172, 219-221].

Thus, in this study we aim to:

Characterize the interaction of Bcl-2 and Bcl-xL with the de novo synthesis pathway of ceramide
and with the ceramide catabolism pathway upon exposure of MCF-7 human breast cancer cells

to TNF-a.

1. We first assessed the viability of MCF-7 cells overexpressing Bcl-2 and Bcl-xL upon

treatment with TNF-a using MTT.
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2. We then studied the effect of Bcl-xL and Bcl-2 overexpression in MCF-7 cells on the
transcription of key enzymes involved in ceramide metabolism [DEGS1, SphK1 and CerS(2,
4, and 6)] in response to TNF-a by quantitative Real-time PCR (QRT-PCR).

3. We next assessed the viability of MCF-7 cells overexpressing Bcl-2 and Bcl-xL upon
treatment with TNF-o in combination with modulators of ceramide metabolic enzymes
(ST1926, 4-HPR, and SK1-1) using MTT.

4. We finally studied the apoptotic response of these cells through western blot analysis of
apoptotic proteins expression (cleaved PARP-1) after treatment with TNF-a alone or in
combination with ST1926, the enhancer of the de novo synthesis pathway of ceramide. We

also investigated the protein expression of p53 in these cells.
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CHAPTER 111

MATERIALS AND METHODS

A. Cell culture

MCF-7 Vector, MCF-7 overexpressing Bcl-2 or Bcl-xL (MCF-7 Bcl-2 or MCF-7 Bcl-xL)
cells were derived from TNFa-sensitive MCF-7 parental breast cancer cell lines, and were a kind
gift from VM Dixit laboratory [339]. MCF-7 cells are ER+ and naturally express p53. MCF-7
Vector, MCF-7 Bcl-2, and MCF-7 Bcl-xL cells were cultured in Rose Well Park Memorial
Institute (RPMI 1640) medium supplemented with 10% fetal bovine serum (FBS), and 1%
Penicillin/Streptomycin; and were incubated at 37 °C, and 5% CO». Cell passaging was done
twice a week and Hygromycin (150 pg/mL, Toku-E) was added to the culture medium for

selection. Experiments were then performed without Hygromycin.

For cell treatments, 4-HPR (10* uM, Sigma) and ST1926 (102 M, Sigma) were kindly
provided by the laboratory of Dr. Nadine Darwiche (American University of Beirut) and SK1-I
(50 mM) was purchased from Enzo Life Sciences. The three drugs were dissolved with dimethyl
sulfoxide [(DMSO), Sigma]. All of the drugs, including human recombinant TNF-a (14367 nM,
Sino Biological) were diluted with RPMI medium supplemented with 10% FBS according to the

desired concentrations.

B. MTT: cell viability assay
MCF-7 Vector, MCF-7 Bcl-2, and MCF-7 Bcl-xL cells were seeded in 96 well plates at a

density of 8000 cells/well in 100 pL of FBS-supplemented medium and pretreated with 90 pL of
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ST1926 (125 nM) or of 4-HPR (11.1 uM) or of SK1-I (5.5 uM) for 3 hours and then treated with
10 pL of TNF-a (12 nM) or 10 pL of media. After the addition of TNF-0, we would obtain a
final concentration of 112.5 nM for ST1926, 10 uM for 4-HPR, 5 uM for SK1-1, and 1.2 nM for
TNF-a. (Media + DMSO) solution in the presence or absence of TNF-a was used as a control.
For model validation, cells were cultured in media in absence of TNF-a (control) or treated with
1.2 nM of TNF-a. At the required time point, 20 puL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) (stock solution: 5Smg/mL powder dissolved in distilled
water, Sigma) was added to 100 pL of culture medium/well. The mixture was then incubated for
3 hours at 37 °C in a humidified atmosphere containing 5% CO». MTT assay determines cell
viability based on the mitochondrial activity of viable cells which converts the yellow
tetrazolium salt (MTT) into a purple formazan dye. Formazan crystals were then dissolved by
100 pL of DMSO, and the amount of reduced MTT was measured at 595 nm using mini enzyme-

linked immunosorbent assay (ELISA) plate reader.

C. Protein extraction and western blot

MCF-7 Vector, MCF-7 Bcl-2, and MCF-7 Bcl-xL cells were seeded in 6 well plates at a
density of 300,000 cells/well, rested overnight, and then pre-treated with 1.8 mL of ST1926 (125
nM) for 3 hours. 200 pL of TNF-a (12 nM) was then added and incubated for 24h and 48h. After
the addition of TNF-a, we would obtain a final concentration of 112.5 nM for ST1926, and 1.2
nM for TNF-a. (Media + DMSO) solution in the presence or absence of TNF-a was used as a
control. Cells were scraped and pelleted along with their supernatant at the indicated time points.
Proteins were extracted using Laemmli buffer and were quantified according to the company’s

instructions by Bio-Rad dye-binding assay with bovine serum albumin (BSA) used as standard.
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30ug of total cell lysate was resolved on polyacrylamide gel with Prism Ultra Protein Ladder
as standard for molecular weight. Migration was performed for 90 minutes at 100 mV in 1X
TGS (Tris-Glycine-SDS) migration buffer. Proteins were then electrically transferred in Bio-Rad
trans-blot cell into poly vinlyne diluoride (PVVDF) membrane (Bio-Rad), and then blocked
overnight with 5% fat-free milk prepared in (1X TBST). The latter was prepared as follows:
Tween (1 ml) (0.1%) + 100 ml 1X TBS [prepared from of 10X TBS: 12 g Tris (hydroxymethyl)-
aminomethane and 87.8 g NaCl, pH.8) dissolved in 1 L distilled water] + 900 ml distilled water.
This was followed by immunoblotting with the relevant primary antibody (Table 2) overnight at
4°C. The next day, membranes were subjected to 3 serial washes by 1X TBST, and then
incubated with the appropriate Horse Reddish Peroxidase (HRP) conjugated secondary antibody
for 1 hour at room temperature. Serial washes were performed again using 1X TBST. Protein
visualization was conducted on Bio-Rad ChemiDocMP imaging system by applying Clarity ™
ECL Western Blotting substrate (Bio-Rad). ImageJ software was used to quantify the protein
bands with B-tubulin or Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for

normalization.
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Antibody Supplier Batch number  Origin
PARP-1 (F-2) Santa Cruz Sc-8007 Mouse
p53 (Do-1) Santa Cruz Sc-126 Mouse
Bcel-x s (S-18) Santa Cruz Sc-634 Rabbit
Bcl-2 (C-2) Santa Cruz Sc-7382 Mouse
GAPDH (0411) Santa Cruz Sc-47724 Mouse
B-tubulin Sigma-Aldrich 16-230 Mouse

Table 2. List of primary antibodies.

