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Abstract 

Dysregulation of receptor tyrosine kinase (RTK) signaling has been implicated in 

the pathogenesis of breast cancer. Both EGFR and HER-2 regulate tumor cell 

proliferation and survival through the Ras-Raf-Mek-Erk (MAPK) pathway. Cyclin-

dependent kinases (CDKs) are implicated in regulating proliferative and survival 

signaling downstream of the MAPK pathway. Here I show that CDK inhibitors exhibit an 

order-of-magnitude greater cytotoxic potency than a suite of inhibitors targeting RTK and 

Ras-MAPK signaling in cell lines representative of clinically recognized breast cancer 

subtypes. Drug combination studies showed that the pan CDK inhibitor, Flavopiridol, 

synergistically potentiated cytotoxicity induced by the Raf inhibitor, Sorafenib.  In vivo 

mouse models of breast cancer treated with both drugs exhibited reduced primary tumor 

growth rates and metastatic tumor load in the lungs compared to treatment with either 

drug alone, and this correlated with greater reductions in Rb signaling and Mcl-1 

expression in resected tumors. In addition, Mek inhibition with U0126 potentiated the 

cytotoxic efficacy of Sorafenib, showing added benefits of drug combination to reduce 

doses while achieving greater therapeutic efficacy in a mutant Ras/Raf triple-negative 

breast cancer cell line. In vivo mouse models showed targeted Raf (Sorafenib) and Mek 

(AZD6244) inhibition resulted in reduced primary tumor growth and metastatic tumor 

load in the lungs, with the combined targeted Raf and Mek treatment showing greater 

inhibition than targeting either Raf or Mek alone. Synergistic anti-tumorigenic effects of 

the Sorafenib-Flavopiridol and Sorafenib-U0126/AZD6244 combinations across breast 

cancer cells driven by EGFR/HER-2 or Ras-MAPK signaling suggest the broad 
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applicability of these combinations to treat multiple breast cancer subtypes. These data 

highlight the significance of co-targeting Raf, Mek, and CDKs to effectively disrupt 

constitutive Ras-MAPK signaling that may give rise to resistance and metastasis.  
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Chapter 1 

General Introduction 

          

 

          Chemotherapy-related morbidity, drug-resistant recurrence and metastasis have 

prompted systematic investigation of the molecular mechanisms underlying the 

complexity of carcinogenesis. Growth and differentiation of both normal and malignant 

epithelial cells are in part regulated by a signaling network of four members of the type I 

receptor tyrosine kinase family, which include epidermal growth factor receptor (EGFR; 

also known as ErbB1/HER-1), human epidermal growth factor receptor 2 (HER-2; also 

known as ErbB2/neu), HER-3, and HER-4. Dysregulation of this signaling network has 

been implicated in the pathogenesis of cancer [1]. The amplification of HER-2 has been 

associated with poor prognosis in breast cancer, while EGFR has been reported to be 

mutated or amplified in a wide variety of carcinomas [2-4]. Both EGFR and HER-2 

regulate tumor cell proliferation and survival through Ras-Raf-Mek-Erk (MAPK) and 

PTEN-PI3K-Akt pathways. Mutations of RAS, RAF, PTEN, and PI3K have been 

identified in many malignancies and strongly linked with tumor initiation and progression 

resulting in an aggressive disease phenotype [5, 6]. Hence, targeted therapies against 

receptor tyrosine kinases have become a focal point in cancer treatment. In breast cancer, 

targeted—HER-2 therapy utilizing a monoclonal antibody Trastuzumab prolongs disease-

free and overall survival of HER-2 over-expressing patients [7]. Similar strategies have 

also been applied in lung cancer treatment where the small molecule inhibitor, Erlotinib, 
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is utilized to target the tyrosine kinase domain of EGFR to inhibit downstream 

proliferative signaling pathways [8]. The advent of Trastuzumab therapy has not only 

redefined the course of breast cancer (BC) treatment but has also highlighted the 

importance of using targeted therapy to further dissect and understand the complexity of 

signaling pathways that lead to malignant progression. Many more targeted inhibitors 

against Ras-Raf-Mek-Erk and PI3K-Akt pathways have been developed [9]. 

Nevertheless, the promising rationales of using these mono-targeted therapies have been 

overshadowed with clinical dilemmas that arise from drug resistance, toxicity, disease 

relapse, and metastasis. This has prompted attempts to concurrently target multiple 

signaling pathways using combined targeted therapies to bypass adaptive mechanisms 

that circumvent signaling blockade of targeted pathways. The main objectives of this 

thesis were to identify combinations of targeted inhibitors that exhibit synergism in 

achieving maximal inhibition of breast cancer cell proliferation and survival, to elucidate 

the role of signaling molecules along alternative signaling pathways leading to 

circumvention and resistance, and to validate these observations through the use of 

preclinical mouse models of breast cancer.   
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1.1 Type I Receptor Tyrosine Kinase Family 

          Type I receptor tyrosine kinase (RTK) family is expressed in various epithelial, 

mesenchymal, and neuronal tissues. It comprises four members, namely: epidermal 

growth factor receptor (EGFR; also known as ErbB1/HER-1), human epidermal growth 

factor receptor 2 (HER-2; also known as ErbB-2/neu), HER-3, and HER-4 (Figure 1.1). 

These RTKs have a cysteine-rich extracellular ligand-binding region, a transmembrane 

region, and a cytoplasmic region with protein-tyrosine kinase activity and multiple 

phosphorylation sites [1, 10]. Under normal physiologic functions, these receptors can be 

activated by a diversity of ligands, including: heparin-binding EGF (HB-EGF), epidermal 

growth factor (EGF), transforming growth factor-α (TGF-α), amphiregulin (AR), 

epiregulin, betacellulin, and neuregulins (NRGs) [10]. Ligand binding initiates the 

formation of receptor homo- or heterodimers which leads to the activation of their 

intrinsic kinase domains where specific tyrosine residues become phosphorylated and 

serve as docking sites for cytoplasmic proteins involved in various intracellular signaling 

pathways.  Two main pathways activated by these receptors are the mitogen-activated 

protein kinase (MAPK) and the phosphatidylinositol-3 kinase (PI3K)-Akt pathways, by 

which these RTKs regulate cell differentiation, proliferation, and survival [4, 10]. 

          Type I RTKs are expressed in various cell types. Vital regulatory roles for Type I 

RTKs have been implicated in embryogenesis, tissue differentiation and development in 

various organisms. In the nematode Caenorhabditis elegans, a role in cell fate 

differentiation in vulva development was well-characterized where the six vulval 

precursor cells expressing LET-23 (an EGFR homologue) responded to the paracrine 
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Figure 1.1     Type I Receptor Tyrosine Kinase (RTK) associated signaling pathways 

 

Downstream pathways of the ErbB (HER)-mediated signaling cascades regulate a number of 

transcription factors that determine cell fate through driving differentiation, growth, migration, 

and survival. [Adapted from Yarden et al. 2001[1]]  
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paracrine acting factor LIN-3 (an EGF-like ligand) signal from a gonadal anchor cell 

[11]. EGFR knockout mice showed immature development in epithelial differentiation 

resulting in skin and follicular defects, whereas mice lacking HER-2 in Schwann cells 

had defective myelin sheaths with movement abnormalities [12, 13]. RTKs also play a 

role in the development and differentiation of the mammary gland, which undergoes 

differentiation and development postnatally. EGFR and its ligand AR regulate ductal 

growth, whereas HER-2 together with HER-3, HER-4 and NRG-1α contribute to lobulo-

alveolar development, maturation and lactation [4] [14]. The compositions of these RTKs 

on various cells together with their respective ligands are key regulators that determine 

the outcome of cellular development.  

          Ligands for type I RTKs such as: EGF, TGF-α, and AR bind to EGFR; 

betacellulin, HB-EGF and epiregulin bind to EGFR and HER-4; NRG 1 and 2 bind to 

HER-3 and HER-4; NRG 3 and 4 bind to HER-4.  Depending on the availability of 

cytoplasmic proteins, these ligands regulate the type, duration and potency of the 

signaling pathways activated by RTKs. With no known binding ligand, HER-2 is the 

preferred heterodimerization partner of the other ligand-bound type I RTKs. HER-3 lacks 

intrinsic kinase activity and only becomes phosphorylated when heterodimerized with the 

other receptors (Figure 1.2) [4, 15].  
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Figure 1.2     ErbB (HER) family members and their associated ligands 

Various ligands bind to ErbB (HER) receptors to initiate receptor homo- or heterodimerization 

and activate their intrinsic kinase domain. HER-2 receptors have no known ligands, and HER-3 

receptors have impaired kinase activity and gain signaling potential by dimerization with other 

HER receptors. Overexpression of HER-2 receptors in breast cancer leads to their constitutive 

activation. [Adapted from Hynes et al. 2005 [10]]    
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Thus the selectivity of ligand binding in part determines the activation of specific RTKs 

and consequently the type of cytoplasmic proteins that bind to phosphorylated tyrosine 

residues of these receptors.  Many of these cytoplasmic proteins that bind to the activated 

receptors through their Src-homology 2 (SH2)- or phosphotyrosine-binding (PTB)-

domains function as adaptor proteins (Shc, Crk, Grb2, Grb7), kinases (Src, Chk and 

phosphatidylinositol 3-kinase (PI3K)) and protein tyrosine phosphatases (SHP1 and 

SHP2) (Figure 1.3) [10, 15]. The MAPK pathway is engaged downstream of all HER 

family members via Shc and/or Grb2 adaptor proteins, and the PI3K pathway is also 

directly or indirectly activated by most type I RTKs, with HER-3 being a particularly 

potent activator with multiple binding sites for the p85 regulatory subunit [4, 15]. 

        

1.2 Role of HER-2 in breast cancer  

          Approximately 20-30% of invasive ductal BC cases over-express HER-2 through 

gene amplification, and this has been associated with poor clinical prognosis [16]. HER-2 

over-expression is strongly related to tumor size, tumor infiltration to lymph nodes, high 

grade tumors, increased cell populations in S-phase, aneuploidy and lack of steroid 

hormone receptors. This over-expression correlates well with amplification of the c-erbB-

2 locus on chromosome 17 q [1, 17]. For diagnostic purposes, the FDA has approved two 

fluorescence in situ hybridization (FISH) assays (Ventana Medical Systems, Inc, Tucson, 

Az and Vysis, Inc, Downers Grove, IL) and two immunohistochemistry (IHC) assays  
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Figure 1.3     Phosphotyrosine residues and binding sites of signaling molecules that activate 

downstream signaling cascades upon activation of ErbB (HER) receptors  

  

Representation of phosphorylation sites of EGFR, HER-2, HER-3 and HER-4 receptors leading 

to signaling diversification through heterodimerization and preferential modulation of signaling 

pathways. For example, heterodimerization of HER-2 and HER-3 preferentially activates the 

PI3K/Akt pathway through the p85 adaptor [18].  [Modified from Olayioye et al. 2000 [15]]    
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(DAKO, Corp, Carpinteria, CA and Ventana Medical Systems, Inc) for identification of 

HER-2 positive cases. Gene amplification has been associated with up to a 25-fold 

increase in HER-2 copy number in some cases [19]. Over-expression is indicated by IHC 

when receptor levels accumulate to ~2 million copies per cell (defined as 3+) showing 

high staining intensity, or with medium staining intensity (2+) when receptor levels are 

on the order of ~500,000 copies per cell.  Normally, levels of HER-2 receptor are 

estimated to be ~20,000 copies per cell [20] [21]. High levels of HER-2 have also been 

implicated in ovarian, gastric, bladder, and lung cancers, suggesting a pivotal role in 

driving oncogenesis [4].  

          BC patients with tumors over-expressing HER-2 have an increased incidence of 

metastasis and reduced survival rates compared to patients with tumors showing normal 

HER-2 levels. HER-2 over-expression is associated with resistance to chemotherapy 

agents, including cytoxan, 5-fluorouracil, and methotrexate. Increased sensitivity to 

adriamycin-based regimens has been shown [17, 22].  Hence HER-2 has become a 

molecular predictor of both relapse and disease free survival. At present, it is used as a 

biomarker that has both prognostic and predictive values in both BC diagnostics and 

management [17, 23].  

 

1.3 Monoclonal antibody targeting HER-2   

          Approved by the FDA in 1998 for clinical use, Trastuzumab (Herceptin®) is a 

recombinant humanized monoclonal antibody that targets the extra-cellular domain of 

HER-2, and it is currently the main treatment for HER-2 positive BC [21]. Trastuzumab 
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has demonstrated synergistic or additive effects on inhibition of tumor growth when 

combined with cytotoxic chemotherapeutic agents [24]. Metastatic HER-2 positive cases 

have benefited from Trastuzumab, used either as a single agent or in combination with 

paclitaxel, resulting in significantly improved time to disease progression, duration of 

response and time to treatment failure [7, 25]. Based on cell culture and xenograft 

studies, several inhibitory mechanisms of Trastuzumab have been proposed; these 

involve internalization and degradation of HER-2 receptor, induction of p27Kip1, 

disruption of angiogenesis, and inhibition of PI3K/Akt signaling pathway. The exact 

mechanisms behind Trastuzumab’s clinical efficacy remain multifactorial and unclear 

[10, 21].       

          Despite the evident benefits of Trastuzumab, disease recurrence and resistance 

leading to progression and metastasis remain the main clinical dilemmas in therapy. 

Continuation of Trastuzumab treatment in advanced HER-2 BC progressing during 

Trastuzumab-based therapy did not improve overall survival, time to second progression, 

and post progression survival [26]. In addition, the majority of metastatic patients who 

initially responded to Trastuzumab developed resistance within 1 year of treatment [21, 

27].  

          One proposed mechanism underlying resistance involves membrane-associated 

glycoprotein 4 (MUC4). MUC4 contains two glycoproteins: ascites sialoglycoprotein 

(ASGP)-1 that constitutes the amino-terminus extracellular portion of MUC4, and 

transmembrane ASGP-2 which links ASGP-1 to plasma membrane.  MUC4 promotes 

cancer progression by inhibiting immune recognition, suppressing apoptosis, activating 
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HER-2, and promoting metastasis [21]. Acting as a ligand, MUC4 interacts directly with 

HER-2 receptors through the EGF-like domain of ASGP-2 resulting in increased 

phosphorylation of HER-2 at Tyr1248 residue. MUC4 also causes steric hindrance that 

decreases Trastuzumab’s binding to HER-2 receptors without affecting their expression 

levels. This is largely attributed to the rigid and bulky structure of its O-glycosylated 

ASGP-1 subunit that non-specifically blocks cell surface molecules such as adhesion and 

MHC molecules [28]. 

          Insulin-like growth factor 1 receptor (IGF1R) signaling has also been implicated in 

Trastuzumab’s resistance [21]. Heterodimerization of IGF1R and HER-2 has been 

reported in Trastuzumab-resistant breast cancer, this cross talk resulted in increased 

HER-2 phosphorylation on Tyr1248 in Trastuzumab-resistant cells but not in 

Trastuzumab-sensitive cells. Resistant cells showed more rapid IGF1R-induced 

activation of PI3K/Akt and Ras/MAPK pathways than Trastuzumab-sensitive cells [29]. 

IGF1R-mediated Trastuzumab resistance is closely tied to the downregulation of Cdk 

inhibitor p27Kip1 expression [30].   

          HER-2 is activated by EGF-initiated stimulation of EGFR by way of 

heterodimerization [31]. The addition of an EGFR tyrosine kinase inhibitor gefitinib 

improved the inhibitory efficacy of Trastuzumab in HER-2 overexpressing BC in 

xenograft models, underlining the importance of targeting EGFR in Trastuzumab-based 

therapy [32].      
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1.4 EGFR as a potential target in breast cancer  

          EGFR has been implicated in a wide array of cancers, such as gliomas, ovarian, 

head-and-neck, breast, colon, and non-small cell lung cancer [4, 33, 34].  The 175 kDa 

transmembrane EGFR glycoprotein consists of ligand binding sites in the extracellular 

domain and tyrosine-specific kinase activity and autophosphorylation sites in the 

cytoplasmic domain. Clinically important mutations have been described in 

intracytoplasmic regions of EGFR corresponding to three distinct sites; the P loop, the 

activation loop, and the alpha C-helix. EGFR mutations, noticeably in non-small cell lung 

cancer, include G719C or G719S nucleotide substitutions in exon 18 encoding the P loop, 

L858R mutations in exon 21 corresponding to the activation loop, and in-frame deletions 

in exon 19 which change the structural and spatial orientation of the alpha C-helix. These 

kinase domain mutations of EGFR are referred to as activating mutations.  Those in exon 

19 account for 45% of cases, and mutations in exon 21 for 40-45% [34, 35]. Frequently 

occurring in gliomas and head-and-neck cancer, another important mutation results in 

truncation of the EGFR protein. This type III EGFR-deletion mutant receptor (EGFRvIII) 

gene involves in-frame deletions of exon 2-7 (Δ801) and encode a truncated receptor that 

is constitutively active, while lacking a functional extracellular domain [36, 37]. 

Transfection of this mutant into MCF-7 BC cells increases colony formation efficiency, 

HER-2 phosphorylation, and tumorigenicity. Interestingly, EGFR activating mutations 

and the EGFRvIII mutant have been reported to occur very rarely in human BC samples 

and cell lines [38-40]. 
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          Overexpression of EGFR has been implicated in 16-36% of BC [33, 39, 40]. In 

metaplastic breast cancer (MBC), 80% of cases have been reported to show EGFR 

overexpression, and 34% of this EGFR-overexpressing subset harbored gene 

amplification. The mechanism of EGFR overexpression in other MBCs remains unclear. 

Moreover, EGFR expression is found in 35% of recurrent BC cases and is inversely 

correlated with estrogen receptor status. Patients with EGFR expression had worse post-

relapse survival than those with low EGFR expression, and showed increased resistance 

to hormone therapy [33]. In the most aggressive type of breast cancer—the basal-like 

subtype, EGFR expression has been reported in up to 66% of cases [41]. The implication 

of EGFR in BC has highlighted its prognostic value as well as its potential role as a bona 

fide target in drug discovery and cancer therapy [42]. Phase II clinical trials such as: 

NCT00463788, NCT00054275, and NCT00491816, have utilized EGFR-targeted 

antibodies and tyrosine kinase inhibitors in the treatment of BC (Table 1.1) [41, 43].    

