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Abstract 
 

 
This dissertation seeks to uncover mechanisms by which resistance to lapatinib develops 
and proposes novel therapeutic strategies for patients with HER2-overexpressing breast 
cancer. The standard targeted therapy for HER2-overexpressing breast cancer is the 
HER2 monoclonal antibody, trastuzumab. Although effective, many patients eventually 
develop trastuzumab resistance. The dual EGFR/HER2 small molecule tyrosine kinase 
inhibitor lapatinib is approved for use in trastuzumab-refractory metastatic HER2-
positive breast cancer. However, lapatinib resistance is also a problem as most patients 
with trastuzumab-refractory disease do not benefit from lapatinib for long. Understanding 
the mechanisms underlying lapatinib resistance may ultimately facilitate development of 
new therapeutic strategies for HER2-overexpressing breast cancer. Our results indicate  
reduced sensitivity to lapatinib is associated with an inability of lapatinib to inhibit the 
two main signaling pathways downstream of HER2, MEK/ERK and PI3K/Akt/mTOR. 
We genetically and pharmacologically blocked MEK/ERK signaling and evaluated 
lapatinib response by trypan blue exclusion, anchorage-independent growth assays, flow 
cytometric cell cycle and apoptosis analysis, and in tumor xenografts.  Our results 
suggest MEK inhibition increases response to lapatinib. In addition, Western blots, 
immunofluorescence, and immunohistochemistry demonstrated the combination of MEK 
inhibitor plus lapatinib reduced nuclear expression of the MEK/ERK downstream proto-
oncogene FOXM1. Other trypan blue, transfection, anchorage-independent growth 
assays, and xenograft studies evaluating the role of PI3K/Akt/mTOR in lapatinib 
response demonstrated transfection of constitutively active Akt reduced lapatinib 
sensitivity, while kinase-dead Akt increased sensitivity. Knockdown of 4EBP1 also 
increased lapatinib sensitivity, in contrast to p70S6K knockdown, which did not affect 
response to lapatinib. Pharmacologic inhibition of mTOR increased lapatinib sensitivity 
and reduced phosphorylated Akt levels in cells that showed poor response to single-agent 
lapatinib, including those transfected with hyperactive Akt. The collective findings 
presented herein provide insight into the mechanisms by which resistance to lapatinib is 
achieved, and suggest potential therapeutic strategies that could be of benefit to patients 
with HER2-overexpressing breast cancer.  
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1. EGFR receptor tyrosine kinase family and HER2-overexpressing     

   breast cancers 

i. HER2 and breast cancer 

 Breast cancer is the most common occurring cancer in women, with 1.5 million 

cases reported in a 2008 study (Ferlay et al, 2010).  Of these, almost one third resulted in 

a fatality, making breast cancer the most common cause of cancer death in women. 

Although there have been advances in breast cancer detection and therapy, approximately 

40,000 women in the US die annually (Ferlay et al, 2010).    These findings demonstrate 

the importance of understanding the mechanisms by which breast cancer progresses so 

effective treatments can be developed.   

 Breast cancer is a heterogenous disease that can be characterized by molecular 

biomarkers.  Two of the main molecular profiles observed in breast cancer are the 

expression of the estrogen receptor, and amplification of the human epidermal growth 

factor receptor 2 (HER2) (Slamon et al, 1987). HER2 is overexpressed in approximately 

25% of human metastatic breast cancers and is an important regulator of cell growth and 

differentiation during embryogenesis, as well as during puberty for mammary 

development (Slamon et al, 1987). HER2 is located at chromosomal location 17q21, with 

amplification yielding up to 20 fold increases in gene copy expression in breast cancer 

patients (Slamon et al, 1987; Schechter et al, 1985).  In many cases, HER2-

overexpression is a result of HER2 gene amplification that leads to increased HER2 

mRNA production and increased synthesis and expression on the cell surface (Hynes et 

al, 1993). 

 HER2 was first discovered in the early 1980s by Shih et al, who found that NIH 
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3T3 cells became transformed after a transfection with DNA from a novel transmissible 

gene obtained from rat neuroblastomas (Shih et al, 1981). Subsequently, the group 

identified a phosphoprotein with a molecular weight of 185 kilodaltons from the sera of 

the injected mice (Padhy et al, 1982). The nucleic acid of this newly discovered neu 

oncogene was found to be related to the epidermal growth factor receptor, and 

homologous to the erb-B oncogene, as well as the neu-associated tumor antigen p185 

(Shechter et al, 1984).  Two other groups independently identified the erb-B related genes 

HER2 and c-erbB2, with further analysis revealing that neu, HER2, and c-erbB2 are 

identical genes mapping on the same chromosome location (Coussens et al, 1985; Semba 

et al, 1985; Schechter et al, 1985).   

 Since the discovery of HER2, researchers have focused on learning more about its 

onocogenic properties in order to develop effective therapies for patients. The 

transforming version of neu (neuT) is an experimental tool developed to study HER2.  

NeuT possesses a single point mutation that changed a valine in the transmembrane 

domain to a glutamic acid (V664E) (Bargmann et al, 1986; Coussens et al, 1985; Brandt 

et al, 2001). The transfection of neuT into NIH3T3 as well as mammary epithelial cells 

resulted in transformation, while the transfection of wild-type neu did not result in 

transformation.   The mechanism behind the transforming ability of neuT was determined 

to be a result of increased receptor dimerization leading to increased kinase activity 

(Weiner et al, 1989).  This neuT data suggested therapeutic treatments that disturb 

receptor dimerization and/or inhibit kinase activity would yield the most favorable 

responses in patients with HER2-overexpressing breast cancer. 

 Further investigation of HER2/neu revealed that while a mutation is required for 
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oncogenic properties in rats, HER2/neu is oncogenic in humans in the absence of any 

mutations (Hudziak et al, 1987).  Overexpression of the HER2 gene enables activation of 

survival pathways, and therefore serves as an oncogenic driver in breast cancer. In 

addition, the amplification of the HER2 gene is a significant predictor of reduced overall 

survival and shorter time to relapse in patients with early-stage breast cancer (Slamon et 

al, 1987). Hence, HER2 has become an important therapeutic target for this subtype of 

breast cancers. When a breast cancer diagnosis is made, HER2 status is routinely 

assessed by either immunohistochemical (IHC) analysis of HER2 protein expression, or 

fluorescent in situ hybridization (FISH) analysis of HER2 gene copy number in a breast 

tumor biopsy (Sauter et al, 2009).  

FISH allows for the quantitation and visualization of target DNA sequences through a 

microscope (Trask et al, 2002). A cloned piece of the genome conjugated to a reporter 

molecule is used as a probe.  Following denaturation, the probe hybridizes to its 

complementary sequence in the chromosomal DNA thereby tagging it with a fluorescent 

reagent.  The use of fluorescent tags is an advantage over the isotopic labels previously 

used because of their ease of detection, stability, higher resolution, and capability to 

simultaneously locate several DNA sequences. CEP17 is used as an internal control and 

also to account for chromosome 17 aneusomy for HER2 amplification analysis (Wolf et 

al, 2007). A HER2/CEP17 ratio <1.8 is categorized as the absence of HER2 

amplification, while a HER2/CEP17 ratio >2.2 is positive for HER2 gene amplification. 

A ratio between 1.8 and 2.2 is classified as equivocal, which can result in further HER2 

amplification analysis by IHC. IHC detects cell surface HER2 protein using antibodies 

conjugated to either an enzyme like peroxidase that can catalyze a color producing 
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reaction, or a flourophore. Results are scored as 0, 1+,2+, or 3+ and reflect the percentage 

and quality of membranes staining of tumor tissue (Meijer et al, 2011).  Tumors with 

staining scores of 0 and 1+ are categorized as HER2 negative, while a 2+ score is 

equivocal, and a score of 3+ is categorized as HER2-positive. Evidence of increased 

expression or amplification of HER2 warrants further consideration when determining 

clinical treatment options.  

 

ii. The role of the EGFR Family in HER2-overexpressing breast cancer 

HER2 (erbB2/neu) is a member of the type I transmembrane tyrosine kinase receptor 

family which includes epidermal growth factor receptor (EGFR), HER3, and HER4. Each 

of these cell surface receptors has an extracellular ligand-binding domain and a 

transmembrane-spanning domain (Margolis et al, 1989; Fig 1-1). HER2 has three major 

regions: the extracellular amino-terminal region made up of domains I to IV, the 

hydrophobic transmembrane domain that contains the juxtamembrane domain, tyrosine 

kinase, and C-terminal tail, and the carboxy-terminal kinase domain (Margolis et al, 

1989).  Studies by Margolis et al, 1989 in which they substituted the C-terminus of HER2 

for the C-terminus of EGFR revealed that HER2 authophosphorylation tyrosine sites are 

located within the C-terminus, and are identical to EGFR phosphorylation sites. The 

HER2 phosphorylation sites identified were: Y1248, Y1023, Y1112, Y1127, Y1139, 

Y1196, Y1221, and Y1222 (Hazan et al, 1990). Further research revealed mutant HER2 

lacking the intracellular domains is still capable of interacting with EGFR and wildtype 

HER2, thereby providing evidence that the extracellular domains are adequate for 

dimerization (Qian et al, 1994, 1996; Nahta et al, 2012).  
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 All EGFR family receptors, except HER2, bind specific ligands that induce 

conformational changes and receptor homo-or hetero-dimerization. Even though no 

ligand has been identified for HER2, ligand binding to other EGFR family members 

results in HER2 heterodimerization (Graus-Porta et al, 1997).  Several HER family 

ligands have been identified, including transforming growth factor alpha (TGFa), 

epidermal growth factor (EGF), and the heregulins (Nielsen et al, 2008). In addition, all 

except HER3 contain an intracellular tyrosine kinase domain. Interestingly, HER2 kinase 

function is not necessary for homodimerization (Penuel et al, 2002).  Studies in which 

HER2 kinase function is abrogated as a result of a Lys732 mutation in the HER2 ATP-

binding pocket revealed that HER2 homodimerization was not significantly inhibited 

(Penuel et al, 2002). In contrast, a mutation in the C-terminal residues 996 to 998 resulted 

in an impairment of autophoshorylation and inhibited HER2 homodimerization. 

 

 Dimerization of EGFR family members occurs upon ligand binding and results in 

kinase activation and receptor auto- or trans- phosphorylation. The phosphorylated 

tyrosine residues serve as docking sites for src homology 2 (SH2) and phosphotyrosine 

binding domain (PTB) containing proteins.  These docking sites link the receptors to 

multiple cell survival and proliferation pathways including the phosphatidylinositol-3 

kinase (PI3K) and MEK/ERK pathways (Spector et al, 2009; Graus-Porta et al, 1997). 

HER2 heterodimers have increased ligand binding affinity and increased catalytic activity 

relative to other heterodimer complexes making HER2 the preferred dimerization partner 

for the other EGFR family members (Spector et al, 2009; Graus-Porta et al, 1997). In 
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particular, the HER2-HER3 heterodimer has the strongest kinase activity and 

transforming ability, as HER3 possesses multiple PI3K docking sites in its cytoplasmic 

tail.   

 Patients who are diagnosed with HER2-overexpressing breast cancer have a poor 

prognosis and overall survival when compared to patients with other subtypes of breast 

cancer (Eccles et al, 2001). To fully understand the mechanisms behind the oncogenic 

properties of HER2 in breast cancer, we have to know and take into account the other 

members of the EGFR family as well as the downstream signaling pathways. 
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Fig. 1-1. HER/erbB family of growth factor receptors. The four members of the EGFR 

family are illustrated. The inactive ligand-binding domains of HER2 and the inactive 

kinase domain of HER3 are denoted with an open oval. Trastuzumab binds to domain IV 

of the extracellular region of HER2. 
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i. Signaling pathways downstream to EGFR Family 

 

Although the role of EGFR activation in tumor growth has been established for years, 

targeted therapy designed to inhibit EGFR signaling has yielded only modest clinical 

success in breast cancer patients.  The limited clinical benefit observed is partially due to 

the highly complicated nature of EGFR signaling. These signaling pathways downstream 

to the EGFR family are some of the most dysregulated molecular pathways in human 

cancers and are best known for their signaling functions as cell surface receptors. 

However, receptor cleavage and intracellular signaling function have been observed in 

normal as well as cancerous cells. EGFR family member activation leads to the induction 

of signal transduction pathways including: PLC, JAK2-STAT3, SGLT1, Ras/Raf/MEK 

and PI3K/Akt/mTOR, with the two most common being Ras/Raf/MEK and 

PI3K/Akt/mTOR.  

 

i. JAK/STAT 

 The Janus kinas (JAK)/ signal transducer and activator of transcription (STAT) 

pathway regulates gene expression, cellular activation, and proliferation (Bromberg et al, 

2000). Four JAK (JAK1-4) and seven STAT (STAT1, STAT2, STAT3, STAT4, 

STAT5A, STAT5B, and STAT6) proteins are encoded by the human genome (Watowich 

et al, 1996). Following ligand binding to the EGFR family members, receptor-associated 

JAKs are activated, resulting in SH2 and SH3 domains. STAT binds to the SH2 and SH3 

sites and is phosphorylated by the JAKs (Imada et al, 2000). Upon activation, STAT 

proteins dimerize and translocate to the nucleus and bind to conserved enhancer elements 
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within the promoters of responsive genes.  The JAK/STAT pathway is important to 

mention because it is downstream of EGFR family members, but its contribution to the 

neoplastic effects observed in HER2-overexpressing breast cancer upon EGFR activation 

have not been researched extensively.    

 

ii. PLC 

Eukaryotic phosphoinositide-specific phospholipase C (PLC) isozymes consist of 

a related set of soluble proteins ranging in mass from 85-150 kilodaltons, and function to 

cleave the polar head group from inositol phospholipids (Rebecchi et al, 2000). The core 

structure is conserved in PLCs and includes: a pleckstrin homology domain, a C2 

domain, four tandem EF hand domains, and a split triose phosphate isomerase (TIM) 

barrel which is split in two halves referred to as the X and Y domains. PLC isoforms 

include four beta, two gamma, and four delta forms, as well as multiple mammalian 

splice variants.  The mammalian delta isoform closely resembles the PLC found in 

yeasts, slime molds, and filamentous fungi (Koyanagi et al, 1998).  EGFR family 

activation of PLC results in the selective hydrolysis of phosphatidylinositol 4,5-

biphosphate (PIP2) on the glycerol side of the phosphodiester bond (Kadamur et al, 

2012).  PIP2 regulates multiple cellular processes including PLC activity, and acts as a 

substrate for phosphatidylinositol 3,4,5-triphosphate (PIP3) which plays roles in Akt 

activation (Cantley et al, 2002).  

 

These effects make controlling PIP2 cellular concentrations by PLC depletion an 

important cellular process that is well regulated (Hilgemann et al, 2007; Falkenburger et 
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al, 2010). PLC activation by EGFR family members yields diacyl glycerol (DAG), and 

inositol 1,4,5-triphophate (IP3) (Kadamur et al, 2012). DAG serves as the substrate for 

the regulatory molecule: phosphatidic acid synthesis, and remains membrane bound to 

mediate the stimulation of various enzymes and structural proteins by binding to a 

conserved C1 domain. In contrast to DAG, IP3 diffuses through the cytosol to bind 

calcium channels (Kadamur et al, 2012).  In addition, IP3 gates an endoplasmic reticulum 

Ca2+ channel that plays roles in regulating cytoplasmic calcium concentrations. IP3 is 

also the rate-limiting substrate for inositiol polyphosphate synthesis which plays roles in 

protein kinase activation, transcription, and mRNA processing.  The contribution that this 

EGFR downstream pathway plays has not been a focus in HER2-overexpressing breast 

cancer, and so it is unknown.   

 

iii. SGLT 

  The sodium glucose co-transporters (SGLT) are part of the expanded solute carriers 

SLC5A family, and are mostly found in the brush-border membranes of small intestine 

and proximal convoluted tubule of the kidney (Zhao et al, 2005). Members of this gene 

family of transporters are responsible for active transport of vitamins, amino acids, and 

sugars (Wright, et al 1994).  SGLT has multiple isoforms, but SGLT1 and SGLT2 have 

been studied the most extensively. SGLT1 is the first member of the SGLT family, and 

plays an integral role in transporting glucose across cellular membranes (Hanabata et al, 

2012;Diez-Sampedro et al, 2009).   

 Upon ligand binding to the EGFR family members, a physical interaction between 

the receptor and SGLT results in SGLT1 stabilization (Hanabata et al, 2012).  Stabilized 
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SGLT is then able to mediate a kinase-independent process that allows glucose uptake 

into cancer cells.  Also, studies in oral squamous cell carcinoma revealed a statistically 

significant SGLT and EGFR co-expression (Hanabata et al, 2012).  Recently, Hanabata et 

al further investigated the EGFR family member/SGLT interaction by overexpressing 

EGFR and monitoring glucose uptake in cancer cells deprived of an energy supply.  Their 

results demonstrated that the physical interaction between EGFR and SGLT promotes 

glucose uptake and prevents the cell death of cancer cells that have been exposed to an 

energy shortage. A role for SGLT has yet to be determined in HER2-overexpressing 

breast cancer cells, but it is important to discuss this pathway as it is activated upon 

EGFR family member stimulation.   

 

iv. The PI3K/Akt/mTOR pathway 

 Phosphatidylinositol 3-kinases (PI3Ks) are intracellular signal transducer enzymes 

that function to phosphorylate the 3’ hydroxyl group of the inositol ring of 

phosphatidylinositol and phosphoinositides (Engelman et al, 2006;Martiniez-Marti et al, 

2012). PI3K activity leads to the initiation of multiple intracellular signaling pathways 

that regulate cellular processes such as proliferation, growth, apoptosis, and motility.  

Studying this pathway is important as PI3K mutation or amplification has been impacted 

in multiple cancers including HER2-overespressing breast cancer (Berns et al, 2007).  

 The PI3K family consists of eight catalytic isoforms divided into three classes 

according to their substrate preference and sequence homology (Engelman et al, 2006).  

Class Ia PI3Ks are most clearly linked to human cancers (Yuan et al, 2008).  Class Ia 

PI3Ks are heterodimers composed of a p85 regulatory subunit and a p110 catalytic 
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subunit (Huang et al, 2007).  The p85 regulatory subunit is important in PI3K activation 

by receptor tyrosine kinases and has a common core structure that contains a p110-

binding domain flanked by two SH2 domains. The p85 regulatory subunit is encoded by 

three genes: PIK3R1, PIK3R2, and PIK3R3.  PIK3R1 can lead to the formation of two 

shorter isoforms, p55alpha and p50 alpha, which are both similar in core structure to the 

other isoforms.  The p110 catalytic subunit has three isoforms, p110 alpha, p110 beta and 

p110Rho, which are encoded by PIK3CA, PIK3CB, and PIK3CD respectively (Cantley 

et al, 2002).  P110 alpha has multiple domains consisting of an N-terminal domain that 

binds p85 alpha, a C2 domain that binds cellular membranes, a helical domain, and a 

kinase catalytic domain (Martineze-Marti et al, 2012; Vanhaesebroeck et al, 1999; 

Cantley et al, 2002). 

 There are multiple ways that PI3K can be activated, including the activation of 

EGFR family members and G-protein coupled receptors.  G protein coupled receptors 

stimulate PI3K by activating the p110 beta catalytic subunit directly (Katso et al 2001).  

The PI3K mechanism of action of interest involves ligand binding to the extracellular 

region of EGFR family members leading to receptor dimerization and tyrosine residue 

phosphorylation.  Subsequently, the intermolecular inhibition of the p110 catalytic 

subunit is relieved by the direct binding of Ras to the p110 beta catalytic subunit, thereby 

stimulating PI3K, or by binding of the p85 regulatory subunit binding to 

phosophotyrosine residues. This recruits PI3K to the cell membrane where the PI3K 

substrate, PIP2 resides (Zhao et al, 2008). Activation of the p110 catalytic subunit allows 

it to phosphorylate PIP2 on the 3’OH to produce PIP3, initiating further downstream 

signaling cascades. One of the main functions of PIP3 is the activation of the protein 
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serine/threonine kinase Akt. 

