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Abstract of the Dissertation
Clathrin—-Independent Endocytosis of ErbB2 in Human Breast Cancer Cells
By
Daniel John Barr

Doctor of Philosophy

In
Molecular and Cellular Biology
Stony Brook University
2007

Endocytosis is an essential process required for functions including
nutrient uptake, membrane recycling, and signal transduction. In comparison to
the clathrin mediated pathway, clathrin-independent pathways are poorly
understood. New work is beginning to reveal a picture of multiple non-clathrin
pathways, including an Arf6 associated pathway and a pathway leading to GPI-
anchored protein enriched early endosomes (GEECs).

The EGF receptor family member ErbB2 is overexpressed in 25-30% of
human breast cancers. While ErbB2 is normally highly concentrated on the cell
surface, the ansamycin antibiotic geldanamycin induces ubiquitination,
internalization and degradation of the receptor. Here, we demonstrated that
ErbB2 was internalized through a non-clathrin pathway in geldanamycin-treated
SKBr3 human breast cancer cells. Internalization was not inhibited by dominant
negative forms of Eps15 or dynamin, or by the clathrin inhibitor chlorpromazine.
ErbB2 did not colocalize with transferrin or clathrin during initial internalization.
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ErbB2 internalization did not require tyrosine kinase activity and did not
occur by caveolae as SKBr3 cells lack detectable caveolae. The receptor
colocalized with cholera toxin, a GPI-anchored protein and a fluid tracer, and was
often found in ring shaped or tubular structures consistent with features of the
GEEC pathway. The GEEC pathway was first described in Chinese Hamster
Ovary (CHO) cells and thought to be specific for GPI-anchored proteins. We
found that ErbB2 colocalized with GPI-anchored proteins Thyl and PLAP soon
after internalization in CHO cells. Surprisingly, ErbB2 and Thy1 also colocalized
substantially with chimeric fusion proteins of PLAP containing transmembrane
and cytosolic domains, proteins expected to be excluded from the GEEC pathway.
Combined with other data from the lab, these results suggest that this pathway is
not specific for GPI-anchored proteins, but may instead represent a bulk
internalization pathway.

After internalization, ErbB2 was transported to the interior of early
endosomes and then to late endosomes and lysosomes. Chloroquine retarded
degradation of a truncated form of ErbB2. ErbB2 accumulated in vesicles
containing constitutively-active Arf6Q67L only in the absence of geldanamycin.
In geldanamycin-treated cells expressing Arf6Q67L, ErbB2 was transported to

early and late endosomes, and degraded at the same rate as in untransfected cells.
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Chapter 1. Introduction

Endocytosis is an essential cellular process where particles from the
extracellular environment are brought inside the cells by the invagination and
pinching off of a piece of plasma membrane. This process has historically been
divided into two categories based on size: phagocytosis (or cell eating) and
pinocytosis, (or cell drinking). Phagocytosis is mostly restricted to specialized
mammalian cells such as macrophages, neutrophils, monocytes, and dendritic
cells. It is an active and highly regulated process that requires actin
reorganization and is regulated by Rho family GTPases. This pathway is
specialized for the clearance and destruction of large pathogens such as bacteria
or yeast, or other large debris such as fragments of dead cells (Aderem and
Underhill, 1999). Pinocytosis on the other hand is a process that occurs in all cell
types and is mechanistically diverse and highly regulated. This category
encompasses clathrin mediated endocytosis, macropinocytosis, caveolae mediated
endocytosis, and an emerging group of clathrin- and caveolar- independent
pathways. They function in diverse processes such as nutrient uptake, signal
transduction and maintenance of cellular homeostasis (Conner and Schmid,
2003). Work in this dissertation demonstrates that the receptor tyrosine kinase
ErbB2 is internalized through a clathrin-independent pathway and adds to the

expanding body of knowledge about clathrin independent pathways. This section



will introduce the different types of pinocytosis and the receptor tyrosine kinase

ErbB2.

Clathrin Mediated Endocytosis

Clathrin mediated endocytosis (CME) is the best studied endocytic
pathway. In most animal cell types the uptake of a major fraction of receptor-
bound ligands and extracellular fluid results from the formation of clathrin-coated
vesicles (CCVs) (Mellman, 1996). The defining feature of CME is a specialized
protein coat composed of polyhedral lattices of clathrin that are assembled on the
cytoplasmic leaflet of the plasma membrane. Clathrin coat formation induces the
formation of an invagination called a clathrin coated pit (CCP), and following
pinching off from the plasma membrane a CCV. The formation of the CCV is a
multi-step process, orchestrated by many cellular proteins in a highly regulated
manner (Brodsky et al., 2001). Clathrin coated pits on the plasma membrane
form first by the recruitment of soluble clathrin to the plasma membrane where it
assembles into a latticework and forms a cage-like structure. The basic clathrin
unit is composed of three copies of clathrin heavy chain and three copies of
clathrin light chain that combine to form a 3 legged structure called a triskelion
(Mellman, 1996).

Accessory proteins are required for assembly of the clathrin cage. Well

studied examples are the monomeric assembly protein AP180, and the tetrameric



adaptor complexes, or APs. While AP180 expression is restricted to neuronal
cells, an isoform named CALM (clathrin-assembly lymphoid-myeloid leukemia)
is expressed ubiquitously. There are four related AP complexes, (AP1-4).
However only AP-2 functions in clathrin coated vesicle formation from the
plasma membrane (Kirchhausen, 1999).

CME occurs constitutively in mammalian cells. It functions in nutrient
uptake, such as internalization of cholesterol containing low density lipoprotein
(LDL) and iron bound to the blood protein transferrin (Tf) (Schmid, 1997;
Brodsky et al, 2001). CME also plays a major role in modulating signal
transduction by both controlling the levels of cell surface receptor, and by
removal of activated signaling receptors as a method of signal attenuation
(Conner and Schmid, 2003). Although clathrin mediated endocytosis is a
constitutive process, it is also highly selective. The recruitment of transmembrane
proteins into coated pits requires binding of specific sorting sequences in the
cytoplasmic domains to coat associated proteins. A common motif is the
dileucine motif, or LL motif that is directly recognized by adaptor complex AP-2
(Aridor and Traub, 2002; Traub, 2003). Many coated pit motifs have been
identified including the NPXY motif found in the tail of the LDL receptor, and
the YPP® motif, variations of which are found in the transferrin receptor and the

EGF receptor (Kirchhausen, 1999).



Once a clathrin coated pit has formed and cargo has been recruited to this
nascent plasma membrane structure a mechanism must by in place to pinch off, or
separate a vesicle from the plasma membrane. The GTPase dynamin serves this
function. Dynamin is an unusually large GTPase containing multiple domains
including a plecstrin homology domain, the GTPase effector domain, GTPase
domain, a proline-rich domain, and a domain that functions as its own GTPase
activating protein (GAP). The protein self-assembles into helical rings and stacks
and is thought form a collar at the neck of a clathrin coated invagination (Sever et
al., 2000). Localization of this protein to clathrin coated pits is required for the
scission and formation of clathrin coated vesicles. However, the exact function of
this protein is not known. Two models have been proposed to explain dynamin
action. One model suggests that dynamin functions as a mechanochemical
enzyme and the conformational change resulting from GTP hydrolysis drives the
enzyme to constrict around the neck of a coated pit severing it from the membrane
(Hinshaw and Schmid, 1995; Sweitzer and Hinshaw, 1998). An alternate model
suggests that dynamin plays a regulatory role and like other GTPases functions to
recruit downstream effectors (Sever et al., 1999). Dynamin, in addition to its
important function in CME is also required for phagocytosis, caveolac mediated
endocytosis, and some clathrin independent pathways.

Once the clathrin coated vesicle is severed from the membrane these

vesicles lose their clathrin coat and acquire the small GTPase Rab5. The newly



internalized vesicles then merge with early sorting endosomes in a process that
requires Rab5 activity. Cargo delivered to the early endosome is sorted and sent
to its ultimate destination. Some examples of cargoes that traffic to different
locations are discussed below.

The transferrin receptor is a well studied clathrin cargo. Internalization is
constitutive, and the receptor is concentrated in clathrin coated pits by recognition
of the sorting sequence in the cytoplasmic tail. It is rapidly internalized with a half
life of 2 minutes and delivered to the early sorting endosomes. From there it is
transported to vesicular-tubular recycling compartment where is it returned to the
plasma membrane (Maxfield and McGraw, 2004). Many clathrin cargos are
internalized and recycled like the transferrin receptor. Other receptors are destined
for a different fate.

The EGF receptor is another well studied clathrin cargo that is internalized
after binding EGF. Ligand binding results in rapid internalization through CME in
a process that requires both the growth factor binding protein Grb2, and
ubiquitination of activated EGFR by the E3 ubiquitin ligase c¢-Cbl (Wang and
Moran, 1996; Duan et al, 2003; de Melker et al., 2004a). Receptor
internalization in this case results in trafficking through early endosomes to late
endosomes, and ultimately to lysosomes where the receptor is degraded (Stern et
al., 1986; King et al., 1988; Lenferink et al., 1998). It is important to note

however, that EGF receptor is exclusively internalized through CME at low,



physiological concentrations of EGF. At higher ligand concentration the clathrin
mediated pathway is saturable and EGF receptor may be internalized by other

clathrin-independent mechanisms (Lund et al., 1990; Jiang et al., 2003).

Clathrin- Independent Endocytic Pathways

The process of macropinocytosis and caveolar endocytosis are two highly
regulated processes that operate independently of clathrin. These pathways are
described below. Clathrin-independent pathways distinct from macropinocytosis
and caveolar endocytosis have also been described. These are categorized below
as clathrin- and caveolin-independent endocytosis and further divided into classes

based on the requirement for dynamin.

Macropinocytosis

Macropinocytosis is an actin dependent process that is regulated by the
Rho family GTPase Racl. Actin polymerization drives the formation of
membrane ruffles and protrusions that collapse back onto and fuse with the
plasma membrane. This process generates large endocytic vesicles of variable
size called macropinosomes that contain large volumes of fluid. The mechanics

behind this highly regulated process are not well understood.



Macropinocytosis can be induced transiently in many cell types and
performs diverse functions (Cardelli, 2001). For example activation of dendritic
cells leads to a prolonged burst of macropinocytic activity that functions in
immune surveillance (Mellman and Steinman, 2001). Growth factor induced
macropinocytosis may play a role in directed cell migration (Ridley, 2001).
Additionally, some bacteria such as Salmonella inject toxins into cells that can
activate Rho family GTPases and induce macropinocytosis (Hueffer and Galan,
2004). These bacteria are then taken into the cell by this mechanism where they
can form a replicative niche (Steele-Mortimer et al., 2000). Specific inhibitors of
macropinocytosis are derivatives of amiloride, a drug that blocks Na+/H+
exchange, but these reagents may also inhibit other uptake mechanisms (Meier et

al.,2002; Wadia et al., 2004).

Caveolar Endocytosis

Caveolae were first identified over 50 years ago as uncoated, flask shaped
invaginations on the plasma membrane (Yamada, 1955) . Although the discovery
of caveolae predates the identification of clathrin coated pits by ten years, our
understanding of the function of these unique organelles is just emerging (Parton
and Simons, 2007). Caveolae are highly abundant and present in most cell types.
They demarcate lipid rafts, or domains in plasma membrane domains enriched in

cholesterol and sphingolipids (Anderson, 1998; Kurzchalia and Parton, 1999).



Caveolins, a group of oligomeric cholesterol binding proteins that insert into the
membrane as a hairpin loop are the major protein constituent of caveolae
(Rothberg et al., 1992; Dupree et al., 1993; Monier et al., 1995). Caveolins 1-3
make up the caveolin family. Of these caveolin-3 expression is restricted to
muscle cells, while caveolin 1 and 2 are abundant in most other cell types (Way
and Parton, 1995; Tang et al., 1996). Caveolin-1 and caveolin-3 are essential for
caveolae formation, while caveolin-2 has no apparent effect (Drab et al., 2001;
Galbiati et al., 2001). Lymphocytes normally lack caveolae and the expression of
caveolin-1. Exogenous expression of caveolin-1 in these cells was enough to
drive caveolae formation (Fra ef al., 1995).

The biological role for caveolae remains hotly debated. These organelles a
have been implicated in regulation of signal transduction, maintenance of
cholesterol homeostasis, and endocytosis (Razani et al., 2002; Parton and Simons,
2007). In support of a role for caveolae regulating signal transduction many
signaling molecules are concentrated in caveolae. This points to a function in
compartmentalization and regulation of signaling cascades (Anderson, 1998).
Additionally, caveolin-1 knock-out mice, while having no overt phenotype, show
hyperproliferative response in the lung endothelia and other tissues (Razani ef al.,
2001). However, since caveolin-1 null mice develop normally and are not more
susceptible to tumors than wild type mice a broader role as a negative regulator of

signaling pathways is unlikely. Caveolae also play a role in endocytosis although



several studies now suggest that caveolae function in endocytosis is more
complicated then previously thought.

