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Abstract: Signaling by cell surface receptors appears to be relatively straight-forward:
ligand binds to the extracellular domain of the receptor and biochemical changes are
communicated into the cell. However, this process is more complex than it first seems due
to the various mechanisms that regulate signaling. In order to effectively target these
receptors for pharmacological purposes, a more complete understanding of how their
signaling is regulated is needed. Here, how the endocytic pathway regulates receptor
signaling is discussed, using the epidermal growth factor receptor (EGFR) as a model. In
particular, the spatial regulation of signaling is examined. Areas of discussion include: how
endocytic trafficking affects biology/pathology, varying approaches for studying the
relationship between receptor endocytosis and signaling, and developments in how the
endocytic pathway controls EGFR:effector communication and EGFR-mediated cell biology.
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1. Introduction

The epidermal growth factor receptor (EGFR) is arguably the most well studied and characterized
receptor tyrosine kinase. Activation of the EGFR is critical in embryonic development [1], tissue
homeostasis [2] and wound healing [3]. These physiological events are evident by the embryonic
lethality of EGFR knock-out animals [4] as well as tissue defects in EGFR ligand knock-out
animals [5]. In addition, many cancers are characterized by overexpression and/or mutations that
hyperactivate the EGFR [6]. Therefore, a complete understanding of how the EGFR functions has
important implications in developmental biology, tissue repair, and cancer biology.
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Like all cell surface receptors, the EGFR communicates changes on the outside of the cell to within
by biochemical signals via effector proteins. Cell physiology, such as proliferation, differentiation, and
migration, is governed by the coordinated activity of these effectors. Binding extracellular ligands is
clearly the mechanism for initiating these signaling pathways. However, the details regarding how
subsequent receptor activity is controlled is not as straightforward.

Numerous mechanisms impact receptor signaling, including the concentration of ligands available
to bind receptors, the density of receptors, the duration for which the receptor stays activated, and the
proximity of the receptor to downstream effector molecules. Understanding the mechanisms that
regulate EGFR signaling will aid in developing therapeutic compounds for the treatment of various
maladies, such as cancer and wound healing. In this review, we will examine one cellular process that
has emerged as a key regulator of EGFR signaling: the endocytic pathway. Although the discussion
will focus primarily on EGFR membrane trafficking and signaling, these findings have parallels with
other cell surface receptors, particularly other receptor tyrosine kinases.

2. The Endocytic Pathway

Internalization of cell surface receptors can be divided into clathrin-independent and
clathrin-mediated endocytosis, depending on the route of entry into the cell. Clathrin-independent
endocytosis includes internalization via caveolae or various small molecular weight GTP binding
proteins (i.e., Arf6, RhoA, CDC42) [7] and is associated with higher EGF concentrations
(20 ng/mL) [8]. Clathrin-mediated endocytosis of the EGFR occurs with lower concentrations
(1.5 ng/mL) of EGF [8]. One plausible explanation for the differing, concentration-dependent routes of
ligand:receptor complex entry is that the primary pathway becomes saturated and alternative
mechanisms are employed. Saturation of the endocytic pathway has been reported at more distal stages
of the pathway when higher levels of the receptor are expressed [9,10].

2.1. Components of the Pathway

The basic events associated with ligand-stimulated, clathrin-mediated endocytosis have been fairly
well delineated for some time [11], although new molecular details continue to emerge (Figure 1).
Briefly, the liganded EGFR monomers dimerize and translocate along the plasma membrane until it
associates with a membrane domain that is enriched with clathrin on the intracellular face. This
domain invaginates to form a clathrin-coated pit, which pinches off forming a clathrin-coated vesicle.
The clathrin is shed from this vesicle to produce an intermediate vesicle that fuses with and delivers
the EGF:EGFR complex to the early endosome. In the early endosome, the ligand:receptor complex is
readied for its ultimate cellular fate—either (1) the early endosome matures into a late endosome and
delivers the cargo to the lysosome [12]; (2) a recycling endosome pinches off the early endosome and
the ligand and receptor recycle back to the plasma membrane [13]; or (3) an endosome forms to deliver
the receptor to some other intracellular organelle (i.e., mitochondria [14], trans-Golgi network [15],
and endoplasmic reticulum [16]). It should also be noted that endocytic trafficking is distinct from the
movement of the EGFR and EGFR fragments to the nucleus [17,18]. It is not entirely clear which
cellular components determine the trafficking itinerary, although there is strong evidence that the
stimulating ligand, receptor density, and cell type each have a contributing role.
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Each endocytic route has a very different consequence on EGFR signaling. Trafficking to
lysosomes will result in attenuated signaling due to receptor degradation. Receptors that recycle back
to the plasma membrane have the opportunity to be re-stimulated by extracellular ligands that are
present. When the ligand:receptor complex traffics to other subcellular organelles, receptor:effector
interactions may occur due to enhanced localized effector concentrations that impact a defined cell
biology. When a cell’s normal trafficking itinerary is perturbed, the duration, magnitude, and
specificity of receptor signaling will be altered and can affect cell biology.

Based on many of the early studies, EGFR endocytosis was thought to be strictly a mechanism to
control how long a liganded receptor stayed active. However, for almost 20 years, it has been
appreciated that the endocytic pathway provides spatial regulation of signaling. Work by Vieira et al.
that examines endocytosis-deficient EGFRs indicated that for some effectors, maximal activity
requires that the receptor be internalized [19]. Thus, the endocytic pathway can be a positive regulator
of signaling as well.

