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2 Polycystic Kidney Disease

1.1 INTRODUCTION

Polycystin-1 (PC1) and Polycystin-2 (PC2) play an essential role in renal tubular 
morphogenesis.1–4 They are encoded by PKD1 and PKD2, respectively, genes which 
are mutated in 85%–90% and 10%–15%, respectively, of probands with autosomal 
dominant polycystic kidney disease (ADPKD).5 ADPKD is characterized by cyst 
formation that can initiate during fetal development and continue throughout the 
lifetime, leading to kidney failure, usually after the !fth decade of life.6 Cysts are 
formed when the activities of the polycystins fall below a threshold level.7,8 PC1 
is a large receptor-like protein with 11 transmembrane domains which undergoes 
cis-autoproteolytic cleavage at the juxtamembrane G protein-coupled receptor 
(GPCR) proteolysis site (GPS) motif.9–13 GPS cleavage is a key posttranslational 
modi!cation of PC1 that is essential for its full biological function,11,12–16 and 
disruption of cleavage plays a critical role in cystogenesis of ADPKD.17–19 PC2, 
also called TRPP2, is a calcium-permeable, nonselective cation channel of the 
transient receptor potential (TRP) channel superfamily20,21 and modulates calcium 
release from the endoplasmic reticulum (ER).22 PC1 and PC2 interact23–25 to form 
a receptor-ion channel complex in primary cilia and the plasma membrane of renal 
epithelial cells.26,27

The ciliary PC1/2 complex, or polycystin complex, was reported to be required 
to mediate calcium in"ux in response to mechanical signals, and impaired 
mechanosensation through primary cilia has been proposed as a pathogenic 
mechanism in ADPKD.27,28 However, the function of the polycystin complex in cilia 
and its involvement in cilium-associated calcium "uxes are intensely debated.29 PC1 
and PC2 also localize to other subcellular locations and may each have independent 
functions. For example, PC1 is also associated with mitochondria-associated ER 
membranes or mitochondria matrix, thereby affecting mitochondrial function and 
energy metabolism.30,31

There are many obstacles that make the analysis of the endogenous polycystin 
complex challenging. First, PC1 is intrinsically dif!cult to detect because of its low 
abundance, large size, and many transmembrane domains. Detection of endogenous 
PC1 molecules in tissues and cells requires high-quality anti-PC1 antibodies that 
are rigorously validated with genetically de!ned positive and negative controls. 
Second, PC1 is biochemically complex due to cis-autoproteolytic cleavage at the 
juxtamembrane GPS motif, generating multiple PC1 forms. Analysis of the full 
complement of PC1 products requires a combination of speci!c antibodies directed to 
different regions of PC1 under de!ned experimental conditions that can discriminate 
these forms. Third, each PC1 form undergoes differential posttranslational 
N-glycosylation, giving rise to distinct species differing in the type of N-glycans 
attached. N-glycosylation analysis is usually required to further distinguish between 
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4 Polycystic Kidney Disease

the PC1 products. PC1 is additionally proteolytically cleaved at other unde!ned sites 
outside of the GPS, generating smaller products such as P10032 or multiple C-terminal 
tail fragments.33–35 These cleavage events are far more limited in extent, and their in 
vivo signi!cance remains largely unclear. Currently available reagents are unable to 
directly assess, by immuno"uorescence-based methods, the unique complexity of 
PC1 generated through modi!cations by GPS cleavage and N-glycosylation. However, 
these properties can be utilized to distinguish the various PC1 species by biochemical 

(b) (d)

(c)

FIGURE 1.1 (Continued) Polycystin-1 Cis-autoproteolytic Cleavage at Juxtamembrane 
GPS and Biochemical Complexity. (b) Proposed cis-autoproteolytic mechanism for PC1 
cleavage at GPS. A tight strain at HLT3049 is generated during the folding of the newly 
synthesized PC1 polypeptide in the ER, which confers the ability of Thr3049 to initiate cis-
autoproteolysis. The active hydroxyl of Thr3049 launches a nucleophile attack on the carbonyl 
of Leu3048 (step I), resulting in the formation of a transitional tetrahedral intermediate (step 
II) and then an ester intermediate via an N–O acyl shift (step III). The hydrolysis of the ester 
leads to cleavage of the peptide bond between Leu3048 and Thr3049 (step IV). Polycystin-1 
Cis-autoproteolytic Cleavage at Juxtamembrane GPS and Biochemical Complexity.  (c) 
Biochemical complexity of polycystin-1 species. Three PC1 species can typically be detected 
within cells: uncleaved PC1U, heterodimeric PC1cFL, and detached PC1deN. Table at right 
summarizes properties of the PC1 species. (d) A Model of GPS structure and cleavage of 
polycystin-1. The GPS motif is a part of the larger GPCR-autoproteolysis inducing (GAIN) 
domain. The !nal two "-strands of the GPS motif are held in a tight conformation by the only 
S–S bond and hydrophobic interactions between side chains (yellow triangles). A tight kink 
is held between these two "-strands with a critical HL!T at the head. The L residue interacts 
with a hydrophobic pocket in the GPS, contributing to proper folding. After cleavage (right 
image), the tight kink is relaxed, and the !nal "-strand tilts slightly but remains tightly bound 
with the remainder of the GPS.
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5Biochemical Analysis of the Polycystin-1 Complexity Generated

methods and therefore reveal information regarding which PC1 species resides in the 
tissues and cells. This chapter will describe biochemical complexity of PC1 due to 
GPS cleavage and provide detailed protocols for analyzing the full complement of 
PC1 products and the polycystin complex in vivo.

1.2 POLYCYSTIN-1 CLEAVAGE AT THE GPS MOTIF

PC1 is a 4302-amino acid (aa), 11-transmembrane glycoprotein with a large N-terminal 
extracellular ectodomain of 3072 aa and a short cytoplasmic C-terminal tail (CTT) 
of #200 aa36 (Figure 1.1a). The ectodomain contains a set of domains involved in 
protein–protein interactions and a #1000-aa receptor for egg jelly (REJ) module37 
harboring four FnIII domains.38,39 The CTT is responsible for regulating a number of 
intracellular signaling pathways15,40 including calcium,41,42 Wnt,43 and mTOR.44 The 
CTT fragment can bind heterotrimeric G proteins in vitro45 and mediate AP activation 
via heterotrimeric G proteins, suggesting that PC1 could be an atypical GPCR.46–49

