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Triple-negative breast cancer (TNBC), which accounts for 15–20% of all 

breast cancers, are extremely aggressive and have a poor prognosis due to the high 

tendency for metastatic progression and absence of specific targeted treatment. Since 

deregulation of cell cycle control is a hallmark of cancer, targeting cell cycle regulators 

such as cyclin- dependent kinases (CDK) may be an efficacious therapeutic approach 

for TNBC treatment. Palbociclib is a specific inhibitor of CDK4/6 and has been shown 

to induce senescence in several types of cancer. Dinaciclib, a CDK2 inhibitor, has 

shown promising antitumor activity in preclinical studies in broad spectrum of cell lines 

and in early phase clinical trials of hematological and solid malignancies. Here we 

examined the effect of Dinaciclib and Palbociclib, added alone, in combination or in 

tandem in a 2D as well as in 3D model of TNBC which shares similar properties to its 

in vivo counterpart. Our preliminary data showed that treatment of TNBC MDA- MB 

231 cells with Dinaciclib, Palbociclib and combination for 48 hours decreased cell 

proliferation. Dinaciclib and combination increased the percentage of cells in pre-G1 

whereas Palbociclib induced cell cycle arrest in G0/G1. Palbociclib significantly 

increased the percentage of Senescence associated β- galactosidase positive cells when 

treated for a longer period compared to those untreated or treated with Dinaciclib, 

combination or tandem. The drugs effect was also assessed in HMT3552 series 

including normal S1, intermediate Cx43 KO-S1, and cancer T4-2 cells. Our preliminary 

data suggested that treatment of S1, Cx43 KO-S1 and T4-2 cells cultured in 2D 

decreased cell proliferation. This decrease was progressive and became more significant 

after 10 days of treatment. Moreover, dual drug combination had most potent effect 

compared with single treatment and tandem. Preliminary data of Western-blot analysis 

in 2D culture proposed that Palbociclib and combination increased the expression of 

p21 in S1 and T4-2 cells compared to that of untreated or treated cells with Dinaciclib 

or tandem. Dinaciclib and Palbociclib also increased p21 expression in Cx43 KO-S1 

cells compared to that of untreated or treated cells with combination. Dinaciclib, 

Palbociclib and combination increased the expression of p15 and Dec1 in Cx43 KO-S1 

cells compared to that of untreated or treated cells with tandem. Dinaciclib effect on 

Dec1 expression was similar to that of combination but higher than that of Palbociclib. 

S1 and T4-2 cells cultured in 3D were treated with Dinaciclib and Palbociclib during S1 

growth phase, and with each drug alone, combination and tandem during S1 quiescence 

phase. Preliminary data proposed that treatments did not affect neither lumen structures 

nor β- catenin localization of S1 acini like structures, treated during their growth or 

quiescence phase, suggesting that treatment did not affect apical polarity of normal S1 

acini. Upon treatment of S1 and T4-2 cells in 3D during S1 growth phase with 
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Dinaciclib and Palbociclib, there was a growth arrest of S1 acini like structures and T4-

2 nodules with a marginal preferential effect on T4-2 nodules. Treatment of S1 acini 

like structures and T4-2 nodules during S1 quiescence phase did not affect S1 acini 

diameter but prevented T4-2 outgrowth. Dinaciclib and combination effect on T4-2 

outgrowth was higher than that of palbociclib and tandem. We suggest that CDK2 

and/or CDK4 inhibition may be a promising approach to TNBC. However, future 

studies are needed to evaluate senescence markers expression in treated S1 and T4-2 

cultured in 3D, and to decipher the drugs mechanisms of action. 
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CHAPTER I 

INTRODUCTION 

Breast cancer is the most commonly encountered form of cancer and the 

second leading cause of cancer related mortality among women in the world (Wahba et 

al. 2015). Every year, an estimated 1 to 1.3 million breast cancer cases are diagnosed 

worldwide. Of these, approximately 15 -20% belong to the triple-negative subtype 

(Anders et al. 2008). Histologically, approximately 80-90% of TNBC tumors are 

invasive ductal carcinomas (Yuan at al. 2014). In spite of the general susceptibility to 

standard chemotherapy, TNBCs exhibit an overall poorer survival compared to non-

TNBCs (Chacón et al. 2010). Unfortunately, many years of study have failed to identify 

a single pathway that is targetable in TNBC. Therefore, research efforts to develop 

targeted therapies, and assessment of their efficacy in relevant culture models is an 

urgent necessity.  

The eukaryotic cell division cycle is a tightly regulated series of events 

coordinated by the periodic activation of multiple cyclin dependent kinases (CDK) upon 

interaction with their partner cyclins and ATP molecules (reviewed in Lim et al. 2013). 

Since cancer is characterized by uncontrolled cellular proliferation due to the loss of cell 

cycle control, driving tumorigenic cells into a senescent state may prevent cancer cells 

proliferation and abrogate tumor progression. Recently, senescence induction has 

emerged as an attractive therapeutic approach to treat cancer. Importantly, the 

therapeutic potential of senescence induction strongly relies on induction of irreversible 

cancer cells proliferation arrest. In addition, it relies on the engagement of immune 
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system to clear off malignant cells, since senescent cells were found to recruit cells of 

the immune system (Yun et al. 2015). During the onset of senescence, CDK2 and 

CDK4/6 inhibitors are upregulated and contribute together to cell cycle exit (Besson et 

al 2008). It was found that CDK2 repression was temporally followed by CDK4 

repression during senescence mechanism (Zalzali et al. 2012). CDK2 and CDK4/6 are 

major regulators of the cell cycle; they phosphorylate and inactivate the retinoblastoma 

family of tumor suppressors Rb, p107 and p130, negative regulators of the cell cycle 

(reviewed in Harper et al. 2005). Several studies have shown that inhibition of these 

CDK was necessary for induction of senescence as a tumor suppressor mechanism. 

Inhibition of CDK2 was found to induce senescence in multiple models of cancer, 

including RasV12-induced proliferation (Zalzali et al. 2015), Cyclin D1-driven 

pineoblastoma (Zalzali et al. 2012), and MYC-driven leukemia (Perna et al. 2010). In 

addition, CDK4 inhibition was shown to promote senescence in melanoma (Anders et 

al. 2011), non-small cell lung cancer (Puyol et al. 2010) and neuroblastoma (Rader et al. 

2013). Collectively, these results indicate that CDK inhibition and senescence induction 

is a candidate strategy for cancer treatment. In this study, we hypothesized that 

pharmacologic inhibition of CDK2 and/or CDK4 will potentially decrease TNBC tumor 

progression without affecting normal breast cells when used in a suitable 3D context. 

CDK2 and CDK4 inhibitors effect will be tested in a 3D model each one alone, in 

combination or in a temporally orchestrated approach that parallel events that occur 

physiologically during cellular senescence. We used small ATP-competitive molecules 

Dinaciclib and Palbociclib to inhibit CDK2 and CDK4 respectively. Dinaciclib has 

entered phase III clinical development for the treatment of refractory chronic 
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lymphocytic leukemia (Blachly et al. 2016). Palbociclib in combination with letorzole 

(aromatase inhibitor) has been approved by the Food and Drug Administration (FDA) 

for the treatment of patients with ER-positive and HER2-negative advanced breast 

cancer (Finn et al. 2016). Our results suggested that CDK inhibition induced senescence 

in normal, intermediate and cancer cells cultured in 2D. However, CDK inhibition when 

studied in a proper 3D context did not affect size and polarity of normal S1 acini like 

structures, but prevented the outgrowth from cancer T4-2 nodules. 
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CHAPTER II 

LITERATURE REVIEW 

A. Breast cancer 

1. Incidence and mortality rates of breast cancer in the world and Lebanon 

Cancer is the major burden disease, that affects human being worldwide. 

GLOBOCAN study demonstrated that the number of new cancer cases is of about 14.1 

million cases and 8.2 million deaths occurred in 2012 worldwide. Among the different 

types of cancer, breast cancer is the second most common cancer in the world and, by 

far, the most frequent cancer among women with an estimate of 1.67 million new 

cancer cases diagnosed in 2012 (25% of all cancers) (Torre et al. 2012). American 

Cancer Society estimated that 252,710 new cases of invasive breast cancer and 63,410 

cases of in situ breast carcinoma were expected to be diagnosed among women in the 

United States in 2017 (American Cancer Society 2017). Lebanon had the second highest 

incidence rate and the third highest death rate of breast cancer among Asian countries 

(Ghoncheh et al. 2016). 

 

2. Mammary Gland Anatomy and Breast Epithelium Structure  

The mammary gland is composed of series of ducts that connect the lobes to 

the nipple. A lobe contains 20 to 40 lobules composed of alveoli or acini. A lobule 

consists of branching ducts that divide into subsegmental structures and terminate in the 

terminal duct lobular unit. The terminal duct lobular unit is formed of the terminal duct 
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and the acinus which is the structural and functional glandular unit (Gusterson et al. 

2012).   

The acini and the ducts are constituted of two cell layers. The first is an inner 

layer of secretory luminal epithelial cells. These cells have apical microvilli, are radially 

organized, and surround a central lumen. The second is a layer of contractile 

myoepithelial cells (Vidi et al. 2013). Both layers are surrounded by the basement 

membrane which is a specialized form of extracellular matrix constituted of a polymeric 

network of collagen IV and laminins (Tzu et al. 2008). The main function of the luminal 

epithelial cells is milk production during lactation. Milk transportation through the ducts 

towards the nipple is powered by the contraction of the myoepithelial cells (Vidi et al. 

2013). 

The mammary gland undergoes massive remodeling during puberty, pregnancy 

and lactation, and regression during involution following lactation. During puberty, 

there are an increase in the amount fatty tissue, elongation and branching of the ducts 

and formation of the lobular structures as well as terminal duct lobular units (Howlin et 

al. 2006). During pregnancy, epithelial cells proliferate rapidly within the ductal 

branches and developing alveoli. This increase in the number of epithelial cells as well 

as in the area of epithelial surface is essential for sufficient milk production during 

lactation. When lactation is complete, weaning induces post-lactational involution 

during which milk-producing epithelial cells are removed by programmed cell death 

and the mammary epithelium returns toward its pre-pregnant state (Oakes et al. 2006).  
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Figure 1. Schematic illustration of the normal breast structure.  

The acini or aveoli are the functional units of the breast (B). During lactation, milk is 

produced and secreted by the luminal epithelial cells of the alveoli and transported to 

the nipple through the ducts. A cross section of the alveoli shows the luminal epithelial 

and myoepithelial cells arranged in bilayer and surrounded by a basement membrane 

(C). As modified from Lehn 2013. 

 

 

3. Breast cancer initiation and progression 

Breast cancer is mainly initiated in the epithelial compartment of the terminal 

duct lobular units.  Aberrant proliferation, hallmark of cancer, leads to atypical ductal 

hyperplasia which may be followed by ductal carcinoma in situ (DCIS). This latter is 

defined as a nonlethal type of cancer because cancer cells remain within the lumen of 

the breast ductal system surrounded by an intact basement membrane.  Once cancer 

cells break and invade the basement membrane, DCIS progresses into invasive ductal 

A B 

C 
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carcinoma (IDC) which is potentially lethal. Corresponding stages for lobular invasive 

carcinoma would be atypical lobular hyperplasia and lobular carcinoma in situ (LCIS) 

(Bombonati et al. 2007). 

 

4. Types of Breast Cancer 

In general, breast cancer is classified according to receptor status and 

molecular subtypes (Peppercorn et al. 2008).  Hormonal and growth receptors that 

determine basic breast tumor molecular subtypes are estrogen receptor (ER), 

progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2). 

Breast cancers may be (ER+ and/or PR+, HER2-), (ER+ and/or PR+, HER2+), triple 

negative (ER-, PR-, HER2-) or HER2 type (ER-, PR-, HER2+). On the other hand, the 

molecular subtypes of breast cancer are luminal A, luminal B, basal-like or claudin-low. 

Luminal tumors have a gene expression pattern similar to that of the breast luminal 

epithelial cells. They are marked by the expression of luminal cytokeratins 8 and 18 

(Perou et al. 2000). Luminal A tumors are characterized by low expression of 

proliferation-associated genes including Ki-67(Sørlie et al. 2001). Conversely, luminal 

B tumors are TP53 mutant and tend to be highly proliferative (Cornen et al. 2014). 

Basal-like tumors are marked by the expression of cytokeratins 5, 6, 14, and 17 that are 

typically expressed within basal epithelial cells of the skin and airways (Gusterson et al. 

2005). Claudin-low tumors are characterized by the low expression of genes involved in 

tight junctions and cell–cell adhesion including claudin 3, 4, 7, Occludin, and E-

cadherin, as well as by the high expression of many mesenchymal genes including 

Vimentin, Snail1, Snail 2, and Twist1 (Forrest et al. 2009).  
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5. Cell Junctions and Polarity 

Maintenance of cells adhesion, cells communication and polarity is correlated 

with a normal phenotype of breast epithelial cells. In contrast, disruption of cell-cell and 

cell- basement membrane contacts as well as cell polarization is implicated in breast 

tumor initiation and progression.  

Basoapical polarity axis is a fundamental feature of normal breast epithelia. 

The apical side of the cell faces the lumen, whereas its basolateral side interacts with the 

basement membrane. Basoapical polarity is characterized by the asymmetric 

distribution of polarity proteins to distinct membrane domains. It controls the 

localization of key mediators of signaling pathways involved in regulating proliferation, 

apoptosis, and differentiation. It also provides a proper functional barrier to regulate 

vectorial secretion and intake of molecules. Polarity formation is dependent on cell 

junctions: apical tight, adherens and gap junctions that connect laterally epithelial cells 

(Plachot et al. 2009).  

Tight junctions contribute in apical polarity establishment by providing 

physical segregation between the basolateral and apical domains of the cell membrane. 

They consist of peripheral and transmembrane proteins that form belt-like structures at 

the apical surface. These junctions are composed of 3 different groups of proteins. The 

first includes integral membrane proteins occludin, claudin and Junctional adhesion 

molecule (JAM)) involved in the formation of the tight junctions strands. The first 

group also includes MarvelD2 and MarvelD3 proteins that has been proposed to 

contribute with occludins to membrane apposition and/or microdomain organisation. 

The second includes peripherally associated cytoplasmic proteins (Zonula Occludens 
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(ZO-1, ZO-2, and ZO-3) Par 3 and 6, cingulin and JACOP) that organize the integral 

membrane proteins and connect them to actin filaments. ZO-1 was found to be a critical 

organizer of tight junctions and consequently of the apical compartment (Mitic et al. 

1999). The third contains signaling proteins (protein kinase A and C) involved in 

junction assembly, barrier regulation, and gene transcription (reviewed in Zihni et al. 

2014).  

Lateral cell- cell contacts are also mediated by adherens junctions located 

underneath tight junctions. These junctions consist of interactions among 

transmembrane cadherin, such as E-cadherin, and peripheral catenin such as p120-

catenin, β-catenin, and α-catenin. Apart of initiation and stabilization of cell-cell 

adhesion, adherens junctions regulate actin cytoskeleton and intracellular signaling 

(reviewed in Hartsock et al. 2008). E-cadherens interaction with actin cytoskeleton and 

Cdc42 (a small GTPase of the Rho family) is required for the establishment of apical 

polarity (Desai et al. 2009). In addition, β-catenin was found to contribute in apical 

polarity formation through its interaction with Connexin 43 in the mammary epithelium 

(Submitted Bazzoun at al. 2018). 