 

1.5 Basal-like breast cancer subtype  

          As a heterogenous disease, BC displays a variety of entities associated with 

morphologic and immunohistochemical features with varying clinical behaviors and 

outcomes. Standard clinical features utilized to predict the outcome of BC patients 

include age, tumor size, histological grade, lymphovascular infiltration, and expression of 

hormone receptors [41]. Since the dawn of antiestrogen therapy in the 1970s initiated by 

studies showing the benefits of tamoxifen, molecular profiling has become an invaluable 

diagnostic and prognostic tool in the course of BC diagnosis, treatment as well as  
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Table 1.1   Targeted therapy in clinical trials [40, 43, 44] 

Drugs (target) Phase Trial identifier Target population 
 

BAY80-6946 (PI3K) 

BAY86-9766 (Mek) 

 

Phase I 

 

NCT01392521 

 

Advanced  cancers 

 

BKM120 (PI3K) 

GSK1120212 (Mek) 

 

Phase I 

 

NCT01155453 

 

Advanced solid tumors 

 

PF-05212384 (PI3K/mTOR) 

PD0325901 (Mek) 

 

 

Phase I 

 

NCT01357866 

 

Advanced cancers 

 

Cetuximab (EGFR) 

 

Phase II 

 

NCT00463788 

 

Advanced TN breast cancer 

 

Erlotinib (EGFR) 

 

Phase II 

 

NCT00054275 

 

Recurrent/advanced breast cancer 

 

Erlotinib (EGFR) 

 

Phase II 

 

NCT00491816 

 

TN breast cancer 

 

GW572016 (HER-2/EGFR) 

 

Phase III 

 

NCT00078572 

 

Advanced HER-2 breast cancer 

     

            [Adapted from www.clinicaltrials.gov] 
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therapeutical research [45]. This advancement is further accelerated by the implication of 

HER-2 in BC pathogenesis. The advent of Trastuzumab has not only revolutionized BC 

treatment but also clinical approaches to biomolecular profiling and diagnosis of BC [16, 

25]. Characterization of estrogen receptor and HER-2 status has become an integral part 

in the current pathological work-up for diagnostic practice.  

          Early characterization of BC subtypes has utilized estrogen receptor (ER), 

progesterone receptor (PR), and HER-2 status to characterize BC into luminal A, luminal 

B, HER-2, and basal-like categories. Luminal A tumors are often histopathologically 

classified as ER (+) and/or PR (+) and HER-2 (-); luminal B as ER (+) and /or PR (+) and 

HER-2 (+); HER-2 as ER (-), PR (-) and HER-2 (+); basal-like as ER (-), PR (-) and 

HER-2 (-) [46]. Involvement of lymph nodes is most commonly associated with HER-2 

tumors (56%), followed by luminal B (47%), basal-like (41%), and luminal A (34%) 

[47]. High mitotic index is frequently seen in basal-like tumors (87%), followed by HER-

2 (69%), luminal A (31%), and luminal B (32%). Compared to other subtypes, basal-like 

tumors are most poorly differentiated with marked nuclear pleomorphism [48]. The 

basal-like subtype commonly affects younger (<50 yrs), premenopausal African 

American women. It progresses with an aggressive clinical course with the peak risk of 

recurrence occurring within the first 3 years of diagnosis, and the majority of death 

occurring within the first 5 years of therapy. Patients with basal-like cancer have a 

significantly shorter survival after the first metastatic event when compared to patients 

with other cancer subtypes [41]. Metastatic events from basal-like subtype tend to favor a 
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hematogenous spread to the brain and lungs, and less frequently to the lymph nodes and 

bones [49].  

          Accounting for up to 15% of breast cancers, basal-like carcinomas are 

characterized by the expression of genes normally found in basal/myoepithelial cells of 

the breast, which include high-molecular-weight cytokeratins CK 5/6, CK 14 and CK 17, 

p-cadherin, vimentin, fascin, caveolins 1 and 2, S-100, β4 integrin, and laminin [41, 49, 

50]. Tumors that lack ER, PR, and HER-2 expression are frequently coined as ‘triple-

negative’, this term has been used interchangeably with ‘basal-like’ breast cancer. 

Although the vast majority of basal-like carcinomas are triple-negative, up to 15% basal-

like carcinomas express either ER or HER-2; and not all triple-negative cancers fit the 

basal-like profile [50, 51]. Current identification of basal-like subtype is defined as ER (-

), HER-2 (-), CK 5/6 (+), and EGFR (+); this methodology has a specificity of 100% and 

a sensitivity of 76% for identifying basal-like BC [52]. EGFR is found to be highly 

expressed in > 60% of basal-like BC cases. When the expression levels of CK 5/6 and 

EGFR were assessed as basal markers, 56-84% of triple-negative cases were found to be 

positive; triple-negative cancers with a basal-like phenotype had a significantly shorter 

disease-free survival in comparison to triple-negative cancers not expressing CK 5/6 and 

EGFR [41, 51, 53]. Both triple-negative and basal-like subtypes more commonly occur 

within young black and Hispanic women presenting with tumors with a high histological 

grade. In addition, more than 75% of women carrying a mutation in BRCA1, a BC 

susceptibility gene, present with tumors showing either a basal-like or triple-negative 

phenotype [50, 51]. Due to increased resistance to adjuvant chemotherapy and a high 
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relapse rate, various targeted therapies against EGFR (Cetuximab, Erlotinib), VEGF 

(Bevacizumab), Raf (Sorafenib), and Src (Dasatinib) have been tested in various clinical 

trials in treating basal-like and triple-negative BC [41, 50, 54].  

 

1.6 Signaling aberrations of the Ras-Raf-Mek-Erk pathway  

          Both HER-2 and EGFR regulate cell proliferation and survival through the Ras-

Raf-Mek-Erk (Ras-MAPK) pathway which plays significant roles in cancer development 

and progression [5, 31, 55]. Oncogenic mutations in genes such as KRAS and BRAF 

along this pathway are commonly found in various malignancies.  These mutations, 

which contribute to aberrant activation of Ras-MAPK signaling has been reported in 30% 

of human malignancies [56]. Although KRAS mutations are only found in approximately 

5% of BC cases, up to 60% of the basal-like subtype express EGFR and thus could 

benefit from targeted therapies that disrupt the Ras-MAPK signaling cascade [57, 58]. 

Upon stimulation by upstream RTKs, Ras proteins (H-, K-, N-Ras) undergo a transient 

switch from the inactive GDP-bound to the active GTP-bound form. Mutated RAS genes 

in human cancers often encode proteins that harbor substitutions at residues G12 or Q61, 

resulting in the constitutively active state of GTP-bound Ras, which is insensitive to 

GAP, the GTPase activator protein which switches Ras off [56]. MAPK signal 

amplifications frequently occur through gain-of-function mutations of RAS and RAF 

genes, which have been demonstrated to be mutually exclusive in various tumors [59, 

60]. As a downstream effector of Ras, Raf family members (ARaf, BRaf and C-Raf/Raf-

1) are associated with a wide array of signalling molecules that regulate proliferation and 
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apoptosis. In human cancer, a greater number of mutations have been observed in BRAF 

than either ARAF or CRAF; all three Raf members activate Mek through phosphorylation, 

with BRaf exhibiting the greatest potency [5, 61]. In over 50% of malignant melanomas, 

BRAF mutations contribute to the constitutive activation of MAPK pathway. Cells that 

harbour BRAF mutations displayed selective sensitivity to Mek-targeted inhibition 

compared to wild-type or RAF-mutant cells [59]. Mutated BRaf oncoproteins have been 

found to be highly transforming, irrespective of upstream Ras activity in various cancers 

such as melanoma, colorectal, ovarian, and breast carcinomas [56, 60, 62].   

          The Ras-Raf axis transduces survival and proliferative signals through both Mek-

Erk-dependent and Mek-Erk-independent Raf signaling pathways [63]. Although no 

oncogenic mutations of MEK or ERK have been confirmed in various neoplasms, 

constitutive Mek-Erk activation has been shown to potently induce malignant 

transformation of epithelial and hematological cells [56, 64]. In BC, elevated MAPK 

signaling has been associated with advanced clinical presentations with a high metastatic 

rate. The expression of Erk in primary breast carcinomas is elevated 5- to 10-fold 

compared to benign lesions such as fibroadenoma and fibrocystic disease [65, 66]. 

Aberrant MAPK signaling leading to constitutive Erk activation in the TN BC cell line 

MDA-MB-231 – which harbors both KRAS and BRAF mutations –  has been associated 

with increased resistance to the dual EGFR/HER-2 inhibitor Lapatinib, and significant 

pulmonary metastases in orthotopic xenograft mouse models [31, 67, 68]. Clinically, 

increased Erk activity has also been positively correlated with metastatic lymph node 

infiltrations and associated with increased insensitivity to hormone therapy [69].  
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          The role of the dysregulated Ras-MAPK pathway in oncogenesis has prompted 

development of targeted therapies to disrupt its signaling aberrations. Raf- and Mek-

targeted inhibitors have been tested in preclinical models as well as clinical trials. 

Sorafenib (SFN) (BAY 43-9006; Nexavar) is the most successful anti-Raf inhibitor to 

date, which was approved by the FDA in 2005 for treatment of advanced renal cell 

carcinoma [56]. SFN potently inhibits both the CRAF and BRAF isoforms (e.g., V600E, 

the predominant mutation found in malignancies). Preclinical studies showed that HER-2 

overexpressing cell lines resistant to Lapatinib and Trastuzumab lost dependence upon 

HER-2 and exhibited increased sensitivity to SFN [70, 71]. The recent SOLTI-0701 trial 

demonstrated that SFN significantly prolonged progression free survival (PFS) of 

advanced or metastatic HER-2 negative BC patients [54]. First generation Mek inhibitors 

such as PD98059 and U0126 have been widely used to dissect the complexity of the 

Mek-Erk signaling pathway [56]. AZD6244 (AZD) (ARRY-142886; Selumitinib) is a 

selective non-ATP competitive inhibitor of MEK 1 and MEK2; preclinical assessments 

showed its antitumorigenic properties in BC, colorectal carcinoma, NSCLC, and 

melanoma xenograft models [56, 72, 73]. The NCT00890825 trial reported that AZD 

improved overall survival (OS) and PFS in advanced KRAS-mutant NSCLC patients, 

warranting Mek inhibition to disrupt Erk signaling irrespective of upstream stimuli [74]. 

This is consistent with recent findings that showed downregulation of MAPK signaling 

resulted in increased sensitivity to anastrazole therapy in AZD-treated BC xenografts 

[75]. Thus targeting signaling molecules along the Ras-Raf-Mek-Erk pathway 
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downstream of RTKs provides a bona fide rationale for achieving greater therapeutic 

efficacy and thus improving clinical outcome [65, 76]. 

 

1.7 An alternative signaling route through the PI3K-Akt pathway   

          In addition to the Ras-Raf-Mek-Erk (Ras-MAPK) pathway, one major alternative 

signaling pathway activated by upstream receptor tyrosine kinases, such as EGFR and 

HER-2, is the phosphatidylinositol-3 kinase (PI3K)-Akt pathway. In the presence of 

mitogenic stimuli, the PI3K-Akt pathway is critical in regulating cell growth and 

promoting survival [4, 6, 10]. The PI3K enzyme consists of a regulatory p85 subunit and 

a catalytic p110 subunit; knockout of either α or β isoforms of p110 has been shown to be 

embryonically lethal in mice [44, 77, 78]. Activation of PI3K leads to the 

phosphorylation and conversion of the phosphatidylinositol diphosphate (PIP2) into 

phosphatidylinositol triphosphate (PIP3), which recruits phosphatidylinositol-dependent 

kinase 1 (PDK1) to phosphorylate and activate Akt. The tumor suppressor PTEN 

(phosphatase and tensin homolog) negatively regulates the PI3K signaling by 

dephosphorylating PIP3 to PIP2. PTEN deletion and/or mutation resulting in aberrant 

activation of Akt independent of exogenous stimuli have been tied to various 

malignancies [6]. The PI3K-Akt pathway has been found to be frequently deregulated in 

BC.  Hyperactivity of this pathway is strongly associated with increased resistance to 

Trastuzumab in HER-2 (+) BC patients [44, 76]. Loss of PTEN expression has been 

observed in 35-50% of triple-negative BC tumors [44]. Activating mutations of the 

PIK3CA gene, which encodes the  isoform of the p110 catalytic subunit of PI3K, have 
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been found in approximately 25% of BC patients; PIK3CA mutations are highly 

associated with ER (+) luminal and HER-2 (+) BC subtypes [79, 80].  

          Stimulation of Akt leads to the activation of mammalian target of rapamycin 

(mTOR), which regulates protein synthesis through eukaryotic translation initiation factor 

eIF4E-binding protein 1 (4EBP1) and p70S6 kinase (S6K). Preferential activation of 

PI3K leading to Akt activity has been noted in HER-2 (+) BC cell lines due to HER-

2/HER-3 heterodimerization; HER-2 (+) cell lines show increased sensitivity to targeted 

mTOR inhibition [18, 44, 81, 82]. Early attempts to elucidate the PI3K pathway using the 

inhibitor LY294002 have been associated with poor specificity and bioavailability.  

Novel PI3K inhibitors such as GDC-0941 and BAY 80-6946 are currently being tested in 

phase I trials for treatment of advanced solid tumors [44]. Moreover, inhibition of PI3K-

Akt signaling by targeting mTOR has also been a major interest in drug development and 

cancer therapy. Novel mTOR inhibitors, such as: AZD8055, CC-223, and OSI-027, are 

undergoing preclinical studies as either single agents or in combination with conventional 

chemotherapeutics to treat advanced solid tumors or lymphomas. NVP-BEZ235, a dual 

PI3K/mTOR inhibitor, selectively induced cell death in BC cell lines with either HER-2 

amplification and/or PIK3CA mutation [44, 82]. 

          Concurrent signaling transactivation of the PI3K/Akt/mTOR pathway as a response 

to inhibition of the Raf-Mek-Erk signaling pathway has been reported [6, 44, 65]. 

Inhibition of Mek is associated with the loss of Erk-mediated negative feedback 

inhibition upon Ras and/or Raf, which in turn leads to increased Akt activity [44, 83-85]. 

Conversely, inhibiting the PI3K pathway also leads to activation of the MAPK pathway 
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[86, 87]. Thus, targeting the PI3K signaling pathway plays a pivotal role in attempts to 

increase the efficacy of targeted-therapy in BC treatment. 

     

1.8 Targeting cyclin-dependent kinases as a means to inhibit tumorigenesis 

          Cyclins play an important role in regulating the cell-cycle machinery. Two types of 

cyclins regulate G1 phase progression, namely D-type (cyclins D1, D2 and D3) and E-

type (Cyclins E1 and E2). The levels of D cyclins are regulated by extracellular 

mitogenic signaling through the Ras-MAPK pathway [88-90]. D cyclins bind to cyclin-

dependent kinases CDK4 and CDK6 forming CyclinD-CDK4/6 complexes which 

phosphorylate the retinoblastoma protein Rb and trigger the activity of the CyclinE-

CDK2 holoenzyme. Approximately 15% of breast cancers show amplification of the 

CyclinD1 encoding CCND1 gene, and most breast cancers overexpress CyclinD1 protein 

[88, 91-93]. CyclinD1-null mice have been shown to be resistant to BC driven by HER-2 

and RAS oncogenes, and continued presence of CDK4 kinase activity is required to 

maintain tumorigenesis [88, 94]. In hormone-driven BC cells, treatment with estradiol 

resulted in activation of both CyclinD1-CDK4 and CyclinE-CDK2 complexes [95]. The 

activity of ERα has been shown to be regulated by CDK7, a CDK-activating kinase that 

also regulates RNA polymerase II [96, 97]. Studies have showed that the rate of 

CyclinD1 turnover is negatively regulated by glycogen synthase kinase 3-β (GSK-3β), 

which in turn is inhibited by Akt [98, 99]. Convergence of multiple signaling pathways 

on activating cyclin-CDK complexes provides a strong rationale for inhibition of CDKs 
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as a means to inhibit cell-cycle progression, which is frequently dysregulated in 

tumorigenesis.   

          Small molecule inhibitors of CDKs, such as: Flavopiridol, AZD5438, and 

PD0332991, have been developed and tested in preclinical mouse models as well as 

clinical trials [90, 100, 101]. Flavopiridol (FPD) (HMR-1275; Alvocidib) is an ATP-

competitive small molecule inhibitor of CDK-1, 2, 4, 6, 7 and 9 [102]. In clinical phase I 

and II trials, this pan CDK inhibitor exhibited positive tumor responses and disease 

stabilization in advanced pancreas, ovarian, colon, and BC [101, 103]. Selective CDK 

inhibitors, such as: AZD5438 (CDK1/2) and PD0332991 (CDK4/6), have been 

demonstrated to inhibit Rb-associated tumorigenesis in preclinical human tumor 

xenograft models and hormone-driven BC [90, 104-106]. The wide applicability of CDK 

inhibitors across various solid tumors, including BC, provides an alternative targeted 

approach to tackling resistance and relapse BC treatment [90, 107]. 

 

1.9 Combined targeted therapy as a rationale to improve breast cancer treatment 

          The availability of various chemotherapeutics and targeted inhibitors has fueled 

efforts to combine multiple drugs in BC treatment. One previous successful attempt was 

to combine Trastuzumab with cisplatin or doxorubicin in HER-2 overexpressing BC [24, 

27, 108]. Disease resistance has also underlined the need for combined therapy to better 

tackle BC as a heterogenous disease. Continuation of Trastuzumab in HER-2 positive 

advanced BC has been reported to not significantly improve overall survival and disease 
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outcome [26, 109, 110]. The combined targeted therapy against both EGFR and HER-2 

using Lapatinib (GW572016) in combination with capecitabine improved overall survival 

of metastatic HER-2 BC patients in a phase III clinical trial NCT00078572 clinical trial 

[111]. Targeted inhibition of multiple signaling molecules has been the basis of the 

development of the dual kinase inhibitor Lapatinib  on the premise that concurrent 

targeting of the Ras-MAPK and PI3K pathways reduces signaling circumvention 

frequently found in BC tumors [31, 65, 70]. Combinations of targeted therapy against 

EGFR have been proposed for the treatment of triple-negative breast cancer. Treatment 

for this aggressive BC subtype has been challenging, since it lacks molecular targets 

commonly used for treatment of other BC subtypes [42, 112]. Currently, clinical trials 

(NCT01392521, NCT01155453 and NCT01347866) are testing combined targeted PI3K 

and Mek inhibition in advanced cancers (Table 1.1) [44]. Combined therapy approaches 

may also provide the additional benefit that reduced doses of each agent might achieve 

optimal therapeutic efficacy, thereby minimizing potential adverse effects from 

individual therapeutic agents. 

  

1.10 Objectives of this work 

        Drug resistance and tumor relapse remain a bleak reality in BC treatment for a 

considerable percentage of patients.  This has led to attempted refinements of many 

chemotherapeutic agents as well as development of novel small molecule inhibitors 

targeting a number of signaling pathways associated with EGFR and HER-2 signaling. 

Herein, signaling studies using multi-targeted inhibition of nodes within the Ras-MAPK, 
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PI3K-Akt, CDK-associated pathways were performed to determine whether increased 

efficacy could be achieved, and to elucidate signaling molecules or pathways necessary 

for circumvention leading to relapse and metastasis (Figure 1.4). Targeting multiple 

signaling pathways to achieve better cytotoxic efficacy was tested in vitro, and 

subsequently validated in vivo. The information provided in this study may benefit 

current approaches in drug-combination strategies to better target multiple signaling 

pathways to improve treatment and patient survival in breast cancer.  
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Figure 1.4   Inhibition of downstream effectors of EGFR and HER-2 using small molecule 

inhibitors in breast cancer 

 

Small molecule inhibitors targeting signaling molecules of the Ras-MAPK and PI3K/Akt 

signaling cascades as well as cyclin-dependent kinases that regulate cell-cycle machinery. 