Figure 1. Schematic of the Endocytic pathway. Highlighted is the major route of epidermal
growth factor receptor (EGFR) endocytic trafficking—movement of the ligand:receptor
complex to the lysosome for degradation. Also shown is recycling of the EGFR back to the
plasma membrane. Alternative routes of trafficking as discussed in the text.
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2.2. Regulators of EGFR Endocytosis

The movement of cargo through the endocytic pathway is coordinated at each stage by a number of
proteins. This process is mediated by adaptor proteins that directly interact with the EGFR and the
endocytic machinery (i.e., Grb2 and Eps8- [20]) and regulatory proteins that control movement
between endocytic compartments. Many of the fission and fusion reactions that permit the transfer
of cargo are mediated by guanine-binding proteins (G-proteins), that alternate between active,
GTP-bound and inactive, GDP-bound states. Most of these proteins are members of the RAB family of
small molecular weight G-proteins that are 20 to 25 kDa in size. Examples include RAB5 (plasma
membrane to early endosome), RAB7 (early to late endosome maturation; late endosome to lysosome),
RAB9 (late endosome to trans-Golgi Network), RAB11, RAB4, RAB25 (recycling to the plasma
membrane) (Reviewed in [21,22]). A notable exception to the small molecular G-proteins is the large
G-protein, dynamin, which promotes the fission of clathrin-coated pits from the membrane [23].
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In addition to the requisite signaling events that ligand binding triggers and are associated with
endocytosis, ubiquitylation is a key post-translational modification that directs the EGFR to lysosomal
degradation [24,25]. The exact mechanism of ubiquitylation in EGFR has been controversial. There is
general acceptance that EGFR ubiquitylation is mediated by the E3 ubiquitin ligase c-Chl with
associated with phosphotyrosine 1045 of the liganded EGFR [26,27]. Conflict arises over whether
ubiquitylation regulates EGFR endocytosis [28,29] or targeting to intraluminal vesicles [30,31]. Such
details regarding location are very important in membrane trafficking as they often provide important
clues regarding function.

On one hand, there are reports that EGFR-Ub chimeric proteins have an accelerated receptor
endocytosis [32]. On the other, mutant EGFRs with all lysines mutated such that it can not be
ubiquitylated have no change in the rate of endocytosis [33]. These data, along with others [8,34],
point to that ubiquitylation being sufficient, but not necessary for endocytosis. This review
acknowledges, but does not attempt to resolve, this controversy.

Identification of these modifications and regulatory proteins has been critical in understanding how
EGFR signaling is spatially regulated. These regulatory proteins and protein modifications are often
antagonized, through dominate negative mutants or RNAI, as a strategy for disrupting trafficking at a
specific endocytic stage.

3. Clinical Relevance of EGFR Endocytic Trafficking

Endocytic regulation of EGFR signaling is not entirely academic; there are implications in
furthering our understanding of diseases. Changes that slow the progression of the EGFR through the
endocytic pathway, enhance signaling, and can lead to increased cell proliferation, differentiation,
migration, as well as other hallmarks of cancer [35]. For instance, a subset of non-small cell lung
carcinomas are characterized by mutant EGFRs that preferentially recycle rather than degrade as the
non-mutant EGFRs do. This leads to enhanced signaling via the proto-oncogene tyrosine kinase
Src [36]. Conversely, accelerated trafficking may decrease the basal level of EGFR signaling and
cause defects in tissue homeostasis (i.e., epithelial erosions or inflammations).

A better understanding of receptor trafficking may help in the treatment of both cancer and
restoration of tissue homeostasis (wound healing). For instance, experimental administration of EGF to
corneal epithelial cells clearly promotes healing with in vitro and ex vivo models, but yields
inconsistent results in patients. This has impeded the use of EGF therapeutically. It has been suggested
that prolonged agonist stimulation causes desensitization and attenuated EGFR signaling via lysosomal
degradation of the agonist:receptor complex [25]. In vitro data indicate that diverting the activated
EGFR from lysosomal degradation leads to enhanced corneal epithelial cell migration [37]. These data
indicate that pharmacological inhibitors of the endocytic pathway are a potential mechanism for
enhancing EGFR signaling in the cornea.

In both cancer and wound healing, targeting EGFR endocytic trafficking is a viable
pharmacological strategy. However, from these two disparate examples, it is clear there are details
that need to be worked out. Accelerating EGFR trafficking is predicted to decrease the growth
factor-dependent survival of a cancer cell, but could disrupt epithelial cells homeostasis in other
tissues. Conversely, decreasing trafficking would promote the signaling necessary for corneal wound
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healing, but could lead to hyperactivation of the EGFR and proliferation of other cells in the body.
These examples illustrate how we need a better understanding of the molecular interplay between
EGFR trafficking and signaling to minimize any unwanted side-effects.

4. Models for Studying EGFRs Deficient in Endocytic Trafficking

The spatial and temporal regulation of signaling are tightly intertwined and separating the two
processes has been systematic and methodic. The differences in EGFR signaling under conditions of
enhanced recycling versus increased degradation are obvious. However, the consequences of altering
the subcellular localization of the ligand:receptor have been more complex. The molecular events that
occur from subcellular locations can be difficult to dissect due to the dynamic nature of intracellular
compartments and the intrinsic compensatory mechanisms of the cell. Nevertheless, there has been a
continuum in understanding how trafficking is regulated, to identifying differences in receptor:effector
communication at various endocytic stages, and more recent identification of cell biology that requires
a specific subcellular localization of the activated EGFR.

To date, these studies have been primarily restricted to in vitro model systems, but the field is
poised to move the molecular findings to more complex systems. As in most scientific research,
movement toward more complex model systems, results in fewer molecular details. However, recent
reports using model organisms demonstrate this can be done [38,39].

Even with in vitro model systems, studying the relationship between EGFR signaling and
endocytosis is inherently difficult for a number of reasons. First, the two processes are dependent on
one another—changes in signaling affect trafficking and altering trafficking affects signaling.
Therefore, primary versus secondary effects can be difficult to assess. Second, endocytosis provides
both temporal and spatial regulation of signaling. When endocytosis is disrupted and signaling is
altered, without proper experimental design, it can be difficult to discern if the effects are due to the
prolonged activation of the EGFR or due to enhanced receptor:effector interactions at a specific
subcellular location. Third, it is unlikely the endocytic pathway is a “switch” in signaling, but rather a
“rheostat”. Protein:protein interactions that are governed by the Law of Mass Action and any two
proteins can interact, given sufficiently high local concentrations. Therefore, in order to draw
biologically relevant conclusions, model systems need to be carefully chosen to reflect appropriate
receptor and effector densities, ligand concentrations, and Kinetic analysis. Using systems with
inappropriately high levels of activated receptor, effector densities, or for extended periods of time,
may overlook important spatial regulators of signaling.

There have been three basic strategies for studying the relationship between endocytic trafficking
and receptor signaling: (1) receptor mutants, (2) inhibition of the endocytic pathway, and (3) ligands
that alter trafficking. Before discussing recent findings, the strengths and weaknesses of each approach
will be discussed.

