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Abstract

A largely unilamellar epithelial layer lines body cavities and organ ducts such as the digestive tract
and kidney tubules. This polarized epithelium is composed of biochemically and functionally
separate apical and basolateral surfaces. The epidermal growth factor receptor (EGFR) signaling
pathway is a critical regulator of epithelial homeostasis and is perturbed in a number of epithelial
disorders. It is underappreciated that in vivo EGFR signaling is most often initiated by cell-surface
delivery and processing of one of seven transmembrane ligands, resulting in release of the soluble
form that binds EGFR. In polarized epithelial cells, EGFR is restricted largely to the basolateral
surface, and apical or basolateral ligand delivery therefore has important biological consequences.
In vitro approaches have been used to study the biosynthesis, cell-surface delivery, proteolytic
processing, and release of soluble EGFR ligands in polarized epithelial cells. We review these
results, discuss their relevance to normal physiology, and demonstrate the pathophysiological
consequences of aberrant trafficking. These studies have uncovered a rich diversity of apico-
basolateral trafficking mechanisms among the EGFR ligands, provided insights into the
pathogenesis of an inherited magnesium-wasting disorder of the kidney (isolated renal
hypomagnesemia), and identified a new mode of EGFR ligand signaling via exosomes.
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INTRODUCTION

In the nineteenth century, the French physiologist Claude Bernard proposed the concept
milieu intérieur to describe the internal environment in which tissue elements live (1). He
certainly did not intend to convey that this internal environment was divorced from external
influences. In fact, he said that “external variations are at every instant compensated and
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brought into balance. In consequence, far from being indifferent to the external world, the
higher animal is on the contrary in a close and wise relation with it, so that its equilibrium
results from a continuous and delicate compensation” (1). This concept was largely ignored
until the early twentieth century, when Walter B. Cannon (2) introduced the term
homeostasis to describe the body’s ongoing adaptations to the external environment to
maintain a steady state—albeit one that is continuously responding and adapting.

Epithelia, which line the body cavities, glands, and surfaces, straddle the interface between
the external and internal environments; at this interface, homeostatic controls face their
sternest test, as epithelia are exposed to a continuous barrage of environmental insults
(mechanical, chemical, and pathogenic). It is thus not surprising that more than 90% of
cancers are epithelially derived (3, 4). Most epithelia are unilamellar and exhibit an apico-
basolateral polarity that is conserved across metazoans; its organizing principles may extend
to lower organisms as far back as Dictyostelium (5). Apical and basolateral membranes are
segregated by tight junctions, which prevent the mixing of macromolecules; as a result,
these membranes have distinct protein and lipid compositions (6, 7). Tight junctions also
limit free exchange of solutes and other molecules across the epithelium. Thus, the majority
of transport across epithelia is regulated; transporters and channels on specific membranes
allow for selective transport across the monolayer. The establishment of apico-basolateral
polarity and trafficking pathways that determine preferential localization of proteins have
been extensively reviewed (7-12).

The perspective of this review is that epidermal growth factor receptor (EGFR) signaling is
critical to epithelial homeostasis. EGFR signaling is initiated by ligand binding to the
receptor. EGFR ligands are synthesized as transmembrane precursors and are processed by
metalloproteases to soluble ligands that bind to the receptor (Figure 1). In polarized
epithelia, the regulated spatiotemporal delivery of ligands, metalloproteases, and receptors to
the membrane creates a platform for autocrine EGFR signaling. As we show, the precision
and fidelity of these highly orchestrated events are perturbed in a number of epithelial
disorders, including cancer. We discuss the trafficking of EGFR ligands in polarized
epithelial cells, the relevance to epithelial physiology and pathophysiology, and selected
aspects of trafficking of ERBBs (where ERBB denotes erythroblastosis oncogene B) and
metalloproteases.

APICO-BASOLATERAL POLARITY: EGFR SIGNALING IN A POLARIZED
EPITHELIUM

Cells have defined shapes and spatial orientations that are mediated, at least in part, by the
asymmetric distribution of key sensors and effectors, allowing for differential responses to
spatially restricted stimuli. EGFR asymmetry is widely observed; for example, EGFR
asymmetric distribution during cell division is essential for diversification of central-
nervous-system progenitor cells, and EGFR planar asymmetry governs bract cell fate in
Drosophila (13, 14).

In addition to segregation of membrane components, there is also polarization of
intracellular structures. For example, tight junctions organize at the apico-basolateral
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boundary; the nucleus positions near the base of the cell; and microtubules align parallel to
the lateral membranes, with minus ends directed toward the apical surface. Such polarity
may be recapitulated in vitro and has been extensively studied to understand the underlying
principles of trafficking and polarity. Multiple studies have revealed that trafficking
pathways are modular and may be applied to other aspects of cellular polarity. Axonal
polarity in neurons, for example, displays numerous parallels to apico-basolateral polarity
and employs common modules (15). Certain aspects of polarity are also hijacked by cancer
cells and may be alternatively assembled or selectively amplified to their own advantage
(16).

Epithelia are one of the most proliferative tissues in the body and are highly prone to injury
and insult by external mechanical, chemical, and pathogenic factors. EGFR is critically
important to the repair processes that reestablish polarity and barrier function after injury.
Whereas EGFR signaling and subsequent endocytic trafficking following administration of
exogenous EGFR ligands have been thoroughly investigated, much less is known about how
endogenous EGFR ligands initiate EGFR signaling (17, 18). In a polarized epithelium, the
proper delivery of ligands, proteases, and receptors in a spatiotemporal manner is critical for
ensuring the proper activation of EGFR and downstream signaling. Polarized trafficking
cannot be fully appreciated in 2D plastic cultures and requires higher-dimensional cultures,
such as Transwell™ filters or Matrigel ™/collagen cultures, that recapitulate apico-basolateral
polarity.

POLARIZED TRAFFICKING PATHWAYS: MOTIFS, ROUTES, AND
ADAPTORS

De novo building of a polarized epithelium is dependent upon evolutionarily conserved
pathways that involve the Par protein family, PDZ protein complexes, proteins like Crumbs,
and lipids that confer membrane identity (12, 19-21). Polarized trafficking pathways are
layered on top of these polarity-establishing pathways. Initial studies with vectorial targeting
of viral proteins like hemagglutinin and vesicular stomatitis virus glycoprotein uncovered
important principles of trafficking (8). Proteins in the secretory pathway are synthesized in
the ER; mature in the Golgi; and become packaged into exocytic vesicles, which then travel
along microtubule tracks to specific cellular locations. Trafficking is modular, and the
proteins involved may broadly be divided into cargoes, adaptors, and effectors, introduced
briefly here.

With regard to cargoes, the localization information for a specific protein is either encoded
in its primary sequence or added posttranslationally. Basolateral sorting information usually
resides in the cytoplasmic domain and is encoded mostly in the primary sequence. Discrete
tyrosine-based (NPXY, YXX®) and leucine-based [LL, DXXLL, EEXXXL,
(DE)XXXL(LI)] basolateral sorting motifs have been identified (22—24). For apical cargo,
this information is less defined. However, GPI anchors and N- or O-glycosylation, as well as
transmembrane and cytosolic regions of proteins, have been shown to confer apical
specificity (25-27).
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The best-characterized adaptor proteins are basolateral clathrin adaptors of the adaptor
protein (AP) and Golgi-localized, y adaptin ear-containing (GGA) families. GGAs are
monomeric; APs are heterotetrameric, and usually the p and o subunits interact with cargo,
whereas other subunits interact with clathrin and molecular motors, to facilitate packaging
into vesicles and transport along microtubule tracks (22, 28). Apical sorting adaptors are not
characterized, but raft association or interaction with galectins has been shown to direct
apical trafficking (29, 30).

