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ABSTRACT 
  

 Much of what is known about the role of the ERBB family in cellular biology and 

in cancer has to do with canonical downstream signaling cascades and modifications 

associated with their trafficking and degradation.  The focus on canonical activity, while 

important, ignores a rapidly expanding number of separate, arguably equally important 

functions for which there is emerging knowledge.  These include the translocation of 

ERBB family members to non-canonical sub-cellular locations including the nucleus and 

mitochondria.  Of current interest is the elucidation of fate determination mechanisms for 

these proteins.  How is one ERBB receptor designated to traffic to the nucleus or 

mitochondria, versus degradative lysosomes?  A portion of the work presented here 

addresses the potential role of ubiquitin in EGFR nuclear translocation, a role which 

ubiquitin has been shown to play in the context of other proteins.  This work 

demonstrates that while ubiquitinated EGFR can be translocated from the plasma 

membrane to the nucleus in response to ligand, efficient ubiquitination is not essential for 

this process.  This work also broadens the potential roles for ubiquitin to include those 

involving EGFR nuclear biology.   

 Additional work described aimed to exploit what was already known regarding 

the diverse roles played by the EGFR juxtamembrane domain in the non-canonical 

activities of EGFR and the ERBBs.  This work involves the creation and evaluation of an 

EGFR juxtamembrane domain derived peptide designed to competitively interact with 

endogenous ERBB domains and inhibit their function in cancer cells.  Termed EJ1, 

treatment induces cell death and promotes the formation of inactive ERBB dimers and 
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reduces ERBB activation.  While inactivating CaMKII signaling, myosin light chain 

dependent cell blebbing occurs, coincident with the induction of cell death.  EJ1 also 

directly translocates to mitochondria, potentially contributing to a loss of mitochondrial 

membrane potential and production of reactive oxygen species.  Finally, treatment of 

mouse models of breast cancer with EJ1 results in the inhibition of tumor growth and 

metastasis, without observable side-effects/toxicities.  These data demonstrate that a 

portion of the ERBB juxtamembrane domain, used as an intracellular decoy, can affect 

tumor growth and metastasis through ERBB-dependent and ERBB-independent 

mechanisms, representing a novel anti-cancer therapeutic. 
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I. INTRODUCTION 
 

 

 The first documentation of cancer appeared around the year 1900 B.C in ancient 

Egypt, written on what is now known as the Edwin Smith Papyrus.  Recently re-

translated into English by James P. Allen of the Metropolitan Museum of Art in New 

York, this document represents what may have been a military surgeon’s depiction of 

what is potentially the earliest recorded case of breast cancer, describing it as a group of 

firm, “ball like tumors” of the chest.  The surgeon goes on to mention that this ailment 

will be “one that [he] will fight with” meaning that there was no customary practice for 

its treatment, as opposed to other ailments, for which there was a standard of care.  Since 

then, a great deal has been learned about this collection of diseases, how they arise, how 

they progress, and in a growing number of instances, how they can be successfully 

treated.  However, though it has been nearly of 4,000 years since the writing of the Edwin 

Smith Papyrus, it wasn’t until the second half of the 20
th

 century that currently held 

theories about the development and progression of cancer began to solidify.   

 Charles and Luce-Clausen were one of the first groups to propose a multi-step 

hypothesis of cancer development in 1942, to be followed by similar theories from the 

likes of Herman Muller in 1951 [1, 2].  These theories suggested that cancer development 

was a multi-step process by which mutations to the two allelic copies of a gene gave rise 

to cancer.  The first comparison of the age specific incidence of hereditary vs. non-

hereditary cancers was made by David Ashley, in 1969, only to be followed by Alfred 

Knudson’s retinoblastoma derived “two-hit” hypothesis, in 1971 [2, 3].  In addition to 
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directly correlating the difference in the rate of cancer development with the presence or 

absence of a hereditary genetic component, Knudsen contributed something else; that the 

loss of a particular gene, Rb in this case, could be directly tied to the development of a 

type of cancer.  This led to the establishment of the idea of tumor suppressor genes, or, 

those that function to restrain tumorigenesis by keeping proliferative machinery in check.   

 The first oncogenes were isolated in the early 1980’s, though the term, 

“oncogene”, and the principle idea that transformation could be driven by the genetic 

material possessed by certain retrovirusus, came about in the mid 1960’s.  The first of 

these oncogenes identified, v-src, came from the Rous Sarcoma virus, originally 

described by Payton Rous in 1911.  Research by a number of different labs in the 1960’s 

and 70’s contributed to its eventual identification as the sole genetic component of the 

virus, required for the  transformation of normal cells (reviewed in [4]).  Later, in 1975, 

Micheal Bishop and Harold Varmus made the discovery that homologs of this oncogenic 

viral DNA existed in the genomes of creatures throughout the animal kingdom, including 

humans [5].  Then independently, in 1982 and using bladder cancer cell lines, the 

Weinberg, Wigler, and Barbacid groups were the first to clone and isolate a human 

oncogene, shortly thereafter identifying multiple cellular homologs of the ras genes from 

the Harvey and Kirsten Sarcoma virus [6-8].  From this and other information, it was 

shortly thereafter determined that the transforming components of these cancer causing 

retroviruses were actually derived from pre-existing, non-oncogenic homologs in 

genomes of the host animals [5].  These genomic versions of viral oncogenes became 

known as proto-oncogenes, due to their inability to promote transformation unless other 
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factors, such as mutation or transcriptional upregulation, contributed to their deregulation 

[9, 10].  

 Current knowledge of cancer development covers a wide, yet far from complete, 

array of identified contributing factors such as specific tumor suppressors and oncogenes, 

along with an evolving picture of the mutational, transcriptional, and post transcriptional 

mechanisms of their deregulation.  A large amount of progress has been made in 

understanding the ways in which the products of these genes, both proteins and RNA, 

interact and are regulated at both the cellular and organismal level.  In combination with 

advances and discoveries in other fields, such as bioinformatics and developmental 

biology, the establishment of gene regulatory networks and models of protein interactions 

have further aided in our understanding of how these things can contribute to cancer 

development.  Perhaps most importantly, current technological capabilities allow for the 

communication and sharing of ideas and information to the point where studies build on 

one another in an almost exponential fashion.  Published data can now be “mined” from 

online databases, allowing new discoveries to be made and building on what is already 

known without necessitating any additional bench work (Figure 1.1).    
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Figure 1.1.  Literature Interaction Network (LIT-Int) for ATM, BRCA1, BRCA2, 

and CHEK2.  Network represents “curated” information from scientific literature 

published up until 1 October 2004.  Proteins are represented by nodes and functional 

associations by edge varieties, as indicated in the figure insets.  Figure and legend 

modified with permission from [11].   
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 Possibly the best known summation of our current knowledge of cancer 

development, combining most of what we currently know of the roles these tumor 

suppressors and oncogenes play in preventing or promoting cancer, is Hanahan and 

Weinburg’s, “The Hallmarks of Cancer”[12].  Published in 2000 and expanded in 2011, 

they detail the 10 signature traits that are acquired by a single cell or group of cells to 

allow for the progression from normal to malignancy to occur (Figure 1.1).   These 

hallmarks can essentially be thought of as functional groupings representing the genes 

and their products whose biological functions are understood to play a major role in the 

evolution or acquisition of a 

particular trait.  These traits 

contribute to the transformation of a 

normal cell into a group of tumor 

cells, capable of promoting fully 

malignant disease.  Importantly, the 

confinement of a particular gene 

within a single hallmark is often 

blurred and many genes can assume 

roles in multiple hallmarks.  The 

number of hallmarks to which a 

particular gene or gene product contributes can depend on the type of cancer, the stage to 

which the cancer has developed and other contextual genetic and molecular factors.  For 

example, the well known tumor suppressor, p53, is involved in both the prevention of the 

Figure 1.2 The Hallmarks of Cancer.  Taken with 

permission from “Hallmarks of Cancer: the next 

generation” 
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cell cycle and the induction of apoptosis, whereas RAS, the potent and well studied 

proto-oncogene mentioned earlier, plays known roles in mitogenesis as well as migration 

[13, 14].  It also displays crosstalk with the well known pro-survival PI3K pathway 

(reviewed in [15]).  It is no surprise that the more pathways or hallmarks that a particular 

protein is involved in, the more potent its loss or dysfunction can be in terms of cancer 

development.  It therefore follows that these proteins or families of proteins would be of 

some of the greatest interest to the field of cancer research.  One such exceptionally 

potent family of oncogenes is the ERBB family of receptor tyrosine kinases.   

       

The ERBB Family 

 The ERBB family of receptor tyrosine kinases is made up of 4 family members, 

ERBB1 (EGFR), ERBB2 (HER2, Neu), ERBB3 (HER3), and ERBB4 (HER4).  

Epidermal Growth Factor Receptor (EGFR), discovered by Stanley Cohen and Graham 

Carpenter in the 1970s, was the earliest characterized member of this family [16, 17].  

Though recognition of EGFR as a proto-oncogene homolog was not made right away, 

this protein was initially of interest to the field of cancer research because of its 

transforming ability as a component of the avian erythroblastosis virus strain, R or ES4.  

Research on the oncogenic, v-erbB, forms of this protein quickly established a basic 

understanding of its nature.  It was shown to be a mainly plasma membrane localized 

glyco-protein with significant homology to the tyrosine kinase, SRC, though proof of its 

intrinsic kinase activity remained elusive until 1985 [18-20].  That EGFR and v-erbB 

were one and the same, apart from the lack of an extracellular domain in the case of v-
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erbB, was discovered by Downward et. al just a year prior [21].  Fortunately, this lack of 

an extracellular domain, coupled with the increased transforming potential of v-erbB 

provided insight into the mechanism of its function as an oncogene and helped to 

distinguish between the ligand dependent and independent activities of the receptor.  

This, in combination with what had already been learned of the epidermal growth factor 

receptor by the likes of Cohen, Carpenter, Hollensberg, and others, followed by over two 

decades of subsequent work by many in the field, has established EGFR and its family 

members as playing significant roles in nearly all aspects of cancer development and 

progression ([22] reviewed in [23]).   

 

ERBB structure 

 The ERBB receptors are type 1 transmembrane glycoproteins made up of 8 

subdomains (Figure 1.3).  The extracellular N-terminal domain of 620 amino acids 

includes subdomains I, II, III, and IV, and in the case of EGFR, ERBB3, and ERBB4 

contains both ligand binding and autoinhibitory capabilities.  These domains are also 

referred to by an L1, CR1, L2, CR2 nomenclature, which is indicative of their Leucine 

repeat or Cysteine rich composition.  These extracellular domains are coupled via a 

transmembrane domain region of 23 amino acids to a cytosolically oriented 

juxtamembrane domain.  Sometimes divided further into subdomains A and B (amino 

acids 645-663 and 664-681 respectively), recent study has established this region as a 

major player in both the activation, dimerization, and trafficking of the ERBBs [24-26].  

Further C-terminal of the juxtamembrane domain is the kinase domain, made up of amino 
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acids 682-954 and possessing the ability when activated to catalyze both the auto-

phosphorylation of a number of tyrosines within the ERBB receptors themselves as well 

the phosphorylation of a variety of other interacting proteins.  Finally, the C-terminal 

ERBB regulatory domain, made up of amino acids 985-1186, contains the bulk of the 

afore mentioned sites of auto-phosphorylation in addition to several additional tyrosine, 

serine and threonine residues available for phosphorylation by other kinases [27-29].  In 

this way, it serves as one of the primary domains of interaction between the ERBBs and a 

variety of other proteins which both recognize and contribute to these modifications.  
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Figure 1.3  EGFR / ERBB domains.  Modified from “Inactive ERBB Dimer Formation 

Cooperates with Reactive Oxygen Species to Suppress Breast and Pancreatic Cancer” 

(Hart and Su, under review).  Figure represents the different domains and subdomains of 

EGFR and the ERBB receptor family.  Amino acid numbers represent the relevant amino 

acids for each domain of mature human EGFR (i.e. excluding its signal sequence).  

Amino acid numbers taken from [24] and [30]. 
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ERBB expression and localization 

 Homologs of the ERBB receptors are expressed throughout the animal kingdom 

in both vertebrates and invertebrates.  While invertebrates possess only one family 

member, termed DER in Drosophila and Let23 in C. elegans, vertebrates express at least 

one copy of all four members of the family [31, 32].  Expression of the ERBB receptors 

is typically restricted to the basolateral surfaces of healthy, polarized, glandular 

epithelium or to synaptic junctions in neural or muscular tissues.  In glandular epithelium, 

such as that of the ductal structures in mammalian breast tissue, localization to the 

basolateral membrane is initiated in part by sequences contained within the 

juxtamembrane region of the receptors.  Truncations of the EGFR cytoplasmic domain, 

removing amino acids 652-674, result in the sorting of the receptor to a seemingly default 

apical destination [33].  Additionally, it has been shown that interactions between EGFR 

and AP1B, or a separate pathway involving PKC mediated phosphorylation of EGFR at 

Thr-654, contribute to basolateral EGFR targeting.  Interestingly, these pathways seem to 

influence EGFR localization under different circumstances, with AP1B predominating 

for the sorting of newly synthesized EGFR proteins in mature epithelial monolayers 

containing intact cell-cell junctions.  Under conditions when cell-cell junction formation 

is incomplete, PKC mediated sorting predominates [34].   

 The disregulation of ERBB receptor localization has been implicated in the 

development of a variety of diseases, including Polycystic Kidney Disease (PKD) and 

several types of cancer.  In the case of PKD, aberrant EGFR basolateral localization 

allows for an increase in EGFR signaling capability and is associated with an increase in 
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cell proliferation and the formation of cysts which can disrupt kidney function but remain 

otherwise benign [35, 36].  The same is not true for cancer on the other hand, where 

ERBB mislocalization is associated with malignant transformation and progression. 

(discussed in ERBBs in cancer)   

 

ERBB ligands   

 While the members of the ERBB family possess a significant amount of requisite 

structural and functional homology, there are several ways in which they achieve 

diversity and specificity in their action.  One such variable is ligand specificity.  There 

are 11 total ligands available for the activation of these receptors, each possessing 

differing affinities and at times complete specificity for one or two particular members of 

this family (Figure 1.4).  In addition, in the case of the ERBB3 and ERBB4 specific 

neuregulins, some are subject to differential splicing, resulting in additional variation that 

is once again based upon differences in their affinities for these receptors (reviewed in 

[37]).  These ligands share what is a known as an EGF-like domain, containing 6 cysteine 

residues that result in the formation of a disulfide bond dependent, 3-loop structural 

conformation.  Specificity for a particular receptor is achieved through affinity altering 

variations in amino acid sequence within both the ligands and receptors themselves [31, 

38].  Initially translated into type 1 transmembrane proteins, this is typically followed by 

proteolytic cleavage at the plasma membrane by metalloproteases such as ADAM 17 / 

TACE, releasing a free extracellular product [39].  Evidence exists for the ability of 

several of these ligands, such as EGFR specific amphiregulin, to activate their receptors 
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in a membrane bound juxtacrine manner as well [40].  However, striking parallels in the 

developmental effects of a variety of ERBB or ligand deficient and ADAM17 / TACE 

deficient mice implicate paracrine activation as the more important and predominant 

signaling method [41-43].  Pertinent to the discussion of ERBB ligand specificity, it is 

important to note that ERBB2 does not possess any known ligand.  This is due to 

multiple structural and conformational differences unique to this receptor family member 

which will be addressed in the following section.    
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Figure 1.4. Ligands of the ERBB receptor family.  This model depicts the inactive, 

‘tethered’ conformations of ERBBs 1, 3 and 4, along with the constitutively active 

conformation of ERBB2.  Known ligands of each receptor are listed above their 

respective receptors with the exception of HB-EGF, Epiregulin, and Betacellulin, which 

can activate both ERBB1 and ERBB3 (indicated by the bracket and diagonal arrow).  

ERBB2 has no known ligands.  Model is modified from “Inactive ERBB Dimer 

Formation Cooperates with Reactive Oxygen Species to Suppress Breast and Pancreatic 

Cancer, Figure 1” (Hart and Su, under review) and [44].    
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Canonical ERBB Activity 

 Canonical ERBB activity can be separated into 5 distinct yet interdependent 

phenomenon: ligand binding and receptor dimerization, activation and modification, 

association with adaptor proteins and initiation of signaling cascades, internalization, and 

recycling or degradation.  In the following sub-sections, each of these subjects will be 

discussed at length. 

 

Ligand mediated dimerization  

 Recent work by the field has shown that a non-stimulated ERBB receptor on the 

plasma membrane may exist in one of several potential states, including inactive 

monomeric, inactive dimeric, or inactive multimeric conformations ([45] reviewed in 

[46]).  Several aspects of inactive ERBB domain positioning, relative to both other 

domains and to the plasma membrane in which the receptor is imbedded, confer auto-

inhibitory effects against premature receptor activation [47, 48].  Main chain hydrogen 

bonding and side chain interactions between specific loops of amino acids in the CR1 and 

CR2 domains have been shown to hold the extracellular portion of the receptor in a 

“folded back” conformation (Figure 1.5a).  This tethering of the two domains prevents 

subsequent domain reorganization, and the permission of dimerization [38, 47].  

However, based on ample evidence for inactive dimer formation and an observed 

increase in the affinity of EGFR for EGF when mutations preventing CR1 / CR2 

inhibitory interaction are present, it has been proposed that the ERBBs exist in a state of 

equilibrium, moving between a more common autoinhibited state and the more rare 
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opened conformation [45, 47, 49].  In this model, the increased ligand binding affinity of 

ERBB monomers in an opened conformation allows them to bind ligand with higher 

frequency, locking the receptor in an opened conformation, and thus tipping the 

equilibrium towards the opened conformational 

state [47].  Others have demonstrated that in the 

presence of activating ligand, surfaces in the L1 

and L2 sub-domains of the receptor are able to 

interact directly with ligand causing a direct 

conformational change in CR1 and a subsequent 

loss of the CR1 / CR2 interaction.  This 

conformational change and loss of inhibitory 

interaction allows for a reorganization of the 

extracellular domains, permitting the interaction 

of the CR1 dimerization surfaces between two 

dimer partners [50].  While it is possible that 

both phenomenon play a role, it is clear that ligand binding does induce conformational 

changes to specific extracellular subdomains and is necessary for long term dimer 

formation and for activation to occur (reviewed in [30]).  

  As mentioned previously, ERBB2 does not possess any known ligand binding 

capability.  Unlike the other ERBB family members, ERBB2 exists in a constitutively 

active, un-tethered conformation [51].  X-ray crystallography based comparison of the 

conformations of the three N-terminal domains of ERBB2, un-liganded ERBB3 and 

Figure 1.5. Autoinhibitory interactions 

of the ERBB receptors.  a) CR1 / CR2 

interaction b) JxmA / plasma membrane 

interaction c) C-terminal / kinase domain 

interaction 
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ligand bound EGFR revealed that the crystal structure of ERBB2 was structurally most 

similar to that of TGFα associated EGFR, with one important exception.  Where the 

ligand binding surfaces of the L1 and L2 domains of EGFR are oriented such that space 

for cradling the ligand exists between them, these domains in ERBB2 contact each other 

and interact directly, masking their ligand binding surfaces [38].  This effectively 

occludes the ability of any potential ligand to interact, while at the same time helping to 

stabilize the open conformation.  Additional sequence differences in the CR2 domain of 

ERBB2 destabilize the tethering interactions normally occurring between CR1 and CR2, 

further promoting the constitutively active conformation of this receptor [38].  Based on 

these characteristics, it is not surprising that the over expression of this receptor can 

become a potent driving force in the development of diseases such as cancer, such as in 

the aggressive HER2+ breast cancer subtype.  (further discussed in Canonical ERBB 

Activity and ERBBs in cancer)    

 Aside from autoinhibition of activation by the extracellular methods described 

above, control over aberrant ERBB activation is partly maintained through mechanisms 

intrinsic to their cytosolic domains as well.  A mechanism by which the kinase domain of 

one monomer can activate the same domain in its dimer partner through a contact 

mediated allosteric interaction has been proposed for the ERBB receptors, and has 

become widely accepted [24, 52].  This mechanism has the sole requirement of activator 

and activated domain proximity.  Hence, it has the potential to occur at random if 

unimpeded, suggesting the need for a method of self regulation.  Indeed such 

autoinhibitory mechanisms have been proposed, the first of these involving electrostatic 
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interactions between the ERBB receptors and the plasma membrane itself [48].  The 

ERBB juxtamembrane (jxm) domain, as noted earlier, is made up of amino acids 645-

681.  This domain has been shown to be involved in the activation of receptor dimers, 

likely by helping to stabilize the previously mentioned allosteric interaction between the 

two kinase domains [24].  In addition, its flexible nature has been proposed to be 

important for allowing the necessary repositioning of kinase domains during the allosteric 

activation process [48].  The “A” portion of the jxm, amino acids 645-663, contains 

several groups of basic amino acids, conferring a net positive charge to this domain.  In 

2009, Sengupta et al demonstrated that peptides corresponding to the EGFR jxm 

interacted more strongly with vesicular lipid membranes containing increasing 

concentrations of monovalent acidic lipids (and thus increasingly negatively charged).  