Situated at the base of the ectodomain is the 50-aa GPS motif16,17,50 (Figure 1.1a). 
The GPS motif was !rst identi!ed in a neuronal GPCR, CIRL/latrophilin,51 and 
has recently been recognized as a part of the larger GPCR autoproteolysis-inducing 
(GAIN) domain that is also present in PC1.19 The GAIN domain is a de!ning feature 
of the adhesion GPCRs (aGPCRs),19,52 the second largest subgroup of GPCRs in the 
human genome.53,54 The GPS/GAIN domain is the primary site for PC1 processing, 
allowing a much greater complexity of the PC1 pool to be generated and allowing for 
modulation of PC1 function. PC1 is cleaved between leucine (L) and threonine (T) 
at the highly conserved HL!T tripeptide sequence within the GPS10 (see Figure#1.1a), 
resulting in two cleavage products, PC1NTF and PC1CTF. The reaction takes place in the 
ER shortly after PC1 synthesis. GPS cleavage of PC1 occurs via a cis-autoproteolytic 
mechanism10 (Figure 1.1b). This mechanism was found in an aGPCR, EMR2,56 and is 
similar to those found in other autoproteolytic proteins such as the Ntn hydrolases57,58 
and hedgehog proteins.59 Cis-autoproteolysis is a self-catalyzed chemical rearrangement 
based on the ability of the nucleophilic Thr residue of the tripeptide HL!T to initiate a 
proximal N–O acyl rearrangement. This converts the peptide (amide) bond to a more 
reactive ester intermediate.60 A second nucleophile, such as a water molecule, attacks 
the ester bond, leading to the irreversible cleavage of the scissile bond.10

1.3  CRITICAL ROLE OF POLYCYSTIN-1 GPS CLEAVAGE 
FOR ITS NORMAL FUNCTION AND IN ADPKD

GPS cleavage plays a critical role in regulating PC1 traf!cking to primary cilia.12,61 
Indeed, PC1 requires physical interaction with PC2 to exit from the ER in the form 
of a PC1/2 complex.12,61,62 We have shown that PC1 binds adaptor Rabep1 and, once 
arriving at the trans-Golgi, the PC1/2-bound Rabep1 recruits GGA163 and the small 
GTPase Arl364 to enable subsequent ciliary targeting.12 GPS cleavage is not required 
for PC1/2 complex formation yet in the absence of cleavage, the PC1/2 complex 
cannot reach the Golgi for ciliary traf!cking.

GPS cleavage is required for the full biological function of PC1. Blocking GPS 
cleavage by the T3041V mutation in the Pkd1V allele, which replaces the critical 

Q2

Q4
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6 Polycystic Kidney Disease

threonine residue with valine at the HL!T3041 sequence (amino acid numbering 
based on mouse PC1; HL!T3049 in human PC1) and thus expresses a noncleavable 
mutant (PC1V), causes a unique PKD phenotype in mice.11 Mice homozygous 
with the Pkd1V mutation (Pkd1V/V) escape perinatal lethality that occurs in Pkd1 
knockout. Pkd1V/V mice are born with intact kidney morphology but develop rapid 
cystic dilation in the distal nephron segments starting at postnatal day 3 and die 
around 3 weeks of age.11

Increasing numbers of disease-associated PKD1 missense mutations are found 
to disrupt GPS cleavage.12,18,19,61 The cleavage-disrupting mutations analyzed so 
far are mostly located in the GAIN/GPS domain and the adjacent REJ module. 
Importantly, approximately 30% of all pathogenic missense and small deletion/
insertion mutations identi!ed to date are located in this region (http://pkdb.mayo.
edu/) and have the potential to affect PC1 cleavage. These !ndings together 
suggest that defective GPS cleavage of PC1 plays a crucial role in the pathogenesis 
of ADPKD.

1.4  POLYCYSTIN-1 BIOCHEMICAL COMPLEXITY 
GENERATED BY GPS CLEAVAGE

GPS cleavage results in signi!cant biochemical complexity of the PC1 pool and has 
functional implications essential to the maintenance of cellular operations. At least 
three distinct PC1 forms exit in the tissues and cells9: uncleaved (PC1U), cleaved 
full-length (PC1cFL), and the detached PC1NTF form (PC1deN) (Figure 1.1c). The ratio 
of cleavage products to full-length PC1 appears to change in the kidney during the 
development and may have functional consequences for kidney development.66 It#is 
possible that this ratio must remain correctly balanced throughout the nephron since 
cleavage appears to have a speci!c function in distinct nephron segments of the 
kidney.

PC1U: Cleavage is developmentally regulated in the kidney, resulting in changing 
the proportion of the PC1U form during successive embryonic stages.66 The proportion 
of PC1U is maximal at E13.5 (>50%) and decreases gradually to approximately 20% 
by E15.5. Levels continue to decline until almost undetectable amounts remain at 
birth. However, in proximal tubule (PT) cells, a signi!cant portion of PC1 remains 
uncleaved (#50%) even after birth.11 Analyses of the PC1 mutant expressed in Pkd1V/V 
mouse model showed that the noncleavable PC1V mutant protein is expressed at a 
comparable level to wildtype (WT) PC1U. PC1V allows postnatal survival and is 
thus fully suf!cient to rescue the embryonic cystogenesis and lethality. These data 
raised the possibility that uncleaved PC1 may play a key role in embryonic kidney 
development for proper renal epithelial tubular differentiation and maturation.16

PC1cFL: GPS cleavage results in the N-terminal fragment (PC1NTF) and 
11-transmembrane C-terminal fragment (PC1CTF).17 A unique outcome of the reaction 
is that the two fragments remain tightly and noncovalently associated to form a 
heterodimeric molecule termed PC1cFL.9 During embryonic kidney development, the 
cleaved PC1 form increases gradually in proportion and becomes the predominant 
form of PC1 in distal nephrons (>90%)66 at birth as in most adult tissues.9 These 
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7Biochemical Analysis of the Polycystin-1 Complexity Generated

considerations support the notion that PC1cFL may have a key function for maintaining 
intact distal nephron morphology during postnatal maturation and throughout 
adulthood.11

PC1deN: GPS cleavage also gives rise to a distinct pool of PC1NTF. This fragment, 
termed PC1deN, is derived from dissociation of the two halves of PC1cFL. PC1deN is a 
major endogenous PC1 form in many tissues, is predominantly Endo-H resistant and 
is associated with the plasma membrane of renal epithelial cells.9 In analogous models 

FIGURE 1.2 Principle of Biochemical Analysis of Full Complement of Polycystin-1 Products. 
Lysates (L) of tissues and cells typically contain three species of PC1: PC1U, PC1cFL, and PC1deN. The 
cCC antibody binds to the C-terminus of PC1 (region indicated by gray box). Immunoprecipitation 
with cCC will only capture PC1U and PC1cFL, while PC1deN washes out into the "ow through 
fraction (L$). After SDS-PAGE and western blot of the IP product, PC1U will appear as the highest 
band (red), i.e. uncleaved full length. PC1cFL de-tethers and produces two bands: PC1NTF (blue, LRR 
blot) and PC1CTF (blue, rCC blot). The expected mobility shift pattern for all three PC1 species upon 
PNGase F (P) and Endo-H (E) digestion is schematically shown at the bottom. Endo-H resistant 
or sensitive form is appended by the suf!x “R” or “S,” respectively (e.g. PC1NTF(R) or PC1NTF(S)).

