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Autosomal dominant polycystic kidney disease (ADPKD) is the most common monogenetic disease pre-
dominantly caused by alteration or dysregulation of the PKD1 gene, which encodes polycystin-1 (PC1).
The disease is characterized by the progressive expansion of bilateral fluid-filled renal cysts that ultimately
lead to renal failure. Individual cysts, even within patients with germline mutations, are genetically hetero-
geneous, displaying diverse chromosomal abnormalities. To date, the molecular mechanisms responsible
for this genetic heterogeneity remain unknown. Using a lentiviral-mediated siRNA expression model of
Pkd1 hypomorphism, we show that loss of PC1 function is sufficient to produce centrosome amplification
and multipolar spindle formation. These events lead to genomic instability characterized by gross
polyploidism and mitotic catastrophe. Following these dramatic early changes, the cell population rapidly
converges toward a stable ploidy in which centrosome amplification is significantly decreased, though
cytological abnormalities such as micronucleation, chromatin bridges and aneuploidy remain common.
In agreement with our in vitro findings, we provide the first in vivo evidence that significant centrosome
amplification occurs in kidneys from conditional Pkd1 knockout mice at early and late time during the
disease progression as well as in human ADPKD patients. These findings establish a novel function of
PC1 in ADPKD pathogenesis and a genetic mechanism that may underlie the intrafamilial variability of
ADPKD progression.

INTRODUCTION

ADPKD (autosomal dominant polycystic kidney disease) is
characterized by progressive tubule dilatation and renal
cystic enlargement that eventually destroy the kidney architec-
ture and lead to end-stage renal disease (1—5). Mutations in
the PKDI gene, which encodes the polycystin-1 (PC1) trans-
membrane protein, account for ~85% of cases of ADPKD
(6). Early genetic analyses of polymorphism using markers
limited to the region encompassing the PKDI gene showed
the intracystic but not intercystic monoclonality of cyst
lining cells (7,8). These findings suggested that unique struc-
tural features of the PKDI gene might be responsible for its
mutability (7). Although there is some correlation between
different mutations in the PKDI gene and the severity of the

renal phenotype (9), clinical manifestations and the course
of the disease in individuals with identical germline mutations
are highly variable. Such phenotypic variability has been
ascribed to environmental factors and genetic modifiers
(10—12). Comparative genomic hybridization and loss of
heterozygosity analyses revealed an unexpectedly high fre-
quency of chromosome anomalies and genetic aberrations in
cystic cells from patients with ADPKD (13). Even though
the genetic variations appeared to cluster around some
chromosomes, different cysts from the same patient were
genetically heterogeneous displaying diverse chromosomal
abnormalities (13). Thus far, the cause of genetic variability
remains obscure.

Here we investigated the mechanism underlying the genetic
heterogeneity associated with PC1 dysregulation starting
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from the consideration that similar karyotypic alterations are
observed during neoplastic transformation, as a result of
genomic instability (14—16). Genomic instability results
from mitotic spindle defects and chromosome missegregation,
processes that are dependent on centrosome functions (14,17,18).
Although there is no correlation between ADPKD and renal
carcinoma, various observations liken ADPKD to a benign
neoplasia (8,19,20). Cystic cells are hyperproliferative and
display abnormal re-expression of N-cadherin, increased integ-
rins expression, and resistance to anoikis (21-24).

To determine whether PC1 plays a direct role on genome
organization, we investigated the early effects of PC1 loss
on genomic integrity using a hypomorphic model of Pkdl
that we had previously shown to reproduce the cystogenic
phenotype of ADPKD epithelia (24). Our findings indicate
that the loss of PCI1 leads to centrosome aberrations and a
dramatic change of ploidy. We show that while cell ploidy
rapidly converges toward a seemingly stable karyotype, in
the absence of PCl, numerous cytological abnormalities
remain. We further demonstrate that abnormal mitoses result-
ing from alterations of centrosome integrity trigger mitotic
catastrophe, thereby contributing to the apoptotic phenotype
characteristic of ADPKD cells. Finally, we provide in vivo
evidence that centrosome amplification occurs in human
ADPKD specimens and propose a new model of ADPKD
pathogenesis. These findings provide a mechanism for the
origin of genetic diversity of ADPKD cystic cells and a poss-
ible cystogenic triggering event that may contribute to the
variable progression of the disease.

RESULTS
Loss of PC1 function leads to genomic instability

Recent findings support a role of PC1 in the control of the cell
cycle (24,25) through the direct interaction of PC1 with the
transcription factor regulator Id2 (26). Overexpression of
PCI1 in Madin—Darby canine kidney (MDCK) cells induces
arrest in the GO/G1 phase of the cell cycle (27), whereas sup-
pression of PCl promotes rapid progression into S phase
(24,25). To determine the early effects of PCI1 inhibition on
cell cycle progression, we analyzed the cycling profiles of
genetically stable cells in a knockdown model of Pkd! that
recapitulates the cystogenic phenotype (24). PC1 expression
was knockdown by the constitutive expression of specific
anti-Pkdl siRNA mediated by a puromycin-selectable lenti-
viral vector, VIRHD/P/siPKDl3,9; (24) (Fig. 1A and
Materials and Methods). The murine inner medullary collect-
ing duct cells, IMCD3, were transduced with the VIRHD/P/
siPKD13597 or the control VIRHD/P/siLuc lentivector, in
which the PKD1 siRNA was replaced by the anti-luciferase
siRNA (Fig. 1A). Following 2 days of puromycin selection
(3 days post-transduction), the IMCD/P/siLuc and IMCD/P/
siPKDs3597 cell populations were derived. PC1 expression in
IMCD/P/siPKD13597 was reduced by more than 70% when
compared with the transduced control, IMCD/P/siLuc or
parental IMCD3 cells (Fig. 1B). Surprisingly, the cell cycle
profiles uncovered the emergence of significant subpopulations
with abnormal ploidy of 3n and 6n in the PC1 suppressed
cells, but not in the control IMCD/P/siLuc (Fig. 1C). The