Another type of cell junctions located underneath the tight junctions along the 

remainder of the lateral cell membranes is gap junctions. A gap junction is a channel 

composed of a family of proteins called connexins. This channel allows intercellular 

communication through the exchange of ions, small metabolites, and electrical signals. 

Connexins are involved in luminal cell proliferation and differentiation, in proper 

production and ejection of milk, and in tumor suppression (reviewed in Banerjee et al. 

2016). They interact by their intracellular C-terminal domain with proteins from other 

https://en.wikipedia.org/wiki/GTPase
https://en.wikipedia.org/wiki/Rho_family_of_GTPases
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junction complexes such as occludins, claudins, ZO-1, ZO-2, cadherins and catenins 

thus controlling their metabolism and function (Hervé et al. 2004, Dbouk et al. 2009). 

For example, C-termini of both Cx43 and Cx26 form a complex with ZO-1 and β-

catenin at the membrane of mammary epithelial murine cells and contribute to the 

differentiated state of these cells as shown by the production of β-casein, a milk 

precursor (Talhouk et al. 2008). Cx43 drives the establishment of apical polarity in the 

mammary epithelium. Its silencing caused loss of epithelial polarity by decreasing the 

expression of claudin-1 and mislocalizing both ZO-1 and β-catenin (Submitted Bazzoun 

at al. 2018). 

Concerning cell- basement membrane interaction, it is mediated by the binding 

of basement membrane components to specific receptors such as integrin and α-

dystroglycan. It is the interaction between laminin-332 and α6/β4 integrin that 

specifically determines the basal polarity in the mammary epithelim (Taddei et al. 

2003).  Changes in the expression of β1, β4, α2, α3, and α6integrins have been found in 

mammary tumor cell lines and in tissue sections and have been shown to be associated 

with tissue disorganization, loss of polarity, increased tumor aggressiveness, and 

metastasis (Natali et al. 1999, Berdichevsky et al 1994, Rossen et al. 1994, Gui et al. 

1995). In addition, the importance of β1 integrins in directing cell–cell and cell-ECM 

polarity and differentiation has been shown by studies in kidney cells (Ojakian et al. 

1994, Schoenenberger et al. 1994) and keratinocytes (Symington et al. 1993, Watt et al. 

1993).  

 



 

11 

 

6.Cell Junctions and Polarity in Breast Oncogenesis 

Disruption of cell junctions due to deregulation of polarity proteins was 

thought to play a key role during tumorigenesis and invasiveness. Cx43 silenced 

HMT3522 S1 breast epithelial cells cultured in 3D show an intermediate level of tumor 

progression. Cx43 loss primed the cells to enter the cell cycle. It also disrupted lumen 

formation by misorienting the mitotic spindle (Submitted Bazzoun at al. 2018). On the 

other hand, reduced levels of claudins 1, 4, and 6 were reported in 2D and 3D cultures 

of human brain metastatic breast cancer cells MDA-MB-361 (Hoevel et al. 2004). 

Similar to claudins, a decrease in the protein level of ZO-1 and ZO-2, core tight junction 

proteins, was observed in patients with primary breast cancer (Chlenski et al. 2000, 

Martin et al. 2004). In addition, relocalization of ZO-1 away from the apical domain of 

the cell membrane in HMT3522 S1 cells cultured in 3D perturbed the apical polarity 

and pushed the cells into the cell cycle upon induction of chromatin alterations (Lelièvre 

et al. 2010).  Delocalization of ZO-1 was also related to invasive potentials.  ZO-1 was 

observed at the plasma membrane in noninvasive MCF-7 tumor cells and in the 

cytoplasm of invasive BT549 tumor cells (Polette et al. 2005). Similar to gap and tight 

junction proteins, adherens junction proteins were involved in breast tumorigenesis.  E-

cadherin loss enhanced metastasis of breast cancer cells by inducing the up-regulation 

of the transcription levels of EMT markers such as Twist and ZEB-1 (Onder et al. 

2008).  As for proteins involved in cell- basement membrane interactions, their 

deregulation was also implicated in breast oncogenesis. β1 integrin was reported to be 

abnormally expressed and localized in the tumorigenic HMT3522 T4-2 cells (Nisticò at 

al. 2014). Blocking β1-Integrin reverted T4-2 acini to a nonmalignant phenotype. 
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Reverted T4-2 acini re-assembled a basement membrane and re-established E-cadherin–

catenin complexes and re-organized their cytoskeletons (Weaver et al. 1997).   

 

B. Breast Cancer Treatment  

There are two types of breast cancer treatment local and systemic.  Local 

treatments such as surgery and  radiation therapy  removes the tumor from a limited 

local area. In contrast, systemic treatments reach cancer cells wherever they may be in 

the body, and include  chemotherapy, hormone therapy, and targeted therapy (SweBCG, 

2011).  

1. Local treatments 

Surgery has an important role in breast cancer treatment. Two types of surgery 

are used to remove breast tumors: breast-conserving surgery  and mastectomy. In 

breast-conserving surgery, only  the part of the breast that contains the tumor as well as 

some surrounding normal tissue are removed, whereas, in mastectomy  the entire breast 

is removed. Radiotherapy, the second type of local treatment, is typically used in early 

breast cancer after breast conservation surgery and in locally advanced breast cancer 

patients after mastectomy (Matsen et al. 2013). Meta-analysis of individual patient data 

by Early Breast Cancer Trialists' Collaborative Group (EBCTCG) showed that, 

radiotherapy, following breast conserving surgery decreased the rate of disease 

recurrence and that of breast cancer death to the half and sixth, respectively (Darby et 

al. 2011).  

https://www.cancer.org/cancer/breast-cancer/treatment/surgery-for-breast-cancer.html
https://www.cancer.org/cancer/breast-cancer/treatment/radiation-for-breast-cancer.html
https://www.cancer.org/cancer/breast-cancer/treatment/chemotherapy-for-breast-cancer.html
https://www.cancer.org/cancer/breast-cancer/treatment/hormone-therapy-for-breast-cancer.html
https://www.cancer.org/cancer/breast-cancer/treatment/targeted-therapy-for-breast-cancer.html
https://www.cancer.org/cancer/breast-cancer/treatment/surgery-for-breast-cancer/breast-conserving-surgery-lumpectomy.html
https://www.cancer.org/cancer/breast-cancer/treatment/surgery-for-breast-cancer/mastectomy.html
https://www.cancer.org/cancer/breast-cancer/treatment/surgery-for-breast-cancer/breast-conserving-surgery-lumpectomy.html
https://www.cancer.org/cancer/breast-cancer/treatment/surgery-for-breast-cancer/mastectomy.html
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2.Systemic treatments 

Chemotherapy helps in the treatment of inoperable primary tumors when 

applied before the surgery, and in the eradication of dormant micrometastases when 

done after the surgery. The more common chemotherapy treatments used in breast 

cancer are the anthracyclin-based polychemotherapies FAC (fluorouracil, doxorubicin, 

cyclophosphamide) and FEC (fluorouracil, epirubicin, cyclophosphamide) as well as the 

combination therapy CMF (cyclophosphamide, methotrexate, fluorouracil) (Abe et al. 

2005). Women with hormone receptor-positive (ER-positive and/or PR-positive) breast 

cancers are treated with hormone therapy.  This therapy works by decreasing the 

amount of estrogen in the body or blocking estrogen from binding to its receptor (de 

Cremoux et al. 2011). Tamoxifen, a nonsteroidal drug classified as a ‘selective estrogen 

receptor modulator’ (SERM), competitively inhibits the binding of estrogen to its 

receptor on breast tissues. It was initially approved by the FDA in 1977 for treatment of 

metastatic breast cancer (Wolff et al. 2001). Raloxifene, another member of the SERM 

class, has a high binding affinity for ER. It has been approved as a chemopreventive 

drug in women having a high risk for developing breast cancer. However, it has failed 

to replace tamoxifen in breast cancer treatment (Jordan et al. 2008). Hormone therapy 

also uses FDA approved Aromatase inhibitors such as anastrozole, letrozole and 

exemestane. They decrease estrogen biosynthesis by targeting the enzyme aromatase, 

involved in the process of estrogens production (Chumsri et al. 2011).  Aromatase 

inhibitors have proven to be more efficient in ER+ postmenopausal patients compared 

to treatment with tamoxifen and are now the recommended treatment for this patient 

group (Howell et al. 2005). Women with HER2- positive breast cancers are treated with 
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targeted therapy such as trastuzumab (Herceptin). Trastuzumab is a monoclonal 

antibody that targets and inhibits HER2. It was approved by the FDA in 1988 (Masoud 

et al. 2017).   

3.Drug resistance  

There are two types of drug resistances de novo drug resistance and acquired 

drug resistance. Cancers that do not respond to the therapy at all from the beginning 

have de novo drug resistance. However, in acquired drug resistance cancers respond 

initially to the therapy but develop later this resistance by activating alternate cell 

proliferation pathways, which function to restore cell cycle and lead to cancer 

progression (Fan et al. 2015).   

The progression of cancer and the development of drug resistant phenotype is 

particularly challenging because of the excessive cross-talk between multiple signaling 

molecules and pathways. Regulation of cell cycle proteins plays a crucial role in most of 

these processes as well.  Upregulation of positive regulators of the cell cycle, as well as 

downregulation of negative regulators of the cell cycle have been documented to 

interrupt the antiproliferative effects of endocrine and targeted therapies, leading to 

resistance.  For instance, it has been shown that tamoxifen-resistant MCF-7 cells, 

developed by long term exposure of MCF-7 xenografts to tamoxifen, express higher 

levels of cyclin D and E1 and cyclin-dependent kinase CDK2, compared to parental 

cells (Louie et al. 2010). In addition, somatic deletion of p21 gene in human breast 

cancer cells mediated Tamoxifen resistant phenotype (Abukhdeir et al. 2008).  Nahta et 

al. created trastuzumab-resistant pools from the SKBR3 HER-2-overexpressing breast 
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cancer cell line. They found that trastuzumab-resistant cells have decreased expression 

of cyclin-dependent kinase inhibitor p27, and increased activity of CDK2 (Nahta et al. 

2004). Moreover, Scaltriti et al. established trastuzumab-resistant HER2 amplified 

breast cancer cells by chronic exposure to trastuzumab treatment, and found that these 

cells had cyclin E amplification/overexppresion (Scaltriti et al. 2011). Akli et al.  found 

that overexpression of low molecular weight (LMW) cyclin E mediated the resistance to 

the aromatase inhibitor letrozole by using an aromatase-overexpressing MCF-7/Ac1 

cells in the presence or absence of full-length cyclin E and LMW-E (Akli et al. 2010).  

 

C. The need of cell cycle blockers (Senescence as a therapeutic approach)  

In addition to their contribution in drug resistance, cell cycle mediators are 

involved in breast cancer initiation and progression. Previous studies have shown that 

the gene encoding cyclin D is amplified in 15% and overexpressed in 30-50% of 

primary human breast cancers (Bartkova et al. 1994, Gillett et al. 1994). In addition, 

cyclin E1 was found to be overexpressed in around 40% of breast cancers (Lodén et al. 

2002). CDK4 gene amplification was also reported in about 15% of breast cancers (An 

et al. 1999). Since CDKs have a central role in the control of cell division, numerous 

drugs that target CDK activity have emerged and have been tested in the clinic over the 

past 30 years (reviewed in Roskoski 2016). The goal of the use of CDK inhibitors in 

breast cancer is to induce an irreversible cell cycle arrest and thus senescence. By this 

way, senescence induction may stop breast tumor cells proliferation, decrease their 

metastatic potential and promote their elimination by the immune system.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Scaltriti%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21321214
https://www.ncbi.nlm.nih.gov/pubmed/?term=Akli%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20145171
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1.Cell Cycle 

Eukaryotic cells dividing actively pass through 4 phases known collectively as 

the cell cycle. During two of these phases, cells duplicate its genetic material (S phase) 

then partition it between two identical daughter cells (Mitosis). During the two other 

phases called G1 and G2 (“Gap” periods) phases, cells prepare themselves for the S 

phase and mitosis, respectively. Cells stop dividing in the absence of mitogenic signals 

and in the presence of antimitogenic signals. They exit the cycle and enter G0 which is a 

quiescent state. They resume their proliferation once stimulated again with mitogenic 

signals. In this chapter, we will discuss the main cell cycle regulators, the internal 

control checkpoints, in addition to an overview of the mammalian cell cycle. 

a. Cyclins 

Cyclins are a large family of 29 proteins that belongs to 3 main groups. Group I 

or the cyclin B group include cyclins A, B, D, E, F, G, J, I and O; group II contains 

cyclin Y; and group III or the cyclin C group contains cyclins C, H, K, L, and T. All 

these proteins have a 100 amino-acid-residue domain which constitutes the cyclin box. 

The role of this cyclin box is to associate cyclins with specific kinases called cyclin 

dependent kinase. By this way, the kinase activity of these enzymes will be regulated. 

The A, B, D, E, F, J, and O type cyclins are formed of two cyclin boxes while the rest 

have only one (Ma et al. 2013). The oscillation of cyclins accounts for their names as 

they cycle up and down during the cell cycle. Cyclin expression is related to the cell 

cycle-dependent activation of the E2F and FOXM1 transcription factors. However, 

cyclin degradation occurs via ubiquitin mediated proteasome pathway. Therefore, 

fluctuation of cyclin levels causes changes in CDK activity which consequently drives 
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the cell cycle (reviewed in Roskoski, et al. 2016). Cyclin A expression accumulates at 

the beginning of S phase (Erlandsson et al. 2000) whereas expression of cyclin B 

accumulates in late G2 (Pines et al. 1989). Cyclin D1 levels increases in G1 and remains 

elevated until mitosis (Aktas et al. 1997). Cyclins E mediates progression through G1/ S 

phases (Ekholm et al. 2001). Cyclin F mediates a DNA damage-induced checkpoint 

response in G2 (Klein et al. 2015). Whereas cyclin H forms a complex with CDK7 

and constitutes an enzyme known as CDK-activating kinase (CAK) which activates 

CDK2 and CDK 4/6 by phosphorylating them (Martin et al. 1997). Cyclin T forms a 

complex with CDK9 and contributes in basal transcription, signal transduction, and 

differentiation but not in cell cycle progression (Simone et al. 2001). 

b. Cyclin- Dependent Kinases  

Cyclin-dependent protein kinases belong to a family of 20 members. They are 

protein-serine/threonine kinases and become activated once they interact with cyclins. 

CDKs activity changes throughout the cell cycle and not their level. It increases with 

cyclin synthesis and decreases with cyclin degradation (reviewed in Rocca et al. 2014). 