   

 Akt is a key regulator of cell survival processes and functions to phosphorylate and 

activate factors such as the mammalian target of rapamycin (mTOR), forkhead 

transcription factors, and mdm2 to name a few (Vivanco et al, 2002; Franke et al, 1997). 

It is important to note that this pathway is negatively regulated by the tumor suppressor 

phosphatase and tensin homolog on chromosome 10 (PTEN) (Courtney et al, 2010).    

PTEN limits PI3K activity by dephoshorylating PIP3 to PIP2, thereby abrogating PI3K 

signaling.  

 PI3K activation is important not only because it is one of the main signaling 

pathways downstream to the EGFR family, but also because it plays roles in the 

development of resistance to HER2 targeted therapies (Gayle et al, 2012; Eichorn et al, 

2009).  

 An effector of PI3K/Akt is the 289KDa serine/threonine kinase mammalian target 

of rapamycin (mTOR) signaling protein that is highly conserved and plays roles in cell 

proliferation, survival and motility (Lang et al, 2010). Signaling from this molecule is 

initiated upon EGFR family member activation that leads to PI3K/Akt phosphorylation 

and activation. PI3K/Akt functions to inhibit the TSC1/TSC2 complexes, thereby 

preventing Rheb from inhibiting mTOR. MTORC1 (mTOR, Raptor, mLST8/GBL and 

PRAS40) and mTORC2 (mTOR, RICTOR, mLST8/GBL, SIN1, and PROTOR/PRR5) 

are the two distinct complexes through which mTOR exerts cellular effects. The 

complexes have different functional roles, with mTORC1 having been implicated in cell 

cycle progression, motility, and protein biosynthesis through its phosphorylation of 
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substrates 4EBP1 and S6K, while mTORC2 regulates cytoskeleton organization 

(Wullschleger et al, 2005). Allosteric mTORC1 inhibitors like rapamycin target the 

PI3K/AKT/mTOR pathway, but have some effects on mTORC2 upon prolonged 

exposure (24 hours) although the mechanism is unknown (Akcaknat et al, 2007). 

 Preclinical in vivo studies in which mice were treated with single agent 

trastuzumab, the mTOR inhibitor rapamycin, or a combination of trastuzumab plus 

rapamycin showed that the combination was more effective at inducing tumor regression 

than either of the single agent treatments (Miller et al, 2009). In cell culture experiments 

using the rapamycin analogue RAD001, a greater amount of growth inhibition was 

observed with combination mTOR inhibition plus HER2-targeting than with either drug 

alone. It is thought that the inability of trastuzumab to completely inhibit mTOR 

signaling can permit synergy of trastuzumab with mammalian target of rapamycin 

(mTOR) inhibitors to prevent the growth of HER2 cancer cells. In fact, phase I trials have 

indicated that in patients resistant to  trastuzumab, combinatorial everolimus (mTOR 

inhibitor) and trastuzumab could be a promising treatment (Jerusalem et al, 2011).  

 Trastuzumab partially decreased PI3K activity, but not mTOR activity (Miller et al, 

2009). Increased PI3K signaling is a validated mechanism of trastuzumab resistance, but 

its association with lapatinib resistance is yet to be determined due to conflicting data 

(Eichhorn et al, 2008; O’Brien, 2010). Patients with HER2-overexpressing breast cancer 

who have developed resistance to trastuzumab may be given the dual EGFR/HER2 

tyrosine kinase inhibitor lapatinib. Response to single agent lapatinib is less than 25%, 

indicating cross-resistance between trastuzumab and lapatinib (Blackwell et al, 2010; 

Eichhorn et al, 2008).  
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 As with trastuzumab treatment, the small subset of patients who initially responded 

to lapatinib eventually developed resistance, at which point there is no standard 

therapeutic approach available. Combination mTOR inhibitor plus lapatinib has been 

found to have clinical benefit (Jerusalem et al, 2011). It is thought that the inability of 

trastuzumab to completely inhibit PI3K/Akt/mTOR signaling may permit escape from 

growth inhibition; mTOR inhibitors would thus synergize with trastuzumab to prevent 

the continued growth of HER2-dependent cancer cells. 

 

v. The MEK/ERK pathway 

  Similarly to the PI3K/Akt pathway, the MEK1 and MEK2 (MEK) pathway is one 

of the main downstream signaling pathways to the EGFR family. MEK as well as ERK1 

and ERK2 (ERK) are part of the mitogen activated protein kinase (MAPK) family. Upon 

activation by extracellular molecules such as cytokines, hormones, and growth factors, 

these proteins can initiate intracellular signaling cascades that lead to increased cell 

proliferation, differentiation and survival (Raman et al, 2007).   Other MAPK family 

members found in humans include: c-Jun-N-terminal kinases (JNK1, JNK2, JNK3), p38s 

(p38a, b,c,d), and ERK5.   

Upon activation of the EGFR family, the Grb2-SOS signaling axis is activated 

therefore leading to the GTPase Ras being activated and serving as an adaptor that 

recruits the Raf kinase to the membrane (Malumbres et al, 2003; McKay et al, 2007).  

Raf kinases (A-Raf, B-Raf, and C-Raf) are a family of serine/threonine kinases that 

participate in a signaling cascade of phosphorylation events resulting in MEK 1 and 

MEK2 activation (MEK1/2).   
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In humans, MEK proteins consist of a trifunctional N-terminal sequence, a protein 

kinase domain, and a C-terminal (Fischmann et al, 2009).  The N-terminal is comprised 

of approximately 70 amino acids that make up an inhibitory segment, a nuclear export 

sequence, and a segment that plays roles in binding ERK substrates.  The N-terminal lobe 

is significantly smaller than the C-terminal lobe and is made up of a five stranded 

antiparallel beta-sheet and an alpha-C helix (Taylor et al, 2011).  The large C-terminal 

lobe is mostly alpha helical, but it also contains a catalytic residue that plays roles with 

the phosphoryl transfer from ATP to the ERK1/2 substrates (Roskoski et al, 2012).  

 

MEK phosphorylates ERK1/2 on their TEY sequence, allowing for ERK1/2 nuclear 

translocation (Robbins et al, 1993). ERK1 and ERK2 sequences are over 80% identical, 

share substrates, and have similar functions (Lloyd et al, 2006). ERK1/2 phosphorylates 

substrates bound via two main docking sites, the common docking and the ERK1/2 

docking sites (Gibbs et al, 1991).  Substrates containing D-domain docking sites bind to 

ERK1/2 via the Common Docking site and substrates containing the DEF docking site 

bind to ERK1/2 via the ERK Docking site.  Although the MEK/ERK pathway has been 

implicated in HER2-overexpressing breast cancer, it is not currently an approved 

therapeutic target.  Further evidence supporting the clinical benefits of targeting this 

pathway is necessary. 
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Fig. 1-2. HER/EGFR signaling pathways. Upon activation, HER2 and EGFR activate 

the	
  PLC,	
  PI3K/Akt,	
  JAK/STAT,	
  MEK,	
  and	
  SGLT	
  pathways	
  resulting	
  in	
  cell	
  

proliferation,	
  survival,	
  mobility,	
  and	
  invasiveness.	
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2. HER2 Targeted Therapies 

 The two main therapeutic approaches developed in an effort to inhibit HER2 

signaling are: the inhibition of the receptor with antibodies that bind the extracellular 

domain, and the inactivation of the tyrosine kinase with small tyrosine kinase inhibitors 

that diffuse through the cellular membrane to gain access to the intracellular domain 

(Ocana et al, 2008).  Small molecule tyrosine kinase inhibitors can bind to the ATP 

binding pocket either in a competitive reversible fashion, like lapatinib, or in a 

noncompetitive irreversible fashion, like neratinib.  Antibodies that have shown the most 

promise clinically are trastuzumab and pertuzimab.  Both strategies have demonstrated 

clinical benefit in a subset of patients, but the development of resistance is still an issue 

(Ocana et al, 2006).  

i. Irreversible pan-HER kinase inhibitors 

 Irreversible pan-HER inhibitors were developed in an effort to increase the 

effectiveness of current HER2 targeted agents by preventing the activation of alternative 

signaling pathways. Irreversible pan-HER inhibitors abrogate receptor signaling by 

covalently binding to the receptor kinase active site, usually reacting with a nucleophilic 

cysteine residue (Cohen et al, 2005). Irreversible pan-HER inhibitors were first used in 

hematological cancers, but have been found to also benefit patients with HER2-

dependent breast cancers (Ocana et al, 2009). Currently, the irreversible pan-HER kinase 

inhibitors that have shown the most promise and thus will be discussed here are neratinib, 

canertinib (CI-1033), and BIBW-2992 (Tovok).  

  A. Neratinib (HKI-272) 

 Preclinical data showed Neratinib (HKI-272) inhibited growth both in cells that 
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overexpressed HER2, as well as those that had EGFR sensitizing and resistance 

associated mutations (Kwak et al; Rabindran et al, 2004 2005). A phase I study of 

advanced solid tumors focused on 25 participants to evaluate Neratinib efficacy. Results 

showed 32% of participants had partial responses, 64% had poor response, and 4% had 

stable disease progression.  Adverse effects observed were diarrhea, nausea, vomiting, 

and anorexia.  In addition, a multinational multicenter phase II trial in women with 

HER2-positive metastatic breast cancer evaluated the efficacy of neratinib in two groups: 

a group previously treated with trastuzumab, and a trastuzumab naïve group (Burstein et 

al, 2009).  Results revealed progression-free survival at 16 weeks for trastuzumab-

pretreated and naïve patients was 60% and 77%, respectively, and median time to 

progression was 23 weeks and 40 weeks, respectively (Burstein et al, 2009). The major 

adverse effect observed in 85% of the participants, diarrhea, was made manageable by 

the use of anti-diarrheal agents and neratinib dose modification. Currently, neratinib is 

being evaluated in combination with the ant-mitotic vinorelbine in phase II studies, and in 

combination with lapatinib and the prodrug capecitabine that is converted to 5-

flourouracil in phase III studies (ClinicalTrials.gov: NCT00706030).  

 

  B. Canertinib 

 Canertinib is an irreversible inhibitor of all HER proteins developed by Pfizer.  

Results from a phase I dose escalation trial consisting of 32 patients with advance tumors 

demonstrated that canertinib treatment did not provide an objective response (Rixe et al, 

2009).  Response to canertinib was higher in patients with HER2-positive breast cancer, 

although toxicity at the most effective dose was limiting and unacceptable, and so it is 
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currently not an agent that researchers are focused on. 

 

  C. BIBW-2992 (Tovok) 

 In contrast to canertinib, BIBW-2992, has been demonstrated to provide an 

objective response.  Developed by Boehringer Ingelheim Pharmaceuticals, BIBW-2992 is 

an oral irreversible small molecule tyrosine kinase inhibitor against EGFR and HER2. A 

phase II trial in which 41 patients with HER2-positive breast cancer who were not 

responsive to trastuzumab revealed that BIBW-2992 could be a promising treatment 

(Hickish et al, 2009).  Results demonstrated four of the 41 patients had a partial response, 

while 14 patients had stable disease progression.  Adverse effects observed with 

treatment were rash and diarrhea.   

 

ii. Reversible pan-HER kinase inhibitors 

  A. Lapatinib 

 Lapatinib (Tykerb), the first dual inhibitor of the EGFR and HER2 tyrosine kinases, 

binds to the receptor ATP binding pocket, thereby preventing receptor phosphorylation 

and subsequent activation of downstream pathways. A trial of single-agent lapatinib in 

trastuzumab-refractory advanced breast cancer showed a 12.8% response rate with a 

median time to progression in the single-agent trial of approximately 4 months 

(Blackwell et al, 2009). As with trastuzumab treatment, patients who initially responded 

to lapatinib eventually developed resistance, making it necessary to elucidate 

mechanisms by which resistance develops.  

 A Phase III trial comparing lapatinib plus capecitabine with capecitabine alone 
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indicated the combination treatment was associated with improved overall response rate 

versus single agent capecitabine  (22% vs 14%) and significantly increased median TTP 

(8.4 vs 4.4 months) in patients with pre-treated HER2-over-expressing advanced disease 

(Geyer et al, 2006). Lapatinib was subsequently approved by the FDA in 2007 for use in 

combination with capecitabine for treatment in patients with advanced or metastatic 

breast cancer whose tumors overexpress HER2 and who have previously been treated 

with an anthracycline, taxane, and trastuzumab (Medina et al, 2008). Thus, lapatinib is an 

important and effective therapy for a subset of HER2-over-expressing metastatic breast 

cancers that have progressed on trastuzumab. However, similar to trastuzumab, the 

median duration of response to lapatinib was less than one year, and a majority of 

trastuzumab pre-treated patients (almost 80%) failed to respond to lapatinib.  

 Combination trastuzumab plus lapatinib treatment has been shown to induce 

apoptosis in part via down-regulation of survivin in cell culture and animal models (Xia 

et al, 2005). Initial phase I data suggested the combination is well-tolerated and elicits 

partial or complete responses in a subset of patients who have progressed on prior 

trastuzumab therapy (Storniolo et al, 2008). The combination has been tested clinically in 

advanced phase trials in patients who have progressed on trastuzumab-based regimens. 

Progression-free survival and quality of life were improved in patients treated with the 

combination versus lapatinib alone (Wu et al, 2011). EGF104900 showed the 

combination was superior to lapatinib alone in the trastuzumab-resistant setting, with a 

clinical benefit rate of 24.7% versus 12.4% (Blackwell et al, 2010). A potentially 

important mechanism of action for this drug combination is the lapatinib induced 

accumulation of inactive HER2 dimers via reduced receptor ubiquitination, providing 
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increased pharmacologic target for trastuzumab- mediated antibody-dependent cellular 

cytotoxicity (Scaltriti et al, 2009). Combining trastuzumab with lapatinib offers a 

chemotherapy-free option for treating HER2-positive trastuzumab- resistant disease. 

 

iii. HER2 targeted Antibodies 

 A.  Pertuzumab 

 Pertuzumab, an anti-HER2 monoclonal antibody, targets an extracellular epitope 

distinct from what is targeted by trastuzumab. Pertuzumab binds HER2 near the center of 

domain II, sterically blocking a binding pocket necessary for receptor dimerization and 

signaling (Franklin et al, 2004). In contrast, trastuzumab does not significantly inhibit 

HER2 interaction with other erbB receptors. Nahta et al, were the first to show combining 

pertuzumab with trastuzumab results in synergistic inhibition of proliferation of HER2-

overexpressing breast cancer cells (Nahta et al, 2004a). Trastuzumab increased 

pertuzumab-mediated disruption of HER2 dimerization with EGFR and HER3, and 

further reduced pertuzumab-mediated inhibition of PI3K signaling (Nahta, 2004a). Phase 

II data shows combining trastuzumab with pertuzumab in patients who have progressed 

on prior trastuzumab regimens achieves a clinical benefit rate of 50%, objective response 

rates of 24%, and median progression-free survival of 5. 5 months (Baselga et al, 2010a).  

 A potential mechanism of synergy between pertuzumab and trastuzumab is non-

overlapping mechanisms by single agents, trastuzumab-mediated inhibition of p95HER2 

cleavage and pertuzumab-mediated disruption of dimerization (Scheuer et al, 2009). 

Clinical evaluation of pertuzumab and trastuzumab (CLEOPATRA) is currently being 

conducted in an international, randomized, double-blind, placebo-controlled phase III 
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trial. HER2-positive breast cancer patients with locally recurrent or metastatic disease 

will be randomized to receive either docetaxel, trastuzumab, and pertuzumab, or 

docetaxel, trastuzumab, and placebo. Progresion-free survival will be assessed to 

determine the efficacy of combination pertuzumab plus trastuzumab in the trastuzumab-

refractory setting (Baselga et al, 2010b). 

 

 

B. Trastuzumab 

 Trastuzumab (Herceptin) is a recombinant humanized monoclonal anti-HER2 

antibody developed by Genentech. It is approved by the US Food and Drug 

Administration for treatment in patients with metastatic HER2-overexpressing breast 

cancer (Goldenberg et al, 1999). Trastuzumab is a purified recombinant DNA-derived 

humanized monoclonal antibody produced using hamster ovaries in medium containing 

the antibiotic gentamicin. The antibody contains human regions with complementary 

regions of murine 4D5 antibody (Stancovski et al, 1991). Trastuzumab selectively binds 

to domain IV of the extracellular region of HER2, and has been administered either as a 

single agent or in combination with paclitaxel or carboplatin, resulting in a significant 

inhibition of tumors that overexpress HER2. The mean half-life of trastuzumab is 5.8 

days, with steady state of serum achieved when there is a mean trough of 79pg/mL and 

peak concentration of 123pg/mL (Baselga et al, 1996).  

 Early preclinical and clinical studies investigating the effectiveness of trastuzumab 

provide evidence it is clinically beneficial. In a single arm clinical study consisting of 222 

patients with HER2-overexpressing breast cancer, single agent trastuzumab treatment 
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administered intravenously with a loading dose of 4mg/kg followed by weekly 2mg/kg 

doses resulted in a response rate of 14% (Cobleigh et al, 1998).  In another study, 469 

metastatic HER2-overexpressing breast cancer patients were treated with either paclitaxel 

and cyclophosphamide, or anthracycline and cyclophosphamide, both in the absence or 

presence of trastuzumab (Slamon et al, 1998). Study results showed patients with 

trastuzumab as a part of their treatment regimen had a significantly better overall 

response when compared to patients treated with chemotherapy alone, with the greatest 

benefit observed in the paclitaxel plus trastuzumab group.  Common adverse effects 

observed with trastuzumab treatment include fever, chills, pain, asthenia, vomiting, 

diarrhea, headache, dyspnea, rhinitis, and insomnia.  

 Ten years later, trastuzumab is still the first line treatment for HER2 positive breast 

cancer (Aebi et al, 2010, Cardoso et al, 2010).  Recent studies show trastuzumab 

treatment provides a significant benefit for patients with various stages of breast cancer, 

with the addition of trastuzumab to neoadjuvant chemotherapy resulting in a 33% 

increase in overall survival and reduced recurrence rate when administered in early stage 

breast cancer (Petrelli et al, 2010). In addition, disease free and overall survival are both 

increased to about 36% by trastuzumab adjuvant treatment, with the risk of recurrence 

reduced to about 40% (Dahabreh et al, 2008).  For patients with metastatic breast cancer, 

the addition of trastuzumab to chemotherapy results in approximately a 50% increase in 

the time to progression and approximately a 40% increase in the time to failure, resulting 

in a 20% improvement in overall survival when compared to chemotherapy alone 

(Slamon et al, 2001).   

 A novel preparation of trastuzumab is the drug conjugate trastuzumab-DM1, which 
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is trastuzumab conjugated to a microtubule-depolymerizing drug called maytansinoid 

(Lewis Phillips et al, 2008). Trastuzumab-DM1 blocks growth of both trastuzumab-naive 

and trastuzumab-refractory HER2-overexpressing breast tumors in vivo (Lewis Phillips 

et al, 2008), and retains the mechanistic activity of unconjugated trastuzumab (Junttila et 

al, 2010). Antibody- dependent cellular cytotoxicity is induced by trastuzumab-DM1, and 

tumor growth of trastuzumab-resistant cells is blocked by trastuzumab-DM1 due to 

induction of apoptosis and mitotic catastrophe (Barok et al, 2011). A phase I dose-

escalation study in patients who progressed on trastuzumab showed a clinical benefit in 

15 of 24 patients, including objective responses in 5 patients (Krop et al, 2010). A phase 

II study of trastuzumab-DM1 in patients with trastuzumab-refractory HER2-positive 

breast cancer showed objective response of 25.9% and a median progression-free survival 

of 4.6 months (Burris et al, 2011). Thus, trastuzumab-DM1 HER2 antibody-

chemotherapy conjugate is a promising treatment for HER2-positive breast cancer that 

progressed on prior HER2-directed therapies. 

