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Chapter 1: 
 

Abstract 
EGFR is one of the most studied oncogenes in human biology with roles in proliferation, 

growth, and metastasis. This intense study has led to the development of a range of targeted 

therapeutics including small molecule tyrosine kinase inhibitors and monoclonal antibodies. 

These drugs are excellent at blocking activation and the kinase function of wtEGFR and many 

common EGFR mutants. These drugs have significantly improved patient outcomes with tumors 

including head and neck, glioblastoma, colorectal, and non-small cell lung cancer. However, 

these therapies are ineffective for the treatment of triple negative breast cancer (TNBC) even 

though about half of patients present with an overexpression of EGFR. In TNBC, EGFR is 

subjected to alternative trafficking which drives the nuclear localization of the receptor. In the 

nucleus, EGFR interacts with several proteins to activate transcription, DNA repair, migration, 

and chemoresistance. Previous work in our lab has demonstrated that blocking retrograde 

trafficking in TNBC cells significantly reduces EGFR driven oncogenic phenotypes. However, this 

retrograde trafficking inhibitor, Retro-2, blocks all retrograde trafficking with no specificity to 

EGFR. We then analyzed the retrograde trafficking of EGFR in TNBC and determined that the 

interaction between EGFR and SNX1 was a critical step for EGFR nuclear localization. We 

therefore developed a therapeutic peptide, cSNX1.3, that blocks the interaction of EGFR and 

SNX1 to inhibit the retrograde trafficking of EGFR. cSNX1.3 eliminates nuclear EGFR and reduces 

EGFR driven oncogenic phenotypes in vitro. Using a transgenic mouse model of EGFR driven 

breast cancer, we found that cSNX1.3 significantly reduced tumor growth and induces 

regression in several animals.  
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Introduction 
Discovered in 1965 by Stanley Cohen, the epidermal growth factor receptor (EGFR) is a 

member of the Her/ErbB family1. The Her family of receptors are potent drivers of growth, 

proliferation, and migration (reviewed in2). The four members of the ErbB family are EGFR, 

ErbB2, ErbB3 and ErbB4, and this dissertation will focus on the biology of EGFR. While essential 

for development and maintenance of normal epithelial tissue, many changes to EGFR biology 

can occur that allow aberrant signaling and functions leading to cancer and other disease.  

In section I. we will discuss the regulation of EGFR including its expression pattern, 

ligand activation, dimerization, signaling, and intracellular trafficking. In section II. we will use 

that framework to describe several key events that turn this essential protein into an oncogenic 

driver in breast cancer. In section III. we will first discuss current EGFR targeted therapies 

focusing on how they inhibit EGFR activation and signaling. Finally, by exploring EGFR targeted 

therapeutics we will describe how these drugs can be highly effective in many tumors while 

having no effect in breast cancer. By understanding why these drugs fail to target EGFR in 

breast cancer we will outline how we sought to target EGFR in a new way and why we believe 

that this novel targeting mechanism will be an effective therapeutic for patients with EGFR 

driven breast cancer.  
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I. EGFR Regulation 
 

EGFR Expression: 
EGFR is an essential protein for development, normal tissue function, and wound 

healing (reviewed in3). EGFR is expressed in humans as early as the 4 cell stage in developing 

embryos and continues to be expressed throughout life4. According to the human protein atlas 

EGFR is expressed in nearly all human tissues, except for several brain regions, spleen, and bone 

marrow.  

From the time of its discovery, EGFR has been intensely studied for its roles in health 

and disease. Many mouse models have been used to examine the role of EGFR expression and 

function on development and disease. An early mouse model used an EGFR exon 2 deletion to 

create EGFR null mice5. In this mouse model, the EGFR +/-  appeared normal in weight and 

fertility. However, about half of EGFR-/- exhibited embryonic lethality between embryonic day 

12 and birth, and all EGFR-/- mice died by day 8. The EGFR-/- mice that were born exhibited 

malnutrition and symptoms of respiratory distress syndrome. The authors analyzed the 

histology of the lungs and skin and found very small, underdeveloped alveoli and epithelial 

layers, respectively. They were also born with their eyes open as the skin had not fully 

developed, the skin on their body was flaky and hairless. Another early mouse model to 

uncover EGFR biology is called the waved-2, named for the wavy appearance of their fur. The 

waved-2 model exhibited striking similarity to TGF- null mice including skin, hair, and eye 

abnormalities and it was predicted that the waved phenotype was the result of a defect in EGFR 

or its signaling pathway6,7. The waved-2 model was then further characterized and found to 

have a point mutation in EGFR which reduced its kinase activity7.  
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The EGFR gene is located on chromosome 7p12, just downstream of multiple specificity 

protein-1 (SP1) transcription factor binding sites, and contains 28 exons and 27 introns8,9. SP1 

was one of the first transcription factors identified to regulate the expression of EGFR, and 

many more have been subsequently identified10. The transcription factor (ETF) has been shown 

to upregulate EGFR in the epidermoid cancer cell line A43111. P53 was shown to directly bind 

the EGFR promoter and induce its expression in a metastatic lung cancer line, H129912. In 

hepatocellular carcinoma (HCC) hypoxia induced expression of PLAGL2 drives the 

overexpression of EGFR promoting tumor progression and erlotinib resistance13. The 

Homeobox protein (HOXB5) was shown to transcriptionally upregulate EGFR in invasive breast 

carcinomas resulting in poorer patient prognosis14. The Notch receptor was also shown to 

upregulate EGFR expression in human glioma cells, though this upregulation was mediated 

through p5315.  

EGFR can also be downregulated in several ways. The transcription factor, TGF- early 

gene 1 (TIEG1), was found to be a tumor suppressor in breast cancer. TIEG1 binds the EGFR 

promotor and prevents its transcription in breast cancer which results in a decrease in invasion 

and tumerogenesis16. EGFR is also downregulated through the suppressive action of 

microRNA’s (miRNA). MiR-34a is located on chromosome 1p36.23 and binds EGFR mRNA to 

downregulate its expression17. MiR-34a was shown to be downregulated in NSCLC tissues and 

cell lines which correlated with increased tumorigenesis. In glioblastoma over 20 miRNA’s have 

been discovered to directly target EGFR and many more that target related pathways to act as 

tumor suppressors (reviewed in18).  
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Ligands:  
EGFR has 7 cognate ligands which are translated as type-1 transmembrane precursor 

proteins. These ligands are translated in the ER through the secretory pathway similarly to EGFR 

and require cleavage from the plasma membrane by ADAMs family proteases to be released 

into circulation19.  Each ligand binds the same ligand binding domain within the receptor, with a 

different strength of binding and pH of dissociation. The differences amongst the ligands drive 

different receptor phenotypes including signaling strength, shape, and ease of recycling.  

From strongest to weakest binding, the ligands are epidermal growth factor (EGF), 

heparin binding- epidermal growth factor (HB-EGF), transforming growth factor- α (TGF-α), 

betacellulin (BTC), epiregulin (EREG), epigen (EPG), and amphiregulin (AREG)20,21. Importantly, 

HB-EGF, EREG, and BTC also bind and activate ErbB422. The strength of ligand binding induces 

slightly different confirmational changes in the EGFR extracellular domain and resulting 

dimers23. Weaker binding ligands result in sustained kinase signaling while tighter binding 

ligands result in pulsed signaling which leads to different cellular effects. In the breast cancer 

cell line MCF7 EREG was compared to EGF signaling, where EREG induced sustained signaling 

leading to differentiation and EGF induced pulsed signaling and a proliferative phenotype24.  

EGF and TGF were also compared as they both bind EGFR quite strongly yet TGF 

yields a much stronger signaling response from EGFR. Each ligand has a different pH sensitivity, 

meaning the ligands will dissociate at different points within the endosomal network25. TGF 

was found to be more sensitive to pH leading to dissociation from the receptor inside the early 

endosome, were EGF dissociates in the late endosome. Due to its dissociation in the early 

endosome, TGF was found to increase recycling of both the receptor and the ligand back to 
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the plasma membrane26. This fast recycling occurs approximately 20 minutes after stimulation 

and allows the receptor to undergo an additional round of signaling.  

 Unsurprisingly, knock outs of these ligands leads to similar organ defects that were 

observed with the EGFR knockdown heterozygotes although they are less severe (reviewed 

in27). Mice with a null mutation in TGF were found to have abnormal skin development and 

wavy fur and whiskers28. To further characterize the role of EGFR ligands, they generated an 

amphiregulin null mouse line and compared it with a triple null of amphiregulin, EGF, and TGF. 

They found that amphiregulin null mice had no fur or whisker abnormalities, however, the 

architecture of their mammary glands were compromised29. Amphiregulin null mice were found 

to have very poorly developed mammary glands with little to no branching or ductal structures 

in virgin, pregnant, or lactating mice. Interestingly, what little ductal tissue was present in 

amphiregulin null mice did become hypertrophic by day 2 of lactation, this hypertrophy was 

reduced in the triple null mice.  
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1: Figure 1.1: Structure of EGFR inactive and active states 

 

Figure 1.1: Structure of EGFR inactive and active states. A. In the inactive monomeric state, the extracellular domain 
is tethered to the membrane with the ligand binding pocket open. The extracellular sub domains are labeled I-IV, 
the blue cylinder indicates the transmembrane domain, the red bar indicates the juxtamembrane domain, and the 
kinase domain is in yellow. The C terminal tail sits in the ATP binding pocket to autoinhibit kinase function. B. In the 
active state, ligand binding untethers the extracellular domain allowing dimerization. The kinase domains are 
brought into proximity to allow transphosphorylation of the C terminal tail.  

 

 

Dimers: 
 EGFR functions as a dimer, as does all of its family members, wherein homo- or hetero-

dimers can form the functional unit. The process of dimerization involves several well-

orchestrated steps that carry out confirmational changes from ligand binding through activating 

phosphorylation. The extracellular region of the ErbB family contain 4 domains, I-IV, with 

domain IV closest to the membrane.  Domains II-IV comprise the ligand binding pocket. The 

ErbB family, with the exclusion of ErbB2, typically sits in the membrane in an inactive, tethered, 

monomeric state. In this state the ligand binding pocket is held open and tethered to domain 

IV30,31,32. Ligand binding to the receptor causes folding of domains II-IV around the ligand. As 
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the ligand binding pocket closes around the ligand, the dimerization arm releases from domain 

IV and extends out, ready to bind to another family members dimerization arm.  

 Extension of the dimerization arms are a critical ligand induced change to the receptors 

though this is not the only change to the dimerization face of domain II. EGF binding to EGFR 

induces a curvature to domain II that allows 3 additional points of binding in addition to the 

dimerization arm33. With the binding of the 2 domain II’s on the back side of the ligand binding 

pocket, the dimerization is carried through domain IV and the transmembrane domain. The 

alignment of the TM domains during dimerization is critical for the appropriate orientation of 

the cytoplasmic domains and ultimate activation34.  

 With the alignment of the TM domains, the conformational changes can be propagated 

to the intracellular domain. The juxtamembrane domain is a 38 residue sequence, with high 

homology across the family, that sits just inside the cell and controls the next step in 

dimerization. The N terminal half of the JM domain is strongly positively charged and the C 

terminal half is weakly negatively charged. In the inactive state of an ErbB receptor, the JM 

domain is held against the membrane through electrostatic interactions between the negative 

inner leaf and strongly positive JM region. During dimerization, the JM region is pulled from the 

membrane in favor of forming an antiparallel binding interface between the positive and 

negative regions of the 2 JM domains. The antiparallel binding of the JM domains drives the 

formation of an asymmetric dimerization of the ErbB kinase domains35.  

 The ErbB kinase domain is divided into an n-lobe and a c-lobe, named for their position 

in the primary structure of the receptor. The kinase forms an asymmetric dimer where the c-

lobe of one receptor binds the n-lobe of the other receptor. Physical strain induced by the c-
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lobe and pressing against the n-lobe, induces a confirmational change that activates the kinase 

of the n-lobe receptor36. Activated EGFR kinase can then phosphorylate downstream signaling 

intermediates.  

 

Signaling: 
The Her family drives a large number of signal cascades that activate cell growth, 

proliferation, and migration. These receptors carry out this function by linking conformational 

changes induced by ligand binding and dimerization, with phosphorylation of signaling 

intermediates. The individual pathways that a receptor will activate is determined by the 

docking sites for signaling intermediates on that receptor although they are largely redundant. 

Therefor heterodimers can activate additional pathways beyond those activated from a 

homodimer37. The initiation of signaling requires phosphorylation of the c-terminal tail to 

remove it from the active site of the kinase. The c-terminal tail of EGFR spans residues 958-

1186 and contains the majority of tyrosine residues critical for EGFR regulation and docking of 

signal intermediates.  

 

Ras: 
EGFR activates the Ras Map kinase pathway through binding of adaptor molecules and 

subsequent interaction with Ras. EGFR autophosphorylation at tyrosine residues 1068, 1086, 

1173 is an initiating event for Ras pathway activation38. These autophosphorylation sites allow 

the adaptor protein Grb2 to directly bind 1068 or 1086, Grb2 can also indirectly bind EGFR 

through Shc binding 1173 and subsequent Grb2 binding on Shc38,39. Grb2 bound to EGFR acts as 
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a docking site for Son of sevenless (SOS) binding40. Recruitment of SOS to the membrane via 

indirect binding to EGFR allows it to interact with Ras.  

 Ras is a small GTPase, responsible for driving the Ras mapk signaling pathway. 

Interestingly, Ras is translated as a soluble cytosolic protein with a CAAX, ER targeting 

sequence41. ER targeting of Ras then allows the signal sequence to be processed and either 

farnesylated or geranylgeranylated42,43. This lipid group attaches Ras to the membrane where it 

is then trafficked to the plasma membrane44. Ras will remain in an inactive, GDP bound, state 

on the plasma membrane until its GDP is swapped for GTP by SOS. Scaffolding proteins galectin 

1 or SHOC2 then mediate the interaction of active Ras with Raf 45,46,47. The proximity and 

orientation provided by the scaffolding proteins allows Ras to phosphorylate Raf. The Raf-Mek-

Erk cascade of protein phosphorylation relies on any of a number of different scaffolding 

proteins depending on cell state and signaling receptor. Upon EGF stimulation, IQGAP1 is 

recruited to EGFR and acts as the Raf-Mek-Erk scaffold48. Interestingly, in cells lacking IQGAP1, 

EGF is unable to stimulate the B-Raf49.  

 

PI3K-AKT: 
Phosphoinositals are critical membrane moieties that act as modifiable attachment 

points for proteins throughout the cell. The inositol ring has a total of 5 hydroxyl groups, 3 of 

which can be phosphorylated. The PI3K family of phosphoinositol kinases are responsible for 

phosphorylating the 3rd hydroxyl group on the inositol ring, altering the repertoire of proteins 

able to bind at point on the membrane.  

PI3K is brought in proximity to the plasma membrane via SH2 domain binding of 

phosphorylated tyrosine residues on proteins such as EGFR. Once in proximity PI3K 
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phosphorylates PIP2 into PIP3 allowing PIP3 binding proteins to be recruited to the membrane, 

two of these proteins are PDK1 and AKT. PIP3 can also be dephosphorylated by PTEN, inhibiting 

this membrane recruitment. AKT is activated via phosphorylation on three sites within the 

activation loop (AKT review50). Once activated AKT can phosphorylate over 100 target proteins 

with a wide variety of functions including TF’s, kinases, trafficking regulators, small GTPase 

regulators, metabolic enzymes, cell cycle regulators and much more51. Broadly, AKT activity 

drives survival, proliferation, metabolism, and growth50. 

 

JAK-STAT: 
Activation of the Jak-Stat pathway occurs through dimerization of Janus kinases (Jak) 

and phosphorylation of STAT. Jak binds phosphorylated tyrosine residues on receptors through 

either a FERM or SH2 binding domain in its N-terminus52. Jak monomers will bind on opposing 

receptors within a dimer, creating the proximity and orientation need for transphosphorylation. 

Stats are also recruited to phosphorylated tyrosine residues via their SH2 domain, allowing 

binding to either Jak or EGFR directly. Once in proximity an activated Jak will phosphorylate stat 

on a C-terminal tyrosine residue. Additionally, EGFR has been shown to directly phosphorylate 

STAT3 in vitro, bypassing the need for Jak activation53. Once phosphorylated STATs are retained 

where they act as transcription factors for many genes.  
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EGFR Trafficking: 

Internalization: 
As EGFR is signaling from the plasma membrane it also recruits adaptor proteins for 

internalization. EGFR is primarily internalized via clathrin mediated endocytosis. Clathrin is a 

major driver of vesicle formation in several compartments throughout the cell. Clathrin utilizes 

adapter proteins, most commonly AP2, to bind cargo destined for internalization. AP2 first 

binds membrane through its PIP2 binding domain, which induces a confirmational change 

allowing it to bind its cargo receptors. Once bound to both PIP2 and a receptor such as EGFR, 

AP2 experiences another confirmational change into its open state which allows it to bind 

clathrin54. These 2 confirmational changes increases the specificity of clathrin binding to cargo 

ready to be internalized.  

Clathrin has multiple levels of organization that allow it to induce membrane budding. 

Clathrin has a C-terminal light chain and an N- terminal heavy chain, and exists as a trimer 

linked together by the three light chains55. Additional clathrin trimers, or triskelions, are also 

recruited and connect to the existing lattice via linker sequences on the C-terminus creating a 

clathrin coated pit. To further increase the size and curvature of this pit, clathrin can bind actin 

through a separate set of adaptor proteins. This allows polymerization of actin at the plasma 

membrane to push the clathrin coat further into the cell. As the pit grows, the growing clathrin 

coat begins to close to create the spherical vesicle and initiating membrane fission. As the neck 

of the vesicle begins to shrink, the highly curved membrane attracts BAR domain containing 

proteins. 

BAR domains are coiled coil domains that have a specific curvature, with different types 

of BAR domains having different degrees of curvature (reviewed in56). The BAR domain comes 
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in a variety of shapes and sizes that allow different proteins to bind to membranes with 

different degrees of curvature. FBP17 as well as SNX 9 and 18 are F-BAR domain containing 

proteins that bind PIP2 at sites of membrane curvature in order to induce further membrane 

curvature57. These proteins assemble on the neck of a budding vesicle tightening the opening 

until the curvature surpasses their ability to bind. Endophilin is an N-BAR containing protein 

that replaces FBP17 and SNX9/18 on the highly curved membrane of the vesicle as it is nearing 

fission58. Endophilin constricts the neck of the budding vesicle until it is approximately 10nm 

across at which point dynamin is able to bind. Dynamin monomers wrap around the neck of the 

vesicle, utilizing GTP to complete the fission of the newly formed vesicle59. As the vesicle buds 

off the membrane, dynamin is released leaving a patch of exposed lipid where the vesicle was 

pinched off and closed. This exposed lipid recruits proteins responsible for clathrin disassembly, 

Auxillin2/Cyclin-G associated kinase (GAK) which phosphorylates, and deactivates, AP1 and AP2 

as well as recruits the Heat shock cognate protein 70 (Hsc70)60. Hsc70 utilizes ATP to 

disassemble the clathrin cage, allowing this newly formed endosome to enter the endosomal 

network. 

 

Towards the Early Endosome:  
 The newly uncoated vesicle will have a diverse population of membrane receptors 

including EGFR, which continues to be ligand bound and active in the early stages of the 

endosomal network. PIP2 remains the primary phosphoinosital as it had been required for 

clathrin assembly. However, active RTK’s such as EGFR continue to recruit their signaling 

intermediates such as PI3K which results in the rapid conversion of the endosomes inositol 

species to PIP361. The enrichment of PIP3 is critical for the recruitment of many proteins within 
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the endosomal network. One such group of proteins are Rab’s and its accessory proteins, which 

are responsible for vesicle trafficking to and fussing with the early endosome62.  

 Rab5 works in the typical style of a small GTPase, requiring the cooperation of a GEF 

(Rabex-5), and several effector proteins to activate its function on the endosome. Rabex-5’s 

ability to activate Rab5 through its GEF activity is regulated through its recruitment to the 

endosomal membrane and binding with the effector Rabaptin5. Rabex-5 can either be recruited 

to the endosome through association with ubiquitin groups on internalized receptors or 

through direct binding of the Rab5 effector Rabaptin563,64. Rabex binding to the endosome 

through either mechanism enhances its GEF activity leading to the activation of Rab565,66. 

Rabaptin then binds Rab5 GTP creating a spatially localized positive feedback loop for Rab5 

activation. Rab5 positive endosomes are then able to bind the early endosome through the 

interaction of Rab5 and the early endosomal antigen1 (EEA1). This proximity allows SNAREs to 

induce the fusion of these vesicles67.  