[Modified from Leary et al. 2007 [9]]    
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Chapter 2 

Flavopiridol synergizes with Sorafenib to induce cytotoxicity and 

potentiate anti-tumorigenic activity in EGFR/HER-2 and mutant 

RAS/RAF breast cancer model systems 
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2.1  Summary 

 

       Oncogenic receptor tyrosine kinase (RTK) signaling through the Ras-Raf-Mek-Erk 

(Ras-MAPK) pathway is implicated in a wide array of carcinomas, including those of the 

breast. The cyclin-dependent kinases (CDKs) are implicated in regulating proliferative 

and survival signaling downstream of this pathway. Here we show that CDK inhibitors 

exhibit an order-of-magnitude greater cytotoxic potency than a suite of inhibitors 

targeting RTK and Ras-MAPK signaling in cell lines representative of clinically 

recognized breast cancer subtypes. Drug combination studies show that the pan CDK 

inhibitor, Flavopiridol, synergistically potentiated cytotoxicity induced by the Raf 

inhibitor, Sorafenib. This synergy was most pronounced at sub-EC50 Sorafenib 

concentrations in MDA-MB-231 (KRAS-G13D and BRAF-G464V mutations), MDA-

MB-468 (EGFR over-expression), and SKBR3 (HER-2 over-expression) cells, but not in 

hormone-dependent MCF-7 and T47D cells. Potentiation of Sorafenib cytotoxicity by 

Flavopiridol correlated with enhanced apoptosis, suppression of Rb signaling and 

reduced Mcl-1 expression. Sorafenib and Flavopiridol were also tested in a MDA-MB-

231 mammary fat pad engraftment model of tumorigenesis.  Mice treated with both drugs 

exhibited reduced primary tumor growth rates and metastatic tumor load in the lungs 

compared to treatment with either drug alone, and this correlated with greater reductions 

in Rb signaling and Mcl-1 expression in resected tumors. These findings support the 

development of CDK and Raf co-targeting strategies in EGFR/HER-2 overexpressing or 

RAS/RAF mutant breast cancers. 
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2.2 Introduction 

 

          Chemotherapy-related morbidity and drug-resistant recurrence have prompted 

intensive investigation of the molecular mechanisms underlying carcinogenesis. These 

efforts have led to the development of mono-targeted therapies such as Trastuzumab, a 

humanized monoclonal  antibody, and Lapatinib, a receptor tyrosine kinase inhibitor to 

target HER-2  (EGFR2/ErbB2)  positive breast cancer (BC) [22, 24, 113]. 

Notwithstanding these early successes, the use of these mono-targeted therapies 

alongside chemotherapy has been fraught with clinical dilemmas including inter- and 

intra-tumor heterogeneity, intrinsic and adaptive drug resistance and off-target toxicity 

[114, 115].  

          The epidermal growth factor receptor (EGFR/HER-1/ErbB1) and HER-2 have 

been implicated in BC pathogenesis. HER-2 is over-expressed in approximately 20% of 

BC cases and is associated with poor prognosis [22], while EGFR has been shown to be 

over-expressed in 35% of recurrent cases [33]. Expression of EGFR in BC has been 

inversely correlated with relapse-free survival and is associated with a lack of response to 

hormone therapy [42]. Both EGFR and HER-2 regulate downstream tumor cell 

proliferation and survival through the Ras-Raf-Mek-Erk (Ras-MAPK) and PI3K-Akt 

pathways. Mutations in RAS, RAF, PI3K and PTEN are strongly associated with tumor 

initiation and progression and have been identified with high frequency in various 

malignancies including BC [56, 76]. 
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          The Ras-MAPK pathway is a common downstream pathway for numerous receptor 

tyrosine kinase (RTK) systems and is a major focal point in cancer therapy development 

[56]. Upstream RTK over-expression or activating-mutations in RAS and RAF are 

strongly implicated in driving oncogenesis through constitutive activation of the MAPK 

pathway. The Ras-Raf oncogenic axis transduces survival and proliferative signals 

through both Mek-Erk-dependent and Mek-Erk-independent Raf signaling pathways 

[63]. Hence Raf is a regulatory nexus in RTK-mediated proliferative and survival 

signaling and its inhibition has become a central strategy in the development of 

treatments for melanoma, kidney, liver, and breast carcinoma [54, 116]. 

          In addition to Raf, cyclin-dependent kinases (CDKs) have also emerged as 

attractive targets for cancer intervention [117]. CDKs are an important regulatory 

component of the Retinoblastoma (Rb)-E2F signaling axis. The Rb-E2F axis can be 

activated by Mek-Erk-dependent or Mek-Erk-independent Raf signaling [63]. Activation 

via Mek-Erk-dependent signaling occurs through CyclinD1 induction and subsequent 

assembly of CyclinD1-CDK4/CDK6 and -CDK2 complexes. These complexes promote 

Rb phosphorylation, resulting in Rb-E2F dissociation and G1-S cell-cycle transition 

through E2F-dependent transcriptional programs. Perturbation of the Rb-E2F signaling 

axis commonly occurs in cancer through gene amplifications, deletions and functional 

alterations of its key signaling regulators. Perturbations frequently involve loss of Rb, 

CyclinD1 amplification or CDK4 over-expression; these alterations have been associated 

with poor prognosis in many cancers including HER-2 positive BC [118-120]. 
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          Sorafenib (SFN) (BAY 43-9006; Nexavar) is a broad-spectrum multi-kinase small 

molecule inhibitor. In vitro recombinant kinase assays have shown that SFN potently 

inhibits both the CRAF (Raf-1) and BRAF isoforms, including the highly oncogenic 

V600E variant [121]. SFN disrupts Ras-MAPK signaling in cell-based assays and this 

has been correlated with anti-tumor effects in colon, kidney, lung, and breast xenograft 

models [116, 121]. SFN has been approved for treatment in advanced renal cell and 

hepatocellular carcinoma [122, 123]. Most recently, SFN has been shown to increase 

progression-free survival in HER-2 negative metastatic BC when used in combination 

with capecitabine [54].    

          Flavopiridol (FPD) (HMR-1275; Alvocidib) is a small molecule semi-synthetic 

alkaloid  that competes with ATP to inhibit CDK-1, 2, 4, 6, 7 and 9 [102]. This pan-CDK 

inhibitor exhibited considerable promise in phase I and II trials, showing partial or 

complete response as well as disease stabilization in advanced malignancies including 

ovarian, pancreas, gastric, colon, and BC [101, 103]. CDK inhibitors with increased 

selectivity (i.e. AZD5438 and PD0332991) have also been developed which inhibit Rb-

associated tumorigenesis in various preclinical human tumor xenograft models [90, 104]. 

Cell-based studies have shown that FPD and other CDK inhibitors induce cell cycle 

arrests in G1-S or G2-M which are associated with anti-proliferative and cytotoxic effects.  

CDK-induced cytotoxicity may underlie systemic toxicity issues of FPD and other CDK 

inhibitors in clinical trials [90, 107, 124]. 

          In this study, we tested the cytotoxic potency and efficacy of a panel of RTK 

pathway (RTK-P) and CDK inhibitors across cell line models representative of clinically 
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recognized BC subtypes. CDK inhibitors were found to exhibit significantly greater 

cytotoxic potency than RTK-P inhibitors in all tested lines. FPD most strongly 

potentiated cytotoxicity induced by SFN in vitro and in vivo. Potentiation occurred in cell 

lines harboring constitutive Ras-MAPK activation associated with EGFR/HER-2 over-

expression or KRAS-BRAF mutations. Our data suggest that co-targeting CDKs and the 

Ras-MAPK pathway with FPD and SFN respectively, enhances SFN killing efficacy at 

low doses. These data suggest a potential role for FPD in potentiating SFN therapeutic 

efficacy in the clinic. 

 

 

2.3 Materials and Methods 

 

2.3.1  Cell lines and reagents 

          MDA-MB-468, SK-BR3, MCF-7 and T47D BC lines were obtained from 

American Type Culture Collection (Manassas, VA). MDA-MB-231 cells were provided 

by Dr. Peter Siegel (McGill University, Montreal, QC). SFN, FPD, Lapatinib, and 

Erlotinib were obtained from Toronto Research Chemicals (Toronto, ON). Fascaplysin, 

U0126, LY294002, and U73122 were purchased from Sigma-Aldrich (Oakville, ON). 

AZD5438 and PD0332991 were purchased from Selleckchem (Houston, TX). SFN and 

FPD used for xenograft studies were acquired from UHN Shanghai R&D Co (Shanghai, 

China). 
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2.3.2  Cytotoxicity assay 

          Cells (2  104 per well in 96-well-plates) were treated with increasing 

concentrations of the indicated drugs for 72 h in standard culture media. For drug-

combination experiments, cells were treated with varying concentrations of a primary 

drug in the presence of a fixed concentration (0.2 M) of a secondary drug.  Cell viability 

was assessed by metabolic activity using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT assay; Sigma-Aldrich). Drug interactions were 

analyzed using CALCUSYN software by Chou and Talalay (Biosoft) which 

quantitatively assesses the nature of drug interactions using multiple drug-

effect/combination index (MDE-CI) isobologram analysis. This analysis calculates a 

combination index (CI) for drug interactions.  CI values less than 0.9 indicate synergy; CI 

values between 0.9-1.1 indicate additivity; and CI values greater than 1.1 indicate 

antagonism [125].  Fa reflects the proportion of cells killed or no longer viable as a result 

of drug treatment and was calculated using the following equation: Fa = (A570 control – 

A570 treated) / A570 control [24, 126]. 

 

2.3.3  Apoptosis assay 

          Cells (1 x 106 cell per well in a 6-well plate) were treated with the indicated drugs 

for 24 h. After treatment, cells were incubated (30 min, 37°C) with propidium iodide (PI) 

and the annexin XII-based phosphatidylserine fluorescent sensor pSIVA-IANBD 
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(Imgenex, San Diego CA). Annexin XII+ | PI- cells representative of apoptotic cells were 

counted on a Beckman Coulter flow cytometer (Mississauga, ON). 

 

2.3.4  Signaling experiments 

          Cells (1 x 107 per 10 cm plate) were treated with SFN or FPD alone or in 

combination at the indicated times and concentrations in standard culture media. After 

treatment, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer 

supplemented with protease inhibitors and clarified by centrifugation (12.000 g, 10 min). 

Equal quantities of protein were separated by SDS-PAGE and assayed by 

immunoblotting (IB) using the indicated antibodies. All antibodies were purchased from 

Cell Signaling Technology (Beverly, MA).  

 

2.3.5  Preclinical in vivo drug-testing 

          Logarithmically growing MDA-MB-231 cells were resuspended in 1:1 phosphate 

buffered saline (PBS):Matrigel (Sigma-Aldrich) solution.  Fifty L (2 x 106 cells) were 

injected into the right inguinal mammary gland of BalbC-RAG2-/-|IL2Rγc-/- mice (kindly 

provided by Dr. M. Ito, Central Institute of Experimental Animals, Kawasaki, Japan).  

SFN was dissolved in H2O containing 12.5% Cremophor EL (Sigma-Aldrich) and 12.5% 

ethanol and administered by oral-gavage (og) [127]. FPD was dissolved in PBS and 

administered by intraperitoneal injection (ip). Mice were randomized into four cohorts 

(six/cohort). The control cohort received PBS (ip) and treatment cohorts received either 
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SFN (30 mg/kg, og), FPD (3 mg/kg, ip) or SFN-FPD (30 and 3 mg/kg, respectively) 

[121, 128]. Treatment was initiated 7 days post-engraftment and continued every 2 days 

for 28 days. Tumor sizes were measured every 2 days using calipers. After 35 days, 

tumors were resected, bisected and either lysed in RIPA buffer for IB analysis or 

formalin-fixed and paraffin-embedded (FFPE) for histological analysis. IBs were 

quantified using IMAGEJ software [129]. 

 

2.3.6  Fluorescence in situ hybridization (FISH) analysis 

          FISH-based identification of lung-metastasized xenografted MDA-MB-231 cells 

was performed using the human Cep17 SpectrumGreen Probe (D17Z1, 17p11.1-q11.1 

Alpha Satellite DNA, Abbott Molecular, Markham, ON) and counterstained for nuclei 

with 4’,6-diamidino-2-phenylindole (DAPI). Ten randomly selected regions 

representative of general whole lung morphology from each lung section were 

independently assessed for total FISH Cep17 signal and nuclei number using 

ePATHOLOGY IMAGESCOPE (Aperio, Vista, CA) and IMAGEPRO software 

(MediaCybernetics, Rockville, MD). The ratio of Cep17 probe signals to DAPI-stained 

nuclei was calculated to determine the relative burden of MDA-MB-231 cells 

metastasized in murine lungs from each treatment cohort.     
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2.4  Results 

 

2.4.1  CDK inhibitors are significantly more cytotoxic than RTK-pathway inhibitors 

          The kill efficacy (KEff; maximal number of cells killed) and cytotoxic potency 

(EC50; dose required to induce half-maximal cell kill) of a panel of RTK pathway (RTK-

P) inhibitors targeting EGFR/HER-2, Raf, Mek, PI3K and PLC were compared to a panel 

of CDK inhibitors (Table 2.1) in five BC cell lines. In metastatic MDA-MB-231 cells, 

the KEff of CDK and RTK-P inhibitors spanned similar ranges (21-100%; Table 2.2). In 

contrast, the EC50 ranges for the CDK inhibitor panel were markedly lower than the EC50 

ranges for the RTK-P panel (0.2-0.7 M versus 8.6-36.4 M, respectively; Table 2.2).  

These differences were clearly indicated by the cytotoxicity profiles of the CDK 

inhibitors, which clustered distinctly left of RTK-P profiles on the dose-axis (Figure 2.1 

A).  Subsequent estimation of the average EC50 of the two inhibitor panels showed that 

CDK inhibitors induce cell death with approximately 54-fold more potency than RTK-P 

inhibitors in MDA-MB-231 cells (Table 2.2). To investigate whether this potency 

enhancement was cell-line specific, EGFR over-expressing (MDA-MB-468), HER-2 

over-expressing (SKBR3), and hormone-dependent (MCF-7 and T47D) BC cell lines 

were also tested (Table 2.3). The KEff of CDK and RTK-P inhibitors in these lines 

spanned  
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Table 2.1    Cyclin-dependent kinase inhibitors  

 

Comparison of the IC50 of Flavopiridol, AZD5483, PD0332991 and Fascaplysin against 
various CDK-Cyclin complexes (M) [104, 105, 130]. (---) Undetermined. 
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Table 2.2    Potency and Efficacy of Inhibitor Panels 

 

Potency (EC50) and Maximal Kill Efficacy (KEff) of each inhibitor panel in BC lines.  KEff and 

EC50 were estimated by fitting inhibition data to a 4-parameter sigmoidal function.  In cases 

where cell kill did not reach saturation, KEff was taken to be the value at the highest drug dose 

tested and this value was used to constrain fitting.  EC50 values in these cases would be 

underestimated.  Estimates for PD0332991(*) and U0126 (**) were indeterminate. 

 

 

 

 

 



 

 39 

 

Figure 2.1     Comparison of cytotoxicity induced by CDK and RTK-pathway inhibitors 

 (A) MDA-MB-231, (B) MDA-MB-468, (C) SKBR3, (D) MCF-7 and (E) T47D cells were 

treated with increasing concentrations of the indicated inhibitors. Cell viability was assayed after 

72 h.  The fraction of cells killed (Fa
 ± SEM) by treatment with a panel of CDK inhibitors (solid 

markers) and RTK-P inhibitors (open markers) are shown. The RTK-P inhibitors U0126, 

Erlotinib, Lapatinib, Sorafenib, U73122 and LY294002 were used to inhibit Mek, EGFR, 

EGFR/HER-2, Raf, PLC and PI3K, respectively. Dose-effect profiles are representative of 2-3 

independent experiments.   
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Table 2.3 Breast cancer cell line models [131, 132]  

   

 
 

1Cancer Genome Project, Sanger Institute 
(http://www.sanger.ac.uk/genetics/CGP/CellLines). 
2Isolated from metastatic pleural effusion. 
3KRAS G13D mutation. 
4BRAF G464V mutation. 
5,6EGFR and HER-2 over-expression, respectively (gene amplification). 
7Not Available. 
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ranges comparable to those in MDA-MB-231 cells. More strikingly however, the CDK 

cytotoxicity profiles of these four lines also clustered distinctly left of the RTK-P profiles 

on the dose-axis (Figure 2.1B-E). Taken together, these results indicate that CDK 

inhibitors induce cytotoxicity with significantly greater potency than RTK-P inhibitors in 

BC lines.  

 

2.4.2  FPD and Fascaplysin potentiate SFN cytotoxicity in MDA-MB-231 cells 

           The marked increases in potency observed with the CDK inhibitor panel 

underscored their potential use as cytotoxicity enhancing agents for therapies targeting 

the Ras-MAPK pathway. This prompted us to explore potential synergistic cytotoxic 

effects of CDK inhibitors with the Raf inhibitor SFN in MDA-MB-231 cells. These cells 

harbor oncogenic KRAS and BRAF mutations associated with constitutive Ras-MAPK 

signaling (Table 2.3). When CDK inhibitors were added at fixed concentrations to 

varying concentrations of SFN, cytotoxicity was potentiated in this line (Figure 2.2A-B). 

Potentiation was substantially more pronounced with FPD and Fascaplysin than with 

either PD0332991 or AZD5438 at SFN concentrations below its EC50 ( 5 M) (compare 

Figure 2.2A-B to 2.2C-D).  The fraction of cells killed by 0.2 M of either FPD or 

Fascaplysin alone was significantly less than that observed in combination with SFN, 

indicating that these combinations can potentiate cytotoxicity to levels greater than the 

summed effects of individual drugs (compare shaded line with drug response curves in 

Figure 2.2A-B). We further assessed the nature of these drug interactions using MDE-CI  
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Figure 2.2    Potentiation of Sorafenib-induced cytotoxicity by a panel of CDK inhibitors in 
MDA-MB-231 cells 

(A-D; upper panels) The fraction of cells killed (Fa) (± SEM) by Sorafenib in the presence of DMSO 
(vehicle) or a fixed concentration (0.2 M) of Flavopiridol (A), Fascaplysin (B), PD0332991 (C) and 
AZD5438 (D). The fraction of cells killed by CDK inhibitors at a fixed concentration 0.2 M is shown for 
comparison [dashed lines; grey shading (± SEM)]. (A-D; lower panels) MDE-CI analysis of drug 
interactions in upper panels. Shown are combination indices (CI) as a function of Sorafenib concentration.  
Black, grey and white bars denote synergistic (CI < 0.9), additive (CI = 0.9-1.1) or antagonistic interactions 
(CI > 1.1), respectively. Synergistic ratios and Sorafenib-EC50 are indicated.  Data are representative of 2-3 
independent experiments. 
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analysis (see Methods) [24, 125]. This analysis yielded CI values indicative of synergy (< 

0.9) and additivity (0.9-1.1) at the higher range of tested ratio combinations (Figure 

2.2A-B; lower panels, black and grey bars, respectively). Synergy was associated with 

FPD:SFN and Fascaplysin:SFN combination ratios ranging from 1:6 to 1:25. MDE-CI 

analysis did not indicate synergistic or additive interactions between PD0332991 or 

AZD5438 and SFN (Figure 2.2C-D; lower panels). Taken together, these results show 

that specific-ratio combinations of SFN and the CDK inhibitors FPD or Fascaplysin 

synergistically potentiate cytotoxicity in MDA-MB-231 cells. 