K388346_C001.indb   7 23-08-2019   21:25:12



8 Polycystic Kidney Disease

of adhesion GPCRs, detachment of the N-terminal fragment has been suggested 
to represent an activation mechanism. Indeed, constitutive activation of an aGPCR 
(GPR56) has been achieved by deletion of the N-terminal sequence, mimicking 
cleavage.67 The function of this form of PC1 currently remains unclear.

1.5  STRUCTURAL BASIS OF POLYCYSTIN-1 GPS CLEAVAGE 
AND THE HETERODIMERIC ASSOCIATION

The function of the cleaved form of the PC1 molecule may be dependent on its 
heterodimeric composition.9,17 One interesting clue comes from the structural 
studies of aGPCRs, which contain a GPS motif at the same juxtamembrane 
position and a large number of extracellular domains as PC1, although their actual 
domains and folds differ from the latter.53,54 X-ray crystallographic analyses of 
aGPCRs show that the GPS motif forms !ve "-strands and is integrated into the 
#320 aa GAIN domain that is also present in PC1 (Figure 1.1d).19 In the structure 
of the uncleaved GAIN domain of the aGPCR, the HL!T consensus sequence is 
positioned at a sharply kinked loop between the last two "-strands ("1 and "2). 
This distorted and strained geometry provides the driving force for an N–O acyl 
shift of its Thr (T) residue, and thus facilitates ester formation and cleavage. Work 
from the aGPCR structure identi!ed three structural elements that are important 
for keeping the sharp "-turn in place: (1) two disulphide (S–S) bonds between 
neighboring "-strands, (2) an extensive network of hydrophobic interactions 
between the "1-strand and adjacent residues within the GPS, and (3) the trapping 
of the Leu (L) of the HL!T within a hydrophobic pocket. Cleavage relaxes the 
sharp kink of the "-strands, resulting in a small tilt in the last "-strand ("1), which 
remains tightly bound to the remainder of the GPS through the extensive network 
of hydrophobic interactions between side chains. This conformational change in 
the "1 is thought to be functionally important and may be involved in activating 
the molecule.19

The analogous structural elements with the !nal two "-strands are depicted for 
PC1 in Figure 1.1d. Interestingly, PC1 only has one S–S bond, C3015–C3043 between 
neighboring "-strands. Mutation of the S–S bond prevents cleavage.17 The presence of 
only one S–S bond in PC1, in comparison to aGPCRs, may weaken the association 
of the "-strands, leading to less energetically costly cleavage or a reduction of the 
strength of the subunit association following cleavage. The hydrophobic pocket is also 
essential for cleavage. Typically, the leucine residue within the HL!T is expected to 
interact with the hydrophobic pocket (Figure 1.1d, green) as in aGPCRs.19 Mutation 
of this residue to a charged residue would likely affect the interaction with the 
hydrophobic pocket and thereby alter the folding of the "-strands to render the GPS 
incompatible with cleavage.10,17,61

Cleavage, allowing conformational changes in the PC1 molecule, as well as 
releasing fragments of the protein, appears to be essential for proper function of PC1. 
Within the aGPCR !eld, the structural composition of heterodimers is proposed to 
facilitate cell guidance.19,67,68 Similarly, within the kidney, the heterodimeric structure 
of PC1cFL is likely to be important in enabling speci!c biological functions.

K388346_C001.indb   8 23-08-2019   21:25:12



9Biochemical Analysis of the Polycystin-1 Complexity Generated

FIGURE 1.3 Expected Results and Interpretation of Polycystin-1 Cleavage Pattern. (a) 
Representative results of PC1 banding patterns for MEFs with various genotypes as indicated. 
After performing a cCC IP, PC1U and PC1cFL species can be distinguished by their characteristic 
banding patterns with rCC (PC1CTF-speci!c) and LRR (PC1NTF-speci!c) antibodies, as 
illustrated by the color-coded schematic diagram adjacent to the blot. Exogenously expressed 
PC1 (Pkd1 cDNA) serves as a positive control. (b) N-glycosylation analysis of the polycystin 
complex captured from WT MEFs lysate by cCC antibody. The PC1 species can be further 
differentiated by digestion with N-glycosylation enzymes. Probing with rCC antibody (left 
blot) detects PC1U (red) and PC1CTF of PC1cFL (blue). PNGase F (P) and Endo-H (E) sensitivity 
is shown in the rCC blot, and PC1U and PC1NTF sensitivity is shown in the LRR blot (right), 
aided by the same color-coded schematic diagram adjacent to the blot. Endo-H resistant or 
sensitive form is appended by the suf!x “R” or “S,” respectively (for example PC1NTF(R) or 
PC1NTF(S)). Probing with PC2 antibody shows the characteristic N-glycosylation pattern of 
PC2 within the polycystin complex (bottom panels). The total lysate contains a single PC2 
band of 120 kDa. Two PC2 species, PC2120 (green) and PC2130 (purple), are detected within 
the polycystin complex after IP. Both of these PC2 species within the polycystin complex are 
sensitive to PNGase F (P) digestion, whereas only the lower band is sensitive to Endo-H (E) 
digestion (PC2120 (s)).

