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Mohamed Alalem

Dr. Bimal Ray, Dissertation Supervisor

ABSTRACT

Breast cancer is a heterogeneous disease with a huge impact on the community

evident from its high indices of morbidity and mortality worldwide. In recent years,

research has been extensively directed toward unravelling the molecular basis of the

pathogenesis in different molecular subtypes of breast cancer. Better understanding of the

different breast cancer cells and the subsequent improvement of diagnostic and therapeutic

modalities of the disease resulted in a promising decline in its morbidity and mortality.

In addition to surgery, radiotherapy, and conventional chemotherapy, treatment of

breast cancer, nowadays, involves more targeted therapeutic options. Treatment options of

breast cancer are determined mainly by the tumor stage and molecular subtypes of the

tumor cells. Invasive potentials of a tumor involve also its ability to recruit blood supply

through a process known as angiogenesis.

Angiogenesis is an intricate process mediated by the interaction of many players

including the tumor cells and stroma as well as the endothelial cells in adjacent blood

vessels. Vascular endothelial growth factor (VEGF) is one of the main proangiogenic

molecules secreted by breast cancer cells to promote angiogenesis through binding to the
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vascular endothelial growth factor receptors (VEGFR) on target cells. Although

angiogenesis is a hallmark of invasive solid tumors, it is also required in some normal

physiological conditions. Targeting angiogenesis indiscriminately imposes a huge risk of

enormous adverse effects.  Therefore, the goal of research today is to explore potential

mechanisms to counteract angiogenesis selectively in the tumor cells.

Secretion of VEGF by breast cancer cells is activated by several stimuli including

hypoxia, metabolic stress and inflammatory conditions. Hypoxia is one of the main drivers

for both physiological and pathological angiogenesis. Hypoxia induces VEGF expression

in hypoxic cells through the action of hypoxia inducible factor-1 (HIF-1). However,

evidence indicates that breast cancer cells are capable of secreting VEGF at early stages

before hypoxia ensues in the tumor mass. Evidence shows also that breast cancer cells

secrete VEGF even under normoxic conditions, which suggests that VEGF expression in

breast cancer, particularly at early stages, is mediated by a mechanism(s) other than

hypoxia. The goal of our research is to investigate some of these potential mechanism(s).

Unravelling these mechanism(s) could pave the road for potentially novel therapeutic

modalities in the treatment of breast cancer.

Previous work in our lab has identified a role of serum amyloid activating factor-1

(SAF-1), a transcription factor, in overexpression of VEGF in some breast cancer cells.

Here, we report that the SAF-1-mediated VEGF expression in breast cancer cells is

repressed by Krüppel like factor-4 (KLF-4) transcription factor. Our findings suggest also

that KLF-4 is potentially involved in the repression of the VEGF expression in a SAF-1-
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independent manner. We found that the level of KLF-4 is lower in breast cancer cells

compared to normal breast cells. Therefore, we further investigated possible mechanism(s)

for upregulation of KLF-4 or downregulation of SAF-1 in breast cancer cells to curtail

VEGF expression and counteract angiogenesis and thence progression of breast cancer.

There is evidence in literature that inhibition of a serine-threonine kinase called

mammalian target of rapamycin (mTOR) exerts antiproliferative effect in vascular smooth

muscle cells (VSMC). Evidence showed that the effect of mTOR inhibition on VSMC is

mediated by upregulation of KLF-4 through a yet unknown mechanism. Thus, we have

explored a potential role of mTOR inhibition in upregulation of KLF-4 in breast cancer

cells and inhibition of VEGF expression.

VEGF secreted by breast cancer cells not only stimulates proliferation and

migration of the endothelial cells, but also promotes proliferation and migration of the

secreting breast cancer cells themselves. Mounting evidence substantiates the beneficial

role of mTOR inhibition in breast cancer. Our results show a novel mechanism of

upregulating KLF-4 and inhibition of VEGF expression in breast cancer cells through

inhibition of mTOR. Nonetheless, we noted that the effects of mTOR inhibition on breast

cancer cells, including upregulation of KLF-4 and inhibition of proliferation and migration,

are variable among different breast cell lines as well as among different mTOR inhibitors.

One of the possible explanation of the variable response to mTOR inhibitors is the

rebound upregulation of proteins in the mTOR pathway which imposes a risk of emergence
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of resistance or refractoriness to treatment with mTOR inhibition. The role of active mTOR

in the invasiveness of breast cancer is well known, yet relatively little is known about the

role and impact of total mTOR protein. We found that total mTOR protein level is higher

in breast cancer cells compared to their noncancerous counterparts. mTOR protein is

particularly high in the ER+ breast cancer cells which constitute the majority of breast

cancer cells subtypes.

High mTOR protein level in breast cancer cells could be attributed to decreased

mTOR protein degradation, increased mTOR gene expression, or both. Our results indicate

a defective degradation of mTOR in breast cancer cells compared to normal cells, which

could, at least in part, explain why mTOR protein is high in breast cancer cells.  Our results

show also that transcription of mTOR gene is elevated in the ER+ breast cancer cells.

Our study revealed that promoter region of mTOR in the ER+ breast cancer cells

has a truncated dinucleotide tandem repeat region. Tandem repeats are a potential site for

regulation of transcription of genes. Shortening of this region could be a possible

mechanism of increased transcription of mTOR gene in the ER+ breast cancer cells.

Moreover, we have revealed a novel mechanism of increasing mTOR degradation as well

as inhibition of MTOR transcription in the ER+ breast cancer cells by treatment with

metformin the antidiabetic mTOR inhibitor. In correlation, metformin treatment induced a

profound effect on upregulation of KLF-4 and inhibition of proliferation and migration of

the breast cancer cells, particularly, the ER+ subtype. These findings could be utilized in

the optimization of chemotherapeutic regimens of breast cancer.
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Chapter I

Introduction
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I.1. Breast cancer

The impact of breast cancer on the community is evident from its high indices of

morbidity and mortality. Breast cancer is the most frequently diagnosed cancer and the

leading cause of cancer-related death among females worldwide. It accounts for 23% of

the total cancer cases and for 14% of the cancer deaths in the world [1]. In the United

States, breast cancer is the second most common cancer diagnosed among women and it is

also the second leading cause of cancer-related death among women [2]. Recently,

treatment of breast cancer has been dramatically transformed due to the increasing clinical

implementation of biological concepts in treatment regimens. Mainstay treatment of breast

cancer involves surgery, radiotherapy and chemotherapy. Treatment of breast cancer,

nowadays, is becoming more targeted and specific to the tumor’s molecular subtypes [3].

Breast cancer is a heterogeneous disease comprising distinct molecular entities with

different biological features and clinical behavior [4]. Depicted in (Fig.1) is the process of

pathogenesis in breast cancer. Carcinoma of the breast can arise from a single focus or

multiple foci in the surface or glandular epithelium lining the lactiferous ducts or acini.

Therefore, breast cancer cells are classified according to the site of origin into ductal or

lobular as well as basal or luminal carcinomas. Origin and location of breast cancer cells

determines many characteristics of the tumor cells. Histopathology and microarray studies

reveal phenotypic and molecular diversity of breast cancer cells. Breast cancer cells are

also classified into several categories according to the status of the following receptors

(estrogen, progesterone, and epidermal growth factor) [4]. The estrogen positive (ER+)

breast cancer cells are the major subtype of breast cancer cells and their incidence in the
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USA is increasing due to the increased exposure to their risk factors of nulliparity, early

menarche, delayed pregnancy and use of hormonal replacement therapy [5]. Another

variant of breast cancer is the inflammatory subtype, which manifests the cardinal signs of

inflammation during presentation. Inflammatory breast cancer accounts for about 6% of

breast cancer cases and it bears a poor prognosis [6]. Hence different breast cancer cells

respond differently to treatment with hormonal and targeted chemotherapy,

chemotherapeutic regimens are determined according to the molecular subtype of the

breast cancer cells.

Staging of breast cancer is performed to evaluate the extent of spread of the tumor.

As shown in table 1, breast cancer is staged by a system adopted by the American Joint

Committee on Cancer (AJCC) to determine the anatomical extent of breast cancer on the

basis of clinical  and pathological criteria grouped under three broad headings: the primary

tumor size (T stage), lymph-node involvement (N stage), and metastasis (M stage), which

are collectively called TNM staging system [7]. Grade and type of the tumor cells are other

intrinsic characteristics that determine aggressiveness of the tumor and its response to

treatment. Tumor grade is a histopathological assessment of the tumor cells differentiation

(tubule formation and nuclear pleomorphism) as well as the proliferative activity of tumor

cells (mitotic index) [4]. Identification of the breast cancer stage and grade are essential to

properly determine the benefits and risks of therapeutic options. Another characteristic of

the tumor cells is the ability to form new blood vessels which is a crucial step for tumor

growth and progression. This process of neovascularization is known as angiogenesis [8].

Therefore, angiogenesis is a promising target for cancer treatment including breast cancer.
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Figure 1.1. Pathogenesis and progression of the carcinoma of the breast.
Unifocal and multifocal carcinoma of the breast arise from ductal or lobular regions of the

lactiferous ducts of the breast tissue. Breast carcinoma could also arise from basal or luminal

epithelium as well as from surface or glandular epithelial cells. Breast cancer cells vary according

to their receptor status for estrogen, progesterone, and human epidermal growth factor (ER, PR,

and HER respectively). The inset is a magnified view of the area in the square and shows local

infiltration and hematogenous dissemination of the tumor. The black rectangles represent bioactive

molecules secreted by cancer cells into the tumor microenvironment.
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Table 1. Criteria of the TNM staging system and the definition of the stages in solid tumors.

Scoring system for determination of the stage of a solid tumor and clinical definition of different

stages in solid tumors were adopted from cancer staging fact sheet-2015 (National Institute of

Cancer).
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I.2. Angiogenesis in physiological and pathological conditions.

Angiogenesis is a complex process regulated by a balance between proangiogenic

and antiangiogenic molecules [9] and it involves an orchestrated action of many bioactive

molecules. Among the  proangiogenic molecules that play a critical role in  angiogenesis

is VEGF [10]. Angiogenesis occurs in normal physiological conditions mainly in the

embryo to establish blood supply for the growth and development of organs, but it also

occurs in adult tissues that require regeneration such as wound repair and female

reproductive organs [11]. On other hand, angiogenesis can occur also as a part of the

pathogenesis in various diseases and disorders including inflammatory conditions,

ischemia and cancer [12]. Angiogenesis is triggered, generally, by signals that include

hypoxia, change in pH, metabolic stress, and cytokines from inflammatory responses [13].

Both the normal and pathological angiogenesis are initiated to satisfy the metabolic

demands of a tissue. The mechanisms by which cancer cells stimulate pathological

angiogenesis may mimic those utilized by normal cells [11], but the angiogenesis induced

by solid tumors differs from other forms in that it is not self-limited and continues as long

as the tumor is present [14]. Angiogenesis can also be potentiated by certain oncogenes,

and downregulated by certain tumor suppressor genes. In breast cancer, there is evidence

that angiogenesis may be stimulated also by hormones such as androgen, progesterone, and

estrogen [13].

I.3. Role of angiogenesis in breast cancer.

Without angiogenesis, growth of solid tumors is a self-limiting process due to the

outstripping of the available supply of oxygen and nutrients by the growing tumor mass.

When the demand for growth requirements is not met, the solid tumors develop necrosis
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and shrinkage of the tumor mass. To grow beyond the size of 2–3 mm, tumor induces

angiogenesis which allows influx of essential nutrients, growth factors and oxygen to

sustain the tumor growth [10]. In addition to its role in promoting tumor growth,

angiogenesis is also essential for tumor metastasis by providing a channel through which

tumor cells can access bloodstream to settle in distal organs. New vessels provide the

principal route by which tumor cells exit the primary tumor site and enter the circulation

[15]. Microscopic metastases, in turn, are growth-restricted and remain dormant until they

undergo an angiogenic switch [16]. As a result, increased angiogenesis in primary tumors

appears to adversely affect prognosis and overall survival in patients with breast cancer

[17]. As shown in (Fig. 1.2), angiogenesis is crucial for the clinical progression of breast

cancer. Therefore, cancer treatment strategies currently combine standard

chemotherapeutic agents with angiogenesis-inhibiting agents in various types of cancer

including breast cancer [18].

I.4. Role of VEGF expression in promoting angiogenesis in breast cancer.

VEGF is recognized as an important proangiogenic factor that promotes

angiogenesis [10]. Induction of VEGF is an essential component of tumor angiogenesis

[19]. VEGF is overexpressed in many human cancers [20] and it interacts with the tyrosine

kinase VEGFR to exert its actions [21]. VEGF is secreted by breast tumor cells and binds

to its receptors on different target cells to exert various effects via different modes of action

as shown in (Fig. 1.3). VEGF acts on the tumor cells in an autocrine manner to promote

proliferation and survival of the tumor cells [22]. In a paracrine manner, VEGF binds to

the endothelial cells lining adjacent blood vessels and mediates their survival, proliferation

and migration [23].
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Figure 1.2. The role of angiogenesis in breast cancer staging and treatment options.

Angiogenesis provides a channel through which tumor mass derives oxygen and nutrients to

continue growing as well as a channel through which cancer cells metastasize. Growth and

metastasis of the breast tumor have an adverse outcome on the prognosis. Tumor staging and

clinical definition of tumor stages are represented in table 1.



9

Figure 1.3. Mechanisms of VEGF expression and modes of action in the Breast cancer.

Proinflammatory conditions as well as hypoxia drive VEGF gene expression in breast cancer cells.

Secreted VEGF acts on tumor cells and on endothelial cells to promote viability, proliferation and

migration potentials of these cells.



10

Induced overexpression of VEGF in breast cancer cells, particularly the ER+ MCF-7 cells,

promotes invasiveness and metastasis in these cells [24]. One of the antiangiogenic

treatments of breast cancer is the monoclonal anti-VEGF antibody, bevacizumab, which

targets VEGF signaling pathway [25]. Other approaches to counteract angiogenesis are

through the utilization of small molecule tyrosine kinase receptors inhibitor [21], or

disruption of tumor blood vessels by targeting tumor specific integrin on the endothelial

cells. If the tumor vessels regressed after treatment, this should cause regression of the

tumor mass back to an avascular 1-2 mm spheroid [15]. However, these approaches are

either counterproductive or achieve only modest improvement in progression-free survival

as seen clinically after the use of bevacizumab in breast cancer. Bevacizumab treatment for

metastatic breast cancer has been withdrawn by the FDA because of lack of evidence that

this treatment is safe and effective for this indication [25]. Use of the antiangiogenic agents

resulted in various adverse effects. The toxicities associated with these agents, notably,

involve life-threatening vascular events, bleeding, or wound-healing complications which

are- reviewed in [26].

The antiangiogenic treatment targets VEGF indiscriminately in normal as well as

cancer tissues. VEGF is crucial for vascular homeostasis and the maintenance of vascular

integrity [27]. The enormous side effects of antiangiogenic drugs, notably the bleeding

disorders and cardiotoxicity, could be attributed to off-target effects of these agents on

healthy vasculatures [28]. The low effectiveness of Bevacizumab could be attributed to the

use of this treatment at late stages in the metastatic breast cancer where the tumor is

unlikely to benefit from antiangiogenic treatment. Trials are now underway exploring the
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use of antiangiogenic agents in patients with early stage breast cancer [26]. Although

VEGF is constitutively expressed in many tumor cells, its expression is controlled by

several regulatory mechanisms in different cell types [9]. Therefore, the goal of this

research was to explore some of the potential mechanisms underlying angiogenesis

specifically in breast cancer cells. Targeting breast cancer-specific angiogenesis will

minimize the untoward side effects and maximize the efficacy of treatment.

I.5. Different mechanisms of- VEGF- expression in breast cancer.

VEGF expression in tumors can be induced by more than one mechanism [20]. One

of the most potent stimuli for increased VEGF production by tumor cells is hypoxia [29].