aneuploid peaks were clearly visible at the early time points,
but became undetectable by day 8 post-transduction. Such
an effect could not be accounted for by the reconstitution of
the normal PC1 expression level in the IMCD/P/siPKD13597
cells, as this remained stably inhibited (Fig. 1B). While the
overlapping of different populations prevented the analysis
of cell cycle progression, these observations revealed profound
alterations of DNA content. Transfection of IMCD3 with
the pVIRHD/P/siPKD13597, but not the pVIRHD/P/siLuc
plasmid, produced cell ploidy changes comparable to those
observed after viral transduction, ruling out any interference
of the siRNA delivery method (Supplementary Material,
Fig. S1A). Furthermore, the effects of PC1 knockdown were
not peculiar to IMCD3 cells as similar profiles were observed
with the MDCK collecting duct cell line early after transduc-
tion with VIRHD/P expressing siRNA targeting the homolo-
gous region within the canine PKD/ gene (Supplementary
Material, Fig. S1B).

Specificity of Pkdl knockdown

To rule out any off-target effects of siRNA, and specifically
link the observed genomic alterations to the Pkd! gene knock-
down, rescue experiments were performed by constitutively
expressing the human PKDI gene in IMCD3. To selectively
knockdown the expression endogenous murine PCl, we
used the VIRHD/P/siPKDI 563, lentivector, carrying the
siRNA 543, specific for a sequence of the murine Pkdl gene
with no significant homology to the corresponding region of
the human counterpart (Fig. 1D).

Murine IMCD?3 cells were first transfected with the pCI/
hPKD1-Flag plasmid expressing the human PCI containing
a flag epitope on the C-terminus from a full-length PKDI
cDNA driven by the cytomegalovirus (CMV) promoter (28).
Untransfected cells or cells transfected with the empty pCl
vector were used as control. Twelve hours after transfection,
cells were split in three groups that were either left untrans-
duced or transduced overnight with control VIRHD/P/siLuc
or VIRHD/P/siPKDI1 543, lentivectors. Untransduced and
transduced cells were then cultured for 48 h in complete
medium in the absence or presence of puromycin, respect-
ively. Finally, at day 3 post-transduction, cells were harvested
and PC1 expression and cell cycle profiles were analyzed in
parallel. As shown in Fig. 1E, using an antibody that does
not discriminate between murine and human PCI1, increased
expression of PC1 was observed in cells transfected with
pCI/hPKD1-Flag compared with the control cells (empty
vector-transfected and untransfected cells). Across the cell
groups, the expression of PC1 was not affected by the trans-
duction with the control VIRHD/P/siLuc vector, but it was
appreciably decreased following transduction with VIRHD/
P/siPKD1 563, (Fig. 1E). As expected, the levels of PCl1
expression in pCI/hPKDI1-Flag transfected cells remained
higher than the normal basal levels of IMCD3 cells. The rehy-
bridization of the membrane with an anti-Flag antibody
showed unchanged levels of human PCl in the pCl/
hPKDI1-Flag transfected groups, confirming the specific knock-
down of the murine endogenous Pkd1 but not of the exogenous
transfected PKD1 gene. Correspondingly, the functionality of
the exogenous protein was shown in cell cycle profiles in



Human Molecular Genetics, 2008, Vol. 17, No. 18 2821

A
[5e] [
B =] IMCD/PISIPKD 155, 5] IMCD/P/siLuc
Dayspt= '3 4 5 6 8 10' = '3 4 5 6 & 10 kDa

L - L. =

(Vpggcgﬁttll:)!} 100 38 32 32 29 25 30 100 97 98 94 95 102 107
o

Days post-transduction

C 3 4 5 6 8 10
g . SubG,/G;: 2.8 SUbG,/Gy: 3.3 SUbGy/Gy: 5.1 SubGyG,: 5.3 SUbGYGy: 3.1 SUbGyGy 2.8
= n
n
g;m— N 3n i n f n
)
S jn n jn n ;ﬂ n
g y
E J

2
g

IMCD/P/siLuc
#Cels
]
L1

L

SubG/G,: 0.7 SubG,/Gy: 0.3 SubGy/G,: 0.5 SubGy/G,: 1.0 SubGy/Gy: 0.3 SubG,/Gy: 0.8
jn
¢4n L\ L
B

O 200 400 &0 800 10000 200 400 8O0 8O0 10000 200 400 600 BOD 1000 O §00 800 10000 200 400 600 BOD 1000 O 200 400 €00 800 10CO
LA LA T oA EN LA

