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ABSTRACT 

TARGETING CELLULAR SIGNALING PATHWAYS IN ESTROGEN RECEPTOR 
POSITIVE BREAST CANCER 

 
By 

Sonia Kumar Gentile 

Estrogen receptor positive (ER+) breast cancer is the most common type of breast 

cancer diagnosed in women. While usually initially responsive to combinations of 

chemotherapy with hormonal therapies, resistance to current clinically used treatments 

is becoming more and more frequent. It is vital to continue to study the mechanisms of 

resistance to endocrine therapies and discover methods for combating this drug 

resistance to improve patient survival.  

 

The mixed lineage kinase (MLK) inhibitor, CEP-1347, was studied in culture and in pre-

clinical models to evaluate its efficacy, alone and in combination with the clinically 

available selective estrogen receptor downregulator ICI 182,780, in treating endocrine 

sensitive and resistant ER+ breast cancers. Using cell lines models, its effects on cell 

viability, cell death, and cell cycle progression were analyzed, and nuclear and cellular 

morphology throughout mitosis were examined. Studies were expanded to animals to 

determine the efficacy of CEP-1347 against tumor growth in a pre-clinical setting. 

Tumor cell growth and death were studied, as well as the potential for tumor regrowth 

after the cessation of treatment. Investigation into drug efficacy were expanded into 

patient derived xenograft (PDX) lines and effects on cell cycle progression were 

analyzed. 



 
 

The data demonstrate that CEP-1347, especially in combination with ICI 182,780 has 

the potential to treat endocrine resistant disease through causing a cell cycle arrest 

which leads to a combination of decreasing proliferation and inducing apoptosis of 

tumor cells. Furthermore, inhibition of regrowth after cessation of treatment in endocrine 

sensitive cells suggests that perhaps if used as an earlier line therapy, CEP-1347 in 

combination with ICI 182,780 may slow or prevent the development of resistance. 
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Chapter 1: Introduction/Literature Review 

Epidemiology of breast cancer 

Breast cancer is the leading cause of cancer in women in the US. With more than 

250,000 new cases of invasive disease and more than 63,000 new cases of in-situ 

disease diagnosed in 2017, it represents almost 30% of all female cancer diagnoses. In 

2017, breast cancer led to more than 40,000 deaths in women, making it the second 

leading cause of cancer-related deaths [1]. The incidence of breast cancer in women 

peaks between 50 and 70 years of age, with the median age falling between 60 and 65 

years old, depending on race. A decrease in incidence is seen in patients above 85 

years of age, and is believed to be due to a reduction in screening of women in this age 

group. The incidence of breast cancer is highest in non-Hispanic white women, followed 

by non-Hispanic black women; however, cancer-related mortality is greatest in non-

Hispanic black women [1, 2]. This discrepancy can be attributed to variations in access 

to healthcare, patient co-morbidities, and genetics, as well as to a higher rate of the 

most aggressive subtype of breast cancer being diagnosed in non-Hispanic black 

women. Asian/Pacific Islanders have the lowest incidence of breast cancer and 

disease-related mortality among all races studied [1, 2]. The 5-year survival rate of 

patients diagnosed with localized or regional disease varies between 78-98% 

depending on race, and drops to 26-40% when patients present with distant metastatic 

disease [1-3]. The different forms of breast cancer can be classified using multiple 

methods, including histopathological subtype, molecular subtype, and by gene 

expression profiling. 
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Histopathological subtypes of breast cancer 

Breast cancer can be characterized as four different histopathological subtypes based 

on the location and invasiveness of tumor cells within the mammary gland. The majority 

of breast tissue consists of adipocytes, with epithelial lobules that differentiate into milk-

producing glands and ducts that transport milk to the nipple, as illustrated in Figure 1-1. 

Lobular carcinoma in situ (LCIS) makes up approximately 20% of non-invasive breast 

cancers, and can be divided into multiple histological variants including pleomorphic, 

classic, histiocytoid, and tubulolobular [4]. It is classified as abnormal growth of cells 

within the milk-producing lobules of the breast, and may or may not progress to an 

invasive disease. Ductal carcinoma in situ (DCIS) makes up 80% of non-invasive 

disease, is defined by abnormal growth of epithelial cells within the milk-delivery 

passageways of the breast, and includes multiple architectural subtypes, including 

papillary, micropapillary, cribiform, and solid [4].. Invasive lobular carcinoma (ILC) 

makes up 10% of all invasive disease and is made up of cancer cells within a lobule 

invading into surrounding tissue. Invasive ductal carcinoma (IDC) makes up 

approximately 80% of invasive breast cancer. This pathology is cancer cells within a 

mammary duct invading beyond the basement membrane of the duct into extra-ductal 

tissue. An additional subtype is inflammatory breast cancer, which presents with diffuse 

inflammation of the whole breast with or without lymphatic infiltration of tumor emboli, 

making it more ductal than lobular [5]. The remaining 10% of invasive disease is a 

mixed ductal-lobular pathology [3, 6, 7]. 
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Figure 1-1: Anatomical structure of the breast. Structure of the female breast 

indicating lobes and ducts from which breast cancers can arise. Image is open source 

and provided by the National Cancer Institute. 

 

Molecular subtypes of breast cancer 

Molecular classification of breast cancer is based on the presence or absence of 

receptors, identified by immunohistochemical staining, and four histological subtypes of 

breast cancer have been identified as illustrated in Figure 1-2 [8, 9]. Luminal A breast 
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cancers are usually estrogen receptor (ER) positive, progesterone receptor (PR) 

positive, and human epidermal growth factor receptor 2 (HER2) negative. These 

cancers are well differentiated and usually respond well to hormonal therapies that 

inhibit the production of estrogen or the activity of the estrogen receptor [8, 9]. Luminal 

B breast cancer tends to be ER+, PR+, and HER2+, and sometimes express androgen 

receptor (AR). These cancers are more aggressive and less differentiated than luminal 

A tumors, but can be treated with anti-HER2 agents, anti-androgens, or anti-estrogens 

[8, 9]. The third molecular classification of breast cancer is based on the expression of 

HER3/neu exclusively. This type tends to be clinically more aggressive and 

histologically less well differentiated than the luminal subtypes. Because ER and PR are 

not expressed in this subtype, treatment is limited to anti-HER2/neu agents and 

chemotherapy. Finally, triple-negative breast cancer lacks expression of all three 

receptors and is difficult to treat with targeted agents. This is the most aggressive and 

poorly differentiated subtype of breast cancer, and is characterized by expression of 

cytokeratins 5, 14, and/or 17. It can respond to conventional cytotoxic 

chemotherapeutics, poly-ADP-ribose polymerase (PARP) inhibitors, and angiogenesis 

inhibitors [8, 9], but exhibits the highest incidence of cancer-related mortality [3]. Of 

these molecular subtypes, luminal-type cancers typically arise from cells lining the 

lumen of lobules and ducts, while triple-negative cancers arise from the myoepithelial or 

basal cells that are medial to basement membranes, and form the periphery of lobules 

and ducts [8]. Among these different subtypes, the two luminal subtypes together make 

up more than 70% of all breast cancers [3, 8, 9].  
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Figure 1-2: A model of how stem-cell hierarchy may account for the origins of 

different subtypes of breast cancer. Abbreviations: ANG, angiogenesis; AR, 

androgen receptor; CK, cytokeratin; ER, estrogen receptor; ERBB2 (HER2), 

erythroblastic leukemia viral oncogene homolog 2; PARPi, poly (ADP-ribose) 

polymerase inhibitors; PR, progesterone receptor. Adapted from [9]. 
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Gene expression profiling of breast cancer 

In the early 2000s, gene expression profiling was explored in an attempt to identify and 

perhaps predict patient outcome based on the genetic profile of individual tumors [10]. 

Excitingly, these experiments identified several unique molecular breast cancer 

subtypes: luminal A, luminal B, luminal C, normal breast-like, ERBB2 overexpressing, 

and basal-like [10, 11]. Because widespread gene expression profiling of all patient 

tumors was not feasible at the time, methods of distinguishing subtypes with 

immunohistochemical analysis of receptor expression became standard in diagnosing 

and guiding treatment [12]. Advances in gene expression profiling have allowed for 

more detailed characterization of breast tumors [11, 13], and have exposed further 

divisions of known subtypes [10, 11]. Furthermore, gene expression analysis has been 

used to predict metastatic potential of tumors [11, 14, 15] and is being studied to predict 

response to therapies [16, 17]. With the advent of widespread availability, gene 

expression analysis panels, such as OncotypeDX, PAM50, and EndoPredict, have 

become vital in making decisions for therapy, and allow for a more individualized 

approach to treatment [18]. 

 

Role of estrogen and ER in luminal breast cancer 

The majority of all breast cancers are luminal A/B and ER+. Thus, it is important to 

study the structure and function of ER and the role of estrogen signaling in breast 

cancer pathogenesis. The ER is made up 6 distinct domains, including a DNA binding 

domain and C-terminal ligand-binding domain [19]. Canonically, estrogen molecules 

cross cell membranes and bind to ER at the ligand-binding domain. In the nucleus, the 
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estrogen-ER complex binds to promotors and recruits co-activators or co-repressors to 

regulate the transcription of genes involved in growth, survival, and proliferation [20, 21]. 

Estrogen receptor may also function as a transcription factor independent of bound 

estrogen. In this case, ligand binding to receptor tyrosine kinases on the cell surface 

activates signaling cascades that lead to direct phosphorylation and activation of ER in 

the absence of estrogen [21, 22]. ER also has non-transcriptional cytoplasmic functions 

involved in regulating growth and survival pathways [23].  

 

Importance of ER in cell cycle progression and regulation 

Estrogen acts as a potent mitogen and plays a role activating a number of genes that 

are involved in cell cycle progression. The earliest gene for which transcription is 

increased upon exposure to estrogen is c-myc [24]. The multifunctional c-Myc protein 

functions in cell cycle progression and plays roles in apoptosis and oncogenesis. Cyclin 

D1 is also induced in response to estrogen, and the increase in cyclin D1 protein leads 

to formation of complexes with cyclin dependent kinase 4 (Cdk4). Both c-myc and cyclin 

D1 are involved in the early stages of G1, and they both play a role in activating 

downstream cyclin E/Cdk2 complexes. Activated cyclin D1/Cdk4 and cyclin E/Cdk2 

complexes both phosphorylate the retinoblastoma protein (Rb), allowing its release from 

the transcription factor E2F, a step which is vital for cell cycle progression from G1 into 

S [25-28] as illustrated in Figure 1-3. Estrogens and ER also exert further control of 

progression through G1 via regulation of Cdk inhibitors and the cell cycle phosphatase, 

Cdc25A [29, 30]. Furthermore, ER has been shown to play a role DNA remodeling and 
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regulation of histone methylation and acetylation via recruitment of numerous cofactors 

to mediate gene transcription [31]. 

Figure 1-3: Regulation and functions of cyclin D-CDK4/6 kinases. Mitogenic signals 

stimulate the accumulation of D-type cyclins in early G1 phase. In breast cancer cells, 

cyclin D expression is enhanced by ligand-or mutationally activated estrogen receptors, 

which bind directly to the CCND1 promoter. The activated cyclin D-CDK4/6 complexes  
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Figure 1-3 (cont'd) 

initiate the phosphorylation of pRb and collaborate with cyclin E-CDK2 complexes 

(which begin to accumulate in mid/late G1 phase) to provoke full hyperphosphorylation  

and functional inactivation of pRb. The subsequent release of E2F transcription factors 

drives the expression of genes required for cellular commitment to enter S-phase, and 

ultimately mitotic cell division. p16 binding to cyclin D-CDK4/6 complexes inhibits their 

activation, but loss of p16 allows dysregulated cell cycle progression. Image and legend 

adapted from [28]. 

 

Current guidelines and options for treatment of ER+ breast cancer  

Guidelines for treatment of breast cancer have changed significantly throughout the last 

century, especially upon the discovery that hormone receptor status strongly correlated 

with prognostic and diagnostic outcomes. There are a number of hormonal therapies 

that target either the production of estrogen or the activity of estrogen receptor. While 

specific guidelines exist for which of these drugs can be used in pre-menopausal versus 

post-menopausal women, there is disagreement about the appropriate sequence in 

which to use them. A single “perfect” order of treatment may not exist for all ER+ breast 

cancers; rather, guidelines for the appropriate sequence should be based on a number 

of factors including patient history, past drug exposures, extent of disease upon 

presentation, genetic profile of the tumor, and patient wishes, among several other 

considerations, and are summarized at the end of this section [32-36]. Screening is 

utilized in high risk populations in order to identify cancerous lesions as early as 

possible. After diagnosis with biopsy, patients receive the stage and grade of their 
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tumor, and are provided with options for surgery, radiation, and hormonal and 

chemotherapeutics. The available options for patients with ER+ breast cancer will be 

discussed. 

 

Staging and Grading  

The American Joint Commission of Cancer (AJCC) uses the tumor, lymph node, 

metastasis (TNM) model for staging of breast cancer. This system takes into account 

the size and invasiveness of the primary tumor (T), involvement and location of regional 

and distant lymph nodes (N), and evidence of metastasis in distant organs. Taking into 

account all three of these criteria, patients are given a cancer stage, ranging from stage 

0 to stage IV [3]. The grading of breast cancer is based on the extent of differentiation of 

tumor tissue, mitotic activity, abnormal nuclear morphology, and presence of normal 

breast architecture. In 2017, the AJCC called for modifications to the TNM staging 

system, requiring inclusion of additional prognostic information including biomarker 

expression, histological subtype, tumor grade, and results from genetic panels such as 

Oncotype DX and PAM50, in order to more accurately convey disease severity and 

enhance predicted response to therapy [41].  

 

Surgery and radiation 

Surgical options after diagnosis include total mastectomy or breast-conserving 

lumpectomy depending on patient wishes as well as extent of disease. Both of these 

options require removal of lymph nodes for staging and updated guidelines state that 

sentinal lymph node dissection may replace the more traditional axillary lymph node 
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dissection in certain cases [35]. After surgery, radiation to the whole breast is 

recommended for all lumpectomy patients. For mastectomy patients, radiation to the 

chest wall is recommended for patients with greater than 3 positive lymph nodes and 

strongly considered for patients with 1-3 positive lymph nodes, primary tumors greater 

than 5 cm, or post surgical excision that exhibits positive margins [35]. 

 

Endocrine therapies 

Hormonal therapies are the primary treatment for ER+ breast cancers and have shown 

extraordinary efficacy. First developed in 1958 in England as a potential contraceptive, 

the first anti-estrogen, tamoxifen (described below), was found to induce ovulation 

rather than inhibit it [42]. In the 1970s, it was studied as a potential therapeutic for 

women with breast cancer and found to be extremely beneficial in a subset of cases. It 

was approved for use in the United States in 1977, and multiple classes of endocrine 

therapies have been developed since [43]. 

 

Selective estrogen receptor modulators (SERMs) 

SERMs such as tamoxifen function by binding to the ligand binding domain of ER and 

blocking binding of estrogen. The SERM/ER complex then binds to promotors in the 

nucleus and inhibits transcription to induce a G0/G1 cell cycle arrest [44-46]. The only 

clinically available SERMs to treat breast cancer is tamoxifen, with a number of others 

in clinical trials [47, 48]. Tamoxifen also has non-genomic targets and is a partial 

agonistic for ER-alpha, including in the uterus. This drug has agonist activity in bones, 

preventing the development of osteoporosis [49, 50]. A serious side effect of SERM 
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therapy is the development of venous thrombosis, including deep vein thrombosis, 

pulmonary embolism, and retinal vein thrombosis, which occur in approximately 1% of 

all patients. Other more common side effects include hot flashes and vaginal atrophy, 

which can occur in 50-60% of all patients [47].  

 

Selective estrogen receptor downregulators (SERDs) 

Another class of anti-estrogens, SERDs, are similar to SERMs. They function by binding 

to the ligand binding domain of ER and inhibiting binding of estrogen. However, unlike 

SERMs, SERDS target the drug:ER complex for proteosomal degradation. The only 

SERD clinically available is fulvestrant, a.k.a. faslodex, ICI 182,780, although others are 

being studied pre-clinically [48]. These compounds are often called "pure anti-

estrogens" as they do not exhibit any agonist activity [48]. Like SERMs, SERDs lead to 

a G0/G1 cell cycle arrest [51]. This class of drugs is usually reserved for later line 

therapy, especially in patients who become refractory to alternate endocrine agents. 

This is because tumors that become resistant to SERMs are often still sensitive to 

SERDs, while the opposite is not true [35]. The most commonly reported side effect 

from SERD use is gastrointestinal disruption [48]. 

 

Aromatase inhibitors (AIs) 

AIs bind and inhibit the enzyme aromatase, which is responsible for converting 

testosterone to estrogen, thus targeting the major route for estrogen production. This 

class of drugs is divided into two groups: steroidal and non-steroidal. Steroidal AIs 

include exemestane, and bind covalently and irreversibly to aromatase, while non-
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steroidal AIs include anastrazole and letrozole and can only reversibly bind to the 

enzyme [52]. Regardless of type, all AIs lead to a G0/G1 cell cycle arrest of breast 

cancer cells [51]. This class of drugs is usually selected as first line therapy for post-

menopausal patients, and is only used in pre-menopausal patients after ovarian ablation 

[34].  