CDKs have a conserved catalytic core with an ATP-binding pocket, a PSTAIRE-like 

cyclin-binding domain, and an activating T-loop motif which is a conserved threonine 

residue. CDKs are called proline-directed protein kinases because they transfer the 

phosphoryl group from an ATP molecule to a protein-serine or threonine residue 

coming immediately before a proline residue. By their association with cyclins via the 

PSTAIRE helix there will be a displacement of the T-loop and exposition of the 

substrate-binding interface. Most CDK family members have inhibitory and activating 

phosphorylation sites. Phosphorylation at T14 and Y15 within the ATP-binding site by 
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inhibitory kinases Wee1 and Myt1 prevents the binding of ATP. Whereas T-loop 

phosphorylation at T161 by CDK activating kinases (CAKs) allows substrate binding 

(reviewed in Lim et al. 2013). 

c. Checkpoints 

Cell cycle progression is always under control. It is stopped once any of the 

phases is unsuccessfully completed or DNA is damaged. It is only resumed when the 

damage is repaired. Otherwise, cell undergoes cell death. DNA damage may be 

intrinsic, such as intermediates of metabolism, attrition of telomeres, oncogene 

overexpression, and DNA replication errors. Also, it may be extrinsic ranging from 

sunlight, to carcinogens, ionizing radiation or other anticancer therapeutics. 3 

checkpoints control the progression of the cell cycle.  

i. G1 phase checkpoint 

The first is before entry in S phase (G1/S phase checkpoint), cells check their 

genome integrity and check whether it is ready to undergo replication .In the case of 

DNA damage, ATM (ataxia-telangiectasia mutated)  a serine/threonine protein kinase is 

recruited and activated by DNA double-strand breaks. ATM inactivates MDM2 (Mouse 

double minute 2 homolog) by phosphorylating it. The role of MDM2, an E3 ubiquitin-

protein ligase, is to bind and block the N-terminal trans-activation domain of the tumor 

suppressor gene p53. Mdm2 inhibition causes p53 accumulation which promotes the 

transcription of gene encoding cyclin dependent kinase inhibitors. Moreover, p53 

accumulation induce apoptosis by activating 2 signaling apoptotic pathways which 

activates aspartate-specific cysteine proteases caspases. The role of these caspases is to 

degrade the cellular components. In addition, ATM phosphorylates and activates protein 

https://en.wikipedia.org/wiki/Serine
https://en.wikipedia.org/wiki/Threonine
https://en.wikipedia.org/wiki/Protein_kinase
https://en.wikipedia.org/wiki/DNA_repair#Double-strand_breaks
https://en.wikipedia.org/wiki/N-terminal
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kinases called Chk1 and Chk2, which then phosphorylate p53 and Cdc25. This 

phosphorylation of p53 makes it more stable. Cdc25 protein phosphatases are activators 

of Cyclin A–CDK2 and Cyclin E–CDK2 involved in G1/S transition. However, Cdc25 

phosphorylation by Chk2 leads to its degradation. Therefore, cyclin–CDKs involved in 

G1/S transition will not be activated which will result in cell cycle arrest in G1. 

ii. S phase checkpoint 

The second checkpoint is progression into M phase and relies on cyclin B 

dependent kinase activity. Cyclin B–CDK1 forms M phase-promoting factor (MPF). Its 

role is to promote the early events of mitosis. Before starting mitosis, cells check 

whether the DNA is replicated without DNA structural abnormalities, such as strand 

breaks or base modifications. If not, wee1, a protein kinase, phosphorylates tyrosine and 

threonine residues of the catalytic subunit of MPF. MPF phosphorylation lower CDK1 

activity and thus prevents mitosis entry. The G2 to M transition occurs when MPF is 

dephosphorylated by Cdc25C. In the case of DNA damage, Chk1 and/or Chk2 

phosphorylates Cdc25C and sequesters it in the cytosol making it unable to act on the 

nuclear MPF. Moreover, ATR (ataxia telangiectasia and Rad3-related protein) 

transduces unreplicated DNA signals by phosphorylating Chk1.  This will prevent 

Cdc25C inhibition by phosphorylating and sequestrating it in the cytosol. 

iii. Metaphase (Spindle) checkpoint 

MPF mediates Cdc20-dependent activation of the anaphase promoting 

complex/cyclosome (APC/C). APC/C is a multisubunit E3 ubiquitin ligase that causes 

ubiquitination of different cell-cycle regulators targeting them for destruction by the 

26S proteasome (Fang et al. 1998). Once activated, Cdc20–APC causes the destruction 
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of a protein called securin whose role is to inactivate a protease named separase during 

most of the cell cycle. The function of separase is to destroy the proteins that links sister 

chromatids together. By this way, Cdc20–APC initiates anaphase. In addition, Cdc20–

APC also causes the degradation the B-type cyclin component of MPF. Anaphase 

occurs only when all chromosomes are attached to the bipolar mitotic spindle via their 

kinetochores. Kinetochores that are not bound to the mitotic spindle activate Mad2 

protein, which binds and blocks Cdc20 activity. This results in cell cycle arrest in 

metaphase (reviewed in Barnum et al. 2014). 

d. Rb protein 

The retinoblastoma gene, a tumor suppressor gene, was first discovered in the 

cancer of the eye (Dunn et al. 1988). It has an essential role in the G1/S checkpoint, 

blocks phase S entry, and drives cell cycle arrest (Weinberg 1995). The Rb gene family 

includes 3 members Rb/p105, p107 and Rb2/p130. They are called ‘pocket proteins’ 

because they have a conserved binding pocket region by which they interact with 

cellular targets. The pocket region has two conserved functional domains A and B 

separated by a spacer S. E2F, family of transcription factors, binds to the A and B 

pocket domains of Rb proteins (Gillet et al., 2000). Rb-E2F complex represses the 

promotor of the genes required for G1/S transition. pRb is expressed throughout the cell 

cycle. It is hyper-phosphorylated and thus inactivated in late G1, then it is 

dephosphorylated during mitosis. p130 expression is elevated in G0, then it diminishes 

as cells progress into S phase. However, p107 expression is low in G0, and then 

increase as cells progress through G1 into S. Inactivation of Rb protein is required for 

the progression of the cells through G1 and S phases. The phosphorylation status of 
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these proteins is regulated by CDK inhibitor (CKI) by their binding to the cyclin/CDK 

complexes (reviewed in Henley et al. 2012). 

e. E2F transcription factors  

The E2F family of transcription factors includes at least seven members, E2F1, 

E2F2, E2F3, E2F4, E2F5, E2F6 and E2F7. A functional E2F transcription factor is a 

heterodimer formed by an E2F polypeptide and a DP polypeptide whose role is to 

stabilize the interaction between E2F factors and the Rb proteins. Each of the E2F 

polypeptides can heterodimerize with either DP1 or DP2 (DP3). E2F1, E2F2 and E2F3 

are transcriptional activators, and bind to pRB. E2F4 and E2F5 are transcriptional 

repressors and interact with Rb2/p130 and p107. E2F6 does not to have a pocket protein 

interaction domain, and interacts with Polycomb proteins and represses transcription. 

The recently identified E2F7 and E2F8 repress specific promoters. During the cell cycle, 

E2F3 expression increases in early-G1 to mid-G1. E2F1 and E2F2 expression increases 

at the G1/S boundary. E2F4 and E2F5 are expressed throughout the cell cycle, but in G0 

and early G1, they are bound by p107 and Rb2/p130, forming transcriptional repressor 

complexes. p107 and Rb2/p130 recruit E2F4 into the nuclei of the cell, inducing the 

repression of S phase genes transcription and cell proliferation (reviewed in Giacinti et 

al. 2005, reviewed in Henley et al. 2012). 

f. CDK inhibitors 

Cyclin-CDK complexes are down regulated by small molecules called the 

CDK-inhibitors. CKIs are divided into two groups. The INK4 (inhibitor of CDK4) 

family binds and inhibits CDK4/6 by this way they weaken their binding to cyclin D.  
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The members of this family are p16INK4a, p15INK4b, p18INK4c, and p19INK4d. 

These four proteins share a similar structure dominated by several ankyrin repeats. They 

only bind to CDK4 and CDK6 but not to other CDKs or to cyclins D and they are 

involved in G1 phase control.  p15INK4b expression induced by TGF-b causes G1 

phase arrest. p16INK4a accumulates progressively as cells age, possibly being induced 

by a senescence timer. Whereas, p18INK4c and p19INK4d are expressed during fetal 

development and may have roles in terminal differentiation. The second family is 

Cip/Kip (CDK-interacting protein)/KIP (kinase inhibitor protein) family and it includes 

p21Cip1, p27Kip1, and p57Kip2. These members interact with, and inhibit the kinase 

activities of, cyclin E-CDK2, cyclin D-CDK4, cyclin D-CDK6, cyclin A-CDK2, and 

cyclin B-CDC2 complexes and function throughout the cell cycle. p21 expression 

induced by the tumor suppressor gene p53 in response to DNA damage causes cell 

cycle arrest (reviewed in Lim et al. 2013). However, p21 phosphorylation on Thr-57 by 

glycogen synthase kinase 3β (GSK3β) induces its binding to cyclin B1-CDK1 at the 

G2/M transition leading to cell cycle progression (Dash et al. 2005). p27 expression 

increases in mitogen-starved cells and other quiescent states. However, its expression 

decreases as cells enter the cell cycle. In addition, p27 phosphorylation on Tyr-74, -88 

and/or -89 by Src, Lyn, or Abl, prevents this protein to inhibit complexes containing 

CDK2 (Chu et al. 2007). The role of p57 is to control the cell cycle during embryonic 

development (Matsuoka et al. 1995). 

g. Cell cycle machinery  

Cell cycle is influenced by external signals during the G0 and G1 phases, such 

as the Ras/ Raf/MAPK pathway, NF-kB pathway, Jak/STAT pathway, hedgehog 
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pathway, Wnt/b-catenin pathway (reviewed in Rocca et al 2014). For example, the 

mitogen-activated protein kinase (MAPK) cascade whose activation is mediated 

sequentially by a Ras-dependent manner consists of three protein kinases MAPK kinase 

kinase(MAPKKK), MAPK kinase (MAPKK), and MAPK. The Ras/MAPK pathway 

directly regulates cyclin D gene expression. MAPK contributes in the activation of the 

activation protein-1 (AP-1) and ETS transcription factors which transactivate the cyclin 

D promoter that contains specific binding sites for both AP-1 and ETS. Ras signaling 

pathway involving phosphatidylinositol 3-kinase (PI3K) and Akt (protein kinase B) is 

another mitogenic pathway that plays an important role in the progression of the cell 

cycle. It triggers a network that positively regulates G1/S cell cycle progression. This 

pathway inactivates GSK3β, therefore preventing cyclin D degradation (Liang et al. 

2003). Cyclin D1 forms complexes with their partners, CDK4 and CDK6 then enter the 

cell nucleus where they are phosphorylated and fully activated by CDK-activating 

kinase (CAK). 

Once activated, cyclinD1-CDK4/6 phosphorylates Rb in mid-G1 phase. Rb 

phosphorylation leads to the release of the transcription factor E2F which promotes 

cyclin E, cyclin A, CDK1, and CDK2 transcription. Other E2F target genes encoding 

proteins that are essential for DNA synthesis, such as DNA polymerase ɑ, thymidine 

kinase (Dyson, 1998). Cyclin E is synthesized during G1 phase of the cell cycle, and its 

level increases sharply in late G1. This is followed by accumulation of Cyclin E protein 

and then down regulation in S-phase. Cyclin E association with CDK2 mediates Rb 

phosphorylation on additional sites. As cells approach the G1/S border, control of the 

cell cycle becomes dominated by cyclin E-CDK2 complexes. In addition, binding of 
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cyclin A with CDK2 is required during S phase. However, CDK2 activation does not 

only reinforce CDK4 to complete Rb phosphorylation but also triggers the destruction 

of the CDK inhibitor p27Kip. Cells become independent of mitogens for completion of 

the cell cycle and become committed to enter S phase.  

Cyclin A- and B-dependent CDKs become activated later during the cell 

division cycle maintaining Rb in a hyper-phosphorylated form. The messenger RNA 

(mRNA) of cyclin A2 starts to accumulate during S phase and diminishes at mitosis, 

whereas cyclins B accumulates in late G2.  During G2 phase, the cell prepares itself to 

undergo mitosis and cytokinesis. Cyclin B-CDK1, MPF, drives with cyclin A-CDK1 

G2-M transition.  

Phosphorylation of CDK1 on Tyr15 by the kinases Wee1 and on Tyr15 and 

Thr14 by the kinase Myt1 keeps cyclin B-CDK1 complex inactive. Once 

dephosphorylated by the protein phosphatase CDC25C, it becomes activated. Cyclin B-

CDK1 complex is involved in the initiation of mitotic events in both the cytoplasm and 

the nucleus. Cyclin B- CDK1 contributes in centrosome separation by phosphorylation 

of the centrosome-associated motor protein Eg 5 in the fragmentation of the Golgi 

network, in the breakdown of the nuclear lamina and cell rounding.  

Exit from mitosis requires degradation of both cyclin A and cyclin B, and this 

occurs via a ubiquitin-mediated pathway that itself is regulated by the APC pathway. 

Degradation of both cyclin A and cyclin B reestablishes the requirement for cyclin D 

and reinstitutes a period of mitogen dependence in the ensuing G1 phase of the next cell 

cycle (reviewed in Harper et al. 2005, Vermeulen et al. 2003). 
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Figure 2. The main phases of the cell cycle.  

In a quiescent cell (G0), RB inactivates E2F-mediated transcription (A). Upon receiving 

a mitogenic signal, the cell synthesizes cyclin D. Cyclin D-CDK4/6 complexes 

phosphorylate RB which leads to E2F release and transactivation of cyclin E 

expression. Cyclin E-CDK2 complexes phosphorylate RB on additional sites leading to 

its inactivation (B) and transcription of S phase genes (C). R symbolizes the restriction 

point. As modified from Lehn 2013. 

 

 

2. Senescence  

Senescence is defined as an irreversible cell cycle arrest, which can be induced 

when a certain finite number of divisions has been reached (replicative senescence or 

when cells are exposed to pro-tumorigenic stresses (He et al. 2017). Although they 

remain metabolically, and synthetically active, senescent cells are not able to divide 

even when they are stimulated by mitogens. Senescence supports a variety of functions, 
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including tumour suppression, wound healing, embryonic development (Storer et al. 

2013, Demaria et al. 2014, Chuprin et al. 2013, Li et al. 2012, Muñoz-Espín et al. 2013), 

and tissue regeneration (Storer et al. 2013). In this chapter, we will discuss the factors 

that induce senescence, morphology and biomarkers of senescent cells, and signaling 

pathways initiating and maintaining senescence. 

a. Causes 

i.Telomere shortening and DNA damage response 

Telomeres are tandem TTAGGG repeats found at the ends of chromosomes, 

associated with several telomere-binding proteins. Telomeres length decreases 

progressively as cells divide. This loss of telomeres sequences prevents endless 

proliferation by mediating cellular senescence. Cells recognize telomeres loss as a DNA 

damage, then mediate DNA damage response DDR by inducing DNA damage kinases 

ATM. This kinase phosphorylates and activates p53. In turn, phosphorylated p53 

protein induces the expression of p21 causing G1 phase arrest (Herbig et al. 2004).  

ii. CDKN2A locus derepression 

CDKN2A locus encodes two essential tumour suppressors, p16 and ARF which 

are also key regulators of cellular senescence. It was demonstrated that CDKN2A locus 

expression was very low in young rodent tissues and increased with ageing 

(Krishnamurthy et al. 2004). Repression of this locus is mediated by EZH2-containing 

Polycomb-Repressive Complex 2 (PRC2) complex. The expression of EZH2,  a histone 

methyltransferase  which primarily trimethylates histone H3 on lysine 27 (i.e. 

