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Sorting and maintenance of the EGF receptor on the basolateral surface of renal epithelial cells is perturbed in polycystic
kidney disease and apical expression of receptors contributes to severity of disease. The goal of these studies was to
understand the molecular basis for EGF receptor missorting using a well-established mouse model for the autosomal
recessive form of the disease. We have discovered that multiple basolateral pathways mediate EGF receptor sorting in
renal epithelial cells. The polycystic kidney disease allele in this model, Biccl, interferes with one specific EGF receptor
pathway without affecting overall cell polarity. Furthermore one of the pathways is regulated by a latent basolateral
sorting signal that restores EGF receptor polarity in cystic renal epithelial cells via passage through a Rab11-positive
subapical compartment. These studies give new insights to possible therapies to reconstitute EGF receptor polarity and
function in order to curb disease progression. They also indicate for the first time that the Biccl gene that is defective in
the mouse model used in these studies regulates cargo-specific protein sorting mediated by the epithelial cell specific

clathrin adaptor AP-1B.

INTRODUCTION

The nephron is the basic structural and functional unit of the
kidney (Kriz and Kaissing, 2008). Each nephron has an ini-
tial filtering component composed of a glomerulus and
Bowman’s capsule connected to a long convoluted tubule
lined by transporting epithelia. Epithelial cell polarity is
vitally important for correct function of different tubule
segments (Kriz and Kaissing, 2008). In addition to the apico-
basolateral axis, most renal epithelial cells exhibit planar
polarity featuring primary cilia extending from the apical
membrane (Fischer and Pontoglio, 2009). Cell polarity de-
fects have been linked to a number of hereditary kidney
diseases including polycystic kidney diseases (PKDs) char-
acterized by the accumulation of fluid-filled cysts in the
cortex and medulla (Igarashi and Somlo, 2002; Grantham,
2003; Harris and Torres, 2009). Approximately 50% of af-
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flicted individuals develop end-stage renal disease requiring
dialysis or kidney transplantation before the age of 60. Al-
though presently incurable, improved understanding of dis-
ease mechanisms is uncovering new prospects for effective
pathophysiology-based therapies (Torres and Harris, 2006).
Cystic cells and tissues are also unique cell biological models
for studying polarized sorting mechanisms.

Human PKD susceptibility genes encode large membrane
proteins. PKD1 and PKD2 are involved in the autosomal
dominant form of the disease (ADPKD), and fibrocystin is
defective in autosomal recessive PKD (ARPKD; Interna-
tional Consortium for Polycystic Kidney Disease, 1995; The
American Consortium for PKD1, 1995, Mochizuki et al.,
1996; Onuchic ef al., 2002; Ward ef al., 2002). Multiple lines of
evidence indicate these proteins are functionally related, and
all three localize to primary cilia, suggesting these organelles
have a critical role in cyst formation (Yoder, 2007; Zhou,
2009). Model organisms have also advanced our current
understanding of PKD pathophysiology (Guay-Woodford,
2003; Wilson and Robert, 2008). Some models involve tar-
geted disruptions in PKD orthologues or genes that regulate
ciliogenesis. Others such as the BPK (deficient in B-cell pro-
genitor kinase) model arose by spontaneous mutations lead-
ing to identification of novel PKD susceptibility genes. The
BPK disease susceptibility allele encodes Bicc-1, an mRNA-
binding protein involved in posttranscriptional polyadenyl-
ation and mRNA stability (Cogswell et al., 2003; Chicoine et
al., 2007). The BPK mouse has the same broad spectrum of
renal and hepatic involvement as ARPKD and played a
major role in furthering our understanding of the human
disease before fibrocystin was discovered (Nauta et al., 1993;
Sweeney and Avner, 2006). The BPK mouse also provides
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novel insights to cyst formation during prenatal develop-
ment and is an important model for evaluating new PKD
therapies (Sweeney et al., 2000, 2008; Sweeney and Avner,
2006).

ErbB receptor tyrosine kinases (EGF receptor or EGFR,
ErbB2, ErbB3, and ErbB4) and their respective ligands have
important roles in kidney development and tubule repair
(Zeng et al., 2009). EGFR is normally sorted to basolateral
membranes in adult tubular epithelial cells (Goodyer et al.,
1988; Sack and Talor, 1988). However, numerous primary
PKD genetic defects perturb EGFR polarity, leading to in-
creased apical expression (Sweeney et al., 2000). EGF and
EGF-like ligands are also secreted into the apical medium of
cultured cystic epithelial cells and are detected in cyst fluid
from ADPKD patients (Wilson, 2004). Importantly, EGFR
tyrosine kinase inhibition significantly improves kidney
function and reduces morbidity in PKD animal models
(Richards et al., 1998; Sweeney et al., 2000; Torres et al., 2003).
These observations suggest chronic EGF signaling from the
apical membrane is a common disease progression factor in
multiple forms of PKD.

Polarized sorting is mediated by highly specialized sub-
cellular machinery that recognizes specific sorting signals in
membrane protein cargo (Nelson and Rodriguez-Boulan,
2004; Rodriguez-Boulan et al., 2005; Bryant and Mostov,
2008; Mellman and Nelson, 2008; Heike et al., 2009). These
interactions target newly synthesized molecules from the
trans-Golgi network (TGN) to the plasma membrane, recycle
internalized cargo back to the same plasma membrane do-
main, and facilitate transcytosis from one pole of the cell to
the other. Apical sorting is regulated by diverse signals
including glycosylphosphatidylinositol (GPI) anchors that
partition into lipid rafts and N-glycans that are sorted by
unknown mechanisms. Although both pathways have the
same final destination, lipid-raft- and N-glycan-dependent
cargoes traverse different endosome intermediates called
apical sorting endosomes (ASEs) and apical recycling endo-
somes (AREs), respectively (Cresawn et al., 2007; Weisz and
Rodriguez-Boulan, 2009). Basolateral sorting is usually reg-
ulated by short linear amino acid signals located in the
cytosolic tails of protein cargoes (Rodriguez-Boulan et al.,
2005; Bryant and Mostov, 2008; Mellman and Nelson, 2008;
Heike et al., 2009). The epithelial cell-specific clathrin adap-
tor protein complex AP-1B recognizes some of these signals
in common recycling endosomes (CREs; Folsch et al., 1999;
Ohno et al., 1999; Gan et al., 2002). Relatively less is known
about AP-1B-independent pathways that may target the
basolateral membrane directly or via basolateral sorting en-
dosome (BSE) intermediates (Heike et al., 2009). Polarized
sorting is also regulated by the multiprotein exocyst com-
plex involved in tethering, docking, and fusion of post-Golgi
transport vesicles with the plasma membrane (Wu et al.,
2008). In addition to the core machinery, some cargoes re-
quire additional specialized exocyst components (Wu et al.,
2008).