 

Other targeted and untargeted treatment options 

While endocrine agents are important in the treatment of patients with ER+ breast 

cancer, resistance to these therapies is common, especially in metastatic disease, and 

alternate options are necessary. Recent investigations have found that combination of 

endocrine agents with other targeted therapies are superior to endocrine agents alone, 

especially in advanced or metastatic settings. Some of these alternate therapies are 

described below. 

 

CDK 4/6 inhibitors 

Cell cycle checkpoints regulate progression through the cell cycle. Cyclin dependent 

kinases (CDKs) 4 and 6 function in G1 of the cell cycle. They bind to D-type cyclins and 

together form a complex that phosphorylates the retinoblastoma protein (Rb). E2F is a 

family of seven transcription factors involved in the expression of genes required for cell 

cycle progression and need to form heterodimers with one of two DP proteins to be 

active [53, 54]. Hypophosphorylated Rb binds E2F and recruits co-repressors to inhibit 

gene transcription. Upon phosphorylation, Rb is released from E2F, which then 

activates genes required for the G1 to S transition [55]. Dysregulation of CDK4/6 activity 
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allows progression through G1 and into S without fulfilling appropriate checkpoint 

criteria. CDK4/6 inhibitors prevent proliferation by arresting cells in G1. Palbociclib, 

abemaciclib, and ribociclib are three CDK 4/6 inhibitors that have recently been studied 

in the context of endocrine resistant ER+ breast cancer [56]. Clinical evidence indicates 

that the combination of CDK 4/6 inhibitors with letrozole or fulvestrant provides an 

advantage over endocrine therapies alone in increasing progression-free survival (PFS), 

while not changing overall survival (OS), especially in patients with endocrine resistant 

and/or metastatic breast cancer [57-60]. 

 

PI3K/Akt/mTOR inhibitors 

Phospho-inositol-3-kinase (PI3K) is activated at the cell membrane downstream of cell 

surface receptors, and once active, it indirectly participates in downstream activation of 

Akt. Three isoforms of Akt exist (Akt 1, 2, and 3), and are all expressed in most cell 

types. Akt amplifications have been described in multiple tumor types, with Akt2 

amplification being specific to breast cancer [61]. Akt is able to relay activation signals 

to mammalian target of rapamycin (mTOR), which is involved in numerous cell 

processes, including progression through G1 into the S phase [61]. Everolimus is an 

mTOR inhibitor that has been studied as a breast cancer therapeutic, specifically in 

patients with endocrine resistant or advanced disease. It has been shown to increase 

PFS when combined with exemestane, tamoxifen, or fulvestrant [62-64] by inhibiting 

phosphorylation of the S6 kinase, preventing phosphorylation of the ribosomal S6 

protein, and subsequently blocking protein synthesis and leading to a G1 cell cycle 

arrest [65], but again, overall survival was not different between treatment arms. 
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Cytotoxic chemotherapeutics 

An untargeted approach to cancer treatment involves use of conventional 

chemotherapeutics. These drugs non-specifically target all rapidly dividing cells, causing 

cytotoxicity and cell death. The list of chemotherapeutics used in breast cancer is 

expansive and includes several classes of drugs. The two major classes of cytotoxic 

chemotherapies used in the context of breast cancer include anthracyclines (i.e. 

doxorubicin) which inhibit topoisomerase II and intercalate into double stranded DNA, 

inhibiting RNA synthesis, and taxanes (i.e.paclitaxel) which stabilize microtubule 

assembly and cause a mitotic arrest [66]. 

 

Summary 

As illustrated in Figure 1-4, general post-surgical/post-radiation adjuvant hormonal 

therapy guidelines for pre-menopausal women with localized or metastatic disease 

includes use of the SERM tamoxifen, or an AI with ovarian suppression using luteinizing 

hormone releasing hormone (LHRH) agonist, or ovarian ablation with oophorectomy. 

Addition of other agents is considered with increased disease severity, such as large 

tumor size, many positive nodes, or metastatic disease [35]. The majority of clinical 

studies that examine patient prognosis and survival after endocrine therapies exist for 

post-menopausal women; thus, upon ovarian suppression or ablation, pre-menopausal 

patients are treated as post-menopausal and progress through treatment based on 

post-menopausal guidelines. For post-menopausal women, post-surgical/post-radiation 

adjuvant hormonal therapy for localized disease includes AI or SERM, with SERDs 

reserved for later line treatments [35]. For metastatic disease, an AI, SERM, or SERD is 
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combined with everolimus or palbociclib, and these combinations have been shown to 

provide greater overall survival and progression free survival when compared to SERM 

or AI alone; however these data also reveal that enhanced patient survival is limited to 

patients who have not been exposed to prior hormonal therapy. For pre- and post-

menopausal women with extensive metastatic disease or endocrine resistance, 

hormonal therapies, especially in combination with CDK4/6 inhibitors or mTOR inhibtors 

are first line [34]. In all cases, if a patient has stage III disease, addition of cytotoxic 

chemotherapy is recommended as it shows a high benefit compared to risk. However, 

in patients with less than stage III disease, genetic testing is recommended using 

screens such as OncotypeDX or PAM50. In these patients, treatment recommendations 

are on a case-by-case basis after taking into consideration both the clinical and genetic 

risk of relapse [18]. Finally, if patients have failed on all targeted therapeutics, cytotoxic 

chemotherapeutics are considered [32-36]. 
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Figure 1-4: Guidelines for use of hormonal therapies in ER+ breast cancer. After 

surgery and radiation, pre-menopausal women are treated with chemotherapy followed 

by tamoxifen or an aromatase inhibitor with ovarian suppresion or ablation. Post-

menopausal women are treated with an chemotherapy followed by an AI or SERM for 

localized disease, or with chemotherapy followed by an endocrine agent combined with 

another targeted therapy for metastatic disease. For very late stage disease, patients 

are treated with endocrine therapy first to minimize side effects and maximize quality of 

life. 

 

Mechanisms of resistance to current ER+ breast cancer therapeutics 

Resistance to therapies used to treat ER+ breast cancer accounts for many cases of 

relapse or recurrence. In fact, in women who have taken tamoxifen for 5 years, nearly 

30% will relapse within 15 years [67]. Mechanisms of resistance are diverse and may be 
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specific to the class of therapy or individual drugs used in treatment, related to the 

genetics of each individual tumor, or be due to some combination of the two. Some of 

the mechanisms that have been characterized either in cell culture or from analysis of 

human tumors are outlined below. 

 

Resistance to endocrine therapies 

ER mutations 

Multiple ER mutations exist and provide one route of resistance to hormonal therapies. 

A missense mutation on tyrosine 537 within the ligand-binding domain renders ER 

ligand independent [68], truncated forms of ER-alpha have been identified in human 

tumors and correlated with resistance to tamoxifen [67], and point mutations that lead to 

constitutive activation of ER, especially after use of AIs, have also been characterized 

[69].  

 

Drug modification 

Altered metabolism or efflux of endocrine agents can change patient responsiveness. 

For example, cells may metabolize active substrates to inactive forms, initiate efflux 

drugs from estrogen-dependent cells [67], or modify compounds in a way that inhibits 

binding of drugs to their targets [70].  

 

Activation of alternate signaling pathways 

The number of signaling pathways implicated in endocrine resistance are vast. Mitogen 

activated protein kinase (MAPK), PI3K/Akt/mTOR, insulin growth factor (IGF), human 
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epidermal growth factor receptor (HER2/neu) signaling, among others, have been 

reported to be activated in ER+ tumors that are resistant to endocrine therapies [67, 68, 

70-72]. Phosphorylation of ER by activation of these pathways can render it ligand 

independent. For example, ER can be phosphorylated at serine 167 by Akt, at serine 

118 by MAPKs, or at serine 305 by protein kinase A, and phosphorylation at serine 305 

is associated with poor patient outcome [50, 68, 73]. Co-regulators of ER can either be 

overexpressed or activated by phosphorylation to render cells endocrine resistant [21, 

67, 68], and aberrant expression of cell cycle associated proteins like cyclin D and c-

myc have also been shown to be involved in conferring resistance to endocrine 

therapies [50, 67, 68]. 

 

microRNA regulation 

Overexpression of microRNAs 221 and 222 have been shown to be involved in 

activation of signaling pathways that confer resistance to fulvestrant [67, 74]. 

 

Summary 

Multiple pathways of resistance to endocrine therapies exist and treatment with different 

endocrine therapies can lead to resistance via similar or distinct mechanisms. 

Importantly, resistance to an AI does not confer resistance to SERMs or SERDs, and 

resistance to SERMs does not confer resistance to SERDs. Thus, the sequence of 

treatment begins with AIs, followed by SERMs, with SERDs reserved for a later line 

endocrine option. 
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Resistance to CDK4/6 inhibitors 

Although clinical use of combining endocrine agents with targeted treatments such as 

CDK4/6 inhibitors has only recently become widespread, resistance to these 

combinations have been reported. Upregulation of cyclin E or loss of Rb can render 

cells resistant to palbociclib [59]. Cyclin-dependent kinase 2 (CDK2) has been shown to 

complex directly with cyclin E or cyclin D to promote progression into S phase despite 

CDK4/6 inhibition [59, 75]. Dysregulation of E2F and increased activity of the PI3K 

signaling pathway have also been implicated [59].  

 

Resistance to mTOR inhibitors 

Resistance to mTOR inhibitors used in conjunction with endocrine therapies has also 

been reported. Upregulation of c-myc mRNA and protein, and activation of autophagy 

have been implicated in resistance to everolimus [76, 77]. 

 

Combating drug resistance in ER+ breast cancer 

With the emergence of resistance to even the most novel of combination therapies 

currently used clinically, there is an urgent need to uncover novel compounds and study 

their efficacy against resistant cancers. It is also vital to identify new therapeutic targets 

that prevent or decrease the development of resistance. One potential pathway of 

interest lies within the mitogen activated protein kinase (MAPK) signaling pathway. 
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MAPK signaling 

Mitogen activated protein kinase kinase kinases (MAPKKKs, MAP3Ks) are 

serine/threonine kinases which act as central signaling nodes that receive inputs from 

cell surface receptors and relay activation signals to multiple downstream pathways 

involved in cell proliferation, survival, differentiation, and migration. Mixed-lineage 

kinases (MLKs) are a family of seven MAP3Ks that can be divided into 3 sub-families 

based on protein structure, of which MLK3 is the best studied. They act as central 

signaling nodes that phosphorylate and activate mitogen-activated protein kinase 

kinases (MAP2Ks), which in turn phosphorylate and activate mitogen-activated protein 

kinases (MAPKs). MAPKs phosphorylate and activate transcription factors, leading to 

transcription of genes involved in growth and survival, and have been implicated in 

direct phosphorylation and activation of ER independent of the presence of estrogen. 

They can also phosphorylate cytoplasmic substrates that affect cell migration, among 

other cellular activities [78, 79]. Overexpression and over activation of MAPK pathway 

members have been implicated in a number of cancers, making them ideal targets for 

chemotherapeutics [79]. Identification of compounds that are able to inhibit signaling 

through the MAPK pathway may be useful in combating endocrine sensitive and 

resistant ER+ breast cancers.  

 

Development of CEP-1347 

CEP-1347 is an indolocarbazole derivative that competitively binds to the ATP binding 

site on MLKs and inhibits kinase activity. CEP-1347 was isolated as a neurotrophic 

agent targeted to protect neurons in the substantia nigra from degradation and 
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apoptosis and inhibit progression of Parkinson's disease (PD) [80, 81]. The in vitro and 

in vivo work completed with CEP-1347 in the context of Parkinson's disease identified 

this compound as a pan-MLK inhibitor, with selectivity for MLK3 (MAP3K11) that caused 

downstream inhibition of the MAPKs extracellular signaling regulated kinase (ERK), c-

Jun N-terminal kinase/stress-activated protein kinase (JNK/SAPK), and p38. The focus 

of the PD-based studies was on CEP-1347-induced inhibition of JNK activation after 

treatment, leading to a decrease in apoptosis in dopaminergic neurons [80, 81]. CEP-

1347 showed promising results in pre-clinical studies leading to its advancement into 

early phase clinical trials.  

 

PRECEPT clinical trial for Parkinson's disease  

CEP-1347 progressed through Phase I safety trials and was well-tolerated and non-

toxic in healthy adults [82]. Thus, a Phase II/III trial, Parkinson Research Examination of 

CEP-1347 Trial, PRECEPT, was initiated. More than 800 consenting adults were 

recruited to participate in the 48 month study, and the primary endpoint of progression 

requiring dopaminergic therapy was established. CEP-1347 ultimately failed to be 

efficacious in patients, and the trial was prematurely ended at 24.1 months [83]. 

Although the PRECEPT trial was not successful, safety of CEP-1347 was established, 

and evidence of inhibition of the MLK pathways was provided in pre-clinical trials [84]. 

 

Post-PRECEPT studies of CEP-1347 and CEP-11004 

Since the early termination of the PRECEPT study, CEP-1347 has been studied in the 

context of other neurological disorders, including Huntington's disease [85, 86], 
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Alzheimer's disease [81], and auditory disorders [87], primarily for its role in preventing 

JNK activation. It has also been studied for its effect as an anti-inflammatory agent in 

the brain [88, 89] and pancreas [90]. Our lab investigated CEP-1347 as an inhibitor of 

ER+ breast cancer cell proliferation and found that it decreased cell viability, caused 

early mitotic cell cycle arrest, led to polyploidy, and induced apoptosis in ER+ cell lines. 

In addition, it was selective for transformed versus non-transformed cell lines at the 

concentrations used [91], supporting its possible use as a breast cancer therapeutic. 

Most recently, CEP-1347 was investigated as an agent to inhibit tumor-initiating stem 

cell proliferation and differentiation [92]. 

 

CEP-11004 is closely related to CEP-1347. It is also an MLK inhibitor and has been 

shown to inhibit ERK, JNK, and p38 MAPKs downstream of MLK3 [93, 94]. Like CEP-

1347, treatment with CEP-11004 is selective for transformed versus non-transformed 

cell lines [93]. Phenotypes exhibited by treatment include aberrant DNA condensation 

and abnormal mitotic spindle formation [93]. This compound has also been studied in 

the context of inflammation [88, 95, 96], and neuroprotection in neurological diseases 

[85, 97-99]. No clinical evidence of safety or tolerability in humans yet exists for CEP-

11004, and in neuronal cells, CEP-1347 is a more potent inhibitor of JNK activation 

[100], making CEP-1347 a more desirable compound to evaluate further.  

 

Overarching goal 

The goal of this thesis was to evaluate the efficacy of CEP-1347, alone and in 

combination with the clinically available anti-estrogen fulvestrant, on proliferation and 
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apoptosis of endocrine sensitive and resistant ER+ breast cancer cells in vitro and in 

vivo. I also further investigated the mechanism of action by which CEP-1347 acts to 

alter cell growth and death and studied the kinase targets of this compound. I 

hypothesize that combination therapy will be more effective in preventing proliferation 

and enhancing apoptosis compared to either compound alone, and that novel kinase 

targets of CEP-1347 exist and play a role in generating the phenotype observed after 

treatment. 

 

Proposed targets and mechanism of action 

The in vitro and in vivo work using CEP-1347 showed inhibition of MLK activity, with 

specificity for MLK3, and downstream inhibition of JNK phosphorylation. JNK 

phosphorylates and activates a number of different proteins involved in transcription, 

cytoskeletal regulation, vesicle transport, and apoptosis and autophagy, including Myc, 

Bim, Bcl-2, among others [101, 102]. One important target of JNK is c-Jun, a protein 

that is a subunit of the AP-1 transcription factor [81]. Our own studies have confirmed 

inhibition of multiple members of the MAPK pathway, including c-Jun, JNK, p38, ERK, 

and MEK1/2, and have identified a novel direct or indirect target of CEP-1347. AMP-

activated protein kinase (AMPK) phosphorylation was significantly inhibited by treatment 

with CEP-1347, and its roles in ER+ breast cancer proliferation are further investigated 

in this thesis. Both MLK3 and AMPK are discussed in greater detail below. 
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MLK3 

Function 

MLK3 is the most well studied MAP3K that is overexpressed or mutated in multiple 

cancer types. It transmits signals from cell surface receptors including receptor tyrosine 

kinases (RTKs), G-protein-coupled receptors (GPCRs), and tumor necrosis factor 

receptors (TNFRs) downstream to activate transcription factors that are involved in cell 

proliferation, survival, and invasion [79, 103-105]. MLK3 can activate the three major 

MAPKs [106-108]: JNK/SAPK via the MAP2K MKK4/7 [109, 110], p38 MAPK via the 

MAP2K MKK3/6 [111, 112], and ERK either via the MAP2K MKK1/2 or by acting as a 

scaffold to allow activation of MKK1/2 in a kinase-independent manner [108] (illustrated 

in Figure 1-5). MLK3 can also regulate the NF-kappaB (NF-ĸB) transcription factor via 

phosphorylation and activation of IĸB kinase α (IKKα) and IĸB kinase β (IKKβ) [113]. All 

of these downstream proteins have been widely linked to cancer proliferation, survival, 

and migration [114-116].  
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Figure 1-5: MLK3 in the MAPK signaling pathway. MLK3 is a MAP3K that receives 

signals from cell surface receptors and transduces them downstream to MAP2Ks which 

phosphorylate and activate MAPKs. MLK3 can also act as a scaffold for other proteins 

to create a complex that is also able to activate downstream MAP2Ks. Figure adapted 

from Jian Chen. 