H3K27me3), was found to be decreased in a stressed and senescing populations of cells. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/g1-phase
https://en.wikipedia.org/wiki/Histone
https://en.wikipedia.org/wiki/Methyltransferase
https://en.wikipedia.org/wiki/Histone_H3
https://en.wikipedia.org/wiki/Lysine
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This was accompanied by a decreased level of associated H3K27me3 and activated 

transcription of p16 and ARF (Bracken et al. 2007). 

iii. Stress-induced senescence  

Different types of stresses such as chemotherapeutic drugs, Ultra-Violet 

radiation (UV), hydrogen peroxide, ionizing radiation, and DNA damage increase the 

levels of reactive oxygen species (ROS) and induce senescence. For example, treatment 

of normal human epidermal keratinocytes with hydrogen peroxide resulted in an 

increase in ROS level which promoted cellular senescence through epigenetic 

regulation of p16INK4a (Sasaki et al. 2014). In addition, Fitzgerald et al. reported that 

DNA-damaging ROS induced by ionizing radiation led to the activation of p53, 

transcription of p21 and caused senescence in head and neck squamous cell 

carcinoma (Fitzgerald et al. 2015). 

iv. Oncogene induced senescence 

  It is considered as a mechanism of tumor suppression that restricts the 

progression of benign tumors.  Expression of oncogenic ras in primary human and 

rodent cells resulted in a permanent G1 arrest. This was accompanied by accumulation 

of p53 and p16 (Serrano et al. 1997). In addition, Baek et al. used a transgenic mouse 

model for tumor initiation in which the oncogenic KRas V12 allele expression was 

induced in the lung. The authors found that the oncogenic Kras induced senescence in a 

p53-dependent manner in the premalignant lung tumors (Baek et al. 2013). 
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b. Characteristics of senescent cells 

i. Morphology  

In vitro, senescent cells become large, flat, vacuolized and, multinucleated. They 

also exhibit an increase in the granularity and in the size of their nuclei (Kuilman et al. 

2015, Singh et al. 2010).  

ii. Cell cycle arrest  

Cell cycle of senescent cells must be arrested. Flow cytometry analysis displays 

decreased number of cells in S phase (cell uptake of BrdU) and increased number of 

cells in G1 or sometimes also G2/M phase, but no change in the number of cells in sub-

G1 phase (dead cells) (Fang et al. 1999).  

iii. Senescence Associated β-Galactosidase  

Senescent cells are characterized by having a specific β-galactosidase enzymatic 

activity detected at pH 6.0, different from the normally observed at pH 4.0 within 

lysosomes. This enzyme has been called senescence-associated β-galactosidase (SA-β-

Gal). β-galactosidase is a hydrolase that cleaves β-D-galactose residues in β-D-

galactosides. It is thought that this enzymatic activity is a consequence of the increase in 

the mass and activity of lysosome in senescent cells. However, the relationship between 

this enzyme activity and the establishment and maintenance of senescence is still 

unknown (Yang et al. 2005). 

iv. Senescence Associated Secretory Phenotype  

Coppe et al. showed that human cells induced to senesce by genotoxic stress 

secrete many factors associated with inflammation and malignancy (Coppe et al. 2008). 

Senescent cells are able to implement a complex pro-inflammatory response known as 
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senescence-associated secretory phenotype (SASP). The SASP is induced by the 

transcription factors NF-κB and CCAAT/ enhancer binding protein-β (CEBPβ). This 

complex contains pro-inflammatory cytokines (interleukin-6 (IL-6) and IL-8), 

chemokines (monocyte chemoattractant proteins (MCPs) and macrophage inflammatory 

proteins (MIPs)), growth factors (transforming growth factor-β (TGFβ) and 

granulocyte–macrophage colony-stimulating factor (GM-CSF)) and proteases (Kuilman 

et al. 2008, Hernando et al. 2007, Ender et al. 2012). The production of these molecules 

by senescent cells causes inflammation and thus mediates the clearance of senescent 

cells by phagocytosis in vivo (Yun et al. 2015).  In addition, SASP components, most 

notably TGFβ, induce senescence in neighboring cells in a paracrine manner, through a 

mechanism that produces ROS and DNA damage (Hubackova et al. 2012).  

v. Senescence Associated Heterochromatic Foci  

Another characteristic of senescent cells is senescence‑associated 

heterochromatic foci (SAHF). Narita et al.  described SAHF as bright and punctate 

DNA-stained dense foci that can be readily distinguished from chromatin in normal 

cells (Narita et al. 2003). Zhang at al. reported that a single SAHF focus resulted from 

the condensation of a single chromosome (Zhang et al. 2007). These foci contain 

trimethylation at Lys9 of histone 3 (H3K9me3), heterochromatin protein 1 homologue‑γ 

(HP1γ) and macroH2A which are hallmarks of heterochromatin (Zhang et al. 2007).  

Aird et al. also showed that SAHF heterochromatin domains contains certain genes 

involved in cell proliferation, including E2F target genes such as cyclin A, which is 

required for the progression through S-phase of the cell cycle (Aird et al. 2013). To 
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note, not all senescent cells display SAHF, and therefore SAHF absence does not mean 

that cells are not senescent (Mercurio et al. 2011). 

vi. Proteins markers 

Senescent cells are characterized by a high expression of p16, ARF, p53, p21, 

p15, p27, Dec1 (also known as TNFRSF10C), Decoy receptor 2 (DCR2; also known as 

TNFRSF10D) and by a downregulation of Lamin B1 (Freund et al. 2012, Sagiv et al. 

2013, He et al. 2017).  

Dec1 belongs to the bHLH (a basic helix-loop-helix) family of transcription 

factors. Qian et al. found that Dec1 expression was induced by p53 which binds to the 

p53-responsive element found in Dec1 promoter. The authors also found that 

overexpression of Dec1 alone initiated G1 arrest and senescence, however, Dec1 

knockdown attenuated DNA damage-induced premature senescence (Qian et al. 2008). 

Dec1 targets are epithelium-specific ETS (Epithelium-specific Transcription Factor 

Subfamily) gene-2 (ELF5/ESE2) and -3 (EHF/ESE3). ELF5 and EHF are members of 

ETS family of transcription factors and play a role in the regulation of cellular 

proliferation, differentiation, and tumorigenesis (Zhou et al. 1998, Ohtani et al. 2001). 

However, the mechanism by which Dec1, ELF5 and EHF are involved in senescence is 

still unknown. 

DCR2 is a member of TNF receptor superfamily. DCR2 was proposed as a 

biomarker of oncogene-induced senescence. Sagiv. et al reported that upregulation of 

DCR2 in senescent cells was responsible for their preferential killing through the 

granule exocytosis pathway and not through the activation of death receptors. DCR2 

receptors overexpressed in senescent cells bind to the death receptor ligands. By this 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Qian%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=18025081
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way, they prevent downstream signaling through competitive inhibition of the death-

receptor pathway (Sagiv et al. 2013).  

Lamins constitute an integral structural component of the nuclear lamina which 

contributes to the size, shape, and mechanical stability of the nucleus (Freund et al. 

2012). Freund et al.  showed that lamin B1 was lost from primary human and murine 

cell strains when they are induced to senesce by DNA damage, replicative exhaustion, 

or oncogene expression. The authors also showed that the decline of lamin B1, but not 

lamin B2, lamin A, or lamin C, was associated with senescence. They also reported that 

Lamin B1 loss was dependent on the activation of either p53 or pRB tumor suppressor 

pathway (Hallstrom et al. 2008).  

vii. Signaling pathway involved in senescence 

Two main signaling pathways initiate and maintain this growth arrest: p53–p21–

retinoblastoma protein (RB) and p16INK4A–RB. DNA double-strand breaks, or 

uncapped telomeres activate DDR. The kinases ATM and ATR phosphorylate and 

stabilize p53. In addition, p14ARF- or p19ARF inhibit (human or mouse, respectively) 

the ubiquitin ligase MDM2 (Utz et al. 2003, Wong et al. 2009). In turn, p53 

transcription factor activity increases expression of the p21, which arrests the cell cycle. 

Permanent arrest is mediated by p16INK4A, which is transcriptionally upregulated by 

BMI1, and ETS1 and ETS2 under the control of p38 MAPK and extracellular signal-

regulated kinase (ERK) signaling, respectively (Takahashi et al. 2006). p16INK4A 

inhibits CDK4 and CDK6 activity, which leads to RB hypophosphorylation, blockade 

of S phase entry, and cell cycle arrest. Furthermore, p16INK4A cooperates with 

mitogenic signalling to trigger a ROS–protein kinase C δ-type (PKCδ)-positive 
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feedback loop that stably inhibits cytokinesis (Johmura et al. 2014). Accordingly, 

senescent cells in vitro can display polyploidy, being left with a 4n genome following 

failed cytokinesis (Pampalona et al. 2012). 

viii. Unified model of senescence 

During tissue remodeling process senescent cells recruite immune cells 

including T helper lymphocytes and macrophages through the SASP. These immune 

cells eliminate senescent cells, and progenitor cells regenerate the damaged tissue. This 

model can be applied, with some modifications, in developmental senescence. This 

latter allows the elimination of transitory embryonic structures (such as the mesonephric 

tubules and the interdigital webs) and that of one cell population in favor of another (as 

in the endolymphatic sac of the inner ear) (Muñoz-Espín et al. 2014). In the case of pre-

malignant tumors, oncogenically stressed cells become senescent and may also trigger 

clearance and tumor elimination (Ender et al. 2012). 

 

Figure 3. Features of senescent cells.  
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The characteristics of in vitro senescent cells are large cell size, cell cycle arrest, 

regulation of specific proteins markers expression, enzymatic activity of senescence-

associated β-galactosidase (SA-β-GAL), expression of an SASP factor that is a 

secretome consisting of a several proinflammatory molecules and growth factors, and 

formation of senescence associated heterochromatin foci. As modified from Kang et al. 

2018. 

 

 

D. Cell culture models 

1. 2D and 3D cell cultures 

2D cultures have been very useful models to understand cell biology, 

mechanisms of diseases, signaling pathways, and genetic interactions of mutated 

oncogenes and tumor suppressor genes. However, they do not form a relevant 

physiological model because cells cultured on rigid substrates have flattened 

morphologies, are different from those observed in vivo, and do not behave as they 

would in the body. The development and maintenance of any normal tissue in the body 

depends on cellular interactions in a microenvironment composed of various growth 

factors, hormones, and adhesion molecules as well as a complex extracellular molecular 

matrix. Therefore, it is necessary to culture cells under conditions that consider this 

microenvironment. As extracellular matrix components have become recently available 

for this purpose, it is now possible to study cells growing in a more relevant structural 

architecture (3D structure) and recapitulating cells behavior better than cellular 

monolayers.  

Many human breast cancer cell lines can be cultured in 3D; however, the 

recapitulation of phenotypically normal acinar phenotypes is more challenging. A few 

non-neoplastic breast epithelial cell lines have been used in 3D cultures including 

HMT3522 S1 cells. 
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HMT3522 S1 cells were derived from a human breast epithelial sample from a 48-year 

old woman (Briand et al. 1987). S1 cells cultured in 3D differentiate into basoapically 

polarized acinus-like structures that resemble the acini in the resting mammary gland 

(Plachot et al. 2009). It was demonstrated that 3D culture allows S1 cells to self‐

organize transcriptionally (Schmidhauser et al. 1992, Xu et al. 2007), architecturally 

(Petersen et al. 1992) and at the level of nuclear organization (Lelievre et al. 1998) to 

express differentiated functions lost in cells grown on plastic.  Culture of S1 cells of 

passage 118 in medium without EGF for 2–3 months led to the establishment of S2 

subline. S2 cells kept for another 120 passages in culture, were inoculated 

subcutaneously in nude mice that consequently developed a tumor. Cells taken from this 

tumor, cultured in vitro, then inoculated again to nude mice induced tumor 

development.  A T4-2 subline established from this tumor was highly tumorigenic 

(Rizki et al. 2008). T4-2 cells were found to have a triple-negative phenotype (i.e., no 

expression of ER, PR, and HER2). They develop structures reminiscent of invasive 

breast tumors when cultured in 3D (Weaver et al. 1997, Rizki et al. 2009).   

It was demonstrated that 3D culture plays a role in the control of gene expression in 

normal and tumor breast cells. Genome-wide expression analyses using cDNA 

microarrays, of S1 and T4-2 cells, grown in 2D and 3D showed that 166 transcripts of 

8000 genes exhibited statistically significant differences between S1 and T4–2 when 

cells were cultured in 2D, while 445 transcripts showed altered expression when the 

cells were cultured in 3D. In addition, HMT3522 cells cultured in 3D showed that 

Cocksackie adenovirus receptor (CAR) mRNA and protein expression was higher in 

tumorigenic T4-2 cells than in the normal S1 cells, although CAR expression levels 
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were similar when the two cell types were grown in 2D (Bissell et al. 2002).  On the 

other hand, only in 3D cultures could the deregulated pathways in T4-2 cells be clearly 

elucidated and could the malignant phenotype be reverted. In T4-2 cells, where the 

levels of β1-integrin and epidermal growth factor receptor (EGFR) are significantly 

elevated with respect to S1 cells, treatment of tumor cells with inhibitory β1-integrin 

antibody attenuated the levels of β1-integrin and EGFR and led to a morphological and 

functional reversion of T4-2 to a normal phenotype. In addition, Inhibition of EGFR led 

to the phenotypic reversion as well as downregulation of β1-integrin. This cross-

modulation of β1-integrin and EGFR could only be observed when cells were cultured 

in 3D and received signals from the extracellular matrix (Wang et al. 1998). 

 

 

Figure 4.  HMT3552 progression series.  

Malignant transformation of the S1 cells (normal) and establishment of S2 subline 

(malignant) were achieved in vitro by growing S1 cells independently of EGF. S2 cells 

were found to produce tumors in nude mice. T4-2 subline (malignant invasive) was 

obtained from a tumor after two rounds of in vitro–in vivo mouse passage.  

 

 

2. LOC (Lab-on-Chip)  

3D culture model is an indispensable method to study normal human mammary 

functions as well as breast cancer. However, it still has some limitations.  For example, 

in 3D cultures acini-like structures are isolated, whereas in the mammary glands acini 
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are connected to ducts. Breast cancer is initiated in these ducts and especially in the 

terminal mammary ducts. Therefore, this 3D model does not perfectly mimic the 

microenvironment where breast tumors develop. Vidia et al. created a Lab-on -Chip 

model, a micro-manipulated complex 3D in vitro model, in which breast cells grew on 

semicircular acrylic support mimicking portions of mammary ducts. They showed that 

T4-2 tumor nodules, cultured with S1 cells, developed well in these hemichannels 

mimicking the development of the breast tumor within the epithelium that delineates the 

ducts. They also showed cancer cells contacting the ECM-coated acrylic substratum 

instead of the non-neoplastic epithelium, which mimic cancer cells infiltration in the 

epithelium usually observed in sections of biopsies of cancer tissue (Vidi et al. 2013). 

On the other hand, 3D culture model could not be used to study cell migration 

mechanisms as well as the invasive potential of cancer cells. Thus, researchers designed 

different LOC in order to mimic the functional parameters of migration across to 

different tissues. Jeon et al. created an organ-specific human 3D microfluidic model 

which can be used to investigate the extravasation mechanism of metastatic tumor cells. 

They used their model to study human breast cancer cell extravasation into different 

microenvironments. They used the katushka-expressing bone seeking clone (BOKL) of 

the MDA-MB 231 metastatic breast cancer cells and showed these cells were able to 

adhere to endothelial cells aligned with microvessel axes. These cells were also able to 

metastasize through human microvascular networks to matrices engineered to mimic 

three different microenvironments: bone, muscle, and acellular collagen matrix. They 

found that the extravasation rates of the cancer cells in the bone-mimicking 

microenvironment were significantly higher compared with the two other 
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microenvironments (Jeon et al. 2015).  In addition, Chen et al. created an in vitro model 

of the human microcirculation that allows to visualize and quantitate tumor cell 

extravasation dynamics. Using this model, they were able to show the transmigration of 

MDA-MB 231 through the microvascular network. They scored extravasated cells, 

evaluated the extravasation efficiencies of a panel of tumor cell lines as well as the 

effects of various treatments on extravasation efficiencies of MDA-MB 231 cells.  In 

addition, they visualized the temporal and spatial organization of intra or extracellular 

proteins of endothelial and tumor cells on a single cell level, in addition to the position 

of transmigrating tumor cells relative to the vascular basement membrane (Chen et al. 