Caveolae are stable structures at the plasma membrane. Fluorescence
recovery after photobleaching (FRAP) showed that caveolae structures are
stationary; they exhibit little lateral movement in the membrane and are not
constitutively internalized (Pelkmans et al, 2002; Thomsen et al., 2002).
Caveolae endocytosis instead is regulated and must be triggered by
phosphorylation of caveolin-1 (Minshall et al., 2000). Experimentally, this can be
achieved by treatment of cells with phosphatase inhibitors such as okadaic acid
(Parton et al., 1994). Beside a requirement for phosphorylation caveolar
endocytosis requires dynamin activity, actin polymerization and membrane
cholesterol.

Caveolae are endocytic carriers of albumin in the process of transcytosis
(Schubert et al., 2001) . Serum albumin binds to the serum albumin receptor
gp60, a receptor concentrated in caveolae (Tiruppathi et al, 1997). Albumin
binding results in a Src dependent phosphorylation of caveolae, and transcytosis
of albumin (Minshall et al., 2000). Endothelial cells that lack caveolin-1 are
unable to bind and internalize albumin, although in knock-out mice there is no
defect in albumin transcytosis. This highlights the possible existence of
redundant mechanisms in mice. Cross-linked GPI-anchored proteins, the TGF-B

receptor, and toxins or pathogens such as cholera toxin and SV40 virus have been



reported as caveolar cargos (Pelkmans and Helenius, 2002; Di Guglielmo et al.,
2003; Pelkmans, 2005). Studies with SV40 virus have perhaps been the most
illuminating. This virus binds the ganglioside GM1 as its receptor and is
internalized by caveolae (Pelkmans et al., 2001; Campanero-Rhodes et al., 2007).
Once SV40 virus binds its receptor, the virus is rapidly sequestered in caveolae,
and internalized in a process requiring tyrosine kinase activity, dynamin
recruitment, and local actin reorganization (Pelkmans ef al., 2002). The virus is
then transported to a preexisting caveolin-1 containing organelle devoid of
clathrin cargos and markers of early endosomes (Pelkmans et al., 2001). The
term “caveosome” was coined for this novel organelle, and SV40 is then sorted
from this structure and transported to the endoplasmic reticulum in a microtubule
dependent manner where the virus can establish a productive infection (Pelkmans
et al.,2001). Studies with SV40 virus also serve to showcase many uncertainties
behind caveolar endocytosis. In particular, later studies showed that SV40 can
also be internalized and establish a productive infection in cells devoid of
caveolae (Damm et al., 2005). Viral uptake in caveolin-1 null cells resembles
infection in caveolin-1 expressing cells in that tyrosine kinase activity is required,
and the virus is transported to structures resembling caveosomes. They differ in
that SV40 virus uptake in caveolin-1 null cells does not require dynamin
recruitment, and the kinetics of internalization are faster(Pelkmans et al., 2004;

Damm et al., 2005). This raises the question of whether the same pathway

10



operates in both cell types, and whether caveolin-1 is a dispensable component. It
is now clear that caveolar endocytosis represents a major pathway of entry for
some viral pathogens. However, the physiological importance of this highly

regulated pathway is not yet understood.

Clathrin- and Caveolar-Independent Endocytic Pathways

Clathrin- and caveolar-independent pathways represent a rapidly evolving
field of study. Compared to the clathrin mediated pathway, the molecular details
of how vesicles are formed and how these pathways are regulated are not well
understood (Conner and Schmid, 2003). This is best illustrated by the fact that
that these pathways are almost always described in negative terms.
Advancements in our understanding of these pathways come primarily from
identification of cargo molecules internalized through non-clathrin pathways and
identification of possible regulators (Mayor and Pagano, 2007). However, this
has led to confusion about how many of these clathrin independent pathways
exist, and how they may overlap mechanistically and functionally. Adding to the
confusion is the fact that many cargos can be internalized through multiple
pathways. This is perhaps best illustrated by cholera toxin, a promiscuous cargo
that can be taken up by CME, caveolar endocytosis, and other pathways (Massol

et al., 2004).
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Clathrin- independent pathways can first be categorized based on a
requirement for the large GTPase dynamin (Mayor and Pagano, 2007). Aside
from the caveolar pathway described earlier, only one other clathrin independent
pathway has been identified that requires dynamin. This pathway was uncovered
while studying the internalization of the B subunit of the IL-2 receptor. The IL-2
receptor is expressed in lymphoid cells, and some non-lymphoid cell types
including fibroblasts, endothelial, epithelial, and neuronal cell. Activation of the
receptor occurs after IL-2 binding; the receptor is then efficiently internalized and
targeted for degradation in lysosomes. Work on this receptor determined that it
was not recruited into clathrin coated pits, and further, expression of dominant
negative isoforms of proteins required for CME (Eps15; cAP180) did not block its
internalization. The receptor is associated with detergent resistant membranes
(DRMs), a salient trait of many clathrin independent cargos. Additionally,
internalization of this receptor in lymphoid cells required the GTPase RhoA
(Lamaze et al., 2001). Dynamin- independent pathways include a pathway
leading to novel structures called GPI-anchored protein enriched early endosomes
(GEECs), termed the GEEC pathway, and an endocytic pathway associated with
the small GTPase Arf6 (Sabharanjak et al., 2002; Naslavsky et al., 2004; Kalia et
al., 2006). Features and cargos of these different pathways will be described in

detail next.
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Dynamin- Independent Non- Clathrin Pathways

Much confusion in the literature revolves around the dynamin independent
non-clathrin pathways. In particular, the pathways resemble one another in the
types of cargos that are internalized, but differ regarding the GTPases that
regulate these pathways. Apparently, cell type difference may also exist (Kalia et
al., 2006). Two pinocytic pathways that have been described recently are the

GEEC pathway and the Arf6 associated pathway.

The GEEC Pathway

The GEEC pathway was characterized in Chinese hamster ovary cells
(CHO), and first reported by Mayor and colleagues in 2002. They found that after
a short internalization time, GPI-anchored proteins were found in vesicles devoid
of markers for the clathrin pathway. These vesicles did not contain Rab5, were
enriched in GPI-anchored proteins, and contained detectable amounts of a fluid
phase marker. Due to their enrichment in GPI-anchored proteins, these
compartments were named GPIl-anchored protein enriched endosomal
compartments, or GEECS. Endocytosis to this compartment was specific for
GPI-anchored proteins, as chimeric proteins containing the extracellular domain
of a GPI-anchored protein fused a transmembrane domain were excluded. When
cells were treated with Clostridium difficile Toxin B, which irreversibly

inactivates Rho family GTPases by glucosylation, fluid phase uptake was

13



blocked. Expression of dominant negative isoforms of RhoA, Racl, or cdc42
revealed that cdc42 function was necessary for fluid phase uptake. Surprisingly,
though, Toxin B treatment did not affect the extent of GPI-anchored protein
internalization.  This suggested that loss of cdc4 function might lead to
internalization of GPI-anchored proteins by a different pathway. To test this idea,
the authors examined the localization of a GPI-anchored protein and transferrin in
control and DN cdc42-expressing cells. They found that after 2 minutes of
internalization, there was significantly more colocalization of Tf with the GPI-
anchored protein in DN cdc42 expressing cells than in control cells expressing
wild-type cdc42. They concluded that that cdc42 regulates the GEEC pathway,
and that inactivation of cdc42 results in a redirection of GPI-anchored proteins
into the clathrin mediated pathway.

Further work in mouse embryonic fibroblasts using an ultrastructural
electron microscopy assay has revealed morphological details about the structure
of the initial endocytic carriers (Kirkham et al., 2005). These were initially
named CLICs for Clathrin Independent Carriers, but are now recognized as
corresponding to GEECs. These structures were tubular, or ring shaped with
average diameters between 40-80nm. In addition for being the bulk internalization
route for GPI-anchored proteins and fluid, this pathway also represents the major

route for cholera toxin uptake. GEECs/CLICs eventually acquire Rab5 in a PI3

14



kinase dependent manner and then fuse with early endosomes, where GEEC

cargos merge with cargos taken up by the clathrin pathway.

Arf6 Associated Pathway

In contrast to the GEEC pathway, much of the work describing the Arf6
pathway has been done in Hela cells. Arf6 is a member of the Arf family of small
GTPases, and a member of the Ras superfamily. Proteins in the Arf family are
thought to function by regulating the recruitment of cytosolic coat proteins onto
membranes to facilitate sorting and vesicle formation, by the activation of lipid
modifying enzymes, and through the modulation of actin structures (Donaldson,
2003). Cargos internalized through the Arf6 associated pathway are major
histocompatability complex 1 (MHCI), the GPI-anchored protein CD59, and the
IL-2 receptor alpha subunit (Tac) (Naslavsky ef al., 2004). Internalization of
these proteins is dynamin independent and the proteins are found in Arf6
decorated vesicles that are devoid of clathrin cargos. Arf6 positive vesicles
ultimately merge with early endosomes containing cargo from the clathrin
mediated pathway in a process requiring Arf6 inactivation. Expression of a
constitutively active Arf6 isoform resulted in entrapment of clathrin independent
cargos in enlarged, Arf6 labeled compartments. Similarly, fusion of Arf6
compartments with early endosomes can be prevented by treatment with

wortmannin or Ly294002, drugs that inhibit PI3 kinase activity (Naslavsky et al.,
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2003). Along with inactivation of Arf6, changes in phosphoinositide from
phosphoinositide-2-phosphate (PI2P) to phosphoinositide bis-phosphate (PI3P),
modulated by PI3kinase, are required for recruitment of EEA1 and Rab5 onto
Arf6 positive endosomes. This event is required for fusion with early endosomes
that contain clathrin cargos such as the LDL receptor.

Importantly, cells expressing constitutively active Arf6 exhibit a two-fold
stimulation in internalization. Furthermore, as discussed earlier, cargos become
trapped in enlarged endosomes (Naslavsky er al., 2004). Expression of a
dominant negative isoform of Arf6 results in a very slight decrease in
internalization. The mild effect of dominant negative Arf6 suggests that the Arf6
activity is not required for internalization. While the protein has obvious
important functions during the early stages of trafficking clathrin independent
cargos a direct role for Arf6 in internalization has not yet been established.

The GEEC pathway and the Arf6-associated pathway share common
features in that GPI-anchored proteins can be internalized through both pathways,
and that cargo from these pathways eventually merges with clathrin derived
cargos in a process requiring PI3 kinase. For both pathways, the mechanics of
vesicle formation and scission from the plasma membrane remain poorly
understood. A consequence of this is that both pathways are named after
characteristics of the earliest known endocytic compartment in this pathway and

not after the internalization mechanism. Both of these pathways appear to be
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constitutive and function as bulk endocytic pathways. While the pathways share
several similarities, differences seems to be largely cell type specific. In contrast
to Arf6 studies in HeLa cells, endogenous Arf6 labeled transferrin containing
endosomes soon after internalization in CHO cells (Kalia ef al., 2006). While cell
type specific differences clearly exist between these two pathways the relationship

between these two pathways is not entirely clear.

The ErbB Family of Receptor Tyrosine Kinases

The focus of this study is the endocytic pathway followed by the ErbB
receptor family member ErbB2 upon destabilization with geldanamycin (GA).
The next sections will describe this family and how ErbB2 is targeted for
internalization and degradation

The ErbB family of receptor tyrosine kinases constitutes one of the most
studied groups of cell surface receptors. Proteins of this family couple the binding
of extracellular growth factor ligands to intracellular signaling pathways. They
are widely expressed in epithelial, mesenchymal and neuronal tissues and regulate
a diverse array of signaling responses, including proliferation, differentiation,
motility, and cell survival signals (Rowinsky, 2004). This family includes four
structurally related members; ErbB1 or the epidermal growth factor (EGF)
receptor, ErbB2, ErbB3, and ErbB4. Structurally, members of this family share

two cysteine-rich extracellular domains involved in ligand binding, an a
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intracellular kinase domain, and a carboxy-terminal tail containing
autophosphorylation sites (Yarden and Sliwkowski, 2001). Members of the ErbB
family bind 20 or more different ligands. Ligand binding results in receptor
dimerization and cross phosphorylation. Members of this receptor family are
capable of forming homo- and heterodimers. The cellular outcome of ErbB
activation as well as the magnitude of signal induced are dependent on the
composition of the dimer pair and the identity of the ligand (Yarden and
Sliwkowski, 2001). This receptor family is of considerable clinical interest due
to their frequent involvement in human cancers. Of these, The EGF receptor and

ErbB2 are most frequently involved with human malignancies (Roskoski, 2004).