 

Regulation 

MLK3 contains autoinhibitory and autophosphorylation domains. To prevent activation, 

the N-terminal domain maintains MLK3 in a folded configuration [117, 118]. Binding of a 

guanine triphosphatase (GTPase) to the Cdc42-/Rac1-interactive binding (CRIB) motif 

near the C-terminus is required to unfold MLK3 and allow activation [119-121]. When 

unfolded, MLK3 is able to homodimerize and autophosphorylate threonine 277 and 
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serine 281 on both monomers [122]. MLK3 activity is negatively regulated by the tumor 

suppressor Merlin [108, 123]. Binding of Merlin to the C-terminus of MLK3 blocks 

access of a GTPase to the CRIB motif, and prevents subsequent activation [79]. 

 

Significance in cancer 

Studies have shown that MLK3 plays a role in the cell cycle. The structure of MLK3 is 

homologous to the non-catalytic region of never in mitosis A (NIMA) kinase, which 

regulates its function [94]. NIMA kinases are involved in progression through G2/M, and 

they share more sequence homology to MLK3 than any other member of the MLK 

family, suggesting that MLK3 may also play an important role in mitotic progression 

[124]. Treatment with CEP-1347 led to G2/M arrest [91, 93], which could be reversed by 

MLK3 overexpression [93], and overexpression of MLK3 has been linked to inhibition of 

astral microtubule formation [94]. MLK3 has also been implicated in phosphorylation 

and activation of Pin1, a protein that plays a major role in progression through mitosis 

[125].  

 

Treatment with CEP-1347 was reported to prevent nuclear translocation of NF-ĸB 

subunit p65 and inhibit phosphorylation of the transcription factor c-Jun in ER+ breast 

cancer cells, suggesting that the target of CEP-1347 plays a role in cancer cell 

transcriptional regulation [91]. Expression and regulation of the three MAPKs 

downstream of MLK3 are dysregulated in breast cancer and contribute to endocrine and 

chemotherapy resistance [126]. In addition to involvement in transcription, MLK3 has 

also been shown to play an important role in breast cancer migration and invasion. 
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Overexpression of MLK3 has been shown to transform non-tumorigenic mammary 

epithelial cells into an invasive and malignant phenotype and promoting focal adhesion 

turnover [79, 103, 127, 128]. Furthermore, knockdown of MLK3 was sufficient to inhibit 

metastasis in the highly metastatic cell line MDA-MB-231[129], and has been shown to 

decrease expression of a number of matrix-metalloproteases [104]. MLK3 has also 

been implicated in promoting apoptosis [130, 131]. While MLK3 has been studied to be 

the preferred target of CEP-1347, it is important to explore other potential targets of the 

drug to fully understand its mechanism of action.  

 

AMP-activated protein kinase (AMPK) Signaling 

Function 

A novel potential target of CEP-1347 that was identified in this thesis is AMPK, a 

serine/threonine kinase that is canonically known to play a major role in cellular energy 

homeostatis and metabolism [132, 133]. The exact role of AMPK in cancer development 

and persistence has been difficult to elucidate and it is now posited to play both tumor 

suppressor and tumor promoter roles depending on cancer cell type and stage of 

cancer development [132-134]. AMPK levels have been shown to be both up- and 

downregulated in various cancer types, and correlated with both good and poor 

prognosis [134]. AMPK inhibits fatty acid biosynthesis by phosphorylating and inhibiting 

acetyl-CoA carboxylase, inhibits steroid biosynthesis by phosphorylating and 

inactivating 3-hydroxy-3methylglutaryl-CoA reductase (HMGCR), and protein synthesis 

by inhibiting the mTOR complex 1 (mTORC1). AMPK is also able to cause a cell cycle 

arrest by modulating p53 function [132-134]. However, AMPK activation can also 
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promote tumor cell persistence via protection from metabolic stress and survival in 

hypoxic and nutrient-deplete conditions [132-134]. AMPK expression is induced during 

mitosis and active AMPK plays a role in and mitotic spindle orientation [135] and in 

regulating cellular polarity [136].  

 

Regulation 

Liver kinase B1 (LKB1), a known tumor suppressor, was the first identified regulator of 

AMPK. Calmodulin-dependent kinase kinase beta (CaMKKβ) was later identified as an 

upstream activator in cases of high levels of intracellular calcium. Adenosine 

monophosphate (AMP) or adenosine diphosphate (ADP) binding to AMPK leads to a 

change in conformation allowing the phosphorylation site to be accessed by LKB1 or 

CaMKKβ [132]. Because LKB1 is a known tumor suppressor, it was hypothesized that 

AMPK may also play a role in tumor suppression [132]. In fact, a number of studies 

suggest that treatment with metformin, an indirect AMPK activator, in diabetic patients 

leads to reduced risk and incidence of cancer [137]. Furthermore, AMPK can also be 

phosphorylated by MLK3 [138] or PLK1 [139], and multiple autophosphorylation sites 

have been identified [140]. 

 

Significance in cancer 

The major role of AMPK in cancer is hypothesized to be via preventing a switch of 

cancer cells from oxidative metabolism to a Warburg glycolytic energy state [132, 134, 

137]. Furthermore, AMPK inhibition increases apoptosis [141], activation has been 

shown to promote angiogenesis [142], and both inhibition [143, 144] and activation [145] 
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decreases proliferation. AMPK also plays a role in mitotic progression. As AMPK 

activation inhibits fatty acid synthesis, insufficient fatty acids synthesis for two cell 

membranes for cytokinesis to progress, leading to a cell cycle arrest [146]. AMPK is 

also involved in mitotic spindle assembly [135, 147, 148]. Both constitutive activation 

and inhibition of AMPK have been shown to dysregulate mitotic spindle formation and 

alignment, and cause abnormal chromosomal separation and polyploidy [135, 143, 

149].  

 

Models for study 

To study the efficacy of CEP-1347 against endocrine sensitive and resistant breast 

cancer, a number of models were utilized.  

 

Cell lines 

MCF-7 

Immortalized cell lines are commonly used as a starting point for characterizing the 

mechanisms of drug action in vitro and in vivo. Stable cultures of MCF-7 cells were first 

established by Herbert D. Soule in 1970 after isolation from the pleural effusion of Sister 

Catherine Frances (Helen Marion) Mallon at the Michigan Cancer Foundation. Since 

then, MCF-7 cells have been the mainstay in the study of ER+ breast cancer, and has 

been vital in the development of novel therapeutics [150, 151]. MCF-7 cells form an 

epithelial-like monolayer in cell culture, require estrogen for growth, and experience a 

G1 cell cycle arrest when exposed to any endocrine therapy [152]. They form spheroids 

with lumens in 3-dimensional culture, express the wild-type form of the tumor 
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suppressor p53, and are non-metastatic in animals [152]. Thus, MCF-7 cells were 

elected to be used as a model of estrogen dependent ER+ breast cancer.  

 

LCC9 

LCC9 cells were derived from MCF-7 cells and were selected for estrogen 

independence and anti-estrogen resistance. MCF-7 cells were passaged in vivo in 

ovariectomized Nu/Nu mice to create MCF-7/LCC1, which exhibited estrogen 

independence. MCF-7/LCC1 cells were then passaged in vitro under stepwise selection 

with tamoxifen or fulvestrant to create MCF-7/LCC2 or MCF-7/LCC9 cells, respectively. 

MCF-7/LCC9 cells (herein called LCC9) exhibited cross-resistance to tamoxifen [153] 

and are used as a model of endocrine resistant ER+ breast cancer. LCC9 cells retain 

wild-type ER expression [153], and resistance to fulvestrant is posited to occur via 

upregulation of the NFĸB subunit p65 [154]. 

 

Patient derived xenograft (PDX) lines  

Cell lines have been adapted for enhanced growth in cell culture and may have lost 

many characteristics unique to their original tumors. Thus, another model to study drug 

efficacy that more closely recapitulates patient scenarios uses patient derived 

xenografts (PDXs). These lines are harvested from patients, and amplified through 

immunocompromised mice for use in in vitro and in vivo studies. PDXs encompass the 

heterogeneity and drug sensitivity or resistance of patient tumors that have undergone 

multiple cycles of chemotherapy, and have exhibited continued growth in response to 

many treatments. 
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HCI-011 

HCI-011 is an ER+, PR+, and HER2 negative PDX line that was originally derived from 

a pleural effusion. It is estrogen responsive, and exhibits ductal pathology on 

histological examination. The patient from which this line was derived was exposed to 

doxorubicin, cyclophosphamide, paclitaxel, and fulvestrant, and continued to progress 

despite therapy. In mice, this line has been shown to metastasize to lungs and lymph 

nodes [155]. 

 

HCI-013 

HCI-013 is an ER+, PR+ and HER2 negative line that was originally derived from a 

pleural effusion. It is estrogen responsive, and exhibits lobular pathology on histological 

examination. The patient from which this line was derived was exposed to leuprolide, 

letrozole, exemestane, tamoxifen, cyclophosphamide, methotrexate, 5-fluorouracil, 

paclitaxel, doxorubicin, carboplatin, and gemcitabine, and continued to progress despite 

therapy. Metastases in mice have not been characterized [155]. 

 

1006909 (HCI-013 EI) 

HCI-013 EI is an ER+, PR+ and HER2 negative line that was originally derived after 

long term passage of HCI-013 in ovariectomized immune compromised mice without 

estrogen supplementation. It is estrogen independent and thus does not require 

estrogen for growth, and exhibits lobular pathology on histological examination. 

Metastases in mice have not been characterized [156].  
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Using these models, the potential efficacy of CEP-1347 as a therapeutic for ER+ breast 

cancer was evaluated, and its mechanism of action during mitosis was further 

characterized. 
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Chapter 2: Combating ER-Positive Breast Cancer Resistance: A Novel 

Combination with a Repurposed Drug 

Abstract 

Estrogen receptor positive (ER+) breast cancer makes up the majority of all breast 

cancers, and while often successfully treated, resistance to current therapies leads to 

poor patient outcome. In this report, I evaluate the effects of the mixed lineage kinase 

inhibitor CEP-1347, alone and in combination with the clinically used anti-estrogen ICI 

182,780 on proliferation, survival, and drug resistance of endocrine sensitive and 

resistant ER+ breast cancer cells. Our results indicate that the previously described 

G2/M arrest and increase in apoptosis induced by CEP-1347 treatment is reduced by 

combination treatment in endocrine sensitive cell lines, but this effect is not seen in 

endocrine resistant cells. In pre-clinical xenograft studies, the combination of CEP-1347 

and ICI 182,780 inhibited growth of both endocrine sensitive and resistant tumors via a 

reduction in proliferation, exemplified by decreased BrdU incorporation, and an increase 

in apoptosis, as determined by TUNEL staining. Together, our data indicate that the 

combination of CEP-1347 and ICI 182,780 could be effective in treating therapy naïve 

and resistant ER+ breast cancers and may slow the development of resistance to breast 

cancer therapeutics. 

 

Introduction 

Breast cancer is the leading cause of cancer in women, with more than 250,000 cases 

diagnosed in the United States in 2017, and the second leading cause of cancer-related 

deaths [1]. Among the histological subtypes, the luminal subtypes account for more than 
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70% of all breast cancers. Luminal tumors tend to be estrogen receptor positive (ER+), 

progesterone receptor positive (PR+), and HER2 receptor negative (HER2-). They are 

generally treated with surgery, followed by a combination of radio-, chemo-, and 

endocrine therapies [2]. However, a major clinical dilemma arises when these tumors 

become resistant to endocrine therapies or are resistant upon initial presentation.  

 

Endocrine therapies include aromatase inhibitors (AIs), selective estrogen receptor 

modulators (SERMs), and selective estrogen receptor downregulators (SERDs), all of 

which specifically target cells expressing ER. Resistance to these therapeutics has 

been posited to occur via numerous mechanisms including efflux or inactivation of 

drugs, downregulation of ER, upregulation of compensatory cell-surface receptors, and 

mutation or phosphorylation of ER rendering it ligand independent [3-5]. Several 

combination therapies have prolonged progression-free survival (PFS) of endocrine-

resistant breast cancer patients in recent clinical trials. The PI3K/Akt/mTOR pathway 

inhibitor everolimus increased PFS when combined with the AI exemestane (BOLERO-

2 trial) [6], and with the SERM tamoxifen (TAMRAD trial) [7] in patients who exhibited 

resistance to other AIs. The PALOMA-2 trial revealed a significant increase in PFS for 

patients treated with the cyclin dependent kinase (CDK) 4/6 inhibitor palbociclib 

combined with the AI letrozole compared to letrozole alone [8], and the PALOMA-3 trial 

showed a moderate effect with palbociclib plus the SERD ICI 182,780 compared to ICI 

182,780 alone [9]. The MONALEESA-3 trial using the CDK4/6 inhibitor ribociclib 

combined with letrozole versus letrozole alone is ongoing [10]. While PFS increased in 

most of these studies, overall survival was not significantly affected [9, 11], and 
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resistance is widespread [12-14]. Because all of these therapies induce a G0/G1 cell 

cycle arrest, evasion of the G1/S cell cycle checkpoint could confer cross resistance to 

the combinations, and identification of additional targets that act at alternate cell cycle 

stages may yield novel therapeutic targets for the treatment of ER+ disease. 

 

Mixed-lineage kinases (MLKs) are a family of serine/threonine kinases that act as 

mitogen-activated protein kinase kinase kinases (MAP3Ks) and receive signals from cell 

surface receptors and relay them to multiple mitogen-activated protein kinases 

(MAPKs). A key function of MAPKs is to phosphorylate and activate transcription 

factors, leading to transcription of genes involved in growth and survival. MAPKs directly 

phosphorylate and activate ER independent of the presence of estrogen [15], and also 

phosphorylate cytoplasmic substrates that affect cell migration and invasion, among 

other cellular phenotypes [16-18]. The indolocarbozole derivatives CEP-1347 and CEP-

11004 are kinase inhibitors that show selectivity for MLKs, especially MLK3. After 

development and characterization [19], CEP-1347 was primarily studied as a 

neurotrophic agent to inhibit Parkinson's disease (PD) progression [20]. Both in vitro 

and in vivo experiments demonstrated that CEP-1347 inhibits MLK activity and 

downstream phosphorylation and activation of c-Jun N-terminal kinase (JNK), and its 

substrate c-Jun [19, 21, 22]. CEP-1347 progressed through Phase II/III clinical trials, 

and was well-tolerated and non-toxic in healthy adults, but the trial was prematurely 

concluded due to lack of efficacy [23]. Although the trial was not successful, the safety 

and tolerability of CEP-1347 were established. 
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Previous studies suggest that CEP-1347 may be an effective cancer therapeutic. In vitro 

experiments with both CEP-11004 and CEP-1347, including some from our lab, indicate 

that treatment of transformed cell lines, including one ER+ breast cancer cell line that is 

endocrine resistant, leads to reduced viability and mitotic cell cycle arrest, while not 

altering viability of non-transformed cell lines [17, 21, 22]. MLK3 plays a role in mitotic 

progression [24], and CEP-11004 mediated cell cycle arrest can be reversed with MLK3 

overexpression [22]. Furthermore, MLK3 overexpression is sufficient to induce migration 

and invasion in non-transformed mammary epithelial cells [16, 25-27], and MLK3 

silencing or CEP-1347 treatment prevent tumor cell migration and invasion [25, 28]. 

Finally, CEP-1347 is able to inhibit cancer stem cell proliferation in an in vivo model 

[29].  

 

In the current study, I investigated the impact of CEP-1347, alone and in combination 

with the clinically used SERD ICI 182,780 on growth of ER+ tumor cell lines in vitro and 

in vivo, and on patient derived xenograft (PDX) tumor organoids in 3-dimensional 

culture. MCF-7 cells were utilized as a model for estrogen-dependent and anti-estrogen 

sensitive breast cancer [30, 31]. LCC9 cells, which are an estrogen-independent, anti-

estrogen resistant derivative of MCF-7, were used to model late stage disease with 

complete endocrine resistance [32]. Our data indicate that CEP-1347, particularly in 

combination with ICI 182,780, may be an effective therapeutic for ER+ breast cancer, 

and thus I hypothesized that these two drugs in combination will enhance in vivo and in 

vitro effects on cell growth and death compared to the effects observed with either 

compound alone. 
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Results 

Effects of ICI 182,780 and CEP-1347 treatment on cell viability  

Our previous experiments demonstrated that short-term CEP-1347 treatment induced 

mitotic arrest and apoptosis in ER-positive breast cancer cells [21], but its long-term 

effects were not examined. To determine the outcomes of long-term treatment, MCF-7 

and LCC9 cells were incubated with vehicle, ICI 182,780 alone, CEP-1347 alone, or 

CEP-1347 plus ICI 182,780. After one week of drug treatment, cell viability was 

determined using trypan blue exclusion assays (Figure 2-1). The number of viable MCF-

7 cells was reduced by all treatments, but CEP-1347 alone and in combination with ICI 

182,780 were more effective in reducing viability than ICI 182,780 alone (Figure 2-1A). 

The number of viable LCC9 cells was also reduced by ICI 182,780, although to a much 

lesser extent than MCF-7 cells, confirming their estrogen independent but responsive 

phenotype. In contrast, LCC9 cell number was drastically reduced by CEP-1347, both 

alone and in combination with ICI 182,780 (Figure 2-1B).  

