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Polycystin-1 (Pcl) cleavage at the G protein-coupled receptor (GPCR) proteolytic site (GPS) is required for normal kidney mor-
phology in humans and mice. We found a complex pattern of endogenous Pcl forms by GPS cleavage. GPS cleavage generates
not only the heterodimeric cleaved full-length Pc1 (Pc1*") in which the N-terminal fragment (NTF) remains noncovalently as-

sociated with the C-terminal fragment (CTF) but also a novel (Pc1) form (Pc19¢N) in which NTF becomes detached from CTF.
Uncleaved Pcl (Pc1V) resides primarily in the endoplasmic reticulum (ER), whereas both Pc1<*" and Pc19N traffic through the

secretory pathway in vivo. GPS cleavage is not a prerequisite, however, for Pc1 trafficking in vivo. Importantly, Pc

19N is pre-

dominantly found at the plasma membrane of renal epithelial cells. By functional genetic complementation with five Pkd1

mouse models, we discovered that CTF plays a crucial role in Pc

1 deN

trafficking. Our studies support GPS cleavage as a critical

regulatory mechanism of Pc1 biogenesis and trafficking for proper kidney development and homeostasis.

Polycystin—l (PC1) is encoded by the PKDI gene that is mu-
tated in autosomal dominant polycystic kidney disease (AD-
PKD), characterized by the development of numerous cysts in
both kidneys and progressive renal failure (1). PC1 regulates ter-
minal differentiation of tubular structures in kidney and liver (2—
4), as well as maintaining the structural integrity of the kidney (5)
and vasculature (6). Expression studies in human and mouse
showed spatiotemporal regulated expression for PC1/Pcl (7-10).
In the fetal kidney, immunolocalization of endogenous PC1/Pcl
was observed at apical (most predominant) and basolateral
plasma membranes of ureteric bud and collecting ducts (CDs)
(11-13). During late renal morphogenesis, Pcl expression in-
creases significantly during planar cell polarity (PCP)-dependent
convergent extension and late collecting duct branching elonga-
tion (9, 14). In adult kidney and other tissues or cell lines, PC1/Pcl
localization was reported in a range of subcellular compartments
to apical and basal lateral plasma membranes (12), cell-cell junc-
tions (15, 16), and primary cilia (17, 18). Based on its complex
structure and expression patterns, native Pcl is thought to act on
the cell surface and may have multiple cellular functions in vivo.

PClisa4,302-amino-acid (aa) glycoprotein with a huge N-ter-
minal extracellular region containing protein-protein interaction
motifs, an 11-transmembrane (TM) domain, and an ~200-aa C-
terminal cytoplasmic tail that can activate a number of signaling
pathways (19, 20) (Fig. 1A). The N-terminal extracellular region is
separated from the 11-TM domain by the G protein-coupled re-
ceptor (GPCR) proteolytic site (GPS) motif of ~50 aa (19, 20).
Initial studies with recombinant PC1 showed that PC1/Pcl is
cleaved within the GPS motif (21) at the tripeptide HL| T°**' lo-
cated ~20 aa before the first TM domain, resulting in an ~370-
kDa N-terminal fragment (NTF) and an ~150-kDa C-terminal
fragment (CTF) (22). Following GPS cleavage, Pc1 NTF remains
noncovalently associated with the CTF. In addition, a significant
proportion of the overexpressed recombinant PC1/Pcl remains
uncleaved in various mammalian cells.

Missense mutations in the GPS or GPCR autoproteolysis-in-
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ducing (GAIN) domain of PKD1I disrupt cleavage of PC1 in re-
combinant systems (22-24) and prevent activation of the JAK-
STAT pathway and induction of tubulogenesis in MDCK three-
dimensional (3D) cultures (22). The first evidence for a functional
and physiologic role of GPS cleavage for Pc1 came from analysis of
mice homozygous for the knock-in missense change T3041V at
the HL| T°°*! cleavage site (Pkd1"""; the position of cleavage is
indicated by the downward arrow), which produces a noncleav-
able Pcl (Pc1Y) (25, 26). In contrast to the embryonic-lethal Pkdl
null mice, which develop severely cystic kidneys starting at embry-
onic day 15.5 (E15.5) (2—4), Pkd1¥"V mutant mice are viable with
virtually normally appearing kidneys at birth. However, from
postnatal day 3 (P3), Pkd1""¥ mice develop massive cysts mainly
in distal nephron segments, leading to death by ~1 month (26).
Therefore, GPS cleavage of Pc1 is not essential in embryonic kid-
neys but is fundamental in postnatal kidneys. Additionally, un-
cleaved full-length Pcl (Pc1Y) and GPS-cleaved Pcl molecules
appear to possess distinct biological functions. While Pc1Y ap-
pears important for embryonic kidney development and postna-
tally for proximal tubule integrity, cleaved Pc1 is indispensable for
intact structure of distal nephron segments after birth.

The GPS motif was first identified as an internal cleavage site in
the neuronal GPCR protein latrophilin and was later found to be
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FIG 1 Characterization of endogenous Pc1V and Pc1¢™" molecules in normal
mouse tissues. (A) Schematic structure of mouse polycystin-1 (Pcl). LRR, leucine-
rich repeat; CL, C-type lectin; L, LDL-A; PKD, polycystic kidney disease repeats;
RE]J, receptor for egg jelly; GPS, G-protein-coupled receptor proteolytic site. Pcl
cleavage occurs at HL|T?**! site in the GPS motif, resulting in NTF and CTF
fragments. Epitope positions of anti-LRR and anti-CC (chicken, cCC; rabbit, rCC)
are shown by black boxes. The uncleaved full-length Pc1" (red) and the full-length
cleaved Pc1<" (blue) are schematized. The color code is maintained throughout
the figures. (B) Endogenous Pcl products were analyzed by immunoprecipitation
(IP) with anti-cCC from wild-type (WT) mouse embryos (E14.5 and E18.5), kid-
neys (P3 to P21), and adult (2-month-old) tissues (Br, brain; Li, liver; Ki, kidney;
Lu, lung; He, heart; Sp, spleen) and detected by immunoblotting (IB) with anti-
LRR (upper panel) and anti-rCC (lower panel). The schematic diagram (right
panel) provides an identification guide. (C) N-glycosylation modification of en-
dogenous Pcl from WT MEFs was monitored by IB on anti-cCC immunoprecipi-
tates, either untreated (—) or treated with PNGase F (P) or endo-H (E). Pcl
products were detected with anti-LRR and anti-rCC from different exposures. The
exclusive endo-H sensitivity of Pc1Y contrasts with the partial endo-H sensitivity
of Pc1™™. Note that endo-H-deglycosylated Pc1V overlapped with the intense
endo-H-resistant NTF**° band (lane 3). A schematic diagram provides an identi-
fication guide. (D) N-glycosylation modification of endogenous Pcl from WT
kidneys at P5 was analyzed as described for panel C and detected by IB with
anti-LRR. Endogenous Pc1Y is endo-H sensitive, whereas the Pc1 NTF subunit is
both endo-H resistant and sensitive. (E) Noncovalent association of Pc1* sub-
units. MEF lysates were subjected to IP with anti-cCC under either nondenaturing
conditions with 0.5% Triton X-100 (Non-D) or denaturing conditions with de-
tergent SDS (0.1%; D), followed by IB with anti-LRR or anti-rCC. The NTF sub-
unit was coprecipitated by the CTF subunit only under nondenaturing conditions.
The schematic diagram provides an identification guide.