F Untransfected pCl pCl/hPKD1-Flag
1000 GO0/G1 55.8 GD/G1l 56.4 G0/G1l 71.9
D s 21.7| s 28.1 5 20.5
B G2/M  22.7| G2/M 20.5 G2/M 8.1
3
Mouse PKD1GTTTGAANGTCTGCTTGTCCAGTTTGHCCGACTCA T
[T [RARARN g
Human PKD1GTTCGAGGCCCTGCTCACCCAGTTTGACCGACTCA _E; <00
[
2 200
o P
E 1000 GO/G1 52.2 G0/G1 51.8 G0/G1 71.0
s 27.1) s 28.9 S 22.17
B G2/M  21.5 G2/M 19.4 G2/M 6.3
-
\ pCl PCUPKD1-Flag 2w
VIRHD/P/siLuc - + EEREEE - - + - 8
VIRHDPISIPKD g, = =  + = = 4+ - - 4 g
—— - E
o . —— - ——— e
Gl — o - — —250 o
— _— i — - kDa G0/Gl 72.2
?“ s 20.5
B — e, S 8« 2n 2n G2/M 7.3
. &
- "
Tublin g a—— - — —— e, S /" n
6n 6n
PC1:T ; ;
[“m'.m‘f;ﬂ} 00 72 24 18 105 37 187 184 152 Em /
0

Figure 1. Knockdown of PC1 induces polyploidy in vitro. (A) Scheme of the self-inactivating VIRHD/P lentiviral vector and its derivatives VIRHD/P/siLuc and
VIRHD/P/siPKDI1, expressing the control anti-luciferase siRNA and anti-Pkd! siRNA, respectively. CMV, cytomegalovirus early promoter; RRE, rev respon-
sive element; cPPT, central polypurine tract; H1, human H1 promoter; SV40 ori, SV40 early promoter; Puro, puromycin acetyltransferase; WPRE, Woodchuck
Hepatitis Virus post-transcriptional regulatory element; A deletion in 3'-LTR. (B) Expression of PC1 in parental IMCD3 cells untransduced or transduced with
the VIRHD/P/siLuc (IMCD/P/siLuc) or VIRHD/P/siPKD13,97 (IMCD/P/siPKD15,97) lentivectors at the indicated days post-transduction (Days pt). The faint
band below the main one varies in parallel to the PCI1 signal and likely represents a form of partially processed PC1. Actin expression was determined as
control of sample loading. Molecular weight standards are indicated (kDa). The numbers under each lane indicate the PC1:Actin expression ratio reported as
percentage of the control parental IMCD3 cells. (C) Cells cycle profiles of IMCD3 at different time post-transduction with VIRHD/P/siPKD13,97 or
VIRHD/P/siLuc. The ploidy of the subpopulations and the values of the subGy/G; cellular fractions are indicated. (D) Lack of homology between the
murine specific PKD1,63, siRNA target sequence (boxed) and human PKDI gene. (E) VIRHD/P/siPKD1 543, suppresses the expression of the endogenous
PC1 but not human flagged PC1 3 days following transduction (4) of IMCD3 untransfected or transfected with the control vector pCI or with the pCl/
hPKD1-Flag plasmids. Control VIRHD/P/siLuc vector had no effect. Tubulin was used as sample loading control. The numbers under each lane indicate the
PC1:Tubulin expression ratio reported as percentage of the control cells (untransfected and untransduced cells). (F) Parallel cell cycle analysis showed that fol-
lowing endogenous PC1 knockdown by VIRHD/P/siPKD1 635, abnormal ploidy (3n or >4n) was induced in untransfected or control pCI-transfected cells but
not in cells expressing the exogenous human PC1. Transduction with control lentivector VIRHD/P/siLuc had no effect at any time.
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which, similarly to what previously shown, PC1 overexpres-
sion arrested the cells in GO/G1 (29) (Fig. 1F). Importantly,
following PC1 knockdown with the VIRHD/P/siPKDI 5632
lentivector, untransfected and control pCl-transfected cells
developed abnormal profiles indicative of ploidy alterations
(3n, >4n), while the profile of pCI/hPKDI1-Flag transfected
cells remained unaffected. Comparable results were obtained
overexpressing the human PKDI gene in human 293T cells
and using a siRNA targeting the 3’-UTR of the endogenous
PKDI gene, which was not present in the transfected
PKD1 cDNA (Supplementary Material, Fig. S2 and Materials
and Methods).

Overall, these data indicated that the effects on ploidy and
genetic stability observed during PKDI suppression can be
rescued by the expression of siRNA-resistant exogenous
PKDI. These results excluded off-site effects and established
a causal correlation between the dysregulation of PKDI
expression and genomic instability.