   

4. Mechanisms of resistance to HER2 Targeted Therapies 

i. Mechanisms of resistance to trastuzumab 

 Trastuzumab is an effective treatment in HER2-overexpressing breast cancer, but 

has limited clinical benefit due to the frequent development of refractory disease within a 

year. Considerable research has been dedicated to understanding the mechanisms by 

which trastuzumab resistance develops.  In addition to HER2 mediated mechanisms of 

resistance, the overexpression of the EGFR family members, EGFR, HER3, and HER4, 

has been linked to trastuzumab resistance.  Extensive research has been performed to 
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elucidate the role EGFR plays in the development of trastuzumab resistance, and will be 

discussed in detail.  Also to be discussed in detail is the role of the insulin like growth 

factor receptor (IGF-IR) in trastuzumab resistance.  IGF-IR is not part of the EGFR 

family, but has been demonstrated to physically interact with HER2 and result in a 

decreased response to trastuzumab (Lu et al, 2001).  Other mechanisms of trastuzumab 

resistance of importance discussed here will include p27 downregulation, mTOR 

pathway signaling, and PTEN deficiency/increased Akt activity.    

Although the mechanisms by which trastuzumab treatment produces anti-cancer effects 

have not been elucidated, research has revealed that they include: 

1. Trastuzumab binding to the extracellular region of HER2, thereby blocking 

intracellular signaling.   This has been shown to lead to up-regulation of the cyclin 

dependent kinase inhibitor p27kip 1, which inhibits activation of the cyclin E/ 

cyclin dependent kinase 2 (CDK2) complex, resulting in G1 cell cycle arrest 

(Lane et al, 2001; Le et al, 2003). 

2. Trastuzumab induced membrane localization and activity of phosphatase and 

tensin homolog (PTEN), thereby inhibiting the PI3K pathway and cellular 

proliferation.  

3. Trastuzumab induced rapid dissociation of the non-receptor tyrosine kinase Src 

from HER2, thereby reducing Src activity and resulting in PTEN de-

phosphorylation and translocation to the membrane.   

4. Trastuzumab binding to the HER2 juxtamembrane domain of HER2 resulting in 

antibody downregulated expression of HER2 (Cuello et al, 2006). 

5. Trastuzumab selectively blocking ligand-independent HER2/HER3 
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heterodimerization (Junttila et al, 2009). 

6. Trastuzumab binding to HER2 and leading to a proteolytic cleavage of the 

extracellular domain that results in decreased levels of the more active p95 HER2 

(Molina et al, 2009). 

7. Trastuzumab triggering of immune-mediated responses against HER2-

overexpressing cells by engaging Fc receptors on immune effector cells leading to 

antibody-dependent cellular toxicity (Clynes et al, 2000; Arnould et al, 2006). 

 

Of the several mechanisms discussed above, the first three listed trastuzumab 

mechanisms involving p27/CDK2, PTEN, and Src will be discussed in further detail.  

 

A. p27/CDK2 

 Trastuzumab induces G1 arrest by several mechanisms including increased 

expression of cyclin-dependent kinase inhibitor p27kip1, which inhibits cyclin E/cdk2 

and cyclin A/cdk2 complexes and blocks cell cycle progression through S phase (Lane, 

2001; Le, 2003). Trastuzumab induces p27kip1expression by suppressing expression of 

proteins that sequester p27kip1, which also results in increased interaction between 

p27kip1 and cdk2, leading to cdk2 inactivation (Lane, 2001). 

  It was previously reported (Nahta et al, 2004b) that cells with acquired trastuzumab 

resistance showed increased proliferation, reduced p27kip1 expression, reduced p27kip1-

cdk2 interaction, and increased cdk2 activity relative to parental trastuzumab-sensitive 

cells. Transfection of wild-type p27kip1 increased trastuzumab sensitivity in cells with 

acquired resistance (Nahta et al, 2004b). Yakes et al, (Yakes, 2002), showed knockdown 
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of p27kip1 reduced trastuzumab sensitivity in HER2-overexpressing breast cancer cell 

lines, further supporting a requirement of p27kip1 expression for optimal response to 

trastuzumab.  

 Post-translational modification of p27kip1 occurs primarily by phosphorylation, 

with subsequent protein ubiquitination and degradation. Preliminary data supporting 

ubiquitin-proteasome degradation of p27kip1 as a mechanism of p27kip1 down-

regulation in trastuzumab resistance includes our finding that proteasome inhibitor 

MG132 induced p27 expression and reduced viability of resistant cells (Nahta et al, 

2004b). Further, Cardoso et al. (Cardoso et al, 2006) showed that the proteasome 

inhibitor bortezomib induced p27kip1 and increased the efficacy of trastuzumab in 

HER2-overexpressing breast cancer cells.  

 PI3K inhibition has been shown to induce p27kip1 expression, and is believed to 

contribute to p27kip1 down-regulation and acquired trastuzumab resistance. In addition 

to observing reduced p27kip1 levels in models of acquired resistance, our data indicates 

p27kip1 expression is down- regulated post-transcriptionally in cells with primary 

trastuzumab resistance (Fig. 1-2). Cyclin E expression is regulated by HER2 expression 

status, in that HER2 knockdown resulted in reduced cyclin E level and reduced cyclin E-

associated kinase activity (Mittendorf et al, 2010). In addition, HER2-overexpressing 

breast cancers that also show increased cyclin E expression have lower 5 year disease-

free survival versus those that have lower cyclin E levels (Mittendorf et al, 2010).  
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Fig. 1-3. p27 expression in models of intrinsic (primary resistance). BT474 and 

acquired resistant clone BT-HRc1 and primary resistant HCC1954 and JIMT-1 cells were 

examined by real-time PCR for p27 transcript which was normalized to ribosomal 

protein, large, P0 (RPLPO) housekeeping gene. 
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B.  PTEN deficiency/increased Akt activity 

 HER2 signaling is initiated upon receptor dimerization, which induces 

phosphorylation of tyrosine residues within the receptor cytoplasmic domain. The 

phosphorylated residues serve as docking sites for adaptor proteins and link the receptor 

to downstream survival pathways including the PI3K/Akt/mTOR axis (Spector et al, 

2009). The PI3K pathway is frequently hyperactivated in many cancers. An association 

between oncogenic PI3K mutations and trastuzumab resistance was found in a study 

examining HER2- overexpressing tumors from patients with trastuzumab-refractory 

disease (Berns et al, 2007). About 25% of tumors analyzed had PIK3CA mutations, and 

reduced PTEN expression was present in 22% of the tumors.  

 Two important studies suggest increased PI3K signaling correlates with reduced 

response of HER2-over-expressing metastatic breast cancers to trastuzumab Nagata et al, 

2004; Berns et al, 2007). Constitutive PI3K signaling has been noted to occur in solid 

tumors, due to either loss of the phosphatase and tensin homolog (PTEN) phosphatase, a 

negative regulator of PI3K activity (Eng et al, 2003) or hyper-activating mutations in 

PIK3CA, which encodes the p110 alpha catalytic subunit of PI3K (Samuels et al, 2004). 

 Among 47 primary tumors obtained from patients treated with trastuzumab plus 

taxane, IHC indicated that protein expression of PTEN was reduced in approximately 

36% of tumors (Nagata et al, 2004). Patients whose tumors showed PTEN staining 

intensity of less than half of what is observed in mammary tissues of healthy individuals 

were defined as PTEN- deficient; response rates to trastuzumab plus taxane were 35.7% 

in PTEN-deficient patients versus 66.7% for patients defined as PTEN-positive (normal 

level). A statistically significant trend was noted such that the probability of responding 
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to trastuzumab was reduced as PTEN staining decreased. In contrast, although 

approximately 43% of patients treated with taxane showed PTEN loss, there was no 

correlation between response to taxanes alone and PTEN staining. Thus, the study 

concluded that PTEN deficiency is associated with reduced response to trastuzumab. The 

study did not address the exact mechanism by which PTEN protein expression was 

reduced (i.e., gene level or post- transcriptional). However, previous studies have 

demonstrated that although loss of heterozygosity at PTEN chromosomal region 10q23 

occurs in approximately 41% of sporadic breast carcinomas (Singh et al, 1998), somatic 

mutation in the PTEN gene is extremely rare, estimated to occur in <5% of sporadic 

breast tumors (Eng et al, 2003). Thus, reduced expression of the PTEN protein in breast 

cancer may be due to post- transcriptional events (e.g., increased protein degradation).  

 A large-scale RNA interference genetic screen identified PTEN as the top short 

hairpin RNA (shRNA) out of 24,000 shRNA to confer trastuzumab resistance in vitro 

(Berns et al, 2007). The investigators then examined 55 tumor samples from patients 

treated with trastuzumab alone (6 patients) or trastuzumab plus chemotherapy (49 

patients) for PTEN expression by IHC and also for PIK3CA mutation status by direct 

sequencing or SNP-based analysis. Reduced PTEN expression was noted in 22% of 

tumor samples, and while these patients showed a trend for worse PFS, this was not 

statistically significant. PIK3CA mutations were found in exons 20 and 9 in 25% of a 

total of 14 tumors which were analyzed. PTEN loss and PIK3CA mutation rarely 

occurred together. Shorter PFS was noted in patients with PIK3CA mutation, with 

borderline statistical significance (p=0.052). When the authors grouped patients 

according to whether tumors showed “activated PI3K,” de- fined as presence of either 
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PIK3CA mutation or PTEN loss, versus “non-activated PI3K,” PFS was significantly 

shorter for patients with activated PI3K signaling, with multivariate analysis showing 

hazard ratio = 1.9. 

 Both of these studies indicate that increased PI3K signaling promotes resistance to 

trastuzumab. Mechanisms by which PI3K is activated may differ, and include PTEN loss 

(reduced negative regulation of PI3K signaling) and oncogenic activating PI3K mutation. 

The first study (Nagata et al, 2004) showed statistically significant difference in response 

to trastuzumab with reduced expression of PTEN, whereas the second study (Berns et al, 

2007) did not. The discrepancy in results could possibly be due to differences in the 

chemotherapy included with trastuzumab in each study, as the second study (Berns et al, 

2007) included a heterogeneous population treated with various chemotherapy agents 

versus the first study (Nagata et al, 2004) including only combination with a taxane. 

Mutations in PIK3CA are found in 25%-30% of all human breast cancers (Karakas et al, 

2006). This is consistent with the number of PIK3CA mutations observed by Berns et al, 

2007. Overall, the conclusion of both studies is that PI3K activation predicts for 

resistance to trastuzumab. Thus, combination analysis of PTEN loss at the protein level 

and PIK3CA mutational status at the gene level may be a useful predictive assay for 

determining which patients will respond to trastuzumab-based therapy. 

 

 C.  Src rapid dissociation 

 Trastuzumab treatment of HER2-overexpressing breast cancer cells results in 

inhibition of Src non-receptor tyrosine kinase (Nagata et al, 2004). Src inhibition appears 

to be important to trastuzumab-mediated anti-cancer activity, as increased Src signaling is 
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associated with trastuzumab resistance (Mitra et al, 2009; Liang et al, 2010; Zhang et al, 

2011). One mechanism leading to increased Src activity appears to be a variant of HER2, 

HER2Delta16 (Mitra et al, 2009), which shows increased oncogenic activity. Local 

disease progression involved HER2Delta16 in 89% of breast cancer patients with HER2-

positive tumors (Mitra et al, 2009). Transfection of MCF7 or NIH3T3 cells with HER2 

delta 16 promoted receptor dimerization, invasion, and trastuzumab resistance (Mitra et 

al, 2009).  

 The oncogenic properties of HER2Delta16 were mediated through direct 

interaction of HER2Delta16 with Src kinase. Activated Src kinase was found in 44% of 

HER2Delta16-positive breast carcinomas (Mitra et al, 2009). Dual targeting of 

HER2Delta16 plus Src with dasatinib resulted in Src inactivation, destabilization of 

HER2Delta16, and decreased tumorigenicity (Mitra et al, 2009). In addition, Src 

activation via Jak2 has been shown to reduce trastuzumab activity (Liang et al, 2010). 

Recombinant human erythropoietin activated Jak2-Src signaling and inactivated PTEN in 

HER2-positive cells (Liang et al, 2010). Combined treatment with recombinant human 

erythropoietin plus trastuzumab reduced response to trastuzumab in cell culture and in 

vivo models. Further, shorter progression-free and overall survival was found in patients 

with HER2-positive breast cancer treated concurrently with erythropoietin and 

trastuzumab (Liang et al, 2010). Src was also shown to be activated in primary and 

acquired trastuzumab resistance as a consequence of PTEN loss (Zhang et al, 2011). 

Finally, src-targeted therapy blocked growth of trastuzumab-resistant tumors in vivo 

(Zhang et al, 2011). Therefore, Src activation may occur via multiple mechanisms, 

ultimately abrogating sensitivity to trastuzumab. Combining Src-targeted therapy with 
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trastuzumab may offer benefit to patients with HER2-overexpressing breast cancer.  

 

 D. EGFR-overexpression  

 Studies have revealed that EGFR amplification plays roles limiting trastuzumab’s 

efficiency at modulating EGFR family member activation and interaction on the cell 

surface (Diemier et al, 2005). The inhibitory effects of trastuzumab on cell proliferation 

both in the presence and absence of Epidermal growth factor (EGF) and Heregulin 

(HRG) were evaluated using HER2 overexpressing BT474 cells that have low levels of 

EGFR, and HER2 overexpressing SKBR3 cells that have amplified EGFR (Brockhoff et 

al, 2001). In both BT474 and SKBR3 cells, EGF resulted in a strong phosphorylation of 

EGFR at Y1173 when compared to untreated cells.  Trastuzumab slightly diminished the 

EGF induced phosphorylation in BT474 cells, but not in SKBR3 cells.  In addition, 

trastuzumab treatment induced a slight HER2 Y887 phosphorylation in BT474, but a 

strong phosphorylation in SKBR3 cells both in the presence and absence of EGF and 

HRG; this effect was not observed with single agent EGF and HRG treatment.  All 

combinations of ligand and trastuzumab treatment were not able to induce 

phosphorylation at Y1112 in BT474 cells, in contrast to SKBR3 cells which had a strong 

induction of phosphorylation at Y1112 with EGF both in the presence and absence of 

trastuzumab.  The addition of trastuzumab resulted in a strong induction of 

phosphorylation of Y1248 in BT474 and SKBR3, both in the presence and  absence of 

EGF and HRG.  However, the trastuzumab induced effect in SKBR3 is 14 fold more in 

the absence of growth factors.  Investigation of changes in EGFR and HER2 dimerization 

upon EGF and trastuzumab treatment revealed an increase in EGFR/HER2 dimerization 
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in BT474 cells. 

 

 BT474 cells have a considerable amount of EGFR/HER2 hetero-dimerization in the 

absence of EGF, with addition of EGF addition resulting in an increase both in the 

absence and presence of trastuzumab.  On the other hand, in SKBR3, EGF treatment 

resulted in an attenuation of EGFR/HER2 physical interaction, with HRG and 

trastuzumab treatment not significantly disrupting the interaction.  In both cell lines, 

trastuzumab treatment induced HER2 homo-dimerization independently of EGF and 

HRG.  These experiments evaluating response in BT474 and SKBR3 cells provided 

evidence that trastuzumab more effectively inhibits cell proliferation when EGFR 

expression is low.  Increased EGFR expression leads to a decreased response to 

trastuzumab suggesting a role for the EGFR/HER2 heterodimers in trastuzumab 

resistance. 

 

E. IGF-IR 

 The association of increased IGF-IR activity with the development of trastuzumab 

resistance in HER2-overexpressing breast cancer makes IGF-IR an important target. A 

subset of HER2/IGF-IR-overexpressing cells were found to be less sensitive to the 

growth inhibitory effects of trastuzumab when compared to HER2-overexpressing cells 

that do not overexpress IGF-IR (Lu et al, 2001). Taking this data into account, 

researchers have been working toward the goal of developing agents that target IGF-IR 

for the past several years with each generation of agents aimed at producing a greater 

benefit for the patient while decreasing adverse effects.  
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 IGF-IR is a heterotrimeric transmembrane tyrosine kinase receptor that regulates 

cell metabolism and growth (Chaves et al, 2010), and has been associated with increased 

risk and maintenance of multiple cancers including HER2-overexpressing breast cancer 

(Esparis-Ogando et al, 2008; Hankinson et al, 1998; Surmacz et al, 2000). Circulating 

ligands of the insulin-like growth factor (IGF) system include IGF-I and IGF-II, with 

IGF-I having the highest affinity for IGF-IR. Upon binding to IGF-IR, a receptor 

conformational change is induced that leads to tyrosine phosphorylation and activation of 

several downstream survival signaling pathways such as the Ras/Raf/mitogen activated 

protein kinase pathway (MAPK), and the PI3K/Akt/mTOR pathway. Activation of these 

pathways results in cell cycle progression and resistance to apoptosis (Chaves et al, 2011; 

Adams et al, 2000).  

 In addition, flow cytometry revealed that after trastuzumab treatment, HER2 

overexpressing cells were less likely to progress through the cell cycle and stopped at the 

G1 phase, while a greater number of HER2/IGF-IR overexpressing cells passed the 

restriction point and completed the cell cycle. These results demonstrate that IGF-IR 

interferes with the growth inhibitory actions of trastuzumab, supporting therapeutic 

strategies that co-target HER2 and IGF-IR. Further, we discovered that signaling 

interactions exist between IGF-IR and HER2 in trastuzumab-resistant cancers (Nahta et 

al, 2005; Jin et al, 2008).  

 Immunoprecipitation and immunoblotting experiments revealed that IGF-I 

stimulation results in an increase in IGF-IR phosphorylation more rapidly in trastuzumab-

resistant cells than in trastuzumab-sensitive cells. Furthermore, IGF-IR 

heterodimerization with HER2 results in HER2 activation in trastuzumab-resistant cells, 
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but not in trastuzumab-sensitive cells, indicating crosstalk between the two receptors. 

Kinase inhibition or antibody blockade of IGF-IR restores trastuzumab sensitivity. 

Treatment of trastuzumab-resistant breast cancer cells with the highly specific IGF-IR 

antibody alpha IR3 disrupted the IGF-IR/HER2 heterodimer and increased trastuzumab 

sensitivity. These results suggest that IGF-IR targeted treatments may be useful in 

combination with trastuzumab. 

 An IGF-IR targeted treatment that has previously been considered is the addition of 

IGF binding proteins (IGFBPs).  IGFBPs modulate IGF-IR activity by binding to the IGF 

ligands thereby sequestering them and preventing ligand-induced receptor activation 

(Adams et al, 2000). Higher levels of circulating IGF-I have been linked to trastuzumab 

resistance in HER2-overexpressing breast cancer, with the addition of IGFBP3 

decreasing IGF-IR activity, and subsequently resulting in an increased response to 

trastuzumab (Lu et al, 2001; Jerome et al, 2006). Our gene microarray analysis data 

indicated that IGFBP3 and IGFBP5 are down-regulated in resistant versus sensitive cells 

(Table 1-1). However, ELISA of secreted IGFBP3 (Fig. 1-3A) or real-time PCR analysis 

of endogenous IGFBP3 or IGFBP5 transcript level (Fig. 1-3B,C) failed to show any 

differences in IGFBP3 or IGFBP5 level in resistant versus parental cells. Thus, our data 

did not support down-regulation of IGFBP3 or IGFBP5 as a mechanism of increased 

IGF-IR signaling in trastuzumab resistance. 
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Table 1-1. Genes that are down-regulated in SKBR3- and BT474-derived acquired 

trastuzumab-resistant cells versus parental SKBR3 and BT474 cells  
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Table 1-1. Genes down-regulated in SKBR3- and BT474-derived acquired trastuzumab-

resistant cells versus parental SKBR3 and BT474 cells by 4-fold or more. Gene 

microarray analysis of genes downregulated in HER2-overexpressing breast cancer 

resistant versus sensitive cells. 
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IGF-IR overexpression and crosstalk with HER2 suggests that IGF-IR plays a crucial role 

in conferring trastuzumab resistance. The molecular signaling pathways by which IGF-IR 

confers resistance to trastuzumab is not clear, although downstream focal adhesion kinase 

(FAK) and PI3K/Akt pathway signaling likely play a role (Yang et al, 2010). This data 

linking IGF-IR to the development of trastuzumab resistance, along with the increased 

sensitivity to trastuzumab upon IGF-IR inhibition provides a rational for the development 

of combinatorial HER2 and IGF-IR targeting. 