 

The early endosome:  
The early endosome (EE) is the first vesicle in the endosomal network and is where 

internalized cargo are sorted, to be trafficked throughout the cell. The EE is comprised of 

separate domains including Rab4, Rab5 and Rab11 each with different trafficking fates68. Rab5 

domains are established through the fusion of internalized vesicles and marks the region that 

will mature into the MVB/late endosome. Rab4 domains mark regions that will undergo fast 

recycling form the EE back to the plasma membrane69.  
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Degradation: 
 In differentiated healthy cells, EGFR is primarily degraded after it has been internalized 

into the endosomal network. EGFR is typically monoubiquitylated on the plasma membrane by 

Cbl which acts as a signal for ESCRT recruitment and ultimately lysosomal degradation70. The 

endosomal sorting complex required for transport (ESCRT) is a set of biological machinery that 

drives the formation of intraluminal vesicles (ILV) from the endosome (reviewed in71). The 

accumulation of ILVs inside the endosome marks the formation of the multivesicular body from 

the late endosome. The coordinated assembly of the ESCRT complexes regulates protein 

activity by removing potentially active cytosolic domains from the cytosol.  

The ESCRT complex is divided into 4 subcomplexes, ESCRT-0 -1 -2 and -3, that regulate 

each step of ESCRT assembly. The ESCRT-0 and ESCRT-2 complexes binds both PI3P and 

ubiquitin allowing coincident recruitment to ubiquitylated proteins within the endosome. 

ESCRT-1 does not bind membrane or cargo, rather it has 2 binding domains on opposite sides of 

its long coiled-coil one binds ESCRT-0 and the other binds ESCRT-2. This binding organization 

allows aggregation of ubiquitylated cargo into within the late endosome. ESCRT-2 nucleates the 

assembly of ESCRT-3, which assembles as end-to-end dimers to create a long “rope like” 

structures that incircles the ubiquitylated cargo and other ESCRT complexes. The formation of 

an ESCRT-3 corral allows assembly of VPS2 and 24. VPS2 and 24 force the membrane and cargo 

inward to create a vesicle inside the endosome, although the mechanistic steps have yet to be 

understood in detail. 

While receptors like EGFR are on the surface of the endosome their ability to induce 

signaling events depends on the strength of their ligand binding and binding of intermediates. 

The translocation of receptors into intraluminal vesicles represents the first point where all 
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signaling is shut off. This global shut off of signaling occurs because the cytoplasmic domain of 

membrane receptors ends up on the inside of an ILV which are then inside the endosome. 

Although some MVBs can undergo fusion with the plasma membrane and release their ILVs as 

exosomes, the majority of MVB are destined for fusion with a lysosome for degradation of their 

cargo (reviewed in72). 

The lysosome is a vesicle that originates from the secretory pathway and is routed to 

the endosomal network rather than the plasma membrane. Lysosomes can also be recycled 

after they have fussed with a vesicle and degrade cargo. The degradation of endosomal cargo is 

dependent on the fusion of an MVB with a lysosome. The fusion of MVB and lysosome is 

regulated by docking and tethering complexes which allow SNAREs to induce membrane fusion. 

Once these membranes have fussed the lysosomal contents will induce the degradation of MVB 

proteins. Although EGFR is predominantly degraded in normal cells, some cellular states induce 

the retrograde trafficking of EGFR.  

 

Retrograde trafficking: 
 From the early endosome, EGFR can also undergo retrograde trafficking. A key regulator 

of EGFR retrograde trafficking is SNX1. The sorting nexin family are a diverse group of 

peripheral membrane proteins that are classified based on the SNX-PX domain73. The PX 

domain of the SNX family is a PI3P binding motif, with some affinity for PI2P, that allows 

recruitment to membranes throughout the endosomal network and plasma membrane74. The 

SNX family was discovered in 1996 through a yeast 2 hybrid looking for EGFR binding proteins75. 

Initial studies suggested that SNX1 enhanced the degradation of EGFR when expressed in cells 

that did not normally express SNX175. However, it was quickly realized that SNX1 bore strong 
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homology with the yeast retromer protein Vps5p suggesting a role in retrograde trafficking 

rather than degradation76. The next years of SNX research were spent trying to understand the 

true role of SNX1 and other family members in cargo sorting and trafficking.  

 To date, 33 mammalian sorting nexins have been identified with roles in sorting and 

protein regulation throughout the endosomal network77. Four of these family members, SNX1, 

2, 5, and 6, have emerged as regulators of retrograde trafficking of many receptors including 

EGFR. Each pair of SNXs (1 and 2) and (5 and 6) are paralogs of the yeast sorting proteins Vps5p 

and Vps17 respectivly78. These proteins function as heterodimers of opposing paralogs to 

recognize cargo and induce retrograde trafficking.  

These 4 SNX proteins are members of the SNX-PX-BAR sub family classified for their BAR 

domain. The Bin, Amphiphysin, Rvs (BAR) domain is a coiled coil region in the shape of a banana 

that drives heterodimerization, senses and induces membrane curvature, and recognizes cargo 

proteins. The ability to sense membrane curvature comes from the structure of the BAR 

domain, in that the internal arch is hydrophobic. This results in a dimer that is most stable on 

highly curved membranes of the endosomal network, where the PX domains are bound to PI3P 

and the BAR domain is in full contact with the membrane79. These dimers can then multimerize 

through intradimer binding of PX domains. As they multimerize they form spiraling stripes on 

the membrane, like a candy cane, that draw out the membrane of the endosome into a tube 

shaped extension or tubule79. SNX dimers recognize their cargo through interactions in 

different domains of the protein, ex. ci-MPR is recognized through interactions in the PX 

domain whereas EGFR is recognized through interactions in the BAR domain75,80.  
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As sorting nexins mediate tubule elongation, several other protein complexes are 

recruited to ensure the tubule travels in the right direction, and with the correct cargo81. SNX5 

and 6 were shown to mediate travel along microtubules, toward through their binding with 

dynactin82. Dynactin is an adaptor protein that links cargo vesicles with motor proteins for 

travel along the microtubule. In the case of SNX-BAR induced tubulovesicles these motor 

proteins are directing the elongation. Additional cargo recognition comes with the association 

of SNX-BARs with the retromer complex.   

 The retromer complex is a heterotrimer of vacuolar proteins required for sorting (Vps26, 

Vps29, and Vps35). This complex is involved in cargo recognition at the endosomal network for 

retrograde trafficking. Unlike the sorting nexins who directly bind the membrane via their PX 

domains, the retromer has no membrane binding domains. The retromer has long been 

observed to assemble on Rab7 which correlates with its assembly on late endosomes83. 

However, recent cryo-ET studies have shown that the retromer can assemble on liposomes in 

vitro through binding of the Vsp5 (ortholog to SNX1/2) PX domain on tubulovesicles84. 

Complicating the story further, the retromer has also been shown to assemble on endosomal 

membrane through binding of SNX385. Taken together, the retromer has several mechanisms of 

assembly on endosomal membranes each with a different subset of cargo proteins. 
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2: Figure 1.2. EGFR trafficking 

 
Figure 1.2. EGFR trafficking. In normal tissue, EGFR is predominantly degraded in the lysosome 
upon internalization (Left). EGFR binding with SNX1 in the endosome induces EGFR retrograde 
trafficking (Right). EGFR then enters the nucleus either as a membrane bound protein or becomes 
soluble with the help of chaperone proteins. 
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II. EGFR in Breast Cancer 
While EGFR is required for the normal development and maintenance of epidermal 

tissue, these same pathways can be overstimulated to promote cancer growth. Several 

mechanisms exist that allow EGFR to act as an oncogene including activating mutations, 

amplification, overexpression, and mislocalization which unlocks novel functions. This plays on 

a common theme in cancer, where a protein essential for promoting proliferation in normal and 

developing tissue is dysregulated and aberrantly drives the same pathways to form a tumor. 

 

EGFR Retrograde Trafficking:  
EGFR can also act in numerous kinase independent ways, both on the plasma 

membrane and in the nucleus86,87. These functions increase the oncogenic potential of EGFR 

and allow EGFR to partially evade the effects of TKI’s. For EGFR to act in the nucleus it must first 

get there. The retro translocation of EGFR requires several deviations from the normal 

intracellular trafficking which leads primarily to degradation. Our lab, and many others, have 

studied these alterations in intracellular trafficking and have found several key novel 

interactions that drive this aberrant trafficking. These interactions result from the loss of 

cellular polarity which allows apical and basolateral proteins to interact.  

 

Loss of Polarity: 
Cellular polarity refers to the uneven distribution of proteins from one side of the cell to 

the other. Several forms of cellular polarity exist including apical and basolateral in epithelial 

cells, front to back polarity in migrating cells, and neuronal polarity for signal transduction 

(reviewed in88). Polarization of clathrin mediated endocytosis has been shown to regulate cell 
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migration in response to EGF89. The authors used RNAi to inhibit several endocytic mechanisms 

and found that CME was required for EGFR stimulation of migration, but was not required for 

the release of focal adhesions. In another study, EGFR was overexpressed in polarized kidney 

epithelial cells which caused EGFR to be expressed on both the apical and basolateral 

domains90. The authors found that EGFR was less efficiently endocytoses from the apical 

domain which led to a longer peak of EGFR signaling.  

Loss of apical to basolateral cellular polarity is observed in epithelial tumors and is 

tightly correlated with tumor invasion91. Loss of cell polarity can be caused by disruptions to 

tight junctions as well as mutations in the essential polarity complexes. The loss of cellular 

polarity disrupts normal homeostatic process and allows distinct membrane domains to mix 

leading to new protein interactions, some of which are oncogenic. One such complex is that of 

EGFR and Mucin 1 (Muc1).  

 

Muc1: 
Muc1 is a heavily glycosylated transmembrane protein that plays a protective role for 

normal epithelia yet is oncogenic in the context of tumor cells92. Muc1 is translated as one 

polypeptide chain that is self-cleaved at an SEA domain. The 2 peptide chains are then held 

together through stable hydrogen bonds on the extracellular domain93. The C-terminal peptide 

has a small cytoplasmic tail, transmembrane domain, and small extracellular domain. The N-

terminal peptide is entirely extracellular and heavily O-glycosylated92.  This structure allows the 

glycosylated extracellular domains to create a thick mucus barrier that helps to maintain the 

cellular environment.  

Though protective to the normal epithelium, Muc1 is a potent oncogene, and its 
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overexpression is correlated with poor patient prognosis across breast cancer subtypes94. Muc1 

becomes tumorigenic as it interacts with several oncogenes, including EGFR, to promote 

growth, EMT, and metastesis95. Muc1 interacts with EGFR through its c terminal tail and alters 

several steps in EGFR trafficking and activity96. Interestingly, the overexpression of WT Muc1 

alone in mouse mammary pads was sufficient to induce tumor formation, yet no tumor 

formation was observed in transgenic mice with Muc1 c-tail deletion97.  

 At the plasma membrane Muc1 inhibits the ubiquitylation of EGFR and increases the 

duration of EGFR phosphorylation and signaling98. Although the duration of tyrosine 

phosphorylation was increased, Muc1 increased the rate of EGFR internalization. The seeming 

juxtaposition of longer signaling and faster internalization is resolved with observations of EGFR 

at the early endosome. In the presence of Muc1, EGFR was found to be retained in the EE for 

over an hour when it normally passes the EE between 5 and 15 minutes99. In addition to this EE 

retention, Muc1 also inhibits the degradation of EGFR likely due to the loss of ubiquitylation 

and ESCRT recognition. Instead of ESCRT recognition EGFR is found to interact with another set 

of endosomal proteins called the sorting nexins.  

 

Nuclear Translocation: 
Once EGFR has undergone retrograde trafficking form the endosomal network, 2 

pathways have been outlined that lead to the nuclear localization of the receptor100. The first 

pathway requires EGFR to be extracted from the membrane. To accomplish this, EGFR has been 

shown to interact with the Sec61 translocon during retrograde trafficking101. EGFR is then 

extracted from the membrane, by Sec61 as in the ERAD degradation pathway. As the 

hydrophobic transmembrane domain is removed from the membrane HSP70 is recruited and 
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binds the hydrophobic transmembrane domain allowing EGFR to freely move in the 

cytoplasm101. Once in the cytoplasm the tripartite nuclear localization sequence of EGFR is 

bound by importin beta1102. Once bound by importin, EGFR can enter the nucleus through the 

nuclear pore and the importin cycle.  

EGFR has also been shown to undergo nuclear translocation while fully inserted in the 

membrane. In this style of retrograde trafficking the receptor is carried to the ER as previously 

discussed. From the ER, EGFR diffuse to the contiguous outer nuclear membrane. The outer and 

inner nuclear membranes are joined at the nuclear pore where entrance into the nucleus is 

regulated. Translocation of EGFR across the nuclear pore is regulated by importin-16 and 

karyopherin which couple cargo proteins with the Ran GTPase nuclear import cycle103,104. Once 

on the inner nuclear membrane, EGFR interacts with Sec61 which drives its extraction from 

the nuclear membrane105. It remains unclear if distinct cellular events regulate which nuclear 

trafficking pathway EGFR will take, or if both pathways occur at some equilibrium. However, 

the end result of each pathway is a soluble nuclear EGFR that interacts with several 

transcription factors to regulate gene transcription. Although we focus on the retrograde 

trafficking of EGFR, many other canonically plasma membrane receptors have been shown to 

undergo retrograde trafficking. Every ErbB receptor has been shown to undergo nuclear 

translocation as well as many other RTK’s including the insulin receptor, FGFR, ILR2, c-Met, and 

the TGF- receptor (reviewed in106).  

  

Nuclear EGFR: 
EGFR has no DNA binding domain, however, it can act as a co-transcriptional regulator 

for a growing list of oncogenes through associates with several nuclear protiens107. nEGFR has 
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been shown to interact with the transcription factors E2F1, STAT3, STAT5 as well as RNA 

helicase A108,109,110,111. To distinguish between transcription driven by EGFR signal transduction 

and that of nEGFR co-transcriptional activation, these authors utilize chromatin 

immunoprecipitation (CHIP) to pull down EGFR and its associated TF’s on the promotors of their 

genes of interest in the presence or absence of EGFR inhibitors. In this way nEGFR has been 

shown to drive the expression of cyclinD1112, nitric oxide synthase (iNOS)109, B-Myb108, Aurora 

Kinase A (Aurora-A)110, cyclooxygenase-2 (COX-2)113 , c-Myc114.  

nEGFR has also been linked to resistance to radiotherapy by activating DNA repair 

pathways. EGFR was activated in response to IR radiation with an induction of phosphorylation 

equivalent to 2ng/mL EGF, leading to the proliferation of A431 cells 115. It was later shown that 

IR radiation induced nuclear localization and interaction with DNA-PK and induction of DNA 

repair116. In a follow up study the authors found that this DNA repair could be eliminated by 

blocking retrograde trafficking and the nuclear accumulation of EGFR117. In another study, EGFR 

was shown to be recruited to the nucleus and aid in DNA repair in response to cisplatin 

treatment118. nEGFR has also been shown to modulate the epigenetic landscape by 

phosphorylating histone 4 Y72119. This phosphorylation increases the recruitment of the histone 

methyltransferases SET8 and SUV 4-20H leading to an increase in DNA transcription and repair. 

 

III. EGFR Targeted Therapies 
 The oncogenic potency of EGFR has led researchers to develop many targeted therapies 

to inhibit the receptor. These therapies can be placed into 2 broad categories, antibodies and 

small molecule tyrosine kinase inhibitors (TKI’s). These targeted therapeutics have been highly 
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effective in some tumor types while remaining ineffective in others. The response of EGFR to a 

targeted therapy depends on several factors including the mutational status, the subcellular 

localization, and accessory proteins that alter the function of EGFR. 

 

Monoclonal Antibodies: 
 Antibodies are protein complexes with high specificity for binding and very low cell 

penetrating potential. As such, antibody based therapies must be directed to the extracellular 

domain. Cetuximab was the first therapeutic EGFR targeted antibody to gain FDA approval in 

2004 and since then several other antibodies have been developed and are in clinical trials120. 

Broadly, antibody based therapies bind EGFR in its inactive state and prevent ligand binding to 

the receptor. By inhibiting ligand binding, antibodies prevent EGFR from dimerizing and 

activating its signal cascades. Antibodies are particularly successful in tumors with high levels of 

cell surface EGFR, and with little or no activating mutations within the signaling intermediates. 

With early success using monoclonal antibody therapeutics, researchers have improved on the 

theme and created many classes of antibody like drugs.  

 

Conjugated Antibodies: 
 Much like antibodies can be conjugated to visual markers for use in imaging techniques, 

they can also be conjugated to therapeutic drugs. An antibody-drug conjugate (ADC) was first 

used with an EGFR targeted antibody (mAb108) and the DNA intercalating agent doxorubicin in 

1989121. The ADC showed a significantly improved anti-tumor effect when compared to free 

doxorubicin in mouse xenografts. Since their introduction many next generation ADC’s have 

been developed with improved targeted and increased drug potency. One such antibody, 
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ABBV-321, binds a cryptic epitope of EGFR that is only exposed on cells with high EGFR 

expression or EGFRvIII (EGFR exon 2-7 deletion)122. This antibody is conjugated with a 

pyrrolobenzodiazepine (PBD) dimer toxin which is a potent DNA crosslinker. This ADC results in 

tumor regression or reduction in growth of colorectal, head and neck, lung, and mesothelioma 

xenografts. Another group has generated an antibody conjugate to aid in combination therapy 

by creating a multilayered sphere called, anti-EGFR-PTX-TCS-GNS. They layers from inner most 

are a silica sphere, gold shell, thiol chitosan, paclitaxel, and EGFR directed antibodies123. This 

antitumor death star simultaneously optimizes several therapies to create a first in class 

combinatorial therapeutic. Tumor directed gold particles increase the efficacy of radiotherapy 

by absorbing the NIR wavelengths within the tumor, increasing the necrotic effect (reviewed 

in124). Thiol chitosan is a biopolymer that is nontoxic and biodegradable, as it absorbs heat from 

the NIR waves it melts releasing the paclitaxel payload.  

 

Nanobodies: 
 As antibodies became more clinically significant, naturally occurring antibodies 

comprised of a heavy chain only were discovered in camels125. This discovery suggested to the 

authors that therapeutic antibodies could be made using only the heavy chain variable regions. 

About a decade later the first successful nanobody was published which targeted EGFR to block 

EGF binding and EGFR phosphorylation which reduced the growth of A431 xenograft126. From 

their initial development nanobodies have become increasingly complicated and effective 

(reviewed in127).  

 The first generation of nanobodies consisted of a single variable region targeted to an 

epitope of interest. However, these nanobodies can be combined to create even more effective 
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drugs. Initially researchers started fussing nanobodies together that detect the same proteins, 

when they used identical nanobodies they are called bivalent and when they use nanobodies 

that detect different epitopes they are called biparatopic. Shortly after the first EGFR targeted 

nanobody was created, the same group created several bivalent and biparatopic nanobodies 

and tested their efficacy again in A431 xenograpfts128. They found that bivalent nanobodies had 

a modest increase and biparatopic nanobodies showed a significant improvement in efficacy. 

Their best biparatopic nanobody was called 7D12-9G8 and worked better than the combination 

of bivalent nanobodies 7D12-7D12 + 9G8-9G8.  

One shortcoming of nanobodies that was observed was their short half-life in mice due 

to their small size (~15 kDa/nanobody) and ease of renal clearance. One strategy employed to 

combat this short half life was the creation of bispecific nanobodies (2 fussed nanobodies that 

bind different proteins). An EGFR-EGFR-Albumin nanobody was created which significantly 

increased the tumor uptake by allowing the nanobody to bind albumin in circulation then bind 

EGFR at the tumor129. This nanobody showed greater tumor uptake, and deeper tumor 

penetration than cetuximab. In recent years many bispecific nanobodies have been created and 

used to increase immune surveillance of tumors. In 2021 a bispecific nanobody was created 

using EGFR nanobody (7D12) fussed to CD16 nanobody (C21) to bind natural killer (NK) 

cells130. The authors found that in in vitro and ex vivo this bispecific nanobody increased the 

antitumor roles of NK cells and this effect was NK specific as depletion of other immune cells 

didn’t effect their results.  
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Tyrosine Kinase Inhibitors: 
 Tyrosine kinase inhibitors (TKI’s) are a very large class of small molecule therapies and 

several generations have been designed against EGFR131. These drugs tend to be highly 

effective in non-small cell lung cancer. EGFR directed TKI’s are designated into 3 generations of 

approved therapies with fourth generations currently being developed. Each generation of 

inhibitor targets EGFR in a different way, with varying levels of efficacy and acquired resistance. 