Hypoxia commonly develops as tumors enlarge and progress to malignancy [30]. Tumor

hypoxia essentially occurs when the growth demand of the tumor exceeds its available

blood supply [31]. VEGF regulation is complex and occurs at both transcriptional and post-

transcriptional levels in a cell-specific manner [32]. Hypoxia leads to induction of HIF-1

[29], which consequently promotes angiogenesis via transcriptional activation of VEGF

expression under hypoxic conditions [20]. Several cis-regulatory elements for transcription

factors binding sites have been identified within the 5’-flanking promoter region of VEGF.

HIF-1 is known to bind to a distal enhancer region of the VEGF promoter. The activation

of many transcription factors, by hypoxia and growth factors, is linked to the constitutive

and induced expression of VEGF in different cancer cell lines [32].

Undoubtedly, hypoxia is an important mechanism of VEGF secretion, however,

many cell lines express high levels of VEGF even under normoxic conditions [20]. These
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findings suggest that hypoxia is not the only mechanism of VEGF expression in tumor cells

and likely it is not the main one either. In colon cancer, VEGF expression is not abrogated

in HIF-1–deficient xenograft tissue or in HIF-1–deficient cells in vitro [19]. In breast

cancer, there is evidence that angiogenesis precedes transformation of mammary

hyperplasia to malignancy which indicates that VEGF expression in breast cancer cells is

mediated by an HIF-1-independent mechanism even before the growth-induced hypoxia

ensues [16, 17]. It has been shown previously that activation of the PI3K pathway results

consequently in an increased expression of VEGF in immortalized human astrocytes under

normoxic conditions [20]. One of the HIF-1-independent VEGF expression mechanisms is

through increased transcriptional activation of the VEGF promoter via a PI3K-dependent

pathway [29]. In hepatocellular carcinoma cells, HIF-1-independent VEGF expression is

also inhibited by inhibition of PI3K pathway [33]. Evidence suggests that the PI3K

pathway is potentially involved in HIF-1-independent VEGF expression at early stages of

breast cancer before growing tumor encounters hypoxia.

I.6. Role of PI3K-mTOR in HIF-1-independent VEGF expression.

The PI3K-mTOR pathway is activated in the majority of human cancers [29].

mTOR, a highly conserved serine-threonine kinase, which is ubiquitously expressed in

cells to control growth and metabolism [34, 35]. mTOR integrates multiple signals from

growth factors and hormones and plays a central role in in the control of cell growth and

proliferation [36]. mTOR is essential  for normal development and viability [37]. Knockout

of mTOR results in embryonic lethality [38], while ablation of mTOR in some somatic

cells leads to increased apoptosis [39]. As a key intermediate in the transmembrane
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signaling pathway, mTOR coordinates various intracellular and extracellular stimuli to

regulate many vital cellular processes. In this capacity, dysregulation of mTOR pathway is

implicated in an increasing number of diseases, including cancer, type 2 diabetes, and

neurodegeneration [40]. Hyperactivation of mTOR signaling has been associated with

aggressive tumor growth in many cancers [41], including breast cancer [42]. Activated

mTOR pathway is known to promote numerous cellular functions consistent with tumor

invasiveness such as proliferation, migration, survival, and angiogenesis [29]. mTOR is

activated in response to nutrients, cellular energy, and growth factors such as insulin [34].

Active mTOR exists in two complexes, mTORC1 and mTORC2, which consist of distinct

sets of binding proteins as shown in (Fig. 1.4) [43]. Active mTOR phosphorylates different

substrates, including the serine-threonine kinase P70-S6K, to regulate distinct cellular

functions [44]. Activated mTORC1 stimulates protein synthesis, organization of the actin

cytoskeleton, membrane traffic, and inhibits protein degradation [45]. The role of

mTORC1 pathway in mRNA translation is well established, but it is now being

investigated as a key regulator of gene transcription. Role of mTOR pathway in

transcriptional gene regulation is through the modulation of specific transcription factors,

epigenetic mechanisms or regulation of RNA stability and degradation [46]. mTOR has a

potential role in angiogenesis [29]. Disinhibition of mTOR has been implicated in

increased VEGF expression in immortalized human astrocytes. In hepatoma cell line

lacking HIF-1, VEGF secretion and tumor vascularization are increased when mTOR

pathway is activated [20]. These findings indicate that mTOR pathway is likely involved

in an HIF-1-independent VEGF expression.
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Recently, mTOR inhibition is being extensively studied for its potential anti-

neoplastic effects. Several mTOR inhibitors, with different mechanisms of action, are

being tested as anti-cancer agents. Rapamycin is a specific inhibitor of mTOR which

inhibits the growth of a variety of epithelial cancers including those of the kidney, breast,

and lung [47]. mTOR inhibitors exert their inhibitory effects on mTOR activity either

allosterically by interfering with mTOR complex formation or catalytically by preventing

mTOR phosphorylation as shown in (Fig. 1.4). Differences in the mechanisms of action

among mTOR inhibitors leads essentially to differences in their safety profile and

tolerability. Rapamycin is an allosteric mTOR inhibitor, while the small molecule, PP242,

inhibits mTOR activity catalytically by competition with ATP to inhibit all mTOR

complexes [48]. Another mTOR inhibitor is the antidiabetic biguanide, metformin, which

has received a huge attention, recently, for its anti-cancer effects [49] and its relatively safe

profile and tolerability [50]. Similar to other mTOR inhibitors, metformin inhibits the

phosphorylation and activation of mTOR and its downstream target P70-S6K [47], but the

molecular basis of its mechanism of action is far from being fully elucidated.

In addition to the role of active mTOR in breast tumorigenesis, total mTOR

overexpression in breast cancer also increases the risk of recurrence of the tumor by three

times [9]. the level of total mTOR expression is potentially implicated also in the tumor

sensitivity to chemotherapy and hormonal treatment [51]. Therapeutic targeting of mTOR

with rapamycin or related rapalogs can be complicated by several feedback loops whereby

compensatory pathways are activated [52]. One of the possible compensatory mechanisms

for mTOR inhibition is the upregulation of the total protein levels in the mTOR pathway.
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Figure 1.4. PI3K- mTOR signaling pathway and various mTOR inhibitors.

PI3K-mTOR pathway, receptor tyrosine kinase RTK, stimulated by nutrients and growth factors

such as insulin. Active mTOR pathway is composed of multiprotein complexes, mTORC1 and

mTORC2. P70-S6K is, a serine-threonine, downstream target of the mTOR pathway. Three mTOR

inhibitors PP242 and rapamycin with, catalytic or allosteric modes of action respectively, are

depicted. Metformin is also an mTOR inhibitor but its mechanism of action is not fully understood.
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I.7. Role of zinc finger proteins in HIF-1-independent VEGF expression.

VEGF promoter has a (G+C)-rich region located proximal to the hypoxia

responsive element, HIF-1 binding site, on the promoter. The (G+C) rich region is known

to interact with the zinc finger transcription factor specificity protein 1 (Sp1) in several

cancer cell lines. Sp1 is known to regulate the expression of VEGF in several cancer cell

lines [53-56]. The (G+C) rich region in the VEGF promoter also serves as a binding site

for the zinc finger protein SAF-1 [10, 57]. Activation of SAF-1 in response to various

inflammatory signals [58-62] leads to enhancement of its DNA binding ability [63].

Another member of the zinc finger Sp-KLF superfamily is KLF-4, which is a transcription

factor that also binds to (C+G) regions in gene promoters [64-67]. KLF-4 is known to

compete with Sp1 to down-regulate Sp1 function [10]. There is also evidence of mutual

exclusive expression of Sp1 and KLF4 in some cancers such as gastric carcinoma [68].

KLF-4 regulates a multitude of processes in normal tissue, including proliferation,

differentiation, apoptosis, and self-renewal [65-67]. KLF-4 is, generally, a tumor

suppressor and its expression is downregulated in several types of cancer [69]. KLF-4 is

shown to play a key role in inhibition of proliferation of vascular smooth muscle cells,

VSMCs, where loss of KLF-4 is shown to create a proinflammatory status due to

disinhibition of a diverse set of proinflammatory factors [70, 71]. KLF-4 promotes the

expression of several negative cell cycle regulatory genes [72]. Loss of KLF-4 is seen to

contribute to the development and progression of epithelial cancers of the stomach [68]

and skin [73]. Recently, KLF-4 was found also to inhibit tumorigenic progression and

metastasis in a mouse model of breast cancer [74].
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II.1. Abstract

Background: We have previously shown that the inflammatory transcription factor

SAF-1 stimulates VEGF transcription in triple negative breast cancer cells and not in the

normal breast cells. Why SAF-1 induced VEGF expression selectively in breast cancer

cells was not understood. Our hypothesis was that VEGF expression could be potentially

repressed specifically in breast cancer cells by antagonizing SAF-1 in these processes.

Novel findings: Here, we show that in the human VEGF promoter, SAF-1 binding

sites overlap with KLF-4-binding elements, whereas SAF-1 induces VEGF expression and

KLF-4 suppresses it. We report that SAF-1-mediated VEGF expression in breast cancer

cells is repressed by KLF-4 transcription factor. Role of KLF-4 in the transcriptional

repression of VEGF was further verified by both ectopic overexpression of KLF-4 and

depletion of the endogenous KLF-4. Our results revealed also that KLF-4 inhibits VEGF

expression both in a SAF-1-dependent as well as a SAF-1-independent manner in breast

cancer cells. We showed that KLF-4 recruits HDACs -2 and -3 at the VEGF promoter to

synergistically repress VEGF expression and inhibit angiogenesis.

Conclusion: Together our results identify a new mechanism of VEGF expression

in breast cancer that involves concomitant loss of KLF-4-HDAC- and gain of SAF-1.

Significance: This mechanism could be exploited to counteract angiogenesis in

breast cancer through upregulation of KLF-4 or downregulation of SAF-1.
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II.2. Introduction

Recently, we reported a novel mechanism of angiogenesis in breast carcinoma cells,

which involves regulation of VEGF expression by the inflammation responsive

transcription factor SAF-1. We found that knockdown of SAF-1 in the triple negative

breast cancer cells suppressed VEGF expression which, in turn, reduced cell migration and

endothelial cell tube formation [75]. Forced expression of SAF-1 had a much lower impact

on VEGF expression in normal breast epithelial cells as compared with that in breast cancer

cells. These results suggested that normal breast epithelial cells may contain some specific

factors, which act as a suppressor of SAF-1 and thereby could thwart SAF-1-mediated

VEGF overexpression in normal cells. This could raise the possibility that breast carcinoma

cells may contain low levels of such potential repressor molecules.

Overexpression of KLF-4 could confer breast cancer cells with protection against

VEGF expression. To test this hypothesis, a comprehensive analysis was undertaken to

identify transcription factors which are potentially involved in the repression of VEGF

transcription. We found that KLF-4 acts as a transcriptional repressor of VEGF by

competing with SAF-1 for binding to an overlapping binding site in the human VEGF

promoter. Furthermore, we showed that KLF-4 recruits HDACs at the VEGF promoter and

synergistically represses VEGF expression. Together, these studies revealed a new

regulatory mechanism of VEGF expression through KLF-4-HDACs complex that

maintains VEGF level low in the normal cells. The loss of this mechanism leads to an

increase in VEGF expression and angiogenesis in breast cancer.
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II.3. Experimental procedures

Immunostaining and immunoblotting analysis of tumor tissue microarrays. .

Tissue microarrays containing archived, formalin-fixed, and paraffin-embedded specimens

of 60 samples, 30 primary breast carcinoma and 30 normal adjacent tissues (diameter 2.0

mm; thickness, 4 µm), were purchased from IMGENEX Corp. For immunohistochemistry

(IHC) analysis the deparaffinized  tissue  sections were stained  with antibodies,  including

SAF-1 [75], VEGF (A20, Santa Cruz Biotechnology), by following the method [75].

Antigen retrieval was done by heating deparaffinized tissues in sodium citrate buffer, pH

6.0, for 30 min in a commercially available vegetable steamer. For all of the antibodies,

Intensity of staining and a proportion of positive cells were determined by following the

described methods [76-78]. A semiquantitative estimate of expression levels of the

antigens, SAF-1, and VEGF, was based on the combined score for the proportion of

staining cells and the intensity of staining. Double or triple blinding of the study would

have yielded much reliable and accurate evaluation. A subjective scale of (- to +++) was

used to classify staining patterns. For Western blot (WB) analysis, cell extracts (50 µg of

protein) were fractionated in SDS-polyacrylamide gel (SDS-PAGE) and transferred to a

PVDF membrane. Immunoblotting was performed using anti-FLAG-SAF-1 antibody

(Sigma), anti-VEGF (A20) antibody (Santa Cruz Biotechnology), anti-KLF-4 (GKLF-H-

180X, FO509, Santa Cruz Biotechnology) or anti- β-actin antibody (13E5, Cell Signaling

Technology). Bands were detected by using enhanced chemiluminescece (ECL) detection

kit (Pierce).
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Cell lines and transfection assay.

MCF-10A, MCF-7, MDA-MB-231, MDA-MB-468 breast cell lines, and HUVEC-CS

human umbilical vein endothelial cell lines were obtained from American Type Culture

Collection (ATCC). These cells were cultured and stored following ATCC protocol of

authentication by short terminal repeat analysis. The cells were maintained in Dulbecco’s

modified Eagle's medium (DMEM) high glucose medium supplemented with 7% FBS. For

harvesting conditioned medium (CM), the cells were first grown in DMEM containing 7%

FBS for 24 hrs. Next, the culture medium was replaced with DMEM containing 0.5% FBS,

and the cells were grown for an additional 48 hrs, after which the medium was collected,

centrifuged at 1,000g, and stored at 80 °C for further use.

Chloramphenicol acetyltransferase (CAT) assay.

CAT assay was performed following transfection of cells with reporter plasmid 1.2 VEGF-

CAT or empty vector, pBLCAT3, as described [75]. In each transfection assay, pSV β-gal

(Promega) DNA was added for normalization of transfection efficiency. For

overexpression of candidate genes, pcDFLAG-SAF1, pcD-KLF-4, pcD-HDAC2, and pcD-

HDAC3 were used for transfection of cells. In some transfection assays, KLF-4 siRNA,

control siRNA, and SAF-1 siRNA (Santa Cruz Biotechnology) were added.

Reporter and expression plasmids.

1.2 VEGF-CAT reporter plasmid was constructed by ligating a 1.2-kb promoter DNA

fragment of the human VEGF gene as described [79]. SAF-1 expression  plasmid,

pcDFLAG-SAF-1,  was prepared  by inserting  full-length  SAF-1 cDNA with a FLAG tag
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into  the  pCDNA3   vector  (Invitrogen)   as  described [80]. HDAC2 and -3 and KLF-4

expression plasmids were kindly provided by Ed Seto and Shiva Swamynathan.

Preparation of nuclear extract and DNA binding assay.

Preparation of nuclear extracts from MCF-10A, MCF-7, MDA- MB-231,  and  MDA-MB-

468  cells and  DNA  binding  assays were performed as described [75] using a radiolabeled

DNA with  sequences  from (-135 to +29) of VEGF. In some binding reactions, antibodies

against SAF-1 [75], KLF-4, Sp1 H-225, or normal IgG (Santa Cruz Biotechnology) were

added to the mixture during a preincubation period of 30 min on ice.

Chromatin immunoprecipitation ChIP and Re-ChIP. .

ChIP and re-ChIP assays were performed following a method described previously [80]

with minor modifications. Cells grown in culture were cross-linked with 1% formaldehyde

for 10 min followed by addition of 0.125 mol/liter glycine for 5 min and washed in PBS

buffer. Following lysis of the cells and sonication, DNA protein complexes in the lysates

were subjected to immunoprecipitation using anti-KLF-4 or control normal IgG. After

precipitation of the immunocomplex with protein G-agarose, followed by washing and

extraction with elution buffer, re-ChIP assays were performed by immunoprecipitation

with a second set of antibody, as indicated in the figure legends.  After the second round

of immunoprecipitation reaction,   isolated DNA was used as template in PCR with specific

primers spanning the target region of VEGF promoter. Primers used for amplification of

human promoter region of VEGF gene were 5-GAGCTTCCCCTTCATTGCGG-3 and

5-CGGCTGCCCCAAGCCTC-3, which yields an amplicon of 219 bp.
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RNA isolation and quantitative RT-PCR.