3342 mcb.asm.org

part of the ~300-aa-long GAIN domain (23) present in ~30 ad-
hesion GPCRs (aGPCRs), the second largest GPCR subfamily
characterized by an unusually large and complex ectodomain (27—
29). A unique property of GPS cleavage is that the two resulting
fragments remain associated noncovalently to form a stable but
dissociable heterodimer via extensive networks of hydrophobic
side chain interactions between the GPS/GAIN domain and the
N-terminal stalk of the C-terminal fragment (23, 30-33). Previous
studies on aGPCRs have suggested that GPS cleavage promotes
efficient trafficking and signaling (34-36). It was also proposed
that the NTF of the aGPCR heterodimers might inhibit receptor
signaling (35, 37). Such inhibition can be relieved by conforma-
tional changes induced by ligand binding and activation of the
G-protein-mediated signaling by the seven-TM CTF. Further, li-
gands that stabilize the heterodimer may antagonize aGPCR sig-
naling while others may induce adhesion without dissociation of
the NTF and CTF or inhibition of CTF signaling (38, 39). The NTF
itself can serve additional functions independently of the CTF (40,
41). However, it remains unknown how cleavage affects the bio-
chemical composition and the trafficking of these proteins in vivo
to regulate the signaling pathways of the cleaved fragments.

In this study, we defined the molecular composition of endog-
enous Pcl arising from GPS cleavage in the tissues and cells from
postnatal and adult mice and describe its intracellular trafficking
in vivo. We discovered novel complexity of endogenous Pc1 mol-
ecules arising from GPS cleavage and identified two distinct
cleaved Pc1 molecules in vivo: (i) the heterodimeric cleaved full-
length (Pc1°™M) form, in which the NTF subunit remains nonco-
valently associated to the CTF subunit, and (ii) the novel pc1deN
form, in which the NTF subunit is detached from the CTF. We
show for the first time that GPS cleavage of endogenous Pcl oc-
curs in the endoplasmic reticulum (ER) and is not an absolute
prerequisite for Pcl trafficking to the Golgi compartment in vivo.
Analysis using bacterial artificial chromosome (BAC) transgenesis
establishes that Pc19°N does not traffic autonomously but is “car-
ried” via Pc1°™, This study on Pc1 biogenesis and trafficking leads
to a model in which individual Pcl forms play multiple roles in
kidney development and homeostasis.

MATERIALS AND METHODS

Animals. We previously produced the transgenic Pkdl,,,, and Pkd1l;,q
mouse lines, the knock-in Pkd1""V and PkdI™Y“™YC mice, and the
knockout Pkd1AMYC/ACMYC mjce as well as obtained the N-ethyl-N-ni-
trosourea (ENU)-induced Pkd1™'Be/m1Bei phice (26, 42-45). These mouse
models were bred to a C57BL/6] genetic background. All animal experi-
ments conformed to the standards of the Canadian Council of Animal
Care of Institut de Recherches Cliniques de Montréal and of the Animal
Care and Use Committees of Johns Hopkins School of Medicine and the
University of Maryland School of Medicine.

Genotype analysis. Mouse genotyping was accomplished on DNA
extracted from tail biopsy specimens. The Pkdl,g and Pkdl,,,, trans-
genes were genotyped by Southern blots using EcoRI (Pkd1 probe exon 7
to 15) and BamHI (Pkd1 probe exon 23 to 25), respectively (43, 46). To
identify Pkd1" heterozygous mice, we used PCR amplification with the
following oligonucleotides: forward, Pkdl exon 23 (5'-CCA AAC AAC
TCA GAC CAG G-3'), and reverse, Pkdl intron 23 (5'-ACC AGG ACA
GCA AGA AAA C-3"). These produce amplicons of 280 bp (wild-type
[WT] Pkd1) and 320 bp (Pkd1" allele). The heterozygous or homozygous
Pkd1Y allele on the transgenic Pkdl,,,,, or Pkdl., mouse background
was distinguished by TagMan gene copy number assay. Quantitative PCR
(qPCR) was performed with the forward primer (Intron 23 Pkd1) 5'-TGC
CTTTCT TCC CTC CTT GTC-3', reverse primer (Flp recognition target
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[FRT] and linker from PkdI" construct) 5'-GCC GAA GTT CCT ATT
CTC TAG AAA GTA T-3', and a TagMan probe (FRT and linker from
Pkd1Y construct), 6FAM-CTC GAC GAA GTT CC-MGBNEQ (where
FAM is 6-carboxyfluorescein and MGBNFQ is minor groove binder and
nonfluorescent quencher). We used as a normalizer the Dolt gene with the
forward primer (intron 1) 5'-GCC CCA GCA CGA CCA TT-3', reverse
primer (Intron 1) 5'-TAG TTG GCA TCC TTA TGC TTC ATC-3',and a
TagMan probe with Dolt (VIC-CCA GCT CTC AAG TCG-MGBNFQ;
Life Technologies). The PCRs were carried out with the PerfeCTa qPCR
SuperMix (Quanta Biosciences) in an Mx4000, 3005P (Stratagene), or
Viia7 apparatus (Life Technologies).

Histopathological analysis. Transgenic Pkd1""V; Pkdl,,, mice,
Pkd1Y”V; Pkdl, mice, knock-in Pkd1¥"Y mice, and nontransgenic age-
matched control Pkdl ™" mice from different ages were sacrificed, and
kidney tissues were readily removed. Kidneys were immediately placed in
formalin or paraformaldehyde and then embedded in paraffin. Tissue
sections (4 to 5 pm thick) were stained with hematoxylin and eosin
(H&E) for morphological evaluation using an Axiophot Zeiss microscope
(47). Cystic areas of kidneys at P10 from Pkd1""V; Pkdl,,, Pkd1""Y;
Pkd1,q,and littermate Pkd1"’Y and Pkd1 ™™ controls were quantified at
amagnification of ~X1.5 to X 1.6 as a function of cyst percentage to total
surface using a Leica MX12 microscope and Northern Eclipse software. In
addition, cystic surface of the cortex versus medulla was evaluated for
Pkd1Y"V; Pkd1,,,,,2 and Pkd1¥"V controls using the same approach.

Protein analysis. Immunoprecipitation (IP) studies of the endoge-
nous polycystin-1 were accomplished on mouse tissue samples, embryos,
or cells (murine embryonic fibroblasts [MEFs], collecting duct cells, and
inner medullary collecting duct [IMCD] cells) homogenized in lysis buf-
fer (20 mM sodium phosphate [pH 7.2], 150 mM NaCl, 1 mM EDTA,
10% glycerol, 0.5 to 1% Triton X-100) and a cocktail of protease inhibitors
(Sigma-Aldrich) (22). The homogenate was incubated for 1 h on ice and
cleared of debris by centrifugation at 17,000 X g for 10 min at 4°C. Ten
milligrams of protein lysates in 1 ml was typically used for IP with the
chicken C-terminal Pcl antibody (anti-cCC) and goat anti-chicken IgY—
agarose beads (PrecipHen; Aves Labs) as described previously (26). The
resulting IP products were loaded on 3 to 8% Tris-acetate-SDS-polyacryl-
amide precast gels or 4 to 12% Tris-glycine-SDS-polyacrylamide precast
gels (Invitrogen) and transferred to polyvinylidene difluoride (PVDF)
membrane (Bio-Rad). The membranes were incubated with rabbit poly-
clonal or rat monoclonal C-terminal anti-CC (anti-rCC) and a horserad-
ish peroxidase (HRP)-conjugated secondary antibody as previously de-
scribed (26). ECL Prime (GE Health Care Life Sciences) was used for
detection on Kodak film or a ChemiDoc XRS+ Pharos imaging system
(Bio-Rad). The membranes were then stripped using Restore Western
blot buffer (Pierce, VWR) and reprobed with the anti-LRR (7e12) anti-
body directed to the LRR domain of Pc1 (Santa Cruz Biotechnology) (48).
A similar protocol was performed for analysis of Pc1 in the Pkd1™MY®/MY©
and Pkd1A“MYCS/ACMYC embryos, but the protein lysates were immuno-
precipitated with a polyclonal anti-Myc (Cell Signaling Technology) and
detected with a rabbit polyclonal anti-Myc (Cell Signaling Technology) or
anti-LRR (7e12).