ErbB2

ErbB2, also called Her-2 is unique among other EGF family members in
that it has no known ligand (Citri ef al., 2003). Instead under normal conditions
the receptor signals by heterodimerizing with other ErbB family members after
they bind ligand (Citri et al., 2004). ErbB2 is the favored heterodimer partner for
the other ErbB proteins. Dimerization is mediated by a unique dimerization arm
localized to the extracellular (N terminal) portion of the receptor. Whereas
exposure of this arm normally requires ligand binding and reorganization of the
exterior portion of ErbB receptors, it is constitutively exposed in ErbB2 (Burgess

et al., 2003; Garrett ef al., 2003). ErbB2 containing complexes form extremely
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potent signaling modules. Homodimers formed from EGF receptor alone, or
heterodimers formed from EGF receptor and ErbB4 form comparatively weak
signaling complexes compared to heterodimers containing ErbB2. An extremely
active signaling module is formed from ErbB2 and ErbB3. Alone, each of these
receptors is signaling incompetent as ErbB2 lacks a ligand and ErbB3 has no
kinase activity. However, paired together these form a strong signaling module
(Citri et al., 2003).

ErbB2 is overexpressed in 20-30% human breast cancers and is associated
with poor prognosis (Slamon ef al., 1987). Thus ErbB2 has received intense
clinical interest as a target for cancer therapies with ErbB2 downregulation as an
important goal in these studies. Two experimental approaches for ErbB2
downregulation that have witnessed success are inhibitory monoclonal antibodies
directed against ErbB2 and pharmacolological agents that induce ErbB2
degradation. The mouse chimeric humanized monoclonal antibody trastuzumab
(Herceptin) was approved for treatment of ErbB2-expressing breast cancers in
1998 (Cobleigh et al., 1999). Patients undergoing ErbB2 targeted cancer
treatment are first screened for ErbB2 upregulation by fluorescence in situ
hybridization, and trastuzumab is then administered intravenously alone or in
combination with other anti-cancer agents (Roskoski, 2004). While antibody
treatment has met with success, about 5% of patients receiving the treatment

develop congestive heart failure; still others show no response to the treatment.
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Often, many patients relapse after initially responding to treatment (Cobleigh et
al., 1999).

Pharmacological agents that downregulate ErbB2 are also being explored.
Of these the benzoquinone ansamycin antibiotic geldanamycin (GA) and its
derivatives show therapeutic promise. These agents induce Erbb2 degradation
indirectly by acting on the heat shock protein hsp90, discussed in more detail
below. The GA derivative 17-demethoxygeldanamycin (17-AAG, NSC 330507)
is under clinical development (Sharp and Workman, 2006).

Unlike other EGF family proteins, ErbB2 is found in a constitutive
complex with the heat shock protein hsp90 (Xu et al., 2001). Hsp90 binds to a
loop in the kinase domain of ErbB2 and restrains ErbB2 activity.
Heterodimerization displaces hsp90 and activates ErbB2 by a Src dependent
mechanism (Xu et al., 2007). Displacement of hsp90 also destabilizes ErbB2, as
is true for other hsp90 client proteins (Hohfeld et al., 2001; Richter and Buchner,
2001). GA disrupts hsp90 interaction with ErbB2 by binding to the ATP binding
site of hsp90 locking the protein in the ADP bound conformation and preventing
its interaction with ErbB2 (Xu et al., 2001). Following release of hsp90 from
ErbB2 the chaperone hsp70 and its co-chaperone and E3 ubiquitin ligase CHIP
are recruited to the receptor. CHIP ubiquitinates ErbB2 leading to its degradation
in lysosomes with a half time of 2 hours (Xu et al., 2002; Zhou et al., 2003; Citri

et al., 2004).
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Early reports suggested that after release of Hsp90, ErbB2 is degraded by
proteasomes, rather than in lysosomes (Mimnaugh et al., 1996; Citri et al., 2002;
Way et al., 2004). However, recent data suggest that the protein is transported
through early and late endosomes for degradation in lysosomes. Internalized
ErbB2 colocalizes with transferrin (Tf), and is present in internal vesicles inside
multivesicular bodies (MVBs), suggesting transport to lysosomes for degradation
(Austin et al.,, 2004).  Surprisingly, though, these authors found little
colocalization of ErbB2 with markers of late endosomes or lysosomes (Austin et
al., 2004).

ErbB2 degradation was initially reported to be insensitive to lysosomal
inhibitors (Mimnaugh et al., 1996; Citri et al., 2002; Way et al, 2004).
However, later work showed that a 23 kDa cytoplasmic domain fragment is
cleaved from Erb2 in GA-treated cells in a caspase dependent manner. Previous
studies used an antibody directed against the 23kDa cytosolic cleavage product,
rendering the protein undetectable by Western blotting (Tikhomirov and
Carpenter, 2000, , 2001). Use of an extracellular domain-specific antibody
showed that lysosomal inhibitors stabilize a clipped 135 kDa form of ErbB2 in
GA-treated cells (Tikhomirov and Carpenter, 2000). Another study showed that
proteasome inhibitors retard ErbB2 degradation in GA-treated cells indirectly, by
inhibiting internalization, and that even intact ErbB2 can be internalized and

degraded in lysosomes upon GA treatment (Lerdrup et al., 2006)
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While it is now clear that GA action leads to degradation of ErbB2 in
lysosomes, whether GA induces ErbB2 internalization remains controversial.
Two models have emerged to explain the endocytic status of ErbB2. One model
favored by Hommelgaard and colleagues described ErbB2 as an internalization
resistant receptor that is static on the cell surface (Hommelgaard et al., 2004). GA
treatment of cells induces degradation of the receptor by causing it to be
internalized by an unknown mechanism; the receptor is then targeted to
lysosomes for destruction. These workers showed that ErbB2 is preferentially
associated with membrane protrusions, is efficiently excluded from clathrin
coated pits (CCP), and is not found in internal structures. Furthermore they
showed that receptor localization to protrusions does not change after binding of
the Herceptin antibody, or EGF. ErbB2 redistribution required extensive
crosslinking to free the antibody from membrane protrusions (Hommelgaard et
al., 2004). Another report used fluorescence recovery after photobleaching
(FRAP) to show that GA treatment caused a significant increase in the amount of
mobile ErbB2 in the plasma membrane compared to untreated cells (Lerdrup et
al., 2006). Following the initial internalization step ErbB2 was transported to
early endosomes, late endosomes, and ultimately lysosomes where the protein
was degraded. In summary, this data from these reports suggest that ErbB2 is

normally an internalization-resistant receptor that localizes to membrane
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protrusions, and that GA induces increased plasma membrane mobility and
endocytosis of the receptor.

In contrast, another model describes the status of ErbB2 as mobile and
capable of being internalized continuously. At a steady state Erbb2 is internalized
and then rapidly recycled back to the plasma membrane (Austin et al., 2004).
According to this model, GA-induced ubiquitination is recognized in endosomes,
where it redirects the cellular itinerary of ErbB2 from a recycling pathway to
lysosomal transport. Studies using an assay that relied on quenching of
extracellular bound antibody found that Herceptin did not influence the
distribution of ErbB2 and instead recycled passively with the receptor.
Additionally, internalized receptor colocalized with markers of the recycling
pathway. Initial internalization kinetics were the same when the cells were treated
with GA except now the receptor did not recycle and was instead sorted to
lysosomes for degradation (Austin et al., 2004).

ErbB2 has garnered a considerable amount of interest in recent years due
to its frequent involvement in breast cancer. However, the precise mechanism by
which the receptor is internalized and targeted for degradation is not known.
While most workers now agree that GA treatment results in ErbB2 degradation in
lysosomes, whether the protein is stably anchored at the plasma membrane, or
whether it is constitutively internalized and recycled remains controversial.

Additionally, no studies have been done to determine how ErbB2 is internalized.
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As earlier workers saw very low amounts of ErbB2 in clathrin coated pits and did
not see ErbB2 in transferrin-containing endosomes by electron microscopy, it
seemed likely that ErbB2 is internalized by a clathrin-independent pathway
(Hommelgaard et al., 2004). However, another group did see an effect of clathrin
inhibitors on ErbB2 internalization (Austin et al., 2005). Data in this dissertation
address ErbB2 endocytosis and, in contrast to the earlier report (2005) show that

ErbB2 is internalized through a clathrin-independent pathway.
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Chapter 2. Materials and Methods

Materials
Cells and Transfection

SKBr3 human breast cancer cells, from American Type Culture Collection
(ATCC, Manassas, VA), were maintained in Dulbecco’s modified Eagle’s
medium with 10% iron-supplemented calf serum (JRH, Lenexa, KS) and
penicillin/streptomycin. Cells were transiently transfected with Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
recommendation, and examined 1-2 days post-transfection, except for cells

expressing Arf6-Q67L, which were examined 14-16 hours post-transfection.

Plasmids

A plasmid encoding the GFP-tagged Eps15 mutant AE95/295 (Benmerah
et al., 1999) was the gift of A. Benmerah (Institut Cochin, Paris, France).
Tetracycline-inducible dominant negative (DN; K44A) HA-tagged dynamin-1
(Damke et al., 1994) was the gift of J. Pessin (Stony Brook University School of
Medicine, Stony Brook, NY). For maximal expression, this plasmid was co-
expressed with pTet-Off, expressing a tetracycline-controlled transactivator
(Clontech Laboratories Inc., Mountain View, CA). HA-tagged constitutively-
active Arf6-Q67L (Hernandez-Deviez et al., 2004) in pCB7 (Frank et al., 1998)

was the gift of J. Casanova (University of Virginia, Charlottesville, VA).
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pBCI12/PLAP and PLAP-G encoding placental alkaline phosphatase (Berger et
al., 1987) was the gift of Dr. S. Udenfriend (deceased). PLAP-HA was
constructed as described (Arreaza and Brown, 1995). EGFP-tagged wild-type and
constitutively-active (Q79L) Rab5 plasmids (Volpicelli et al., 2001) were from
Dr. A. Levey (Emory University School of Medicine, Atlanta GA). A GFP-
tagged Rab7 plasmid (Guignot et al., 2004) was the gift of Dr. C. Roy (Yale

University School of Medicine, New Haven, CT).

Antibodies, Fluorescent Compounds, and Other Reagents

Anti-ErbB2 antibodies: for immunofluorescence microscopy (IF),
monoclonal antibodies 4D5 (purified from supernatant of hybridoma cells
(ATCC) grown in an Integra Biosciences CELLine two-compartment bioreactor,
from Microbiology International (Frederick, MD)), or 9G6.10 or N28 (for acid-
stripping experiments) from LabVision (Fremont, CA) were used for cell-surface
detection.  Rabbit polyclonal anti-ErbB2 antibodies (DakoCytomation USA,
Carpinteria, CA) or the monoclonal antibodies listed above (as indicated) were
used on fixed/permeabilized cells. LabVision anti-ErbB2 antibody #20 was used
on blots. Monoclonal anti-epidermal growth factor receptor (EGFR) antibody #3
was from LabVision. Rabbit anti-clathrin heavy chain antibodies (Simpson et al.,
1996) were the gift of Dr. M. S. Robinson (University of Cambridge, Cambridge