4.1. Receptor Mutants

One of the most productive strategies for understanding the relationship between EGFR endocytic
trafficking and signaling has been to mutate the receptor such that the trafficking, but not signaling, is
compromised. The approach has been useful for identifying domains necessary for specific aspects
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of endocytic trafficking, identifying subcellular compartments, as well as the relationship between
endocytosis and signaling [9,30,40,41].

One of the first examples of this strategy was by Wells et al. to make a truncation mutant of the
EGFR that was endocytosis deficient, but still phosphorylated and signaling competent [41]. This
group found that cells expressing these mutant receptors are more sensitive to EGF in cell
transformation assays. More recently, lysine null mutants of the EGFR that cannot be ubiquitylated
were shown to be trafficked away from the intraluminal vesicle of the late endosome and spared from
lysosomal degradation. This mutation resulted in an increase in the magnitude and duration of EGFR
phosphorylation and signaling to Extracellular Regulated Kinase 1/2 (ERK 1/2) [30].

The advantage of using receptor mutants is that disruption of endocytic trafficking is specific for the
EGFR. However, often to test the mutant receptors, they are placed in cells that do not contain
endogenous EGFRs and therefore have an unnatural signaling environment. Further, when expressing
these receptors in cells, it can be difficult to achieve physiological (or pathologically) meaningful
receptor densities.

4.2. Inhibitors of the Endocytic Pathway

A second approach for dissecting the role of the endocytic pathway is to inhibit the endocytic
pathway directly. This can be done with pharmacologic and genetic reagents, or by reducing the cell’s
temperature. One overarching concern with this type of approach is that other cargo that share this
pathway have blocked endocytic trafficking as well. Therefore, there needs to be caution in
interpreting whether the consequences are specifically due to changes in EGFR trafficking, another
receptor, or a change in a cellular process.

Pharmacologic agents can be used in most cell lines and their effects are relatively rapid. However,
there can be questions regarding the exact endocytic stage that is being blocked due to off target
effects. Examples of drugs that can block endocytic trafficking include monensin, bafilomycin,
chloroquine [42-44]. These drugs work by preventing acidification of endocytic compartments and
impairing subsequent membrane trafficking.

The genetic approaches target proteins that have previously been demonstrated to regulate a specific
endocytic stages and inhibiting their function by expressing a dominant negative form or ablating their
expression with RNA interference (RNAI). In general, this strategy is very focused in terms of which
step in the endocytic pathway is blocked. Prior to the wide spread use of RNAI, dominant negative
proteins were the main mechanism for disrupting trafficking [19,45]. One of the advantages of
dominant negative proteins is that they can inhibit the function of multiple homologs of the same gene.
For instance, expression of dominant negative mutant dynamin | can inhibit the function of dynamin Il
despite tissue-specific differences in protein distribution [46]. Dominant negative form of canine rab5
can inhibit the activity of all three human RAB5 proteins (RAB5a, RAB5b, RAB5c¢), presumably due
to the >97% homology between species [47].

The recent advances in RNAI technology have made knock down approaches more common. RNAI
targets only a specific gene and the introduction of siRNAs and shRNAs are relatively easy. Although
in some cases, all functional homologs need to be knocked down to achieve a complete effect, that
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typically is not an insurmountable obstacle. In fact, depending on the research goal, knocking down
individual homologs may be more desirable [48].

While the genetic strategies offer more specific targeting of an endocytic stage, they introduce a
temporal confounder to the experiment. Typically, it takes 48-72 h for either the dominant negative
protein to be fully expressed or for maximal knock down of the target protein. Between the time of
dominant negative protein cDNA or gene specific RNAI is introduced to the cell and the experiment,
there is a continuum of inhibited endocytic trafficking. This will alter the dynamic endocytic pathway
and change the steady-state composition, as well as allow compensatory mechanisms to arise.

An analogous strategy is the reduction of temperature. Maintaining the cell temperature at 4 <C will
block endocytosis; keeping the cell at 22 <C will block intracellular trafficking [49]. This approach
effectively reduces endocytic trafficking but the associated reduction in effector activity precludes a
meaningful analysis of signaling.

4.3. Immobilized Ligands

The third strategy that has been used to study the relationship between EGFR signaling and
trafficking has been the choice of ligand. While Mother Nature has provided ligands that differentially
effect EGFR endocytic trafficking (highlighted by Roepstorff et al. [50]), they do not restrict the
ligand:receptor complex to a single location.

A more precise way to disrupt trafficking entails using a ligand-bound matrix that is too large to
internalize. This has been done using polystyrene beads [51-53] as well as tissue culture dishes [54].
This approach has the advantage that any EGFR expressing cell line can be studied. Further, there is
little risk of any compensatory mechanisms occurring with immobilized ligands, as receptor responses
can be measured as soon as the ligand is presented. It turns out this may be a biologically relevant
mode of EGFR signaling. All of the naturally occurring EGFR ligands are made as “pro-growth
factors” that must be cleaved from their tethered, membrane-bound form prior to becoming a diffusible
ligand. Experiments, that will be discussed in detail later, have shown that EGFR activation by a
tethered ligand is different than a soluble one [55]. Although it has yet to be demonstrated this occurs
under physiological conditions, it is likely that nature has its own tethered ligand.

Synthetic immobilized ligands do have some caveats. First, the binding properties are likely not the
same as unmodified EGF. Normally, EGF binds to each of the EGFR monomers in a sequential
fashion. First one molecule binds a EGFR monomer with high affinity, that ligand:receptor complex
binds another EGFR monomer, which finally binds a second EGF molecule with lower affinity [56]. It
seems unlikely this sequence of events is recapitulated when receptors are stimulated with immobilized
ligands and the movement of ligand is sterically hindered. However, recent crystallographic studies
indicate that binding of only one ligand is sufficient to activate and an EGFR dimer [57]. Therefore,
this may be an irrelevant concern.