The immunodepletion studies were performed on kidneys, lungs, em-
bryos, MEFs, and IMCD cells. According to the endogenous polycystin-1
expression levels, up to five rounds of immunoprecipitation were carried
out to achieve complete depletion of both Pc1Y and Pc1". These IP
products were monitored for intact Pc1<™™ by coprecipitation of NTFs
throughout the depletion procedure. The flowthrough fraction was im-
munoprecipitated with anti-CC (cCC) followed by Western blot analysis
with anti-CC (rCC) and anti-LRR (7e12) to verify efficiency of immu-
nodepletion.

Analysis of total protein lysates was carried out on kidneys, lungs,
embryos, MEFs, and IMCD cells. Protein extracts were prepared as de-
scribed previously (43, 44); usually, Pkdl,,,,, (alone or with Pkd1¥"V) was
loaded at 1/10 of other samples for immunoblotting (IB). Membranes
were incubated with anti-LRR (7e12) antibody and the internal control
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B-tubulin or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Sig-
ma-Aldrich and Abcam), followed by ECL Prime or ECL (GE Health Care
Life Sciences) for detection. Total protein or IP samples were deglycosy-
lated using peptide N-glycosidase F (PNGase F) or endoglycosidase H
(endo-H; New England BioLabs) according to the manufacturer’s in-
structions.

Cell and surface biotinylation studies. Collecting duct (CD) cells
were derived from Pkdl WT postnatal kidneys for endogenous Pc1 anal-
ysis. Surface biotinylation experiments for CD monolayers were per-
formed using a Pierce cell surface protein isolation kit (Thermo Scientific)
according to the manufacturer’s instructions. Anti-GM130 (Novus bio-
logicals), a cis-Golgi marker, was used as a negative control for surface
protein detection. Proteins on the blots were quantified using Quantity
One software of the Pharos imaging system (Bio-Rad). The relative
amounts of Pcl NTF and CTF, detected by anti-LRR and CC, respectively,
were determined by adjusting their signal intensities to those of noncleav-
able Pc1V loaded on the same blot.

Statistical analysis. Values were expressed as means * standard devi-
ations. Statistical analysis was performed by one-way analysis of variance
(ANOVA) with a Tukey correction test for multiple comparisons of the
mean of each column to the mean of every other column and computed by
Prism 6 software. A P value of 0.05 with a 95% confidence interval was
considered significant.

RESULTS
Characterization of endogenous polycystin-1 (Pcl) products
generated by GPS cleavage. The cleaved polycystin-1 form con-
sisting of the NTF associated with the CTF (Pc1°™) (22) and the
uncleaved full-length Pc1 (Pc1Y) have previously been described
in vitro and are illustrated in Fig. 1A. To identify the endogenous
forms of Pc1 and their spatiotemporal expression patterns in vivo,
we performed immunoprecipitation (IP) with a chicken antibody
directed to the CTF (anti-cCC) from lysates of embryos, kidneys
at different postnatal ages, and numerous tissues from adult mice,
followed by immunoblot (IB) analysis with anti-rCC and anti-
LRR separately. Embryo and adult tissues probed with anti-rCC
showed a prominent ~150-kDaband of Pc1, corresponding to the
CTF subunit (Fig. 1B) as reported by Yu et al. (26). In addition, a
weak but distinct ~520-kDa Pcl band corresponding to the Pc1Y
was observed. In kidneys, the Pc1" and the CTF subunit were
detectable during postnatal development from P3 to P14, but their
levels waned considerably thereafter, in contrast with the very
high levels in adult lungs (Fig. 1B, bottom panel). Probing with
anti-LRR detected a weak Pc1Y band in the embryos and adult
tissues, consistent with anti-rCC results (Fig. 1B, top panel), and,
additionally, a strong Pcl doublet (~450 and ~370 kDa) that is
not recognized by anti-rCC (lower panel). Based on their molec-
ular masses (MM) and coimmunoprecipitation (co-IP) with CTF,
the doublet bands most likely represent the NTF subunits of
Pc1°™" (a 450-kDa band [NTF**°] and a 370-kDa band [NTF*”],
according to their MM) that is associated with the CTF (Fig. 1B,
schematic right side). Decreased levels were observed for both
coimmunoprecipitated NTF and CTF from the postnatal period
to adulthood in the kidney samples. Together, these results indi-
cate that Pc1™" expression is developmentally regulated in the
embryonic kidneys and in the adult tissues. Of interest, the stoi-
chiometry of NTF**” and NTF*7° varied among the samples ex-
amined; i.e., NTF*”° was more abundant in the embryos and adult
brain, while the NTF**° band was conversely more predominant
in the others (Fig. 1B).

The consistent observation of a Pc1 NTF doublet raised the
question of whether these bands represent two distinct Pc1"" iso-
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TABLE 1 Pkd1 mouse lines

Mouse line Genetic modification Description Reference
Pkd1“"V Knock-in T3041V at GPS/GAIN domain produces noncleavable Pc1¥ 26
Pkdl .2 Transgenic (~80 copies) F3043X in Pkd1-BAC produces NTF-like protein 44
Pkd1.,39 Transgenic (~2 copies) F3043X in Pkd1-BAC produces NTF-like protein 44
Pkdl,,526 Transgenic (~15 copies) Full-length Pkd1,,-BAC overexpresses endogenous Pcl 43
Pkd]m!Bel/miBei ENU mutagenesis M3083R within the first transmembrane domain of CTF 42
Pkd1MYCeMYE Knock-in Produces fully functional Pcl with a C-terminal 5XMyc tag 45
Pkd]AeMYC/aCMYC Knockout Produces 5XMyc-tagged Pcl lacking C-terminal 257 aa 45

forms or result from differential N-glycosylation of Pc1<™™. To
address this point, wild-type MEF cells, which express high endog-
enous levels of Pcl, were used to analyze the N-glycan modifica-
tion of Pc1™" with the N-deglycosylases PNGase F and endo-H
(endoglycosidase H), which also serves to monitor protein traf-
ficking along the secretory pathway (49-51). This approach is
based on the characteristic nonuniform distribution of glycosyla-
tion enzymes along the intracellular secretory pathway, making
the glycosylation pattern a useful marker indicating the localiza-
tion of glycoproteins. The general rationale is that N-glycans of
glycoproteins in the endoplasmic reticulum (ER) are all high man-
nose and are susceptible to removal by cleavage using PNGase F or
endo-H, whereas complex N-glycans acquired in the medial/
trans-Golgi compartment are resistant to removal by endo-H but
remain sensitive to PNGase F. Sensitivity to endo-H is therefore
indicative of proteins that are still in the ER, whereas proteins that
acquire endo-H resistance have egressed the ER and transited
through the Golgi compartment (49-51). Anti-cCC IP products
from MEF protein extracts were treated with PNGase F or endo-H
or left untreated (controls) and analyzed by IB with anti-rCC or
-LRR antibodies (Fig. 1C). As seen with embryo and tissue sam-
ples (Fig. 1B, bottom panel), the Pcl CTF in MEFs migrates as a
pronounced band at ~150 kDa (Fig. 1C, bottom panel). Treat-
ment with PNGase F shifted the CTF to a slightly faster-migrating
band at ~140 kDa (the predicted MM of the CTF), whereas
endo-H digestion resulted in appearance of two distinct bands at
~150 and ~140 kDa. These data indicate that the Pc1 CTF is
composed of distinct species of very similar MW and different
N-glycan types. Noticeably, the Pc1Y was extensively N-glycosy-
lated and exclusively sensitive to endo-H, as shown by its shift to
~460 kDa (the predicted MM of full-length Pc1) upon treatment
(Fig. 1C, bottom panel). The shift of Pc1¥ upon PNGase F treat-
ment was also observed with anti-LRR (Fig. 1C, top panel). This
result indicates that Pc1Y is mainly localized to the ER. Impor-
tantly, both the NTF*° and NTF*”° bands were reduced to a single
one at ~320 kDa, the predicted MM of NTF, by PNGase F treat-
ment (Fig. 1C, top panel, lane 3). Analysis with endo-H indicated
that NTF**° was endo-H resistant, while NTF*”° was endo-H sen-
sitive, as revealed by its shift to ~320 kDa. Hence, the NTF doublet
bands do not correspond to two distinct Pc1<™" isoforms but
rather result from differential N-glycosylation modification in the
NTF subunits of Pc1¥", The NTF subunit therefore consists of
both endo-H-resistant and -sensitive pools, as was found for the
CTF subunits. Collectively, these data provide evidence for one
single endogenous Pc1"" form that could traffic from the Golgi
compartment to the plasma membrane.