Institute of Medical Research, Cambridge, UK). Rabbit anti-HA tag antibodies
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were from Santa Cruz Biotechnology (Santa Cruz, CA), and mouse monoclonal
anti-HA tag antibodies were from Applied Biological Materials (Vancouver, BC,
Canada). Mouse monoclonal anti-phosphotyrosine antibodies were from Upstate
Biological (Lake Placid, NY). Anti-EEAI antibodies were from Transduction
Laboratories, BD Biosciences (San Jose, CA). Monoclonal anti-CD63 antibodies
were from the Developmental Studies Hybridoma Bank, University of lowa (Iowa
City, IA). Rabbit anti-LAMP-1 antibodies were from Affinity Bioreagents
(Golden, CO). Rabbit anti-PLAP antibodies were from DakoCytomation USA.
Rabbit Anti-PLAP Fab fragments were prepared using immobilized papain on
agarose beads (Pierce, Rockford, IL) according to instructions from the supplier.
Mouse anti-PLAP antibodies Clone 8B6 were obtained from Labvision. Mouse
anti-Thy1 antibodies were obtained from Transduction labs. Fluorescently labeled
mouse anti-PLAP and anti-Thyl Fab fragments were generated by first labeling
whole antibody with Alexa-Fluor 488 (Anti-PLAP) or Alexa-Fluor-594 (Anti-
Thyl) tetrafluorophenyl (TFP) reactive dyes according to the manufacturers
guidelines (Invitrogen, Carlsbad, CA). Labeled whole antibody was then digested
using Ficin immobilized on agarose beads following the supplier’s instructions
generate Fab fragments (Pierce, Rockford IL). Fluorescein was conjugated to
anti-ErbB2 and anti-EGFR antibodies and to anti-PLAP Fab fragments,
rhodamine to human transferrin (Tf), and biotin to anti-ErbB2 antibodies using N-

hydroxysuccinimide-fluorescein or -rhodamine or -PEQs-biotin (Pierce), using
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conditions recommended by the supplier. Alexa Fluor (AF)-594-Tf was from
Molecular Probes, Invitrogen (Carlsbad, CA). Secondary antibodies;
dichlorotriazinylaminofluorescein-goat anti-mouse IgG, fluorescein-goat anti-
rabbit IgG, Texas red-goat anti-mouse IgG, Texas red-goat anti-rabbit IgG, and
horseradish peroxidase-goat anti-mouse IgG were from Jackson Immunoresearch
Laboratories (West Grove, PA). AF-350-goat anti-mouse IgG and goat anti-
rabbit 1gG, AF-594-cholera toxin B subunit (AF-594-CTxB), AF-680-goat anti-
mouse IgG and -goat anti-rabbit IgG used for fluorescent detection of bands on
blots, and FluoroRubyTM dextran (10,000 MW) were from Molecular Probes,
Invitrogen. In the experiment shown in Fig. 1D,E, the AF-488 Zenon Mouse IgG
labeling kit (Molecular Probes, Invitrogen), consisting of fluorescently-tagged
goat anti-mouse Fab fragments, was used to detect anti-ErbB2 antibodies using
conditions recommended by the supplier. Other Reagents: GA was from the Drug
Synthesis and Chemistry Branch, National Cancer Institute (Bethesda, MD). EGF
was from Calbiochem, EMD Biosciences (San Diego, CA). Human Tf,
chlorpromazine (CPZ), chloroquine (CQ), genistein, peroxidase-conjugated
streptavidin polymer, and other reagents were from Sigma Aldrich (St. Louis,

MO).
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Methods

Fluorescence microscopy

Cells were seeded on acid-washed glass coverslips, transfected (if
appropriate) the next day, and examined 1-2 days after seeding or transfection.
After drug treatment, antibody binding, and/or warming as described below and in
the figure legends, cells were fixed with phosphate-buffered saline (PBS; 150 mM
NaCl, 20 mM phosphate buffer, pH 7.4) containing 3% paraformaldehyde for 30
minutes, permeabilized at room temperature with PBS containing 0.5% Triton X-
100 (except for detection of LAMP-1), and blocked with PBS containing 3% BSA
and 10 mM glycine. For detection of LAMP-1, after fixation cells were
permeabilized with PBS containing 0.5% saponin. Cells were then treated for 10
minutes at room temperature with PBS containing 0.1% sodium borohydride and
0.1% saponin, and then blocked and incubated with primary and secondary
antibodies as described above, except that 0.1% saponin was included in all
solutions. Images were captured and processed by epifluorescence microscopy as
described (Ostermeyer et al., 2001; Ostermeyer et al., 2004) or by deconvolution
microscopy using a Zeiss Axiovert 200 deconvolution microscope and processing
images with Axiovision software (version 4.4). To acquire Z stacks, 25-35 serial
images were recorded at 350 nm intervals along the Z axis using a 63x or 100x oil
immersion objective. Out of plane fluorescence was removed by deconvolution

using the inverse filter algorithm or a modification of the constrained iterative
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algorithm. Images shown are representative sections from deconvolved Z- stacks
or maximum intensity projections of Z stacks. Confocal image acquisition for
colocalization analysis was performed on a Zeiss Pascal laser scanning confocal
microscope. Images were acquired using 40x oil immersion objective. Airy units
were set to 1 and levels for laser intensity and detector gain were optimized for
each slide before image acquisition.

Except where indicated, cells were treated with 5 uM GA, for times
indicated in figure legends. For internalization assays, surface-bound antibodies
(2 ng/ml) were bound to cells at 4°C for 1 hour. For internalization times >30
minutes, cells were returned to a 37°C incubator. For internalization times <5
minutes, cells were then transferred to a 37°C water bath with a change to
prewarmed media for the indicated times, and then washed with ice-cold PBS and
transferred back to ice. To facilitate detection of internalized antibodies after
short internalization times, residual surface-bound antibodies were stripped from
cells with acid wash solution (100 mM Gly, 50 mM KCI, 20 mM magnesium
acetate pH 2.3), using 3 washes of 3 minutes each. Fluorescent Tf (35 ug/ml) was
either bound to cells together with antibodies, or was included in the media during

warming, as indicated.

Colocalization Analysis
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Quantification of colocalization was performed using imageJ software (available

at http://rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes of

Health, Bethesda, MD). The Just another colocalization plug-in (JaCoP) was
used to calculate colocalization statistics (Bolte and Cordelieres, 2006). Either
deconvolved optical sections, or confocal sections were used for the
colocalization analysis. Confocal microscopy was the preferred method of image
acquisition for colocalization analysis. Colocalization analysis on deconvolved
images required z-stacks to be deconvolved with a modification of the constrained
iterative algorithm and display mapping set to clip. Images processed in this
manner are a true representation of the original image and are reliable for
quantitative microscopy. However, deconvolution using the constrained iterative
algorithm is computationally intensive and can require up to 10 hours of
processing time per z- stack. For large data sets deconvolution microscopy
becomes impractical. For colocalization analysis merged, two color confocal or
deconvolved sections were opened in image] and a region of interest was
manually drawn around each cell. The area outside of the region of interest was
cleared and set to pixel intensity value of zero. Merged color images were then
separated into individual red, green, and blue components using the RGB split
feature. Thresholds were set above background for each channel using the imagel
software and Manders M1 and M2 coefficients, Pearsons correlation coefficients,

and overlap coefficients k1, and k2 were calculated using the JaCoP plug-in.
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Manders coefficients M1 and M2 provide a more sensitive measure of
channell/channel2 overlap, and channel2/channell overlap respectively, and are
not sensitive to variations in image intensity. Additionally, Manders coefficients
can be directly interpreted as percent overlap, and thus were chosen as the
preferred colocalization statistic for our experiments. To validate the
colocalization procedure, we set up a series of test slides designed to demonstrate
minimum and maximum colocalization. For maximal colocalization FITC
labeled anti-ErbB2 (clone N28) was internalized into GA treated cells for 1 hour,
followed by acid stripping, processing for IF, and then detection with a Texas Red
labeled Goat anti-mouse secondary antibody. To test for minimum colocalization,
Alexa-594 transferrin was internalized into cells for 5 minutes. The cells were
then acid stripped, processed for IF, and stained with Anti-GM130 and DATF
goat anti-mouse to label the trans-golgi network.  Confocal sections were
obtained and the colocalization procedure performed on these sections. We found
that M1 and M2 values ranged from 0.7-.85 for the maximal colocalization slides

and 0.05.-0.20 for minimal colocalization slides (See Figure 17).

Cell-based ELISA (CELISA) to Measure ErbB2 or Tf Internalization
SKBr3 cells seeded in 35 mm dishes the day before the assay (3 x 10° cells/dish)
were pretreated with GA and other drugs as appropriate for 45 minutes. To

measure ErbB2 internalization, biotinylated anti-ErbB2 antibodies (15 ug/ml)
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were bound for 2 hours at 4°C. After washing with Hanks’ balanced salt solution
(GIBCO, Invitrogen), prewarmed media was added for various times to allow
internalization. Internalization was stopped by washing with ice-cold Hanks’
balanced salt solution and transferring dishes to ice. To mask residual surface-
bound antibodies, cells were incubated with streptavidin (40 ug/ml) for 1 hour at
4°C. After washing, cells were paraformaldehyde-fixed, permeabilized, and
blocked as for IF. Cells were then incubated with peroxidase-conjugated
streptavidin polymer (1 ug/ml in PBS with 0.05% Tween 20) for 1 hour at room
temperature. After washing, SureBlue Reserve tetramethylbenzidine (TMB)
substrate (KPL, Gaithersburg, MD) was added for 10 sec, before stopping the
reaction with TMB stop solution and measuring absorbance (450 nm) in a
spectrophotometer. Background (signal in control dishes left on ice) was
subtracted from all values. The same method was used to measure Tf uptake,
except that biotinylated anti-ErbB2 antibodies were omitted, and biotinylated Tf
(75 ng/ml) was not pre-bound, but added to media for the indicated times of
uptake. Addition of 10-fold excess unlabeled Tf during a 20 minute uptake

reduced the signal to background levels (A. G. Ostermeyer-Fay, unpublished).
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Other Methods

For Fig. 12, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), transfer to polyvinylidene difluoride, Western blotting, and detection by
enhanced chemiluminescence were performed as described (Arreaza et al., 1994).
Bands were scanned and quantitated using NIH Image. For Fig. 13G,H, after
transfer to nitrocellulose and incubation with appropriate primary antibodies,
bands were labeled with AF680-secondary antibodies and detected and
quantitated with the Odyssey-Infrared Imaging System (LI-COR Biosciences,

Lincoln, NE), using the Odyssey imaging software.
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Chapter 3. Clathrin-Independent Endocytosis of ErbB2 in
Geldanamycin-Treated Human Breast Cancer Cells

Introduction

In this chapter we examined the internalization of ErbB2 in GA treated
SKBr3 human breast cancer cells. An earlier study found that ErbB2 was
internalized by the clathrin mediated pathway (Austin et al., 2005). In contrast,
we found that ErbB2 is internalized by a clathrin-independent pathway. ErbB2
Internalization was not affected by clathrin inhibitors and did not require
dynamin. In the context of known endocytic pathways ErbB2 internalization
most closely resembled the GEEC pathway described earlier. ErbB2 was
internalized together with GPI-anchored proteins, cholera toxin, and fluid into
structures that resembled GEECs. After internalization ErbB2 was transported to
early endosomes where it merged with clathrin cargos. It was then directed to

through late endosomes to lysosomes for degradation.
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Results

ErbB2 Internalization in GA-Treated SkBr3 Cells is Independent of Clathrin

ErbB2 was expressed at high levels on the surface of SKBr3 cells (Figure
1A), as reported previously (Austin ef al., 2004; Hommelgaard et al., 2004). Also
as reported (Austin et al.,, 2004; Hommelgaard et al., 2004), fluorescein-
conjugated surface-bound anti-ErbB2 antibodies (Fl-anti-ErbB2) did not greatly
affect ErbB2 localization after 2-3 hours of warming (Figure 1B). By contrast,
after 2-3 hours GA treatment, anti-ErbB2 staining of intracellular puncta was very
bright, while residual surface staining was greatly reduced (Figure 1C). As
previously reported (Austin et al., 2004; Hommelgaard et al., 2004), internalized
ErbB2 was first easily visible 30-45 minutes after GA treatment.

To determine whether ErbB2 was internalized by clathrin-mediated
endocytosis in GA-treated cells, we first used chlorpromazine (CPZ), a cationic
amphiphile that inhibits this pathway (Wang et al., 1993). CPZ efficiently
inhibited uptake of AF-594 Tf, but did not block ErbB2 internalization (Figure
ID,E). After CPZ treatment, structures containing internalized ErbB2 sometimes
had a tubular morphology (Figure 2A). This effect may have resulted from the
ability of CPZ to induce membrane curvature (Lange and Steck, 1984). After
longer, 30 minute internalizations in CPZ treated cells Tf and ErbB2 were both
internalized and localized to enlarged endosomes (Figure 2B). This probably

resulted because CPZ dramatically slows Tf internalization but it is not
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completely blocked. CPZ treatment may in turn interfere with recycling resulting
in Tf becoming trapped in enlarged endosomes after long periods of
internalization. We quantitated the effect of CPZ on initial internalization of
ErbB2 and Tf using a CELISA assay. CPZ inhibited uptake of biotinylated Tf in
GA-treated SKBr3 cells (Figure 1F), but did not affect the internalization of
surface-bound biotinylated anti-ErbB2 antibodies (Figure 1G).