Total RNA was isolated using an RNA isolation kit (Qiagen). Relative expression levels

of KLF-4 and VEGF were determined by quantitative real time RT-PCR using gene-

specific primers.  The  cDNAs were  prepared by reverse  transcription from  0.5µg of total

RNA using TaqMan reverse  transcription reagents  and  analyzed for KLF-4, VEGF, and

glyceraldehyde-3-phosphate dehydrogenase  (GAPDH) according to the manufacturer’s

protocol (Applied Biosystems, Invitrogen).  Expression levels were normalized against the

GAPDH gene. All experiments were done using biological triplicates and experimental

duplicates.

Cell migration assay.

HUVEC migration assay was performed as described earlier [75]. In the HUVEC culture

medium, CM derived from KLF-4 siRNA-transfected, control (scrambled) siRNA-

transfected, SAF-1 siRNA-transfected, pcDKLF-4-transfected or pcDNA3-transfected

MCF-7 or MDA-MB-231 cells were added. The cells that migrated onto the filter were

counted manually by examination under the microscope.

Statistical Analyses.

To compare multiple sets of data, a one-way ANOVA with post hoc Fisher’s least

significant difference test was used. For paired data sets, a two-tailed t test was used. Values

of p ≤ 0.05 were considered to represent a significant difference.
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II.4. Results

2.1. Expression of SAF-1 and VEGF is high in breast cancer tissues compared to

normal breast tissues. A tissue microarray containing 30 breast cancer tissues and 30

normal adjacent breast tissues was used to assess SAF-1 and VEGF expression in breast

cancer specimens and adjacent normal tissue pairs. Expression levels of SAF-1 and VEGF

in serial sections of the same tissues were assessed by IHC, which indicated low

expression of VEGF and SAF-1 in normal breast tissues as shown in (Fig. 2.1, panels a,

and c), and very high expression in breast cancer tissues as shown in in (panels b, and d

respectively). A summary of IHC analyses is presented in table 2, which shows also that

SAF-1 and VEGF proteins correlate positively with the stage of breast cancer.

2.2. SAF-1-mediated-VEGF expression is higher in breast cancer cells compared to

normal breast epithelial cells. SAF-1 is an established transcriptional inducer of VEGF

expression in triple negative breast cancer cells [75]. To compare the relative VEGF

expression in response to SAF-1 among cancerous and noncancerous breast cells,

transfection analysis was performed. CAT assay results revealed that SAF-1 is much more

effective (5.0-fold versus 1.8-fold) in promoting VEGF transcription in breast cancer cells

compared to the noncancerous cells as shown in (Fig. 2.2.A). SAF-1 expression was

verified by WB analysis. In correlation with results of CAT assay, mRNA and protein

levels of VEGF also revealed consistent results among the cancerous and noncancerous

breast cells as shown in (Fig. 2.2, B and C respectively). SAF-1 induces VEGF mRNA and

protein levels 5 fold in breast cancer cells and 1.8 fold in the breast noncancerous cells.
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FIGURE 2.1. SAF-1 and VEGF expression in breast cancer tissues and adjacent normal

tissues. (A) IHC analysis of SAF-1 (panel a), and VEGF (panel c) in serial sections of normal breast

tissues adjacent to cancer. (B) IHC analysis of SAF-1 (panel b), and VEGF (panel d) in serial

sections of breast cancer tissues. The insets represent higher magnification of the boxed area. A

total of 60 breast tissue samples (30 cancer and 30 adjacent normal) were examined, and some

representative samples are shown here. Pathological evaluation of the samples and the analysis of

SAF-1, and VEGF expression are summarized in table 2.
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Table 2. SAF-1 and VEGF expression in normal and cancer human breast tissues.

a Cancer stage according to AJCC staging system.

b LN is metastatic lymph nodes/examined lymph nodes.

c A semi-quantitative estimate of SAF-1 and VEGF expression level was on combined score for

the proportion of stained cells and the intensity of stain and following the criteria as described

earlier [77, 78]. Proportion score represented the estimated percentage of stained cells (0,    10%;

1, between 10 and 25%; 2, between 25 and 50%; 3, between 50 and 75%; 4, between 75 and 90%;

5, 90%). Intensity score corresponded to the average staining intensity of the cells (0, no staining;

1, weakly stained; 2, moderately stained; and 3, strongly stained). Levels of staining were derived

as follows: samples with an intensity score of 0 or a proportion score of 0 were designated negative

(-), and samples with intensity score of 1 and a proportion score of 1–2 were designated as weak

(+). Samples with an intensity score of 2 and 3, and combined scores of 2–3, 4–6, and 7–8 were

designated as weak (+), moderate (++), and strong (+++) expression, respectively.
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FIGURE 2.2. SAF-1-induced VEGF expression in breast cancer cells more than normal

breast cells. (A) MCF-10A, MCF-7, MDA-MB-231, and MDA-MB-468 cells were co-transfected

with equal amounts (0.5 µg) of 1.2VEGF-CAT or pBLCAT3 plasmid and increasing concentrations

of pcDFLAG-SAF-1 plasmid (0.5 and 1.0 µg), as indicated. 24 hrs after transfection, CAT activity

was determined using an equivalent amount of cell extracts compared to pBLCAT3 and

transfection efficiency corrected by β-gal. Results represent an average of three separate

experiments. *, p < 0.05. Inset, schematic of human VEGF promoter. WB analysis for the level of

SAF-1 expression is shown below. Equal protein amount of cell extracts (50 µg) was fractionated

in a 5/11% SDS-PAGE gel, transferred to PVDF membrane, and immunoblotted with an anti-

FLAG antibody. Blots were developed with ECL reagent. The membrane was stripped and

reprobed with β-actin antibody to confirm equal loading. (B) Total RNA isolated from untreated

and pcDSAF-1 (1.0 µg) transfected cells, as indicated, was subjected to quantitative RT-PCR

analysis with primers specific for VEGF. The results were normalized to the level of GAPDH in

each sample and represent an average of three separate experiments. *, p < 0.05. (C) WB analysis

of cell extracts (70 µg of protein) from untreated and pcDSAF-1 (1.0 µg)-transfected cells, with

anti-VEGF antibody. The membrane was stripped and reprobed with β-actin antibody to confirm

equal loading. Histograms summarize the results.
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2.3. KLF-4 acts as a transcriptional suppressor of VEGF by directly interacting

with VEGF promoter at sites overlapping SAF-1 elements. We hypothesized that the

low induction of VEGF expression by SAF-1 in normal breast cells could be due to the

presence of a SAF-1 antagonist that competes with SAF-1 for binding with the VEGF

promoter. To determine potential proteins overlapping with the SAF-1 DNA-binding

element in the VEGF promoter, we used a regulatory  sequence  analysis software  tool

(RSAT) [81]. Multiple DNA-binding elements of the KLF-4 in the VEGF promoter were

identified, some of which overlapped SAF-1 DNA-binding elements as shown in (Fig.

2.3.A). A series of DNA binding assays indicated that indeed KLF-4 interacts with VEGF

promoter, and overlaps with the SAF-1 binding element as shown in (Fig. 2.3.B). Three

major DNA protein  complexes (a, b, and c) were seen to be formed by nuclear proteins,

among which the level of complex (b) was markedly high in all breast cancer cells but quite

low in MCF-10A cells (lanes 2–5). In contrast, complex (c) was abundant in MCF-10A

cells but low in breast cancer cells. KLF-4 antibody completely abolished the DNA protein

complex (c) in (lane 8), whereas SAF-1 antibody inhibited formation of complex (b) as

seen in (lanes 7 and 12). SAF-1 and Sp1 can synergize each other’s function [62, 82] and

use of Sp1 antibody supershifted a portion of complex (b) in (lanes 9 and 14), which

indicates that the complex (b) contains more than one protein. Use of SAF-1 and Sp1

antibodies completely abolished complex (b) in normal and cancer cells (lanes 10 and 15).

The identity of complex (a) remains to be defined. Results show abundant KLF-4 DNA

binding activity with the VEGF promoter in the noncancerous MCF-10A cells but very

little in several breast cancer cells (lanes 1–5), while SAF-1 and Sp1 binding activity is

more abundant in the cancer cells.
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FIGURE 2.3. KLF-4 binds to VEGF promoter at site overlapping with SAF-1 binding site.

(A) DNA sequences of VEGF from nucleotide position (- 119 to + 5) contain the transcription start

site, indicated by an arrow, and DNA-binding elements KLF-4 and SAF-1. (B) Nuclear extracts

(10 µg of protein), as indicated, were incubated with 32P-labeled VEGF DNA containing sequences

from (- 135 to + 29). Resulting DNA protein complexes (a, b, and c) were fractionated in a 6%

nondenaturing polyacrylamide gel. In some assays, antibodies to KLF-4, Sp1, SAF-1, or normal

IgG were included during a preincubation reaction. Migration positions of KLF-4, SAF-1, and Sp1-

specific complexes are indicated. Supershift of the DNA protein complex is indicated by ss.
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2.4. Endogenous VEGF expression was attenuated by KLF-4 expression.

To further understand the role of KLF-4 in regulating VEGF transcription in cancer cells,

we examined the consequences of overexpression of KLF-4 in the triple negative MDA-

MB-231 breast cancer cells. The increase of the KLF-4 protein level decreased VEGF

promoter activity, in a dose-dependent manner (Fig. 2.4. A, columns d–f), and it also

suppressed SAF-1-mediated induction of VEGF (Fig. 2.4. A, columns g–k). Endogenous

VEGF mRNA levels also declined in a dose-dependent manner with exogenous expression

of KLF-4 in MDA-MB-231 breast cancer cells as indicated in (Fig. 2.4.B, columns d’– f’).

2.5. Depletion of the endogenous KLF-4 in the noncancerous epithelial cells increases

VEGF expression. To verify the protective role of KLF-4 in abrogation of SAF-1 mediated

VEGF expression in the noncancerous breast cells, MCF-10A cells were co-transfected

with SAF-1 expression plasmid as well as KLF-4 siRNAs. Depletion of KLF-4 in normal

MCF-10A breast cells significantly increased the SAF-1-mediated transcriptional

activation of the VEGF promoter-reporter (Fig. 2.5).

2.6. Depletion of the endogenous KLF-4 in breast cancer cells increases VEGF

expression. Transfection of MCF-7 and MDA-MB-231 breast cancer cells with KLF-4

siRNAs significantly increased VEGF expression in the breast cancer cells also as shown

by the level of endogenous mRNA level of VEGF in (Fig. 2.6). The stimulatory effect of

KLF-4 siRNA in these cells was diminished when they were co-transfected with KLF-4

and SAF-1 siRNAs. These findings show that SAF-1 increases VEGF expression when

KLF-4 is depleted and induced expression of KLF-4 inhibits the VEGF expression.
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FIGURE 2.4. Overexpression of KLF-4 reduces VEGF expression in breast cancer cells.

(A) MDA-MB-231 cells were co-transfected with 1.2 VEGF CAT reporter plasmid (0.5 µg) and

pcD-SAF-1 (0.5 µg) and pcD-KLF-4 (0.5, 0.75, 1.0, and 1.5 µg) expression plasmids, as indicated.

Relative CAT activity was determined. The results represent an average of three independent

experiments (*, p    <0.05). Inset shows protein expression from KLF-4 and SAF-1 plasmids in

transfected cells (columns g’–k’), which was assessed by WB analysis. The membrane was stripped

and reprobed with β-actin antibody to confirm equal loading. (B) VEGF mRNA level, after

overexpression of KLF-4 in pcD-KLF-4 plasmid-transfected (0.5 and 1.0 µg) MDA-MB-231 cells,

was determined by quantitative real time PCR analysis using the cDNA templates and the specific

primers for GAPDH and VEGF. KLF-4 protein level in transfected cells was analyzed by WB

analysis. The membrane was stripped and reprobed with β-actin antibody to confirm equal loading.
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FIGURE 2.5. Knockdown of KLF-4 induces VEGF expression in normal breast cells.

MCF-10A cells were transfected with 1.2 VEGF CAT reporter plasmid (0.5 µg). In some

transfection reactions, 200 nM KLF-4 siRNA or scrambled RNA (CTRL siRNA) oligonucleotide

of the same length and increasing concentrations (0.5, 0.75, and 1.0 µg) of SAF-1 expression

plasmid, pcD-SAF-1, were added. Relative CAT activity was determined. Results represent an

average of three separate experiments (*, p <0.05).
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FIGURE 2.6. Knockdown of KLF-4   induces VEGF expression in    breast    cancer cells.

VEGF mRNA levels in MCF-7 and MDA-MB-231 cells (A) and (B), respectively, after

transfection of 200 nM of KLF-4 siRNA, scrambled siRNA (CTRL siRNA), and SAF-1 siRNA, as

indicated. Quantitative real time PCR assays were performed using the cDNA templates and the

specific primers for GAPDH and VEGF. VEGF mRNA levels in KLF-4 siRNA-transfected cells

was further normalized with control siRNA-transfected cells. The results shown are representative

of three independent experiments (**, p<0.02; ***, p <0.05).
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2.7. Depletion of endogenous KLF-4 increases the angiogenic potentials of breast

cancer cells. To verify as whether changes in KLF-4 level affect the VEGF-mediated cell

migration, we performed a transwell assay.  In this assay the CM of both KLF-4-

knockdown and KLF-4-overexpressing breast cancer cells were used to monitor the

motility of human umbilical vein endothelial cells (HUVEC). As shown in (Fig. 2.7), the

number of migrated HUVEC cells was significantly higher when treated with CM of KLF-

4-knockeddown MDA-MB-231 and MCF-7 breast cancer cells. The CM derived from

KLF-4-depleted MDA-MB-231 cells increased HUVEC migration by about 1.7 fold as

compared with CM derived from untreated or control cells. In contrast, the CM derived

from KLF-4-depleted MCF-7 cells induced about 2 fold increase in HUVEC cells

migration. Additionally, knockdown of SAF-1 in both MDA-MB-231 and MCF-7 cells

decreased the migration rate of HUVEC cells. However, when both KLF-4 and SAF-1

siRNAs were used, there was an overall increase in the migration of HUVEC cells with

CM from both breast cancer cells as compared with the knockdown of SAF-1 alone. The

increase of HUVEC cells migration was slightly more with CM from the ER+ MCF-7 cells.

These results suggest that KLF-4 has a slightly more potent inhibitory effect on VEGF

expression in the ER+ breast cancer cells. Moreover, these results suggested that in addition

to inhibiting the SAF-1-mediated VEGF expression, KLF-4 might be involved also in

quarantining some other positive regulators of VEGF expression such as Sp1. Together,

these results further strengthened the model that KLF-4 inhibits VEGF expression by

acting as a negative transcriptional regulator which could be potentially exploited in

counteracting VEGF expression specifically in breast cancer cells particularly in the ER+

breast cancer cells.
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FIGURE 2.7. Knockdown of KLF-4 increases HUVEC cells migration potentials.

MDA-MB-231 and MCF-7 cells were transfected with KLF-4 siRNA, control siRNA (CTRL

siRNA), or SAF-1 siRNA, as indicated. CM were collected. Culture media of HUVECs were

fortified with the different CM preparations, as indicated, and the migrated cells, following 24 hrs

incubation, were counted (approximate quantitation of cells migration of each group is depicted on

the right side). Results represent mean ± S.E. of three independent experiments.*, p < 0.05.
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2.8. KLF-4 recruits HDAC-2 and HDAC-3 to VEGF promoter. .