K388346_C001.indb   9 23-08-2019   21:25:13



10 Polycystic Kidney Disease

1.6  PRINCIPLE OF ANALYZING THE FULL 
COMPLEMENT OF ENDOGENOUS POLYCYSTIN-1 
PRODUCTS IN TISSUES AND CELLS

As previously stated, three distinct PC1 forms compose the PC1 pool present and 
distinguishable in cell and tissue preparations: uncleaved (PC1U), heterodimeric 
(PC1cFL), and the detached PC1NTF form (PC1deN)9 (Figure 1.1c). Current available 

Q10

TABLE 1.1
Assessment of Some Published PC1 Antibodies

Ref Immunogensa,b Cellular Localization
Commentc,d on

GPS Cleavage Pattern

72 P1: GEEIVAQGKRSDPRS 
(aa 2778–92, h)

P2: LSKVKEFRHKVRFEG 
(aa 4142–56, h)

Basolateral/apical, 
cytoplasmic

#642 kDa
No CTF detected

73 Fusion protein: aa 4075–4293, m Multi-organ expression #400 kDa,
No CTF detected

74,75 P1: cKRLHPDEDDTLVE 
(aa 3619–31, h)

P2: cELGLSLEESRDRLR 
(aa 3821–34, h)

Plasma membrane, 
intracellular, adhesion 
junctions

#400, 245 kDa,
No CTF detected

76 P1: SRSGHRHLDGDRAFHRN 
(aa!3147–63, h)

P2: QGRRSSRAPAGSSRGPSPG 
(aa 4246–64, h)

P3: VHGNQSSPELGPPRLRQVR 
(aa 3734–52, h)

Wide tissue expression #200 kDa,
No CTF detected

77–79 Fusion protein: aa 4070–4302, h Kidney tubules, 
adherens junction, 
lipid raft

>400 kDa
No CTF detected

80 Exon 46 fusion protein (aa 
4148–4302, h)

Desmosomes in MDCK 
cells

#400 kDa
No CTF detected

81 MR3: EPYLAVYLHSEPRPNEHN 
(aa#2939–56, h)

PKCR: murine PC1 C-terminal 
213 aa

PKCR antibody used 
only on western blot

#400 kDa
No CTF detected

27 p96521: DACPPEVDFLKQDCTEE 
(aa 866-882, m)

Primary cilia No signal on Pkd1%/% cilia 
(immuno"uorescence)

82,83 7e12: LRR (281–751 nt, h) Used mostly for 
western#blot

No signal in Pkd1%/% 
tissues (western blot)

a Black indicates immunogen amino acids located in PC1NTF; h, human; m, mouse.
b Bold indicates immunogen amino acids located in PC1CTF.
c Underline indicates the size of the reported PC1 bands detected.
d Italic indicates issue with western blot detection.
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11Biochemical Analysis of the Polycystin-1 Complexity Generated

immunoreagents cannot directly discriminate between all the PC1 products. 
Antibodies that are directed against one cleavage fragment of PC1 cannot detect the 
other cleavage fragment by SDS-PAGE. Therefore, analysis of the full complement of 
PC1 products requires the use of a combination of speci!c PC1 antibodies directed to 
PC1NTF and PC1CTF under de!ned experimental conditions that distinguish between 
the various forms as illustrated in Figure 1.2.

The PC1U form can be easily distinguished from the cleaved forms of PC1 by 
slower migration on western blot. While PC1cFL presents as a single molecule in the 
tissues, it undergoes subunit dissociation by the denaturing condition of SDS-PAGE. 
The dissociated PC1NTF and PC1CTF subunits migrate according to their respective 
sizes, and these are different from that of PC1U (Figure 1.2). To distinguish PC1cFL 
from the PC1deN, PC1cFL can be speci!cally captured by immunoprecipitation with 
an antibody against PC1CTF, which does not recognize PC1NTF and PC1deN. The 
immunoprecipitated PC1cFL can subsequently be analyzed with the PC1NTF- and 
PC1CTF-speci!c antibodies for the subunit constituents (see Protocol I). This approach 
will simultaneously capture PC1U, allowing direct comparison of the two forms in 
a given sample in the same lane of western blots. The PC1deN form is present in the 
"ow through lysate (L$) that is depleted from PC1U and PC1cFL (see Protocol II) and 
can be analyzed separately (Figure 1.2).

One important consideration is the heavy N-glycosylation of PC1cFL and PC1deN 
in tissues, which signi!cantly increases their molecular weight and gives rise to 
their doublet bands on western blot. In the case of PC1cFL, this causes the upper 
band of the PC1NTF doublet to migrate to a position that partially overlaps with 
that of the PC1U, obscuring the distinction between the two PC1 forms even 
under optimized polyacrylamide gel electrophoresis conditions. This issue can be 
resolved by N-glycosylation analysis using the N-deglycosylases PNGase F (peptide 
N-glycosidase F) and Endo H (endoglycosidase H)9,12,69,70 (see Protocol III). PNGase 
F removes all types of N-linked glycans (high mannose, hybrid, and complex 
N-glycans) from glycoproteins, while Endo H removes only high mannose and 
some hybrid types of N-linked carbohydrates. The use of the two N-deglycosylases 
not only helps to distinguish between PC1U from of PC1cFL and PC1deN in tissues and 
cells, but also serves to monitor their traf!cking along the secretory pathway.69,70 
The general rationale is that N-glycans of glycoproteins in the ER are all high 
mannose and are susceptible to removal by cleavage using PNGase F and 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 passed through the Golgi 
compartment.

1.6.1  QUALITY CONTROLS FOR VALIDATING SPECIFIC 
DETECTION OF POLYCYSTIN-1 ANTIBODIES

Development and validation of speci!c PC1 antibodies by rigorous, genetically 
de!ned positive and negative controls are instrumental for detection and analysis of 
low-abundant endogenous PC1 molecules in tissues and cells. The speci!c detection 
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12 Polycystic Kidney Disease

of endogenous PC1 molecules can be validated by using several genetically de!ned 
controls (see Figure 1.3).

 1. Positive control: A tagged recombinant PC1 expressed from a full-length 
Pkd1 cDNA expression construct in mammalian cells. This allows detection 
of the proper cleavage pattern of PC1. For example, the FLAG-tagged PC1 
(Figure 1.3a, Pkd1 cDNA) gives rise to the expected cleavage pattern, and 
each of the three PC1 forms (PC1U, PC1cFL, and PC1deN) can be detected.

 2. Negative control: Pkd1%/% tissues or cells can be used to control for the 
speci!c detection of any PC1 products. For example, the speci!c detection of 
uncleaved and cleaved PC1 molecules in positive samples can be demonstrated 
by the lack of the signals in Pkd1%/% MEFs (murine embryonic !broblasts).

 3. GPS cleavage control: Pkd1V/V tissues or cells such as MEFs expressing 
the noncleavable PC1V mutant, or tagged recombinant PC1V expressed in 
mammalian cells from the cDNA, can be used to control speci!c detection 
of PC1 cleavage products. Only the uncleaved species will be detectable.