Our data provide new molecular insights into how
EGFR membrane polarity is regulated by multiple hierar-
chical sorting pathways in renal epithelial cells. Not all
the pathways are perturbed in the BPK mouse, which has
important implications for understanding PKD pathogen-
esis and designing novel therapeutic approaches. Further-
more EGFR sorting plasticity may explain why PKD per-
turbs trafficking of specific membrane cargo without
disrupting renal epithelial cell barrier function.
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MATERIALS AND METHODS

Antibodies and Reagents

The following antibodies were purchased: actin, AP-1 y-subunit, AP-2 a-sub-
unit, and ezrin mouse monoclonal antibodies (mAb) from Sigma (St. Louis,
MO); B-catenin, CD73, E-cadherin, and pan-Erk mouse monoclonal antibod-
ies from BD Biosciences (San Diego, CA); CD73 and c-MET rabbit polyclonal
antibodies from Santa Cruz Biotechnology (Santa Cruz, CA); EGFR rabbit
polyclonal antibody from Research Diagnostic (Flanders, NJ); mouse-specific
EGEFR goat polyclonal antibody from R&D Systems (Minneapolis, MN); phos-
pho-specific EGFR (Thr654) mouse mAb from Abcam (Cambridge, MA);
phospho-specific mitogen-activated protein kinase (MAPK) rabbit and biotin
HRP-conjugated goat polyclonal antibodies from Cell Signaling (Beverly
MA); Rabl1 rabbit polyclonal antibody and transferrin mouse mAb from
Zymed (San Francisco, CA); and transferrin receptor mouse mAb from Leinco
(Ballwin, MO). ZO-1 rat mAb was obtained from Developmental Studies
Hybridoma Bank developed under the auspices of NICHD and maintained
by The University of Iowa Department of Biological Sciences (Iowa City, IA).
Human-specific EGFR1 mouse mAb was produced using the ascites method
(Harlow and Lane, 1988). Detyrosinated tubulin ID5 mouse mAb was a gift
from J. Wehland (Gesellschaft fiir Biotechnologische Forschung, Braun-
schweig, Germany). A previously published AP-1B u1B-subunit specific an-
tibody (Folsch et al., 1999) was a gift from I. Mellman (Yale University, New
Haven, CT). Rabbits were immunized with synthetic peptides corresponding
to sequences from mouse Bicc-1 (NCBI Reference Sequence NM_031397) and
human fibrocystin (NCBI Reference Sequence NP_619639). Conjugated sec-
ondary antibodies were purchased from Jackson ImmunoResearch Laborato-
ries (Fort Washington, PA), biotin and streptavidin reagents from Pierce
(Rockland, IL), and receptor-grade mouse EGF and phorbol 12-myristate
13-acetate (PMA) from Sigma.

Cloning and Mutagenesis

Nucleic acids coding for human EGFR juxtamembrane residues 652-697 were
PCR-amplified from a full-length EGFR/pCB6" template described in
(Hobert and Carlin, 1995). The following primers replaced the alanine residue
at position 698 with a stop codon (bold) and incorporated novel BamHI
(underlined) and EcoRV sites (italics): Forward: 5'-GTAATCGGATC-
CAAAAGAGAACACTGCGGAGGCTG; Reverse: 5-ATCGATATCTTAAC-
CGGAGCCCAGCACTTTG-3'.

Gel-purified PCR product was digested with BamHI and Eco RV, and
ligated to BamHI and Smal sites in pGEX-3X to produce a glutathione
S-transferase (GST) fusion protein in Escherichia coli (Amersham-Pharmacia,
Piscataway, NJ). Nucleic acids coding for the dileucine motif at positions 658
and 659 were mutagenized to a di-alanine and threonine residue 654 to
alanine or aspartic acid, using the EGFR-Jx/pGEX-3X template, a Quick
Change Mutagenesis kit (Invitrogen, Carlsbad, CA), and the following prim-
ers (mutations in bold): 658-AA: forward, 5'-AGAACACTGCGGAGGGCG-
GCGCAGGAGAGGGAGCTT-3'" and reverse, 5'-AAGCTCCCTCTCCTGCG-
CCGCCCTCCGCAGTGTTCT-3'; T654A: forward, 5-CGTGGGATCCAA-
AAGAGCACTGCGGAGGCTGCTGCAG-3" and reverse, 5'-CTGCAGCAGC-
CTCCGCAGTGCTCTCTTTTGGATCCCACG-3'; and T654D: forward, 5'-
CGTGGGATCCAAAAGAGATCTGCGGAGGCTGCTGCAG-3' and reverse,
5'-CTGCAGCAGCCTCCGCAGATCTCTCTTTTGGATCCCACG-3'.

The 658-AA and T654D substitutions were also introduced to full-length
human EGFR cloned in the eukaryotic expression plasmid pBKAlacP-CMV
(Kil et al., 1999) and these mutagenic primers (mutations in bold): 658-AA:
forward, 5'-AGCGCACGCTGCGGAGGGCTGCTCAGGAGAGGGAGCTT-
GTGGAG-3' and reverse, 5'-CTCCACAAGCTCCCTCTCCTGAGCAGCC-
CTCCGCAGCGTGCGCT-3"; and T654D: forward, 5'-ACATCGTTCGGAAG-
CGCGATCTGCGGAGGCTGCTGCA-3" and reverse, 5-TGCAGCAGC-
CTCCGCAGATCGCGCTTCCGAACGATGT-3".

Wild-type and mutant EGFR constructs were then subcloned into the
PQCXIN bicistronic retroviral packaging vector (BD Biosciences) using the
Notl restriction sites upstream of the IRES (internal ribosome entry site)
element and neomycin resistance gene.

PCR primers were designed using the DNASTAR software package
(DNASTAR, Madison, WI), and all PCR products were sequenced in their
entirety by automated DNA sequencing.

Renal Epithelial Cell Culture Models

The conditionally immortalized cell lines used in this study were isolated
from normal and cystic animals bred with an H-2kP-tsA58 transgenic strain
expressing temperature-sensitive SV40 T-antigen under the control of a y-in-
terferon (y-IFN) inducible promoter (Sweeney et al., 2001). These cells were
propagated in serum-free defined medium consisting of a 1:1 mixture of
Dulbecco’s-modified Eagle’s medium and Ham’s F-12 medium, supple-
mented with insulin (8.3 X 1077 M), prostaglandin E; (7.1 X 1078 M),
selenium (6.8 X 1077 M), transferrin (6.2 X 10~8 M), triiodothyronine (2 X
10~° M), dexamethasone (5.09 X 10~8 M), and recombinant y-IFN (10 U/ml;
GIBCO-BRL, Gaithersburg, MD) at permissive temperature (33°C). Confluent
cultures were refed daily with y-IFN-free medium supplemented with 5%
fetal bovine serum (FBS) for 4-6 d at nonpermissive temperature (37°C) to

2733



S. Ryan et al.

facilitate terminal differentiation. Madin-Darby canine kidney (MDCK) and
pig LLCPK1 renal epithelial cell models were maintained in minimal essential
medium (MEM) or MEM-aq, respectively, supplemented with 10% FBS and 2
mM glutamine. All renal cell lines were seeded on polycarbonate Transwell
filter inserts (0.4-um pore size; Costar, Cambridge, MA) at high density to
generate electrically resistant monolayers suitable for domain-specific assays
~4 d later.

Quantitative PCR

RNA was extracted using a TOTALLY RNA kit (Applied Biosystems, Foster
City, CA) and reverse-transcribed with the SuperScript First-Strand Synthesis
System (Invitrogen). Target gene mRNA levels were analyzed by quantitative
PCR (qPCR) using standard hydrolysis probe (TagMan; Applied Biosystems)
techniques and a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in-
ternal control. The following primer pairs were designed using the Roche
Universal Probe Library Assay Design Center (Indianapolis, IN; mouse u1B)
or Primer3 software (http:/ /www.simgene.com/Primer3; GAPDH): u1B: for-
ward, 5-ACCGAGTGCTCTTTGAGCTT-3' and reverse, 5'-CACATCTTC-
CAGTTCCACAGAC-3'; and GAPDH: forward, 5-ATGGGAAGCTGGT-
CATCAAC-3' and reverse, 5'-GTGGTTCACACCCATCACAA-3'.