First generation EGFR TKI’s, including gefitinib and erlotinib, reversibly bind the ATP binding 

pocket within the kinase domain132. This competitively inhibits EGFR from hydrolyzing ATP and 

thus reduces its kinase function. The major advancement for second generation TKI’s was that 

these molecules covalently bind the ATP pocket. By covalently binding EGFR, the second 

generation inhibitors show greater patient survival statistics in head to head trials133,134. 

However, the second-generation inhibitors also showed slightly higher toxicity and side effects.  

 While first and second generation TKI’s have very positive clinical impacts, patients tend 

to acquire resistance to these drugs within a year135. While some patients develop resistance 

through upregulation of other RTKs or activating mutation in signaling intermediates, the 

majority of resistance comes with the EGFR T790M mutation136. This is a mutation to the ATP 

binding pocket that increase EGFRs affinity for ATP which outcompetes first and second 

generation TKI’s137. A third generation of EGFR TKI’s were then generated that are able to 

overcome the T790M mutation138.  

 While antibody’s and TKI’s have been clinically impactful in many cancers including; 

head and neck, NSCLC, and colon they are ineffective in breast cancer. Antibodies fail to target 

EGFR in breast cancer as the majority of the EGFR molecules are found within long lived 

endosomes and the nucleus99. TKI’s are able to penetrate the cell and inhibit the kinase 
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function. However, these are also ineffective as they do not block EGFR nuclear localization, 

where EGFR activates several oncogenic pathways independent of its kinase domain. We have 

therefore sought out to target EGFR in a new way that will be effective in breast cancer. 

 

Novel Therapeutic Approaches: 
The retrograde trafficking of EGFR involves several deviations from normal trafficking as 

discussed previously. The novel protein-protein interactions that occur during retrograde 

trafficking represent a mechanism of inhibition that has not yet been attempted clinically. Our 

lab utilizes peptide drugs to determine the efficacy of blocking these interactions in cells and 

mice. Several factors must be considered when designing peptide drugs including transduction 

into the cell, binding of the target of interest, and stabilization against degradation. 

 

PTD4: 
Protein transduction domains were first identified in the HIV TAT protein while studying 

mechanisms of transactivation for the virus139,140. The authors synthesized an 86 amino acid 

sequence of TAT, that was rapidly taken up by the cell. This peptide also acted in several 

additional ways to induce the transactivation of HIV. A subsequent study found that a 15 

residue cationic peptide taken from the C-terminus of TAT could deliver marker proteins -

galactosidase and HRP into cultured cells and mouse tissue including heart, liver, spleen, lung, 

and skeletal muscle141. Another group altered the sequence of the peptide and generated 2 

synthetic peptides with greatly enhanced cell penetrating capabilities.  

The ability of these peptides to penetrate the cell membrane with high efficiency has 

lead to the development of many molecules that have been used for diagnostics and treatment 
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of disease (reviewed in142). Although these peptides have had great clinical success, the 

mechanism driving their cell penetrating ability remains unclear and widely debated. The 

controversy is due to a large number of studies, observing different cell penetrating 

mechanisms under different physiologic conditions and with different styles of cell penetrating 

peptides. Studies that have used peptides similar to PTD4, i.e. linear peptides predicted to 

adopt an alpha helical structure with a positively side of the helix, have demonstrated cellular 

uptake via, both passive and active uptake mechanism. Active uptake mechanisms are centered 

around the electrostatic attraction to the membrane, where pedetids can take advantage of 

pathways like, clathrin or caveolae mediated endocytosis, clathrin and caveolae independent 

endocytosis and micropinocytosis. Active uptake of these peptides is primarily suggested for 

large cargo like large proteins, where small cargo, like our therapeutic peptides, can be easily 

transported passively. 

Several styles of passive uptake have been suggested including the Barrel-Stave143, 

Carpet-like144, and the Inverted-micelle145. These mechanisms describe different ways that the 

peptides can electrostatically interact with the membrane. The Barrel-Stave model describes 

amphipathic peptides, like PTD4, intercalating into the membrane in a barrel structure with 

their hydrophobic face exposed to the lipid tails. This barrel structure creates a pore that 

additional peptides can pass through. The carpet-like and inverted micelle models both involve 

electrostatic interactions between peptides and the outer surface of the membrane. The 

carpet-like model suggests that peptides are attracted to and coat the membrane like a carpet, 

at high peptide concentrations membrane fluidity is increased and peptides can pass directly 

through the membrane. The inverted micelle model suggests that peptides interact with the 
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membrane in patches that create membrane invagination. As the invagination deepens the 

peptides pull on the edge of the membrane until the invagination closes creating a point bubble 

or inverted micelle filled with peptide. Once formed, the bubble will be disrupted as the cells 

restores the membrane back to its single bilayer state, releasing the peptide into the cell.  

 

Peptide Stabilization: 
 Small foreign peptides and proteins are subject to degradation, and misfolding in cells 

which diminish their therapeutic efficacy. Many stabilization methods have been developed to 

mask the N and C terminus, add bulky molecules, and creating a more ridged peptide structure. 

Our first concern when designing peptides is degradation by proteases. Proteases are a large 

classes of enzymes which recognize and interact with either the N or C terminus of proteins and 

catalyze the hydrolysis of peptide bonds (reviewed in146). Two primary strategies have been 

employed to prevent proteolytic degradation, masking end termini and adding steric hindrance 

to block enzymatic activity. Peptide end capping is one way to mask the termini of peptides and 

has long been used to prevent degradation of peptides in cells147. End capping adds a COOH 

group to the N-terminus and an NH2 group to the C-terminus. These groups prevent the 

recognition of peptides by proteases. Peptide cyclization can also mask the ends and adds 

bonds within the peptide to hinder enzymatic degradation (reviewed in148). Peptide cyclization 

refers to the formation of covalent bonds between 2 ends, an end and a sidechain, or 2 

sidechains within the peptide. Cyclization is not optimal in all circumstance however, especially 

when the peptide adopts a secondary structure to bind its target as the cyclization is likely to 

disrupt that structure.  
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 The addition of bulky structures to a peptide can provide steric hindrance against 

enzymatic degradation. Two such modifications are hydrocarbon staples and the addition of 

large synthetic aromatic structures. Peptide stapling involves the substitution of 2 residues with 

non-natural residues containing 5 or 8 carbon chains that can be covalently bonded creating 

one hydrocarbon staple (reviewed in149). Peptide stapling can be used when the peptide 

naturally adopts an -helical structure, as this structure is necessary for the proper orientation 

of the hydrocarbon linkers. Further, staples can be used to strengthen the -helical nature of 

the peptide when the staple is integrated over weakly helical regions like proline and glycine 

residues. Staples can also negatively impact the function of a peptide if its function requires 

flexibility, or if the staple is placed over a binding site. Another method of stabilization is the 

addition of synthetic aromatic groups150. This stabilization method was tested on a known 

peptide inhibitor of p53-MDM2 binding151. A cystine residue within the peptide sequence was 

used generate a disulfide bridge between 2 peptide chains, either directly connected or with a 

synthetic 4 ring aromatic group in the middle. The authors found that addition of an aromatic 

ring increased the stability of the peptide against chymotrypsin degradation. This disulfide 

bridge was then broken in the reducing environment of the cytosol causing the release of 

monomeric peptide into the cell.  

 

EJ-1: 
This lab has previously designed a therapeutic peptide, EJ-1, that targets the 

juxtamembrane domain of EGFR to impact its function152. The juxtamembrane domain contains 

several overlapping interaction domains including, nuclear localization sequence, calmodulin 

binding domain, and one site of EGFR dimerization. The sequence of EJ-1 is a direct copy of the 
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juxtamembrane region, where these sequences overlap, with the addition of a protein 

transduction domain4 (PTD4). The peptide was then modified with a hydrocarbon staple to 

increase its stability and efficacy, the stapled peptide is called SAH5153. This drug showed a 

strong inhibitory effect on cell proliferation and migration, and induced cell death. We 

subsequently tested its effect on mice using SUM149 xenografts in SCID mice and found little 

effect on the rate of tumor growth and symptoms of toxicity and thus further studies on SAH5 

were terminated (these findings are in chapter 3).  

 

cSNX1.3: 
As a result, we sought to design a new drug that would block the retrograde trafficking 

of EGFR with few off target toxic effects. Our ideal target for drug development was an 

oncogenic protein-protein interaction that was essential for nuclear translocation, which did 

not occur in normal cells. In a literature review exploring these interactions we found the 

interaction of EGFR and SNX1 during retrograde trafficking. This seemed to be a perfect target 

because it occurred in the endosome where EGFR’s fate is decided between lysosomal 

degradation and nuclear trafficking. In addition, the interaction domains had been previously 

characterized limiting our drug screen to a fairly small region of SNX1. We developed cSNX1.3 

based on the EGFR binding domain of SNX1 and to date we have tested it in several cancer cell 

lines and the WAP-TGF mouse model. Our findings are presented in chapter 2. 
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3: Figure 1.3 cSNX1.3 inhibits EGFR-SNX1 binding and retrograde trafficking 

 

Figure 1.3 cSNX1.3 inhibits EGFR-SNX1 binding and retrograde trafficking. cSNX1.3 
competitively inhibits the binding of EGFR and SNX1 at the endosome. Blocking this interaction 
prevents retrograde trafficking of EGFR. 
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Chapter 2:  

Sorting Nexin-Dependent Therapeutic Targeting of Oncogenic 
Epidermal Growth Factor Receptor 
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Abstract: 
Overexpression and/or overactivation of the Epidermal Growth Factor Receptor (EGFR) is 

oncogenic in several tumor types yet targeting the kinase domain of wildtype EGFR has had 

limited success. EGFR has numerous kinase-independent roles, one of which is accomplished 

through the Sorting Nexin-dependent retrotranslocation of EGFR to the nucleus, which is 

observed in some metastatic cancers and therapeutically resistant disease. Here, we have 

utilized the BAR domain of Sorting Nexin 1 to create a peptide-based therapeutic (cSNX1.3) that 

promotes cell death in EGFR-expressing cancer. We evaluated the efficacy of cSNX1.3 in tumor-

bearing WAP-TGF transgenic mice (an EGFR-dependent model of breast cancer), where 

cSNX1.3 treatment resulted in significant tumor regression without observable toxicity. 

Evaluation of remaining tumor tissues found evidence of increased PARP cleavage, suggesting 

apoptotic tumor cell death. To evaluate the mechanism of action for cSNX1.3, we found that 

cSNX1.3 binds the C-terminus of the EGFR kinase domain at an interface site opposite the ATP 

binding domain with a Kd of ~4.0 µM. In vitro analysis found that cSNX1.3 inhibits both long-

term EGF-dependent AKT and ERK activation, as well as nuclear localization of EGFR. To 

determine specificity, we evaluated cancer cell lines expressing wildtype EGFR (MDA-MB-468, 

BT20 and A549), mutant EGFR (H1975) and non-transformed lines (CHO and MCF10A). Only 

transformed lines expressing wildtype EGFR responded to cSNX1.3, while mutant EGFR and 

normal cells responded better to the EGFR kinase inhibitor (Sapitinib). Phenotypically, cSNX1.3 

inhibits EGF-, NRG-, and HGF-dependent migration, but not HA-dependent migration. Together, 

these data indicate that targeting retrotranslocation of EGFR may be a potent therapeutic for 

RTK-active cancer.   

Introduction: 
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The HER family (including the Epidermal Growth Factor Receptor/HER1, HER2, HER3 and HER4) 

of tyrosine kinase receptors (RTKs) is highly prevalent within numerous cancer types (including 

breast, lung, colon, head and neck, among others), and, in some cases, antibody-based 

therapeutics (i.e. Trastuzumab) are highly effective154. Alternatively, in HER2 negative, but HER1 

and HER3 positive breast cancer, antibody-based treatments have not shown efficacy154. In 

addition, while Tyrosine Kinase Inhibitors (TKIs) work well in many cancers, such as lung, head 

and neck and colon cancer, they have failed to be impactful in breast154. This is true even in 

HER2-positive breast cancer, indicating alternative functions for the HER family in breast 

cancer. In fact, the HER receptors can function in a number of kinase-dependent and kinase-

independent ways. For example, in metastatic and therapeutic-resistant breast cancer patient 

samples, EGFR/HER1 is not restricted to the cell surface, but instead can be found intracellularly 

in both endocytic organelles and the nucleus99,155. Importantly, the kinase may be unnecessary 

to the function of nuclear EGFR, where the receptor functions as a transcriptional co-factor for 

the transcription of genes such as cyclinD1, iNOS and Aurora kinase87. The process by which 

EGFR is alternatively trafficked to the nucleus occurs for many RTKs and is known as 

retrotranslocation or retrograde trafficking156. During this process, RTKs are trafficked through a 

series of long-lived endosomes to the endoplasmic reticulum and nucleus156. Additionally, 

signaling partners such as AKT and ERK maintain their activation on endosomes and can also 

undergo retrotranslocation retrograde transport of akt by rab5157. 

In normal epithelial cells, ligand stimulation of EGFR results in clathrin-mediated endocytosis 

and trafficking to the lysosome for degradation158. This trafficking is regulated by multiple 

protein complexes, one of which involves a set of proteins called the Sorting Nexins (SNX)159. Of 
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the multiple Sorting Nexin subgroups, one called the PX-BAR subgroup includes SNX1, which is 

the mammalian homologue of the yeast vacuolar protein Vsp5p. Vsp5p is an evolutionarily 

conserved protein that serves as a core component of the Retromer, a protein complex that 

regulates retrograde trafficking of transmembrane proteins160. The SNX proteins in the PX-BAR 

subgroup contain two key functional domains, a PX domain in their N-terminus that interacts 

with phosphatidylinositol (PI(3)P) moieties in the membrane, and a BAR domain composed of 

coiled-coiled alpha-helices that drive protein-protein interactions and can promote membrane 

remodeling160. The BAR domain also drives SNX homo- and hetero-dimerization, key events in 

sorting and trafficking. The dimerized BAR domains of a pair of sorting nexins then bind to cargo 

proteins that will be trafficked along tubulovesicles. SNX1 was originally identified as a protein 

that interacts with EGFR75 and subsequent to this discovery, it was found that many sorting 

nexins can regulate the trafficking of EGFR, including SNX2161, SNX6162, SNX9163 and SNX16164. 

Additional studies demonstrated that the chronic overexpression of SNX1 results in the 

formation of extensive tubular networks due to membrane bending by the BAR domain, and 

which could be leading to retrograde trafficking of cargo165.    

Of note, sorting nexins have now been shown to regulate the trafficking of additional RTKs, 

including c-Met166 and IGF1R167. We hypothesize in the current study that a therapeutic that 

can modify the interaction between Sorting Nexins and RTKs may target tumor-specific 

retrotranslocation.  This approach could have clinical impact due to the observation that 

tumors that develop TKI therapeutic resistance frequently overexpress an alternative RTK HER 

family in cancer progression: From discovery to 2020 and beyond'. To target these interactions, 

we utilize cell penetrating peptides with a Protein Transduction Domain to allow for the 
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delivery of peptides across the cell membrane168. Such cell penetrating peptides have been 

used to block protein-protein interactions between a number of targets, including EGFR and 

MUC1169. Here, we evaluated the impact of multiple SNX1 peptides in their ability to drive RTKs 

away from the nucleus and ablate their oncogenic function. We now show that such a modified 

peptide, cSNX1.3, can function as a therapeutic in an EGFR-dependent model of breast cancer 

and block RTK-induced migration and cell survival.  

  

Materials and Methods: 
Cell lines: 

MDA-MB-468 and H1975 cells were maintained in RPMI 1640 containing 10% FBS and 1% 

penicillin- streptomycin. BT20 cells were maintained in MEM containing 10% FBS and 1% 

penicillin-streptomycin. MCF10A were maintained in DMEM/F12 containing 5% donor horse 

serum 1% penicillin-streptomycin, 10 ng/ml cholera toxin (Sigma), 0.5 g/ml hydrocortisone 

and 5.0 ng/ml EGF at 37°C and 5% CO2. Chinese hamster ovary (CHO) and A549 cells were 

maintained in Ham’s F-12 media containing 10% FBS and 1% penicillin-streptomycin. All cell 

lines maintained at 37C and 5% CO2. To create the MDA-MB-468 EGFR knockdown line, an 

IPTG-inducible EGFR 3’UTR lentivirus was purchased from X. Virus was transduced into 

MDA-MB-468 cells with Y, and cells were treated over a 5-day time course with X M IPTG to 

optimize knockdown.  

 

Cell Viability: 

2 X 103 cells were plated per well in a 96 well plate and left to adhere overnight. The following 

day, drug treatments were started and continued for 3 days. To measure the viability of the 
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remaining cell population, 10% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) in 

media was added and incubated for 2 hours and conversion of MTT to formazan at 570 nm using 

a biotech Synergy LX plate reader.  

 

Subcellular Fractionation: 

Cells were trypsinized and washed with PBS, followed by centrifugation at 100 g (4 C) for 5 

minutes. The cell pellet was resuspended in ice cold cytosolic fraction buffer (150 mM NaCl, 50 

mM HEPES pH 7.4, 25 ug/mL digitonin, with Complete protease inhibitors (Roche) and 

phosphatase inhibitors (2.0 mM sodium orthovanadate, 10.0 M ammonium molybdate and 10.0 

mM sodium fluoride) and tumbled at 4 C for 10 minutes, followed by centrifuged at 2,000 g, 4 

C for 10 minutes and the cytosolic fraction transferred retained for analysis as the cytosolic 

fraction. The pellet was then washed twice in ice cold PBS, resuspended in membrane fraction 

buffer (150mM NaCl, 50mM HEPES pH 7.4, 1% NP-40, with protease and phosphatase 

inhibitors) and incubated on ice for 30 minutes. This solution was centrifuged at 7,000 g 4 C for 

10 min and the membrane fraction was retained for analysis as the membrane fraction. The pellet 

was washed twice with ice cold PBS containing 150mM NaCl and 1% NP-40, resuspended in 

nuclear fraction buffer (150mM NaCl, 50mM HEPES pH 7.4, 0.5% Sodium Deoxycholate, 0.1% 

SDS, and protease and phosphatase inhibitors) and sonicated for 15 seconds at and centrifuged at 

13,000 g for 10 minutes at 4 C and the supernatant was retained for analysis as the membrane 

fraction.  

 

Antibodies and reagents: 
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Antibodies were purchased from the following sources: Cell signaling – EGFR-XP (human; 

D38B1), PARP (#9542), HSP90 (C45G5), Akt (#9272), pAkt (#4060), Erk (#9102), Abcam - 

Histone H3 (ab1791), EGFR (mouse; Ab52894), Thermo –Bap31 (CC-1), Actin (A5441), 

dpErk (M8159). Peptides were synthesized by Genscript and resuspended in sterile water at 

1mM for cell culture and 10mg/mL in sterile saline for mouse injections. Lentiviral particles 

containing IPTG inducible shEGFR that knocks down 90% of EGFR expression were purchased 

from sigma (Clone TRCN0000010329) (Target sequence: GAGAATGTGGAATACCTAAGG).  

These particles were used to transduce MDA-MB-468 cells at an MOI of 1.  

 

Statistics: 

Statistics for the animal model was performed by the University of Arizona Cancer Center 

Biostatistics and Bioinformatics Shared Resources (BBSR). The cube root of the observed 

tumor burden was applied to normalize the raw values. The linear mixed effects model was 

used to compare the tumor burden across time between cSNX1.3 treated mice and cPTD4 

control mice. To determine whether the profile of the change across time differed between the 

cSNX1.3 and cPTD4 mice, the interaction of treatment and time was tested. For all cell culture 

experiments error bars represent the standard error of the mean across 3 experimental replicates. 

 

Migration Assays: 

Prior to plating, a horizontal line was cut on the bottom surface of the plate across all wells with 

a scalpel as a guideline for imaging to ensure each time point covers a similar area. Cells were 

plated to confluency in a 24 well plate (~2.0 X 105 cells) and allowed to adhere for 24h and then 

serum starved overnight. A vertical line of cells was removed with a p200 tip from each well by 



 47 

scoring through the cell layer. Each well was washed twice in PBS to remove lifted cells and cell 

debris, followed by imaging at 10x magnification (time 0). Treatments and ligands were then 

added, and cells were allowed to invade the wound area for 12h at which time each well was 

imaged again. Images were analyzed in ImageJ to determine wound area at 0 and 12h.  

 

SDS-PAGE and immunoblotting: 

Lysates were prepared as described, protein concentrations determined by BCA assay (Pierce) 

and resolved via standard SDS-PAGE170. Gels were transferred to either PVDF (Immobilon P or 

Immobilon FL) membrane and probed with the indicated antibodies and analyzed by either HRP-

linked secondaries (Pierce) or IRDye secondaries (Li-Cor), followed by development in Dura 

Signal (Pierce) or IR (Licor).  