Loss of PC1 function causes aneuploidy and
micronucleation

The rapid induction of 3n and >4n peaks indicated that PC1
suppression was associated with genomic alterations, while
their progressive disappearance in time suggested the estab-
lishment of relatively stable cell populations, in a mechanism
resembling genomic convergence (30). Interphase FISH, with
chromosome enumerating probes specific for the murine
chromosomes 1, 4 and 11, was used to assess ploidy variation
observed between day 3 and day 5 following IMCD/P/
siPKD13,97 transduction (Fig. 2). This analysis indicated that
early following PCl knockdown, cells underwent massive
ploidy increase at the whole genome level (Fig. 2A).
Notice that similarly to most culture-adapted cell lines, the
IMCD3 chromosome number deviates from the wild-type
karyotype (chromosome counts around 58, data not
shown). Only IMCD/P/siPKD15,9; at day 4 post-transduction
showed significant changes in chromosome number when
compared with the same cells at day 10 post-transduction
or parental IMCD3 (P < 0.001). No significant differences
were observed in the control transduced IMCD/P/siLuc
cells at any time. By day 10 post-transduction, the aberrant
karyotypes converged toward the parental ploidy with no
gross chromosomal gain or loss (Fig. 2B). This observation
is in agreement with the apparently normal cell cycle profiles
that we previously showed in long-term PC1 knockdown
cystic cells (24). Despite the apparent rapid normalization
of ploidy, the cytological analysis of control and PCl1
knockdown cells three weeks post-transduction revealed
persistent genetic instability (Fig. 2C). In fact, PC1 knock-
down cells displayed a significantly higher number of
micronuclei, some of which containing kinetochore positive
DNA (centric micronuclei), than control IMCD/P/siLuc
cells (Fig. 2D). Nucleoplasmic bridges and nuclear malfor-
mations were also frequently observed (data not shown),
suggesting that PC1 suppression interfered with the mitotic
process and chromosome segregation possibly by affecting
mitotic spindle organization.

PC1 knockdown causes centrosome amplification

To address the early events associated with genomic instabil-
ity, immunohistological analysis was performed on IMCD3 3
days post-transduction using specific antibodies against a- and
vy-tubulin to stain the spindle fibers and the centrosomes,
respectively (Fig. 3). PC1 suppression by VIRHD/P/
siPKD13,97 resulted in a significant increase of the number
of cells with supernumerary centrosomes (>2) (Fig. 3A and
B). As expected following centrosome amplification, atypical
mitoses with multipolar spindles were also a common finding
in IMCD/P/siPKD13,9; cells, but were absent in control
IMCD/P/siLuc cells (P = 0.0003) (Fig. 4A and C). Transfec-
tion of the pVIRHD/P/siPKD13,97; plasmid leads to centro-
some amplification as well, further indicating that the effect
was independent of viral transduction per se (Supplementary
Material, Fig. S3A). Although IMCD/P/siPKD13,59; cells
with aberrant centrosome amplification persisted in long-term
culture, their proportion decreased as the cells were main-
tained in culture (Fig. 3C, compare 4 and 21 days post-
transduction and Supplementary Material, Fig. S3B, days
3 and 35 post-transduction). However, the number of micro-
nucleated cells increased in time (Supplementary Material,
Fig. S3B), suggesting that while the centrosome amplification
phenotype is unstable, it results in accumulative genomic
damage. Comparable centrosome amplification and nuclear
aberrations were obtained using a second siRNA (siPKDjy71)
targeting a different Pkdl sequence, supporting the specificity
of centrosome amplification on PCI loss (Supplementary
Material, Fig. S3C—E). Furthermore, transduction of untrans-
fected and control pCl-transfected IMCD3 with VIRDH/P/
siPKD1543,, but not with control lentivector VIRDH/P/siLuc,
lead to a significant increase of cells with supernumerary
centrosomes. Importantly, however, the expression of exogen-
ous human PC1 in pCI-hPKDI1-Flag transfected cells prevented
centrosome amplification despite the knockdown of the
endogenous Pkdl by the VIRDH/P/siPKD1,¢3, lentivector
(Fig. 4D). The rescue of the normal phenotype was also
observed following the transfection of exogenous PKDI in
293T cells (Supplementary Material, Fig. S3F). These results
confirmed the causal relationship between knockdown of PC1
and the loss of centrosome integrity.

PC1 knockdown causes mitotic catastrophe

The centrosome is the main microtubule organizing center that
functions as multiplatform scaffold for the intersection of
diverse signaling networks important for cell motility, cell div-
ision, subcellular organelle organization and protein transport
(31). Centrosome amplification and spindle rearrangement
cause asymmetric chromosome segregation and genomic
instability (16,18). These events lead to aneuploidy or
mitotic catastrophe, a form of cell death occurring during
mitosis or from mitotic failure (32,33). To determine
whether PC1 inhibition caused mitotic catastrophe, IMCD/P/
siLuc and IMCD/P/siPKD13,97 cells were co-stained with
antibodies specific for caspase-3 and cytochrome C and coun-
terstained with DAPI, 3 days post-transduction. In PCl1
knockdown cells, diffused cytochrome C staining, consequent
to mitochondrial membrane permeabilization, overlapped with
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Figure 2. PCI1 inhibition induces aneuploidy. (A) Representative interphase FISH with probes specific for the mouse chromosome 1 (green), 4 (red) and 11
(yellow) at day 4 post-transduction. (B) Individual chromosome counts were obtained from forty randomly chosen interphases for each control untransduced
parental IMCD3 cells, or transduced control IMCD/P/siLuc and PCl knockdown IMCD/P/siPKDl3,9; cells at the indicated times post-transduction
(*P < 0.001, by ANOVA using the Kruskal-Wallis method with Dunn post test). (C) Immunostaining with an anti-centromeric proteins serum (red) and
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increased activated caspase-3 and atypical mitoses with multi-
polar spindles (Fig. 4). Consistently with the slight accumu-
lation of the subGO/G1 cell fraction in the IMCD/P/
siPKD13597 but not in the control IMCD/P/siLuc cells, evi-
dence of mitotic catastrophe was not found in control cells
(Fig. 1C). Based on the visual cytological evidence, the quan-
titative estimate of the apoptotic cells in mitosis revealed a sig-
nificant frequency of mitotic catastrophe in IMCD/P/
siPKD13,97 (Fig. 4B), and indicated that mitotic catastrophe,
at least in part, accounted for the cell death associated with
ADPKD and PC1 knockdown (2—4,24).