Second, it can be difficult to truly assess the concentration of ligand to which the cells are being
exposed. Much depends on the efficiency of ligand conjugation to the matrix. In addition, by the nature
of the immobilization, the ligands will not diffuse with Brownian motion the way soluble ligands do.
This means there are elevated localized levels of the ligand at the cell surface, which may or may not
be favorable for signaling.
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5. Recent Findings

To the uninitiated observer, the strategy for studying endocytic regulation of EGFR signaling seems
straight forward: take cells with and without blocked endocytosis, treat with EGF, and look for
differences in the activity of downstream effectors. However, the reality is much more complex. Two
major concerns among the scientists that do these studies are: “what signaling events are being
overlooked?” and “what signaling events are physiologically relevant?” The specifics of which cell
line, EGFR density, EGF concentration, and endocytic inhibitor to use, and which effectors to examine
all contribute to the problem. Each of these factors can affect the outcome and result in overlooking
important biochemical and biological changes.

5.1. Proteomic Approach

Recently, Omerovic et al. published a report using an unbiased examination of phosphoproteins
whose activity was affected by endocytosis of the EGFR. Briefly, they blocked EGFR endocytosis in
HeLa cells with a pharmacologic inhibitor of dynamin, Dynasore, and assessed the generation of
phosphospecific proteins generated in response to EGF [58]. This is a noteworthy experiment because
(1) the method of phosphoprotein detection, Stable Isotope Labeling of Amino acids in Cell culture
or SILAC, contains internal controls for each treatment and effector and (2) the approach is
unbiased in its examination of effectors. In this study, the authors were able to compare the level of
phosphorylation of hundreds of proteins and report that >40% of the EGF-dependent protein
phosphorylation was effected by receptor endocytosis. Both regulators of EGFR endocytic trafficking
and signaling proteins were well represented among the affected proteins.

The breadth of EGFR signaling that is spatiotemporally regulated is not surprising to those of us in
the field and this study provides plenty of data to keep us excited. Despite being an unbiased approach,
this study also brings us back to the questions regarding doses of EGF, time point, endocytic stages,
etc. Testing these variables is not possible with this data intensive approach. Nevertheless, this study
provides an opportunity for others that study the EGFR (and other receptor tyrosine kinases) to see if
receptor:effector communication of their favorite phosphoproteins are affected by endocytosis. Two
critical questions that remain are: (1) Which of these interactions are physiologically relevant? and
(2) Is the spatialtemporal regulation of signaling cell-type specific, or is it independent of the
concentrations of receptors, effectors, and scaffolding proteins?

5.2. Effector Focused Approach

The majority of early studies of the spatial regulation of EGFR signaling focused on
receptor:effector communication. That is, examining the activity of one or two specific effectors using
dose response curves and time courses under endocytosis-deficient and endocytosis-permissive
conditions. This strategy has been used to examine effectors such as: STAT3 [59], p21(ras) [60], and
phospholipase Cyl [61]. However, one of the most well studied has been the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK1/2) pathway. ERK1/2 is a serine/threonine
kinase stimulated by the Ras-Raf-MEK-ERK1/2 signaling cascade that is conserved from yeast to
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mammals. It has an established role in cellular DNA and protein synthesis and, like the EGFR, has
important developmental and homeostatic roles (Reviewed in [62]).

In addition to the established physiological roles, ERK1/2 is of interest because it was among the
first proteins identified as having a spatiotemporal regulation to its signaling [19,63]. Although not all
reports are in agreement, the majority of literature indicates that ERK activation by EGFR is spatially
regulated. These data come from a variety of studies that block receptor internalization using mutant
EGFRs that are defective in endocytic trafficking and the targeted inhibition of the endocytic pathway
with dominant negative proteins or RNAI.

Despite the data indicating the full activation of ERK1/2 and MEK requires EGFR endocytosis, that
may just be the start of the story. It should be noted there is evidence that not only cell surface
receptors move about the cell during endocytosis, but the effector proteins do as well. Work by
Galperin and Sorkin provide evidence that the effector, MEK, moves into endosomes when the EGFR
undergoes endocytosis [64]. In their study, they demonstrate that the loss of clathrin-dependent
endocytosis will decrease the recruitment of activated MEK into the endosome, despite no loss in total
EGFR-stimulated MEK activity. When ERK activity was examined, blocking endocytosis resulted in
enhanced ERK1/2 activity. The authors postulate that endosomal localization of MEK may be part of a
negative feedback loop.

This begs the question: How does this occur? An idea that is growing in popularity is that
scaffolding proteins may be critical in conferring this regulation. Scaffolding proteins for the ERK1/2
signaling cascade were first discovered in yeast [65] and are present in higher order organisms as well.
By tethering multiple proteins together, they are a feasible means of moving a signaling cascade
through the endocytic pathway together to provide spatial regulation of effector activity. The
scaffolding protein Shoc2 [66], tethers the RAS-RAF-MEK signaling cascade [67]. Galperin et al.
recently demonstrated that Shoc2 moves along the endocytic pathway to RAB7 positive late
endosomes upon EGFR stimulation. Despite being an intracellular protein, knock down of clathrin to
prevent endocytosis of the liganded EGFR, prevents Shoc2 intracellular movement. This is consistent
with Shoc?2 being trafficked with the receptor. Both the loss of Shoc2 (by RNAI) and certain mutants
of Shoc?2 that lead to membrane targeting result in decreased ERK1/2 activity [66]. These data provide
strong evidence that Shoc2 is a spatial and temporal regulator of EGFR-mediated ERK1/2 signaling.
However, further studies are needed to determine how this regulation affects the cell biology.

5.3. Transcription Factors

To understand the biological consequence of EGFR endocytic trafficking, several groups have
looked even further downstream of the receptor and examined the activity of transcription
factors [68,69]. Work by Wu et al. found that EGFR-mediated activation of transcription factors was
spatially regulated [69]. They examined signaling by a mutant EGFR that was retained at the plasma
membrane or by EGFRs that were pharmacologically manipulated to only signal from endosomes.
The authors report that despite comparable levels of ERK1/2 activity produced by both receptor
populations, the plasma membrane receptors preferentially induced phosphorylation of the
transcription factor, c-fos, but not c-jun. Conversely, active EGFRs in endosomes specifically
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phosphorylated ELK. Together, these studies support the idea that there may be two (or maybe more)
distinct populations of ERK1/2 in the cell that are activated from distinct endocytic locales.