 

2.4.3  FPD potentiates SFN cytotoxicity in MDA-MB-468 and SKBR3 cells 

           We extended our analyses to MDA-MB-468, SKBR3, MCF-7 and T47D cells and 

focused efforts on FPD, which has undergone extensive testing in clinical trials [103, 

107, 124]. Interestingly, FPD failed to potentiate cytotoxicity in hormone-dependent 

MCF-7 and T47D cells (Figure 2.3A-B; upper panels). Consistent with this, synergistic 

interactions between these drugs were not detected in these lines (Figure 2.3A-B; lower 

panels). We next tested for potentiating interactions between these drugs in MDA-MB-

468 and SKBR3 cells, which harbor constitutive Ras-MAPK signaling associated with 

EGFR and HER-2 over-expression, respectively (Table 2.3). Exploration of drug ratio 

combinations in MDA-MB-468 cells indicated synergy between FPD and SFN ratios 

ranging from 1:6 to 1:25; these interactions became additive as ratios decreased (Figure 

2.3C).  Synergy was only  
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Figure 2.3     Potentiation of Sorafenib-induced cytotoxicity by Flavopiridol in MCF-7, 
T47D, MDA-MB-468 and SKBR3 cells 

(A-D; upper panels) The fraction of cells killed (Fa) (± SEM) by Sorafenib in the presence of DMSO 
(vehicle) or a fixed concentration (0.2 M) of Flavopiridol in MCF-7 (A), T47D (B), MDA-MB-468 (C) 
and SKBR3 (D) cells. The fraction of cells killed by CDK inhibitors at a fixed concentration 0.2 M is 
shown for comparison [dashed lines; grey shading (± SEM)]. (A-D; lower panels) MDE-CI analysis of 
drug interactions in the upper panels. Shown are combination indices (CI) as a function of Sorafenib 
concentration.  Black, grey and white bars denote synergistic (CI < 0.9), additive (CI = 0.9-1.1) or 
antagonistic interactions (CI > 1.1), respectively. Synergistic ratios and Sorafenib-EC50 are indicated.  Data 
are representative of 2-3 independent experiments. 
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indicated at the highest FPD to SFN ratio tested in SKBR3 cells (1:6) (Figure 2.3D). As 

observed in MDA-MB-231 cells, synergy was only evident at SFN concentrations below 

the EC50 of the tested lines. Together with the observations made in MDA-MB-231 cells, 

these data suggest that specific ratio combinations of FPD and SFN synergistically 

potentiate cytotoxicity in BC cells harboring constitutive Ras-MAPK signaling. 

 

2.4.4  FPD potentiates SFN-induced apoptosis in MDA-MB-231 and MDA-MB-468 

cells 

           Combination studies showed that FPD-SFN used at a ratio of 1:25 induced 

cytotoxic synergy in MDA-MB-231 and MDA-MB-468 cells (Figure 2.2A, 2.3C).  

Focusing on these two lines, we tested whether the same FPD-SFN combination ratio 

could also potentiate apoptosis.  Annexin XII-based phosphatidylserine-binding assays 

showed that FPD and SFN alone induced levels of apoptosis that were significantly less 

than that induced by FPD-SFN combinations used at 1:25 ratios in MDA-MB-231 

(Figure 2.4A) and MDA-MB-468 (Figure 2.4B) cells.  The enhancement produced by 

the combination was greater than theoretically expected additive effects suggesting that 

these drugs synergistically interact to induce programmed cell death in both lines (Figure 

2.4A-B).  These data suggest that a 1:25 ratio of FPD-SFN supra-additively potentiates 

apoptosis in MDA-MB-231 and MDA-MB-468 cells. 
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Figure 2.4    Potentiation of Sorafenib-induced apoptosis by Flavopiridol 

Cells were treated with either DMSO, 0.2 μM Flavopiridol, 5 μM Sorafenib, or 1:25 ratio of 

Flavopiridol-Sorafenib (0.2 μM and 5 μM, respectively) for 24 h.  Shown are the percentage 

(mean ± SEM) of early apoptotic (Annexin XII+), non-necrotic (PI-) MDA-MB-231 (A) and 

MDA-MB-468 (B) cells detected after drug treatment (grey bars).  The white bar indicates the 

fraction of apoptotic cells expected by simple addition of the percentage of apoptotic cells 

induced by Sorafenib or Flavopiridol alone. Significant P-values are indicated (t-TEST; n = 3-4).   
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2.4.5  FPD and SFN cooperatively dysregulate Rb and Mcl-1 

           The Ras-MAPK and Rb-E2F signaling axes play critical roles in cancer cell 

proliferation and survival [56, 118].  Assessment of Ras-MAPK activity using an active-

state antibody against Erk (pErk) showed that SFN alone strongly suppressed pErk in 

MDA-MB-231 cells for up to 2 h before undergoing periodic oscillations in activity at 4 

and 24 h (Figure 2.5A). This periodic Erk signal recovery could represent normal 

oscillatory behaviour of Erk activity recently described in asynchronously growing cells 

[133]. Expectedly, FPD did not affect pErk signaling in this line (Figure 2.5B); and 

consistent with this, it did not significantly alter Erk inhibition when added to SFN 

(Figure 2.5C). In MDA-MB-468 cells, FPD and SFN alone or in combination, failed to 

inhibit pErk signaling (Figure 2.5D-F).  Signaling through the Rb-E2F pathway was also 

assessed by Rb phosphorylation (pRb) at S807/811 [134]. pRb was partially suppressed 

by SFN and only intermittently by FPD in MDA-MB-231 cells (Figure 2.5A-B).  

However when FPD was combined with SFN, maximal suppression was observed for the 

full-length of the treatment period (Figure 2.5C). In contrast, FPD or SFN alone or in 

combination, failed to suppress pRb in MDA-MB-468 cells (Figure 2.5D-F). Lastly, 

SFN and FPD in combination reduced expression of Mcl-1 to greater extents than either 

drug alone in both MDA-MB-231 and MDA-MB-468 cells (Figure 2.5A-F). These data 

suggest pRb suppression and reduced Mcl-1 expression underlie enhanced cytotoxicity 

associated with FPD-SFN combinations. 
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Figure 2.5     Inhibition of Ras-MAPK and Rb-E2F signaling by Sorafenib-Flavopiridol 

combinations 

MDA-MB-231 (A-C) and MDA-MB-468 (D-F) cells were treated with Sorafenib (5 M; A,D),  

Flavopiridol (0.2 M; B,E), or a 1:25 combination ratio of Flavopiridol-Sorafenib (0.2 μM and 5 

μM, respectively; C,F). Erk phosphorylation at T202/Y204 indicative of its active state.  Rb 

phosphorylation at S807/811 indicative of inactivation catalyzed by cyclin-dependent kinases 

[134].  Loading was assessed by levels of the Ras GTPase-activating protein, RasGAP.  Blots are 

representative of 2-3 independent experiments.   
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2.4.6  Maximal tumor growth suppression in vivo with FPD and SFN co-

administration 

           We next tested whether FPD-SFN combinations could potentiate anti-tumor 

activity in vivo. MDA-MB-231 cells were orthotopically engrafted in mammary fat pads 

of BalbC-RAG2-/-|IL2Rγc-/- mice.  FPD and SFN alone or in combination at a 1:10 ratio – 

which falls within the 1:6 to 1:25 range observed in vitro – was administered to assess 

relative effects on anti-tumor activity.  SFN alone significantly reduced the rate of tumor 

development relative to control mice (Figure 2.6A) [121].  FPD alone also significantly 

suppressed tumor development rates compared to controls, although not to the same 

extent observed with SFN.  FPD and SFN in combination however, produced the greatest 

level of tumor growth suppression (Figure 2.6A).  Importantly, all 6 mice of each 

treatment cohort survived with no adverse toxicity reactions of weight loss. Thus FPD-

SFN combinations associated with enhanced cytotoxicity and apoptosis in vitro also 

promote anti-tumor effects when administered at a similar ratio in vivo. 

 

2.4.7  Cooperative inhibition of pulmonary metastatic tumor load by combined FPD 

and SFN treatment 

           Whole lungs resected after 35 days of treatment were examined for histological 

evidence of metastases (Figure 2.7-2.9).  Pathological assessment suggested that 

metastatic tumor burden in the lung was significantly less in the SFN-treated group 

compared to the FPD- or control-treated group (Figure 2.7). FISH analyses quantifying 

the ratio of human-specific Cep17 signal to the number of DAPI-stained nuclei  



 

 50 

                           

 

                           

 

Figure 2.6 Combined treatment of Sorafenib and Flavopiridol results in enhanced tumor 

suppression in vivo.  (A) Tumor development profiles of drug-treated cohorts (6 mice/cohort).  

Shown are estimates of mean Tumor Volume ± SEM.  Control versus Sorafenib, Flavopiridol or 

Sorafenib-Flavopiridol (P < 0.0001; 2-way ANOVA). Sorafenib-Flavopiridol versus Sorafenib or 

Flavopiridol (P < 0.0001; 2-way ANOVA). (B) Pulmonary metastatic tumor burden assessed by 

quantification of the ratio (± SEM) of human Cep17 signal and DAPI-stained nuclei in each 

cohort (n = 24) (see also Figure 2.8). Significant P values (t-TEST) are indicated.  
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Figure 2.7   Pathological assessment of pulmonary metastatic tumor load in treatment 
cohorts 

Histology of tumor-bearing mouse lungs after 15 doses of (A) Sorafenib and Flavopiridol, (B) Sorafenib, 
(C) Flavopiridol, and (D) vehicle control (PBS), compared with (E) normal lung. Hematoxylin and eosin 
(HE) stained lung sections (4X) showed poorly differentiated carcinoma in both treatment and control 
groups relative to normal lung. Tumor burden tended to vary between groups, but the pattern of metastasis 
was diffuse and bilateral in all cases with readily apparent vascular involvement, suggesting a 
hematogenous route of spread. The morphology of these metastatic lesions resembled that of tumors at the 
orthotopic engraftment site (see Figure 2.9), and FISH analysis utilizing a human-specific Cep17 probe 
confirmed the neoplastic cells in the lung to be human in origin. (A,B) Isolated nests (arrows) or irregular 
nodular-like (dashed arrows) distributions of neoplasms with substantial preservation of normal lung 
histology were evident in the combination and Sorafenib-treated groups (compare with Figure 2.7E). 
(C,D) Confluent sheets of neoplastic cells (asterisks) with diffuse involvement of pleura and obliteration of 
a significant portion of alveolar airspace were apparent in Flavopiridol-treated and control cohorts 
(compare with Figure 2.7A-B). (E) Normal BalbC-RAG2-/- | IL2Rγc-/- mouse lung showing variably sized 
alveolar airspaces separated by delicate paucicellular interstitial parenchyma and surrounded by a thin 
visceral pleura. Corresponding locations of each FFPE section are shown in right-upper inserts. 
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Figure 2.8   Quantification of pulmonary metastatic tumor load by FISH 

Whole lungs were resected from each mouse 35 days post-engraftment and prepared in FFPE 

tissue blocks (n=24). Five μm sections from each mouse were prepared for species-specific FISH-

based detection of metastasized MDA-MB-231 using a Cep17 SpectrumGreen (SpG) probe and 

counterstained with DAPI to detect nuclei.  Adjacent tissue sections were stained with HE for 

corresponding pathological assessment. Representative HE and FISH/DAPI stains of regions in 

Figure 2.7A-D. (A-E) Sorafenib-Flavopiridol combination cohort. (F-J) Sorafenib cohort. (K-O) 

Flavopiridol cohort. (P-T) Control cohort.  Lungs with the least metastatic burden (A-E) show 

tumors restricted to the interstitium with preservation of alveolar and vascular architecture, while 

in the more severely affected lungs (K-O and P-T) tumors have destroyed native parenchymal 

architecture which completely fill the airspaces. Lungs with a moderate burden of metastasis (F-

J) show expansion of the interstitium and destruction of capillaries by tumors, yet alveolar 

airspaces are maintained.   
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Figure 2.9    Histology of FFPE primary orthotopic MDA-MB-231 xenograft tumors 

Shown are 20X (A) and 40X (B) magnification of HE stained FFPE lung sections. Native 

glandular breast tissue is completely replaced by a high grade breast carcinoma characterized by a 

solid growth pattern (arrows), significant nuclear pleomorphism and numerous mitotic figures 

(dashed arrows). The tumor extensively infiltrates mammary adipose tissue, and there is abundant 

central tumor-type necrosis (asterisk). Corresponding location of each FFPE section is shown in 

right-upper inserts. 
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corroborated this pathological assessment (Figure 2.8) and further, verified that the 

number of metastatic BC cells in the lung was suppressed by either FPD or SFN 

treatment alone. The most pronounced suppression however, was observed with FPD and 

SFN co-treatment (Figure 2.6B), which paralleled the suppressive effects of this 

combination on tumor growth at the orthotopic site. 

 

2.4.8  FPD and SFN combinations maximally inhibited Erk, Rb and Mcl-1 in vivo 

          The molecular mechanisms underlying tumor suppression were assessed by 

measuring pErk, pRb and Mcl-1 expression in resected tumors (Figure 2.10A). In 

comparison to the control cohort, the FPD-treated group did not show significant 

differences in pErk inhibition (Figure 2.10B), Rb phosphorylation (Figure 2.10C) or 

Mcl-1 expression (Figure 2.10D). SFN also failed to suppress Rb phosphorylation and 

paradoxically, increased pErk and Mcl-1 levels. However, FPD and SFN in combination 

affected all three signaling proteins as indicated by significant reductions in pErk, pRb 

and Mcl-1 levels relative to controls (Figure 2.10B-D). These data show that combined 

FPD and SFN treatment maximally suppress levels of pErk, pRb and Mcl-1, and this 

correlates with the enhanced anti-tumor effects produced by this combination.   
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Figure 2.10   Sorafenib and Flavopiridol cooperatively inhibit Erk, Mcl-1 and Rb signaling 

in tumors 

 

(A) Immunoblots of lysates prepared from resected tumors assessing pErk, pRb, Mcl-1 levels in 

the indicated cohorts (n=24).  Loading was assessed by tubulin levels. (B-D) Densitometry 

analyses of the average intensity of pErk, pRb and Mcl-1. Shown is the mean ± SEM intensity 

expressed as a ratio of tubulin intensity across treatment cohorts (6 mice/cohort). Significant P 

values (t-TEST) are indicated. Arbitrary Units (A.U.) 
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2.5  Discussion  

        Over-expression of RTKs or activating mutations residing within nodes of the Ras-

Raf-MAPK and PI3K-Akt pathways are associated with poor prognosis and have become  

focal points of targeted therapy strategies. We evaluated the general merit of such 

strategies in BC by exploring the cytotoxic effects of a panel of RTK-P inhibitors 

targeting EGFR, HER-2, PLC, Raf, Mek, and PI3K in cell lines representative of 

EGFR/HER-2 over-expressing, hormone-dependent, and triple-negative BC subtypes. 

Our findings showed that the mean cytotoxic potency (EC50) of the RTK-P inhibitor 

panel was narrow, ranging from 16-29 M across all lines (Table 2.2). In comparison, a 

panel of four CDK inhibitors with highly varied substrate specificities exhibited a very 

tight mean potency range of 0.4-0.7 M across the same five lines (Table 2.2). These 

relatively narrow ranges suggest that improvements in potency achievable within anti-

RTK-P or anti-CDK treatment modalities are limited.  Across these modalities however, 

we see compelling improvements in cytotoxic potential. Our data show that the average 

EC50 of the CDK inhibitor panel is well over an order-of-magnitude less than the average 

EC50 of the RTK-P inhibitor panel (0.45 M versus 21.7 M, respectively) reflecting a 

48-fold improvement in potency. Perhaps more compelling is the ubiquity of this 

improvement across a morphologically and clinically diverse panel of BC lines (Table 

2.3). These data clearly indicate that CDK targeting is a substantially more potent 

alternative to inducing cell death than RTK-P targeting. The reasons for this are presently 

unclear, but may be due to the fact that CDKs lie downstream of RTK-P targets and 

constitute a major regulatory point of mitogenic and survival signal convergence.  
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          The potency with which CDK inhibitors induce cell death indicates that BC cell 

survival may be highly sensitive to disruption in CDK activity. Consistent with this, FPD 

and Fascaplysin, strongly potentiated SFN cytotoxicity in MDA-MB-231 cells (Figure 

2.2). MDE-CI analysis indicated that FPD or Fascaplysin synergistically interact with 

SFN. Focusing on the clinically tested drug FPD, we also observed synergy with SFN in 

MDA-MB-468 and SKBR3 cells, but not in hormone-dependent MCF-7 and T47D cells 

(Figure 2.3). Cytotoxic synergy in all lines occurred at low (sub-EC50) SFN 

concentrations and at FPD-SFN ratios ranging from 1:6 to 1:25. We also observed that 

cytotoxic synergy correlated with supra-additive effects on apoptosis at a 1:25 

combination ratio. This ratio falls within the 1:6 to 1:25 range associated with cytotoxic 

synergy, suggesting a link between cell death and the induction of apoptotic mechanisms 

by these drugs (Figure 2.4). Taken together, our data show that FPD synergizes with 

SFN at specific combination ratios to induce cell death in EGFR/HER-2 and mutant 

RAS/RAF BC model systems. We hypothesize that the ability of FPD to synergize with 

SFN in these models may be associated with dependency on constitutively-elevated 

EGFR/HER-2 and Ras-MAPK activity.  Interestingly, FPD has previously been shown to 

synergize with Trastuzumab in inducing cytotoxicity in HER-2 BC lines through 

apoptotic mechanisms that involved suppression of EGFR expression [135]. In line with 

our observations, synergy between FPD and Trastuzumab was not observed in hormone-

dependent cells [135].  FPD has also been shown to promote lethality of the dual 

EGFR/HER-2 inhibitor Lapatinib in a greater than additive manner [136]. The latter 
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studies support our observations and together, highlight the importance of co-targeting 

strategies centered on inhibiting Ras-MAPK and CDK signaling concurrently. 

          Significant toxicity issues in phase I FPD trials have been observed with maximal 

tolerable doses (MTDs) of FPD including leukopenia, nausea, vomiting, diarrhea, 

hypotension and pro-inflammatory syndrome [137]. In this study, animal cohorts were 

treated with sub-MTDs of FPD, SFN or FPD-SFN.  In addition, Cremophor EL, a 

polyexthoxylated castor oil commonly used to improve water solubility of SFN and other 

drugs, was used at levels below reported toxicity thresholds in mice [127, 138]. 