We next determined whether ErbB2 colocalized with markers of the clathrin
pathway very soon after internalization in GA-treated cells. ErbB2 did not co-
localize significantly with clathrin (Figure 3). We saw some colocalization of
ErbB2 with co-internalized rhodamine-conjugated Tf (Rh-Tf), to a degree that
varied between cells. Nevertheless, most ErbB2-positive puncta did not label for
Rh-Tf (Figures 1,4). By contrast, EGFR colocalized to a greater degree with
clathrin (Figure 3), and EGFR and Rh-Tf co-localized substantially with each
other (Figure 4). ErbB2-positive structures often had a distinctive morphology,
captured most clearly in favorable epifluorescence images (Figure 4, row B):
either short tubules, or round structures that were larger than the earliest, most
peripheral Tf-containing vesicles, and had visible lumens. This image also
showed that ErbB2-positive structures remained closer to the plasma membrane
than Rh-Tf-positive structures after 5 minutes of internalization. These results

showed that ErbB2 did not colocalize with markers of the clathrin-dependent
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internalization pathway soon after internalization in GA-treated cells, and
suggested that it was internalized by a different mechanism.

Epsl5 associates with components of the clathrin coat, and is required for
clathrin-mediated uptake (Conner and Schmid, 2003). Dynamin proteins mediate
endocytic vesicle scission and are required for both clathrin-mediated and
caveolar endocytosis (Conner and Schmid, 2003). Dominant-negative (DN) forms
of Epsl5 and dynamin-1 had similar effects in GA-treated SKBr3 cells: Rh-Tf
uptake was inhibited, while ErbB2 internalization was still detected (Figure 5).
That is, transient expression of DN-Eps15 (Figure 5A) or DN-dynamin (Figure
5B) inhibited Tf internalization compared to that in untransfected cells on the
same slide, but did not block ErbB2 internalization. Results were quantitated
(Figure 5C,D) by scoring transfected and untransfected cells either positive (at
least 3 stained intracellular puncta) or negative for internalization of ErbB2 and
Tf.

Together, these results showed that ErbB2 was internalized primarily by a
clathrin-independent mechanism in GA-treated SKBr3 cells. Our next goal was
to characterize ErbB2 internalization further in comparison to other clathrin-

independent endocytic pathways.
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ErbB2 Internalization Does Not Require Tyrosine Kinase Activity

As SKBr3 cells do not express caveolin-1 and lack caveolae (Hommelgaard et
al., 2004), ErbB2 cannot be internalized by caveolar endocytosis in these cells.
However, a “caveolar-like” pathway, followed by cargoes normally internalized
in caveolae, has been reported in some cells that lack caveolae. Endocytosis by
this pathway is inhibited by the broad-specificity tyrosine kinase inhibitor
genistein (Sharma et al., 2004; Damm et al, 2005). To see whether ErbB2
followed this pathway, we next determined whether ErbB2 internalization was
sensitive to genistein. As a positive control for the efficacy of the drug, we
verified that genistein inhibited EGF-induced stimulation of tyrosine kinase
activity and internalization of tyrosine-phosphorylated substrates. SKBr3 cells
express EGFR, though at much lower levels than ErbB2 (Beerli ef al., 1995). In
untreated serum-starved cells and in cells treated with GA alone (Figure 6A,
middle), anti-phosphotyrosine staining was largely restricted to the plasma
membrane. Phosphotyrosine staining was dim in most cells, and was localized to
the plasma membrane even in occasional brighter cells. However, after EGF
treatment, internal puncta stained brightly with anti-phosphotyrosine antibodies
(Figure 6B, middle). As reported earlier (Wang et al., 1999; Haslekas et al.,
2005), EGF treatment did not significantly alter the distribution of ErbB2 in these
cells (Figure 6B, top). As expected, both ErbB2 and tyrosine-phosphorylated

substrates were internalized in cells treated with EGF and GA together (Figure
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6C). Genistein essentially blocked tyrosine phosphorylation in cells treated with
EGF and GA, but ErbB2 internalization remained robust (Figure 6D). We
quantitated the effect of genistein on ErbB2 internalization by CELISA.
Genistein did not inhibit, and in fact slightly stimulated, ErbB2 internalization
(Figure 6E). This result is consistent with a previous report that ErbB2
internalization in GA-treated cells does not require its tyrosine kinase activity (Xu

et al., 2001), and suggests in addition that no other tyrosine kinase is required.

ErbB2 Colocalizes With AF-594-CTxB, PLAP, and a Fluid Phase Marker
After a Short Time of Internalization

Mayor and colleagues reported that glycosyl phosphatidylinositol (GPI)-
anchored proteins are constitutively taken up by a clathrin- and caveolin-
independent mechanism into GPI-anchored protein-enriched early endosomal
compartments (GEECs), which contain significant amounts of internalized fluid
(Sabharanjak et al., 2002; Kalia et al., 2006). CTxB binds the ganglioside GM1
and is internalized by a variety of pathways, including clathrin-mediated and
caveolar endocytosis (Lencer and Saslowsky, 2005). In at least some cell types,
most CTxB is co-internalized with GPI-anchored proteins into structures with
ring-shaped or tubular morphology termed clathrin-independent carriers (CLICs)
(Kirkham et al., 2005). The presence of GPI-anchored proteins in CLICs

suggests that they may be the same as GEECs. After 5 minutes of uptake in GA-
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treated SKBr3 cells, internalized ErbB2 colocalized extensively with co-
internalized AF-594-CTxB, GPI-anchored PLAP, and the fluid phase marker
dextran (Figure 7). A maximume-intensity projection image of a cell stained for
co-internalized ErbB2 and CTxB is shown in Figure 7A. An enlarged section of
the same cell (indicated by asterisks in Figure 7A) is shown in Figure 7B, in
which both separate red and green channels (left and middle panels) and a merged
image (right panel) are shown. Figure 7C,D display the edges of individual cells,
at the same magnification as in Figure 5B, showing good colocalization of ErbB2
and PLAP (Figure 7C) or ErbB2 and dextran (Figure 7D) after 5 minutes of
internalization. These observations suggest that ErbB2 is initially taken up by a
pathway similar to those described earlier (Sabharanjak et al., 2002; Kirkham et
al., 2005; Kalia et al., 2006). When we quantified the amount of colocalization we
found that after 2 minutes PLAP and CTxB colocalized significantly with ErbB2,

whereas Tf did not (Figure 8).

ErbB2 is Transported to Early and Late Endosomes and is Degraded in
Lysosomes in GA-treated Cells

We next examined downstream trafficking of ErbB2 in GA-treated cells.
Although ErbB2 showed little co-localization with markers of the clathrin
pathway after short internalization times in GA-treated cells (Figure 3.,4,8), it

colocalized significantly with Rh-Tf after longer times (Figure 9,10A). This

41



suggested that the ErbB2 transport pathway merged with the classical endocytic
pathway following internalization. Consistent with this idea, and in agreement
with an earlier report (Austin et al., 2004), after 2 hours GA treatment, ErbB2
colocalized with the early endosome markers EEA1 and Rab5 (Figure 10B,C),
and, as shown in Figure 10D, accumulated inside enlarged endosomes present in
cells expressing constitutively active Rab5Q79L (Stenmark et al., 1994). ErbB2
was sometimes detected inside structures surrounded with EEAI in an irregular
form (Figure 10B). These structures are probably the same as immature CD63-
negative MVBs, surrounded by Tf-positive tubules, in which ErbB2 was detected
in the interior vesicles by electron microscopy after 3 hours GA treatment (Austin
et al., 2004). The irregular appearance of EEA1 may reflect its localization in
these tubules. After prolonged GA treatment, ErbB2 also colocalized with the
late endosomal markers GFP-Rab7 and CD63 (Figure 11). Austin et al. reported
little colocalization of ErbB2 with late endosome markers after 3 hours GA
treatment (Austin et al., 2004). This might have resulted from rapid degradation
following delivery to lysosomes. Consistent with this possibility, as shown in
Figure 11C and E, ErbB2 colocalized extensively with CD63 and LAMP1 after
treating cells with GA together with chloroquine (CQ), which causes acidic
compartments to swell and inhibits lysosomal degradation but not endocytic
transport (Vonderheit and Helenius, 2005). Together, these results suggested that

after internalization by a clathrin-independent pathway, ErbB2 is rapidly
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transported to early and then late endosomes and finally to lysosomes for
degradation.

To test this possibility further, we examined ErbB2 degradation in GA-
treated SKBr3 cells by Western blotting. Consistent with an earlier report
(Tikhomirov and Carpenter, 2000), a fragment of about 135 kDa that reacted with
extracellular domain-specific anti-ErbB2 antibodies accumulated in lysates of
cells treated with GA and CQ (Figure 12A, arrow). Full-length ErbB2 also
appeared to be stabilized under these conditions. Including both full-length and
135 kDa forms of the protein in the quantitation, we found that CQ significantly
slowed ErbB2 degradation (Figure 12B). Thus, consistent with earlier results
(Tikhomirov and Carpenter, 2000; Lerdrup et al., 2006), at least a major fraction

of ErbB2 is degraded in lysosomes.

ErbB2 Accumulates in Vesicles Containing Constitutively-Active Arf6-Q67L
Only in the Absence of GA

Donaldson and colleagues have described a non-clathrin-mediated
endocytic pathway that is regulated by Arf6 (Naslavsky et al., 2003, , 2004).
Expression of constitutively-active Arf6Q67L causes cargo of this pathway
accumulate in Arf6Q67L-positive endosomes, which are often enlarged. To
determine whether ErbB2 followed this pathway, we expressed HA-tagged Arf6-

Q67L in SKBr3 cells, treated cells with GA, and examined the localization of
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Arf6-Q67L and ErbB2. Although Arf6-Q67L-positive endosomes were seen,
ErbB2 did not accumulate in them (Figure 13A). Instead, ErbB2 showed partial
colocalization with GFP-Rab5 and GFP-Rab7, showing that it reached early and
late endosomes even in the presence of Arf6-Q67L (Figure 13B,C). Furthermore,
Arf6Q67L did not affect ErbB2 degradation in GA-treated COS cells co-
transfected with ErbB2 and Arf6Q-67L (Figure 13G,H). (Western blotting
showed that transfected ErbB2 was at least 5-10 times more abundant than
endogenous ErbB2 in COS-7 cells, and imunofluorescence analysis showed that
at least 80% of transfected cells that expressed ErbB2 also expressed Arf6-Q67L.)
By contrast, ErbB2 accumulated in Arf6-Q67L-positive endosomes, rather than
Rab5- or Rab7-positive endosomes, when cells were not treated with GA (Figure
13D-F). Thus, ErbB2 followed the Arf6-regulated pathway in untreated cells.
GA altered the internalization or downstream trafficking of ErbB2, preventing it

from accumulating in Arf6-Q67L-positive endosomes.
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DISCUSSION

ErbB2 is Internalized by a Clathrin-Independent Pathway

We found that ErbB2 is internalized by a clathrin-independent pathway in
GA-treated SKBr3 cells. By contrast, Austin et al. reported that several inhibitors
of the clathrin pathway inhibited ErbB2 uptake under the same conditions (Austin
et al., 2005). We do not know the explanation for this difference. Austin et al.
assayed for inhibition of internalization by binding labeled anti-ErbB2 antibodies
to cells, warming for 3 hours with or without inhibitors, and then measuring the
amount of internalized antibodies. It is possible that the effects observed after this
prolonged internalization time resulted from inhibition of recycling, rather than of
initial internalization. In fact, we noticed that prolonged CPZ treatment caused Tf
as well as ErbB2 to accumulate in enlarged endosomes, suggesting that recycling

was inhibited (Figure 2).

Why EGFR but not ErbB2 is Targeted to Clathrin-coated Pits
EGFR is one of the best-studied cargoes of the clathrin pathway. Because
EGFR and ErbB2 are very similar, it may seem surprising that ErbB2 is not
targeted to this pathway. However, recent findings on trafficking of EGFR and
other ErbB family members can help explain this finding.
EGFR internalization does not depend on the clathrin adaptor AP2

(Hinrichsen et al., 2003; Motley et al., 2003). Instead, EGFR internalization
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requires Grb2 (Wang and Moran, 1996; Jiang et al., 2003) and c-Cbl or the
related protein cbl-b (Ettenberg et al., 1999; Levkowitz et al., 1999). c-Cbl binds
tyrosine-phosphorylated EGFR both directly, through its SH2 domain (Galisteo et
al., 1995; Levkowitz et al., 1999), and indirectly, via Grb2 (Meisner and Czech,
1995; Fukazawa et al., 1996; Jiang et al., 2003), and ubiquitinates EGFR.

c-Cbl binds only to tyrosine-phosphorylated EGFR. By contrast,
internalization of ErbB2 in GA-treated cells does not require tyrosine
phosphorylation. Furthermore, ErbB family members other than EGFR do not
recruit c-Cbl even when activated (Levkowitz et al., 1996; Muthuswamy et al.,
1999). Even activated EGFR-ErbB2 heterodimers fail to bind c-Cbl, probably
because ErbB2 is unable to phosphorylate the c-Cbl binding site on EGFR
(Muthuswamy et al., 1999). This could explain reports that found that EGFR is
the only ErbB family member that is rapidly down-regulated upon activation
(Stern et al., 1986; King et al., 1988; Lenferink et al., 1998), as well as chimeric
receptor studies showing that the cytoplasmic domains of ErbB2-4 are
internalization impaired (Sorkin et al., 1993; Baulida et al., 1996; Waterman et
al., 1999). As expected, heterodimerization with ErbB2 inhibits EGFR down-
regulation following ligand binding (Lenferink ef al., 1998; Muthuswamy et al.,
1999; Wang et al., 1999; Lidke and Arndt-Jovin, 2004; Haslekas et al., 2005).