They hypothesized that interactions between these jxm peptides and lipid membranes 

could be destabilized by physiological events related to receptor activation, including 

Ca
2+

/CAM induction and ligand / ectodomain mediation of jxm - jxm proximity.  

Importantly, the addition of increasing surface concentrations of jxm peptide or  the 

addition of Ca
2+

/CAM in solution with these peptide bound lipid vesicles led to increases 

in both peptide dissociation from the lipid membranes and in peptide - Ca
2+

/CAM 

interaction [48].  In the case of Ca
2+

/CAM, this phenomenon was attributed to the 

observation that direct interaction between the EGFR jxm and Ca
2+

/CAM had the effect 

of changing the charge of the jxm from +8 to -8, destabilizing the electrostatic interaction 

between the jxm and lipid membrane.  Increasing peptide surface concentration likely 

destabilized these interactions by forcing multiple positively charged jxm domains into 
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close proximity, their identical positive charges repelling one another and leading to 

increased spontaneous dissociation from the membrane [48].  Extrapolating these 

observations to describe in vivo situations, the interaction between the jxm and inner 

leaflet of the plasma membrane could physically restrain the kinase domain, preventing it 

from “reaching out” and interacting with the kinase domains of neighboring receptors 

(Figure 1.5b).  The presence of ligand, which has been shown to induce both an influx of 

intracellular calcium and facilitate the interaction of the ERBB extracellular domains, 

would therefore have the effect of destabilizing jxm – membrane interactions and allow 

the interaction of ERBB kinase domains to occur [47, 53].  Another proposed mechanism 

of ERBB cytosolic domain autoinhibition involves the conformation dependent occlusion 

of specific activating interactions between C-terminal and kinase portions of the ERBB 

cytosolic domains (Figure 1.5c).  Of key importance to this model is the positioning of an 

inactivated receptor c-terminal tail in such a way that it impedes a predicted activating 

conformation of the jxm-B domain [24].  This model was based largely on 

crystallography and in-vitro kinase activity assays.  Again, it is likely that both of these 

methods are involved at some level [30].     

 

Receptor activation 

 Once ligand binding has occurred and all modes of autoinhibition are abolished, 

receptor activation can finally be achieved.  As mentioned previously, the most current 

and widely accepted model of ERBB activation involves an allosteric interaction between 

the two involved kinase domains [52].  During this process, the C-terminal lobe of one 
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kinase domain, the “activator”, is brought into contact with the N-terminal lobe of the 

other, the “receiver”, leading to the activation of the “receiver” kinase domain.  This 

domain then presumably phosphorylates the C-terminal tail of its dimer partner.  It is then 

thought that the roles reverse, resulting in a transphosphorylated dimer pair (reviewed in 

[30]).  Evidence suggests that certain portions of the jxm-A and jxm-B domains play 

important stabilizing roles in this process, helping to position and secure the kinase 

domains in the proper configuration for activation to occur [24].                      

 As opposed to those of EGFR, ERBB2 and ERBB4, the kinase domain of ERBB3 

is uniquely non-functional with respect to intrinsic kinase activity.  It is now thought that 

this ERBB family member acts primarily as both a scaffold platform and an allosteric 

activator of its dimer partner, relying entirely upon transphosphorylation by a coupled 

EGFR, ERBB2, or ERBB4 receptor or an alternative protein kinase for canonical 

downstream signaling to occur [54].  Its own kinase domain, while still permitting the 

binding of ATP by the kinase pocket, is significantly impaired in its catalytic activity [55, 

56].  This is due to several alterations in specific amino acids, in particular, the loss of the 

catalytically active Asp 813 of the other ERBB receptors [55].   

 

ERBB modifications 

 The activation of the ERBB receptors is just the first step in the initiation 

numerous signaling cascades that follow and account for the canonical biological activity 

of this family.  These signaling cascades rely on several types of post transcriptional 

modifications to both the ERBB receptors themselves as well as to a variety of other 
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proteins that interact with the activated ERBBs.  These modifications include the well 

known and well studied phosphorylation and ubiquitination modifications, as well as the 

lesser known sumoylation and acetylation (though roles for acetylation are well known in 

other contexts).  While it is the canonical signaling cascades of the ERBB family which 

are arguably most relevant to their cellular activity, the fundamental contribution of these 

modifications to this canonical activity warrants separate discussion.  

(note: while there are many types of post translational protein modifications, the 

following discussion will be limited to those modifications that are specific to ERBB 

signal transduction and that are well described in this context)     

      

Phosphorylation 

 Phosphorylation is likely the most well known modification contributing to the 

activity of the ERBB receptors.  From the perspective of a kinase, it involves the ATP 

dependent transfer of a phosphate group from the catalyzing active site of that kinase, to 

the hydroxyl oxygen of a target amino acid residue [57, 58].  In most cases, these target 

amino acids include Serine, Threonine, and Tyrosine, exceptions being Histidine and 

Aspartate in bacteria [59].  While there are many hundreds of thousands of available 

Serine, Threonine and Tyrosine residues encoded within the sequences of the proteins in 

a cell, relatively few are phosphorylated at any given time or by any specific kinase.  

Additionally, the number of target sites for a particular kinase varies widely.  A global 

evaluation of such kinase - substrate relationships in yeast, demonstrated that each kinase 

could phosphorylate between 1 and 256 substrates with an average number of 47 
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potential targets [60].  The specificity of each kinase for its substrates depends on a 

variety of factors including but not limited to: the structure / depth of the catalytic cleft  

which is a major feature separating Ser/Thr and tyrosine kinases, consensus sequences 

surrounding target amino acids, spatial localization of both kinase and substrate within a 

cell, structural docking motifs (such as SH2, SH3, and pleckstrin homology domains), 

and the availability of facilitating scaffold proteins [58]. 

 The functions of these phosphorylation events are numerous and complex as well.  

The prior phosphorylation of a particular substrate can lead to further interactions with 

protein domains recognizing specific conditional structural docking motifs.  One example 

of this type of interaction involves the SH2 or Src Homology Domain 2 domain.  This 

domain is approximately 100 amino acids long and was discovered to be conserved in all 

known (as of 1986) cytoplasmically localized protein tyrosine kinases, alluding to its 

importance in these proteins.  Interestingly, it did not appear in any transmembrane 

tyrosine kinases (i.e. EGFR) [61].  This domain was later found to recognize a 

(V/I/L)XpYAX(L/V) consensus binding motif, where “X” = any amino acid, “V/I/L” and 

“L/V” are interchangeable, and “pY” indicates the need for the prior phosphorylation of 

the center tyrosine residue [62].  Many kinases and a variety of other adaptor proteins, 

including certain phosphatases which function to selectively remove these 

phosphorylation events, possess SH2 domains with which they can associate with similar 

consensus sequences.  Interactions between EGFR SH2 consensus sites and the adaptor 

proteins Grb2, Src, and Shc are examples of this type of interaction [63].  
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 Other roles of phosphorylation include the regulation of protein function through 

both activating and inactivating mechanisms.  The protein tyrosine kinase, Src, again 

provides an appropriate example (Figure1.6).  Under normal conditions, Src is kept in a 

predominantly inactive state, access to its kinase domain impeded by a self regulating 

inactive protein conformation.  This inactivity is maintained by direct physical 

interactions between phosphorylated Src carboxy-terminal Tyr530 and an SH2 domain 

also located within the protein itself.  Additional interactions between the Src N-terminal 

SH3 domain and a proline rich sequence near its kinase domain help to maintain this 

autoinhibitory structure.  De-phosphorylation of Src pTyr530 by protein tyrosine 

phosphatase (PTP) can lead to the loss of this autoinhibited conformation, 

autophosphorylation of Src Tyr419, and the subsequent activation of Src kinase activity.  

Alternatively, foreign SH2 consensus sites, for example on a nearby and activated EGFR, 

can compete for the interaction of the Src SH2 domain.  This can lead to the 

destabilization of Src auto-inhibitory interactions and again, the activation of Src kinase 

activity [4].  The presence of both positive and negative methods of phospho-mediated 

regulation in the Src kinase alone, allude to the vast number of roles this modification can 

play in cellular biology.  
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Figure 1.6.  Mechanisms of Src inhibition and activation.  Src is normally maintained 

in an inactive conformation (center) with the SH2 domain engaged with Tyr530, the SH3 

domain engaged with the SH2-kinase linker, and Tyr419 dephosphorylated. Src activity 

is regulated by a variety of mechanisms, some of which are illustrated in detail here. 

Dephosphorylation of Tyr530 as a result of protein tyrosine phosphatase (PTP) action 

(right) disrupts the intramolecular interaction between the SH2 domain and Tyr530, 

Tyr419 can then become autophosphorylated, resulting in Src activation. Phosphorylation 

of Tyr530 by CSK allows this interaction to reform, resulting in Src inactivation.  

Binding of Src to tyrosine phosphorylated growth factor receptors via its SH2 domain 

(left) results in displacement of Tyr530, allowing Tyr419 phosphorylation and Src 

activation. Dissociation of Src from the growth factor receptor allows the intramolecular 

interactions to reform, resulting in Src inactivation. In addition to growth factor binding 

and Tyr530 dephosphorylation, a variety of SH2 and SH3 competitors may serve to alter 

Src structure, leading to Src activation. Some of these competitors may also serve to 

displace Tyr530 from SH2, allowing exposure to PTP, which would then activate Src by 

dephosphorylating Tyr530. Mutations within Src can also lead to disruption of the 

intramolecular interactions that stabilize Src in an inactive conformation, resulting in Src 

activation.  Figure and legend adapted with permission from [4]. 
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Ubiquitination 

 Ubiquitination is a process which is known to play a number of functional roles in 

cellular biology and, like phosphorylation, is intimately involved in ERBB receptor 

signaling.  Ubiquitin itself is a small, ~9 kDa, protein consisting of 76 amino acids [64].  

In many respects its functions are quite similar to that of phosphorylation as discussed 

above.  In essence, it serves as a modifier, permitting the recognition of its target proteins 

by a variety of ubiquitin recognizing adaptors.  As with phosphorylation, the 

ubiquitination process is accomplished with exacting degrees of specificity.  Variations in 

the location, timing, duration and formation of ubiquitin conjugates all play important 

roles in achieving this.  However, there are many ways in which the function and 

achievement of specificity are drastically 

different from that of phosphorylation.  

 Ubiquitination is accomplished by 

a collection of co-dependent proteins 

made up of three subtypes: E1 ubiquitin 

activating enzymes, E2 ubiquitin 

conjugating enzymes, and E3 ubiquitin 

ligases (Figure 1.7).  The first step is the 

ATP dependent formation of a high 

energy thiol ester bond between a 

ubiquitin monomer and an E1 or ubiquitin 

activating enzyme.  This is followed by 

Figure 1.7 The Ubiquitin Pathway.  Taken 

with permission from “The Ubiquitination 

Code: a Signaling Problem”.  
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the transfer of this ubiquitin moety to an E2 or ubiquitin conjugating enzyme.  The 

process is completed by the transfer of the ubiquitin moiety either directly to the target 

substrate or to an intermediate E3 ubiquitin ligase, followed by ligation to the target 

substrate.  In either case, this last step is reliant upon an E3 or ubiquitin ligating enzyme 

for target substrate interaction.  As in many areas of biology, the level of specificity in a 

process is often a function of the diversity of the players involved.  In the case of the 

enzymes involved in the ubiquitination process, there are very few E1 enzymes, with 

only a single gene encoding two differentially spliced isoforms.  A larger number but still 

relatively few E2 enzymes exist, with estimates of roughly 40 appearing in mammals.  

Finally, a vastly greater number of E3 ligases exists (> 600) and it is these which are 

ultimately responsible for achieving specificity in a diverse array of potential targets 

(reviewed in [65]).  Just as specific kinases possess the ability to recognize and 

phosphorylate relatively few specific targets in proportion to the number of potential 

targets present in a cell, so to do E3 ligases.   

 There are two families of E3 ubiquitin ligases, the, “homologous to E6-AP 

carboxyl terminus” (HECT) family and the RING finger family (Figure 1.7).  The major 

functional difference between these two families lies in the mechanism of ubiquitin 

conjugation with the direct transfer of ubiquitin to substrate occurring in the case of the 

former and the mediation of an E2 to substrate transfer in the latter.  Also, while many 

HECT E3s contain common WW domains as well as amino terminal C2 domains which 

are respectively involved in protein - protein interactions and localization, RING finger 

E3s are much more highly varied in their homology with one another.  In fact, the only 
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defined similarity among RING finger E3s is the possession of the namesake RING 

domain (reviewed in [64]).  Similar to kinases, the interactions between E3s and their 

target proteins are mediated by a variety of other protein interaction domains common to 

unrelated proteins, including the afore mentioned SH2 and SH3 domains.  These are 

either intrinsic to the E3 itself or they can be adapted from separate proteins that are used 

by the E3 to allow for indirect substrate interaction.  c-Cbl for example, contains a 

phosphotyrosine binding domain which mediates the direct phosphorylation dependent 

association with its target substrate, the EGF receptor.  In addition, its c-terminal region 

contains a proline rich element which is recognized by the SH3 domain of Grb2.  Grb2 in 

turn interacts with EGFR through a separate SH2 domain.  In this way, interaction 

between Grb2 and EGFR acts as a bridge for the interaction between c-Cbl and EGFR. 

 While like kinases in their ability to modify target substrates and promote further 

recognition and interaction between proteins, the complexity in the variety of 

modification types achievable with ubiquitin is on a separate level entirely.  The covalent 

conjugation of ubiquitin moieties to a target substrate occurs between the c-terminal 

carboxy group of ubiquitin monomers and the ε-amino groups of potentially several 

available lysine residues of the target [64].  Depending on a variety of factors, many of 

which are unclear, the extent of ubiquitination can range from a single event 

(monoubiquitination) to multiple events (multiple mono- or multiubiquitination) to what 

is referred to as polyubiquitination.  Polyubiquitination consists of the addition of 

ubiquitin moieties to the lysines within other ubiquitin moieties, resulting in a chain 

formation.  Important to this concept is the existence of seven described ubiquitin 
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receptive lysines within a ubiquitin protein itself [66].  The differential utilization of these 

lysines by the ubiquitination machinery results in the potential for a number of chain 

variations, including the possibility of branched or bifurcated chains [66].  The 

mechanisms involved in determining the variety of ubiquitination that will occur in a 

given context remain largely unclear.  However, functional information for these 

different varieties has improved our understanding of how each type can affect protein 

function. 

 Ubiquitin, with few known exceptions, functions as a signal which is recognized 

by a variety of different proteins possessing a variety of different ubiquitin interacting 

domains.  These domains can possess specificity for particular types of ubiquitination.  

Consequently, the type of modification on a particular substrate dictates which ubiquitin 

recognizing adaptor proteins can interact.  These interactions are involved in dictating the 

function of ubiquitin modifications. 

 Early studies of ubiquitin and its effects on protein function established 

proteasomal degradation as the predominant role attributed to the ubiquitination of a 

protein.  This was, and still is, associated with interactions between target substrates and 

ubiquitin interacting adaptor proteins which function in the trafficking of target proteins 

to the proteasome (reviewed in [67]).  This paradigm has been adapted over time to 

include generalizations about the functions of particular ubiquitin modification.  A 

summary of the demonstrated roles for the different varieties of ubiquitination is seen in 

Figure 1.8.  As mentioned above, these are generalizations, meaning that exceptions are 

common.  For example, the K48 linked polyubiquitination of proteins is predominantly 
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associated with their proteasomal degradation [66].  However, in the case of the yeast 

transcription factor Met4, K48 polyubiquitination results in its loss of transcriptional 

activity, but also in its stabilization by a specific interaction between a ubiquitin binding 

domain within the protein itself and its own lengthening ubiquitin chain [68].       

 There are at least two major confounding factors involved in the establishment of 

specific roles for different forms of ubiquitination.  Briefly, the existence of multiple 

forms of ubiquitination on a single target substrate, potentially at the same time, makes 

the elucidation of variety specific functions difficult.  In the case of EGFR, which has 

been observed as being concurrently multiply monubiquitinated, as well as K63, K48, 

K11, and K29 link polyubiquitinated, it is unclear whether the role played by ubiquitin in 

its endocytosis and eventual lysosomal degradation is primarily dependent on one type or 

the other ([69] reviewed in [70]).  The other factor contributing to the difficulty in this 

understanding is the existence of de-ubiquitinating enzymes (DUBs).  These ubiquitin 

specific proteases possess the ability to remove ubiquitin moieties from target substrates 

and oppose the activity of ligases.  Additionally, they can be just as specific in their 

functions, at times recognizing and catalyzing the removal of only certain polyubiquitin 

chain varieties (reviewed in [71]).          
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Figure 1.8.  Ubiquitin conjugate varieties and their functions.  Schematic 

representation of the different Ub modifications with their functional roles. The question 

mark indicates that the functions of branched chains are largely unknown.  Figure and 

legend adapted with permission from [72]. 
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Canonical ERBB Functionality 

 Canonical ERBB activity, as mentioned previously, is centered on the ability of 

these receptors to receive extracellular stimuli, translate that signal through a series of 

intracellular signaling cascades, and ultimately generate a specific physiological 

response.  The principles of protein phosphorylation as discussed earlier are a key 

component of these signaling cascades, allowing interactions between the ERBB 

receptors and other proteins to occur as well as for the exchange of phosphate groups 

between the receptors themselves and other kinases.  These signaling events are 

paralleled by a series of steps which follow the ERBB receptors from the plasma 

membrane through an endocytic process, intracellular trafficking, and eventually to either 

lysosomal mediated degradation or recycling back to the plasma membrane.  Receptor 

ubiquitination is of crucial importance during this phase of ERBB activation.  As 

discussed in the prior section its roles are diverse, demonstrating involvement in the 

intracellular trafficking, degradation, and potentially even the endocytosis of the ERBB 

receptors.  As alluded to previously, both of these processes are normally tightly 

regulated by a variety of mechanisms that confer specificity in response to equally 

specific input stimuli.   

  

Signaling diversity and specificity 

 Initially, specificity in ligand availability dictates which receptors can become 

activated.  In addition, among those ligands that bind a particular receptor there exists 

widely varying effects on receptor activation, duration of this activation, and degradation, 
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based at least partly on the affinity of these ligands for their respective receptors [73].  

For example, the EGFR ligands, TGFα and betacellulin (BTC) have been shown to lead 

to significantly different levels of receptor degradation, with TGFα resulting in low levels 

relative to the other EGFR ligands and BTC promoting one of the highest.  EGFR 

degradation rates in response to activation by these ligands correlated directly with the 

strength of affinity (measured by pH of dissociation) between each ligand and the 

receptor.  This correlation was present amongst all other ligands as well, with the notable 

exception of amphiregulin (AR) which demonstrated both high affinity and low levels of 

receptor degradation [73].  As this observation suggests, amphiregulin has been shown to 

be a significantly more potent activator of EGFR than other ligands [74].   

 Ligand specificity is of course also dependent on which receptors are present on a 

given cell membrane.  The combination of these two factors then dictates the variety of 

receptor dimerization forms that occur, for example, whether EGFR homodimers or 

EGFR/HER3 heterodimers predominate.  This is important for multiple reasons.  In terms 

of signal transduction, the fact that each receptor possesses variation in its downstream 

signaling potential, allows for different combinations of receptors to preferentially 

activate certain pathways more robustly than others.  ERBB3 for example, is a much 

more potent activator of the PI3K/Akt pathway than the other ERBB family members 

[75].  This is a direct consequence of the fact that it possesses 6 direct sites of PI3K 

interaction, while the other receptors can largely only interact indirectly (EGFR has 1 

direct site) [76, 77].  However, since ERBB3 is kinase deficient as previously discussed, 

it requires the presence of another member of the ERBB family for activation.  Several 
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studies have implicated the partnership of ERBB3 and constitutively dimer ready ERBB2 

in the survival ability of certain tumors, partly because they are often found to be over 

expressed together [76, 78, 79].  Additionally, overexpression of ERBB2, has been 

shown to correlate with a relatively high level of ERBB3 phosphorylation in many breast 

tumors [80].  Importantly, artificial knockdown of either receptor in breast cancer cell 

lines over expressing these receptors resulted in similar anti-proliferative effects which 

could be rescued by the introduction of a constitutively active form of PI3K [76].  This 

indicates a specific survival requirement in these cell lines for the particular combination 

of both ERBB2 and ERBB3 and demonstrates the particular downstream signaling 

pathway which is involved.  A depiction of other known specificity in ERBB signaling is 

shown in Figure 1.9.   