A specific cargo-adaptor interaction determines the packaging of cargo into exocytic
vesicles. The cargo-adaptor complex establishes secondary and tertiary interactions with
other components of transport machinery that are loosely termed effectors. For example,
GTPases of the Rab family direct the route and fate of specific vesicles (31, 32). These Rabs
toggle between active and inactive states (GTP bound and GDP bound), governed by
cognate GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors
(GEFs). Owing to this on-off state, the cargo may be sequentially passed along trafficking
routes, encountering GTPases at specific trafficking steps and compartments (32, 33). In the
case of basolateral trafficking, an octameric exocyst complex, located near tight junctions,
tethers vesicles to the plasma membrane, and fusion to the membrane is mediated by the
interaction of v-SNARES and t-SNARESs present on the vesicle and target membrane,
respectively (34-36).

MODEL SYSTEMS FOR THE STUDY OF POLARIZED TRAFFICKING

Epithelial cells do not polarize when grown on glass or plastic; under these culture
conditions, cells at confluence reach, at best, a pseudopolarized state, which is not suitable
for trafficking studies. When epithelial cells are grown on a permeable support, like
perforated polycarbonate/polystyrene filters, a limited number of epithelial cell lines retain
the ability to form a polarized monolayer (Table 1). This system has been optimized for
trafficking studies: It allows for selective access to, manipulation of, and harvest from apical
and basolateral surfaces (Figure 2). These filters come in various sizes (0.4—-10-um-diameter
pores) with various coatings (uncoated or Matrigel/collagen coated). In polarized Madin-
Darby canine kidney (MDCK) cells, approximately 40,000 EGFRs (>90% of total) are
found at the basolateral surface (37).

When allowed to grow suspended in gelatinous extracellular matrix (ECM) components
(collagen or Matrigel), some epithelial cell lines form unilamellar spherical structures,
termed cysts or acini. These structures show a greater resemblance to in vivo epithelia, as
their basal membranes are in contact with the ECM and the apical surface contacts a de
novo—generated apical lumen. In many ways, cysts may be considered the basic unit of the
epithelium in vitro. In addition to the structural specializations seen in Transwell cultures,
these ECM cultures (often termed 3D cultures) recapitulate features of epithelia, such as
branching morphogenesis, and certain aspects of cellular transformation (11, 39, 40). 3D
culture systems are also being used increasingly for primary tissue explants and stem cell-
based organotypic cultures (41).
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Eleven mammalian ligands bind to four members of the ERBB family of receptor tyrosine
kinases (Figure 1). Four EGFR ligands are organized in a syntenic cluster in the human and
mouse genomes on chromosomes 4 and 5, respectively, maintaining their order and
orientation (Figure 3). Additional structural and sequence similarity indicates that the
ligands arose as a result of duplication that occurred before the divergence of mammals (42).

In cell culture conditions, different ligands have different affinities for EGFR and traffic
ligand-associated EGFR through different endocytic trafficking pathways, resulting in
differential biological outputs (43). We showed that, in mature polarized epithelia,
transforming growth factor-a (TGFA\) is rapidly cleaved and captured by basolateral EGFRs
(43a); we believe that this TGFA-EGFR pair subserves homeostatic signaling. TGFA is a
widely expressed, high-affinity ligand that outcompetes low-affinity ligands like
amphiregulin (AREG) and epiregulin (EREG) for binding to EGFR.

MODES OF SIGNALING BY EGFR LIGANDS

In epithelia, EGFR ligands activate EGFR by autocrine, paracrine, juxtacrine, and
ExXTRAcrine (exosomal targeted receptor activation) modes (Figure 4). Paracrine
signaling occurs when soluble growth factors like epidermal growth factor (EGF) are
released by one cell and act on adjacent or nearby cells (Figure 4). Autocrine signaling was a
term introduced by Sporn & Todaro (45) to describe the release of transforming factors by
virally transformed fibroblasts that conferred external growth factor independence, a
property common to many neoplastic cells (45-47). In its strictest sense, autocrine signaling
refers to a factor acting on the cell that produced it. However, this term is more loosely
interpreted to include factors released by one cell that act on that cell or an adjacent cell of
the same lineage. EGFR ligands act most often via paracrine and autocrine signaling modes.
In the juxtacrine mode, a membrane-anchored ligand binds to a receptor on an adjacent cell.
The most convincing evidence for juxtacrine signaling, among the EGFR ligands, exists for
heparin-binding EGF-like growth factor (HBEGF) (42, 48, 49).

We (50) recently described a new mode of EGFR ligand signaling via exosomes (Figure 4).
This work was spurred by detection of full-length pro-HBEGF in conditioned medium of
MDA-MB-231 cells and in the apical medium of MDCK cells expressing pro-HBEGF,
without its corresponding presence at the apical plasma membrane. HBEGF was later found
packaged in exosomes, which are membrane-enclosed vesicles 30—100 pm in size. Since
then, we have detected full-length HBEGF, AREG, and TGFA in exosomes from human
breast (MDA-MB-231) and colon (HCA-7) cancer cell lines. Compositional heterogeneity
of individual exosomes was quantified by fluorescence-activated vesicle sorting (FAVS)
(50a). After expressing individual EGFR ligands in MDCK cells that do not express
measurable amounts of ligands, we found that AREG exosomes were fivefold more potent
in enhancing the invasiveness of recipient cancer cells than TGFA or HBEGF exosomes.
The rapid manner in which AREG exosomes were taken up by recipient cells was, at least in
part, EGFR dependent. Thus, these exosomes may act as EGFR ligand payloads.
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To assess differences in exosome composition and behavior between normal and
transformed cells, we studied a human colon cancer cell line, DLD-1 (KRASWT/Mut) ‘and its
isogenic derivatives in which wild-type KRAS (DKO-1) or mutant KRAS (DKs-8) was
eliminated by homologous recombination (51). In contrast to DLD-1 and DKO-1 cells, wild-
type KRAS DKs-8 cells no longer grow in soft agar or form tumors in nude mice. DKO-1-
derived exosomes are highly enriched with AREG compared with DKs-8 exosomes and
confer significantly greater invasiveness when added to recipient cells (52). Studies are
under way to determine how AREG is delivered into exosomes. Full-length AREG is the
most rapidly internalized of the EGFR ligands from the cell surface (H.S. Wiley, personal
communication). Ubiquitylation of AREG is important, as mutation of the three lysyl
residues in its cytoplasmic tail significantly reduces levels of exosomal AREG (R.J. Coffey,
unpublished observation).

POLARIZED TRAFFICKING OF EGFR LIGANDS

We studied trafficking of EGFR ligands in polarized MDCK cells by using full-length
constructs and followed trafficking by using specific antibodies. In most cases, we
confirmed these results, examining trafficking of endogenous ligands in a battery of
polarizing human colorectal cancer cell lines. We also tagged the ligands with fluorescent
proteins. However, care must be taken that the addition of a tag does not alter trafficking.
For example, TGFA interacts with multiple proteins via its C-terminal PDZ target motif
(TVV); appending a tag at the C terminus would block PDZ-dependent interactions (52a).
Although a C-terminal tag does not alter the route or destination of TGFA, it compromises
the trafficking efficiency. Below, using EREG trafficking as an example, we include
additional details that may be instructive for researchers embarking on trafficking studies of
transmembrane or secreted proteins in a polarized setting.