Probes and PCR master mix were purchased from Roche, and primers from
Operon (Huntsville, AL). PCR was performed on a model 7500 real-time PCR
system, and products were analyzed using 7500 System SDS software version
1.3 (Applied Biosystems). The mRNA expression levels for cystic cells were
plotted as fold change relative to mRNA levels from normal mouse collecting
duct cells.

Retroviral Gene Transfer

Recombinant retroviruses expressing wild-type and mutant human EGFRs
were produced in HEK (human embryonic kidney) GP2-293 packaging cells
using established methods. Cell populations with stable human EGFR expres-
sion were generated by selection in 200 ug/ml G418 (Calbiochem, San Diego,
CA) for 10-14 d followed by 2-3 rounds of human EGFR enrichment using
sterile flow cytometry after cells were stained with EGFR1 antibody (Hobert
et al., 1997).

Microscopy

For scanning electron microscopy filter-grown cells were fixed with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, postfixed in 2% osmium
tetroxide, dehydrated in graded ethanol, and subjected to critical point drying
in liquid CO,. Excised filters were mounted on aluminum stubs, sputter-
coated with platinum, and viewed on a JEOL JSM-840 scanning electron
microscope (Peabody, MA) at X3000 magnification. For confocal microscopy,
samples were prepared using a published method (Crooks et al., 2000).
Briefly, cells were perforated with 0.5% B-escin in a solution of 80 mM PIPES,
pH 6.8, supplemented with 5 mM EGTA and 1 mM MgCl, for 5 min and fixed
with 3% paraformaldehyde-phosphate-buffered saline (PBS) for 15 min. Cells
were stained with primary or secondary antibodies overnight at 4°C or for 1 h
at room temperature. Antibodies were diluted in a solution containing 0.5%
B-escin and 3% radioimmunoassay-grade bovine serum albumin (BSA) and
samples were blocked with a solution containing 1% normal serum from the
host animal used to generate the secondary antibody between incubations
with primary and secondary antibodies. Alternatively cells were fixed with
3% paraformaldehyde-PBS for 15 min and incubated with antibodies added
to apical or basolateral surfaces to detect extracellular epitopes (Hobert ef al.,
1997). Cells were optically sectioned with a Zeiss LSM 510 Meta laser scan-
ning microscope equipped with argon and helium-neon lasers (Carl Zeiss
MicroIlmaging, Jenna, Germany). Image resolution with a Zeiss 100X Plan
Apo, NA 1.4 oil immersion objective and Zeiss LSM software was 1024 X 1024
pixels.

Domain-specific Biotinylation and Triton X-100
Extractability

Filter-grown cells were rinsed three times with PBS supplemented with 1 mM
CaCl, and 1 mM MgCl, (PBS-CM) and then incubated for 30 min at 4°C with
EZ-Link Sulfo-NHS-LC-biotin (1 mg/ml) dissolved in borate buffer (85 mM
NaCl, 4 mM KCl, 15 mM Na,B,O,, pH 9.0) or PBS-CM added to the apical or
basolateral surface, respectively. The reaction was quenched with 50 mM
NH,C], and cells were lysed with a solution of 1% (wt/vol) Triton X-100
(TX-100) in 20 mM Tris, pH 8.0, 50 mM NaCl, 5 mM EDTA, 0.2% BSA, 0.2 mM
phenylmethylsulfonyl fluoride, and 1 mM leupeptin (immunoprecipitation
buffer). Experiments to determine temperature sensitive TX-100 extractability
were carried out as described in (Brown and Rose, 1992). Briefly, cells were
lysed with 0.5% (vol/vol) TX-100 in 10 mM Tris, pH 7.5, supplemented with
120 mM NaCl, 25 mM KCl, 2 mM EDTA, 2 mM EGTA, 0.2 mM phenylmeth-
ylsulfonyl fluoride, and 1 mM leupeptin. Lysates were incubated on ice or at
37°C for 30 min and clarified by high-speed centrifugation.
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Pulse-Chase Experiments

Filter-grown cells were preincubated in methionine- and cysteine-free me-
dium for 1 h. The amino acid-starved cells were pulse-labeled from the
basolateral surface with 3°S-Express Protein Labeling Mix (2.5 mCi/ml;
PerkinElmer Life Sciences, Boston, MA) diluted in amino acid—-deficient me-
dium supplemented with 10% dialyzed FBS and 0.2% BSA. The radio-labeled
cells were then incubated at 37°C in medium supplemented with a 10-fold
excess of nonradioactive methionine and cysteine (chase medium) for up to
3 h. In some experiments cells were preincubated for 2 h at 18°C followed by
a 37°C recovery period. Cells were solubilized with immunoprecipitation
buffer.

In Vitro Pulldown Assays

A synthetic peptide corresponding to human EGFR residues 645-677 (peptide
1) was coupled to Sepharose beads using an NHS-activated bead kit (Pierce).
GST fusion proteins were purified from BL21 cells transformed with pGEX-3X
plasmids encoding wild-type (peptide 2) and mutant (labeled 658-AA, T654A,
and T654D in Figure 4B) EGFR juxtamembrane sequences. Bacteria were
cultured at 37°C until reaching ODy, induced with 0.1 mM IPTG (isopropyl-
B-p-thiogalactopyranoside) for 16 h at room temperature, and collected by
low-speed centrifugation. Cells were subjected to one freeze-thaw cycle and
lysed with B-PER solution according to the manufacturer’s instructions
(Pierce). Supernatants were adjusted to 3% TX-100 and incubated with glu-
tathione-Sepharose beads (Amersham-Pharmacia) for 20 min at 4°C with
rotation. Beads with attached fusion proteins were incubated with crude
subcellular fractions enriched for clathrin adaptors according to published
methods (Robinson, 1993; Cianciola et al., 2007). Briefly, cells were scraped in
PBS supplemented with 2 mM EDTA, 5 mM EGTA, and protease inhibitors,
resuspended in 0.1 M MES, pH 6.5, 0.2 M EDTA, 0.5 mM MgCl,, 0.02% NaN3,
10 mg/ml BSA, and protease inhibitors, and lysed with 1% NP-40 for 5 min
at room temperature. Postnuclear supernatants were centrifuged at 60,000 X
g for 30 min to collect a crude cytosol fraction. Membrane pellets were
resuspended in the NP-40 lysis buffer and incubated with 0.5 M Na,CO; for
5 min on ice to release peripheral membrane proteins. Beads were incubated
with peripheral membrane proteins for 1 h at room temperature followed by
extensive washing, and bound proteins were eluted with Laemmli sample
buffer and resolved by SDS-PAGE.

Immunoprecipitation and Immunoblotting

Immunoprecipitations were carried out using antibodies adsorbed to protein
A-Sepharose CL-4B beads (Sigma). Immune complexes containing biotinyl-
ated proteins were boiled for 5 min in 100 ul of 10% SDS, and SDS-protein
solutions were diluted with immunoprecipitation buffer and incubated with
streptavidin-agarose beads for 16 h at 4°C. Affinity-purified protein com-
plexes were eluted with Laemmli sample buffer and resolved by SDS-PAGE.
Gels with radioactive proteins were treated with En®Hance (PerkinElmer-
NEN, Wilmington, DE) for fluorography. Nonradioactive affinity-purified
protein complexes or equal aliquots of total cellular protein were resolved by
SDS-PAGE and transferred to nitrocellulose membranes using standard
methods. Nitrocellulose filters were incubated with primary antibodies fol-
lowed by isoform-specific HRP-conjugated secondary antibodies for detection
by enhanced chemiluminescence (Amersham-Pharmacia).