D. RNA extraction, reverse transcription and quantitative Real-Time PCR
1. RNA extraction

Cells were seeded in 6 well plates at a density of 300,000 cells/ well. On the next day, cells
were treated with TNF-a (1.2 nM) for 8 hours. Cells were collected with a cell scraper and 1 ml
of TRIzol (Sigma) was added to each pellet and then incubated for 5 minutes at room
temperature. This was followed by the addition of 200 pl of chloroform and incubation for 3
minutes at room temperature. The obtained mixture was centrifuged at 15,000xg for 15 minutes
at 4°C. The resulting aqueous phase was subsequently collected and transferred to a fresh tube.
Isopropanol was added to the samples in a 1:1 ratio, and then incubated for 1 hour at -20°C. The
samples were centrifuged at 15,000xg for 15 minutes at 4°C to allow RNA precipitation. The

supernatant was removed, and the RNA pellet was washed with 70% ethanol to get rid of any
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remaining isopropanol. After centrifugation at 12,000xg for 5 minutes at 4°C, the RNA pellet
was left to air-dry and then was resuspended in nuclease-free water. Quantification of RNA was

performed on Nanodrop (DeNovix tc-11).

2. Reverse transcription of RNA to cDNA

QuantiTect Reverse Transcription Kit (QIAGEN) was used to reverse transcribe 500 ng of
RNA to cDNA according to the manufacturer’s instructions. Briefly, gDNA Wipeout Buffer was
used to remove any possible genomic DNA (gDNA) from the RNA sample. A master mix
containing [Quantiscript reverse transcriptase (RT), Quantiscript RT buffer, and RT primer mix]
was used to conduct the reverse transcription reaction at 42 °C for 30 minutes on PCR T100
thermal cycler (Bio-Rad). Temperature was automatically adjusted to 95°C for 3 minutes in

order to deactivate the reverse transcriptase enzyme.

3. Quantitative Real-Time PCR (qRT-PCR)

A master mix containing 1 uL of each forward and reverse primer (10 uM), 5 puL of Bio-
iTaq Rad's Universal SYBR Green Supermix, and 2 pL of nuclease-free was prepared for
each cDNA sample. In each well of the 96 well plates (Bio-Rad), 9 uL of the master mix
were dispensed followed by 1 pL of cDNA with concentration of 10 ng/uL. Each sample was
loaded in duplicates. The PCR plate was sealed with an adhesive sealer and was centrifuged
for 1 minute. Quantitative real-time PCR was performed in Bio-Rad CFX 96 thermocycler
according to the relevant heat cycle protocols. The obtained data were analyzed using the 2
At method and were normalized to the expression of -actin gene, which was used as an

internal reference control. The mMRNA expression levels of DEGS1, CerS2, CerS4, CerS6,
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and SphK1, encoding for five key enzymes involved in ceramide metabolism, were evaluated
upon treatment of MCF-7 Vector, MCF-7 Bcl-2, and MCF-7 Bcl-xL cells with 1.2 nM of

TNF-a. To this end the following human primers (Table 3) were ordered from Sigma.

Gene Sequence
p-actin FP: CTGGCACCACACETTCTA

RP: AGCACAGCCTGGATAGCAAC
DEGS1 FP: CCAACATTCCTGGAAAAAGTCTTC

RP: GCCTCTTCATTCTTGAGTAGGGA
CerS2 FP: CCGATTACCTGCTGGAGTCAG

RP: GGCGAAGACGATGAAGATGTTG
CerS4 FP: CTTCGTGGCGGTCATCCTG

RP: TGTAACAGCAGCACCAGAGAG
CerS6 FP: ACATTCCTTCAGCCTCCTGGAGTT

RP: GCTCCCTGGTTTCCAGGCCAC
SphK1 FP: CTGGCAGCTTCCTTGAACCAT

RP: TGTGCAGAGACAGCAGGTTCA

Table 3. Primer sequences of p-actin, DEGS1, CerS2, CerS4, CerS6, and SphK1.

E. Statistical analysis
Independent experiments were performed for MTT, qRT-PCR and western blot twice or

thrice. Data represent the mean of independent experiments + S.D. Statistical analysis was
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conducted using Excel software where the unpaired Student’s t-test was used to calculate p-
values. Differences were considered significant when p value <0.05, (*, p < 0.05; **, p < 0.01;

*xx < 0.001).
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CHAPTER IV

RESULTS

A. Validation of MCF-7 cellular models: Overexpression of Bcl-2 and Bcl-xL

Western blot analysis was performed on each of the MCF-7 cell lines (MCF-7 Bcl-2 and
MCF-7 Bcl-xL) to confirm the overexpression of the proteins Bcl-2 and Bcl-xL, respectively.
Bcl-xL and Bcl-2 were upregulated with difference changes 5.33 and 12.90 in MCF-7 Bcl-xL
and MCF-7 Bcl-2, respectively compared to MCF-7 Vector; whereas very low levels of Bcl-xL
and Bcl-2 were detected in MCF-7 Vector, and hence the overexpression model was validated

(Figure 14).

