Human Molecular Genetics, 2003, Vol. 12, No. 20
DOI: 10.1093/hmg/ddg274

2703-2710

Cellular and subcellular localization of the ARPKD
protein; fibrocystin is expressed on primary cilia
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Autosomal recessive polycystic kidney disease (ARPKD) is an infantile form of PKD characterized by
fusiform dilation of collecting ducts and congenital hepatic fibrosis. The ARPKD gene, PKHD1, is large
(~470 kb; 67 exons) with a 12222 bp longest open reading frame, although multiple different splice forms may
be generated. The predicted full-length ARPKD protein, fibrocystin, is membrane bound with 4074 amino
acids (447 kDa molecular weight). To characterize the pattern of fibrocystin expression we have generated
four monoclonal antibodies (mAb) to the cytoplasmic tail of the protein. Western analysis of human kidney
membrane protein showed an identical pattern with each mAb; a strongly expressing large product
(>450kDa), consistent with the predicted protein size, and a weaker ~220 kDa band. The same large product
was detected in rat and mouse kidney with lower level expression in liver. To further show that these mAbs
recognize fibrocystin, tissue from ARPKD patients was analyzed and no fibrocystin products were detected.
Immunohistochemical analysis of the developing kidney showed expression in the branching ureteric bud
and collecting ducts, expression that persisted into adulthood. Biliary duct staining was found in the liver,
plus staining in the pancreas and developing testis. Immunofluorescence analysis of MDCK cells showed a
major site of expression in the primary cilia. Recent studies have associated the disease protein in various
human and animal forms of PKD with cilia. The localization of fibrocystin to cilia further strengthens that
correlation and indicates that the primary defect in ARPKD may be linked to ciliary dysfunction.

INTRODUCTION

models, the defective protein is located on cilia (5-9).
Furthermore, a conditional knockout that disrupts a ciliary

The polycystic kidney diseases (PKD) are a group of inherited
disorders characterized by defects in renal tubular maturation,
resulting in dilated tubules and/or focal cyst development. The
different forms of PKD have related features, including cellular
de-differentiation, polarization abnormalities and extracellular
matrix remodeling, but it is unclear whether these result from
disruption of a common pathogenic pathway (1,2). Several
animal models of PKD have revealed a connection to primary
cilia. The protein defective in the orpk mouse, polaris, is
orthologous to the Chlamydomonas intraflagellar transport
(IFT) protein IFT88 (3). Mice null for this gene (7g737) have
left-right axis defects, due to loss of nodal cilia, and the
hypomorphic mutant, 7g737°7¥ has shorted cilia (3,4). The inv
model of PKD has situs inversus and, like the orpk and cpk

motor subunit gene, Kif3a, in collecting ducts, lacks cilia and
develops cysts (10). Recently, the autosomal dominant PKD
(ADPKD) proteins, polycystin-1 and -2, have been localized to
cilia; Pkd2 null animals exhibit left-right axis defects and Pkd 1
null cells lack the flow response usually mediated by cilia
(11-15). Therefore, many forms of PKD are associated with
defects in ciliary expressed proteins, suggesting a causative role
for this organelle in PKD.

Autosomal recessive polycystic kidney disease (ARPKD) is an
inherited infantile form of PKD with an incidence of ~1/20 000
(16,17). The typical disease presentation is of greatly enlarged
kidneys detected in utero or in the perinatal period, with 30% of
cases dying shortly after birth (18,19). The massive kidneys are
characterized by fusiform dilation of collecting ducts, although
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kidney enlargement is less marked and cyst size more variable in
later presenting cases (20,21). The other pathognomonic lesion
in ARPKD is biliary dysgenesis, manifesting as dilation of the
intrahepatic bile ducts (Caroli’s disease) and/or congenital
hepatic fibrosis, which is often the major disease complication
in older patients (22).