 Although a limited amount of research has been done on the effects of IGF-IR 

signaling on lapatinib resistance, the small amount of information we have suggests that 

the IGF-IR/HER2 targeting is unnecessary with lapatinib treatment. Contrary to what we 

would expect, high levels of IGF-IR have been correlated with high sensitivity to 

lapatinib (Spector et al, 2005).  Also, lapatinib was demonstrated to induce cell cycle 

arrest and apoptosis in trastuzumab sensitive as well as resistant HER2-overexpressing 

breast cancer cells in the presence of IGF (Spector et al, 2005).   
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Fig. 1-4. IGFBP3 and IGFBP5 in resistant and sensitive cells. (A) Secreted IGFBP3 

was assessed by ELISA in SKBR3 parental, resistant pool 2, BT474 parental, resistant 

clone 2 and clone 3 cells. IGFBP3 is shown in pg/mL and was measured in triplicate with 

reproducible results per line. (B) Real-time PCR analysis of IGFBP3 and (C) IGFBP5 

was examined in triplicate per line, with error bars representing standard deviation 

between replicates. Housekeeping gene RPLPO was measured as an internal control; 

IGFBP3 and IGFBP5 values are normalized to RPLPO. 
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ii. Mechanisms of resistance to lapatinib 

 Further research investigating the mechanisms of resistance to lapatinib is required, 

but studies have been performed suggesting roles for MEK, Src, AXL, and PTEN 

deficiency/increased Akt activity,  

 

 A. MEK/ERK/BIM 

          Work by Tanizaki et al (Tanizaki, 2011), linked the MEK/ERK pathway to 

lapatinib resistance in HER2-overexpressing breast cancers. Their results demonstrated 

that one of the mechanisms by which lapatinib results in apoptosis involves the induction 

of the pro-apoptotic protein Bcl-2 interacting mediator of cell death (BIM). Evidence 

exists that the mechanism by which MEK signaling decreases response to lapatinib 

involves the downregulation of BIM expression. MEK inhibition by pharmacologic and 

genetic agents resulted in increased BIM expression, with BIM RNA interference 

mediated depletion demonstrated to prevent lapatinib induced apoptosis. This data 

suggests that BIM upregulation contributes to the apoptotic effects observed with 

lapatinib treatment (Tanizaki et al, 2011). 

  

 B. Src 

The tyrosine kinase src which was previously discussed as it relates to 

trastuzumab resistance could also be involved in lapatinib resistance. Preclinical evidence 

links src activity to decreased lapatinib response (Rexer et al, 2011).  Lapatinib resistant 

cells were demonstrated to have elevated src levels with combination src inhibition plus 

lapatinib resulting in increased lapatinib sensitivity.   
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C. AXL 

 The overexpression of the membrane bound receptor tyrosine kinase AXL is 

associated with poor prognosis and increased invasiveness in various cancers including 

breast cancer (Zhang et al, 2008). AXL has been linked to the resistance of multiple small 

molecule tyrosine kinase inhibitors including lapatinib (Mahadevan et al, 2007; Hong et 

al, 2008). Liu et al, (Liu, 2009), found an increase of AXL expression in lapatinib 

resistant HER2-overexpressing BT474 cells, with lapatinib sensitivity restored by AXL 

inhibition either by siRNA targeted against AXL, or the AXL inhibitor GSK1363089.  

These findings suggest that AXL inhibition could improve the response to lapatinib in 

patients with HER2-overexpressing breast cancer. 

 

 D. PTEN deficiency/increased Akt activity 

The role of Akt in lapatinib resistance is controversial.  Researchers like O’Brien et al, 

2010, did not find an association between hyperactive PI3K and lapatinib resistance. 

Wang et al, 2011 found that patients with the loss of PTEN or hyperactive PI3K had 

lower clinical benefit than patients without hyperactive PI3K. With respect to lapatinib 

and PI3K signaling, knockdown of PTEN did not alter response to lapatinib in vitro (Xia 

et al, 2007). In addition, a phase II trial of lapatinib monotherapy in inflammatory breast 

cancer demonstrated that PTEN loss was not associated with reduced response to 

lapatinib, as approximately 70% of responders showed PTEN deficiency (Xia et al, 2007; 

Johnston et al, 2008). Thus, these studies suggest that PTEN loss does not predict for 

resistance to lapatinib. In contrast, a genome wide loss-of-function shRNA screen 

showed that PTEN loss promoted lapatinib resistance in vitro (Eichorn et al, 2008). In 
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addition, PIK3CA mutations were associated with lapatinib resistance in vitro. Thus, 

clinical data in inflammatory breast cancer does not support an association between 

lapatinib response and PTEN status; however, additional in vitro data supports further 

detailed analysis of activated PI3K signaling as a predictor of lapatinib resistance in 

metastatic breast cancer. 

 

5. Scope of this dissertation 

This dissertation aims to use the knowledge by which resistance to lapatinib is acquired 

to develop novel therapeutic treatments for patients with HER2-overexpressing breast 

cancer. The PI3K/Akt/mTOR and MEK/ERK pathways have been linked to the 

development of resistance to HER2 targeted therapies. I propose that combination 

lapatinib treatment and inhibition of the either the PI3K/Akt/mTOR pathway or 

combination lapatinib treatment and inhibition of the MEK/ERK pathway will achieve an 

optimal lapatinib response. The data reveals that reduced lapatinib sensitivity is 

associated with an inability of lapatinib to inhibit both Akt and MEK/ERK 

phosphorylation.  An investigation of the role of Akt in lapatinib resistance demonstrated 

that the transfection of constitutively active Akt reduces lapatinib sensitivity, while 

kinase-dead Akt increases sensitivity. Knockdown of 4EBP1 also increases lapatinib 

sensitivity, in contrast to p70S6K knockdown, which does not affect response to 

lapatinib. Further, the pharmacologic inhibition of mTOR using rapamycin or 

ridaforolimus increases lapatinib sensitivity and reduces Akt phosphorylation levels in 

cells that show poor response to single agent lapatinib, including those transfected with 

hyperactive Akt. An evaluation of the role that MEK/ERK plays in lapatinib resistance 
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demonstrates that genetically and pharmacologically blocking MEK/ERK signaling 

improves response to lapatinib.  Also, combination MEK inhibitor plus lapatinib results 

in a reduced nuclear expression of the MEK/ERK downstream proto-oncogene FOXM1. 

In addition, xenograft studies demonstrate that pharmacologic inhibition of MEK 

increases lapatinib sensitivity in HER2-overexpressing breast cancers that are resistant to 

trastuzumab and lapatinib.  This dissertation provides mechanisms by which resistance to 

lapatinib is achieved, and strongly supports future clinical trials of combination lapatinib 

plus mTOR inhibition, as well as combination lapatinib plus MEK inhibition.   
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Chapter 2. Materials and Methods 
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1. General Methods 

 i. Reagents 

Lapatinib was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 

Lapatinib for in vitro studies was purchased from Santa Cruz, Biotech (Santa Cruz, CA), 

and dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM.  

Lapatinib for in vivo studies was purchased from the Winship Cancer Institute pharmacy 

and dissolved in 1% Tween 80 at a stock concentration of 7.5 mg/mL. Rapamycin mTOR 

inhibitor (Sigma-Aldrich; St. Louis, MO) was supplied as a 2.74 mM solution in DMSO. 

MK-8669 (ridaforolimus, supplied by Merck through an MTA) was dissolved in DMSO 

at stock concentration of 10 mM for in vitro studies. For in vivo studies, MK-8669 was 

dissolved fresh daily in 10% Tween 80 and 40% PEG-400 in sterile water at stock 1 

mg/mL as recommended by Merck. Trastuzumab was purchased from the Winship 

Cancer Institute pharmacy and dissolved in sterile water at a stock concentration of 20 

mg/mL. Selumetinib was purchased from LC Laboratories (Woburn, MA), PD0325901 

was purchased from Cayman Chemical (Ann Arbor, MI). Thiostrepton was purchased 

from Sigma-Aldrich (St. Louis, MO). Lapatinib was dissolved in DMSO at a stock 

concentration of 10 mM, and thiostrepton was dissolved at a stock concentration of 50 

mM.  Lapatinib for in vivo studies was purchased from the Winship Cancer Institute 

pharmacy and dissolved in a 1% Tween 80 and 5% hydroxypropyl methylcellulose buffer 

just prior to use.  
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ii. Bacterial Transformations 

Expression vectors for each gene were used for protein expression in mammalian 

cells.  Transformations were done using MAX Efficiency DH5α cells (Invitrogen; Grand 

Island, NY) according to the manufacturer’s protocol. Briefly, DNA was added to 

competent cells, incubated on ice for 30 minutes, heat shocked for 45 seconds, followed 

by incubation on ice for 2 minutes.  SOC Medium (Invitrogen) was added, then shaken at 

225 rpm 37°C for 1 hour.  Reaction containing plasmid DNA was diluted into SOC 

medium and incubated overnight at 37°C under selective pressure with ampicillin.  The 

following morning, cells were harvested by centrifugation, and purified using a Midi-

Prep (Qiagen; Valencia, CA) according to the manufacterer’s instructions.  Briefly, 

bacterial pellet was resuspended in buffer P1(50 mM Tris-HCl pH 8.0, 10 mM EDTA, 

100 g/ml RNase A), lysed in buffer P2 (200 mM NaOH, 1% SDS), and neutralized in 

buffer P3 (3M potassium acetate pH 5.5).  The lysate was incubated in a cartridge that 

allowed the seperation and precipitation of genomic DNA, proteins, and detergent.  

Contaminants were removed by washing with buffer QC (1 M NaCl, 50 mM MOPS pH 

7.0, 15% isopropanol), and DNA eluted using buffer QF (1.25 M NaCl, 50 mM Tris-HCl 

pH 8.5, 15% isopropanol).  DNA was precipitated by adding 70%, concentrated using a 

QIA-Precipitator, and washed using 70% ethanol.  DNA was eluted with sterile water. 

iii. Cell Culture  

JIMT-1 cells were purchased from DSMZ (Braunschweig, Germany); all other cell lines 

were purchased from American Type Culture Collection (Manassas, VA). HCC1419 and 

HCC1954 cells were maintained in RPMI with 10% fetal bovine serum (FBS); MDA-

MB-361 was maintained in RPMI with 20% FBS; JIMT-1, BT474, and MDA-MB-453 
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were maintained in DMEM with 10% FBS; all cells were maintained in 1% penicillin/ 

streptomycin and cultured in humidified incubators at 37°C with 5% CO2. 

 

 iv. Cell Cycle Analysis and Apoptosis Detection 

 Cells were harvested, washed twice with Dulbecco’s phosphate buffered saline 

(DPBS)+10% FBS, fixed in ice-cold 80% ethanol, and stored at -20°C for at least 24 hours.  

Fixed cells were incubated in 50µL of propidium iodide (PI) buffer (20µg/mL PI 

(Sigma), 0.1% Triton-X 100, 200µg/mL RNaseA (Promega) in DPBS) for 30 minutes in 

the dark.  The cells were then resuspended in 400µL of DPBS for flow analysis. For 

apoptosis detection, cells were harvested and stained for Annixin V-FITC and Propidium 

Iodide using the TACS Annexin V kit (Trevigen; Gaithersburg, MD) according to the 

manufacter’s protocol. All samples were analyzed using a BD FACS Canto II cytometer 

(BD Biosciences; San Jose, CA) with BD FACS Diva software.  All experiments were 

performed in triplicate.   

 

v. DNA/siRNA Transfection 

Cells were plated in antibiotic-free media. The next day, cells were transfected using 

Lipofectamine 2000 (Invitrogen; Carlsbad, CA) with either 100 nM FOXM1 siRNA (Cell 

Signaling; Danvers, MA), 100 nM MEK1 siRNA plus 100 nM MEK2 siRNA, 1µg of one 

of the following plasmids: dominant negative kinase dead Akt1 mutant (pcDNA3-Akt1-

K179A), constitutively active Akt1 mutant (pcDNA3-Akt1-T308D/S473D), or pcDNA3 

empty vector control (plasmids generously provided by Dr. Keqiang Ye, Emory), 100 nM 

p70/85 S6 Kinase siRNA II (Cell Signaling), 4EBP1 siRNA (Cell Signaling), or control 
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siRNA (Santa Cruz Biotechnology) according to the manufacturer’s protocol.  After 24 

hours, cells were treated with vehicle control or lapatinib for an additional 24 hours, at 

which point cells were counted by trypan blue exclusion.  Knockdown was confirmed 

after 48 hours of transfection by Western blotting. Experiments were repeated twice for 

reproducibility. 

 

 vi. Immnunoflourescence 

 Cells were plated on glass coverslips in 24-well cell culture plates.  After 24 hours, 

cells were treated with 1000 nM lapatinib, 1000 nM selumetinib, combination 1000 nM 

lapatinib plus selumetinib, or vehicle control for 24 hours.  Cells were fixed with 4% 

formaldehyde and permeabilized with 0.3% Triton X-100.  Coverslips were blocked for 

one hour in blocking buffer (10% goat serum in TBS-T) and incubated with primary 

antibody in blocking buffer overnight at 4°C. Antibodies against FOXM1 (Santa Cruz) 

and p27 (Dako; Carpinteria, CA) were each used at a 1:25 dilution. The next day 

coverslips were incubated with secondary antibodies for one hour at room temperature, 

and signal amplification was performed using tyramide (Invitrogen). Cells were mounted 

using Prolong Gold (Invitrogen) and examined using a Zeiss LSM 510 Meta confocal 

system. 

 

 vii. Immunohistochemistry 

IHC was performed on tumor tissues from two animals per treatment group using 

a standard immunoperoxidase procedure as previously described (Griner et al, 2012). The 

treatment groups were vehicle diluent, lapatinib (75 mg/kg), selumetinib (50 mg/kg), or 
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combination lapatinib and selumetinb.  The tissue sections on glass slides were 

deparaffinized by heating at 60oC for 10 minutes, followed by cooling for 30 minutes 

while in the same buffer.  Quenching of the endogenous peroxidase was achieved by 

incubating slides with 0.3% H2O2 in methanol for 15 minutes.  The tissues were then 

washed with water and PBS/TBS and incubated in 10% swine serum (Dako) for 1 hour to 

eliminate non-specific background staining.  Tissue sections were stained for FOXM1 

(Santa Cruz, SC500, dilution 1:100), pERK (Cell Signaling, CS9101, 1:500) Ki67 

(Thermo Scientific, SP6, 1:400).   Biotinylated anti-rabbit antibody (Dako) was used as 

secondary antibody, and positive staining was detected by incubation with 3,3 

diaminobenzidine solution (DAB + chromogen; Dako) with hematoxylin as a 

counterstain.  The slides were then washed in water and dehydrated by passing through 

alcohol grades and xylene.  The slides were mounted with permanent mounting medium 

Permount (Fisher Scientific; Pittsburgh, PA).  After drying completely, the slides were 

viewed under a light microscope, and pictures were taken at 10X. 

 

 viii. Polymerase Chain Reaction 

 Total RNA was extracted using the RNeasy purification kit (Qiagen; Valencia, CA) 

and treated with DNase (Invitrogen).  Total RNA was used to prepare cDNA using 

random primers and the Superscript III first strand synthesis Kit (Invitrogen).  Real-time 

quantitative PCR master mix (4304437, Applied Biosystems; Carlsbad, CA) was used to 

synthesize cDNA. Primers for RPLPO (Hs99999902_M1), FOXM1 (Hs01073586_M1), 

p27 (Hs00153277_B1), and survivin (Hs04194392_M1) were obtained from Applied 

Biosystems (Taq-Man Gene Expression Assays).  The RPLPO internal control was used 
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to normalize samples and compared as arbitrary units, represented as mean +/- SD.  

Samples were run in triplicate, and experiments were repeated twice to ensure 

reproducibility.   

 

 

ix. Western Blotting 

Cells were lysed in RIPA buffer (consists of 20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 1 mM Na2EDTA, 1 mM EDTA , 1% NP-40, 1% sodium deoxycholate, 2.5 mM 

sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4 , 1 µg/ml leupeptin; 

Cell Signaling) supplemented with protease and phosphatase inhibitors (Sigma-Aldrich). 

Total protein extracts (30 µg) diluted with 5X sample buffer and boiled for 5 minutes.  

Proteins were resolved using sodium dodecyl sulfate (SDS)-polyacrylamide gel 

electrophoresis with either 10% or 12% gels followed by blotting onto a nitrocellulose 

membrane. The nitrocellulose blot was incubated for 1 hr in 5% bovine serum albumin 

followed by an overnight incubation at 4°C with the primary antibody, diluted in 5% 

bovine serum albumin.  Blots were probed overnight using the following antibodies from 

Cell Signaling: phospho-Thr389 p70S6K clone 1A5 at 1:750; total p70S6K (1:1000), p-

S473 Akt-XP used at 1:1000, and polyclonal antibodies against total Akt (1:1000), p-

Thr202/Tyr204 p42/p44 ERK1/2 (1:1000), total p42/p44 ERK1/2 (1:1000), and FOXM1 

(D12D55) XP (1:1000). β-actin monoclonal AC-15 (Sigma-Aldrich) at 1:10,000 was 

used as a loading control. Protein bands were detected using the Odyssey Imaging 

System (Li-Cor Biosciences; Lincoln, NE). Experiments were repeated three times to 

ensure reproducibility. 



59	
  

x. ELISA  

Human insulin growth factor binding protein (IGFBP) 3 and human insulin 

growth factor binding protein 5 (R&D Systems; Minneapolis, MN) were used according 

to the manufacturer’s directions. Briefly, sample media was incubated in either IGFBP3 

or IGFBP5 antibody-coated microplates for 2 hours, then washed and incubated with 

appropriate antibody conjugated to horseradish peroxidase for 1 hour. After washing, 

plates were incubated with color reagent (hydrogen peroxide–chromogen mix) for 30 

minutes. Optical density of each well was determined using a microplate reader set to 450 

nm. The concentrations were calculated according to the standards supplied with the kit 

by creating a four parameter logistic curve-fit. Samples were run in triplicate, and 

experiments were repeated 3 times with reproducible results. 

 

2. Biological Assays 

i. Cell Proliferation Assay 

Cells were plated at 3000 per well in 96-well format, and treated with lapatinib and/or 

rapamycin or MK-8669 versus DMSO control corresponding to the volume found in the 

highest dose combination. For another experiment, cells were treated with 20 µg/mL 

trastuzumab versus untreated control. Six replicates were run per group. After 6 days of 

treatment, proliferation was measured by MTS assay as directed by the manufacturer 

(Promega; Madison, WI). Combination index (C.I.) values were determined using the 

commercial software package Calcusyn (Biosoft, Cambridge, United Kingdom) by the 

method of Chou and Talalay (Chou and Talalay, 1984). Experiments were repeated on at 

least two independent occasions to ensure reproducibility. 
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 ii. Trypan Blue 

For anchorage-dependent growth, cells were plated at 3 x 104 in a 12-well plate format.  

After 24 hours, media plus drug was added for either 48 hours for the lapatinib plus 

PD0325901 treatments, and 72 hours for the lapatinib plus selumetinib treatments.  

Viable cells were then counted by trypan blue exclusion. 

 

iii. Anchorage-Independent Growth 

Cells were plated at 1 x 104 in 12-well plate format in 250 mL matrigel (BD Biosciences; 

Franklin Lakes, NJ) diluted 1:1 (media:matrigel). The matrigel-cell suspension was 

allowed to solidify for 2 hours at 37ºC, followed by the addition of 1 mL of media 

containing either lapatinib, PD0325901, selumetinib, or DMSO control.  In a separate 

experiment, lapatinib, mTOR inhibitor (rapamycin or MK-8669), combination lapatinib 

plus mTOR inhibitor, or DMSO control at the same volume found in the drug 

combination group, was added to the matrigel-cell culture. 