 

To examine the colony forming ability cells after one week of treatment, an equal 

number of trypan blue-excluding cells from each treatment group were re-plated and 

cultured in drug free medium. Resultant colonies were stained with crystal violet (Figure 

1-1C). For both MCF-7 and LCC9 cell lines, vehicle treated cells had a plating efficiency 

of approximately 40%. In MCF-7 cells, all treatments decreased the number of colonies 

formed; however, CEP-1347 alone and in combination with ICI 182,780 decreased 

colony formation more than ICI 182,780 alone (Figure 2-1 C-D). In LCC9 cells, ICI 

182,780 alone had no effect on colony forming ability, demonstrating their anti-estrogen 
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resistance. However, CEP-1347 alone and in combination with ICI 182,780 dramatically 

reduced colony formation (Figure 2-1 C,E).  
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Figure 2-1: CEP-1347 reduces viability and proliferative ability of MCF-7 and LCC9 

cells and decreases drug resistance when combined with ICI 182,780. A-E. MCF-7  
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Figure 2-1 (cont'd) 

and LCC9 cells were treated for 7 days with vehicle, 10 nM ICI 182,780, 100 nM CEP-

1347, or 10 nM ICI 182,780 + 100 nM CEP-1347. Following treatment, MCF-7 (A) and 

LCC9 (B) cells were harvested and analyzed for viability using trypan blue exclusion. In 

each experiment, the number of live cells in vehicle treated cultures was set to 100%, 

and treatments were normalized to this value. 100 viable cells from each treatment were 

replated in the absence of drugs, and after 19 days colonies were fixed and stained with 

crystal violet, and representative plates are shown (C). The number of MCF-7 (D) and 

LCC9 (E) colonies/plate were quantified. F-H. MCF-7 and LCC9 cells were plated and 

treated continuously for 37-39 days with 100 nM, 150 nM, or 200 nM CEP-1347 alone 

or in combination with 10 nM ICI 182,780. LCC9 cells treated with ICI 182,780 were 

confluent and data is not included. Colonies were fixed and stained with crystal violet, 

and representative plates are shown (F). The number of MCF-7 (G) and LCC9 (H) 

colonies/plate were quantified. For all graphs, three independent experiments were 

conducted in triplicate. One-way ANOVA (A-B, D-E) or student's t-test (G-H) were used 

to complete statistical analyses. Data are shown as mean +/- SD. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 

 

Combination treatment with CEP-1347 and ICI 182,780 most effectively decreases 

colony forming ability 

A major problem in targeted cancer therapy is the development of drug resistance, and 

combination treatments can prevent or delay this process [33]. To investigate the effect 

of combination treatment on resistance, 2.5x104 MCF-7 and LCC9 cells were cultured 
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long term in ICI 182,780 alone, CEP-1347 alone, or the two drugs in combination, and 

plates were stained with crystal violet (Figure 2-1F). MCF-7 cells treated with ICI 

182,780 alone only developed a few small colonies, indicating that resistance to ICI 

182,780 is a rare event. As expected, LCC9 cells treated with ICI 182,780 alone 

overgrew the plates (data not shown). For both MCF-7 and LCC9 cells, 150 and 200 nM 

CEP-1347 effectively prevented colony formation. At the lowest concentration (100 nM 

CEP-1347), approximately 50-100 colonies formed, but the addition of ICI 182,780 

reduced this number, even in endocrine resistant LCC9 cells (Figure 2-1F-H). This data 

suggest that this combination therapy effectively overcomes endocrine resistance, at 

least in this experimental setting.  

 

Effect of combination treatment on cell cycle and apoptosis  

The effect of drug treatments on cell number seen in Figure 2-1A could be due to 

decreased cell proliferation and/or increased cell death. To compare the effects of 

treatments on cell cycle and cell death, MCF-7 and LCC9 cells were incubated with 

vehicle, ICI 182,780, CEP-1347, or both for 3 days. Fixed cells were stained with 

TUNEL to analyze apoptosis or with propidium iodide (PI) to examine DNA content 

(Figure 2-2). The majority of MCF-7 cells were TUNEL positive after 3 days of CEP-

1347 treatment, indicating that CEP-1347 largely induces apoptosis. The combination 

treatment also induced apoptosis, but to a lesser extent (Figure 2-2 A, B). In LCC9 cells, 

CEP-1347 also increased apoptosis, but unlike MCF-7, combination treatment further 

increased the percentage (Figure 2-2 A, C). ICI 182,780 caused a modest increase in 

apoptotic MCF-7 cells, and no significant increase in LCC9 cells (Figure 2-2 A-C). Our 



56 
 

lab previously reported that CEP-1347 treatment leads to changes in cellular 

morphology [21]. This is again evident as CEP-1347 treatment in both cell lines, alone 

or in combination with ICI 182,780, leads to the formation of cells that have larger nuclei 

and cytoplasms and appear more vacuolated than control cells (Figure 2-2 A), 

consistent with a senescent or autophagic phenotype [34]. As previously described, ICI 

182,780 treated MCF-7 cells arrest in G1 and CEP-1347 treated cells accumulate in 

G2/M and display a polyploid population [21]. Analysis of non-apoptotic cell populations 

revealed that MCF-7 cells treated with both compounds had significantly fewer polyploid 

cells and a larger population of G1 cells (Figure 2-2 D, E) compared to cells treated with 

CEP-1347 alone. As expected, ICI 182,780 treatment did not have a significant effect 

on LCC9 cells. However, treatment with CEP-1347 led to an accumulation of cells in 

G2/M and the development of a polyploid population, and unlike MCF-7 cells, the LCC9 

polyploid population was not altered in the combination treatment (Figure 2-2 D, F).  
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Figure 2-2: Effects of CEP-1347 and ICI 182,780 on cell cycle and apoptosis in cell 

lines. MCF-7 and LCC9 cells were treated with vehicle, 10 nM ICI 182,780, 100 nM  
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Figure 2-2 (cont'd) 

CEP-1347, or the combination of both. After 3 days, cells were harvested, fixed, and 

stained with TUNEL and quantified (N>100 cells per treatment) to analyze apoptosis (A-

C), or stained with PI to examine cell cycle (D-F). Experiments were completed in 

triplicate and representative results are shown.  

 

CEP-1347 causes cell cycle arrest in ER+ patient derived xenografts 

To confirm the effects of CEP-1347 in a system that more closely reflects human tumors 

than established cell lines, three ER+, HER2- patient derived xenograft (PDX) lines 

(HCI-011, HCI-013, and HCI-013 EI) derived from luminal B tumors were examined in 

three-dimensional cell culture [35]. After implantation and amplification in NOD/SCID 

mice, tumors were harvested and digested into organoids, embedded in a three-

dimensional matrix, and treated with vehicle, ICI 182,780, CEP-1347, or the 

combination. After one week of treatment, cells were harvested, and analyzed for DNA 

content by flow cytometry (Figure 2-3, Supplemental Figure 2-1). All three PDX lines 

revealed slowly cycling populations with vehicle treatment, as indicated by a small S-

phase fraction. Treatment with ICI 182,780 slightly increased the G1 population, and 

G2/M arrest and polyploid (>4n DNA content) cell accumulation were evident after 

treatment with CEP-1347. The polyploid population was significantly reduced with 

combination treatment, consistent with data obtained in MCF-7 cells (Figure 2-3A-C), 

and a similar phenotype was seen with the estrogen independent derivative of HCI-013 

( Supplemental Figure 2-1).  
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Figure 2-3: Effects of CEP-1347 and ICI 182,780 on cell cycle in ER+ PDX lines. 

Organoids prepared from PDX lines were embedded in Matrigel and treated with 

vehicle, 10 nM ICI 182,780, 400 nM CEP-1347, or the combination of both. After 7 days, 

organoids were digested into single cells, fixed, and stained with PI to examine cell 

cycle. Experiments were completed in triplicate and representative histograms are 

shown (A). To quantify the effects of treatment on the polyploid population, the 

percentage of cells with >4n DNA content in each experiment were compared to that  

seen in vehicle treated samples (B,C). One-way ANOVA was used for statistical 

analyses. Data are shown as mean +/- SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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Supplemental Figure 2-1: Effects of CEP-1347 and ICI 182,780 on cell cycle in ER+ 

estrogen independent PDX line. Organoids prepared from an estrogen independent 

PDX line were embedded in Matrigel and treated with vehicle, 10 nM ICI 182,780, 100 

nM CEP-1347, 400 nM CEP-1347, or 400 nM CEP-1347 in combination with 10 nM ICI 

182,780. After 7 days, organoids were digested into single cells, fixed, and stained with 

PI to examine cell cycle. Experiments were completed in duplicate and representative 

histograms are shown.  

 

Effects of CEP-1347 and ICI 182,780 on the growth of tumor xenografts 

Our in vitro results suggest that CEP-1347, alone or in combination with ICI 182,780, 

might inhibit the growth of ER+ breast tumors, including ones with acquired anti-

estrogen resistance. To test this in a pre-clinical animal model, xenograft studies were 

carried out with both MCF-7 and LCC9 cells. MCF-7 and LCC9 were engineered to 

express red fluorescent protein (RFP) and luciferase (Luc), and individual clones were 

isolated. All MCF-7 subclones were sensitive to ICI 182,780 and CEP-1347, and LCC9 

subclones were resistant to ICI 182,780 and sensitive to CEP-1347 ( Supplemental 

Figure 2-2). A single subclone of each cell line was used for tumor studies. For MCF-7 

xenografts, all treatments inhibited tumor growth, although ICI 182,780 and the 

combination were more effective than CEP-1347 alone (Figure 2-4A). For LCC9 
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xenografts, CEP-1347 alone and ICI 182,780 alone slowed tumor growth somewhat, but 

the effects were not statistically significant. In contrast, treatment with the combination 

of CEP-1347 and ICI 182,780 significantly inhibited LCC9 tumor growth (Figure 2-4B). 

Interestingly, in mice injected with LCC9 cells, micrometastases or single cells were 

observed in lung parenchyma upon luminescent imaging, and confirmed to be 

LCC9/Luc cells by immunofluorescence staining of lung sections for luciferin 

(Supplemental Figure 2-3). Further studies are needed to determine if CEP-1347 or ICI 

182,780, alone or in combination, influences their development or progression.  

 

To evaluate if the effects of treatment persist after the cessation of therapy, several 

animals from each drug-responsive group were maintained and tumor volume was 

monitored for an additional 6 weeks without drug administration. LCC9 tumors treated 

with CEP-1347 plus ICI 182,780 resumed growth ( Supplemental Figure 2-4), as did 

MCF-7 tumors treated with CEP-1347 alone. MCF-7 tumors treated with ICI 182,780 

alone also grew, although more slowly. However, MCF-7 tumors treated with the 

combination of both drugs did not regrow, suggesting that combination therapy may 

prevent relapse upon treatment cessation (Figure 2-4C). 
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Supplemental Figure 2-2: Establishment and characterization of MCF-7 and LCC9 

RFP/Luc derivatives. (A) Cells were sorted based on RFP fluorescence into 96 well 

plates. (B) Clonal lines were amplified and analyzed for luciferase activity and RFP 

expression. (C) Parental and clonally derived lines were assayed for sensitivity to ICI 

182,780 (blue) and CEP-1347 (purple). Representative examples are shown. A single 

derivative of MCF-7 (B7) and LCC9 (C1) was selected to use in tumor studies. 
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Figure 2-4: Effect of CEP-1347 and ICI 182,780 on tumor growth in vivo. 5x106 

MCF-7 or LCC9 cells were injected into the fat pad of Nu/Nu athymic mice and 0.5 mg 

17-β estradiol pellets were concurrently implanted subcutaneously. After 2-3 weeks, 10 

animals were randomized into each treatment group. Treatments were initiated and 

continued for 6 weeks. CEP-1347 was dosed at 60 mg/kg orally and ICI 182,780 was 

dosed at 5 mg/animal subcutaneously. Data are represented as the mean fold change 

in tumor volume compared to tumor volume at treatment initiation for MCF-7 (A) and 

LCC9 (B). At the end of treatment, animals were euthanized and tumors harvested for 

histological analyses. Several (2-3) animals in each drug-responsive group were 

retained and tumors were allowed to grow for 6 additional weeks in the absence of  
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Figure 2-4 (cont'd) 

treatment (C). Error bars represent SEM. One-way ANOVA was used to complete 

statistical analyses. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  

 

Supplemental Figure 2-3: LCC9 cells metastasize to lungs. (A). At the study 

endpoint, luciferase imaging was carried out before and after removal of primary  
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Supplemental Figure 2-3 (cont'd) 

tumors, revealing the presence of luciferase expressing cells in the lungs of animals 

bearing LCC9, but not MCF-7, tumors. (B). Lungs from these animals were re-inflated 

using 10% formalin, fixed and embedded in paraffin. 5 μm sections were deparaffinized, 

rehydrated and stained using an anti-luciferase antibody, revealing a both single cells 

and small clusters within the lung parenchyma. Representative images are shown. 

Scale bars represent 50 μm. 

 

 

Supplemental Figure 2-4: LCC9 tumors in animals treated with combination 

therapy grow after cessation of treatment. At the end of treatment, 3 animals treated 

with a combination of ICI 182,780 and CEP-1347 were retained for 6 additional weeks 

in the absence of treatment.  

 

Effects on tumor growth include suppression of proliferation and increase in apoptosis 

Slowing or stopping tumor growth can be due to decreased proliferation and/or 

increased cell death, and both ICI 182,780 and CEP-1347 affect both of these 
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processes [17, 21, 22, 36-38]. To examine acute effects of drug treatments on tumor 

cells, short-term in vivo studies were completed. MCF-7 and LCC9 cells were injected 

into the mammary fat pad of athymic nude mice as described above. Once tumors 

reached an average size of 200 mm3, a single dose of ICI 182,780 and/or 5 consecutive 

daily doses of CEP-1347 were administered, and animals were euthanized 24 hours 

after the final CEP-1347 administration. To assay for cell proliferation, BrdU was 

injected intraperitoneally into mice two hours prior to sacrifice, and tumor sections were 

stained and quantified as described in materials and methods (Figure 2-5). In MCF-7 

tumors, both ICI 182,780 alone and in combination with CEP-1347 significantly 

decreased BrdU incorporation (Figure 2-5 A-B). A decrease was also seen with CEP-

1347 alone, but the effect was not statistically significant. These results correlate well 

with the effects on tumor growth where ICI 182,780 alone and in combination with CEP-

1347 had a more dramatic effect than CEP-1347 alone. LCC9 tumors trended towards 

reduced BrdU incorporation with all drug treatments, but none of the effects were 

statistically significant (Figure 2-5 C-D). This was surprising, since the long-term growth 

curves showed an effect of combination treatment on tumor growth. When BrdU 

incorporation was analyzed in tumors from the long-term study, combination therapy 

was effective in reducing proliferation, while either drug alone was not (Figure 2-5 C, E).  

 

To investigate effects of treatment on apoptosis, TUNEL staining was performed (Figure 

2-6). In short term MCF-7 tumors, CEP-1347 alone was the only treatment that 

displayed a significant increase in apoptotic cells, although the combination treatment 

had a very similar trend (Figure 2-6 A-B). In the long-term tumor study, CEP-1347 alone 
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was also the only treatment that caused a significant increase in the percentage of 

apoptotic cells, and the combination treatment reduced apoptosis, reflecting our in vitro 

data (Figure 2-6 A, C). In short term LCC9 tumors, there was not a significant difference 

in apoptosis between any treatment group (Figure 2-6 D-E), but in the long term the 

combination therapy resulted in a significant increase in apoptosis, corresponding to the 

growth curve data (Figure 2-6 D, F).  
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Figure 2-5: Effects of in vivo treatment on BrdU incorporation. BrdU was injected 

intraperitoneally into animals two hours before euthanasia as described in materials and  
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Figure 2-5 (cont'd) 

methods. Tumor sections were stained with anti-BrdU antibody and quantified to 

determine effects of drug treatment on proliferation. Data are shown for MCF-7 (A, B) 

and for LCC9 (C,D) tumors treated for 5 days, as well as LCC9 tumors treated for 6 

weeks (C,E). Images are representative and each data point represents an individual 

animal. Scale bars represent 20 μm. One-way ANOVA was used for statistical analyses. 