Image Preparation

Digital images were prepared using Adobe Photoshop CS4 and Adobe Illus-
trator CS4 software packages (San Jose, CA).

RESULTS

Cell Culture Models Derived from the BPK Mouse

Although the BPK model has been studied for nearly two
decades (Nauta ef al., 1993), the underlying Biccl gene defect
was only recently identified (Cogswell et al., 2003). The goal
of these experiments was to characterize Biccl gene products
in conditionally immortalized cell lines from cystic animals
and normal age-matched controls. Endogenous protein ex-
pression was analyzed with a newly developed antibody to
the Biccl amino terminus. The Biccl gene has 22 exons
encoding two splice variants in mouse kidney (Figure 1A).
Exon 21 is spliced out of transcript A and transcript B
encompasses the entire open reading frame (Cogswell ef al.,
2003). However, a two-nucleotide frame-shift in the mutant
allele produces an abnormal transcript A in cystic animals.
Furthermore, a premature stop codon in exon 21 truncates
transcript B. The Biccl antibody detected one major protein
species from normal renal cells, in contrast to cystic cells that
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Figure 1. Conditionally immortalized cell lines from ARPKD mouse model. (A) The Biccl gene has 22 exons encoding two alternatively
spliced transcripts (A and B) in mouse kidney. Predicted structures for normal and disease-specific protein products shown beneath each
transcript highlight RNA-binding KH (K homology) domains, exon 21 and exon 22-encoded sequences (black and gray boxes, respectively),
disease-specific carboxyl-terminal extension (hatched box), and predicted molecular weights (in parenthesis). Adapted from Cogswell et al.
(2003). (B) Equal protein aliquots were immunoblotted with Biccl antibody. (C) Predicted fibrocystin domain structure highlighting
extracellular immunoglobulin-like TIG repeats (light gray box), transmembrane domain (hatched box), FCY-Exo and FCY-Cyt peptide
antibody sequences (black box), and approximate cleavage site generating major endogenous protein species (dashed arrow). (D) Equal
protein aliquots were immunoblotted with fibrocystin antibodies (FCY-Ext and FCY-Cyt described in text). (E) Cells were examined by

scanning electron microscopy. Arrow, central primary cilia. Scale bar, 1 um; magnification, X3000.

exhibited an additional higher molecular protein consistent
with the presumptive size of disease-specific transcript A
(Figure 1B). Because the cystic cells were derived from a
Biccl —/— homozygous animal (Sweeney et al., 2001), the
protein species detected in both cell lines probably corre-
sponds to the presumptive product of transcript B (Figure
1A). We also determined whether the disease allele impairs
molecules or organelles linked to other primary ARPKD
genetic defects. The predicted structure for fibrocystin is
shown in Figure 1C (Harris and Torres, 2009). In contrast to
recombinant fibrocystin that is posttranslationally processed
into multiple peptide fragments (Hiesberger et al., 2006;
Kaimori et al., 2007), the bulk of the endogenous mouse
protein is cleaved once in both cell lines (Figure 1D). Based
on size and reactivity with two newly developed fibrocystin
antibodies, the endogenous protein is apparently digested at
an extracellular domain site previously identified in the
recombinant protein (Figure 1, C and D; Hiesberger ef al.,
2006). The Oak Ridge Polycystic Kidney (ORPK) mouse
model of ARPKD involves an intraflagellar transport protein
necessary for ciliogenesis (Yoder et al., 2002). The ORPK
defect causes loss or severe stunting of primary cilia (Brown
and Murcia, 2003). In contrast, conditionally immortalized
cell lines from the BPK model had morphologically similar
primary cilia (Figure 1E) ranging in length from 1 to 2.5 um
according to (Veizis et al., 2004). Altogether these data pro-
vide the first experimental evidence that Biccl proteins are
produced in the BPK model. The cystic cells translate both
transcripts in contrast to normal cells that express transcript
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B. Furthermore the disease allele does not perturb fibrocys-
tin expression or ciliogenesis.

Normal and Cystic Cells Exhibit Similar Distributions of
Multiple Epithelial Cell Polarity Markers

The goal of these experiments was to determine whether
conditionally immortalized normal cells exhibit properties
of renal epithelial cells and if the disease allele perturbs
overall cell polarity. Cells were stained with antibodies to a
number of epithelial cell markers, and Figure 2A shows
vertical optical sections exhibiting polarized expression for
each molecule. Primary cilia were identified with antibodies
to detyrosinated tubulin and fibrocystin that are both typi-
cally associated with this organelle (Jensen et al., 1987; Ward
et al., 2003). These images confirm data in Figure 1E indicat-
ing cystic cells have primary cilia and also demonstrate that
the disease allele does not impair fibrocystin localization.
Normal and cystic cells both displayed GPI-anchored CD73
on apical membranes (Figure 2A; Strohmeier ef al., 1997).
The punctate CD73 staining pattern is typical for proteins
enriched in microvilli on the apical surface (Strohmeier et al.,
1997). Both cell lines also exhibited ZO-1-positive tight junc-
tions at the apex of the lateral membrane and B-catenin on
lateral cell membranes (Figure 2A; Stevenson et al., 1986;
Nelson, 2008). Importantly, the transferrin receptor (TfR)
that requires AP-1B for polarized membrane expression was
localized to lateral membranes in both cell lines (Folsch et al.,
1999; Figure 2A). Using qPCR, we demonstrated that normal
and cystic cells both express the epithelial specific clathrin
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adaptor AP-1B 1B subunit (Figure 2B). Interestingly the
cystic cells express a 4-5-fold increase in wlB subunit
mRNA (Figure 2B) compared with normal renal cells. The
domain-specific distribution for several proteins was also
determined by analyzing immune complexes from filter-
grown cells biotinylated at apical or basolateral surfaces.
CD73 was localized to apical membranes and also soluble in
TX-100 at 37 but not 4°C (Figure 2C), consistent with in-
volvement of lipid raft carriers in CD73 trafficking (Brown et
al., 1989; Lisanti et al., 1990). In addition to TfR (Figure 2D),
biochemical data show that the receptor tyrosine kinase
¢-MET localizes to basolateral membranes in normal and
cystic cells (Figure 2E; Crepaldi et al., 1994). Altogether these
data indicate both of the conditionally immortalized cell
lines have expected distributions of typical epithelial cell
polarity markers, have functional lipid raft- and AP-1B-
dependent sorting machinery, and retain other receptor ty-
rosine kinases on the basolateral membrane.