KLF-4 is seen to be associated with HDACs, including HDAC2 and HDAC3 in regulating

gene expression [83-85]. To assess whether HDAC2 and HDAC3 are recruited by KLF-4

at the VEGF promoter, we performed sequential ChIP-reChIP analysis.  Cross-linked

chromatin of MCF-10A and MDA-MB-231 cells was subjected to immunoprecipitation

with the first antibody (ChIP analysis), and the resulting immunocomplex was subjected to

immunoprecipitation with the second antibody, followed by semi-quantitative PCR

analysis. These results showed the presence   of KLF-4, HDAC2 and HDAC3, bound to

the VEGF promoter in MCF-10A cells (Fig. 2.8.A). However, these proteins were not

present in any detectable levels in MDA-MB-231 cancer cells (Fig. 2.8.B). As control,

when immunoprecipitation was  performed using  normal  IgG, no PCR-amplified  product

was seen, which indicated  the specific nature  of the  association  between  KLF-4,

HDAC2,  and HDAC3 proteins with the VEGF promoter (Fig. 2.8, A and B). We performed

transient transfection assays to determine whether overexpression of KLF-4 and HDACs

would inhibit expression of the VEGF promoter (Fig. 2.8.C). Individual ectopic expression

of KLF-4, HDAC2,   and   HDAC3   reduced   1.2 VEGF-CAT reporter activity, but the

effect was more pronounced, and the inhibition was synergistic when the cells were co-

transfected with KLF-4, HDAC2, and HDAC3 expression plasmids (Fig. 2.8.C). These

results suggested that KLF-4, by recruiting HDAC2 and -3, functions as a transcriptional

suppressor of VEGF, loss of which leads to overexpression of VEGF in breast cancer cells.
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FIGURE 2.8. KLF-4 recruits HDAC-2 and HDAC-3 to VEGF promoter.

(A) MCF-10A cells were cross-linked with formaldehyde, and chromatin isolated from these cells

was subjected to ChIP-reChIP analysis. ChIP was first performed by immunoprecipitating with

anti-KLF-4, anti-HDAC2, anti-HDAC3, or CTRL IgG, as indicated. The eluent of each

immunocomplex was further immunoprecipitated using anti-HDAC2, anti-HDAC3, or CTRL IgG,

as indicated. The precipitated chromatin DNA or input DNA was used for PCR amplification using

VEGF-specific primers. (B) MDA-MB-231 cells were subjected to ChIP-reChIP analysis. (C)

MDA-MB-231 cells were co-transfected with pBLCAT3 (0.5 µg) or 1.2VEGF CAT reporter (0.5

µg) and a combination of pcD-KLF-4 (0.25 µg), pcD-HDAC2 (0.5 µg), and pcD-HDAC3 (0.5 µg)

DNAs, as indicated. Relative CAT activity was determined, and the results represent an average of

three separate experiments. *, p < 0.05; **, p < 0.05.
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FIGURE 2.9. A model of the role of KLF-4, HDACs, and SAF-1 in VEGF expression.

In normal breast cells, KLF-4 is abundantly present, which, upon association with HDAC2 and

HDAC-3, interacts with VEGF promoter. The interaction of the KLF-4-HDAC complex with

VEGF is subject to very little competition from the minimally active SAF-1, resulting in

transcriptional suppression of VEGF. In breast cancer cells, low level of KLF-4 and the abundance

of SAF-1, allows predominant SAF-1 interaction with VEGF promoter and SAF-1-mediated

increase of VEGF transcription.
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II.5. DISCUSSION

Why normal cells do not produce as much VEGF, whereas cancer cells produce

copious amount of this protein, is a subject of great interest.  We report that in normal

breast cells, KLF-4 transcription factor, transcriptionally represses VEGF expression.   For

potent   regulatory   effects, KLF-4 recruits epigenetic co-repressors, HDAC2 and HDAC3,

at the VEGF promoter and further extends  its inhibitory  control  by competing with  the

transcriptional inducer,  SAF-1, whose DNA-binding element  overlaps with the KLF-4

DNA- binding  element.  KLF-4 is abundantly expressed in normal breast cells, but in

breast cancer cells its level is markedly reduced. We provide evidence and a model

illustrating how reduction of KLF-4 in breast cancer cells could result in stimulation of

VEGF expression (Fig. 2.9). The decrease of the KLF-4 HDAC complex allows

uninhibited SAF-1-mediated transcriptional induction of VEGF. Our findings show also

that KLF-4 inhibits the VEGF expression in the breast cancer cells even in the absence of

SAF-1, which indicates that the inhibitory effects of KLF-4 are not limited to the SAF-1-

mediated mechanism of VEGF expression (Fig. 2.6), but may also inhibit a SAF-1-

independent VEGF expression as well.

The uniqueness of KLF-4 is that by being a zinc finger protein [65-67], it can

compete with the other zinc finger proteins because of the similarities in their DNA-binding

elements.  In the VEGF promoter, KLF-4 binds to the same region where SAF-1 interacts

with the VEGF promoter [75] and thereby suppresses SAF-1 function. In addition to SAF-

1, KLF-4 competes with the Sp1 transcription factor and down-regulates Sp1 function [68,
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86]. Sp1 is also known to bind to the (G+C) rich region in the proximal  promoter  of VEGF

[85]. Sp1 has been identified to be a positive regulator of VEGF expression in several

cancers [53-56].  Results of (Fig. 2.6, and Fig. 2.7) indicate that SAF-1 alone may not fully

account for the compensatory effect of KLF-4-mediated repression of VEGF expression.

KLF-4 may very well be competing for SAF-1 and Sp1 for binding sites on VEGF

promoter.

HDACs are a class of enzymes that remove acetyl groups from histones and

nonhistone proteins to modulate gene transcription in coordination with other sequence-

specific transcription factors [87-89]. HDAC-2 and HDAC-3 belong to the class I type of

HDACs and are a core component of multiprotein  corepressor complexes,  in which  their

activities  are modulated via interactions with  other  proteins  while  being recruited by

transcription factors to specific promoters. Deregulation of HDAC recruitment to specific

promoters of genes involved in cell cycle progression and differentiation is suggested to be

one of the mechanisms by which HDACs contribute to tumorigenesis [90, 91]. Our results

showed that in normal breast cells, KLF-4 recruits HDAC-2 and -3 for synergistic

transcriptional suppression of VEGF expression (Fig. 2.8.A), which was markedly absent

in breast cancer cells (Fig. 2.8.B). We propose that loss of KLF-4-HDAC-mediated

regulatory control creates an unbalanced transacetylation process that, in turn, influences

the transcription initiation machinery to promote an increase of VEGF transcription in

breast cancer cells. Our findings are consistent with previous reports in which KLF-4 is

seen to associate with HDACs and repress gene expression [85, 92]. It will be interesting

to find whether other dysregulated genes in cancer are controlled in a similar fashion.
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Identification of KLF-4-HDAC-mediated transcriptional repression of VEGF will

also be useful in explaining the beginning of up-regulation of VEGF in the micro-tumors

during “angiogenic switch.” Ample studies have confirmed that the tumors located at a

distance to blood vessels can grow only up to few millimeters in diameter. These clinically

harmless micro-tumors can stay dormant for years, until the cells within the micro-tumors

or in the surrounding region induce formation of new capillaries and blood vessels by

activating the angiogenic switch [93-95]. Thus, the angiogenic switch is a determining

cellular event in cancer biology by permitting micro-metastases to undergo a transition

from an avascular to a highly vascular state and progression toward malignancy. It also can

play a role in the recurrence or relapse of cancer. The mechanisms underlying low KLF-4

levels in breast cancer cells are not well-understood, but similar to GI cancers, it could be

possibly attributed to both genetic and epigenetic alterations including loss of

heterozygosity of KLF-4 gene, point mutation or hyper-methylation of CpG region of KLF-

4 promoter region [96]. We propose that de-repression of the novel KLF-4-HDAC-

mediated transcriptional suppression of VEGF is one of the potential mechanisms that

begin  the  increase  of the VEGF level and  create  a pro- inflammatory environment.  As

the process continues, it leads to the activation of other inflammation-responsive

transcription factors and full-fledged increase of VEGF expression and tumor malignancy.

We  show  that  successive  binding  of  KLF-4 followed  by HDACs  to the VEGF

promoter epigenetically  repress VEGF transcription in normal breast cells. In breast

cancer cells, de-repression of the KLF-4-HDAC molecular switch not only lifts the
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transcriptional suppression of VEGF but at the same time it permits SAF-1-mediated and

possibly Sp1-mediated transcriptional increase of VEGF. The decrease of the KLF-4-

HDAC complex allows uninhibited transcriptional induction of VEGF in breast cancer

[10]. These findings indicate that the KLF-4-HDAC complex may act as a molecular

switch to dynamically regulate VEGF expression and play a major role in the increase of

VEGF and enhanced VEGF-mediated angiogenesis in breast tumors. The molecular axis

of KLF-4-HDAC/ SAF1-Sp1 could be a new target in anti-angiogenic therapy in breast

cancer through upregulation of KLF-4-HDAC or downregulation of SAF-1-Sp1. Targeting

this axis will potentially enable specific inhibition of VEGF expression in breast cancer

tissues at early stages, which is mediated by SAF-1 and not by hypoxia. Therefore, such

approach has a potential advantage of low adverse effects compared to other anti-

angiogenic treatment agents such as the anti-VEGF antibody avastin, which produces

enormous adverse effects due to the indiscriminate action on normal and cancer

vasculatures.
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Chapter III

Role of mTOR inhibition in increasing KLF-4 in breast cancer cells

Some data in this chapter are part of work submitted for publication and the rest of the

submitted work is included in- Chapter IV

Metformin Induces Perinuclear Aggregation and Proteasome-Mediated Degradation of

mTOR Protein in Breast Cancer.

Alalem, M., Ray, A., and Ray, B.K.

Department of Veterinary Pathobiology,

University of Missouri,

Columbia, Missouri 65211
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III.1. Abstract

Background: KLF-4 plays an important role in tumor suppression by regulation of

genes transcription through its binding to the promoters. Recently, we identified a

protective role of KLF-4 against both SAF-1-dependent as well as SAF-1-independent

VEGF expression in breast cancer cells. Evidence from literature shows that inhibition of

the serine-threonine kinase, mTOR, induced KLF-4 expression in vascular smooth muscle

cells, VSMCs, which mediates antiproliferative effects in these cells. Whether mTOR

inhibition would increase KLF-4 level in breast cancer cells is not known. We hypothesized

that mTOR inhibition in breast cancer cells could, similarly, upregulate KLF-4 level and

mediate antiproliferative as well as antiangiogenic effects in these cells.

Novel findings: We report here that KLF-4 level is low in breast cancer cells, while

mTOR protein level is high. Inhibition of mTOR, particularly with metformin, increases

KLF-4 level in ER+ breast cancer cells and decreases total mTOR protein. mTOR

inhibitors exhibited variable effects on the KLF-4 and total mTOR levels as well as the

proliferation and migration in different breast cell lines.

Conclusion: The variable response of breast cells to different mTOR inhibitors

could be attributed to a variable degree of feedback upregulation of total mTOR protein.

Significance: Upregulation of KLF-4 and downregulation of total mTOR protein

could be potentially exploited to maximize the efficacy of breast cancer treatments.
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III.2. Introduction

Reduced level of KLF-4 expression has been reported in a variety of human cancers,

including gastric, colorectal, esophagus, stomach, bladder, lung, skin, prostate, and adult

T-cell leukemia [68, 73, 97-102]. Both genetic and epigenetic alterations may contribute

to reduced and lost KLF4 expression in GI cancers including loss of heterozygosity of

KLF-4 gene, point mutation or hyper-methylation of CpG region of KLF-4 promoter

region- which are reviewed in [96]. Substantial evidence suggests the role of KLF-4 as a

tumor suppressor- reviewed in [103]- but in breast cancer the role of KLF-4 is not as clear.

Some reports have indicated  that  KLF-4 is overexpressed in breast  cancers [104, 105],

especially  in  the  cancer  stem  cells. On the contrary, several reports have indicated low

level of expression of KLF-4 in breast cancer which is associated with a higher tumor

recurrence rate [106]. Breast cancer is a heterogeneous disease, which encompasses several

subtypes according to the ER, PR and HER receptor status [4]. Forced expression of KLF-

4 has been shown to inhibit the invasion rate of the highly metastatic MDA-MB-231 breast

cancer cells [74, 107]. In addition, knockdown of KLF-4 elevated estrogen-induced

proliferation of the estrogen positive ( ER+) MCF-7 breast cancer cells [108].

Evidence shows that inhibition of mTOR in VSMC results in upregulation of KLF-

4, which mediates anti-proliferative effects of mTOR inhibition in these cells [109]. Our

hypothesis was formulated to test whether the inhibition of mTOR in breast cancer cells

would result in an upregulation of KLF-4 with a resultant repression of VEGF expression

and a concomitant more vigorous inhibition of proliferation in breast cancer cells.
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III.3. Experimental procedures

Immunostaining analysis of normal and cancer breast tissues microarrays.

Tissue microarrays containing archived, formalin-fixed, and paraffin-embedded specimens

of 60 samples, 30 primary breast carcinoma and 30 normal adjacent tissues (diameter 2.0

mm; thickness, 4 µm), were purchased from (IMGENEX Corp).  Deparaffinized  tissue

sections were stained  with antibodies,  including  KLF-4 (GKLF-H-180X, FO509, Santa

Cruz Biotechnology) by following the method  described [75]. Antigen retrieval was done

by heating deparaffinized tissues in sodium citrate buffer, pH 6.0, for 30 min in a

commercially available vegetable steamer. For all of the antibodies, intensity of staining

and a proportion of positive cells were determined by the methods described previously

[76-78]. A semiquantitative estimate of expression levels of the antigen, KLF-4, was based

on the combined score for the proportion of staining cells, and the intensity of staining. A

subjective scale (- to +++) was used to classify staining patterns.

Cell lines and reagents.

MCF-10A, MCF-7, and MDA-MB-231 breast cell lines obtained from ATCC and

maintained according to supplier’s protocol. Cells grown in high glucose DMEM (Gibco-

Life Technologies) containing 7% FBS (Harlan Bioproducts for Science, Inc.). Insulin,

verapamil, MG132, metformin, rapamycin and PP242 purchased from (Sigma Chemical

Co.)
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Western blot analysis.

According to the experimental design, treated and control breast cells were freeze-thawed

in lysis buffer containing cocktail of protease and phosphatase inhibitors. Protein amount

in cell lysates measured by NanoDrop spectrophotometer. Equal protein amount was

fractionated in SDS-PAGE, transferred to PVDF transfer membrane (PerkinElmer),

stained with Ponceau S solution (Sigma Chemical Co.), destained and immunoblotted with

the designated antibodies including β- actin to ensure equal loading. Anti-bodies utilized

are anti- (mTOR 7C10, pmTOR D9C2 (Ser-2448), pP70S6K 108D2 (T-389), β–Actin

13C5 antibodies, Cell Signaling Technology) and KLF-4 (GKLF-H-180X, FO509, Santa

Cruz Biotechnology). Blots were developed with ECL (Pierce ThermoScientific). Band

densitometry was measured by (AlphaView imaging software, FluorChem Q system,

ProteinSimple) and semiquantitative data normalized for β- actin.

Reporter and expression plasmids.

The   1.2 VEGF-CAT reporter plasmid was constructed by ligating a 1.2-kb promoter

DNA fragment of the human VEGF gene- as described [79]. KLF-4 expression plasmids

were kindly provided by Ed Seto and Shiva Swamynathan, respectively.

Cell lines and transfection assays.

MCF-10A, MCF-7, MDA-MB-231, MDA-MB-468, and HUVEC-CS cell lines were

obtained from ATCC. The cells were cultured and stored following the ATCC protocol

of authentication by short terminal repeat analysis. The cells were maintained in DMEM-

high glucose medium supplemented with 7% FBS. For harvesting CM, the cells were first
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grown in DMEM containing 7% FCS for 24 hrs. Next, the culture medium was replaced

with DMEM containing 0.5% FCS, and the cells were grown for an additional 48 hrs, after

which the medium was collected, centrifuged at 1,000g, and stored at 80 °C for further use.