 

Protein expression and purification of human EGFR kinase domain: 

EGFR kinase domain protein (EGFRkin) was expressed in Sf9 cells using the Bac-to-Bac system 

(Invitrogen) as previously described171. Briefly pFastBacHT plasmid containing the cDNA of 

EGFR kinase domain with N-terminal His-tag was transformed into DH10Bac E. coli to generate 

bacmid DNA. P1 virus was generated by transfecting 2.0 mL of sf9 cells at 1.0 million cells/ml 

density with the purified bacmid DNA (200-3000 ng/μL). The P1 virus was harvested after 5-7 

days following transfection. The P1 virus was diluted 100-fold into an sf9 cell culture at a 

density of 2.0 million cells/ml and cultured for 3 days. Supernatant containing the P2 virus was 

collected by centrifugation and diluted 40-fold into 1.0 L of sf9 cells at a density of 2.0 million 

cells/ml. After 2.5-3 days, cell pellets were harvested by centrifugation at 3500 x g at 4 °C for 20 

min, and flash frozen in liquid nitrogen prior to storage at -80 °C. 
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To purify the EGFR kinase domain, Sf9 cell pellets (~10 g) was thawed on ice and homogenized 

with 2 passages on an EmulsiFlex-C5 (Avestin) in 50 mL of lysis buffer (50 mM Tris pH 7.5, 

600 mM NaCl, 1 mM EDTA, 1 mM TCEP, protease inhibitors, DNAase, and 10% Glycerol). 

The lysate was centrifugated and supernatant was collected and loaded onto a 1.0 mL HisTrap 

FF column (GE) at a flow rate of 1.0 ml/min. Following loading, the column was washed with 20 

column volumes of wash buffer (50 mM Tris pH 7.5, 600 mM NaCl, 20 mM Imidazole, 1 mM 

TCEP, and 10% Glycerol) and eluted with a linear gradient of elution buffers containing 20 and 

300 mM imidazole. Fractions containing the EGFR kinase domain proteins were combined and 

concentrated to less than 1.0 mL. The concentrated proteins were loaded onto a Superdex 200 

10/300 GL column (GE) equilibrated in buffer (20 mM Tris pH 7.5, 100 mM NaCl) for further 

purification. The purified proteins were concentrated, flash frozen in liquid nitrogen, and stored 

at -80 °C. 

 

Protein expression and purification of human SNX-BAR protein: 

The human SNX-BAR cDNA (residues 301-522) was synthesized (Genscript) and cloned into 

the pMAL-c5x vector encoding an N-terminal MBP tag followed by a TEV cleavage site. The 

MBP-SNX-BAR protein was expressed in Escherichia coli BL21(DE3) in Terrific Broth 

autoinduction media containing 1.0 g glucose, 2.5 g lactose, 2.0 mM MgSO4 and trace metal. 

Briefly, cells were cultured at 37 °C until OD~2.0 followed by low temperature expression at 20 

°C overnight and harvested for further purification.  

Frozen cells were resuspended in lysis buffer (50 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM 

EDTA, 1 mM TCEP, and protease inhibitor cocktail) and lysed in an Emulsiflex-C5 (Avestin). 

The supernatant was collected following centrifugation and loaded onto an Amylose column (5.0 
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mL). The loaded column was washed with 20 column volumes of wash buffer (50 mM Tris-HCl 

pH 7.4, 200 mM NaCl, 1 mM EDTA, 0.5 mM TCEP) followed by 2 column volumes of TEV 

digestion buffer (50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 0.5 mM TCEP). 500 μg of TEV was 

incubated with the protein-bound amylose at room temperature overnight. The SNX-BAR 

protein was eluted from the amylose column with elution buffer (50 mM Tris pH 7.5, 200 mM 

NaCl, 10% glycerol and 1.0 mM TCEP). Uncut protein as well as MBP remained bound to the 

amylose and could be further eluted with 10 mM Maltose in the wash buffer. Purity of the 

proteins was confirmed by SDS-PAGE.  

 

Microscale Thermophoresis (MST): 

MST experiments were carried out using a Monolith NT.115 pico instrument (NanoTemper 

Technologies, Munich Germany). Nanotemper His-Tag Labeling Kit RED-tris-NTA 2nd 

Generation dye was used to label His-EGFRkin. Briefly, 100 uL of His-EGFRkin (200 nM) was 

mixed with 100 uL of 40 nM Red dye and incubated for 30 min at room temperature. Standard-

treated MST capillaries were used in the MST measurement. SNX Peptides or SNX-BAR protein 

were diluted in PBS-T buffer to make 16 1:1 serial dilutions from 20 μM. For each reaction, 10 

uL of each diluted solution was mixed with 10 uL of the Red-dye labeled His-EGFRkin and 

loaded into standard-treated capillaries. Thermophoresis measurements were conducted at room 

temperature. Kd values were derived from the concentration-dependent changes in normalized 

fluorescence (Fnorm). Data were analyzed using NanoTemper MO.Affinity Analysis software. 

 

Bio-Layer Interferometry (BLI): 
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BLI experiments were carried out using an Octet RED384 instrument (ForteBio) with Octet 

NTA Biosensor. His-EGFRkin was prepared at 500 nM in binding buffer (20 mM Tris pH 7.5, 

100 mM NaCl, 1.0 mM TCEP) and dispensed into a 96-well microplate (Griner). A second 96-

well microplate contained cSNX1.3 peptide at 5 different concentrations of serial dilutions from 

10 μM, glycine regeneration solution (pH 1.5), and binding buffer for baseline stabilization. Both 

plates were agitated at 1000 rpm during the entire experiment. Six Octet NTA (His-tag capture) 

sensor tips were used for the binding experiment. Sensor tips were first pre-hydrated in binding 

buffer for 2 min and then transferred to the His-EGFRkin-containing wells for loading (5 min). 

After a 3 min baseline wash in binding buffer, the binding signal was measured by dipping the 

His-EGFRkin-coated sensors into the wells containing the cSNX1.3 peptide at various 

concentrations. Binding was monitored over a 5 min association period, followed by a 10 min 

dissociation period, in which the sensors were dipped into wells containing only the binding 

buffer. Kd values were derived from fitting the binding kinetics curves using the Octet Data 

Analysis software.  

 

Animal studies: 

The transgenic mouse line WAP-TGF (The Jackson Laboratory; Tg(WapTgfa)215Bri) were 

back crossed to C57BL/6J background (N8). WAP-TGF heterozygous males were bred with 

C57BL/6J females to generate study animals and offspring were genotyped using primers against 

the WAP-TGF transgene170. WAP-TGF heterozygous females were housed continuously with 

C57Bl/6J males to induce pregnancy, resulting in transgene expression. Mice were weighed and 

palpated 1x/week after their first pregnancy, until a tumor reached approximately 100 mm3 at 

which time they were entered into either the cPTD4 or cSNX1.3 arm of the study. Once entered, 
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mice were weighed, tumors measured, and injections given intravenously at 10 g/g body weight 

3x/week for 4 weeks. After four weeks, when any tumor measured 2 cm in diameter, or a tumor 

reached 2000 mm3, mice were sacrificed. Upon sacrifice, all tumors were collected and fixed in 

10% formalin; a portion of each tumor was homogenized in tissue lysis buffer to form tissue 

protein lysates. Tissues were paraffin embedded and sectioned by the Tissue Acquisition and 

Cell Molecular Analysis Shared Resource at the University of Arizona Cancer Center. 

Pathological analysis of mouse tissues was performed by the Comparative Pathology Laboratory 

at the University of California, Davis.  

3D mammospheres: 

20,000 BT20 cells were suspended in mammosphere media (15 mL Mammocult media 

supplemented with 1.7 mL Proliferation supplement, 1.5 L hydrocortisone, 30 L heparin, and 

150L penicillin/streptomycin) and plated onto a low adhesion 6-well plate. After one week the 

number of spheres per well were counted. Cells from selected wells were then dissociated in 

trypsin EDTA and plated with fresh mammosphere media to develop secondary mammospheres.  

 

Results: 
Sorting Nexin 1 BAR domain peptides inhibit cancer cell growth 

Within the SNX1 BAR domain are dimerization domains as well as an EGFR binding domain172. 

To discover if the binding between EGFR and SNX1 was therapeutically targetable, we 

synthesized 3 SNX1-based peptides that overlapped the EGFR/SNX1 interaction domains 

(SNX1.1, 1.2 and 1.3).  Each peptide was generated in tandem with a cell penetrating peptide 

domain (PTD-4) to allow for intracellular uptake Intracellular MUC1 peptides inhibit168 (Figure 

1A, SNX1.1, 1.2 and 1.3). We next evaluated the ability of each peptide to reduce cell survival in 
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the triple negative breast cancer cell line BT20 (Supplementary Figure 1A). Upon identifying 

that SNX1.3 inhibits the growth of BT20 cells, we began modifying the sequence to increase its 

efficacy and tested these modified peptides using the cell line MDA-MB-468, which has 

amplified EGFR173. To guide our modifications, we used the predicted peptide structure 

including negatively (blue) and positively (red) charged residues (Fig. 1C). We attempted to 

alter the sequence of the peptide surrounding the charged residues by charge replacement and 

sequence deletion, but we unable to increase peptide efficacy. We then attempted to increase 

efficacy by either peptide stapling (substituting residues with non-natural amino acids followed 

by hydrocarbon linking) or end-capping with acetyl and amine groups.  Of these, we found both 

C- and N-terminal peptide end-capping increased efficacy, and further work was done with this 

peptide, cSNX1.3. (Figure 1C). 
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4: Figure 2.1 cSNX1.3 peptide inhibits cell viability in MDA-MB-468 cells 

Figure 2.1. cSNX1.3 peptide inhibits cell viability in MDA-MB-468 cells. A. Peptide sequence alignment 
of modified and stabilized peptides (-) indicates conserved residues, (/) indicates a deleted residue. 

Modified residues used for staples are (S)-2-(((9H-flouren-9-yl) methoxy) caronylamino)-2-methyl-hept-
6-enoic acid (5) and (R)-2-(((9H-flouren-9-yl) methoxy) caronylamino)-2-methyl-dec-9-enoic acid (8). 

PTD4 = Protein Transduction Domain. Ac = acetylation of 5’ end and NH2 = amidation of 3’ end. B. MDA-
MB-468 cells were treated with 10 µM of the indicated peptide for 3 days. Cell viability was measured 



 54 

using an MTT assay. Vehicle control represents 100%. C. A predicted peptide structure of SNX1.3 was 
generated using SWISSMODEL with negative (blue) and positive (red) residues highlighted. 

 

cSNX1.3 induces tumor regression in WAP-TGF transgenic mice 

 To evaluate the impact of cSNX1.3 on an immune intact mouse model of cancer, we 

utilized WAP-TGF mice, a transgenic line whose mammary gland tumors are EGFR 

dependent170.  Mice are continually bred to activate the pregnancy-dependent WAP promoter, 

which drives expression of the EGFR ligand Transforming Growth Factor alpha (TGF) strictly to 

the mouse mammary glands. This model stochastically forms unifocal mammary 

adenocarcinomas through a process that begins with mammary hyperplasia, followed by tumor 

formation over approximately 8 months. We established tumor-bearing females (as determined 

by forming a 100 mm3 tumor that does not regress upon subsequent palpation) and then 

treated them with either cPTD4 peptide as a control or cSNX1.3. First, we evaluated the 

potential toxicity of cSNX1.3 by treating C57Bl/6J female mice with 5.0 or 10.0 g/g body 

weight [3X/week, intravenous (IV) injections] with either cSNX1.3 or cPTD4 and weighing the 

animals for 3 days per week for 2 weeks (data not shown). No difference in weight or behavior 

or grooming was observed, and we therefore used 10 g/g body weight for subsequent studies.  

 When tumors reached >100 mm3, IV injections began at 3X/week, 10 g/g body weight 

and tumors were measured 3X/week with calipers. Animals were injected for 4 weeks or until 

they reached maximal tumor burden, defined as a single tumor measuring 2000 mm3. In the 

cPTD4 treated mice, the tumors (n = 14) grew at an average of 30.8 mm3/day while in the 

cSNX1.3 treated mice tumors (n = 11) regressed at an average of 4mm3/day (Supplementary 

Figure 2B). Note that mice were weighed throughout the study and no impact on animal weight 
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was observed in response to cSNX1.3 treatment (Supplemental Figure 2A). The WAP-TGF is a 

spontaneous model in which each tumor arises and progresses in a heterogeneous fashion. We 

therefore evaluated each tumor separately to determine the overall impact of SNX1.3 

treatment (Figure 2A). We found that although cPTD4-treated tumors had a wide variety of 

tumor growth, all tumors grew by the end of the study. Conversely, 7/11 cSNX1.3-treated 

tumors regressed and 2/11 showed no change in tumor volume from the first to last 

measurement. Of note, 3 of the cSNX1.3 fully regressed as measured with calipers and 

confirmed during necropsy. Additionally, the 2 cSNX1.3 treated tumors that demonstrated 

growth through the study entered the study at greater than 500 mm3. In this study, mice were 

sacrificed after 4 weeks of injections or once they reached tumor burden, represented by the 

Kaplin-Meyer graph (Figure 2B). The increase in tumor burden was significantly different 

between cPTD4 and cSNX1.3 treated mice (p= 0.0002). While 5/7 cPTD4 mice reached tumor 

burden before the end of the study only 1/6 cSNX1.3 treated mouse reached the maximal 

tumor burden. 

 At the end of the study, mice were sacrificed and tissues were collected and fixed in 

10% buffered formalin or homogenized in tissue lysis buffer. Tissues were sectioned and 

evaluated for changes to tissue morphology in response to peptide treatment (Figure 2C and 

Supplementary Figure 3). We found that tissue morphology did not change, although in some 

of the tumors, they had regressed fully to a hyperplastic mammary gland at the end of the 

study. No changes to tissue architecture were observed in the normal mammary gland. Analysis 

of protein expression in treated tumors found an increase in cleaved PARP, indicating cSNX1.3 

was inducing apoptosis as a means of tumor regression (Figure 2D). Representative tumors 
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from the PARP-cleavage positive (cSNX1.3-treated) and negative (cPTD4-treated) are shown 

(Figure 2C).  

 

 

5: Figure 2.2. cSNX1.3 driven tumor regression in WAP-TGFa transgenic mice 

 

Figure 2.2. cSNX1.3 driven tumor regression in WAP-TGF transgenic mice.  Mice were bred 

continuously to induce transgene expression and palpated weekly for tumor formation. Once tumors 

reached 100mm3, mice were entered into the study and given 10 µg/g body weight intravenous injections 

of either cPTD4 or cSNX1.3 3X/week. A. Changes in tumor size from entry into study until end of study 
are shown for each individual tumor, (*) indicate tumors that entered the study at size greater than 
500mm3, all other tumors entered the study at ~100mm3. B. a Kaplan-Meier survival curve was generated 
showing when mice were sacrificed by either reaching tumor burden (2000mm3) or the end of the study 
(p= 0.0002). C. Upon sacrifice tumors were harvested and fixed in 10% formalin and embedded in paraffin. 
Slides were stained with hematoxylin and eosin and imaged at 20x. D. Protein lysates were generated 
from tumors upon sacrifice and probed for the indicated proteins. 
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cSNX1.3 competitively inhibits EGFR/Sorting Nexin 1 BAR domain interactions 

We next set out to confirm binding of cSNX1.3 to EGFR and cSNX1.3 inhibition of 

EGFR/Bar domain complex formation, following strategies similar to those employed for crystal 

structure determinations of the key domains (PDB ID 5CNO171 and PDB ID 4FZS79, Figure 3A). 

For this, we expressed and purified the kinase domain of EGFR using a baculovirus insect cell 

expression system (residues 672-998 with N-terminal His-tag followed by TEV cleavage site), 

and the SNX1 BAR domain using E. coli expression (residues 301-522 with N-terminal maltose 

binding domain followed by TEV cleavage site; Figure 3B). The kinase domain was shown to be 

active using a coupled assay in the presence of membrane174. We first examined binding 

between EGFRkin and BAR domain, and EGFRkin and several peptides, using microscale 

thermophoresis (MST, Figure 3C). As expected, binding between the purified domains was 

observed (Kd = 3 M). Binding of cSNX1.3 to EGFRkin displayed similar affinity to that of the BAR 

domain (Kd = 2.4 M). Interestingly, in a competitive binding assay, we confirmed that 2.5 M 

cSNX1.3 blocks SNX BAR binding to EGFRkin. That sub-saturating concentrations of cSNX1.3 

eliminates SNX BAR binding suggests a more complicated mechanism may be in play, such as 

slow release of cSNX1.3 from EGFRkin or interference with SNX BAR dimer formation.  
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6: Figure 2.3. cSNX1.3 competitively inhibits binding of EGFR to SNX1 

 

Figure 2.3. cSNX1.3 competitively inhibits binding of EGFR to SNX1. A. Ribbon drawing of EGFR kinase 
domain (PDB ID 5CNO) and SNX1 Bar domain (PDB ID 4FZS). The proposed SNX1 binding site is well away 
from the kinase active site. B. SDS page gels for purified SNX1 Bar domain (residues 301-522) and EGFR 
kinase domain (residues 672-998). C. MST Binding curves of EGFR kinase domain (50 nM) with 
fluorescent dye attached through the His-tag titrated against the Bar domain, peptides SNX1.3 (capped), 
SNX1.3, and control PTD4, as well as control BSA. A competitive assay in which SNX1 Bar binding was 
measured in the presence of 2.5 µM capped SNX1.3 indicated SNX1 Bar binding was eliminated (not 
shown). D. Binding of SNX1.3 to the kinase domain was also measured by Bio-Layer Interferometry 
(Octet BLI), which yielded a similar dissociation constant to that measured by MST. 
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cSNX1.3 displays specificity for wildtype EGFR and cancer  

We next evaluated the efficacy of cSNX1.3 compared to the tyrosine kinase inhibitor 

Sapitinib (an EGFR-family specific TKI) in several cell lines. We treated the triple negative breast 

cancer cell lines MDA-MB-468 and BT20, the lung carcinoma cell lines H1975 and A549 and the 

immortalized breast epithelial line MCF10A with cSNX1.3, cPTD4 control, or Sapitinib (Figure 

4A). While both cSNX1.3 and Sapitinib inhibited cell survival, cSNX1.3 was more effective than 

Sapitinib in the breast cancer cell lines MDA-MB-468 (IC50= 7.5M) and BT20 (IC50= 25M). 

Importantly, cSNX1.3 had almost no impact on normal immortalized cells (MCF10A), while 

Sapitinib was more effective at inhibiting cell growth in normal cells than in cancer cells. Finally, 

while cSNX1.3 had no effect on the H1975 cell line with an EGFR driver mutation in the kinase 

domain (T790M), it was more effective than Sapitinib in the A549 lung cancer line with wildtype 

EGFR.  To evaluate the specificity of cSNX1.3 for EGFR, we next knocked down the expression of 

endogenous EGFR with a shRNA to the 3’UTR of EGFR in MDA-MB-468 cells. In these cells with 

reduced EGFR, cSNX1.3 lacked significant efficacy (Figure 4B and C).  We also found no effect 

on CHO cells that lack EGFR expression (Supplementary Figure 1B). These data indicated that 

cSNX1.3 may be highly selective towards cancer expressing wildtype EGFR and we next worked 

towards understanding its mechanism of action.   
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7: Figure 2.4. cSNX1.3 peptide inhibits EGFR driven cancer cell viability 

 

Figure 2.4. cSNX1.3 peptide inhibits EGFR driven cancer cell viability. A. Cells were treated with the 
indicated concentration of cPTD4, cSNX1.3, or Sapitinib for 3 days and their viability was measured with 
an MTT assay. B. MDA-MD-468 cells were transduced with an IPTG inducible shEGFR targeted against the 
3’ UTR of EGFR. These cells were incubated with IPTG for the indicated number of days and lysates were 
generated to confirm knock down of EGFR. C. In tandem with B., cells were plated and incubated +/- IPTG 
for 2 days prior to drug treatment. After 2 days cells were treated with cPTD4 or cSNX1.3 and IPTG was 
reintroduced for 3 days, a second set of cSNX1.3 treated cells were grown in the absence of IPTG. After 5 
days of IPTG and 3 days of peptide treatment viability was measured using an MTT assay. 
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cSNX1.3 inhibits trafficking of EGFR to the nucleus and signaling from long lived endosomes 

As a mechanism for the induction of cell death, we next investigated the capacity of 

cSNX1.3 to reduce EGFR nuclear localization and AKT signaling. MDA-MB-468 were serum 

starved overnight then incubated with EGF and peptide for 2 hours to allow for nuclear 

localization of EGFR. We then performed a subcellular protein fractionation to isolate cytosolic, 

membrane, and nuclear protein fractions (Figure 5A).  We observed a loss of nuclear localized 

EGFR upon treatment with cSNX1.3, which was verified by Histone H3 versus Bap31 and Hsp90 

for nuclear, membrane and cytosolic fractions, respectively.  These data indicate that the 

peptide is impacting the species of EGFR that undergoes nuclear translocation.  