EGFR Expression in Conditionally Immortalized Cell
Lines

EGER expression was analyzed using multiple experimental
approaches. First, cells were stained with an antibody to
endogenous mouse EGFR demonstrating basolateral expres-
sion in normal cells but nonpolar membrane distribution in
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1 BL, basolateral.

cystic cells (Figure 3A). In contrast, both cell lines exhibited
typical polarized distribution of the microfilament mem-
brane linking protein ezrin just beneath the cell apex, as well
as E-cadherin along lateral membranes (Figure 3A). Recom-
binant human EGFR also exhibited the same loss of mem-
brane polarity in cystic cells as the endogenous receptor
indicating the EGFR phenotype is an innate property of the
cell and not the result of an unrecognized mutation in the
endogenous receptor (Figure 3A). Second, ERK1/ERK2 (ex-
tracellular signal-regulated kinase 1/2) activity was moni-
tored to assess domain-specific EGFR activation. Results
indicate this pathway is induced by basolateral EGF in nor-
mal cells, but from both membranes in cystic cells (Figure
3B). Interestingly ERK1/ERK2 activation was significantly
prolonged in basolaterally stimulated cystic cells compared
with normal cells (Figure 3B), suggesting the disease allele
perturbs EGFR cell signaling at both membrane domains.
Third, newly synthesized receptors undergo similar molec-
ular weight mobility shifts consistent with N-glycan matu-
ration in normal and cystic cells (Figure 3C; Carlin and
Knowles, 1986). Furthermore both cell lines have equivalent
levels of total EGFR protein (Figure 3D). Taken together
these results rule out incomplete glycosylation or insufficient
basolateral sorting capacity as likely explanations for the
cystic EGFR phenotype (Hobert et al., 1999; Tan et al., 2003;

Molecular Biology of the Cell



Multiple Basolateral EGFR Sorting Pathways

A Normal Cystic D 8 o BT oo
3 MW — AP s % © A
ég Zz O Zz 0O

«—Filter 200+
£ «Ap — —
N 116.3
" «—Filter 97.4
5 —Ap 66.2 -
§ 45 | s gl
& «— Filter IB—EGFR — +— Actin —
cy «Ap
©
[T
So q—Fe E TX-100, 37°C
[ Normal Cystic |
B EGF Ap EGF BL EGF Biotin[Ap  BL | [ Ap BL]
min) —  [10 20 30 40 1[10 20 30 40 | P mouseEGFR
[ 45 4 200
_ - (‘:242 — " peew | — EGFR
E 304 116.3
5| B phospho-MAPK —— IBI Biotin i
Z| 45+
P44
_30_- e s s s | | e W W W 040 F TX-100, 4°C
IB———— pan-ERK12 —M [ Normal Cystic |
454 opid Biotn| Ap BL|] [ Ap BL |
_— — D —— == |42 IP—— mouse EGFR—
L2 30
= 200
2| IB——phospho-MAPK ———— . e [eeee e | < EGFR
Of 45- o pad 116.3 |
“ s | | o e ——| | o e oo |5 IBI Biotin |
IB————————pan-ERK12 —M8M8m8™M

C IP: mouse EGFR Ap Biotin BL Biotin

Chase | G arc o 30 60 9 Ilo 30 60 o0l

min i

= (min) ' 0 0 20 30 45 €0 _ (min) ——— mouse EGFR IP, streptavidin ——]
| 2004 v S 20 T
5 s s SIS SN W e :P g — — — — EGFR
Z|116.3 4 =1 116.3
o o i
2| 2001 v B 200 o ool g R e e
> —-— e e o - e— | >
Oli163. P O|16.34

Figure 3. EGFR expression in conditionally immortalized cell lines. (A) Horizontal x-z optical sections of permeabilized cells stained with
antibodies to proteins listed in the figure. Cells in bottom panels were transduced with a recombinant human EGFR retrovirus. Scale bar, 5
pm. (B) Cells were stimulated with domain-specific EGF (50 ng/ml) for times indicated. Equal protein aliquots were immunoblotted with
activation-specific phospho-MAPK antibody followed by pan-ERK1/2 antibody to check protein loading. (C) Cells were pulse-labeled with
35S-labeled amino acids and switched to chase medium for various times. Radiolabeled EGFR immune complexes were detected by
fluorography after SDS-PAGE. P, precursor EGFR; M, mature EGFR. (D) Equal protein aliquots were immunoblotted for endogenous EGFR
or B-actin. (E and F) Biotinylated cells were harvested with TX-100 buffer at 37°C (E) or 4°C (F), and mouse EGFR immune complexes were
immunoblotted for biotin. (G) Pulse-labeled cells incubated in chase medium at 18°C for 2 h were biotinylated immediately or after a 37°C
recovery period. Streptavidin affinity-purified mouse EGFR immune complexes were detected by fluorography.

Prydz et al., 2007). Fourth, EGFRs were soluble with TX-100 consistent with reported differences in temperature sensitiv-
at different temperatures (Figure 3, E and F), suggesting ity for polarized sorting pathways (Hunziker et al., 1990).
apical EGFR missorting involves a lipid raft-independent The cystic cells also exhibited a modest reduction in ra-
mechanism (Cresawn ef al., 2007). Finally, we examined diolabeled apical EGFRs during the 37°C recovery period
domain-specific delivery of newly synthesized EGFR. These that is probably due to rapid equilibration of newly de-
studies were carried out by synchronizing pulse-labeled livered apical molecules with biotin-inaccessible internal
proteins in the Golgi with an 18°C temperature block, fol-  pools (Cresawn et al., 2007).

lowed by a 37°C recovery period to induce vesicle transport o ) .
(Hunziker et al., 1990). Results in Figure 3G indicate the bulk LLCPK1 Cells Also Exhibit EGFR Sorting Abnormalities

of newly synthesized EGFRs were biotin-accessible at apical Although both conditionally immortalized cell lines express
and basolateral surfaces within the first 30 min of the 37°C  functional AP-1B complexes, it is currently unclear whether
recovery period in cystic cells. Apical delivery was com- this pathway contributes to polarized EGFR expression. This
pletely blocked at 18°C in cystic cells. In contrast, basolateral question was addressed in LLCPK1 cells that lack the en-
delivery was reduced but not eliminated in either cell line, dogenous AP-1B 1B subunit resulting in defective sorting
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Figure 4. EGFR 658-LL basolateral sorting signal inter-
acts with AP-1B. (A) Human-specific EGFR expression
was evaluated by domain-specific EGFR1 staining of
nonpermeabilized cells with well-formed tight junctions
(TJ). (B) Horizontal x-z optical sections from LLCPK1
cells expressing wild-type human EGFR after domain-

specific EGFR1 staining. (C) EGFR protein schematic
highlights extracellular region with four subdomains
(I-IV) and multiple N-glycosylation sites (V), trans-
membrane (TM) domain, and cytoplasmic region with

juxtamembrane (Jx), kinase catalytic, and carboxyl ter-
minal (C-term) domains. Amino acid sequences of wild-

type (peptide 1 and peptide 2) and mutant (T654A,
T654D, and 658-AA) peptides used in pulldown assays

are shown beneath the schematic. Critical residues in-

volved in basolateral sorting are highlighted in bold
(Hobert et al., 1997; He et al., 2002). Peptide sequences
derived from human EGFR (Swiss-Prot: P00533.2)

are precisely conserved in mouse EGFR (GenBank:
AAA17899.1). (D) Peptides conjugated to Sepharose
beads (peptide 1) or GST fusion protein attached to
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of AP-1B-dependent basolateral cargo (Folsch et al., 1999).
LLCPK1 cells expressing recombinant human EGFR were
grown on permeable filter supports and stained with EGFR1
mAb added to the apical or basolateral surface (Figure 4A;
Hobert et al., 1997). EGFR1 recognizes a peptide epitope in
the extracellular domain of the receptor and is human-spe-
cific (Waterfield et al., 1982; Carlin and Knowles, 1984).
Human EGFRs were detectable on both membrane domains
(Figure 4B), indicating that they follow multiple pathways to
the basolateral surface including one regulated by AP-1B.
We have reported previously that EGFR polarity is regu-
lated by hierarchical signals including two conserved baso-
lateral sorting motifs located in the juxtamembrane region of
the receptor (Figure 4C; Hobert et al., 1997; He et al., 2002).
Using in vitro pulldown assays, we demonstrated that EGFR
peptides encompassing the dileucine-based 658-LL basolat-
eral sorting motif specifically interacted with AP-1 but not
AP-2 involved in clathrin-dependent sorting at the level of
the plasma membrane (Figure 4D; Robinson and Bonifacino,