EGF: Impaired Basolateral Sorting Manifests as an Inherited Magnesium-Wasting Disease

The EGF ligand family derives its name from EGF, the prototypic member of the family
and the first polypeptide growth factor to be identified (53). Like other EGFR ligands, EGF
is synthesized as a glycosylated transmembrane precursor (Figure 1). However, EGF is
atypical in many ways. It is bigger (1,207 amino acids long) than other ligands, which are
150-252 amino acids long. Other ligands contain only one EGF repeat in their ectodomains,
whereas EGF contains nine such repeats (Figure 1). Ectodomain cleavage produces an
approximately 150-170-kDa product; fully processed, bioactive EGF is 6 kDa (54).

The EGF protein is detected in relatively few normal adult tissues, including the
submaxillary glands, exocrine glands of the Gl tract, and serous acini of the nasal cavity
(42). Egf (and Tgfa) mMRNA expression has been detected in intestinal Paneth cells, where
Egf is thought to stimulate the proliferation of adjacent Lgr5* stem cells (55). EGF
immunoreactivity is detected on the luminal surface of epithelial cells in the distal
convoluted tubule of the kidney (56). Likewise, we detected immunoreactive EGF at the
apical membranes of polarized MDCK cells stably overexpressing EGF under steady-state
conditions (54). However, metabolic labeling coupled to cell-surface biotinylation showed
that newly synthesized EGF was delivered equally to the apical and basolateral cell surfaces
but was selectively cleaved from the basolateral surface (Figure 5a) (54). These studies
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provide a novel mechanism for steady-state localization of a cell-surface transmembrane
protein: selective cleavage rather than selective delivery or retention. Cleavage results in the
release of the complete ectodomain of EGF that is unable to bind to EGFR; this cleavage
could be blocked by the broad-specificity metalloprotease inhibitor BB94. Recently, a
BB94-insensitive protease, RHBDL2, was shown to cleave human EGF (57).

Further details of EGF trafficking and its basolateral sorting motif came unexpectedly from
Bindels and coworkers (58, 59) while they were studying isolated renal recessive
hypomagnesemia (IRH), an autosomal-recessive magnesium-wasting disorder. IRH patients
harbor a germline EGF mutation (a P1070L substitution in the cytoplasmic domain); P1070
is the distal proline residue in a PXXP motif, which was confirmed to be the EGF
basolateral sorting motif. In the distal convoluted tubule, basolateral EGF activity is required
to activate the apical magnesium transporter TRPM6. These patients waste magnesium in
the urine due to the failure of EGF basolateral delivery and the activation of basolateral
EGFRs, which normally transmit a signal to apical TRPM®6 transporters to reabsorb
magnesium (58, 59). Therefore, selective trafficking of EGFR ligands is clinically relevant.
Interestingly, hypomagnesemia is one of the most common side effects observed in cancer
patients undergoing treatment with cetuximab, an EGFR-neutralizing monoclonal antibody
that blocks binding of the ligand to its receptor (60).

Whereas the basolateral sorting motif of EGF is known, the apical sorting motif remains
undefined. EGF is N-glycosylated at a number of sites, but inhibition of N-glycosylation
with tunicamycin does not interfere with its apical sorting (42, 54). EGF is also O-
glycosylated at T801/S807 and S954/T955, but the role of these sites in apical trafficking
remains to be determined (61).

Spatial restriction of signaling through ERBB members was first recognized in the polarized
lung epithelium. There, heregulin-a/NRG1 (neuregulin 1) was localized to the apical
surface, away from its cognate basolateral receptors, ERBB3 and -4. However, in an injury
in which epithelial integrity was breached, the ligand could access and activate basolateral
receptors. Thus, polarized trafficking pathways determine downstream signaling (62). Under
steady-state conditions, EGF appears to be localized to the apical surface. However, EGF is
delivered equally to both surfaces, and selective cleavage from the basolateral surface results
in apical accumulation (54). A mechanistic understanding of familial IRH disease supports
the conclusion that basolateral EGF is critical for the activation of basolateral EGFRS in the
distal convoluted tubules (58).

Transforming Growth Factor-a.: Homeostatic Signaling and Identification of a Novel
Basolateral Sorting Adaptor

TGFA is synthesized as a 160-residue transmembrane precursor with a 39-residue
cytoplasmic domain (Figure 6). Mouse Tgfa deletion results in hair follicle and eye
abnormalities similar to those seen in Egfr hypomorphs, suggesting that the Tgfa-Egfr pair
contributes to epithelial homeostasis (44). We performed a detailed analysis of TGFA
trafficking in polarized epithelial cells by using MDCK cells stably expressing human
TGFA (43a, 64-66).
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The absence of TGFA in the basolateral medium of these polarized MDCK cells was
surprising (43a). However, upon addition of a monoclonal antibody directed against the
EGFR ectodomain that binds more strongly than TGFA, we detected high levels of TGFA in
the basolateral medium. No such increase was observed in basolateral EGF or AREG after
addition of the antibody to the basolateral compartment of MDCK cells stably expressing
these ligands. We thus proposed that TGFA is a locally acting growth factor. Moreover,
there was a threefold increase in serum TGFA 1 day after intravenous administration of
cetuximab to a patient with Ménétrier’s disease. An earlier review discussed the biological
relevance of this local capture for epithelial homeostasis (42).

In polarized MDCK cells, newly synthesized TGFA is delivered preferentially to the
basolateral surface, where it is rapidly cleaved by ADAM17 (Figure 5b) (43a). The 39-
residue cytoplasmic tail of TGFA contains a bipartite basolateral sorting motif consisting of
basic juxtamembrane residues and a dileucine sequence (Table 2) (64). By yeast two-hybrid
analysis using the TGFA cytoplasmic tail as bait, we found that NKD2, but not NKD1,
binds to these basolateral sorting elements. NKD1 and NKD2 are mammalian orthologs of
Drosophila naked cuticle, an inducible negative regulator of canonical Wnt signaling.
NKD?2 recognizes a Golgi-processed form of TGFA. NKD2 coats TGFA-containing
exocytic vesicles and directs them to a basolateral corner of polarized MDCK cells, where
the vesicles dock and fuse in a NKD2 myristoylation—-dependent manner (Figure 5b) (65).
The glycyl residue at position 2 in NKD2 undergoes myristoylation, a cotranslational
modification that enables proteins to bind to membranes. Myristoylation-deficient G2A
NKD?2 still interacts with TGFA-containing exocytic vesicles and directs them to the plasma
membrane, but the vesicles fail to fuse and accumulate at the basolateral corner of the cell,
leaving TGFA trapped in the cytoplasm (66). We exploited the retention of basolaterally
targeted, TGFA-containing exocytic vesicles in the presence of G2A NKD2 to isolate and
characterize these vesicles by using FAVS (50a).