 Media plus drug was changed twice a week for approximately 2 weeks. Photographs 

were taken with an Olympus IX50 inverted microscope at 4X magnification. Matrigel 

was then digested using dispase (BD Biosciences), and viable cells were counted by 

trypan blue exclusion. Experiments were repeated on at least two independent occasions 

to ensure reproducibility. For anchorage-dependent growth, cells were plated at 3 x 104 in 

a 12-well plate format.  After 24 hours, media plus drug was added for either 48 hours for 

the lapatinib plus PD0325901 treatments, and 72 hours for the lapatinib plus selumetinib 
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treatments.  Viable cells were then counted by trypan blue exclusion. Experiments were 

repeated three times for reproducibility. 

 

3. Xenograft Studies 

i. Xenograft mouse model 

Female athymic nu/nu mice (Harlan; Indianapolis, IN) were used to establish flank 

xenografts by s.c. injection with 1x106 JIMT-1 cells and 50% Matrigel (BD Biosciences). 

Tumor volumes were calculated as the product of the length, width and height of the 

tumor measured twice a week with a caliper. In one experiment, animals were 

administered lapatinib by oral gavage at a dose of 75 mg/kg, and MK-8669 by i.p. 

injection at a dose of 1 mg/kg. Control mice received vehicle diluent (10% Tween 80, 

40% PEG-400 in sterile water). In another experiment, animals were administered 

vehicle diluent, lapatinib (75 mg/kg), selumetinib (50 mg/kg), or combination lapatinib 

and selumetinb by oral gavage. All treatments were done daily for 5 days, then off for 2 

days, for a total of 17 days. Animals were euthanized by CO2 inhalation in accordance 

with institutional IACUC regulations.  
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Chapter 3. Pharmacologic Inhibition of mTOR Improves Lapatinib Sensitivity in 

HER2-overexpressing Breast Cancer Cells with Primary Trastuzumab Resistance 
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1. Introduction 
 
 The HER2 gene is amplified and overexpressed in approximately 25%-30% of 

metastatic breast cancers, and is associated with an aggressive clinical course resulting in 

reduced disease-free and overall survival compared with other breast cancer subtypes 

(Slamon et al, 1987; Sorlie et al, 2001). Trastuzumab (Herceptin) is a recombinant 

humanized monoclonal antibody directed against the HER2 extracellular domain. Initial 

clinical trials of single-agent trastuzumab demonstrated overall response rates ranging 

from 11% to 21% in patients with HER2-overexpressing metastatic breast cancer 

(Cobleigh et al, 1999;Baselga et al, 1996). Thus, almost two-thirds of patients 

demonstrated primary resistance to trastuzumab, although response rates were improved 

when combined with chemotherapy (Esteva et al, 2002;Slamon et al, 2001).  

 The dual EGFR/HER2 tyrosine kinase inhibitor lapatinib (Tykerb) (Figure 3-1) is 

approved in combination with capecitabine for use against HER2-overexpressing breast 

cancers with prior disease progression on trastuzumab and as first-line therapy in 

combination with letrozole for hormone receptor-positive, HER2-positive metastatic 

breast cancer. Combination lapatinib plus chemotherapy achieved an overall response 

rate of 22% and clinical benefit rate of 27%, with median time to progression of 8.4 

months (Geyer et al, 2006). As a single agent, lapatinib showed clinical benefit rates 

ranging from 12.4% to 25% in trastuzumab-pretreated populations (Blackwell et al, 2010; 

Toi et al, 2009). Thus, lapatinib shows benefit in a subset of trastuzumab-refractory 

breast cancers, although the majority of trastuzumab-resistant disease shows poor 

response to lapatinib.  
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Figure 3-1. Chemical structures of kinase inhibitors. Structures for lapatinib, 

rapamycin, and the rapamycin analogue ridaforolimus (MK-8669) were downloaded 

from the ChemACX database (CambridgeSoft, Cambridge, MA) and drawn in 

ChemDraw (CambridgeSoft). 
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Resistance to trastuzumab has been closely associated with increased PI3K signaling due 

to either loss of the PTEN phosphatase gene (Nagata et al, 2004) or hyper-activating 

mutations in the PIK3CA catalytic subunit of PI3K (Berns et al, 2007). Esteva et al 

(Esteva et al, 2010) recently showed that phosphorylation of Akt or the mTOR substrate 

p70S6K were not independently associated with trastuzumab resistance, but when 

considered together, p-Akt, p-p70S6K, and loss of PTEN were strongly associated with 

poor response to trastuzumab.  

 A genome-wide loss-of-function short hairpin RNA screen performed to identify 

mediators of lapatinib resistance showed that loss of PTEN or PIK3CA mutations also 

contributed to lapatinib resistance (Eichorn et al, 2008). Further, treatment with a dual 

inhibitor of PI3K/mTOR inhibited colony formation and proliferation of lapatinib-

resistant cells harboring genetic defects in PI3K signaling (Eichorn et al, 2008). In 

contrast, O’Brien et al. (O’Brien et al, 2010) suggested that lapatinib resistance was not 

associated with loss of PTEN or PIK3CA mutations, and that lapatinib could block the 

hyperactive PI3K signaling associated with trastuzumab resistance. Wang et al. (Wang et 

al, 2011) examined 57 primary tumor samples from lapatinib-treated patients with HER2-

overexpressing breast cancer heavily pretreated with chemotherapy and trastuzumab. 

Patients with loss of PTEN or hyper-activating mutations in PIK3CA had a significantly 

lower clinical benefit rate (36.4% versus 68.6%) and significantly lower overall response 

rate (9.1% versus 31.4%) in contrast to those patients whose tumors did not show PI3K 

pathway activation. 

 Blocking the PI3K pathway with mTOR inhibition has been demonstrated to be 

beneficial in trastuzumab-resistant cancers. Response rates of more than 40% and disease 
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control rates of more than 70% were achieved in metastatic HER2-positive breast cancers 

resistant to trastuzumab and taxanes, when treated with trastuzumab, paclitaxel and 

everolimus (Andre et al, 2010).  The combination of trastuzumab, chemotherapy and 

everolimus has been demonstrated to be beneficial in patients with HER2-positive 

metastatic breast cancer, resistant to both trastuzumab and lapatinib. The use of mTOR 

inhibition, with everolimus, is currently being evaluated in a phase 3 trial of patients with 

metastatic HER2-positive breast cancers resistant to trastuzumab. Patients entering this 

trial can have received lapatinib. Therefore, there is a clear need to understand the role of 

PI3K signaling in HER2-positive breast cancers that are resistant to currently approved 

HER2-directed agents, including lapatinib. 

 Thus, although some studies suggest that PI3K pathway activation correlates with 

reduced response to lapatinib, controversy exists in the literature regarding the role of 

PI3K/mTOR in lapatinib sensitivity. We examined the ability of lapatinib to inhibit 

proliferation in multiple HER2-overexpressing breast cancer cell lines that have primary 

trastuzumab resistance. Lower response to lapatinib was associated with an inability of 

lapatinib to reduce p-Akt or p-p70S6K levels. Transfection of constitutively active Akt 

into lapatinib-sensitive cells abrogated response to lapatinib, while kinase-dead Akt 

improved lapatinib sensitivity, further suggesting that inhibition of Akt phosphorylation 

is critical to achieving response to lapatinib. In contrast, knockdown of p70S6K alone did 

not improve response to lapatinib. However, knockdown of 4EBP1 or pharmacologic 

mTOR inhibition increased lapatinib sensitivity. Inhibition of mTOR reduced p-Akt 

levels and increased response to lapatinib in cells that showed poor response to single-

agent lapatinib, even those transfected with hyperactive Akt. Single agent mTOR 
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inhibition was associated with feedback signaling activating Akt and Erk1/2, which was 

overcome by co-treatment with lapatinib. Combination mTOR inhibition plus lapatinib 

resulted in synergistic growth inhibition of HER2-overexpressing trastuzumab-resistant 

breast cancer cells and xenografts. Our data indicate that p-Akt is a critical downstream 

target of lapatinib, whose inhibition must be intact in order to achieve optimal response to 

lapatinib. In cases where lapatinib alone does not effectively block Akt or p70S6K 

phosphorylation, our data support strategies that combine lapatinib with mTOR inhibition 

in the context of primary trastuzumab-resistant HER2-overexpressing breast cancer.  

 

2. Results 

 

i. Analysis of Lapatinib Response in HER2-overexpressing Breast Cancer Cell Lines with 

Primary Resistance to Trastuzumab 

The HER2-overexpressing breast cancer cell lines SKBR3, BT474, HCC1419, 

HCC1954, MDA453, MDA361, and JIMT-1 were examined for sensitivity to 

trastuzumab by MTS proliferation assay (Figure 3-2A). A clinically relevant 

concentration of trastuzumab (20 µg/mL) inhibited proliferation of SKBR3 and BT474 

cells. HCC1419 cells showed slightly lower although statistically significant inhibition of 

proliferation in response to trastuzumab. HCC1954, MDA453, MDA361, and JIMT-1 

cells showed primary resistance to trastuzumab. Lapatinib (0.1 µM) inhibited 

proliferation of HCC1419 cells by 50-60%, but inhibited the remaining four primary 

trastuzumab-resistant cell lines by only 10-20% (Figure 3-2B). Thus, 4 out of 5 lines 

(approximately 80%) of cells with trastuzumab resistance also showed poor response to 
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lapatinib, which mimics clinical response rates to lapatinib in trastuzumab-pretreated 

patients (Geyer et al, 2006;Blackwell et al, 2010;Toi et al, 2009). To confirm HER2 over-

expression in lines used in this study, Western blotting for total HER2 was performed 

relative to the MCF-7 cell line (Figure 3-2C). In addition to measuring differential 

response to lapatinib by proliferation assay, Western blotting for p-Akt and p-p70S6K 

was performed. Lapatinib blocked phosphorylation of Akt and p70S6K in lapatinib-

sensitive BT474 and HCC1419 cells, but not in JIMT-1 or HCC1954 cells (Figure 3-2D). 

These results suggest that inhibition of PI3K and mTOR may be important for achieving 

inhibition of proliferation in response to lapatinib. 

     

 

 

 

 

 

 

 

 



70	
  

 

 

 

 

 

 

 



71	
  

Figure 3-2. Analysis of anti-proliferative activity of lapatinib in primary 

trastuzumab-resistant HER2-overexpressing breast cancer cell lines. Proliferation 

was examined by MTS assay in cell lines treated with (A) 20 µg/mL trastuzumab, or (B) 

0.1 µM lapatinib for 6 days. Values represent the average of 6 replicates per group as a 

percentage of untreated control cells (for trastuzumab) or DMSO-treated cells (for 

lapatinib). Error bars represent standard deviation between replicates. P-values were 

determined by t-test; *p<0.05, **p<0.005. Experiments were repeated three times with 

reproducible results. A representative immunoblot of total HER2 is shown for all cell 

lines. (C) Total protein lysates of cell lines were examined by Western blotting for total 

HER2. Bands were quanitated and values were normalized to actin levels. Total HER2 

level is shown relative to MCF-7 cell line. (D) BT474, HCC1419, JIMT-1, and HCC1954 

cells were treated with 0.1, 1 or 10 µM lapatinib, or with DMSO at the volume found in 

the highest dose of lapatinib (C, control)  for 48 h. Whole cell protein lysates were 

immunoblotted for p-S473 Akt, total Akt, p-T389 p70S6K, total p70S6K, or actin loading 

control. Blots were repeated on at least two separate occasions with reproducible results. 
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ii. Constitutively Active Akt Reduces Lapatinib Sensitivity, while Kinase Dead Akt    

Improves Lapatinib Sensitivity 

Based on this initial data (Figure 3-2) showing that lapatinib sensitivity correlates 

with reduced p-Akt in BT474 and HCC1419 cells in contrast to JIMT-1 and HCC1954 

cells, we hypothesized that Akt inhibition is important for achieving response to 

lapatinib. To test this hypothesis, HCC1419 cells, which are relatively sensitive to 

lapatinib, were transfected with constitutively active Akt double mutant T308D/S473D. 

Alternatively, JIMT-1 cells, which showed relatively low response to single-agent 

lapatinib, were transfected with dominant-negative kinase-dead Akt mutant K179A. 

Transfection was confirmed by blotting for p-Akt and total Akt (Figure 3-3A). In 

comparison to control transfectants, HCC1419 cells transfected with constitutively active 

Akt showed significantly reduced sensitivity to lapatinib (p=0.006) (Figure 3-3B). 

Sensitivity to the mTOR inhibitor rapamycin was also reduced in the presence of 

constitutively active Akt, although this effect did not reach statistical significance 

(p=0.08).  

In the presence of hyperactive Akt, combination mTOR inhibition plus lapatinib 

resulted in a significant reduction in cell viability versus either drug alone (p=0.01). 

These results suggest that combination lapatinib plus rapamycin may be an effective 

therapeutic strategy in tumors that show elevated PI3K signaling and low response to 

single-agent lapatinib.  

In a background of kinase dead Akt, JIMT-1 cells showed a statistically significant 

increase in lapatinib sensitivity (p=0.03) (Figure 3-3C). In contrast, sensitivity to 

rapamycin was not significantly affected. The combination of lapatinib plus rapamycin 
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showed a trend towards reduced cell viability versus single-agent lapatinib, although this 

did not reach statistical significance (p=0.06). However, JIMT-1 cells did retain 

sensitivity to this drug combination in the presence of kinase dead Akt. Collectively, 

these results suggest that Akt activation status affects lapatinib sensitivity.  Hyperactive 

Akt signaling significantly reduced response to lapatinib in HCC1419 cells, whereas 

kinase dead Akt significantly improved response to lapatinib in JIMT-1 cells. In addition, 

pharmacologic inhibition of mTOR significantly increased response to lapatinib in 

HCC1419 cells transfected with constitutively active Akt. Thus, this combination may be 

effective in HER2-overexpressing breast cancers that show poor response to lapatinib and 

high baseline Akt activity. 

 

iii. Knockdown of 4EBP1 but not p70S6K Improves Lapatinib Sensitivity 

Inhibition of p70S6K phosphorylation correlated with the anti-proliferative activity of 

lapatinib (Figure 3-2). In addition, mTOR inhibition by rapamycin increased lapatinib 

activity in JIMT-1 cells (Figure 3-3). Thus, we hypothesized that p70S6K inhibition is 

critical for achieving response to lapatinib. We transfected lapatinib-resistant JIMT-1 

cells with p70S6K siRNA, and confirmed knockdown by Western blot (Figure 3-4A). 

Surprisingly, knockdown of p70S6K alone was not sufficient to increase the growth 

inhibitory activity of lapatinib (Figure 3-4B), suggesting that additional signaling 

molecules regulated by mTOR must be inhibited in order to achieve optimal response to 

lapatinib. Knockdown of 4EBP1 confirmed by Western blotting (Figure 3-4C) 

significantly increased the sensitivity of JIMT1 cells to lapatinib (Figure 3-4D). Thus, 
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mTOR inhibition, particularly 4EBP1 inhibition, increases lapatinib-mediated 

cytotoxicity.   
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Figure 3-3. Akt activation status affects lapatinib sensitivity. (A) HCC1419 cells were 

transiently transfected with 1 µg pcDNA3 vector control (C) or pcDNA3-Akt-

T308D/S473D plasmid (CA), which expresses constitutively active Akt. JIMT-1 cells 

were transiently transfected with 1 µg pcDNA3 vector control (C) or pcDNA3-Akt-

K179A plasmid (KD), which expresses kinase dead Akt. Total protein lysates were 

collected after 48 h and immunoblotted for phosphorylated S473 Akt and total Akt to 

confirm p-Akt level after transfection. (B) HCC1419 cells were transiently transfected 

with 1 µg pcDNA3 vector control (C) or pcDNA3-Akt-T308D/S473D constitutively 

active Akt plasmid. (C) JIMT-1 cells were transiently transfected with 1 µg pcDNA3 

vector control (C) or pcDNA3-Akt-K179A kinase dead Akt plasmid. After 24 h 

transfection, cells were treated for an additional 72 h with DMSO, 10 µM lapatinib, 100 

nM rapamycin, or a combination of 100 nM rapamycin plus 10 µM lapatinib. Viable cells 

were then counted by trypan blue exclusion. Viability is presented as a percentage of 

DMSO-treated control vector group, and reflects the average of 3 replicates per treatment 

group. Error bars represent standard deviation between replicates. P-values were 

determined by t-test for each treatment group in Akt-transfected cells versus 

corresponding treatment group in control-transfected cells; p=0.006 for lapatinib-treated 

constitutively active Akt-transfected HCC1419 cells versus lapatinib-treated vector 

control; p=0.01 for constitutively active Akt-transfected HCC1419 cells treated with 

combination lapatinib plus rapamycin versus treated with lapatinib alone; p=0.03 for 

lapatinib-treated, kinase-dead Akt-transfected JIMT-1 versus JIMT-1 lapatinib-treated 

vector control; no other statistically significant differences were found between treatment 

groups. Experiments were repeated at least twice with reproducible results 
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Figure 3-4. Knockdown of 4EBP1 but not p70S6K improves lapatinib sensitivity. 

(A) JIMT-1 cells were transfected with 100 nM control siRNA (si-C) or p70S6K siRNA 

(si-p70) for 48 h. Total protein lysates were immunoblotted for total p70S6K and actin 

loading control to confirm knockdown. (B) JIMT-1 cells were transfected with 100 nM 

control siRNA (si-C) or p70S6K siRNA (si-p70) for 24 h, and then treated with DMSO 

control or 1 µM lapatinib (lap). After 72 h, viable cells were counted by trypan blue 

exclusion. Viability is presented as a percentage of DMSO-treated si-C group, and 

reflects the average of 3 replicates per treatment group. Error bars represent standard 

deviation between replicates. P-values were determined by t-test for p70 knockdown plus 

lapatinib versus si-C plus lapatinib. Experiments were repeated three times with 

reproducible results. (C) JIMT-1 cells were transfected with 100 nM control siRNA (si-

C) or 4EBP1 siRNA (si-BP1) for 48 h. Total protein lysates were immunoblotted for total 

4EBP1 and actin loading control to confirm knockdown. (D) JIMT-1 cells were 

transfected with 100 nM control siRNA (si-C) or 4EBP1 siRNA (si-4EBP1) for 24 h, and 

then treated with DMSO control or 1 µM lapatinib (lap). After 72 h, viable cells were 

counted by trypan blue exclusion. Viability is presented as a percentage of DMSO-treated 

si-C group, and reflects the average of 3 replicates per treatment group. Error bars 

represent standard deviation between replicates. P-values were determined by t-test for 

4EBP1 knockdown plus lapatinib versus si-C plus lapatinib. Experiments were repeated 

three times with reproducible results. 
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iv. Rapamycin Increases Lapatinib Sensitivity in HER2-overexpressing Breast 

    Cancer Cells that have Primary Trastuzumab Resistance 

 

  Pharmacologic mTOR inhibitors appear to improve response to trastuzumab 

Andre et al, 2010;Chou et al, 1984;Miller et al, 2009). Our data indicates that 

pharmacologic inhibition of mTOR may also improve response to lapatinib in cells with 

primary trastuzumab resistance. We performed drug combination analysis to determine 

whether true synergy is achieved by addition of rapamycin to lapatinib. Treatment of 

JIMT-1 and MDA361 cells with rapamycin plus lapatinib resulted in significantly 

reduced proliferation versus either drug alone (Figure 5A). Using the method of Chou 

and Talalay (Chou & Talalay, 1984) (CalcuSyn; Biosoft), we analyzed data to determine 

if these drugs act synergistically (Table 3-1). Drug combination index (C.I.) values less 

than 1.0 were achieved in JIMT-1 cells, indicating strong pharmacologic synergy. Higher 

C.I. values were measured in MDA361 cells, suggesting lower drug synergy versus what 

was observed in JIMT-1 cells, although increased benefit was still observed with the 

combination versus single agent treatments.  