 As mentioned previously, the ERBB receptors are tyrosine kinases, meaning that 

they catalyze the transfer of phosphate groups from ATP to tyrosine residues on a variety 

of substrate proteins, including themselves.  This trans or autophosphorylation of ERBB 

dimer tyrosines accounts for the phosphorylation of at least 5 known residues on the 

ERBB c-terminal tail [81].  There are several additional tyrosines which can become 

phosphorylated by interactions with other protein tyrosine kinases such as Src (reviewed 

in [81]).  There are even a few serine/threonine residues in the ERBB cytosolic domain 

that can become phosphorylated at times by serine/threonine kinases such as Akt/PKB 

[27].  Phosphorylation events such as these in the case of the ERBB receptors are 

predominantly thought to allow further interaction with the SH2 or PTB domains of other 

proteins, providing a scaffold platform to which these adaptor proteins can bind.  These 
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interacting proteins are at times themselves modified by the ERBBs or alternatively by 

the multitude of other proteins brought into proximity through interactions with the 

activated receptor dimer.  An example of one such scenario is in the case of the well 

known canonical RAS/MAPK pathway.  In this pathway, the autophosphorylation of 

EGFR allows for the interaction of Grb2 to occur through its SH2 domain mediated 

interaction with EGFR pY1068.  This interaction localizes both Grb2 and its binding 

partner, the Ras-GEF Sos, to the plasma membrane.  Here, Sos can interact with 

membrane bound Ras, activating Ras and initiating a MAP kinase cascade which 

terminates in the activation and nuclear translocation of ERK1/2 (reviewed in [81]).  

Depictions of other canonical signaling pathways of the ERBBs are shown in Figure 1.9. 
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Figure 1.9.  Specificity in ERBB signaling.  (a) Ligands and the ten dimeric receptor 

combinations comprise the input layer.  Numbers in each ligand block indicate the 

respective high-affinity ErbB receptors.  For simplicity, specificities of receptor binding 

are shown only for epidermal growth factor (EGF) and neuregulin 4 (NRG4).  ErbB2 

binds no ligand with high affinity, and ErbB3 homodimers are catalytically inactive 

(crossed kinase domains).  Trans-regulation by G-protein-coupled receptors (such as 

those for lysophosphatidic acid (LPA), thrombin and endothelin (ET)), and cytokine 

receptors is shown by wide arrows. (b) Signaling to the adaptor/enzyme layer is shown 

only for two receptor dimers: the weakly mitogenic ErbB1 homodimer, and the relatively 

potent ErbB2–ErbB3 heterodimer. Only some of the pathways and transcription factors 

are represented in this layer. (c) How they are translated to specific types of output is 

poorly understood at present. (Abl, a proto-oncogenic tyrosine kinase whose targets are 

poorly understood; Akt, a serine/threonine kinase that phosphorylates the anti-apoptotic 

protein Bad and the ribosomal S6 kinase (S6K); GAP, GTPase activating protein; HB-

EGF, heparin-binding EGF; Jak, janus kinase; PKC, protein kinase C; PLCγ, 

phospholipase Cγ; Shp2, Src homology domain-2 containing protein tyrosine 

phosphatase 2; Stat, signal transducer and activator of transcription; RAF–MEK–MAPK 

and PAK–JNKK–JNK, two cascades of serine/threonine kinases that regulate the activity 

of a number of transcription factors.)  Figure and legend taken with permission from [82]. 
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Receptor endocytosis and trafficking 

 Along with enabling downstream signal transduction pathways, the 

transphosphorylation of the ERBBs results in their association with components of the 

plasma membrane endocytic machinery.  Although all inactive ERBB receptors are 

constitutively endocytosed, trafficked, and recycled back to the membrane, the binding of 

ligand, at least in the case of EGFR, leads to a dramatic increase in this process and a 

trend toward other intracellular trafficking fates [83, 84].  ERBB2, ERBB3 and ERBB4 

have been shown to internalize at reduced rates in response to ligand relative to EGFR.  

This is presumably because they lack direct association with certain endocytic adaptor 

proteins, such as AP-2 [83].  It seems likely however, that heterodimerization between 

EGFR and one of these other family members would facilitate interactions with these 

endocytic adaptors and indirectly lead to increased rates of their internalization.       

 Ligand mediated endocystosis itself is quite complex and not yet fully understood.  

In the case of EGFR, two alternate mechanisms of the endocytic process predominate.  

These include clathrin mediated and calveolin or lipid raft mediated endocytosis.  While 

functional outcomes of these methods have been suggested to include the involvement of 

the clathrin mediated route in signaling and recycling as compared to a predominantly 

degradative endpoint for calveolin, this again is far from conclusive [85, 86].   Factors in 

the determination of which route is preferred have been suggested to include: the level of 

ligand availability, the ubiquitination of EGFR itself, the contextual presence of several 

different adaptor proteins, and the modification (phosphorylation or ubiquitination) of 

these adaptor proteins.  Several groups have demonstrated that low levels of EGF 



 49 

(1.5ng/ml) promoted nearly exclusive clathrin mediated endocytosis, while higher but 

still physiologically relevant levels (>20ng/ml) resulted in raft / calveolin mediated 

endocytosis in cell lines [87].  Possible explanations for these observations remain 

somewhat speculative due to the complexity and the number of variables at work in the 

process.  It has been suggested that this behavior may be due to limitations in the capacity 

of clathrin mediated endocytosis and that once this capacity has been saturated, further 

endocytosis of activated receptor is accomplished through calveolin [88, 89].  In an 

alternate model it was proposed that rather than a passive, saturation dependent default 

towards calveolin mediated endocytosis, an active determinant is involved.  In this 

model, higher levels of receptor ubiquitination occurring specifically at high ligand 

concentrations determine the association of EGFR with calveolin [87].    

 Receptor specific ubiquitination in this process has been studied extensively; 

however, whether it plays a direct role in this process is still unclear with ample 

supporting and contradicting evidence for both arguments present in the literature [69, 90, 

91].  What is clear is the involvement of a variety of adaptor proteins, associating either 

directly or indirectly with the receptor through phosphorylation or ubiquitin dependent 

mechanisms [69, 87, 91, 92].  Several groups have implicated the E3 ubiquitin ligases of 

the Cbl family, in particular c-Cbl in the early steps of this process [87, 92-94].  c-Cbl 

interacts with the ERBB receptors very rapidly upon activation by ligand, associating 

with EGFR at the plasma membrane either directly via its phosphotyrosine binding 

domain (PTB) at EGFR pY1045 or indirectly through the adaptor protein Grb2 and 

EGFR pY1068 and pY1086 [88].  While the ubiquitin ligase activity of c-Cbl is known to 
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cause the direct conjugation of ubiquitin on EGFR, it has also been shown to become 

ubiquitinated itself, as well as to cause the ubiquitination of other proteins in this receptor 

associated complex [95, 96]. 

 As discussed earlier, one of the primary functions of both phosphorylation and 

ubiquitination is in the establishment of protein – protein associations and the formation 

of functional complexes.  Aside from Cbl, there are several EGFR adaptor proteins and 

complexes that have been demonstrated to play roles in its endocytosis, predominantly 

through clathrin coated pits.  These include: CALM, AP-2, Grb2, Hrs, CIN85/endophilin, 

Eps15, and Epsin [87, 92, 93, 97].  Of these, Hrs, Eps15, and Epsin are known to 

associate with ubiquitinated substrates (EGFR and others) through ubiquitin interaction 

motifs while Grb2 mediates the interaction between phosphorylated EGFR and c-Cbl, 

providing evidence for the role of both phosphorylation and ubiquitin in this process 

(reviewed in [98]).  The others, CIN85, CALM, and AP-2 interact with EGFR through a 

variety of other direct and indirect mechanisms ([99] reviewed in [100]).  Importantly, 

with regard to the clathrin mediated pathway, evidence exists for the presence of both 

commonly involved components as well as those which are specific in their roles for the 

endocytosis of particular cargo.  For example, both CALM and Grb2 have been shown to 

be specifically involved in the endocytosis of EGFR.  siRNA knockdown of either has 

been shown to reduce the ability of EGFR to undergo clathrin mediated endocytosis 

while at the same time displaying no effect on the same pathway with regard to the 

constitutively endocytosed transferrin receptor [101].  The targeting of dynamin or AP-2, 

which are general components of the clathrin pathway, resulted in the inhibition of all 
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clathrin mediated endocytosis [101].  Interestingly, Eps15 has been shown to be both a 

general component of clathrin mediated endocytosis as well as a specific component of 

the calveolin mediated endocytosis of heavily ubiquitinated EGFR [87, 101].  As multiple 

mechanisms of Eps15 and EGFR association have been demonstrated in clathrin 

mediated endocytosis (direct association with ub-EGFR and indirect association through 

c-Cbl / CIN85), it is conceivable that alternate functions could be dictated by the types of 

interactions which are present under different circumstances (i.e. formation of different 

complexes) [92].  A similar scenario is likely with regard to other proteins involved in 

this process. 

 Membrane invagination during pit formation is thought to be mediated by 

interactions between the adaptor protein complex, AP-2, other previously mentioned 

adaptor proteins such as Epsin and CIN85 / endophilin, and the scaffold lattice created by 

interlocking subunits of clathrin.  While the interaction of these pit assembly components 

with proteins such as EGFR functions to localize this cargo within the coated pits 

themselves, this process proceeds independently of cargo containment.  In other words, 

while clathrin coated pits and their assembly proteins are essential for ligand mediate 

EGFR endocytosis, neither EGFR nor its activation  are necessary for clathrin coated pit 

assembly (reviewed in [100]).  Once pit formation is complete, vesicle fission is 

accomplished by a GTP-ase called dynamin, which in essence is thought to polymerize 

around the “neck” of the pit before undergoing GTP hydrolysis and a constrictive 

conformational change (reviewed in [102]).  The result is the pinching off or fission of a 

newly formed endocytic vesicle from the plasma membrane.      
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 Once the endocytosis of EGFR is complete and it is bound within a free endocytic 

vesicle, the remainder of its lifecycle will be decided by one of the several intracellular 

trafficking routes it can take, leading to very different potential outcomes.  Current 

knowledge of intracellular EGFR trafficking covers a variety of possible routes, 

including: recycling to the plasma membrane, lysosomal degradation, and mitochondrial 

or nuclear translocation.  The canonical pathways consist of return to the plasma 

membrane via either early or late stage recycling endosomes or routing through 

multivesicular bodies (MVBs) and late endosomes towards lysosomal degradation.  The 

key components of these canonical pathways, along with the mechanisms involved in 

determining which of these pathways are taken will be discussed here.  (mitochondrial 

and nuclear translocation will be covered in Non-canonical EGFR Acivities) 

 The intracellular trafficking of endocytic vesicles in general, involves interactions 

between a variety of vesicular associated, cytoskeletal, and destination recognition 

components / proteins.  The Rab proteins, make up an extensive family of GTPases 

which are involved in the targeting of intracellular vesicles to a variety of specified 

locations within cells (reviewed in [103]).  This is accomplished through their ability to 

mediate the interactions of their associated vesicles with cytoskeletal motor proteins such 

as the actin filament associated myosins as well as the kinesins and dynein of 

microtubules.  The recognition and fusion of these vesicles with their final locations is 

dependent on these Rab proteins as well.  This is accomplished in conjunction with the 

activities of variety of equally important tethering factors and SNARE complexes 

(reviewed in [104]).  In the case of EGFR, its association with Rab5, Rab4 or Rab11 
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positive endosomes has been respectively associated with clathrin coated vesicles during 

early endocytosis, rapid recycling, and late recycling from the MVB or the trans-golgi 

network [73, 105].  On the other hand, colocalization between EGFR and Rab7 has been 

correlated with progression towards lysosomal degradation [106].      

 The determination of which trafficking pathway a particular EGFR or ERBB 

receptor pair will take is predominantly a result of its modifications and the resultant 

protein - protein interactions in which it can participate.  As with endocytosis, several 

protein complexes are known to be involved in the recognition and trafficking of 

endocytosed ERBBs.  These protein complexes likely help to establish interactions 

between the receptors and other components of the trafficking machinery as discussed 

above (i.e. Rabs, etc).  The best known of these complexes is the “endosomal sorting 

complex required for transport” (ESCRT), made up of: 0 (Hrs / STAM), I (Tsg101), II 

(Vps25), and III (Vps24) [107].  Evidence for EGFR ubiquitination as a factor in 

trafficking determination processes, particularly in relation to degradative pathways, 

includes the demonstrated involvement of these ubiquitin recognizing, MVB associated 

proteins (reviewed in [108]).  As discussed previously, differences in the abilities of 

specific EGFR ligands to induce receptor ubiquitination correlated strongly though not 

completely with the potential for receptor degradation or recycling.  An inverse 

correlation between ligand affinity and both ubiquitination and degradation was also 

observed [73].  Interestingly, this may be explained by the observation that c-Cbl can 

associate with and continue to ubiquitinate EGFR throughout its endocytic route [94].  In 

a separate study, Longva et al demonstrated that initial EGFR ubiquitination was roughly 
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equivalent when comparing stimulation by TGFα and EGF.  However, only EGF resulted 

in prolonged c-Cbl / receptor association, ubiquitination, and transport to the inner 

membranes of multivesicular bodies, indicating a requirement for c-Cbl and its function 

in this process [109].  Interestingly, other groups have demonstrated the importance of a 

transient EGFR / c-Cbl interaction in the recycling of amphiregulin stimulated EGFR 

back to the plasma membrane [110].  It was later demonstrated that specific interactions 

between different ESCRT components was important for different outcomes in this case.  

ESCRT-I and –III were shown to be important for amphiregulin induced recycling, while 

complexes -0 and –II were dispensable.  However, all four ESCRTs were required for 

efficient EGF mediated downregulation [107].  As ESCRTs are predominantly thought to 

recognize and interact with EGFR via its ubiquitination, these results emphasize the 

importance of this modification for receptor trafficking.  Additionally, they further 

emphasize the complexity of the ubiquitin system as discussed previously.              

 

Non-canonical EGFR Activities  

 Although the canonical ERBB signaling pathways make up the bulk of what is 

currently know about activities of this receptor family, it has more recently become clear 

that the role of these oncogenes in cellular processes and in cancer is much more complex 

than can be attributed to kinase mediated signal transduction alone.  A myriad of 

separate, non-traditionally kinase related functions of the ERBB receptors have been 

demonstrated in the past two decades.  These include their ability to translocate to the 

nucleus and act as transcriptional co-factors as well as participate in DNA damage repair 
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and replicative pathways.   Also of relevance is their ability to traffic to mitochondria, 

where they can interact directly with COXII in a phosphorylation specific manner to 

affect cellular ATP levels and apoptosis, as well as their involvement in calcium 

signaling through direct and indirect interaction with some of the major players involved 

[111-114].  Curiously, the highly conserved juxtamembrane (jxm) domain of the ERBB 

receptors, comprised of amino acids 645-682 (in EGFR) and located just c-terminal of the 

transmembrane domain has been shown to be involved in many of these processes. 

  

Nuclear EGFR 

 The N-terminal portion of the ERBB juxtamembrane domain contains a tripartite 

sequence of three clusters of basic amino acids that has been shown to be involved in 

ERBB nuclear translocation through its action as a nuclear localization signal sequence 

[25].  This signal sequence, consisting of amino acids 645-657 in the case of the EGFR 

jxm domain has been shown to facilitate the interaction of EGFR with members of the 

nuclear importin family, most notably Importin β1, resulting in translocation to the 

nucleus [25, 115].  A requirement for the specific phosphorylation of EGFR Ser229 by 

Akt has been demonstrated in this process as well, providing at least part of one 

distinguishing factor by which specificity for this trafficking pattern can be achieved over 

other routes [27].  Prior work from our lab and that of others has shown that once in the 

nucleus, EGFR is able to interact with the promoters of several genes, including CyclinD, 

b-myb, Cox2, INOS, and BCRP to upregulate their transcription, with such potential 

effects as increased cellular proliferation, initiation of stress response pathways, and 
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increased resistance to chemotherapeutics [27, 116-119].  In addition, nuclear localized 

EGFR can interact with DNA-PKs and PCNA to enhance double strand DNA repair in 

response to ionizing radiation and to promote DNA replication [120, 121].  The presence 

of nuclear EGFR has been shown to correlate with increased aggressiveness and higher 

rate of recurrence in several cancer types [122-124]. 

 

Mitochondrial EGFR  

 Along with its involvement in nuclear trafficking, this same juxtamembrane 

region has been shown to be important for EGFR trafficking to the mitochondria as its 

deletion reduces ligand mediated EGFR/mitochondrial co-localization [26].  

Additionally,  the influence of the transmembrane domain in this process has been 

demonstrated, as only the combination of transmembrane domain amino acids, 622-644, 

as well as the juxtamembrane amino acids, 645-666, has been shown to be able to direct 

an eGFP fusion protein to the mitochondria.  The jxm domain alone results in eGFP 

accumulation in the nucleus [26].  Phosphorylation of EGFR Tyr845 by activated Src is 

another important factor in the mitochondrial trafficking process.  Once inside the 

mitochondria, EGFR can interact directly with and phosphorylate CoxII, causing a 

reduction in its activity and resulting in a temporary decrease in cellular ATP levels [26].  

That this takes place even under normoxic conditions could indicate a Warburg-like 

effect is occurring, potentially leading to a switch from oxidative to glycolytic ATP 

production, which could reduce production of free radicals and benefit cellular viability 

[26] 
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EGFR and calmodulin  

 Upon ligand binding, as seen in the case of EGFR and HER2, an induction of 

cytosolic Ca
2+

 is quickly observed which is likely mediated by interactions of the 

receptor kinase domain with PLCγ [125, 126].  The resultant elevation of free Ca
2+

 levels 

in the cytoplasm induces activation of CaM and leads to the association of Ca
2+

-CaM and 

the ErbB juxtamembrane domain.  This interaction was shown to increase the rate at 

which the juxtamembrane domain of EGFR dissociates from the plasma membrane and 

affected both the trafficking and kinase activity of EGFR in COS-1 cells and rat liver 

isolates respectively [48, 127-129].  The association of CaM with EGFR and other ErbBs 

has the effect of modulating its activity as well [130].  Known to be involved in 

proliferation, cell migration/invasion and cell growth, CaM has been proposed as a 

potential target for the development of anti-cancer therapies [127, 131].  In support of 

this, it has been shown that knockdown of CaM through siRNA or treatment with W-7, a 

CaM antagonist, in SK-BR-3 breast cancer cells was shown to result in a suppression of 

EGF induced Akt activation.  Additionally, the well known and widely used anti-

oestrogen therapeutic, Tamoxifen, which is a standard of care for treating pre-

menopausal women presenting ER-positive breast cancer subtypes, also displays some 

CaM antagonistic activity that is apparently non ER dependent [132-134].  Treatment of 

non ER expressing, A375-SM melanoma cells, with calmodulin antagonists including 

Tamoxifen, has been shown to result in decreased invasive potential in-vitro, providing 

support the the potential use of CaM as a target for therapeutic development [132].    
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ERBBs in Cancer 

 The misregulation of the ERBB receptors or their ligands in cancers including 

head and neck, non small cell lung, pancreatic, breast, ovarian, esophageal, cervical, 

bladder, gastric, endometrial and colorectal cancers has been correlated to varying extents 

with reduced overall survival rate and increased disease recurrence in patients [135, 136].  

The mechanisms of misregulation in these cancers are varied, receptor specific, and 

intriguingly are often limited to one or a few predominant categories.  These categories 

include: mutation, genetic amplification, mislocalization, transcriptional upregulation, 

and post translational upregulation.  Cases of non-small-cell lung cancer as an example 

often display somatic activating mutations in the ATP binding pocket of the EGFR kinase 

domain [137].  These EGFR mutations are often accompanied by the acquisition of 

genetic amplifications, which are also associated with cancers of the urinary bladder and 

in gliomas [138].  While cases are observed, neither genetic amplification nor activating 

mutations of EGFR or ERBB3 are commonly associated with breast or colon cancer 

[139-141].  The exception to this is the presence of the truncated EGFRvIII variant which 

has been detected in a variety of human tumor tissues, including a high percentage of 

breast and lung tumors [142, 143].  Unlike with EGFR, the amplification of ERBB2 in 

HER2+ breast cancer is seen as a significant prognostic factor and indicator of disease 

aggressiveness [144-146].  Mechanisms of EGFR and ERBB3 deregulation in breast 

cancer are typically associated with transcriptional or post transcriptional methods.  In the 

case of EGFR, our lab has previously demonstrated the involvement of aberrant 

interactions between EGFR and a known oncogenic mucin, MUC1, in breast cancer.  
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Under normal circumstances these two proteins are spacially segregated, with MUC1 

localizing to the apical domains of polarized epithelium and EGFR expressed on the 

basolateral surfaces, as discussed earlier.  However, the loss of polarity that accompanies 

transformation allows for the interaction of these two proteins.  We have shown that this 

interaction acts to reduce EGFR degradation and potentiate ligand mediated signaling 

[147].  In addition, we have previously demonstrated that this interaction promotes a 

nuclear trafficking emphasis, rather than a degradative one as is more typical for EGF 

stimulated receptors [117].   It is important to recognize that ERBB receptor 

misregulation is associated with cancers of many varieties, regardless of the mechanisms 

involved.  The reason for this from a practical perspective is that whether a particular 

ERBB receptor is upregulated via genetic amplification or overactive due to a point 

mutation, they are still similar entities in most respects.  They still possess largely the 

same amino acid sequence, they still signal through similar kinase cascades, and they still 

interact with similar proteins.  From a therapeutic standpoint, this should mean that there 

are ways to broadly target them all.  The following sections will briefly discuss targeted 

therapies in general, to be followed by a discussion of ERBB targeted therapies.   

(Further information on ERBB receptor misregulation in a variety of cancer types can be 

found in Table 1.1.) 