PC1 dysregulation causes genomic instability and
centrosome amplification in human primary renal cells

To corroborate the role of PC1 in genomic stability, we ana-
lyzed the effects of its knockdown in human primary renal
epithelia cells (Fig. 5). Transduction of human primary renal
cells with the VIRHD/P/siPKD3,;; but not the VIRHD/P/
siLuc lentivector produced cell cycle profiles indicative of
ploidy alteration (Fig. 5A). Abnormal peaks representing
ploidy of 3n and >4n appeared at day 3 post-transduction
and persisted for the duration of the experiments until day
11. These abnormalities were confirmed by interphase FISH
using probes specific for human chromosomes 6, 9 and 17,

indicating the aneuploid state of the PC1 knockdown cells
(Fig. 5B). Notably, compared with the fast growing IMCD3
cells, both the abnormal cell cycle profiles and aneuploidy per-
sisted in the slow growing primary human renal epithelial cells
for the duration of the time of culture. These results suggest
the tendency of primary human renal epithelial cells to stabil-
ize around a tetraploid status under this culture conditions or,
more likely, that cell division is required for the rapid conver-
gence toward the near-parental ploidy. Immunostaining
v-tubulin revealed a significant increase in the number of
cells with amplified centrosomes following PKD1-siRNA
but not control Luc-siRNA expression, indicating that the
effect of PC1 knockdown was not restricted to established
cells lines (Fig. 5C and D).

Centrosome amplification occurs in ADPKD

To determine whether centrosome amplification occurs in vivo
during Pkdl dysregulation, we analyzed the kidneys of a
murine ADPKD model in which the Pkdl gene is con-
ditionally inactivated in the distal segments of the nephrons
(34) (Fig. 6). This model allows the generation of viable off-
spring in which severe renal cystic disease progresses
rapidly leading to renal failure and cell death by day 17
after birth (34). Kidney specimens were analyzed at two
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stages of disease progression, P7 and P14 (Fig. 6A). To
unequivocably identify the centrosome in primary tissues,
immunostaining was performed with antibodies specific for
v-tubulin (green) and for a second centrosomal protein, peri-
centrin (red) (Fig. 6B). Supernumerary centrosomes were
readily detectable in a significant number of cells at both
time points, but absent in control kidneys, in which one or
occasionally two centrosomes per cells were counted
(Fig. 6C). Despite the more extensive renal damage of the
later time point, no significant difference in the number of
cells with abnormal centrosomes was observed at P7 and
P14. This evidence confirmed the instability of the amplified
centrosome phenotype and indicated that centrosome amplifi-
cation is not secondary to the renal damage. Importantly, loss
of centrosome integrity was not confined to the ADPKD
knockout mouse model but was also observed in the kidneys
of ADPKD patients. In fact, centrosome amplification was
detected in all renal specimens from ADPKD patients
(n=13), but not in cells from control non-cystic human
kidneys (n =5) (Fig. 7A and B). Interestingly, similarly to
the animal ADPKD mouse model, centrosomal amplification
was also observed in epithelial cells of tubules with seemingly
normal histological appearance (Fig. 7C), suggesting that
centrosomal amplification may precede rather than follow
the cystogenetic process.

DISCUSSION

Our results show that PC1 is involved in the maintenance of
centrosome integrity and that centrosome amplification and
consequent failure to form bipolar spindles are early events
following loss of PC1 function. We also provide the first
in vivo evidence that centrosomal aberrations occur in
ADPKD patients and animal models but not in non-cystic
control kidneys, suggesting a role of centrosome amplification
in ADPKD pathogenesis.

The amplification of centrosome, as well as the formation of
micronuclei and defects in DNA segregation, leads to genetic
instability (18). This may cause the cell to die or survive a
cycle through asymmetric division and the generation of
viable, yet aneuploid, cells in which cell death may ensue as
consequence of excessive loss of genetic material (33). We
showed that PC1 suppression induced mitotic catastrophe, a
mechanism of cell death triggered by mitotic failure that
limits the survival of cells with aberrant genetic composition.

Centrosome amplification occurred early upon PC1 suppres-
sion but became significantly less frequent at later times,
confirming the unstable nature of supernumerary centrosomes.
Correspondingly, karyotypic heterogeneity reached its
maximum in the first days post-transduction and then pro-
gressively decreased in time. Though less obvious than
change in ploidy, genetic abnormalities persisted in PC1 sup-
pressed cells as indicated by the accumulation of cytological
aberrations in long-term cultures (Supplementary Material,
Fig. S3), in agreement with the cytogenetic anomalies pre-
viously reported in cystic epithelial cells (13). This genomic
damage may underlie the apoptotic phenotype characteristic
of cystic cells and PC1 knockdown cells (2,4,24). It should
be noted that changes in ploidy are independent of the

near-triploid karyotype of IMCD3. Some degree of aneuploidy
is also a common response of primary cells following in vitro
adaptation (Fig. 5) (35,36) and the vast majority of established
cell lines possesses an aberrant karyotype, which remains
relatively stable under normal culture conditions. Therefore,
the departure from the vegetative ploidy (which, in agreement
with previous literature, for the cell cycle purpose we referred
to as 2n) is not a peculiar effect of the in vitro growth of
IMCD3 cells but a specific response to PCI knockdown.
The persistence of aneuploidy in human primary cells is
likely due to their much slower growth rate compared with
IMCD3, 293T or MDCK cells (Supplementary Material,
Figs. S1 and 2), again suggesting that the selection of genomi-
cally unstable cells occurs during mitosis and mitotic failure.