Importantly, adverse toxicity issues such as lethality or severe weight loss were not 

observed in any of the individual cohorts over the course of the treatment period 

(Vehicle, 22.8 ± 0.09 g; SFN, 25.5 ± 0.04 g; FPD, 24.6 ± 0.08 g; SFN+FPD, 26.7 ± 0.06 

g; mean ± SD).   At these non-toxic sub-MTDs, FPD potentiated the anti-tumor effects of 

SFN in a mammary xenograft tumor model highlighting its potential use at low-toxicity 

doses in FPD-SFN combination modalities [128, 139, 140]. Cytotoxic potentiation by 

FPD however, was associated with FPD-SFN ratios ranging from 1:6 to 1:25 in cell lines. 

This would limit the maximal SFN concentration in such combinations to about 5 M 

which is 25-fold more than FPD (0.2 M) and is below the EC50 of SFN.  At sub-EC50 

SFN concentrations, the maximal kill efficacy (KEff) of the cocktail is in the order of 50-

60% (Figure 2.2A). This suggests that reduced systemic toxicity associated with the use 

of synergistic sub-MTD FPD – sub-EC50 SFN ratios come at the expense of a 40-50% 

reduction in KEff.  Assuming these ratios are also synergistic at higher FPD concentrations 

(i.e. 0.8 M), the maximal SFN concentration allowed at a 1:25 ratio would be 20 M. At 
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this concentration, the KEff of the cocktail would be approximately 90%, which is 15% 

greater than the KEff of SFN alone.  Under this assumption, synergy (and its associated 

benefit of reduced systemic toxicity) would not come at the expense of a loss in KEff.  

Importantly, we used a 1:10 FPD:SFN dosing ratio in mice which falls within ratio 

boundaries for cytotoxic potentiation determined in cell lines (1:6-1:25). Thus, drug-ratio 

effects observed in vitro may correlate with effects in vivo, supporting the use of cell-

based drug-ratio studies for guiding initial dosing experiments in preclinical mouse 

models. However, it remains unclear what the true impact of changes in FPD:SFN ratios 

and/or doses would be on systemic toxicity and tumor response in the clinic.  It also 

remains unclear whether potential reductions in toxicity associated with FPD-SFN 

combinations come at the expense of an overall loss in tumor response. The latter 

questions, including possible trade-offs between toxicity and tumor response, still remain 

to be addressed in the clinic.     

          Erk inhibition by SFN in MDA-MB-231 cells correlated with reductions in Mcl-1 

expression levels and suppression of pRb, suggesting that Mcl-1 and Rb are regulated by 

Mek-Erk dependent signaling.  Reduced Mcl-1 expression and Rb phosphorylation have 

been previously correlated with anti-apoptotic and proliferative effects associated with 

inhibition of the Ras-MAPK pathway [141].  For example, Mcl-1 induction downstream 

of the Ras-MAPK signaling has been shown to promote BC cell survival [142]. In 

addition, phosphorylation-dependent inactivation of Rb through CyclinD1 induction 

downstream of the Ras-MAPK pathway was shown to lock cells in G1 and induce 

apoptosis [90, 118]. Our results therefore are consistent with a model in which Mek-Erk-
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dependent Raf signal suppression by SFN inhibits downstream Mcl-1 and pRb dependent 

survival signaling in MDA-MB-231 cells (Figure 2.5). SFN also inhibited Mcl-1 levels 

in MDA-MB-468 cells but paradoxically, increased Erk and Rb signaling.  Failure to 

suppress Erk signaling suggested that Mek-Erk-independent Raf signaling mechanisms 

may contribute to survival in this line, possibly through inhibition of direct Rb-Raf 

interactions or Rb phosphorylation by Raf [117, 143].  Consistent with this, SFN has 

previously been shown to promote apoptosis via Mcl-1 suppression through Mek-Erk 

independent mechanisms [116, 144-146].  However, the mechanistic basis for the 

paradoxical increases in pErk and pRb in these cells are unclear. SFN has been shown to 

dose-dependently activate CRAF through BRAF-CRAF dimerization [147, 148]. SFN 

was also shown to induce CRAF (and downstream Erk activation) in epithelial cells 

isolated from polycystic livers through a protein kinase A-dependent BRAF-CRAF 

dimerization mechanism [148]. It is hence plausible that in MDA-MB-468 cells, SFN-

induces CRAF activation via BRAF heterodimerization leading to enhanced pErk and 

pRb signaling through Mek-Erk-dependent and -independent pathways, respectively.  

          FPD, which has been shown to induce apoptosis through Mcl-1 [136, 149], 

enhanced the extent to which Mcl-1 levels were suppressed by SFN in both MDA-MB-

231 and MDA-MB-468 cells. FPD also enhanced the durability of suppression of Rb 

phosphorylation by SFN in MDA-MB-231 cells. The failure of FPD to inhibit Erk 

suggests that the latter FPD-effects are Mek-Erk independent, likely involving direct 

inhibition of CDKs. Thus FPD-SFN potentiating effects on pRb suppression and 

reduction of Mcl-1expression correlate with cytotoxic synergy exhibited by this 
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combination at the cellular level. We speculate that concomitant suppression of Mek-Erk 

dependent and independent pathways could underlie cytotoxic synergy exhibited by SFN-

FPD combinations. Similar molecular mechanisms may also operate in vivo, where the 

enhanced anti-tumor growth effects and reduced pulmonary metastatic burden of this 

combination correlated with maximal repression of pErk, pRb and Mcl-1 expression 

(Figures 2.6 and 2.10).  These observations are not without precedent. Lapatinib and 

CDK inhibitors (including FPD) synergized to kill BC cells in vivo and in vitro, and this 

correlated with inhibition of Mcl-1 expression [136]. In addition, Trastuzumab and FPD 

synergistically inhibited proliferation of HER-2 over-expressing SKBR3 and BT474 

cells, and inhibited Erk signaling, CyclinD1 expression, and Rb phosphorylation more 

potently in combination [126]. Importantly, we cannot exclude the involvement of the 

anti-angiogenic properties that have been associated with both SFN and FPD. SFN has 

been shown to directly target the receptor tyrosine kinase activity of VEGFR1-3 and 

PDGFR-β, while FPD has been shown to downregulate VEGFR mRNA and protein 

levels induced by hypoxia [67, 121, 150].  Consistent with these observations we have 

observed that FPD and SFN treated tumors exhibit reduced expression of the angiogenic 

marker CD31 (PECAM-1).  More strikingly, combined FPD and SFN treatment 

correlated with lower CD31 expression levels than that observed in the presence of either 

drug alone (Figure 2.11). Taken together, these data suggest that cooperative inhibition 

of angiogenesis by FPD and SFN may also contribute to cytotoxic synergy exhibited by 

this combination. 
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          SFN alone did not inhibit Erk activity in tumors although marked inhibition was 

observed in MDA-MB-231 cells in vitro.  This is in agreement with a number of studies 

showing that inhibition of tumor growth by SFN is not always associated with Erk 

inhibition [151].  For example, SFN inhibited tumor growth in renal and colorectal tumor 

models, but failed to inhibit Erk activity [67, 121].  Unaffected pErk levels in response to 

SFN could reflect failure to detect Erk inhibition due to inappropriate sampling time, or 

to failure to achieve sufficient inhibitor levels in micro-environmental and cell 

compartments.  Alternatively, Erk-independent anti-tumor effects may be attributable to 

SFN’s anti-angiogenic function [151] or to Mek-Erk independent anti-proliferative/ 

apoptotic Rb signaling [117, 152]; this is supported by reduced pRb levels in SFN-treated 

MDA-MB-231 cells and tumors (Figure 2.10C).  Lastly, FPD (and SFN) alone 

suppressed Mcl-1 expression in MDA-MB-231 cells but failed to inhibit its expression in 

tumors.  We propose that similar effects as those proposed for pErk apply to failed Mcl-1 

suppression in tumors; these include pharmacodynamics factors, as well as the anti-

angiogenic function ascribed to FPD.  
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Figure 2.11    Enhanced reduction of CD31 (PECAM-1) expression in tumors isolated from 

the FPD-SFN–treated cohort  

(A) Immunoblots of lysates prepared from resected tumors assessing CD31 expression 

levels in the indicated cohorts (n = 24). Loading was assessed by tubulin levels. (B) 

Densitometry analyses of the average intensity of CD31 staining. The mean ± SEM 

intensity expressed as a ratio oftubulin intensity across treatment cohorts (six 

mice/cohort) is shown. Significant P values (t test) are indicated. A.U., arbitrary units. 
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          In summary, our data show that FPD-SFN combinations exhibit cytotoxic synergy 

in EGFR/HER-2 and mutant RAS/RAF BC model systems. This correlates with 

enhanced tumor growth inhibition at the orthotopic site and with reduced pulmonary 

metastatic burden. These preclinical data support possible anti-tumor applications of 

FPD-SFN modalities in adjuvant and advanced settings of BC therapy.   The potential 

therapeutic benefits of adding FPD to current SFN-treatment modalities in BC is 

suggested by recent successes of SFN in BC trials.  SFN has been shown to prolong 

progression free survival (PFS) of advanced or metastatic HER-2 negative BC patients 

previously treated with anthracylines and/or taxanes (SOLTI-0701;[54]). SFN has also 

been shown to increase survival of HER-2 negative patients with disease progression 

during or after Bevacizumab therapy [153].  Trastuzumab is currently the main targeted-

treatment for HER-2 positive cases and Lapatinib for advanced/metastatic cases.  We 

have observed that FPD-SFN combinations exhibit synergy in the HER-2 over-

expressing cell line SKBR3, supporting the use of SFN as a potential alternative to 

Trastuzumab and Lapatinib in combination with FPD (discussed above). In this context, 

SFN may provide potential improvements in therapeutic efficacy over HER-2 inhibitors 

because it directly targets RAF, a central regulatory nexus in RTK-mediated proliferative 

and survival signaling.  Unlike HER-2 inhibitors, SFN provides the added benefit of 

enhancing FPD-associated anti-angiogenic effects (Figure 2.11). Alternatively, FPD-

SFN combination therapy could also be employed as anti-resistance strategies in cases 

refractory to Trastuzumab or Lapatinib.   Lastly, triple-negative (TN) BC, the most 

aggressive BC subtype, is characterized by a lack of estrogen, progesterone and HER-2 
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receptor expression, and with EGFR over-expression [41, 42]. The observed synergy in 

EGFR over-expressing MDA-MB-468 and in TN MDA-MB-231 cell /tumor models 

supports the use of this combination in TNBC.  Thus, FPD-SFN combination modalities 

may be suitable for treating HER-2 positive BC; and as well, aggressive HER-2 negative 

BCs exhibiting EGFR or TN molecular signatures. 
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Chapter 3 

Co-targeting Raf and MEK results in maximal inhibition of 

tumorigenesis in triple negative RAS/RAF driven breast cancer 
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3.1  Summary  

       Signalling aberrations of the Ras-Raf-Mek-Erk (Ras-MAPK) pathway downstream of 

the epidermal growth factor receptor (EGFR) and human epidermal growth factor 

receptor-2 (HER-2) have been implicated in breast cancer (BC) pathogenesis. The highly 

aggressive BC subtype, triple-negative (TN) basal-like BC, expresses EGFR in up to 60% 

of cases, making them potentially targetable with EGFR inhibitors.  However, activating 

mutations within nodes of the Ras-MAPK pathway may uncouple this pathway from the 

effects of EGFR inhibitors. Here, we explored the effects of individual or combinations 

of inhibitors targeting EGFR, HER-2, Raf and Mek on cytotoxicity, signaling and 

tumorigenesis in the human TN metastatic MDA-MB-231 BC cell line which harbors 

activating KRAS and BRAF mutations.  Lapatinib, which targets both EGFR and HER-2, 

displayed greater cytotoxicity than Erlotinib, which inhibits EGFR, but not HER-2.  This 

difference in cytotoxicity correlated with the ability of Lapatinib, but not Erlotinib to 

block downstream Erk activity.  The Mek inhibitor U0126 effectively blocked Erk 

activity, but showed minimal cytotoxicity.  However, the Raf inhibitor Sorafenib blocked 

Erk activity and was highly cytotoxic.  In addition, U0126 potentiated the cytotoxic 

efficacy of Sorafenib, and displayed synergy in the lower dose ranges of Sorafenib. These 

findings were supported by in vivo mouse xenograft studies where Raf and Mek 

inhibitors reduced primary tumor growth and metastatic tumor load in the lungs when 

used as single agents, and displayed significantly greater antitumor effects when used in 

combination. Taken together, these data suggest that co-targeting Raf and Mek may 



 

 68 

effectively disrupt constitutive Ras-MAPK signaling to achieve improved anti-

tumorigenic effects in the treatment of TN BC. 

 

3.2 Introduction 

          Receptor tyrosine kinases (RTKs) such as HER-2 and EGFR have been widely 

associated with BC pathogenesis. The overexpression of HER-2 has been found in 20% 

of BC cases and is strongly associated with poor clinical prognosis [16]. EGFR 

overexpression has been shown to be over-expressed in 35 % of recurrent BC cases and 

is inversely correlated with relapse-free survival [33, 42]. Both HER-2 and EGFR 

regulate cell proliferation and survival through the Ras-Raf-Mek-Erk (Ras-MAPK) and 

PI3K-Akt pathways, which play significant roles in cancer development and progression 

[6, 55]. Oncogenic mutations in genes such as RAS, RAF, PI3K and PTEN, whose gene 

products play important roles along these pathways, occur with high frequency in various 

malignancies. We posited that targeting multiple components of these signaling pathways 

downstream of EGFR and HER-2 could achieve greater therapeutic efficacy than 

targeting single components, and might overcome drug resistance that would ultimately 

lead to relapse and progression [65, 76]. 

          Aberrant activation of Ras-MAPK signaling has been reported in 30% of human 

malignancies [56]. Dysregulated Ras activity is associated with the initiation and 

progression of cancer. Although KRAS is mutated only in 5% of BC cases, about 60% of 

the triple-negative basal-like subtype express EGFR and thus could benefit from targeted 
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therapies that disrupt the Ras-MAPK signaling cascade [57, 58]. Moreover, MAPK 

signaling aberrations frequently occur through gain-of-function mutations of RAS and 

RAF, which have been demonstrated to be mutually exclusive in various tumors [59, 60]. 

Found in over 50% of malignant melanomas, BRAF mutations also contribute to the 

constitutive activation of MAPK pathway. Cells that harbour BRAF mutations displayed 

selective sensitivity to Mek-targeted inhibition compared to wild-type or RAS-mutant 

cells [59]. In addition, mutated BRAF oncoproteins have been found to be highly 

transforming irrespective of upstream Ras activity. The non-overlapping occurrence of 

Ras and Raf in melanomas, colorectal, and ovarian carcinomas is consistent with the role 

of Ras in promoting Raf activity [56]. These observations underlie the role of Raf as a 

regulatory nexus and a bona fide target in Ras-MAPK mediated oncogenic signaling [59, 

60]. 

          The Ras-Raf axis transduces survival and proliferative signals through both Mek-

Erk-dependent and Mek-Erk-independent Raf signaling pathways [63]. Despite the fact 

that no oncogenic mutations of MEK or ERK have been confirmed in neoplasms, 

constitutive Mek-Erk activation has been shown to potently induce malignant 

transformation of epithelial and hematological cells [56, 64]. In BC, elevated MAPK 

signaling has been associated with advanced clinical presentations with a high metastatic 

rate. The expression of Erk in primary breast carcinomas is elevated 5- to 10-fold 

compared to benign lesions such as fibroadenoma and fibrocystic disease [65, 66]. 

Increased Erk activity has also been positively correlated with metastatic lymph node 

infiltrations and associated with increased insensitivity to hormone therapy [69].      
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          The well-established role of deregulated Ras-MAPK activity in oncogenesis has 

fueled strong interest in developing targeted kinase inhibitors to disrupt its signaling. Raf- 

and Mek-targeted inhibitors have been well-studied and tested in preclinical models as 

well as clinical trials. Sorafenib (SFN) (BAY 43-9006; Nexavar) is the most successful 

Raf inhibitor to date, which was approved by the FDA in 2005 for treatment of advanced 

renal cell carcinoma [56]. SFN potently inhibits both the CRAF (Raf-1) and BRAF 

isoforms (e.g., BRAF V600E, the predominant mutation found in malignancies). SFN has 

also been shown to exhibit potent inhibitory effects on p38, VEGFR1-3 and PDGFR-β in 

vitro and in vivo [121]. A recent SOLTI-0701 trial demonstrated that SFN significantly 

prolonged progression free survival (PFS) of advanced or metastatic HER-2 negative BC 

patients [54]. This is further supported by findings from the NCT00493636 trial showing 

SFN increased PFS of advanced HER-2 negative patients with disease progression during 

or after Bevacizumab (an anti-VEGFA monoclonal antibody) therapy [153]. 

          First generation Mek inhibitors such as PD98059 and U0126 have been widely 

used to study the intricacies of the Mek-Erk signaling pathway [56]. PD184352 (CI-

1040) was the first Mek inhibitor to enter clinical trials, albeit with limited success due to 

poor pharmacodynamics and metabolic stability [154, 155]. AZD6244 (AZD) (ARRY-

142886; Selumitinib) is a selective non-ATP competitive inhibitor of MEK 1 and MEK2; 

preclinical assessments showed its antitumorigenic properties in BC, colorectal 

carcinoma, NSCLC, and melanoma xenograft models [56, 72, 73]. Results from a phase I 

dose-escalation study in patients with advanced solid tumors concluded adverse effects 

from AZD were well tolerated; dose-limiting toxicities include rash, diarrhea, vomiting, 
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and peripheral edema [156, 157]. The NCT00890825 trial reported that AZD improved 

overall survival (OS) and PFS in advanced KRAS-mutant NSCLC patients, warranting 

Mek inhibition to disrupt Erk signaling irrespective of upstream stimuli [74]. This is 

further supported by recent findings showing that downregulation of activated MAPK 

resulted in increased sensitivity to anastrazole therapy in AZD-treated BC xenografts 

[75].  

          In this study, we tested the cytotoxic potency and efficacy of Raf and Mek 

inhibitors on a triple-negative claudin-low BC cell line that harbors both RAS and RAF 

mutations. The Mek inhibitor U0126 was found to significantly potentiate the cytotoxic 

efficacy of the Raf inhibitor SFN in vitro; our findings showed co-targeting Mek and Raf 

resulted in enhanced cell killing efficacy, most notably at low doses. These data highlight 

the importance of co-targeting Raf and Mek as a means to achieve maximum therapeutic 

efficacy in triple negative BC associated with upregulation of MAPK pathway. 

 

3.3 Materials and methods 

 

3.3.1   Cell lines and reagents 

          A431 cell line was obtained from American Type Culture Collection (Manassas, 

VA). MDA-MB-231 cells were provided by Dr. Peter Siegel (McGill University, 

Montreal, QC). SFN, Lapatinib, and Erlotinib were obtained from Toronto Research 

Chemicals (Toronto, ON). U0126 and PD98059 were purchased from Sigma-Aldrich 
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(Oakville, ON). AZD6244 was purchased from Selleckchem (Houston, TX). SFN and 

AZD6244 used for xenograft studies were acquired from Selleckchem (Houston, TX). 