 60 

 

Table 1.1.  Expression of ERBBs and their ligands in cancer.  Table provides 

information on associations found between the different ERBBs and several cancer types.  

This is a modification with permission of Table 1, found in [82].  The original table 

provides references for all information contained therein.      
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Targeted Cancer Therapeutics  

 Twenty years ago, the standard of care for many types of primary cancer was 

surgical removal if possible, followed by chemotherapy or radiation.  This is not much 

different than the standard of care today in many cases.  However, there are important 

distinctions to be made.  Technological advances in imaging, therapeutic delivery and in 

other procedural techniques have greatly reduced the level of invasiveness for many 

aspects of these treatment processes.  Additionally, much advancement in our 

understanding of how treatments interact with each other and with a range of external 

factors such as diet and exercise have aided in their use.  However, the real breakthroughs 

in our ability to understand and treat these diseases have come from the expanding 

number of successes in the targeting of specific pathways or proteins involved.  These 

success stories include such commonly known therapies as Tamoxifen, which while now 

synthetically produced is a derivative of a compound originally isolated from the Pacific 

Yew tree.  This compound is now known to function through competitive partially 

agonistic interactions with the estrogen receptor [148].  As a therapy, its ability to directly 

target the activity of the estrogen receptor (ER) makes it an invaluable and specialized 

tool for the treatment of certain subtypes of ER driven breast cancer.  Successful 

identification of targets such as estrogen receptor and the development of targeted 

therapies against them are the focus of the field today.  While there are many candidates 

for this type of research, the remainder of this discussion and the work described herein 

will focus on the ERBB family as a target for therapeutic development.   
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Therapeutic targeting of the ERBBs 

 As the search for useful molecular targets in the treatment of cancer has evolved, 

the ERBB receptors have emerged as promising candidates, based on their association 

with progression and poor prognosis in a variety of cancers ([136] reviewed in [82]).  

Current therapies targeting this receptor family focus on very specific events during 

canonical activation and signaling.  These include the use of ErbB specific, tyrosine 

kinase inhibitors (TKIs) such as Gefitinib/Iressa, Erlotinib, Lapatinib and HKI-272.  

These inhibitors act through interference with the ability of ATP to associate with its 

binding pocket within the ERBB kinase domain (reviewed in [149]).  In addition to these 

small molecule inhibitors, there are several monoclonal antibodies which have been 

created and whose action is directed against the extracellular ligand binding capabilities 

of these receptors.  These include EGFR targeted Cetuximab and Panitumumab, and 

HER2 targeted Trastuzumab/Herceptin (reviewed in[129]).  While several of these 

therapies have been approved for use by the FDA, their clinical efficacy is largely limited 

to specific types and/or subsets of cancers, such as those expressing particular mutant 

versions of EGFR for example (reviewed in [129]).  As with the use of the TKI, 

Gefitinib, in treating non-small cell lung cancer, patients harboring tumors expressing 

EGFR with the deletion of amino acids 745-750 or the L858R point mutation show 

greater sensitivity to the drug.  However, subsequent mutations such as the T790M 

mutation can confer resistance to its effects [150].  In addition, as in the case of 

Cetuximab for example, which is largely ineffective on established tumors but may show 



 63 

benefit with secondary or combinatorial therapy with conventional chemotherapies, 

targeted therapies may perform well only specific circumstances (reviewed in [129]).   

 

Statement of the problem 

  The correlation of ERBB receptor expression with several types of cancer, and in 

many cases with particularly aggressive forms of cancer, highlights them as ideal 

candidates for targeted therapies.  Current therapies targeting these receptors focus on: 

 I. Inhibition of receptor dimerization through the use of monoclonal   

  antibodies against the extracellular domains of these receptors. 

 II. Inhibition of receptor kinase activity through the use of small molecule  

  kinase  inhibitors that interact directly with the ERBB kinase domain (the  

  kinase pocket) and prevent its activity 

These methods have demonstrated certain levels of success, but this has been largely 

limited to specific types or subtypes of cancers.  Additionally, resistance mechanisms 

including the acquisition of mutations in the ERBBs themselves or in other proteins 

allowing circumvention of ERBB signaling often develop, rendering these therapies 

ineffective.  There is therefore a clear need for both a better understanding of the ways in 

which these receptors develop resistance to therapies and for alternative and broader 

approaches to targeting their functions in ways that are more likely to avoid these 

resistance mechanisms.   
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Hypothesis  

 The non-canonical activities of the ERBB family represent a potential mechanism 

of their resistance to current therapies as well as a promising target for the development 

of alternative therapies.  A better understanding of their biology as well as exploitation of 

a common feature, the ERBB juxtamembrane domain, will contribute to the development 

of effective ERBB targeted cancer therapies. 

 

Questions addressed by this research: 

I.  We have previously shown a connection between EGFR nuclear activity, EGFR 

ubiquitination, and the oncogenic glycoprotein, MUC1.  Does this indicate a role for 

EGFR ubiquitination in its nuclear activity? 

 A.  Does ubiquitinated EGFR exist in the nucleus? 

 B.  Is this ubiquitinated EGFR of plasma membrane origin? 

 C.  Does ubiquitin play a role in EGFR nuclear trafficking? 

II.  The ERBB juxtamembrane domain has been shown to be involved in many of the 

non-canonical activities of the ERBB receptors.  Can this domain be exploited as a target 

for therapies designed against this family?   

 A.  Will a cell permeable inhibitory peptide designed against the EGFR 

 juxtamembrane domain affect cancer cell viability in vitro? 

 B.  Does this peptide affect ERBB activity and is this the mechanism by which it 

 kills cells? 

 C.  Will this peptide work in an in vivo model of breast cancer?       
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II. UBIQUITINATION IS PRESENT BUT DISPENSABLE FOR 

GROWTH FACTOR STIMULATED EGFR NUCLEAR LOCALIZATION 

 

Note: The work and experimental results presented in this chapter are all original and 

were performed by the author, Matthew R. Hart 

 

Introduction 

 As a potent regulator of cellular activity, ranging from the induction of 

proliferation via the RAS and Calmodulin / CamKII pathways to the inhibition of 

apoptosis via PI3K, it is eminently clear why tight control over the levels of this activity 

is important for cellular homeostasis ([151] reviewed in [152]).  Deregulation of EGFR is 

known to occur in a wide variety of epithelial derived cancers with mechanisms ranging 

from upregulation at the transcriptional level to the post transcriptional effects of 

mutations altering kinase activation or deregulation through aberrant contextual 

interactions with other proteins such as MUC1 ([147, 153] reviewed in [154]).   While 

transcriptional and/or mutational alterations are common in cancers such as non-small 

cell lung cancer, in other cancers, like that of the breast, oncogenic EGFR activity most 

commonly arises due to aberrant post translational mechanisms of receptor 

downregulation and localization ([153] reviewed in [152]). 

 The major tenants of canonical EGFR activity are generally accepted to involve 

ligand induced receptor dimerization and trans-phosphorylation, followed by downstream 

signal transduction facilitated by a variety of adaptor proteins.  Occurring in parallel with 
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this process, the ubiquitination of EGFR directly or indirectly mediates the interaction 

between EGFR and a variety of other proteins, such as CIN85 and the UIM containing 

Eps15, Epsin, and ESCRT complexes [87, 92, 93, 97].  The roles attributed to these 

ubiquitin associated proteins include the sequestration of EGFR into clathrin coated pits 

followed by endocytosis, and eventual endosomal trafficking through multivesicular 

bodies to lysosomal compartment (reviewed in [108]).  In this paradigm it is the 

ubiquitination of EGFR and accompanying protein interactions which are crucial for 

guiding EGFR trafficking, lysosomal degradation and downregulation [69, 73, 155].   

   While the importance of ubiquitin in EGFR degradation is widely accepted, the 

dynamics of the ubiquitination process, including differential roles of the Cbl family 

members and the roles of certain ubiquitin associated adaptor proteins are less clear.  c-

Cbl, the best studied of the E3 ligases of EGFR is known to associate either by direct 

interaction via its tyrosine kinase binding (TKB) domain with phosphorylated Y1045 

(pY1045) on EGFR or indirectly through the adaptor protein Grb2 (full name) at 

phosphorylated EGFR tyrosines Y1068 (pY1068) and Y1086 (pY1086) [63, 156].  While 

Grb2 interaction and an intact c-Cbl RING domain have been shown to be both necessary 

and sufficient for EGFR internalization in multiple studies, direct, rather than Grb2 

mediated interaction, has been shown to be crucial for efficient ubiquitination of the 

receptor [69, 88, 157].   Interestingly, EGFR Y1045F mutants, deficient in direct c-Cbl 

binding and displaying dramatically reduced levels of ubiquitination, have been shown to 

undergo internalization and degradation patterns similar to that of wild type EGFR [88, 

158].  Because EGFR degradation requires both endocytosis followed by trafficking to 
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lysosomal or proteasomal compartments, it seems likely that robust levels of EGFR 

ubiquitination are not involved or are at least not required for these processes in all 

contexts.  Concurrently, the presence of EGFR ubiquitination does not always seem to 

correlate with degradation of the receptor.  The activation of EGFR by different ligands 

has been shown to result in varying levels and duration of ubiquitination, along with 

different outcomes for receptor trafficking.  For example, while both ligands rapidly 

induce similar levels receptor ubiquitination, stimulation with EGF results in prolonged 

ubiquitination and significant receptor degradation whereas TGFα induced ubiquitination 

which is more transient and predominantly leads to recycling to the plasma membrane 

[73, 109].  While this evidence is not directly correlative, it suggests a requirement for a 

certain threshold level, duration, or variety of EGFR ubiquitination (i.e. mono or poly) 

for lysosomal degradation to occur.  This notion is further supported by work 

demonstrating the dynamics of EGFR interactions with c-Cbl and Cbl-b family members.  

Through siRNA mediated knockdown, Pennock et al demonstrated that the two Cbls 

could functionally compensate for one another to promote ubiquitination and eventual 

EGFR degradation.  Interestingly, c-Cbl and Cbl-b interacted with EGFR through 

different binding sites, associated with EGFR at different times during the post-activation 

trafficking process, and resulted in temporally separate early (c-Cbl) and late (Cbl-b) 

peaks of EGFR ubiquitination [155].  These observations point not only to the complexity 

of the EGFR ubiquitination process, but indicate a potential for separate non-degradative 

functions for this modification in EGFR biology. 
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 The study of ubiquitin functionality in proteins other than EGFR has led to many 

observations of non-degradative roles for this modification and additional layers of 

complexity.  These, including, intracellular trafficking, protein interactions and nuclear 

activity are often dependent on the type of mono, multi, or several branching variations of 

poly-ubiquitination involved, all of which have been observed to occur on EGFR ([69, 

159] reviewed in [160, 161]).  The monoubiquitination of the well known tumor 

suppressor, PTEN, has been shown to result in its nuclear localization and protection 

from degradation.  Conversely, polyubiquitination of PTEN results in cytosolic 

proteasomal degradation [162].  Inside the nucleus, work in yeast and other cell systems 

has demonstrated a roles for ubiquitin in transcriptional regulation.  Upon its 

monoubiquitination, the cellular stress response transcription factor, FOXXO4, has been 

shown to enter the nucleus and stimulate transcriptional activity.  Likewise but with 

added complexity, the transcriptional co-factor SRC-3, is activated by 

monoubiquitination but deactivated in a time dependent manner by polyubiquitin chain 

elongation (reviewed in [160]). 

 It has become widely accepted that EGFR possesses the ability to undergo EGF 

dependent nuclear translocation, allowing it to participate in a wide variety of processes, 

including serving as a transcriptional co-factor in the activation of several genes [117, 

163, 164].  While the ubiquitination of EGFR as discussed earlier has been demonstrated 

to play roles in earlier trafficking events, including internalization, early endosomal 

sorting and routing to multivesicular bodies, its involvement beyond that has to our 

knowledge been associated entirely with degradation.  However, the complexity of the 
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EGFR ubiquitination system and lack of literature addressing non degradative roles for 

this process in the context of EGFR, along with what has been demonstrated with the 

ubiquitination of other proteins suggest the potential for additional functions of EGFR 

ubiquitination.  At minimum it poses the question: if, as has been demonstrated, EGF 

induces both rapid ubiquitination of EGFR, as well as nuclear translocation of the 

receptor, are the two processes mutually exclusive or do they overlap?  In other words, is 

the population of EGFR which becomes ubiquitinated in response to activation at the 

plasma membrane separate from or the same as that which proceeds to the nucleus and 

participates in nuclear activity? 

 In this study we demonstrate that ubiquitinated EGFR rapidly accumulates in the 

nucleus of cells in culture in response to EGF.  In addition we show that this EGFR is of 

plasma membrane origin.  Finally, using EGFR mutant proteins deficient in c-Cbl 

binding and ubiquitination, we go on to asses the role of ubiquitination in EGFR 

trafficking to the nucleus.  While we did not observe any effects on EGFR nuclear 

translocation in these mutants, our work indicates that EGFR ubiquitination by c-Cbl 

does not necessarily represent an immediate, surface to lysosome, degradative trafficking 

signal.  In addition, the novel observation of plasma membrane activated and 

ubiquitinated EGFR trafficking to the nucleus, reveals numerous potential roles and 

avenues of study for ubiquitin in the functions of the nuclear EGF receptor. 
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Materials and Methods 

Cell lines and antibodies 

All cell lines were obtained from ATCC and maintained at 37 degrees under 5% CO2.  

BT20s were grown in EMEM (ATCC), while HEK-293T cells were grown in DMEM 

(Cellgro).  BxPC3 cells were grown in RPMI (Cellgro).  Media was supplemented with 

10% FBS (PAA).  MCF10as were grown in RPMI (Cellgro) with supplements as 

described in [117].  

Antibodies were obtained from the following: EGFR 1005, Ub P4D1, Histone H3, pY99, 

pAKT (1,2,3), GAPDH and GFP (Santa Cruz Biotechnologies), EGFR Ab-13 

(Immunoprecipitation, NeoMarkers), BAP31 (Affininty Bio Reagents), and dpERK, β-

actin (Sigma). 

 

Plasmid DNA 

EGFR-GFP in pEGFP-N1 was a generous gift of Graham Carpenter and referenced in 

[165].  EGFR mutants were created using primer directed mutagenesis and whole 

plasmid PCR with Phusion polymerase (Finnzymes), followed by re-ligation (EGFR 

mutations were verified by sequence analysis at the University of Arizona Bio5 Genetics 

Core facility).  The following primers were used in the creation of EGFR mutants (altered 

codon positions are underlined while specific changes to the wild type EGFR nucleotide 

sequence are in bold): 

EGFR
Y1045F

   

Forward primer:  [Phos]CAGCGATTCAGCTCAGACCCCACA 



 71 

Reverse Primer:  [Phos]CAAGAAGCTGTCTTCCTTGATGGG 

EGFR
K843R

 

Forward Primer:  [Phos]GAAGAGAGAGAATACCATGCAGAAGGAGG 

Reverse Primer:  [Phos]CGCACCCAGCAGTTTGGCCAGCCC 

EGFR
K713R

   

Forward Primer:  [Phos]GTGTATAGGGGACTCGGATCCCAGA 

Reverse Primer:  [Phos]CGTGCCGAACGCACCGGAGCC 

 

Immunoprecipitation and western blot 

Immunoprecipitations and western blotting were performed as described previously [117] 

using either Protein G agarose beads (Invitrogen) or Strepdavidin conjugated agarose 

beads (Novagen).   

 

Subcellular fractionation  

Differential detergent subcellular fractionations method was adapted from Ramsby 1994 

differential detergent fractionation Electrophoresis (journal) and performed as described 

previously [117].  Briefly cells were lysed in cytosolic fraction buffer (.01% Digitonin, 

100mM NaCl, 300mM Sucrose, 10mM PIPES pH 6.8, 3mM MgCl2, 5mM EDTA) and 

allowed to incubate at 4 degrees, tumbling, for 7.5 minutes.  They were then spun down 

at .4 rcf to pellet membrane and nuclear fractions.  Cytosolic fraction supernatant was 

removed and kept and pellets were then washed 1x in cytosolic buffer, spun again, and 

supernatant discarded.  Pellets were resuspended in membrane fraction buffer (.5% 
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TritonX-100, 100mM NaCl, 300mM Sucrose, 10mM PIPES pH 7.4, 3mM MgCl2, 3mM 

EDTA) and vortexed for 5 seconds at full speed.  They were again incubated at 4 degrees, 

tumbling, for 7.5 minutes before being spun down at 5.1 rcf.  Membrane fraction 

supernatant was removed and kept and pellets were washed 1x with membrane isolation 

buffer, re-spun, and supernatant discarded.  Pellets were then resuspended in nuclear 

fraction buffer (1mM MgCl2, 10mM NaCl, .5% Deoxycholate, 10mM PIPES pH 7.4, 1% 

Tween 40) and dounced 20x (on ice) followed by sonication 3X10 seconds at ~.3 Watts 

(to disrupt nuclear membrane and shear DNA).  Samples were spun down at 6200 rcf and 

nuclear fraction supernatant collected. 

 For the fractionation and SA-HRP immunoblot in Figure 2B it was necessary to 

substitute a more stringent nuclear fraction buffer for the buffer described above in order 

to more cleanly isolate biotinylated EGFR by immunoprecipitation.  Nuclear pellets were 

resuspended in NETN buffer (150mM NaCl, 1mM ethylenediaminetetraacetic acid 

(EDTA), 20mM Tris, pH 8.0, 0.5% Nonidet P-40) described in [25] and sonicated 3X10’ 

at ~.3 Watts before centrifugation for 10 min at 6200 rcf to pellet cytoskeletal 

components and nuclear fraction supernatant was collected. 

 

Biotinylation of cell surface proteins 

 EZ Link Sulfo-NHS-SS-biotin and EZ Link Sulfo-NHS-LC-biotin were obtained from 

Thermo/Pierce.  Adherent cells were treated with .75mg/ml biotin in 3ml/100mm dish, 

PBS/CM (PBS with 1mM CaCl2 and .5mM MgCl2) for 12 minutes on ice to allow for 

biotinylation of plasma membrane proteins to occur.  PBS and free biotin were removed 



 73 

and cells were washed 3X5 minutes with cold 100mM Glycine in PBS/CM before 

proceeding to experiment (See below).   

 

Endocytosis / ubiquitination assay 

Endocytosis and ubiquitination assays were performed as described in [147] except for 

when preceded by biotinylation of cell surface proteins (see above) or followed by 

subcellular fractionation (see above).  All ubiquitination assays included 10mM N-

Ethylmaleimide in addition to protease and phosphatase inhibitors as described 

previously [147]. 

 

Results 

EGF induces rapid accumulation of ubiquitinated EGFR in the nucleus 

 While the ubiquitination of target proteins is most commonly associated with 

proteasomal or lysosomal degradation, it has also been shown to function in the 

intracellular trafficking of a variety of proteins with in a cell.  Stimulation of the EGF 

receptor with EGF has been shown to both induce EGFR ubiquitination, as well as 

trafficking to the nucleus [117].  Additionally, a role has been demonstrated for 

ubiquitination in the nuclear trafficking of proteins such as PTEN [162].  In order to 

determine whether ubiquitination plays a role in the nuclear trafficking of EGFR, we first 

set out to determine whether EGF stimulation could induce ub-EGFR accumulation 

within the nucleus.  To do this, BT20 cells were serum starved overnight before being 

stimulated with EGF on ice.  They were then incubated at 37 degrees to allow for 
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ubiquitination, endocytosis, and trafficking to occur.  Finally, cells were lysed and 

subjected to differential detergent subcellular protein fractionation, isolating the 

cytosolic, membrane and nuclear fractions.  EGFR immunoprecipitations from membrane 

and nuclear fractions were performed and the expression of phosphorylated and total 

EGFR, ubiquitin, and several markers for fraction purity were analyzed by western blot.  