1.6.1.1 Assessment of Earlier Published Polycystin-1 Antibodies
The literature describing endogenous PC1 expression patterns is replete with examples 
of poorly controlled antibody validation. In many cases, early descriptions of PC1 
expression patterns by western blot or immunolocalization using both homemade 
and commercial PC1 antibodies produced inconsistent and con"icting results. 
Indeed, the diverse banding pattern, complex posttranscriptional modi!cations, and 
cellular localization of PC1 has led to much debate over the true banding pattern and 
localization of the protein (Table 1.1). While many of the published studies might 
have accurately described some aspect of the true pattern and localization of PC1, an 
unknown variable is the speci!city of the antibody used.

The quality of most published and commercial antibodies was determined by 
their ability to (1) detect the recombinant protein that was used for immunization or 
(2) detect a high molecular weight band of >400 kDa (approximating the predicted 
MW of uncleaved PC1) in normal cells and tissues on western blot. However, many of 
them were not subject to more rigorous quality controls using irrefutable genetically 
negative controls (Table 1.1). The importance of adequate controls was dramatically 
illustrated in a study by Nauta et#al.71, who generated 14 polyclonal PC1 antibodies 
but concluded that most, if not all, of them detected signals that were not related to 
PC1 but due to off-target cross-reactivity.

The fundamental feature of PC1 cleavage pattern at GPS9–13 can be exploited 
to retrospectively assess the speci!city of some previously published, but poorly 
validated, PC1 antibodies. This is particularly poignant for PC1CTF-directed 
antibodies, which can be diagnosed by the ability to detect #150 kDa PC1CTF as the 
most prominent band, in addition to the weaker uncleaved PC1U band. However, many 
PC1CTF antibodies detected the >400 kDa band, but failed to detect the far more 
abundant PC1CTF on the same blot (Table 1.1, comment on GPS cleavage pattern). The 
speci!city of these antibodies is therefore highly questionable and the presumed “PC1 
bands” detected were likely due to unknown nonspeci!c cross-reactivity.
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13Biochemical Analysis of the Polycystin-1 Complexity Generated

1.6.1.2 Validated PC1CTF-Specific Antibodies
The !rst rigorously validated PC1CTF-speci!c antibodies that explicitly detected 
endogenous PC1 products were rabbit and chicken polyclonal antibodies directed to the 
C-terminal tail of mouse PC1 (amino acid residues 4123–4291).11,9 The rabbit antibody 
(rCC) was af!nity puri!ed with the PC1 C-terminal tail antigen immobilized to a resin 
column (ThermoFisher Scienti!c, AminoLink Plus Coupling Resin), while the chicken 
IgY antibody (cCC) was puri!ed by a commercially available kit (such as the EGGstract 
IgY Puri!cation System, Promega). A combination of the two antibodies enables 
detection of endogenous PC1U and PC1cFL (through PC1CTF), whereby PC1 proteins are 
immunoprecipitated with cCC and subsequently detected with rCC by western blotting. 
The antibodies can also be used to immunodeplete PC1U and PC1cFL, allowing PC1deN 
to be analyzed with anti-PC1NTF-speci!c antibodies following immunodepletion.

Another validated PC1CTF-speci!c antibody is E8, a rat monoclonal antibody 
directed to the third extracellular loop of mouse PC1 (aa 3682–3882).47,84 Epitope 
mapping shows that it reacts with a small region between aa 3736 and 3746 (human 
PC1). A remarkable property of this antibody is the ability to detect endogenous PC1U 
and PC1CTF products directly on western blot without prior immunoprecipitation. 
The above-mentioned validated PC1CTF-speci!c antibodies are also described at the 
website of the Baltimore Polycystic Kidney Disease Research and Clinical Core 
Center (http://www.baltimorepkdcenter.org/antibody/index.shtml).

1.6.1.3 Validated PC1NTF-Specific Antibodies
PC1NTF-speci!c antibodies can be used to detect PC1cFL form in combination with a 
PC1CTF-speci!c antibody such as cCC, as illustrated in Figure 1.3. There are a few 
validated PC1NTF-speci!c antibodies. The commercially available mouse monoclonal 
antibody 7e12 (originally developed by Dr. Christopher Ward)83 directed to the LRR 
domain of human PC1 is widely used for detecting endogenous PC1 by western blot 
analysis. The 7e12 antibody detects bands corresponding to PC1U and PC1deN.9,62,85 
Additional monoclonal antibodies directed to the C-lectin domain (E3 and E4) were 
later developed to detect PC1NTF

12 and are further described at the website of the 
Baltimore Polycystic Kidney Disease Research and Clinical Core Center (http://www.
baltimorepkdcenter.org/antibody/index.shtml).

1.6.2  PROTOCOL I: IMMUNOPRECIPITATION AND WESTERN BLOT 
ANALYSIS OF PC1U AND PC1CFL MOLECULES

Sample preparation:

 1. Homogenize mouse tissues in lysis buffer (25 mM sodium phosphate pH 7.2, 
150 mM NaCl, 10% glycerol, 1 mM EDTA, 1% Triton, protease inhibitor, 
Roche: 11873580001) by tissue homogenizer (Polytron-MP 2100, Kinematica 
AG). For cells, homogenization by pipetting up and down is usually suf!cient.

  Notes:
 i. 10% glycerol and 1% Triton allow thorough homogenization of tissues 

or cells while preserving PC1NTF and PC1CTF association. A critical 
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14 Polycystic Kidney Disease

parameter for PC1 proteins for immunoprecipitating intact PC1cFL 
is the use of mild detergent, i.e. Triton X100 (0.5%–1%). Commonly 
used RIPA buffer, which usually contains 0.1% SDS, disrupts the 
heterodimeric association, revealing the noncovalent nature of PC1NTF 
and PC1CTF association.9 Therefore, RIPA buffer (0.1% SDS) is too harsh 
for working with PC1cFL.

 ii. Use 1 mL lysis buffer for 0.1 g of tissue or con"uent cultured cells 
collected from one 150 mm tissue culture plate.

 2. Rotate the sample for 1 h at 4°C.
 3. Centrifuge at 16,000 & g in a tabletop centrifuge for 10 min to pellet 

cell debris and nuclei. Collect clear supernatant and measure the protein 
concentration.

Immunoprecipitation (IP):

 4. For a typical IP reaction, use an anti-PC1CTF antibody. Add 1–2 µL of chicken 
IgY cCC to the lysate containing #2 mg protein in a volume of 1 mL.