The ARPKD gene, PKHDI, was linked to chromosome
region 6p21-cen in 1994 and recently identified by character-
ization of an orthologous rat model, PCK, and by positional
cloning (23-25). PKHDI is an exceptionally large gene
(~470kb; 67 exons) with a longest open reading frame of
12222bp (24). Expression analysis suggests that multiple
different splice forms are generated by PKHD1, and the murine
ortholog, Pkhdl (24-27). The gene is strongly expressed in
adult and fetal kidney with lower levels in liver, pancreas and
lung (24,25). Other specific sites of expression, some of
particular splice forms, have been suggested by in situ
hybridization in the mouse (26).

The ARPKD protein, fibrocystin, is predicted to have 4074
amino acids (4059 amino acids in the mouse) with a calculated
unglycosylated molecular weight of 447 kDa (24,25). However,
the mature protein may be significantly larger as there are
multiple potential N-linked glycosylation sites. Fibrocystin has a
signal peptide, and structural predictions indicate a large
extracellular region with multiple copies of the TIG domain (an
immunoglobulin-like fold), a single transmembrane region, and a
short cytoplasmic tail (24,28). A homologous gene, not involved
in renal cystic disease, PKHDLI, has recently been described
(29). The role of other TIG containing proteins, such as the
hepatocyte growth factor receptor (Met) and the plexins, and the
structure of fibrocystin, suggest that it may be a receptor protein
(24,30,31). However, secreted forms of fibrocystin may also be
generated from alternatively spliced transcripts (24,25,27).

To characterize the cellular and subcellular distribution of
fibrocystin, we raised monoclonal antibodies (mAb) to the
C-terminal tail of the protein. Analysis by western blotting,
immunohistochemistry, and immunofluorescence have charac-
terized the expression of this protein and showed that
fibrocystin is also a ciliary protein.

RESULTS

Western analysis of normal and ARPKD kidney

A 576 bp fragment of PKHD1 (11 647—12 222 nt), encoding the
entire predicted 192 amino acids cytoplasmic tail of fibrocystin,
was amplified by PCR and cloned into a modified pET-43a+
vector to generate recombinant protein (see Methods for
details). The purified fibrocystin fragment (~24 kDa) was used
to raise mAbs in mice and 500 clones were tested for
specificity. Clones were initially screened by an ELISA assay
against the purified fibrocystin fragment and positives tested for
western detection of recombinant protein and staining of
human kidney. Four clones (FB1, FB2, FBS and FBS), positive
in all assays, were selected and are described in this study.

To characterize the endogenous fibrocystin, western blots of
human kidney membrane protein were probed with each of the
mAb clones. A large, strongly expressing product was detected
in each case, plus a weaker ~220 kDa protein (Fig. 1A). The
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Figure 1. Western analysis of membrane protein separated on 3—-8% gradient
gels and detected with fibrocystin antibodies. (A) Human kidney protein
(6-9 ng) shows the same expression pattern with four different fibrocystin
mAbs, FB1, FB2, FBS, and FB8. (B) The same large (>450kDa) product is
detected in human, mouse, and rat kidney protein (6-12pg) and newborn
mouse kidney (5pg). The >450kDa and ~220kDa products, plus a
~150kDa protein, were detected in rat liver membrane protein (12 pg).
Human and mouse kidney was detected with FB1 and other samples with
FB2. Immunoglobulin products (~70-100kDa) are detected with the second-
ary antibody in the adult rodent tissue. (C) ARPKD and normal kidney protein
(0.75, 1.5, 3 and 6 pg) detected with FB2 and EMA. No fibrocystin products are
detected in the disease kidney tissue.

large product (and sometimes the smaller one) was also
detected in renal membrane protein isolated from adult mouse
and rat; similar results were obtained with newborn kidney
tissue (Fig. 1B). To determine the approximate size of the large
product (that was significantly larger than those in the marker),
the blot was redetected with a murine utrophin mAb that
identifies a ~400kDa product (32). The fibrocystin product
was slightly larger, allowing a size estimation of >450kDa.
This size is consistent with the predicted full-length size of
fibrocystin.