MCF-7 MCF-7 MCF-7 MCF-7 MCF-7 MCF-7
Vector Bcl-2 Becl-xL Vector Bcl-2 Bcl-xL

Bcl-xL W " g
30 KDa FE= - - -
Beta Tubulin ‘ o P—
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55 KDa Beta Tubulin - q s — 55 KDa

W Bcl-2

05 - Bcl-xL

o

MCF-7 Vector MCF-7 Bcl-2 MCF-7 Bcl-xL

Expression of Bcl-2 and Bcl-xL

Figure 14. Overexpression of Bcl-xL and Bcl-2 in MCF-7 cells. Western blot analysis was
performed in order to confirm the overexpression of Bcl-xL and Bcl-2 in MCF-7 Bcl-xL and

MCEF-7 Bcl-2 cells respectively. Beta-tubulin was used as internal reference control.
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B. Validation of the resistance of MCF-7 Bcl-xL and MCF-7 Bcl-2 cells to TNF-a-induced

cytotoxicity

TNF-a was able to induce cell death by mechanisms that are typical for apoptotic processes
in MCF-7 Vector cells while MCF-7 Bcl-xL and MCF-7 Bcl-2 cells were resistant to it [288].
Here, MTT assay was performed after treating MCF-7 Vector, MCF-7 Bcl-xL and MCF-7 Bcl-2
cells with 1.2 nM of TNF-a for 24 and 48 hours. At 24h, the viability of MCF-7 Vector cells was
reduced very significantly to reach 82% compared to untreated control while MCF-7 Bcl-xL and
MCF-7 Bcl-2 cells displayed 92% and 90% of viability, respectively. At 48h, the effect of TNF-
a on MCF-7 Vector cell viability was more prominent where it was reduced to around 40% with
extreme significance while MCF-7 Bcl-xL and MCF-7 Bcl-2 were still 86% and 76% viable,

respectively, with a minimal significant decrease in both cell lines (Figure 15).

These results confirm that MCF-7 Bcl-xL and MCF-7 Bcl-2 are resistant to the cytotoxicity
induced by TNF-a. Furthermore, a slight selectivity to TNF-a on the viability is observed in

MCEF-7 Bcl-2 compared to MCF-7 Bcl-xL.

71



120% -

100% -
% %k

80% -

60% -

K %k %k

40% - I
20% -

0%

Control 1.2 nM TNF-a

— %
*
*

% of Viablity

*
* %
I
H 24h
48h

Control 1.2nMTNF-a| Control 1.2nM TNF-a

MCF-7 Vector MCF-7 Bcl-xL MCF-7 Bcl-2

Figure 15. Evaluation of TNF-a induced cytotoxicity in MCF-7 Vector, MCF-7 Bcl-xL, and
MCF-7 Bcl-2. Figure representing the percentage of the cell viability in TNF-a-treated cells and
untreated controls. Cell viability was analyzed by MTT and optical density (OD) was measured
at 595 nm. Values are represented by the ratio of OD of treated cells over untreated cells. Each
column represents the mean + S.D. of three independent experiments done in triplicates.
Differences were considered significant when p value <0.05, (*, p < 0.05; **, p <0.01; ***, p <

0.001).

C. Effect of Bcl-xL and Bcl-2 overexpression in MCF-7 cells on the transcription of de
novo and salvage ceramide metabolic enzymes in response to TNF-a
Ceramide accumulation in response to TNF-a was previously studied in MCF-7 Vector,
MCF-7 Bcl-xL, and MCF-7 Bcl-2 and showed that Bcl-xL acts upstream while Bcl-2 acts
downstream of ceramide [288]. In this section, we investigated the interference of Bcl-xL and

Bcl-2 with the de novo pathway of ceramide synthesis in response to TNF-a. MCF-7 Vector,
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MCF-7 Bcl-xL, and MCF-7 Bcl-2 cells were treated with 1.2 nM of TNF-a for 8 hours followed
by analyzing the mRNA expression of DEGSL1, the enzyme catalyzing the last step of the de
novo pathway, and of ceramide synthases including CerS2, CerS4, and CerS6 by gRT-PCR. This
time point was previously shown to precede ceramide accumulation in these cell lines [288]. The
MRNA expression of DEGS1 in MCF-7 Bcl-xL was significantly downregulated by 60% upon
TNF-a treatment compared to the untreated control (Figure 16). In contrast, MCF-7 Bcl-2 did
not show a significant change in DEGS1 mRNA expression in response to TNF-a compared to
the untreated control. While CerS2 and CerS6 mRNA did not show a significant change in either
of the cell lines, CerS4 mRNA expression was significantly reduced in MCF-7 Bcl-xL by 16%
and not in MCF-7 Bcl-2 (Figure 16). These results suggest that the overexpression of Bcl-xL in
MCEF-7 cells reduces the mRNA expression of DEGS1 and CerS4 that play a role in de novo
ceramide synthesis pathway which might be contributing for their resistance to TNF-a while the
overexpression of Bcl-2 displayed TNF-a resistance independently of any transcriptional

regulation of these enzymes at 8h.

We also investigated the involvement of the salvage pathway in promoting resistance of Bcl-2
or Bcl-xL to TNF-a in MCF-7 cells. SphK1 mRNA expression was studied following TNF-a
treatment for 8h but did not show any significant change in all three cell lines (Figure 17). This
result indicates that Bcl-2 and Bcl-xL do not interfere with the transcriptional regulation of

SphK1, enzyme of the salvage pathway, upon exposure to TNF-a.
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MRNA expression was analyzed by gRT-PCR in MCF-7 Vector, MCF-7 Bcl-xL, and MCF-7

Bcl-2 cells following 8h of treatment with 1.2 nM of TNF-a. Values were normalized to the

expression of g-actin. Values are represented by the fold change of treated cells over untreated

cells. Each column represents the average of two independent experiments + S.D done in

duplicates. Differences were considered significant when p value <0.05, (*, p < 0.05; **, p <

0.01; ***, p < 0.001).
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Figure 17. Evaluation of Bcl-xL and Bcl-2 effect on the mRNA expression of SphK1, an enzyme
of the salvage metabolic pathway of ceramide, in MCF-7 cells in response to TNF-a. SphK1
MRNA expression was analyzed by gRT-PCR in MCF-7 Vector, MCF-7 Bcl-xL, and MCF-7
Bcl-2 cells following 8h of treatment with 1.2 nM of TNF-a. Values were normalized to the
expression of S-actin. Values are represented by the fold change of treated cells over untreated
cells. Each column represents the average of two independent experiments £ S.D done in
duplicates. Differences were considered significant when p value <0.05, (*, p < 0.05; **, p <

0.01; *** p < 0.001).