 5. Rotate the sample for 2 h at 4°C.
 6. Add 30 uL goat anti-chicken IgY-agarose (Aves Labs #P-1010, wash 3 times 

with lysis buffer before use).
 7. Rotate overnight at 4°C.
 8. Spin sample at 400 & g for 2 min; discard the supernatant; wash the agarose 

beads with lysis buffer 3 times.
 9. Add 50 uL 1X SDS-sample buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% 

glycerol, 1% "-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol 
blue) and incubate at 95°C for 3–5 min to elute the immunoprecipitated 
proteins.

Western blot analysis:

 10. Load protein samples on 4% (homemade), 3%–8% Tris-acetate SDS–
polyacrylamide precast gel, or 4%–12% Tris-glycine SDS–polyacrylamide 
precast gels (e.g. from Invitrogen). Run the gel and transfer to PVDF 
membrane (Bio-Rad).

Detection of the PC1CTF subunit of PC1cFL and PC1U:

 11. After blocking with milk block (5% skimmed milk powder, TBS-Tween 
20 buffer) or 4% BSA, incubate the membrane with rCC or E8 as primary 
antibody at 1:1000–2000 dilution overnight at 4°C.

 12. Wash with TBS-Tween 20 buffer. Incubate with an HRP-conjugated anti-
rabbit IgG antibody (GE Healthcare, NA934V) at 1:10,000 dilution for rCC 
or HRP-conjugated anti-rat IgG antibody (GE healthcare, NA935) at 1:5000 
dilution for E8, for 1 h. Wash with TBS-Tween 20 buffer.

 13. Incubate with ECL Prime (GE Healthcare) reagent for detection of PC1U and 
PC1CTF bands on !lm, or with a chemiluminescence imaging system.
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15Biochemical Analysis of the Polycystin-1 Complexity Generated

Detection of the PC1NTF subunit of PC1cFL and PC1U:

 14. Strip the membrane using Restore Western Blot Buffer (Pierce, VWR) for 
5–10 mins.

 15. Reprobe with an anti-PC1NTF antibody (7e12, E3, or E4). The PC1NTF subunit 
of PC1cFL and PC1U can then be visualized as described above.

Detection of the PC2 protein within PC1/2 complex:

 16. The cCC-IP products contain PC2 bound to PC1. This PC2 pool can be 
analyzed from the IP products by western blot with PC2 antibody. This may 
be achieved by reprobing the same membrane as described above.

1.6.3 PROTOCOL II: DETECTION OF PC1DEN BY IMMUNODEPLETION

Immunodepletion of PC1cFL and PC1U:

 1. Perform immunoprecipitation from lysates with anti-cCC under 
nondenaturing conditions as described in Protocol I (steps 1–7). Collect 
the supernatant (i.e. "ow through fraction) after capturing PC1-antibody 
complex with goat anti-chicken IgY-agarose.

 2. Perform the immunoprecipitation for the supernatant and test for intact 
PC1cFL and PC1U in the resulting immunoprecipitate.

 3. Repeat the immunoprecipitation for the supernatant until PC1cFL and PC1U 
are no longer detectable from its immunoprecipitate. They are “depleted” 
from the "ow through. Depending on PC1 expression level in a given sample, 
several rounds (up to !ve) of immunoprecipitation reaction may be required 
to for successful immunodepletion.

Analysis of PC1deN:

 4 The "ow through fraction that is depleted in PC1cFL and PC1U (“depleted 
lysate”, or L$) can be used for evaluating PC1deN by N-glycosylation (see 
Protocol III) and western blot analysis using a PC1NTF-speci!c antibody.

1.6.4 PROTOCOL III: N-GLYCOSYLATION ANALYSIS OF POLYCYSTIN-1 PRODUCTS

N-glycosylation analysis of endogenous PC1 can be performed on immunoprecipitated 
polycystin complex (Protocol I), directly in depleted (L$) (Protocol II), or on total 
protein lysates. Typical reaction conditions for immunoprecipitated polycystin 
complex are as follows:

 1. Perform PC1 immunoprecipitation with anti-cCC from lysates (such as from 
kidney tissues) as described in Protocol I. Wash the !nal IgY-agarose which 
is bound with polycystin products (IP-IgY-agarose) thoroughly, and remove 
all wash buffer from the agarose beads.

Q6
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16 Polycystic Kidney Disease

 2. Add 90 µL Glycoprotein Denaturing Buffer (0.5% SDS, 40 mM DTT) to 
30 µL of the IP-IgY-agarose beads.

 3. Denature IP-IgY-agarose mixture by heating reaction at 100°C for 1 min.

 Note: Do not heat the sample for prolonged time as the polycystin complex 
is prone to degradation.

 4. Chill the denatured IP-IgY-agarose mixture on ice.
 5. Divide the IP-IgY-agarose mixture evenly in three aliquots of 30 µL (plus 

10 µL beads) for control, PNGaseF, and Endo-H reactions, respectively.
6. i.  Control (Aliquot #1): Make a total reaction volume of 40 µL (plus 10 µL 

beads) by adding 4 µL 500 mM sodium phosphate (pH 7.5 at 25°C), 
4 µL 10% NP-40, and 2 µL H2O. Mix gently.

ii. PNGase F (Aliquot #2): Make a total reaction volume of 40 µL (plus 
10 µL beads) by adding 4 µL 500 mM sodium phosphate (pH 7.5 at 
25°C), 4 µL 10% NP-40, and 1 µL H2O. Then add 1 µL of PNGase F 
(500,000 units/mL, New England Biolabs, P0704), and mix gently.

  Note: PNGase F is inhibited by SDS, therefore it is essential to have NP-40 
in the reaction mixture under denaturing conditions.

 iii.  Endo H (Aliquot #3): Make a total reaction volume of 40 µL (plus 10 µL 
beads) by adding 4 µL 500 mM sodium acetate (pH 6.0 at 25°C) and 
5 µL H2O. Then add 1 µL of Endo H (500,000 units/mL, New England 
Biolabs, P0702), and mix gently.

 Note: Endo-H is not inhibited by SDS.

 7. Incubate all three aliquots at 37°C for 1 h. Add SDS-sample buffer to stop 
the reaction.

 8. Assess the extent of deglycosylation by mobility shifts on SDS-PAGE 
and western blot. The expected pattern of mobility shift is illustrated in 
Figure#1.2.