Chloramphenicol acetyl transferase assay.

was performed following transfection of cells with reporter plasmid 1.2 VEGF-CAT or

empty vector, pBLCAT3- as described [75]. In each transfection assay, pSV β-gal

(Promega) DNA was added for normalization of transfection efficiency. For

overexpression of the candidate gene, pcD-KLF-4 was used for transfection of cells. In

some transfection assays, KLF-4 siRNA, control siRNA, (Santa Cruz Biotechnology) were

added.

Cell migration assays.

HUVEC migration assay was performed- as described earlier [75]. In the HUVEC culture

medium, conditioned medium derived from KLF-4 siRNA-transfected, control

(scrambled) siRNA-transfected, pcDKLF-4- or pcDNA3- transfected MCF-7 or MDA-

MB-231   cells were added. The cells that migrated onto the filter were counted manually

by examination under the microscope.

MTT cell proliferation assay.

Cells were grown to 50-70% confluence for a better assessment of the proliferation rate of

the cells, which were determined according to the manufacture’s protocol using MTT assay
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kit (CellTiter 96 Non-Radioactive Cell Proliferation Assay; Promega). Absorbance is

recorded at 562nm using NanoDrop spectrophotometer.

Statistical analysis.

Differences between study groups were analyzed by one-way ANOVA with post-hoc

Holm-Sidak method or Fisher’s least significant difference test. For paired data sets, a two-

tailed t test was used. Results represent the average of three independent experiments (n=3;

mean ± SD, and *P <0.05 was considered statistically significant). Correlation was

calculated using Pearson product moment correlation coefficient r. Data were analyzed by

(Sigmplot software program 12.3 from Systat Software, Inc., San Jose California

USA, www.sigmaplot.com).
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III.4. Results

3.1. Expression of KLF-4 is reduced in breast cancer tissues.

A tissue microarray containing 30 breast  cancer and 30 normal  adjacent  breast  tissues

was used  for  monitoring KLF-4  expression   in breast   cancer   specimens   and adjacent

normal  tissue pairs (Fig. 3.1). KLF-4 protein level was at a detectable level in normal

breast tissues (Fig. 3.1.A, panel a). In contrast, all breast tumor samples had much lower

KLF-4 staining (Fig. 3.1.A, panel b). Summary of the IHC analyses of KLF-4 is presented

in table 3. In correlation with these findings, the mRNA and protein levels of KLF-4 were

also much less in breast cancer cells compared to the noncancerous cells as shown by the

results in (Fig. 3.1, B and C respectively). These findings further substantiate the role of

KLF-4 in breast cells as a tumor suppressor, whose level is low in the breast cancer cells.

3.2. Depletion of the endogenous KLF-4 stimulates VEGF expression in breast cancer

cells. In spite of the relatively low level of endogenous KLF-4 in the breast cancer cells, it

still has a role in antagonizing the transcription of VEGF gene. In correlation with previous

results, knockdown of the endogenous KLF-4 in both MCF-7 and MDA-MB-231 cells

resulted in a statistically significant increase in the transcription of VEGF gene as shown

in (Fig. 3.2). Loss of KLF-4 in breast cancer cells unleashes VEGF expression, which

promotes tumor progression and angiogenesis through its action on breast cancer cells and

endothelial cells in adjacent blood vessels.
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FIGURE 3.1. KLF-4 expression in human breast cancer tissues and normal tissues.

(A) IHC analysis of KLF-4 in serial sections of normal breast tissues (panel a) and carcinoma

tissues of breast (panel b). (B) Total RNA was subjected to quantitative RT-PCR analysis with

primers specific for KLF-4 in different breast cell lines. The results were normalized to the level of

GAPDH in each sample. (C) Cell extracts (50µg of protein) were fractionated in a 5/11% SDS-

PAGE gel, transferred to PVDF membrane, and immunoblotted with anti-KLF-4 antibody. The

membrane was stripped and reprobed with β-actin antibody as a loading control.
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Table 3. KLF-4 expression in normal and cancer human breast tissues.

a Cancer stage according to the AJCC staging system.

b LN is metastatic lymph nodes/examined lymph nodes.

c A semi-quantitative estimate of KLF-4 expression level was on combined score for the proportion

of stained cells and the intensity of stain and following the criteria as described earlier [77, 78].

Proportion score represented the estimated percentage of stained cells (0,    10%; 1, between 10 and

25%; 2, between 25 and 50%; 3, between 50 and 75%; 4, between 75 and 90%; 5,    90%). Intensity

score corresponded to the average staining intensity of the cells (0, no staining; 1, weakly stained;

2, moderately stained; and 3, strongly stained). Levels of staining were derived as follows: samples

with an intensity score of 0 or a proportion score of 0 were designated negative (-), and samples

with intensity score of 1 and a proportion score of 1–2 were designated as weak (+). Samples with

an intensity score of 2 and 3, and combined scores of 2-3, 4–6, and 7–8 were designated as weak

(+), moderate (++), and strong (+++) expression, respectively.
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Figure 3.2. Effect of KLF-4 knockdown on VEGF expression in breast cancer cells.

MCF-7 and MDA-MB-231 cells were transfected with 1.2 VEGF CAT reporter plasmids (0.5 µg).

In some transfection reactions, 200 nmol of KLF-4 siRNA or scrambled siRNA (CTRL siRNA) of

the same length were used. Relative CAT activity was determined in the breast cancer cells.
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3.3. Ectopic overexpression of KLF-4 in breast cancer cells inhibits their migration

potentials in a dose-dependent manner. As shown in (Fig. 3.3), KLF-4 overexpression

in breast cancer cells inhibits VEGF expression and consequently inhibits their ability to

stimulate the migration of HUVEC cells.

3.4. mTOR inhibition induces    KLF-4 expression in the ER+ breast cancer cells.

Evidence shows that expression of KLF-4 could be upregulated by mTOR inhibition in

VSMC,  which mediates antiproliferative effects in these cells [109]. Our hypothesis was

that inhibition of mTOR could upregulate KLF-4 expression in the breast cancer cells,

which, in turn, inhibits VEGF expression and mediate antiproliferation in these cells. To

test this hypothesis, we have treated MCF-7 and MDA-MB-231 breast cancer cells with

various mTOR inhibitors and assessed KLF-4 expression using WB analyses. While only

a slight increase in KLF-4 level was seen in MDA-MB-231 cells by metformin treatment

(Fig. 3.4.A, lane 3), mTOR inhibition in MCF-7 cells was associated with a higher KLF-4

level as shown by treatment with PP242 in a dose-dependent manner (Fig. 3.4.B, lanes 3

through 6). These results show that mTOR inhibition induced a higher KLF-4 expression

in the ER+ MCF-7 breast cancer cells compared to the triple negative breast cancer cells.

3.5. Inhibition of mTOR decreases the proliferation and migration of different breast

cell lines differently. The next step was to test whether the KLF-4 overexpression induced

by different mTOR inhibitors coincides with a concomitant effect on the proliferation and

migration of different breast cell lines. Results show that mTOR inhibition induced more

potent inhibitory effects on the MCF-10A and MCF-7 cells as shown by the MTT assay
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Figure 3.3. Effect of KLF-4 overexpression on the breast cancer angiogenic potentials.

MDA-MB-231 and MCF-7 cells were transfected with increasing concentrations of pcDNA3 or

pcD-KLF-4 plasmid DNA (0.0, 1.0, and 2.0µg). Following the transfection, CM were collected.

Culture media of the HUVECs were fortified with the different CM preparations, as indicated, and

the migrated cells were counted after 24 hrs of incubation. Results represent mean ± S.E. of three

independent experiments. * p < 0.05.
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Figure 3.4. Effect of mTOR inhibition on the level of KLF-4 in breast cancer cells.

Treatment of MCF-7 or MDA-MB-231 cells with insulin 1µM for 1 hr and the mTOR inhibitors

PP242 in a dose-dependent manner 3, 9, 12, and 15µM for 4 hrs (3 and 9 µM for MDA-MB231

cells are shown), metformin 75mM for 8 hrs or rapamycin 100nM for 8 hrs. (A) 100µg of MDA-

MB-231 cell lysates was fractionated and immunoblotted for KLF-4 and β-actin to ensure equal

protein loading. (B) 100µg of MDA-MB-231 cell lysates was fractionated and immunoblotted for

KLF-4 and β-actin to ensure equal protein loading.
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of proliferation results in (Fig. 3.5.A). This finding was further corroborated by results

from the wound healing assay (Fig. 3.5.B). The cells migration is assessed by changes in

the wound size in the treatment groups at the designated time points. Migration potentials

of the ER+ breast cancer cells, MCF-7, decreased profoundly with mTOR inhibition

particularly with metformin treatment. Different mTOR inhibitors affect the growth and

migration potentials of different breast cells to a different degree, although all mTOR

inhibitors appear to exert a comparable inhibitory effect on mTOR activity in all cell lines.

3.6. Different mTOR inhibitors exert different inhibitory effects on the migration of

the ER+ breast cancer cells. In addition to the variable responses of different breast cell

lines to same mTOR inhibitors, different mTOR inhibitors also exert different inhibitory

effects on the migration of ER+ breast cancer cells. As shown in (Fig. 3.6) the metformin

treatment was associated with almost 100% inhibition of MCF-7 cells migration compared

to the other mTOR inhibitors. The rate of cells migration is indicated by the progressive

shortening of the thick white line across the wound region. The line graph illustrates the

stable inhibitory effect of metformin on the migration of MCF-7 even after 48 hrs of

treatment. These findings together suggest that mTOR inhibitors exert another effect(s)

besides inhibition of mTOR activity. The different mTOR inhibitors exert different

allosteric or catalytic inhibitory effects on mTOR activity [48]. The different mTOR

inhibitors might also have different sets of targets in addition to mTOR. Another plausible

explanation for this idiosyncrasy could be attributed to differential upregulation of a

feedback mechanism, particularly, since mTOR inhibitors are known to induce different

compensatory pathways in cancers such as renal cell carcinoma [110].
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Figure 3.5. Effect of mTOR inhibition on the proliferation and migration of breast cells lines.

MCF-10A, MCF-7 and MDA-MB-231 breast cells treated with insulin 1µM for 12 hrs in the

presence and absence of one of the mTOR inhibitors PP242 3µM, metformin 50mM, and

rapamycin 100nM for 12 hrs. (A) Cell proliferation was assessed by MTT assay. (B) The effect of

treatment on the migration of breast cells was assessed by wound healing assay viewed under the

microscope (10X magnification).
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Figure 3.6. Effect of different mTOR inhibitors on the migration of the ER+ cells.

MCF-7 cells treated with insulin 1µM in the presence and absence of one of the mTOR inhibitors

(PP242 3µM, metformin 50mM, or rapamycin 100nM) for the time pointes (0, 6,12,24,48 hrs).

Migration rates of the cells measured by wound healing assay and viewed under the microscope

(10X magnification). The thick white line is inversely proportional to the rate of cells migration.
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3.7. Metformin treatment results in a significant decrease in total mTOR protein level

in the ER+ breast cancer cells. One of the possible compensatory feedback mechanisms

against inhibition of mTOR is the upregulation of total proteins in the mTOR pathway. To

test this hypothesis, WB analyses of total mTOR protein was performed in different breast

cell lines after treatment with various mTOR inhibitors. As shown in (Fig. 3.7.A) total

mTOR protein in MCF-10A cells was slightly increased with rapamycin and PP242, but

metformin treatment did not induce such change. mTOR inhibition in MDA-MB-231 cells

has no perceivable effect on total mTOR protein as shown in (Fig. 3.7.B). MCF-7 cells

show a significant dose-dependent increase in total mTOR protein with PP242 treatment

(Fig. 3.7.C). In contrast, total mTOR protein was significantly decreased with metformin

and rapamycin treatment (Fig. 3.7.D, lanes 3-6).These findings could provide a plausible

explanation as why the ER+ MCF-7 cells are sensitive to metformin treatment in particular.

The decreased mTOR protein in the ER+ cells could be a possible cause underlying the

remarkable effect of metformin treatment on the KLF-4 upregulation as well as the

inhibition of the ER+ cells proliferation and migration.

3.8. The metformin-induced decrease of total mTOR protein positively correlates

with metformin-induced increase of KLF-4 in the ER+ breast cancer cells. To test the

impact of metformin treatment in the ER+ MCF-7 cells, the correlation between total

mTOR level and KLF-4 level with metformin treatment was calculated. As shown in (Fig.

3.8), the decrease in mTOR protein level is directly proportional with the increase in KLF-

4 level after metformin treatment.  These findings suggest that total mTOR protein is

potentially involved in promoting invasiveness of the ER+ breast cancer cells.
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Figure 3.7. Effects of various mTOR inhibitors on total mTOR protein in breast cell lines.

MCF-10A, MCF-7, and MDA-MB-231 breast cells treated with insulin 1µM for 1 hr in the

presence and absence of one of the mTOR inhibitors PP242 3µM or 9µM for 4 hrs, metformin

75mM for 8 hrs, and rapamycin 100nM for 8 hrs. Equivalent protein amounts from all cell lysates

were fractionated and immunoblotted for mTOR protein and β-actin for equal loading. (A) 100µg

of MCF-10A total cell lysates was fractionated and immunoblotted for total mTOR protein. (B)

100µg of MDA-MB-231 cell lysates was fractionated and immunoblotted for total mTOR protein.

MCF-7 cells treated with PP242 for 4 hrs in a dose-dependent manner (3, 9, 12, 15 µM). (C) 100µg

of MCF-7 total cell lysates was fractionated and immunoblotted for total mTOR protein. MCF-7

cells treated with insulin 1µM for 1hr with and without one of the mTOR inhibitors metformin

75mM for 8 hrs, and rapamycin 100nM for 8 hrs. (D) 100µg of MCF-7 total cell lysates was

fractionated and immunoblotted for total mTOR protein. (One way ANOVA, * p<0.01, **p<0.01).
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Figure 3.8. The effect of metformin on levels of mTOR and KLF-4 in the ER+ breast cells.

MCF-7 cells were treated with metformin 50mM for the following durations (0, 12, 24, 48 hrs).

100µg of the total cell lysate was fractionated and immunoblotted for mTOR and KLF-4. Ponceau

S stain was used to ensure equal protein loading. Inhibition of mTOR by metformin increased the

level of KLF-4 protein, but it was also associated with a dose-dependent decrease in the total level

of mTOR protein. Pearson product moment correlation between the levels of the proteins and the

mTOR inhibition was calculated (KLF-4 r=0.8, mTOR r=-0.9, p<0.05).
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3.9. Metformin and rapamycin treatment transcriptionally inhibit VEGF expression

in the ER+ breast cancer cells. Metformin treatment in the ER+ breast cancer cells

produces an inverse relationship between total mTOR protein level and KLF-4 protein

level in these cells. To test the effect of metformin treatment on the VEGF expression,

MCF-7 cells were transfected with 1.2 VEGF-CAT reporter plasmid as well as an empty

vector for verification of the specificity. Relative CAT activity was assessed after treatment

with the mTOR inhibitors metformin and rapamycin in a dose-dependent manner. Results

indicate that both metformin and rapamycin significantly inhibit VEGF expression in

MCF-7 cells as shown in (Fig. 3.9).

3.10. Metformin treatment in the ER+ cells does not elicit rebound upregulation of

total proteins in the mTOR pathway. To test the possibility of feedback upregulation of

mTOR pathway as a compensation for mTOR inhibition in the ER+ cells, WB analysis was

performed on the ER+ breast cancer cells following treatment with various mTOR

inhibitors. To verify that all mTOR inhibitors essentially inhibit phosphorylation and

activation of mTOR pathway, WB analysis was performed on the phosphorylated form of

the downstream target of mTOR (pP70-S6K). Results revealed that treatment of MCF-7

cells with PP242, metformin, and rapamycin all resulted in a comparable inhibition of

mTOR activity as it is evident by the inhibition of pP70-S6K (dark arrow in Fig. 3.10. A

and B). However, mTOR inhibition by PP242 was associated with a dose-dependent

increase in the level of total mTOR protein (Fig.3.10.A) as well as an equivalent increase

in a band consistent with total P70-S6K protein as indicated by arrowheads in (Fig. 3.10.A).
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Figure 3.9. Effects of mTOR inhibitors on the VEGF expression in the ER+ cells.

