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Depletion of PKD1 by an antisense
oligodeoxynucleotide induces premature G1/S-phase
transition
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Autosomal dominant polycystic kidney disease (ADPKD) is characterized by the growth of epithelial cells
and the influx of cyst fluid. The 14-kb mRNA of the polycystic kidney disease gene, PKD1, encodes the
polycystin-1 protein, whose function remains unknown. In this study, we observed that polycystin-1
localized in epithelial cell–cell contacts of 293 cells. We found, by bromodeoxyuridine (BrdU)
incorporation experiments and Western blot analysis of S-phase-specific cyclins, that the depletion of
polycystin-1 led to an increased cell proliferation rate and caused a premature G1/S-phase transition. In
addition, we showed that the depletion of polycystin-1 reduced the amount of p53 in 293 cells irradiated
by UV light, suggesting that polycystin-1 acts as a regulator of G1 checkpoint, which controls entry into the
S phase and prevents the replication of damaged DNA. Our results might provide an insight into the
formation and progression of ADPKD cysts.
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Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is

one of the most common inherited human diseases and is

estimated to occur in the population with a frequency of 1

in 1000. The presence of renal cysts is the major clinical

feature of the disease and cysts appear to increase in size

and number throughout the lifetime of an affected

individual.1 –3 Although the renal lesion is the most

prominent feature, ADPKD is a systemic disorder with a

variety of other manifestations including liver cysts,

cerebral aneurysms and cardiac valvular abnormalities.4,5

Linkage studies have revealed at least three forms of

ADPKD. PKD1, which is the most common form and

accounts for 85% of all cases, maps to chromosome

16p13.3.6–8 The second type, PKD2, which affects most of

the remaining afflicted individuals, maps to chromosome

4q21–23.9, 10 A third, rare form has not yet been mapped.11,

12 Even though all types of ADPKD present with an identical

profile of extrarenal manifestations (including liver cysts

and aneurysms), PKD1 is the most severe, with a lower

median survival and a higher risk of progressing to end-

stage renal disease.13,14 The PKD1 gene encodes a 14kb

mRNA that is derived from 46 exons that extend over

B50kb of genomic DNA. The PKD1 gene product, poly-

cystin-1, is 4302 amino acids in length and is likely to be an

integral membrane glycoprotein that may be involved in

cell–cell or cell–matrix interactions.15–17 However, the

precise function of the normal polycystin-1 protein as well

as the mechanism by which the mutated protein gives rise

to the cystic phenotype of ADPKD remain unknown.

To understand the cellular function of polycystin-1 and

its role in pathogenesis, we have used the transfection of

antisense oligodeoxynucleotides (ODNs) as our investiga-

tive approach. Properly designed antisense ODNs are
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effective inhibitors of protein synthesis, and their presence

leads to lower levels of specific cellular proteins.18–20 In

this approach, certain regions of a target mRNA are chosen

to be annealing sites for antisense ODNs, and the resulting

formation of an RNA–DNA duplex abolishes protein

synthesis either by directly blocking translation or by

mediating the degradation of target mRNA through RNase

H activity.21 Here, we show, by antisense ODN-mediated

depletion of polycystin-1, that polycystin-1 plays a role in

the regulation of the cell cycle.

Materials and methods
Immunofluorescence microscopy

Cells were grown on coverslips to 70–80% confluency in

order to obtain cells in contact with other cells.22,23 Cells

were fixed in 3.7% formaldehyde for 15min and quenched

for 10min in PBS containing 50mM NH4Cl. Subsequently,

the cells were permeabilized for 10min in PBS containing

0.1% Triton X-100. Coverslips with the cells were blocked

and then reincubated for 3h at room temperature with the

primary antibodies (1:10). The coverslips were incubated

for 1h with the secondary antibodies (Jackson Labora-

tories, West Grove, PA, USA) each at 1:200. They were

mounted on glass slides using the FluoroGuardt Antifade

Reagent (Bio-Rad Laboratories, Hercules, CA, USA).

Immunoprecipitation

Cells were grown to 70–90% confluency. Cells were lyzed

in PBS buffer containing 0.5% NP-40. Lysates were

precleared by incubation with protein A-Sepharose (Phar-

macia Biotech) for 1h and incubated with 1 mg of PKD1 (C-

20) antibody (Santa Cruz Biotechnology). After incubation

overnight at 41C with rotation, protein A-Sepharose

(Pharmacia Biotech) was added, and the reaction mixture

was incubated for 2h at 41C with rotation. The beads were

washed with PBS. Bound proteins were separated on a 4%

SDS-PAGE gel.