In contrast to the focused examination of transcription factors, another group engaged in a more
global and unbiased study. Brankatschk et al. treated endocytosis-deficient cells with and without EGF
and examined mRNA levels by microarray [68]. In addition to concluding transcriptional activity was
initiated soon after receptor stimulation, they identified 263 genes whose expression was differentially
regulated by the endocytic process. While there are a number of more detailed studies that are needed
to sort through the significance of all differentially regulated transcripts, this study provides an
important starting point because endocytic trafficking was disrupted using multiple approaches in three
different cell lines. Therefore, rigorous criteria for transcriptional regulation can be used.

5.4. Cell Biology Approach

In recent years, a greater emphasis has been placed on understanding the biological consequences to
disrupting EGFR endocytosis. How does the spatial placement of the EGFR affect the cell’s function?
Although the EGFR is associated with cell proliferation, survival, and migration, there is a
well-established link between EGFR signaling and apoptosis. The subcellular location of the activated
receptor may determine whether the EGFR signals cells to cell growth versus death.

The notion that EGFR-mediated apoptosis is spatial regulated was introduced by Singh et al., and
their work on kidney epithelial cells. Briefly, they examined EGFR signaling in response to heparin
binding-EGF (HB-EGF). HB-EGF, like all EGFR ligands, is synthesized as a membrane-tethered
ligand that becomes cleaved into a soluble form that can diffuse and bind a receptor. To determine
whether the membrane bound form of HB-EGF could still signal to the EGFR, they engineered cells to
express a non-cleavable, membrane anchored form of HB-EGF [70]. They found that not only could
the membrane bound ligand bind to and activate the receptor, but affected cell biology differently than
the diffusible ligand. When the ligand:receptor complex was tethered to the plasma membrane it
promoted cell proliferation; when internalized the result was apoptosis [55].

In a similar line of investigation, Hyatt and Ceresa compared the signaling by soluble EGF and
immobilized EGF (EGF covalently linked to polystyrene beads) to assess the spatial regulation of
EGFR signaling in MDA-MB-468 cells [71]. Like the study by Singh et al., they found that when the
activated receptor was retained at the cell surface receptor, cell growth was promoted and intracellular
receptors induced apoptosis.

Work by Rush et al. provides further insight into how intracellular receptors can induce apoptosis.
They postulated that the high levels of EGFRs on MDA-M-468 cells (~1.6 < 10° EGFRs/cells [72])
contributed to both defects in intracellular, endocytic trafficking, and the induction of apoptosis.
They had found that when MDA-MB-468 cells were treated with EGF, the EGF:EGFR complex
accumulated on the limiting membranes of the endosomes. The orientation was such that the receptor’s
phosphotyrosines were accessible to cytosolic downstream effectors. They went on to demonstrate that
cells with low levels of EGFRs (HeLa cells) could be engineered to undergo EGF-dependent apoptosis
if endocytic trafficking were blocked by knocking down the ESCRT protein TSG101 and the
receptor orientation on the limiting membrane of the endosome was recapitulated. Importantly, when
trafficking was blocked and the EGFR accumulated in the intraluminal vesicle of the late
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endosome/multivesicular body, there was no induction of apoptosis [73]. Thus, cells could be
engineered to produce a high enough concentration of EGFRs in endosomes to induce apoptosis.

This finding is reminiscent of what has been reported by Overmeyer et al. [74]. In this study, they
examined the oncogene Ras and find that its accumulation in vacuoles leads to a necrosis-like cell
death called “methuosis”. Although there are some major experimental differences, it is difficult to
ignore the similarities. Like the spatially regulated active EGFR, Overmeyer et al. show that
accumulation of a signaling molecule on the membrane of an intracellular organelle which ultimately
catastrophic for the cell. Despite the differences, the end result is the same. In both cases, a biological
significance of these pathways remains unclear. Nevertheless, both findings may provide new insights
into how to target cancer cells for destruction. More recent studies have identified molecules that can
recapitulate methuosis, with the goal of using them as part of an anti-cancer therapy [75,76].

6. Conclusions

For over 25 years, the spatiotemporal regulation of EGFR signaling has been studied. The field has
evolved from viewing endocytosis as strictly a negative regulator of the ligand:receptor complex to now
appreciating its complexity in both positively and negatively modulating receptor:effector communication.

Early studies focused on identifying the proteins that coordinate the active EGFR through the
endocytic pathway, with an eye on inhibiting the activity of those proteins or disrupting interaction and
trafficking of the receptor. Although it is likely not every regulatory protein of EGFR endocytic
trafficking has been identified, a sufficient number have to provide a set a tools that allow us to
redirect our efforts to the next step: understanding how endocytic trafficking affects EGFR-dependent
changes in cell biology.

While it seems intuitive to unravel the complexity of EGFR signaling at the level of
receptor:effector interactions, it is not easy. The EGFR has been shown to interact with countless
downstream effectors, many of which interact in a manner that is dependent on receptor density or cell
context. Looking for changes in cell biology may be the next step, but this is not trivial. Manipulating
the endocytic pathway is best done with tissue culture model, which often have only subtle biological
responses to EGFR activation. Further, naturally occurring changes in EGFR trafficking often do not
really manifest themselves (i.e., cancer) until later in life. This many suggest either very minor
biological changes that amplify overtime or that many cells develop compensatory mechanisms to
accommodate such changes.

Acknowledgments

The author apologizes to his colleagues that have done excellent work in this field, but who were
not included due to space limitations. Thank you to members of the Ceresa Lab for critically reading
this manuscript. Work in the Ceresa laboratory has been funded by NIH grants RO1GM092874 a
nd RO1EY021497.

Conflict of Interest

The author declares no conflict of interest.



Int. J. Mol. Sci. 2013, 14 83

References

1.

10.

11.

12.

13.

14.

15.

16.

Zambruno, G.; Girolomoni, G.; Manca, V.; Segre, A.; Giannetti, A. Epidermal growth factor and
transferrin receptor expression in human embryonic and fetal epidermal cells. Arch. Dermatol. Res.
1990, 282, 544-548.

Schneider, M.R.; Werner, S.; Paus, R.; Wolf, E. Beyond wavy hairs: The epidermal growth factor
receptor and its ligands in skin biology and pathology. Am. J. Pathol. 2008, 173, 14-24.

Yu, F.S;; Yin, J.; Xu, K.; Huang, J. Growth factors and corneal epithelial wound healing.
Brain Res. Bull. 2010, 81, 229-235.