To determine whether differential N-glycosylation of endoge-
nous Pc1¥" also occurs in the kidney, similar experiments were
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performed using P5 wild-type kidneys. Anti-LRR detected three
bands from untreated kidney samples: the Pc1V and the more
abundant doublet of NTF subunits from Pc1°F* (Fig. 1D). Pc1Y
was sensitive to both PNGase F and endo-H, as observed in MEFs,
thereby pointing to ER localization. The NTF**® and NTF*"°
bands were reduced to a single band of ~320 kDa by PNGase F
treatment and exhibited endo-H resistance and sensitivity, respec-
tively, supporting the presence of differential N-glycan modifica-
tions of Pc1™" in the kidney. Analogous results were obtained
with the lung (see Fig. 2C) and embryo (see Fig. 6). Collectively,
these results show one single endogenous Pc1™" form present in
the ER and post-ER/Golgi compartments of kidneys and multiple
tissues/cells and argue that Pc1 GPS cis-autoproteolytic cleavage
occurs in the ER in vivo.

To define the nature of the association between CTF and NTF
in the endogenous Pc1" form, lysates from MEFs were immuno-
precipitated with anti-cCC antibody either under denaturing con-
ditions (Fig. 1E, lane D, 0.1% SDS) to dissociate noncovalent pro-
tein interactions or nondenaturing conditions (Fig. 1E, lane
Non-D, 0.5% Triton X-100). While Pcl CTF and Pc1Y were de-
tected under both conditions (Fig. 1E, bottom panel), both
NTE**° and NTF*”° were detected only under nondenaturing con-
ditions (Fig. 1E, top panel). Therefore, the endogenous Pcl<™*
complex consists of NTF and CTF associated via noncovalent in-
teractions.

Pcl GPS cleavage is not a prerequisite for intracellular traf-
ficking to the Golgi compartment. Two possible mechanisms
could be responsible for the lack of endo-H-resistant Pc1Y. First,
GPS cleavage is essential for Pcl trafficking out of the ER. Second,
Pc1Y does exit the ER but becomes rapidly cleaved before or upon
reaching the cis-Golgi network, consequently preventing detect-
able levels of endo-H-resistant Pc1 to be achieved at steady state.
To differentiate between these two possibilities, we examined the
N-glycosylation status of the noncleavable Pc1Y in renal collecting
duct cells from mutant Pkd1¥’"V mice (Table 1 and Fig. 2A). Two
bands of ~600 kDa and ~520 kDa were detected with anti-LRR
for Pc1V in untreated samples, whereby the lower band migrated
to a similar position as the upper NTF band of wild-type collecting
duct cells (Fig. 2B, lanes 1 and 4). Both Pc1Y forms collapsed to a
single band at the predicted MM of ~460 kDa upon PNGase F
treatment (lane 5). Importantly, the ~600-kDa Pc1Y was resistant
to endo-H digestion, indicating that Pc1Y localizes to a post-ER or
-Golgi compartment. The ~520-kDa Pc1Y band, in contrast, was
endo-H sensitive and shifted to ~460 kDa upon endo-H treat-
ment (Fig. 2B, lane 6). Similar results were obtained with the lungs
of Pkd1¥"V mice, whereby the lower Pc1" band comigrated with
the Pc1Y band of wild-type lung (Fig. 2C). Together, our data
suggest that noncleavable Pc1Y can traffic to the Golgi compart-
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FIG 2 GPS cleavage is not a prerequisite for Pcl intracellular trafficking. (A)
Schematic structure of WT Pc1 and noncleavable Pc1Y with a T3041V substi-
tution at the HL{ T°**' cleavage consensus site, corresponding to the length of
Pc1Y. (B) N-glycosylation modification of Pc1 from collecting duct (CD) cells
derived from WT and Pkd1""V (V/V) postnatal kidneys was analyzed by TP
with anti-cCC, either untreated (—) or treated with PNGase F (P) or endo-H
(E), and then detected by IB with anti-LRR. In Pkd1""¥ CD cells, the upper
Pc1Y band is endo-H resistant (arrow), and the lower Pc1Y band is endo-H
sensitive, as indicated in the schematic diagram. Note that Pc1Y from WT CD
cells was not detectable (lane 1). (C) N-glycosylation modification of Pcl from
WT and Pkd1¥"V (V/V) postnatal lungs was analyzed for anti-cCC IP products
with anti-LRR and anti-rCC, similarly as described for panel B. Of note, Pc1Y
is weakly detected in the WT lungs, indicated by a red line in the right diagram.

ment as the endogenous cleaved form, Pc1"™, These results, while
divergent from models based on recombinant Pc1 and aGPCRs
(52, 53), indicate that GPS cleavage is not a prerequisite for en-
dogenous Pcl intracellular trafficking to the Golgi compartment
in vivo.

Characterization of Pc1 products at the cell surface. To iden-
tify the specific Pcl forms localized to the cell surface, surface
biotinylation experiments were performed in wild-type collecting
duct cells. Intact monolayers were treated with or without a mem-
brane-impermeant biotinylation reagent, and cell lysates were in-
cubated with avidin-agarose and analyzed by IB (Fig. 3). The avi-
din-bound proteins from surface biotinylated cells contained the
upper but not the lower Pcl NTF product (Fig. 3, LRR blot, lane
4), consistent with their endo-H reactivity patterns (Fig. 2B, lane
3). CTF could also be detected in the biotinylated sample on the
same blot after stripping (Fig. 3, CCblot, lane 4). The relative NTF
or CTF quantity at the cell surface was determined by compar-
ing the signal intensity of the NTF or CTF detected in the
surface protein population relative to that in total lysates. We
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FIG 3 Identification and characterization of Pcl products on cell surfaces of
collecting duct (CD) cells. Confluent CD monolayers were untreated (lane 3)
or treated with sulfo-NHS-SS-biotin [sulfosuccinimidyl 2-(biotinamido)-eth-
yl-1,3-dithiopropionate] (lane 4). Protein lysates were prepared and incubated
with NeutrAvidin-agarose (Avi, lanes 3 and 4). The bound proteins were
eluted and analyzed by Western blotting using antibodies as indicated. The
lack of detection of GM130 (a cis-Golgi protein) in the biotinylated protein
population (lane 4) indicates that surface proteins were exclusively biotinyl-
ated. Total cell lysate (L) treated with biotin served as a positive control for
NTF and CTF (lane 2), with an amount loaded that is equivalent to 1/20 of the
amount used for NeutrAvidin-agarose binding. Recombinant Pc1Y served to
indicate the position of uncleaved Pc1 (lane 1). The schematic diagram at right
provides an identification guide. The asterisk indicates a nonspecific band that
is seen in the surface protein population (lane 4).

found that surface Pcl NTF (NTF*°) makes up about 50% of
total cellular endo-H-resistant Pc1 NTF, whereas only about
5% of Pc1 CTF was located at the cell surface. This result indi-
cates that while a small amount of Pc1 NTF can be associated
with the CTF in the form of Pc1t* at the cell surface, Pcl1 NTF
appeared predominantly as a stand-alone Pcl molecule that is
detached from the CTF.