To further confirm that these mAbs detect fibrocystin, a
western blot of normal and ARPKD kidney membrane tissue
was prepared. The tissue was isolated from three patients
shown to have PKHDI mutations: Indl (W3871X and
E1995G), Ind2 (10627delT and 12957T) and L3 [T36M and

220z 1snBny |z uo 1senb Aq LG9G5€2/€0.2/02/Z | /a10IMe /By /w0 dnoolwapeoe//:sd)y woly papeojumod



Human Molecular Genetics, 2003, Vol. 12, No. 20 2705

Figure 2. Immunohistochemical staining for fibrocystin in 26-week-old fetal (A—C) and 4-month-old (D-F) kidneys, using the FB1 monoclonal antibody. In the
fetal kidney the branching ureteric bud (C) and collecting ducts stain strongly; weak immunostaining can also be detected in elongating nephrons. In the 4 month
old kidney, the collecting ducts (CD) stain strongly; positive staining can also be detected in the loops of Henle (LH), but not in the vasa recta (VR) (F). No staining
was detected in the control sections (B, E); x100, A, B, D, E; x400, C; x1000, F.

second mutation not detected; (24) and unpublished data].
While fibrocystin was detected in the normal control, no
products were seen in the ARPKD kidneys (Fig. 1C and data
not shown). To show that large molecular weight collecting
duct derived protein was present in these samples, an identical
filter was probed with an epithelial membrane antigen (EMA)
antibody that detects large glycosylated products (Fig. 1C).
Together these data provide strong evidence that these mAbs
detect a large, membrane bound form of fibrocystin.

Analysis of a range of adult murine tissues (brain, lung, heart,
pancreas, testis and liver) showed that the large fibrocystin
product was not strongly detected in any other organ, but weak
expression of the >450 kDa product, and moderate levels of the
~220kDa product, plus a ~150 kDa protein, was seen in liver
(Fig. 1B).

Determining the cellular distribution of fibrocystin

To determine the cellular distribution of fibrocystin, formalin-
fixed human tissue of fetal, childhood and adult ages were
analyzed with the mAbs FB5 and FBI1. Similar results were
obtained with both mAbs, and representative images of both
antibodies are illustrated. In embryonic human kidney
immunohistochemical staining for fibrocystin was localized
to branching ureteric ducts and collecting ducts, with weaker
staining in the developing nephron (Fig. 2A—C). No staining
was detected in the uninduced or condensating mesenchyma. In
the infantile kidney the collecting duct stained strongly and
signal was also detected in the loops of Henle (Fig. 2D-F). In
the adult, staining for fibrocystin was restricted mainly to
collecting ducts (Fig. 3A-D) with little signal detected in the
cortex (Fig. 3E and F). The pattern of staining was often
cytoplasmic, but possible apical plasma membrane signal was
also detected (Fig. 3C and D). Analysis of ARPKD kidney

from one available sample (R328) with defined PKHDI
mutations (5895insA and L1407R) (24) showed little staining
of the dilated collecting ducts consistent with loss of the protein
in the disease tissue (Fig. 3G).

In human liver, fibrocystin was detected in developing and
mature intrahepatic bile ducts with faint staining also detected
in hepatocytes (Fig. 4A—C). Analysis of three liver samples
from ARPKD patients, two with defined PKHD! mutations
(R895; Q3392X, 1222V and R947; C1249W, Q1917R) showed
a lack of staining of bile duct epithelium in each case (Fig. 3H
and data not shown). Fibrocystin was also detected in other
tissues including pancreatic ducts and islets (Fig. 4D-F), the
epididymal duct (Fig. 4G) and seminiferous tubules of the testis
(Fig. 4H and 1) and the adrenal gland (data not shown).