(A) MCF-7 cells were transfected with equal amounts (0.5 µg) of pBLCAT3 or 1.2 VEGF-CAT.

Twenty four hours after transfection, cells were supplemented with increasing concentrations of

metformin (25, 50 and 75 mM) or rapamycin (20, 40 and 100 nM).  Cells were harvested 24 hrs

later and CAT activity was determined using equivalent amount of cell extracts. Relative CAT

activity was determined by comparing the activities of transfected plasmids with that of pBLCAT3.

Results are an average of three separate experiments. *, P < 0.05, **, P < 0.02.
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On the other hand, mTOR inhibition by metformin or rapamycin was associated with a

decrease in the total mTOR protein as well as a less rebound upregulation of the band

consistent with total P70-S6K as shown by arrowheads in (Fig. 3.10.B, lanes 3, 4, 5, and

6). Metformin treatment, in particular, was not associated with any visible increase in the

putative total P70-S6K protein level (Fig. 3.9.B, lanes 3 and 4). The level of rebound

upregulation of P70-S6K in MCF-7 cells after metformin treatment was congruent with the

effects of the treatment on the level of total mTOR protein as well as the correspondent

effect on cells proliferation and migration. These results suggest that metformin treatment

was more effective in the ER+ MCF-7 breast cancer cells because it elicited less rebound

upregulation of total mTOR proteins compared to other mTOR inhibitors.

3.11. Level of total mTOR protein is higher in breast cancer cells compared to the

noncancerous cells. To further verify the implication of total mTOR protein in breast

cancer cells, we assessed the status of total mTOR protein using WB analysis. As seen in

(Fig. 3.11.A), total mTOR protein is significantly higher in breast cancer cells compared to

the noncancerous breast cells. WB analysis also revealed that high total mTOR protein in

the ER+, MCF-7, breast cells was associated with a concomitant increase in the mTOR

activity in these cells as shown by the levels of phosphorylated mTOR (pmTOR) and

phosphorylated P70-S6K indicated by gray arrows in (Fig. 3.11.B). These results show that

the high level of total mTOR protein in the ER+ cells correlates with a high mTOR activity

even in basal conditions. These results emphasize the significance of total mTOR protein

in potentially promoting malignant features in the ER + breast cancer cells. Such malignant

features might include invasiveness, response to treatment and resistance to the treatment.
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Figure 3.10. Effect of mTOR inhibitors on the rebound upregulation of mTOR in the ER+

cells. MCF-7 cells were treated with insulin 1 µM for 1 hr in the presence and absence of PP242 in

a dose-dependent manner (0, 3, 9, 12, or 15 µM) for 4 hrs. MCF-7 cells were also treated with

metformin 75mM for 8 hrs or rapamycin 100nM for 8 hrs in the presence or absence of insulin 1

µM for 1 hr. (A) 100 µg total MCF-7 cell lysate was immunoblotted for total mTOR protein, pP70-

S6K and β- actin for equal loading. (B) 100 µg total MCF-7 cell lysate was immunoblotted for

pP70-S6K and β- actin for equal loading.
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Figure 3.11. Status of total mTOR protein levels in normal and cancer breast cell lines.

(A) 100 µg total cell lysate of (untreated) MCF-10A, MDA-MB-231, and MCF-7 control cells was

immunoblotted for total mTOR protein and β- actin for equal loading (n=3, mean ± SD, one-way

ANOVA and Holm-Sidak post-hoc test *P <0.05). (B) 100 µg total cell lysate of (untreated) MCF-

10A, MCF-7, and MDA-MB-231 control cells was immunoblotted for mTOR, pmTOR, and pP70-

S6K for total proteins level as well as activity and for β- actin for equal loading.
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III.5. Discussion

Our results indicate a role of KLF-4 in tumor suppression. We found that KLF-4

level is low in breast cancer cells. KLF-4 has a controversial effect on different cell types

by regulation of various genes. Review of the KLF-4 functions showed that it acts as either

a tumor suppressor or an oncogene depending on the array of genes it controls [103, 106].

In breast cancer cells, there is accumulating evidence of the role of KLF-4 in tumor

suppression [74, 108]. We identified a novel mechanism of repression of VEGF gene

expression in breast cancer cells through upregulation of KLF-4 using mTOR inhibitors.

Role of mTOR activity is well-established in the progression of breast cancer [36,

111]. Our results corroborated results of previous research about the beneficial role of

mTOR inhibition in counteracting progression of breast cancer. Despite the comparable

inhibition of mTOR activity by various mTOR inhibitors, we found that different mTOR

inhibitors affect breast cells proliferation, migration, and potentially KLF-4 expression at

different degrees particularly the ER+ breast cancer cells. Inhibition of mTOR and thence

the upregulation of KLF-4 in breast cells is likely counteracted by some feedback

mechanisms. One possible scenario of the feedback is the upregulation of total proteins in

the mTOR pathway upon mTOR inhibition. Such scenario imposes a potential risk of

refractoriness of these cells to treatment with mTOR inhibitors. The possibility of rebound

upregulation of total proteins upon mTOR inhibition is substantiated by our observation of

a variable increase in the level of both total mTOR and its downstream target P70-S6K in

the ER+ cells upon treatment with different mTOR inhibitors as shown in (Fig. 3.10).
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mTOR protein level is known to be high in some cancers such as colorectal cancer

which correlates positively with the tumor stage [112], but the status of total mTOR protein

and its impact in breast cancer cells are not well delineated. Assessment of the status of

total mTOR protein in different breast cells revealed a significantly high level in breast

cancer cells. High mTOR protein could be potentially involved in promoting the malignant

phenotype of breast cancer cells as well as their response to treatment. We observed a

correlation between the level of total mTOR proteins and the level of mTOR activity in the

ER+ breast cancer cells as indicated in (Fig. 3.11, B).

Although several mTOR inhibitors have shown promising antitumor effects [36],

there is risk of emergence of resistance to this treatment [113]. Notably, feedback

upregulation of the mTOR pathway is one of the potential mechanisms of drug resistance

in breast cancer. This study showed that unlike PP242, metformin and rapamycin resulted

in a decrease in the total level of mTOR protein in the ER+ breast cancer cells along with

the inhibition of mTOR activity (Fig. 3.7.D). Furthermore, metformin treatment exerted

more inhibitory effects on the proliferation and migration of the ER+ breast cancer cells

compared to other mTOR inhibitors as shown in (Fig. 3.5 and 3.6). Metformin treatment

elicited less rebound upregulation of total proteins in the mTOR pathway in these cells as

shown by total proteins in mTOR pathway (Fig. 3.10, B), and thereof a better response to

relatively prolonged treatment as shown in (Fig. 3.6). Though the mechanism underlying

feedback increase of total mTOR protein upon mTOR inhibition is not known, it could be

plausibly attributed to a concomitant rebound activation of MTOR gene expression.
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Chapter IV

Role of defective proteolysis in high mTOR protein level in breast cancer
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IV.1. Abstract

Background: We identified a beneficial effect of upregulating KLF-4 by mTOR

inhibition in repressing the VEGF expression and proliferation in breast cancer cells. We

found that total mTOR protein level is high in breast cancer cells particularly in the ER+

cells. We also identified a reciprocal relationship between total mTOR protein and KLF-4

in the ER+ breast cancer cells. Metformin treatment decreased total mTOR protein and

increased KLF-4 level in the ER+ cells. The causes underlying high mTOR level in breast

cancer cells are not well-understood, but one possible explanation is decreased mTOR

protein degradation. We hypothesized that degradation of total mTOR protein in breast

cancer cells could be defective resulting in accumulation of mTOR protein in these cells.

Novel findings: Our results revealed defective proteolysis of mTOR protein in

breast cancer cells. We provide here a novel mechanism of decreasing total mTOR protein

in the ER+ breast cancer cells by activation of proteasomes using metformin treatment.

The decrease in mTOR protein level in these cells correlated positively with a concomitant

inhibition of the proliferation and migration of these cells.

Conclusion: Defective mTOR degradation could, at least in part, explain the high

level of mTOR protein in breast cancer cells.

Significance: decreasing total mTOR protein could provide a potential way of

improving efficacy of breast cancer treatment by mitigating resistance of the tumor cells.
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IV.2. Introduction

Protein synthesis is a key feature of cancer cells [114] and mTOR downstream

targets, p70-S6Kand 4EBP, are important regulators of protein synthesis [115]. Another

essential cellular function regulated by mTOR is autophagy [116], which is an intracellular

degradation system that delivers cytoplasmic proteins to lysosomes [117]. Autophagy and

the ubiquitin-proteasome system (UPS) are the main intracellular protein degradation

pathways in eukaryotes [118]. In the UPS, proteins to be degraded are labeled with

ubiquitin then degraded by the 26S proteasome complex [119]. In autophagy, protein

degradation  could be either constitutive (basal) in nature or induced by a specific

autophagy inducer [120] such as starvation, oxidative stress [121] or proteasome inhibition.

On the other hand, inhibition of autophagy stimulates UPS [118].

In normal cells, constitutive autophagy and the UPS pathways act in parallel to

prevent the accumulation of proteins to prevent cells damage, however, the effect of these

events in cancer cells are less understood [122]. Autophagy involves sequential steps:

protein sequestration, transport to lysosomes, and eventually protein degradation [123].

Successful completion of autophagy requires coordinated functions of multiple protein

complexes at different steps [124]. The role of autophagy in cancer is complicated because

different steps of autophagy may have different impact on the tumor [123]. Cellular stress

is one of the main activators of autophagy [125] and in rapidly proliferating tumor cells,

the endoplasmic reticulum endures stresses beyond the cells degradative capacity. Thus,

defective proteins accumulate in perinuclear aggresomes for imminent degradation [126].
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Involvement of active mTOR pathway in the progression of breast cancer is well-

established [36, 111]. mTOR inhibition has also been shown to sensitize breast cancer cells

to cytotoxic effects of chemotherapy in vitro [127]. Rapamycin and its analogs (rapalogs)

are highly specific inhibitors of mTOR, which are currently being evaluated as anti-cancer

agents in clinical trials. However, toxicity is a limiting factor that precludes the use of high

doses of mTOR inhibitors, particularly rapalogs, in combinatorial treatment for breast

cancer [128]. Moreover, evidence indicates that many human cancers have inherent

resistance to treatment and the tumors initially sensitive to rapamycin demonstrate acquired

resistance and become refractory to treatment [129]. One of the potential mechanisms of

the ensuing of drug resistance, generally, in breast cancer is the upregulation of mTOR

pathway, which may involve increased activity or increased levels of total proteins in

mTOR pathway. Many studies show that metformin, antidiabetic agent, exerts antitumor

effects via inhibition of mTOR activity [130].  Nonetheless, the molecular basis of the

beneficial effects of metformin in breast cancer is far from being fully unraveled.

Metformin action on peripheral tissues requires high concentrations, however, its use at

such high doses has been shown to be generally tolerable if avoided in patients with

contraindications such as hepatic or renal compromise [50]. The relatively safe profile of

metformin makes it an ideal agent for mTOR inhibition in breast cancer, particularly since

mTOR inhibitors are usually required in high doses to achieve better antitumor effects.

Besides the safe profile of metformin, its potent effects on the upregulation of KLF-4 in

breast cancer cells and consequently remarkable inhibition of VEGF expression and cells

proliferation make it a strong anti-angiogenic and anti-proliferative candidate for treatment

of breast cancer particularly the ER+ subtype.
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IV.3. Experimental procedures

Cell lines and reagents.

MCF-10A, MCF-7, and MDA-MB-231 breast cell lines obtained from ATCC and

maintained according to supplier’s protocol. Cells are grown in high glucose DMEM

(Gibco- Life Technologies) containing 7% fetal bovine serum (Harlan Bioproducts for

Science, Inc.). Insulin, verapamil, MG132, metformin, rapamycin and PP242 purchased

from (Sigma Chemical Co.)

WB analysis.

According to the experimental design, treated and control breast cells were freeze-thawed

in lysis buffer containing cocktail of protease and phosphatase inhibitors. Protein amount

in cell lysates measured by NanoDrop spectrophotometer. Equal protein amounts were

fractionated in SDS-PAGE, transferred to PVDF transfer membrane (PerkinElmer),

stained with Ponceau S solution (Sigma Chemical Co.), destained and immunoblotted with

the designated antibodies including β- actin to ensure equal loading. Anti (mTOR 7C10,

pmTOR D9C2 (Ser-2448), pP70S6K 108D2 (T-389), LC3B 2775S, cyclin B1 4138P, β –

Actin 13C5 antibodies, Cell Signaling Technology). Blots were developed with ECL

reagent (Pierce ThermoScientific). Band densitometry was measured by (AlphaView

imaging software, FluorChem Q system, ProteinSimple) and semiquantitative data were

normalized for β- actin.
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Protein stability assays.

Cycloheximide (CHX) Assay was performed by treating the cells with (cycloheximide;

Sigma Chemical Co.) for various time points and the stability of mTOR protein was

assessed by WB.

Immunostaining analysis.

MCF-7 cells were plated on tissue culture chambers (Lab-Tek Chamber Slide; Nunc,

Inc.). Cells were stained with 1µg/ml Acridine Orange (AO, Hartman-Leddon Co.),

followed by formalin fixation, methanol antigen retrieval, 2% FBS  blocking and anti

mTOR immunostaining.

MTT cell proliferation assay.

Cells were grown to 50-70% confluence for a better assessment of the proliferation rate

of the cells, which were determined according to the manufacture’s protocol using

(CellTiter 96 Non-Radioactive Cell Proliferation Assay; Promega). Absorbance is

recorded at 562nm using NanoDrop spectrophotometer.

Wound healing migration assay.

Breast cells were seeded on a flat bottom 24 well plate, incubated overnight to settle

down, medium was changed and a wound was inserted using a pipette tip. The size of

wound was measured at various time points 0, 6, 12, 24, and 48 hrs.
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Autophagy assay.

Equal protein amounts of total cell lysates were fractionated in SDS-PAGE and

immunoblotted for LC3B I and II (2775S, Cell Signaling Technology). Autophagy was

assessed by the relative ratio of LC3BII to LC3BI.

Statistical analysis.

Differences between study groups analyzed by One-way ANOVA with post-hoc Holm-

Sidak method. Results represent the average of three independent experiments (n=3;

mean ± SD, and *P <0.05 was considered statistically significant). Data were analyzed by

(Sigmplot software program 12.3 from Systat Software, Inc., San Jose California

USA, www.sigmaplot.com).
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IV.4. Results

4.1. mTOR protein is more stable in breast cancer cells compared to the noncancerous

cells. The high level of total mTOR protein in the breast cancer cells could be attributed

to increased expression of mTOR, decreased degradation of mTOR protein or both. To

investigate the possibility of decreased degradation of mTOR protein in the breast cancer

cells, we compared the stability of mTOR protein following the inhibition of new mTOR

protein synthesis using CHX treatment. WB analysis of mTOR protein was performed in

the three breast cell lines in the time points indicated in (Fig. 4.1). We found that mTOR

protein is more stable in the breast cancer cells compared to the nonmalignant breast cells.

In MCF-10A cells, total mTOR protein level declined progressively starting from 0.5 hours

post CHX treatment (Fig. 4.1.A, lanes 2-6). On the other hand, MCF-7 cells did not show

a decrease in total mTOR level until 12 hours post CHX treatment (Fig. 4.1.B, lane 6) and

MDA-MB-231 cells showed no noticeable change in the total mTOR protein level even

after 12 hours of the CHX treatment (Fig. 4.1.C). These findings suggest that proteolysis

of mTOR protein is intact in the noncancerous cells and likely defective in the cancer cells.

