Loss of Polycystin-1 in Human Cyst-Lining Epithelia Leads
to Ciliary Dysfunction
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A “two-hit” hypothesis predicts a second somatic hit, in addition to the germline mutation, as a prerequisite to cystogenesis
and has been proposed to explain the focal nature for renal cyst formation in autosomal dominant polycystic kidney disease
(ADPKD). It was reported previously that Pkd1"//"*! mouse kidney epithelial cells are unresponsive to flow stimulation. This
report shows that Pkd1™/“" cells are capable of responding to mechanical flow stimulation by changing their intracellular
calcium concentration in a manner similar to that of wild-type cells. This paper reports that human renal epithelia require a
higher level of shear stress to evoke a cytosolic calcium increase than do mouse renal epithelia. Both immortalized and primary
cultured renal epithelial cells that originate from normal and nondilated ADPKD human kidney tubules display normal
ciliary expression of the polycystins and respond to fluid-flow shear stress with the typical change in cytosolic calcium. In
contrast, immortalized and primary cultured cyst-lining epithelial cells from ADPKD patients with mutations in PKD1 or with
abnormal ciliary expression of polycystin-1 or -2 were not responsive to fluid shear stress. These data support a two-hit
hypothesis as a mechanism of cystogenesis. This report proposes that calcium response to fluid-flow shear stress can be used
as a readout of polycystin function and that loss of mechanosensation in the renal tubular epithelia is a feature of PKD cysts.
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gene mutation can result in disease through direct or
indirect mechanisms. For instance, in the gain-of-

A

new or enhanced protein activity with a pathologic function,

function mutation, a germline mutant allele confers

whereas a dominant-negative mutation produces an aberrant
protein that interferes with the function of the normal protein.
In haploinsufficiency, a loss of 50% of normal protein as a result
of a mutation in one of its alleles is sufficient to cause disease.
In the fwo-hit mechanism, the disease results from a germline
mutation in one allele, followed by the subsequent acquisition
of a somatic mutation in the second normal allele with no
remaining functional protein.

Autosomal dominant polycystic kidney disease (ADPKD) is
the most common hereditary kidney disease. PKD1 and PKD2
are the genes that encode for the polycystin-1 (PC1) and poly-
cystin-2 (PC2) proteins, respectively. Although patients with
ADPKD carry heterozygous mutations in either PKD1 or PKD2
and present 100% penetrance of cystic kidney phenotypes,
fewer than 5% of nephrons form cysts. These fluid-filled cysts
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are lined by a single layer of epithelial cells and can occur at any
site along the nephron. The presence of renal cysts in ADPKD,
despite the low number, results in a gradual decline in renal
function. To explain the focal nature of renal cyst formation in
ADPKD, Reeders (1) proposed a “two-hit” hypothesis suggest-
ing that a second somatic alteration to the gene, in addition to
a germline mutation, is a prerequisite to the disease phenotype.
Although a mechanism based on haploinsufficiency has not
been excluded, somatic mutations in either PKD1 or PKD2
indeed have been found in several ADPKD cyst-lining epithelia
(2-8), even though a somatic loss of other chromosomes or
mutations in other loci also are found (2). These data provided
hints that ADPKD is a recessive disease at the cellular level. The
lack of a cellular assay for PC1 function has prevented an
experimental demonstration of loss of function in cyst-lining
epithelia in ADPKD.

We and others have shown previously that PC1 and PC2 are
localized to the primary cilia (9). The mechanosensation func-
tion of polycystins can be assayed in cultured mouse kidney
epithelial cells by monitoring changes in the intracellular cal-
cium concentration in response to fluid-flow shear stress (10).
To test the loss-of-function hypothesis in ADPKD with regard
to mechanosensory ability, we used the flow assay to examine
shear stress—induced calcium responses in cells that were de-
rived from a heterozygous Pkd1 mouse model. Furthermore, we
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characterized the responses in immortalized and primary cul-
tured cells that originated from normal and ADPKD human
kidneys. We analyzed cells that were derived from cyst (dilated
tubules) and nondilated tubules of the same ADPKD kidneys.
Our data support a two-hit, loss-of-function model for ADPKD
in which the ciliary mechanosensation of fluid-flow shear stress
by polycystins is lost.