NKD?2 has a short half-life of 1 to 2 h. It is degraded in the cytoplasm by the E3 ligase
RNF25 (68). TGFA protects NKD2 from degradation. We mapped TGFA binding to
residues 300-385 of NKD2 (65). RNF25 binds just distal to those residues. Although
RNF25 and TGFA do not directly compete for binding, we speculate that binding of TGFA
to NKD2 creates steric hindrance for RNF25 binding. Thus, NKD2 is stabilized by its cargo,
TGFA. On the basis of the ability of NKD2 to recognize TGFA-containing vesicles and to
direct them to the basolateral corner of polarized epithelial cells, we termed NKD2 a cargo
recognition and targeting (CaRT) protein (66). In contrast to basolateral corner delivery of
TGFA vesicles by NKD2, basolateral targeting of LDLR vesicles depends on a Sec6/8-
containing octameric exocyst complex; however, these vesicles are recruited to the apical
junctional complex (35).

TGFA also possesses a PDZ target motif (ETVV) at its C terminus. Fidelity of trafficking
does not depend on the PDZ target motif, as ETVV-deficient TGFA sorts to the basolateral
surface, although with less efficiency. We and others identified a number of proteins binding
via this motif, including syntenin, GRASP55, MAGI-3, and PSD-95 (52a). We speculate
that the PDZ target motif regulates TGFA maturation and transit through the early secretory
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pathway via sequential interactions with different compartment-restricted, PDZ-containing
proteins.

Amphiregulin: Identification of a Novel Basolateral Sorting Motif

Human AREG is synthesized as a 252-residue, N-glycosylated transmembrane precursor
that is approximately 50 kDa in size; proteolytic cleavage in its extracellular domain releases
a soluble 43-kDa form (Figure 6) (70). AREG was isolated and cloned from the human
breast cancer cell line MCF7 (71, 72). It is required for ductal growth and branching
morphogenesis during mammary gland development (73). AREG is expressed at moderate
levels in normal colonic mucosa but is overexpressed in colon cancer (74). AREG has lower
binding affinity for EGFR than does EGF or TGFA. Therefore, in the presence of these
ligands, AREG may not occupy EGFR. Mature soluble AREG contains a heparin-binding
domain proximal to an EGF-like domain; in ECM, this domain enables an interaction with
heparin that may limit AREG diffusion and increase its local concentration (70).

AREG is the most highly expressed EGF-like ligand in the polarizing human colorectal
cancer cell lines Caco-2 and HCA-7. When stably expressed in polarized MDCK cells,
AREG also localizes to the basolateral surface (Figure 5¢) (75). Newly synthesized AREG is
directly delivered to the basolateral surface with more than 95% efficiency. Tailless AREG
was still efficiently delivered to the membrane, but basolateral targeting was lost. AREG
was constitutively cleaved at both the apical and basolateral surfaces. However, basolateral
cleavage was four times more efficient than apical cleavage. Constitutive AREG cleavage
was less efficient than TGFA cleavage, and unlike TGFA, AREG was not consumed rapidly
by basolateral EGFRs (in part owing to heparin interaction) (75).

The cytoplasmic domain of AREG contains a dominant-acting basolateral sorting motif
(76). This novel basolateral sorting motif is composed of a single leucine downstream of an
acidic cluster (EEXXXL) (76). Basolateral delivery of AREG depends on this motif, as
mutants of this motif are localized and delivered to both apical and basolateral surfaces to an
approximately equal extent. Intriguingly, loss of AP1B led to apical localization of only a
small fraction of AREG. Delivery of wild-type AREG continued to be basolateral in AP1B-
deficient cells. We showed that AREG is endocytosed from the basolateral surface and is
recycled back to the originating surface; AP1B is involved in this recycling stage of AREG
trafficking (Figure 5c). In the absence of AP1B, newly synthesized AREG continues to be
delivered to the basolateral surface, but after internalization, its recycling back to the
basolateral surface is compromised, and part of the protein is misrecycled to the apical
surface. Thus, steady-state basolateral localization of AREG depends on two factors: (a)
basolateral delivery that depends on a novel basolateral sorting motif and (b) recycling that
depends on AP1B (76). We previously showed that endogenous AREG also localizes to the
basolateral surface (76a).

Epiregulin: Apical Mistrafficking Leads to Transformation

EREG is synthesized as a 169-residue precursor that is processed by ADAM17; soluble
ligand then binds to EGFR or ERBB4 (Figure 6) (77, 78). Along with Areg and betacellulin
(Btc), Ereg is required in cumulus-oocyte complex maturation and blastocyst implantation in
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the uterus (79, 80). Expression in adults is restricted, with low-level expression in the
epidermis, colon, lung, and peripheral blood macrophages (81, 82). Ereg-null mice are
viable and show no apparent phenotype. However, Ereg is required for protection from
dextran sodium sulfate—induced intestinal damage (83). EREG is overexpressed in a number
of cancers and cancer cell lines (84-87). Massagué and coworkers (88) identified EREG as
one of the most overexpressed genes in MDA-MB-231 breast cancer cells trained in vivo to
metastasize to the lung. Silencing of EREG, along with that of COX-2 and metalloproteases
1 and 2, in these metastatic lung derivatives led to decreased metastasis. High EREG and
AREG mRNA expression in wild-type KRAS colorectal tumors correlates with clinical
responsiveness to EGFR-directed therapy, a finding that has been interpreted as growth
factor addiction (89, 90).

EREG localizes to the basolateral surface of polarized MDCK cells under steady-state
conditions, as determined by immunofluorescence and selective cell-surface biotinylation
(Figure 5d) (37). The EREG C terminus ends in a putative PDZ target motif (PQV). Using
two fluorescently tagged and untagged EREG constructs, we observed identical localization,
indicating that the PDZ target motif does not affect the fidelity of trafficking (37). We then
removed the cytoplasmic domain of EREG, which led to its complete relocalization to the
apical surface. Next, we swapped the cytoplasmic domain of NGFR, an apically localized
protein, with that of EREG and showed that this chimera now relocalizes to the basolateral
surface (26, 37). These results led us to conclude that the cytoplasmic domain of EREG
contains a basolateral sorting motif that is autonomous, transplantable, and dominant acting.
Thus, this motif is necessary and sufficient for basolateral localization.

To precisely identify the basolateral sorting motif, two strategies are often employed.
Known basolateral sorting motifs in the cytoplasmic domain may be mutated to determine
their effect on trafficking. Alternatively, sequential deletions can be performed. Given that
there are two possible sorting motifs (YXX® and PXXP) in the cytoplasmic domain of
EREG, we elected to perform sequential deletions from the C terminus (22, 58). By this
approach, we narrowed down the basolateral sorting motif of EREG to five amino acids
(EYERYV), which contain a tyrosine-based sorting motif (YXX®). YXX® sorting motifs are
usually recognized by the AP family of clathrin adaptor complexes via their p subunits; p1A
of AP1B is most often associated with basolateral sorting. Interestingly, p1A is lost in LLC-
PKZ1 (Lilly Laboratories cell porcine kidney 1) cells, a polarizing pig kidney cell line; thus,
an AP1B-dependent cargo would mistraffic in these cells (28). Surprisingly, EREG is
basolateral in LLC-PK1 cells, indicating that EREG basolateral sorting is AP1B independent
(37). Furthermore, EREG retained its basolateral localization in MDCK cells where the
AP1B complex was disrupted by knocking down pl1A, confirming the above result. The role
of other adaptors that recognize this motif for basolateral sorting (e.g., AP1A, AP4) or other
trafficking routes like endocytosis and recycling have not been determined (76, 91, 92).