Data are shown as mean +/- SD. *p<0.05, **p<0.01, ***p<0.001  
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Figure 2-6: Effects of in vivo treatments on TUNEL staining. TUNEL staining was 

used to determine the effects of drug treatment on apoptosis. Data are shown for MCF- 
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Figure 2-6 (cont'd) 

7 tumors treated for 5 days (A, B) or 6 weeks (A, C), and LCC9 tumors treated for 5 

days (D, E) or 6 weeks (D, F). Images are representative and each data point 

represents an individual animal. Scale bars represent 20 μm. One-way ANOVA was 

used for statistical analyses. Data are shown as mean +/ SD. *p<0.05, **p<0.01, 

***p<0.001  

 

Discussion 

Endocrine therapies are a standard treatment for ER+ breast cancer, and while they are 

very effective, resistance often occurs, particularly in metastatic disease. Combination 

therapies using CDK 4/6 or other inhibitors together with endocrine agents increase the 

progression free survival of patients with advanced endocrine resistant disease [6-10, 

39], but do not dramatically effect overall survival [9, 11], and mechanisms of resistance 

to these combinations have already been identified [12-14]. Thus, it is vital to develop 

additional options to prevent endocrine resistance, and to treat endocrine resistant 

metastatic disease. In this study, I examined the effects of the small molecule inhibitor 

CEP-1347, alone and in combination with the clinically used SERD ICI 182,780, on 

tumor growth, cell proliferation, cell death, and colony formation in ER+ breast cancer 

models. CEP-1347 is selective for MLKs, a family of MAP3Ks that function in multiple 

pathways that are important for tumor phenotypes including proliferation and 

metastasis. CEP-1347 selectively inhibits proliferation and induces cell death in 

tumorigenic vs. non-tumorigenic cells [21, 22], and was well tolerated in clinical trials 

[23, 40]. It blocks progression through mitosis while current targeted therapies for ER+ 
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breast cancer cause a G1 arrest. Because different pathways regulate passage through 

these two cell cycle stages, I reasoned that a combination treatment might more 

completely block proliferation than either drug alone. Furthermore, I hypothesized that 

cells resistant to G1-targeting agents, such as ICI 182,780, would remain sensitive to 

CEP-1347, and the combination might therefore decrease the occurrence of resistance.  

 

In MCF-7 xenograft studies, CEP-1347 alone slowed the growth of tumors, but ICI 

182,780 alone and in combination with CEP-1347 were more effective and 

indistinguishable from each other. However, the behavior of tumors after cessation of 

treatment suggests that the combination may provide a significant advantage. CEP-

1347 treated MCF-7 tumors more than doubled in volume in 60 days following 

treatment, and tumors treated with ICI 182,780 also nearly doubled in volume. 

Interestingly, tumors treated with the combination of CEP-1347 plus ICI 182,780 did not 

increase in volume during the 60 day regrowth period. The effects of ICI 182,780 in our 

experiments were predominantly to block cell proliferation, as evidenced by the G1 cell 

cycle arrest observed in vitro and decreased BrdU incorporation in vivo. In contrast, no 

significant effect of ICI 182,780 on TUNEL staining was observed in vivo or in vitro. The 

effect of ICI 182,780 on apoptosis in the literature is inconsistent, with some reports 

indicating induction of apoptosis [36-38] and others showing no effect [41-43]. In 

contrast to ICI 182,780, the primary effect in vivo of CEP-1347 was to increase cell 

death. As previously reported, CEP-1347 treatment in vitro caused an accumulation of 

cells in mitosis and the appearance of a polyploid (>4n) population, both of which can 

result in increased cell death [44-46]. Polyploidy can also lead to genome instability, 
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which can result in tumor progression and/or therapeutic resistance [47-49]. However, 

other therapies used clinically, such as taxol, lead to a mitotic arrest and development of 

polyploidy, but eventually result in cell death [50]. Our results suggest that combination 

treatment may prevent the development of genome instability and resistance because 

the polyploid population was smaller in cells treated with CEP-1347 plus ICI 182,780 

relative to CEP-1347 alone. Our interpretation of this is that a percentage of CEP-1347 

treated cells eventually enter G1 without going through a normal mitosis and 

cytokinesis, giving rise to a G1 population with 4n DNA content, which can then 

continue to cycle. Concurrent treatment with ICI 182,780 arrests these cells in their 4n 

G1 state, thereby preventing their continued cycling, and subsequent genome 

instability, and reducing the likelihood of developing more aggressive and therapy 

resistant disease. This may also contribute to the prevention of regrowth observed in 

vivo after cessation of treatment.  

 

The effects of CEP-1347 in endocrine resistant LCC9 cells are also intriguing. ICI 

182,780 alone had little to no effect on LCC9 cell proliferation or cell death in vitro. 

However, as in MCF-7 cells, CEP-1347 induced a mitotic arrest, polyploidy, and cell 

death. In addition, combination treatment resulted in increased cell death and 

decreased colony formation. The benefits of combination therapy were also observed in 

vivo. Treatment with either CEP-1347 or ICI 182,780 alone slightly slowed the growth of 

LCC9 tumors, although neither was statistically significant. In contrast, the combination 

of both significantly slowed tumor growth. Analysis of LCC9 tumors after long term 

treatment revealed no effect of individual ICI 182,780 or CEP-1347 treatment, but the 
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combination revealed a significant decrease in BrdU incorporation and increase in 

TUNEL staining. The same trends were observed in the short term experiment, 

although they did not reach statistical significance. It is somewhat surprising that no 

increase in TUNEL staining was observed in LCC9 tumors treated with CEP-1347 

alone, since they respond to this drug in vitro. This could be a result of sensitivity, since 

previous dose-response curves of MCF-7 and LCC9 curves suggest that the IC50 of 

CEP-1347 is higher in LCC9 cells [21]. This may also explain the lack of a significant 

effect of combination treatment in the short term study, since the length of treatment 

may not have been sufficient.  

 

In summary, our results reveal that CEP-1347 may be an effective therapeutic for ER+ 

breast cancer, particularly in combination with an endocrine agent such as the SERM 

ICI 182,780. As with many kinase inhibitors, the development of therapeutic resistance 

is a potential problem, but increasing the concentration of CEP-1347, and/or combining 

it with ICI 182,780, decreases its occurrence. The finding that the combination of CEP-

1347 plus ICI 182,780 was effective for LCC9 tumors is particularly exciting since this 

cell line is a model for advanced disease that is resistant to all endocrine therapies. 

Interestingly, LCC9 cells grew detectable micrometastases in the lungs of several 

animals. Few models of metastatic breast cancer exist; this is the first report of LCC9 

metastasis in vivo and this finding provides an opportunity for future studies on the 

effects of treatment in metastatic disease. Finally, the fact that CEP-1347 previously 

went through Phase II/III clinical trials for PD [19, 20, 23], where its safety and lack of 

toxicity was established, warrants further study of its potential as a breast cancer 
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therapeutic. Such studies could evaluate its effects on dormancy, metastasis, and the 

development of resistance in vivo.  

 

Materials and Methods 

Cell culture and reagents 

MCF-7 and MCF-7/LCC9 cells were provided by Dr. Robert Clarke (Lombardi 

Comprehensive Cancer Center, Georgetown University). They were cultured in 

improved modified Eagle's medium (Invitrogen) supplemented with 5% fetal bovine 

serum (Hyclone), 100 units/mL penicillin, and 100 units/mL streptomycin. To engineer 

RFP/Luc clones, MCF-7 and LCC9 cells were infected with a lentivirus containing red 

fluorescent protein (RFP), luciferase, and blasticidin resistance under an EF1a promotor 

(Cat # LVP439, GenTarget). Infected cells were sorted based on intensity of RFP 

fluorescence (BD Influx). Individual colonies were amplified, and RFP and luciferase 

expression, and hormone sensitivity were confirmed ( Supplemental Figure 4). RFP/Luc 

cells were cultured in media supplemented with 2 μg/mL blasticidin (Sigma, 15205) for 

selection. All cells were cultured at 37 °C with 5% CO2. Cell line identities were 

confirmed using STR analysis at Michigan State University. Drug treatments included 

vehicle (DMSO), 10 nM ICI 182,780 182,780 in ethanol (Selleckchem), and 100, 150, or 

200 or 400 nM CEP-1347 in DMSO (provided by Teva Pharmaceuticals). 

 

Flow cytometry 

For apoptosis and cell cycle assays using cell lines, 106 cells were plated per 10 cm 

dish. Treatments were added after 24 hours and continued for 72 hours. For cell cycle 
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analysis, cells were trypsinized, fixed in 70% ethanol overnight at -20 °C, and washed 

two times with 5% FBS/95% PBS, then resuspended in PBS containing 50 μg/mL 

propidium iodide and 50 μg/mL RNaseA for 15 minutes at 37 °C. Cells were analyzed 

using a FACS Vantage flow cytometer and data were analyzed using ModFit software. 

10,000 events were analyzed for each sample. 

 

Cell viability, and colony formation assays 

To measure the effects of treatment on cell viability, 2x105 cells were plated in 10 cm 

dishes and treated with vehicle, 10 nM ICI 182,780, 100 nM CEP-1347, or 100 nM CEP-

1347 plus 10 nM ICI 182,780 for 7 days, with fresh medium added on day 3. On day 7, 

cells were trypsinized and live and dead cells were quantified by trypan blue exclusion (-

Thermo Fisher, T10282). 100 live cells were re-plated in fresh growth medium without 

drug treatments, and colonies were allowed to form for 19 days. Plates were washed 

with PBS, fixed in 3.7% formaldehyde, stained with 0.01% crystal violet, and colonies 

were quantified. To assay for the development of drug resistance, 2.5x104 cells per well 

were plated in 6-well plates and treated continuously with 100, 150, or 200 nM CEP-

1347 with and without 10 nM ICI 182,780 for 37-39 days. Fresh medium was added 

every 4-5 days. Plates were fixed and stained as described above, and colonies were 

quantified. 

 

Tumor Studies 

All animal studies were carried out following the Michigan State University Institutional 

Animal Care and Use Committee guidelines. For long term growth curves, 5x106 MCF7 
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RFP/Luc or LCC9 RFP/Luc cells were injected orthotopically into the 4th inguinal 

mammary fat pad of 40 Nu/Nu athymic mice (Charles River) for 10 mice per treatment 

group. Concurrently, a 0.5 mg 17-β estradiol beeswax pellet was implanted 

subcutaneously between the shoulders to provide sufficient estrogen supplementation 

to support tumor growth. Tumor volume was measured twice a week with digital 

calipers, and the formula L*W*H*0.523 was used to calculate tumor volume. Once 

tumors reached 0.075-0.225 mm3 (day 19 for MCF-7 and day 17 for LCC9), ten animals 

were randomized into each group, and treatments were initiated. Animals were 

excluded from analyses if they did not survive the entire 6 week treatment, or if tumor 

volume fell outside a predetermined range at the initiation of treatment. Body weight 

measurements across the study indicated that treatments were not detrimental to 

animal health ( Supplemental Figure 2-5). 5 mg of ICI 182,780 in castor oil (Sigma) was 

injected subcutaneously once weekly [51] and CEP-1347 in 3:1 Gelucire 44/14 

(Gattefosse) and propylene glycol (Sigma) was dosed orally at 60 mg/kg every other 

day. ICI 182,780 dosing conditions were based on the literature [52] and optimal CEP-

1347 dosing conditions were established in pilot tumor studies. Treatments were carried 

out for 6 weeks with bi-weekly monitoring of tumor growth and animal weight. Upon 

reaching the study endpoint, the majority of animals in each treatment group were 

sacrificed and tumors harvested for further analysis. Three animals from each 

responding treatment group were reserved and monitored for tumor regrowth for 6 

additional weeks in the absence of treatment. For short term studies, 5x105 MCF-

7RFP/luc or LCC9 RFP/luc cells were injected into 20 Nu/Nu athymic mice for each cell 

line (5 mice per treatment), with concurrent implantation of a 0.5 mg 17-β estradiol 
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beeswax pellet. Tumor volumes were monitored twice weekly by caliper measurements. 

Once tumors reached approximately 0.250 mm3, treatments were initiated. A single 

dose of ICI 182,780 was given on day 1 and CEP-1347 was dosed for five consecutive 

days. Twenty-four hours after the last dose, animals were euthanized and tumors were 

harvested for further analysis. For BrdU analysis of proliferating cells, animals were 

injected intraperitoneally with 70 mg/kg BrdU 2 hours prior to euthanasia. 

 

For PDX amplifications, NOD/SCID mice were obtained from Jackson Labs. A 1 mm3 

tumor fragment was implanted into a cleared fat pad [53]. HCI-011 and HCI-013 are 

derived from pleural effusions. HCI-011 exhibits ductal histopathology, while HCI-013 

shows lobular histopathology. HCI-013 EI is an estrogen-independent derivative of HCI-

013 that developed after long-term passage of HCI-013 in ovariectomized mice [54]. 

Mice implanted with HCI-011 or HCI-013 were supplemented with a 0.5 mg 17-β 

estradiol beeswax pellet implanted subcutaneously between the shoulder blades. 

Tumor volume and animal weight were monitored biweekly. Once tumors reached 1.5 

cm3, tissue was harvested and processed into organoids as described [55]. ER status 

of all tumors were confirmed by IHC ( Supplemental Figure 2-6). 
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Supplemental Figure 2-5: Effects of CEP-1347 and ICI 182,780 on body weight. 

Body weight measurements of mice bearing MCF-7 (A) or LCC9 (B) tumors.  

 

Supplemental Figure 2-6: ER staining of xenograft and PDX tumor sections. (A). 

MCF-7 and LCC9 tumors were stained with anti-ER alpha after treatment to confirm ER 

status. (B). PDX tumors were stained upon harvest to ensure ER positivity. 
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Immunohistochemistry 

For all immunohistochemistry staining, animal specimens were fixed in 10% Neutral 

Buffered Formalin, dehydrated in ascending grades of ethanol, embedded in paraffin 

and sectioned on a rotary microtome at 4 μm. The slides were deparaffinized and 

hydrated through descending grades of ethyl alcohol. For cell lines, cells were cultured 

and treated on coverslips and fixed in 10% Neutral Buffered Formalin. For H&E, slides 

were stained with hematoxylin (Cancer Diagnostics Inc.), followed by a clarifying rinse in 

1% glacial acetic acid. Slides were placed in 95% ethanol, then stained with 1% eosin 

with phloxine. For BrdU staining, slides were treated with 4.0 M HCl, then subjected to 

enzyme induced epitope retrieval using 0.4% pepsin. Sections were then incubated with 

the primary antibody (BD Biosciences, catalog #347580), followed by reaction 

development with Romulin AEC™ Chromogen (Biocare) and counterstained with Cat 

Hematoxylin. For TUNEL staining, slides underwent enzyme induced epitope retrieval 

using 20 μl/ml of Proteinase K in PBS (A.G. Scientific, catalog #P-1265), and staining 

was completed following the manufacturer's protocol (Millipore, ApopTag Peroxidase In 

Situ Apoptosis Detection Kit, catalog #S7100). Slides were counterstained in methyl 

green for 10 seconds and allowed to air dry overnight. All staining was completed at 

room temperature on the IntelliPath™ Flex Autostainer, and all slides were cover 

slipped using a synthetic mounting medium (Mercedes Medical). For BrdU and TUNEL 

analyses, ten fields of view were taken from the periphery of one section per tumor. 

Each data point represents the average percent positive of the ten images for each 

individual animal. 
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Statistical analyses 

A two-way student's T-Test was used to determine statistical significance between two 

treatment groups, and one-way ANOVA was used to determine statistical significance 

among three or more treatment groups with Tukey used for post-hoc analyses. An alpha 

of 0.05 was utilized to indicate statistical significance. Results are expressed as mean 

+/- SD, unless otherwise specified. 
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Chapter 3: Exploration of the Cellular and Nuclear Mitotic Phenotype Resulting 

from Treatment with CEP-1347 

Abstract 

Kinase inhibitors are often used to treat a number of diseases with the added benefit of 

specificity in therapy. CEP-11004 and CEP-1347 are kinase inhibitors that were initially 

investigated for their role in MLK inhibition. A unique nuclear morphology has been 

reported after treatment with CEP-11004, but cellular phenotype after treatment with 

CEP-1347 has not been investigated. In this report, I explored the cellular and nuclear 

morphology that results from treatment with CEP-1347 using estrogen receptor positive 

breast cancer cells as an experimental model. I further investigated the kinase target or 

targets that may be responsible for producing the phenotypes observed and identified 

an alternate kinase pathway whose activity is modulated by CEP-1347. 

 

Introduction 

The advent of targeted therapies has drastically changed treatment options for a 

number of diseases including cancer, autoimmune disorders, and degenerative 

diseases [1, 2]. Dysregulation of kinase function has been widely implicated in disease, 

and therapies often target kinase activity. The specificity of these compounds allows for 

inhibition of enzyme activity which often reduces side effect profiles and enhances 

therapeutic efficacy [1, 3]. Kinase inhibitors have been studied for decades, and multiple 

agents are now clinically available for estrogen receptor positive (ER+) breast cancer, 

including the recently approved CDK 4/6 inhibitors palbociclib, abemaciclib, and 

ribociclib [4]. Furthermore, small molecule kinase inhibitors, such as neratinib [5], or 
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monoclonal antibodies, such as traztuzumab [5, 6] and pertuzumab [6] are able to target 

the receptor tyrosine kinase HER2 in cancers that overexpress this cell surface 

receptor. 

 

CEP-1347 and CEP-11004 are indolocarbazole derivatives of K252a, an analog of 

staurosporine [7]. They act as competitive inhibitors that bind to the adenosine 

triphosphate (ATP) binding site of protein kinases, and have primarily been studied as 

inhibitors of the MLK family of serine/threonine kinases, specifically MLK3 [7]. MLKs act 

as mitogen activated protein kinase kinase kinases (MAP3K) which phosphorylate and 

activate mitogen activated protein kinase kinases (MAP2Ks). MAP2Ks in turn 

phosphorylate and activate mitogen activated protein kinases (MAPKs), which can then 

phosphorylate transcription factors or cytoplasmic substrates. The end outcome of this 

phosphorylation cascade is to activate transcription of genes involved in cellular growth 

and survival, and to promote cytoskeletal rearrangements, cell migration, and invasion 

[8-10].  