Materials and Methods
Cell Culture

Mouse kidney epithelial cells (Pkd1*/*, Pkd1*/*! and Pkd1""")
were isolated from embryonic day 15.5 kidneys from a cross of
Pkd1™/"" mice that also carry a temperature-sensitive simian virus 40
(SV40) large T-antigen transgene (11,12). Thus, the resulting cell lines
were conditionally immortalized, and the expression of the SV40 large
T-antigen was regulated by temperature and IFN-y.

Human cell lines from renal cortical tubular epithelia (RCTE) and
ADPKD cyst-lining epithelia (9-12 and 9-7 cell lines) were immortalized
with recombinant ori~ adeno-SV40 viruses. All cell lines were cloned
by positive selection for both epithelial and collecting tubular markers
(cytokeratin and Dolichus biflorus agglutinin [DBA]) as described pre-
viously (10,13).

The primary cultured cells that were used in this study were freshly
dissociated and cultured from individual tubules from a single normal
kidney or from cysts that were collected from three ADPKD kidneys by
a method described previously (13). Cells were grown and differenti-
ated on glass coverslips for all flow and immunolabeling experiments.
Unless stated otherwise, all cell culture reagents were purchased from
Invitrogen (Carlsbad, CA).

Fluorescence Automated Cell Sorting

Differentiated cells were rinsed with PBS, and approximately 10*
viable cells were analyzed for co-expression of epithelial and collecting
tubular markers. Cells were incubated with primary antibodies to
cytokeratin (1:200) at room temperature for 1 h followed by incubation
with the secondary antibody, TX Red (1:500), for another hour. FITC-
conjugated DBA (10 pg/ml) then was applied to the cells at room
temperature for 1 h. Cells were subjected to a robust analysis using
FACStarPLUS with a laser excitation of 200 mW. DBA and cytokeratin
were obtained from Vector Laboratories (Burlingame, CA) and Sigma
Aldrich (St. Louis, MO), respectively.

Calcium Measurements

Differentiated cells were loaded with Fura-2AM (Molecular Probes,
Eugene, OR) and placed in a perfusion chamber of 0.0254 cm thick and
1 cm wide. A shear stress of 0.78 dyne/cm?® was applied to mouse
epithelial cells. A range of shear stress from 0.1 to 5.0 dyne/cm?® was

Table 1. Baseline calcium and flow-induced calcium peak?®
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applied to determine the optimal fluid-flow stress for the human cells.
All cells were subjected to fluid flow for at least 90 s. An interval of 30
min was used to rechallenge the cells with a second and third fluid-
shear stress. Paired Fura-2 images were captured every 5 s at excitation
wavelengths of 340 and 380 nm. The changes in signal intensity were
captured in the horizontal plane close to the middle of the cells, and the
objective was focused on the fluorescence signal of Fura-2. The basal
levels of calcium were not significantly different between groups
(Table 1).

Immunofluorescence

Cells were fixed with 2% sucrose plus 3% paraformaldehyde; per-
meabilized with 0.5% (vol/vol) Triton-X; and incubated with rabbit
anti-polycystin antibody pMR3 (14) to detect human PC1, p96521 (10)
to detect mouse PC1, or p96525 (15) to detect PC2. Antibodies were
used at 1:200 dilution. For staining in RCTE and 9-12 cells, pMR3 was
diluted to 1:1000 and applied to the cells for overnight incubation at 4°C
to decrease nonspecific binding. Mouse antibody to acetylated a-tubu-
lin (1:10,000; Sigma Aldrich) was used as a ciliary marker, and cells
were counterstained with 4',6-diamidino-2-phenylindole (DAPI; Vector
Laboratories) to label the nuclei. Differential interference contrast im-
ages also were acquired at this time. Adobe Photoshop 6.0 (Adobe
Systems, Mountain View, CA) and NIH Image] 1.30 (Bethesda, MD)
were used to reconstruct confocal images. Respective secondary anti-
bodies were used at a dilution of 1:500.

Immunoblotting

The co-immunoprecipitation study was carried out according to the
protocol from Upstate Biotechnology (Lake Placid, NY) to study the
presence of and interaction between PC1 and PC2. Antibodies to poly-
cystin at a dilution of 1:100 were used to pull down polycystin (PC1 or
PC2). The primary antibody to the polycystins was blotted at a dilution
of 1:1000 followed by a secondary anti-rabbit IgG antibody (1:5000). In
cases that required signal amplification, biotinylated rabbit-specific
antibody was used followed by the addition of streptavidin-conjugated
horseradish peroxidase. For immunoblotting studies, pMR3 (14) and
7e12 (16) were used to detect human PC1, whereas p96521 (10) was
used for mouse PC1. We used p96525 to detect either mouse or human
PC2 (15). The high-molecular-weight protein marker was obtained
from Amersham Biosciences (Piscataway, NJ).