Subcellular localization of fibrocystin in MDCK cells

Recent studies of various forms of PKD have highlighted cilia
as a likely functional location of the cystogenic protein. To
determine if fibrocystin is also localized to cilia in kidney cells,
immunofluorescent staining of MDCK cells was performed.
These cells were selected as they are derived from the
collecting duct (a site of fibrocystin expression) and known
to form long cilia in culture (13). Cells were grown on
coverslips and maintained at confluence for between 5-9 days
before fixation, to ensure ciliary development. The cells were
stained with the fibrocystin antibody FB5 and acetylated
a-tubulin, a ciliary marker. Figure 5A—C shows in a low
magnification image that most cells express a single cilium. A
complete correspondence between the fibrocystin and tubulin
staining is observed, showing that fibrocystin is localized to the
ciliary axoneme in MDCK cells. At a high magnification in
cells at confluence for 9 days, especially long cilia are observed
and again the correspondence of the two proteins along the
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Figure 3. Normal adult renal medulla (A-D) and cortex (E, F), detected with
the fibrocystin FBS monoclonal antibody. The staining is mostly confined to the
collecting ducts (A, C, D). No staining was detected in the control sections (B,
F). At higher magnification apical accentuation of the immunostaining is
noticeable (C, D). Analysis of ARPKD kidney (G) and liver (H) shows no
staining of collecting ducts or bile ducts, respectively; x200, A, B, E-H;
%1000, C, D.

length of the cilia can be observed. In Z-section, individual
cilia projecting from the apical surface are stained with tubulin
and fibrocystin (Fig. SD-F, J-L).

DISCUSSION

We describe here the first antibodies to the ARPKD protein,
fibrocystin. Detection of the same sized large proteins in human
kidney membrane preparations with all four mAbs, identifica-
tion of the same product in rat and mouse kidney and liver and
loss of the products in ARPKD kidney and liver, provide
compelling evidence that these antibodies see fibrocystin. The
presence of the >450 kDa protein in purified membrane protein
and the size similarity to the predicted full-length protein (plus
possible N-linked glycosylation), strongly suggests that this
product is full-length, membrane-bound, fibrocystin. The
structure of the smaller (~220kDa) product is less clear but

its presence in the human kidney and loss in ARPKD renal
tissue suggest that it is also cognate to fibrocystin. The intensity
of this fragment is somewhat variable in different protein
preparations; Figure 1A shows the typical relative abundance
of the two species in kidney. In liver the >450 kDa product was
also seen, but the ~220 kDa band was often prominent, and an
additional ~150kDa band was usually detected (Fig. 1B).
These smaller proteins may represent membrane-bound
products of specific splice variants, not encoding parts of the
extracellular region. However, the variable intensities of these
products in different experiments suggest that the smaller
species may be degradation products.

The results described here are unlikely to represent all
fibrocystin products as only membrane bound proteins contain-
ing the C-terminal tail will be recognized with these antibodies.
Analysis of potential alternatively spliced products of PKHD1
indicate that other shorter and possibly secreted products may
be generated that will not be detected with the present reagents.
Development of further antibodies recognizing the extracellular
part of the protein will be required to characterize the full array
of products.

The loss of fibrocystin in ARPKD kidney is consistent with a
recessive disease where all protein may be lost. The ARPKD
tissues that were analyzed were mainly from severely affected
cases and in each case one (at least) of the mutant alleles con-
tained a missense mutation (see Results). The loss of all protein
detected with the C-terminal antibody suggests that the mutant
fibrocystin in these cases is destabilized and rapidly degraded. It
would be interesting to analyze tissue from less severely affected
patients where we might expect some residual fibrocystin.

The cellular distribution of the protein to the ureteric bud and
collecting ducts of the developing kidney and to distal
structures in the adult is consistent with the pattern of tubular
dilation characteristic of ARPKD (20). The staining of
intrahepatic bile ducts and pancreatic ducts are also consistent
with sites of ARPKD disease and mRNA expression (22).
Other areas of staining, such as hepatocytes and testicular
structures, are not recognized sites of disease and will require
further studies to confirm. It is difficult from immunohisto-
chemical staining to determine the subcellular localization of
fibrocystin, although the pattern of significant cytoplasmic
signal is reminiscent of that seen with the ADPKD protein,
polycystin-1. As in that case, this may reflect protein that is
being processed for ciliary and/or plasma membrane localiza-
tion, or recycling from the surface of the cell (33,34). In some
high-resolution images of ductal structures, apical membrane
staining of fibrocystin is suggested (Figs 3C and 4E and I).