 

Figure 3-1: Chemical structures of CEP-1347 and CEP-11004. (Adapted from [11]).  
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The mechanism of CEP-1347 action was initially studied in the context of Parkinson's 

Disease (PD) with the intent of inhibiting apoptosis of dopaminergic neurons in the 

substantia nigra to prevent disease progression [7]. These studies identified MLK3 as a 

major target of CEP-1347, and determined that the activity of the MAPK c-Jun N-

terminal kinase/stress-activated protein kinase (JNK/SAPK) was inhibited downstream 

of MLK3, with little to no effect on the MAPKs extracellular-signal regulated kinase 

(ERK) and p38 [7]. The inhibition of JNK phosphorylation caused increased neuron 

survival in cell culture and in animal studies [7, 12]. Promising results in vitro and in vivo 

led to the initiation of a Phase I clinical trial to establish safety and tolerability in 

humans, but was ineffective in preventing disease progression in a Phase II/III trial 

(PRECEPT) [13]. Because CEP-1347 was well tolerated in humans, it continued to be 

studied, along with CEP-11004. Subsequent studies found that treatment with CEP-

1347 slowed or reversed progression of Huntington's disease [14, 15], Alzheimer's 

disease [7], and auditory disorders [16] in animal models. Furthermore, CEP-1347 was 

found to exhibit anti-inflammatory activities in the brain [17, 18] and pancreas [19], and 

its potential as an anti-cancer agent was also explored [20, 21].  

 

Chemically, these compounds differ in their side chains: CEP-1347 contains two ethyl 

groups while in CEP-11004 these ethyl groups are substituted for isopropyl groups 

(Figure 3-1). However, biologically, both compounds selectively decreased viability of 

transformed cell lines, while having no detectable effect on non-transformed cell lines at 

concentrations used [21, 22]. Treatment of transformed cell lines with these compounds 

resulted in an early mitotic arrest [21, 22], which has been our primary focus. Further 
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study of the mechanism of action of CEP-11004 discovered that treatment led to the 

development of abnormal mitotic spindles and aberrant DNA condensation without 

affecting centrosome duplication and separation [22]. While the mechanism of action 

and phenotype resulting from treatment with CEP-11004 has been better studied than 

CEP-1347, the latter compound more effectively inhibited phosphorylation of JNK in 

neuronal cells [23]. Furthermore, unlike CEP-1347, the safety and efficacy of CEP-

11004 has not been established, making it desirable to further elucidate the mechanism 

of action of CEP-1347.  

 

Binding studies completed with CEP-1347 indicate that it is able to bind not only to 

MLK3, but also to additional kinases including Aurora A, Aurora B, MLKs 1 and 2, 

adenosine monophosphate-activated protein kinase (AMPK), and its downstream target 

S6 kinase (p70s6k), among others [24]. However, the ability of CEP-1347 to inhibit the 

activity of all of these kinases in vitro and in vivo, as well as the relative IC50s, have not 

been very well studied. 

 

Based on previous research describing the cellular and nuclear phenotype apparent 

after treatment with CEP-11004, I hypothesized that a similar mitotic phenotype might 

exist after exposure to CEP-1347, and that the kinase target of this compound would be 

active in mitosis. Centrosome duplication occurs during S phase, prior to entry into 

mitosis. During the G2/M transition, centrosomes migrate to opposite sides of the cell 

due to both pulling forces from astral microtubules that attach centrosomes to cell 

membranes, and pushing forces between centrosomes [25]. This process establishes 
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appropriate bipolarity for subsequent cell division. Spindle microtubules grow from 

centrosomes towards kinetochores, which are located at chromosome centromeres, 

and tension facilitates alignment of DNA along the metaphase plate. The absence of 

tension at one or more pairs of sister chromatids activates the spindle assembly 

checkpoint (SAC), which prevents entry into anaphase.  

 

A number of kinases are involved in mitotic progression. Aurora A localizes to 

centrosomes and functions in centrosome duplication [26]. Polo-like kinase 1 (PLK1) 

plays a role in multiple steps of mitosis including centrosome separation and migration 

[25, 27, 28], as do never in mitosis gene-A (NIMA) related kinases Nek2 and Nek9 [25]. 

Aurora B facilitates kinetochore attachment to microtubules until metaphase, and then 

migrates to the spindle midbody for the remainder of mitosis [26]. The lack of 

appropriate activity of Aurora A, Aurora B, or PLK1 results in inappropriate chromosome 

alignment during metaphase, disrupts mitotic spindle formation and polarization, and 

often results in apoptosis [26, 29-32]. 

 

The primary target of CEP-1347, MLK3 [7], also localizes to centrosomes during mitosis 

[33]. Overexpression of MLK3 disrupts cytoplasmic microtubule formation during 

interphase and inhibits astral microtubule formation, indicating a possible role in mitotic 

progression [33]. Furthermore, MLK3 displays sequence homology with NIMA kinases 

[33], which are required for the G2/M transition in Aspergillis nidulans, further supporting 

the possibility that MLK3 is important for progression into mitosis [34].  
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In this study, I characterized the phenotype created by treatment with CEP-1347 and its 

kinase targets in breast cancer cells. While MLK3 is the most studied target of CEP-

1347, this compound binds to multiple kinases [35], suggesting that additional targets 

may exist. I hypothesized that CEP-1347 is capable of binding to and inhibiting the 

activity of kinases outside of MLK3 and that these other kinases will be actively involved 

in cellular progression through mitosis. Using reverse phase protein array (RPPA) 

analysis, I identified adenosine monophosphate-activated protein kinase (AMPK) as a 

novel kinase whose activity is modulated by treatment with CEP-1347, and studied its 

role in cell cycle progression and mitotic spindle formation and orientation.  

 

Results 

CEP-1347 treated cells exhibit aberrant mitotic DNA alignment and spindle formation 

As previously described, CEP-1347 induces a mitotic arrest of transformed cells, and 

prolonged treatment leads to the formation of abnormally large cells with expanded 

cytoplasms and at times, multiple nuclei [21, 33]. I reasoned that because treatment 

with CEP-1347 leads to a mitotic arrest, and CEP-11004 treated cells exhibit aberrant 

mitotic spindle formation, CEP-1347 treatment might exhibit a similar nuclear 

phenotype. To fully characterize the nuclear effects of CEP-1347, I analyzed the nuclear 

morphology of cells throughout mitosis. Cells were synchronized in G1, then allowed to 

progress through the cell cycle in the presence or absence of CEP-1347. Cells were 

harvested at various times, and analysis of DNA content indicated that cells entered 

mitosis between 27 and 30 hours after release (Figure 3-2A). By 30 and 33 hours after 

release, vehicle treated cells returned to G1 after cytokinesis. Consistent with our 
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previous report [21], at these time points, CEP-1347 caused an accumulation of cells in 

G2/M by DNA content. Nuclei were examined using DAPI to visualize DNA and anti-

alpha-tubulin antibody to visualize mitotic spindles. Vehicle and CEP-1347 treated cells 

were in interphase at 24 hours and progressed into prophase of mitosis by 27 hours. At 

30 and 33 hours, vehicle treated cells displayed complete DNA condensation and 

uniform chromosome alignment, consistent with metaphase (Figure 3-2B). The 

chromosomes in these cells also exhibited clear sister chromatid separation during 

anaphase, telophase, and cytokinesis (Supplemental Figure 3-1). Interestingly, at 30 

and 33 hours, cells treated with CEP-1347 were incompletely aligned along the 

metaphase plate, and the presence of lagging chromosomes was apparent (Figure 3-

2B, arrows).  

 

Examination of mitotic spindles revealed that vehicle treated cells formed organized 

bipolar metaphase spindles. However, cells treated with CEP-1347 formed disordered 

and asymmetric spindles, often without distinct bipolarity. Quantification of mitotic 

spindles revealed that the majority of cells treated with vehicle generated spindles with 

a normal bipolar appearance (Figure 3-2C, Supplemental Figure 3-2). The very few 

vehicle treated cells that exhibited abnormal spindles were multipolar rather than bipolar 

(Supplemental Figure 3-1). Unexpectedly, the vast majority of mitotic spindles that 

formed in cells treated with CEP-1347 appeared irregular and asymmetric, and none of 

these spindles exhibited multipolarity.  
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Figure 3-2: Treatment with CEP-1347 leads to an early mitotic arrest. MCF-7 cells 

were treated with 10 nM ICI 182,780 for 48 hours to synchronize in G1. ICI 182,780 was 

then washed out and replaced with media containing 10 nM 17-β estradiol to initiate 

cycling; this was considered the 0 hour time point. Synchronized MCF-7 cells were  
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Figure 3-2 (cont'd) 

treated with vehicle or 100 nM CEP-1347 at 12 hours and followed through the cell 

cycle. Cell cycle distribution at 24-33 hours reveal accumulation of CEP-1347 treated 

cells in G2/M (A). DNA condensation (DAPI, blue) and mitotic spindle formation (alpha-

tubulin, red) were analyzed at all mitotic time points (B). Quantification of mitotic 

spindles (C). Scale bar represents 10 μm. 

 

 

Supplemental Figure 3-1: Late mitotic and abnormal mitotic formations of vehicle 

treated cells. Scale bar represents 10 μm. 
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Supplemental Figure 3-2: Lower magnification images of vehicle and CEP-1347 

treated cells. Scale bar represents 50 μm.  

 

CEP-1347 treatment leads to presence of multiple chromosome misalignment 

phenotypes 

To further investigate the effect of CEP-1347 on spindle formation, I analyzed 

chromosome alignment in mid-mitosis. Synchronized cells were harvested and stained 

with anti-centromere antibody (ACA) to visualize centromeres, anti-alpha-tubulin to 

examine spindles, and DAPI to visualize DNA. In early mitosis, (27 hours), vehicle 

treated cells exhibited condensing DNA consistent with prophase. ACA staining was 

punctate and central to the nucleus with mitotic spindles not yet formed. DNA in CEP-

1347 treated cells was less condensed, with more spread out centromeres and 

microtubules seeming to form from a central point. At 30 and 33 hours, vehicle treated 
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metaphase cells exhibited discrete punctate ACA staining along the metaphase plate, 

indicating appropriate alignment of DNA. This was not apparent in cells treated with 

CEP-1347, where a number of distinct nuclear morphologies were observed. In the first 

and most common, condensed DNA was organized in a circular configuration, but 

centromeres were clustered central to the DNA (Figure 3-3 a,d). In these nuclei, 

disordered microtubules surrounded the DNA without clear spindle-like organization. 

This morphology made up approximately 50-60% of all mitotic nuclei in CEP-1347 

treated samples. In the second configuration, DNA was observed in a circular 

configuration with the majority of centromeres centrally oriented and closely clustered in 

the center of the DNA (Figure 3-3b). In this case, mitotic spindles were severely 

misformed with microtubules emanating from a single central point, and some 

centromeres were outside of the central core. This configuration made up approximately 

30-40% of all mitotic nuclei in CEP-1347 treated samples. Finally, some nuclei 

displayed near-normal looking spindles with most of the DNA aligned at a metaphase 

plate, but even in these cases lagging chromosomes were visible (Figure 3-3 c,e). 

These nuclei made up approximately 10% of all mitotic nuclei in CEP-1347 treated 

samples. The approximate distributions of nuclear morphologies were consistent from 

27 hours through 33 hours. 
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Figure 3-3: Treatment with CEP-1347 alters centromere alignment. Synchronized 

MCF-7 cells were treated with vehicle or 100 nM CEP-1347 and followed through the  
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Figure 3-3 (cont'd) 

cell cycle. DNA condensation (DAPI, blue) and mitotic spindle formation (alpha-tubulin, 

green), and centromeres (anti-centromere antibody, red) were analyzed at all mitotic 

time points. Scale bar represents 10 μm. 

 

Centrosome duplication is unaffected by treatment with CEP-1347 

Centrosome duplication occurs in S phase, prior to entry into mitosis. In late G2 and 

early mitosis, duplicated centrosomes migrate to opposite sides of the cell to create a 

bipolar mitotic spindle and, after nuclear envelope breakdown, spindle microtubules 

attach to kinetochores at centromeres of condensed chromosomes. Based on the 

irregular mitotic microtubule structures observed, I hypothesized that CEP-1347 

treatment might inhibit centrosome duplication. To test this, I analyzed centrosomes 

after treatment with CEP-1347 by harvesting synchronized cells at 27-33 hours, and 

staining with anti-gamma-tubulin antibody. Interestingly, I found that centrosome 

duplication was unaffected by treatment with CEP-1347 at all time points (Figure 3-4). 

Duplicated centrosomes were evident in both vehicle and CEP-1347 treated cultures, 

and were visible in cells with both interphase and mitotic DNA. Intriguingly, while 

centrosomes in vehicle treated cells migrated to opposite poles, the duplicated 

centrosomes in CEP-1347 treated mitotic cells that exhibited the first or second nuclear 

morphology mentioned previously remained in close proximity, and were surrounded by 

condensed DNA. In the rare cases where DNA was partially aligned along the 

metaphase plate, correlating to the third nuclear morphology described, centrosomes in 

CEP-1347 treated cells had migrated to opposite sides of the condensed DNA to 
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somewhat allow formation of a bipolar spindle. Together, this suggests that one 

mechanism of action of CEP-1347 is to inhibit centrosome separation and migration, 

thereby preventing appropriate cellular polarization. In the instances where 

centrosomes separate and migrate away from each other, mitotic spindles are still 

irregular, indicating that CEP-1347 may have additional effects.  
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Figure 3-4: Treatment with CEP-1347 disrupts centrosome separation and 

migration. Synchronized MCF-7 cells were treated with vehicle or 100 nM CEP-1347  



103 
 

Figure 3-4 (cont'd) 

and followed through the cell cycle. DNA condensation (DAPI, blue) and mitotic spindle 

formation (alpha-tubulin, green), and centromeres (anti-centromere antibody, red) were 

analyzed at all mitotic time points. Scale bar represents 10 μm. 

 

Studying the targets of CEP-1347 

Having carefully studied the phenotype resulting from treatment with CEP-1347, I next 

addressed the question of whether inhibition of MLK3 activity was responsible for 

causing the observed changes in cellular morphology. As previously stated, MLK3 is the 

best studied kinase inhibited by CEP-1347 and is known to localize to centrosomes 

during mitosis [33]. In addition, overexpression of MLK3 alters mitotic microtubule 

formation [22]. However, as also previously stated, CEP-1347 can bind to a number of 

kinases [35]. Of these, Aurora kinases A and B have well characterized roles in mitotic 

progression. Aurora kinase A localizes to and functions at centrosomes to facilitate 

duplication [30], while Aurora B localizes and functions at centromeres until metaphase 

when it re-localizes to the cell midbody [26]. Aurora B is the canonical kinase that 

phosphorylates histone H3; thus, inhibition of Aurora B decreases expression of 

phosphorylated histone H3 [36]. Inhibition of either of these Aurora kinases individually, 

or both together, leads to mitotic arrest and accumulation of polyploid cells, and results 

in apoptosis [29, 31, 32, 37], all of which are similar to the phenotype seen upon 

treatment with CEP-1347. However, unlike the phenotype that was see upon treatment 

with CEP-1347, Aurora A kinase inhibitors prevent centrosome duplication, and as 

previously reported, treatment with CEP-1347 leads to an accumulation of phospho-
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histone H3 (data not shown) [21], leading us to conclude that CEP-1347 does not 

directly target either Aurora A or B.  

 

MLK3 as the target of CEP-1347 

MLK3 localizes to centrosomes [33] and centrosome separation is altered by CEP-1347 

treatment. Furthermore, overexpression of MLK3 was able to reverse CEP-11004 

induced cell cycle arrest [22]. To investigate if inhibition of MLK3 activity is responsible 

for the effects of CEP-1347, I utilized two approaches: overexpression and knockdown. 

To examine if MLK3 overexpression altered the CEP-1347 induced decrease in cell 

viability, I utilized MCF-7 cells engineered to inducibly overexpress MLK3 [38]. I 

hypothesized that MLK3 overexpression would alter sensitivity to CEP-1347 by 

changing the pharmacodynamics of ligand-protein interactions, and expected MLK3 

overexpression to make cells more resistant to CEP-1347. While the majority of cells 

overexpressed MLK3 (Supplemental Figure 3-3), this overexpression had no effect on 

sensitivity to CEP-1347, even after 6 days of treatment (Figure 3-5A). To directly 

analyze the role of MLK3 in cell cycle, its expression was knocked down using RNA 

interference, and DNA content was analyzed. As shown in Figure 3-5B, although MLK3 

protein expression was reduced by approximately 85% compared to control, cell cycle 

distribution was unaffected, while CEP-1347 caused the expected G2/M accumulation. 

The lack of an effect of knockdown on cell cycle may be due to residual MLK3 activity, 

but may also suggest that an alternate target of CEP-1347 causes the cell cycle arrest 

phenotype.  
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Supplemental Figure 3-3: MLK3 is overexpressed after induction. MCF-7iMLK3 

cells were treated with 50 nM of the inducer AP21967 and stained with anti-MLK3 

(green) to analyze overexpression. Images are representative uninduced and induced 

cells.  
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Figure 3-5: Investigating MLK3 as the target of CEP-1347. MCF-7iMLK3 cells were 

treated with various concentrations of CEP-1347 +/- 50 nM AP21967 to induce MLK3 

expression. After 6 days of treatment, viability was assessed using the CCK-8  
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Figure 3-5 (cont'd) 

spectrophotometric assay (A). siRNA against MLK3 was used to knockdown 

expression. 48 hours after knockdown, cell cycle distribution was analyzed using cells 

treated with vehicle and 100 nM CEP-1347 as controls (B). 