Studying the dynamics of EREG trafficking revealed that the motif operates at the level of
biosynthetic delivery. Using metabolic labeling with cell-surface biotinylation, we showed
that newly synthesized EREG was delivered directly to the basolateral surface and that the
trafficking mutant was delivered directly and completely to the apical surface (37). In
contrast, removal of the cytoplasmic domains of TGFA and AREG resulted in
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approximately equal delivery to the two surfaces (64, 76). Thus, the extracytoplasmic
domain of EREG likely contains a recessive apical sorting motif. EREG is N-glycosylated
only at N47, but removal of glycosylation either by mutation or tunicamycin treatment did
not yield an equal distribution on both surfaces in the absence of a basolateral sorting motif.
In an analogous experiment with EGFR, removal of the cytoplasmic domain led to
predominant apical localization, but additional inhibition of N-glycosylation with
tunicamycin redistributed tailless EGFR approximately equally between the apical and
basolateral surfaces (96, 97). This putative apical sorting motif for EREG remains to be
determined.

As seen for IRH mutations in EGF, loss of delivery to the basolateral surface is pathogenic.
However, unlike EGF, which does not get cleaved from the apical surface, EREG is
efficiently cleaved from both apical and basolateral surfaces and is thus biologically active
on both surfaces (37). MDCK cells were not transformed and did not form tumors in nude
mice, but interestingly, EREG-expressing cells formed tumors in nude mice. Even more
striking, apical EREG-expressing MDCK tumors were up to seven times larger and invaded
into muscle and nerves. Thus, EREG mistrafficking to the apical surface resulted in a gain-
of-function transformation phenotype. Absence of the cognate receptors, EGFR and ERBB4,
which are predominantly basolateral, argues against transformation by apical EREG.
However, a small subset (1-10%) of EGFR is consistently found on the apical surfaces of
MDCK cells (37). When we stimulated each surface selectively with EREG, we observed
that apical stimulation was qualitatively different from basolateral stimulation. In contrast to
transient phosphorylation after basolateral stimulation, EGFR phosphorylation was sustained
after apical stimulation. We hypothesized that because most ligands are secreted
basolaterally, basolateral EGFR activity is strictly controlled. Apical EGFRs may have
fewer negative regulatory constraints, possibly due to a different lipid environment, which
may also alter EGFR activity or downstream signaling (98).

One caveat to this explanation is the presence of EGF in luminal media; why does luminal
EGF not induce transformation? Perhaps autocrine stimulation of EGFR is required, or
protective mucins on the apical surface occlude luminal EGF binding to apical EGFR; these
same mucins may trap autocrine ligands, increasing their effective concentration at the
apical surface. Nevertheless, the transformation that we observed by apical EREG mutants,
combined with EREG mutations that are found in human cancer and that disrupt the EREG
basolateral sorting motif, supports a role for EREG mistrafficking in cancer (Figure 6) (37).
Finally, even wild-type EREG may mistraffic apically under the following conditions: (a)
The basolateral trafficking adaptor, unknown as of yet, may be mutated or lost in cancer; (b)
EREG overexpression may saturate basolateral trafficking routes; or (c) basolaterally
delivered and cleaved EREG may be apically transcytosed, as has been observed previously
for EGF (99). Studies have shown significant differences between apical EGFR activity and
basolateral EGFR activity.

The 178-amino-acid-long transmembrane precursor of BTC undergoes ectodomain
metalloprotease cleavage (usually by ADAM10 or ADAML17) to release the soluble ligand,

Annu Rev Physiol. Author manuscript; available in PMC 2015 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Singh and Coffey

Page 12

which binds to EGFR and ERBB4 (100). Human BTC was first cloned from MCF7 breast
cancer cells (101). Initially isolated from mouse cancerous pancreatic -cells (hence the
name beta-cellulin), Btc is also a strong mitogen for these tumors (102). Btc is expressed in
many tissues, including smooth muscle cells, the liver, the kidney, and the small intestine;
its expression is particularly high in the pancreas, where it is thought to play a role in p-cell
differentiation (103). Surprisingly, however, Btc knockout mice are viable and are
apparently normal; a Btc/Hbegf double knockout only exacerbates Hbegf-associated heart
defects (104). ADAM10 cleaves the ectodomain of BTC to generate soluble ligand and a
stable membrane-anchored fragment containing all the transmembrane and cytoplasmic
domains. This membrane-anchored fragment then undergoes intramembrane cleavage by v-
secretase to generate an intracellular domain fragment that then traffics to the nuclear
membrane in a palmitoylation-dependent manner (105, 106).

Recently, we found that BTC localizes to the basolateral membranes of polarized MDCK
cells under steady-state conditions (B. Singh, G. Bogatcheva & R.J. Coffey, manuscript in
preparation). We performed basolateral necessity-and-sufficiency testing as described;
removal of the cytoplasmic domain resulted in equivalent apical and basolateral distribution.
The 39-residue cytoplasmic domain of BTC has high homology across species (103). It
contains an arginine- and lysine-rich region (a putative nuclear localization signal) N-
terminal to a putative monoleucine-based basolateral sorting motif (EEXXXL) that is similar
to the basolateral sorting motif of AREG (76). Sequential tail truncations and amino acid
substitutions in this region showed that the EEXXXL region governs steady-state basolateral
localization of BTC. As described above, the BTC cytoplasmic domain is palmitoylated, a
reversible posttranslational modification that enhances membrane association (106).
Basolateral sorting of BTC may thus depend on two motifs: the juxtamembrane
palmitoylation cysteine site, which increases membrane association, and the monoleucine-
based basolateral sorting motif, which imparts basolateral membrane specificity. Both of
these motifs may act in concert to ensure effective and accurate polarized membrane
trafficking of BTC.

Heparin-Binding EGF-Like Growth Factor: Exosome-Mediated Delivery of Ligands

The 208-amino-acid-long transmembrane precursor of HBEGF contains a heparin-binding
domain in the extracellular domain. This heparin-binding domain, along with an EGF-like
domain, is processed into the soluble form (Figure 1). HBEGF binds to EGFR and ERBB4
(Figure 1) (42). Interaction with heparan sulfate proteoglycans through this motif is
functionally required for cardiac valve development, which when dysregulated may lead to
cardiac hypertrophy (107). Global and targeted HBEGF deletion shows that HBEGF is
required for cardiac development, vulvogenesis, and epidermal wound healing (104, 108,
109). In addition, HBEGF is a potent growth factor for epithelial, endothelial, and smooth
muscle cells and is induced in response to injury (110, 111). Overexpression and increased
processing of HBEGF are functionally relevant in cancer (112, 113). Like the involvement
of EREG in breast-to-lung metastasis, HBEGF is also involved in breast cancer metastasis
to the brain (114). HBEGF is able to induce autocrine, paracrine, juxtacrine, and (as recently
discovered) ExXTRAcrine signaling (50, 115, 116). Whether HBEGF is selectively present
at the cell surface is thus an important physiological and pathological question.
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HBEGF is localized to the basolateral surfaces of polarized epithelial cells (116; R.J.
Coffey, unpublished observation). HBEGF contains a putative monoleucine-based
basolateral sorting motif (EEXXXL) that is characterized for AREG and BTC (76; B. Singh,
G. Bogatcheva & R.J. Coffey, manuscript in preparation). The dependence on this motif,
however, needs to be formally tested. As mentioned above, HBEGF is also packaged into
exosomes, presumably by endocytic routing of cell-surface HBEGF into multivesicular
bodies. O-Glycosylation of HBEGF may affect its polarized trafficking; this modification
may also regulate HBEGF packaging into exosomes (61, 117). In addition, ubiquitylation is
involved in packaging of cargo into exosomes; HBEGF has one lysyl residue in its
cytoplasmic domain that may be ubiquitylated.