D. Effect of SphK1 inhibition on the viability of MCF-7 cells overexpressing Bcl-2 or Bcl-
XL in response to TNF-a
Given the previously discussed role of SphK1 and S1P in promoting cell survival, we

inhibited SphK1, an enzyme of the salvage metabolic pathway of ceramide, by SK1-I to
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investigate whether it will re-sensitize resistant cells to TNF-a. MCF-7 Vector, MCF-7 Bcl-xL,
and MCF-7 Bcl-2 cells were treated with a combination of SK1-I (5 uM) and TNF-a (1.2 nM)
for 24h and 48h. Cell viability, analyzed by MTT, showed no effect of SK1-1 in all of the three
cell lines at 24h and 48h on TNF-a response (Figure 18). These results demonstrate that SphK1

did not contribute to the resistance mediated by Bcl-2 or Bcl-xL in MCF-7 cells in response to

TNF-a.
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Figure 18. Evaluation of SK1-1 effect on the response of MCF-7 Vector, MCF-7 Bcl-xL, and
MCF-7 Bcl-2 cells to TNF-a. Cell viability was analyzed by MTT and optical density (OD) was
measured at 595 nm. Values are represented by the fold change of OD of SK1-I-treated cells (5
uM) over OD of DMSO-treated cells at 24 and 48 hours. The comparison in cell viability was
done in absence of TNF-a (control) or in the presence of 1.2 nM TNF-a. Each column represents

the mean + S.D. of the ratios calculated from two independent experiments done triplicates.
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Differences were considered significant when p value <0.05 (*, p < 0.05; **, p < 0.01; ***, p <

0.001).

E. Effect of enhancing de novo synthesis of ceramide and of DEGSL1 inhibition by 4-HPR
on the viability of MCF-7 cells overexpressing Bcl-2 or Bcl-xL in response to TNF-a
4-HPR has been previously shown to enhance the de novo synthesis pathway of ceramide and

to inhibit DEGS1 activity, the terminal enzyme of this pathway, thereby accumulating

dihydroceramide rather than ceramide [322, 323]. In order to study the potential role of DEGS1

and hence the de novo ceramide synthesis in response to TNF-a, cells were treated with a

combination of 4-HPR (10 uM) and TNF-a (1.2 nM) for 24h and 48h. Cell viability analyzed by

MTT showed no effect for 4-HPR in MCF-7 Vector, MCF-7 Bcl-xL, and MCF-7 Bcl-2 cells in

the first 24h of TNF-a treatment. However, at 48h 4-HPR partially inhibited TNF-a-induced cell

death in MCF-7 Vector, where cell viability was 74% upon TNF-a treatment compared to 68%

for the control (Figure 19). Further, 4-HPR did not show any cytotoxic or survival effect in

MCEF-7 Bcl-xL and MCF-7 Bcl-2 cells.

These results suggest that 4-HPR might be partially blocking cell death in MCF-7 Vector
cells in response to TNF-a by interfering with proper de novo ceramide accumulation and this
inhibition does not have an influence on the viability of MCF-7 Bcl-xL and MCF-7 Bcl-2 cells in

which ceramide accumulation is already known to be inhibited [288].

Next, we examined whether the inhibition of de novo ceramide accumulation by 4-HPR
might be compensated by other ceramide synthesis pathway and hence sensitize the cells to

TNF-a. Therefore, MCF-7 Vector, MCF-7 Bcl-xL, and MCF-7 Bcl-2 cells were treated with a

77



combination of 4-HPR (10 uM), SK1-I (5 uM), and TNF-a (1.2 nM). The addition of SK1-1 was
aimed to prevent any further metabolism of ceramide generated by other pathways other than the
de novo pathway, into the anti-apoptotic S1P. As shown in (Figure 20), MTT assay indicated
that inhibiting DEGS1 and SphK1 did not demonstrate any effect on the viability of all three cell
lines at 24h and 48h. Therefore, blocking the de novo synthesis pathway at the level of DEGS1
by 4-HPR results in a decrease in the mortality of MCF-7 cells which supports a role of the de

novo synthesis in mediating TNF-a induced cell death.
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Figure 19. Evaluation of 4-HPR effect on the response of MCF-7 Vector, MCF-7 Bcl-xL, and
MCF-7 Bcl-2 to TNF-a. Cell viability was analyzed by MTT and optical density (OD) was
measured at 595 nm. Values are represented by the fold change of OD of 4-HPR-treated cells
(10uM) over OD of DMSO-treated cells at 24 and 48 hours. The comparison in cell viability was

done in absence of TNF-a (control) or in the presence of 1.2 nM TNF-a. Each column represents
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the mean + S.D. of the ratios calculated from two independent experiments done in triplicates.

Differences were considered significant when p value <0.05, (*, p <0.05; **, p <0.01; ***, p <

0.001).
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Figure 20. Evaluation of 4-HPR and SK1-I effect on the response of MCF-7 Vector, MCF-7
Bcl-xL, and MCF-7 Bcl-2 cells to TNF-a. Cell viability was analyzed by MTT and optical
density (OD) was measured at 595 nm. Values are represented by the fold change of OD of 4-

HPR (10 uM) + SK-1 1 (5 uM)-treated cells over OD of DMSO-treated cells at 24 and 48 hours.
The comparison in cell viability was done in absence of TNF-a (control) or in the presence of 1.2
nM TNF-a. Each column represents the mean = S.D. of the ratios calculated from two
independent experiments done in triplicates. Differences were considered significant when p

value <0.05, (*, p <0.05; **, p <0.01; ***, p <0.001).
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F. Effect of ST1926 on the viability and PARP-1 cleavage in MCF-7 cells overexpressing

Bcl-2 or Bel-xL in response to TNF-a.

Previous research examined the effect of ST1926 on the de novo ceramide synthesis pathway
and showed that it was activated leading to the accumulation of ceramide without inhibiting
DEGS1 [325]. Therefore, we aimed to re-sensitize MCF-7 Bcl-xL, and MCF-7 Bcl-2 cells to
TNF-a by pre-treatment with the synthetic retinoid ST1926. MCF-7 Vector, MCF-7 Bcl-xL, and
MCEF-7 Bcl-2 cells were treated with a combination of ST1926 (112.5 nM) and TNF-a (1.2 nM)
for 48h. Results analyzed by MTT showed a synergistic activity between TNF-a and ST1926 on
MCF-7 Vector cells with a significant 10% decrease in viability compared to the untreated
control (Figure 21). Similarly, pre-treatment with ST1926 significantly sensitized MCF-7 Bcl-
XL to TNF-a by decreasing the viability by 10% relative to the untreated control. However,

MCEF-7 Bcl-2 displayed resistance to sensitization by this retinoid treatment (Figure 21).