Mutational Analysis

The complete PKD1 and PKD2 genes were screened in 9-12 and 9-7
cells by denaturing HPLC as described previously (17). Fragments that
showed variant profiles were sequenced directly to characterize the
mutation. Both a restriction digest using the enzyme HpyCH4V and

Mouse Human
Pkd1*/* Pkd1*/~  Ppkdpnuit/null RCTE 9-12 NK NT CysT
n=6) n=6) (n=28) (n = 6) n=6) (n = 8) nm=7 (=12
Baseline calcium (nM) 132 =11 137 = 14 142 £ 8 1197 124£10 1045 1068 110=5
Calcium peak (nM) 377 =36 399 =50 149 = 8 35064 1288 268 =62 266=*47 115*5

2ADPKD, autosomal dominant polycystic kidney disease; CysT, cystic tubules from ADPKD kidneys; NK, normal kidney;
NT, normal-looking tubules of ADPKD kidneys; RCTE, renal cortical tubular epithelia; 9-12, ADPKD cyst-lining epithelia. n
denotes the number of monolayers. Fifty cells from each monolayer were randomly chosen for analysis.
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direct sequencing were used to assay the Q2556X mutation in 9-7 and
9-12 cells.

Data Analysis

The changes in cellular calcium were analyzed by taking a X20 or
X60 phase-contrast image before the flow assay. This phase-contrast
image then was divided into four equal quadrants; within each quad-
rant, we randomly outlined 12 individual cells, resulting in a total of
approximately 50 cells. This was done for all analyses unless stated
otherwise. The phase-contrast image, with the markings of individual
cells, was merged with the calcium fluorescence image. The phase-
contrast and fluorescence images were acquired at the same x and y
dimensions. In some cases, the individual outlined cells from the first
phase-contrast image then were merged to a second phase-contrast
image (taken after flow stimulation) to confirm that the cells had not
shifted during the course of an experiment. All values are reported as
mean * SE. N indicates the number of independent experiments/
monolayers for a given sample.

Radiometric images were acquired with a Nikon Diaphot inverted
microscope equipped with a Nikon Fluor objective (Avon, MA). Fura-
2AM-loaded cells were alternately excited at 340 and 380 nm, and the
images of the respective 510-nm emission were acquired with IPlab
software. Cytosolic free Ca®* concentrations were calculated with the
formula [Cyt Ca®"] = Kd X [(R — Rmin)/(Rmax — R)] X (Fmax/Fmin),
where Kd denotes the apparent dissociation constant of the Fura-2
indicator (145 nM), R is a ratio of 510-nm emission intensity with
excitation at 340 and 380 nm, and Rmax and Rmin are fluorescence
intensity ratios for the calcium-bound and calcium-unbound Fura-2
with excitation at 340 and 380, respectively. We have determined the
Rmax and Rmin values to be stable and independent of cell type. Fmax
and Fmin are the fluorescence intensity values of Fura-2 with excitation
at 380 nm under the same conditions. The Ca®" level was radiometri-
cally calculated. Rmin (0.30 = 0.01) and Rmax (6.00 * 0.05) values
denote the minimum and maximum radiometric signal ratios, respec-
tively. The minimum fluorescence (Rmin) was obtained by incubating
the cells in calcium-free solution that contained 2 mM EGTA and 10 uM
ionomycin at pH 8.6 to optimize the ionomycin effect (18). After the
minimum signal ratio was determined, the cells were incubated with
excess calcium (10 mM) to obtain the maximum signal ratio (Rmax).
Signal intensities were collected from individual cells, as well as from
the whole cell population/monolayer. All the fluorescence measure-
ments were corrected for autofluorescence (19).

Results

Given the role of PC1 in the transduction of shear stress at the
cilium, we investigated the differences in mechanosensing abil-
ity of heterozygous Pkd1™""" as compared with wild-type and
Inull/mzll

homozygous Pkd mouse kidney epithelial cells. Cellular
genotypes were determined as described previously (12). When
a shear stress of 0.75 dyne/ cm?, the set point for mouse kidney
cells to respond to fluid flow, was applied to the apical surface
of these cells, wild-type but not Pkd1 null/null o]|g responded to
fluid shear, as described previously (10). It is interesting that
Pkd1*/"" and wild-type cells increased cytosolic calcium to a
similar degree (Figure 1a). No apparent changes in cytosolic
calcium in the homozygous cells were observed within the
shear-stress range of 0.1 to 5.0 dyne/cm?® When changes in
cytosolic calcium concentration from a sample of individual
cells were analyzed, variations in the magnitude of the re-
sponses were seen within a cell population (Figure 1b).