The importance of the centrosome in the cystogenetic
process is underlined by the localization of most cystogenic
proteins within the centrosome or with the cilium, which
stems from one of the basal bodies around which the centro-
some is organized (37,38). While PC1 also localizes in cilia
(39) and has been observed in the centrosome of human endo-
thelial cells (40), our results establish the first direct functional
link between PC1 and centrosome integrity.

Recently, the loss of planar cell polarity consequent to
alteration of mitotic spindle orientation has been suggested
as an early mechanism of the cystogenic process in a mouse
polycystic kidney model (41). Whether the interference of
PC1 knockdown on centrosome integrity contributes to
spindle misorientation and loss of planar cell polarity
remains an important question to address. The presence of
amplified centrosome in non-dilated nephron segments
suggests that similarly to loss of planar cell polarity, centro-
some aberrations precede cystic transformation. Further
studies will be required to elucidate the complex molecular
events leading to centrosomal amplification in the absence
of PC1. However, the present findings provide a mechanism
underlying the genetic heterogeneity of renal cystic epithelia
and possibly supporting the variable progression of the
disease in individuals with identical germline mutations.

The rapid disappearance of the remarkable polyploidism
in the fast growing cell lines, early after PC1 inhibition,
suggested that cells genomically converged toward a
chromosomal composition adaptive to growth, similarly to
what described in aneuploid cells and tumors (30,42—-45).
The emergence of genomic convergence is consistent with
the seemingly stable but altered karyotypes and apoptosis
observed in ADPKD epithelial cells (8,13,46) and PC1 knock-
down cells (24). Cells with randomly generated genetic reas-
sortment may survive genomic instability and focally expand
under the selective pressure of the local environment,
leading to the intracystic monoclonality. Since the results of
genomic instability are unpredictable and the adaptation
process occurs independently in different cells, intercystic
polyclonality would be expected consequently to centrosome
amplification and chromosomes missegregation (13,42).
Therefore, the diverse intrafamilial progression of ADPKD
may result from the variable interaction between cells that
are genetically altered, due to the loss of PC1, and their sur-
rounding milieu. The formation of cysts, rather than their
growth, correlates with the disease progression (47). The
rapid occurrence of centrosome amplification following PC1
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dysregulation and its presence in non-cystic tubular cells
suggest that the loss of centrosome integrity may be an early
component of the cystogenetic mechanism. However, it is
impossible to determine whether disease progression corre-
lates with centrosome amplification, as this phenotype is
highly unstable. While we never observed centrosome ampli-
fication in control renal tissues, the number of cells with
aberrant centrosomes did not appear to change significantly
with the stage of the disease in the ADPKD mouse model.
The attempt to determine the number of micronucleated
cells in vivo proved unsuccessful due to the difficulty to
perform such morphological analysis in solid tissues because
of the overlapping of nuclei from adjacent cells. Although
in vitro micronucleated cells accumulated in time, it is not
possible to extrapolate their frequency in vivo, and the
extent and the persistence of genomic damage in vivo
remains to be further characterized.

Centrosomal aberrations and aneuploidy are common find-
ings in neoplastic cells and are generally associated with
increased aggressiveness (48). However, recent evidence indi-
cated that aneuploidy-induced transformation is a slow process
with incomplete penetrance and that high levels of genomic
instability may actually inhibit tumorigenesis (35). Though
this may account for the lack of correlation between
ADPKD and malignant carcinomas, the genomic instability
of the PC1 knockdown emphasizes the remarkable similarities
that this hyperproliferative disease shares with benign neopla-
sias, as previously observed (8,19,20). Similarly to carcino-
genesis studies, it is equally difficult to define the causal
relationship between the centrosomal aberrations and the
cystogenic process. Nevertheless, our data provide further
rationale for the development and use of antiproliferative
agents, which have shown promising results in different
models of polycystic kidney disease (49—54).