It is not clear how c-Cbl stimulates EGFR internalization. According to one

model, ubiquitinated EGFR is recognized by ubiquitin-binding domains of
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accessory proteins associated with the clathrin coat (Haglund e al., 2003; de
Melker et al., 2004b; Stang et al., 2004; Fallon et al, 2006). Alternatively,
ubiquitination may target EGFR for clathrin-independent internalization
(Sigismund et al., 2005). By contrast, other workers have proposed that
ubiquitination is not required for EGFR internalization (Duan et al., 2003), and
that the essential role of c-Cbl in EGFR internalization is independent of
ubiquitination (Soubeyran et al., 2002; Jiang and Sorkin, 2003; Huang et al.,
2006). In fact, Lys-mutants of EGFR showing a 70-80% reduction in ligand-
stimulated ubiquitination are internalized normally (Huang et al, 2006). A
ubiquitin-independent role of c-Cbl in EGFR internalization would likely involve
a complex of c¢-Cbl, CIN8S, and endophilin reported to be required for EGFR
endocytosis (Soubeyran et al., 2002). Though this controversy has not yet been
resolved, an essential role for c-Cbl in efficient EGFR internalization seems clear.
The failure of ErbB2 to bind c-Cbl could explain why it is not targeted to clathrin-
coated pits.

If ubiquitination does signal EGFR internalization, then ubiquitination of
ErbB2 by CHIP could be imagined to play a similar role - possibly targeting
ErbB2 for clathrin-independent internalization, as reported for EGFR (Sigismund
et al., 2005). Further work will be required to fully characterize the role of

ubiquitination in ErbB2 trafficking.
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Relation of ErbB2 Endocytosis to Other Non-Clathrin Pathways

ErbB2 internalization in SKBr3 cells did not occur via caveolae, as these
cells lack caveolae (Hommelgaard et al., 2004). Furthermore, unlike caveolar
endocytosis (Henley ef al., 1998) and also unlike a pathway used to internalize the
interleukin-2 receptor in lymphocytes (Lamaze et al., 2001), ErbB2
internalization did not require dynamin function. ErB2 internalization differed
from a “caveolar-like” pathway that operates in cells lacking caveolae (Damm et
al., 2005) in not requiring tyrosine kinase activity.

ErbB2 internalization was similar to GEEC and CLIC pathways
(Sabharanjak et al., 2002; Kirkham et al., 2005; Kalia et al., 2006) and to the
Arf6-regulated pathway. That is, uptake did not require clathrin, dynamin, or
caveolae. In addition, internalized ErbB2 colocalized with a GPI-anchored
protein, CTxB, and a fluid phase marker. Structures containing newly-
internalized ErbB2 often had the distinctive appearance of CLICs. Furthermore,
following internalization, ErbB2 was delivered to early endosomes that also
contained clathrin-dependent cargo.

ErbB2 accumulated in Arf6-Q67L-positive endosomes in control cells,
showing that it followed the Arf6-regulated pathway. However, ErbB2 did not
accumulate in these structures after GA treatment. It is possible that ErbB2 is
internalized by different pathways with and without GA treatment, and that GA

causes ErbB2 to by-pass the Arf6-regulated compartment. An alternate
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explanation, which we favor, is that ErbB2 is internalized by the same pathway
under both conditions, but avoids entrapment in the Arf6-Q67L endosomes in the
presence of GA. The idea that ErbB2 may be internalized both with and without
GA treatment is consistent with results of Austin et al. (Austin ef al., 2004). In
contrast to another group (Hommelgaard et al., 2004), these authors found that
ErbB2 is internalized constitutively, but normally recycles efficiently to the
plasma membrane. They proposed that GA affects ErbB2 trafficking only in
endosomes, diverting the protein from the recycling pathway into MVBs (Austin
et al., 2004). In the context of this model, Arf6Q67L may prevent ErbB2 from
recycling, causing it to accumulate in swollen vacuoles in the absence of GA. By
contrast, Arf6-Q67L may not inhibit ubiquitin-based sorting into MVBs and
downstream transport lysosomes. Our finding contrasts with an earlier report that
Arf6-Q67L inhibited transport of MHC Class I protein and CD59 to lysosomes
for degradation (Naslavsky ef al., 2004), possibly reflecting the fact that ErbB2 is

ubiquitinated.

How ErbB2 Might be Targeted for Internalization

We do not know what targets ErbB2 for internalization by the pathway we
have described. A clue may come from the characteristics of the GEEC/CLIC
pathway(s) (Sabharanjak et al., 2002; Kirkham et al., 2005; Kalia et al., 2006).

Both GPI-anchored proteins and CTxB have a high affinity for lipid rafts, or
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membrane microdomains in the liquid-ordered phase. ErbB2 can be enriched in
detergent-resistant membranes, an indication of high raft affinity (Zhou and
Carpenter, 2001; Nagy et al., 2002; Hommelgaard et al., 2004; Yang et al., 2004;
Zurita et al., 2004). Thus, a subset of transmembrane proteins with high raft
affinity may be targeted to the GEEC/CLIC pathway. Alternatively, ErbB2 may
internalized by a bulk membrane pathway, without recognition of specific signals.
This might explain why such a wide variety of proteins is internalized by this

pathway in unstimulated cells.

Downstream Trafficking of ErbB2

As reported previously (Austin et al., 2004), ErbB2 was transported to
EEATl-positive early endosomes after internalization. The earlier workers also
found ErbB2 in vesicles inside MVBs in GA-treated cells, suggesting transport to
degradative compartments (Austin et al., 2004). However, they noted that ErbB2-
positive MVBs retained immature characteristics such as recycling tubules even
after prolonged geldanamycin treatment. They were also surprised to see poor
colocalization of ErbB2 with the late endosome marker CD63 (Austin et al.,
2004). By contrast, we saw good colocalization of ErbB2 with CD63 and
LAMPI, especially after CQ treatment. We also found that ErbB2 degradation

was inhibited by CQ when blots were probed with antibodies directed against the
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extracellular domain of the protein, confirming previous work (Tikhomirov and
Carpenter, 2000, , 2001) and suggesting that the apparent CQ insensitivity
reported initially (Mimnaugh et al., 1996; Citri et al., 2002; Way et al., 2004)
resulted from inability of blotting antibodies to detect a clipped form of the
protein. In summary, we showed that after GA treatment, ErbB2 is internalized
by a non-clathrin, non-caveolar pathway, and then merges with the classical

endocytic pathway for transport to lysosomes and degradation.
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Figure 1. Effect of bound antibodies, GA, and CPZ on ErbB2 localization in SKBr3 cells. (A)
ErbB2 was detected in fixed, permeabilized cells by indirect IF. (B) Cells were warmed for 2 hours
after binding Fl-anti-ErbB2 before fixation. (C) Cells were treated with GA for 2 h before fixation,
permeabilization, and detection of ErbB2 by indirect IF. (D,E) Cells were pre-treated for 45 minutes
at 37°C with 5 ug/ml GA, with (D) or without (E) 12 ug/ml CPZ, before binding anti-ErBb2
antibodies and AF-594-Tf for 1 hour on ice and re-warming for 2 minutes with the same drugs. Cells
were acid-washed and processed for immunofluorescence, detecting ErbB2 with the AF-488 Zenon
mouse IgG labeling kit. (D,E) ErbB2, left; Tf, center; merged images, right. Scale bar (applies to all
panels); 10 um. (F,G) Internalization of biotinylated Tf (F) or biotinylated anti-ErbB2 antibodies (G)
was measured by CELISA as described in Methods in cells treated with GA alone (circles) or both GA
and CPZ (squares). Ayso of each sample, after subtracting background, is shown. Values shown are
the mean +/- s.e.m. of 3 experiments
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Figure 2. Effects of CPZ treatment. Cells were pretreated with 5 pg/ml GA and 8
pg/ml chlorpromazine, subjected to Fl-anti ErbB2 and Tf (A) or CTxB (B) binding and
warmed for 30 (A) or 5 (B) minutes. Residual surface bound antibody was removed by
acid stripping and the cells fixed. Figure A shows the enlarged endosomes containing Tf
and ErbB2 that resulted after long warm-ups. B shows a representative example of the
tubular morphology that occasionally results from CPZ treatment.
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Figure 3. Localization of ErbB2, EGFR, and clathrin after 2 or 5 minutes
internalization. SKBr3 cells were pre-treated with 5 ug/ml GA for 1 hour before binding
Fl-anti-ErbB2 (A and B) or Fl-anti-EGFR (C and D) and warming for 2 minutes (A and
C) or 5 minutes (B and D). Residual surface-bound antibody was removed by acid
stripping, and the cells were fixed. Clathrin heavy chain (CHC) was detected by indirect
IF using Texas red secondary antibodies. Green only panels are ErbB2 or EGFR as
indicated, Red panels are clathrin heavy chain, and the merge of red and green channels
are shown in the third column. A magnification of the boxed area in the merged images is
shown in the far right hand column. All panels show maximum intensity projections of
deconvolved Z-stacks. Scale bar; 10 um.
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Figure 4. Localization of ErbB2, EGFR, and Transferrin (Tf) after 2 or 5 minutes
internalization. SKB13 cells were pre-treated with 5 ug/ml GA for 1 hour before binding
35 ug/ml Tf and Fl-anti-ErbB2 (A and B) or Fl-anti-EGFR (C and D) and warming for 2
minutes (A and C) or 5 minutes (B and D). Residual surface-bound antibody was
removed by acid stripping, and the cells were fixed. Green panels are ErbB2 or EGFR as
indicated, Red panels are Tf, and the merge of red and green channels are shown in the
third column. Rows A, C, and D, show maximum intensity projections of deconvolved Z-
stacks. Row b is an epifluorescence image. Scale bars; 10 um.
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Figure 5. DN-Epsl5 and DN-dynamin inhibit internalization of Rh-Tf but not
ErbB2. SKBr3 cells transiently transfected with EGFP-DN-Eps15 (A,C) or HA-DN-
dynamin-1 (B,D) were pretreated with GA for 2 hours before binding unlabeled anti-
ErbB2 antibodies (A,C) or Fl-anti-ErbB2 antibodies (B,D), warmed for 30 minutes
with Rh-Tf, fixed and permeabilized. (A,B) EGFP-DN-Epsl5 (A, green) or DN-
dynamin (B, blue, detected with anti-HA and AF-350 goat anti-rabbit IgG antibodies)
are shown together with Rh-TF and ErbB2, as indicated, in deconvolved images, each
from a Z-stack of a field in which one cell expressed DN-Eps15 (A) or DN-dynamin
(B). ErbB2 was detected with AF-350 goat anti-mouse antibodies (A,C; blue) or by
fluorescein fluorescence (B,D; green). Scale bar; 10 wum. (C,D) ErbB2 and Rh-Tf
internalization were examined in cells expressing EGFP-DN-Epsl5 (C) or DN-
dynamin (D), and untransfected cells on the same coverslips. Cells showing at least
three intracellular puncta were scored as positive for internalization. In each case,
numbers shown are averages of two experiments (counting at least 100 transfected
and 100 untransfected cells in each experiment) that varied by <10%.
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Figure 6. Genistein inhibits EGF-stimulated tyrosine kinase activity but not ErbB2
internalization. SKBr3 cells were serum-starved overnight, treated as described for individual
panels, fixed, and permeabilized. Cells were treated with: (A) GA for 2 hours; (B) 100 ng/ml EGF
for 10 minutes; (C) GA for 2 hours, with 100 ng/ml EGF added for the last 10 minutes; and (D)
100 ug/ml genistein for 1 hour, then with GA added for another 2 hours, with 100 ng/ml EGF
added for the last 10 minutes. Deconvolved images from Z-stacks are shown. ErbB2 (green, top
panels) was detected with polyclonal anti-ErbB2 antibodies and P-Tyr (red, middle panels) with
monoclonal antibodies. Bottom panels; merged images. Scale bar; 10 um. (E) SKBr3 cells were
pre-treated with GA (circles) or GA + 100 ug/ml genistein (squares) for 45 minutes before binding
biotinylated anti-ErbB2 antibodies and warming for 0-5 minutes in the presence of the same drugs.
Internalized antibodies were quantitated by CELISA, as described in Methods. Ayso of each
background-subtracted sample is shown. Values shown are the mean +/- s.e.m. of 3 experiments.
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Figure 7. Co-localization of ErbB2 with
AF-594-CTxB, PLAP, and dextran in
SKBr3 cells after 5 minutes
internalization. All cells were pre-treated
with GA 1 hour, subjected to antibody or
toxin binding on ice for 1 hour as
appropriate, warmed for 5 minutes, acid-
stripped, and fixed. (A) Fl-anti-ErbB2 and
AF-594-CTxB (0.5 ug/ml) were bound to
cells. A merged maximum intensity
projection image of a deconvolved Z-stack is
shown (ErbB2, green; AF-594-CTxB, red).
Asterisks indicate region shown enlarged in
B (ErbB2, left; AF-594-CTxB, middle;
merged image, right). (C) Fl-anti-PLAP Fab
fragments and Rh-anti-ErbB2 antibodies
were bound to cells. A deconvolved image
from a Z-stack, showing part of the edge of
one cell, is shown. ErbB2, left; PLAP,
middle; merged image, right. (D) Fl-anti-
ErbB2 was bound to cells, which were
warmed with 1 mg/ml FluoroRubyTM
dextran. An epifluorescence image, showing
part of the edge of one cell, is shown. ErbB2,
left; dextran, middle; merged image, right.
Scale bars; A, 10 um; D (applies to B-D), 5