Fluid Flow-Induced Calcium Signals in PKD 1017

Whereas Pkd1™"/"!" cells showed no change in cytosolic cal-
cium concentration, both wild-type and Pkd1 ™" cells demon-
strated calcium spikes when challenged with repeated fluid-
shear stress (Figure 1c). As expected, ciliary PC1 expression
was not seen in homozygous cells but was present in both
wild-type and heterozygous cells (Figure 1d). These data dem-
onstrate that there is no detectable difference in mechanosens-
ing functions and ciliary polycystin expression/localization be-
tween wild-type and Pkd1™"™" cells, suggesting that Pkd1l
mutations are recessive at a molecular level with regard to the
mechanical fluid-shear sensing and cystic kidney phenotype.

We next analyzed the mechanosensory function of human
kidney epithelial cells to verify the loss-of-function hypothesis
for cystogenesis in ADPKD, as well as the functional conse-
quences of acquiring a second hit, if a somatic mutation is
found. Immortalized human RCTE and cyst-lining epithelial
(9-12) cells were compared for the presence of cilia and their
response to fluid shear. To make a valid comparison between
these two cell lines, we used cellular markers to verify their
tubular origins. The generation and partial characterization of
these immortalized cells have been reported previously (13). In
our study, these cells were cloned further, and their expression
of both epithelial and collecting tubule markers was verified by
the presence of cytokeratin (20) and DBA (13,21), respectively
(Figure 2a). The presence of primary cilia on the apical cell
surface of these cells was confirmed by scanning electron mi-
croscopy (SEM, data not shown) and confocal microscopy (Fig-
ure 2b).

In mouse renal epithelia, the set point for inducing a calcium
response to ciliary activation by shear stress is 0.7 to 0.8 dyne/
cm? (10). However, this degree of shear stress was insufficient
to trigger a calcium response in our immortalized human RCTE
cell lines. Further studies with shear stresses of 0.1 to 5.0
dyne/cm?® revealed that the set point for a shear stress that is
necessary to stimulate homogeneous calcium signaling is larger
for the normal human kidney epithelial cells (1.2 dyne/cm?)
than for mouse cells (0.8 dyne/cm?). When human RCTE cell
lines were challenged with a fluid-shear stress in the range of
1.2 dyne/cm?, they responded by increasing the cytosolic cal-
cium concentrations in a manner similar to that in mouse cells
(Figure 3a). In contrast, when the 9-12 immortalized cyst-lining
cells were subjected to the same shear stresses of 0.1 to 5.0
dyne/cm?, they failed to respond with an increase in intracel-
lular calcium concentrations. At optimal shear stress of 1.2
dyne/cm® (Figure 3b), flow-induced calcium spikes were
clearly observed in RCTE cells (derived from normal kidney)
but not in 9-7 cells (derived from cyst 7 of ADPKD patient 9) or
in 9-12 cells (derived from cyst 12 of the same patient 9). When
rechallenged, the 9-12 cells, unlike the RCTE cells, remained
unresponsive (Figure 3c). Immunolabeling of 9-12 cells with an
antibody specific to human PC1 (pMR3) (14) revealed the ab-
sence of PC1 staining in cilia, in contrast to that in the RCTE cell
lines (Figure 4a). Thus, the ability of cells to increase intracel-
lular calcium in response to fluid-shear stress correlates with
the presence of PC1 in the primary cilium, which may reflect
the high percentage (>85%) of ADPKD cases with a PKD1
mutation. Because a minority of ADPKD cases have a mutation
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Figure 1. Heterozygosity of Pkdl mutation does not affect fluid flow sensing in mice. (a) The time-elapse images of the responses
of purified embryonic day 15.5 (E15.5) mouse collecting duct epithelia to a shear stress of 0.75 dyne/cm? are pseudocolored for
cytosolic calcium level. The color bar indicates calcium level relative to baseline calcium level, with black and blue representing
a low cytosolic calcium level (low) and green and red denoting a higher calcium level (hi). (b) Line graph of calcium response to
flow sampled randomly from cells shown in panel a. A minimum of n = 6 for each genotype. (c) A repetitive response of
representative calcium recording of 10 cells was shown for 1 h, when cells were rechallenged with 0.75 dyne/cm? fluid shear for
a second time (1 = 4 for each genotype). Fluid shear (arrow) was applied for 90 s after baseline calcium level was obtained. (d)
When cells were stained with an antibody specific to mouse PC1 (p96521), failure to respond to shear stress corresponded to the
disappearance of ciliary polycystin-1 in Pkd1 homozygous cells. Polycystin-1 (PC1) counterstained with the nuclear marker
4’ 6-diamidino-2-phenylindole (DAPI) is co-localized with the ciliary marker acetylated a-tubulin (acet. a-tub). Bar = 10 um;
original calcium images were taken with a X20 objective lens.
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Figure 2. Immortalized human cell lines were characterized for morphology, expression of cell surface marker, and presence of
cilia. (a) Normal (renal cortical tubular epithelia [RCTE]) and autosomal dominant polycystic kidney disease (ADPKD; 9-12) cell
lines were compared morphologically after differentiation in serum-free medium for 3 d. The expression of epithelial (cytokeratin)
and distal collecting (Dolichus biflorus agglutinin [DBA]) markers was confirmed in these cell lines by cell-sorting analyses. (b) The
presence of cilia was analyzed by confocal microscopy in both RCTE and 9-12 cells. Cells were stained with the cilia-specific
marker acetylated a-tubulin (red) and counterstained with the apical DBA marker in green. The XZ and YZ images were compiled
from a stack of corresponding micrographs and projected at the cross-sections denoted by the gray arrowheads. Bar = 10 um; n =