4.2. Proteasome inhibition induces autophagy only in normal breast cells.

UPS and autophagy are two main proteolytic pathways in eukaryotic cells. These  two

pathways work in a complementary manner; thus, inhibition of the proteasome induces

autophagy [118]. To assess the nature of proteolysis in different breast cells, we treated

these cells with the proteasome inhibitor MG132 in a time-dependent manner. In MCF-

10A cells, proteasome inhibition resulted in a decrease in the total mTOR protein in a time-

dependent manner (Fig. 4.2.A, lanes II and III). In contrast, proteasome inhibition resulted
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Figure 4.1. Stability of mTOR protein in different breast cell lines.

MCF-10A, MCF-7, and MDA-MB-231 cells were harvested at 0.0, 0.5, 1.5, 4, 8, and 12 hrs post

200µg/ml CHX treatment. 100 µg of MCF-10A, 50 µg of MCF-7 and 50 µg of MDA-MB-231 total

cell lysate was immunoblotted for mTOR and β- actin. (A) In MCF-10A cells, the total mTOR

protein level started to decline progressively after 0.5 hrs post CHX treatment. (B) In MCF-7 cells,

the total mTOR protein required 12 hrs to decrease following CHX treatment. (C) In MDA-MB-

231 cells, total mTOR protein level did not show appreciable decline even after 12 hrs of CHX

treatment.
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in no significant change in mTOR protein level after 12 hrs or 24 hrs of MG132 treatment

in MCF-7 and MDA-MB-231 cells (Fig. 4.2, B and C, respectively). To verify the effect

of proteasome inhibition on autophagy in the breast cells, we assessed autophagy using

WB analysis of LC3B autophagy markers. As shown in (Fig. 4.2.D, lane iii), proteasome

inhibition in MCF-10A cells for 24 hrs was associated with increased LC3B II, which is

consistent with activation of autophagy [131]. However, in MCF-7 and MDA-MB-231

cells, proteasome inhibition increased both LC3B isoforms, more notably LC3B I than

LC3B II, in a time-dependent manner (Fig. 4.2, E and F, lanes ii and iii). The accumulation

of early intermediates of autophagy, such as LC3B I, likely represents a block in later stages

of autophagy [132]. These findings suggest that proteasome inhibition may have caused

induction of autophagy in MCF-10A cells, which led to increased degradation of mTOR

protein in these cells. On the other hand, proteasome inhibition in the breast cancer cells

had no noticeable effect on mTOR protein and also induced preferential increase in LC3B

I isoform. The fact that proteasome inhibition was not significantly associated with either

an increase or a decrease in mTOR protein in the breast cancer cells, suggests that both

proteasomes and autophagy are possibly defective in these cells.

4.3. Effect of metformin treatment on autophagy in the ER+ cells are inconclusive.

We have shown, previously, that metformin treatment of MCF-7 cells induced a decrease

in the level of mTOR protein. One possible explanation of the metformin-induced decrease

in total mTOR protein is the activation of proteolytic degradation of mTOR protein. To

assess the effect of metformin treatment on autophagy in MCF-7 cells, WB analysis for

LC3B autophagy markers was performed. Metformin treatment of MCF-7 cells for 48 hrs
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Figure 4.2. Autophagy activation by proteasomes inhibition in different breast cell lines.

MCF-10A, MCF-7, and MDA-MB-231 cells were treated with 2 µM of MG132 for several time

intervals 0, 12, 24 hours.100 µg of MCF-10A, 50 µg of MCF-7 and 50 µg of MDA-MB-231 whole

cell lysate was fractionated and immunoblotted for mTOR and LC3B as well as β-actin for loading.

(A) In MCF-10A cells, total mTOR protein level decreases in a time-dependent manner with

proteasome inhibition (lanes ii and iii). In MCF-7 and MDA-MB-231 cells (B) and (C)

respectively, mTOR protein level was not appreciably affected by the MG132 treatment. (D)

Proteasome inhibition in MCF-10A resulted in an increase in the level of LC3B II after 24hr of

treatment, while in MCF-7, and MDA-MB-231 cells, the proteasome inhibition  induced a time-

dependent increase in both LC3B isoforms mainly LC3B I (E) and (F) respectively.
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showed an increase in LC3B I and a decrease in LC3B II in comparison to the control

(untreated) cells (Fig. 4.3.A). These results does not conclusively reveal the effect of

metformin treatment on autophagy in MCF-7 cells. To further verify whether the effect of

metformin on autophagy markers is consistent with induction of autophagy, MCF-7 cells

were treated with PP242, which is known to inhibit mTOR and induce autophagy [133].

Unlike metformin, PP242 markedly decreased the level of LC3B I in MCF-7 cells as shown

in (Fig. 4.2.C, lanes 3-6). An increase in the conversion of LC3B I to LC3B II or a decrease

in the LC3B I both indicate activation of autophagy [134]. These results could possibly

indicate that metformin treatment induced MCF-7 cells to initiate autophagy, but failed to

finish the process as suggested by the accumulation of the LC3B I isoform.

4.4. Metformin induces a perinuclear sequestration of mTOR protein in the ER+

breast cancer cells. Generally, inhibition of mTOR is known to activate autophagy in some

cell types [135], but the effect of metformin on autophagy in MCF-7 cells was not a clear-

cut activation. To further delineate the effect of metformin treatment on autophagy, IHC

analysis of mTOR was performed on MCF-7 cells after treatment with metformin or with

the known autophagy-inducer verapamil. The subcellular localization of mTOR protein in

the cytoplasm of MCF-7 cells was determined in relation to acidic autophagic vacuoles

after AO staining. Verapamil is a calcium channel blocker which is known to induce

autophagy in some cells such the VSMCs as well as adenocarcinoma cells [136, 137].

Verapamil treatment induced extensive vacuole formation in the cytoplasm of MCF-7 cells

and the mTOR protein is condensed in a thin rim of the cytoplasm around the vacuoles as

shown by the arrow heads (Fig. 4.3.B). In contrast to verapamil treatment, metformin
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Figure 4.3. Effect of metformin on autophagy in ER+ breast cancer cells.

MCF-7 cells treated with insulin 1 µM for 30 min with and without metformin 75 mM for 8 hrs or

rapamycin 100 nM for 8 hrs. (A) 100 µg of total cell lysates were fractionated and immunoblotted

for LC3B and Ponceau S stain was used to ensure equal protein loading. (B) 100 µg cell lysates of

MCF-7 cells treated with insulin 1 µM for and different doses of PP242 (0, 3,9,12, and 15µM) for

4 hrs, were fractionated and immunoblotted for LC3B and β- actin for equal loading.
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treatment of MCF-7 cells it induced accumulation of mTOR protein in the vicinity of the

nucleus with no obvious focal increase of autophagic activity as shown by the arrows (Fig.

4.3.C). These findings indicate that metformin treatment induced aggregation of mTOR

protein in a perinuclear region consistent with aggresome formation, but did not induce

vacuole formation consistent with autophagy.

4.5. Metformin induces proteasome-mediated degradation of mTOR in the ER+ cells.

To examine whether proteasomes are involved in the metformin-induced mTOR

degradation in the ER+ breast cancer cells, WB analysis was performed on mTOR protein

in MCF-7 cells following treatment with metformin with and without proteasomes

inhibitor. Treatment of MCF-7 cells with metformin and the proteasome inhibitor, MG132

revealed that the proteasomes inhibition rescued the metformin-induced mTOR

degradation as shown in (Fig. 4.5.A, lanes ii, iii, and iv). When MCF-7 cells were treated

with MG132 in addition to metformin for 48 hrs, metformin markedly reduced mTOR

protein level and the proteasomes inhibition markedly abrogated the metformin-mediated

mTOR degradation as shown in (Fig. 4.5.B, lane 2). These findings indicate that metformin

treatment induced a proteasome-mediated degradation of mTOR protein in the ER+ breast

cancer cells. Nonetheless, these findings suggest also that reduced mTOR protein upon

metformin treatment might not be attributed solely to proteasome degradation as

proteasome inhibition did not completely account for the decreased level of mTOR. These

findings suggest yet another possible action of metformin on inhibition of MTOR

expression.
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Figure 4.4. Effect of metformin on the localization of mTOR protein in the ER+ cells.

Confocal immunofluorescence and phase contrast images of MCF-7 cells (40X magnification)

stained with AO and immunostained for mTOR protein. (A) Control (untreated) MCF-7 cells show

evenly distributed mTOR and AO staining. (B) Arrowheads point to autophagic vacuoles

surrounded by a rim of cytoplasm with relatively intense evenly-distributed staining of mTOR as

well as AO following treatment with 300 µM of the autophagy-inducer, verapamil, for 14 hrs. (C)

Metformin 50 mM treatment for 10 hrs resulted in a clustering of mTOR proteins in a perinuclear

position as indicated by the white arrows with no focal increase of autophagosomes in the

cytoplasm of MCF-7 cells. (D) Negative control MCF-7 cells stained only with AO without

immunostaining for mTOR to control for potential background autofluorescence of cells proteins.



85

Figure 4.5. Effect of metformin on the proteasomal degradation of mTOR in the ER+ cells.

(A) MCF-7 cells were treated with metformin 50 mM with and without MG132 (1, 2, 4 µM) in a

dose-dependent manner for 12 hrs. 50 µg of MCF-7 total cell lysates were fractionated and blotted

for mTOR and β- actin for equal protein loading (B) MCF-7 cells were treated with metformin 50

mM with and without MG132 1 µM for 48 hrs. 50µg of MCF-7 total cell lysates were fractionated

and blotted for mTOR. For equal protein loading, the PVDF membrane was stained with Ponceau

S stain.
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IV.5. Discussion

Decreased mTOR protein degradation is one of the potential causes of high mTOR

protein level in breast cancer cells. Our findings revealed that mTOR protein degradation

in breast cancer cells is slower than that in the noncancerous cells (Fig. 4.1), which suggests

a likely defective degradation of mTOR protein in breast cancer cells. These findings

suggest also that defective proteolysis in breast cancer cells might not be limited to mTOR

protein. Evidance shows that proteolysis in the cells is carried out by different sets of

proteases with different target proteins, which, in turn, exert different functions including

promoting tumorigenesis or tumor suppression [138]. It is not uncommon for autphagy to

be generally defective in many cancer conditions including breast cancer [139]. Our results

show that mTOR degradation by either proteolytic pathway is less efficient in MCF-7 cells

compared to MCF-10A. As exhibited in (Fig. 4.2) proteasome inhibition is capable of

inducing an autophagy-mediated mTOR degradation in MCF-10A cells, but this is not the

case in the breast cancer cells. In autophagy, conversion of LCB3-I to LCB3-II correlates

positively with the number of autophagosomes [131], and thence the activity of autophagy.

The proteasomes inhibition in breast cancer cells was associated with increased LC3B I

more than LC3B II isoform. These reuslts indicate that autophagy in breast cancer cells is

likely defective at the conversion stage. These findings could, at least in part, explain the

higher level of mTOR protein in the breast cancer cells compared to the noncancerous cells.

Conversion of LC3B-I to LC3B-II is also cell type-specific and depends on the

treatment used to induce autophagy [134]. Treatment of the ER+ breast cancer cells with

PP242 decreased the LC3B-I with minimal effect on the LC3B-II, but metformin treatment,



87

in contrast, increased LC3B-I and decreased LC3B-II as shown in (Fig. 4.3.) These results

show that effects of the different mTOR inhibitors on autophagy are seemingly different.

While PP242 induced an effect consistent with a possible activation of autophagy,

metformin induced a result inconsistent with activation of autophagy. To further verify the

effect of metformin on induction of autophagy, metformin effect on MCF-7 cells was

compared to the autophagy inducer, verapamil, which induced vacuolization of the

cytoplasm consistent with autophagosome formation. On the other hand, metformin

treatment did not induce such vacuolization. Instead, metformin treatment induced

accumulation of mTOR protein in a perinuclear aggresome. Accumulating proteins in cells

are typically transported to the microtubule organizing center and sequestered into a single

large perinuclear aggresome [125]. There is evidence that excessive aggresome formation

coincides with cytoskeleton collapse [140], which is supported by our observation of a

decrease in β-actin and β- tubulins in MCF-7 cells upon prolonged metformin treatment.

Although these findings reveal a potentially beneficial sequestration of mTOR protein

following metformin treatment, they do not fully demystify the decreased mTOR protein

level upon metformin treatment, which raises the possibility of mTOR degradation by the

proteasomes. Proteasome inhibition shows that metformin induced mTOR protein

degradation via proteasomes-mediated mechanism. These results show a novel mechanism

of metformin action on mTOR protein in the ER+ breast cancer cells. However, proteasome

inhibition did not completely abrogate the metformin-induced degradation of total mTOR

protein in the ER+ cells as shown in (Fig. 4.5, B). These results suggest that the metformin-

decreased total mTOR protein mainly by activation of proteasomes and likely also by

inhibition of MTOR gene expression.
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Chapter V

Role ofMTOR expression in high mTOR protein in breast cancer cells



89

V.1. Abstract

Background: Apart from the involvement of mTOR activity, overexpression of

total mTOR proteins is also associated with some cancer conditions such as colorectal

carcinoma.  Overexpression of the total mTOR protein level in these cancers is associated

with enhanced tumor progression and poor prognosis. Recently, mTOR has been

implicated in activating the transcription of many oncogenes, yet little is virtually known

about the transcription of MTOR gene itself and the mechanisms involved in its regulation.

Novel results: Our results suggest that transcription of the MTOR gene is high in

the ER+ breast cancer cells compared to other breast cell lines. DNA sequencing of the

MTOR promoter identified a region of dinucleotide repeats (GT)n, which is potentially

involved in regulation of MTOR transcription. Our findings also revealed a truncation of

this (GT)n repeat region in the ER+ cells. Moreover, our results revealed that the mTOR

inhibitors, metformin and rapamycin, profoundly decreased the level of mTOR mRNA

levels in the ER+ cells, which might explain its low rebound upregulation upon treatment.

Conclusion: increased transcription of MTOR gene in the ER+ breast cancer cells

could be a cause of the high mTOR protein level in these cells. The putative inhibition of

MTOR gene expression mitigates rebound mTOR upregulation upon mTOR inhibition.

Significance: Unravelling these mechanisms could be utilized in optimizing

treatment regimens for a better efficacy and a less resistance in breast cancer.
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V.2. Introduction

Another potential cause of the high mTOR protein in breast cancer cells is the

increased expression of MTOR gene. Despite the involvement of mTOR in many diseases

and the strong implication of mTOR overexpression in these diseases, the mechanisms

regulating the transcription of MTOR gene are largely unknown. Regulation of expression

of the protein-coding genes involves multiple steps starting with transcription, mRNA

processing, transport, and stability; and then translation into proteins. Transcription is the

first and the most common step in controlling a gene expression [141].

Gene promoters are important for regulation of gene transcription. Promoters may

harbor DNA sequences that serve as binding sites for various regulators of gene expression.

Tandem repeats are made of two or more contiguous nucleotides scattered all over the

genome sequence. Polymorphism of the tandem repeats could be associated with some

diseases. Short tandem repeats (STR) are usually composed of a variable number of 2-5

nucleotide-long repeats [142]. Presence of STRs in the promoter of a gene is of special

importance as potential regulatory elements of the gene transcription. Moreover, they are

usually prone to polymorphism [143]. (CA-TG)n repeats are the most common

microsatellite in mammals [144]. Therefore, the (GT)n repeats might have functional

significance and clinical correlations. For instance, (GT) polymorphism in the promoter

regions of HMOX-1 gene has been shown to be associated with susceptibility to ischemic

events [145]. Moreover, length of (GT)n dinucleotide region in the first intron of PIK3CA

gene has been linked to the risk of breast cancer [146] and colorectal cancer [147].
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V.3. Experimental procedures

RNA isolation and semi-quantitative RT-PCR.