Colocalization

Figure 8. Quantitation of Co-localization of ErbB2 with AF-594-CTxB, PLAP,
and Tf in SKBr3 cells after 2 minutes internalization. SKBr3 cells were pre-treated
with GA for 1 hour, subjected to antibody, toxin and Tf binding for 1 hour and then
warmed 2 minutes. Residual surface bound antibodies or toxin was removed by acid
stripping and the cells were fixed. Images were acquired with a Zeiss laser scanning
microscope. Airy units were set to 1 and levels for laser intensity and detector gain were
optimized prior to image acquisition and kept constant for each slide. Bars represent the
average of at least 10 cells. Error bars are standard error. Colocalization was performed
as described in the methods and materials section.
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Figure 9. ErbB2 colocalization with Tf increases after 2 minutes. SKBr3 cells
were treated with GA for 1 hour at 37 °C. FITC- anti-ErbB2 antibodies and AF-594
Tf were bound in the cold, unbound antibody washed away and then warmed for 5-
30 minutes. Z-stacks of individual cells were acquired and deconvolved by a
modification of the constrained iterative algorithm. Colocalization analysis was
performed on sections using the JACoP plug-in in imageJ. Manders coefficient M2
representing amount of ErbB2 overlapping Tf. Bars represent average of at least 10
cells. Error bars are SEM.
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Rab5Q79L

Figure 10. ErbB2 is delivered to early endosomes after GA treatment. SKBr3 cells
were transiently transfected with GFP-Rab5 (C) or GFP-Rab5Q79L (D), treated with GA
for 2 hours (in media containing Rh-Tf in A), fixed, and permeabilized. (A-D) Left
panels; ErbB2, detected with polyclonal antibodies. Center panels: (A) Rh-Tf
fluorescence; (B) endogenous EEA1; (C,D) GFP fluorescence. Right panels; merged
images. (A) deconvolved image from a Z stack; (B-D) epifluorescence images. Scale
bars; A, 10 um; D (applies to B-D), 5 um.
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ErbB2 (CQ)

LAMP1 (CQ)

Figure 11. ErbB2 is delivered to late endosomes and lysosomes after GA treatment.
After transient expression of GFP-Rab7 (A) SKBr3 cells were treated with GA for 5
hours, sometimes (C,E) together with 100 uM CQ, fixed, and permeabilized. Left
panels; ErbB2 was detected with polyclonal (A-C) or monoclonal (D,E) antibodies and
appropriate secondary antibodies. Middle panels: (A) Rab7 (GFP fluorescence); (B,C)
endogenous CD63; (D,E) endogenous LAMPI1. Right panels; merged images.
Epifluorescence images are shown. Scale bar; 5 um.
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Figure 12. GA-induced ErbB2 degradation is sensitive to CQ. SKBr3 cells were
incubated with GA with or without CQ for the times indicated and lysed. Proteins were
separated by SDS-PAGE and transferred to membranes for Western blotting and
detection of ErbB2. (A) Western blots. Top, GA alone; bottom, GA and CQ. Arrow; ca.
135 kDa ErbB2 fragment. (B) Bands were quantitated by scanning densitometry and
plotted as % of 0-time signal remaining at each time.
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Figure 13. ErbB2 accumulates in Arf-Q67L-positive endosomes only in the absence of GA. (A-F)
SKBr3 cells were transfected with Arf6-Q67L, either alone (A,D) or together with GFP-Rab5 (B,E) or
GFP-Rab7 (C,F), and examined 14-16 hours after transfection. Fl-anti-ErbB2 (A,D) or unlabeled anti-
ErbB2 antibodies (B,C,E,F) were bound for 1 hour at 4°C, and cells were then warmed for 2 hours with
(A-C) or without (D-F) GA. Internalized anti-ErbB2 was detected in fixed and permeabilized cells by Fl-
anti-ErbB2 fluorescence (A,D) or with Texas red goat-anti-mouse antibodies (B,C,E.,F). Although
Arf6Q67L was not visualized in B,C,E, or F, vacuoles characteristic of Arf6-Q67L expression were seen.
(G,H) COS-7 cells were transfected with ErbB2 alone or together with Arf6-Q67L as indicated. Cells
were incubated with GA for the indicated times and solubilized in gel loading buffer. Proteins were
separated by SDS-PAGE and transferred to nitrocellulose. ErbB2 and Arf6-Q67L were detected by
immunoblotting, using anti-ErbB2 antibody #20 and anti-HA antibodies respectively and AF680-
secondary antibodies, and detecting and quantitating fluorescent bands using the Odyssey system. (H) A
representative Arf6-Q67L blot is shown, demonstrating expression in co-transfected cells (+Arf6-Q67L),
but not in cells expressing ErbB2 alone (-Arf6-Q67L).
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Chapter 4. ErbB2 internalization through the
GEEC pathway

Introduction

Data presented in the last chapter suggested that ErbB2 is internalized by
the GEEC pathway in SKBR3 cells. That is, ErtbB2 colocalized with the GPI-
anchored protein PLAP, cholera toxin B subunit, and a fluid phase marker soon
after internalization. Furthermore, newly-internalized ErbB2 was found in
structures with a tubular or ring shaped morphology that resembled GEECs. The
GEEC pathway was described as a constitutive endocytic pathway that is specific
for GPI-anchored proteins, as transmembrane proteins were excluded from these
structures in CHO cells (Sabharanjak et al., 2002). Surprisingly, as detailed
below, we found that chimeric fusion proteins of PLAP containing cytosolic and
transmembrane domains also colocalized extensively with ErbB2 immediately
after uptake in SKBr3 cells. It was possible that this effect was specific to SKBr3
cells. However, when ErbB2 was co-expressed with PLAP or the PLAP chimeras
in CHO cells, we again saw strong colocalization. This was not specific to ErbB2
as the chimeric PLAP proteins also colocalized with the GPI-anchored protein
Thy-1. Data in this chapter suggest that ErbB2 is internalized by the GEEC
pathway in two cell types. However, our data suggest, in contrast to a previous

report, that this pathway is not specific for GPI- anchored proteins. Together with
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other results from our lab, these data suggest instead that the GEEC pathway
probably represents a bulk internalization pathway that operates constitutively in

multiple cell types.

Results

Our finding that ErbB2 colocalized with PLAP soon after internalization
was surprising in the context of earlier work showing that the GEEC pathway is
specific for GPI-anchored proteins. One possible explanation of this discrepancy
is that ErbB2 has unusual features that allow it to be internalized by the GEEC
pathway, despite exclusion of other transmembrane proteins. To test this idea, a
logical next step was to test whether other transmembrane proteins were excluded
from the ErbB2-containing vesicles after a short time of internalization. We
expressed either PLAP, a chimeric construct composed of the transmembrane and
cytosolic portions of VSV G protein fused to PLAP (PLAP-G), or the
transmembrane and cytosolic portions of influenza hemaglutinin fused to PLAP
(PLAPHA) (Figure 14) in SKBr3 cells. Cross linking affects the distribution of
GPI-anchored proteins and causes them to become concentrated in caveolae
(Mayor et al., 1994). To avoid any possible antibody-induced cross linking, we
generated Alexa-Fluor 488 labeled anti-PLAP Fab fragments to follow PLAP
internalization. FIl-Anti ErbB2 antibodies and Alexa-Fluor 488-PLAP Fabs were

bound to GA treated cells for 1 hour and cells were then warmed for 5 minutes.
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As we had seen earlier, we saw strong colocalization between PLAP and ErbB2
(Figure 15A). PLAP- and ErbB2-positive structures were easily visible along the
edges, near the plasma membrane of the cell. When we compared the localization
of ErbB2 and the PLAP fusion proteins, we were surprised to see the same degree
of colocalization.

Although transmembrane proteins were excluded from the GEEC pathway
in CHO cells (Sabharanjak et al, 2002) a GPIl-anchored protein and a
transmembrane protein were reported to be internalized together by the same
clathrin-independent endocytic pathway in Hela cells (Naslavsky et al., 2003).
Kalia et al. (2006) suggested that this difference might reflect cell-type specific
factors. To test this idea, we co-expressed ErbB2 with PLAP, PLAP-G, or PLAP-
HA in CHO cells. ErbB2 internalization is normally very asynchronous in SKBr3
cells with only a small fraction of cells showing uptake after 2-5 minutes of
internalization. In contrast, ErbB2, PLAP, PLAP-G, and PLAP-HA
internalization was much more robust in CHO cells, with a larger fraction of cells
showing internalization at early times. Despite this difference, we were able to
visualize internalized ErbB2 and the PLAP proteins easily in both cell types. As
in SKBr3 cells, we again found that ErbB2 colocalized with PLAP, PLAP-G, and
PLAP-HA to the same degree in CHO cells. We quantified the degree of overlap
by colocalization analysis. Confocal images of at least 10 cells were taken and the

images processed in Imagel, as described in Materials and Methods. First, we
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validated our colocalization procedure on images with high or low amounts of
overlap to determine the maximum and minimum Manders coefficients from our
software. ~We obtained Manders coefficients between 0.65-0.85 for high
colocalization, and between 0.10-0.25 for conditions with low colocalization
(Figure 17). The average Manders coefficient for ErbB2 overlapping PLAP,
PLAP-G, and PLAP-HA, or vice versa, is shown in Figure 18. We saw Manders
coefficients approaching 0.7-0.8 for all conditions. Manders coefficient M1 and
M2 (see Figure 18 legend) were approximately equal indicating that Similar
degree of ErbB2 or PLAP/PLAP chimera internalized in each case.

Our results contradict an earlier report (Sabharanjak ef al, 2002) and
suggest that even in CHO cells, the GEEC pathway is not specific for GPI-
anchored proteins. Instead, other transmembrane proteins, not expected to have
unique signals, can also be internalized through this pathway. To provide further
support for this conclusion, we checked for colocalization of PLAP, PLAP-G, and
PLAP-HA with another GPI-anchored protein, Thy-1. As expected, we saw a
nearly complete colocalization with PLAP and Thy-1. Thy-1 also colocalized to
the same degree with both PLAP-G and PLAP-HA (Figure 19). Colocalization
analysis revealed that the Manders coefficients were between 0.6-0.7 approaching

the expected maximum for each condition.
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Discussion

Data here provide evidence that GPIl-anchored proteins and
transmembrane proteins can be internalized by the same endocytic pathway in
SKBr3 and CHO cells. This observation contradicted an earlier report that
transmembrane proteins were not internalized with GPI-anchored proteins.
Although the reasons for this discrepancy are not clear at this time, one possibility
will be discussed next.