As noted above, among the EGFR ligands, the strongest evidence exists for HBEGF to be a
paracrine-acting ligand. HBEGF also acts as a receptor (118). The B fragment of diphtheria
toxin (DT) binds to human and monkey pro-HBEGF, enabling the A fragment to enter these
receptor-bearing cells and Kill them. This fact has also been exploited in genetically
engineered mice to eliminate select populations of cells (119).

Epigen (EPGN) was the last EGFR ligand to be identified and cloned (120). The 187-
residue transmembrane precursor has a 23-amino-acid-long cytoplasmic tail (Figure 6).
ADAML17 cleaves the extracellular domain of EPGN (78). Epgn knockout mice had no
obvious phenotype, indicating redundancy with other ligands, which showed compensatory
increased expression (121). EPGN has low affinity for EGFR but is a strong mitogen, and
Epgn-overexpressing transgenic mice display enlarged sebaceous glands (122, 123). EPGN
is an understudied ligand, and its preferential localization in polarized epithelial cells is
unknown; a cursory analysis of the 23-amino-acid-long cytoplasmic domain, the shortest of
all known EGFR ligands, does not reveal any putative sorting motif.

POLARIZED TRAFFICKING OF ERBBS

All four human ERBBs are basolaterally localized (62, 124). The basolateral sorting of
EGFR has been characterized in detail; it is mediated by a bipartite motif in the
juxtamembrane region, which is composed of a dileucine motif proximal to a PXXP motif
(Figure 7) (96, 97, 125). Additionally, basolateral sorting is also controlled by
posttranslational phosphorylation within this region (126). These components display a
sorting hierarchy, indicating that EGFR may switch between various sorting pathways in a
context-dependent manner (126, 127). A similar basolateral sorting motif has been described
for ERBB2 (128). The basolateral sorting of EGFR and ERBB?2 is dependent partly on
AP1B, possibly via its interaction with the dileucine motif (127, 128). Interestingly, ERBB3
and ERBB4 share a high degree of homology in this juxtamembrane region, and the basic
features of this basolateral sorting motif are conserved in all four receptors (Figure 7). This
region of EGFR is also its activation domain, but there is minimal overlap between the
sorting motif and the activation domain (129).
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TRAFFICKING OF ERBBS AND LIGANDS TO OTHER CELLULAR
LOCATIONS

Apart from being found in cell membrane endosomal compartments during transit, ERBBs
and their ligands are also found in other subcellular compartments, such as the nucleus and
mitochondria (130, 131). The mechanism of nuclear translocation is best characterized, and
both full-length and cytoplasmic domain fragments may be trafficked to the nucleus (132).
For example, ERBB4 undergoes ADAM17-mediated ectodomain cleavage after ligand
binding; the transmembrane fragment is subsequently cleaved by y-secretase to release an
intracellular domain fragment that then can enter the nucleus (133). EGFR also follows a
similar route, except that the second cleavage is performed by rhomboid proteases instead of
by y-secretase. Full-length EGFR is also trafficked to the nucleus, where Sec61p, a
component of the Sec61 translocon, facilitates its transit through the cytoplasm (134, 135).
ERBB2 and ERBBS3 have also been found in the nucleus (136, 137). Ligands are also
reported to localize to the nucleus. An intracellular fragment of BTC, for example, is
generated by sequential cleavage by ADAM10 and y-secretase and subsequently localizes to
the nucleus (106). EGF, HBEGF, TGFA, AREG, and NRG1 have also been reported in
the nucleus (138). In the nucleus, the ligand and receptor intracellular fragments may act as
transcription factors; receptors may, in addition, phosphorylate nuclear proteins. The
signaling pathways induced as a result of nuclear translocation are important in normal and
disease processes (106, 131).

POLARIZED TRAFFICKING OF METALLOPROTEASES

CLINICAL

The ADAM family of metalloproteases primarily cleaves EGFR ligands; ADAM10 and -17
cleave six of the seven EGFR ligands and may be the major proteases in vivo (78).
RHBDL2 cleavage of EGF is mentioned above. A number of these integral membrane
proteases display spatial preference. ADAMO, -10, and -17 localize preferentially to the
basolateral membranes (139-141). The basolateral sorting motif of ADAM10 is best
characterized. The 708-715 amino acid region in the 55-amino-acid cytoplasmic domain of
ADAM10 contains a putative SH3-binding motif, and P708 and P715 govern the basolateral
sorting. Immediately downstream of this motif, L716 and P717 mutations disrupt basolateral
sorting of ADAM10. Thus, the basolateral sorting motif of ADAMZ10 overlaps with the
putative SH3-binding motif, extending to the distal leucyl and prolyl residues (139). Some
features of this motif are also found in the cytoplasmic domains of other ADAMSs. The
interaction of a MAGUK (membrane-associated guanylate kinase) family member, SAP97
(synapse-associated protein-97), with ADAMZ10 is responsible for ADAM10 delivery to the
neuronal postsynaptic membranes in response to NMDA receptor activation (142). iRhom2/
RHBDF2, an inactive member of the rhomboid family, regulates trafficking of ADAM17 in
macrophages, although its role in polarized trafficking has not been examined (143).

RELEVANCE

In epithelia, the EGFR signaling axis is localized to the basolateral compartment, where
TGFA continuously engages EGFR for normal physiological actions, establishing a
basolateral signaling platform. Loss of the TGFA adaptor NKD2 is a common event in

Annu Rev Physiol. Author manuscript; available in PMC 2015 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Singh and Coffey

Page 15

colorectal cancer (R.J. Coffey, unpublished observation). Loss of NKD2 compromises cell
surface delivery of TGFA, which results in a relatively unoccupied EGFR to which tumor-
promoting ligands like EREG and AREG may bind. Additionally, as shown recently for
EREG, mistrafficking of these ligands may help crystallize an apical signaling platform that
may be tumorigenic, in part owing to the absence of negative controls. Trafficking pathways
and domains that ensure basolateral delivery and establishment of the homeostatic EGFR
basolateral signaling platform thus possess tumor-suppressive functions.

Importantly, the membrane-anchored ligands are not constitutively cleaved, with the
possible exception of TGFA. Cleavage is highly regulated and integrates a number of
stimuli. For example, G protein—coupled receptor (GPCR) ligands induce EGFR activation
via regulated proligand cleavage by metalloproteases (112, 148). In addition to GPCR
stimulation, EGFR transactivation activates EGFR in response to a number of physical
stimuli such as osmotic stress, UV irradiation, and shear stress (149-151). Cancer cells are
especially adept at integrating diverse stimuli to drive growth, survival, or angiogenic
pathways through EGFR transactivation. EGFR transactivation is regulated in epithelia in
which the selective presence of stimuli leads to specific spatiotemporal activation. In an
epithelium that mistraffics the components of the EGFR signaling axis to the apical surface,
EGFR transactivation may be controlled by apically localized stimuli (like shear forces)
rather than by basolateral stimuli and, in turn, elicit differential signaling. There is a need to
understand signaling derived from different membrane compartments in response to diverse
stimuli.
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KEY TERMS AND DEFINITIONS

AREG amphiregulin

BTC betacellulin

CaRT cargo recognition and targeting

EGF epidermal growth factor

EGFR mode of EGFR activation in response to stimuli other than its
transactivation ligands. Various physical and chemical stimuli elicit EGFR

signaling via activating metalloproteases that cleave the
transmembrane EGFR ligands, which then diffuse in the
extracellular medium and subsequently bind to the receptor

EGFR epidermal growth factor receptor
EPGN epigen
EREG epiregulin
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SUMMARY POINTS

In polarized epithelia, all EGFR ligands and ERBBs studied to date show
preferential delivery to the basolateral surface, except for EGF, which is
delivered equally to both apical and basolateral surfaces.