A novel endogenous detached form of Pcl NTF: Pc19N, To
determine whether a novel detached form of Pcl NTF, here
termed Pc1N, exists in vivo, we devised an immunodepletion
strategy that would specifically separate Pc1™ from other Pcl
forms (Fig. 4A). In this approach, Pc1<™" and Pc1Y were quantita-
tively removed from total lysates by IP with anti-cCC under non-
denaturing conditions, and the putative Pc1*N was assessed in
flowthrough lysate (Fig. 4, L*) after depletion. Depletion effi-
ciency was assessed by reprecipitation of the flowthrough lysate
with anti-cCC and IB with anti-rCC or -LRR. We confirmed that
the immunodepletion was complete by the absence of Pc1" and
Pc1Y signals in the unbound fraction via reprecipitation with anti-
cCC (data not shown). Western blots of the depleted lysate (Fig.
4B, L*) with anti-LRR readily identified two Pc19N products at
~450kDa (Pc19N**%) and ~370 kDa (Pc19™*7%) as in the original
total lysate (Fig. 4B, L) in inner medullary collecting duct (IMCD)
cells or kidney tissues (Fig. 4C). Pc19N*>" was endo-H resistant,
Pc19N370 was endo-H sensitive, and both had the same mobilities
as the two NTF bands in the total lysate. Semiquantification of the
signal intensities of Pcl NTF bands in the flowthrough lysate and
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FIG 4 Identification of a novel endogenous Pcl form: Pc19eN, (A) Immu-
nodepletion strategy to identify the Pcl NTF detached from the CTF subunit,
Pc19eN, Pc1V and Pcl<™ are exhaustively immunoprecipitated from total ly-
sates (L) with anti-cCC, and the putative Pc19N is analyzed from immunode-
pleted lysates (L*) with anti-LRR. (B) N-glycosylation of endogenous Pc19N
in IMCD cells was analyzed from total lysate (L) and immunodepleted lysates
(L*) by IB with anti-LRR, after deglycosylation with PNGase F (P) or endo-H
(E) or no treatment (—). Note that the Pc1V form was not detectable. The
depleted lysate (L2) is devoid of Pc1"" (data not shown). Of interest, Pc19¢N
was detected in both endo-H-resistant (upper band) and -sensitive (lower
band) forms, as schematically depicted at right. GAPDH was used as a loading
control. (C) N-glycosylation of endogenous Pc19N in P5 WT kidney was an-
alyzed from total lysate (L) and immunodepleted lysates (L) as described for
IMCD cells in panel B. In total lysate, Pc1™" overlapped with Pc19N. The
schematic diagram provides an identification guide.

total lysate indicates that the relative ratio of Pc19N to Pc1<" is
~10:1. Pc1%*N was also found in the wild-type lung and MEF cells
(data not shown), suggesting that this may be functional in vivo.
These data show that GPS cleavage of Pcl gives rise both to the
Pc1<" form and to a distinct and significant pool of Pc19N that
traffics from the ER to the Golgi compartment and to the cell
surface (Fig. 3).

Nonautonomous intracellular trafficking of the Pc1 form.
The finding of Pc1%™ as a significant form of endogenous GPS-
cleaved Pcl suggests that Pc19N has a functional role in renal
homeostasis. Consistent with this idea, the Pkd1¥"Y mouse mu-
tant, which expresses a noncleavable Pcl and therefore lacks the
Pc19N and Pcl<™" forms, gradually acquires cysts in the distal
tubules and collecting ducts after birth (26). To determine if the
cystic disease caused by the Pkd1""Y mutation could be rescued or
ameliorated by coexpression of a Pc1 NTF-like protein, we crossed
Pkd1¥"V mice with two different lines of the Pkdl,,,, transgenic
mouse model. The Pkdl,,,, transgenic mouse model expresses a
Pcl protein (Pcl,.,) truncated at the GPS cleavage site by intro-
duction of a stop codon at aa 3043 in a Pkd1-BAC vector (Table 1
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and Fig. 5A) (44). The two different transgenic lines express
Pcl.y,, with the correct temporal pattern of wild-type Pkd1 but at
different levels in the kidney: the Pkd1,,,,39 line expresses Pcl .
at ~15-fold over the endogenous Pc1 level, whereas the Pkd1,,,,2
line levels are ~10 times that of the Pkdl.,,39 line (Fig. 5B).
Importantly, the transgenic Pkdl,,,39 and Pkdl.,,2 lines do
not display any renal morphological abnormalities in the first few
months of age.

Each Pkd1,y,, line was bred with the Pkd1""" mice to generate
compound Pkd1""V; Pkd1,,,,,2 and Pkd1¥"V; Pkdl,,,,,39 animals.
The compound Pkd1Y"V; Pkdl,,,, mice expressed transgenic
Pcl .y, molecules in the kidney tissues similar to their respective
Pkdl.,,, lines (Fig. 5B). Despite the high levels of Pcl,,,,,, both
lines of compound Pkd1""V; Pkd1,,,, mice exhibited high kidney-
to-body weight ratios similar to the PkdI YV mice, and these ratios
were ~7- to 8-fold increased over those of age-matched control
wild-type mice (Fig. 5C). Further, these Pkd1""V; Pkd1.,,, mice
developed renal cystic expansion indistinguishable from the
Pkd1" littermates at P10 (Fig. 5D). Analysis of the cystic index
for these Pkd1""V; Pkd1,,,,, kidneys was comparable to that of the
Pkd1™"V controls and significantly increased relative to age-
matched wild-type controls (P < 0.0001) (Fig. 5E). Histomorpho-
logic analysis of the cortex and medulla revealed significantly
lower cystic involvement in the cortex than the medulla for both
Pkd1™"V and Pkd1""V; Pkd1,y,, kidneys (P < 0.0003), consistent
with the preponderant distal nephron cystogenesis (Fig. 5F). Con-
sequently, these compound Pkd1¥"V; Pkd1,,,,, mice had similar
life expectancies as the Pkd1*"V littermates as determined from
Kaplan-Meier curves (Fig. 5G). These results show that Pcl. .,
expression was not sufficient to prevent postnatal renal cystogen-
esis or affect the life span of the Pkd1"”" mice and suggest that
Pc19N acquires a critical property through GPS cleavage of nas-
cent Pc1Y.

To determine the reason for the absence of Pkd rescue by
Pcl . the expression and posttranslational modification of
Pcl,,,,, were examined. In Pkd1""V; Pkd1,,,,, kidneys, the Pcl,,,,,
product was expressed at levels similar to those of Pkdl,,,., kid-
neys (Fig. 5B). However, it appeared as a single and intense band
in both lines, whereas endogenous Pcl from kidney tissues of
nontransgenic mice migrated as a doublet. Moreover, the Pcl ..,
band in Pkd1¥"V; Pkd1,,,,, kidney lysates of both transgenic lines
was N-glycosylated, similar to the NTF band in nontransgenic
kidney, but was mainly endo-H sensitive (Fig. 5H). This result
indicates that most Pcl,,,, molecules in the Pkd1""" background
do not exit the ER efficiently, unlike the endogenous wild-type
Pc19N derived via GPS cleavage, which moves throughout the
secretory pathway. Our result suggests that the CTF of Pcl is re-
quired for the Pc19*N to exit the ER.

Intact CTF is required for nonautonomous intracellular
trafficking of the Pc1*N form. To examine the dependence of
Pc1deN trafficking on the Pcl CTF, we undertook biochemical
analysis of Pcl forms in two different Pkdl mouse models with
mutations within the CTF, which we postulated impaired traffick-
ing of the CTF. Importantly for this approach, the NTF of these
Pkd] mutants must have a wild-type GPS/GAIN domain that can
undergo normal GPS cleavage.