We next evaluated the ability of cSNX1.3 to inhibit signal transduction events associated with 

EGFR endosomal signaling. Evaluation of MDA-MB-468 cells treated with cSNX1.3 and PTD4 

found that cSNX1.3 suppressed pAkt and dpERK activation, but only after an hour – there was 

no impact on immediate Akt or ERK activation (Figure 5B, 15’ versus 60’). This indicates 

cSNX1.3 was impacting EGF-dependent Akt activation from long-lived endosomes (late stage), 

but not from the cell surface (immediate).  

To evaluate the effects of cSNX1.3 on cell survival, BT20 triple negative breast cancer 

cells were evaluated by a mammosphere assay, which allowed us to evaluate cell survival in a 

non-adherent environment.  While cells grew and formed mammospheres under vehicle or 

PTD4 treatment, no mammospheres were formed upon treatment with cSNX1.3 (Figure 5C). 

These spheres were then disassociated and re-plated to form secondary mammospheres, 

interestingly although no spheres were formed in the presence of cSNX1.3 enough viable single 

cells were collected to plate three wells of secondary mammospheres. Cells that had been 
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previously treated with cPTD4 and cSNX1.3 were plated treated with vehicle, cPTD4, and 

cSNX1.3 for an additional week. As expected, both sets that were treated with cSNX1.3 on the 

second week showed no mammosphere formation. Interestingly, cells that had been treated 

with cSNX1.3 in the first week showed significant reduction of sphere formation while treated 

with cPTD4 and vehicle in the second week, indicating some minimal lasting effect of cSNX1.3 

on these cells. 
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8: Figure 2.5. cSNX1.3 inhibits nuclear EGFR and survival signaling 
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Figure 2.5. cSNX1.3 inhibits nuclear EGFR and survival signaling. A. MDA-MB-468 cells were serum 
starved overnight then incubated with 20ng/mL EGF and either cPTD4 or cSNX1.3 for 2 hours. Cells were 
then fractionated and verified by HSP90 cytosolic protein, Bap31 membrane protein, or HDAC nuclear 
protein. B. MDA-MB-468 cells were serum starved overnight then stimulated with EGF on ice for 10 

minutes. Cells were then incubated with PTD4 or cSNX1.3 at 37 C for the indicated time and protein 
lysates were taken. B. MDA-MB-468 cells were serum starved overnight then incubated on ice with 
10ng/mL EGF for 10 minutes. Excess EGF was removed and cells were incubated with either cPTD4 or 
cSNX1.3 for the indicated time, lysed and analyzed as indicated.  C.  BT20 mammospheres were grown for 
1 week in the presence of either vehicle, cPTD4, or cSNX1.3 and trypsinized, counted and replated. After 
the second week, the number of secondary mammospheres were counted. 

 

 

cSNX1.3 inhibits ligand-dependent migration of multiple RTKs  

EGFR activity is known to promote the activity of other RTKs, including those in the EGFR 

family (HER2, HER3 and HER4) and the c-Met receptor175,176. We therefore next evaluated the 

ability of SNX1.3 to inhibit 2D migration, both in response to EGF as well as other migration-

inducing ligands. Of note, sorting nexins have now been shown to regulate additional RTKs, 

including c-Met166. Cells were plated on plastic and allowed to migrate into an artificial wound 

over 12 hours. Note that no impact on viability was observed via MTT in less than 24 hours, 

indicating any changes we observed were not due to viability (data not shown).  We found that 

while EGF induced significant migration of BT20 cells in the presence of the control PTD4 

peptide, no migration was observed in the presence of SNX1.3 peptides (Figure 6A). To 

determine if this inhibitory effect was restricted to EGF-induced migration, we also tested 

SNX1.3 for its ability to impact neuregulin (NRG1) and hepatic growth factor (HGF)-induced 

migration. NRG is the ligand for HER3 and HER4, and HGF the ligand for the c-Met receptor, 

both of which are receptor tyrosine kinases. In addition, we tested soluble hyaluronic acid (HA)-

induced migration, the ligand for CD44 [a non-kinase membrane receptor that induces 

migration177]. We found that while SNX1.3 inhibited migration from all three RTKs, it did not 
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block CD44 migration. Note that all receptors undergo endocytosis, with the RTKs primarily 

undergoing clathrin-dependent endocytosis, while CD44 endocytosis is clathrin-independent178.  

 

 

9: Figure 2.6. SNX1.3 inhibits RTK driven 2D cell migration 

 

Figure 2.6. SNX1.3 inhibits RTK driven 2D cell migration.  A. BT20 triple negative breast cancer 
cells were treated with either cSNX1.3, PTD4 control or water (vehicle) and either EGF-, 
Neuregulin-1 (NRG), or Hepatic Growth Factor (HGF)-induced migration on plastic was allowed 
for 12 hours. Area migrated was measured with ImageJ. 
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Discussion: 
In this study, we have discovered that a cell penetrating peptide designed to mimic the 

EGFR binding domain of SNX1 can induce tumor regression in vivo while also blocking cellular 

migration and survival in an EGFR- and tumor-specific manner. Treatment of tumor-bearing 

WAP-TGF transgenic mice with cSNX1.3 induced tumor regression with no observable toxicity. 

Optimization of the peptide through end-capping enhanced its use as a therapeutic and with no 

loss in affinity for the EGFR kinase domain. Additionally, cSNX1.3 eliminates BAR domain to the 

kinase domain. Mechanistically, cSNX1.3 treatment results in the loss of nuclear EGFR, 

suppression of long-term signaling and increased survival. While evaluating the specificity of 

cSNX1.3 for EGFR, we found it also inhibits migration driven by other receptor tyrosine kinases 

that can function with EGFR, including HER3/4 and c-Met, but not the CD44 receptor. Together, 

these data indicate that targeting retrotranslocation of EGFR may be a potent therapeutic for 

EGFR-driven cancer.   

We have previously demonstrated that blocking retrograde trafficking with Retro-2 

reduced EGFR driven cell migration and enhanced EGFR degradation in the lysosome99. 

Furthermore, Retro-2 treatment blocked the accumulation of EGFR in long-lived EEA1-positive 

endosomes and suppressed EGF-dependent AKT signaling. We had previously shown that the 

retrograde trafficking of EGFR towards the nucleus was a tumor-specific event that could be 

driven by the association with MUC1 or a loss of polarity, and these data prompted us to 

evaluate targeting this pathway therapeutically170,98,179. Other groups had previously 

demonstrated that SNX1 could interact with EGFR, promote its retrograde trafficking and 

regulate its trafficking to the lysosome75,161,180. The current work further supports the 

observation that retrograde trafficking of EGFR and other RTKs is an event that does not occur 
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in normal polarized epithelium179. Importantly, this is in opposition to the impact of tyrosine 

kinase inhibitor, Sapitinib, which significantly reduces viability of normal cells.  

Previous studies had found that blocking retrograde trafficking of EGFR significantly 

impacted EGF-dependent migration99. We therefore utilized migration assays to analyze the 

specificity of cSNX1.3 for EGFR versus other RTKs known to interact with EGFR and undergo 

retrograde trafficking. Of note, sorting nexins have now been shown to regulate additional 

RTKs, including c-Met180,167. We found that while SNX1.3 inhibited migration from EGFR, HER3/4 

and c-Met, it did not block CD44 migration. Note that all receptors undergo endocytosis, with 

the RTKs primarily undergoing clathrin-dependent endocytosis158, while CD44 endocytosis is 

clathrin-independent178. As the SNX1 binding domain of EGFR is in the C-terminal region of its 

kinase, it is possible that RTKs with homology are being similarly targeted, but further work 

needs to be done to address this hypothesis.  

In addition to migration, retrograde trafficking promotes cell survival (in MTT and colony 

forming assays) and survival pathways (AKT) and thus may be of significant therapeutic value. 

The WAP-TGF transgenic mouse model produces EGFR driven tumors in the mammary fat 

pad, the development of these tumors is reduced with the knockout of the retrograde driver, 

Muc1170. We therefore utilized this model to test the in vivo efficacy of cSNX1.3 and found a 

significant reduction in tumor growth. Importantly we found several tumors completely regress 

upon cSNX1.3 treatment, indicating it may be an effective therapy for EGFR-driven cancers. The 

lack of observable toxicity in normal tissues, including the mammary glands where this pathway 

is also activated yet failed to induce tumors, reiterates the tumor specific effects of cSNX1.3.  



 68 

 Our data suggests targeting the retrograde trafficking of EGFR is a novel mechanism to target 

EGFR-driven cancers through the competitive inhibition of binding between the EGFR kinase 

and the SNX1 BAR domain. Homology of RTK kinase domains and inhibition of Her3/4 and c-

Met driven migration suggest cSNX1.3 could be effective in the inhibition of other RTKs that 

work with EGFR to drive tumor progression.  
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Chapter 3:  
 
 
All MTT survival assays were performed by Ben Atwell. Cell line imaging in figure 2 A-F were 
performed by Ben Atwell. 
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Abstract:  
Background: The Human Epidermal Growth Factor Receptor (HER) family of transmembrane 

tyrosine kinases is overexpressed and correlates with poor prognosis and decreased survival in 

many cancers. The receptor family has been therapeutically targeted, yet Tyrosine Kinase 

Inhibitors (TKIs) do not inhibit kinase-independent functions and antibody-based targeting does 

not affect internalized receptors. We have previously demonstrated that a peptide mimicking 

the internal juxtamembrane domain of HER1 (EGFR; EJ1) promotes the formation of non-

functional HER dimers that inhibit kinase-dependent and kinase-independent functions of HER1 

(ERBB1/EGFR), HER2 (ERBB2) and HER3 (ERBB3). Despite inducing rapid HER-dependent cell 

death in vitro, EJ1 peptides are rapidly cleared in vivo, limiting their efficacy.  

Method: To stabilize EJ1 activity, hydrocarbon staples (SAH) were added to the active peptide 

(SAH-EJ1), resulting in a 7.2-fold increase in efficacy and decreased in vivo clearance. Viability 

assays were performed across HER1 and HER2 expressing cell lines, therapeutic-resistant breast 

cancer cells, clinically relevant HER1-mutated lung cancer cells, and patient-derived 

glioblastoma cells, in all cases demonstrating improved efficacy over standard of care pan-HER 

therapeutics. Tumor burden studies were also performed in lung, glioblastoma, and 

inflammatory breast cancer mouse models, evaluating tumor growth and overall survival. 

Results: When injected into mouse models of basal-like and inflammatory breast cancers, 

EGFRvIII-driven glioblastoma, and lung adenocarcinoma with Erlotinib resistance, tumor growth 

is inhibited and overall survival is extended. Studies evaluating the toxicity of SAH-EJ1 also 

demonstrate a broad therapeutic window.  
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Conclusions: Taken together, these data indicate that SAH-EJ1 may be an effective therapeutic 

for HER-driven cancers with the potential to eliminate triple negative inflammatory breast 

cancer.  

 

Background: 
The Human Epidermal Growth Factor Receptor (HER) family consists of four 

transmembrane proteins (Epidermal Growth Factor Receptor/HER1/ERBB1; HER2/ERBB2, 

HER3/ERBB3 and HER4/ERBB4), capable of homo- and hetero-dimerizing and driving a variety 

of cellular activity, including migration, differentiation, proliferation, and cell survival181,182,158. 

HER1-3 misregulation and mislocalization are frequently associated with cancers including 

breast, lung, and brain183,184. Given the strong inverse correlation between HER expression and 

progression-free patient survival, current therapies have focused on targeting either the 

extracellular ligand-binding domains through monoclonal antibodies or the intracellular 

domains through tyrosine kinase inhibitors (TKIs)185,186,187. However, these treatments often 

lead to therapeutic resistance driven by mutations in the kinase domain, such as EGFR T790M, 

which confers Erlotinib (Tarceva) and Gefitinib (Iressa) resistance in lung cancers188,189. 

Monoclonal antibody options are also limited, as they function primarily to slow cell 

proliferation, allowing tumor re-growth upon removal; they also require the receptors to be at 

the cell surface, an event dysregulated in cancer190,191,192,106. Taken together, these data 

highlight the current limitations in targeting the extracellular or intracellular domains of HER 

proteins as viable long-term treatment options for cancer patients.  
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Despite variations in extracellular ligand binding abilities and intracellular tyrosine 

kinase activity, HER1-3 share homology in their juxtamembrane domain193. Within the 

juxtamembrane domain are sequences responsible for targeting HER proteins to the nucleus, 

binding to calcium/calmodulin, trafficking to the basolateral domain from the trans-Golgi 

network, and dimerization, an event required for HER activation and downstream 

signaling158,194,195,196. We have previously demonstrated the efficacy of a therapeutic directed 

against the juxtamembrane domain region 643-663 of HER1 (EGFR Juxtamembrane Peptide 1 – 

EJ1), capable of inhibiting HER1-3 activation, reducing calcium/calmodulin-associated 

proliferation, promoting cell death through necrosis and apoptosis, and reducing tumor growth 

and metastasis in MMTV-pyMT mice with mammary tumors152. However, EJ1 was degraded in 

less than 5 minutes when introduced to plasma, limiting its ability as a therapeutic. To increase 

the efficacy of the peptide, our current research explored the use of hydrocarbon staples to 

generate a stable alpha helix (SAH) of EJ1. 

 Native peptides are prone to losing their conformation without the support of the full-

length protein to stabilize the fragment, thereby limiting their potential binding affinity and 

increasing the rate of proteolytic degradation197,198. By introducing a stabilizing modification 

such as the hydrocarbon bridging of amino acid side-chains (‘staples’), the peptide can be 

locked into a single conformation, both chemically and structurally, leading to an increase in 

peptide half-life and bioavailability199. Stapling has been effectively utilized on multiple 

peptides, including a peptide designed to block the degradation of p53 and an MCL-1 inhibitor, 

both of which successfully induce cancer apoptosis198,200,201,202. These peptides are not only 

efficacious in vitro, but a number have made it into clinical trials and patients. As of 2016, the 
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p53-directed stapled peptide ALRN-6924 (Aileron) has progressed to Phase II clinical trials for 

treatment of lymphoma (NCT02264613) due to its high tolerability in patients and strong 

antitumor activity [AscoPubs; Zorzi]. Other cyclic peptides under clinical evaluation include 

POL6326 in metastatic breast cancer (Phase I completed 2018; NCT01837095) and APL-2 in age-

related macular degeneration (Phase II currently recruiting; NCT03453619) [Zorzi]. Three 

glucagon-like peptide-1 receptor peptides have also been approved (Exenatide/Byetta [Bristol-

Myers Squibb], Liraglutide/Victoza [Novo Nordisk], and Lixisenatide/Lyxumia [Sanofi]) as of 

2013, with more under regulatory review and in Phase III trials. We therefore investigated the 

hypothesis that modification of EJ1 with peptide stapling would provide the stability required 

for a functional therapeutic. 

 Here, we demonstrate the introduction of 2 ,-disubstituted residues subject to olefin 

metathesis followed by macrocyclic bridge formation can significantly increase EJ1 efficacy. 

Visualization of Cy5.5-labeled peptide demonstrated whole body delivery, with a toxic index 

well below the efficacious dose. When added to cancer cells with or without therapeutic 

resistance, we observed significant reductions in cell viability over current cancer therapies. 

Importantly, treatment of mouse models of breast, particularly inflammatory breast, lung, and 

glioblastoma resulted in decreased tumor burden and prolonged overall survival, emphasizing 

the therapeutic potential of a stapled EJ1 peptide.  

 

Materials and Methods:  
Peptides. The peptides were synthesized as previously described152. The hydrocarbon staple-

bearing amino acids (R-2-{[(9H-fluoren-9-yl)methoxy]carbonylamino}-2-methyldec-9-enoic acid 
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and S-2-{[(9Hfluoren-9-yl)methoxy]carbonylamino}-2-methyl-hept-6-enoic acid) were added 

during synthesis at the positions indicated in Figure 1. GenScript (Piscataway, NJ) performed the 

initial small batch synthesis of stapled peptides 1-5. The yield for numbers 2 and 3 was 

insufficient for testing. Large scale synthesis was carried out by PolyPeptide (Torrance, CA), and 

this was used for all in vivo testing. Information regarding purity and identity can be found in 

Table S1, Additional File 1. 

 

Cell lines. MDA-MB-468 triple negative breast cancer (HER1+, HER2-, HER3+, HER4-), BT474 

breast cancer (HER1+, HER2+, HER3+, HER4+), BT474 clone 5 (Trastuzumab-resistant) breast 

cancer (HER1+, HER2+, HER3+, HER4+), A549 lung cancer (HER1+, HER2+, HER3+, HER4-), and 

NCI-H1975 T790M mutant lung cancer (HER1+, HER2+, HER3-, HER4-) cells were obtained from 

ATCC and cultured in RPMI-1640 medium (Corning; Corning, NY), 5% FBS (Peak; Denver, CO), 

and 1% Pen/Strep (Corning). BT20 triple negative breast cancer cells (HER1+, HER2-, HER3-, 

HER4-) were obtained from ATCC and cultured in Dulbecco’s modified Eagle’s medium 

(Corning), 10% FBS (Peak), and 1% Pen/Strep (Corning). CHO cells (HER1-, HER2+, HER3-, HER4-) 

were obtained from ATCC and cultured in F12 medium (Corning) with 10% FBS (Peak) and 1% 

Pen/Strep (Corning). MCF10A breast cells (HER1+, HER2+, HER3+, HER4-) were obtained from 

ATCC and cultured in DMEM/F12 medium (Thermo Fisher; Waltham, MA), 5% Donor Horse 

Serum (Omega Scientific; Tarzana, CA), 1% Pen/Strep (Corning), EGF (Corning), Hydrocortisone 

(Sigma; St Louis, MO), Cholera Toxin (Sigma), Bovine Insulin (Fisher). SUM149 inflammatory 

breast cancer cells (HER1+, HER2-, HER3+, HER4-) were obtained from Asterand and maintained 
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in Ham’s medium (Gibco; Waltham, MA), 5% FBS (Peak), Insulin (Fisher), and Hydrocortisone 

(Sigma).  

 

Therapeutics. Cetuximab was purchased from Thermo Fisher (MA5-12880) and Millipore 

(MABF120) (Billerica, MA). Sapitinib was purchased from Selleck Chem (AZD8931) (Houston, 

TX). Trastuzumab was purchased from Absolute Antibody (Ab00103-10.0) (Oxford, UK).  

 

Fluorophore. Cyanine5.5 NHS ester (27020; Lumiprobe; Hunt Valley, MA) was conjugated to the 

peptide according to the manufacturers protocol. Unconjugated and precipitated dye was 

removed by centrifugation. 

 

Cell Viability Assay. 1 000 - 3 000 cells were plated in 96-well plates (Falcon; Corning, NY) and 

allowed to adhere for 24-48 hours prior to therapeutic introduction. Compounds were added 

and incubated on cells for 3 days in serum-containing media, followed by 2-hour treatment 

with MTT (Sigma M5655) with the resulting formazan solubilized in DMSO. Absorbance was 

read at 540 nm by plate reader (uQuant, Bio-Tek Instruments). P-values were calculated from a 

one-way ANOVA. 

 

Live Imaging. BT20 cells were treated with 150 nM MitoTracker Red CMXRos (Molecular 

Probes; Carlsbad, CA) for 90 minutes at 37ºC in serum-containing media. MitoTracker-

containing media was removed, cells were treated with 5 µM Cy5.5-SAH5-EJ1 and imaged every 

5 minutes for up to 60 minutes using the Leica SP5-II confocal microscope at 63X at 37ºC.  
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Imaging. Immunofluorescence images were taken using a Leica DMLB microscope and Leica 

DFC 310 FX camera mounted on a 1x C-mount using the LAS V4.5 software. Whole Mouse 

imaging was performed by the Arizona Cancer Imaging Shared Resource and used LagoX 

(Spectral Instruments Imaging) software- AMI View (v1.7.05). 

 

Western blots and lysates. Tumor lysates were generated by injecting SUM149 cells into the 

mammary fat pads of NOD/SCID mice in Matrigel, allowing tumors to grow to 200 cubic mm 

and then placed into arms. At the points indicated for each study, mice were dosed with the 

indicated quantities of SAH5-EJ1 or diluent (control arms) and monitored. Mice were sacrificed 

and tumor lysates were produced immediately. Antibodies were purchased from Cell Signaling 

(Danvers, MA) – pCaMKII (D21E4), AKT (9272), IKKα (11930), pEGFR Y845 (2231), Santa Cruz 

Antibodies (Dallas, TX) – EGFR 1005, and Sigma-Aldrich – dpERK (1/2) (M7802), β-actin (A5441). 