Most of the signaling through these ligands, including EGF, is elicited at the
basolateral surface. A germline mutation in the basolateral sorting motif of EGF
results in an inherited magnesium-wasting disorder in the kidney (isolated renal
hypomagnesemia).

Ligands can engage and activate the EGFR via autocrine, paracrine, juxtacrine,
and ExTRAcrine modes of signaling.

TGFA is a widely expressed, high-affinity EGFR ligand that is rapidly cleaved
and captured by basolateral EGFRs; these properties enable it to contribute to
epithelial homeostasis.

Naked2 (NKD2) acts as CaRT protein to deliver TGFA-containing exocytic
vesicles to the basolateral surfaces of polarized epithelial cells, where vesicles
dock and fuse in a NKD2 myristoylation—dependent manner.

Mistrafficking of EREG to the apical surface leads to the transformation of
polarized MDCK cells.

Human cancers contain mutations in the cytoplasmic domains of EGFR ligands;
such mutations would disrupt their basolateral trafficking.
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Figure 1.
Mammalian ERBBs and their ligands. Eleven mammalian EGF-like ligands bind to four

ERBBs. The ligands are synthesized as type | transmembrane precursors except for NRG1
type 111, which traverses the membrane twice (12a). With the exception of EGF, which has
nine EGF-like domains in its extracellular region, all other ligands have one EGF-like
domain. The first seven ligands depicted above (EGF, TGFA, AREG, EREG, BTC,
HBEGF, and EPGN) bind to EGFR; EREG, BTC, and HBEGF also bind to ERBB4. All
neuregulins bind to ERBB4; NRG1 and NRG2 also bind to ERBB3. In addition to the EGF-
like domain, some ligands contain additional domains. Mature AREG and HBEGF also
contain a heparin-binding domain proximal to the EGF-like domain. NRG1 and NRG2
possess an immunoglobulin-like domain, and NRG3 possesses a serine/threonine-rich
domain. There is considerable variability in the length of the cytoplasmic domains of EGF-
like ligands. These transmembrane ligands undergo proteolytic cleavage in their
ectodomains by metalloproteases to release mature receptor-binding forms, indicated by
lines. All four receptors are synthesized as type 1 transmembrane proteins. The extracellular
region is divided into four domains. Ligand binding induces a conformational change in the
receptor that exposes the dimerization region in cysteine-rich domain I; ERBB2 does not
bind to any ligand and independently adopts this dimerization-competent conformation.
Dimerization allows for the intrinsic cytoplasmic tyrosine kinase activity and subsequent
transphosphorylation of the tyrosine residues (blue); ERBB3 kinase activity is severely
compromised (brown). In the old nomenclature, heregulin-a, heregulin-$1 (a/b/c/d), and
heregulin-p2 are neuregulin-1 isoforms; all of these contain the complete 375-amino-acid
cytoplasmic domain. ERBB is derived from avian erythroblastosis oncogene B (ERBB1-4
are human homologs), and Neu is derived from the rat neuro/glioblastoma transforming
gene neu. Abbreviations: AREG, amphiregulin; BTC, betacellulin; EGF, epidermal growth
factor; EGFR, EGF receptor; EPGN, epigen; EREG, epiregulin; HBEGF, heparin-binding

I (L1): ligand-binding domain
CR1): cysteine-rich domain

(
11 (
Il (L2): ligand-binding domain
IV (

CR2): cysteine-rich domain
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EGF-like growth factor; HER, human epidermal growth factor receptor; NRG, neuregulin;
TGFA, transforming growth factor-a.
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Figure 2.
Methods of culturing epithelial cells to study apico-basolateral polarity. (a) Selected

epithelial cell lines are plated at high density on Transwell™ filters (0.4-um pore size). Cells
grow to confluence and spontaneously organize into a polarized monolayer with the apical
surface facing the inner chamber and the basal surface in contact with the permeable
support. Polarity of the epithelium is assessed indirectly by measuring transepithelial
electrical resistance or permeability across the monolayer (with 3H-inulin or FITC-dextran)
or directly by examining compartment-specific localization of cell-surface proteins by
immunofluorescence [e.g., ZO-1, E-cadherin, gp135 (podocalyxin), Crumbs] or by cell-
surface biotinylation. Permeability across the monolayer is restricted, so one can selectively
add to or sample from the apical or the basolateral compartment. Metabolic labeling
combined with cell-surface biotinylation allows for study of the dynamics of trafficking for
selected proteins. (b) Epithelial cells from various tissue origins, when added as a single-cell
suspension in Matrigel™ or collagen and allowed to grow over a number of days, organize
into unilamellar polarized structures termed cysts or acini. Normally, the basolateral surface
faces outward and is in contact with the extracellular matrix, whereas the apical surface
faces inward, enclosing a central, hollow lumen. The introduction of oncogenes and/or the
removal of tumor suppressor genes results in phenotypic alterations (39, 40).
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Figure 3.
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Syntenic clustering of EGFR ligands in the human and mouse genomes. Five of the seven
human EGFR ligands are located on chromosome 4. Four of these ligands are organized in a

genome.
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Figure 4.
Modes of EGFR signaling. In autocrine signaling, released ligands bind to and activate

receptors on the same cell. In paracrine signaling, soluble ligands diffuse over a short
distance and bind to and activate receptors on nearby cells. Juxtacrine signaling requires a
transmembrane ligand binding to the receptor on an adjacent cell. EXTRAcrine (exosomal
targeted receptor activation) signaling involves the packaging and release of transmembrane
ligands in extracellular vesicles termed exosomes. We depict an EGFR ligand being
endocytosed into an endosome that subsequently undergoes inward budding and fusion with
late endosomes to generate a multivesicular body that contains intraluminal vesicles. These
multivesicular bodies fuse with the plasma membrane to release their intraluminal vesicles,
now termed exosomes, extracellularly.
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Figure 5.
Trafficking of EGFR ligands in polarized epithelial cells. (a) EGF is delivered equally to

both the apical and basolateral surfaces but is preferentially cleaved from the basolateral
surface, resulting in apical localization under steady-state conditions. (b) TGFA is directly
delivered to the basolateral surface, where it is cleaved chiefly by ADAM17 and is rapidly
bound by EGFRs. NKD2 recognizes basolateral sorting determinants in the cytoplasmic tail
of TGFA, coats TGFA-containing vesicles, and delivers these vesicles to the basolateral
corner. These vesicles tether, dock, and fuse in a NKD2 myristoylation-dependent manner.
(c) AREG is delivered to the basolateral surface, where it is cleaved by ADAMs to release
soluble ligand, which may then bind to EGFR or be sequestered via its interaction with
heparan sulfate proteoglycans (HSPG). A fraction of basolateral AREG is endocytosed and
recycled to the basolateral membrane in an AP1B-dependent manner. (d) EREG is directly
delivered to the basolateral surface in an AP1B-independent manner.
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Figure 6.
EGFR ligand mutations in human cancer. Domain organization of the EGFR ligands is