Next, anchorage-independent (AI) colony growth of JIMT-1 and MDA361 cells 

was examined. Drug combination inhibited AI growth more significantly than either drug 

alone (Figure 3-5B). In addition, a stronger response to single-agent lapatinib was 

observed under anchorage-independent conditions, which may be due to differences in 3-

dimensional cultures versus adherent cultures or may be due to longer-term treatment (3-

4 weeks) versus short-term treatment (6 days) in MTS assays. Western blot analysis 

showed that combination drug treatment inhibited Akt S473 phosphorylation in JIMT-1, 
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whereas neither drug was able to do so when given as a single agent (Figure 3-5C). In 

MDA361 cells, the combination inhibited Akt phosphorylation to a similar degree as 

individual lapatinib. Treatment with single-agent rapamycin resulted in feedback 

signaling, as shown by increased phosphorylation of Akt and Erk1/2 in MDA361 cells. 

Activation of PI3K and MAPK signaling in response to rapamycin has been previously 

reported (Sun et al, 2005;Wang et al, 2008;Liu et al, 2011), and is thought to be a 

mechanism driving resistance to pharmacologic mTOR inhibition. Importantly, co-

treatment with lapatinib was able to overcome rapamycin-induced feedback signaling, as 

we previously observed (Liu et al, 2011). Phosphorylation of the mTOR substrate 

p70S6K remained largely unaffected by the combination of rapamycin and lapatinib in 

MDA361 cells. However the combination achieved increased inhibition of p-p70S6K in 

JIMT-1 cells versus single agents. Thus, our data indicate that mTOR inhibition increases 

lapatinib sensitivity in association with reduced Akt and possibly reduced p70S6K 

phosphorylation. 
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Figure 3-5. Rapamycin increases lapatinib sensitivity of HER2-overexpressing 

breast cancer cells with primary trastuzumab resistance. (A) JIMT-1 and MDA361 

cells were treated with rapamycin alone, lapatinib alone, or combination rapamycin plus 

lapatinib at indicated doses for 6 days. Proliferation was then measured by MTS assay. 

Values represent the average of 6 replicates per group as a percentage of DMSO-treated 

cells per treatment group. Error bars represent standard deviation between replicates. P-

values were determined by t-test for each combination versus corresponding dose of 

lapatinib; *p<0.05, **p<0.005. Experiments were repeated twice with reproducible 

results. (B) JIMT-1 and MDA361 cells were plated in matrigel and treated with DMSO, 

10 nM rapamycin (rapa), 1 µM lapatinib (Lp), or a combination of 10 nM rapamycin plus 

1 µM lapatinib. Media plus drugs were changed every 3 days for approximately 3-4 

weeks. Matrigel was dissolved with dispase, and viable cells were counted by trypan 

blue. Viability is shown as a percentage of the DMSO control group, and reflects an 

average of 3 replicates per treatment group. Error bars represent standard deviation 

between replicates. P-value was determined by t-test for combination treatment versus 

lapatinib alone; *p<0.05, **p<0.005. (C) MDA361 and JIMT-1 cells were treated with 

DMSO (C), 10 µM lapatinib (L), 100 nM rapamycin (R), or a combination of 100 nM 

rapamycin plus 10 µM lapatinib (LR) for 48 h, lysed for total protein, and immunoblotted 

for p-S473 Akt, total Akt, p-T389 p70S6K, total p70S6K, p-T202/Y204 Erk1/2, or total 

Erk1/2.  
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Table 3-1. Combination Index (C.I.) values for lapatinib + rapamycin (1:10) 

 
Cell line          ED50    ED75  ED90         Dm          m                     r 
  
MDA361        0.03638    1849.48693  9.6203e+007 0.63550         -0.36817           0.97157  
 
JIMT          0.20320    0.00555  0.00569  14.51422       -0.20104     0.98597 
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Table 3-1. Combination Index (C.I.) values for lapatinib + rapamycin (1:10) 

Cells were treated with lapatinib (0.1, 1, or 10 µM), rapamycin (1, 10, or 100 nM), or 

combination lapatinib plus rapamycin. After 6 days, proliferation was measured by MTS 

assay. The fraction of cells proliferating relative to DMSO control-treated cells was 

determined, and C.I. values were determined for the combination using CalcuSyn 

software. C.I. values are listed for effective doses at which 50%, 75%, or 90% (ED50, 

ED75, and ED90, respectively) of cells were killed. Statistically, drug synergy is defined 

by C.I. values less than 1.0, and very strong synergy is defined by C.I. values less than 

0.1. Dm, the median-effect (ED50) drug concentration; m < 1 indicates a negative 

sigmoidal shape to the dose-effect curve; r states the linear correlation coefficient. 
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v. Pharmacologic mTOR inhibitor MK-8669 Increases Lapatinib Sensitivity of  

    HER2-overexpressing Breast Cancer Cells 

The novel rapamycin analogue, MK-8669 (AP23573, ridaforolimus; provided by 

Merck), has shown promising tumor inhibitory effects in early phase clinical trials 

(Perotti et al, 2010;Yardley et al, 2009). We combined MK-8669 with lapatinib in 

MDA361 and JIMT-1 HER2-overexpressing breast cancer cells. The combination 

achieved statistically significant improvements in inhibition of proliferation versus either 

drug alone (Figure 3-6A). Drug combination index values (Table 3-2) showed synergy 

between lapatinib and MK-8669 in both MDA361 and JIMT-1 cells. Furthermore, 

combined lapatinib plus MK-8669 dramatically reduced anchorage-independent growth 

of MDA361 and JIMT-1 cells (Figure 3-6B). Similar to what was observed with 

combination lapatinib plus rapamycin, the combination of MK-8669 and lapatinib 

inhibited phosphorylation of Akt in JIMT-1 cells without effect on p70S6K 

phosphorylation (Figure 3-6C). In contrast, although no change in p-Akt level was 

detected in MDA361 cells, treatment with the drug combination reduced phosphorylation 

of the p70 isoform p85 S6K with slight inhibition of p70 phosphorylation. Thus, 

synergistic growth inhibitory effects of combination MK-8669 plus lapatinib were 

associated with inhibition of PI3K-Akt-mTOR signaling. Finally, we determined if the 

combination of MK-8669 and lapatinib was synergistic in vivo by treating xenografts of 

primary trastuzumab-resistant JIMT-1 cells with each drug alone or with the drug 

combination (Figure 3-6D). Treatment with single-agent lapatinib or MK-8669 resulted 

in reduced tumor growth versus control. When administered in combination, however, 

lapatinib plus MK-8669 achieved statistically significant inhibition of tumor growth 
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versus either drug alone. Thus, our data support the clinical evaluation of lapatinib in 

combination with pharmacologic mTOR inhibitors as a potential strategy for inhibiting 

growth of HER2-overexpressing breast cancers that show resistance to trastuzumab and 

poor response to single agent lapatinib. 
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Table 3-2. Combination Index (C.I.) values for lapatinib + MK-8669 (1:10) 
 
 
 
Cell line       ED50              ED75  ED90       Dm  m        r 
   
MDA361     1581.46933  3.8312e-012 0.04294       0.01883       -0.043822         0.99312  
 
JIMT       0.01445  0.00286  0.00128       7.70049       -0.29234         0.95796 
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Table 3-2. Combination Index (C.I.) values for lapatinib + MK-8669 (1:10) 
 
Cells were treated with lapatinib (0.1, 1, or 10 µM), MK-8669 (1, 10, or 100 nM), or 

combination lapatinib plus MK-8669. After 6 days, proliferation was measured by MTS 

assay. The fraction of cells proliferating relative to solvent control-treated cells was 

determined, and C.I. values were determined for the combination using CalcuSyn 

software. C.I. values are listed for effective doses at which 50%, 75%, or 90% (ED50, 

ED75, and ED90, respectively) of cells were killed. Statistically, drug synergy is defined 

by C.I. values less than 1.0, and very strong synergy is defined by C.I. values less than 

0.1. Dm, the median-effect (ED50) drug concentration; m < 1 indicates a negative 

sigmoidal shape to the dose-effect curve; r states the linear correlation coefficient.  
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Figure 3-6. Efficacy of combination MK-8669 plus lapatinib in primary 

trastuzumab-resistant HER2-overexpressing breast cancer cells. (A) MDA361 and 

JIMT-1 cells were treated with 1 µM lapatinib (Lp), 10 nM MK-8669 (MK), or a 

combination of 1 µM lapatinib plus 10 nM MK-8669 for 6 days. Proliferation was then 

measured by MTS assay. Values represent the average of 6 replicates per group as a 

percentage of DMSO-treated cells. Error bars represent standard deviation between 

replicates. P-values were determined by t-test for combination treatments versus lapatinib 

alone for each cell line; *p<0.05. Experiments were repeated twice with reproducible 

results. (B) MDA361 and JIMT-1 cells were plated in matrigel and treated with 10 nM 

MK-8669, 1 µM lapatinib, or a combination of 10 nM MK-8669 plus 1 µM lapatinib. 

Media plus drugs were changed every 3 days for approximately 3-4 weeks. Matrigel was 

dissolved with dispase, and viable cells were counted by trypan blue. Viability is 

presented as a percentage of DMSO control group, and reflects an average of 3 replicates 

per treatment group. Error bars represent the standard deviation between replicates. P-

value was determined by t-test for combination treatment versus lapatinib alone; *p<0.05. 

(C) JIMT-1 and MDA361 cells were treated with DMSO (C), 10 µM lapatinib (L), 100 

nM MK-8669 (M), or a combination of 10 µM lapatinib plus 100 nM MK-8669 (LM) for 

48 h, lysed for total protein, and immunoblotted for p-S473 Akt, total Akt, p-T389 

p70S6K, total p70S6K, or actin loading control. (D) JIMT-1 cells were injected s.c. in the 

flank of athymic mice. After palpable tumors formed, tumors were treated daily (5 days 

on, 2 days off) with vehicle control (n=2), 75 mg/kg oral lapatinib (n=2), 1 mg/kg i.p. 

MK-8669 (n=2), or combination lapatinib plus MK-8669 (n=3). Mean tumor volume (x 

100 mm3) is shown per treatment group, with error bars representing the standard 
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deviation between replicates. P-value was determined by t-test for combination treatment 

versus lapatinib alone for each day that measurements were taken; *p<0.05. 
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3. Discussion 

 Our data indicated that inhibition of Akt is essential in order to achieve optimal 

response to lapatinib, with hyperactivation of Akt abrogating lapatinib sensitivity. Co-

treatment with an mTOR inhibitor significantly improved response to lapatinib, as 

measured by reduced proliferation, anchorage-independent growth, and in vivo tumor 

growth. Although many HER2-overexpressing breast cancers are initially sensitive to 

trastuzumab, many recur and all metastatic cancers eventually develop resistance. 

Lapatinib has been approved for use in trastuzumab-refractory breast cancers, although 

response rates to single agent lapatinib are low. Our findings suggest that pharmacologic 

inhibition of mTOR should be tested in combination with lapatinib in HER2-

overexpressing breast cancers exhibiting resistance to trastuzumab. Further, our results 

suggest that p-Akt levels may be measured as a marker of response in patients whose 

cancers are treated with lapatinib.  

   Resistance to trastuzumab has been strongly associated with increased PI3K 

signaling (Nagata et al, 2004;Berns et al, 2007;Esteva et al, 2010); however, conflicting 

data exists regarding the relationship between resistance to lapatinib and Akt activity. 

Eichhorn et al. (Eichorn et al, 2008) showed that PTEN loss or dominant activating 

PIK3CA mutations (E545K and H1047R) reduced lapatinib sensitivity in vitro and in 

vivo. In contrast, data presented by O’Brien et al. (O’Brien et al, 2010) suggested that 

there is not any association between increased PI3K signaling and response to lapatinib. 

Our data indicated that HCC1954, JIMT-1, MDA361, and MDA453 cells, all of which 

possess activating PIK3CA mutations and primary resistance to trastuzumab, also exhibit 

reduced sensitivity to lapatinib. In contrast, HCC1419 cells, which express wild-type 
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PIK3CA, showed higher response to lapatinib. Thus, hyperactive PI3K signaling due to 

activating mutations in PIK3CA appeared to reduce lapatinib sensitivity (although cells 

were not fully resistant). These data are consistent with that of O’Brien et al. (O’Brien, 

2010), in that cells with activating PIK3CA mutations are not completely resistant to 

lapatinib, although our results indicate that these cells do show reduced sensitivity to 

lapatinib and resistance to trastuzumab. Reduced sensitivity to lapatinib was associated 

with an inability to block phosphorylation of Akt and p70S6K. In addition, 

overexpression of constitutively active Akt reduced response to lapatinib, while kinase-

dead Akt improved sensitivity to lapatinib. Thus, our data support a direct association 

between Akt activity, the ability to inhibit p-Akt levels, and sensitivity to lapatinib. In 

contrast, although inhibition of p70S6K phosphorylation correlated with lapatinib 

sensitivity, knockdown of p70S6K alone was not sufficient to improve response to 

lapatinib. P70S6K is one downstream target of mTOR. Since inhibition of mTOR was 

sufficient to improve lapatinib sensitivity, our data suggest that other downstream 

effectors of mTOR must be inhibited in order to achieve optimal response to lapatinib. 

Indeed, knockdown of the mTOR substrate 4EBP1 resulted in a statistically significant 

improvement in the response to lapatinib. Thus, mTOR inhibition, and in particular, 

reduced expression and function of 4EBP1, is likely to achieve optimal response to 

lapatinib. 

  PI3K/Akt signaling controls expression of multiple cell cycle and apoptotic 

regulators. Sensitivity to lapatinib has been associated with modified expression of many 

of these proteins, consistent with the concept that PI3K inhibition is required for optimal 

response to lapatinib. Reduced expression of FOX03a transcription factor downstream of 
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PI3K inhibition has been reported in lapatinib-sensitive cells, leading to increased p27 

and estrogen receptor transcription (Hegde et al, 2007) Inhibition of PI3K-survivin and 

MEK-Erk-Bim signaling has also been associated with lapatinib-mediated apoptosis (Xia 

et al, 2006;Tanizaki et al, 2011). 

  In addition to inhibiting kinase activities of EGFR and HER2, lapatinib has been 

shown to block nuclear translocation of these receptors (Kim et al, 2009). Nuclear HER2 

acts as a transcription factor, inducing expression of cell cycle regulators such as 

thymidylate synthase, which is required for DNA synthesis. Lapatinib suppresses DNA 

replication in part by blocking TS transcription due to inhibition of HER2 translocation to 

the nucleus (Kim et al, 2009). Thus, inhibition of multiple PI3K-dependent cell cycle and 

apoptotic pathways appears to be required for lapatinib sensitivity. In addition, PI3K-

independent mechanisms such as inhibition of HER2 nuclear localization may contribute 

to achieving complete response to lapatinib. 

  Survival outcomes for patients with HER2-overexpressing breast cancer have 

dramatically improved with the introduction of trastuzumab. Despite its efficacy, 

however, a subset of tumors show primary resistance and many may develop acquired 

resistance. Additional HER2-targeted agents, such as the dual EGFR/HER2 kinase 

inhibitor lapatinib, have shown promise clinically. However, many trastuzumab-

pretreated cancers fail to respond to lapatinib therapy, and all eventually develop 

resistance. While these cancers are initially addicted to HER2 signaling, it remains 

possible that cancers that fail trastuzumab and/or lapatinib therapy have become addicted 

to additional signaling pathways, such as the PI3K/Akt-mTOR pathway, consistent with 

the concept of “oncogenic switch” (Stommel et al, 2007; Valbrega et al, 2011).  
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 Our current data and recent clinical trials (Andre et al, 2010;,Morrow et al, 2011) 

support inhibition of mTOR as a potentially effective strategy for treating breast cancers 

that are resistant to trastuzumab, suggesting some level of dependence of these cancers on 

this molecular pathway. Single-agent rapamycin has been shown to induce feedback 

signaling via increased PI3K and/or MAPK signaling (Sun et al, 2005;Wang et al, 

2008;Liu et al, 2011). However, this compensatory feedback signaling activated by 

rapamycin appears to be overcome by co-treatment with lapatinib. Collectively, the 

experiments support further study of combination lapatinib plus mTOR inhibition as a 

treatment approach in HER2-overexpressing breast cancers that show poor response to 

trastuzumab or lapatinib. 

  Akt phosphorylation can be activated by multiple upstream molecular alterations, 

including HER2 overexpression; thus, PI3K-Akt inhibition has been explored as a 

strategy for improving outcome of HER2-amplified breast cancers. Preclinical work has 

shown that PI3K inhibitors improve response to trastuzumab in trastuzumab-resistant 

breast cancer cells (Lu et al, 2007;Ozbay et al, 2010). Clinically, PI3K inhibitors were 

slower to evolve as targeted therapies in breast cancer due to selectivity issues; however, 

inhibitors of downstream mTOR have shown great promise in the context of refractory 

HER2-overexpressing breast cancer. Phase II trial of the mTOR inhibitor ridaforolimus 

plus trastuzumab in patients with HER2-positive trastuzumab-refractory metastatic breast 

cancer showed early evidence of anti-cancer activity with 2 partial responses reported out 

of 22 patients enrolled (Yardley et al, 2009).  Our results support additional trial of 

ridaforolimus plus lapatinib in trastuzumab-refractory disease. Phase 1 and 2 trials 

combining the mTOR inhibitor, everolimus, with trastuzumab with or without 
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chemotherapy in patients with trastuzumab-resistant HER2-positive metastatic breast 

cancer showed encouraging results (Andre et al, 2010;Morrow et al, 2011;Jerusalem, 

2011). A retrospective analysis of two phase 1 trials was performed to determine the 

safety and efficacy of everolimus in combination with trastuzumab-based chemotherapy 

in patients who had received prior treatment with both trastuzumab and lapatinib 

(Jerusalem et al, 2011;Baselga et al, 2011). The overall response rate (ORR) was higher 

in patients who had not received lapatinib (31%), compared to those who had received 

lapatinib (18%). Time to progression (TTP) was shorter in patients who had received 

lapatinib (29 weeks) compared to those who did not receive lapatinib (41 weeks).  

 These findings may be a reflection of heavier pretreatment in the lapatinib group. 

Despite the reduced ORR and TTP, the clinical benefit was approximately equal in both 

groups: 89% in the lapatinib pre-treated group and 84% in the lapatinib-free group. These 

results are important, as they suggest that patients who have progressed on both 

trastuzumab and lapatinib in the metastatic setting may derive clinical benefit from 

combination trastuzumab plus mTOR inhibitor. These results are being confirmed in 

ongoing phase 3 trials in first-line and trastuzumab-resistant settings.  In summary, our 

results strongly support future clinical trials of combination lapatinib plus mTOR 

inhibitor in the context of metastatic breast cancers that show resistance to trastuzumab 

and poor sensitivity to single-agent lapatinib. Given the results presented here and the 

encouraging results of recent trials (Baselga et al, 2010), future studies should also 

examine combination treatments of trastuzumab, lapatinib, and mTOR inhibitor as first-

line therapy in HER2-overexpressing breast cancers that are resistant to available HER2-

targeted agents. 
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1. Introduction 

  The human epidermal growth factor receptor (HER) tyrosine kinase family is 

comprised of four members: HER1 (epidermal growth factor receptor, EGFR), HER2, 

HER3, and HER4.  Upon ligand binding, receptor dimerization activates multiple 

signaling pathways including the mitogen-activated protein kinase (MAPK) and 

phosphatidylinositol-3-kinase (PI3K) pathways (Bubil et al, 2007;Citri et al, 2006;Yarden 

et al, 2001). HER2 is overexpressed in about 20% of metastatic breast cancers and is 

associated with a poor prognosis (Eccles et al, 2001;Slamon et al, 1987). Trastuzumab 

(Herceptin), a monoclonal antibody targeted against the extracellular domain of HER2, is 

a highly effective treatment for patients with HER2-overexpressing breast cancers. 

However, as is the case with many targeted therapies, a majority of patients will 

eventually develop resistance to trastuzumab, resulting in disease progression.  

The dual EGFR/HER2 tyrosine kinase inhibitor lapatinib (Tykerb) is approved for 

use in trastuzumab-refractory tumors. Lapatinib binds to the ATP-binding pocket of 

HER2, thereby preventing receptor phosphorylation and subsequent activation of 

downstream pathways. However, response to single agent lapatinib in trastuzumab-

resistant cancers is less than 25% ( Blackwell et al, 2010;Eichorn et al, 2008). 