 

3.3.2 Cytotoxicity assay 

         Cells (2  104 per well in 96-well-plates) were treated with increasing 

concentrations of the indicated drugs for 72 h in standard culture media. For drug-

combination experiments, cells were treated with varying concentrations of a primary 

drug in the presence of a fixed concentration of a secondary drug.  Cell viability was 

assessed by metabolic activity using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT assay; Sigma-Aldrich). Drug interactions were 

analyzed using CALCUSYN software by Chou and Talalay (Biosoft) which 

quantitatively assesses the nature of drug interactions using multiple drug-

effect/combination index (MDE-CI) isobologram analysis. This analysis calculates a 

combination index (CI) for drug interactions.  CI values less than 0.9 indicate synergy; CI 

values between 0.9-1.1 indicate additivity; and CI values greater than 1.1 indicate 

antagonism [125].  Fa reflects the proportion of cells killed or no longer viable as a result 

of drug treatment and was calculated using the following equation: Fa = (A570 control – 

A570 treated) / A570 control [24, 126]. 
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3.3.3 Signaling experiments 

          Cells (1 x 107 per 10 cm plate) were treated with Erlotinib, Lapatinib, SFN, U0126 

alone or in combination at the indicated times and concentrations in standard culture 

media. After treatment, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer 

supplemented with protease inhibitors and clarified by centrifugation (12.000 g, 10 min). 

Equal quantities of protein were separated by SDS-PAGE and assayed by 

immunoblotting (IB) using the indicated antibodies. All antibodies were purchased from 

Cell Signaling Technology (Beverly, MA). Immunoprecipitation was performed by using 

cells that were grown to 85% confluency and lysed in a cell lysis buffer containing 

20mM Tris (pH 7.5), 150mM NaCl, 1mM EDTA, 1 % (w/v) NP-40 with protease 

inhibitors. Phosphotyrosine antibody was purchased from SantaCruz Biotechnology 

(Dallas, TX).  Lysates were incubated overnight with Protein A/G sepharose beads 

(Millipore, MA). Immunoprecipitates were subsequently analyzed by western blot as 

described above. In immunofluorescence studies, cells were seeded on 12mm glass 

coverslips (Fisher Scientific, ON), fixed in 3% paraformaldehyde, permeabilized with 

0.2% TritonX-100 (Fisher Scientific, ON), and blocked in 3% bovine serum albumin. 

Cells were subsequently stained with the indicated primary antibody and appropriate 

AlexaFluor 546 secondary antibody. Alexa 488 Phalloidin and 4',6-diamidino-2-

phenylindole (DAPI) were used to stain F-actin and nuclei respectively. Cell images were 

captured using a 63x objective on a Leica TCS-SP2 inverted confocal microscope (Leica 

Microsystems, ON) with a pinhole diameter of 1 airy [158].  
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3.3.4   Preclinical in vivo drug-testing 

           Logarithmically growing MDA-MB-231 cells were resuspended in 1:1 phosphate 

buffered saline (PBS):Matrigel (Sigma-Aldrich) solution.  Fifty L (2 x 106 cells) were 

injected into the right inguinal mammary gland of BalbC-RAG2-/-|IL2Rγc-/- mice (kindly 

provided by Dr. M. Ito, Central Institute of Experimental Animals, Kawasaki, Japan).  

SFN was dissolved in H2O containing 12.5% Cremophor EL (Sigma-Aldrich) and 12.5% 

ethanol and administered by oral-gavage (og) [127]. AZD6244 was dissolved in water 

and administered by oral gavage (og). Mice were randomized into four cohorts 

(six/cohort). The control cohort received PBS (og) and treatment cohorts received either 

SFN (30 mg/kg, og), AZD6244 (20 mg/kg, og) or SFN-AZD6244 (30 and 20 mg/kg, 

respectively) [121, 159, 160]. Treatment was initiated 7 days post-engraftment and 

continued every 2 days for 30 days. Tumor sizes were measured every 2 days using 

calipers. After 37 days, tumors were resected, bisected and either lysed in RIPA buffer 

for IB analysis or formalin-fixed and paraffin-embedded (FFPE) for histological analysis. 

IBs were quantified using IMAGEJ software [129]. 

 

3.3.5 Pathological assessment of pulmonary metastatic tumor burden 

          Whole lungs were resected from each mouse 37 days post-engraftment and 

prepared in FFPE tissue blocks (n=24). Two sections from each FFPE tissue block (4 µm 

per section; 200 µm apart) from each mouse were assessed blindly by two independent 

pathologists (n=48). Relative metastatic burden per lung section from each cohort was 
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morphometrically measured using ePATHOLOGY IMAGESCOPE (Aperio, Vista, CA) 

and IMAGEPRO software (MediaCybernetics, Rockville, MD)[161]. The ratio of area 

infiltrated by metastatic tumor clusters to area of normal lung parenchyma was calculated 

to determine the relative burden of MDA-MB-231 cells metastasized in murine lungs 

from each treatment cohort.     

 

3.4   Results 

 

3.4.1   Resistance to EGFR-targeted inhibition correlates with constitutive activation 

of the MAPK pathway 

          The EGFR inhibitor Erlotinib was used to initially assess the impact of targeting 

the upstream RTK on MDA-MB-231 cell viability and downstream activity of signaling 

molecules along the Ras-MAPK signaling axis. Erlotinib killed 37% of the cells (37% 

KEff; maximal number of cells killed) at 100 uM, failing to achieve a 50% cell kill 

(Figure 3.1A). The impact of EGFR-targeted inhibition by 50 μM Erlotinib on 

downstream MAPK signaling was assessed at steady-state (80% confluency in standard 

culture media) by immunoblotting with antibodies against phosphorylated (activated) 

downstream signaling molecules such as Mek (pMek) and Erk (pErk) (Figure 3.1B). 

Interestingly, the activation state of Mek and Erk actually increased over the 24 hours of 

Erlotinib treatment; with the exception of a transient inhibition at the 8 and 12 hour time-
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points, respectively.  These observations suggested that inhibiting the upstream EGFR 

could not block downstream Ras-MAPK  

          

Figure 3.1    Increased resistance to the EGFR inhibitor Erlotinib  

(A) MDA-MB-231 cells were treated with increasing concentrations of the EGFR inhibitor 

Erlotinib (0-100µM). Cell viability was assayed after 72 h.  The fraction of cells killed (Fa
 ± 

SEM) by Erlotinib is shown. (B) MDA-MB-231 cells were treated with Erlotinib (50 M) for 24 

hours. Mek phosphorylation at Ser217/221 and Erk phosphorylation at Thr202/Tyr204, each 

indicative of the kinase active states, were determined by immunoblotting. Loading was assessed 

by total levels of Mek and Erk. Dose-effect profiles are representative of 3 independent 

experiments; blots are representative of 2 independent experiments.    
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signaling in the MDA-MB-231 cell model. To ensure that Erlotinib was inhibiting its 

intended target, the tyrosine phosphorylation status of EGFR was assessed by 

immunoblotting analysis after stimulation with its ligand, epidermal growth factor (EGF). 

The high EGFR expressing A431 cell line was used as a positive control. Tyrosine 

phosphorylation of EGFR in MDA-MB-231 cells was promoted by EGF treatment and 

that was dose-dependently inhibited by Erlotinib (Figure 3.2A), confirming that Erlotinib 

was potently inhibiting the EGFR.  We next evaluated the constitutive activation of Ras-

MAPK signaling downstream of RTKs by assessing the phosphorylation status of Mek 

and Erk. After 12 hours of serum starvation, Mek and Erk remained phosphorylated, 

consistent with their being constitutively active due to upstream Ras and Raf activation 

(Figure 3.2B). Stimulation of these serum starved MDA-MB-231 cells with EGF did not 

result in a significant increase in Mek or Erk phosphorylation, suggesting saturated levels 

of steady-state signaling activity of Mek and Erk irrespective of upstream stimulation. 

Treatment of these EGF stimulated cells with Erlotinib at doses which effectively 

inhibited EGFR phosphorylation (0.05-1 μM; Figure 3.2A) failed to inhibit Mek or Erk 

signaling activity.  These data suggest that Ras-MAPK pathway activity is uncoupled 

from upstream RTK signaling input in MDA-MB-231 cells. 
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Figure 3.2     Uncoupling of MAPK signaling activity from upstream EGFR stimuli  

(A) Serum starved MDA-MB-231 cells were treated with increasing concentrations of Erlotinib 

for 1 hour (0.05-10 µM), and subsequently stimulated with EGF 100 ng/mL for 2 minutes. Cells 

were assessed by immunoprecipitation with a pan-EGFR antibody and subsequent 

immunoblotting with anti-phosphotyrosine (pY) and anti-EGFR (EGFR) as shown. A431 cells 

were used as a positive control. (B) MDA-MB-231 cells were treated with increasing 

concentrations of Erlotinib for 1 hour (0.05-1 µM). Mek phosphorylation at Ser217/221 and Erk 

phosphorylation at Thr202/Tyr204, indicative of kinase active states were determined by 

immunoblotting. Loading was assessed by the total levels of Mek and Erk. Blots are 

representative of 2 independent experiments 
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3.4.2 Co-targeting EGFR and HER-2 is more effective than targeting EGFR alone  

         Since MDA-MB-231 cells also express HER-2, we next tested the dual kinase 

EGFR/HER-2 small molecule inhibitor Lapatinib [162]. In comparison to Erlotinib, 

which only achieved a 37% KEff at 100 M (Figure 3.1A), Lapatinib was able to kill 98% 

of the cells at 100 μM, with an EC50 (dose required to achieve half-maximal cell killing) 

of 38.8 μM (Figure 3.3A). Downstream signaling activity along the Ras-MAPK pathway 

was assessed in the presence of 50 μM Lapatinib over an extended time course. Mek 

phosphorylation was decreased at 0.25, 0.5, 1, 4, 8, and 12 hours with periodic signal 

oscillations that peaked at 2 and 24 hours. Erk phosphorylation was partially inhibited at 

0.25, 0.5, 1, and 8 hours with periodic oscillations which peaked at 2-4 and 24 hours 

(Figure 3.3B). Oscillations of Erk and Mek phosphorylation upon treatment with 

Lapatinib occurred at the same time points, suggesting that these two kinases remained 

functionally coupled in the MDA-MB-231 cell model. In contrast to targeting EGFR 

alone with Erlotinib, co-targeting EGFR and HER-2 with Lapatinib resulted in significant 

inhibition of both Mek and Erk phosphorylation, and this correlated with a much greater 

cytotoxicity. These observations argue for the importance of targeting the Ras-MAPK 

signaling axis to effectively induce cell death in MDA-MB-231 cells.     
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Figure 3.3 Cytotoxic sensitivity to the dual EGFR/HER-2 inhibitor Lapatinib 

(A) MDA-MB-231 cells were treated with increasing concentrations of Lapatinib (0-100 µM). 

Cell viability was assayed after 72 h. The fraction of cells killed (Fa
 ± SEM) by Lapatinib is 

shown. Lapatinib-EC50 is indicated   (B) MDA-MB-231 cells were treated with Lapatinib (50 

M) for 24 hours. Mek phosphorylation at Ser217/221 and Erk phosphorylation at 

Thr202/Tyr204, indicative of kinase active states, were determined by immunoblotting. Loading 

was assessed by stripping and reblotting for total levels of Mek and Erk.  Dose-effect profiles are 

representative of 3 independent experiments; blots are representative of 2 independent 

experiments.   
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3.4.3  Raf inhibition decreased MAPK signaling activity and effectively induced cell 

death  

          Aberrant MAPK signaling has been previously described in MDA-MB-231 cells 

[68, 121, 163]. In an attempt to inhibit constitutive activation of MAPK signaling, the 

multikinase inhibitor Sorafenib (SFN) was used to target Raf upstream of Mek and Erk. 

SFN killed almost 100% of MDA-MB-231 cells at 100 M, with an EC50 of 10.3 µM 

(Figure 3.4A); which was more toxic than Lapatinib (EC50  38.8 µM; Figure 3.3A). In 

the presence of 10 µM SFN, Mek phosphorylation was strongly inhibited and remained 

low throughout the 24 hour time course, without apparent signaling oscillations (Figure 

3.4B). A significant decrease in the phosphorylation of Erk was also observed at 0.25, 

0.5, 1, 2, 8, and 12 hours; and similar to Lapatinib treatment (see Figure 3.3B), periodic 

oscillations in Erk phosphorylation were observed which peaked at 4 and 24 hours 

(Figure 3.4B).  

Aberrant MAPK signaling activity facilitates cell-cycle entry by way of inducing 

CyclinD1 expression [164]. In the MDA-MB-231 model, the expression of CyclinD1 was 

maintained in the first 8 hours upon SFN treatment followed by a rapid decline at 12 and 

24 hours. The Ras-MAPK and Rb-E2F pathways regulate cell proliferation and survival, 

signaling through the Rb-E2F pathway was assessed by Rb phosphorylation at serine 

807/811 residues [56, 89, 134]. Rb phosphorylation was initially suppressed by SFN 

treatment at 0.25, 0.5, and 1 hour, with partial recovery at 2, 4, 8, and again at 12 hours 

before a rapid decline at 24 hours.  
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Figure 3.4    Cytotoxic sensitivity to the Raf inhibitor Sorafenib 

(A) MDA-MB-231 cells were treated with increasing concentrations of Sorafenib (SFN, 0-80 

µM). Cell viability was assayed after 72 h.  The fraction of cells killed (Fa
 ± SEM) by SFN is 

shown; and the EC50 is indicated. (B) MDA-MB-231 cells were treated with SFN (10 M) for 24 

hours. Mek phosphorylation at Ser217/221, Erk phosphorylation at Thr202/Tyr204, and Rb 

phosphorylation at Ser807/811 indicative of active states were determined by immunoblotting. 

Expression levels of CyclinD1 and Mcl-1 were also determined by immunoblotting.  Loading was 

assessed by blotting for the total levels of Mek, Erk, and Ras GTPase-activating protein RasGAP.  

Dose-effect profiles and blots are representative of 3 independent experiments.   
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The expression of Mcl-1, a pro-survival member of the Bcl-2 family, was suppressed 

beyond 1 hour of SFN treatment. These data suggest that reduced MAPK signaling led to 

decreased cell-cycle entry and suppression of Mcl-1 was associated with SFN-induced 

cytotoxicity. 

 

3.4.4   Targeted Mek inhibition resulted in decreased MAPK signaling with minimal 

cytotoxicity, and loss of Erk-mediated feedback inhibition of SOS and Raf   

          The marked decreases of MAPK signaling activity upon Raf inhibition with SFN 

prompted us to further explore the potential of targeting downstream Mek to inhibit 

constitutive signaling activity along the Raf-Mek-Erk axis in MDA-MB-231 cells and to 

induce cytotoxicity. The Mek inhibitor U0126 showed remarkably poor cytotoxic 

efficacy relative to SFN, achieving approximately 60% KEff in MDA-MB-231 cells at 

concentrations as high as 100 µM (Figure 3.5A). Upon treatment with 5 μM U0126, 

phosphorylation of Mek paradoxically increased at early time points (0.25, 0.5 and 1 

hour), then returned to baseline levels for the remainder of the 24 hour time course, with 

the exception of the 8 hour time point where significant suppression was apparent. In 

contrast, Erk phosphorylation was strongly suppressed at 0.25, 0.5, and 1 hour time 

points, consistent with effective inhibition of Mek-mediated phosphorylation of Erk.  

Phosphorylation of Erk displayed partial restoration after 1 hour through to 24 hours; 

albeit never fully recovering to baseline levels (Figure 3.5B). In comparison, the 

expression of CyclinD1 remained relatively stable throughout 24 hours in the presence of  
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Figure 3.5    Cytotoxicity profile of the Mek inhibitor U0126 

(A) MDA-MB-231 cells were treated with increasing concentrations of U0126 (0-100 µM). Cell 

viability was assayed after 72 h.  The fraction of cells killed (Fa
 ± SEM) by U0126 is shown. (B) 

MDA-MB-231 cells were treated with U0126 (5 M) for 24 hours. Mek phosphorylation at 

Ser217/221, Erk phosphorylation at Thr202/Tyr204, and Rb phosphorylation at Ser807/811 

indicative of active states were determined. Expression levels of CyclinD1 and Mcl-1 were also 

determined.  Loading was assessed by blotting for the total levels of Mek, Erk, and Ras GTPase-

activating protein RasGAP.  Dose-effect profiles are representative of 3 independent experiments; 

blots are representative of 2 independent experiments.   
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5 μM U0126. Along the Rb-E2F axis, marked suppression of Rb phosphorylation was 

noted at 2, 4, 8, 12, and 24 hour time-points. Oscillation of Mcl-1 expression was 

observed, with an initial decrease at 0.25, 5, and 1 hour, followed by recovery at 2 and 4 

hours before undergoing suppression. 

            To further assess the ability of the Mek inhibitor U0126 to effectively inhibit 

MAPK signaling, we performed a time course analysis of the phosphorylation status of 

Mek and Erk in the presence of a higher dose of U0126 (Figure 3.6). Consistent with our 

previous findings, treatment with 50 μM U0126 resulted in a transient increase in Mek 

phosphorylation at 0.25-4 hours before reduction, with peak oscillatory activity noted at 8 

and 12 hours (Figure 3.6A). Phosphorylation of Erk was strongly inhibited by U0126 

throughout 24 hours without observable recovery. We next assessed whether Mek 

inhibition could inhibit EGF-induced MAPK signaling. In serum starved cells, treatment 

with U0126 did not result in complete inhibition of Mek phosphorylation; however, Erk 

phosphorylation was completely abolished by U0126, suggesting its activation by EGF-

induced signaling was still coupled to Mek activity (Figure 3.6B). Stimulation with EGF 

in the presence of U0126 resulted in a gradual increase in Mek phosphorylation over the 

2 hour time course, becoming clearly apparent at 15 minutes.  In comparison, Erk 

phosphorylation was maximally suppressed by U0126 in serum starved cells; but upon 

stimulation with EGF, Erk phosphorylation became detectable at 25 minutes and 

increased thereafter, peaking at 60 minutes (Figure 3.6B). These findings suggest 

constitutive MAPK signaling activity is sensitive to targeted Mek inhibition.  

Furthermore, the increase in Mek phosphorylation upon inhibition of its activity with  
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Figure 3.6     MAPK signaling activity in the presence of the Mek inhibitor U0126  

(A) MDA-MB-231 cells were treated with U0126 (5 and 50 µM) for 24 hours. Mek 

phosphorylation at Ser217/221 and Erk phosphorylation at Thr202/Tyr204 indicative of active 

state were determined. Loading was assessed by blotting for tubulin. (B) MDA-MB-231 cells 

were treated with U0126 (25 M) for 1 hour and stimulated with EGF 50 ng/mL for indicated 

time intervals. Mek phosphorylation at Ser217/221 and Erk phosphorylation at Thr202/Tyr204 

indicative of active state were determined.  Loading was assessed by blotting for the total levels 

of Mek and Erk. Blots are representative of 2 independent experiments.   
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U0126 suggests that increased Mek phosphorylation in the presence of U0126 may result 

from loss of Erk-mediated feedback signaling inhibition. Enhanced Mek signaling 

activity due to abrogation of feedback inhibition from downstream Erk has been 

described in cell lines with aberrant MAPK signaling activity [65, 83, 155].   