We next attempted to study PARP cleavage, a hallmark of apoptosis, in MCF-7 Vector,
MCF-7 Bcl-xL, and MCF-7 Bcl-2 cells in the presence or absence of ST1926 and TNF-a at two
time points (24h and 48h). Western blot analysis revealed prominent PARP-1 cleavage in MCF-7
Vector treated with TNF-o at 24h and 48h where it was significantly increased with difference
changes 1.02 and 34.09, respectively compared to DMSO control. No significant change was
detected in MCF-7 Bcl-xL and MCF-7 Bcl-2 cells at 24h; however, at 48h, only MCF-7 Bcl-xL
displayed a minimal but significant increase in PARP-1 cleavage with a difference change 5.35

compared to DMSO control but lower than that observed in MCF-7 Vector cells (Figure 22).

These data confirm that MCF-7 Bcl-xL and MCF-7 Bcl-2, in contrast to MCF-7 Vector, cells
are resistant to TNF-a induced PARP cleavage, which is considered as a hallmark of apoptosis

[67].
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However, the expression of cleaved PARP-1 was significantly increased with a difference
change 174.67 in ST1926 pre-treated MCF-7-Vector at 24h combined to TNF-a treatment
compared to ST1926 only. This increase was highly significant at 48h with a difference change
47.91. Cleaved PARP-1 expression was slightly higher in treatment with both TNF-a and
ST1926 compared to TNF-a-only. Importantly, PARP-1 was not cleaved in MCF-7 Vector cells

upon treatment with ST1926 alone.

More interestingly, an enhanced expression of cleaved PARP-1 was also significantly
recorded in ST1926 pre-treated MCF-7 Bcl-xL cells at 48h combined with TNF-a treatment and
displayed a difference change around 7.16 upregulation compared to ST1926 only. Cleaved
PARP-1 was slightly higher in treatment with both TNF-a and ST1926 compared to TNF-a only
(Figure 22). The latter result needs to be confirmed to show significance, but it was
accompanied by a decrease in cell viability in MTT as shown earlier. However, MCF-7 Bcl-2

cells were shown to be resistant to ST1926 at both time points.

These results suggest that the retinoid ST1926 in response to TNF-a was able to slightly
induce apoptosis in MCF-7 cells overexpressing Bcl-xL and not in MCF-7 cells overexpressing

Bcl-2.
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Figure 21. Evaluation of ST1926 effect on the response of MCF-7 Vector, MCF-7 Bcl-xL, and
MCF-7 Bcl-2 cells to TNF-a. Cell viability was analyzed by MTT and optical density (OD) was
measured at 595 nm. Values are represented by the fold change of OD of ST1926 (112.5 nM)-
treated cells over OD of DMSO-treated cells at 48 hours. The comparison in cell viability was
done in absence of TNF-a (control) or in the presence of 1.2 nM TNF-a. Each column represents
the mean + S.D. of the ratios calculated from three independent experiments done in triplicates.
Differences were considered significant when p value <0.05, (*, p < 0.05; **, p <0.01; ***, p <

0.001).
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Figure 22. Western blot analysis illustrating the effect of TNF-a or/and of ST1926 on the protein
expression of cleaved PARP-1 in MCF-7 Vector, MCF-7 Bcl-xL, and MCF-7 Bcl-2 cells. Cells
were treated with ST1926 (112.5 nM) or/and TNF-a (1.2 nM) for 24h and 48h, while the control
was DMSO. Bands were quantified using ImageJ software. Values are represented by the ratio of
cleaved PARP-1/ Total PARP-1. GAPDH expression was used as reference control. Each
column represents the mean + S.D. of two independent experiments. Differences were

considered significant when p value <0.05, (*, p < 0.05; **, p < 0.01; ***, p <0.001).

G. Effect of ST1926 on p53 expression in MCF-7 cells overexpressing Bcl-2 or Bcl-xL in
response to TNF-a
p53 was previosuly illustrated to mediate anti-mitogenic role of TNF-a [342]. In this
section, we aimed to study the status of p53 in TNF-a response, and the interference of
ST1926 on its expression in the three MCF-7 cell lines. Western blot analysis was performed
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and showed no significant change in p53 protein expression upon TNF-a treatment at 24h in
all of the three cell lines (Figure 23). However, MCF-7 Vector cells displayed a significant
upregulation with 6.22 difference change in p53 protein expression upon TNF-a treatment at
48h compared to DMSO, while MCF-7 Bcl-xL cells did not show a significant change.
However, p53 protein expression in TNF-a treated MCF-7 Bcl-2 cells was significantly

increased by 15.43 difference change compared to the DMSO (Figure 23).

This result can suggest that the increase in the protein expression of p53 upon TNF-a
treatment in MCF-7 Bcl-2 may play a role in the slight decrease in viability of these cells
which might not be related to apoptosis (absence of PARP cleavage) and might be due to cell

cycle arrest. This was not observed in the case of MCF-7 Bcl-xL.