The Pkd1™'®* mouse was the first mutant CTF model exam-
ined. Pkd1™!B¢/™18¢ mice carry only a single amino acid substitu-
tion, M3083R, within the first TM domain of CTF™!5¢! (Table 1
and Fig. 6A), which results in renal cyst formation starting at E15.5
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FIG 5 Analysis of Pc19°N functional role by a Pcl,.,,-BAC transgene in Pkd1""¥ mice. (A) Schematic structure of endogenous Pcl (Pkd1 "), Pc1¥ (Pkd1™"Y),
and Pcl.,, (Pkdl,,,) proteins. Pcl.,, protein was generated by insertion of a termination translation codon in exon 25 of Pkdl at aa 3043 immediately
following the GPS cleavage site. The epitope recognized by anti-LRR is indicated as a black box. (B) Pc1/Pc1Y/Pcl,,,,, protein expression levels in P10 kidneys
were analyzed by IB with anti-LRR from mice with the genotypes indicated. Protein loading for Pkd1,,,,,2 and Pkd1""V; Pkd1,,,,2 mice was decreased by 10-fold
(0.9 pg/lane) relative to all other kidney samples (9 pg). Pcl ., exhibits higher expression levels in line Pkd1.,,,2 than in line Pkd1.,,,39 and appears in both
lines as a single band in comparison to the doublet detected in the wild-type Pcl. B-Tubulin was used as a loading control. (C) Histogram of the kidney
weight-to-body weight ratio (KBW) for all genotypes as indicated. The ratios for the Pkd1¥/V; Pkd1,,,,,39, Pkd1""V; Pkdl,,, 2, and Pkd1""V mice at P10 were
significantly increased in comparison to the value for WT mice (*, P < 0.0001). 1, number of mice. (D) Histopathological analysis (H&E staining) of Pkd1"'V;
Pkdl.,,, kidneys at P10. Pkd1""V; Pkd1.,,,39 and Pkd1""V; Pkd1.,,.2 mice displayed numerous cysts throughout the kidney parenchyma comparable to
Pkd1¥"V mice. Scale bar, 100 p.m. (E) Histogram of renal cystic index of Pkd1""V; Pkdl,,,,, kidneys at P10. Cystic involvement (percentage of cystic area) in
the Pkd1""V; Pkdl,,,,39 and Pkd1""V; Pkdl,,,,2 lines shows no significant difference from that in the Pkd1""V kidneys, but values were highly significant
compare to control values (¥, P < 0.0001). 1, number of mice. (F) Renal cystic involvement in medulla versus cortex in Pkd1""¥ and Pkd1""V; Pkd1,,,,2 mouse
lines at P10. For both Pkd1""Y and Pkd1""V; Pkd1.,,.2 mouse lines, cyst surface area (%) is significantly higher in the medulla than in cortex (*, P < 0.0003).
Values for the Pkd1""V; Pkd1,,,,2 line are not significantly different from those of Pkd1""¥ mice in cortex or medulla. n, number of mice. (G) Kaplan-Meier
survival curves of the Pkd1¥"V, Pkd1""V; Pkd1,,,,,39, and Pkd1""V; Pkdl,,,,2 mice revealed similar life expectancies. (H) Pc1/Pc1V/Pcl,,,,, N-glycosylation status
at P10 kidneys was analyzed by IB with anti-LRR on kidney lysates from control Pkd1*'*, Pkd1¥"V; Pkd1,,,,,39, and Pkd1¥"V; Pkd1,,,,,2 mice, either untreated
(—) or deglycosylated with PNGase F (P) or endo-H (E). Pc1 NTF in WT kidneys dlsplayed both Pcl endo-H-resistant and -sensitive forms, whereas Pcl ., in
Pkd1""V; Pkdl,,,,39 and Pkd1""V; Pkdl,,,,,2 kidneys is mainly endo-H sensitive. Protein loading for Pkd1""V; Pkd1,,,2 mice was decreased by 10-fold in
comparison to other kidney samples. GAPDH served as a loading control.
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FIG 6 Intact CTF is required for intracellular trafficking of the PcldeN form.
(A) Schematic diagram of Pcl from WT Pkdl and Pkd1™'®* alleles. The
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(42, 54). Western blot analysis of Pkd1™'®</™!B¢l embryo lysates
with anti-LRR detected a single endo-H-sensitive NTF band (Fig.
6B, B/B) that comigrated with the Pcl NTF?” in wild-type em-
bryos. In addition, the Pc1Y ™5 was exclusively endo-H sensitive
(Fig. 6B). The cleavage pattern of the mutant Pcl products was
examined by immunodepletion (Fig. 4A). As shown in Fig. 6C, the
Pc1FEmIBel form is generated in the Pkd1™'P</™!B¢ embryos, as
evidenced by co-IP of NTF by the CTF™'®*!, The ability to undergo
GPS cleavage suggests that Pc1™'P¢! is able to fold properly within
the GPS/GAIN domain. Notably, the CTF™'®¢ appeared as a dou-
blet, and both bands shifted similarly upon endo-H or PNGase F
treatment (Fig. 6C, bottom panel). This doublet likely corre-
sponds to the previously reported CTF isoforms resulting from
alternative splicing of Pkd1l exon 31 (38 aa, 3.9 kDa) (55). Hence,
both the NTF and CTF subunits of Pc1<"" ™' appear exclusively
endo-H sensitive, as was the Pc1Y"™5¢ form (Fig. 6C), suggesting
that the mutant Pc1¥"" ™5 form, as well as the Pc1Y™'®¢! form,
is unable to egress from the ER despite proper cleavage. Most
importantly, the Pc1*™ form generated from Pc1<-™!B¢! yyas es-
sentially endo-H sensitive and appeared as a single band comigrat-
ing with the wild-type Pc1 NTF*7° (Fig. 6D). Thus, despite having
wild-type sequence, the Pc19°N of Pc1™!®¢! was retained in the ER
due to CTF™!®¢, Therefore, the wild-type CTF appears required
for proper ER-Golgi compartment trafficking of both Pc1*" and
Pc19,

The second mutant mouse investigated, Pkd
(Fig. 6, AC/AC), expresses cleavable Pcl that is truncated by replace-
ment of the C-terminal 257 aa of Pcl with a Myc-epitope tag (45)
(Table 1 and Fig. 6E). The phenotypically normal PkdI™Y<™Y¢
knock-in (Fig. 6, M/M) littermates, which express Myc-tagged full-
length Pcl, served as controls. Similar to the Pkd1™'®¢ mutation,
this C-terminal truncation did not prevent formation of Pc1<™"
but impaired its trafficking, as NTFAMYC and CTFAMYC were
exclusively endo-H sensitive (Fig. 6F). Of note, it cannot be ex-