Threadgill, D.W.; Dlugosz, A.A.; Hansen, L.A.; Tennenbaum, T.; Lichti, U.; Yee, D,;
LaMantia, C.; Mourton, T.; Herrup, K.; Harris, R.C.; et al. Targeted disruption of mouse EGF
receptor: Effect of genetic background on mutant phenotype. Science 1995, 269, 230-234.
Luetteke, N.C.; Qiu, T.H.; Fenton, S.E.; Troyer, K.L.; Riedel, R.F.; Chang, A.; Lee, D.C.
Targeted inactivation of the EGF and amphiregulin genes reveals distinct roles for EGF receptor
ligands in mouse mammary gland development. Development 1999, 126, 2739-2750.

Rowinsky, E.K. The erbB Family: Targets for therapeutic development against cancer and
therapeutic strategies using monoclonal antibodies and tyrosine kinase inhibitors. Ann. Rev. Med.
2004, 55, 433-457.

Mayor, S.; Pagano, R.E. Pathways of clathrin-independent endocytosis. Nat. Rev. Mol. Cell Biol.
2007, 8, 603-612.

Sigismund, S.; Woelk, T.; Puri, C.; Maspero, E.; Tacchetti, C.; Transidico, P.; DiFiore, P.P.;
Polo, S. Clathrin-independent endocytosis of ubiquinated cargos. Proc. Natl. Acad. Sci. USA
2005, 102, 2760-2765.

French, A.R.; Sudlow, G.P.; Wiley, H.S.; Lauffenburger, D.A. Postendocytic trafficking of
epidermal growth factor-receptor complexes is mediated through saturable and specific
endosomal interactions. J. Biol. Chem. 1994, 269, 15749-15755.

Stoscheck, C.M.; Carpenter, G. Characterization of the metabolic turnover of epidermal growth
factor receptor protein in A431 cells. J. Cell Phys. 1984, 120, 296-302.

McMahon, H.T.; Boucrot, E. Molecular mechanism and physiological functions of
clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 2011, 12, 517-533.

Carpenter, G.; Cohen, S. 125I-labeled human epidermal growth factor. Binding, internalization,
and degradation in human fibroblasts. J. Cell Biol. 1976, 71, 159-171.

Felder, S.; LaVin, J.; Ullrich, A.; Schlessinger, J. Kinetics of binding, endocytosis, and recycling
of EGF receptor mutants. J. Cell Biol. 1992, 117, 203-212.

Demory, M.L.; Boerner, J.L.; Davidson, R.; Faust, W.; Miyake, T.; Lee, I.; Huttemann, M.;
Douglas, R.; Haddad, G.; Parsons, S.J. Epidermal growth factor receptor translocation to the
mitochondria: Regulation and effect. J. Biol. Chem. 2009, 284, 36592-36604.

Progida, C.; Cogli, L.; Piro, F.; De Luca, A.; Bakke, O.; Bucci, C. Rab7b controls trafficking from
endosomes to the TGN. J. Cell Sci. 2010, 123, 1480-1491.

Haj, F.G.; Verveer, P.J.; Squire, A.; Neel, B.G.; Bastiaens, P.l. Imaging sites of receptor
dephosphorylation by PTP1B on the surface of the endoplasmic reticulum. Science 2002, 295,
1708-1711.



Int. J. Mol. Sci. 2013, 14 84

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Liao, H.J.; Carpenter, G. Role of the Sec61 translocon in EGF receptor trafficking to the nucleus
and gene expression. Mol. Biol. Cell. 2007, 18, 1064-1072.

Lin, S.Y.; Makino, K.; Xia, W.; Matin, A.; Wen, Y.; Kwong, K.Y.; Bourguignon, L.; Hung, M.C.
Nuclear localization of EGF receptor and its potential new role as a transcription factor.
Nat. Cell Biol. 2001, 3, 802—808.

Vieira, A.V.; Lamaze, C.; Schmid, S.L. Control of EGF receptor signaling by clathrin-mediated
endocytosis. Science 1996, 274, 2086—-2089.

Burke, P.; Schooler, K.; Wiley, H.S. Regulation of epidermal growth factor receptor signaling by
endocytosis and intracellular trafficking. Mol. Biol. Cell. 2001, 12, 1897-1910.

Ceresa, B.P. Regulation of EGFR endocytic trafficking by rab proteins. Histol. Histopathol. 2006,
21, 987-993.

Kelly, E.E.; Horgan, C.P.; Goud, B.; McCaffrey, M.W. The Rab family of proteins: 25 years on.
Biochem. Soc. Trans. 2012, 40, 1337-1347.

Ferguson, S.M.; De Camilli, P. Dynamin, a membrane-remodelling GTPase. Nat. Rev. Mol. Cell Biol.
2012, 13, 75-88.

Levkowitz, G.; Waterman, H.; Zamir, E.; Kam, Z.; Oved, S.; Langdon, W.Y.; Beguinot, L.;
Geiger, B.; Yarden, Y. c-Cbl/Sli-1 regulates endocytic sorting and ubiquitination of the epidermal
growth factor receptor. Genes Dev. 1998, 12, 3663-3674.

Waterman, H.; Katz, M.; Rubin, C.; Shtiegman, K.; Lavi, S.; Elson, A.; Jovin, T.M.; Yarden, Y.
A mutant EGF-receptor defective in ubiquitylation and endocytosis unveils a role for Grb2 in
negative signaling. EMBO J. 2002, 21, 303-313.

Grovdal, L.M.; Stang, E.; Sorkin, A.; Madshus, I.H. Direct interaction of Cbl with pTyr 1045 of
the EGF receptor (EGFR) is required to sort the EGFR to lysosomes for degradation.
Exp. Cell Res. 2004, 300, 388—395.

Oksvold, M.P.; Thien, C.B.; Widerberg, J.; Chantry, A.; Huitfeldt, H.S.; Langdon, W.Y. Serine
mutations that abrogate ligand-induced ubiquitination and internalization of the EGF receptor do
not affect c-Cbl association with the receptor. Oncogene 2003, 22, 8509-8518.

Fallon, L.; Belanger, C.M.; Corera, A.T.; Kontogiannea, M.; Regan-Klapisz, E.; Moreau, F.;
Voortman, J.; Haber, M.; Rouleau, G.; Thorarinsdottir, T.; et al. A regulated interaction with the
UIM protein Eps15 implicates parkin in EGF receptor trafficking and PI(3)K-Akt signalling.
Nat. Cell Biol. 2006, 8, 834-842.