Interestingly, pre-treatment with retinoid did not affect the expression of p53 in all of the
three cell lines at 24h and 48h, which demonstrates that ST1926 effect is not likely to be

mediated through p53.
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Figure 23. Western blot analysis illustrating the effect of TNF-a or/and ST1926 on p53 protein
expression in MCF-7 Vector, MCF-7 Bcl-xL, and MCF-7 Bcl-2. Cells were treated with ST1926
(112.5 nM) or/and TNF-a (1.2 nM) for 24h and 48h, while the control was DMSO. Bands were
quantified using ImageJ software. GAPDH expression was used as reference control. Values are
represented by the ratio of p53/GAPDH. Each column represents the mean + S.D. of two
independent experiments. Differences were considered significant when p value <0.05, (*, p <

0.05; **, p < 0.01; *** p < 0.001).
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CHAPTER V

DISCUSSION

Several challenges are still being faced in the treatment of breast cancer, the world’s most
prevalent cancer in women and its resistance to drugs has been associated with the upregulation
in the expression of Bcl-2 and Bcl-xL in several models [113, 114, 116, 118, 124-128].
Understanding how they mediate their resistance remains crucial to find alternative therapeutic
approaches. Their overexpression was shown to render cells resistant to TNF-a-induced
apoptosis. Thus, the interaction of Bcl-2 and Bcl-xL with apoptotic ceramide was previously
studied in response to TNF-a in MCF-7 breast cancer cell line. Although they were shown by
previous literature to interfere with ceramide generation following TNF-a treatment in MCF-7
cells [288, 289], disclosing regulatory mechanisms controlling this interaction remains to be

essential.

The de novo ceramide synthesis pathway was found to be one of the mechanisms by
which it mediates TNF-ao induced cell death in MCF-7 cells [172, 242]. In this study, we aim to
characterize the involvement of Bcl-xL and Bcl-2 with de novo ceramide synthesis and with

ceramide catabolism pathways in MCF-7 breast cancer cell line upon treatment with TNF-a.

We first demonstrated that MCF-7 cells overexpressing Bcl-xL and Bcl-2 are resistant to
TNF-a-induced cytotoxicity associated with a minimal decrease in cell viability in both cell
lines. While only 20% reduction in cell viability was achieved in MCF-7 Vector cells at 24h, a
more prominent and highly significant decrease of 60% was recorded at 48h, with slightly higher

selectivity to TNF-a on the viability of MCF-7 Bcl-2 cells compared to MCF-7 Bcl-xL which is
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consistent with the previous study conducted by El-Assaad et al. [288]. In fact, the
overexpression of Bcl-2 and Bcl-xL was shown to display an inhibitory effect against TNF-a-
induced cell death in several cellular models [87, 88, 288, 339-341]. TNF-a has been shown to
induce cell death in the MCF-7 breast carcinoma cell line by molecular and morphological
mechanisms that are typical of apoptotic processes [288, 289, 343] that can be blocked by the
overexpression of Bcl-2 and Bcl-xL [288]. TNF-a mediates its effects through TNFR1, which
activates a signaling cascade involving caspase-8 resulting in Bid cleavage and BAX activation
to mediate apoptosis by cytochrome c release from the mitochondria followed by effector
caspases induction [344-346]. In this regard, it has been demonstrated that the fate of cell is
influenced by the interaction of anti-apoptotic Bcl-2 family members (e.g. Bcl-2 and Bcl-xL)
with the pro-apoptotic ones (e.g BAX and BAK). The ratio of Bcl-2/BAX and the interaction of
Bcl-xL with BAX have been particularly important in dictating resistance to anti-apoptotic

stimulus [347, 348].

Ceramide mediates extrinsic apoptotic processes in response to TNF-a, [170-174] and FAS
[175-177]. The resistance of Bcl-2 and Bcl-xL to TNF-a induced cell death in relation with
ceramide accumulation in MCF-7 cell line has been previously studied [288]. Although, both
anti-apoptotic proteins display resistance to TNF-a, they appeared to interfere differently with
ceramide generation. In this study, we investigated the interference of Bcl-xL and Bcl-2 with
ceramide metabolic pathways. Since ceramide was shown to start accumulating at around 12h in
MCEF-7 cells following TNF-a treatment [288], we investigated the effect of Bcl-2 and Bcl-xL on
the transcription of de novo enzymes (DEGS1, CerS2, CerS4, and CerS6) of ceramide synthesis
pathway at 8h (that is before early ceramide accumulation). MCF-7 Vector cells did not display a

significant increase in the mMRNA expression of DEGS1, and in that of the indicated CerSs after
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8h of TNF-a (1.2 nM) treatment. This might be explained by the inability of cyclohexamide to
affect ceramide generation upon TNF-a treatment of MCF-7 cells, and hence was not dependent
on new protein synthesis but on enzyme activation as studied previously [289]. However, we
showed that the overexpression of Bcl-xL in MCF-7 cells was able to downregulate the mRNA
expression of DEGS1 while no significant downregulation was detected in MCF-7 Bcl-2 cells.
This enzyme has been illustrated to be a molecular target of 4-HPR [322], however, 4-HPR
enhances the de novo pathway through the upregulation of SPT and/or CerSs and accumulating
dihydroceramide rather than ceramide [323]. In this regard, we treated the three MCF-7 cellular
models with a combination of 4-HPR and TNF-a. Interestingly, 4-HPR pre-treated MCF-7
Vector cells were resistant against TNF-a by inhibiting de novo accumulation of ceramide while
no effect was recorded in MCF-7 Bcl-xL cells probably due to already downregulated mRNA
expression of DEGS1 and due to prior inhibition of ceramide accumulation in these cells. We
also investigated whether the inhibition of de novo ceramide accumulation by 4-HPR might be
compensated by another ceramide synthesis pathway and hence sensitize the cells to TNF-a.
However, this hypothesis was not validated, since the pre-treatment with a combination of 4-
HPR and SK1-I did not have any effect on TNF-a response in all three cell lines. 4-HPR, in fact,
was shown to promote the polyubiquitination of DEGS1, and when these forms predominate
prosurvival pathways might get activated accompanied by accumulation of dihydroceramide
[349, 350]. It has also been reported that DEGS1 knockout in embryonic cells displayed an
accumulation of dihydroceramide accompanied by a protective effect against etoposide which is
a chemotherapeutic agent and an inducer of sphingolipid synthesis [351]. While dihydroceramide
has been generally described as ineffective or biologically inert [170, 257, 258], several reports