1.6.5  EXPECTED RESULTS AND INTERPRETATION OF 
POLYCYSTIN-1 CLEAVAGE PATTERN

A typical result of biochemical analysis of endogenous PC1 immunoprecipitated with 
the cCC antibody is presented in Figure 1.3a for MEFs derived from Pkd1+/+, Pkd1%/%, 
and Pkd1V/V embryos, along with exogenously expressed recombinant PC1. Probing 
with rCC identi!es the PC1U band of #520 kDa, and the more abundant PC1CTF 
band of #150 kDa in WT MEFs. The rCC antibody recognizes only the #520-
kDa noncleavable PC1V band in Pkd1V/V MEFs without detecting PC1CTF. Probing 
with anti-LRR detects the same PC1U band and a strong PC1NTF doublet (#450 and 
#370 kDa) that is associated with PC1CTF in WT samples, but only the noncleavable 
PC1V mutant band (#520 kDa) in Pkd1V/V MEFs. None of these bands are detectable 
in Pkd1%/% MEFs. Of note, the upper band of the PC1NTF doublet is more dominant 
than the lower band in the MEFs. However, the stoichiometry of the upper and lower 
bands varies among tissues.9
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17Biochemical Analysis of the Polycystin-1 Complexity Generated

Figure 1.3b shows the N-glycosylation analysis of PC1 and PC2 products from WT 
MEFs captured by anti-cCC antibody. Treatment with PNGase F shifts the PC1CTF 
from #150 kDa to a slightly faster migrating band at #140 kDa (approximating the 
predicted MW of the PC1CTF). Endo-H digestion results in appearance of two bands 
at #150 and #140 kDa, revealing that the PC1CTF is composed of two distinct species 
differing in N-glycan types. Of note, the PC1U is exclusively sensitive to Endo H in 
MEFs, as shown by its shift to #460 kDa (the predicted MW of uncleaved PC1) 
upon treatment.

PNGase F treatment reduces the PC1NTF doublet to a single one at #320 kDa, the 
predicted MW of PC1NTF. Analysis with Endo H shows that the upper PC1NTF band is 
Endo-H resistant, while the lower one is Endo-H sensitive as revealed by its shift to 
#320 kDa. Hence, the PC1NTF doublet bands result from differential N-glycosylation 
modi!cation, as is found for the PC1CTF subunits. Collectively, these results provide 
evidence for one single endogenous PC1cFL form that could traf!c from the Golgi 
compartment to the plasma membrane.

Probe with anti-PC2 antibody reveals the unique property of PC2 in the PC1/2 
complex. In the whole-cell lysate, PC2 is detected as a single 120 kDa band in MEFs, 
as shown universally for various tissues and cells.86,87 However, the fraction of PC2 
that is complexed with PC1 appears as two distinct bands of 130 kDa (PC2130) and 
120 kDa (PC2120) of similar intensity.12 PNGase F treatment reduces the PC2 doublet 
to a single one at #110 kDa, the predicted MW of PC2.

Treatment of with Endo H reveals that PC2130 is Endo-H resistant, whereas PC2120 
is Endo-H sensitive. These results indicate that a signi!cant Endo-H-resistant pool 
of the polycystin complex exists in vivo. Together, these data provide evidence that 
PC1 and PC2 form a complex in the ER and that the cleaved PC1/2 complex reaches 
the Golgi apparatus and cilia.12

1.7 BIOCHEMICAL ANALYSIS OF CILIARY POLYCYSTINS

The primary cilium is an essential cellular organelle whose signaling function within 
a number of pathways has important connotations for polycystic kidney disease.88 
Defective cilia signaling, or mutations in proteins that localize to, or signal through, 
the cilium result in ciliopathies—a collection of diseases associated with cilia defects.89 
Cilia are thought to be involved in maintaining tubular diameter via several pathways, 
and therefore, as in ADPKD, many ciliopathies include cystic development of the 
renal architecture.28,90 Despite the ciliary membrane being continuous with the plasma 
membrane, the cilium is in fact separated from the cell body, being gated at the base by 
structures associated with the basal body. Proteins that reside in the ciliary membrane or 
cilioplasm must be transported into the cilium by the intra"agellar transport system.91,92

Many efforts have been made to understand the route of polycystin traf!cking 
through the cell and toward the ciliary membrane. Some studies suggest that PC2 
is able to localize to cilia independently of PC1,93,94 while others indicate that the 
polycystins localize only when in complex.27,95,55 PC1 has been proposed to traf!c to 
cilia from the trans-Golgi network (TGN) via post-Golgi vesicles in an Arf4-dependent 
manner,65 whereas a more direct route has been suggested for cilia-destined PC2: this 
route avoids the TGN and PC2 travels directly from the cis-Golgi compartment.94
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18 Polycystic Kidney Disease

Analysis of the ciliary polycystin complex presents a unique challenge due to PC1 
GPS cleavage and other posttranslational modi!cations such as N-glycosylation, both 
of which cannot be easily assessed directly by immuno"uorescence. Biochemical 
analysis of the polycystin complex on isolated cilia provides an effective way to 
directly assess its molecular composition and modi!cation in cilia. This is highlighted 
by the study performed by Kim et# al.,12 which showed that the cilia portion of 
polycystins is distinct from the cellular portions in terms of cleavage pattern and 
N-glycosylations. Cilia isolated from MDCK monolayers with stable and inducible 
expression of recombinant PC1 were shown to contain Endo-H resistant, PNGase 
F-sensitive PC1, which migrated to a size consistent with the PC1NTF or PC1deN. The 
uncleaved full-length PC1 (PC1U) was absent in cilia but present at a #1:1 ratio with 
cleaved PC1 in the cell body. This indicates that PC1 cleavage is required for cilium 
entry. PC2 was also shown to be Endo-H resistant in the cilia fraction and is therefore 
consistent with the polycystins traveling to the cilium in complex.

Two hypotheses exist as to why only cleaved PC1 is found in the cilium: either 
PC1 cleavage rapidly occurs within the cilium at a highly ef!cient rate leaving the 
uncleaved species undetectable in the cilia preparations or the uncleaved form is 
speci!cally excluded from the cilium. The no-cleavable PC1V mutant was employed 
to elucidate the answer to this question.12 Interestingly, not only was the uncleaved 
PC1 unable to enter the cilium, but PC2 was also undetectable within the cilium in 
MDCK cells with overexpression of PC1V. This strongly suggests that cleavage of 
PC1 is essential for ciliary traf!cking of both PC1 and PC2, and for proper ciliary 
function to maintain proper tubule architecture.

1.7.1  PROTOCOL IV: CILIA PREPARATION OF MDCK 
CELLS FOR BIOCHEMICAL STUDY

MDCK cell growth:

The most effective way to obtain high numbers of long cilia is to grow MDCK cells on 
a 10 cm transwell plate (Corning) at 100% con"uence for around 7–10 days (usually 
10 days). Use DMEM + 10% FBS at the outside membrane and DMEM/NO FBS at 
the inside membrane of the transwell plate. Change the media every 2–3 days. This 
can be accomplished using a regular cell culture plate, although a transwell plate is 
more effective, by using low glucose DMEM + 10% FBS (this medium mimics a 
similar condition as serum starvation to cause longer cilia).