Western blotting was performed as previously described in152. 

 

Mouse model; inflammatory breast cancer. 26 female SCID mice were injected with 0.1 mL of 

a cell solution containing 3.84 x 10^6 SUM149 cells resuspended in Trevigen and sterile saline 

at site L4. Mice were incubated for 35 days to allow tumor growth prior to injection of SAH5-

EJ1, and randomized into 3 groups, N=8 mice/group. Injections of 5 µg/g or 0.5 µg/g in 0.1 mL 

volumes of SAH5-EJ1 were administered via tail vein every 3 days for 31 days until the 

administration route changed to intraperitoneal injections through the conclusion of the study. 

Control injections of equal volumes of sterile water were also performed. All animals were 
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maintained as outlined by University of Arizona Institutional Animal Care and Use Committee 

(IACUC) by the Experimental Mouse Shared Resource (EMSR). 

 

Toxicity study. Toxicology was performed by IITRI. The study was conducted in compliance with 

the U.S. Food and Drug Administration (FDA) Good Laboratory Practice (GLP) Regulations (Code 

of Federal Regulations Title 21 Part 58) to evaluate the toxicokinetics, local tolerability, 

immunogenicity, and potential toxicity of SAH5-EJ1 following three times per week intravenous 

(IV) dosing for 28 days in mice. Male and female CD-1 IGS [Crl:CD1(ICR)] mice (135 per sex) 

were received from Wilmington, MA-based Charles River Laboratories, Inc.’s Kingston facility 

(Stone Ridge, NY).  

 

Patient-derived xenografts; breast and lung. The following PDX mouse models were generated 

by Jackson Labs (Sacramento, CA): Breast TM01278; Grade 3 invasive ductal carcinoma, primary 

malignancy; EGFR inactivating R521K mutation; ERBB3 G1288A mutation in kinase domain with 

unknown effects on activity; increased EGFR/ERBB2/ERBB3. Lung TM00784; Grade 3 lung 

adenocarcinoma, primary malignancy; EGFR activating L858R mutation; increased EGFR, 

decreased ERBB2/ERBB3/ERBB4. All animals were maintained as outlined by University of 

Arizona Institutional Animal Care and Use Committee (IACUC) by the Experimental Mouse 

Shared Resource (EMSR).  

 

Patient-derived xenografts; glioblastoma. Patient samples used were provided by the Biobank 

Core Facility at Barrow Neurological Institute. Samples were de-identified and conformed to the 
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Biobank IRB protocol. Patient-derived cell lines (GB16 and GB71) were established from 

resected primary GBM tumor tissue. Tissue was processed using the Gentle MACS Dissociator 

and Tumor Tissue Dissociation kit (Miltenyi Biotec Inc.; Auburn, CA). Animal husbandry was 

performed according to the guidelines of St. Joseph Hospital and Medical Center and Barrow 

Neurological Institute under the Institutional Animal Care and Use Committee–approved 

protocol. Five- to six-week-old CrTac: NCr-Foxn1nu nude mice (Taconic Biosciences; Hudson, NY) 

were used for in vivo orthotropic transplant of luciferized murine glioma model (Ink4a/ARF-/-; 

hEGFRvIII)203. For orthotopic transplants, 2 μL of dissociated cells at a density of 100 000 

cells/μL were injected in the right striatum, as described previously203,204. In vivo tumor growth 

was measured by IVIS xenogen bioluminescence imaging (BLI) system after IP injection of 150 

mg/kg Luciferin (Gold Biotechnology; St, Louis, MO) every week after one-month post-surgery. 

Tumor-bearing animals were euthanized at the onset of neurological symptoms.  

 

Glioblastoma cell viability assay. Cells were expanded as neurospheres in tissue culture dishes 

coated with poly-(2-hydroxyethyl methacrylate) (Sigma-Aldrich) or grown adherent on laminin 

(Fisher), in DMEM and F12-Glutamax supplemented with B27 and N2 (Fisher), in the presence 

of 20 ng/mL EGF and 20 ng/mL FGF2 (Millipore). For dose response curves, 10 000 cells/well 

were plated on a laminin-coated 96-well. Cells were treated the following day with indicated 

doses of either the control peptide or SAH5-EJ1. The cell viability was assessed 48 hours post-

treatment with Cell Titer Glo (Promega; Madison, WI) and a Tecan plate reader. 
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Results: 
Hydrocarbon stapeling of EJ1 increases intracellular activity  

We have previously demonstrated treatment of breast tumors in vivo with a peptide 

directed against the juxtamembrane domain of the HER protein family (EJ1) reduced tumor 

growth and metastasis but was rapidly cleared in vivo152. To enhance peptide stability, we 

introduced multiple variations of hydrocarbon stapling (Figure 1A; Table S1, Additional File 1), a 

chemical process which locks alpha-helices in a single native conformation197. Staples were 

oriented opposite the active face of the helix containing positively charged arginine residues, as 

well as away from sequences overlapping the nuclear localization sequence, the calmodulin 

binding domain, the dimerization domain, and the basolateral targeting sequence (Figure 1B). 

Of the 5 attempted conformations, SAH2-EJ1 and SAH3-EJ1 were incapable of being 

synthesized. Comparison of unstapled EJ1 to SAH-EJ1 treatment on cell viability in MDA-MB-

468 breast cancer cells showed that all three staple conformations enhanced the efficacy of EJ1 

(IC50 = 18 µM; SAH1-EJ1 [IC50 = 10 µM]; SAH4-EJ1 [IC50 = 10 µM]; and SAH5-EJ1 [IC50 = 2.5 

µM]). The most significant decrease in cell survival was observed with SAH5-EJ1 treatment 

(more than 7-fold; Figure 1D). We had previously observed EJ1 induced membrane blebbing 

and the creation of vacuolar compartments during cell death as a part of necrosis (evaluated by 

the nuclear release of HMGB1), and we found a similar phenotype upon treatment with SAH5-

EJ1 (Figure 1F)152.  

 We additionally created a stapled control peptide (SAH5-CP) in which the basic residues 

of the peptide face were replaced with acidic residues, and the peptide was similarly stapled 

(Figures 1A, 1C). We had previously shown that single amino acid substitutions in each of the 

tripartite basic regions of EJ1 could alleviate function152. Here we demonstrate that modifying a 
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similar peptide with hydrocarbon stapling enhanced the function of this control as well. While 

the control still has significantly impaired function compared to the parental peptide, it did 

retain some activity (Figure 1E). In MDA-MB-468 breast cancer cells, complete cell death is 

achieved with 4 µM treatment of SAH5-EJ1 after one day, while the same concentration of the 

control peptide results in only 25 percent cell death. Doubling the concentration of this peptide 

results in 70 percent cell death (Figure 1E).  
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10: Figure 3.1: Hydrocarbon stapling leads to increased EJ1 activity in comparison to HER-directed monoclonal therapies 

 
Figure 3.1: Hydrocarbon stapling leads to increased EJ1 activity in comparison to HER-directed monoclonal 
therapies. a EJ1 sequence with PTD4 domain (underlined) corresponding to EGFR juxtamembrane domain 
sequence 643–663. Stabilized alpha helix (SAH) variations 1–5 beneath, with asterisks (*) indicating sites of staple. 
Control peptide (CP) with altered residues indicated by double underline. Stapled control (5) asterisks (*) indicate 
sites of staple. B Cartoon representation of EJ1 structure, with staple variation 5 highlighted. Positively charged 
residues indicated in blue, negatively charged residues in red205. c Cartoon representation of CP structure, with 
staple variation highlighted. d Cell viability assay performed in MDA-MB-468 cells after 24 h comparing unstapled 
EJ1 versus staple variations SAH1, SAH4, and SAH5, with increasing concentrations. e Visualization of MDA-MB-468 
cells untreated, treated with 10 µM EJ1, and 10 µM SAH5-EJ1 after 60 min. Scale bars represent 50 µm. f–h Cell 
viability assay performed in MDA-MB-468, MCF10A, or CHO cells over 3 days comparing treatment with Sapitinib 
(blue lines), SAH5-EJ1 (red lines), and SAH5-CP (grey lines). Solid lines represent 24 h; dashed lines represent 
72 h. i Cell viability assay performed in BT474 cells over 3 days comparing treatment with Trastuzumab (µg/mL) 
(blue) to SAH5-EJ1 or SAH5-CP (µM) (red and grey, respectively). p < 0.001 in all cases unless indicated by NS for 
p > 0.05. Data shown in d, f, g–i represent mean ± percent difference of assays performed in triplicate 
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To determine if this effect was due to the dependence of MDA-MB-468 cells on HER1 

(HER1 is amplified in this cell line)206 we tested two additional cell lines; MCF10A, an 

immortalized breast mammoplasty cell line that expresses HER1 but not HER2207,208,209 and 

Chinese Hamster Ovary (CHO) cells, which express HER2 but not HER1210. Additionally, we 

compared SAH5-EJ1 and the stapled control peptide (SAH5-CP) to the pan-HER kinase inhibitor 

Sapitinib (AZD8931), selected due to its simultaneous targeting of both HER1,HER2, and 

HER3211. In MCF10A breast cells with non-amplified HER1, we found that while the cells 

responded to Sapitinib (demonstrating at most a 70 percent reduction after 72 hours of 

treatment – dashed blue lines), complete cell death was not observed with SAH5-EJ1 until a 

concentration of 10 µM (Figure 1G). Additionally, the control peptide had no significant effect 

on MCF10A cells at any concentration tested. Next, we compared SAH5-EJ1 and Sapitinib in 

HER1 negative and HER2 positive CHO cells152. We found that Sapitinib has limited efficacy, but 

SAH5-EJ1 does induce significant cell death between 5 and 10 µM (Figure 1H – red lines).  

  Given the efficacy of SAH5-EJ1 against HER2-expressing cell lines (13 percent cell 

viability versus 67 percent at 5 µM – Figures 1H and 1G respectively), we next tested SAH5-EJ1 

versus the monoclonal antibody therapy Trastuzumab (Herceptin) (anti-HER2 antibody), also 

monitoring responses in cells with therapeutic resistance to Trastuzumab. Importantly, the 

Trastuzumab-resistant cell lines are still capable of binding the antibody to cell surface 

receptors and do not present with reduced levels of HER2 expression; rather, the resistance is 

driven through loss of cyclin-dependent kinase inhibitor p27 expression in the nucleus212. Using 

the HER2-amplified BT474 breast cancer cell line, both Trastuzumab-sensitive (Parental) and 

Trastuzumab-resistant (Resistant) cells were treated with increasing dosages of Trastuzumab, 
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SAH5-EJ1, or SAH5-CP, beginning with 2.5 µg/mL (Trastuzumab) or 2.5 µM (peptides), 

respectively. Parental cell survival decreased to approximately 25 percent after three days of 

treatment with Trastuzumab (Figure 1I, solid blue bars); as expected, Trastuzumab-resistant 

cells maintained almost 50 percent cell survival (Figure 1I, cross-hatched blue bars). However, 

both parental and resistant BT474 cells demonstrated significant responses to SAH5-EJ1, 

particularly at 10 µM doses (resulting in approximately 50 percent and 5 percent cell survival, 

respectively; Figure 1I, solid and cross-hatched red bars), highlighting the potential of SAH5-EJ1 

as a therapeutic option in cancers that have become resistant to Trastuzumab. No response 

was observed in cells treated with SAH5-CP, regardless of Trastuzumab resistance (Figure 1I), a 

trend also seen in CHO cells (Figure 1H). 

Evaluating the efficacy of SAH5-EJ1 to HER1 versus HER2 expressing cells indicate that 

HER1-expressing cells have increased sensitivity over HER2-expression alone. The partial 

response of HER1-expressing cells to the control peptide (MDA-MB-468 and MCF10A; Figure 1E 

and 1G, respectively) versus the lack of response HER2-expressing cells (CHO and BT474) would 

indicate that the peptide sequence is more sensitive to HER1, given the sequence is derived 

from HER1 and not HER2 (despite some conserved homology within the protein family).  
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11: Figure 3.2: SAH5-EJ1 enters cells, colocalizes with mitochondria, and survives in vivo, resulting in glioblastoma-derived cell 
death and glioma mouse model survival 

 
Figure 3.2: SAH5-EJ1 enters cells, colocalizes with mitochondria, and survives in vivo, resulting in glioblastoma-
derived cell death and glioma mouse model survival. A–C BT20 cells treated with Cy5.5-dye. A’ Cy5.5-only 
treatment, no SAH5-EJ1. B’ 10 µM Cy5.5-SAH5-EJ1. C’ 20 µM Cy5.5-SAH5-EJ1. Cells were incubated with 
Cy5.5 ± conjugation to SAH5-EJ1 (red) and mounted in DAPI (blue). Scale bars represent 50 µm. D–F Colocalization 
of SAH5-EJ1 with mitochondria in BT20 breast cancer cells. Cells were incubated with Cy5.5-SAH5-EJ1 (green) and 
MitoTracker Red (red). Single prime (‘) images represent single channel Cy5.5-SAH5-EJ1, double prime (“) images 
represent single channel MitoTracker Red. Arrowheads highlight changes in mitochondrial appearance. Scale bars 
represent 10 µm. G Mice were treated with Cy5.5-dye ± conjugation to SAH5-EJ1 and imaged after 30 min. Left 
mouse was treated with Cy5.5 dye through intravenous (IV) tail-vein injection. Middle mouse received Cy5.5-
conjugated SAH5-EJ1 through subcutaneous (SC) injection in the right flank. Right mouse was treated with Cy5.5-
conjugated SAH5-EJ1 through tail-vein (IV) injection. Experiment done in duplicate and representative images 
selected. Radiance scale provided on the left. H Luminescence distribution throughout organs. Cy5.5 dye only (left) 
versus Cy5.5-conjugated SAH5-EJ1 (right). B brain, H heart, Lu lung, K kidney, Liliver, S stomach. Radiance scale 
provided on left. I Cell viability assay performed in two glioblastoma-derived human cell lines (solid versus dashed) 
over 2 days comparing treatment with control peptide (CP) (grey lines) to SAH5-EJ1 (red lines). J Kaplan–Meier 
curve of glioblastoma mouse model treated with intravenous control peptide (blue) or 10 µg/g SAH5-EJ1 (red). 
Data shown represents mean. N = 6 for control, N = 4 for SAH5-EJ1. At the time of the GBM study, tumors formed 
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when compound was limiting. Therefore, while enough compound was present for 4 mice, any extra mice were 
placed into the control arm 

 

SAH5-EJ1 is effectively delivered intracellularly and throughout the body 
 To determine the localization and distribution of SAH5-EJ1, the NHS ester form of the 

far-red Cy5.5 fluorophore was conjugated to the peptide (Cy5.5-SAH5-EJ1). Treatment of HER1-

expressing BT20 breast cancer cells resulted in immediate uptake of SAH5-EJ1, with peptide 

distribution throughout the cell (Figure 2A-C). We have previously discussed the ability of HER1 

to be targeted to the mitochondria via the nuclear localization sequence, particularly in HER-

dependent cancers152,213,214,215. We also reported the unstapled EJ1 peptide colocalizes with the 

mitochondria and that this is key to reactive oxygen species (ROS) release, a primary 

mechanism of death by EJ1152. Treating BT20 cells simultaneously with Cy5.5-SAH5-EJ1 and 

MitoTracker Red revealed colocalization of SAH5-EJ1 with the mitochondria within 5 minutes 

(Figure 2D, arrowheads). Over 30 minutes, continued exposure of the cells to the peptide 

promoted a change in mitochondrial shape (Figure 2E, arrowheads), culminating in rupturing of 

the cell and the mitochondria, with corresponding decreases in SAH5-EJ1 and mitochondrial 

luminescence (Figure 2F, arrowheads).  

 To determine distribution of SAH5-EJ1 in vivo, Cy5.5-SAH5-EJ1 was injected into 

wildtype FVB mice using a subcutaneous (SC) or intravenous (IV) route, at 10 µg/g body weight 

dosages and visualized after 30 minutes and 24 hours (Figure 2 and Figure S1, Additional File 1). 

Control IV injections with the Cy5.5 fluorophore primarily displayed accumulation at the 

injection site in the tail (Figure 2G, left). SC injection of labeled SAH5-EJ1 also showed a strong 

fluorescent signal at the injection site (Figure 2G, middle). Alternatively, mice which received 

Cy5.5-SAH5-EJ1 tail vein injections presented with well-distributed peptide throughout the 
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body, with increased concentrations in the head (Figure 2G, right). The peptide was not 

detectable in plasma levels by 4 hours in male mice and 2 hours in female mice at the highest 

body weight dosage, and fluorescence was substantially reduced after 24 hours (Table 1; Figure 

S1, Additional File 1). It is possible a maximum solubility of the drug is reached at the lowest 

range of dosing, resulting in no observable change in total drug plasma concentration. To 

identify where Cy5.5 +/- SAH5-EJ1 accumulated in the mice, organs were collected post 24-hour 

in vivo imaging and examined for Cy5.5 fluorescence directly. In mice treated with only the 

fluorophore, filtering organs such as the liver and kidneys displayed the highest concentrations 

(Figure 2H, left). In contrast, IV-injections of Cy5.5-SAH5-EJ1 led to peptide distribution in all 

organs evaluated, with the highest concentrations in the kidneys and lungs, as well as 

observable signal in the brain, liver, and stomach (Figure 2H, right). Taken together, these data 

indicate that SAH5-EJ1, upon IV injection, is distributed throughout the body and can 

accumulate in the brain, potentially bypassing the blood-brain-barrier.  
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12: Table 3.1: SAH5-EJ1 concentration in male and female mouse plasma 

Male SAH-EJ1 Concentration (µg/mL) 

Treatment N 0.5 hours 1 hour 2 hours 4 hours 8 hours 24 hours 
Control 3 x BQL x x x x 

5 mg/kg 

6 1.04 0.548 BQL BQL BQL BQL 

6 1.36 0.603 BQL BQL BQL BQL 

6 0.658 BQL BQL BQL BQL BQL 

Average 1.02 ± 0.35 0.576 ± 0.039 -- -- -- -- 

10 mg/kg 

6 0.684 0.568 BQL BQL BQL BQL 
6 0.514 0.589 BQL BQL BQL BQL 

6 0.716 0.839 BQL BQL BQL BQL 

Average 0.638 ± 0.11 0.665 ± 0.150 -- -- -- -- 

15 mg/kg 

6 0.75 BQL BQL BQL BQL BQL 

6 1.07 0.63 0.551 BQL BQL BQL 

6 0.884 0.683 BQL BQL BQL BQL 

Average 0.901 ± 0.16 0.657 ± 0.037 0.551 -- -- -- 

        

Female SAH-EJ1 Concentration (µg/mL) 

Treatment N 0.5 hours 1 hour 2 hours 4 hours 8 hours 24 hours 

Control 3 x BQL x x x x 

5 mg/kg 

6 0.561 BQL BQL BQL BQL BQL 
6 0.555 0.508 BQL BQL BQL BQL 
6 0.59 0.55 BQL BQL BQL BQL 

Average 0.569 ± 0.019 0.529 ± 0.030 -- -- -- -- 

10 mg/kg 

6 0.53 0.565 BQL BQL BQL BQL 
6 0.616 BQL BQL BQL BQL BQL 
6 0.539 0.518 BQL BQL BQL BQL 

Average 0.562 ± 0.047 0.542 ± 0.033 -- -- -- -- 

15 mg/kg 

6 0.508 0.588 BQL BQL BQL BQL 
6 0.599 BQL BQL BQL BQL BQL 
6 BQL 0.55 BQL BQL BQL BQL 

Average 0.554 ± 0.064 0.569 ± 0.027 -- -- -- -- 

 
Table 3.1: SAH5-EJ1 concentration in male and female mouse plasma. Blood collection time point day 1 taken at 
0.5, 1, 2, 4, 8, and 24 hours post tail-vein injection. Average values represent peptide concentration +/- standard 
deviation. N represents number of mice per group. x represents time points at which blood collection was not 
required. BQL represents below quantifiable limits (0.5 µg/mL). Three mice were bled at each time point. 
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SAH5-EJ1 promotes cell death in EGFRvIII glioblastoma-derived cell lines and increases 

survival in mouse models 

 Given the ability of SAH5-EJ1 to accumulate in the brains of injected mice, we wanted to 

evaluate its efficacy in the EGFRvIII mutant model of brain cancer. Glioblastoma multiforme is 

characterized as an aggressive disease driven by EGFR amplification and mutations, limited in 

therapies due to the challenge of crossing the blood-brain-barrier216,217,218. To evaluate the 

potential efficacy in this model, we treated patient-derived cell lines containing an EGFRvIII 

mutation in vitro. We found that SAH5-EJ1 resulted in significantly greater cell death at doses as 

low as 5 µM (Figure 2I, red lines), compared to the almost 100 percent survival after 48 hours of 

treatment with a control peptide (Figure 1A; Figure 2I, grey lines). Given this strong efficacy in 

vitro, we next examined the therapeutic potential of SAH5-EJ1 in an orthotopic EGFRvIII 

glioblastoma mouse model and found that treatment with 10 µg/g body weight dosages of 