2017). Apart of studying the biological mechanisms, LOC might also help to design and 

test anticancer therapies with increased accuracy.  

E. Pharmacological CDK inhibitors 

Pharmacological CDK inhibitors are small molecules that have shown a potent 

anticancer activity in preclinical studies. Besides blocking cell cycle progression, they 

can also promote apoptosis. Moreover, they were found to exert antiangiogenetic effects 

and to potentiate chemotherapy efficacy.   

The first generation CDK inhibitors developed were relatively nonspecific, an 

example of which is flavopiridol. Flavopiridol, a flavonoid alkaloid, was the first CDK 

antagonist to enter clinical trials. It was shown to inhibit CDK 1, 2, 4, 6 (Sedlacek et al. 

1996).  However, clinical trials showed that flavopiridol had high toxicity associated to 

tumour lysis syndrome, a potentially fatal complication that results in the breakdown of 

large numbers of cells (Blum et al. 2011). Efforts have been focused toward minimizing 

https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/pharmacology-toxicology-and-pharmaceutical-science/flavonoid
https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/pharmacology-toxicology-and-pharmaceutical-science/alkaloids
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this syndrome by finding safe dosage ranges of flavopiridol in addition to identifying 

other CDK inhibitors with higher efficacity, and fewer off-target effects.  

Dinaciclib, a new second generation CDK inhibitor and an ATP competitive molecule, 

was found to have superior therapeutic index and better side effects profile than those of 

flavopiridol. Dinaciclib, compared to flavopiridol, appeared to be an equally potent 

inhibitor of CDK1 and CDK9, but a much stronger inhibitor of CDK2 and CDK5, and 

more selective in an in vitro kinase screen. 

Dinaciclib antiproliferative activity was tested on different tumor cell lines, 

including breast cancer, and was found to arrest cell cycle in all of them. Moreover, 

apoptosis following a single exposure to the drug was detected in around 85% of the 

cell lines tested and in 6 out of 7 breast cancer cell lines (Parry et al. 2010). Dinaciclib 

antiproliferative activity was also assessed in vivo. Dinaciclib was found to inhibit 

tumor growth in human ovarian carcinoma, pancreatic cancer, and anaplastic thyroid 

cancer mice xenograft (Chen et al. 2015, Feldmann et al. 2011, Lin et al. 2017). 

Dinaciclib effect was evaluated in clinical trials. Phase I clinical trials in patients with 

advanced solid tumors confirmed safety and tolerability of Dinaciclib (Nemunaitis et al. 

2013, Mita et al. 2011). The most common adverse effects were nausea (33% of the 

patients), anemia (21%), neutropenia (17%) vomiting (17%) and fatigue (15%) (Mita et 

al. 2011). A Phase I trial evaluated side effects and recommended dose of dinaciclib 

when administered with epirubicin (anthracycline drug) in patients with triple-negative 

breast cancer. The combination of dinaciclib and epirubicin was found to cause 

substantial toxicities and not to be effective for TNBC treatment (Mitri et al. 2015). 

Additional Phase I clinical trial assessing the potential use of dinaciclib in breast cancer 
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treatment are ongoing. A Phase I/Ib dose-escalation trial investigates dinaciclib in 

combination with weekly paclitaxel (antimicrotubule agent.) in patients with advanced 

solid cancer, including breast cancer, after assessment of MYC oncogene 

overexpression (NCT01676753). Moreover, another phase I clinical trial explores the 

side effects and the best dose of veliparib (PARP inhibitor) and dinaciclib given with or 

without carboplatin (chemotherapy drug) in patients with advanced solid tumors, 

including breast cancer (NCT01434316). 

The second generation of CDK inhibitors include AT7519, a pyrazole 3-

carboxyamide compound that acts as an inhibitor of CDK1, CDK2, CDK4, CDK6 and 

CDK9. AT7519 was found to induce apoptosis in colon cancer, multiple myeloma and 

neuroblastoma in vitro and in vivo (Squires et al. 2009, Santo et al. 2010, Dolman et al. 

2015). It has been evaluated in combination with bortezomib in a phase II clinical trial 

enrolling patient with previously treated multiple myeloma. The combination was well 

tolerated, and more than one-third of patients achieved partial response (Raje et al. 

2013). R547 is an inhibitor of CDK1, CDK2 and CDK4 with less potency for CDK7. 

R547 was found to have anti- tumor activity in colon, lung, breast, prostate cancer and 

melanoma in vitro and in vivo (DePinto et al. 2006). It was tested in a Phase I study in 

2007 as an intravenous weekly infusion. Although reported to have manageable side 

effects, there have not been further clinical trials with this compound (Camidge et al. 

2006). SNS-032, an inhibitor of CDK1, 2, 4, 7, and 9, was found to be effective as a 

single agent and in combination with Cytarabine in primary acute myeloid leukemia 

samples (Walsby et al. 2011).  SNS-032 was shown to have anti-neuroblastoma activity 

in vitro through CDK7 and CDK9 inhibition-mediated suppression of RNA synthesis 
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and subsequent depletion of antiapoptotic proteins (Löschmann et al. 2013). SNS-032 

completely prevented U87MG cell–mediated capillary formation of HUVECs (Human 

umbilical vein endothelial cells), by preventing the production of VEGF in both cell 

lines (Ali et al. 2007). Two Phase I clinical studies with SNS-032, one in 2010 in 

advanced lymphoid malignancies (Tong et al. 2010) and one in 2008 in selected 

advanced tumours (Heath et al. 2008), were reported, but no further developments are 

apparent. AZD5438, potent inhibitor of CDK1, CDK2 and CDK9 with less selectivity 

for CDK5 and CDK6, showed significant antiproliferative activity in human tumor cell 

lines in vitro and in vivo (Byth et al. 2009). However, the development of AZD5438 

was discontinued after it was reported to be intolerable when administered continuously 

in patients with advanced solid tumors (Boss et al. 2009).  

Selective Inhibitors of CDK4/6 have been also developed; they include 

abemaciclib, ribociclib, and palbociclib.  Palbociclib was granted FDA approval as an 

initial endocrine therapy for metastatic breast cancer for use in combination with 

letrozole in early 2015 (Beaver et al. 2015). It was also approved in 2016, for use in 

combination with fulvestrant in patients who had failed prior endocrine therapy (Walker 

et al. 2016). Soon after, ribociclib was also approved by the FDA for the first-line 

treatment of postmenopausal women with metastatic HR+/HER2- breast cancer in 

combination with an aromatase inhibitor. Finally, abemaciclib garnered an FDA 

approval as monotherapy in women with HR+/HER2- advanced or metastatic breast 

cancer with disease progression following endocrine therapy and prior chemotherapy in 

the metastatic setting. Of these selective inhibitors, palbociclib is the most extensively 

investigated and has been evaluated in vitro and in vivo till recent times. 

https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/medicine-and-dentistry/monotherapy
https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/medicine-and-dentistry/chemotherapy
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Palbociclib, an ATP competitive molecule, was found to be a potent inhibitor 

of cell proliferation, preventing progression of the cell cycle from G1 into the S phase in 

Rb-positive cells of different tumor types, but showing no activity against Rb-negative 

tumor cells (Toogood et al. 2005).  Palbociclib anti- tumor activity was also evaluated 

in vivo. It was efficacious against mice bearing the SF-295 glioblastoma xenografts, the 

Colo-205 human colon carcinoma xenografts, or medulloblastoma patient-derived 

xenografts (Fry et al. 2004, Sangar et al. 2017). It was tested in a Phase I dose escalation 

trial in solid tumors, including five patients with breast cancer, one of whom achieved 

stable disease (Flaherty et al. 2012). Palbociclib plus endocrine therapy showed 

encouraging results when given to postmenopausal women with hormone receptor 

positive/HER2-negative breast cancer within Phase II clinical trials (Finn et al. 2012).  

This combination is currently under evaluation in a number of Phase III clinical trials in 

the same setting (NCT01740427). A Phase I clinical trial evaluating the potential use of 

palbociclib in combination with Gedatolisib (PI3K/mTOR Inhibitor) in cancer treatment 

of patients with advanced squamous cell lung, pancreatic, head & neck and other solid 

tumors is currently ongoing (NCT03065062). Another phase I / II trial assessing the 

side effects as well as best doses of palbociclib used in combination with cetuximab 

(epidermal growth factor receptor inhibitor) in treating patients with squamous cell 

carcinoma of the head and neck is currently ongoing (NCI-2014-01079). 
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Figure 5. Dinaciclib and Palbociclib mechanism of action.  

Dinaciclib and Palbociclib are ATP-competitive inhibitors that bind the ATP pocket and 

compete with ATP binding. As modified from Peyressatre et al. 2015. 

 

 

 

TNBC is an aggressive and invasive subtype of breast cancer. It tends to have 

the worst prognosis among the major subtypes, due to both limitations in understanding 

of the underlying biology and the lack of targeted therapeutic agents. Since 

perturbations in the cell cycle control are described commonly in carcinogenesis, 

inducing cell cycle arrest and senescence by targeting key regulators of the cell cycle, 

CDK, may be an attractive therapeutic strategy in TNBC treatment. CDK2 and CDK4 

are the major regulators of the cell cycle since they drive the transition from G1 to S 

phase. In this study, we hypothesize that treatment of TNBC cells with two selective 

CDK2 and CDK4 inhibitors, Dinaciclib and Palbociclib respectively, will potentially 

decrease TNBC tumor progression when used in a suitable 3D context. 
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Aim 1:  

Determine the effect of Dinaciclib and Palbociclib drugs added alone, or in combination 

and tandem on the viability and proliferation of MDA- MB 231 cells in 2D culture. 

Aim 2: 

Determine the effect of Dinaciclib and Palbociclib drugs (added alone, in combination 

or in tandem) on the viability and proliferation of premalignant (S1 cells), intermediate 

(Cx43 KO- S1) and malignant breast cancer cells (T4-2 cells) in 2D culture. 

Aim 3:  

Determine the effect of Dinaciclib  and Palbociclib on the polarity and lumen formation 

of S1 cells and on the proliferation of S1 and T4-2 cells cultured in 3D and treated 

during growth or quiescence phase of S1 acini. 
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                                                     CHAPTER III 

MATERIALS AND METHODS 

A. Cell culture   

MDA-MB 231 human mammary adenocarcinoma cell line derived from pleural 

effusions were grown in humidified incubator (95% air, 5% CO2) at 37°C, in Rose Park 

Memorial Insitute (RPMI) 1640 media (Sigma) supplemented with 1% penicillin 

streptomycin and 10% Fetal Bovine Serum (FBS). Cells were seeded at a density of 

1.5x10⁴ cells/ml and treated with 10 nM Dinaciclib and 1µM Palbociclib on day 1. 

Treatment was replenished with every change of media (48 hours). 

Non-neoplastic HMT3522 S1 human mammary epithelial cells, between passages 52 

and 60, were routinely maintained as a monolayer (2D culture) in a chemically defined 

serum-free H14 medium consisting of DMEM:F12 medium containing 250 ng/ml 

insulin, 10 μg/ml transferrin, 2.6 ng/ml sodium selenite, 10−10 M estradiol, 1.4 μM 

hydrocortisone, 5 μg/ml prolactin, and 10 ng/ml EGF (Plachot et al. 2004). Cx 43-KO 

S1 cells were cultured in selection media consisting of serum-free H14 supplemented 

with hygromycin- B 150 µg/ml. T4-2 cells were grown on collagen type I (Corning) –

coated flasks in serum-free H14 medium without EGF. Cell culture medium was 

changed every 48 hours during the culture period. 

For three- dimensional (3D) cell culture, S1 and T4-2 cells were plated on MatrigelTM 

(41 µl/cm2, Corning) at a density of 5x10⁴ cells/ml and 2.5x10³ cells/ml respectively, in 

the presence of culture medium containing 5% MatrigelTM (Plachot et al. 2004). EGF 

was omitted from the culture medium of S1 cells after day 7 to allow S1 cells to 

https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/biochemistry-genetics-and-molecular-biology/insulin
https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/biochemistry-genetics-and-molecular-biology/transferrin
https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/biochemistry-genetics-and-molecular-biology/sodium-selenite
https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/biochemistry-genetics-and-molecular-biology/estradiol
https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/biochemistry-genetics-and-molecular-biology/cortisol
https://www-sciencedirect-com.ezproxy.aub.edu.lb/topics/biochemistry-genetics-and-molecular-biology/prolactin
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recapitulate the formation of polarized acini like structures (Plachot et al. 2004; Lelièvre 

et al. 2005). 

Culture media of S1, Cx43 KO-S1 and T4-2 cells in 2D and 3D was supplemented on 

day 4 with 10 nM Dinaciclib and 1µM Palbociclib.  Drugs were replenished with every 

change of media (every 48 hours). 

Some experiments were performed with cells cultured without prolactin due to 

discontinued production by international suppliers. This shortage of supply lasted for 

more than one year. This is indicated in figures legends when appropriate.  

B. Drug Preparation  

Dinaciclib SCH727965 (A8412, Apexbio) is prepared in stock solution of 10mM in 

DMSO. The stock is diluted 1:1000 in media to obtain an intermediate of 10 µM. 2 µl 

of this intermediate are added to 2 ml of media in order to obtain a final concentration 

of 10nM. 

As for Palbociclib PD 0332991, HCl (A8316, Apexbio), is prepared in stock solution of 

5 mM in water. This stock is then diluted 1:10 in DMSO to obtain an intermediate of 

500 uM. 4 µl of this intermediate is added to 2 ml media in order to obtain a final 

concentration of 1 µM. Equal amount of the DMSO is added to the control. 

C. Cell Counting Using Trypan Blue Extraction Assay 

MDA MB 231, S1, Cx43 KO-S1, and T4-2 cells were counted from duplicates at 

different time points.  First, media was collected, and cells subsequently trypsinized and 

collected. After centrifugation, the supernatant was discarded, and the pellet was 

resuspended in 1 ml media. Cells were than diluted in Trypan Blue (1:1) ratio (V: V) 

and counted using a hemocytometer.   
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D. Cell Cycle Analysis 

Cells were trypsinized, collected by centrifugation, washed twice with 1x PBS and then 

fixed in ice-cold 70% ethanol overnight. Cells were then centrifuged, and the pellet was 

washed with 1x PBS before final re-suspension in 300 µl of 1x PBS containing 1.5 µl 

RNAase A (Thermo Scientific) and 5.5 µl of 1 mg/ml propidium iodide (life 

technologies). Cells were kept at 37 °C in the dark for 30 min then analyzed using the 

flow cytometer machine FACSAria SORP. 

E. Senescence Associated β- Galactosidase Assay 

Cells were quickly washed with PBS 1x then fixed in 4% paraformaldehyde. They were 

then incubated in SABG staining solution (1 mg/ml X-gal, 40mM Citric acid/ NaPhos 

buffer pH 6.0, 5 mM K3CN, 5mM K4CN, 150 mM NaCl, 2mM MgCl2) at 37°C in the 

dark for 12-24 hours. They were washed with PBS 1x, then counterstained with eosin. 

10 random fields were selected for quantification of proportion of positive cells for 

SABG. 

 F. Preparation of whole cell protein extracts and Western blot analysis  

Cells were lysed with RIPA buffer (25 mM Tris HCL, 150 mM NaCl, 1% NP-40, 1% 

Sodium Deoxycholate) mixed with 40 µl/ml protease inhibitors. The mixture was 

sheared by passage through 27- gauge needle, and then centrifuged at 15000 g for 30 

min at 4°C. The supernatant was stored at -20 °C. DC Protein Assay (Bio-Rad) was 

used to quantify proteins using bovine serum albumin (BSA, amresco) as standards. 