depicted. The mutations reported in the cBioPortal for Cancer Genomics (http://
www.chioportal.org/public-portal/) are indicated. Mutations predicted to disrupt basolateral
sorting are highlighted in red. EGF mutations are too numerous to be depicted here; they
have been pooled together into domains. Individual mutations are as follows: K14Q, S21L,
A34T, E94D, R100K, E109_splice, E115D, V130I, 1152T, P160S, R170_splice, F173C,
A185S, D211H, L214fs, N220S, R221T, S224C, G235E, 246D, L254F, P257L, W264S,
F289Y, P300S, G323E, L347Q, R394", Q397_splice, W459", E473K, D492Y, R494Q,
F498l, L5171, D518V, E552", D573G, K576N, R588H, R588C, Q599H, E624”, Q6297
L631fs, R633S, S638C, G646E, F651L, ABI1T, V719L, G750", K757R, D870_splice,
C874Y, P883H, N890S, R898P, G902S, G907E, 1908V, R943C, R943C, V9691, S979P,
Y983C, V989L, N1002_splice, R1023H, S1064L, P1070H, S1075R, E1103", E1103",
M11261, R1132K, R1163Q, H1166Y, D144Y, S377Y, C380Y, R394", C423S, Q510"
V554L, G942V, R961M, A1037S, S1064L, K1065E, G1119R.
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Figure 7.
Alignment of juxtamembrane regions of human ERBBs. The established bipartite

basolateral sorting motifs in EGFR and ERBB2 are aligned with putative basolateral sorting
motifs of ERBB3 and ERBB4 in the black boxes.
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Epithelial cell lines that display apico-basolateral polarity in vitro

Table 1

Cell line Origin Species | Transwell filters/3D
MDCK Kidney Dog Either
LLC-PK1 Kidney Pig Filters
IMCD3 Kidney Mouse 3D
MA-104 Kidney Monkey | Filters
Caco-2 Colon Human Either
HCA-7 Colon Human Either
HT-29 Colon Human Filters
T-84 Colon Human Filters
SK-CO-15 | Colon Human Filters
MCF10A Breast Human 3D
Eph4.9 Breast Mouse Either
Calu-3 Lung Human 3D
A549 Lung Human Filters
H441 Lung Human Filters
Ishikawa Endometrium | Human 3D
FRT Thyroid Rat Filters
RPE Retina Human Filters
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Human EGFR ligand cytoplasmic domains and their basolateral sorting motifs®

Table 2

Page 34

EGF

AHYYRTQKLLSKNPKNPYEESSRDVRSRRPADT
EDGMSSCPQPWFVVIKEHQDLKNGGQPVAGED
GQAADGSMQPTSWRQEPQLCGMGTEQGCWIPV
SSDKGSCPQVMERSFHMPSYGTQTLEGGVEKPH
SLLSANPLWQQRALDPPHQMELTQ

154

TGFA

HCCOQVRKHCEWCRALICRHEKPSALLKGRTAC
CHSETVV

89

52a, 63--66

AREG

QLRRQYVRKYEGEAEERKKLRQENGNVHAIA

31

ms E"76a

EREG

CRWYRNRKSKEPKKEYERVTSGDPELPQV

29

37

BTC

CTCCHPLRKRRKRKKKEEEMETLGKDITPINEDI
EETNIA

39

B. Singh, G. Bogatcheva & RJ
Coffey, manuscript in preparation

HBEGF

RYHRRGGYDVENEEKVKLGMTNSH

24

Putative

EPGN

YIRKRCLKLKSPYNVCSGERRPL

23

NRG1

KTKKQRKKLHDRLRQSLRSERNNMMNIANGPH
HPNPPPENVQLVNQY VSKNVISSEHIVEREAETS
FSTSHYTSTAHHSTTVTQTPSHSWSNGHTESILS
ESHSVIVMSSVENSRHSSPTGGPRGRLNGTGGPR
ECNSFLRHARETPDSYRDSPHSERYVSAMTTPA
RMSPVDFHTPSSPKSPPSEMSPPVSSMTVSMPSM
AVSPFMEEERPLLLVTPPRLREKKFDHHPQQFSS
FHHNPAHDSNSLPASPLRIVEDEEYETTQEYEPA
QEPVKKLANSRRAKRTKPNGHIANRLEVDSNTS
SQSSNSESETEDERVGEDTPFLGIQNPLAASLEAT
PAFRLADSRTNPAGRFSTQEEIQARLSSVIANQD
PIAV

B
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NRG2

YCKTKKQRKQMHNHLRQNMCPAHQNRSLANGP
SHPRLDPEEIQMADYISKNVPATDHVIRRETETT
FSGSHSCSPSHHCSTATPTSSHRHESHTWSLERS
ESLTSDSQSGIMLSSVGTSKCNSPACVEARARRA
AAYNLEERRRATAPPYHDSVDSLRDSPHSERYV
SALTTPARLSPVDFHYSLATQVPTFEITSPNSAHA
VSLPPAAPISYRLAEQQPLLRHPAPPGPGPGPGP
GPGPGADMOQRSYDSYYYPAAGPGPRRGTCALG
GSLGSLPASPFRIPEDDEYETTQECAPPPPPRPRA
RGASRRTSAGPRRWRRSRLNGLAAQRARAARD
SLSLSSGSGGGSASASDDDADDADGALAAESTP
FLGLRGAHDALRSDSPPLCPAADSRTYYSLDSHS
TRASSRHSRGPPPRAKQDSAPL

424

NRG3

YFKSKKQAKQIQEQLKVPQNGKSYSLKASSTMA
KSENLVKSHVQLQNYSKVERHPVTALEKMMES
SFVGPQSFPEVPSPDRGSQSVKHHRSLSSCCSPG
QRSGMLHRNAFRRTPPSPRSRLGGIVGPAYQQL
EESRIPDQDTIPCQGIEVRKTISHLPIQLWCVERPL
DLKYSSSGLKTQRNTSINMQLPSRETNPYFNSLE
QKDLVGYSSTRASSVPIIPSVGLEETCLQMPGISE
VKSIKWCKNSYSADVVNVSIPVSDCLIAEQQEV
KILLETVQEQIRILTDARRSEDYELASVETEDSAS
ENTAFLPLSPTAKSEREAQFVLRNEIQRDSALTK

339

NRG4

RKGHFQRASSVQYDINLVETSSTSAHHSHEQH

B0

aCytoplasmic domain sequences of EGFR ligands are shown. Key trafficking residues are in bold red font. On the basis of sequence homology to
AREG and BTC, the HBEGF residues in bold green font are predicted to confer basolateral sorting. Possible basolateral sorting motifs in NRGs are
underlined. Abbreviations: AREG, amphiregulin; BTC, betacellulin; EGF, epidermal growth factor; EPGN, epigen; EREG, epiregulin; HBEGF,

heparin-binding EGF-like growth factor; NRG, neuregulin; TGFA, transforming growth factor-a.
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