2738

glutathione beads (peptide 2) were incubated with cell
fractions enriched for AP complexes, and bound pro-
teins were immunoblotted with AP-specific antibodies.
Cell fractions were also incubated with empty Sepha-
rose beads (Control 1) or affinity purified GST protein
(Control 2). (E) Top: Coomassie-stained gel of affinity-
purified GST fusion proteins. Bottom: GST fusion pro-
tein pulldown assays analyzed with a previously pub-
lished AP-1B u-subunit specific antibody (Folsch et al.,
1999). (F and G) Horizontal x-z optical sections from
LLCPK1 cells expressing human EGFRs with 658-AA
(F) or T654D (G) substitutions stained with domain-
specific EGFR1. Scale bars, (B, F, and G) 5 um.

2001). Furthermore this sequence interacted with the epithe-
lial-specific isoform AP-1B in vitro (Figure 4E). Previously
characterized dileucine sorting signals require an acidic res-
idue at the —4 position [i.e., D/ExxxL(L/I); Bonifacino and
Traub, 2003] for full biological activity. Although the 658-LL
motif lacks an acidic residue, Thr654 at the —4 position is a
known serine-threonine kinase substrate that could serve a
similar role by introducing a negative charge in its phos-
phorylated state (Hunter et al., 1985; Bagowski et al., 1999). A
T654A substitution had a relatively modest effect on AP-1B
binding in the pulldown assay (Figure 4E). Contrary to what
we expected, in vitro AP-1B binding was essentially elimi-
nated by a T654D phospho-mimetic substitution (Figure 4E).
AP-1B binding was also greatly reduced by a 658-AA sub-
stitution (Figure 4E). Introduction of the 658-AA substitu-
tion to full-length human EGFR did not eliminate basolat-
eral expression in LLCPK1 cells, confirming the existence of
a second AP-1B-independent constitutive pathway (Figure
4F). Interestingly, the T654D substitution abolished apical

Molecular Biology of the Cell



EGER expression in LLCPK1 cells, suggesting this mutation
offsets u1B deficiency (Figure 4G). These data indicate EGFR
is sorted by at least three mechanisms: AP-1B-dependent
and —independent constitutive pathways and an inducible
AP-1B-independent pathway regulated by a latent signal
involving Thr654. Furthermore, the 658-LL sorting signal
does not conform to previously characterized consensus
D/ExxxL(L/I) dileucine motifs, suggesting it has unique
molecular requirements.

EGFRs Follow Multiple Pathways to the Basolateral
Membrane in MDCK Cells

The hypothesis that different EGFR sorting signals mediate
trafficking in distinct pathways was further evaluated in
MDCK cells, which express ul1B constitutively (Ohno et al.,
1999). Permanent MDCK cell lines encoding recombinant
human EGFR proteins were subjected to domain-specific
EGEFR1 staining, demonstrating that wild-type human EGFR
and human EGFR with a T654D substitution are enriched on
basolateral membranes (Figure 5, A and B). In contrast hu-
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man EGFR with a 658-AA substitution was detectable on
both membrane domains (Figure 5C). All the permanent cell
lines displayed normal patterns of ZO-1 and E-cadherin
staining, ruling out the possibility that nonpolar human
EGEFR (658-AA) expression was due to loss of cell-cell junc-
tional contacts. Despite similarities in membrane domain
targeting, our data indicate wild-type human EGFR and
human EGFR (T654D) traverse distinct basolateral path-
ways. Receptors with a T654D mutation colocalized with
Rab11 subapical compartments (Figure 5D). Interestingly,
subapical Rabll is a marker for AREs involved in lipid
raft-independent apical trafficking (Apodaca, 2001; Hoek-
stra et al., 2004). In contrast, wild-type EGFR was largely
excluded from this compartment in MDCK cells (Figure 5E).
Differences in basolateral sorting itineraries were not due to
variable levels of EGFR protein expression levels (Figure 5F).
In addition, wild-type EGFR and EGFR (T654D) exhibited
similar metabolic stability after basolateral delivery, with
turnover rates of ~1% per h. These data suggest both these
ectopic receptors were faithfully recycled to the basolateral
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Figure 5. EGFR follows multiple basolateral sorting pathways in
MDCK cells. (A-C) Horizontal x-z optical sections from nonperme-
abilized MDCK cells expressing wild-type human EGFR (A), human
EGFR with a T654D substitution (B), or human EGFR with 658-AA
substitution (C), stained with domain-specific EGFR1 (see Figure 4A).
Permeabilized cells were also stained with ZO-1 and E-cadherin
antibodies. (D and E) Vertical x-y optical sections from representative
MDCK cells expressing EGFR with a T654D substitution (D) or wild-
type human EGEFR (E) costained for Rab11 (red channel) and human
EGFR (green channel). Unmerged and merged images from Z-sec-
tions indicated by dotted lines are shown to the right. Arrows, Rab11-

positive subapical compartments. Scale bars, (A-E) 5 um. (F) Human-specific EGFR immune complexes from permanent MDCK cell lines
expressing recombinant human EGFR proteins listed in the figure were immunoblotted with a second EGFR antibody. (G) Cells were
pulse-labeled with 3*S-amino acids and then switched to chase media for up to 7 h. Cells were biotinylated at the basolateral surface at times
indicated, and biotinylated EGFR immune complexes were recovered by streptavidin affinity purification. EGFR-associated radioactivity was
quantified by phosphorstorage autoradioactivity. Data are plotted as the log percent radioactivity remaining compared with the 1-h time
point, which was set to 100, as a function of time (mean = SEM, n = 3).
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membrane after constitutive EGFR internalization (Figure
5G). Altogether these data confirm results obtained in wlB-
null LLCPK1 cells that EGFRs are constitutively transported
to the basolateral membrane by multiple pathways. They
also indicate receptors in the inducible Thr654-dependent
pathway traverse Rabll-positive subapical compartments
en route to the basolateral membrane.