To better determine the subcellular localization of fibrocystin
we have analyzed cultured MDCK cells by immunofluores-
cence. This analysis showed clear staining of the ciliary
axonome in confocal images focused above the surface of the
cell. However, some cystoplasmic signal was also seen. It
remains to be determined if the ciliary localization is the only
functional site of fibrocystin or if apical plasma membrane or
internal membrane localizations are important for normal
function. Furthermore, only membrane bound products are
recognized by these reagents and other secreted products may
exist. The ciliary fibrocystin staining further emphasizes the link
between PKD and the cilia with a total of seven human or
animal diseases now showing this connection (6—12,15). It has
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Figure 4. Inmunohistochemical staining for fibrocystin in adult liver (A—C), 3-year-old pancreas (D-F), and 30 week embryonic testes (G) and epididymis (H, I)
using the FBS monoclonal antibody. Immunostaining is detected in the bile ducts (A, C), pancreatic ducts (D, E), pancreatic islets (F), seminiferous tubules of the
testis (G) and epididymal duct (H, I). Immunostaining is mainly detected in the epithelial cells lining the tubular structures, in the pancreatic islets and in the
seminiferous tubules. Weaker immunostaining is also noted in the hepatocytes. No staining was detected in the control section (B); x200, A, B, D, F-H;
x1000 C, E, L.

Figure 5. Immunofluorescence of confluent MDCK cells with: (A, D, G, J) the ciliary protein, acetylated o-tubulin (red); (B, E, H, K) the fibrocystin mAB FB5
(green) and (C, F, I, L) both antibodies, plus DAPI staining of the nuclei. Confocal images are focused above the apical surface of the cell and co-localization
shows that fibrocystin is expressed in the ciliary axonome. Analysis of longer MDCK cilia (G-I) showed fibrocystin along the length of the cilia (green), localized
with acetylated o-tubulin (red). In a 90 nm Z-section (D-F, J-L) individual cilia are seen projecting from the apical surface and stained for both proteins.
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been suggested that polycystin-1 and -2 are associated with the
Ca*" influx induced by movement of cilia and indicating a
mechanosensory function (12). It is not clear if fibrocystin is
also involved in this mechanosensory role of cilia, but it is
interesting to note that the structure of fibrocystin, with a large
extracellular region containing multiple copies of an immuno-
globulin-like fold, is somewhat reminiscent of the extracellular
part of polycystin-1 (24,35). Other possible roles for cilia in cyst
formation are as tubule size sensors (36). These may act as
important checkpoints in tubule maturation that when defective
can lead to the tubule dilatation that characterizes the kidney
and liver disease in ARPKD. Related studies have shown ciliary
abnormalities in the PCK model of ARPKD indicating that
(similar to the orpk model of PKD) loss of fibrocystin can
influence ciliary structure as well as function (37). Further study
will be required to see where fibrocystin fits into the ciliary,
PKD puzzle, but the localization data and reagents described
here should provide a stimulus to answer those questions.

MATERIALS AND METHODS

Monoclonal antibody production

The PKHD1 fragment was amplified and cloned into a modified
pET-43a% (Novagen) vector with a tobacco etch virus (TEV)
protease site between the NusA ORF and the PKHD/ region.
The NusA-fibrocystin fusion protein was produced in E. coli
AD494 DE3, purified by cobalt affinity chromatography
(TALON resin, Clontech), cleaved using recombinant TEV
protease and the fibrocystin portion purified by ion exchange
chromatography using a MilliQ column in 4 M urea, 20 mM Tris
pH 8.0 and a gradient of NaCl from 0 to 1 M. BALB/c ByJ mice
were immunized with the purified fibrocystin molecule and
monoclonal antibodies generated (38). Isotypes of the fibro-
cystin mAbs are: FB1, FB2, FBS8, IgMx; FBS, IgG2ax.