SAH5-EJ1 significantly prolonged survival, with 75 percent of the mice still alive after 72 days 

(the only mouse death occurred after 70 days from a non-neurological disease) (Figure 2J, red 

line) in comparison to only 16 percent of mice alive in the control peptide cohort (Figure 2J, 

blue line). These data demonstrate that SAH5-EJ1 has strong therapeutic potential in EGFRvIII 

mutant glioblastoma and we next set out to evaluate its efficacy in lung and breast cancers. 
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13: Figure 3.3: SAH5-EJ1 inhibits growth and prolongs survival in PDX models of lung cancer 

 
Figure 3.3: SAH5-EJ1 inhibits growth and prolongs survival in PDX models of lung cancer. A-B. Cell viability assays 
performed in A549 or EGFR T790M mutated H1975 lung adenocarcinoma cells over 3 days comparing treatment 
with Sapitinib (blue lines) to SAH5-EJ1 (red lines). Solid lines represent 24 hours; dashed lines represent 72 hours. 
Data shown represent mean +/- percent difference of assays performed in quadruplicate. C. Reduction in tumor 
burden in Erlotinib-resistant lung cancer PDX mouse model TM00784 with various doses of intravenous SAH5-EJ1. 
Control represents water as a vehicle control. *p<0.05 (Control vs 1 µg/g); **p<0.01 (Control vs 1 µg/g and vs 10 
µg/g). D. Kaplan-Meier curve of lung PDX mouse model treated with control (blue line) or either 1 or 10 µg/g SAH5-
EJ1 (green line and red line, respectively). Data shown represent mean. N=6 for all groups.  
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SAH5-EJ1 is effective in vitro and prolongs survival in PDX models of lung cancer within a 

therapeutic window 

 Approximately 10 percent of lung adenocarcinomas are driven by HER1 upregulation 

and kinase domain activating mutations, with HER1-targeted TKIs such as Sapitinib as standard 

of care for these tumors219,220,221. Sapitinib is capable of targeting HER1-3, making it a 

potentially more potent inhibitor of HER-driven cancers and is particularly effective against HER 

mutants211. We first evaluated the efficacy of SAH5-EJ1 compared to Sapitinib in lung 

adenocarcinoma cell lines representing wildtype HER1 (A549) and the HER1 T790M mutation 

(H1975)222,173. In both lines, cells were significantly more responsive to SAH5-EJ1 treatments 

than Sapitinib (Figure 3A, 3B). This was demonstrated at both 24 and 72 hours, where SAH5-EJ1 

reduced cell survival to less than 5 percent with a 10 µM dose in the HER1 wildtype line (Figure 

3A, red lines), and 100 percent cell death after 72 hours in the mutated HER1 line with a 10 µM 

dose (Figure 3B, comparing dashed red line to dashed blue line).  

 We next investigated the potential efficacy of SAH5-EJ1 in the mouse model of a 

patient-derived lung adenocarcinoma in which the patient had been treated with the TKI 

Erlotinib (targets HER1) and had developed resistance (TM00784). IV injection of either 1 µg/g 

or 10 µg/g body weight dosages resulted in more than a 50 percent decrease in average tumor 

burden (Figure 3C). In association with the slowed tumor growth rate was a corresponding 

increase in survival, with mice treated with low- or high-dose SAH5-EJ1 living 1.7X longer than 

control-treated mice (Figure 3D, green line and red line, respectively). There was no detected 

toxicity observed in the model within the therapeutic window, again emphasizing the potential 
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therapeutic usage of SAH5-EJ1 in HER-driven cancers, even in those with resistance to other 

HER-directed therapies. 

 

SAH5-EJ1 inhibits basal models of breast cancer 

We next examined the efficacy of SAH5-EJ1 in a patient-derived xenograft of grade 3 

invasive ductal breast carcinoma (TM01278) with increased expression of HER1 (with an R521K 

mutation that reduces ligand binding223) and increased expression of HER3 (carrying a G1288A 

mutation in the kinase domain224). SAH5-EJ1 treatment slowed tumor growth, with a significant 

difference in efficacy with 1 µg/g and 10 µg/g SAH5-EJ1 compared to the control treatment 

(Figure 4A). We also demonstrated a 2.5-fold increase in survival when treated with 1 µg/g 

SAH5-EJ1 (Figure 4B, green versus blue lines). However, all remaining mice treated with 10 µg/g 

SAH5-EJ1 had to be sacrificed after 41 days on the study due to toxicity at the injection site, a 

trend seen with increasing concentrations of the peptide (Figure 4B, red asterisks; Table S2, 

Additional File 1). Taken together with basal breast cancer cell data previously introduced 

(Figure 1I), these data indicate that SAH5-EJ1 can function both in vitro and in vivo for targeting 

breast cancers, including those with Trastuzumab resistance.  
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14: Figure 3.4: SAH5-EJ1 effectively treats models of basal and inflammatory breast cancers while increasing survival 
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Figure 3.4: SAH5-EJ1 effectively treats models of basal and inflammatory breast cancers while increasing 
survival. A. Changes in tumor burden in breast cancer PDX mouse model TM01278 with various concentrations of 
intravenous SAH5-EJ1. Control represents water as a vehicle control. *p<0.05 (Control vs 1 µg/g); **p<0.01 
(Control vs 1 µg/g and vs 10 µg/g). N = 6 for each condition. B. Kaplan-Meier curve of breast PDX mouse model 
treated with control (blue) or either 1 or 10 µg/g SAH5-EJ1 (green and red, respectively) (red asterisks indicate 
time point at which mice could no longer receive injections due to site toxicity). Data shown represent mean. N=6 
for all groups. C. Cell viability assay performed in SUM149 cells over 3 days comparing treatment with Sapitinib 
(blue) to SAH5-EJ1 (red) and SAH5-CP (grey). Solid lines represent 24 hours; dashed lines represent 72 hours. Data 
shown represent mean +/- percent difference of assays performed in triplicate. D. Kaplan-Meier curve of 
inflammatory breast cancer SUM149-injected mouse model treated with injected control (water) (blue) or either 
0.5 or 5 µg/g SAH5-EJ1 (green and red, respectively). Data shown represent mean. N=8 for all groups. E. Changes in 
tumor burden in SUM149-generated tumors with various doses of SAH5-EJ1. Control represents water (blue). 
Arrow indicates transition from intravenous (IV) SAH5-EJ1 injections to intraperitoneal (IP) on day 64. **p<0.01 
(Control vs 0.5 µg/g and vs 5 µg/g). Data shown represent mean +/- standard deviation. N=8 for all groups. F. 
Images of mouse tumors taken on Day 116. Arrowheads indicate tumor site. Representative images selected. N=8 
for each condition. G. Lysates were taken from tumors in mice injected with SAH5-EJ1 intravenously (IV) for 31 
days of the study or mice transitioned to intraperitoneal flank (IP) injections for the remainder of the study. 
Control lanes represented by untreated SUM149 cells. Lysates separated by SDS-PAGE and molecular weights are 
indicated on the right. 

 

 

SAH5-EJ1 effectively targets triple negative inflammatory breast cancer  
 Inflammatory breast cancer is an aggressive form of breast cancer, presenting with low 

disease-free progression and commonly associated with amplifications and overexpression of 

the HER proteins225,226,227. Current standard of care includes treatment with HER TKIs, often in 

combination with surgical resection228,229,230. However, therapeutic resistance is common, 

indicating a possible advantage in an HER-targeted therapeutic directed at the juxtamembrane 

domain.  

 We evaluated the efficacy of SAH5-EJ1 versus the TKI Sapitinib in the inflammatory 

breast cancer line SUM149 in vitro222. SAH5-EJ1 was significantly more effective than Sapitinib 

after 24 hours, decreasing cell viability to less than 20 percent with 5 µM doses (Figure 4C, solid 

red line). In contrast, Sapitinib demonstrated no reduction in cell viability when treated after 24 

hours, even at the highest dosage of 10 µM (Figure 4C, solid blue line). When incubated for 3 

days at 10 µM doses, Sapitinib was able to reduce viability to 35 percent (Figure 4C, dashed 
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blue line) with SAH5-EJ1 reducing viability to zero (Figure 4C, dashed red line). These data 

indicate that in inflammatory breast cancer, SAH5-EJ1 is more effective at inhibiting cell survival 

in vitro.  

 We next wanted to examine the effects of SAH5-EJ1 in inflammatory breast cancer in 

vivo. NOD-SCID mice were injected with SUM149 cells embedded in extracellular matrix 

(Trevigen) in the mammary fat pad and tumors were allowed to establish (approximately 200 

cubic mm). IV injection occurred every three days (starting at day 35) for one month until SAH5-

EJ1 administration was changed to intraperitoneal (IP) injections through the end of the study, 

due to reactivity at the injection site (Figure 4E, arrow). Injection of SAH5-EJ1 (0.5 µg/g or 5 

µg/g body weight dosages) resulted in a significant reduction in tumor burden, a trend 

maintained through the end of the study (Figure 4E). Of note, within 55 days of treatment with 

SAH5-EJ1, all animals on the study showed no residual tumor burden. To evaluate the effects of 

treatment on overall survival, animals continued treatments for up to 203 days. By the end of 

the study, more than 40 percent of the SAH5-EJ1 treated mice remained with relatively low 

tumor burdens and were sacrificed upon the completion of the study, in contrast to the entire 

control group population which was sacrificed due to excessive tumor burden (over 2000 cubic 

mm) (Figure 4D). Over time, resistance occurred, with 9/16 treated mice displaying tumor 

regrowth. In addition to a reduction in tumor mass, we also found the inflammatory nature of 

the tumor also regressed upon treatment, and the wounds healed to almost complete closure 

(Figure 4F, arrowheads). Note that both 0.5 µg/g and 5.0 µg/g body weight dosages were 

sufficient to induce near-complete regression, with the 0.5 µg/g cohort also presenting with 

overall longer survival (Figure 4E). When lysates were taken from the tumors, we observed 



 95 

significant reductions in total EGFR, phosphorylated EGFR, MAP Kinase (dpERK), and IKKα, while 

an increase total levels of AKT was also observed (Figure 4G).  

Finally, we confirmed the maximum tolerated dose of SAH5-EJ1, evaluating 5, 10 and 15 

mg/kg body weight dosages (Table S3, Additional File 1). Although the injection site 

reactogenicity was seen following intravenous injection of SAH5-EJ1 at all three dose levels 

evaluated, no evidence of any systemic or target organ toxicity was seen at any dose level after 

a 28-day repeat toxicity study (Table S2 and S4, Additional File 1). At 15 mg/kg, one male animal 

died from unknown causes and was classified as an accidental death. Therefore, 10 mg/kg was 

considered the no-observed-adverse-effect level (NOAEL). While the NOAEL level for SAH5-EJ1 

is 10 mg/kg, tumor ablation is achieved at 0.5 mg/kg in triple negative inflammatory breast 

cancer, demonstrating a safe therapeutic window. Increased spleen weights observed in 10 

mg/kg and 15 mg/kg-treated mice most likely resulted from extramedullary hematopoiesis, also 

knowns as “blueberry muffin baby syndrome”, an asymptomatic event in which red blood cells 

accumulate outside of the bone marrow107,231 (Table S5, Additional File 1). Increased spleen size 

is likely due to an increase red blood cell production associated with IV injection-affiliated cell 

death232. Clinical chemistry panels indicate that despite the high concentration of SAH5-EJ1 in 

the liver, liver function is not inhibited, with normal ranges of ALT/AST and total bilirubin (Table 

2)233. 
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15: Table 3.2: Liver enzyme function in male and female mouse plasma after 29 days SAH5-EJ1 treatment 

 Male Female 

 Control 5 mg/kg 10 mg/kg 15 mg/kg Control 5 mg/kg 10 mg/kg 15 mg/kg 

BUN 
(mg/dL) 

30 ± 9.7 26 ± 2.2 31 ± 7.3 23 ± 2.9 22 ± 5.2 19 ± 2.2 19 ± 3.0 22 ± 2.5 

ALP (IU/L) 54 ± 12.9 68 ± 13.8 73 ± 19.7 58 ± 10.5 95 ± 38.8 88 ± 33.2 70 ± 48.4 62 ± 18.4 

ALT (IU/L) 107 ± 29.7 124 ± 71.5 96 ± 28.3 67 ± 32.3 88 ± 22.8 79 ± 35.0 61 ± 18.5 90 ± 27.2 

AST (IU/L) 87 ± 28.5 92 ± 28.6 83 ± 23.6 63 ± 13.5 107 ± 16.2 80 ± 8.3 ** 83 ± 19.0 93 ± 12.5 

TBIL 
(mg/dL) 

0.1 ± 0.04 0.2 ± 0.05 0.2 ± 0.04 0.2 ± 0.05 0.2 ± 0 0.2 ± 0.05 0.1 ± 0.05 0.1 ± 0 ** 

N 5 4 5 4 5 5 5 4 

 
Table 3.2: Liver enzyme function in male and female mouse plasma after 29 days SAH5-EJ1 treatment. Blood 
collection for clinical chemistry analysis were collected via retro-orbital sinus puncture prior to scheduled necropsy 
on Day 29 and quantified using a Beckman Coulter AU480 Clinical System (Beckman Coulter; Brea, CA). Average 
values +/- standard deviation. N represents number of mice per group. BUN = blood urea nitrogen. ALP = alkaline 
phosphatase. ALT = alanine aminotransferase. AST = aspartate aminotransferase. TBIL = total bilirubin. **AST 
significance determined via ANOVA-DUNNETT analysis. **TBIL significance determined via Kruskal-Wallis-Dunn 
analysis. 

 

DISCUSSION: 
We have previously demonstrated the efficacy of therapeutics directed at the 

juxtamembrane domain of HER proteins152. Here we set out to determine the effects of 

stabilizing a peptide through α,α-hydrocarbon staples by examining changes in cancer cell 

viability and tumor progression. We found the stapled peptide was significantly more efficient 

at killing cancer cells, even when compared to current HER-directed therapeutics, both 

monoclonal antibodies and TKIs. SAH5-EJ1 also demonstrated increased efficacy in vivo, 

resulting in reduced tumor growth rates and prolonged survival. Taken together, these data 

indicate the improved therapeutic potential of the EJ1 peptide when stapled, particularly in 

comparison to standard HER-targeted cancer therapeutics. 

Current therapies are limited by their dependence to single receptors or specific protein 

sequences, which, if mutated, can render the therapy ineffective. Studies have shown that even 
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when treating HER2-positive breast cancer with Trastuzumab, only 35 percent of patients 

respond, due to mutations in the HER2 receptor or the activation of other tyrosine kinase 

pathways224,234. This problem may be avoided through SAH5-EJ1 juxtamembrane domain 

targeting, which demonstrated significantly greater efficacy when compared to Trastuzumab 

treatments in vitro (Figure 1I). Single-target therapies are also limited by HER-receptor 

cooperation, which promote activation of multiple downstream pathways, allowing signal 

transduction to remain unattenuated even with the inhibition of one of the receptors235. We 

have previously shown that using a peptide directed at the conserved domain of HER proteins 

promotes the formation of inactive HER dimers, overcoming this potential downfall152. 

Tyrosine kinase inhibitors are considered more effective than monoclonal antibodies as 

there remains more homology between HER1 and HER2 kinase domains, allowing for the 

potential targeting of multiple family members simultaneously236. However, given the proclivity 

of mutations to occur in the kinase domains, inhibitors have striking variations in efficacy in 

clinical trials, particularly in lung cancers, which present with HER2 kinase mutations in 10 

percent of lung adenocarcinomas and HER1 T790M mutations in more than 60 percent of 

cases237,238. In comparison, studies with over 2000 breast cancer subjects and 1100 lung cancer 

subjects found mutations in the juxtamembrane domain of HER1 in 0 percent and 0.07 percent 

of cases, respectively239,240,241,242. When compared to current TKIs, SAH5-EJ1 was significantly 

more effective, even in cancers with known tyrosine kinase domain mutations (Figure 3B), 

emphasizing the benefits of targeting a domain in which activating mutations are clinically 

rare240,243. Beyond the limitations currently described, the main therapeutic challenge 

associated with HER-driven cancers is the development of therapeutic resistance, primarily 
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driven by increased expression of HER family members. Yonesaka et al., demonstrated 

Cetuximab (Erbitux; targets HER1) resistance is driven by HER2 upregulation and re-sensitizing 

resistant cells to Cetuximab requires inhibition of HER2/HER3 heterodimers – highlighting the 

importance of a pan-HER therapeutic such as SAH5-EJ1244. We also observed therapeutic 

resistance in our models (Figure 4E), but as we did not remove the primary tumors, we cannot 

speculate on the effects of SAH5-EJ1 on metastatic sites. This will be the subject of future 

experiments.  

 Glioblastoma multiforme (GBM) is associated with HER1 mutations in more than 40 

percent of cases, particularly the EGFRvIII deletion mutation which alters the extracellular 

domain to inhibit ligand binding while resulting in a constitutively active conformation, an event 

frequently associated with therapeutic resistance216,245. Given the prominent role HER1 plays in 

promoting GBM, HER1-directed inhibitors such as Gefitinib and Erlotinib are frequently 

administered but have proven unable to penetrate the blood-brain-barrier, again highlighting 

the limitations of current HER-directed therapies216,246. As our data demonstrated efficacy 

against orthotopically implanted EGFRvIII PDX models, it is likely that SAH5-EJ1 can pass the 

blood-brain barrier, which is a subject of future studies. 

Inflammatory breast cancer (IBC) is characterized by poor patient survival, high rates of 

metastasis, and limited targeted therapies226,229. Given the lack of understanding in identifying 

the drivers of IBC, current therapies have been wide-ranging and relatively inefficient. COX-2 

(cyclooxygenase-2) has been demonstrated to be upregulated in IBC, known to moderate the 

production of estrogen and interact with both HER1 and HER2, driving invasion and migration in 

the stem-cell-like population of cancer, making it a possible therapeutic target. However, given 
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the ubiquity of COX-2 in healthy tissues as well as cancer, high toxicity levels of COX-2 inhibitors 

have limited therapeutic use in clinical trials227,247. Other therapies have tried to overcome 

upregulated Rho GTPase activity through a class of farnesyl transferase inhibitors, only to be 

limited by redundancies in Ras family member function and high toxicity levels248,249. Nuclear 

transcription factor NFκB is highly upregulated in IBC, along with overexpression of HER1 and in 

some cases, HER2 and HER3, and we observed a decrease in the NFκB mediator IKKα when 

treated with SAH5-EJ1 (Figure 4G). IBC is also characterized by increased expression of mucin 1 

(MUC1), which we have previously demonstrated is responsible for altering the localization and 

trafficking of the HER receptors, limiting HER-driven therapeutic efficacy191,250,251. IBC can also 

present with upregulation of HER3, known for dimerizing with HER2 and driving resistance to 

monoclonal antibody therapies, indicating the need for a therapeutic that targets multiple HER 

family members and can generate inactive dimers, such as SAH5-EJ1152,250. Future studies will 

investigate the lowest efficacious doses of SAH5-EJ1, but in this present study we have 

illustrated the success of SAH5-EJ1 at 0.5 µg/g body weight (Figure 4D, 4E, and 4F), well below 

the level of toxicity (Table S3, Additional File 1). 

 

Conclusions: 
Through 2015, therapeutic peptides in clinical trials are dominated by those targeted at 

extracellular targets (more than 90 percent), with less than 7 percent designed for intracellular 

targets252, indicating a clinical opportunity for a juxtamembrane-directed pan-HER therapeutic. 

Our data indicate that SAH5-EJ1 is a highly efficacious HER-targeted therapeutic, capable of 

reducing oncogenic activity in multiple cancers, both in vitro and in vivo. Additions of 

hydrocarbon stapling have optimized the efficacy of the peptide, including increased cell death 
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and prolonged animal survival, allowing us to use lower concentrations within a therapeutic 

window ideal for the treatment of breast and lung cancers, including those with drug resistant-

tumors. 