We were able to observe a very rapid EGF dependent induction of a characteristic 170-

250 kDa ubiquitin smear indicative of ubiquitinated EGFR in the immunoprecipitates 

(Figure 2.1).  Fraction purity markers, Histone H3, BAP31, and GAPDH indicated low 

levels of contamination between fractions.  Surprisingly, though we observed increased 

levels of EGFR ubiquitination and phosphorylated EGFR in response to EGF, total 

EGFR levels did not appear to increase and either remained the same or were at times 

reduced at early (2min) time points relative to un-stimulated (-) samples (Figure 2.1 and 

Supplemental Figure S2.1 
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Figure 2.1.  EGF Induces a Rapid Accumulation of Ub-EGFR in the Nucleus.  BT20 

breast cancer cells were serum starved overnight before being treated with 20ng/ml EGF 

as described in Materials/Methods.  Subcellular fractionation of lysates and subsequent 

analysis of fraction components by immunoprecipitation of EGFR (upper two panels 

only) and immunoblot for indicated proteins demonstrate levels of ub-EGFR and markers 

of fraction purity. 
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Ubiquitinated nuclear EGFR is of plasma membrane origin 

 As mentioned previously, our frequent observation of a decrease in total EGFR 

between the serum free and 2min EGF conditions was unexpected.  To rule out the 

possibility that we were observing the ubiquitination and subsequent degradation of 

EGFR already present in the nucleus we first labeled the plasma membrane proteins of 

serum starved MCF10A cells with non membrane permeable sulfo-nhs-ss-biotin.  Cells 

were then incubated with EGF on ice before being moved to warm serum free media and 

incubation for time points at 37 degrees.  Subcellular fractionations were then performed 

and subjected to strepdavidin precipitation to isolate biotinylated proteins.  We were able 

to observe an EGF dependent increase in biotin associated EGFR in the nuclear fraction 

at 2 minutes, indicating that this EGFR was of membrane origin (Figure 2.2A).  We also 

observed the induction of a 170-250 kDa ubiquitin smear that was coincident with EGF 

stimulation.  Observation of stronger than usual ubiquitination in the serum free 

membrane fraction was determined to likely be due to slight activation of the receptor by 

the biotinylation itself, something we have observed previously (data not shown).  In 

these experiments, because we did not immunoprecipitate EGFR directly, we could not 

determine that what we had observed was in fact representative of ub-EGFR.  In order to 

pursue this further, we repeated the experiment, this time immunoprecipitating EGFR 

directly.  Western blot for strepdavidin produced a band of ~170 kDa, which 

corresponded in size to EGFR.  Additionally, subsequent blotting for ubiquitin produced 

the same characteristic ubiquitin smear as previously shown for EGFR, indicating that 

this nuclear ub-EGFR was indeed of plasma membrane origin (Figure 2.2B). 
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Figure 2.2.  EGF Induced Nuclear ub-EGFR is of Plasma Membrane Origin. 

A) MCF10a cells were serum starved overnight before being labeled with non membrane 

permeable, cleavable, Sulfo-NHS-SS-biotin, followed by stimulation with 20ng/ml EGF.  
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At indicated time points cells were subject to subcellular fractionation before subsequent 

BCA analysis of protein concentration, strepdavidin precipitation and immunoblot for 

indicated proteins.  B) MCF10a cells were treated as above before being labeled with 

Sulfo-NHS-LC-biotin, a non membrane permeable, non-cleavable biotinylating agent.  

They were then stimulated with 20ng/ml EGF and subject to subcellular fractionation.  

Lysates were then immunoprecipitated for EGFR (top two panels only) and Strepdavidin-

HRP immunoblotted for biotin or for indicated proteins.  
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Direct EGFR / Cbl interaction and ubiquitination is not required for nuclear localization  

  

 c-Cbl has been shown to be the predominant EGFR E3 ubiquitin ligase, especially 

immediately after stimulation by ligand [155].  The interaction of these two proteins is 

mediated by the phosphorylation of the EGFR tyrosine residues, 1045, 1068, and 1086 

(Figure 2.3A (a)).  Because the indirect, Grb2 mediated interaction of c-Cbl at Y1068 and 

Y1086 has been shown to be involved in many processes within the cell, including 

internalization of EGFR, we limited our manipulation of EGFR c-Cbl binding to the 

direct Y1045 mediated interaction [157].  Y1045 has been shown to be the site of direct 

EGFR Cbl interaction and plays a crucial role in the ubiquitination of EGFR, yet has been 

reported to serve a minimal role in the endocytosis of the receptor [158].  Using LC-

MS/MS analysis, Huang et al, identified 6 Lysines within the EGFR kinase domain that 

were the predominant sites of receptor ubiquitination in response to EGF [69].  While 

abrogation of the direct EGFR/c-Cbl interaction by a Y1045F mutation resulted in 

roughly an order of magnitude reduction in this ubiquitination (depicted in Figure 2.3A, 

(b)), their further analysis of remaining ubiquitination sites revealed at least two lysines, 

K713 and K843, which were still ubiquitinated in the presence of this mutation [69].   

 In order to determine whether Cbl interaction and ubiquitination play a role in 

EGFR nuclear localization we created EGFR mutants, representing EGFR
Y1045F

, 

EGFR
K713R

, EGFR
K843R

, and EGFR
Y1045F+K713R+K843R

 (EGFR
X3

) (Figure 2.3B).  These 

mutant proteins were transfected into endogenous EGFR deficient HEK-293T cells and 

evaluated for their ability to become ubiquitinated in response to EGF stimulation (Figure 

2.4A) as well as for their potential to undergo nuclear localization (Figure 2.4B).  It 



 80 

should be pointed out that no noticeable differences in the activation of EGFR (shown by 

PY99), ERK, or AKT were observed among these mutant proteins in response to EGF, 

indicating that these mutations did not affect overall EGFR kinase activity (Figure 2.4A).  

Interestingly, levels of ERK activation in response to EGF were similar in the EGFP-Ctrl 

transfected cells, indicating the likely presence of undetectably low levels of endogenous 

EGFR in these cells.  While dramatic reductions in the levels of ubiquitination among the 

EGFR
Y1045F

 and EGFR
X3

 mutants are clear, immunoblots for EGFR consistently 

demonstrated the presence of similar levels of wild type EGFR and all EGFR mutants in 

the nucleus at 5 minutes post EGF stimulation (Figure 2.4B).  This indicated that direct 

EGFR Y1045 / c-Cbl interaction and robust ubiquitination is not required for EGFR 

translocation to the nucleus in these cells. 

 In order to evaluate the potential for EGFR ubiquitination to affect nuclear 

function, we attempted to test the abilities of these mutants to induce the expression of 

known EGFR transcriptional targets in response to EGF stimulation in HEK-293T cells.  

Evaluation of Cyclin D and ABCG2 levels in response to EGF at several time points did 

not lead to any observable induction in either of these proteins in this cell line (data not 

shown).       
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Figure 2.3.  The creation of EGFR mutants for distrupting direct EGFR/c-Cbl 

interactions and ubiquitination.  A) a) Model representing an activated, phosphorylated 

EGFR dimer and previously described direct and indirect c-Cbl interaction methods.  b) 

EGFR wt and Y1045F mutant c-Terminal and kinase domains demonstrating normal and 

reduced c-Cbl interaction and ubiquitination respectively.  B) Kinase and C-Terminal 

Tail domains of wild type, Y1045F, and X3 (EGFR
Y1045F+K843R+K713R

) mutations as well 

as the known/predicted effects of those mutations on phosphorylation and ubiquitination.     
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Figure 2.4.  Direct c-Cbl interaction and efficient ubiquitination are not necessary 

for EGFR nuclear localization.  A) EGFR-GFP wt, Y1045F, and X3 mutant proteins, 

along with EGFP control vector, were transiently transfected into HEK-293T cells.  Two 

days later cells were serum starved overnight.  The following day cells were stimulated 

with 20ng/ml EGF on ice, followed by incubation at 37 degrees for the indicated 

timepoints.  EGFR immunoprecipitates and total cell lysates were separated by SDS-

PAGE and immunoblotted for indicated antibodies.  B) HEK-293T cells were treated as 

above before being subjected to differential detergent subcellular fractionation.  EGFR 

immunoprecipitates and total lysates from membrane and nuclear fractions were 

separated by SDS-PAGE and blotted for the indicated antibodies.   
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Discussion 

 In addition to well studied trafficking fates of EGFR lysosomal degradation and 

plasma membrane recycling, the knowledge of non-canonical EGFR trafficking 

pathways, including nuclear and mitochondrial routes, raises questions about fate 

determination and just how this is accomplished.  While the previously demonstrated 

outcome of receptor ubiquitination would seem to be the exclusively degradative, 

membrane to endosome to MVB to late endosome and lysosome, there are many aspects 

of this canonical outcome that suggest added complexity in this process.  First, the time 

from receptor activation to degradation, while dependant on cell line, is typically 

observed to be quite long, in the range of 30 minutes to several hours [73, 155].  We have 

observed ub-EGFR translocation from the plasma membrane to the nucleus in very short 

timeframes (~2 minutes), peaking between 10-20 min with a subsequent reduction in 

these elevated levels by 15-30 minutes (Figure 2.2).  Other groups have observed similar 

rates of activated EGFR nuclear translocation with similar subsequent reduction in total 

and activated nuclear EGFR protein [163, 166].  Within these timeframes it is not out of 

the realm of possibility that trafficking of EGFR from the plasma membrane to lysosomal 

degradation could include transient localization to the nucleus as an intermediate step. 

 While we consistently observed a rapid nuclear fraction increase in biotinylated 

EGFR of plasma membrane origin corresponding to elevated ubiquitinated EGFR, our 

analysis of total nuclear fraction EGFR levels did not reciprocate those results (Figure 

2.1, Supplementary Figure S2.1, S2.2A, B).  As mentioned earlier, total nuclear EGFR 

levels appeared to either stay the same or were reduced at early time points, increasing 
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again by 30 minutes (Supplementary Figures S2.1, 2.2C).  These observations seem to 

conflict and are not easily explainable.  Presumably, EGFR existing in the nucleus during 

serum starvation conditions (Figures 2.1, 2.2 (EGF (-) lanes)) could represent “old” 

nuclear localized receptor or a separate pool of non-ligand dependent receptor existing in 

or cycling through the nucleus.  Similar observations by others of EGFR existing in the 

nuclei of serum starved cells have been previously published [163, 167]. Speculative 

explanations for an apparent decrease in total EGFR could include an EGF induced 

exchange of non-activated nuclear EGFR for newly activated receptor from the plasma 

membrane resulting in a minimal net change or reduction in total nuclear EGFR at this 

early time point.  Alternatively, solubility differences between activated and non 

activated receptor, based on interactions with DNA, chromatin associated proteins, or 

different components of the nucleus itself (outer nuclear membrane, inner nuclear 

membrane, etc) could account for unexpected variation in observed EGFR levels by our 

method of fractionation.  Indeed, this is supported the variation observed in other 

fractionation methods tested (Supplementary Figure S2.2, [25]).      

 Whether ubiquitination itself plays a role in the translocation of EGFR to the 

nucleus remains to be determined.  Our findings using EGFR
Y1045F

 and 

EGFR
Y1045F+K713R+K843R

 (EGFR
X3

) mutant constructs deficient in c-Cbl binding and 

ubiquitination suggest that receptor ubiquitination is not involved in the trafficking 

process itself.  However, it is clear that a limited amount of EGFR ubiquitination still 

occurred in these mutants, presumably through either indirect Grb2 mediated c-Cbl 

interaction or through other Cbl family members Cbl-b and Cbl-c.  This residual 
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ubiquitination could potentially fulfill a threshold requirement for ubiquitin mediated 

EGFR nuclear trafficking if such a mechanism exists.  Additionally, we did not explore 

the effects of variation in the type of ubiquitination (mono-, multi-, poly-, etc.) that was 

occurring, something that is known to be important in the nuclear localization of the 

protein PTEN [162].  While it has been shown through antibody and LC-MS/MS based 

studies, that EGFR can be modified by all of these ubiquitin variations, it is not clear 

what mediates the addition of these different forms, nor is it clear whether an individual 

EGFR monomer can contain only one form at a time or several at once [69, 159].  It 

could be that different methods of c-Cbl association, interaction with different Cbl family 

members, or other contextual factors may affect this.  Further study in this realm should 

include a more complete reduction in levels of receptor ubiquitination through the use of 

more extensive mutation of the known EGFR ubiquitination sites (Lysines), the use of 

dominant negative Cbl or Cbl siRNA knockdown scenarios, or a combination of these 

methods.  The use of dominant negative ubiquitin mutants, deficient in polyubiquitin 

chain elongation could also be useful in assessing the potential role of mono vs 

polyubiquitination.              

 The known functions of EGFR in the nucleus include its roles as a transcriptional 

cofactor for a variety of genes and its ability to phosphorylate and stabilize PCNA, 

facilitating DNA damage repair and replication, (reviewed in [111]).  As ubiquitin has 

been implicated in similar transcriptional and nuclear protein-protein interactions in the 

context of other proteins, there is no reason to believe the same could not be true for 

EGFR (reviewed in [168]).  Using the EGFR mutant proteins described in this study, we 
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attempted to evaluate the role of direct c-Cbl binding and ubiquitination on the EGFR 

mediated upregulation of known target genes, Cyclin D and ABCG2.  However, we were 

not able to observe any EGFR dependent induction of either of these genes in the 293T 

cell lines tested, indicating that this pathway is likely not present in this particular system 

/ cell line (data not shown).  Evaluating the effect of ubiquitination on this area of EGFR 

nuclear biology in other low level endogenous EGFR containing cell lines such as CHO 

cells, remains an area of interest and future intent for our lab.    
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Supplementary Figure S2.1.  Total nuclear EGFR reduction upon EGF stimulation.  

BT20 breast cancer cells were serum starved overnight before being treated with 20ng/ml 

EGF as described in Materials/Methods.  Subcellular fractionation of lysates and 

subsequent analysis of fraction components by immunoprecipitation of EGFR (upper 

three panels only) and immunoblot for indicated proteins demonstrate levels of activated 

(PY845), total and ub-EGFR as well as markers of fraction purity. 
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Supplementary Figure S2.2.  Fractionation method comparison.  A) BxPC3 and B) 

BT20 cells were serum starved overnight before treatment with EGF.  Fractionations 

labeled (a) were performed as described in materials and methods.  Those labeled (b) 

were performed by the method described in [25].  C) BxPC3 cells were treated as above.  

Fractionation was performed using a Thermo / Pierce Subcellular Fractionation Kit, 

following manufacturer’s instructions. Samples from all fractionation methods were 

immunoprecipitated for EGFR and / or separated by SDS-PAGE, followed by 

immunoblot for indicated antibodies.     
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III. INACTIVE ERBB DIMER FORMATION COOPERATES WITH 

REACTIVE OXYGEN SPECIES TO SUPPRESS BREAST AND 

PANCREATIC CANCER PROGRESSION 

 

Note:  

The work described in this chapter was performed in conjunction with Hsin-Yuan Su and 

Derrick Broka as denoted below.  “ * ” denotes shared contribution   

 

 Figure 1.  Panels D, E, F (Derrick Broka), Panel C (Hsin-Yuan Su), Panel A 

 (Hsin-Yuan Su)*  

 Figure 2.  Panels A, D (Hsin-Yuan Su) 

 Figure 3.  Panels A, C, D, F (Hsin-Yuan Su) E, G (Derrick Broka) 

 Figure 4.  Panels B, D (Hsin-Yuan Su), Panel A (Hsin-Yuan Su)* 

 Figure 5.  Panels B, D (Hsin-Yuan Su) E, F (Derrick Broka) 

 Figure 6.  Panels A, B, C, D (Derrick Broka)*, Panel A (Hsin-Yuan Su)*  

Supplemental Figures.  S1, S4, S5, S6 (Hsin-Yuan Su), S9-14 (Derrick Broka)*, 

 S12 (Hsin-Yuan Su)* 

 

-  This work described in this chapter has been reviewed and is currently undergoing 

revisions for publication in the journal, Molecular Therapy. 
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Introduction 

 
 The misregulation or overexpression of ERBB1 (epidermal growth factor 

receptor, EGFR), ERBB2 (HER2/Neu), and ERBB3 in numerous solid cancers, including 

non-small cell lung, pancreatic, and breast cancer, has been correlated with reduced 

overall survival rate and increased disease recurrence in patients [reviewed in [169]]. 

Current therapies targeting this receptor family involve the use of ERBB specific tyrosine 

kinase inhibitors (TKIs), as well as monoclonal antibodies, and while several of these 

therapies have been approved for use by the FDA, their clinical efficacy is largely limited 

to those cancers with receptor amplifications or mutations [129, 150] 

 A myriad of separate, non-traditional and/or non-kinase related functions of the 

ERBB receptors have been demonstrated in the past two decades.  These include their 

ability to translocate to the nucleus and act as transcriptional co-factors, as well as 

participate in DNA damage repair and replicative pathways, their involvement in calcium 

signaling, and their ability to traffic to mitochondria, where they can interact directly with 

COXII to affect cellular ATP levels and apoptosis [26, 112, 118, 170].  The highly 

conserved juxtamembrane (jxm) domain of the ERBB receptors, located just c-terminal 

of the transmembrane domain, has been shown to be involved in all of these processes.  

For example, translocation of ERBB1 to the nucleus involves a tripartite nuclear 

localization sequence of basic amino acids (amino acids 645-657) within the jxm region, 

previously shown to facilitate the interaction between ERBB1 and Importin β1 [25, 115, 

171].  Nuclear ERBB1 interacts with the promoters of several genes, including Cyclin D, 

b-myb, Cox2, INOS, and BCRP to upregulate their transcription, effecting proliferation, 



 91 

stress response, and resistance to chemotherapeutics [170, 172].  Along with its 

involvement in nuclear trafficking, this same jxm region is important for ERBB1 

trafficking to the mitochondria as its deletion reduces ligand mediated mitochondrial co-

localization [26].  Finally, this same region is also involved in basolateral membrane 

localization, and can serve as an autonomous targeting domain [33]. 

 In addition to these effects on subcellular localization, ERBB jxm domains are 

integral to receptor dimerization.  These domains are partly responsible for both 

maintaining the inactive conformation of an ERBB monomer through electrostatic 

interactions with the plasma membrane, as well as facilitating the interaction of two 

ERBB receptors in an active dimer formation [173].  These interactions of the ERBB jxm 

can be further modulated by calcium influx. ERBB1 mediated elevation of free Ca
2+

 

levels in the cytoplasm induces activation of calmodulin (CaM) and leads to the 

association of Ca
2+

/CaM and the ERBB juxtamembrane domain, enabling signaling 

downstream of both the ERBB receptor and Ca
2+

/CaM, including the activation of 

Calmodulin-dependent Kinase II and Myosin Light Chain Kinase [48, 174, 175].  Similar 

functions of this highly homologous jxm region have been shown for other ERBB family 

members, including dimerization, nuclear translocation and calcium signaling [25, 126, 

176-178]. 

 In the current study, peptides were created to represent subdomains within 

ERBB1, from amino acids 643-663, and were tested for their ability to impact cell 

survival.  We demonstrate the ability of one of these jxm peptides to enter and kill breast 

and pancreatic cancer cells, regulate ERBB dimerization and activation, as well as 
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regulate both calcium and mitochondrial pathways of cell survival.  We show also that in 

mouse models of breast cancer, treatment with this peptide displays no observable 

toxicity and has the ability to reduce tumor growth and metastasis. 

 

Material and Methods 

 

Cell culture and plasmids 

All cell lines were obtained from American Type Culture Collection.  MDA-MB-

468, MDA-MB-231, T47D, AsPC1, and BxPC3 cell lines were grown in RPMI (Cellgro) 

and supplemented with 10% (5% for 468 cells) fetal bovine serum (FBS, PAA).  BT20 

cells were grown in Modified Eagles Medium (EMEM) supplemented with 10% FBS.  

MCF10A cells were grown in DMEM F12, supplemented with 5% Horse Serum, 20 

ng/ml EGF, .5µg/ml Hydrocortisone, 100ng/ml Cholera-Toxin (Sigma), 10µg/ml Insulin, 

and 1% Penicillin/Streptomycin (CellGro).   All lines were grown under 5% CO2.  Rac1-

WT and Rac1-Q61L plasmids were obtained from Addgene. 

 

Antibodies 

The following antibodies were obtained from Santa Cruz Biotechnology:  EGFR 

1005, ERBB3 C-17, and CaMKII. EGFR Ab-13 was obtained from NeoMarkers, and the 

following antibodies were obtained from Cell Signaling: p-EGFR (pY845), 

Her2/ERBB2, Atg12, PARP, cleaved caspase 3, p-ERBB2 (pY1248), p-ERBB3 

(pY1289), p-CaMKII (pT286), p-AKT (pS473), AKT, p42/44 MAPK (ERK 1/2), 
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HMGB1, p-p38 (pT180/Y182) and p38.  In addition, dpERK and β-actin antibodies were 

from Sigma, E-cadherin antibody was from BD Biosciences and Calmodulin antibody 

was from Millipore.  

 

Western blotting and immunoprecipitation 

 Protein lysate preparation and western blotting was performed as described 

previously [179].  Briefly, lysates were collected at indicated time points in lysis buffer 

consisting of 20mM Tris, pH 7.5, 150mM NaCl, 1% NP40, and 5mM EDTA, pH 8.0, 

along with protease and phosphatase inhibitors.  Protein concentration was determined 

using Bicinchoninic Acid assay (Thermo/Pierce).  Cell lysates were combined with 

TNEN buffer (50mM Tris, ph 7.5, 150mM NaCl, 1mM EDTA, pH 8.0, .5% NP40 

(IPEGAL)) and antibody at 4°C, followed by Protein G Agarose beads (Invitrogen). 

Lysates were then separated using SDS-PAGE before being transferred to PVDF 

membranes (Millipore) and immunoblotted using indicated antibodies.     

 

Crosslinking/dimerization and MTT assays 

 MDA-MB-468 or BxPC3 cells were plated at a confluency of 1×10
6
 cells / 60mm 

dish.  On the following day, cells were serum starved overnight.  For crosslink using 

DMS, cells were placed on ice for 10’ and then pre-treated with vehicle, 20µM CP, or 

20µM EJ1 in serum free medium on ice for 10’ and followed by treatment of 100ng/ml 

EGF coupled with vehicle, 20µM CP, or 20µM EJ1 on ice for another 10’. After PBS 

washes twice, cells were placed on ice and incubated for 30’, with 5mM DMS, a 
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membrane permeable, non-cleavable, crosslinking agent (Thermo Scientific, #20700).  