Stang, E.; Blystad, F.D.; Kazazic, M.; Bertelsen, V.; Brodahl, T.; Raiborg, C.; Stenmark, H.;
Madshus, I.H. Cbl-dependent ubituination is required for progression of EGF receptors into
clathrin-coated pits. Mol. Biol. Cell. 2006, 15, 3591-3604.

Eden, E.R.; Huang, F.; Sorkin, A.; Futter, C.E. The role of EGF receptor ubiquitination in
regulating its intracellular traffic. Traffic 2012, 13, 329-337.

Longva, K.E.; Blystad, F.D.; Stang, E.; Larsen, A.M.; Johannessen, L.E.; Madshus, I.H.
Ubiquitination and proteasomal activity is required for transport of the EGF receptor to inner
membranes of multivesicular bodies. J. Cell Biol. 2002, 156, 843-854.

Haglund, K.; Sigismund, S.; Polo, S.; Szymkiewicz, |.; Di Fiore, P.P.; Dikic, I. Multiple
monoubiquitination of RTKs is sufficient for their endocytosis and degradation. Nat. Cell Biol.
2003, 5, 461-466.



Int. J. Mol. Sci. 2013, 14 85

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Huang, F.; Goh, L.K.; Sorkin, A. EGF receptor ubiquitination is not necessary for its
internalization. Proc. Natl. Acad. Sci. USA 2007, 104, 16904-16909.

Bertelsen, V.; Sak, M.M.; Breen, K.; Rodland, M.S.; Johannessen, L.E.; Traub, L.M.; Stang, E.;
Madshus, I.H. A chimeric pre-ubiquitinated EGF receptor is constitutively endocytosed in a
clathrin-dependent, but kinase-independent manner. Traffic 2011, 12, 507-520.

Mosesson, Y.; Mills, G.B.; Yarden, Y. Derailed endocytosis: An emerging feature of cancer.
Nat. Rev. Cancer 2008, 8, 835-850.

Chung, B.M.; Raja, S.M.; Clubb, RJ.; Tu, C.; George, M.; Band, V.; Band, H. Aberrant
trafficking of NSCLC-associated EGFR mutants through the endocytic recycling pathway
promotes interaction with Src. BMC Cell Biol. 2009, 10, 84.

McClintock, J.L.; Ceresa, B.P. Transforming growth factor-o (TGF-a) enhances corneal epithelial
cell migration by promoting EGFR recycling. Invest. Opththalmol. Vis. Sci. 2010, 51, 3455-3461.
Assaker, G.; Ramel, D.; Wculek, S.K.; Gonzalez-Gaitan, M.; Emery, G. Spatial restriction of
receptor tyrosine kinase activity through a polarized endocytic cycle controls border cell
migration. Proc. Natl. Acad. Sci. USA 2010, 107, 22558-22563.

Skorobogata, O.; Rocheleau, C.E. RAB-7 antagonizes LET-23 EGFR signaling during vulva
development in Caenorhabditis elegans. PLoS One 2012, 7, e36489.

Opresko, L.K.; Chang, C.P.; Will, B.H.; Burke, P.M.; Gill, G.N.; Wiley, H.S. Endocytosis and
lysosomal targeting of epidermal growth factor receptors are mediated by distinct sequences
independent of the tyrosine kinase domain. J. Biol. Chem. 1995, 270, 4325-4333.

Wells, A.; Welsh, J.B.; Lazar, C.S.; Wiley, H.S.; Gill, G.N.; Rosenfeld, M.G. Ligand-induced
transformation by a noninternalizing epidermal growth factor receptor. Science 1990, 247,
962-964.

Anderson, R.G.; Falck, J.R.; Goldstein, J.L.; Brown, M.S. Visualization of acidic organelles in
intact cells by electron microscopy. Proc. Natl. Acad. Sci. USA 1984, 81, 4838-4842.

King, A.C. Monensin, like methylamine, prevents degradation of 125I-epidermal growth factor,
causes intracellular accumulation of receptors and blocks the mitogenic response. Biochem. Biophys.
Res. Commun. 1984, 124, 585-591.

Presly, J.F.; Mayor, S.; McGraw, T.E.; Dunn, K.W.; Maxfield, F.R. Bafilomycin Al treatment
retards transferrin receptor recycling more than bulk membrane recycling. J. Biol. Chem. 1997,
272, 13929-13936.

Barbieri, M.A.; Fernandez-Pol, S.; Hunker, C.; Horazodovsky, B.F.; Stahl, P.D. Role of rab5 in
EGF receptor-mediated signal transduction. Eur. J. Cell Biol. 2004, 83, 305-314.

Damke, H.; Baba, T.; Warnock, D.E.; Schmid, S.L. Induction of mutant dynamin specifically
blocks endocytic coated vesicle formation. J. Cell Biol. 1994, 127, 915-934.

Dinneen, J.L.; Ceresa, B.P. Expression of dominant negative rab5 in HeLa cells regulates EGFR
endocytic trafficking distal from the plasma membrane. Exp. Cell Res. 2004, 294, 509-522.

Chen, P.1.; Kong, C.; Su, X.; Stahl, P.D. Rab5 isoforms differentially regulate the trafficking and
degradation of epidermal growth factor receptors. J. Biol. Chem. 2009, 284, 30328-30338.
Hopkins, C.R.; Trowbridge, 1.S. Internalization and processing of transferrin and the transferrin
receptor in human carcinoma A431 cells. J. Cell Biol. 1983, 97, 508-521.



Int. J. Mol. Sci. 2013, 14 86

50.

51.

52.

53.

54,

55.

56.

57,

58.

59.

60.

61.

62.

63.

64.

65.

66.

Roepstorff, K.; Grandal, M.V.; Henriksen, L.; Knudsen, S.L.; Lerdrup, M.; Grovdal, L.;
Willumsen, B.M.; van Deurs, B. Differential effects of EGFR ligands on endocytic sorting of the
receptor. Traffic 2009, 10, 1115-1127.

Kempiak, S.J.; Yip, S.-C.; Backer, J.M.; Segall, J.E. Local signaling by the EGF receptor.
J. Cell Biol. 2003, 162, 781-787.