The link of PC1 with centrosome integrity and genomic
instability has profound implications on the pathogenetic
mechanisms of ADPKD. Based on the focal nature of the
cysts, it has been proposed that PKDI may be a recessive
trait at cellular level and that a second molecular hit is necess-
ary for the development of ADPKD (two-hit hypothesis)
(7,55). Evidence has been provided of a two-step process of
cystogenesis based on the disease gene-dependent cyst
initiation and a disease gene-independent cyst expansion (47).
On the other hand, the level of PCl expression has been
shown to be important for cyst development, supporting the
haploinsufficiency mechanism in the pathogenesis of
ADPKD (56,57). Based on our findings, we propose that the
second hit and somatic mutation is inherent to the dysregula-
tion of PC1 per se and the consequent genomic instability.
Accordingly, a model can be envisioned in which the derail-
ment of PC1 expression from the physiological range triggers
centrosome amplification, genetic instability and the emer-
gence of genotypic heterogeneity. Although the genomically
aberrant cells would be generally eliminated through mitotic
catastrophe or apoptosis, sporadic adaptation of these cells
may allow the selection of the cystic phenotype. This model
is consistent with the evidence of cyst formation in a relative
low number of nephrons (58), the presence of apoptotic cells
in both tubular and cystic cells in ADPKD kidneys (59) and
the clonality of cystic epithelia (7). The adaptive response

following genomic instability is stochastically determined,
thereby supporting the great variability of ADPKD manifes-
tations despite identical germline mutations (12). The genetic
instability model that we propose reconciles the two-hit and
the haploinsufficiency hypotheses of ADPKD pathogenesis
(2,60) and provides a PC1-dependent mechanism for the gener-
ation of somatic mutation that may trigger cyst initiation.
Similarly to the two-phase cystogenic process (47), such
interpretation suggests caution in directly correlating PCl
functions with the biological manifestations characteristic of
cystic cells. While the cystic phenotype is unambiguous, it
may be the result of adaptive responses of genotypically
diverse cells and, possibly, mechanistically independent from
the primary functions of PC1. It will be important to determine
whether centrosomal aberrations occur in other renal and non-
renal cystic diseases.

In conclusion, we demonstrated that the loss of PC1 func-
tion causes centrosome amplification and genomic instability.
In vitro, these events reveal an extraordinary genomic plas-
ticity that may provide the genetic diversity from which the
cystogenic phenotype can eventually evolve. These new func-
tions of PC1 provide novel insights into the early events of
ADPKD pathogenesis.

MATERIALS AND METHODS
Cell cultures and reagents

Cell lines were maintained at 37°C in 5% CO, in DMEM
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS) (293T cells) or in a 1:1 (vol:vol) of
DMEM/F12 medium (Invitrogen) supplemented with 10%
FBS (murine inner medullary collecting duct epithelial cells,
IMCD3, and the transduced cell lines, IMCD/P/siPKD15597
and IMCD/P/siLuc). Murine renal tissues were obtained
from P7 and P14 Pkdl":Ksp-Cre mice as previously
described (34) and 5 pm thick section were prepared for
H&E and immunohistochemical analyses. Normal adult
human primary renal epithelial cells were purchased from
Cambrex (Cambrex Bio Science, Walkersville, MD). All
primary cells were plated in type I collagen-coated plates
and maintained in complete REBM medium (Cambrex Bio
Science). Human specimens were obtained from archival
materials according to the guidelines of a protocol approved
by the IRB of The Mount Sinai School of Medicine. Renal
biopsy specimens were fixed in formalin and embedded in par-
affin before 2—4 pm section were cut. Sections from three
ADPKD patients, age 44, 53 and 70, were used. Five control
kidneys were used including: 1 transplant donor (age 67), 3
idiopathic membranous nephropathy (ages 19, 43 and 68); 1
diffuse segmental sclerosing lupus glomerulonephritis (age
45). Renal specimens from the lupus patient and one of the
membranous nephropathy patients had moderate parenchymal
scarring; the others contained no significant tubular atrophy or
interstitial fibrosis.

Lentiviral vector generation

The self-inactivating VIRHD/P lentiviral vector was generated
by inserting the SV40ori/puromycin cassette from the



pBABE/Puro retroviral vector (kindly provided by Dr Land)
digested with EcoRI and Clal and filled-in with Klenow poly-
merase between the EcoRV and filled-in Xhol sites of the
VIRHD/E vector (24). The following oligonucleotides were
annealed and inserted between the BamHI and EcoRI sites of
VIRHD/P under the control of the Hl promoter for specific
gene targeting. Murine Pkdl gene: PKD1/3297/S 5'-gatccgcecatg
tgagcaacatcaccattagatcaggtgatgtigctcacatggtttttcg-3" and PKD1/
3297/AS 5'-aattcgaaaaaccatgtgagcaacatcacctgatctaatggtgatgttg
cteacatggeg-3'  siPKD1/12632/S  5'-gatccegtetgctigtecagtttga
ttcaagagatcaaactggacaagcagactttttcg-3' and siPKD1/12632/AS:
5'-aattcgaaaaagtcrgetigtecagtttgatetettgaatcaaactggacaageagac-
gg-3'. Human PKDI gene: PKD1/3211/S 5'-gatccgecacgtgagea
acgtcaccattagatcaggtgacgtigetcacgtggttttttggaag-3’ and PKD1/
3211/AS  5'-aattcttccaaaaaaccacgtgagcaacgtcacctgatctaatggte
acgttgctcacgtggcg-3'. Luciferase gene (siLuc): Luc/850/S 5-
gatcegtgcgttgctagtaccaacttcaagagagtiggtactageaacgeacttttttgg-3’'
and Luc/850/AS 5-aattccaaaaaagtgcgtigctagtaccaactctcttgaag
trggtactagcaacgcacg-3’  (specific  complementary  siRNA
sequences are italicized). The siPKDl3;;; and siPKDl3gp;
shRNAs differ by two nucleotides as they are designed to
target homologous regions in the human and mouse PKDI
genes, respectively. Lentiviral vectors were produced by transi-
ent transfection of 293T cells and titered as previously detailed
(61). Transductions were carried out at a multiplicity of infection
of 20. Selection in the presence of 10 pg/ml puromycin was
started 16-h post-transduction.