 
 
List of Abbreviations:  
ALP : alkaline phosphatase; ALT : alanine aminotransferase; ANOVA : analysis of variance; AST : 
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Peptide 1; EMSR : Experimental Mouse Shared Resource; ERBB : epidermal growth factor 

receptor; FDA : Food and Drug Administration; GBM : glioblastoma multiforme; GLP : Good 

Laboratory Practice; HER : human epidermal growth factor receptor; HMGB1 : high mobility 

group protein B1; IACUC : Institutional Animal Care and Use Committee; IBC : inflammatory 

breast cancer; IITRI : IIT Research Institute; IP : intraperitoneal; IV : intravenous; MTT : 3-(4,5-
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adverse-effect level; NOD-SCID : Non-obese diabetic severe combined immunodeficiency; PDX : 

patient-derived xenograft; ROS : reactive oxygen species; SAH : stable alpha helix; SAH5-CP : 
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Follow up SAH5 study 
 

Ben Atwell, Barbara Sands, Joyce Schroeder 

Introduction: 
The publication above demonstrates the efficacy of a stabilized EGFR targeting peptide, 

SAH5, to kill cancer cells in vitro and reduce the growth of an inflammatory breast cancer 
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xenograft in vivo. In that study we found a similar reduction in tumor growth at drug 

concentrations between 0.5 and 10 ug/g body weight. We designed the present experiment to 

determine the ic50 of SAH5 using a lower dose curve on SCID mice with SUM149 xenografts. 

We initially used 3 treatment arms at (0.05, 0.1, and 0.5ug/g) IP injections plus a saline control 

and found a dose dependent reduction in tumor growth but no regression. We then added a 4th 

treatment arm at 0.5ug/g IV injection to determine if IV could increase drug delivery and 

therefore have a greater effect on the tumor. We found that 0.5ug/g IV treated tumors 

responded better than IP, however, this response was still just a reduction in growth with no 

regression.  

 

Materials and Methods: 
 Mice: 50 female Nod-SCID-Gamma mice were obtained from the Jackson. These mice 

were entered into the study at (16 weeks of age). At the time of xenograft injection isoflurane 

was used to render mice unconscious. While unconscious, ear punches were taken for 

identification, and Nair™ was used to remove hair from the injection site.  

 Xenografts: Sum149 cells were suspended in Trevigen at 1 x 107  cells/mL immediately 

before injection and kept on ice to prevent Trevigen from hardening. 100uL of the Trevigen cell 

suspension were injected into mammary fat pad number R4. Xenografts were measured twice 

weekly until a volume of 500mm3 was reached.  

 SAH5 injections: 70 mice were separated into 7 arms of study including a saline control 

and 3 concentrations (0.05, 0.1, and 0.5ug/g) of both IP and IV injections. Injections were given 

twice weekly until either no tumor was detected for 2 weeks or tumor burden of 2000mm3 was 

reached at which point the animal was sacrificed and tissues were harvested. At the time of 
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each injection mice were weighed and tumors were measured and inspected for visual 

abnormalities including necrosis.  

 

Results:  
 Tumor growth: In our previous publication the drug injections were performed by the 

EMSR core facility at the U of A. In that study the drug injections were originally planned to be 

delivered IV, but EMSR reported damage to the tail after several injections and switched to IP 

injections for the remainder of the study. As a result, we started our experiment using IP 

injections. We found a dose dependent reduction in tumor growth with IP injections compared 

to saline. The reduction in tumor burden was less than we had observed in the previous study, 

even at 0.5ug/g which was previously used. We then added a 0.5ug/g IV group to determine if 

the site of injection was altering the tumors response. The 0.5ug/g IV showed the best 

reduction in tumor growth, like that observed in the previous study.  
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16: Figure 3.5 Reduction in tumor growth upon SAH5 treatment 

 
Figure 3.5 Reduction in tumor growth upon SAH5 treatment. IP injections showed a modest 
reduction in tumor growth with a slight dose response. Tumors treated with IV injections had the 
greatest reduction in tumor growth.  
 

 

 

Toxicity: We observed adverse side effects upon injection of SAH5 both IV and IP that 

increased in severity in a dose dependent manor. With IV injection, we observed restriction of 

the tail vein after injection of approximately 30uL or 1-2 seconds regardless of concentration. 

This constriction was not observed with saline injection at the same volume. Constriction in the 

vein prevented further drug delivery for fear of rupturing the tail vein. Additionally, after 

injection, the tail spasmed for several seconds, spinning around like a helicopter. After 
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approximately 2 weeks we observed necrosis in the tip of the tail, perhaps indicating a 

restriction in blood flow or tissue damage induced by the peptide. IP injections induced visible 

cramping in the mice as their waist constricted and felt firm to the touch. While the mice had 

visible cramping they did not move and were hunched over their mid-section.  

 We took several steps to attempt to mitigate the side effects observed in the animals. 

We delivered all injections while mice were unconscious under isoflurane. After injection, mice 

were placed in a solo cage for observation until they were walking around as normal.  For IV 

injections, we tested using different volumes ranging from 10uL to 100uL to deliver the drug 

injection. We found that regardless of concentration we were able to inject approximately 30uL 

before the vein constricted. We therefor resuspended our peptide at 50, 100, and 500 ug/uL to 

ensure all injection volumes were between 20-30 uL. Mice that received IV injections did not 

appear to have any side effects as they woke up.  

To reduce the cramping in mice that received IP injection we developed a method to 

distribute the drug around the abdominal cavity after injection. While mice were unconscious, 

after IP injection, we performed 2 minutes of abdominal massage and manipulated their legs. 

Abdominal massage allowed distribution of peptide throughout the mid and upper abdomen, 

while manipulating their legs helped with the lower abdomen. Abdominal massage visible 

reduced the severity of cramping and reduced cramping time from 45 to 5 minutes.  

 

 

Discussion: 
 In the previous publication, similar tumor regression was achieved with SAH5 

concentrations ranging from 0.5 to 10 ug/g body weight. Additionally, injections were initially 
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given IV then switched mid study to IP injections. We established the present study to 

determine if an even lower concentration could be used, as well as determine the optimal site 

for injections. Comparing the 3 IP doses we see a dose dependent reduction in tumor growth, 

with 0.5ug/g giving the best results. We then added IV injections at the same concentration 

which further reduced tumor growth. This suggests the optimal injection regiment is IV 

injections at 0.5ug/g.  

This study also uncovered side effects induced by SAH5 although these side effects 

could be mitigated. Both IV and IP toxicity seemed to be the result of aberrant muscle 

contraction. We know from previous work that SAH5 induces calcium signaling in tumor cells. 

SAH5 toxicity is likely due to the induction of calcium signaling in musculature resulting 

contraction around the injection site. We are currently testing calcium channel inhibitor to be 

used in conjunction with SAH5 to reduce these side effects.  
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Chapter 4: 
 

Discussion 
 

Canonical EGFR Drug Development: 
EGFR is among the most studied proteins in human biology with roles in development, 

growth, proliferation, and cell migration. These roles were identified by observing the effects of 

EGFR and ligand knockouts in cell lines and mice. EGFR was found to be required for 

development as homozygous knockouts were lethal7. Heterozygous knock outs, however, 

uncovered roles for EGFR in the development of several tissues including skin, fur, gut, and 

mammary glands. Using knockout lines for individual ligands a more complex story began to 

emerge29. It was found that individual EGFR ligands were expressed at different times within 

the same tissue. It was also discovered that knockouts of individual ligands gave very different 

phenotypic results in mice, contrary to drosophila where ligand knockouts all appear to have 

similar phenotypes. These animal models were critical to understanding the roles of EGFR and 

its ligands in development. 

At the same time, EGFR was found to be a driver in several cancer types. EGFR and its 

ligands were found to be overexpressed leading to an amplification in signaling. These signaling 

events can be the same as EGFR drives during development. By understanding how EGFR was 

activated, researchers were able to develop antibodies that bound EGFR, preventing ligand 

binding or activation128,253. Antibody based therapies are successful against cell surface EGFR 

and reduces EGFR driven cancer. However, tumors typically become resistant to antibody 

therapies in a few ways. EGFR can become antibody resistant by acquiring a mutation that 
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either alters the epitope of interest or activates its kinase domain independent of ligand or 

being internalized into the cell.   

EGFR mutations are commonly observed in highly mutagenized tumors such as those in 

the lung254. EGFR mutations most often occur within the ATP binding pocket of the kinase 

domain. These mutations allow EGFR to phosphorylate target proteins in the absence of ligand 

stimulation. In response to these mutations and their ability to drive tumor progression several 

generations of TKI have been produced that block EGFR kinase function. Later generations of 

these TKI’s have been developed to specifically target mutant EGFR while leaving WT EGFR 

unaffected, reducing their toxicity138. TKI’s, as the name suggests are particularly good at 

blocking the kinase activity of EGFR and other RTK’s, however, tumors can still develop 

resistance. TKI resistance can occur when EGFR develops additional mutation that prevent the 

TKI from binding the ATP pocket. Several generations of TKI have been generated to respond to 

mutations. These TKIs are used strategically in the clinic, saving later generation TKI’s for 

recurrent tumors as they can better target the mutations that most often drive recurrence. 

EGFR can also become resistant to TKI when it relies on kinase independent functions. In some 

tumors, EGFR is resistant to both antibodies and TKI’s due to the gain of non-kinase functions 

predominantly in the nucleus.  

 

Nuclear Roles for EGFR: 
EGFR and other RTK’s also have many non-kinase functions, with many roles in the 

nucleus (reviewed in107,106). As we explore the possibility of targeting the nuclear localization of 

EGFR in cancer, it is important to appreciate the physiological roles for nEGFR. The nuclear 

localization of EGFR was first observed in regenerating rat hepatocytes255. Since then, nEGFR 
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has been observed in developing tissue, wound healing, tissue regeneration, and cancer. The 

retrograde trafficking and nuclear accumulation of EGFR is also seen in response to DNA 

damaging agents like cisplatin and radiation. nEGFR is linked to phenotypes like, transcriptional 

regulation, increased proliferation, chemo and IR resistance and DNA replication and repair. 

Taken together, physiological retrograde trafficking of EGFR is induced by major 

stressors that might affect epithelial layers like radiation and wounds. It remains unclear exactly 

how radiation induces the retrograde trafficking of EGFR, although we do know that it is 

independent of ligands256. We do however understand the steps behind EGFR retrograde 

trafficking during wound healing and cancer progression. Both wounds to epithelial layers, and 

cancer progression disrupt cellular polarity. Loss of polarity alters the interactome of EGFR, 

resulting in Muc1 binding and loss of ubiquitylation98. Loss of ubiquitylation alters the 

trafficking fate of EGFR from lysosomal degradation to nuclear trafficking. Once in the nucleus, 

EGFR will induce the phenotypes mentioned above. nEGFR is correlated with more aggressive 

tumors and worse prognosis in several tumor types including breast, ovarian, oropharyngeal, 

gallbladder, and lung cancer.  

The nuclear functions of EGFR outline the need for targeted therapeutics to combat 

nEGFR. To date several drugs have been developed to target these functions, with varying 

degrees of success. Most of these drugs function by inhibiting the accessory proteins in the 

nucleus that EGFR interacts with including Src, Cox-2, and PCNA. Unsurprisingly, targeting these 

accessory proteins does limit the scope of nEGFR activity but does little to combat the other 

nuclear functions. The more rational approach to target the nuclear functions of EGFR is to 

prevent its accumulation in the first place.  
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Targeting EGFR Retrograde Trafficking: 
 Our lab has previously demonstrated the efficacy of inhibiting the retrograde trafficking 

of EGFR in several ways. The first attempt was centered on the interaction of EGFR and Muc1. 

As discussed in chapter 1, Muc1 is one of several proteins that interact with EGFR during 

tumorigenesis. Muc1 is commonly overexpressed in epithelial cancers and is correlated with 

more aggressive tumors (reviewed in95). Our lab utilized a small cell penetrating peptide 

mimetic of the Muc1 EGFR binding domain called PMIP which successfully blocked the 

interaction of Muc1 and EGFR257. This resulted in a loss of total cell EGFR at 30 minutes after 

EGF stimulation suggesting an increase in degradation. PMIP inhibited EGF dependent 

proliferation and migration in TNBC cells and reduced tumor growth in a breast cancer 

xenograft model. Although these data were encouraging, further research indicated that the 

peptide was unstable and further studies were suspended. The peptide had been designed 

using the EGFR binding domain of Muc1, which happened to be an unstructured region. This 

resulted in an unstructured peptide, susceptible to cellular stresses and degradation. 

The next attempt to block nEGFR activity came with Ej-1 which was then stapled to form 

SAH5. This peptide was designed to mimic the EGFR juxtamembrane domain which has an 

alpha helical structure. The juxtamembrane regions is part of the dimerization interface, but 

also drives some non-kinase functions. The juxtamembrane domain contains a nuclear 

localization sequence, mitochondrial localization sequence, and calmodulin binding site. SAH5 

kills tumor cells and reduces cell migration in vitro and reduces tumor growth in xenograft 

models. However, SAH5 also induced toxicity when administered either IV or IP as discussed in 

chapter 3. These side effects are likely the result of aberrant calcium signaling induced around 
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the injection site, and we are currently testing calcium channel inhibitors to eliminate these 

side effects. As we are only achieving a reduction in growth rather than sustained regression, 

the current level of toxicity is unacceptable. 

The work done with PMIP demonstrated that blocking the EGFR-Muc1 interaction 

increased EGFR degradation and reduced EGFR driven oncogenic phenotypes. This effect is 

likely the result of restoring normal degradation of EGFR, although studies were never done to 

confirm this. As we know, Muc1 reduces the ubiquitylation of EGFR which prevents its 

recognition by ESCRT blocking it from lysosomal degradation. By inhibiting this interaction EGFR 

ubiquitylation would be restored, allowing EGFR lysosomal degradation. This would both 

reduce the total cell level of EGFR in TNBC cells and reduce EGFRs oncogenic effect. Further 

evidence that this effect was in large part due to blocking the retrograde trafficking of EGFR 

came while studying the effect of intravesicular EGFR.  

In TNBC cells, EGFR is internalized and maintained in long-lived endosomes99. EGFR 

remains active and signaling from these endosomes through AKT and ERK pathways. Endosomal 

retention of EGFR was compared between cells with and without a Muc1 knock down99. In 

Muc1 knockdown cell lines the endosomal retention of EGFR was reduced. Unsurprisingly, in a 

2D cell migration assay Muc1 knock down cells had a greatly reduced migratory potential. 

Interestingly, both the reduction in endosomal retention and the loss of migration could be 

replicated using the retrograde trafficking inhibitor Retro-2. This result suggested that altering 

the intracellular trafficking of EGFR could be a viable therapeutic pathway. Retro-2 however 

blocks all retrograde trafficking and would likely have negative side effects. Thus, we had to find 

another way to block this retrograde trafficking. Our ideal target was a protein that directly 
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bound EGFR, and not a post translational modification, and induced EGFR to undergo 

retrograde trafficking. SNX1 seems to be this ideal protein as it binds the EGFR kinase domain 

directly and drives retrograde trafficking in concert with the retromer.  

 

Targeting SNX1: 
 SNX1 was discovered through a yeast-2 hybrid screen of EGFR interacting protein and 

was later found to directly affect EGFR retrograde trafficking75. Initially it was observed that the 

expression of SNX1 induced the degradation of EGFR. However, in subsequent publications this 

became controversial as other groups found that SNX1 expression prevented EGFR degradation 

and led to its retrograde trafficking. This controversy is solved with the understanding that 

SNX1 doesn’t inherently traffic to any particular location in the cell. Instead, the sorting nexins 

simply bind their cargo proteins and induce tubule vesicle formation. As the sorting nexins 

assemble additional trafficking proteins, like the retromer, are incorporated onto the vesicle 

coat which help direct trafficking. In the case of the retromer, this means linking SNX1+ vesicles 

with motor proteins that carry these vesicles towards the nuclease. In the cells that we have 

tested it appears that SNX1 is linked with the retrograde trafficking of EGFR. 

 The EGFR binding domain of SNX1 was defined using deletion mutants in a yeast-2 

hybrid with EGFR75. The EGFR binding domain falls within the BAR domain of SNX1 and later a 

crystal structure of the SNX1 BAR domain was generated79. Interestingly, SNX1 also binds and 

induces the retrograde trafficking of the cation independent mannos-6-phosphate receptor (CI-

MPR)258. This interaction is critical for delivering mannose-6-phosphate to the Golgi. 

Importantly, CI-MPR binds SNX1 on its PX domain rather than the BAR domain like EGFR. This 

was encouraging and suggested less potential for toxic side effects of blocking EGFR-SNX1 
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binding. We designed cSNX1.3 based on the EGFR binding domain of SNX1 which reduces 

proliferation and migration in vitro and induced tumor regression in vivo. 

To our knowledge this is the first attempt to therapeutically target the retrograde 

trafficking of EGFR. Through this study we have demonstrated the efficacy of inhibiting the 

retrograde trafficking of EGFR in breast cancer. Notably, we found that cSNX1.3 also impacted 

cell migration induced by ErbB3 and c-Met. This was an interesting finding as these RTK’s have 

also been observed to undergo retrograde trafficking and correlate with aggressive tumors 

similar to EGFR. This suggests that SNX1 mediated retrograde trafficking could be an oncogenic 

event enhancing the function of many RTK’s. As nuclear RTK’s are also correlated with drug 

resistance and recurrence, cSNX1.3 could provide a therapeutic option for recurrent tumors.  

 

Future Directions: 
 The work presented here demonstrates the efficacy of inhibiting the retrograde 

trafficking of EGFR. However, several questions remain outstanding that need to be addressed 

to better understand the roles of cSNX1.3. As we were characterizing the intracellular 

trafficking of EGFR in response to cSNX1.3 we observed the formation of large EEA1 and EGFR 

positive vesicles. These vesicles began to form after cSNX1.3 treatment however, the cause of 

the increased size of the vesicles remains unclear. It could be the result of increased EE vesicle 

fusion or a decrease in vesicles moving out the endosome. This could be answered by observing 

the flow of proteins being degraded, recycled, and trafficked retrograde to determine what 

pathways are being effected. Once a pathway has been isolated we can study the interaction of 

trafficking proteins within the pathway in the presence and absence of cSNX1.3.  

 Similarly, we had hoped that by blocking the retrograde trafficking of EGFR would 
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restore its lysosomal degradation. We probed for EGFR levels in the presence and absence of 

cSNX1.3 and found no increase in degradation. We did however observe a loss in 

phosphorylated proteins as well as a reduction in phosphorylated signaling intermediates. This 

suggests that only phosphorylated receptors are targeted. It’s possible that the same biology 

that is causing the increased vesicle size is preventing or delaying the degradation. IF 

experiments colocalizing EGFR with several vesicle and organelle markers should uncover the 

fate of EGFR upon cSNX1.3 treatment.  

 We focused our study on the effect of cSNX1.3 on EGFR however our data suggest that 

the peptide is also impacting other RTK’s. It will be critical to outline the role of cSNX1.3 on RTK 

retrograde trafficking more broadly. To begin, subcellular fractionization could be used to 

isolate nuclear proteins after treatment with cSNX1.3. These fractions could be run on a 

western blot to observe the difference in nuclear localization. As we have yet to uncover the 

full scope of cSNX1.3 effects we plan to perform proteomic analysis on the nuclear fraction. 

This would allow us to characterize all proteins that have an altered nuclear localization in 

response to cSNX1.3. As we predict that cSNX1.3 will affect the retrograde trafficking of several 

RTK’s this is likely to expand the utility of cSNX1.3.  

 In addition to understanding the scope of cSNX1.3 treatment, we will also attempt to 

find small molecule analogs of cSNX1.3. Although peptides are used as therapeutics, small 

molecules tend to work at lower concentrations and have longer half-lives. A small molecule 

screen could be performed, using the binding of EGFR and SNX1 as the readout. In this 

experiment we would observe the binding of EGFR and SNX1 in the presence of various small 

molecules. Small molecules that most reduced the binding of EGFR and SNX1 would be selected 
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for further study. Ideally, a library of FDA approved small molecules could be used as these 

molecules would have already been tested for safety and would be much easier to be approved 

for additional uses.   

 In summary, the use of EGFR targeted antibody and TKI therapies has had positive 

impacts for many patients with EGFR driven tumors. However, some EGFR driven tumor types 

are resistant to these therapies. Several decades of work have uncovered non-kinase roles for 

EGFR that explain this resistance. Here we have focused on the role of EGFR in the nucleus as 

nEGFR is a major driver of TNBC. SNX1 was identified as a key regulator of EGFR retrograde 

trafficking and became the target of our therapeutic development. cSNX1.3 competitively 

inhibits the binding of EGFR and SNX1 resulting in the loss of retrograde trafficking. cSNX1.3 

reduces proliferation and migration in vitro and induces tumor regression in vivo.  
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