4 for marker analysis and n = 10 for immunofluorescence in each cell line.

in PKD2 (10 to 15%), we also examined PC2 expression in RCTE
cells with an antibody to PC2 (p96525) (15). As expected, RCTE
cells expressed PC2 on the primary cilium, but cilia of the 9-12
cells showed only faint or no staining, consistent with the role
of PC1 as a regulator for normal expression, translocation, and
function of PC2 (22-24). A trace level of PC2 localization in cilia
in these PC1 mutant cells (Figure 4a) suggests that other factors
also may modulate PC2 membrane targeting (15,25).

To verify the presence of PC2 in the RCTE cells, we co-
immunoprecipitated lysates from both RCTE and 9-12 cells
with PC2 antibody p96525 (Figure 4b-I, left). As expected, PC2
bands were seen in both lysates from the RCTE and 9-12 cells.
It has been reported that PC1 and PC2 interact through the
coiled-coil domains at their carboxyl-termini (22,26). To deter-
mine whether this interaction was preserved in the RCTE cells,
we stripped and reblotted the same immunoprecipitation blot
with the human PC1 antibody pMR3 (Figure 4b-I, right). The
detection of PC1 in the PC2 immunoprecipitates in the RCTE
cells supports the proposal of a cellular interaction between
PC1 and PC2. Because the PC1 band was not seen in PC2
co-immunoprecipitates in 9-12 cells, we performed a reverse
co-immunoprecipitation with PC1 (pMR3) antibody in both
RCTE and 9-12 cells to determine whether the disruption of
PC1-PC2 interaction was the result of the absence of PCl1
protein in the 9-12 cell line. It is interesting that PC1 was
detected in PC1 immunoprecipitates in RCTE but not in 9-12
cells (Figure 4b-II, left). When the same blot was stripped and

reblotted with PC2 p96525 antibody, the PC2 band was seen
only in RCTE cells (Figure 4b-II, right). Thus, PC1 and PC2
co-immunoprecipitated in a reciprocal manner in the RCTE but
not the 9-12 cells, indicating that the PC1 and PC2 interaction
was maintained in the RCTE but disrupted in 9-12 cells.

To examine whether a truncated PC1 protein was present, we
performed Western blot analysis on RCTE, 9-7, and 9-12 cells.
Both 9-7 and 9-12 cell lines had truncated proteins, but the
full-length PC1 was not observed in 9-12 cells (Figure 4c).
Together, these data demonstrate the absence of full-length PC1
in the 9-12 cells, suggesting that both alleles of PKD1 were
mutated in this cell line. This was confirmed further by genetic
analysis, which revealed a nucleotide substitution (7877C-T)
that resulted in a truncation mutation, Q2556X, and an appar-
ent homozygosity for this mutation in the 9-12 cells (Figure 4d),
perhaps as a result of a somatic deletion of the normal allele in
this region. In particular, the genetic data, along with the co-
immunoprecipitation and Western blot data, explain why the
9-12 cells fail to respond to fluid flow shear stress.