Recovery of Basolateral EGFR Expression in Cystic Cells
by Activation of Latent Thr654-dependent Signal

Studies to this point have uncovered multiple routes for
polarized EGFR trafficking. These findings raise the possi-
bility that the EGFR cellular phenotype associated with PKD
could be overcome by activating an alternative basolateral
sorting pathway. This hypothesis was tested by analyzing
the distribution of human EGFRs with sorting signal muta-
tions in permanent cystic cell lines. Nonpermeabilized cells
were stained with domain-specific EGFR1 (see Figure 4A).
Cells on replicate filters were stained for CD73 to verify that
ectopic human EGFR expression does not perturb lipid raft—
dependent apical sorting. Cells were also stained for ZO-1
and E-cadherin as indicators of cell polarity. Wild-type hu-
man EGFR was detectable on both membrane surfaces (Fig-
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ure 6A), confirming results in Figure 3A obtained with per-
meabilized cells. Similar to the wild-type receptor, human
EGEFR with a 658-AA substitution was also present on both
membrane surfaces in cystic cells (Figure 6B). However,
human EGFR with the T654D substitution was targeted
exclusively to basolateral membranes (Figure 6C). In addi-
tion to microscopy studies, human EGFR membrane domain
delivery was examined in pulse-chase experiments (Figure
6D). In contrast to Figure 3G, these studies were carried out
without synchronizing newly synthesized molecules in the
Golgi. Although wild-type human EGFR and human EGFR
(658-AA) both exhibited nonpolar delivery, human EGFR
(658-AA) appeared on the apical surface ~30 min before
wild-type human EGEFR consistent with subtle differences in
delivery pathways. In contrast to these two receptor mole-
cules, human EGFR (T654D) was delivered directly to the
basolateral surface in cystic cells. EGFR residue Thr654 is a
known protein kinase C (PKC) substrate (Hunter et al., 1985),
suggesting that PKC might activate the latent signal and
restore basolateral localization of wild-type EGFR in cystic
cells. Cystic cells were treated with PMA that is known to
activate the major PKC isoforms expressed in adult renal
collecting duct to test this hypothesis (Redling et al., 2004).
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Figure 6. T654D mutation reconstitutes basolateral EGFR expression in cystic cells. (A-C) Horizontal x-z confocal optical sections from
cystic cells expressing wild-type human EGFR (A) or human EGER with 658-AA (B) or T654D (C) substitutions stained with EGFR1 according
to Figure 4A, or antibodies to epithelial cell markers. Scale bars, 5 um. (D) Cells were pulse-labeled with 3°S-Express Protein Labeling Mix
for 15 min and biotinylated immediately or after a 37°C incubation period in chase media. Radiolabeled human EGFR immune complexes
purified by streptavidin affinity chromatography were detected by fluorography.
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Although PMA rapidly induced Thr654 phosphorylation in
cells expressing wild-type EGFR but not EGFR (T654D)
(Supplemental Figure 1A), this treatment had no discernable
effect on apical EGFR expression in cystic cells (Supplemen-
tal Figure 1B). Altogether these data indicate wild-type
EGEFR and EGFR (658-AA) arrive at the apical membrane via
kinetically distinct pathways, they also suggest that recep-
tors with a T654D substitution traverse a novel PMA-insen-
sitive basolateral sorting pathway via Rab11-positive AREs
that is unaffected by the disease allele.

EGFR Colocalizes with Rab11-positive Subapical
Compartments in Cystic Cells

Normal and cystic cells expressing human EGFRs were
costained with antibodies to Rab11 and the human receptor.
Our data indicate that wild-type human EGFR is excluded
from Rab11-positive subapical compartments in normal cells
(Figure 7, A and D), in contrast to cystic cells, which exhibit
substantial overlap of these two markers (Figure 7, B and E).
Although these compartments had a tubulovesicular ap-
pearance in normal cells similar to the structures identified
in MDCK cells (Figure 5, E and F), the Rab11-positive sub-
apical compartments appeared more punctuate in cystic
cells. Similar to data from MDCK cells (Figure 5E), human
EGEFR (T654D) also colocalized with Rabl1-positive subapi-
cal compartments in cystic cells (Figure 7, C and F). E-
cadherin, which requires Rabll and functional AREs for
normal basolateral trafficking (Desclozeaux et al., 2008), lo-
calized to similar Rab11-positive subapical compartments in
all three of the cell lines (Figure 7, D-F). Altogether these
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Multiple Basolateral EGFR Sorting Pathways

data indicate wild-type human EGFR and human EGFR
(T654D) transit Rab11-positive subapical compartments re-
sembling E-cadherin ARE sorting intermediates in the cystic
cells. However, in contrast to wild-type EGFR that missorts
to the apical membrane, EGFR (T654D) trafficking to the
basolateral membrane is unaffected by the disease allele.

DISCUSSION

Our studies indicate that newly synthesized EGFRs follow at
least two constitutive basolateral sorting pathways in renal
epithelial cells. One pathway is mediated by direct interac-
tion between a highly conserved unconventional EGFR
dileucine motif 658-LL and AP-1B. Similar to other cargoes,
AP-1B probably sorts EGFRs in CREs (route Bl in Figure §;
Gonzalez and Rodriguez-Boulan, 2009). An AP-1B-indepen-
dent constitutive pathway was also identified. Although the
molecular basis for this alternative route is not yet known, it
may involve the conserved EGFR basolateral signal 667-
PLTP that binds SH3-domain ligands in vitro (He et al., 2002;
Hake et al., 2008). One current model postulates AP-1B-
independent trafficking is mediated by an unknown clathrin
adaptor that sorts cargo directly from the TGN to the plasma
membrane (route B2). Alternatively, cargo may be sorted
independent of clathrin via BSEs (route B3; Gonzalez and
Rodriguez-Boulan, 2009). We have also unmasked a latent
basolateral pathway that transits Rabl1-positive subapical
compartments independent of AP-1B (route B4), by replac-
ing EGFR residue Thr654 with a negatively charged aspartic
acid. Based on subcellular localization, Rab11 staining, and
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Figure 7. EGEFR colocalizes with Rab11-positive subapical compartments in cystic cells. (A-C) Vertical x-y confocal optical sections from the
midlateral (left panels) or subapical (middle panels) regions of normal cells expressing wild-type human EGFR (A), cystic cells expressing
wild-type human EGFR (B), or cystic cells expressing human EGFR with a T654D substitution (C) costained for Rab11 (green channel) and
human EGFR (red channel). Panels to far right are magnified images of individual and merged channels from boxed areas in subapical
sections. Arrows, Rabll-positive subapical compartments. Asterisks in midlateral sections denote cells with Rabl1-positive subapical
compartments. (D-F) Individual and merged channels of horizontal x-z confocal sections from normal cells expressing wild-type human
EGFR (D), cystic cells expressing wild-type human EGER (E), or cystic cells expressing human EGFR with a T654D substitution (F) costained
for Rab11 (green channels in both sets of panels) and either human EGFR or E-cadherin (red channels in top or bottom panels, respectively).
Arrows denote Rab11-positive subapical compartments. Scale bars, 5 wm.
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Figure 8. The model depicts a variety of routes followed by newly
synthesized EGFR in polarized renal cells. EGFRs are transported to
the CRE where they undergo AP-1B-dependent transport to the
basolateral membrane via route B1. EGFR also follows an AP-1B-
independent pathway that may bypass CREs using a direct route
from the TGN to the basolateral membrane (B2). Alternatively this
pathway may involve a hypothetical route from CREs to BSEs (B3).
Introduction of an aspartic acid residue for Thr654 unmasks a third
route that traverses AREs en route to the basolateral membrane (B4).
Receptors in this pathway may reach AREs by a direct route from
the TGN (A1) or via a CRE intermediate (AT). The Bl pathway is
impaired in wl1B-null LLCPK1 cells as well as cystic cells from the
BPK model with constitutive ul1B expression. The B4 pathway by-
passes AP-1B and reconstitutes polar EGFR expression in both cell
types. Apically missorted EGFRs probably follows the N-glycan—
dependent Al pathway rather than the lipid raft-dependent path-
way that involves ASE intermediates (not shown). Gray arrows
indicate polarized protein cargoes that may be presorted in the ER
or Golgi. AJ, adherens junction; TJ, tight junction; T, clathrin.

the presence of E-cadherin in similar structures, these com-
partments are probably AREs (Apodaca, 2001; Hoekstra et
al., 2004). At present it is unclear if EGFR (T654D) receptors
are targeted to AREs directly (route Al) or via CREs (route
AT). Interestingly, the EGFR T654D substitution inhibits
AP-1B binding in vitro. This finding raises the possibility
that T654D silences the AP-1B signal in addition to activat-
ing a novel basolateral sorting signal.