The crosslinking reaction was then quenched with .5M Glycine, 3x2’ washes.   

 Cells were analyzed by MTT following manufacturer’s instructions (Sigma) and 

analyzed using a U-Quant Spectrophotometer (Bio-TEK Instruments, Inc.).   

 

Mitochondrial morphology change and EJ1 mitochondrial localization 

 MDA-MB-468, T47D, or BxPC3 cells were treated in complete media or serum 

starved and treated in serum free media with MitoTracker Red CMXRos (M7512, 

Molecular Probes), along with Hoechst 33342 (H1399, Invitrogen) nuclear stain.  Media 

was then removed and fresh media containing 20µM CP or EJ1 without mitochondrial or 

nuclear stain was added.  Images were taken on an Olympus IX71 and deconvolved using 

softWoRx 4.0 image analysis software (Applied Precision). Images were brightened 

using Adobe Photoshop (-Image-Adjustments-Brighness/Contrast-Brightness).  For 

mitochondrial localization, FITC-labeled EJ1 was used to visualize peptide localization.   

  

Mitochondrial membrane potential 

 Measurement of mitochondrial membrane potential (MMP) was performed with 

the 5,5’, 6, 6’-tetrachloro-1, 1’, 3, 3’-tetraethyl-benzimidazolcarbocyanine iodide (JC-1) 

stain (Invitrogen). JC-1 aggregates fluoresce at 590nm in the mitochondria, while 

cytoplasmically localized JC-1 monomers fluoresce at 529 nm [180]. 

 

 



 95 

HMGB1 release Assay 

 Medium from treated cells was harvested and the supernatant was filtered using a 

0.45 mm filter. Proteins were precipitated with 0.02% DOC and 10% trichloroacetic acid 

and lysed in 2x SDS buffer for immunoblots. 

 

Measurement of intracellular reactive oxygen species by flow cytometry 

 

Generation of intracellular reactive oxygen species (ROS) was evaluated by flow 

cytometry using the 2’,7’-dichlorofluorescein diacetate (DCFH-DA) probe (Invitrogen). 

Fluorescent cells were analyzed by a FACScan flow cytometer (BD Biosciences) at the 

Flow Cytometry Shared Service in the Arizona Cancer Center and excitation/emission 

wavelengths were set at 488 nm and 525 nm respectively [181].  

 

MMTV-PyMT mouse experiments / statistical analysis 

Female MMTV-PyMT mice were palpated weekly until tumors of >5.0 mm in diameter 

were observed.  At this point, animals were placed on study, and were given 

intraperitoneal injections of 20μg/g body weight CP, EJ1 or equivalent volume PBS.  

Injections were administered on a daily basis for 21 days or until total tumor burden 

reached greater than 10% of initial body weight or an individual tumor was over 2 cm in 

average diameter or ulcerated through the skin.  Tumors were measured on average 3 

times per week and size was calculated using the formula:  (x*x)*(y/2), where x and y are 

separate horizontal and vertical measurements (i.e. length and width).   
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 Tumor growth rates were calculated for individual tumors using the formula:  

(Final measurement – initial measurement)/time.  For each tumor, time was equivalent to 

the period from which a measurable tumor was present until the final day of measurement 

for that mouse.  For those tumors with only one measurement (i.e. day 21), initial 

measurement was set as “0” and time used was the period of time between the previous 

day of measurement for that mouse and the day of final measurement.  Growth rates were 

compared using a two-tailed Student’s T-test assuming unequal variance.  

 Because mice were entered into the study at different points depending on when 

they met the minimum tumor size requirements, measurements were made on different 

days for different mice.  Therefore, in order to make comparisons of growth for each 

treatment type among these mice, we grouped the measurements in the following 

manner:  Day 0, Days 1-5, Days 6-10, Days 11-15, Days 16-23 (accounting for one EJ1 

treated mouse which was measured up until day 23).  The latest or furthest along 

measurement within each bin, for each individual mouse, was included in the final 

calculation of average tumor size at each time point.  For example, CP treated mouse “x” 

with an initial measurement on 11/23 and subsequent measurements on 11/25, 11/28, 

12/1, 12/5, 12/8, 12/11 and 12/14 would have the following 5 measurements included in 

the final average: 11/23 (day 0), 11/28 (Day 5) for “Days 1-5”, 12/1 (day 8) for “Days 6-

10”, 12/8 (day 15) for “Days 11-15” and 12/14 (Day 21) for “Days 16-23”.  The 

difference in average tumor size for the last time point (days 16-23) was compared using 

a two-tailed Student’s T-test, assuming unequal variance. 
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 The number of metastasis to the lungs was assessed in Control (6 mice) and EJ1 

(7 mice) treated MMTV-PyMT mice.  Lungs from these mice were fixed, sectioned 

(10µm thickness) and stained with Haematoxylin and Eosin.  Metastatic foci of 5 

individual sections across 200µm/ mouse lung were then counted, with each section 

being treated as a separate number.  Comparison of control vs. EJ1 treated mice was done 

using two-tailed Student’s T-test. 

 In the xenograft study, mice which had with MDA-MB-468 cells grown in 

matrigel plugs implanted into their mammary fat pads were allowed to grow tumors of 

100mm
3
.  At this point, they were given daily 20ug/g doses of CP or EJ1 by tail vein 

injection (i.v.) for 12 days.  The xenograft study was performed by the Experimental 

Mouse Shared Service at the AZCC.              

 

Results  

ERBB1 juxtamembrane peptides reduces cellular viability 

 The conserved juxtamembrane domains of ERBB1, ERBB2 and ERBB3 contain 

sequences responsible for receptor dimerization, calmodulin binding, nuclear and 

mitochondrial localization, and membrane targeting [Figure 3.1A and 3.1B [24, 25, 33, 

126, 176-178, 182, 183]].  Therefore, we set out to determine if blocking the function of 

the juxtamembrane domain of the ERBB receptors would result in an effective ERBB-

dependent cancer therapeutic.  To do this, we created cell-penetrating peptides to act as 

dominant-negative “decoys”, thereby inhibiting endogenous jxm interactions.  Peptides 

specific for jxm subdomains were synthesized downstream of the Protein Transduction 
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Domain-4 [PTD4 [184]] (Figure 3.1C). Next, the effect of peptide treatment on cell 

viability was analyzed on the breast cancer cell line MDA-MB-468 by MTT analysis 

after 3 days of treatment.  We found that the amino acid region between hERBB1
643-663

 

(EJ1) demonstrated optimal reduction in viability, and partial reduction was also obtained 

with sub-sequences within EJ1, including EJ2 (hERBB1
643-655

), EJ3 (hERBB1
649-663

) and 

EJ5 (hERBB1
653-663

) (Figure 3.1C and 3.1D).  

Interestingly, scrambling of the amino acids of EJ1 resulted in no loss of efficacy 

(EJ8), indicating charge may be important.  To test the role of charge of the peptide, one 

of the basic amino acids (Arg or Lys) in each of the three basic clusters of EJ1 was 

substituted with an acidic amino acid (Asp; EJ13 hereafter referred to as control peptide, 

CP) and this completely ablated the effects on viability (Figure 3.1C and 3.1D).  Note 

that replacement of the eight arginines and lysines with alanines resulted in an insoluble 

peptide (EJ9).  Substituting those same basic amino acids with polar amino acids (Gln; 

EJ14) instead only marginally blocked the anti-proliferative effects of EJ1 (Figure 3.1D).  

Together, these results strongly implicate charge in the function of EJ1. 

 To determine if either the minimal nuclear localization sequence (EJ4), or the 

minimal basolateral domain (EJ6) were responsible for the anti-proliferative effects of 

EJ1, peptides of these subdomains were created.   No anti-proliferative effect was 

observed for either peptide, implicating the Calmodulin and dimerization domains as 

essential for the cell death (Figure 3.1C and 3.1D).   After determining the optimal 

peptide concentration (Figure 3.1E), EJ1 was tested for its ability to affect cell viability in 

additional breast cancer cell lines including MDA-MB-231 (Figure 3.1F), and T47D 
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(Figure 3.1G), the immortalized breast epithelial cell line MCF10A (Figure 3.1H), and 

pancreatic cancer cell lines including BxPC3 (Figure 3.1I) and AsPC1 (Figure 3.1J). In 

analyzing the effects of EJ1 in these lines, we found that its effects range from a 

minimum of 27% reduction in MCF10A cell viability (Figure 3.1H), to a maximum of 

75% reduction in that of T47D cells over a three day treatment period (Figure 3.1G).  

Analysis of the ERBB expression profile (including ERBB1, ERBB2 and ERBB3) in 

these cell lines demonstrated expression of at least 2 of the 3 ERBB receptors in each of 

the lines (Supplementary Figure S3.1).  
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Figure 3.1.  Juxtamembrane domain peptides reduce cell viability. (A) (a) Schematic 

depicting relevant functional motifs of the ERBB1 juxtamembrane (jxm) domain and (b) 

jxm domains of ERBB1, ERBB2 and ERBB3 with conserved regions based on NCBI 

protein alignment highlighted in gray.  (B) Model of interactions involving the ERBB1 

jxm. (a) ERBB1 localizes via its jxm (a’) contained targeting domain to the basolateral 

plasma membrane.  (b) Ligand binding induces conformational changes to ERBB1 

whereby interactions between jxm
645-663

 and the plasma membrane are disrupted, 

allowing dimerization and trans-phosphorylation.  (c) Ca
2+

 influx promotes ERBB1 jxm 

domain interactions with proteins such as calcium bound Calmodulin (Ca
2+

/CaM) (c’).  

(d) Internalization and association with proteins such as importins α/β (d’) and trafficking 

to locations such as the nucleus and mitochondria (d, e). (C) The amino acid number of 

ERBB1 is shown in the left column, corresponding to the specific amino acids shown in 

the middle column (sequence).  Peptide designations are indicated in the right column.  

Changes from EJ1 in EJ2-14 are denoted in the second column from the right.  (D-J) Cell 

lines were treated daily with EJ1 versus CP or untreated cells and cell viability was 

determined by MTT assay. *, p < 0.05, **, p < 0.01, ***, p < 0.001, Student’s T-test. 

Error bars, SD.  
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EJ1 inhibits ERBB1 activation while promoting dimerization 

To determine whether EJ1 was affecting ERBB1 activity, we first treated both 

MDA-MB-468 (Figure 3.2A) and BxPC3 cells (Supplementary Figure S3.2) with EJ1, 

CP or vehicle in the presence or absence of EGF to activate ERBB1.  We found that EJ1 

significantly suppressed EGF-induced phosphorylation of ERBB1.  This suppression also 

affected downstream signaling partners, resulting in a reduction of p-AKT, dpERK 

(Figure 3.2A).  Interestingly, treatment with EJ1 also resulted in a loss of total protein for 

AKT, p38, and p42/44 MAPK (Figure 3.2A).  In addition, an increase of the activated 

stress response kinase, p38, was observed upon EJ1 treatment.  

In addition to blocking the activation of ERBB1, we found that EJ1 treatment 

similarly inhibited the phosphorylation of ERBB2 and ERBB3 (Figure 3.2B and 3.2C).  

As EJ1 peptide mimics the dimerization domain of ERBB1, a domain that is conserved in 

ERBB2 and ERBB3 [Figure 3.1A (b)], we next evaluated the ability of EJ1 to block 

dimerization.  To first evaluate the effects of EJ1 on ERBB1 homodimers, MDA-MB-468 

cells were treated with EGF and EJ1 or controls in the presence of a non-cleavable cross-

linker.  Surprisingly, we found that EJ1 induced the formation of ERBB1 homodimers 

(Figure 3.2D, arrow).  To determine if EJ1 had a similar effect on heterodimer formation, 

cells were treated with EGF in the presence of EJ1 or controls and evaluated for the 

formation of ERBB1/ERBB3 heterodimers (Figure 3.2E).  Again, EJ1 treatment resulted 

in suppression of ERBB3 phosphorylation and a consistently reproducible increase in the 

formation of ERBB1/ERBB3 heterodimers (Figure 3.2E).  Finally, we observed a direct 

interaction between ERBB1 and EJ1 by the pull-down of biotinylated EJ1 with ERBB1, 
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which preferentially occurred in the absence of EGF treatment (Supplemental Figure 

S3.3). Together, these results indicate that EJ1 interacts with ERBB1 and promotes the 

dimerization of inactive ERBB receptors.  
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Figure 3.2.  EJ1 peptide induces the formation of inactive ERBB dimers. (A, C) 

MDA-MB-468 cells or (B) BxPC3 cells were treated with 100 ng/ml or 50 ng/ml EGF 

(respectively) in combination with water (Veh), 20μM CP or 20μM EJ1 for the indicated 

times and lysed. Protein levels were determined as indicated. (D) MDA-MB-468 cells 

were treated similarly, followed by crosslinking with 3μM DMS. Lysates were evaluated 

by western blot for ERBB1 and β-actin. (E) MDA-MB-468 cells were treated similarly, 

lysed and immunoprecipitated using ERBB1 Ab-13. Shown are western blots of indicated 

proteins. 
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EJ1 affects Ca
2+

/CaM downstream signaling 

In addition to the dimerization domain, the sequence for EJ1 overlaps with the 

Calmodulin (CaM) binding domain for ERBB1 [114].  Ca
2+

/CaM signaling regulates 

many different cellular events such as membrane dynamics, cell survival, mitochondrial 

function and motility [reviewed in [185], [186]].  We began by evaluating whether EJ1 

was affecting membrane dynamics by treating MDA-MB-468 cells with either CP 

[Figure 3.3A (a-d)] or EJ1 [Figure 3.3A (e-h)] and examining cell morphology.  We 

found that by 15 minutes, EJ1-treated cells formed large membrane protrusions or blebs 

[Figure 3.3A (f, arrows)] and by 60 minutes treatment, cells had formed large 

intracellular vacuoles [Figure 3.3A (g, arrowheads)].  After 16 hours, most EJ1 treated 

cells had died [Figure 3.3A (h)].  In an effort to determine whether the cell blebbing 

corresponded to ERBB1 localization, cells were treated with Texas-Red labeled EGF, 

Alexa Fluor 488 labeled Transferrin, and EJ1 simultaneously (Figure 3.3B and 

Supplemental Figure S3.4).  While cells treated with EJ1 could bind both ligands, large 

membrane protrusions quickly formed where EGF was concentrated, resulting in focused 

membrane explosions [Figure 3.3B (f, arrowhead) and Supplemental Figure S3.4]. This 

indicates that EJ1 induced membrane blebbing occurs in membrane regions containing 

ERBB1.  

Ca
2+

/CaM signaling regulates many different downstream pathways, such as 

CaMKII and MLCK.   Calmodulin-dependent protein kinase II (CaMKII) regulates cell 

proliferation, while myosin light chain kinase (MLCK) phosphorylates myosin light 

chain (MLC) and regulates actinomyosin reorganization during membrane blebbing 
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(diagramed in Figure 3.3C).  To investigate whether EJ1-induced membrane blebbing 

was via the MLCK pathway, MDA-MB-468 cells were treated with vehicle, CP, or EJ1 

alone [Figure 3.3D (a, b, c)] or EJ1 in combination with the calmodulin inhibitor W-13 or 

the MLC phosphorylation inhibitors ML-7 and Y-27632 [Figure 3.3D (d, e, f)].  We 

found that both the calmodulin inhibitor W-13 and the MLC phosphorylation inhibitors 

ML-7 and Y-27632 completely inhibited EJ1 induced membrane blebbing.  To determine 

if these effects on membrane blebbing were related to cell survival, the inhibitors were 

used in conjunction with EJ1 in a MTT assay.  We observed after 1 day of treatment, 

both Y-27632 and ML-7 could significantly reduce the effects of EJ1 (Figure 3.3E).   

To determine whether EJ1 could also affect CaMKII, MDA-MB-468 cells were 

treated with vehicle, CP, or EJ1 with or without ionomycin, an ionophore capable of 

inducing Ca
2+

/CaM signaling (Figure 3.3F).  While EGF and ionomycin both induced 

CaMKII phosphorylation, this induction was suppressed by EJ1.  To test whether 

inhibition of CaMKII activity was one of the causes of cell death, we utilized NIH3T3 

cells overexpressing Rac1, one of the key downstream effectors of CaMKII and assessed 

cell viability in response to EJ1 (Figure 3.3G). Overexpression of constitutively active 

Rac1 (Rac1-Q61L) compared to wild type Rac1 (Rac1-WT) significantly rescued EJ1-

induced cell death (Figure 3.3G). These results indicated that suppression of CaMKII 

activation by EJ1 could be circumvented by overexpression of an activated downstream 

component of the CaMKII pathway.  Taken together, EJ1 can simultaneously activate the 

MLCK pathway and inhibit the CaMKII pathway, and both pathways are integral to the 

EJ1 mediated reduction in cell survival.  
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Figure 3.3. EJ1 peptide affects Ca
2+

/CaM downstream signaling.  (A) MDA-MB-468 

cells were treated with either 20μM CP (a-d) or 20μM EJ1 (e-h) for 0 minutes (a, e), 15 

minutes (b, f), 60 minutes (c, g) or 16 hours (d, h). Images represent the bright field 

image. Arrows indicate membrane blebs and arrowheads indicate intracellular vacuoles. 

(B) BxPC3 cells were treated with 20µM EJ1 and 50 ng/ml Texas-Red labeled EGF and 

imaged for 30 minutes with an Olympus IX71 deconvolution microscope.  Arrowheads 

indicate location of EGF accumulation on membrane protrusions (see Supplemental 

Figure S3.4). (C) Diagram depicts Ca
2+

/CaM regulated signaling pathway and inhibitors 

acting at different targets are indicated. (D) MDA-MB-468 cells were pre-treated with 

50μM W-13 (d), 10μM ML-7 (e) or 10μM Y-27632 (f) for 30 minutes, then treated with 

either vehicle alone (a), 20μM CP alone (b), or 20μM EJ1 alone (c) or in combination 

with W-13 (d), ML-7 (e) and Y-27632 (f) for 15 minutes. Images represent the bright 

field image. (E) MDA-MB-468 cells were untreated (UNTX), or treated with either water 

(Vehicle), 20μM EJ1, 10μM Y-27632 or 10μM ML-7 alone or EJ1 in combination with 

Y-27632 or ML-7 and viability was assessed by MTT assay. **, p < 0.01, Student’s T-

test. Error bars, SD. (F) MDA-MB-468 cells were serum-free (SF) or stimulated with 100 

ng/ml EGF (EGF) and then incubated with water (Vehicle), 20μM CP, 20μM EJ1, 2μM 

ionomycin, 50μM W-13, 100μM KN-93 or EJ1 in combination with ionomycin for 15 

min. Lysates were immunoblotted with antibodies as indicated. (G) Stable, Neomycin-

selected NIH3T3 cell lines were created, expressing either Rac1 wild type (Rac1-WT) or 

Rac1 constitutively active mutant (Rac1-Q61L). Cells were treated with either water 

(Vehicle), 20μM CP or 20μM EJ1 and viability was assessed by MTT. ***, p < 0.001, 

Student’s T-test. Error bars, SD.  
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EJ1 affects cell survival through apoptosis/necrosis 

To further investigate the vacuoles formed in Figure 3.3A, we performed 

transmission electron microscopy (TEM) (Figure 3.4A).  MDA-MB-468 cells were 

treated with either CP or EJ1 and evaluated at several timepoints [Figure 3.4 (a-d)].  By 

30 minutes, double membrane structures [Figure 3.4A (c’, arrowheads)] filled with 

organelle debris [Figure 3.4A (c’, filled arrows)] and electron dense deposits [Figure 

3.4A (c’, open arrows)] were observed in EJ1 but not CP treated cells [Figure 3.4A (a)]. 

As double membrane structures are hallmarks of autophagy and membrane blebbing is a 

hallmark of apoptosis, we next evaluated cells for induction of each of these events.  

Evaluation of the formation of Atg12-Atg5 conjugates, and the effects of the autophagy 

inhibitor 3-MA on cell viability indicated that EJ1 was not affecting viability through 

autophagy (Supplemental Figure S3.5).   