The 9-7 cell line that was derived from another cyst of the same
kidney also showed the Q2556X nonsense mutation (consistent
with this being the germline change) but still retained the 7877C
normal allele. Denaturing HPLC analysis of PKD1 and PKD2 in
9-7 cells revealed a new sequence change, A1302S, in PKD1. This
sequence change has not been seen in PKD1 in the normal human
population; however, as it is serine in mouse and rat, it seems
unlikely that this change is pathogenic. The chance of an unde-
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Figure 3. Cyst-lining cells derived from human ADPKD kidneys fail to respond to fluid-flow shear stress. (a) Fluid shear was
applied after obtaining baseline calcium levels as indicated by arrow, and cytosolic calcium was recorded for 90 s. Both RCTE and
9-12 cells were challenged with different magnitudes of shear stress. The RCTE cells responded best to a shear stress of 1.18
dyne/cm? (II), less to 1.88 dyne/cm? (III), and not at all to 0.82 dyne/cm?® (I). By contrast, the 9-12 cells did not respond to any
of these shear stresses. The color bar indicates calcium level relative to baseline level, with black and blue representing a low
cytosolic calcium level (low) and green and red denoting a higher calcium level (hi). For each genotype, n = 6 for 1.18 dyne/cm?,
n = 3 for both 0.82 and 1.88 dyne/cm?, and n = 1 or 2 for other shear stresses (data not shown). (b) Line graph of calcium response
to optimal shear stress of 1.18 dyne/cm? sampled randomly from 10 cells. Cytosolic calcium was recorded for 90 s; n = 6 for both
RCTE and 9-12 cells; n = 2 for 9-7 cells. (c) Cytosolic calcium was recorded for >1.5 h. Images were captured at every 5 s. After
the 90-s fluid-flow stimulation, the fluid flow was shut off for 30 min and cytosolic calcium was recorded continuously. A
representative calcium recording of 10 cells is shown. All cells were rechallenged with 1.18 dyne/cm? fluid shear for a second and
a third time as indicated by arrows; n = 2 for each genotype. Bar = 5 um; taken with a X20 objective lens. Arrows denoted the
onset of fluid shear stress.
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Figure 4. Cyst-lining cells derived from human ADPKD kidney are characterized by a mutation in PC1. (a) Both PC1 and PC2 are
expressed in the cilia of the RCTE but not the 9-12 cells. Note that PC2 is localized to one of four primary cilia in 9-12 cells.
Antibodies to human PC1 (pMR3, green) or PC2 (p96525, green) were used for co-localization with an antibody to a ciliary marker,
acetylated a-tubulin (a-tub; red). Counterstaining with a nuclear marker (DAPI) is shown in blue, and differential interference
contrast images are presented; n = 5 for each genotype. (b) Co-immunoprecipitation demonstrates that interactions between PC1
and PC2 are preserved in RCTE cells but not in 9-12 cells. PC1 expression is absent in 9-12 cells; n = 1 for b(I) and n = 2 for b(II).
(c) Western blot analysis of PC1 is shown for RCTE, 9-7, and 9-12 cells. The 9-7 and 9-12 cells originated from nondilated (normal
looking) and dilated (cystic) tubules of the same human kidney; n = 1. (d) Mutational analysis reveals that 9-12 cells (bottom) have
an apparent homozygous mutation in PKD1, Q2556X. This may represent a hemizygous mutation and somatic deletion of the
normal allele. Examples of the sequence from a normal (top) and the 9-7 cell line heterozygous for Q2556X (middle) also are
shown. * denotes position of the nucleotide substitution; n = 2. Bar = 5 um.

tected somatic mutation in 9-7 cells remains, as the detection rate
for denaturing HPLC in ADPKD is only approximately 65 to 70%.
Unlike in mouse Pkd1 heterozygous cells, 9-7 cells were unable to
respond to fluid-shear stress with a typical calcium response (Fig-
ure 3b), consistent with the likelihood that these cells harbor an
undetected somatic PKD1 mutation. It is worth noting that these

human cell lines contain an SV40 large T-antigen gene that may
affect their physiologic properties.