Cilia preparation12,14:

 1. Wash ciliary-conditioned MDCK cells gently with DMEM media (without 
FBS) 3 times to remove any cell debris.

 2. Incubate the monolayer in 30 mM ammonium sulfate for 3 h, which will 
induce shedding of intact cilia.

 3. Collect the medium supernatant containing the cilia. Centrifuge at 2000 & g 
for 30 min to remove any "oating cells.

 4. Centrifuge again at 10,000 & g for 30 min to remove the cell debris.
 5. Recentrifuge at 16,000 & g for 30 min; the pellet contains the cilia population.
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19Biochemical Analysis of the Polycystin-1 Complexity Generated

 6. Resuspend the cilia pellet in PBS for immuno"uorescence or in lysis buffer 
(20 mM sodium phosphate, pH 7.2; 150 mM NaCl; 1 mM EDTA;10% (vol/
vol) glycerol; 1% Triton X-100; and protease inhibitors) for western blot.

1.7.2 QUALITY CONTROL OF CILIARY PREPARATION: IMMUNOFLUORESCENCE

Prior to undertaking western blot quality control for the cilia preparation, 
immuno"uorescent screening can be used to assess the effectiveness of deciliation 
and cilia isolation.

Having isolated the cilia and cellular fraction by the method described in Protocol 
IV, take a small aliquot of both fractions for assessment by immuno"uorescence 
following one of two protocols, as follows.

For cilia preparation:

Method A:

 1. Resuspend the cilia fraction in PBS.
 2. Pipette the cilia suspension onto a poly-L-lysine–coated slide and cover with 

a siliconized coverslip.
 3. Chill the slide on dry ice.
 4. Remove the coverslip.
 5. Fix with 4% paraformaldehyde for 15 min.
 6. Permeate with 0.1% Triton X 100 in PBS for 5 min.
 7. Wash with PBS.
 8. Block 3% BSA or FBS in PBS for 30 min.
 9. Incubate with anti-acetylated tubulin antibody such as mouse anti-acetylated 

tubulin from Sigma-Aldrich (T7451, 1:4000) or with rabbit anti-Arl13b 
from Proteintech (17711-1-AP, 1:200) in 4% FBS for 30–60 min at room 
temperature.

 10. Wash with PBS for 10 min. Repeat 3 times.
 11. Incubate secondary Ab in block solution for 60 min.
 12. Wash cells with PBS for 10 min. Repeat 3 times.
 13. Stain with DAPI.
 14. Mount.

Method B:

 1. Resuspend the cilia fraction in 4% FBS for 30 min blocking period at room 
temperature.

 2. Centrifuge at 16,000 & g for 30 min to pellet the cilia; remove the blocking 
solution.

 3. Resuspend pellet with primary antibody such as mouse anti-acetylated 
tubulin from Sigma-Aldrich (T7451, 1:4000) or rabbit anti-Arl13b from 
Proteintech (17711-1-AP, 1:200) diluted in 4% FBS for 30–60 min at room 
temperature.
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 4. Centrifuge at 16,000 & g for 30 min to pellet the cilia; remove the primary 
antibody solution.

 5. Carefully wash the pellet with PBS before resuspending in "uorescent 
secondary antibody solution directed toward the selected primary antibody. 
Dilute the secondary antibody in 4% FBS and incubate for 30 min at room 
temperature in the dark.

 6. Centrifuge at 16,000 & g for 30 min to pellet the cilia; remove the secondary 
antibody solution.

 7. Wash with PBS and resuspend in DAPI solution for 5–10 min. (1 µg/mL, a 
low concentration of DAPI will ensure that background staining is kept to a 
minimum. Do not use mounting medium containing DAPI.)

 8. Centrifuge at 16,000 & g for 30 min to pellet the cilia; remove the DAPI 
solution.

 9. Wash the pellet with PBS being careful not to disturb the pellet.
 10. Resuspend the cilia in mounting medium before mounting on a glass slide 

and coverslipping. Visualize the slide on a "uorescent microscope.

Note that the cilia fractions should not be stained by DAPI but should stain positively 
with cilia markers.

For cell body fraction:

The cell body fraction can also be stained to determine ef!ciency of deciliation using 
Method B. Effective deciliation is indicated by little or no staining with cilia markers.

1.7.3 QUALITY CONTROL OF CILIARY PREPARATION: WESTERN BLOT

Assessing the purity of the cilia fraction is essential because cellular contamination 
will confound results. There should be no contamination from cell body cytoskeleton 
proteins such as "-Actin, secreted protein such as IGFBP-2, and exosomal protein 
such as Alix (an abundant component of exosome proteomes), nor from cellular 
organelles such as nuclear, Golgi, or ER proteins. Although immuno"uorescence 
provides reassurance that whole cells are not contaminating the cilia portion, it is 
still possible that some plasma membrane fragments remain attached to the cilium 
preparation. The purity should thus be further validated by absence of plasma 
membrane protein such as c-Met (an apical plasma membrane protein).12 Since protein 
levels are likely to be low, it may be favorable to probe one blot with a number of 
different antibodies, making use of different molecular weight, "uorescent colors, or 
stripping and sequential probing.

Once the purity of cilia fraction is ascertained, the sample can be used for 
biochemical analysis for the polycystin complex or other proteins by western blot or 
other methods.

1.8 CONCLUDING REMARKS

Throughout this chapter, we have provided detailed protocols to enable detection 
and assessment of the three distinct species of PC1: PC1U, PC1cFL and PC1DeN. We 
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highlighted the need for rigorous, genetically de!ned controls for the antibodies and 
the importance of understanding where the selected antibody binds and which PC1 
species it is able to detect. We have described a number of useful antibodies that can 
be used to biochemically detect each of the three PC1 species and provided advice 
concerning the interpretation of results. However, there is still no suitable antibody 
that can reliably detect endogenous PC1 for immuno"uorescence, immunoelectron 
microscopy, or immunohistochemistry. There is also demand to develop antibodies 
that can differentiate between uncleaved and cleaved forms of PC1 species in the 
native state by recognizing conformational changes caused by GPS cleavage. Finally, 
there is a need to develop PC1-speci!c antibodies that can modulate the activities of 
the polycystin complex and have therapeutic potential for ADPKD. Development of 
those antibodies and their standardized protocols will provide a plethora of long-
overdue and critical information for the !eld.
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