Total RNA was isolated from proliferating MCF-10A, MCF-7, and MDA-MB-231 breast

cell lines using the guanidinium thiocyanate method- according to the described protocol

[148]. Relative expression levels of mTOR mRNA were determined by semi-quantitative

RT-PCR of an amplicon of around 361bp using gene-specific primers.  mTOR Forward

Primer: 5-’CCACTGTGCGGATCATTTC-3’ (SENCE STRAND) and mTOR Reverse

Primer: 5’-CTGGATGAGCATCTTGCG-3’ (SENCE STRAND). The cDNAs were

prepared by reverse transcription from 0.5µg of total RNA using TaqMan reverse

transcription reagents and analyzed for mTOR and GAPDH according to the

manufacturer’s protocol (Applied Biosystems, Invitrogen). Expression levels were

normalized against GAPDH. 50 µg of each sample of RNA was fractionated in a 1%

agarose gel. Band densitometry was measured by (AlphaView imaging software,

FluorChem Q system, ProteinSimple)

DNA extraction and sequencing

Normal human genomic DNA was obtained from (Promega). Genomic DNA was isolated

and purified from MCF-10A, MCF-7, and MDA-MB-231 cells lines- by a method adopted

from [149]. 0.5 µg of the DNA was amplified with PCR using (GoTaq Flexi DNA

Polymerase; Promega) and primers specific to MTOR promoter flanking the (GT)n repeat

region. Samples were then submitted for Sanger sequencing in the (DNA Core Facility,

University of Missouri-Columbia).
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V.4. Results

5.1. mTOR mRNA level is higher in the ER+ breast cancer cells compared to other

breast cell lines. Increased gene transcription results in an increase of mRNA level of the

gene. We postulated that mTOR mRNA could be higher in the breast cancer cells.

Consistent with WB results, semi-quantitative RT-PCR results revealed that breast cancer

cells, particularly MCF-7 cells, have higher level of mTOR mRNA as shown in (Fig. 5.1,

lane 3). In contrast, the triple negative breast cancer cells MDA-MB-231 did not show a

significant difference in mTOR mRNA compared to MCF-10A.

5.2. MTOR promoter region has a truncated (GT)n dinucleotide repeat in MCF-7

cells. We sequenced 1.9-kb DNA fragment of the promoter region of human MTOR gene.

We submitted our sequencing results to the NCBI-BankIt and it was deposited under the

accession number (KJ399980). In addition, scanning of the MTOR promoter region

revealed a guanine thymine dinucleotide repeats (GT)n region. Dinucleotide repeats

usually exhibit length polymorphisms and potentially exert different regulatory functions

in gene transcription according to the gene types and the cell type [143]. As shown in the

chromatogram (Fig. 5.2), (GT)n region is truncated in MCF-7 cells compared to human

genomic DNA, MCF-10A, or MDA-MB-231 cells. MTOR promoter sequence in the ER+

MCF-7 cells revealed a (GT)18 repeats compared to (GT)20 in sequences of human

genomic DNA. These findings suggest that the dinucleotide repeats region is potentially

involved in increasing transcription of MTOR gene in the MCF-7 cells.
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Figure 5.1. mTOR mRNA levels in noncancerous and cancerous  breast cell lines.

Total RNA of untreated (control) MCF-10A, MCF-7, MDA-MB-231 breast cell lines. Both the

noncancerous as well as the cancerous breast cell lines were subjected to semi-quantitative RT-

PCR analysis with primers specific for MTOR. The results were normalized to the level of GAPDH

in each sample.
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Figure 5.2. Length polymorphism of a dinucleotide repeats region inMTOR promoter.

Chromatogram exhibits the (GT)n dinucleotide repeats region in the promoter of MTOR gene of

the genomic DNA of different cell lines as shown in the rectangles.
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5.3. mTOR inhibition by metformin and rapamycin decreases mTOR mRNA level in

MCF-7 cells. Previous results show that the mTOR inhibitors, metformin and rapamycin,

are associated with a decrease in the level of mTOR protein in MCF-7 cells, which was

associated with little rebound increase in the mTOR pathway. Our hypothesis was that

metformin and rapamycin could be involved in inhibiting MTOR gene transcription as well.

To test this hypothesis we assessed the level of mTOR mRNA in MCF-7 cells treated with

metformin or rapamycin. As shown in (Fig. 5.3, lane 2 and 3), both metformin and

rapamycin induced a decrease in mRNA level of mTOR compared to the untreated MCF-

7 cells. Results show that metformin is potentially involved in the inhibition of MTOR gene

transcription more than rapamycin as it decreased mTOR mRNA level by 70% compared

to rapamycin which induced about 50% decrease of the level of mTOR mRNA level. The

role of metformin in inhibition of mTOR activity is well established [47], while these

findings suggest a novel mechanism of action for metformin through the inhibition of

MTOR gene expression. Such inhibition of MTOR gene expression could be possibly

attributed to modulation of transcription factors which requires further investigation to

elucidate it and potentially utilize it as a novel therapeutic approach.
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Figure 5.3. Effect of mTOR inhibition on the mRNA level of mTOR in the ER+ cells.

Total RNA was isolated from untreated MCF-7 cells as well as cells treated with rapamycin 100

nM for 8 hrs or metformin 75 mM for 8 hrs. The isolated RNA was then subjected to semi-

quantitative RT-PCR analysis with primers specific for mTOR. The results were normalized to the

level of GAPDH in each sample. The bar chart represents densitometry quantification of mTOR

mRNA level in the study groups.
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V.5. Discussion

Our results show that the mRNA level of mTOR is high in the ER+ breast cancer

cells, which could be attributed to increased MTOR gene transcription, increased stability

of mTOR mRNA or both. Assessment of mTOR mRNA level in various breast cell lines

showed that mTOR mRNA level is strikingly high in MCF-7 cells as shown in (Fig. 5.1,

lane 2). In contrast, the triple negative breast cancer cells did not show a significant

elevation of mTOR mRNA level compared to the noncancerous breast cell lines. These

results could be possibly attributed to an increase of transcription of the MTOR gene in

the ER+ breast cancer cells. Therefore, a more accurate assessment of MTOR gene

transcription is required such as the quantitative real-time PCR assay.

We identified a tandem dinucleotide (GT)n repeats region in the promoter of MTOR

gene, which could be involved in regulation of MTOR gene expression. Sequencing of 1.9

kp DNA fragment of promoter region of MTOR gene from genomic DNA of the ER+ MCF-

7 cells revealed a truncation of 4 nucleotides, (GT)18, compared to (GT)20 in sequences

of human genomic DNA. The (GT)n repeats have the potential to form alternative DNA

structures including Z- DNA, which is likely to be a binding site for proteins to enhance or

repress the gene transcription [143]. This shortening of the dinucleotide repeats could be

one of the underlying causes of the putative increased MTOR gene transcription in these

cells. A matter to be investigated further as a future direction by verification of the effect

of this truncation on the rate of mTOR gene expression. Moreover, the association of this

truncation to the estrogen receptor status and behavior of primary breast cancer cells is
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required. This truncation was identified in MCF-7 cell lines with history of frequent

passages, which makes the possibility of incurring such a genetic drift upon frequent

passages not uncommon scenario. However, the other breast cancer cell line MDA-MB-

231 did not show such a genetic drift despite the fact that it has endured as many passages

as the MCF-7 cell line.

We previously identified that different mTOR inhibitors exert different inhibitory

effects on different breast cell lines. A feature that could be exploited to target breast cancer

cells selectively. One of the plausible explanations of the discrepancy of breast cells

response to mTOR inhibitors is the disparity of mTOR inhibitors on eliciting rebound

upregulation of total proteins in the mTOR pathway. Rebound upregulation of total mTOR

protein will be likely accompanied by increased transcription of MTOR gene. Therefore,

we examined the effect of metformin treatment on the transcription of MTOR gene. Our

results showed that treatment of the ER+ MCF-7 cells with metformin and rapamycin

induced a potential inhibition of MTOR gene transcription as shown in (Fig. 5.3, lanes 3

and 4, respectively). These findings are congruent with the effects of both metformin and

rapamycin on the total level of proteins in the mTOR pathway (Fig. 3.7.D, and Fig. 3.10.B).
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Chapter VI

Conclusions and future directions
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This study provided an insight into some of the molecular mechanisms involved in

angiogenesis, progression, and drug resistance in breast cancer. The novel findings in this

study could be potentially utilized for the discovery of novel therapeutic agents to

counteract angiogenesis, specifically in breast cancer cells, with a potential improvement

in the safety and efficacy of the treatment.

This study revealed a novel mechanism of targeting VEGF expression by the

upregulation of KLF-4 through mTOR inhibition. Moreover, this study highlighted a

possible underlying mechanism of the emergence of resistance in breast cancer, which has

always been an obstacle for the success of treatment modalities. This study also identified

a novel mechanism of action of some mTOR inhibitors which could be exploited as the

basis of novel therapeutic agents for breast cancer.

Although our work was mainly directed to explore the KLF-4 axis of our postulated

module for counteracting VEGF expression in breast cancer, it revealed also some

promising data about a possible targeting of the other axis of the module by down-

regulation of SAF-1 to repress VEGF expression. These preliminary data can be utilized

as a foundation for future work to explore this path and enrich our understanding about

breast cancer for better diagnostic and therapeutic options for the disease. Therefore, some

preliminary data are grouped, miscellaneously, in this chapter for further follow up.
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Figure 6.1. Sequencing of human MTOR promoter region and identification of

variations and potential transcription factors binding sites. To further examine as why

MTOR gene expression is relatively high in the ER+ breast cancer cells, we examined the

MTOR promoter sequence to determine DNA-binding elements in the MTOR promoter

which could serve as binding sites for transcription factors potentially involved in the

regulation of the transcription of MTOR gene. For this purpose, multiple prediction tools

of transcription factor binding sites including TRANSFAC [150], and RSAT (RSAT) [151]

were used. Scanning of MTOR promoter region from human genomic DNA and from

MCF-7 cells genomic DNA yielded a constellation of potential transcription factors, which

possess binding sites in the DNA sequence. Alignment of the MTOR promoter sequences

from human genomic DNA and the genomic DNA of MCF-7 cells revealed multiple

sequence variations in the MTOR promoter of MCF-7 cells. As shown in (Fig. 6.1),

sequence variations included single nucleotide polymorphism as well as single and tandem

nucleotide repeats polymorphism. Comparison of the array of transcription factors

potentially binding to MCF-7 MTOR promoter with those of human genomic MTOR

promoter revealed some differences between the two sequences in the profile of potential

transcription factors. To narrow down the list of potential transcription factors, we further

verified the impact of potential regions within the MTOR promoter that could have a major

effect on the transcription of the MTOR gene using CAT assay as shown in (Fig. 6.2). From

a different angle, we planned to verify the significance of the (GT)n dinucleotide repeats

in terms of potential binding to different proteins including Z-DNA binding proteins in

nuclear extracts of different breast cell lines. Therefore, a DNA fragment (150bp)

containing the (GT)n repeat region was isolated from the human genomic DNA using
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Figure 6.1. Potential binding sites for transcription factors in theMTOR promoter region.

NCBI sequences alignment on DNA sequences of 1.9 kb (-1856/ + 62) of MTOR prompter region

from human genomic DNA (Promega), and from genomic DNA of MCF-7 breast cancer cell line

(bottom line). Transcription start site is indicated by the curved arrow. Nucleotide variations, single

and tandem nucleotide repeats variations are highlighted. The (GT)n dinucleotide repeats are

identified in the rectangle with a bar representation of the length of (GT)n repeats.
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specific primers. The sequence was verified by sequencing. This probe is to be radiolabeled

and utilized in a series of band shift assays through incubation with nuclear extracts from

different breast cell lines to compare DNA-protein binding profiles among different cells.

Figure 6.2. Progressive deletion constructs of MTOR promoter region in breast cell

lines. To verify as which region of the MTOR promoter might exert a regulatory effect on

the transcription of MTOR gene, we constructed a set of progressive deletions of the MTOR

promoter as illustrated in (Fig. 6.2) These Constructs were cloned into pBLCAT2 and

pBCAT3 reporters and used in series of CAT assays. The 1.9 MTOR-CAT reporter plasmid

was constructed by ligating a 1.9-kb promoter DNA fragment of the human MTOR gene

as described [79]. CAT assay will be performed following transfection of cells with

reporter plasmid 1.9 MTOR-CAT or empty vector (pBLCAT3) as described [75].

Figure 6.3. Metformin and rapamycin treatment alter the profile of DNA-protein

complexes binding to VEGF promoter in MCF-7 cells. To examine the effect of the

mTOR inhibition and thence KLF-4 upregulation in MCF-7 cells on VEGF expression in

MCF-7 cells, we conducted serial band shift assays and compared the DNA binding profile

in VEGF promoter among the treatment groups. As shown in (Fig. 6.3.A and B), treatment

of MCF-7 with metformin and rapamycin in a dose-dependent manner resulted in a

noticeable change in DNA-protein complexes. Although both metformin and rapamycin

comparably inhibited VEGF expression in the ER+ breast cancer cells, they showed

different profile of DNA-protein complexes binding to the VEGF promoter. High dose

metformin treatment induced a marked decrease in the DNA-protein complex (a) with no
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effect on the complex (b) as shown in (Fig. 6.3.A, lane 10). In contrast, rapamycin

treatment was associated with a dose-dependent alteration in the complex (a) at the expense

of complex (b) as indicated in (Fig. 6.3.A, lanes 11 to 14), while in (lane 15) complex (a)

declined again to the baseline level after treatment with high concentration of rapamycin.

Results of an experimental duplicate of the assay showed consistent results in (Fig.6.3.A,

lanes 10’ and 15’ for metformin and rapamycin respectively). The exact identity of the

DNA-protein complexes are yet to be determined using appropriate antibodies for

verification. On the basis of previous results (Fig. 2.3), the complex (a) likely corresponds

to SAF-1 or Sp1. Furthermore, WB analysis of MCF-7 cells and MDA-MB-231 cells

treated with mTOR inhibitors show some bands on the blot, which could, possibly,

represent isoforms of SAF as indicated by the arrows in (Fig. 6.3, C and D). The indicated

bands require further identification and verification of the nature and role of these proteins

in transcription of VEGF promoter, particularly that, evidence shows the presence of some

splice variants of SAF-1 which may act as repressors of VEGF transcription [152].
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Figure 6.2. CAT assay of progressive deletion constructs of MTOR promoter in breast cell

lines. MCF-10A, MCF-7, and MDA-MB-231 breast cancer cells were transfected with one of

various progressive deletions constructs of the DNA of MTOR promoter region ligated to CAT

reporter plasmids or empty vector (pBLCAT3).
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Figure 6.3. Effect of mTOR inhibitors on the complexes binding to the VEGF promoter.

(A) MCF-7 cells were treated with insulin (00, 0.5.1.0, 2.0, and 4.0 µM) for 1 hr, metformin (0, 10,

25, 50, or 75 mM) for 4 hrs, or rapamycin (0, 25, 50,100, or 200nM) for 4 hrs. Total cell extracts

(10   µg of protein) were incubated with 32P-labeled VEGF promoter containing sequences from

(- 110 to + 20). Resulting DNA protein complexes (a, b, and c) were fractionated in a 6%

nondenaturing polyacrylamide gel. Migration positions of putative protein-DNA complexes are

indicated. (B) A band shift assay was duplicated for the indicated lanes form (A) for verification of

the results. (C) WB of MCF-cells treated with insulin 1µM for 1hr with and without  metformin

75mM in a time-course of (0, 0.5, 1, 4, 8 hrs). 100µg of total cell lysates of MCF-7 cells was

fractionated and immunoblotted for SAF-1. Ponceau S stain was used to ensure equal loading. (D)

WB of MDA-MB-231 cells treated with insulin 1µM for 1hr with and without metformin 75mM

for 8 hrs or rapamycin 100nM for 8 hrs. 100µg of total cell lysate was fractionated and

immunoblotted for SAF-1. PVDF membranes were then stripped and reblotted for β-actin for equal

loading.
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