To investigate whether the cell death was apoptosis related, MDA-MB-468 and 

BxPC3 cells were evaluated for cleaved Caspase 3 expression and PARP cleavage 

(Figure 3.4B and 3.4C).  An induction of the cleavage of both Caspase 3 and PARP was 

observed upon EJ1 treatment compared to controls.  To also determine whether the cell 

death was necrosis related, culture media from EJ1-treated MDA-MB-468 cells was 

collected and evaluated for the release of the nuclear protein HMGB1 [187].  We found 

detectable HMGB1 in EJ1 but not control treated cell media (Figure 3.4D).  Interestingly, 

we also found AKT and p38 presented in EJ1 treated cell media (Figure 3.4D), which 

was consistent with our previous findings (Figure 3.2A) that EJ1 resulted in loss of 
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cellular AKT and p38.  These data indicated that EJ1 caused cell death through both 

apoptosis and necrosis. 
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Figure 3.4. EJ1 peptide induces both apoptosis and necrosis.  (A) MDA-MB-468 cells 

were treated with 20μM CP (a), 20μM EJ1 for 5 minutes (b), 30 minutes (c and c’) or 2 

hours (d), then prepared for transmission electron microscopy (TEM). Arrowheads 

indicate double membrane structures and filled arrows indicate organelle debris and open 

arrows indicate electron dense deposits. (B and D) MDA-MB-468 cells were treated with 

water (Vehicle), 20μM CP, 20μM EJ1, 10 ng/ml human TNF-α and 35μM cycloheximide 

as apoptosis inducer, 2μM ionomycin and 50μM CCCP as necrosis inducer and 100nM 

rapamycin as autophagy inducer for indicated times and lysed.  For (D), media was 
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processed as described in [187]. (C) BxPC3 cells were treated as described.  Protein 

lysates were separated by SDS-PAGE and immunoblotted with the indicated antibodies.  
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Accumulation of EJ1 at mitochondria causes mitochondrial disruption and reactive 

oxygen species (ROS) generation 

Upon closer examination of the EJ1 induced double membrane vesicles in our 

TEM, the lack of apparent normal mitochondria relative to CP, along with the 

resemblance of some of the organelle debris to mitochondrial cristae, suggested that these 

double membrane structures may potentially be damaged mitochondria (Figure 3.4A and 

Supplemental Figure S3.6).  To further explore the effects of EJ1 treatment on 

mitochondria, MDA-MB-468 cells were labeled with Mitotracker, treated with either EJ1 

or CP and imaged [Figure 3.5A (a-d)].  Mitochondria appeared enlarged and rounded 

within five minutes of EJ1 treatment [Figure 3.5A (d’, arrowheads)].  Similar results were 

observed for T47D and BxPC3 cells (Supplemental Figure S3.7). To determine if the 

mitochondrial membrane was being damaged during this process, cells were treated with 

JC-1 dye, a reporter of mitochondrial membrane potential.  MDA-MB-468 cells were 

labeled with JC-1 for 15 minutes and then treated for 2 hours with CP, EJ1 or carbonyl 

cyanide 3-chlorophenylhydrazone (CCCP), a compound which disrupts mitochondrial 

integrity, as a positive control for mitochondrial damage.  A significant loss of 

mitochondrial membrane potential was observed with EJ1 treatment (Figure 3.5B).  To 

determine if EJ1 was directly interacting with mitochondria, MDA-MB-468 

(Supplemental Figure S3.8) and T47D (Figure 3.5C) cells were treated with FITC labeled 

EJ1 and Mitotracker.  Visualization over time demonstrated increased co-localization 

between EJ1 and mitochondria, indicating that these effects of EJ1 could be due to direct 

targeting of the mitochondria [Figure 3.5C (a-f, arrows)].  Overall, these results indicate 
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that EJ1 interacts with mitochondrial membranes and causes mitochondrial swelling and 

loss of mitochondrial membrane potential.   

There are multiple mechanisms that can lead to loss of mitochondrial membrane 

potential, such as elevation of Ca
2+

 concentration and accumulation of ROS within the 

cells [188]. To measure intracellular ROS levels, we used DCFH-DA, which becomes 

fluorescent DCFH in the presence of ROS, to measure ROS levels in MDA-MB-468 

cells. Cells were treated with either CP, N-acetyl cysteine (NAC, a ROS scavenger which 

reduces intracellular ROS levels), EJ1 or NAC + EJ1 (Figure 3.5D). While EJ1 treatment 

increased intracellular ROS levels as indicated by DCFH fluorescence, co-treatment with 

NAC significantly reduced EJ1-induced ROS levels. We next determined whether 

decreasing ROS would prevent EJ1-induced cell death.  We found that NAC could 

significantly inhibit EJ1-induced cell death (Figure 3.5E).  These data demonstrate that 

EJ1 causes cell death at least in part through ROS-induced loss of mitochondrial function.  

Finally, we had determined that EJ1 could be partially inhibited by both inhibitors 

of MLC phosphorylation (ML-7 and Y-27632) and inhibitors of ROS (NAC).  To 

determine if a combination of these 2 drugs could effectively block EJ1-induced cell 

death, cells were treated with each inhibitor in the presence or absence of EJ1 (Figure 

3.5F).  Virtually all of the cell death induction from EJ1 was eliminated, indicating that 

these 2 pathways account for a majority of the mechanism by which EJ1 kills cells.      
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Figure 3.5. EJ1 peptide localizes to the mitochondria and causes mitochondrial 

disruption and ROS generation. (A) MDA-MB-468 cells were incubated with 200nM 

MitoTracker Red CMXRos and 5 μg/ml Hoechst 33342 nuclear stain, followed by either 

20μM CP (a-b’) or 20μM EJ1 (c-d’), and imaged at 0 minutes (a, a’ and c, c’) or at 5 

minutes (b, b’ and d, d’). (B) MDA-MB-468 cells were incubated with 1μM JC-1 

followed by 20μM CP, 20μM EJ1 or 50μM CCCP.  Results were calculated as ratio of 

the 514/590 nm to 514/529 nm and ratio for CP-treated sample was set as 1. *, p < 0.05, 

Student’s T-test.  Error bars, SD. (C) T47D cells were treated with MitoTracker (shown 

in d-f and f’) and Hoechst 33342 as in (A) and incubated with 20μM FITC labeled EJ1 

(shown in a-c and c’). (D) MDA-MB-468 cells were stained with 10μM DCFH-DA 

followed by water (Vehicle), 20μM CP, 0.5mM NAC, 20μM EJ1 or EJ1 in combination 

with NAC. Cells were then sorted by flow cytometer and analyzed by Cellquest Pro 4.0 
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software. The results were expressed as the percentage of DCFH fluorescence positive 

cells. *, p < 0.05, Student’s T-test. Error bars, SD. (E) MDA-MB-468 cells were treated 

with either 0.5mM NAC alone, 20μM EJ1 alone, 25μM H2O2 alone or NAC in 

combination with EJ1 or H2O2 and viability was assayed via MTT. ***, p < 0.001, 

Student’s T-test. Error bars, SD.  (F) MDA-MB-468 cells were treated with either water, 

20μM EJ1 alone, or EJ1 in combination with Y-27632 (Y), ML-7 (M) or NAC (N) and 

MTT assay was performed. ***, p < 0.001, NP, no statistical significance, Student’s T-

test. Error bars, SD. 
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EJ1 reduces tumor growth and metastasis in mouse models of breast cancer 

 We next set out to determine whether EJ1 would function as an anti-tumor 

therapy in vivo.  We first tested the MMTV-pyMT murine model of breast cancer, which 

develops synchronous, multifocal, mammary tumors in all ten mammary glands with a 

multistep progression that resembles human disease [189, 190]. Intraparitoneal delivery 

of several EJ1 dosages were initially tested with 20μg/g body weight providing optimal 

response (Supplemental Figure S3.9).  This dosage of EJ1 (n=6), CP (n=3) or an 

equivalent volume of PBS (n=3) were then given to tumor-bearing mice, daily, for the 

course of the study (see materials/methods). Similar day 0 occupancy and time of 

treatment are demonstrated for EJ1 and Control study mice (Supplementary Figure 

S3.10).  We found that average individual tumor size and growth rate were significantly 

reduced by treatment with EJ1 compared to CP or PBS (Figure 3.6A and Supplemental 

Figure S3.11).  Additionally, many resected EJ1-treated tumors were necrotic in 

appearance compared to controls (Figure 3.6A, insets).  TEM analysis of tumors after 

treatment also revealed damaged mitochondria, similar to those seen in-vitro 

(Supplemental Figure S3.12).  Importantly, no toxicity from this dose of EJ1 was 

observed (weight loss, grooming, behavior, or gross changes to organs upon necropsy).  

While not reaching statistical significance, evaluation of post-study tumor lysates and 

quantification by densitometry revealed a 50-60% decrease in dpERK, roughly a 10% 

decrease in p-AKT, and nearly a 30% increase in the presence of the apoptotic indicator, 

cleaved PARP, in EJ1 treated mice (Figure 3.6C and Supplementary Figure S3.13). 

Similar examination of ERBB2 or ERBB3 phosphorylation revealed no significant 
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differences between EJ1 and CP-treated animals, while significant levels of ERBB1 

phosphorylation were not detected (Supplemental Figure S3.14 and data not shown).   

 We next performed a xenograft study by using MDA-MB-468 cells grown in 

matrigel plugs followed by implantion into the mammary fat pads of scid mice. Once 

tumors reached a size of 100 mm
3
 they were entered into the study, where they were 

treated daily with 20 µg/g body weight CP (n=7) or EJ1 (n=8) through tail vein injection 

for 12 days. Although statistical significance was not reached, tumor growth was reduced 

in EJ1-treated tumors (Figure 3.6D). 

 MMTV-pyMT mice display highly penetrant secondary metastases to the lungs. 

Our analysis of protein expression in ERBB-related downstream signaling pathways 

revealed a decrease in the expression of an ~80 kDa fragment of E-cadherin in EJ1-

treated relative to CP-treated mice (Figure 6C, arrow and Supplemental Figure S3.13).  

Several studies have correlated the expression of the soluble 80 kDa form of E-cadherin 

with ERBB activity, along with the presence of metastasis or an increased metastatic 

potential [191, 192]. Assessment by bright field microscopic analysis and H&E stain of 

tissue architecture showed that on average the lungs of EJ1 treated mice had significantly 

less metastatic foci than did comparable Control treated mice (Figure 3.6B and inset). 
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Figure 3.6.  EJ1 peptide inhibits tumor progression in mouse models of breast 

cancer.   

(A) Tumor-bearing MMTV-pyMT mice were injected with 20 μg/g body weight (i.p.) 

EJ1 or control for 21 days and tumors were measured twice weekly. **, p < 0.005, 

Student’s T-test.  Error bars, SE.  Representative images of control and EJ1 treated 

tumors are shown.  (B) Control vs EJ1 treated lung tumor numbers.  Mean denoted by 

horizontal line. **, p < 0.005, Student’s T-test.  Representative lung images are also 

shown.  (C) Lysates from treated MMTV-pyMT mice (arranged by increasing tumor 

growth rate) were separated by SDS-PAGE and immunoblotted for the indicated 

antibodies.   (D) Average xenograft tumor size.  Student’s T-test. Error bars, SE.    
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Discussion 

 In recent years, the essential regulatory role of the juxtamembrane domain of the 

ERBB receptors has become realized [reviewed in [193]].  In the present study, we set 

out to determine whether this domain could be targeted by an ERBB-dependent anti-

cancer therapeutic.  We found that a peptide composed of a 21 amino acid portion of the 

jxm domain could effectively kill breast and pancreatic cancer cell lines.  We discovered 

that this peptide (EJ1) promotes the formation of inactive ERBB dimers, resulting in the 

activation of MLCK signaling while suppressing CaMKII signaling, both of which are 

pathways downstream of a Calmodulin/ERBB interaction.  The results of this selective 

signaling were membrane blebbing and cell death.  In addition, EJ1 can directly affect 

mitochondrial membrane potential involving the generation of ROS and induction of 

apoptosis/necrosis.  Finally, these effects appear to be tumor-specific, as injection of EJ1 

into an immune-competent transgenic mouse model of breast cancer and a xenograft 

model of breast cancer both resulted in an inhibition of tumor growth and metastasis 

without any gross toxicity.  

 We have demonstrated that treatment of breast and pancreatic cancer cells with 

EJ1 results in a dramatic reduction in the EGF-mediated phosphorylation of ERBB1, 

ERBB2 and ERBB3. Previous studies have shown that the anti-parallel dimeric 

interaction of the helical jxmA (amino acids 645-663) domain is likely important for 

functional dimerization of the ERBB receptors, as well as for their activation [24, 173, 

193, 194].  Our data suggests that EJ1 could alter dimer activity by altering the structural 

interaction of endogenous ERBB1/ERBB monomers. The ability of an ERBB1 inhibitor 
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to promote the formation of inactive dimers is not unprecedented.  Several groups have 

demonstrated that the ERBB1 kinase inhibitors AG1478, AG1517 and ZD1839 promote 

receptor dimerization, while at the same time impairing kinase activity [195-197].  

MLCK-mediated phosphorylation of myosin light chain is one way by which 

actin cytoskeleton reorganization is regulated and is known to be involved in membrane 

blebbing [198, 199]. In addition, phosphorylation of myosin light chain has been 

correlated with both cell survival and cell death under different conditions [192, 200-

202].  In our system, MLCK and ROCK-1 inhibitors partially rescued EJ1-induced cell 

death, indicating induction of phosphorylation of MLC by EJ1 was promoting cell death.  

Alternatively, CaMKII regulates cell cycle progression through activation of Rac1 and 

increased Cyclin D expression [203, 204]. We found that EJ1 could effectively down-

regulate CaMKII activation and that the overexpression of constitutively active Rac1, a 

downstream effector of CaMKII, could rescue EJ1 induced cell death.  This indicates that 

EJ1 both promotes MLCK activity and suppresses CaMKII activity to result in membrane 

volatility and cell death.  

Mitochondria play a major role in multiple forms of cell death including apoptosis 

and necrosis. EJ1 accumulated in mitochondria and induced mitochondrial swelling, 

which was associated with the production of ROS and the loss of mitochondrial 

membrane potential.  Importantly, it has been demonstrated that an increased intrinsic 

mitochondrial membrane potential correlates with increased malignancy, apoptosis 

resistance and tumor progression [205].  This suggests a possible mechanism for the 

preferential targeting of the mitochondria of cancer cells in our animal studies and lack of 
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any overt tissue toxicity.  

 EJ1 represents a novel pan-ERBB therapeutic, targeting multiple activities of the 

ERBB receptors in a tumor-specific manner.  In addition, EJ1 also targets cells in an 

ERBB-independent manner via its ability to reduce mitochondrial membrane potential 

and generate ROS in a tumor-specific manner.  Together, these effects result in a highly 

tumor-specific anti-cancer therapeutic that may have significant clinical utility. 
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Supplementary Figure 3.1. Expression of ERBBs in different cell lines.  (A, B) 

Lysates from MDA-MB-231, MDA-MB-468, T47D, BT20, MCF10A, BxPC3 and 

NIH3T3 cells were collected and immunoblotted with ERBB1, ERBB2, ERBB3 and β-

actin antibodies.  
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Supplementary Figure S3.2.  EJ1 reduces ERRBB1 activation in BxPC3 cells.  

BxPC3 cells were treated with 50 ng/ml EGF in combination with water (Veh), 20μM CP 

or 20μM EJ1 for the indicated times and lysed. Protein expression levels were determined 

for those indicated.   
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Supplementary Figure S3.3.  EJ1 interacts with EGFR via Co-IP.  MDA-MB-468 

cells were treated with 100 ng/ml EGF, lysed and strepdavidin precipitated with biotin-

labeled EJ1 peptide, followed by western blot for indicated proteins. 
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Supplementary Figure S3.4.  EGF accumulation at EJ1 induced membrane 

protrusions.  BxPC3 cells were treated with 20µM EJ1 and 50 ng/ml Texas-Red labeled 

EGF and imaged for 30 minutes with an Olympus IX71 deconvolution microscope.  

Arrowheads indicate location of prominent membrane protrusions. 
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Supplementary Figure S3.5.  EJ1 does not act through autophagy .  A) MDA-MB-

468 cells were serum starved overnight before being treated with vehicle, 20uM CP, or 

20uM EJ1 along with 20ng/ml EGF.  Cells were allowed to incubate at 37 degrees for 

indicated time points before lysis, followed by separation by SDS-PAGE and 

immunoblot for the indicated antibodies.  B) MDA-MB-468 cells were treated with 

media only, vehicle, 20uM EJ1, 3-MA, or EJ1 and 3-MA in combination.  Viability was 

assessed by MTT assay.     
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Supplementary Figure S3.6.  EJ1 induces mitochondrial damage.  MDA-MB-468 

cells were treated with 20μM CP (a, a’) 20μM EJ1 (b, b’) for 5 minutes prepared for 

transmission electron microscopy (TEM).  Black arrows indicate healthy mitochondria in 

the control treated cells.  White arrows indicate possible remnants of mitochondrial 

cristae within double membrane vesicles.  
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Supplementary Figure S3.7.  Mitochondrial Swelling in BxPC3, T47D and NIH-3T3 

cells.  (A) NIH-3T3 (a-b’), BxPC3 (c-d’) or T47D (e-f’) cells were incubated with 200nM 

MitoTracker Red CMXRos and 5 μg/ml Hoechst 33342 nuclear stain, followed by 20μM 

EJ1, and imaged at 0 minutes (a-a’, c-c’, and e-e’) or at 20 minutes (b-b’, d-d’, and f-f’).  

Examples of swollen mitochondria for each cell type are indicated with arrow-heads. 
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Supplementary Figure S3.8. EJ1 mitochondrial localization in MDA-MB-468 cells.  

MDA-MB-468 cells were pre-treated with 200 nM MitoTracker (a-a’ and b-b’) and 

5μg/ml Hoechst 33342 nuclear stain (a-a’) and incubated with 20μM FITC labeled EJ1 

for a timecourse (a-a’ and c-c’).  EJ1 co-localization with mitochondria at 50 minutes is 

indicated by arrowheads 
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Supplementary Figure S3.9.  Evaluation of Tumor Growth Rate by Dose.  MMTV-

PyMT mice were allowed to develop tumors of 50mm
3
 before being treated with 

indicated doses of  Ctrls (20μg/g CP5 (n=3), PBS (n=2)) and EJ1 (10μg/g (n=6) 15μg/g 

(n=1), 20μg/g (n=7), 40μg/g (n=3)).  Tumors were measure twice weekly following 

methods described in Materials Methods “Mouse Experiments” and Supplemental 

Method SM1.  Peaks represent average total tumor burden growth rate in mm
3
 per Day 

for each treatment type. 
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Supplementary Figure S3.10.  MMTV-PyMT tumor size and tumor number.  A) 

Average number per mouse, of the 10 possible murine mammary glands occupied by 

palpable/measurable tumors at Day 0 and Day Final of the MMTV-PyMT study.  B) 

Time of study in Days (i.e. length of treatment and measurement time) for all mice 

represented in the MMTV-PyMT study (Including figures and supplemental figures 

(aside from Supplemental Figure S3.9)).   
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Supplementary Figure S3.11.  MMTV-PyMT Individual Tumor Growth Rates.  
Mice were treated as described in Materials and Methods and Supplementary Method 

SM1.  Individual tumor growth rates were calculated by subtracting the initial 

measurement from the final measurement for each tumor and dividing by the period of 

time in days over which growth occurred.  i.e. (Size(final) – Size(initial)) / time(days)”. 

**, p < .005, Students T-Test. 
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Supplemental Figure S3.12.  TEM analysis of MMTV-PyMT tumors reveals 

damaged mitochondria in EJ1 treated tumors.  Tissue from CP (a, a’, a’’) and EJ1 (b, 

b’, b’’) were analyzed by TEM.  Representative mitochondria are expanded in a’’ and 

b’’.  Scale bars are shown at bottom right.   
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Supplementary Figure S3.13.  Protein expression in EJ1 relative to Control treated 

mice.  Densitometry expression intensities for evaluated proteins were measured using 

Image J analysis software and normalized to each samples’ respective β-actin intensity 

level.  The average β-actin normalized values for each immunoblotted protein were then 

calculated for EJ1 and Control treated mice.  The difference between normalized EJ1 and 

Control values for each protein were divided by the average normalized Control value for 

that protein and multiplied by 100 to give the percent difference of EJ1 from control.  

The number of samples was such that it excluded the possibility of running them all on 

the same gel.  Therefore, multiple sets and multiple immunoblots for each protein were 

done.  Although as kept as similar as possible, aspects of the procedure (gel transfer, 

membrane exposure, etc) were not completely identical across sets, making a statistical 

comparison of all samples difficult.  Values are representative of an average of all 

samples processed.  EJ1 (n=16), CP (n=10)   
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Supplemental Figure S3.14.  MMTV-PyMT ERBB2 phosphorylation levels.  Total 

lysates or lysates immunoprecipitated for ERBB2 from treated MMTV-pyMT mice 

(arranged by increasing tumor growth rate) were separated by SDS-PAGE and 

immunoblotted for the indicated antibodies.    
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IV. DISCUSSION 
 

 

 The methods of studying cancer biology and the treatment of cancer have in some 

ways become more broadened over time and in others, more narrowed.  Genome wide 

association studies and network based interaction modeling seek to establish a more 

global understanding of cancer as a collection of broken or tainted attributes that combine 

to transform an otherwise efficiently functioning system.  However, while it is clear that 

these types of studies will aid in understanding the overarching themes and trends in 

these diseases, treatment strategies will likely involve the targeting of specific critical 

proteins and / or pathways for the foreseeable future.  Current therapies designed in this 

regard have displayed mixed success, dependent on contextual variables such as cancer 

type and subtype.  It is believed that this may in part be due to the existence of additional 

layers of complexity in the functions of these targets that these therapies do not account 

for.  Consequently, a more detailed understanding of these proteins and their functions 

will be crucial in this regard.  The research presented in this body of work has focused on 

multiple lesser known functional elements of an otherwise well known and exceptionally 

potent family of oncogenes, the ERBB receptor tyrosine kinases.  