1 ACMYC/ACMYC

Pc1™!B¢ contains a single substitution (M3083R) in the first TM domain of
CTF (black triangle). Epitope positions of anti-LRR and anti-CC are indicated
(black boxes). (B) Endogenous Pcl forms from WT and homozygous
Pkd1™!Be/mIBei (B/B) embryos (E12.5) were monitored by IB on total lysates
either untreated (—) or deglycosylated with PNGase F (P) or endo-H (E) using
anti-LRR. Pkd1™!Be/mIBel embryos express mutant full-length Pc1Y-™!Be
with exclusive endo-H sensitivity, similar to Pc1V in WT embryos (red).
Pcl NTF in Pkd1™!Be/m1Bel embryos lacks endo-H resistance relative to WT
embryos (arrows). Schematic diagram identifies the corresponding bands.
(C) N-glycosylation status of endogenous Pc1Y and Pc1** forms from WT
and mutant Pkd1™'®¢/™1B¢l embryos was monitored by IB on anti-cCC
immunoprecipitates, either untreated (—) or treated with PNGase F (P) or
endo-H (E). Pcl products were detected with anti-LRR and anti-rCC as
indicated. The absence of endo-H resistance of both Pc1 NTF (as observed
for total NTF in panel B) and CTF subunits in Pkd1™Be/m1Bel embryos
contrasts with endo-H resistance in WT embryos (blue, arrows). Re-IP of
the flowthrough fractions with anti-cCC (L*) confirmed complete deple-
tion of Pc1Y and Pc1<"™ from both WT and Pkd1™!'B/™18</ embryo lysates.
The schematic diagram depicts corresponding bands. (D) N-glycosylation
status of endogenous Pc19*N was analyzed by IB with anti-LRR from de-
pleted lysates (L*) of WT and Pkd1™!B¢/m1Bel embryos following deglycosy-
lation. Pc19N of the Pkd1™'Be/m!Bel embryos lacks endo-H resistance relative to
WT embryos (arrows), as indicated by the schematic diagram at right. (E to G)
Results of N-glycosylation analysis for endogenous Pcl forms from E12.5
Pkd1™MYMYC knock-in (M/M) and Pkd1ACMYCACMYE [nockout (AC/AC) em-
bryos using the same method as for the Pkd 1™!B/™!B</ (B/B) embryos in panels A
to C, except that anti-Myc was used to immunoprecipitate and detect endogenous
Myc-tagged Pcl molecules.
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FIG 7 Functional complementation of PkdIY"¥ by Pkd1-BAC transgenic mice. (A) Schematic diagram of Pcl,, (Pkdly,) and Pc1Y (Pkd1'”Y). The epitopes
recognized by anti-LRR and anti-CC are indicated as black boxes. (B) Protein expression of P10 kidneys from Pkd1™*, Pkdlp,g, Pkd1¥"V, and Pkd1¥"V;
Pkdl. mice were analyzed by IB using anti-LRR. Pcl expression in Pkd1;, and Pkd1""V; Pkd1., mice was increased, and Pcl migrated as a doublet, like
endogenous Pcl. B-Tubulin served as a loading control. (C) Kidney histology (H&E staining) of Pkd1*/*, Pkd1Y"V, and Pkd1""V; Pkd1,, mice. Pkd1""V;
Pkd1ly,; mice showed complete rescue of the Pkd1Y"V renal phenotype, similar to the WT controls at P10 and 3 months of age. Scale bar, 100 pm. (D)
N-glycosylation status of Pc1 from Pkd1Y/V; Pkd 1, P10 kidneys was monitored by IB on anti-cCC immunoprecipitates, either untreated (—) or treated with
PNGase F (P) or endo-H (E). Pcl products were detected with anti-LRR and anti-rCC as indicated. Pc1" and Pc1Y patterns in Pkd1""V; Pkdl., kidneys are
identical to those of the endogenous Pcl in WT kidneys shown in Fig. 1D. The schematic diagram indicates different Pc1 forms. (E) Pc1 N-glycosylation status
of wild-type Pkd1™’* and Pkd1""V; Pkdl,g P10 kidneys was analyzed using total lysate (L) and immunodepleted lysate (L*) by IB with anti-LRR following
deglycosylation. Pkd1""V; Pkd 1, kidneys produce both endo-H-resistant and -sensitive Pc19°N forms as in WT kidneys (left panel). The schematic diagram
provides an identification guide.

Functional rescue of Pkd1""Y phenotype by Pkd1-BAC trans-
genesis. To provide evidence for the importance of an intact CTF

cluded that CTF*“™Y may have a misfolded motif but with minor
effect on the stability of the CTF*“™Y< doublet level. The mutant

Pc1V2MYE form was also entirely endo-H sensitive, implying that
the C-terminal domain of Pc1 is critical for intracellular trafficking of
Pc1V as well as for Pcl™". The Pcl9NAMYC generated in
Pkd1AMYCIACMYC embryos was detected as a single endo-H-sensi-
tive band corresponding to the lower band of the Pc19N"MY< doublet
of the Pkd ™Y™Y controls (Fig. 6G), as in the Pkd1 miBei/mlBei py
tant. Together, the data from the two Pkdl mutant mice exclude
autonomous trafficking of Pc19™ and support the model that Pc19™
is carried to the Golgi compartment via Pc1°"". Furthermore, these
results highlight that the CTF is likely critical for proper trafficking of
all Pcl forms in vivo.
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in Pcl trafficking, we determined whether the Pkd1""Y mouse
phenotype could be rescued by the Pkdl,;26-BAC transgene
(Table 1 and Fig. 7A) that expresses wild-type Pcl 15-fold over
endogenous levels in renal tissue (Fig. 7B). The Pkd1;,526 mice
were bred with Pkd1Y’" mice to generate the compound Pkd1""V;
Pkd 1 animals. As shown in Fig. 7C, the Pkd1Y"V; Pkd1 ., mice
exhibited a normal kidney-to-body weight ratio (n = 8;1.2 = 0.1)
that is similar to that of age-matched wild-type controls (n = 15;
1.3 £ 0.2) and is significantly decreased compared to that of
Pkd1Y"V controls (n = 10; 7.6 *+ 2.4; P < 0.0001) at P10. Consis-
tently, the Pkd1""V; Pkd 1, mice displayed normal kidney struc-
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ture and function when analyzed at P10 and 3 months. The renal
cystic area in Pkd1""V; Pkd 1, mice was significantly decreased
(n=7;1.8 = 0.9) compared to that of Pkd1*"V controls (n = 10;
32.2 £ 11.1; P < 0.0001) and was similar to that of age-matched
normal controls (7 = 6; 0.7 + 0.3). Importantly, the Pkd1"";
Pkd1 1, mice had a prolonged life expectancy compared to both
the Pkd1¥"V and the Pkd1..,;26 mice of up to 1 year. In addition,
the Pkd1""V; Pkdl . mice express the full complement of Pcl
cleaved products with N-glycosylation patterns for both the NTF
and CTF identical to those of the endogenous Pcl in nontrans-
genic kidneys (Fig. 7D and E). These data demonstrate that over-
expression of wild-type Pcl by the Pkd 1,526 transgene can com-
pensate for the mutant PclV and prevent Pkdl*"V renal
cystogenesis. Our data provide evidence that the normal CTF is
necessary for Pc19°N intracellular trafficking via Pc1<™,

DISCUSSION

Cis-autoproteolytic cleavage at the juxtamembrane GPS motif
plays an essential role for the biological function of Pcl (25, 26)
and is disrupted by an increasing number of disease-associated
PKD1 mutations (22—24). This study uncovered significant com-
plexity of endogenous Pcl biogenesis by GPS cleavage, with at
least two distinct and coexisting cleaved Pc1 molecules in normal
mouse tissues: (i) the heterodimeric Pc1* form that consists of
the NTF noncovalently associated to the CTF and (ii) the novel
Pc19eN form that represents the NTF detached from the CTF. Our
results reveal that a small amount of uncleaved Pc1Y resides pri-
marily in the ER, whereas both Pc1™™ and Pc19¢N molecules are
generated early in the ER and progress through the secretory path-
way. We found that Pc19N is located at the cell surface. Moreover,
the CTF plays a crucial and transient role for Pc19°N trafficking as
determined by genetic and biochemical experiments in mice that
express transgenic Pcl,,,, mimicking Pc19™ on a Pkd1""V back-
ground or express two cleavable Pcl proteins with different CTF
mutations. The critical function of CTF for Pc19°N trafficking was
shown by complementation analysis of the Pkd1""" mouse mu-
tant with the Pkd1,,5-BAC transgene.