          Erk has been shown to have a role in feedback-inhibition of upstream Ras activity. 

Activation of Ras is catalyzed by the guanylnucleotide exchange factor SOS [165, 166]. 

Erk-mediated feedback inhibition of SOS was explored using the Mek inhibitors U0126 

and PD98059 (Figure 3.7). In serum starved EGF-free conditions, U0126 treatment 

correlated with increased electrophoretic mobility of SOS. EGF stimulation of untreated 

cells correlated with a marked decrease in the electrophoretic mobility of SOS, which 

peaked at 40 and 60 minutes.  U0126 treatment appeared to block this EGF-induced 

decrease in SOS mobility (Figure 3.7A). Similar observations were made using the Mek 

inhibitor PD98059 (Figure 3.7B). These observations were consistent with disruption of 

Erk-mediated feedback inhibition in the presence of Mek inhibitors.  

EGF treatment of serum starved cells also correlated with increased 

phosphorylation of CRAF at Ser-289/296/301 residues, and this was very effectively 

inhibited by PD98059 (Figure 3.7B). Phosphorylation of six CRAF residues (Ser-29, -

43, -289, -296, -301, and -642) has been previously shown to correlate with CRAF 

inactivity, and was associated with downstream Mek signaling [84].  These findings 

indicate that Mek inhibition results in inhibition of Erk activity and loss of Erk-mediated 

Raf inhibition.  Thus, paradoxically, the result of Mek inhibition could lead to increased 

Ras-Raf activity in the upstream components of the MAPK signaling axis. 
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Figure 3.7     Mek inhibition leads to loss of feedback inhibition of Ras and Raf 

(A) Serum starved MDA-MB-231 cells were treated with U0126 (25 M) for 1 hour and 

stimulated with EGF 50 ng/mL for indicated time intervals. Cell lysates were subjected to SOS 

and tubulin immunoblotting. (B) Serum starved MDA-MB-231 cells were treated with PD98059 

(25 M) for 1 hour and stimulated with EGF 50 ng/mL for indicated time intervals. Cell lysates 

were subjected to immunoblotting analysis of SOS, p120 RasGAP, tubulin and C-Raf 

phosphorylation at Ser289/296/301, indicative of kinase inhibition [84]. Blots are representative 

of 2 independent experiments.   
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3.4.5    Inhibition of Erk induced in-parallel signaling activation of the PI3K-Akt 

pathway      

            In situ MAPK signaling activity was analyzed using confocal imagery to assess 

Erk phosphorylation at steady-state (80% confluency in standard culture media). 

Consistent with our initial findings (see Figure 3.1), Erk is constitutively active at steady 

state and treatment with the EGFR inhibitor Erlotinib failed to reduce Erk 

phosphorylation, suggesting uncoupling of downstream MAPK signaling from upstream 

EGFR activity. In contrast, targeted Mek and Raf inhibition using U0126 and Sorafenib 

resulted in significant reduction of phospho-Erk staining (Figure 3.8A). These 

observations were consistent with findings from subsequent experiments where MDA-

MD-231 cells were stimulated with EGF in the presence of U0126 and Sorafenib. Under 

EGF-free conditions, constitutively active Erk was apparent, and EGF stimulation 

resulted in a transient decrease in phospho-Erk levels at 1 and 5 minutes, followed by 

recovery and increased Erk activation across the remainder of the 2 hour time course 

analysis (Figure 3.8B). In contrast, pre-treatment of cells with U0126 or SFN resulted in 

complete inhibition of Erk phosphorylation in EGF-free conditions; and upon stimulation 

with EGF, phosphorylation of Erk was first detected at 15-25 minutes, and increased over 

the reminder of the 2 hour time course, but to a much reduced extent relative to DMSO 

control treated cells (Figure 3.8B). Interestingly, the time when Erk phosphorylation was 

first detected in these EGF stimulated U0126 or SFN treated cells (25 minutes) also 

correlated with transient appearance of detectable levels of Akt phosphorylation. 
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Figure 3.8   Constitutive MAPK signaling and transactivation of the in-parallel PI3K/Akt 

pathway in response to Raf and Mek inhibition 

(A) In situ pErk activity in the presence of Erlotinib, U0126, and Sorafenib. MDA-MB-231 cells 

were treated with vehicle (DMSO), Erlotinib, U0126, and Sorafenib at the indicated 

concentrations for 1 hour prior to seeding onto 12mm coverslips. Cells were then stained for 

pERK (red), F-actin (green) and DAPI for nuclei (blue) and images were acquired by confocal 

fluorescence microscopy as described in the Materials and Methods section. (B) MDA-MB-231 

cells were treated with U0126 and Sorafenib (25 and 5 M, respectively) for 1 hour, then 

stimulated with EGF 50 ng/mL for the indicated time intervals. Erk phosphorylation at 

Thr202/Tyr204 and Akt phosphorylation at Ser473 indicative of active state were determined by 

immunoblotting. Confocal imaging and blots are representative of 2 independent experiments.  
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Phosphorylation of Akt was never observed in constitutively growing MDA-MB-231 

cells, nor was it detected in starved and EGF stimulated cells unless those cells were also 

subjected to treatment with Raf or Mek inhibitors (Figure 3.8B). This is consistent with 

observations by others that basal Akt phosphorylation in MDA-MB-231 at steady state is 

undetectably low [65, 167]. Our findings indicate that not only did targeted-MAPK 

inhibition result in inhibition of Erk activity and loss of Erk-mediated feedback 

inhibition, but this also correlated with transactivation of the in-parallel PI3K-Akt 

signaling pathway.     

 

3.4.6    U0126 synergized with Sorafenib to enhance cytotoxicity in MDA-MB-231 

cells 

           The marked suppression of MAPK signaling resulting from U0126 and SFN 

treatment prompted us to test the combination of U0126 and SFN for increased cytotoxic 

efficacy. Increasing concentrations of SFN were combined with a fixed dose of 5 µM 

U0126; a concentration of U0126 that had previously been shown to induce less than 

20% cell killing. A greater than additive cytotoxicity was apparent at SFN concentrations 

below its EC50 (< 10 µM) (Figure 3.9). We further assessed the nature of these drug 

interactions using MDE-CI analysis (see Materials and Methods). Exploration of drug 

ratio combinations in MDA-MD-231 indicated synergy between U0126 and SFN at ratios 

ranging from 8:1 to 1:1. Strong synergism was noted when U0126/SFN drug ratios 

increased, suggesting that SFN-U0126 combinations can potentiate cytotoxicity to levels 

greater than the summed effects of individual drugs.        
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Figure 3.9  Potentiation of Sorafenib-induced cytotoxicity by U0126 in MDA-MB-

231 cells 

Upper panel: The fraction of cells killed (Fa) (± SEM) by Sorafenib in the presence of DMSO 

(vehicle) or a fixed concentration (5 M) of U0126. The fraction of cells killed by U0126 at a 

fixed concentration 5 M is shown for comparison [dashed lines; grey shading (± SEM)]. Lower 

panel: MDE-CI analysis of drug interactions in the upper cytotoxicity panel. Shown are 

combination indices (CI) as a function of Sorafenib concentration.  Black, grey and white bars 

denote synergistic (CI < 0.9), additive (CI = 0.9-1.1) or antagonistic interactions (CI > 1.1), 

respectively. Synergistic ratios and Sorafenib-EC50 are indicated.  Data are representative of 3 

independent experiments. 
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          We next tested the combined cytotoxic effects of targeting upstream EGFR/HER-2 

and downstream Raf or Mek by using Lapatinib-U0126 or Lapatinib-SFN combinations. 

A fixed dose of 20 µM U0126 was added to varying concentrations of Lapatinib, and a 

fixed dose of 5 µM SFN was added to varying degrees of Lapatinib (Figure 3.10A and 

Figure 3.10B, respectively). MDE-CI analyses indicated U0126 potentiated the efficacy 

of Lapatinib at ratios ranging from 16:1 to 4:1; while SFN potentiated Lapatinib at ratios 

ranging from 4:1 to 2:1. Compared to the synergistic SFN-U0126 combination, the 

Lapatinib-U0126 and Lapatinib-SFN combinations only exhibited additive cytotoxicity. 

Our findings suggest that combined targeted inhibition of Raf and Mek in MDA-MB-231 

cells results in greater cytotoxicity in comparison to combined inhibition of the upstream 

EGFR/HER-2 RTKs and either downstream Raf or Mek kinases. These data also show 

that specific ratio combinations of SFN and U0126 synergistically potentiate cytotoxicity 

in MDA-MB-231 cells. 

 



 

 94 

 

 

Figure 3.10   Additive cytotoxicity of Lapatinib-U0126 and Lapatinib-Sorafenib 

combinations  

Upper panels: The fraction of cells killed (Fa) (± SEM) by increasing concentrations of Lapatinib 

in the presence of DMSO (vehicle) or a fixed concentration of U0126 (20 µM) (A), or Sorafenib 

(5 µM) (B). The fraction of cells killed by U0126 or Sorafenib alone at fixed concentrations (20 

and 5 M, respectively) is shown for comparison [dashed lines; grey shading (± SEM)]. Lower 

panels: MDE-CI analysis of drug interactions in the upper cytotoxicity panels. Shown are 

combination indices (CI) as a function of Lapatinib concentrations.  Black, grey and white bars 

denote synergistic (CI < 0.9), additive (CI = 0.9-1.1) or antagonistic interactions (CI > 1.1), 

respectively. Additive ratios and Lapatinib-EC50 are indicated.  Data are representative of 3 

independent experiments. 
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3.4.7    Combined inhibition of Raf and Mek resulted in suppression of constitutive 

MAPK activity and increased cell death 

           We next assessed the phosphorylation status of Mek, Erk, and Rb to examine 

whether the SFN-U0126 combination could reduce constitutive activation of MAPK 

signaling in MDA-MB-231. Cells were incubated in standard media in the presence of 5 

µM SFN and 5 µM U0126 (ratio 1:1) for 24 hours. Treatment with SFN-U0126 resulted 

in decreased Mek phosphorylation across the 24 hour time course, with some slight 

restoration by 12 and 24 hours. Inhibition of Erk phosphorylation by SFN-U0126 was 

even more apparent, with immediate abolition of signal by 15 minutes, which was 

sustained for 12 hours with a partial restoration at 24 hours (Figure 3.11). The expression 

of CyclinD1 was initially stable, but was diminished by 2 hours of SFN-U0126 treatment, 

and was undetectable at 24 hours. The phosphorylation of Rb at Ser-807/811 was 

suppressed at early time points and throughout the 24 hour time course.  Interestingly, 

slight transient increases in both CyclinD1 and phosphorylated Rb were apparent at the 4 

hour time point. The expression of pro-survival Mcl-1 was initially unchanged at 0.25, 

0.5, and 1 hours, but was subsequently suppressed between 2 and 24 hours.  When 

compared to the effects of these drugs alone (Figures 3.4B and 3.5B), these data suggest 

that SFN and U0126 acted cooperatively to suppress the constitutive activation of MAPK 

signaling, as indicated by strongly reduced phosphorylation of Mek, Erk, and Rb. The 

suppression of MAPK signaling was coupled with reduced CyclinD1 expression, 

suggesting inhibition of cell-cycle entry [164, 168]. Finally, the observed reduction in 
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Mcl-1 is consistent with an effect of the SFN-U0126 combination on survival and may 

contribute to the mechanism of cytotoxicity.  

 

 

                 

 

Figure 3.11    Combined Raf and Mek inhibition blocks MAPK signaling  

MDA-MB-231 cells were treated with Sorafenib (5 µM) and U0126 (5 M) for 24 hours. Mek 

phosphorylation at Ser217/221, Erk phosphorylation at Thr202/Tyr204, and Rb phosphorylation 

at Ser807/811 were determined by immunoblotting. Expression levels of CyclinD1 and Mcl-1 

were also determined.  Loading was assessed by the total levels of Mek, Erk, and p120 RasGAP. 

Blots are representative of 2 independent experiments.   
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3.4.8    SFN-AZD6244 combination maximally suppressed tumor growth in vivo 

          We next explored combined Raf and Mek inhibition using Sorafenib and AZD6244 

in a mouse xenograft model.  MDA-MB-231 cells were orthotopically engrafted into 

mammary fat pads of BalbC-RAG2-/-|IL2Rγc-/- mice.  SFN or AZD6244 alone or in 

combination was administered to assess their relative anti-tumor activity [68, 169].  SFN 

alone significantly reduced the rate of tumor development relative to control mice 

(Figure 3.12A). AZD6244 alone also significantly suppressed tumor development rates 

compared to controls, albeit not to the same extent exhibited in the SFN-treated cohort. In 

comparison to either Sorafenib or AZD6244 alone, the SFN-AZD6244 combination 

resulted in the greatest level of tumor growth suppression (Figure 3.12B). No significant 

adverse reactions of weight loss were observed in any cohorts, which suggest that 

combined Raf and Mek inhibition by SFN and AZD6244 at concentrations sufficient to 

achieve inhibition of tumor growth in vivo may be well tolerated. 

 

3.4.9     SFN and AZD6244 combinations maximally inhibited phosphorylation of 

Mek, Erk and Rb in vivo  

           Molecular mechanisms underlying tumor suppression were furthter explored by 

measuring phosphorylation of Mek, Erk, Rb, and Akt in resected tumors (Figure 3.13A). 

In comparison to the control cohort or SFN or AZD6244, the SFN-AZD6244 

combination showed significant inhibition of Mek phosphorylation. To a lesser extent,  
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Figure 3.12 Combined treatment with Sorafenib and AZD6244 results in enhanced tumor 

suppression in vivo.  (A) Tumor xenograft development profiles of drug-treated cohorts (6 mice/cohort).  

Shown are estimates of mean Tumor Volume ± SEM. Control versus Sorafenib, AZD6244 or Sorafenib-

AZD6244 (P < 0.0001; 2-way ANOVA). Sorafenib-AZD6244 versus Sorafenib or AZD6244 (P < 0.0001; 

2-way ANOVA) (B) Photographs of gross pathology of resected primary tumors at orthotopic sites. (1-6) 

Control cohort; (7-12) AZD6244 cohort; (13-18) Sorafenib cohort; (19-24) Sorafenib-AZD6244 

combination cohort. Unit measurement was shown in millimeters. 
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Figure 3.13    Sorafenib and AZD6244 cooperatively inhibit Mek, Erk, and Rb 

signaling in tumors 

(A) Immunoblotting analysis of tumor lysates prepared from resected tumors assessing 

phosphorylation of Mek, Erk, Rb, and Akt in the indicated cohorts (n=24) (See Figure 3.12B for 

each corresponding primary tumor).  Loading was assessed by immunoblotting for tubulin levels. 

(B-D) Densitometry analyses of the average intensity of phosphorylated Mek, Erk and Rb. Shown 

is the mean ± SEM intensity expressed as a ratio of tubulin intensity across treatment cohorts (6 

mice/cohort). Significant P values (t-TEST) are indicated. Arbitrary Units (A.U.) 
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SFN or AZD6244 alone also suppressed Mek phosphorylation in tumor samples (P = 

0.02, P = 0.007, respectively; t-TEST) (Figure 3.13B). AZD6244 and the SFN-AZD6244 

combination showed strong inhibition of Erk phosphorylation, whereas SFN alone did 

not significantly reduce Erk phosphorylation in comparison to the control group (Figure 

3.13C) [68]. The phosphorylation of Rb was reduced in the presence of SFN or SFN-

AZD6244, but not in the AZD6244-treated cohort. Consistent with the in vitro findings, 

phosphorylation of Akt in vivo was undetectably low across all cohorts [65]. Taken 

together, these data show that the SFN-AZD6244 combination affected all three signaling 

proteins along the MAPK pathway, as indicated by significant reductions in the 

phosphorylation of Mek, Erk and Rb relative to controls (Figure 3.13B-D). Furthermore, 

these data show that the effects of combined SFN and AZD6244 treatment on Mek, Erk 

and Rb correlated well with enhanced tumor growth suppression. 

 

3.4.10   Reduction in metastatic pulmonary tumor burden by SFN and AZD6244 

           Whole lungs resected at the end of treatment (37 days) were examined for 

histological evidence of metastases (Figure 3.14).  Histological assessment suggested 

that metastatic tumor burden in the pulmonary tissue was reduced in SFN, AZD6244, or 

SFN-AZD6244—treated groups in comparison to the control group. Further assessment 

using ePATHOLOGY IMAGESCOPE software (see Materials and Methods) verified the 

metastatic lesions in the lungs were significantly reduced by the SFN-AZD6244  
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Figure 3.14   Pathological assessment of pulmonary metastatic tumor load  

Representative medium power photographs (4X) from harvested lung sections stained with 

Hematoxylin and Eosin from tumor xenograft mice cohorts. Mice treated with SFN-AZD6244 

(A) had minimal detectable metastatic tumor deposits; Mice treated with SFN (B) or AZD6244 

(C) alone had a relatively low overall metastatic tumor burden present as isolated nests; Mice 

treated with the vehicle only (D) had diffuse involvement of the lung parenchyma by metastatic 

tumor arranged in coalescing nests and sheets more prominent in the subpleural and perivascular 

zones. Histology of lungs from a non-xenografted and non-treated age-matched mouse is 

included for reference purposes (E). Corresponding location of each FFPE section is shown in 

right-upper inserts.  
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combination relative to control. Interestingly, treatment with either SFN or AZD6244 

also resulted in a significant reduction in pulmonary metastases. The SFN-AZD6244 

combination showed more reduction in metastasis than AZD6244 alone, but failed to 

show an improvement over SFN alone with a meaningful statistical significance (Figure 

3.15).  Here we showed that enhanced tumor growth suppression by the SFN-AZD6244 

combination was paralleled by significant suppression of pulmonary metastases.  
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Figure 3.15    Metastatic pulmonary load in treatment cohorts 

Pulmonary metastatic tumor burden assessed by morphometric measurements using 

ePATHOLOGY IMAGESCOPE and IMAGEPRO software [161].  Quantification of the ratio (± 

SEM) of infiltrative metastatic tumor clusters to normal lung parenchyma was performed (n = 

48). Significant P values (t-TEST) are indicated.  
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3.5   Discussion  

        Signaling aberrations of Ras-MAPK signaling have been directly linked with 

oncogenesis and cancer progression [56]. In this study, we tested the cytotoxic effects of 

small molecule inhibitors that target upstream EGFR, EGFR/HER-2 receptors as well as 

downstream Raf and Mek signaling proteins in the MDA-MB-231 model of triple-

negative BC.  Our findings indicated that targeting EGFR with Erlotinib resulted in 

minimal cytotoxicity with unperturbed MAPK signaling activity (Figure 3.1). 

Subsequent EGF stimulation in serum starved cells showed that downstream Mek and 

Erk activity were uncoupled from upstream RTK activation (Figure 3.2). This is 

consistent with reports that activating KRAS and BRAF mutations can drive constitutive 

MAPK signaling in MDA-MB-231 [121, 132]. Greater cytotoxicity was subsequently 

noted upon targeting both EGFR and HER-2 with Lapatinib (Figure 3.3).  This increased 

cytotoxicity seen with Lapatinib relative to Erlotinib correlated with inhibition of Mek 

and Erk phosphorylation, although this inhibition was not complete (Figure 3.3). 