Reynolds, A.R.; Tischer, C.; Verveer, P.J.; Rocks, O.; Bastiaens, P.I.H. EGFR activation coupled
to inhibition of tyrosine phosphatases causes lateral signal propagation. Nat. Cell Biol. 2003, 5,
447-453.

Verveer, P.J.; Wouters, F.S.; Reynolds, A.R.; Bastiaens, P.l.H. Quantitative imaging of lateral
ErbB1 receptor signal propagation in the plasma membrane. Science 2000, 290, 1567-1570.
Stefonek, T.J.; Masters, K.S. Immobilized gradients of epidermal growth factor promote
accelerated and directed keratinocyte migration. Wound Repair Regen. 2007, 15, 847-855.

Singh, A.B.; Sugimoto, K.; Harris, R.C. Juxtacrine activation of epidermal growth factor (EGF)
receptor by membrane-anchored heparin-binding EGF-like growth factor protects cells from
anoikis while maintainaing an epithelial phenotype. J. Biol. Chem. 2007, 282, 32890-32901.
Alvarado, D.; Klein, D.E.; Lemmon, M.A. Structural basis for negative cooperativity in growth
factor binding to an EGF receptor. Cell 2010, 142, 568-579.

Liu, P.; Cleveland, T.E.T.; Bouyain, S.; Byrne, P.O.; Longo, P.A.; Leahy, D.J. A single ligand is
sufficient to activate EGFR dimers. Proc. Natl. Acad. Sci. USA 2012, 109, 10861-10866.
Omerovic, J.; Hammond, D.E.; Prior, LLA.; Clague, M.J. Global snapshot of the influence of
endocytosis upon EGF receptor signaling output. J. Proteome Res. 2012, 11, 5157-5166.

Luwor, R.B.; Chin, X.; McGeachie, A.B.; Robinson, P.J.; Zhu, H.J. Dynamin Il function is
required for EGF-mediated Stat3 activation but not Erk1/2 phosphorylation. Growth Factors
2012, 30, 220-229.

Haugh, J.M.; Huang, A.C.; Wiley, H.S.; Wells, A.; Lauffenburger, D.A. Internalized epidermal
growth factor receptors participate in the activation of p21(ras) in fibroblasts. J. Biol. Chem. 1999,
274, 34350-343560.

Haugh, J.M.; Schooler, K.; Wells, A.; Wiley, H.S.; Lauffenburger, D.A. Effect of epidermal
growth factor receptor internalization on regulation of the phospholipase C-gammal signaling
pathway. J. Biol. Chem. 1999, 274, 8958-8965.

Kyriakis, J.M.; Avruch, J. Mammalian MAPK signal transduction pathways activated by stress
and inflammation: A 10-year update. Physiol. Rev. 2012, 92, 689-737.

Ceresa, B.P.; Kao, A.W.; Santeler, S.R.; Pessin, J.E. Regulation of insulin receptor signaling
pathways by clathrin mediated endocytosis. Mol. Cell. Biol. 1998, 18, 3862-3870.

Galperin, E.; Sorkin, A. Endosomal targeting of MEK2 requires RAF, MEK kinase activity and
clathrin-dependent endocytosis. Traffic 2008, 9, 1776-1790.

Printen, J.A.; Sprague, G.F., Jr. Protein-protein interactions in the yeast pheromone response
pathway: StebSp interacts with all members of the MAP kinase cascade. Genetics 1994, 138,
609-6109.

Galperin, E.; Abdelmoti, L.; Sorkin, A. Shoc2 is targeted to late endosomes and required for
Erk1/2 activation in EGF-stimulated cells. PLoS One 2012, 7, e36469.



Int. J. Mol. Sci. 2013, 14 87

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Dai, P.; Xiong, W.C.; Mei, L. Erbin inhibits RAF activation by disrupting the sur-8-Ras-Raf
complex. J. Biol. Chem. 2006, 281, 927-933.

Brankatschk, B.; Wichert, S.P.; Johnson, S.D.; Schaad, O.; Rossner, M.J.; Gruenberg, J.
Regulation of the EGF transcriptional response by endocytic sorting. Sci. Signal. 2012, 5,
doi:10.1126/scisignal.2002351.

Wu, P.; Wee, P.; Jiang, J.; Chen, X.; Wang, Z. Differential regulation of transcription factors by
location-specific EGF receptor signaling via a spatio-temporal interplay of ERK activation.
PLoS One 2012, 7, e41354.

Singh, A.B.; Tsukada, T.; Zent, R.; Harris, R.C. Membrane-associated HB-EGF modulates
HGF-induced cellular responses in MDCK cells. J. Cell Sci. 2004, 117, 1365-1379.

Hyatt, D.C.; Ceresa, B.P. Cellular localization of the activated EGFR determines its effect on cell
growth in MDA-MB-468 cells. Exp. Cell Res. 2008, 314, 3415-3425.

Filmus, J.; Pollak, M.N.; Cailleau, R.; Buick, R.N. MDA-468, a human breast cancer cell line
with a high number of epidermal growth factor (EGF) receptors, has an amplified EGF receptor
gene and is growth inhibited by EGF. Biochem. Biophys. Res. Commun. 1985, 128, 898—905.
Rush, J.S.; Quinalty, L.M.; Engelman, L.; Sherry, D.M.; Ceresa, B.P. Endosomal accumulation of
the activated epidermal growth factor receptor (EGFR) induces apoptosis. J. Biol. Chem. 2012,
287, 712-722.

Overmeyer, J.H.; Kaul, A.; Johnson, E.E.; Maltese, W.A. Active ras triggers death in glioblastoma
cells through hyperstimulation of macropinocytosis. Mol. Cancer Res. 2008, 6, 965-977.
Robinson, M.W.; Overmeyer, J.H.; Young, A.M.; Erhardt, P.W.; Maltese, W.A. Synthesis and
evaluation of indole-based chalcones as inducers of methuosis, a novel type of nonapoptotic cell
death. J. Med. Chem. 2012, 55, 1940-1956.

Overmeyer, J.H.; Young, A.M.; Bhanot, H.; Maltese, W.A. A chalcone-related small molecule
that induces methuosis, a novel form of non-apoptotic cell death, in glioblastoma cells.
Mol. Cancer 2011, 10, 1-17.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