Protein extracts were then mixed with 2x or 4x sample buffer (Bio Rad) with 10 or 20% 

β- mercapto-ethanol (Sigma) at the time of gel electrophoresis. Equal amounts of 

proteins were separated and immunoblotted with mouse antibody against p21 (Sc16246, 



 

47 

 

1:50), rabbit p15 Sc13, 1:500) and mouse Dec1 (Sc101023, 1:500). Equal protein 

loading was verified by immunoblotting for rabbit GAPDH (Sc25778,1:1000 and 

MAB5476, 1:1000). Protein levels were quantified using ImageJ and normalized to 

GAPDH. 

G. Immunofluorescence labeling   

Cells cultured in 3D were permeabilized with 0.5% peroxide and carbonyl-free Triton 

X-100 (Sigma) in cytoskeleton buffer (100 mM  NaCl, 300 mM sucrose, 10 mM PIPES, 

pH 6.8, 5 mM MgCl2, 1 mM pefabloc, 10 µg/ml aprotinin, 250 µM NaF) prior to 

fixation in 4% formaldehyde. Antibody used was rabbit polyclonal against β- catenin 

(Sc7199, 1:100). Secondary antibodies goat ant- rabbit conjugated with fluorescein 

(green) (F2765,1:1000). Nuclei were counterstained with 0.5 µg/ml 4',6 diamidino-2-

phenylindole (DAPI, Invitrogen Molecular Probes) and slides were mounted in 

ProLong® Gold antifade reagent (Invitrogen Molecular Probes).   

 Image processing 

Images of immunofluorescence labeling were recorded using laser scanning fluorescent 

confocal microscope LSCM. Images were processed using ZEN lite software. A 

minimum of one hundred acini were analyzed for each immunostaining.  

H. Measurement of acinar diameter and cell devoid spaces between nodules  

Photomicrographs of the cells were recorded using OLYMPUS IX71 microscope. 

Images were processed using Adobe Photoshop CS2. Acinar diameter and cell devoid 

spaces between nodules were measured using imageJ, length and area selection tools. 

For quantification of acini diameter and cell devoid spaces, fifty random acini and thirty 

random fields were selected respectively. 
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I. Statistical analysis  

Data were presented as means ± SD, except for cell devoid spaces they were presented 

as means ± SEM. Statistical comparisons were done using Microsoft Excel. 

Comparisons between experimental groups were performed using the Student t test, and 

a p value below 0.05 or 0.01 was considered as statistically significant. 

* Some experiments were performed with cells cultured without prolactin as indicated 

in figures legends.  
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                                         CHAPTER IV 

RESULTS 

A. Dinaciclib and Palbociclib decrease MDA-MB 231 cell proliferation in 2D 

culture. 

We examined the effect of Dinaciclib, Palbociclib and combination on the proliferation 

of MDA-MB 231 cells cultured in 2D, on plastic.  The cell count showed that 

Dinaciclib, Palbociclib and combination decreased the total number of cells by 

0.73x10⁵, 0.67 x10⁵, 0. 8 x10⁵ cells respectively compared to the control (p<0.01). The 

number of dead cells using the trypan blue dye exclusion assay did not exceed 4 % of 

total cell number in all treatment conditions (Fig 6A). Flow cytometry analysis showed 

that Dinaciclib and combination increased the percentage of MDA-MB 231 cells in pre-

G1, whereas Palbociclib induced cell cycle arrest in G0/G1 phase. Dinaciclib 

significantly increased the percentage of cells in pre-G1 by 26% and decreased that of 

cells in S phase by 15% compared to the control (p<0.05). Combination had an effect 

similar to that of Dinaciclib. It significantly increased the percentage of cells in pre-G1 

by 28% and significantly reduced that of cells in S phase by 17% compared to the 

control (p<0.05). However, Palbociclib significantly increased the percentage of cells in 

G0/G1 phase by 27% compared to the control. It significantly decreased the percentage 

of cells in S phase by 20% and that of cells in G2/M by 11% in respect to the control 

(p<0.05) (Fig 6B).  We could not detect positive staining for senescence associated β- 

galactosidase, indicative of senescence, under all treatment conditions (Data not 

shown).   
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A                                                                   B 

 

 

 

MDA-MB 231 cells were untreated (Crtl) or treated with 10 nM of Dinaciclib (Dina), 1 

μM of Palbociclib (Palbo) or combination (Comb; treatment of cells with both drugs) on 

day 1. (A) Cell count was measured using Trypan Blue Exclusion Assay at 48 hours 

post treatment. Each bar represents duplicate analyses of mean ± SD. Significantly 

different **(p<0.01) from control for each treatment using nonpaired t-test. (B) Cell 

cycle analysis of MDA-MB 231 cells was performed after 48 hours of treatment. Cells 

were labeled with PI and analyzed by DNA flow cytometry. Each bar represents 

duplicate analyses of mean ± SD. Significantly different * (p<0.05) from control for 

each treatment using nonpaired t-test. n=2/ treatment (duplicates). 

B. Palbociclib markedly elevates SABG activity in MDA-MB 231 cultured in 2D 

and treated for a longer period. 

We prolonged the exposure of MDA- MB 231 cells to Dinaciclib and Palbociclib.  

MDA-MB 231 cells were treated with each drug alone, combination or tandem for 7 

days instead of 48 hours. The percentage of positive SABG cells (stained blue and 

indicated by the arrows) detected in MDA- MB 231 cells treated with Dinaciclib, 

Palbociclib, combination or tandem was respectively 5, 43, 21 and 7 % (Fig 7A and B). 

Palbociclib significantly increased senescence associated β-galactosidase activity in 

MDA-MB 231 treated for 7 days.   
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Figure 6. Effect of Dinaciclib and Palbociclib on MDA-MB 231 proliferation in 2D  

Culture. 
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Figure 7. Detection of β -Galactosidase enzymatic activity in MDA- MB 231 cells 

cultured in 2D.     

 

MDA- MB 231 cells untreated (Ctrl), treated with Dinaciclib (Dina), Palbociclib 

(Palbo), combination (Comb) or tandem (Tand; treatment of cells with Dinaciclib 

during the first half of the culture duration followed by treatment with Palbociclib 

during the second half of the culture duration) on day 1 for 7 days were stained with X-

gal (blue) and counterstained with Eosin (pink). (A)Percentage of MDA- MB 231 

SABG positive cells. Each bar represents duplicate analyses of mean ± SD. 

Significantly different ** (p<0.01) from control for each treatment using non paired t-
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test. (B) Photomicrographs of MDA- MB 231 cells taken at 20x magnification. Scale 

bar: 50µm.  The arrows point the blue stain. n=2/ treatment (duplicates). 

 

C. Dinaciclib and Palbociclib Reduce S1, Cx 43 KO- S1, and T4-2 cell proliferation 

in 2D Culture.     

Investigating mechanisms of anti- cancer drugs involves studying the effect of the drugs 

on cancer cells and on normal counterparts in microenvironments that resemble the in 

vivo conditions (Horning et al. 2008). MDA- MB 231 cell line, a typical aggressive 

breast cancer cell line, does not have neither a normal counterpart with same genetic 

lineage nor does it exhibit phenotypic advantages in 3D culture. On the other hand, the 

HMT-3522 series including normal HMT-3522 S1 and tumorigenic HMT-3522 T4-2 

cells permit to model both the normal breast and breast cancer. In 3D culture, S1 cells 

differentiate into basoapically polarized acinus-like structures whereas T4-2 cells 

develop structures reminiscent of breast tumors (Plachot et al. 2009, Weaver et al. 

1997). 

To assess whether Dinaciclib and Palbociclib affect the proliferation of normal S1, 

tumor initiated Cx 43- KO S1 and tumorigenic T4-2 cells in 2D, cell counts were 

monitored, using trypan blue exclusion assay, after 3, 7 and 10 days of treatment 

starting day 4 in 2D cell culture.  Cell count showed a decrease in the number of S1, Cx 

43- KO S1 (Submitted Bazzoun at al. 2018) and T4-2 cells treated with each drug alone, 

combination or tandem. This decrease was progressive, noted on day 7, and became 

more pronounced on day 14. Cell count showed that the drug combination had the most 

potent effect compared with single treatment in the three cell lines. It is worth noting 

that Palbociclib had higher effect than Dinaciclib and tandem treatment. The effect of 

Dinaciclib was similar to that of tandem.  The total number of S1 cells treated with 
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Dinaciclib, Palbociclib, combination or tandem was reduced on day 7 by 0.45x10⁵, 1.07 

x10⁵, 1.96 x10⁵ and 0.42 x10⁵ cells respectively, and by 3.76 x10⁵, 6.58 x10⁵, 6.87 x10⁵, 

3.36 x10⁵ cells on day 14 compared to the control. Cx43- KO S1 cells treated with 

Dinaciclib, Palbociclib, combination or tandem exhibited on day 7 decreased total cell 

number by 0.44 x10⁵, 1.41 x10⁵, 1.86 x10⁵ and 1.00 x10⁵ cells respectively, and by 5.2 

x10⁵, 8.13 x10⁵, 8.97 x10⁵, 6.2 x10⁵ cells on day 14 with respect to the control. T4-2 

cells showed a pattern similar to that of S1 and Cx 43- KO S1 cells. The total number of 

T4-2 cells treated with Dinaciclib, Palbociclib, combination or tandem was attenuated 

on day 7 by 0.98 x10⁵, 0.83 x10⁵, 1.37 x10⁵, 1.17 x10⁵ cells respectively, and by 3.1 

x10⁵, 3.85 x10⁵, 4.65 x10⁵, 3.75 x10⁵ on day 14 compared to the control (Fig 8A). Note 

that the number of S1, Cx 43- KO S1 and T4-2 dead cells did not exceed 4 % of total 

cell number in all the treatment conditions at the 3 time-points (Data not shown). 

Photomicrographs of S1 and Cx 43-KO S1 cells reflected results obtained from cell 

count. They showed that cells treated with combination have lower confluency than that 

of cells treated with single treatment of either drug or tandem. Cells treated with 

Palbociclib are less confluent than those treated with Dinaciclib or tandem (Fig 8B and 

C). 
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Cx 43 KO- S1 cells  

 

Figure 8. Effect of Dinaciclib and Palbociclib on S1, Cx 43 KO- S1, and T4-2 cells 

proliferation in 2D Culture.   
S1, Cx 43 KO- S1, and T4-2 cells were untreated (Ctrl) or treated with Dinaciclib 

(Dina), Palbociclib (Palbo), combination (Comb) or tandem (Tand) on day 4. (A) Cell 

count was measured using Trypan Blue Exclusion Assay at 3 different post-treatment 

time points. Photomicrographs of S1 (B) and Cx 43 KO- S1 cells (C) were taken at 4x 

magnification. Scale bar: 300 μm. n=1. 

 

D. Senescence associated β galactosidase assay is not suitable to detect senescence 

in HMT3522 cells series.  

We attempted to determine whether the decrease in cell proliferation was associated 

with senescence. S1 and Cx 43 KO- S1 cells treated for 3, 7 and 11 days with a 

combination of Dinaciclib and Palbociclib expressed β‑Galactosidase (cells stained blue 

as indicated by the arrows) as did the control untreated cells (Fig 9A and B). This 

suggested that these cells express endogenous β‑Galactosidase. Thus, Senescence 

Associated β‑Galactosidase assay could not be used to detect senescence in our system.  
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A 

S1 cells 

 

B 

Cx 43 KO- S1 cells 

 
 

Figure 9. Detection of β -Galactosidase enzymatic activity in S1 and Cx 43 KO-S1 

cells cultured in 2D.   

S1(A) and Cx 43 KO-S1 (B) cells untreated (Ctrl) or treated with a combination of 

Dinaciclib and Palbociclib (Comb) on day 4 for the duration of the culture, as well as 

Rhabdomyosarcoma cells Rh 30 serving as a negative control were stained with X-gal 

(blue) and counterstained with Eosin (pink). Photomicrographs taken at 10x. Scale bar: 

100 µm. The arrows point the blue stain. n=1. 
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E. Dinaciclib and Palbociclib increase the expression of senescence markers in S1, 

Cx 43 KO- S1 and T4-2 cells cultured in 2D. 

Western blot analysis for the expression of senescence markers was performed on 

whole protein extracts from S1, Cx 43 KO- S1 and T4-2 cells cultured in 2D and treated 

on day 4 for 10 days. Treatment regulated the expression of senescence markers in the 3 

cell lines.  

Preliminary data suggested that S1 cells treated with Palbociclib exhibited an increased 

expression of p21 compared to those untreated or treated with Dinaciclib, combination 

or tandem (Fig 10A).  On the other hand, the protein level of p21 was upregulated in 

treated Cx 43 KO- S1 cells with Palbociclib compared to those untreated or treated with 

Dinaciclib or combination. In addition, the protein level of p15 was upregulated in 

treated Cx 43 KO- S1 cells with Dinaciclib, Palbociclib, combination and tandem 

compared to the untreated control. Western blot analysis revealed an up regulation of 

Dec1 in Cx 43 KO- S1 cells treated with Dinaciclib, Palbociclib and combination with 

respect to those untreated or treated with tandem (Fig 10B). As for T4-2 cells, the 

protein level of p21 was increased in cells treated with Palbociclib, combination and 

tandem compared to those untreated or treated with Dinaciclib. (Fig 10C). GAPDH was 

used as loading control. 
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C 

T4-2 cells  

  

Figure 10. Effect of Dinaciclib and Palbociclib on the expression of senescence 

markers in S1, Cx 43 KO- S1, and T4-2 cells cultured in 2D.  

 

S1, Cx 43 KO- S1, and T4-2 cells were untreated (Ctrl) or treated with Dinaciclib 

(Dina), Palbociclib (Palbo), combination (Comb) or tandem (tand) on day 4 for 10 days. 

Western blot analysis for the expression of p21 was performed on whole protein 

extracts from S1 (A) and T4-2 cells (C), and for the expression of p21, p15, Dec1 on 

whole protein extracts from Cx 43 KO-S1 cells. GAPDH was used as a loading control. 

Histograms represent the normalized expression levels of the different proteins against 

GAPDH. n=1. In this experiment, S1 and T4-2 cells were cultured without prolactin due 

to an international shortage in production from international suppliers that lasted for 

more than one year. See Material and Methods page 45.  
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  Dina Palbo Comb Tand 

S1 cells p21  +   

Cx 43 

KO- S1 

cells 

p21  +   

 p15 + + ++ + 

 Dec1 ++ + ++  

T4-2 cells p21  + ++ + 

 

Table 1. Evaluation of Dinaciclib and Palbociclib effect on the expression of 

senescence markers. ++ and + increase in proteins expression level compared to the 

control; empty cases no effect.  

 

F. Dinaciclib and Palbociclib do not affect S1 acini like structures and decrease T4-

2 outgrowth when cells were treated during S1 quiescence phase. 

Preliminary data obtained from 2D culture suggested that Dinaciclib and Palbociclib 

decreased S1, Cx 43 KO- S1 and T4-2 cell proliferation. However, 2D culture is a poor 

predictor of in vivo drug response because it does not fully reflect the pathophysiology 

of real tumors (Horning et al. 2008). Recently, 3D cell culture model has gained 

increasing interest in drug discovery because cellular responses to drug treatments in 3D 

cultures have been shown to be similar to those obtained in vivo. 3D culture mimics the 

tumor progression and development and gives a better reflection of the real tumor 

setting (Park et al. 2006).  