 

Ubiquitin and Nuclear EGFR 

 As mentioned previously, to our knowledge no role for EGFR ubiquitination in its 

nuclear trafficking or activity therein has been described in the literature.  While the 

knowledge of alternate functions for this modification in a variety of proteins has existed 

for more than a decade, these roles in the context of EGFR and the ERBBs have either 
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not been examined or if examined have not proven fruitful (i.e. not publishable) 

(reviewed in [168]).   In reality, the field has focused almost exclusively on the role of 

EGFR ubiquitination in the degradation of this receptor.  The same can be said for other 

ERBB family members.  Prior work from our lab demonstrated both MUC1 dependent 

retention and activation of EGFR in the nucleus, along with MUC1 mediated effects on 

EGFR ubiquitination [117, 147].  This indication of a potential relationship between the 

ubiquitination of EGFR and its nuclear functions prompted the evaluation of the 

ubiquitination state of the EGF receptor in the nucleus, with the anticipation of a lack of 

EGFR ubiquitination in this regard.  However, as presented earlier, we observed robust 

EGFR ubiquitination in the nucleus in response to EGF.  Due to the observation of EGFR 

in the nuclei of serum starved cells, it was impossible to say based on this experiment 

alone, whether this EGFR was of plasma membrane or potentially nuclear origin.  In 

order to distinguish between these possibilities, membrane impermeable biotinylation of 

cell surface proteins, followed by immunoprecipitation of either the biotinlyated proteins 

themselves or of EGFR was performed.  Subsequent immunoblot for EGFR or 

streptavidin, and finally ubiquitin, demonstrated that this nuclear ub-EGFR was of 

plasma membrane origin.  This data does multiple things for the advancement of the 

study of EGFR biology.  First, it demonstrates a flaw, or at least an oversight, in the 

central dogma of the EGFR regulatory pathway, this being that EGFR activation is 

followed by ubiquitination, endocytosis, and signal attenuation via ubiquitin mediated 

degradation.  Second, it presents a new avenue of research into the regulation of EGFR 

nuclear activity.   
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Ubiquitinated EGFR and membrane to nuclear trafficking 

  Through the biotinylation of plasma membrane proteins and use of subcellular 

fractionation techniques, the work presented here has demonstrated the cell surface to 

nuclear trafficking of ubiquitinated EGFR.  It is clear from previously published literature 

that the ERBB ubiquitination process is even more complex than typically acknowledged, 

given the ability of activated, presumably ubiquitinated EGFR to traffic to areas other 

than the lysosome (i.e. nucleus, mitochondria).  However, roles for this modification in 

such trafficking outcomes have not been described and will likely not be accepted by 

others in the field without a significant degree of trepidation.  As with the existence of 

nuclear EGFR itself, which is just now becoming broadly accepted despite its initial 

detection over a decade ago, significant deviations from established principles are not 

accepted lightly.  Though much is known about ERBB ubiquitination, endocytosis, and 

intracellular trafficking, it is apparent that the establishment of a paradigm for this 

process is premature and that the level of complexity in the EGFR ubiquitination / 

endocytosis process is a partial cause for this.  Even today, further discoveries in this area 

are at times as confounding as they are enlightening.  For example, work by Sigismund et 

al, demonstrated that different, physiologically relevant, concentrations of EGF could 

lead to differential levels of ubiquitination and different endocytic mechanisms for the 

receptor.  They concluded that at low levels of EGF (1.5 ng/ml), receptor ubiquitination 

did not occur while endocytosis proceeded normally and through a clathrin mediated 

pathway.  Therefore ubiquitination was deemed unnecessary for the clathrin mediated 
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endocytosis of EGFR.  At higher concentrations of EGF (≥20ng/ml), ubiquitination 

mediated raft-dependent internalization was observed [87].  The authors interpret these 

results to indicate the possibility of a ubiquitination dependent switch from 

predominantly clathrin dependent to a mixture of clathrin and raft dependent 

internalization mechanisms.  In combination with other data, they later suggest an 

association of the clathrin method with recycling and signaling while the raft method 

would primarily involve degradation (reviewed in [72]).  However this interpretation 

becomes more difficult to justify when coupled with other published work.  In 2004, 

work by de Melker et al demonstrated the requirement for Cbl ubiquitin ligase activity 

and the ubiquitin interaction motif (UIM) of Eps15 for the recruitment of EGFR into 

clathrin coated pits [92].  In addition, prior work by the same group demonstrated the co-

localization of EGFR and c-Cbl in both clathrin coated pits and endocytic vesicles 

throughout both the internalization and trafficking process [94].  While perhaps not a 

requirement, this evidence supports the probable existence of EGFR ubiquitination in the 

clathrin mediated endocytic route.  Other work provides evidence against labeling 

clathrin mediated endocytosis and trafficking as an exclusively recycling oriented 

pathway.  Recently, De Angelis Campos et al, published a study in which they 

determined that nuclear destined EGFR was internalized in a clathrin dependent manner 

[167].  Additionally, the experiments outlined in their study made use of high 

concentrations of EGF (100ng/ml), something which should as discussed above, lead to 

raft dependent EGFR endocytosis.   
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 Discrepancies such as these occur frequently throughout the literature and could 

be attributed to any number of variables in techniques, cell lines used, and even the 

manufacturing source of essential components (i.e. ligand).  Unfortunately, rather than 

view these differences as valid contextually dependent variations in the cellular biology, 

more often these results are justified so that they remain within the boundaries of 

whatever paradigm is currently established.  It is only when results are dramatically 

different from this that the reluctant broadening of this dogma occurs.  This work, 

demonstrating the trafficking of ubiquitinated EGFR to the nucleus is of this variety.     

 

Ubiquitin and EGFR nuclear activity 

 Nuclear functions for ubiquitin in a variety of non ERBB proteins have been 

described.  As discussed previously, these include both simple and complex roles in 

transcriptional activation, nuclear translocation and the maintenance of sequestration to 

the nucleus, and nuclear export ([162] reviewed in [160]).  That the potential roles for 

EGFR ubiquitination within the nucleus were not addressed in this study is largely due to 

the lack of observed, EGFR nuclear functions in the HEK-293T system used.  As 

opposed to prior work in other systems, no upregulation of Cyclin D or BCRP protein 

levels after transient over expression and stimulation of wild type EGFR were observed 

over that of empty control vector.  Consequently, a comparison with mutants deficient in 

c-Cbl binding and EGFR ubiquitination would have been pointless under these 

conditions.  However, there are interpretations that can be made from the data presented 

which support the likelihood of roles for ubiquitin in nuclear EGFR biology.   
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 The results presented in this dissertation and in other previously published work 

demonstrate the existence of EGFR in the nucleus during serum starved conditions.  This 

EGFR is neither activated (phosphorylated) nor is it ubiquitinated to any appreciable 

levels.  Additionally, my detection of surface impermeable biotin labeling in this 

population of EGFR suggests that it, as in the case of activated EGFR, originates at the 

plasma membrane and can quickly translocate to the nucleus.  Therefore, rather than 

representing residual, previously activate and since dephosphorylated EGFR, this serum 

free nuclear EGFR is actually relatively new to the nucleus as well.  As EGFR is known 

to be constitutively endocytosed and recycled back to the plasma membrane in the 

absence of ligand, such a scenario is easily imaginable [84, 206]. That elevation in 

activated / ubiquitinated nuclear EGFR levels is achievable by short exposure to EGF 

indicates that there are separate, active ligand dependent and inactive ligand independent 

populations of EGFR in the nuclei of these cells. 

 There is direct evidence showing that the activation state of the receptor in the 

nucleus is important.  The direct interaction between EGFR and PCNA, leading to the 

stabilization and increased activity of PCNA, involves the phosphorylation of PCNA at 

Tyr211 by kinase active, nuclear EGFR [120].  Additionally, complexes of activated 

EGFR, STAT3 and Src have been observed in the nucleus that are dependent on specific 

EGFR tyrosine phosphorylation sites for their formation [207].  As ubiquitin can function 

similarly to phosphorylation in its recruitment and enabling of protein - protein 

interactions, it is possible that it could play a similar role in the nucleus with EGFR.  

Several ubiquitin associated EGFR adaptor proteins including: Epsin, Eps15, and CIN85, 
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have been detected in the nucleus [208, 209].  As for potential roles for these proteins in 

the nucleus, in the cases of Epsin and Eps15, evidence for participation in transcriptional 

regulation does exist in the form of observed interactions with known transcription 

factors and demonstrated effects in GAL4 luciferase assays, respectively [208, 210].  

While it is unclear as to how nuclear localization is mediated in these proteins it is 

possible that interactions with other nuclear trafficked proteins could be involved [210]. 

Though work by Viecchi et al evaluated and disproved this hypothesis at 30 minutes post 

EGF stimulation and later time points in the case of Eps15, it is possible that 

ubiquitinated EGFR could fill such a role and bring these proteins into the nucleus 

directly [210].  The evaluation of this and its potential nuclear function is an area of 

interest for future study. 

 

Targeting ERBB Juxtamembrane Function 

 The ERBB receptor tyrosine kinases have emerged as major candidates for the 

design of targeted therapies for cancer treatment.  Reasons for this are clear.  Numerous 

findings correlating their expression with poor prognosis and aggressiveness in human 

cancers, coupled with a relatively broad understanding of their mechanistic attributes 

seem to present them as the perfect candidates for such translational research.  However, 

the majority of attempts to target the kinase activity or activation of these receptors have 

failed.  Successes include the well known HER2 targeting monoclonal antibody (mAb), 

Trastuzamab (Herceptin), in treating HER2 + breast cancer and the EGFR monoclonal 

antibody, Gefitinib (Iressa), in treating certain types of non-small cell lung cancer.  Even 



 146 

in these cases however, success stories are limited to specific subsets of these cancers and 

resistance mechanisms often develop.  These resistance mechanisms in the ERBBS may 

involve mutations in extracellular mAb interaction sites or the adoption of alternative 

modes of action and / or localization, including their localization to the nucleus.  The 

ERBB juxtamembrane domain has been shown to be involved in both dimerization, as 

well as in many of these alternative modes of action.  The goal of this study was to create 

a therapy that would circumvent these resistance mechanisms by targeting this domain.    

 

EJ1 affects ERBB activation and dimerization 

 The ERBB juxtamembrane domain, as discussed in the introduction of this 

dissertation, is involved in several different aspects of ERBB receptor biology, the most 

prominent by today’s understanding being receptor dimerization and activation.  During 

this process, the juxtamembrane regions, A and B, act in concert to mediate interactions 

between the kinase and regulatory domains of two dimerizing receptors.  Each 

component of this domain is crucial for full activation to occur.  It has been proposed that 

the amino acids of the two jxm-A domains interact with each other to form an anti-

parallel dimer, providing stability and allowing other interactions involved in this process 

to occur.  The EJ1 peptide was designed to mimic the ‘A’ portion EGFR juxtamembrane 

domain.  With respect to the activation process, we hypothesized that this peptide should 

interact with and form asymmetric dimerizations, both with other peptides, as well as 

with endogenous EGFR proteins in a cellular context.  We predicted that this interaction 

could prevent the formation of asymmetric dimers between endogenous EGFR jxmA 
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domains, thus reducing the stability of kinase domain interactions and leading to reduced 

activation.  Due to the high degree of homology between the juxtamembrane regions of 

EGFR and the other ERBB receptors, along with the fact that they readily 

heterodimerize, we hypothesized that EJ1 would interact in a similar manner with the 

other family members as well.  Treatment of breast cancer cells with EJ1 peptide resulted 

in a reduction of ERBB activation and downstream ERK, AKT and CAMKII 

phosphorylation as expected.  However, analysis of EGFR homo- and EGFR – ERBB3 

heterodimer formation demonstrated that EJ1 in fact promoted dimer formation.  This 

was the case in both unstimulated and in EGF stimulated cell lysates.  As discussed 

earlier, several groups have proposed an autoinhibitory role for the EGFR juxtamembrane 

domain involving the interaction of its mostly positively charged amino acids with the 

negatively charged inner leaflet of the plasma membrane.  Most relevant to our findings, 

it was shown that EGFR jxmA peptides could actually physically repel each other from 

interacting with the plasma membrane in an artificial PS/PC lipid membrane system [24].  

Additionally, the rate of spontaneous desorption from the membrane by these peptides 

was increased with increasing peptide concentration.   Presumably, EJ1 would have the 

same ability given its near complete sequence identity with the peptide used in this study.  

 The combination of our observed detection of EJ1 / EGFR interaction via co-

immunoprecipitation and the promotion of ERBB dimerization, accompanied by a 

decrease in the level of activated ErbB receptors in response to EJ1, led us to establish 

the following model.  It is possible that EJ1 interaction with the plasma membrane and/or 

the juxtamembrane domains of EGFR or the other ERBB receptors destabilizes their 
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interaction with the plasma membrane.  EJ1 can then interact directly with these free 

JXM-A domains and prevent them from forming asymmetric helical dimers with one 

another, thereby reducing trans-autophosphorylation ability.  The fact that multiple sites 

of interaction exist within a functional ERBB dimer pair could indicate that the EJ1 

promoted dimers are allowed to interact via one or multiple of these sites, but not all, due 

to physical impediment by the peptide.              

 

EJ1 effects on mitochondria 

 TEM analysis of the blebbing response to EJ1 peptide in cell lines demonstrated 

the presence of large double membrane vacuolar structures containing what appeared to 

be the remnants of mitochondrial cristae.  Additionally, the clearly discernable 

mitochondria that were visible in early time point EJ1 and in control treated cells were no 

longer visible.  Subsequent observation of mitochondria by live imaging and fluorescent 

microscopy confirmed that mitochondria in these EJ1 treated cells were indeed becoming 

swollen and rounded in shape, eventually growing to be quite large in some cases.   

 We had made additional independent observations that EJ1 could induce 

hallmarks of apoptosis, including the induction of cleaved PARP, cleaved caspase-3, and 

increases in the percentage of Annexin V positive cells as assessed by flow cytometry.  

Indicators of necrosis were also observed.  The discovery of enlarged mitochondria, a 

phenomenon associated with apoptosis, as well as with the loss of mitochondrial 

membrane potential and the increased production of reactive oxygen species (ROS), 

prompted us to evaluate the effects of EJ1 on both membrane potential as well as cellular 
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ROS levels.  As expected, we observed a loss of mitochondrial membrane potential 

detected by fluorescent JC-1 stain, as well as an increase in the presence of ROS as 

detected by DCFH-DA.  These results almost completely recapitulate the characteristics 

attributed to an occurrence known as ‘giant’ or ‘megamitochondria’ [211].  

Megamitochondria represent the extreme upper end of a sliding scale for the broader 

phenomenon of swollen mitochondria and have been reported to at times exceed the 

nucleus in size [212].  This mitochondrial swelling can occur in cells whose normal 

homeostasis has been disrupted by exposure to toxins or other cellular stressors and is an 

early step in the progression to apoptosis [211].  It is the opening of the permeability 

transition pores of mitochondrial membranes, as a result of these stressors, that results in 

the reduction of membrane potential and absorption of water by the mitochondria.  The 

swelling observed is a bi-product of these events.  In a study by Teranishi et al it was 

suggested that this process could serve as a protective mechanism against the buildup of 

ROS.  While they reported that increases in ROS are associated with early stages in this 

process, at later stages the lack of membrane potential reduces the ability of the 

mitochondria to consume oxygen which may contribute to a subsequent reduction in the 

levels of ROS.  They proposed that if this occurs quickly enough and levels of ROS are 

reduced appropriately, cells and mitochondria can potentially recover.  If not, they 

proceed to apoptosis [211].   

 In our experimentation we have demonstrated a combination of swollen 

mitochondria, reduced mitochondrial membrane potential, and increased concentrations 

of cellular ROS in response to EJ1 treatment.  These observations would be consistent 
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with earlier stages of megamitochondria formation based on the discussion above.  

Whether the EJ1 induced ROS we observed is a cause or an effect of swollen 

mitochondria is unclear.  However, because co-treatment of these EJ1 treated cells with 

an ROS scavenger resulted in a partial rescue of cell death, it may be that what we 

observed is in fact something similar to the above model proposed by Teranishi et al.  In 

other words, the increase in mitochondrial size and loss of membrane potential is a 

compensatory mechanism to counteract the rise in ROS and our addition of ROS 

scavengers to this situation facilitated this process, leading to increases in cell survival.  

The first step in the series of events leading to ROS production and mitochondrial 

morphology change however, remains elusive and should be a focus of future work. 

 It has been demonstrated that mutations preventing EGFR mitochondrial 

translocation can have the effect of increasing apoptotic activity under certain conditions 

in breast cancer cells [26, 112].  Therefore, it is possible that prevention of EGFR 

mitochondrial translocation by EJ1 could elicit a similar effect.  This occurrence was not 

directly assessed in our studies.  However, evaluation of EJ1 induced mitochondrial 

effects in serum free conditions as well as in cell lines possessing undetectable levels of 

endogenous EGFR indicated that these results are likely not EGFR dependent.  Analysis 

of FITC-labelled EJ1 localization by fluorescence microscopy demonstrated that the 

peptide localized to the plasma membrane, cytosol, nucleus and the mitochondria in a 

time point dependent manner.  While it is possible that EJ1 may have localized to these 

areas through interactions with other ERBB receptors, it is also possible that its sequence 

identity with the jxmA targeting domain allowed it to localize to these areas 
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independently of EGFR or other ERBB expression.  While there is no obvious reason to 

expect that simple localization of this peptide to the mitochondria would exert such a 

dramatic effect, it is possible that the peptide could participate directly with proteins 

typically involved in ERBB mitochondrial shuttling.  This could result in its localization 

to the mitochondria and potentially competitively inhibit the mitochondrial translocation 

of one or more of the ERBB receptors.  Further study should address this possibility.  

Additionally separate aspects of mitochondrial characteristics and function such as 

cytochrome c content and ATP production should be evaluated.   Further studies of 

relevance might also involve the evaluation of EJ1 effects on the ER as a potential cause 

of mitochondrial perturbation through increase in cytosolic Ca
2+

. 

 

EJ1 efficacy in vivo 

 Given our results in vitro demonstrating an EJ1 mediated reduction in cellular 

growth and viability and our subsequent observations of effects on reduced ERBB 

signaling, we were optimistic about its ability to function against tumors in vivo.  

However, our observations of the potentially ERBB independent effects of cell 

membrane blebbing and multiple mitochondrial phenotypes were of concern with regard 

to the potential for off target side effects.  EJ1 treatment of MMTV-PyMT mice with pre-

established tumors led to significant reductions in the average tumor growth rate of 

individual tumors, the average change in tumor burden, and the average number of lung 

metastasis over the course of 21 days of study as compared to CP and PBS controls.  

Importantly, these mice displayed no noticeable pathologies that would indicate off target 
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side effects.  Our assays of the morphological as well as the molecular effects of EJ1 on 

these mice showed comparable effects to what we had observed in vitro.  The 

mitochondria of these mice under TEM appeared to be damaged and enlarged compared 

to those of controls.  In addition, the expression of several active forms of ERBB 

downstream signaling pathways, including dpERK and pAKT were slightly 

downregulated by EJ1, while levels of PARP were slightly elevated.  All these 

observations seem to suggest that the mechanisms by which EJ1 functions are similar in 

vitro and in vivo and that they are largely tumor specific in this system.    

 

Conclusions 

 The results presented in this dissertation involve the study and exploitation of 

what could be labeled the “non-canonical” activities of EGFR and the ERBB family.  

While this research, particularly that involving the ubiquitination pathway, has uncovered 

valuable information regarding the basic biology of the ERBB receptors, it was 

predominantly motivated by the need for improved targets for translational research.   

The roles played by the ERBB family during the development and progression of cancer 

are numerous and complex.  Basic tenants of ERBB involvement in this process include 

their upregulation and reduced degradation, mislocalization and aberrant protein – protein 

interactions, and increased levels of activation and signaling due to a number of causes 

(Figure 5.1a).  Of those activities not listed here, their non-canonical activities, in 

particular their localization to the nucleus, are additional factors in both disease 

aggressiveness and in resistance to both targeted and non-targeted treatment and have 
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gained exposure in recent years.  The potential role for ubiquitin described herein 

provides valuable information to further the understanding and development of therapies 

designed against the nuclear functions of EGFR.  Additionally, our creation of an EGFR 

jxm derived peptide therapeutic, displaying effects on ERBB dimerization, activation, 

and calmodulin signaling, along with EGFR independent mitochondrial function and 

ultimately survival in both cancer cells and tumors in-vivo has validated the concept of 

using this domain as a target for the further development of cancer therapies (Figure 

5.1b).   

 It is my hope that the adaptation and extrapolation of what has been presented 

here will make a meaningful impact towards our understanding and ultimately our ability 

to treat and cure these diseases.     
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Figure 4.1. Effects of EJ1 on ERBB dependent and independent cancer.  a) Model 

summarizes ERBB involvement in the basic progression from normal epithelial 

monolayer through hyperplasia and eventually to carcinoma.  The predicted efficacy of 

EJ1 is shown along with this progression.  b) A representative carcinoma cell displaying 

increased ERBB signaling (dimerized receptors) and localization to the nucleus.  Below 

are demonstrated or predicted ERBB dependent (blue), mixed (purple) and ERBB -

independent (green) responses to treatment with EJ1 peptide.  
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