Our work differed from the other study in the specific endocytic cargo
molecules examined. In their 2002 report, Sabbharanjak et al. examined
endocytosis of two GPI-anchored proteins: the folate receptor and decay
accelerating factor (CD59) (Sabharanjak et al, 2002). They compared the
localization of these GPI-anchored proteins to an isoform of folate receptor
containing the transmembrane segment of the mouse Fc receptor fused to the
cytoplasmic portion of the LDL receptor (FR-TM), the transferrin receptor, a
truncated form of the transferrin receptor that did not contain a clathrin
localization signal, and N-[N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-¢-
aminohexanoyl]-sphingosylphosphorylcholine (C¢-NBD-SM), an exogenously
introduced, fluorescently labeled lipid. FR-TM contained a clathrin localization
sequence and thus was expected to colocalize with Tf. As expected, they saw

little colocalization of folate receptor and CD59 with Tf (colocalization index
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~0.25-0.35). (C¢-NBD-SM) also colocalized with Tf (~0.75), but did not
colocalize with the folate receptor (~0.3). The truncated transferrin receptor
colocalized with C¢-NBD-SM. They argued that since Co-NBD-SM did not
colocalize with the GPI- anchored proteins, but did colocalize with the truncated
transferrin receptor, that internalization into GEECs is specific for GPI-anchored
proteins. They concluded that the lack of clathrin-pathway sorting motifs from
transmembrane proteins, or the absence of a transmembrane sequence altogether,
is not sufficient to target proteins and lipids for internalization together with GPI-
anchored proteins. It must be noted that the observation that these authors base
their conclusions on is indirect. Comparing the localization of the GPI-anchored
proteins directly to the truncated transferrin receptor would have been a more
direct control for this experiment.

Contrary to results reported by Sabharranjak et al., our results in this
section suggest that internalization of GPI-anchored proteins does not occur by a
specific, dedicated pathway. We directly compared the localization of GPI-
anchored proteins to transmembrane proteins lacking clathrin sorting signals and
saw strong colocalization in each case. This supports a scenario whereby
internalization of GPI-anchored proteins, ErbB2, and other transmembrane
proteins lacking cytoplasmic sorting clathrin sorting motifs are internalized
through a constitutive, unregulated endocytic pathway. More work needs to be

done to further resolve the conflicts between our data and reports in the literature.
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For instance we need to continue the colocalization experiments and compare the
localization of Tf to PLAP, PLAP-G and PLAP-HA. It would also be helpful to
compare internalization of other GPI-anchored proteins to determine if they
behave in the same manner, and thus whether endocytosis through this pathway is
a general feature of GPI-anchored proteins.

Experiments in this chapter have only looked at the initial internalization
step to determine whether these proteins are internalized by this mechanism into
GEECs. It is now clear that while multiple types of cargoes are internalized
through this pathway they often have distinct cellular destinations. ErbB2
probably passively recycles in resting cells, but GA treatment redirects the protein
to lysosomes for degradation. One report found that this pathway is the major
route of entry for cholera toxin in at least once cell type, and this toxin is
delivered to the Golgi apparatus (Lencer and Tsai, 2003; Kirkham and Parton,
2005). GPI-anchored proteins merge with clathrin cargoes when they pass
through early endosomes, are delivered to the recycling endosome, and ultimately
returned to the cell surface. It would be beneficial to further characterize
trafficking of PLAP-G and PLAP-HA to determine their final destination. Since
very little is known about how this pathway is regulated and the mechanism of
internalization has not yet been revealed, further characterizing cargos of this
pathway and their trafficking behavior will provide valuable tools for future

research.
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Figure 14. Schematic diagram of PLAP, PLAP-G and PLAP-HA in the
membrane. PLAP is represented in blue. For PLAP-G the ectodomain of PLAP was
fused in frame to the transmembrane and cytosolic portions of VSV-G protein. For
PLAP-HA the transmembrane and cytosolic domains of influenza hemagglutinin were
fused in frame to the ectodomain of PLAP.

72



Figure 15. Localization of ErbB2 and PLAP, PLAP-G, or PLAP-HA in SKBr3 cells.
SKBr3 cells were transfected with PLAP, PLAP-G (PG), or PLAP-HA (PHA) and examined
36 hours after transfection. Fl-anti-ErbB2 antibodies and rabbit FITC-anti-PLAP Fabs were
bound for 1 hour in the cold, cells were warmed for 2 minutes, and residual surface bound
antibody removed by acid stripping. The cell were then fixed and examined by deconvolution
microscopy. PLAP proteins are on left, ErbB2 is in Middle. Merged images are on the right.
PLAP is shown in row A, PLAP-G in row B, and PLAP-HA in row C.
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Figure 16. Localization of ErbB2 and PLAP, PLAP-G, or PLAP-HA in CHO
cells. CHO cells were co-transfected with ErbB2 and PLAP, PLAP-G (PG), or PLAP-
HA (PHA) and examined 24-36 hours after transfection. Fl-anti-ErbB2 antibodies
and Rabbit FITC-anti-PLAP Fabs were bound for 1 hour in the cold, cells were
warmed for 2 minutes, and residual surface bound antibodies removed by acid
stripping. The cell were then fixed and examined by deconvolution microscopy. PLAP
proteins are on left, ErbB2 is in Middle, and merged images are on the right. PLAP is
shown in row A, PLAP-G in row B, and PLAP-HA in row C.



manders coefficient

Figure 17. Expected maximum and minimum colocalization. To determine Manders
values for maximal colocalization a slide with expected complete colocalization was set
up. Cells were pretreated with 5 uM GA for 1 hour, fl-anti-ErbB2 bound for 1 hour in
the cold, and the cells warmed for 1 hour. Residual surface bound antibody was
removed by acid stripping and the cells were fixed, permeabilized, and Fl-anti-ErbB2
detected with Texas red labeled anti-mouse antibody. For expected low colocalization,
cells were pulsed with Alexa-594 Tf for 5 minutes, acid stripped, fixed, permeabilized
and the golgi detected with an anti-GM130 antibody and FITC labeled anti mouse
antibodies. Images were acquired by confocal microscopy and colocalization analysis
performed as described in the method and materials chapter. Maximum values for
Manders colocalization coefficients are 1 (perfect overlap), minimum is 0 (complete
exclusion). Manders coefficients can be directly interpreted as percentages

(for example, .8=80%).
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Colocalization

Figure 18. ErbB2 colocalizes with PLAP, PLAPG, and PLAPHA in CHO cells.
CHO cells were cotransfected with ErbB2 and PLAP, PLAPG or PLAPHA. Alexa
594 labeled anti-ErbB2 and FITC-labeled PLAP Fabs were bound for 1 hour on ice,
and then warmed for 2 minutes. Residual surface bound antibodies were was
removed with acid. Cells were imaged by deconvolution microscopy and
colocalization measured in image] and described in Materials and Methods.
Manders coefficients M1 (ErbB2 colocalized with PLAP, PLAPG, or PLAPHA)
and M2 (PLAP, PLAPG, or PLAPHA colocalized with ErbB2) are shown. Bars are
average of at least 10 cells. Error bars are S.E.M
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Figure 19. Localization of Thyl and PLAP, PLAP-G, or PLAP-HA in CHO cells. CHO
cells were co-transfected with Thyl and PLAP, PLAP-G (PG), or PLAP-HA (PHA) and
examined 24-36 hours after transfection. Alexa 594 mouse anti-thyl Fabs and Alexa
488Fluor mouse anti-PLAP Fabs were bound for 1 hour in the cold, warmed for 2 minutes,
and residual surface bound antibody removed by acid stripping. The cell were then fixed and
examined by deconvolution microscopy. PLAP proteins are shown on left, Thyl in the
middle column. Merged images on the left. PLAP is shown in row A, PLAP-G in row B,
and PLAP-HA in row C.
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Figure 20. Thyl colocalizes with PLAP, PLAPG, and PLAPHA in CHO cells.
CHO cells were co-transfected with Thyl and PLAP, PLAPG, or PLAPHA. Alexa
Fluor 594 mouse anti-Thyl and alexa 488 mouse anti-PLAP Fab fragments were
bound for 1 hour on ice. The cells were then warmed for 2 minutes, and residual
surface antibody removed by acid washing. Cells were imaged by confocal
microscopy and colocalization evaluated using imageJ. Bars represent the average
of at least 9 cells.
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Conclusions

Clathrin-independent pathways represent a rapidly growing field of study.
Compared to the well studied clathrin pathway, our knowledge of non-clathrin
pathways is still in its infancy. At the present time it is not clear how many
clathrin-independent pathways exist, and how these overlap both functionally and
mechanistically. The most rapid advancements have been made in identifying
new cargoes, and identifying the trafficking characteristics of these cargoes.
Events downstream of the initial internalization have been fleshed out in much
more detail then the mechanism of internalization itself.

One feature many endocytic pathways seem to share is a convergence on
early endosomes. Cargoes for both the GEEC and Arf6 associated pathways are
both first taken into vesicles that do not contain markers for early endosomes and
are devoid of clathrin cargoes. These vesicles then acquire Rab5 and EEA1 in a
process that PI3K kinase, and phosphoinositide conversion on the vesicle
membrane. For both pathways inactivation of PI3K blocks delivery of cargoes to
early endosomes (Naslavsky et al., 2003; Kalia ef al., 2006). Unlike the GEEC
pathway, inactivation of Arf6 is also necessary for early endosome transport in
the Arf6 associated pathway. The caveolar pathway can also transiently interact
with early endosomes. One group saw “shuttling” of caveolar vesicles from the

caveosome to early endosomes where cargo was sorted from caveolar domains
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(Pelkmans et al., 2004). Convergence on early endosomes appears to be a very
important feature of endocytic cargo trafficking.

ErbB2 now provides another marker of a clathrin-independent pathway.
Like cargo of the GEEC pathway, it was internalized together with GPI-anchored
proteins, cholera toxin, and fluid in GA-treated cells. It behaved similarly in both
CHO and SKBr3 cells. Like GEEC cargoes, ErbB2 was internalized into the cell
and rapidly merged was early endosomes containing clathrin cargoes. Here ErbB2
diverged from GPI-anchored proteins and was sorted to late endosomes, and
lysosomes where it was degraded (Figure 21).

In contrast to a previous report, we found that the GEEC pathway was not
specific for GPI-anchored proteins in that ErbB2, and other transmembrane
containing proteins that lack clathrin sorting sequences can be internalized by this
pathway. This is perhaps not surprising as the pathway appears to operate
constitutively, internalizes large amounts of fluid, and many of its cargoes recycle
to the plasma membrane. Preliminary work from others in our lab suggests that in
transfected COS cells, wild-type ErbB2 is internalized in the same manner as a
mutant form of the protein that lacks the cytoplasmic domain, and is thus unable
to interact with any cytosolic proteins that might target it specifically for
endocytosis. This finding, together with the data presented here, suggest that this

pathway represents a bulk internalization pathway where many cargoes can be
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internalized including GPI-anchored proteins, transmembrane proteins and
extracellular substances.

The lack of regulation and requirements for proteins like dynamin seem to
suggest that it is an evolutionarily primitive endocytic pathway compared to the
highly regulated clathrin-mediated pathway. It would be interesting to compare
non-clathrin pathways in mammalian cells to other taxa to look for similarities.
For instance, internalization of both fluid phase markers and GPI-anchored
proteins in primary cells derived from Drosophila does not require dynamin
(Guha et al., 2003).

Considerably more work needs to be done to further define clathrin-
independent pathways. The mechanism of internalization needs to be determined.
The proteins required for internalization need to be identified and the mechanism
of regulation, if any need to be characterized.

Although it is now clear that clathrin- and dynamin-independent pathways
represent a major route for internalization in mammalian cells, it is not yet clear
how many of these pathways exist, and how they might overlap both functionally,
and mechanistically. The current status of the Arf6 associated pathway and the
GEEC pathway is a good example of the current deficit in our understanding.
While both pathways can internalize similar cargoes, do not require dynamin, are
constitutive, and at face value look very similar, cargoes are clearly internalized

into an Arf6 regulated endosomal system in HeLa cells, whereas in CHO cells
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they are not. It is possible to speculate that the Arf6 and GEEC pathways that are
described may actually represent the same pathway. There may be a common core
machinery yet to be identified for both pathways, where associated and regulatory
proteins may differ between cell type and species. More work on the subject with
hopefully tease apart the functional and mechanistic details of these pathways.

ErbB2 will provide a valuable tool for such future studies.
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Figure 21. Model for ErbB2 internalization. ErbB2 is internalized with other non-clathrin
cargoes by a dynamin and clathrin independent mechanism. Newly internalized ErbB2 is then
transported to early endosomes (EE), to late endosomes (LE), and to lysosomes where the
receptor is degraded. In contrast GPI-anchored proteins are diverge with ErbB2 in early
endosomes and are transported to the recycling endosomes where they are returned to the
membrane in a manner similar to cargo internalized by clathrin coated pits (CCP).
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