The 658-AA mutation does not exacerbate the EGFR dis-
ease phenotype, indicating that the BPK mutant allele spe-
cifically interferes with the constitutive AP-1B pathway.
However, cystic cells have functional AP-1B machinery, sug-
gesting these cells may be missing an essential EGFR-spe-
cific regulatory protein. Other membrane proteins require
cargo-specific subunits of the exocyst complex utilized by
AP-1B vesicles (Folsch, 2005). For example, Rho family
GTPase TC10 is required for exocyst-mediated membrane
fusion of certain cargo as well as membrane expansion in
developing neurons (Chiang ef al., 2001; Cuadra et al., 2004;
Cheng et al., 2005; Dupraz et al., 2009). It is also possible that
excess AP-1B expressed in cystic cells partially uncouples
the AP-1B pathway from a rate-limiting regulatory protein
needed for proper EGFR basolateral sorting. Without the
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putative regulatory protein, EGFRs may be recognized by
machinery involved in transporting N-glycan dependent
cargoes from CRE to apical membrane (route AT; Hobert et
al., 1997).

The disease allele does not impair T654D-dependent
EGEFR basolateral transport, suggesting that the negative
charge activates a latent signal that overcomes AP-1B-de-
pendent sorting abnormalities. It remains to be determined
if the T654D-dependent pathway is activated by phosphor-
ylation. Although PMA-sensitive PKC isoforms were tenta-
tively ruled out, other serine/threonine kinases have critical
roles in polarized sorting. For example, atypical PKC regu-
lates PAR proteins involved in early cell polarization events
(Goldstein and Macara, 2007), and PKD mediates basolateral
transport carrier fission from TGN (Yeaman ef al., 2004).
However, neither of these kinases appears to modify specific
membrane protein cargo. Previous studies indicate the
EGFR sequence containing Thr654 forms an amphiphilic
helix that binds strongly to membrane-mimetic micelles in
vitro (Choowongkomon et al., 2005). Introduction of a neg-
ative charge disrupts the helical structure and dramatically
alters overall EGFR juxtamembrane conformation. The
EGEFR juxtamembrane region has multiple protein interac-
tion partners including calmodulin and phosphoinositide
kinases (Cochet et al., 1991; Martin-Nieto and Villalobo,
1998) that could conceivably trigger localized conforma-
tional changes or phosphoinositide metabolism independent
of Thr654 phosphorylation. E-cadherin is also routed baso-
laterally via Rab11-positive AREs by an AP-1B-independent
pathway (Desclozeaux et al., 2008). Interestingly this path-
way involves an unconventional dileucine-based sorting sig-
nal lacking an acidic residue at the —4 position (Miranda et
al., 2001). ARE-dependent E-cadherin basolateral sorting is
required for lumen formation during epithelial morphogen-
esis (Desclozeaux ef al., 2008), raising the possibility the
latent Thr654-dependent EGFR signal has a similar role dur-
ing development or tissue repair.

Epithelial cell polarity is also regulated by polarized re-
cycling from endosomes. The hypothesis that EGFRs do not
properly engage AP-1B in cystic cells implies these cells may
also be defective for EGFR recycling from CREs. However,
constitutive EGFR internalization is relatively slow (Wiley et
al., 1991) and any contribution of recycling pathways to the
overall PKD phenotype may be modest. Although we can-
not formally exclude the possibility that EGFRs also missort
postendocytically, our data indicate the cystic EGFR pheno-
type primarily involves defective sorting in the secretory
pathway.

Identification of the AP-1B subunit(s) that recognize the
unconventional EGFR dileucine motif is an important future
direction for these studies. On the one hand, the EGFR
interaction could involve unique carboxyl terminal se-
quences in the ulB subunit that are thought to protrude
from intact AP1 complexes and to be important for interac-
tions with sorting signals (Ohno et al., 1999). Alternatively,
divergent sequences in their amino-terminal domains may
affect how 1B interacts with other adaptor subunits. These
differences could be important if the 658-LL interaction is
mediated by AP-1B hemi-complexes involving the u1B sub-
unit (Owen et al., 2004).

It will also be interesting to determine the link between
defective AP-1B-dependent EGFR sorting and the primary
gene defect in the BPK model. Drosophila Bicc-1 binds a
subunit of the CCR4-NOT deadenylation complex responsi-
ble for shortening of specific mRNAs during early embry-
onic patterning (Chicoine ef al., 2007). Recent data indicate
the Drosophila protein regulates endoplasmic reticulum (ER)
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exit site homeostasis necessary for normal protein sorting
and that specific proteins become trapped in aberrant exit
site compartments, leading to defective exocytosis in Bicc-1-
null embryos (Kugler et al., 2009). Although the EGFR sort-
ing defect involves inaccurate incorporation into post-Golgi
transport vesicles, a growing number of studies indicate
protein cargo are presorted in the ER or bypass the Golgi
altogether (Prydz et al., 2007; Tveit et al., 2009). Besides
EGEFR, the BPK mutant allele could also block trafficking of
the putative regulatory protein required for EGFR sorting by
AP-1B. The ER is emerging as a common target for PKD
susceptibility gene products. Recent data indicate PKD1 in-
fluences the shape and localization of both the microtubule
network and the ER (Gao et al., 2009), and PKD2 is an
abundant ER protein that functions as a novel intracellular
Ca?* release channel (Koulen et al., 2002; Li et al., 2005).

Another novel finding from these studies is that EGFR-
dependent signaling is perturbed at both membrane sur-
faces in cystic cells. It is conceivable the disease allele mod-
ulates EGFR signaling by causing an alternative distribution
in basolateral membrane subdomains through reduced in-
corporation into AP-1B transport vesicles. This hypothesis is
consistent with the idea that overlapping but separate routes
to the same membrane domain allow different epithelial cell
types to carry out unique physiological functions. Further-
more AP-1B-independent routes for some cargo develop
after cells have polarized, in contrast to AP-1B, which has a
prominent role in newly polarized cells, suggesting these
pathways have distinct roles during development or differ-
entiation (Gonzalez and Rodriguez-Boulan, 2009). Interest-
ingly ERK1/ERK2 is hyperactivated in cystic kidneys, and
inhibition of this pathway slows disease progression in PKD
mouse models (Yamaguchi et al., 2004; Veizis and Cotton,
2005). Our data suggest that imbalanced EGFR signaling
from both membrane domains contributes to hyperactive
ERK1/ERK2 responses associated with PKD.

Multiple sorting pathways provide for EGFR membrane
plasticity important for tissue homeostasis. The BPK disease
allele appears to selectively interfere with AP-1B-dependent
EGER sorting, suggesting EGFR polarity could be reconsti-
tuted if receptors were diverted away from this pathway. In
addition, recognition by alternative basolateral sorting path-
ways could fine-tune EGFR signaling and restrict cell pro-
liferation, contributing to cystogenesis. Our data also sug-
gest a novel role for Bicc-1 disease-specific transcript in
AP-1B-dependent EGFR basolateral transport that may also
yield novel insights to other ARPKD susceptibility genes.
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