 

RPPA analysis of CEP-1347 treated cells 

To investigate if there are additional targets of CEP-1347 during mitosis, I utilized a 

reverse phase protein phosphorylation array (RPPA). The RPPA at Baylor College of 

Medicine includes 216 validated antibodies for total and phospho-proteins, a list of 

which is available here. While MLK3 is not on this array, multiple MAP2Ks, MAPKs and 

other signaling proteins are represented. In preparation for this study, I completed a 

time course in which synchronized MCF-7 cells were treated with CEP-1347 for varying 

lengths of time and harvested to analyze DNA content at the same late-mitotic time 

point. The goal of this study was to identify at what phase of the cell cycle treatment 

with CEP-1347 has the greatest impact on cell cycle distribution and kinase inhibition, 

leading to accumulation of the greatest number of cells in G2/M (Figure 3-6). Using the 

data from this experiment, I selected times for the RPPA assay. To determine if CEP-

1347 treatment affected expression or phosphorylation of any of these proteins, I 

synchronized MCF-7 cells in G1, released them with estrogen treatment, then added 

CEP-1347 or vehicle after 23 hours, just prior to entry into mitosis. Cells were harvested 

after 2 and 6 hours of treatment, at which point vehicle treated cells were in early and 

late mitosis, respectively. Consistent with its role as an MLK inhibitor, the majority of 

proteins whose expression or phosphorylation were altered by CEP-1347 are involved 

https://media.bcm.edu/documents/2016/99/bcm-rppa-antibodylist-216-2016.pdf
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in MAPK signaling pathways (Figure 3-7). Phospho-JNK, p-c-Jun and total c-Jun all 

significantly decreased after 2 and 6 hours of treatment. Phospho-ERK1/2 and p-

MEK1/2 also decreased by 6 hours of treatment. Phospho-p38 was increased at both 

time points, which is in agreement with previous reports that inhibiting JNK leads to a 

compensatory increase in p-p38 [39]. Aurora B is not present on the array, but both 

phospho- and total Aurora A increased in CEP-1347 treated cultures. 

 

 

Figure 3-6: Treatment with CEP-1347 at multiple time points leads to G2/M arrest. 

CEP-1347 was added to synchronized MCF-7 cells every 3 hours from 21 h-30 h and all 

cells were harvested at 33 h. Accumulation of cells in G2/M was most evident after 

addition of CEP-1347 at 21 hours. 
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One of the proteins whose phosphorylation was most inhibited by CEP-1347 treatment 

at both time points was phospho-AMPK, specifically its phosphorylation at Thr172. 

Phosphorylation of Akt at Thr308 was also reduced, although to a much less extent, and 

only at the late time point. Akt phosphorylation of mTOR has been well studied; 

however, AMPK is also able to activate mTOR independently of Akt. After activation by 

either Akt or AMPK, mTOR phosphorylates p70s6k, another kinase whose activation 

was decreased in CEP-1347 treated cultures. Thus, in addition to MAPK pathways, 

activity of the Akt-AMPK/mTOR/p70s6k pathway is also decreased by CEP-1347. 

Whether this pathway is dependent or independent of MLK3 remains to be determined. 

The best characterized upstream activator of AMPK is LKB1 [40], but there are also 

reports that AMPK can be phosphorylated by MLK3 [41]. In either case, the finding that 

AMPK phosphorylation is decreased by CEP-1347 provides a novel path for 

investigation of the mechanism of action of this kinase inhibitor. 
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Figure 3-7: RPPA analysis of CEP-1347 treated cells. Synchronized MCF-7 cells 

were treated with vehicle or 100 nM CEP-1347 for 2 hours (25 hour time point) or 6  
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Figure 3-7 (cont'd) 

hours (29 hour time point) and lysates were harvested for RPPA analysis. Fold change 

of protein expression is represented in heat maps with red representing increase in 

expression and blue indicating decrease in expression (A). Western blot confirmation of 

RPPA results (B). 

 

AMPK as the target of CEP-1347  

Because AMPK phosphorylation was among the most inhibited upon treatment with 

CEP-1347, I hypothesized that AMPK inhibition might be involved in creating the mitotic 

phenotype seen in CEP-1347 treated cells. To test this possibility, I treated cells with 

the AMPK inhibitor, Compound C, and analyzed DNA content with flow cytometry. After 

24 hours of treatment, AMPK inhibition led to accumulation of cells in G2/M of the cell 

cycle (Figure 3-8A). This result was consistent in endocrine sensitive (MCF-7) and 

resistant (LCC9) ER+ breast cancer cell lines, and was very similar to the effect seen in 

CEP-1347 treated cells.  

 

To determine if the nuclear morphology in Compound C treated cells was similar to that 

seen upon CEP-1347 treatment, synchronized cells were treated with Compound C, 

then stained with anti-alpha tubulin antibody to examine microtubule formation, anti-

centromere antibody to visualize centromeres, and DAPI to analyze DNA condensation. 

While vehicle treated cells displayed normal mitoses, nearly 95% of cells treated with 

Compound C between 27 and 33 hours appeared to be in interphase rather than in 

mitosis based on microtubule formation and DNA condensation (Figure 3-8B, 
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Supplemental Figure 3-4). Rarely, cells treated with Compound C displayed condensed 

DNA consistent with prophase. In these cells, microtubule staining was more intense 

around the periphery of the cell rather than throughout the whole cell, producing a 

phenotype that was drastically different than that seen with treatment with CEP-1347. 

Together, this suggests that CEP-1347 mediated inhibition of AMPK is not the cause of 

the abnormal nuclear phenotype that I have described.  
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Figure 3-8: Effects of treatment with Compound C. Cycling populations of MCF-7 

cells were treated with vehicle or 20 μM Compound C and cell cycle distribution was  
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Figure 3-8 (cont'd) 

analyzed with flow cytometry (A). Synchronized MCF-7 cells were treated with vehicle 

or 20 μM Compound C and followed through the cell cycle. DNA condensation (DAPI, 

blue) and mitotic spindle formation (alpha-tubulin, green), and centromeres (anti-

centromere antibody, red) were analyzed at all mitotic time points. Scale bar represents 

10 μm. 

 

 

Supplemental Figure 3-4: Interphase cell population after treatment with 

Compound C. Synchronized MCF-7 cells were treated with vehicle or 20 μM 

Compound C and followed through the cell cycle. DNA condensation (DAPI, blue) and 

mitotic spindle formation (alpha-tubulin, green), and centromeres (anti-centromere 

antibody, red) were analyzed at all mitotic time points. Interphase cells at all time points  
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Supplemental Figure 3-4 (cont'd) 

display altered alpha-tubulin distribution after treatment with Compound C. Scale bar 

represents 10 μm. 

 

Discussion 

The presence of dysregulated kinase expression and activity in many cancers has led to 

the development and characterization of kinase inhibitors as cancer therapeutics. 

Kinase inhibitors provide a therapeutic advantage by targeting a specific substrate and 

minimizing off-target effects that lead to deleterious side effect profiles. They also allow 

for a more personalized approach to cancer treatment based on the protein expression 

and pathway activation profiles of individual tumors. CEP-1347 and CEP-11004 are 

kinase inhibitors best known for their ability to inhibit MLKs, specifically MLK3. Their 

effects are selective for tumorigenic cell lines, and investigation into their mechanism of 

action demonstrated that treatment with CEP-11004 leads to an early mitotic arrest, 

chromosome misalignment along the metaphase plate, and disrupted mitotic spindle 

formation. In this study, I examined the mechanism of action of CEP-1347 and 

attempted to identify the kinase or kinases responsible for its mitotic phenotype.  

 

As previously reported, CEP-1347 induces a mitotic arrest [21, 22, 33]. To further 

characterize this arrest, I analyzed the cellular and nuclear configurations of 

centrosomes, centromeres, microtubules, and DNA after treatment with CEP-1347 at 

different phases of the cell cycle. Interestingly, it appeared that the mitotic arrest arose 

from the inability of centrosomes to generate a bipolar spindle. Rather, cells treated with 
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CEP-1347 exhibited duplicated centrosomes that were centrally located and surrounded 

by condensed DNA and irregularly formed mitotic spindles. In cases where 

centrosomes were able to segregate, mitotic spindles appeared irregular, and 

metaphase DNA alignment frequently exhibited lagging chromosomes. Both of these 

configurations would lead to a lack of tension at one or more pairs of sister chromatids, 

and would activate the SAC.  

 

To identify the mitotic target of CEP-1347, I first interrogated the role of MLK3. 

Overexpression of MLK3 did not alter IC50 to CEP-1347 in a viability assay. While MLK3 

expression was dramatically induced in the majority of cells, it was not present in 100% 

of cells. Because of this, the effect of overexpression on viability, if present, may have 

been somewhat muted and this may have impacted the sensitivity of this assay to 

detect changes between induced and uninduced conditions. To directly test whether 

MLK3 is required for mitotic progression, the effects of knockdown on cell cycle were 

examined. Although expression was reduced by 85%, cell cycle distribution was 

unaltered. There are several possible explanations for this result. The remaining 15% of 

MLK3 expression may have provided sufficient enzyme activity to prevent arrest, or 

other MLKs may be have been present and were able to compensate for the loss of 

MLK3. Finally, the activity of mitotic kinases other than MLKs might be inhibited by 

CEP-1347 and their inhibition may be responsible for the phenotypes observed.  

 

To identify proteins whose expression or phosphorylation are inhibited by CEP-1347 

during mitosis, I utilized an RPPA. This analysis expectedly revealed that multiple 
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kinases in the MAPK cascade were inhibited upon treatment with CEP-1347. 

Interestingly, RPPA analysis revealed that CEP-1347 was also able to inhibit activation 

of the Akt-AMPK/mTOR/p70s6k pathway. AMPK is primarily known for its role in energy 

homeostasis and metabolism [40, 42]. It is canonically activated by liver kinase B1 

(LKB1), or calmodulin-dependent kinase kinase beta (CaMKKβ) in instances of high 

intracellular calcium [40]. AMPK activation downstream of MLK3 has been described 

[41], as well as AMPK signaling downstream to JNK [43-45]. Furthermore, AMPK 

activation is induced during mitosis and it has been described to play a role in mitotic 

spindle orientation and cellular polarity [46-49].  

 

To determine the role of this pathway in creating the phenotype observed by treatment 

with CEP-1347, I utilized an AMPK inhibitor, Compound C, and analyzed cell cycle 

progression and cellular and nuclear morphology. While treatment with Compound C 

caused an accumulation of cells in G2/M, similar to that seen after treatment with CEP-

1347, analysis of centromeres, microtubules, and DNA revealed that Compound C 

induced cell cycle arrest is more likely in G2 rather than in mitosis, as the vast majority 

of cells appeared to be in interphase. A minority of cells exhibited condensing DNA with 

an accumulation of microtubules surrounding the periphery of the cell. The morphology 

of these cells is very similar to that which was observed upon MLK3 overexpression 

[33], perhaps suggesting another link to MLK3 involvement. While Compound C is the 

most commonly used inhibitor for AMPK activity, it is not completely specific and has 

some activity against multiple other kinases [50]. Thus, it is possible that the G2 arrest 

and nuclear phenotype observed after treatment with Compound C in this experimental 
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setting resulted from inhibition of another target. Together, these data suggest that 

perhaps AMPK is not the target of CEP-1347 that leads to the phenotype observed, and 

further study of MLK3 and AMPK, as well as investigation into other kinase targets 

should be completed.  

 

Pharmacological inhibition of MLK3 using a known MLK3 inhibitor may be useful in 

elucidating the cell cycle effects of MLK3 inhibition, and evaluating expression of 

alternate MLKs in these cell models may facilitate identification of other kinases that 

may compensate for MLK3 activity. While overexpression of MLK3 has no effect on 

sensitivity to CEP-1347, the effect of MLK3 knockdown on drug sensitivity has not been 

studied. To further examine the role of AMPK in CEP-1347 mediated cell cycle arrest, a 

more specific method using RNA interference rather than pharmacological inhibition of 

activity may be prudent. Assessment of the effect of reduced expression of AMPK on 

sensitivity to CEP-1347 may provide useful insight on the role of this kinase in the 

mechanism of CEP-1347 action. Finally, it would be informative to further investigate 

the function of alternate mitotic kinases, including Aurora A, Aurora B, and PLK1. 

 

Materials and Methods 

Cell culture and reagents 

MCF-7 and MCF-7/LCC9 cells were provided by Dr. Robert Clarke (Lombardi 

Comprehensive Cancer Center, Georgetown University), and MCF-7iMLK3 cells were 

provided by Dr. Kathy Gallo (Michigan State University). All cells were cultured in 

improved modified Eagle's medium (Invitrogen) supplemented with 5% fetal bovine 
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serum (Hyclone), 100 units/mL penicillin, and 100 units/mL streptomycin and cultured at 

37 °C with 5% CO2. Drug treatments included vehicle (DMSO), 10 nM ICI 182,780 in 

ethanol (Selleckchem), 10 nM 17β-estradiol in ethanol (Sigma), 100 nM CEP-1347 in 

DMSO (donated by Teva Pharmaceuticals), 20 μM Compound C in DMSO (Sigma). 

 

Flow cytometry 

For cell cycle assays 106 cells were plated per 10 cm dish. After designated treatment, 

cells were trypsinized, fixed in 70% ethanol overnight at -20 °C, and washed two times 

with 5% FBS/95% PBS, then resuspended in PBS containing 50 μg/mL propidium 

iodide and 50 μg/mL RNaseA for 15 minutes at 37 °C. Cells were analyzed using a 

FACS Vantage flow cytometer and data were analyzed using ModFit software. 10,000 

events were analyzed for each sample. 

 

Cell viability assay 

1000 MLK3-inducible MCF-7 cells were plated in 96 well plates. After 24 hours, vehicle 

or CEP-1347 was added concurrent with 50 nM AP21967 to induce MLK3 expression. 

Cells were treated for 6 days with fresh media added on day 3. On day 6, 10 μL of CCK-

8 reagent (Dojindo) was added and optical density at 490 nm was read on a plate 

spectrophotometer.  
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siRNA knockdown of MLK3 

MLK3 siRNA (Invitrogen) and control siRNA (Dharmacon) were provided by Kathy 

Gallo. Cells were transfected with 10 nM siRNA for 48 hours and harvested as 

described for analysis of DNA content by flow cytometry. 

 

Reverse Phase Protein Array 

5x106 cells were plated in 10 cm dishes and synchronized in G1 with 48 hours of 

treatment with ICI 182,780, which was washed out followed by addition of 10 nM 17-β-

estradiol to release the cells from G1 arrest and allow synchronous progression through 

the cell cycle. The addition of 17-β-estradiol marked the 0 hour time point. Vehicle or 

CEP-1347 was added at 23 hours and protein lysates were harvested at 25 or 29 hours 

per the Baylor College of Medicine RPPA Core protocols. Treatments were completed 

and analyzed in quadruplicate. 

 

Immunofluorescence 

5x104 MCF-7 cells were plated on coverslips in 6-well dishes. After 24 hours they were 

treated with 10 nM ICI 182,780 to synchronize them in G1. After 48 hours, ICI 182,780 

was washed out and 10 nM 17-β-estradiol was added to release the cells from G1 

arrest and allow synchronous progression through the cell cycle. This was considered 

the zero hour timepoint. At 12 hours post release, drug treatments were added, and 

cells were harvested at designated timepoints. After harvest, coverslips were washed in 

PBS and fixed in 100% methanol at -20 °C for at least 30 minutes to fix, washed in PBS, 

blocked and permeabilized in 2% bovine serum albumin (BSA) plus 0.5% triton-X in 
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PBS for 1 hour, and incubated with primary antibody overnight at 4 °C. Coverslips were 

incubated with secondary antibody for 1 hour at room temperature, counterstained with 

1 μg/mL DAPI for 15 minutes, mounted on slides with Fluoromount-G (Thermo Fisher). 

Images were obtained using a FluoView 1000 Confocal Microscope. Antibodies 

included 1:1000 alpha-tubulin (T9026, Sigma), 1:2000 gamma-tubulin (T6557, Sigma), 

1:10 anti-centromere antibody (15-234, Antibodies Incorporated), DAPI (D9564, Sigma) 

and 1:200 secondary antibody (Invitrogen) 

 

Western blotting 

Cells were washed in PBS and lysed in CellLytic M lysis buffer (Sigma), supplemented 

with protease inhibitors (Complete Mini EDTA-free, Roche) and phosphatase inhibitors 

(PhosSTOP, Roche). Bradford assays (BioRad) were used to determine protein 

concentration. 20 μg of protein lysate was resolved on 10% SDS-polyacrylamide gels, 

transferred to PVDF membranes, and probed with primary antibody overnight at 4 °C 

and secondary antibody for 1 hour at room temperature. Fluorescence was analyzed 

using a Li-COR Odyssey (Li-COR Biosciences). Antibodies included 1:1000 p-AMPK 

(2535S, Cell Signaling), 1:1000 p-JNK (4668S, Cell Signaling), 1:1000 c-Jun (sc-1694, 

Santa Cruz), 1:1000 p-c-Jun (sc-822, Santa Cruz), p-histone H3 (9701L, Cell Signaling), 

1:1000 beta-actin (A4700, Sigma), 1:1000 MLK3 (ab51068, Abcam), and 1:10,000 

secondary antibody (Invitrogen). 
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Chapter 4: Conclusions and Future Directions 

Resistance of ER+ breast cancers to clinically available therapeutics is a continuing 

problem that prevents adequate treatment of patient disease. Thus, there is a need to 

investigate novel compounds for use in patients who exhibit resistance to endocrine 

therapies, as well as identify therapies that prevent or slow the development of drug 

resistance. I investigated the efficacy of CEP-1347 in preventing the proliferation of 

endocrine sensitive and resistant ER+ breast cancer cells in culture and in pre-clinical 

animal models. I also further interrogated the kinase or kinases through which CEP-

1347 induced its effects on ER+ breast cancers. 