To verify the findings that were obtained from the immortalized
mouse and human cell lines, we generated primary cell cultures to
study the roles of the polycystins in epithelia that were derived
from normal human kidneys and nondilated tubules and cysts
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from kidneys of patients with ADPKD. Because of the limited
supply of these cells, we chose to use a predetermined set-point
shear-stress value of 1.2 dyne/cm? for the RCTE cells. We used
only primary cultures with a morphologically homogeneous pop-
ulation for flow assay. Tubular epithelia were isolated from at
least 24 different tubules of a normal kidney. Five of eight primary
cultures displayed calcium signaling in response to a shear stress
of 1.2 dyne/cm?, and five of seven primary cultures that were
derived from nondilated tubules of three ADPKD kidneys re-
sponded to the same shear stress. None of the 12 primary cell
populations that were obtained from cyst-lining epithelia of three
ADPKD kidneys showed a response to fluid-shear stress (Figure
5a). The relations between time and flow-induced cytosolic cal-
cium changes were plotted for normal and ADPKD kidneys (Fig-
ure 5b).

Immunoblot studies of primary cell cultures were not feasible
because of the limited number of cells, their short viability, and
low expression levels of endogenous polycystins. Therefore, after
the fluid flow-shear stress experiments, cells were fixed for immu-
nofluorescence studies to examine the localization and expression
of the polycystins (Figure 5c). All cells that responded to fluid-
shear stress displayed normal expression and localization of PC1
and PC2 to the primary cilium. Analysis of 11 out of 12 cyst-
derived cultures demonstrated mislocalization and/or abnormal
expression of either PC1 or PC2, and in one case, we could not
detect acetylated a-tubulin, a cilia marker, in cells 5 d after reach-
ing confluence. In most cases, no ciliary PC1 or PC2 was detected
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in cells that were derived from cystic/dilated ADPKD kidney
tubules (Figure 5c, bottom). There also was no apparent difference
in cilium length (8 to 12 wm) among cell lines.

Discussion

Our study provides the first functional data supporting the
molecular mechanism of the “two-hit” hypothesis and the loss-of-
function model as an explanation for the pathogenesis of ADPKD.
We also demonstrate for the first time that the polycystins are
targeted to the primary cilia in primary and immortalized human
kidney epithelial cells. Cysts start to develop at embryonic day
15.5 in Pkdl homozygous knockout mice (11,12); therefore, data
from the E15.5 mouse cells demonstrate that loss of shear stress
sensing is an early event in cyst formation and likely contributes to
cystogenesis. To ensure that the mouse epithelial cells maintained
their in vivo characteristics, we used cells with fewer than 20
passages and with the inactivation of the large T-antigen gene for
at least 3 d before the experiment. Notably, Pkd1 heterozygous
cells, unlike the homozygous cells, still were able to respond to
fluid shear, indicating that a germline mutation in an ADPKD
gene is not sufficient to cause aberrant flow sensing, consistent
with the absence of cystic phenotype in heterozygous mouse and
human kidney at early ages.

We next determined whether we could use a fluid-flow assay to
analyze the mechanosensory function of human kidney epithelial
cells and thereby test the two-hit hypothesis of cystogenesis in
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Figure 5. Failure of response to fluid-flow shear stress is associated with tubular dilation. (a) Human epithelial cells derived from normal
kidney tubules (NK) and nondilated tubules (NT) of ADPKD kidneys respond to fluid-shear stress. Cyst-lining tubular epithelia (CysT)
of ADPKD kidneys did not show any response to fluid-shear stress. Fluid shear was applied after the baseline calcium level was
obtained as indicated by arrow. The color bar indicates calcium level relative to baseline calcium level, with black and blue representing
a low cytosolic calcium level (low) and green and red denoting a higher calcium level (hi). (b) The average responses to shear stress were
plotted in a line graph. (c) Expression of ciliary PC1 or PC2 is apparently absent in cyst-derived epithelia. Bar = 10 wm; original calcium
images were taken with a X60 objective lens. In all experiments, n = 8 for NK cells obtained from one noncystic kidney; n = 7 for NT
cells obtained from three ADPKD kidneys; n = 12 for CysT cells obtained from three ADPKD kidneys.
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Figure 6. A hypothetical model illustrates the ciliary polycystins and cyst formation. Kidney epithelial cells from ADPKD patients
are heterozygous for a germline mutation and retain their response to luminal fluid flow. Cyst-lining kidney epithelial cells lose
their ability to sense mechanical fluid flow, probably as a result of the loss of the normal allele or the insult from genetic
modification/variation. This may result in dedifferentiation and hyperproliferation of mutant cells, resulting in abnormal growth
and unrestricted tubular lumen. The enlargement of the cyst may be facilitated by abnormal fluid transport into the lumen of the
immature hyperproliferative cyst. The formation and enlargement of multiple cysts will eventually destroy surrounding func-

tional nephrons, which may lead to end-stage renal failure.