We assessed whether Dinaciclib and Palbociclib affect the growth of S1 acini like 

structures and T4-2 nodules in 3D, treated during two different phases in culture: 

growth phase of S1 and T4-2 or quiescence phase of S1 cells. Acini diameter was 

measured, as an indicator for cell proliferation, at different time points post-treatment. 

Preliminary data proposed that treatments arrested the growth of S1 acini like structures 

and T4-2 nodules when treated during growth phase, with a marginal preferential effect 

on cancer cells. However, treatment of S1 acini like structures and T4-2 nodules during 
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S1 quiescence phase, did not affect the diameter of S1 acini but prevented T4-2 

outgrowth from nodules.  

Diameters of S1 acini like structures and T4-2 nodules treated as of day 4 in culture 

during cell’s growth phase, were measured after 3, 7 and 11 days of treatment. Diameter 

of S1 acini treated with Dinaciclib (30 µm) and Palbociclib (29 µm) was smaller than 

that of the control (32.5 µm) by 7.3 and 9.8% on day 7, by 26% and 32% on day 11 (32 

µm,30 µm, compared to the control 43 µm), and by 32 and 36 % on day 14 (30 µm, 29 

µm, compared to the control 44 µm) respectively. However, diameter of T4-2 nodules 

treated with Dinaciclib (115 µm) and Palbociclib (116 µm) was smaller than that of the 

control (127 µm) by 9 and 8.8% on day 7, by 30% and 39% (134 µm, 117 µm, 

compared to the control 192 µm) on day 11, and by 48 and 44 % (126 µm, 138 µm, 

compared to the control 245 µm) on day 14, respectively (Fig 11A and B). 

Photomicrographs of S1 and T4-2 acini like structures showed that diameter of treated 

S1 acini like structures and T4-2 nodules was smaller than that of the untreated one (Fig 

11C and D). 

As for acini treatment during S1 quiescence phase, S1 and T4-2 cells were treated on 

day 11, after S1 lumen assembly and maturation with Dinaciclib, Palbociclib, 

combination or tandem till day 30. Acini and nodules diameter was measured after 3, 6, 

9, 12, 16 and 19 days of treatment.  Acinar diameter measurement showed no change in 

S1 acini diameter for all treatment conditions. (Fig 12A). On the other hand, although 

treatment did not affect T4-2 nodules growth, as suggested by T4-2 nodules diameters 

that keep increasing under all treatment conditions, preliminary data implied that it 

inhibited T4-2 cellular outgrowth. T4-2 nodules diameter was around 210 µm on day 
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11, and reached around 270 µm on day 30 under all treatment conditions (Fig 12B). 

Decreased outgrowth of treated T4-2 nodules was reflected by the sustained cell- devoid 

spaces between nodules. Area of empty spaces between untreated T4-2 nodules was 

reduced due to the outgrowth of T4-2 cells from acini. The area of empty spaces 

measured on day 30 between untreated or treated nodules with Dinaciclib, Palbociclib, 

combination or tandem was respectively 63x10³, 155x10³, 94 x10³, 126 x10³, 104x10³ 

µm². Preliminary data suggested that Dinaciclib and combination had the higher effect 

followed by tandem and palbociclib (Fig 12C and D). 
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D 

T4-2 cells 

 

Figure 11.  Effect of Dinaciclib and Palbociclib on the growth of S1 and T4-2 acini 

cultured in 3D and treated during S1 and T4-2 growth phase.  

S1 and T4-2 acini were untreated (Ctrl) or treated with Dinaciclib (Dina) or Palbociclib 

(Palbo) (A) Acini diameter measured at the three-different post treatment time points. 

(B) Percentage of diameter decrease of treated S1 acini like structures and T4-2 nodules 

with respect to the control. Photomicrographs of S1 acini like structures (C) and T4-2 

nodules (D) taken at 40x magnification. Scale bar: 40 μm. n=1. 
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Figure 12. Effect of Dinaciclib and Palbociclib on the growth of S1 and T4-2 acini 

cultured in 3D and treated during S1 quiescence phase. 

S1 and T4-2 cells were untreated (Ctrl) or treated with Dinaciclib (Dina), Palbociclib 

(Palbo), combination (Comb) or tandem (Tand). S1 acini like structures (A) and T4-2 

(B) nodules diameter were measured at six different post treatment time points. (C) 

Area of cell- devoid spaces between T4-2 nodules was measured on day 30 in all 

treatment conditions. (D) Photomicrographs of T4-2 nodules were taken at 10x 
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magnification. Scale bar: 100µm. n=1. In these experiments, S1 and T4-2 cells were 

cultured without prolactin due to an international shortage in production from 

international suppliers that lasted for more than one year. See Material and Methods 

page 45.  

 

G. Dinaciclib and Palbociclib do not disrupt lumen formation of S1 cells cultured 

in 3D and treated during S1 growth phase.  

 In 3D culture, S1 epithelial cells are assembled as one layer surrounding a lumen by 

day 7 in culture (Petersen et al. 1992). To determine whether Dinaciclib and Palbociclib 

could disrupt lumen of S1 acini during their assembly phase, lumen structures was 

scored on day 14, 10 days post-treatment.  Around 59% of S1 acini treated with 

Dinaciclib and 61% of S1 acini treated with Palbociclib showed undisrupted lumens 

compared to 63% in the control untreated S1 cells (Fig 13). Preliminary data implied 

that treatments did not affect lumen structures of S1 acini. 

 

 

Figure 13. Effect of Dinaciclib and Palbociclib on lumen structures of S1acini 

treated during their growth phase. 

S1 cells cultured in 3D were untreated (Ctrl) or treated with Dinaciclib (Dina), 

Palbociclib (Palbo)on day 4 for 10 days. Percentage of undisrupted lumenof control 

untreated and treated S1 acini with Dinaciclib and Palbociclib. 120 acini were scored 

from each condition. n=1. 
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H. Dinaciclib and Palbociclib do not disrupt β- Catenin localization in S1 acini 

treated during S1 growth phase.  

Establishment of acini polarity, key for lumen formation, is dependent on cell junctions: 

tight, adherent and gap junctions. S1 cells were found to exhibit apical polarity as 

assessed by immunostaining for junctional proteins such as ZO-1, β- catenin, and Cx 43 

which were compartmentalized to the cells apicolateral side (Submitted Bazzoun at al. 

2018).  

We determined whether Dinaciclib and Palbociclib would affect normal acini 

polarization through assessment of β-catenin localization. Immunostaining for β catenin 

was performed in S1 acini treated with Dinaciclib and Palbociclib on day 14, 10 days 

post-treatment. Around 39 % of S1 acini treated with Dinaciclib and 38 % of S1 acini 

treated with Palbociclib revealed an apicolateral localization of β-catenin with an 

undisrupted lumen, compared to 42 % in the control untreated S1 cells (Fig 14A). 

Photomicrographs of treated and untreated S1 acini showed that the treatment did not 

affect the apicolateral pattern of β- catenin (Fig 14B, C and D).  
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Figure 14. Effect of Dinaciclib and Palbociclib on β- catenin localization in S1 acini 

treated during S1 growth phase. 

S1 cells cultured in 3D were untreated (Crtl) or treated with Dinaciclib (Dina) or 

Palbociclib (Palbo) on day 4 for 10 days. Histogram shows the quantification data of β-

catenin localization. 120 acini were scored from each condition (A). Representative 

acinus from 3D cultures of (B) control untreated and treated S1 acini with (C). n=1. 
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Dinaciclib or (D) Palbociclib stained for β-catenin (green) and counterstained with 

DAPI (blue) on day 14. Images were taken at 63x magnification. Scale Bar: 5µm.  

Due to time constraints, better images will be taken instead of these.  

I. Dinaciclib and Palbociclib do not affect lumen structures of S1 acini treated 

during their quiescence phase. 

To assess whether Dinaciclib and Palbociclib disrupted lumens of S1 acini treated post 

acini assembly phase on day 11 in culture, lumen structures were scored on day 30. 

Around 60, 62, 60, 62 % of S1 acini treated respectively with Dinaciclib, Palbociclib, 

combination or tandem showed undisrupted lumens compared to 61% in the control 

untreated S1 acini. Preliminary data suggested that treatments did not affect lumen 

structures of S1 acini (Fig 15). 

 

Figure 15. Effect of Dinaciclib and Palbociclib on lumen structure of S1 acini 

treated during their quiescence phase. 

S1 cells cultured in 3D were untreated (Crtl) or treated with Dinaciclib (Dina) or 

Palbociclib (Palbo), combination (Comb) or tandem (Tand) on day 11 for 19 days. 

Percentage of undisrupted lumen of control untreated and treated S1 acini. 120 acini 

were scored from each condition. n=1. In this experiment, S1 and T4-2 cells were 

cultured without prolactin due to an international shortage in production from 

international suppliers that lasted for more than one year. See Material and Methods 

page 45.  
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J. Dinaciclib and Palbociclib do not disrupt β- Catenin localization in S1 acini 

treated during S1 quiescence phase.  

We attempted to test whether Dinaciclib and Palbociclib would disturb β-catenin 

localization. Immunostaining for β catenin was performed on day 30 in S1 acini treated 

with Dinaciclib, Palbociclib, combination or tandem starting day 11. Around 40, 41, 42, 

42 % of S1 acini treated respectively with Dinaciclib, Palbociclib, combination or 

tandem revealed an apicolateral localization of β-catenin with an undisrupted lumen, 

compared to 39% in the control untreated S1 acini (Fig 16 A). Although β-catenin was 

still localized on the apical and lateral sides of S1 acini, β-catenin pattern was not the 

same as we obtained in the control. Fluorescence detected in the center of the treated 

acini with Dinaciclib was not intense as that detected in the center of untreated acini 

(Fig 16 B and C).  Photomicrographs treated S1 acini with Palbociclib, combination or 

tandem showed that they have same β- catenin pattern as the untreated ones (Fig 16 B, 

D, E and F). 
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E 

 

F 

 

Figure 16. Effect of Dinaciclib and Palbociclib on β-catenin localization in S1 acini 

treated during their quiescence phase. 

S1 cells cultured in 3D were untreated (Crtl) or treated with Dinaciclib (Dina) or 

Palbociclib (Palbo), combination (Comb) or tandem (Tand) on day 11 for 19 days. 

Histogram shows the quantification data of β-catenin localization. 120 acini were scored 

from each condition (A). Representative acinus from 3D cultures of (B) control 

untreated and treated S1 acini with (C) Dinaciclib or (D) Palbociclib, (E) combination 

or (F) tandem stained for β-catenin (green) and counterstained with DAPI (blue) on day 

30. Images were taken at 63x magnification. Scale Bar: 5µm. n=1. In this experiment, 

S1 and T4-2 cells were cultured without prolactin due to an international shortage in 

production from international suppliers that lasted for more than one year. See Material 

and Methods page 45.  
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CHAPTER V 

DISCUSSION 

TNBC represents approximately 15% of newly diagnosed invasive breast 

cancers and is associated with a higher incidence of relapse and death than other breast 

cancer subtypes (Chacón et al. 2010). It does not express hormone receptor, or HER2, 

thus it is insensitive to many of the treatments used for other breast cancer subtypes, 

such as molecules that inhibit hormone biosynthesis or antibodies that target cell 

receptors. Due to the lack of well-defined targets, developing targeted therapies against 

TNBC has been challenging. There are no approved targeted therapies for this subtype, 

and treatment remains limited, involving surgery, a small number of first-line systemic 

chemotherapies, and radiothera (Wahba et al. 2015). Therefore, effort to develop 

targeted therapies is needed.  Since loss of normal cell cycle control is a hallmark of 

cancer, targeting cell cycle regulators such as CDK with CDK inhibitors may be an 

effective therapeutic strategy for triple-negative breast cancer. Several in vitro and in 

vivo studies illustrated the potential of targeting CDKs in several types of cancers.  For 

example, Flavopiridol, an inhibitor of CDK 1, 2 and 4, induced apoptosis in human 

monoblastic leukemia cells (Decker et al. 2001).  PHA-848125, another CDK1,2 and 4 

inhibitors, induced a significant tumor growth inhibition in a transgenic mouse model 

which developed pulmonary cancerous lesions reminiscent of human lung 

adenocarcinomas (Degrassi et al. 2010). Dinaciclib, an inhibitor of CDK 1, 2, 5, and 9, 

induced apoptosis and total inhibition of bromodeoxyuridine incorporation in more than 

100 tumor cell lines of diverse origin and background (Prostate, Breast, Colon, Ovarian, 
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Pancreatic, Liver cancers, Melanoma, Leukemia, Mantle cell lymphoma) (Parry et al. 

2010). It has already been evaluated in clinical trials, and results showed that it has 

encouraging activity in relapsed/refractory chronic lymphocytic leukemia (Fabre et al. 

2014).  CDK inhibitors have been also investigated for their anticancer potential in 

TNBC. Treatment of TNBC cells with a combination of CDK2 inhibitor and paclitaxel 

(an antimicrotubule agent) resulted in apoptosis in vitro and decreased tumor size in 

vivo (Tarasewicz et al. 2014). Moreover, treatment of TNBC cell lines, with CYC065, a 

CDK2/9 inhibitor, decreased cell migration/invasion through changes in EMT-

associated protein levels (Thomas et al. 2017). Another study demonstrated that the 

combination of CYC065 with eribulin (a non-taxane microtubule dynamics inhibitor) 

reduced TNBC cell viability, tumor colony size, and cell migration, and induced 

apoptosis in vitro (Rao et al. 2017). In addition, inhibition of CDK4 with palbociclib 

decreased the percentage of chemotherapy-resistant cells and breast cancer stem cells in 

TNBC (Dai et al. 2016). Dinaciclib was also found to have anti- tumor activity in 

TNBC. It inhibited tumor growth in TNBC patient derived xenograft and cell line 

models in vitro and in vivo, by inducing significant decrease in pRb (S807/811), 

arresting cells in the G2-M phase and inducing apoptosis (Rajput et al. 2016). 

Collectively, these studies indicate that CDK inhibition therapy may be a candidate 

strategy for patients with TNBC. 

CDK2 and CDK 4/6 are major regulators of the cell cycle. They play a key role 

in regulating the transition of cells from G1 to S phase. A previous study conducted by 

Zalzali et al. using a 2D culture of irbp-cyclin D1 pineal cells showed that, during tumor 

suppression due to oncogene-induced cellular senescence (Cyclin D1-induced 



 

76 

 

senescence), CDK2 inhibition precedes CDK4 inhibition, and stable cell cycle arrest is 

then achieved. This study showed a novel unrecognized temporal sequence of molecular 

and morphological events that accompany the evolution of an oncogene-driven 

senescent state. The loss of CDK2 activity temporally correlates with p53-dependent 

cell cycle exit, whereas the loss of CDK4/6 activity correlates with late RB-associated 

phenotypes of senescence, such as formation of heterochromatin foci (Zalzali et al. 

2012).  

In this study, we tested the effect of Dinaciclib and Palbociclib, CDK2 and 

CDK4 inhibitors respectively, added alone, in combination or tandem (treatment with 

Dinaciclib followed by treatment with Palbociclib) on normal as well as on breast 

cancer cells. We used a 3D triple negative breast cancer culture model that shares 

similar properties of its in vivo counterpart. Dinaciclib has entered phase III trial for 

refractory chronic lymphocytic leukemia, based on promising responses in earlier phase 

clinical trials and a favorable toxicity profile (Ghia et al. 2015). Palbociclib treatment in 

women with ER-positive breast cancer, in combination with the aromatase inhibitor 

letrozole, resulted in a 3-fold improved outcome over hormonal therapy alone, leading 

to Palbociclib being labeled in 2013 as a breakthrough drug by the FDA (Morikawa et 

al. 2015). 