Understanding the molecular mechanisms that lead to lapatinib resistance may ultimately 

improve the clinical benefit that patients received from lapatinib-based treatment.  

Previous studies have focused primarily on the role of PI3K/mTOR signaling in lapatinib 

resistance (Brunner et al, 2011;Gayle et al, 2012). However, inhibition of MEK appears 

to also play a critical role in mediating lapatinib cytotoxicity. Tanizaki et al. (Tanizaki et 

al, 2011) showed that lapatinib-mediated inhibition of MEK is critical for induction of 
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apoptosis. Lapatinib treatment of HER2-overexpressing cells inhibited MEK/ERK 

signaling, leading to up-regulation of the pro-apoptotic protein Bcl-2-interacting mediator 

of cell death (BIM).  Further, transfection of oncogenic Ras into HER2-overexpressing, 

lapatinib-sensitive SKBR3 and BT474 cells has been shown to activate MEK/ERK 

signaling and abrogate response to lapatinib (Zoppoli et al, 2010). The Forkhead box 

transcription fraction M1 (FOXM1) is downstream of the MEK signaling pathway and its 

up-regulation is associated with HER2 overexpression ( Bektas et al, 2008; Lam et al, 

2006; Huang et al, 2007). Upon MEK/ERK phosphorylation, FOXM1 is activated and 

translocates to the nucleus to stimulate proliferation and cell survival by modulating 

expression of cell cycle and apoptosis regulators including the cyclin-dependent kinase 

inhibitor p27kip1 and the anti-apoptotic protein surviving (Wang et al, 2010).   

In the current study, we examine the role of MEK/ERK signaling in HER2-

positive trastuzumab-resistant cells that exhibit reduced response to lapatinib. We 

demonstrate that an inability to block ERK phosphorylation is associated with reduced 

response to lapatinib. Pharmacologic inhibition or knockdown of MEK in combination 

with lapatinib induced cell cycle arrest and/or apoptosis in association with reduced 

expression of nuclear FOXM1 in resistant cells. Further, knockdown or pharmacologic 

inhibition of FOXM1 increased response of resistant cells to lapatinib, whereas 

transfection of FOXM1 into sensitive cells resulted in resistance. Finally, co-treatment of 

xenografts of HER2-positive, trastuzumab-resistant breast cancer cells with lapatinib and 

the MEK inhibitor selumetinib suppressed tumor growth, reduced Ki-67 staining, 

suppressed ERK phosphorylation, and reduced expression of FOXM1 in comparison to 

xenografts treated with single agents or vehicle control. Thus, MEK inhibition should be 
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studied further as a strategy for increasing response to lapatinib in HER2-positive breast 

cancers that have progressed on trastuzumab. 

 

2. Results 

i. Sustained MEK/ERK signaling is associated with reduced sensitivity to lapatinib 

 The ability of lapatinib to suppress ERK phosphorylation was examined in the 

HER2-overexpressing breast cancer lines BT474, HCC1419, JIMT-1, and MDA361 

(Figure 1A). Lapatinib achieved dose-dependent inhibition of ERK phosphorylation in 

BT474 and HCC1419 cells, which we previously showed are sensitive to lapatinib (Gayle 

et al, 2012). In contrast, concentrations of lapatinib as high as 1000 nM failed to reduce 

ERK phosphorylation in JIMT-1 and MDA361 cells, which we previously showed have a 

lower sensitivity to lapatinib (Gayle et al, 2012). 

Next, Western blots for phosphorylated and total ERK protein were performed in 

BT474, HCC1419, JIMT-1, and HCC1954 cell lysates to determine if lapatinib-resistant 

cells show increased baseline signaling of this pathway. However, levels of 

phosphorylated ERK were similar in lapatinib-sensitive and lapatinib-resistant lines 

(Figure 4-1B). Thus, sustained phosphorylation of ERK is associated with reduced 

response to lapatinib but does not appear to be due to endogenous hyper-activation of 

MEK signaling 
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Figure 4-1. Sustained MEK Signaling in lapatinib-resistant cells. (A) BT474, 

HCC1419, JIMT-1, and MDA361 cells were treated with the control vehicle (C), 50, 100, 

500, or 1000 nM lapatinib for 24 hours. Whole cell protein lysates were immunoblotted 

for p-ERK, total ERK or actin loading control. Blots were repeated at least three times 

with reproducible results. Lapatinib did not reduce ERK phosphorylation in JIMT-1 and 

MDA361 cells. (B) Untreated BT474, HCC1419, JIMT-1, and HCC1954 cells were lysed 

and immunoblotted for basal p-ERK, total ERK and actin loading control. Blots were 

repeated at least three times with reproducible results. No differences in baseline 

phosphorylated ERK were observed between lines. 
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ii. Pharmacologic MEK inhibition increases sensitivity to lapatinib 

 To investigate whether MEK inhibition improves response to lapatinib, we treated 

lapatinib-resistant JIMT-1 cells with 1000 nM lapatinib plus either 10 nM or 1000 nM of 

the MEK inhibitor PD0325901 (PD) (Liu et al, 2008). The combination of PD and 

lapatinib inhibited ERK phosphorylation to a greater degree than single agents (Figure 4-

2A). Furthermore, although PD at 1000 nM induced Akt phosphorylation, lapatinib co-

treatment overcame this compensatory signaling.  

 Next, the combination of lapatinib plus MEK inhibition was tested in clonogenic 

growth assays (Figure 4-2B). Growth of JIMT-1 cells in matrigel was partially reduced 

by lapatinib alone (Figure 4-2C). This is in contrast to adherent growth assays, in which 

lapatinib did not suppress growth of JIMT-1 cells, and may be due to prolonged exposure 

to the drug (3 weeks versus 3 days in adherent assays). However, PD alone did not 

significantly reduce growth of JIMT-1 cells. The most striking result was that co-

treatment with PD plus lapatinib almost completely blocked survival of JIMT-1 cells in 

matrigel. Colonies that were still visible showed reduced colony size and number versus 

single agent treatment groups. 

Next, we combined lapatinib with the MEK inhibitor, selumetinib (Bekaii-Saab et 

al, 2011;O’Neil et al, 2011), which is being developed for clinical use. Co-treatment of 

HCC1419, JIMT-1, and HCC1954 cells with selumetinib plus lapatinib resulted in a 

statistically significant inhibition of ERK phosphorylation in comparison to single agent 

treatments (Figure 4-3A). Lapatinib alone significantly reduced survival of BT474 cells 

(Figure 4-3B), whereas the viability of adherent JIMT-1 cells was not affected by 

lapatinib or selumetinib as single agents. In contrast, combined treatment with lapatinib 
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plus selumetinib significantly reduced survival of JIMT-1 cells in a dose-dependent 

manner. Similar to the combination of PD and lapatinib, co-treatment with selumetinib 

plus lapatinib significantly decreased JIMT-1 colony size and number growth in matrigel 

(Figure 4-3C). Finally, cell cycle profiling of JIMT-1 cells showed that the combination 

of selumetinib and lapatinib induced G1 arrest (Figure 4-3D) and reduced the percentage 

of cells in S phase by half (Table 4-1). Thus, co-treatment with a MEK inhibitor 

improves lapatinib sensitivity in HER2-positive breast cancer cells. 
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Figure 4-2. MEK inhibition by PD0325901 (PD) increases lapatinib (L) response. 

(A) In the blots to the left, JIMT-1 cells were treated with 1000 nM L, 10 nM PD, 

combination 1000 nM L and 10 nM  PD, or vehicle control (C) for 24 hours. In the blots 

to the right, JIMT-1 cells were treated with 1000 nM L, 1000 nM PD, combination 1000 

nM L and 1000 nM PD, or vehicle control (C) for 24 hours. Whole cell protein lysates 

were immunoblotted for p-ERK, total ERK, p-Akt, total Akt, or actin loading control. 

Blots were repeated at least twice with reproducible results. Combined lapatinib plus PD 

suppressed phosphorylation of ERK to a greater degree than either drug alone and 

suppressed compensatory up-regulation of Akt phosphorylation. (B) JIMT-1 cells were 

plated in matrigel and treated with vehicle control, 1000 nM L, 10 nM PD, or a 

combination of 1000 nM L and 10 nM PD.  Media plus drugs were changed every 3 days 

for approximately 2 weeks. Representative photos of colony growth in each treatment 

group are shown at 4× magnification. Graph: Matrigel from the growth assays was 

dissolved with dispase, and the number of cells was counted by trypan blue. Viability is 

presented as a percentage of DMSO control, and reflects an average of three replicates 

per treatment group. Error bars represent the standard deviation between replicates. 

Experiments were repeated at least three times with reproducible results. Lapatinib plus 

PD reduced growth in matrigel versus lapatinib alone; *p<0.05.  
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Figure 4-3. MEK inhibition by selumetinib (S) increases lapatinib (L) response. (A) 

HCC1419, JIMT-1, and HCC1954 cells were treated with the control vehicle (DMSO), 

1000 nM L, 1000 nM S, or a combination of 1000 nM L and 1000 nM S (LS) for 24 

hours. Whole cell protein lysates were immunoblotted for p-ERK, total ERK, or actin 

loading control. Blots were repeated on at least three separate occasions with 

reproducible results. Combined lapatinib plus selumetinib suppressed phosphorylation of 

ERK to a greater degree than either drug alone. (B) BT474 and JIMT-1 cells were plated 

at 3 x 104 in a 12-well plate format.  After 24 hours, cells were treated with either L (10, 

100, or 1000 nM), S (10, 100, or 1000 nM), or combination L plus S. Viable cells were 

counted by trypan blue exclusion after 72 hours and are reported as a percentage of 

control cells. Experiments were repeated twice with reproducible results. Lapatinib plus 

selumetinib reduced survival of JIMT-1 cells versus lapatinib or selumetinib alone; *p< 

0.05. (C) JIMT-1 cells were plated in matrigel and treated with vehicle control DMSO, 

1000 nM L, 10 nM S, or a combination of 1000 nM L and 10 nM S (LS).  Media plus 

drugs were changed every 3 days for approximately two weeks. Representative photos of 

colony growth in each treatment group are shown at 4× magnification. Matrigel was 

dissolved with dispase, and viable cells were counted by trypan blue. Viability is 

presented as a percentage of DMSO control group, and reflects an average of three 

replicates per treatment group. Error bars represent the standard deviation between 

replicates. Experiments were repeated twice with reproducible results. Lapatinib plus 

selumetinib reduced growth of JIMT-1 cells in matrigel versus lapatinib alone; 

**p<0.005.  (D) JIMT-1 cells were treated with DMSO control (C), 1000 nM L, 1000 nM 

S, or LS for 48 hours, fixed, stained with propidium iodide, and analyzed by flow 
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cytometry. Cell cycle profiles are displayed. Triplicate cultures were run per treatment 

group, and the experiment was repeated three times. 
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Table 4-1. Combination MEK inhibition and lapatinib treatment results in G0/G1 

cell cycle arrest and apoptosis. 

 %G0/G1 %S %G2/M 

C 55+0.48 18+0.08 28+0.54 

L 54+0.78 16+0.18 30+0.63 

S 57+1.66 15+0.78 29+0.89 

LS 63+0.19 9+0.62 28+0.78 
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Table 4-1. Combination MEK inhibition and lapatinib treatment results in G0/G1 

cell cycle arrest and apoptosis. Quantification of mean percentages + standard error 

among triplicates of JIMT1 cells treated with vehicle control DMSO, 1000nM lapatinib 

(L), 10nM selumetinib (S), or a combination of 1000nM L and 10nM S (LS) and 

analyzed by flow cytometry after fixing and staining with propidium iodide.  
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 iii.  Knockdown of MEK in combination with lapatinib induces apoptosis of JIMT-1  

        cells 

 Since the combination of pharmacological MEK inhibition and lapatinib suppressed 

ERK phosphorylation and cellular proliferation, we examined the effects of MEK 

knockdown on lapatinib resistance. Knockdown of MEK was achieved by simultaneously 

transfecting siRNA oligonucleotides against MEK1 and MEK2 and was confirmed by 

Western blotting (Figure 4-4A). The combination of lapatinib plus MEK knockdown 

reduced phosphorylation of ERK in JIMT-1 cells (Figure 4-4A) and significantly reduced 

cell survival (Figure 4-4B). Flow cytometric analysis of annexin-stained cells showed 

increased apoptosis of cells that were transfected with MEK1/2 siRNA and treated with 

lapatinib (Figure 4-4C). Apoptosis was induced in almost 63% of cells treated with 

lapatinib plus MEK knockdown, which was approximately 2-fold higher than when cells 

were treated with lapatinib and control siRNA (Table 4-2). 
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Figure 4-4. MEK knockdown increases lapatinib (L) response. (A) JIMT-1 cells were 

transfected with 100 nM control siRNA (si-C) or MEK1/2 siRNA (si-MEK) for 24 hours, 

and then treated with DMSO control (C), or 1000 nM L for 48 hours. Total protein 

lysates were immunoblotted for MEK1/2, p-ERK, total ERK, and actin loading control to 

confirm knockdown. Knockdown of MEK was confirmed. The combination of MEK 

knockdown plus lapatinib suppressed ERK phosphorylation to a greater degree than 

MEK knockdown or lapatinib alone. (B) JIMT-1 cells were transfected with 100 nM 

control siRNA (si-C) or MEK1/2 siRNA for 24 hours and then treated with DMSO 

control (C) or 1000 nM L. After 48 hours, surviving cells were counted by trypan blue 

exclusion. Viability is presented as a percentage of DMSO-treated, si-C-transfected cells 

and reflects the average of 3 replicates per treatment group. Error bars represent standard 

deviation between replicates. P-values were determined by t-test for MEK1/2 knockdown 

plus lapatinib versus control siRNA plus lapatinib. MEK knockdown plus lapatinib 

showed significantly reduced cell survival versus lapatinib and control siRNA; 

**p<0.005. Experiments were repeated at least three times with reproducible results. (C) 

JIMT-1 cells were transfected with 100 nM control siRNA (si-C) or MEK1/2 siRNA (si-

MEK) for 24 hours and then treated with vehicle control (C) or 1000 nM L for 24 hours. 

Cells were stained with annexin V-FITC and propidium iodide and analyzed by flow 

cytometry. The top panels show dot plots of the cells. Quadrant 2 (Q2) shows late 

apoptotic cells (positive for both Annexin V-FITC and propidium iodide staining). 

Quadrant 3 (Q3) shows normal viable cells. Quadrant 4 (Q4) shows early apoptotic cells 

(Annexin V-FITC positive). The bottom graph shows quantification of the mean 
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percentages of cells in each quadrant with Q4 showing increased apoptosis in cells 

treated with lapatinib plus selumetinib.  
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iv. Co-treatment with selumetinib and lapatinib alters FOXM1 expression 

     FOXM1 functions as a transcription factor in the nucleus where it represses 

expression of cell cycle inhibitors including p27kip1. Immunofluorescence was performed 

to determine the cellular localization of FOXM1 in different treatment groups. FOXM1 

was localized to the nucleus and cytoplasm in the majority of control HCC1419 cells 

(Figure 4-5A). Treatment with lapatinib, selumetinib, or the combination of drugs did not 

alter FOXM1 localization, i.e., all cells still showed FOXM1 staining in the nucleus and 

cytoplasm. In contrast, FOXM1 was exclusively nuclear in JIMT-1 cells treated with 

vehicle control alone. Single agent lapatinib or selumetinib did not alter this localization. 

However, upon treatment with the combination of lapatinib plus selumetinib, FOXM1 

was detected in both the nucleus and cytoplasm of the majority of JIMT-1 cells, 

indicating that co-treatment induced translocation of FOXM1 into the cytoplasm (Figure 

4-5B). Nuclear and cytoplasmic fractioning confirmed that JIMT-1 cells expressed 

FOXM1 primarily in the nucleus at baseline, and that lapatinib alone or selumetinib alone 

did not alter this localization (Figure 4-5C). Combination lapatinib plus selumetinib 

reduced expression of FOXM1. Consistent with these findings, the transcript level of the 

FOXM1 target p27kip1, which is normally repressed by FOXM1, was induced by lapatinib 

by was dramatically more increased upon co-treatment with lapatinib plus selumetinib 

(Figure 4-5D). These results suggest that combining lapatinib with MEK inhibition 

results in reduced FOXM1 nuclear staining, reduced FOXM1 expression, and reduced 

transcript level of target gene p27kip1, consistent with the induction of growth arrest. 
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Figure 4-5. FOXM1 localization and expression in response to lapatinib plus 

selumetinib treatment. (A) JIMT-1 cells were plated on glass coverslips for 24 hours 

before being treated with vehicle control, 1000 nM L, 1000 nM S, or a combination of 

1000 nM L plus 1000 nM S (LS) for 24 hours.  Immunofluorescence was performed to 

determine the cellular location of total FOXM1. Cells were observed at a magnification 

of 40×. Graphs are a quantification of the IF data from 10 samples per treatment 

demonstrating the percentage of cells expressing FOXM1 in the nucleus or nucleus plus 

cytoplasm versus the percentage of cells expressing FOXM1 in the cytoplasm or 

cytoplasm plus nucleus. The data indicated that lapatinib and selumetinib did not alter 

localization of FOXM1 in lapatinib-sensitive HCC1419 cells. In contrast, JIMT-1 cells, 

which expressed FOXM1 primarily in the nucleus at baseline, showed an increased 

percentage of cells staining positive for FOXM1 in the cytoplasm when treated with 

lapatinib plus selumetinib. (C) Western blot analysis detecting FOXM1 from the nuclear 

and cytoplasmic fractions of JIMT-1 cells treated with DMSO control, 1000 nM lapatinib 

(L), 1000 nM selumetinib (S), or combination LS for 24 hours.  Lamin B (nuclear) and 

eEF2 (cytoplasmic) were used as fractionation controls. The combination reduced 

expression of nuclear FOXM1. (D) Real-time PCR was performed for FOXM1 

downstream target p27 in JIMT-1 cells that had been treated with DMSO control, 1000 

nM L, 1000 nM selumetinib S, or combination LS for 24 hours. Values reflect the fold 

change in transcript normalized to RPLPO housekeeping gene. Lapatinib induced p27 

transcript levels. The combination caused an even greater induction in p27 levels. 
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Table 4-2. Combination MEK inhibition and lapatinib treatment results in 

increased apoptosis in lapatinib-resistant cells.  

 % Late Apoptotic % Normal % Early Apoptotic 

si-C +C 2.87+0.33 69+2.58 27.84+1.5 

si-C+L 1.14+0.97 55.3+10.53 27.8+11.5 

si-MEK+C 4.69+6 68.5+0.63 36+0.32 

si-MEK +L 4.9+0 32.2+0.32 62.9+1.88 
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Table 4-2. Combination MEK inhibition and lapatinib treatment results in 

increased apoptosis in lapatinib-resistant cells. Quantification of mean percentages + 

standard error in triplicates of JIMT-1 cells transfected with 100 nM control siRNA (si-

C) or MEK1/2 siRNA (si-MEK) for 24 hours and then treated with DMSO control (C) or 

1000nM Lap for 48 hours. Cells were analyzed by flow cytometry for Annexin V-FITC 

and propidium iodide staining. 
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  v. FOXM1 knockdown increases lapatinib sensitivity 

To gain additional evidence that modulation of FOXM1 improves response to lapatinib, 

we knocked down FOXM1 and assessed cell survival. FOXM1 knockdown resulted in 

significantly decreased cell viability on its own. A significantly greater reduction in 

viability was observed when FOXM1 knockdown was combined with lapatinib compared 

to lapatinib treatment in FOXM1 expressing cells (Figure 4-6A).   

The thiazole antibiotic thiostrepton selectively reduces FOXM1 mRNA and protein 

expression in a dose- and time-dependent manner (Bhat et al, 2009; Kwok et al, 2008). 