human ADPKD, as well as the functional consequences of acqui-
sition of a second hit. Immortalized RCTE cells that were derived
from normal human kidney were compared with 9-12 cells that
were derived from cyst-lining epithelia of a human ADPKD kid-
ney. In our study, cyst-lining epithelial cells were cloned, and their
expression of both epithelial and collecting tubule markers was
verified. The presence of mechanosensitive cilia on the apical
surface of these cells also was confirmed by SEM and confocal
microscopy. The loss of response to fluid flow in tubular epithelial
cells seems to correlate with the presence of a somatic mutation,
the loss of interactions between PC1 and PC2, or the loss of PC1
expression in cells with a heterozygous PC1 mutation, suggesting
that loss of mechanosensation is central to cystogenesis in humans
with ADPKD.

Although the basal calcium levels of the different groups
were not significantly different (Table 1), the calcium response
to fluid-flow shear stress is variable for individual cells within
a given cell population, as seen in the wild-type cells (Figure
1b). Because these mouse and human immortalized cells have
been cloned, the variability in response within a given cell
population could not reflect the presence of multiple cell types.
These differences in the magnitude of response may reflect
variations in the sensitivity of individual cells to mechanical
stress, which can relate to the shape or surface topography of
each cell and the position of each cell in the monolayer (27), and
deserve further investigation.

In this study, we noticed that the cells required 30 min to
respond to a second shear stress (Figures 1c and 3c). Stimula-
tions at 5, 10, and 15 min after the first stimulation were unable
to induce a second calcium spike, suggesting that the cells have
a 30-min refractory period. The significance of this refractory
period is presently unknown. Protein trafficking, channel inac-
tivation/desensitization, cytoskeletal modifications, and cleav-
age and recycling of PC1 (28) in response to shear stress and the
calcium spike might play a role in this timing.

Our data also suggest that in human cells, the primary cilium
acts as a mechanosensory organelle with a set point for re-
sponding to fluid flow greater than that for mouse cells (1.2
versus 0.8 dyne/cm?). This difference probably is due to the

greater lumen size and/or rate of urine flow in the adult human
kidney than in the embryonic mouse kidney. Such conservation
in two-dimensional culture also suggests that the set point is
not dependent solely on the cell geometry. The collecting duct
in the rat is thought to experience shear-stress values in a range
of 0.2 to 20 dyne/ cm?, depending on the rates of urine produc-
tion (29). Therefore, the greater shear-stress values observed for
the human cells are still within the minimum range of possible
shear-stress values in the collecting duct. Furthermore, it also
has been shown that developmental stages would alter the
mechanosensitivity of kidney epithelia (30). In particular, a
higher expression level of polycystins in the developing early
kidney than in the adult kidney has been reported (31,32). We
propose that, despite the wide range of physiologically relevant
flow rates, primary cilia selectively sense a narrow range of low
shear stress. This selectivity may be necessary for the control of
cell proliferation and differentiation of tubular epithelia and, in
turn, the maintenance of normal tubular lumen size and archi-
tecture. Therefore, in disease states in which the ciliary signal-
ing is substantially altered, restriction in the lumen size is lost,
possibly as a result of the loss of control of cell proliferation (33)
and the guidance of planer cell polarity.

The results of our studies suggest that a second hit in addition
to a heterozygous germline mutation is a prerequisite for the
abnormal fluid sensing that leads to cystogenesis in ADPKD (Fig-
ure 6). Each differentiated kidney epithelial cell possesses a single
cilium that senses fluid flow by increasing the intracellular cal-
cium concentration; this signal normally may serve to inhibit cell
growth and direct tissue expansion. The tubular epithelial cells of
normal kidneys and heterozygous ADPKD kidneys are able to
sense urinary flow along the tubular lumen and maintain tubular
geometry. A second somatic hit on the normal copy of the PKD
gene would disrupt the machinery that senses fluid flow, thereby
making the cell effectively unresponsive to these normal regula-
tory signals that maintain tissue homeostasis. Complete loss of
this form of mechanosignaling therefore may lead to a constitutive
stimulus for growth that increases the lumen diameter and, hence,
cyst formation.
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