As an initial step, we tested the effect of 10 nM Dinaciclib and 1 µM 

Palbociclib on a highly aggressive triple negative breast cancer cell line MDA-MB 231 

cultured in 2D. Treatment of MDA- MB 231 with 10 nM of Dinaciclib for 48 hours 

decreased cell proliferation and increased the percentage of MDA-MB 231 cells in pre-

G1.  However, trypan blue cell count did not reflect this cell death. Pre-G1 cells might 
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still have intact membranes during these 48 hours and excluded trypan blue dye.  A 

previous study has demonstrated that treatment of MDA- MB 231 with 10 nM of 

dinaciclib for 72 hours, induced substantial cell death and cell cycle arrest in both G1-S 

and G2-M (Horiuchi et al. 2012).  On the other hand, treatment of MDA- MB 231 with 

1µM of Palbociclib for 48 hours induced cell cycle arrest in G1 phase. This result is in 

line with a previous study conducted by Knudsen et al.  in 2017. The authors have also 

shown that cell cycle arrest was dependent on the presence of the Rb tumor suppressor. 

Deletion of Rb mediated by CRISP/Cas9 was associated with marked reduction in 

sensitivity to palbociclib. In addition, they have shown that treatment with palbociclib 

led to repression of genes regulated by the E2F-transcription factor and associated with 

cell cycle progression (Knudsen et al. 2017). On the other hand, a previous study has 

demonstrated that treatment of MDA- MB 231 with 7.5 or 15µM of Palbociclib for 48 

hours inhibited Rb phosphorylation (Ser 780) in a concentration dependent manner (Qin 

et al. 2015). Our preliminary data showed that combination of Dinaciclib and 

Palbociclib had the same effect as Dinaciclib on MDA- MB 231 cells. However, to the 

best of our knowledge no studies to date have evaluated the combination of Dinaciclib 

and Palbociclib in cancer. 

Investigating mechanisms of anti- cancer drugs necessitates studying the effect 

of the drugs on cancer cells as well as on normal counterparts in microenvironments 

that recapitulate in vivo conditions (Langhans, 2018). Dinaciclib effect was evaluated in 

melanoma cells (Desai et al. 2013), leukemia cells (Gojo et al. 2013), chronic 

lymphocytic leukemia cells (Chen et al. 2016), ovarian cancer cells (Chen et al. 2015), 

and thyroid cancer cells (Lin et al. 2017). In addition, Palbociclib effect was 
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investigated in gastric cancer (Wang et al. 2018) and renal carcinoma cells (Logan et al. 

2013). However, all these studies were done in 2D microenvironments on plastic 

substrata and used only cancer cells. None of these studies tested whether these drugs 

could affect normal counterparts. On the other hand, accumulated evidence showed that 

therapeutic strategies performed on 2D cultures gave misleading results compared to 3D 

cultures, which more mimic cellular responses in vivo and provide more accurate 

predictions of drug efficacies (Horning et al. 2008). For example, the response of the 

HER2-amplified breast cancer cell lines AU565, SKBR3 and HCC1569 cells to anti-

HER2 agents Trastuzumab, Pertuzumab, and Lapatinib was highly dependent on 

whether the cells were cultured in 2D monolayer or 3D laminin-rich ECM gels.  AU565 

cells were significantly sensitive to Trastuzumab, but resistant to Pertuzumab when 

cultured in 3D compared to 2D culture conditions. SKBR3 cells were resistant to 

Trastuzumab treatment, but sensitive to Lapatinib when grown in 3D compared to 2D 

culture conditions. Lapatinib treatment resulted in a clear inhibition of AU565 cells 

proliferation, in both cell lines culture conditions. As for HCC1569 cells, they were 

insensitive to Trastuzumab treatment in both 2D and 3D cultures. However, they were 

significantly more sensitive to treatment with Pertuzumab or Lapatinib when 

propagated in 3D compared to 2D culture. This study has demonstrated that breast 

cancer cell lines responded differently to each treatment in 2D and 3D because these 

two culture conditions induced distinct HER2 downstream signaling in these cell lines. 

These observations help in unraveling the mechanisms underlying de novo and acquired 

resistance seen in the majority of patients treated with anti-HER2 tailored therapy. Use 

of 3D culture model increases the likelihood of translating results of culture models into 
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patient care (Weigelt et al. 2010). MDA- MB 231 cell line used in assessing Dinaciclib 

and Palbociclib in breast cancer does not have neither a normal counterpart with same 

genetic lineage nor does it have phenotypic advantages in 3D culture. One such model 

of breast cancer that encompasses spectrum of tumor development from normal 

mammary epithelium to invasive tumor and recapitulates the in vivo characteristics in 

3D culture is the HMT3522 cell line. S1 cells form polarized mammary acini like 

structures with a central lumen when grown in 3D extracellular matrix, resembling 

normal mammary epithelial differentiation (Plachot et al. 2009). In contrast, T4-2 cells 

form disorganized spheroids, have a disrupted cell cycle control and have a triple-

negative phenotype (no expression of ER, PR, and HER2) (Plachot et al. 2009, Rizki et 

al. 2008). T4-2 cells also have activated pathways, such as increased signaling through 

EGFR, b1-integrin, PI3K, and MAPK (Parikh et al. 2014).  Several studies have used 

this system to establish that inhibition of such signaling pathways using EGFR inhibitor 

tyrphostin AG1478, human EGFR function-blocking antibody mAb225, mitogen-

activated protein (MAP)/extracellular signal-regulated kinase kinase (MEK) inhibitor 

PD98059, or PI3K inhibitor LY294002 may be effective in reverting the phenotype 

from T4-like to S1-like 3D growth (Wang et al. 1998, Wang et al. 2002). This system 

was also used to test whether differentiated mammary epithelial cells are resistant to 

apoptosis. S1 and T4–2 cells cultured in 2D were sensitive to a variety of apoptotic 

stimuli. In 3D culture, S1 cells became resistant to the apoptotic stimuli, whereas T4-2 

cells remained sensitive (Weaver et al. 2002). However, no studies evaluated the effect 

of CDK inhibition on cell cycle arrest and senescence induction in cancer and normal 

cells. In this study, we determined the effect of Dinaciclib and Palbociclib on normal 
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S1, and tumor initiated Cx43 KO-S1 (Submitted Bazzoun at al. 2018) and T4-2 cells in 

2D culture. Preliminary data suggested that Dinaciclib and Palbociclib decreased the 

cells proliferation. Combination had the most potent effect and not tandem. Preliminary 

data obtained from Western- blot analysis suggested that this decrease in cell 

proliferation was associated to senescence since treated cells exhibited an increase in 

the expression of senescence markers (p21, p15 and Dec1) compared to the untreated 

ones. Contrary to our expectations, a positive SABG activity (a marker of senescence) 

was detected in treated and untreated S1 and Cx43 KO-S1 cells. Similarly, SABG 

activity was elevated under normal conditions in matured osteoclasts and macrophages 

(Brusuker  et al. 1982, Kopp et al. 2007) suggesting that this assay could not be used to 

detect senescence in our system. A previous study conducted by Lallena et al. in 2015 

has shown that CDK4/6 inhibition induced senescence in ER+ breast cancer. The 

authors showed that treatment of ER+ breast cancer cells with Abemaciclib, a CDK4/6 

inhibitor, induced a decrease in Rb phosphorylation and cell proliferation markers (Ki67 

and BrdU). In addition, Abemaciclib induced an accumulation of endogenous beta-

galactosidase and an increase in p21 expression.  

Given that 3D cell culture enables drug efficacy assessment in a more in vivo–

like context than traditional 2D cell cultures, we treated S1 and T4-2 cells in 3D culture 

during their growth phase, starting day 4. Preliminary data proposed that treatment 

arrested the growth of S1 acini and T4-2 nodules with a marginal preferential effect on 

T4-2 nodules. We propose that the size of S1 acini was affected because the S1 cells 

were treated during their acinar forming growth phase. Since polarized S1 acini have 

been previously reported to have an apicolateral localization of β-catenin (Submitted 
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Bazzoun at al. 2018), we evaluated apical polarity of treated S1 acini by 

immunofluorescence staining for β-catenin. The assembly of S1 cells around a lumen as 

well as the apicolateral localization of β-catenin observed in treated S1 acini suggested 

that neither treatment affected normal S1 cells to assemble into polarized acini. The fact 

that treated S1 cells maintained their polarity in smaller diameter acini suggested that 

neither treatment induced apoptosis in these cells (Weaver et al. 2002). On the other 

hand, S1 cultured in 3D proliferate before being induced to differentiate and form acini, 

after which cells display growth arrest. Previous studies demonstrated that S1 cells 

become growth arrested and form acini- like structures by days 7-10 in culture (Petersen  

et al. 1992, Lelievre  et al. 1998, Plachot et al. 2004). Howlet et al. reported that 

treatment of S1 cells with inhibitory anti-β1 integrin antibodies till day 6 in culture 

(during their growth phase) induced apoptosis (Howlett et al. 1995). Another study 

conducted by Park et al. tested the effect of the same antibody on S1 and breast cancer 

cells. The authors treated S1 acini when S1 cells were in their quiescent phase. They 

found that treatment induced apoptosis in tumor cells, but not in quiescent S1 cells 

which remained resistant (Park et al. 2006). In the light of this study, we opted to treat 

S1 acini and T4-2 nodules on day 11 in culture, when S1 cells are quiescent while T4-2 

sustained growth phase and formed a nodule of 200 µm of diameter. Our preliminary 

data showed that treatments did not affect S1 diameter, β- catenin distribution nor their 

lumen structures. Although treatments did not affect T4-2 nodules diameter, it 

decreased T4-2 nodules cellular outgrowth. Two different possibilities may explain 

these observations. This effect may be due to the nodules architectural structure. The 

nodules 3D structure reduced the number of intra nodule cancer cells exposed to the 
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drugs. However, these drugs had more accessibility to cells that have migrated away 

from T4-2 nodules in a monolayer (Lovitt et al. 2014). Alternatively, these observations 

suggested that these CDK inhibitors affected alternative pathways involved in migration 

and invasiveness. A previous study demonstrated that Palbociclib inhibited migration 

and invasion of MDA-MB-231 and T47D triple negative breast cancer cells cultured in 

2D by suppressing vimentin and Snail and inhibiting the c-Jun/COX-2 pathway. 

Palbociclib down-regulated c-Jun, a crucial transcriptional regulator of COX-2 that was 

found to be linked to EMT and critical for breast cancer motility, invasion and 

metastasis (Qin et al. 2015). In addition, treatment of triple negative breast cancer cells 

MDA-MB-231, MDAMB-436, and Hs578T cultured in 2D with CYC065, a CDK2 

inhibitor, decreased migration of the triple negative breast cancer cells by reducing 

Smad3 phosphorylation, a transcription factor in the TGFβ pathway, and Pin1-Smad3 

interaction which plays a role in promoting the tumorigenic and metastatic action of 

non-canonical Smad3 signaling. Inhibition of CDK2 also reduced the expression of the 

transcription factors Snail and Slug, which are associated with TGFβ-induced EMT 

(Thomas et al. 2017). Therefore, this decrease in T4-2 outgrowth may reflect a decrease 

in T4-2 invasion.  On the other hand, we tested higher concentrations of Dinaciclib and 

Palbociclib, 20 nM and 2 µM respectively on S1 acini and T4-2 nodules treated during 

S1 growth phase. Preliminary data suggested that Dinaciclib affected S1 acini lumen 

structures; however, Palbociclb did not. As for T4-2 nodules, these concentrations of 

Dinaciclib and Palbociclib had the same effect of those previously tested (10 nM and 1 

µM respectively) (Data not shown). We have found that 10 nM of Dinaciclib and 1 µM 

of Palbociclib did not affect T4-2 nodule size. Since 20 nM of Dinaciclib affected S1 
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acini structures, we will investigate the effect of 10 nM Dinaciclib and 2 µM Palbocilcib 

added alone, in combination or in tandem on S1 acini and T4-2 nodules (treatment 

starting day 11) and test whether these drugs affect T4-2 nodule size.  

In conclusion, we propose that CDK inhibition may be a promising approach to 

treat triple negative breast cancer. Our study is unique in testing the effect of CDK2 and 

CDK4/6  inhibitors on cancer as well as on normal breast cells in a 3D model. Our 

preliminary data suggest that Dinaciclib and Palbociclib have no effect on normal acini- 

like structures. They also suggest that Dinaciclib and Palbociclib arrested the growth of 

T4-2 nodule treated during their growth and decreased T4-2 outgrowth and probably 

invasion when treated after nodule formation on day 11. Further studies are needed to 

evaluate senescence markers such as p21, p15, Dec1 and DcR2 as well as BrdU 

incorporation and cell cycle progression in treated S1 and T4-2 nodules cultured in 3D. 

In addition, the drugs effect will be assessed on proliferation and invasion of T4-2 cells 

co-cultured with S1 cells in 3D or in Lab-on-Chip device that mimics the 3D ductal 

system of the human breast. Moreover, the drugs effect will be evaluated in female nude 

mice injected subcutaneously with T4-2 cells (Park et al. 2006). 

 Limitations 

Experiments were not replicated due to time constraints. We had to maintain normal 

and intermediate cells in 2D culture for eleven days then split and seed them. We also 

had to treat cells till day fourteen or thirty in culture. These cells are very sensitive since 

we culture them without antibiotics, as a result we had lost twice 3D experiments that 

should be kept till day thirty in culture because of cell contamination.  
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In addition, cells were occasionally cultured without prolactin (one of the media 

additives) because of an international shortage supply (Up to June 2018). Culturing cells 

without prolactin in 2D resulted in slower growth rate of cells in culyure. This was not 

quantified but a merely supervised observation over several culture experiments.  In 

addition, acini diameter measurement showed a decrease in the diameter of acini 

cultured without prolactin compared to those cultured with prolactin (Figure 12 A, page 

65). However, culturing cells without prolactin did not affect acini polarity (Figure 16, 

pages 70-73).  

 

 Future work  

 

1. Reproduce current preliminary (n=1) data.    

2. Confirm CDK2 and CDK4 inhibition by assessing RB phosphorylation levels at 

CDK2-dependent sites (Ser612) and CDK4-dependent sites (Ser780) via 

western blot.  

3. Assess drugs effect on CDK2 and CDK4 activity using in vitro kinase assay as 

described by James et al. 2005 and Patel et al. 2015.  

4. Assess apoptosis in MDA-MB 231 cells treated with Dinaciclib and Palbociclib 

for 48 hours, by doing TUNEL staining, Annexin V, or evaluating the protein 

levels of cleaved PARP, cleaved caspase3, Bax, Bcl2 and/or XIAP.  

5. Evaluate senescence associated β galactosidase activity in MDA -MB 231 cells 

and use of a systematic counting approach for the whole plate.  
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6. Evaluate proliferation markers by performing immunofluorescence for Ki67 and 

BrdU assay in order to demonstrate that the decrease in S1, Cx 43 KO- S1 and 

T4-2 cells proliferation is associated with senescence.  

7. Test combination and tandem treatment effect on S1 and T4-2 cells cultured in 

3D and treated during S1 growth phase.  

8. Evaluate β- catenin localization in T4-2 nodules cultured in 3D and treated 

during growth and quiescence phases of S1 acini.  

9. Assess migration of T4-2 cells cultured on matrix gel and treated with Dinaciclib 

and Palbociclib using Transwell invasion assay and in 3D culture. 
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