have implicated it in several physiological processes, such as hypoxia [223, 224, 259], cell
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proliferation [260, 261], autophagy [261-263], and in its ability to prevent mitochondrial
ceramide channel formation [264]. One important question has emanated from this finding: is it
the accumulation of dihydroceramide or the downregulation of ceramide contributing to the 4-
HPR inhibitory effect against TNF-a in MCF-7 Vector cells? The decrease in ceramide
accumulation can be confirmed by Liquid chromatography—mass spectrometry (LC-MS) and we
can determine if the survival effect is related to dihydroceramide or not by pre-treating the cells
with dihydroceramide before TNF-a which is something we aim to study in the future. The
interference of Bcl-xL with the de novo pathway has been further investigated by analyzing its
effect on the transcription of CerS2, CerS4, and CerS6 after 8h of TNF-a treatment.
Furthermore, MCF-7 Bcl-xL displayed a downregulation in the mRNA expression of CerS4 only
while the mRNA expression of CerS2 and CerS6 was not affected. CerS2 and CerS4 preferably
synthesize C20-C26 Cer and C18-C20 Cer, respectively while CerS6 is specific for C14- and
C16- Cer [230]. It has been previously demonstrated that the overexpression of CerS4 and CerS6
promoted the inhibition of cell proliferation and induction of apoptosis in MCF-7 cells while
CerS2 showed a pro-growth effect [352]. In addition, their overexpression was accompanied by
the accumulation of their corresponding ceramide species C18-20:0-Cer and C16:0-Cer for
CerS4 and CerS6, respectively. Further, a high expression of ceramide synthases (CerS2/4/6),
associated with increased levels of C16:0-Cer, C24:1-Cer and C24:0-Cer, was reported in
malignant tissues compared to normal ones [256]. More importantly, C16 and C18 were found to
be the first ceramide species to accumulate in the first stages of apoptosis in other studies [353,
354] while C24-Cer were predominantly induced in later stages [354]. While ceramide synthases
also contribute to ceramide turnover from the salvage pathway, the downregulation in the

transcription of CerS4, in addition to DEGSL1, can further support the involvement of Bcl-xL
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with the de novo pathway of ceramide that might be contributing to the resistance of MCF-7 Bcl-
xL cells to TNF-a.

In contrast to Bcl-xL, Bcl-2 did not show any interference with the transcription of DEGS1
and ceramide synthases (CerS2-4-6) at 8h. This is consistent with the previous study where Bcl-2
was shown to inhibit ceramide-induced death, but not ceramide generation particularly at early
time points [288, 289, 291]. These findings, however, oppose other conflicting studies stating
that Bcl-2 prevents both ceramide accumulation and ceramide-induced cell death probably due to
the involvement of different stimuli signaling in different cell lines [187, 293, 294]. In response
to TNF-a, Bcl-2 overexpression protected MCF-7 cells from ceramide-induced apoptosis, and
inhibition of ceramide accumulation was only observed at late time points (24h) while Bcl-xL
prevented a sustainable ceramide accumulation and did not protect from ceramide-induced
apoptosis [288, 289]. Further, this has led to the conclusion that Bcl-xL acts upstream of
ceramide accumulation while Bcl-2 function at a downstream target; The higher selectivity of
TNF-a in cells overexpressing Bel-2 compared to Bel-xL was compatible with the inability of
Bcl-2 to completely inhibit caspase-8 which is believed to function at the apex of TNF-a
response [288]. In addition, 4-HPR pre-treated MCF-7 Bcl-2 cells did not show any effect on its
cell viability which might be explained by either inability of Bcl-2 to interfere with the de novo
ceramide accumulation or by its late inhibitory effect on ceramide accumulation as previously
shown in [288].

Given the role of SphK1/S1P in promoting resistance to stress agents in several cancers
[335], we also investigated the involvement of SphK1 in promoting TNF-a resistance in MCF-7
Bcl-xL and MCF-7 Bcl-2 cells and we did not detect any significant effect on the transcriptional

level of this enzyme in both MCF-7 models. Since the site of regulation might not be involving
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the MRNA level, we pre-treated MCF-7 Bcl-xL and MCF-7 Bcl-2 with a selective inhibitor for
SphK1 (SK1-1) to analyze whether it will be able to resensitize them to TNF-a-induced cell
cytotoxicity. Consistent with the results at the transcriptional level of SphK1, no effect was
detected in all three cell lines after SphK1 inhibition. This may suggest that the salvage pathway
is unlikely to contribute to the insensitivity of MCF-7 Bcl-xL and MCF-7 Bcl-2 to TNF-o.

We later aimed to re-sensitize resistant cells to TNF-a by pre-treating them with ST1926
synthetic retinoid. While we already showed that the mRNA expression of some enzymes of de
novo pathway were downregulated in MCF-7 Bcl-xL in response to TNF-a, we hypothesized
that ST1926 might re-sensitize the cells to TNF-a by reactivating this pathway. Interestingly,
ST1926 pre-treated MCF-7 Vector cells displayed a synergistic activity with TNF-a. at 48h.
Similarly, ST1926 was significantly able to re-sensitize MCF-7 Bcl-xL cells to TNF-a after 48h
by 10%. We later analyzed PARP cleavage, a hallmark of apoptosis [67], in response to TNF-a
alone or with a combination of TNF-o + ST1926 at 24h and 48h. Significant PARP-1 cleavage
was recorded at 24h and 48h in MCF-7 Vector cells upon TNF-a treatment. While MCF-7 Bcl-2
displayed nearly total inhibition of PARP-1 cleavage, a slight significant increase was recorded
in MCF-7 Bcl-xL at 48h but was still minimal compared to MCF-7 Vector. PARP cleavage
further confirms the effect of TNF-a in activating the apoptotic mode of cell death, as also shown
in previous studies [288, 289, 343], while the MCF-7 cells overexpressing Bcl-2 and Bcl-xL
were resistant to it [288, 289]. Interestingly, ST1926 treatment did not display a cytotoxic
activity on cells or an effect on PARP-1 cleavage. However, ST1926-pre-treated MCF-7 Vector
cells displayed a significant PARP-1 cleavage in response to TNF-a. at 24h, and highly
significant cleavage at 48h compared to ST1926-control. This increase was even higher than the