FOXM1 down-regulation by thiostrepton was found to induce apoptosis and repress 

migration and metastasis in breast cancer cells.  Treatment of JIMT-1 cells with 

thiostrepton resulted in a significant decrease in viability (Figure 4-6B). The combination 

of thiostrepton and lapatinib treatment resulted in significantly reduced colony survival of 

HCC1954 and JIMT-1 cells grown in matrigel (Figure 4-6C). Conversely, transfection of 

a FOXM1 expression plasmid into lapatinib-sensitive HCC1419 cells abrogated 

lapatinib-induced cytotoxicity (Figure 4-6C). These data suggest that FOXM1 expression 

levels regulate sensitivity to lapatinib, and that down-regulation of FOXM1 improves 

lapatinib sensitivity. 
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Figure 4-6. Modulation of FOXM1 expression affects lapatinib sensitivity. (A) JIMT-

1 cells were transfected with 100 nM control siRNA (si-C) or FOXM1 siRNA (si-FM1) 

for 24 hours, and then treated with DMSO control vehicle (C) or 1000 nM Lapatinib (L) 

for 24h. Total protein lysates were immunoblotted for FOXM1 to confirm knockdown 

and actin. Alternatively, after 48 hours of drug treatment, surviving cells were counted by 

trypan blue exclusion. Viability is presented as a percentage of DMSO-treated control 

siRNA-transfected cells and reflects the average of 3 replicates per treatment group. Error 

bars represent standard deviation between replicates. P-values were determined by t-test 

for FOXM1 knockdown plus L versus si-C plus L; **p<0.005. Experiments were 

repeated three times with reproducible results. FOXM1 knockdown reduced viability of 

JIMT-1 cells, with addition of lapatinib further reducing cell survival. (B) JIMT-1 cells 

were plated at 3 x 104 in a 12-well plate format.  After 24 hours, cells were treated with 

DMSO control, 1000 nM L, 2000 µM thiostrepton (T), or combination L plus T. Viable 

cells were counted after 48 hours by trypan blue exclusion and are reported relative to 

control cells. Error bars represent standard deviation between replicates. Experiments 

were repeated three times with reproducible results. P-values were determined by t-test 

for L treatment versus FOXM1 inhibition plus L. Viability was significantly reduced by 

lapatinib plus thiostrepton versus lapatinib alone; **p<0.005. (C) HCC1954 and JIMT-1 

cells were plated in matrigel and treated with control, 1000 nM L, 2000 nM T, or 

combination 1000 nM L and 2000 nM T.  Media plus drugs were changed every 3 days 

for approximately 2 weeks. Matrigel was dissolved with dispase, and viable cells were 

counted by trypan blue. Viability is presented as a percentage of DMSO control, and 

reflects an average of 3 replicates per treatment group. Error bars represent the standard 
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deviation between replicates. Experiments were repeated three with reproducible results. 

P-value was determined by t-test for combination treatment versus lapatinib alone. 

Clonogenic growth was significantly reduced by lapatinib plus thiostrepton versus either 

agent alone in HCC1954 (**p<0.005) and JIMT-1 (*p<0.05) cells. (D) In the graph on 

the left, real-time PCR was performed for FOXM1 in HCC1419 cells that had been 

transfected with either 5µg pCMV-FOXM1 plasmid (pFM1) or control CMV plasmid 

(pCMV). Values reflect the fold change in transcript normalized to RPLPO housekeeping 

gene. In blot to the right, HCC1419 cells were transfected with either pCMV (C) or 2µg 

pFM1 for 24 hours. Total protein lysates were immunoblotted for FOXM1 to confirm 

overexpression and actin loading control. In the graph on the right, HCC1419 cells were 

transfected with 2 µg pCMV or pFM1 for 24 hours and then treated with DMSO control 

(C) or 1000 nM lapatinib (L) for another 48 hours. Viability measured by trypan blue 

exclusion is presented as a percentage of DMSO-treated pCMV and reflects the average 

of 3 replicates per treatment group. Error bars represent standard deviation between 

replicates. Experiments were repeated three times with reproducible results.  P-values 

were determined by t-test for FOXM1 plus L versus vector control plus L; **p<0.005 

 

vi. The combination of selumetinib plus lapatinib suppresses tumor growth of   

     JIMT-1 xenografts  

 Next, JIMT-1 cells were injected to form flank xenografts in athymic mice. Mice 

were treated with vehicle control, 75mg/kg oral lapatinib, 50mg/kg oral selumetinib, or a 

combination of lapatinib and selumetinib. Co-treatment with lapatinib plus selumetinib 

achieved a statistically significant greater inhibition of tumor growth in comparison to 
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either drug alone (Figure 4-7A). Tumors from the combination treatment group showed 

lower levels of the proliferation marker Ki67, decreased phosphorylation of ERK, and 

reduced FOXM1 expression (Figure 4-7B). These results support the concept that MEK 

inhibition plus lapatinib suppresses phosphorylation of ERK and FOXM1 expression, 

consistent with in vitro results. Further, the results suggest that the combination of MEK 

inhibitor selumetinib plus lapatinib suppresses growth of trastuzumab-resistant HER2-

overexpressing breast cancer. 
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Figure 4-7. The combination of selumetinib plus lapatinib suppresses tumor growth 

of JIMT-1 trastuzumab-resistant HER2-overexpressing breast cancer xenografts. 

JIMT-1 cells were injected s.c. in the flank of athymic mice. After palpable tumors 

formed, tumors were treated daily (5 days on, 2 days off) with vehicle control (n=3), 75 

mg/kg oral lapatinib (n=3), 50 mg/kg oral selumetinib (n=3), or combination lapatinib 

plus selumetinib (n=3). (A). The top panel is a representative picture of an animal from 

each treatment group and the bottom panel is a representative picture of the excised 

tumor from one animal in each treatment group. In the graph to the right, mean tumor 

volume is shown per treatment group, with error bars representing the standard deviation 

between replicates. P-value was determined by t-test for combination treatment versus 

lapatinib alone for each week that measurements were taken; *p<0.05. Bottom IHC 

shows a representative picture of an animal from each treatment group stained for Ki67. 

(B) Staining for FOXM1 and pERK in a representative picture of an animal from each 

treatment group.  All IHC photos were taken at 10× magnification.  
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3. Discussion 

HER2 overexpression is frequently observed in metastatic breast cancer and is 

associated with aggressive disease and poor prognosis (Slamon et al, 1987,1989).  The 

dual EGFR/HER2 small molecule tyrosine kinase inhibitor, lapatinib, has been approved 

for use in HER2-overexpressing breast cancers that have progressed on trastuzumab.  

Response rates to single agent lapatinib range between 12 % and 25%, making it 

necessary to elucidate the precise mechanisms that confer resistance (Blackwell et al, 

2009. 2010;Toi et al, 2009).  Our data demonstrate that sustained MEK/ERK signaling 

results in poor lapatinib response despite similar baseline levels of phosphorylated ERK. 

Combination MEK inhibition and lapatinib treatment suppressed MEK/ERK signaling, 

increasing overall cytotoxicity, apoptosis, and inhibition of tumor growth relative to the 

single agent treatments. Combination MEK inhibition and lapatinib treatment also led to 

a greater decrease in ERK phosphorylation and reduced expression of the proto-oncogene 

FOXM1 when compared to either single agent treatment. These findings provide 

potential rationale for combining pharmacologic inhibition of MEK with lapatinib in 

HER2-overexpressing breast cancers that have progressed on trastuzumab.  

In an effort to better understand the mechanisms behind growth inhibition of 

adherent and matrigel-suspended cells observed with combination MEK inhibition and 

lapatinib treatment, we performed cell cycle analysis experiments.  Our results showed 

that pharmacological MEK inhibition combined with lapatinib treatment promoted 

G0/G1 cell cycle arrest and decreased the percentage of cells in S phase. Induction of 

p27kip1 in the combination treatment group versus either single agent groups was 

consistent with induction of G1 arrest and reduced proliferation. Similarly, addition of 
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lapatinib to cells that had been transfected with small interfering RNA (siRNA) against 

MEK1 and MEK2 (MEK1/2) also reduced ERK phosphorylation and viability. In 

contrast to pharmacological inhibition, however, MEK1/2 knockdown plus lapatinib 

induced a significant level of apoptosis. Thus, it is possible that off-target effects of MEK 

inhibition elicit different cellular effects than specific knockdown of MEK1 and MEK2. 

In vivo pharmacological inhibition of MEK effectively increased lapatinib response, 

suppressing proliferation (as measured by Ki-67 staining) and leading to inhibition of 

tumor growth, supporting in vitro findings. 

The forkhead transcription factors FOX01, FOX03a, and FOXM1 are 

downstream of MEK/ERK and play pivotal roles in tumorigenesis. FOX01 and FOX03a 

are upstream negative regulators of FOXM1 and behave as tumor suppressors. In 

contrast, FOXM1 functions as an oncogene. FOXM1 expression decreased upon 

treatment with the combination of MEK inhibition and lapatinib when compared to either 

single agent treatment. These data suggest that FOXM1 is a critical downstream effector 

of MEK involved in conferring lapatinib resistance.  

FOXM1 has been implicated in multiple human cancers including breast, lung, 

esophageal, and pancreatic cancer (Wang et al, 2010; Fu et al, 2008; Hui, et al, 2012). In 

breast cancer, FOXM1 expression is associated with poor prognosis and has been tightly 

correlated with HER2 status (Bektas et al, 2008;Francis et al, 2009; Zhao et al, 2012). 

The role of MEK-FOXM1 has not previously been investigated in HER2-overexpressing 

breast cancer, but this pathway has been targeted in ovarian cancer with promising 

results. Chan et al. showed that ERK/FOXM1 inhibition by U0126 or thiostrepton 

resulted in decreased cancer cell growth in vitro as well as in vivo in ovarian cancer 
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models (Chan et al, 2012). Our current data support inhibition of MEK-FOXM1 in 

combination with lapatinib as a potentially effective strategy for HER2-overexpressing 

breast cancers that are resistant to trastuzumab, suggesting a role for this pathway in 

lapatinib resistance. Our data indicate that pharmacologic and genetic inhibition of 

FOXM1 increases lapatinib sensitivity in resistant HER2-overexpressing breast cancer 

cells, providing evidence for the role of FOXM1 in lapatinib resistance. Indeed, 

overexpression of FOXM1 in lapatinib-sensitive cells abrogated sensitivity to lapatinib. 

The present study is the first to show that decreased expression of FOXM1 due to MEK 

inhibition is required for optimal lapatinib response in trastuzumab-resistant HER2-

overexpressing breast cancers. 

We also showed that combinatorial MEK/ERK inhibition and lapatinib treatment 

results in decreased FOXM1 nuclear expression. This finding is consistent with published 

data demonstrating that FOXM1 is ubiquitously expressed in proliferating cells and is 

dependent on MEK/ERK signaling for activation and nuclear translocation (Wang et al, 

2010; Leung et al, 2001).  Our data showed a positive correlation between decreased 

FOXM1 expression and induction of the FOXM1 target p27kip1 after treatment with 

combination lapatinib and MEK inhibition. Thus, induction of p27 may serve as a 

biomarker of lapatinib response. Additional FOXM1 downstream signaling molecules 

could be involved in the growth arrest and apoptosis induced by this combination. Future 

studies will investigate the role of FOXM1 downstream effectors in lapatinib resistance. 

Our in vivo data with xenografts of lapatinib-resistant HER2-overexpressing 

breast cancer cells showed that co-treatment with a MEK inhibitor increases response to 

lapatinib, as demonstrated by suppressed tumor growth when compared to either single 
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agent treatment. Tumor suppression was associated with decreased phosphorylation of 

ERK, reduced FOXM1, and decreased staining for the proliferation marker Ki-67.  These 

data indicate the importance of simultaneously inhibiting MEK-FOXM1 signaling with 

lapatinib treatment in HER2-overexpressing breast cancers that have progressed on 

trastuzumab.  
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i. Summary & conclusions 

My research provides evidence that the MEK/ERK and PI3K/Akt pathways 

mediate the development of resistance to lapatinib. I propose models whereby optimal 

response to lapatinib is achieved with the combinatorial inhibition of either the 

MEK/ERK pathway, or PI3K/mTOR pathway (Figure 5-1, 2).  Significantly, these 

models reveal some of the signaling proteins that are involved in conferring lapatinib 

resistance and provide other targets that should be inhibited along with EGFR/HER2 for 

an optimal response in HER2-overexpressing breast cancer patients who have progressed 

on trastuzumab.  

The preceding chapters provide evidence for the roles of PI3K/mTOR and 

MEK/ERK in lapatinib resistance.  In chapter 3, our data demonstrates that reduced 

sensitivity to lapatinib is associated with an inability of lapatinib to inhibit Akt and 

p70S6K phosphorylation.  Our interest in the role PI3K/mTOR was sparked by 

conflicting published data about the involvement of this pathway in the development of 

lapatinib resistance.  Our goal was to elucidate the role PI3K/mTOR plays in lapatinib 

response and determine whether it should be considered as a co-target along with 

EGFR/HER2 inhibition by lapatinib.   

Our data demonstrated that transfection of constitutively active Akt reduced 

lapatinib sensitivity, while kinase-dead Akt increased sensitivity.  Knockdown of 4EBP1 

also increased lapatinib sensitivity, in contrast to p70S6K knockdown, which did not 

affect response to lapatinib.  Pharmacologic inhibition of mTOR using rapamycin or 

ridoforolimus increased lapatinib sensitivity and reduced phospho-Akt levels in cells that 

showed poor response to single-agent lapatinib, including those transfected with 
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hyperactive Akt.  Finally, combination mTOR inhibition plus lapatinib resulted in 

synergistic inhibition of proliferation, reduced anchorage independent growth, and 

reduced in vivo tumor growth of HER2-overexpressing breast cancer cells that have 

primary trastuzumab resistance.   

Our data suggest that PI3K/mTOR inhibition is critical for achieving optimal 

response to lapatinib.  Collectively, these experiments support evaluation of lapatinib in 

combination with pharamacologic mTOR inhibition as a potential strategy for inhibiting 

growth of HER2-overexpressing breast cancers that show resistance to trastuzumab and 

poor response to lapatinib. 
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Figure 5-1. Proposed model and summary. Lapatinib, a dual EGFR/HER2 kinase 

inhibitor, inhibits cell proliferation and survival in part by blocking PI3K/Akt/mTOR 

signaling. Based on our data, we propose that lapatinib is unable to block proliferation 

when PI3K/mTOR is not inhibited. Genetic or pharmacologic strategies that improved 

sensitivity to lapatinib (marked with an asterisk) included expression of dominant 

negative kinase-dead Akt, knockdown of 4EBP1, and mTOR inhibition by rapamycin or 

MK-8669. In contrast, knockdown of p70S6K alone did not increase the anti-proliferative 

activity of lapatinib. 
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In chapter 4, we investigate the other main downstream pathway to EGFR and 

HER2, MEK/ERK. Our data indicates that MEK/ERK inhibition increases lapatinib-

mediated cytotoxicity in resistant HER2-overexpressing breast cancer cells. We 

genetically and pharmacologically block MEK/ERK signaling and evaluate lapatinib 

response. Combinatorial MEK inhibition and lapatinib treatment reduces phosphorylated 

ERK more than single agent treatment. In addition, the combination of MEK inhibitor 

plus lapatinib reduces nuclear expression of the MEK/ERK downstream proto-oncogene 

FOXM1.  We deemed this observation important due to the involvement of FOXM1 in 

various cancers including HER2-overexpressing breast cancer.  

We went on to show that genetic knockdown of MEK increases lapatinib-

mediated cell cycle arrest or apoptosis in JIMT-1 and MDA361 cells. Finally, in vivo data 

demonstrates that combined pharmacological inhibition of MEK plus lapatinib 

suppresses tumor growth and reduces expression of FOXM1 in HER2-overexpressing 

breast cancers that are resistant to trastuzumab and lapatinib. Our data suggest that 

FOXM1 contributes to lapatinib resistance downstream of MEK signaling, and supports 

further study of pharmacological MEK inhibition to improve response to lapatinib in 

HER2-overexpressing trastuzumab-resistant breast cancer. 
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Figure 5-2. Proposed model and summary. Lapatinib, a dual EGFR/HER2 kinase 

inhibitor, inhibits cell proliferation and survival by blocking the PI3K/Akt/mTOR 

(previously demonstrated by Gayle et al,2012) and MEK/ERK pathways.  Based on our 

data, sustained activation of the MEK/ERK pathway in the presence of lapatinib is 

associated with reduced response to lapatinib.  In this study, we inhibit MEK1/2 

genetically using siRNA and pharmacologically using PD0325901 and selumetinib.  

FOXM1 was inhibited genetically using siRNA, pharmacologically using thiostrepton, 

and overexpressed using a FOXM1-CMV plasmid. 
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ii. Implications to the field and clinic 

Significant advances have been made in HER2 targeting resulting in a greater 

number of patients benefiting clinically. In addition to trastuzumab, the FDA has 

approved HER2 targeted agents such as lapatinib for the treatment of HER2-

overexpressing breast cancers. This study was necessary because it investigated the 

contribution of PI3K/mTOR and MEK to the development of lapatinib resistance and 

proposes novel drug combinations that can potentially be beneficial for HER2-

overexpressing breast cancer patients. The results provide additional drug targets that 

should be inhibited in combination with lapatinib treatment.  While combination 

treatments have the potential for a greater clinical benefit, increased toxicity is always a 

concern.  Adverse effects observed clinically with lapatinib, MEK inhibition, or PI3K 

inhibition include diarrhea, rash, nausea and fatigue (Burris et al, 2005;Flaherty et al, 

2012;Wang et al, 2007). Clinically, doses of lapatinib plus either MEK inhibiter or PI3K 

inhibiter will have to be adjusted to yield the greatest clinical benefit with the lowest 

adverse effects. 

In addition to providing evidence for combination treatments, our research is 

important because it provides information that could potentially be used to develop 

biological predictors of response or resistance to determine which patients are most likely 

to benefit from lapatinib treatment. Genomic and proteomic approaches could be used for 

molecular profiling in an effort to determine a personalized medicine treatment regimen.  

For example, the identification of trastuzumab refractory HER2-overexpressing patients 

with PTEN loss or hyperactive Akt could be used to predict a benefit from combination 

lapatinib and mTOR inhibition treatment. Alternatively, trastuzumab refractory HER2-
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overexpressing patients with FOXM1 overexpression could benefit from combination 

MEK inhibition and lapatinib treatment. Eventually, the creation of a molecular signature 

of lapatinib response or resistance may allow the best HER2-targeted combination of 

therapies to be utilized.  

 

iii. Future Directions 

Based on our results, future studies investigating the role of HER3 and HER4 in 

lapatinib resistance could yield new drug targets in HER2-overexpressing breast cancer. 

Our results demonstrated that knocking down 4EBP1 which has an inhibitory interaction 

with eukaryotic translation initiation factor 4E (eIF4E), results in an increased response 

to lapatinib. The phosphorylation of 4EBP1 by mTOR results in the dissociation of 

4EBP1 from eIF4E, freeing eIF4E to play roles in cap-dependent translation 

(Wullschleger et al, 2005). The increased response to lapatinib observed upon 4EBP1 

inhibition suggests an increased dependence of the cell on signaling from receptor 

tyrosine kinases such as HER3 and HER4.   Elucidating the role of HER3 & HER4 could 

provide additional targets that can be inhibited in an effort to prevent activation of 

signaling pathways that lead to lapatinib resistance. 

Other future studies include evaluating the role of FOXM1 downstream effectors 

such as survivin in the development of lapatinib resistance in acquired versus primary 

resistance. Also, FOXM1 inhibition should be investigated in vivo in combination with 

lapatinib treatment in a trastuzumab-refractory setting.  

Finally, studies examining combinatorial PI3K/mTOR and MEK inhibition plus 

lapatinib treatment should be investigated. Lapatinib is the first line of therapy for HER2-



142	
  

overexpressing breast cancer patients who have progressed on trastuzumab. Patients who 

respond poorly to lapatinib are left without a standard therapy, making it important for us 

to elucidating the roles of PI3K/mTOR and MEK in lapatinib resistance.  Our data 

indicates that an optimal lapatinib response will be achieved when signaling of the two 

main downstream pathways to EGFR/HER2 is abrogated. This novel drug combination 

has the potential to yield a greater clinical benefit in the sub-set of HER2-overexpressing 

breast cancer patients who have progressed on trastuzumab and have a poor response to 

lapatinib.  
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