The cleaved forms of Pcl are predominant in whole embryos,
in postnatal kidneys, and in various adult tissues. The finding of
significant amounts of endo H-sensitive and -resistant popula-
tions of Pc1"" indicate that GPS cleavage occurs early in the ER in
vivo and that the resulting Pc1"™" then transits through the Golgi
compartment. Pc19N appears as abundant as, or in greater quan-
tity than, Pc1™", Hence, Pc1"" and Pc19°N together or indepen-
dently are key contributors in renal development during postnatal
periods and/or maintenance of homeostasis.

A surprising finding of the study is that GPS cleavage per se is
not a prerequisite for endogenous Pcl to exit the ER and transit
through the Golgi compartment as determined by the identifica-
tion of endo-H resistance of Pc1". A dissociation of GPS cleavage
from trafficking was previously shown for the native PKDRE]J, a
member of the polycystin-1 family, known to be naturally un-
cleaved and yet localized at the plasma membrane (56). Other
reports, in contrast, suggested an essential role for GPS cleavage in
progressing into the Golgi compartment based on impaired tar-
geting of recombinant noncleavable GPS mutants in Pc1%?**"
(52) and GPR56 (57), but the causal relationship was questioned
due to possible protein misfolding. It is plausible that, for wild-
type Pcl, Pc1Y might also exit the ER as Pc1¥ but be efficiently
converted to the cleaved forms by GPS cleavage before achieving
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endo-H resistance to detectable levels. The resulting Pc1<™™ pop-
ulation is likely the predominant form that exits the ER. The traf-
ficking and relative distribution of various Pc1 molecules in vivo
are thus probably affected by the rate of GPS cleavage. Together,
our results show that native Pcl undergoes GPS cleavage prior to
trafficking from the ER to the Golgi compartment but has the
potential to transit independently of the GPS cleavage mecha-
nism.

The identification of native Pc as a major endogenous Pcl
molecule in tissues that are predominantly endo-H resistant and
present at the plasma membrane of renal epithelial cells was strik-
ing. Pc1*N cannot be distinguished from the NTF subunits of
Pc1™" electrophoretically in total lysate and is only recognized
using the immunodepletion strategy that specifically removes the
other Pcl forms. Pc19™N is more abundant than Pc1™" at the
plasma membrane of renal epithelial cells. This finding initially
suggested that Pc19*N might traffic autonomously to reach the
plasma membrane and play a critical functional role in renal ho-
meostasis. However, BAC transgenic expression of Pcl,.,, a Pcl
NTE-like protein, was unable to complement renal cystic progres-
sion and early postnatal death in the PkdI"”" mice. While this
finding precludes us from a functional evaluation of endogenous
Pc19eN, it uncovered a novel trafficking mechanism for Pc19N
conferred by GPS cleavage that likely relies on a protein carrier or
cofactor. Our biochemical analyses of mutant Pc1 with mutations
in either the proximal or distal CTF region from the two Pkdl
mouse models, Pkd]™!Be/m1Bei anq pgdACMYC/ACMYC provided
evidence that Pc1 CTF may be such a carrier for Pc trafficking.
Both Pc1N and Pc1<™" were retained in the ER despite proper
GPS cleavage in both mutants. This characterization not only
demonstrates the molecular mechanism responsible for the null
phenotype in these mouse mutants but also suggests the presence
of atleast two determinants within the proximal and distal regions
of the CTF subunit. The requirement of the CTF for Pc1N traf-
ficking and function was demonstrated from biochemical and
phenotypical complementation of the PkdI1""Y mouse mutant
with the Pkdl,,5-BAC transgene. Together, our data thus show
that early trafficking of Pc19N does not occur autonomously but
that Pc19°N is carried to intracellular compartments indirectly via
Pc1<F%, followed by subsequent subunit dissociation.

Our finding of a small amount of Pc1" coexisting at the sur-
face is consistent with the previous results in recombinant studies
(16, 22, 52). One possible explanation for the observed Pc19N
excess (about 10-fold) is that Pc1°™" at the plasma membrane con-
tinuously undergoes subunit dissociation followed by internaliza-
tion and degradation of the resulting dissociated CTF via its cyto-
plasmic PEST domain (58—-60). An alternative explanation for the
finding is the previously described cleavage events in the C-termi-
nal tail of the CTF (59, 61, 62), which may result in C-terminal
fragments that are translocated to the nucleus for signaling (59,
61). Since Pc19N is predicted to contain no TM domain, it may be
associated to the membrane via another cell surface receptor(s)
and/or by lipid modifications, as previously proposed for CIRL/
latrophilin and Sonic hedgehog (63, 64). Our result does not ex-
clude the possibility that some of the CTF is dissociated from the
NTF at the surface as described for CIRL/latrophilin (63, 64).

Based on these findings, we propose a GPS cleavage-based bio-
genesis and trafficking model for Pcl with diverse functions (Fig.
8). Wild-type Pc1<" dissociates to produce Pc19*N in the ER or
traffics to the Golgi compartment (Fig. 8, step 1) and subsequently
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FIG 8 Model for the role of GPS cleavage in Pcl biogenesis, trafficking, and
functions. In wild-type kidneys (left panel), Pc1Y is rapidly converted to Pc1"™"
by GPS cleavage in the ER, resulting in small amounts that may exit the ER
(open arrow). The resulting Pc1°"" is the main form that exits the ER (1) and
traffics to the plasma membrane/cell-cell junctions (2) or other locations, pos-
sibly the primary cilium (3). Some of the Pc1"" in the ER and Golgi compart-
ment undergoes subunit dissociation, producing Pc19N. The Pc1<'™ on the
plasma membrane/cell-cell junctions could also dissociate. The released CTF is
likely rapidly degraded, as indicated by dots. The Pc1*N remains associated on
the membrane, likely through the interaction with other membrane proteins
or lipid modification, and accumulates over time (curved arrow). Pc1deNy
Pc1<"" probably plays an important role at the cell membrane and/or at the
cilium. In Pkd™1Bei/mIBel o pjeg JACMYC/ACMYC 16 (right panel) the mutant
Pcl is unable to exit the ER (black bar), leading to the development of massive
cysts despite proper GPS cleavage. Schematized Pcl forms in wild-type and
mutant mice are illustrated below.

to the plasma membrane/cell-cell junctions (step 2), where it un-
dergoes subunit (NTF and CTF) dissociation. The resulting
Pc1“N may be associated to the membrane via another cell surface
receptor(s) and/or by lipid modifications, but the released CTF
from Pc1™" may activate a signal pathway and then is quickly
degraded. Pc1"" may also traffic from the Golgi compartment to
cilium for the GPS-dependent function (Fig. 8, step 3). The
Pc]FLBeV/ACMYC mytants lacking the intact CTF cannot traffic
from the ER to the Golgi compartment and to the plasma mem-
brane and cilium.

Our findings also shed light on human ADPKD pathogenic
mechanisms triggered by various PKDI mutations within the CTF
subunit and show that these mutations can have as severe conse-
quences as mutations in the NTF. This is consistent with results of
a recent report showing that the type of PKDI mutation, but not
its protein location, correlated strongly with renal survival of the
patients (65). Moreover, our data predict that a subset of PKDI
mutations affecting the CTF sequence would retain both Pc1<*
and Pc19N in the ER without affecting GPS cleavage. Alleviation
of such CTF carrier defects by providing a substitute could restore
trafficking and function of both Pc1*" and Pc14<N.

This study paves the way toward understanding the biochem-
ical complexity and functions of the GPS-cleaved forms of endog-
enous Pcl. Crucial insights were devised for the functional role of
the different Pcl forms in renal development and homeostasis.
Moreover, we identified for the first time that the CTF subunit can
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be a promising novel pharmacological target. Future studies will
center on the development of innovative designs for therapeutic
strategies that promote the trafficking and function of Pc1 forms
affected by PKD1 mutations in ADPKD.
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