expression level of cleaved PARP-1 by TNF-a alone. While no significant PARP-1 cleavage was
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recorded in MCF-7 Bcl-xL cells at 24h, pre-treatment with ST1926 displayed a significant
synergistic activity with TNF-a on PARP cleavage compared to the ST1926-control at 48h, and,
similar to MCF-7 Vector, this increase was higher than in those treated with TNF-a. Although
these latter results need to be confirmed to show significance in comparison with TNF-a-treated
cells, this enhanced PARP-1 cleavage was accompanied by a significant decrease in cell viability
in MCF-7 Vector and MCF-7 Bcl-xL cells. In fact, ST1926 was previously shown to sensitize
ATL resistant leukemia cells by restoring the de novo ceramide synthesis pathway by the
upregulation of ceramide synthases without inhibiting DEGS1, unlike 4-HPR [325]. We cannot,
however, conclude the re-activation of the de novo synthesis pathway in cells overexpressing
Bcl-xL unless we treat the cells with [*H]-palmitic acid and quantify its signals through its
accumulation in ceramide lipids in response to TNF-a + ST1926. MCF-7 Bcl-2 cells, however,
displayed resistance towards PARP-1 cleavage at both 24h and 48h when pre-treated with
ST1926 which was compatible with our MTT results. These findings were consistent with the
fact that Molt-4 cells overexpressing Bcl-2 were resistant to ST1926 growth inhibitory effect and
ceramide accumulation through the de novo pathway [325]. Hence, the resistance of Bcl-2 to
ST1926 can be explained by the fact that Bcl-2 is downstream of ceramide, but further research
is needed to confirm this.

We further investigated TNF-a and TNF-a + ST1926 effect on the protein expression of p53
using western blot. All three cell lines did not show a significant increase in the levels of p53 at
24h and 48h when they were treated with a combination of TNF-a and ST1926. This can be
supported by the fact that several studies have elucidated that the growth inhibitory function of
ST1926 to be independent of the status of p53 in several cell lines [329, 355]. Interestingly,

MCF-7 Vector has shown a significant upregulation of p53 protein at 48h upon TNF-a treatment
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while MCF-7 Bcl-xL did not show a significant increase. Similar to other studies, TNF-a was
found to mediate its growth inhibitory or apoptotic effect through p53 in MCF-7, LNCaP human
prostatic carcinoma cell line, and HT29 colorectal cancer cell line and human glioma cell lines
[173, 342, 356, 357]. In other systems, however, TNF-o was able to induce growth suppression
in mechanisms that are independent of p53, such as through ceramide induction [209]. Moreover,
multiple studies have revealed that ceramide induction can be downstream, upstream or even
independent of p53 in several cellular models under different types of stimuli [210]. While we
did not conclude the dependency of ceramide accumulation on p53 in response to TNF-a, the
overexpression of Bcl-xL, which was previously shown to interfere with ceramide accumulation,
did not show a significant change in the levels of p53 upon TNF-a treatment. Thus, it might be
possible that ceramide accumulation is dependent on p53 in our model, and Bcl-xL is interfering
with its expression, but this must be confirmed in future studies. Interestingly, the overexpression
of Bcl-xL in some cell lines, such that in the case of squamous carcinoma, promoted multi-drug
resistance in cells with wild type p53, while this resistance was not correlated with Bcl-2 [358].
Consistently with this, a significant increase in p53 was recorded in our study in MCF-7 Bcl-2 in
response to TNF-a. Further, several studies have described the function of Bcl-2 in inhibiting
p53-dependent apoptosis but not cell cycle arrest, so that Bcl-2 functions downstream of p53
[359, 360]. While Bcl-2 displayed nearly complete inhibition of PARP-1 cleavage in response to
TNF-a in our study, we raise the possibility that the increase in p53 expression in MCF-7 Bcl-2

cells may induce growth arrest instead of apoptosis in response to TNF-a.
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CHAPTER VI

CONCLUSION AND PERSPECTIVES

Bcl-2 and Bcl-xL are two anti-apoptotic proteins that are associated with drug resistance in
cancer therapy and particularly in breast cancer [361]. Thus, understanding their signaling
mechanisms remains essential to discover new therapeutic targets and approaches. In this study,
we characterized the involvement of Bcl-xL and Bcl-2 with the de novo ceramide synthesis
pathway using two synthetic retinoids 4-HPR and ST1926 in TNF-a response in MCF-7 breast
cancer cell line, and illustrated their different function and targets which might play a role in
their resistance or susceptibility to TNF-a. However, further research is needed to confirm our
conclusions.

Based on these results and the limitations that we faced, in the future perspectives we aim to:

= Perform sphingolipid profiling for the studied MCF-7 cells upon TNF-a treatment through
LC-MS to indicate which ceramide metabolites mediate the apoptotic response or more likely
to contribute to the resistance or sensitivity to TNF-a response.

= Confirm the apoptotic response of MCF-7 cells upon TNF-a treatment through Annexin V-
PI.

= |nvestigate the transcriptional regulation of de novo enzymes of ceramide synthesis pathway
at late time points (16h, 18h, and 20h), especially in MCF-7 Bcl-2 cells, due to the ability of
Bcl-2 to slightly inhibit ceramide accumulation at around 24h in the previous study [288].

= Determine the change in the protein expression of CerS2/4/6 and DEGS1 in response to

TNF-a in the different MCF-7 cellular models by western blot.
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Confirm whether the accumulation of dihydroceramide or the downregulation of ceramide is
contributing to the inhibitory effect of 4-HPR against TNF-a response in MCF-7 Vector.
This can further be explained by studying the effect of dihydroceramide treatment on the
viability of the cells prior to the exposure to TNF-a.

Confirm the increase in the expression of cleaved PARP-1 with ST1926 + TNF-o in MCF-7
Vector and MCF-7 Bcl-xL in comparison to TNF-a.

Confirm the ability of ST1926 to restore the de novo synthesis pathway of ceramide in TNF-
o resistant MCF-7 Bcl-xL by pre-treating the cells with [*H]-palmitic acid and track its signal
through the accumulation of ceramide.

Study whether ST1926 is able to re-induce caspase-8 cleavage in TNF-a response which was
proven to be completely inhibited in MCF-7 Bcl-xL, being correlated with its resistance to
TNF-a [288].

Study p53 role in TNF-a induced ceramide accumulation, and cell cycle arrest upon TNF-a
treatment especially to investigate the upregulation of p53 in MCF-7 Bcl-2.

Characterize the effect of Bcl-xL and Bcl-2 on nSMase activation pathway in MCF-7 cells in

response to TNF-a.
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