IMCD3 cells were transfected with the pCI/hPKD1-Flag
plasmid [kindly provided by Dr G. Germino (28)] using
Amaxa Nuclefector system (Amaxa, Inc., Gaithersburg, MD)
according to the manufacturer’s instructions. Transfection
efficiencies, as determined by cotransfection with an EGFP-
expressing plasmid (1:20 of total DNA), were higher than
90%. The control empty pCI plasmid was from Promega,
Corp. (Madison, WI).

Immunodetection

Cells were harvested by scraping, washed twice in PBS and
lysed in RIPA buffer containing Complete Protease Inhibitors
Cocktail (Roche Diagnostics, Indianapolis, IN), and Phospha-
tase Inhibitors Cocktail-1 (Sigma Aldrich, St Louis, MO).
Protein concentration was, determined using Bio-Rad Protein
Assay (Bio-Rad, Hercules, CA). Protein extracts (200 pg)
from each sample were resolved by SDS-—polyacrylamide
gel electrophoresis on a 4—12% gradient gel and electrophor-
etically blotted onto immobilon-P membrane (Millipore,
Bedford, MA). The membrane was incubated with primary
goat polyclonal anti-polycystin-1 (C20, Santa Cruz Bio-
technology, Santa Cruz, CA) (24,62) in 5% milk in PBS con-
taining 0.05% Tween-20. Immunocomplexes were detected
with peroxidase-conjugated goat anti-goat IgG antibody
(1:5000) and the enhanced chemiluminescence detection Kkit,
Lumi-Light Plus (Roche Diagnostics). To control for sample
loading, membranes were stripped and actin or tubulin
expression was detected using an anti-actin (1:20 000, Chemi-
con International, Temecula, CA) or anti-tubulin (1:20 000,
Santa Cruz Biotechnology) antibodies, respectively. Relative
protein expression was determined following densitometric
analysis of radiographic films using Imagel software (NIH).
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Values are expressed as percentage of the PCl/Actin or
PC1/Tubulin ratio of control cells.

Cell cycle analysis

At the indicated time points post-transduction, cells were
washed twice with PBS, trypsinized and resuspended at
10° cells/ml in DMEM/F2 supplemented with 10% FCS. The
samples were then processed using the CycleTEST PLUS
(Becton Dickinson, San Jose, CA) following the manufac-
turer’s protocol, and run through a FACScan flow cytometer
(Beckman Coulter). Data were analyzed using the FlowJo
software.

Immunohistochemistry

In preparation for immunofluorescence microscopy, cells
grown on type I collagen-coated glass coverslips were fixed
with —20°C methanol for 10 min. Murine and human
tissues were deparaffined and rehydrated before blocking in
PBS with 5% BSA (PBSB) for 60 min at room temperature.
Samples were then incubated with the indicated primary anti-
bodies in PBSB for 60 min and then washed three times for
5 min each with PBSB at room temperature. The following
specific primary antibodies were utilized at the indicated
final dilutions: goat polyclonal anti-y-tubulin (1:100); goat
polyclonal anti-cytochrome C (1:50); goat polyclonal anti-
caspase-3 (1:50) (Santa Cruz Biotechnology); rabbit polyclonal
anti-pericentrin  (1:300) (Covance, Berkeley, CA); human
anti-centromere proteins serum (1:100) (Antibodies Inc.,
Davis, CA). Primary antibodies were visualized with FITC-
conjugated donkey anti-goat (1:500), Texas Red-conjugated
mouse anti-rabbit (1:500), Cy5 goat anti-human (1:500)
secondary antibodies (Jackson Immuno Research), whereas
nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) or propidium iodide. The slides were then mounted in
Vectashild anti-fade reagent (Vector Laboratories, Burlingame,
CA) and analyzed with a Leica confocal fluorescence
microscope.

FISH analysis

The following mouse BAC clones 99M3 (MMU1), 321A18
(MMU4) and RP23-333B13 (MMUI11), or human BAC
clones RP11-472G23 (chromosome 6), RP11-615P15 (chromo-
some 9), RP11-368G18 (chromosome 17) (Children’s Hospital
Oakland Research Institute) were labeled by nick-translation
and hybridized to interphase cells according to standard pro-
cedures (protocols available at http://www.riedlab.nci.nih.
gov). Labeling was performed as following: 99M3 and
RP11-472G23—Spectrum Green dNTP (Molecular Probes),
RP23-333B13 and RPI11-615P15—Spectrum Orange dNTP
(Molecular Probes) and 321A18 and RP11-368G18—biotin
(Roche) detected with avidin Cy5 (1:200) (Rockland Immuno-
chemicals). Images were acquired using an Axiovert 200
microscope (Zeiss), connected to a Retiga 4000 camera
(Q-Imaging) using the Openlab software (Improvision). Forty
interphases were counted for each time point.
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Statistical analysis

For the statistical analyses, the InStat 3.0 software (GraphPad
Software, San Diego, CA) was used to perform the ANOVA
or the unpaired two-tailed 7-test with Welch correction, as
indicated.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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