Membrane protein isolation and western blotting

The membrane protein was prepared largely as previously
published (39). One gram of microtome sliced tissue was
homogenized for 3 min in 1 ml of buffer 1 (10 mm Tris—HCI pH
7.4, 0.25M sucrose, and 0.2mM CaCl,). Five milliliters of
buffer 2 (10 mMm Tris—HCI pH 7.4, 0.25 M sucrose, and 1 mM
EDTA) were added and the mixture centrifuged (4000g, 5 min)
to remove nuclei and debris. The supernatant was overlayed
onto a 35% (w/v) sucrose cushion, centrifuged (30000g,
30 min, 4°C), the interface collected and diluted with buffer 3
(10mM Tris-HCl pH 7.4, 0.25M sucrose) and pelleted
(100 000g, 45 min, 4°C). The membrane protein was dissolved
in 0.2-0.5ml buffer 3 and stored at —80°C. All solutions
contained the complete proteinase inhibitor cocktail (Roche
Molecular Biochemicals).

For western blotting, the membrane protein was mixed with
2ul, IM DTT and sample buffer (Invitrogen), incubated at
70°C for 10 min, loaded on a 3-8% Tris—acetate NuPAGE gel
(Invitrogen), electrophoresed (30V for 8h), and transferred
to the Invitrolon PVDF membrane (Invitrogen) using the
NuPAGE transfer buffer (Novex) at 30V for 2h. The
membrane was incubated in blocking solution (1 x PBS, 5%

milk powder, and 0.05% Tween-20) for 2h at room tempera-
ture, or overnight at 4°C, and probed with neat hybridoma
supernatant. The membrane was washed three times in 1 x PBS
and 0.05% Tween-20, incubated in the blocking solution at
room temperature (10min) and detected with an isotype
specific horseradish peroxidase conjugated goat anti-mouse
antibody (Southern Biotechnology Associates Inc.; 1:200
dilution) in blocking solution for 1h. The membrane was
subsequently washed as above and the peroxidase detected
using the chemiluminescent substrate, Luminol Reagent (Santa
Cruz Biotechnology) and exposed to Biomax film (Kodak).
The MANCHO3 8A4 utrophin mAb (32) and an EMA
antibody (M0613, Dako) were employed as controls.

Immunohistochemistry

Fetal (26-36 weeks), childhood (3 months to 4 years of age)
and adult human tissues for immunohistochemistry were
obtained at autopsy or at surgery (from normal tissues resected
for renal carcinoma or hepatoma). ARPKD tissues were
obtained from surgeries or biopsies. The tissues were fixed in
10% formaldehyde and embedded in paraffin. Tissue sections
(5 um) were deparaffinized in xylene, rehydrated in graded
ethanol series, and rinsed in tap water. Endogenous peroxidase
activity was blocked using 50% methanol/1.5% H,0,. After
sections were rinsed in tap water, they were microwaved for
2min in 10mM citrate buffer (pH 6.0), allowed to cool for
20 min, and again rinsed in tap water. Sections were treated
with 10% normal goat serum in PBS for 20 min, incubated at
room temperature with the primary antibody at an appropriate
dilution for 45 min, rinsed in PBS, and treated with biotinylated
anti-mouse antibodies (BioGenex Inc., San Ramon, CA, USA)
for 20 min, followed by peroxidase-conjugated streptavidin
(BioGenex) for 20min at room temperature. Sections were
developed in AEC solution (BioGenex). Counterstaining was
carried out with hematoxylin, and coverslips were attached
using aqueous mounting media.

Immunofluorescence

MDCK cells were grown on collagen-coated coverslips and
kept at confluence for at least 5 days before analysis. The cells
were washed briefly in PBS (pH 7.1), fixed in methanol at
—20°C for 3—5 min and washed three times in PBS and 0.5%
Triton-X. The coverslips were incubated for 45min in 1%
BSA, 5% goat serum and 0.5% Triton-X before incubation
with the primary antibody for 2h at room temperature. After
washing three times in PBS they were treated with secondary
antibody in 1% BSA for 1 h at room temperature and washed
three times in PBS before mounting. The acetylated a-tubulin
antibody (Sigma, T6793) was used to detect cilia. Nuclei were
counter-stained with DAPI. Microscopy was performed with
a Zeiss LSM 510 confocal microscopy with a 100x Pan-
Apochromat 1.4 nm oil objective. Images were taken above the
apical surface of the cell to illustrate ciliary staining. A single
pixel vertical slice (90nm) was made through assembled
optical X-Y sections of the cell layer for the Z-sections
(Fig. 5D-F, J-L).
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