 

Efficacy of CEP-1347 as a breast cancer therapeutic 

When used alone in culture, CEP-1347 led to an early mitotic arrest with the 

accumulation of a polyploid cell population. It also created disordered mitotic spindle 

formations and inhibited centrosome separation. Exposure to this compound led to a 

reduction in viability in both endocrine sensitive and resistant ER+ breast cancer cell 

lines. Additionally, treatment with CEP-1347 induced significant apoptosis in endocrine 

sensitive MCF-7 cells, and a more moderate induction of apoptosis in endocrine 

resistant LCC9 cells. When combined with the clinically used SERD, ICI 192,780, in 

culture, MCF-7 cells exhibited fewer cells with polyploidy, while the cell cycle phenotype 

in LCC9 remained unchanged. Furthermore, the combination treatment reduced the 

apoptotic population in MCF-7 cells while in contrast, the apoptotic population was 

significantly enhanced in LCC9 cells.  
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These in vitro results were largely reproduced when CEP-1347 was further studied in 

vivo. In xenograft models of ER+ breast cancer tumorigenesis, CEP-1347 alone 

significantly reduced proliferation in endocrine sensitive cells and slowed proliferation in 

endocrine resistant cells. This compound alone did not significantly reduce proliferation 

in endocrine sensitive or resistant tumors or exhibit any effect on apoptosis in endocrine 

resistant cells. However, it was able to drastically increase apoptosis in short term and 

long term studies of endocrine sensitive breast cancer. When combined with ICI 

182,780, the effects of CEP-1347 in vivo were enhanced. This combination therapy 

effectively inhibited proliferation of both endocrine sensitive and resistant cells. 

However, this result was achieved by distinct mechanisms in each of the models used. 

Combination treatment primarily reduced proliferation of MCF-7 cells, while this effect 

was attained by both decreased proliferation and a considerable induction in apoptosis 

in LCC9 cells.  

 

Perhaps the most interesting result from this work is the inhibition of regrowth of 

endocrine sensitive MCF-7 cells in vivo after cessation of treatment, suggesting that the 

development of resistant subpopulations of cancer cells, especially in endocrine naïve 

patients, may be slowed or inhibited by co-treatment. This is further supported by the 

results in culture after long term treatment. In both cell lines, resistant colonies formed 

after treatment with CEP-1347 alone, but this number was drastically reduced with the 

addition of ICI 182,780. While the combination was not significantly better at preventing 

the development of resistant colonies compared to ICI 182,780 alone in MCF-7 cells, it 

was impressive in LCC9 cells at reducing the number of colonies compared to either 
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drug alone. To more completely evaluate the development of resistance after treatment 

with CEP-1347 alone or in combination with ICI 182,780, it would be necessary to 

complete animal studies with treatment of animals followed by cessation of drug 

administration, and subsequent re-exposure to therapy. Data from these studies would 

more directly provide an answer for the question of development of drug resistance 

especially to the combination of CEP-1347 and ICI 182,780. 

 

To expand this work into a more clinically relevant model, we utilized three PDX lines to 

test the efficacy of CEP-1347 in culture. The data from these experiments revealed that 

CEP-1347 continued to produce an accumulation of cells in G2/M, although the 

concentration required to do this was higher than that required in cell culture for two of 

the three PDX lines tested. Subsequent studies would further examine the phenotype of 

these lines after CEP-1347 treatment in culture to examine DNA condensation, mitotic 

spindle formation, and centrosome duplication and separation, and CEP-1347 would 

need to be tested against these lines in vivo to determine its efficacy in preventing PDX 

tumor growth. If these data are promising, they would further substantiate the need to 

continue to develop this compound as a therapeutic against ER+ breast cancer.  

 

Finally, as briefly described in Chapter 2, lung and lymph node metastases were 

observed in animals with LCC9 tumors. While metastasis of ER+ breast cancer is a 

major clinical issue that is the major cause of patient death, ER+ models of metastasis 

are rare. Further exploration of the metastatic capacity of LCC9 cells would be valuable 

in establishing a model for ER+ metastasis in an in vivo system. The effects of CEP-
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1347 on inhibiting this metastatic potential would additionally be an interesting and 

important course of study. 

 

Determination of kinase target(s) of CEP-1347  

CEP-1347 is believed to inhibit MLK3, and the majority of research on this compound 

has been in evaluating its effects on the MAPK pathway. I also interrogated this 

pathway and found that CEP-1347 leads to inhibition of JNK phosphorylation and also 

its downstream target, c-Jun. Upon studying the role of MLK3 in the CEP-1347 

mechanism of action, I found that RNA interference to knockdown MLK3 expression did 

not alter cell cycle distribution, and overexpression of MLK3 had no effect on IC50. With 

these findings, I explored the possibility that MLK3 was not the primary kinase inhibited 

by CEP-1347 treatment.  

 

Further study of CEP-1347 revealed that in our models, additional kinase targets of this 

drug exist. The primary pathway outside of the MAPK cascade that is inhibited upon 

treatment with CEP-1347 is the Akt-AMPK/mTOR/p70s6k signaling pathway. Among 

the proteins in this pathway, phosphorylation of AMPK was the most inhibited after 

exposure to CEP-1347 and was thus selected to further investigate. I found that 

pharmaceutical inhibition of AMPK led to an accumulation of cells in G2/M, similar to the 

phenotype seen upon treatment with CEP-1347. However, after examining cellular and 

nuclear morphology of synchronized cells after AMPK inhibition, I found that the vast 

majority of cells to be in interphase and concluded that the cell cycle arrest caused by 

AMPK inhibition was in G2, unlike the mitotic arrest caused by CEP-1347 treatment.  
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Further work is needed to more completely elucidate the mechanism of CEP-1347 

action and determine the targets whose inhibition lead to the observed phenotype. The 

few experiments looking at MLK3 knockdown and overexpression should be expanded. 

Alternate inhibitors of MLK3, such as URMC-099, could be utilized to compare the 

phenotype resulting from independent MLK3 inhibition to that which is achieved after 

CEP-1347 treatment. Furthermore, the cellular and nuclear morphology of cells treated 

with URMC-099 and after knockdown or MLK3 should be analyzed. Additionally, the 

expression and activity of all members of the MLK family should be examined. We 

previously explored the relative levels of mRNA expression of MLKs 1, 3, 4, LZK, and 

DLK in ER+ tumorigenic and non-tumorigenic breast cell lines and found that MLK3 and 

DLK are the only two of these five MLKs that were more highly expressed in 

tumorigenic cell lines. Thus, it may be warranted to study the role of DLK the context of 

CEP-1347 action.  

 

Multiple kinases are involved in regulating progression into and throughout mitosis. 

Aurora kinases A and B play roles in centrosome duplication and separation and 

microtubule attachment to kinetochores at centromeres, respectively. While the 

phenotypes we observe upon treatment with CEP-1347 make it less likely that these 

two kinases are major targets of this compound, it may be prudent to further evaluate 

their role in CEP-1347 mediated cell cycle arrest. Additionally, polo-like kinase 1 (PLK1) 

is involved in multiple stages of mitotic progression. I was unable to determine the effect 

of CEP-1347 on modulating expression and phosphorylation of this kinase in our high-
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throughput screen, but its prominent role in mitosis makes it another protein that would 

be desirable to further examine.  

 

Finally, the studies completed to examine the effect of AMPK inhibition utilized 

pharmacologic inhibition with Compound C, a drug that is described as an AMPK 

inhibitor. However, a number of studies have found that this compound is not specific 

for AMPK and may inhibit other kinases to cause the G2 arrest observed. Rather, RNA 

interference mediated knockdown of AMPK should be utilized to more specifically 

examine the role of AMPK in cell cycle progression and cellular and nuclear 

phenotypes, as well as cell cycle distribution.  

 

Final remarks 

Targeting of the MLK signaling cascade to inhibit ER+ breast cancer growth has not 

been widely studied and this work necessitates continued investigation of the role of this 

pathway in ER+ tumorigenesis. Its previous validation in Phase I studies for Parkinson's 

Disease established the safety and tolerability of CEP-1347 in humans. Thus, clinical 

exploration of this compound for breast cancer could readily progress into Phase II/III 

trials to optimize dosing and determine efficacy in human patients. CEP-1347, 

especially in combination with ICI 182,780, shows promise as a novel therapy for 

patients with endocrine sensitive or endocrine resistant ER+ breast cancer.  
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Appendix: Optimization of In Vivo Drug Dosing 

CEP-1347 was provided by Teva Pharmaceuticals, along with formulation and 

pharmacokinetic data suggesting that plasma levels of 100-1000 ng/mL (~160-1600 nM) 

of CEP-1347 were achievable up to 12 hours after administration using 10 mg/kg in a 

50% softigen/50% MYR-J formulation with oral dosing. Based on in vitro data, IC50 for 

viability of MCF-7 cells were determined to be approximately 17 nM, and 100 nM was 

the minimum concentration of drug that elicited a maximal response [1]. Initial treatment 

conditions for ICI 182,780 were determined based on the published literature [2]. 

 

A pilot study was conducted in mice containing MCF-7 tumors with 4 treatment groups: 

vehicle, ICI 182,780 alone, CEP-1347 alone, and the combination of CEP-1347 and ICI 

182,780. CEP-1347 was administered by oral gavage (p.o.) daily at 10 mg/kg in a 

Softigen:MYRJ formulation, with the drug dissolved in DMSO prior to preparation. ICI 

182,780 was dosed weekly by intraperitoneal (i.p.) injection at 5 mg/animal using 5% 

DMSO/95% peanut oil as vehicle. The results of this study showed no significant 

difference between the treatment groups with regard to tumor growth measured by 

volume and RFP fluorescence (data not shown). Blood was collected from animals after 

several days of treatment and upon sacrifice at the end of the study to ensure that CEP-

1347 had reached therapeutic levels. Sera was isolated from whole blood by removal of 

red blood cells and plasma proteins to analyze concentrations of CEP-1347 using mass 

spectrometry with atmospheric pressure chemical ionization (APCI) and a targeted 

MS/MS method. These analyses showed that CEP-1347 was virtually undetectable in 

all samples tested.  
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The undetectable levels of CEP-1347 in serum explained its lack of effect, but MCF-7 

tumors are known to be very sensitive to ICI 182,780 treatment. Further review of the 

literature revealed that many studies used subcutaneous rather than intraperitoneal 

dosing, with castor oil rather than peanut oil as vehicle [3]. In our remaining tumor 

studies, subcutaneous administration of 5 mg ICI 182,780 per week in castor oil was 

used and was effective.  

 

To study the pharmacokinetics of CEP-1347, two vehicle combinations were used: (1) 

1% DMSO/99% peanut oil, and (2) 25% propylene glycol/75% Gelucire 44/14. Peanut 

oil was administered orally with CEP-1347 concentrations of 10 mg/kg and 20 mg/kg, 

and propylene glycol/Gelucire was administered orally with 20 mg/kg CEP-1347. A 

second method of administration was subcutaneous injection in 1% DMSO/99% peanut 

oil, also at both 10 mg/kg and 20 mg/kg of drug. Blood was collected at a number of 

time points ranging from 30 minutes to 24 hours post-dosing. Rather than preparing 

sera, plasma was isolated from blood and analyzed for concentrations of CEP-1347. As 

CEP-1347 is highly hydrophobic and lipophilic, I hypothesized that it might be highly 

protein-bound in the blood stream, and collection of plasma rather than sera allowed us 

to retain these plasma proteins.  

 

Initially, all samples tested exhibited sub-therapeutic concentrations of drug, regardless 

of the concentration or method of administration. After consulting with the mass 

spectrometry core, the analysis method was optimized and samples were re-analyzed. 

Using electrospray ionization (ESI) with a time-of-flight machine and an untargeted 
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method, I was able to detect CEP-1347 at concentrations as low as 2 nM in standards 

(Figure A-1A). While all of the pharmacokinetic trials using DMSO/peanut oil, both s.c. 

and p.o, still showed nearly undetectable levels of CEP-1347, the trial using 25% 

propylene glycol/75% gelucire 44/14 showed promising results, with CEP-1347 

detectable, but at sub-therapeutic levels (Figure A-1B).  

 

Figure A-1: Pharmacokinetic studies. A) Standard curve using ESI and untargeted 

analysis. B) CEP-1347 was dosed orally at 20 mg/kg in 25% propylene glycol/75% 

gelucire 44/14. Blood was drawn from 3 animals each at 3, 6, 12, and 24 hours post 

dosing and analyzed by MS. C) CEP-1347 was dosed intravenously at 2 uM in 1% 

DMSO/99% PBS. Blood was drawn at 30 seconds, 1, 5, and 15 minutes post injection 

and analyzed by mass spectrometry. 

 

A timed intravenous (i.v.) study using 1% DMSO/99% PBS showed that CEP-1347 was 

readily detectable in animal plasma 30 seconds after i.v. injection. Interestingly, the 

level of CEP-1347 drastically dropped off within the next 30 seconds and was again 

virtually undetectable at 1 minute post i.v. injection. This suggested that CEP-1347 is 
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very rapidly absorbed across cell membranes and quickly leaves the blood stream after 

entry (Figure A-1C).  

 

I posited that since 20 mg/kg led to approximately one-third of our ideal therapeutic 

dose, a dose of 60 mg/kg would provide therapeutic levels of drug in plasma. I 

conducted a trial MCF-7 tumor study administering CEP-1347 p.o. at 60 mg/kg 6 

days/week in 25% propylene glycol/75% gelucire 44/14 for 5 weeks. I hypothesized that 

perhaps the lack of effect in our first trial may have been due to excessive estrogen 

levels due to the implanted estrogen pellets. Therefore, in this second pilot tumor study, 

they were removed prior to initiation of treatment. There was again no significant effect 

on tumor growth as tumors did not continue to proliferate after the removal of estrogen 

pellets. However, plasma samples collected after 3 and 5 weeks of 6 day/week drug 

administration were analyzed using the ESI mass spectrometry method. These samples 

indicated approximately 1000 nM of CEP-1347 detectable in all dosed animals, both at 

3 weeks and at 5 weeks of dosing (Figure A-2).  
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This result led us to hypothesize that multiple doses of CEP-1347 are required to 

achieve therapeutic levels in animal plasma, and that this method of dosing, could be 

effective in preventing tumor growth in vivo. I concluded that a dosing regimen of 60 

mg/kg p.o. every other day in 25% propylene glycol/75% gelucire 44/14 would allow 

animals to reach therapeutic concentrations of CEP-1347 in their blood while minimizing 

stress from daily oral gavage. 

Figure A-2: CEP-1347 plasma concentrations. CEP-1347 was dosed daily at 60 

mg/kg in 25% propylene glycol/75% gelucire 44/14 orally and blood was collected after 

3 weeks and 5 weeks of administration. Plasma was isolated from blood and analyzed 

using ESI mass spectrometry. At 3 weeks, N = 4 and at 5 weeks, N = 2.  

 

I tested this dosing regimen in a third pilot tumor study using MCF-7 cells and three 

treatment groupd: vehicle (25% propylene glycol/75% Gelucire 44/14 every other day 
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p.o.), ICI 182,780 alone (5 mg/week s.c. in castor oil), and CEP-1347 alone (60 mg/kg 

p.o. in 25% propylene glycol/75% Gelucire 44/14 every other day). After 3 weeks of 

treatment, animals treated with ICI 182,780 alone or CEP-1347 alone grew significantly 

smaller tumors compared to animals treated with vehicle (Figure A-3), and these were 

the dosing regimens used in Chapter 2. 

 

 

Figure A-3: Growth curves from third pilot tumor study. Animals were injected 

orthotopically with 5x106 cells. Once tumor reached approximately 100 mm3, 4 animals 

were randomized into one of three treatment groups: vehicle, ICI 182,780 alone, or 

CEP-1347 alone and dosed for 3 weeks. 

 

Results from all pharmacokinetic experiments are summarized in Table A-1, and all pilot 

tumor studies are summarized in Table A-2. 
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Table A-1: Summary of pharmacokinetic studies conducted. Mice were dosed at 

either 10 mg/kg or 20 mg/kg, subcutaneously or orally, in DMSO/oil or 

gelucire/propylene glycol. An i.v. study was also conducted using 2 μM CEP-1347 in 

DMSO/PBS. Data is summarized from each study.  

 

 

Table A-2: Summary of trial tumor studies completed. 5x106 cells were injected 

orthotopically into the fat pads of athymic Nu/Nu mice. Once tumors measured  
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Table A-2 (cont'd) 

approximately 100 mm3, animals were randomized into treatment groups and dosed as 

specified. 
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