Inhibition of Erk activity upon Lapatinib treatment has been previously reported; the 

constitutively active MAPK pathway in MDA-MB-231 could perhaps underlie its relative 

resistance to upstream EGFR/HER-2 inhibition in comparison to other sensitive BC cell 

lines that are driven by EGFR or HER-2 [31].  

          In line with studies showing the anti-tumorigenic profiles of SFN, we showed that 

SFN was highly cytotoxic to MDA-MB-231 cells [116, 121]. Indeed, SFN exhibited a 

greater potency relative to Lapatinib (EC50 of 10.3 µM vs 38.8 µM, respectively) (Figure 

3.4). SFN treatment correlated with a greater inhibition of Mek and Erk phosphorylation 
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relative to that of Lapatinib; which further argues that constitutive activity of the MAPK 

pathway plays a critical role in cell survival [65].  SFN also suppressed the 

phosphorylation of Rb, suggesting and inhibitory effect on downstream CDK activity; 

and expression of Mcl-1, a pro-survival member of the Bcl-2 family, was also inhibited, 

suggesting an alternative mechanism of SFN in regulating apoptosis leading to cell death 

[145, 170].  

Interestingly, inhibition of MAPK signaling using the Mek inhibitor U0126 failed 

to achieve maximal cytotoxicity despite marked suppression of Erk phosphorylation 

(Figure 3.5). Of note, U0126 treatment correlated with increased Mek phosphorylation, 

while it strongly reduced Erk phosphorylation (Figure 3.6). This suggests that although 

Mek activity was inhibited (as indicated by reduced Erk phosphorylation), the activity of 

Raf, which is responsible for phosphorylation of Mek, appears to be increased by U0126 

treatment.  Increased SOS electrophoretic mobility and reduced CRaf phosphorylation at 

Ser-289/296/301 in the presence of Mek inhibitors (U0126 and PD98059) upon EGF 

stimulation suggested increased upstream Ras-MAPK signaling activity in the absence of 

Erk activity, possibly due to loss of Erk-mediated negative feedback inhibition (Figure 

3.7).  This is consistent with other studies demonstrating Mek- and Erk-mediated 

feedback inhibition of upstream Ras and Raf activity [83, 165, 166]. We hypothesize that 

MDA-MD-231 insensitivity to Mek-targeted inhibition was due to Mek-Erk-independent 

signaling mechanisms that contribute to survival; and furthermore, that inhibition of Erk 

activation by Mek inhibition could lead to enhanced Ras-Raf activation through loss of 

Erk-mediated negative feedback.  Raf activates CDC25A leading to cyclin-dependent 
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kinase (CDK) activation, and Raf also directly interacts with Rb to induce activation of 

Rb-E2F pathway [5, 117, 143]. Activation of the PI3K/Akt pathway in-parallel was also 

observed in the presence of SFN or U0126 (Figure 3.8). This is consistent with other 

studies which have shown that inhibition of Ras-MAPK signaling can lead to increased 

Akt activity [6, 65].  We observed an interesting effect of Mek inhibition on the 

electrophoretic mobility of SOS in MDA-MB-231 cells which could reflect a regulatory 

post-translational modification event that might affect Ras activation [165, 166].  This 

argues that concurrently targeting the PI3K/Akt pathway could reduce signaling 

circumvention associated with Ras-MAPK signaling inhibition [44, 86].  

          Combined Raf and Mek inhibition resulted in increased cytotoxicity. MDE-CI 

analyses indicated U0126 enhanced the cytotoxic effects of SFN in a synergistic manner. 

Potentiation by U0126 was most pronounced at sub-EC50 SFN concentrations (< 10 µM) 

at ratios ranging from 8:1-1:1 showing added benefits of drug combination to reduce 

doses while achieving optimal therapeutic efficacy (Figure 3.9). In contrast, Lapatinib-

U0126 and Lapatinib-SFN combinations only yielded additive cytotoxicity effects 

(Figure 3.10). Combined targeting with Lapatinib did not result in greater than additive 

cytotoxicity, this is in line with our initial findings that showed constitutive MAPK 

signaling was uncoupled from upstream EGFR/HER-2 activity; relative resistance of 

MDA-MD-231 cells to Lapatinib has been previously reported [31]. SFN-U0126 

combination effectively reduced the phosphorylation of Mek, Erk, and Rb (Figure 3.11). 

In contrast to U0126 treatment alone, a gradual suppression of Mek phosphorylation was 

noted in this combination. The SFN-U0126 treatment also resulted in sustained inhibition 
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of Erk and Rb phosphorylation as well as reduction in CyclinD1 expression relative to 

SFN or U0126 treatment alone, this showed that downregulation of MAPK signaling 

activity was associated with suppressed induction of G1-S progression in cell-cycle entry 

[164]. Ras-MAPK signaling has been implicated in upregulation of CyclinD1 and Rb 

phosphorylation [171]. Combined Raf and Mek inhibition with SFN and U0126 also led 

to reduced Mcl-1 expression. SFN has been shown to exhibit proapoptotic properties by 

downregulating Mcl-1 in various epithelial cancer and leukemic cell lines [145, 170]. The 

exact mechanism by which SFN suppresses Mcl-1 expression remains unclear, although 

it has been shown that SFN-induced downregulation of Mcl-1 is independent of MAPK 

signaling (Figure 3.4 and Figure 3.11) [170].  

          Enhanced tumor growth suppression by SFN and AZD6244 correlated with 

reduction in Mek, Erk and Rb phosphorylation. Assessment of tumor signaling activity in 

vivo showed minimal activity of Akt, consistent with our in vitro findings that showed 

survival was MAPK-dependent [65, 167]. Relative to controls, suppression of tumor 

growth by AZD6244 correlated with reduced Erk activity. It is unclear why Rb 

phosphorylation was unaffected despite Erk inhibition. We speculate that this could 

potentially be due to Erk-independent Rb activation through Raf [143]. Marked reduction 

of Rb activity was noted in SFN and SFN-AZD6244—treated cohorts. Interestingly, Erk 

activity in vivo was not significantly suppressed by SFN alone. The unaffected Erk 

activity by SFN has been previously reported in liver, colon, and breast tumor models, 

indicating in vivo anti-tumorigenic effects of SFN may be Erk-independent [67, 68, 121, 

159]. Nevertheless, the Erk signaling trend could be due to inappropriate sampling times 
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(Figure 3.13). Marked reduction in pulmonary metastatic burden was noted in SFN-, 

AZD6244-, and SFN-AZD4244—treated groups (Figure 3.14). Interestingly, SFN or 

AZD6244 alone significantly suppressed pulmonary metastases in comparison to the 

control group. In line with our previous study on combined targeted inhibition using SFN 

and Flavopiridol, SFN alone significantly suppressed pulmonary metastatic burden [68]. 

The anti-tumorigenic effects of AZD6244 on tumor growth at the orthotopic site 

correlated with significantly reduced pulmonary metastases (Figure 3.15). In a phase I 

trial with advanced cancer patients, inhibition of Erk phosphorylation in the peripheral 

blood mononuclear cells was correlated with anti-tumorigenic effects of AZD6244 [156]. 

This correlates well with our in vivo findings that showed significant suppression of Erk 

phosphorylation in AZD6244-treated tumors. In addition to MAPK signaling inhibition, 

an increase in cleaved PARP positive cells has been described in AZD6244-treated tumor 

models, showing that AZD6244 induces apoptosis [159]. Ki-67 immunohistochemistry 

analyses on tumors showed that SFN significantly reduced Ki-67 positive cells in 

comparison to AZD6244, confirming that SFN reduces cell proliferation [159]. The anti-

proliferative effects of SFN could be attributed to greater tumor growth suppression in 

comparison to AZD6244 treatment alone, although no significant difference was noticed 

in the reduction of pulmonary metastases between SFN- and AZD6244-treated groups 

(Figure 3.15). Recently, a multinational double-blind, randomized phase II trial (SOLTI-

0701) has shown that treatment of advanced HER-2 negative BC patients with SFN 

resulted in prolonged progression free survival [54]. Another promising finding from a 

phase II trial (NCT00493636) showed that treatment with SFN resulted in increased 
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progression free survival of HER-2 negative patients with disease progression during or 

after treatment with the antiangiogenic inhibitor Bevacizumab [153]. Due to high 

frequency of EGFR expression in triple-negative breast cancer, downstream effector 

signaling of the MAPK pathway is often upregulated [42] [169]. It has been showed that 

Mek-targeted inhibition yielded promising results in triple-negative BC. Nevertheless, 

decreased Erk activity due to Mek inhibition gave rise to upregulation of PI3K/Akt 

signaling [86]. Consistent with these reports, our data highlight the importance of 

targeting the MAPK pathway to improve treatment in triple-negative BC, and warrant 

further investigation into trans-activation of the PI3K-Akt pathway to prevent adaptive 

resistance and relapse.  
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Chapter 4 

General discussion 

 

4.1   Summary 

        Synergistic anti-tumorigenic effects of the Sorafenib-Flavopiridol and Sorafenib-

U0126/AZD6244 combinations across breast cancer cells that are driven by EGFR/HER-

2 or Ras-MAPK signaling suggest the broad applicability of combinations of inhibitors to 

treat multiple breast cancer subtypes. Enhanced therapeutic efficacy from concurrent 

targeting of Raf and Mek as well as cyclin-dependent kinases suggests that inhibition of 

signaling bifurcations arising from the MAPK pathway leading to dysregulation of cell-

cycle cascade is pivotal to cancer therapy (Figure 4.1).  

        In addition to Raf inhibition, broad anti-tumorigenic properties of Sorafenib are 

associated with its wide inhibitory effects on other kinases, including p38, VEGFR1-3, 

and PDGFR-β [67, 121]. Promising results from recent clinical trials, SOLTI-0701 and 

NCT00493636, showed that Sorafenib prolonged progression free survival in HER-2 

negative patients [54, 153]. HER-2 positive breast cancer cells resistant to Lapatinib and 

Trastuzumab have showed increased sensitivity to Sorafenib due to downregulation of 

Mcl-1 [71]. In hormone-dependent breast cancer, the combination of Sorafenib and 

Letrozole resulted in synergistic inhibition of cell proliferation through decreased 

expression of c-myc and CyclinD1, as well as Rb phosphorylation [172]. Similarly, 
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Figure 4.1   Concurrent inhibition of the activity of MAPK signaling molecules and cyclin-

dependent kinases to achieve maximal anti-tumorigenic effects.  Multiple signalling 

molecules along the MAPK pathway need to be targeted simultaneously to achieve greater 

reduction in cell cycle progression and to maximize cytotoxicity (survival). Simultaneous 

targeting of cyclin-dependent kinases (CDKs) may effectively reduce signal circumvention of 

upstream signalling molecules leading to resistance and metastasis [9, 117, 142].   
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inhibition of CDK 4/6 induced cell-cycle arrest and inhibited the proliferation of 

estrogen-driven breast cancer cells [106]. One study demonstrated that the pan-CDK 

inhibitor Flavopiridol synergized with Trastuzumab to induce cytotoxicity in HER-2 

overexpressing breast cancer [126]. Flavopiridol has also showed promising anti-

tumorigenic results in phase I and II trials across various advanced solid tumors [101, 

103]. Consistent with our findings, these studies show that disruption of cell-cycle 

machinery is necessary for achieving maximal therapeutic effects.  

            Our study showed that the combination of Sorafenib with the Mek inhibitor 

AZD6244 resulted in maximal tumor growth suppression and reduction of pulmonary 

metastases in the triple-negative MDA-MB-231 xenograft model.  In line with our 

findings, AZD6244 potentiated the anti-tumor activity of Sorafenib in hepatocellular 

carcinoma xenografts. In addition to Erk inhibition, the combination of Sorafenib and 

AZD6244 in this model led to increased levels of the pro-apoptotic Bim and reduced 

levels of the pro-survival Mcl-1 [159]. Upregulation of MAPK signaling has been 

associated with resistance to Anastrozole, and the combination of AZD6244 and 

Anastrozole resulted in maximal suppression of hormone-driven xenografted breast 

tumors [75, 173]. High levels of EGFR expression, EGFR phosphorylation and Erk 

activity have been reported in tamoxifen-resistant hormone-driven MCF-7 breast cancer 

cells [174, 175].  And since EGFR overexpression is commonly found in triple-negative 

breast cancer, Mek inhibition may offer significant benefits to EGFR-mediated MAPK 

signaling upregulation [40, 42]. This suggests that Mek inhibition is indicated for 

resistant triple-negative and hormone-driven breast cancer.      
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4.2 Targeting Mcl-1 in breast cancer  

         Our studies indicated that the pro-survival member of the Bcl-2 family, Mcl-1, 

played a role in Sorafenib and Flavopiridol-induced cytotoxicity. In hormone-driven 

(MCF-7) and HER-2 (SK-BR3) model systems, it has been demonstrated that 

Flavopiridol increased Mcl-1—induced sensitivity to the dual EGFR/HER-2 inhibitor 

Lapatinib. Resistance to Lapatinib in colon cancer cells has been associated with 

increased expression of Mcl-1, irrespective of upstream EGFR and HER-2 activity [176]. 

Flavopiridol induces apoptosis through enhancement of E2F1 activity levels and 

repression of Mcl-1 expression [149]. E2F1 induces transcriptional repression of the Mcl-

1 gene, and decreased levels of Mcl-1 proteins subsequently driving cells into apoptosis 

[177]. In addition, MAPK signaling regulates the expression of Mcl-1 through Elk-1. 

Inhibition of Erk or knockdown of Elk-1 was shown to inhibit EGF-mediated 

upregulation of Mcl-1, leading to prolonged cell survival [142]. Sorafenib was shown to 

induce downregulation of Mcl-1 in leukemic, colon, renal, and breast cancer cells; and 

proteasomal degradation of Mcl-1 was enhanced in the presence of Sorafenib [170]. 

Taken together, these findings indicate a convergence of multiple signaling pathways on 

regulation of Mcl-1 expression. Its repression is strongly associated with increased 

sensitivity of breast cancer cells to targeted therapies [136, 170]. A novel selective small 

molecule inhibitor against Mcl-1, UMI-77, has been shown to exhibit anti-tumorigenic 

effects in xenograft models [178]. This suggests that pro-survival Mcl-1 could serve as a 

potential target for better treatment, and exploring its expression levels as a potential 

predictive biomarker warrant further investigation.    
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4.3   Targeting PI3K/Akt signaling to mitigate adaptive tumor responses 

           In MDA-MB-231 cells, growth and survival have been reported to be dependent 

upon the MAPK signaling pathway. Compared to other breast cancer cell lines, 

PI3K/AKt signaling at steady-state in MDA-MB-231 is low [65, 167, 169]. Hence, a 

future study might test Sorafenib-Flavopiridol and Sorafenib-AZD6244 combinations on 

human breast cancer xenografts based on MDA-MB-468 and BT474 cells, which have 

high PI3K/Akt signaling activity [162, 179, 180]. This approach might allow us to 

observe dynamic tumor adaptive responses to targeted inhibition by interchangeably 

switching between Ras-MAPK and PI3K-Akt-mTOR signaling. For instance, Erk has 

been shown to promote survival by modulating mTOR through directly phosphorylating 

tuberous sclerosis 2 (TSC2).  The TSC complex (TSC1-TSC2) lies downstream of Akt 

and upstream of mTOR to regulate growth and proliferation [181]. Ras activates the 

PI3K/Akt pathway through recruitment of Gab, Grb2, and p85 adaptor proteins [6]. One 

study showed that Mek inhibition in triple-negative breast cancer led to Erk inhibition, 

but also upregulated Akt signaling [86]. Conversely, targeted inhibition of PI3K and 

mTOR in HER-2 overexpressing breast cancer resulted in compensatory Erk dependency 

[87]. To date, ongoing clinical trials (NCT01363232, NCT01378377, NCT01021748) are 

testing combinations of PI3K-Mek, mTOR-Mek and Akt-Mek inhibitors on patients with 

advanced solid tumors [44]. Together with these reports, our study provides a good 

rationale for concurrently targeting Ras-MAPK and PI3k/Akt signaling in preclinical 

mouse models. 
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4.4 Future directions 

       We propose to further assess the cytotoxic and anti-tumorigenic effects of Sorafenib-

Flavopiridol and Sorafenib-AZD6244 in xenograft models that overexpress EGFR and 

HER-2.  Based on our in vitro cytotoxicity profiles of EGFR and HER-2 overexpressing 

cell lines, we expect to see a strong tumor growth suppression effect from a Sorafenib-

Flavopiridol combination. In vivo biochemical analyses from these models will provide 

an in-depth insight into the signaling networks recruited upon EGFR and HER-2 

activation, as well as useful information on signaling circumventions that could provide a 

sound rationale to use different combinations of small molecule inhibitors to tackle 

adaptive resistance. Expanding assessment of the Sorafenib-AZD6244 combination on 

KRAS or BRAF mutant colorectal, melanoma, and liver cancer xenografts will provide 

valuable information on Ras and Raf signaling bifurcations giving rise to tumorigenesis 

via signalling through Mek-independent Rb-E2F and in-parallel PI3K/Akt pathways [6, 

117].  

        To recapitulate suppression of metastases and adaptive tumor response to treatment, 

we propose to test combinations of targeted small molecule inhibitors in vivo using a 

tumor regression approach. This approach allows developed tumors and metastases to 

adapt to targeted inhibitions and circumvent blocked signaling pathways leading to 

resistance and relapse. Correlation of characterized upregulated signaling molecules of 

the Ras-MAPK, PI3K/Akt, and cell-cycling cascades as dynamic adaptive responses in 

vivo with archived tumor samples from clinical trials will allow validation of useful 

biomarkers of good prognostic and predictive values [169, 182, 183].   
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4.5     Relevance  

          Small molecule inhibitors are emerging as a new approach to the treatment of 

breast cancer. The information gained from our study to date and experimental 

approaches proposed above will unveil the importance of these drugs to be used to 

improve current treatment. These observations provide strong evidence of signaling 

pathways recruited by malignant cells for drug resistance or metastasis (i.e., PI3K/Akt, 

Ras/Raf/MAPK pathways).  Our study has successfully identified synergistic 

combinations of Sorafenib-Flavopiridol and Sorafenib-U0126/AZD6244 that have been 

able to better target populations of cells that would eventually develop drug-resistant 

phenotypes and progress to becoming metastatic colonies.  The comparison of bio-

chemical analysis between in vitro and in vivo observations in this study warrants further 

correlations and validations of archived clinical samples obtained from breast cancer 

patients that justify the application of this type of combination treatment in clinical trials.  

Moreover, the identification of clinically relevant biomarkers (i.e. Mcl-1, Rb, Erk, and 

VEGF) may suggest their possible inclusion into the category of prognostic markers with 

a high level of laboratory and clinical relevance. With the emergence of these clinically 

relevant biomarkers, this study will reveal more valuable information to “custom-

tailoring” combinations of small molecule inhibitors for the treatment of breast cancer as 

a heterogenous disease.    
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