Antisense ODNs

The phosphorothioated ODNs, which correspond to

nucleotides 1–20 of the translation initiation site of the

PKD1 mRNA (Figure 3a), were synthesized by solid-phase

phosphoramidite chemistry. For ODN treatment of cells,

LipofectAMINE (GIBCO, USA) and 2.5 mM of the antisense

ODN (or sense ODN) were added. The amount of ODN was

determined by our previous several experiments and other

known reports.19, 20

Determination of growth kinetics

To determine the growth kinetics of 293 and MDCK cells

cultured in DMEM with serum, we plated 5�105 cells in

60mm dishes and counted cell numbers after 24, 48 and 72h.

Incorporation and detection of BrdU

293 and MDCK cells were serum-starved for 48h and then

transfected either with the ODN/LipofectAMINE complex

or LipofectAMINE only. After a 5h incubation, DMEM

containing 20 m BrdU and 8% FBS were added and cells

were incubated for 13h. To fix cells, we added 4%

formaldehyde. After a 10-min incubation, the cells were

washed, followed by the addition of 2N HCl for denaturing

DNA. This mixture was incubated for 1h. As the primary

antibody, the anti-BrdU (1:100) antibody (Zymed, USA)

was added. Cells were incubated with the secondary

antibody, fluorescein isothiocyanate (FITC)-conjugated

secondary antibody (Jackson Laboratories, West Grove,

PA, USA). The cell nuclei were then labeled with 1 mg/ml of

40,6-diamidino-2-phenylindole (DAPI) for 5min.

Western blot analysis

For Western blot analysis, proteins were separated on a

12% SDS-PAGE gel and transferred onto nitrocellulose

membranes. Membranes were blocked with 5% nonfat dry

milk for 1h and then incubated with primary antibodies.

The antibodies are described in figure legends. After

washing, membranes were incubated for 1h at room

temperature with peroxidase-labeled secondary antibody

(Santa Cruz Biotechnology). The membrane-bound anti-

bodies were detected by the enhanced chemiluminescence

(ECL) detection system (Amersham Bioscience).

UV irradiation

UV irradiation was carried out at room temperature using a

germicidal UV light (chiefly 254nm). The fluence rate of

the UV light source, which was measured prior to each

Figure 1 (a) Schematic structure of expressed recombi-
nant polycystin-1 constructs: PKD1-FL, full-length polycys-
tin-1 molecule, and PKD1-C, HA-tagged polycystin-1
C-terminal region. Leucine-rich repeat (LRR), Ig-like repeat
(Ig-like), REJ domain (REJ) and transmembrane region (TM)
are indicated. (b) Immunofluorescence staining using
PKD1 C-terminal antibody, goat polyclonal anti-PKD1
(C-20: sc-10372, Santa Cruz Biotechnology) of 293 cells
transfected with PKD1-C. The cell nuclei were stained by
DAPI. (c)Western blot of 293 cells transfected with PKD1-C,
the C-terminal region of recombinant polycystin-1. Wes-
tern blot of anti-HA (Y-11: sc-805, Santa Cruz Biotechnol-
ogy) and anti-PKD1 (C-20) are identical, indicating that
PKD1 (C-20) is specific to PKD1.
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experiment with a UVX radiometer, was about 80 J/m2/

min. Cells were irradiated in the absence of medium,

whereupon fresh medium was added and the cells were

immediately reincubated at 371C.

Results
Endogenous PKD1 product, polycystin-1, localizes to
cell–cell contacts

The characterization of specific antibodies against the

potentially multifunctional protein polycystin-1 is a

crucial prerequisite for addressing its role. For cellular

localization and function analysis of endogenous poly-

cystin-1 in epithelial cells, we used a C-terminal antibody,

PKD1 (C-20; sc-10372). We characterized the specificity of

this antibody using a recombinant polycystin-1. As shown

in Figure 1a, a truncation including C-terminal region

(PKD1-C), which was tagged with HA, was used for

transient expression in 293 cells. The truncated PKD1

construct, PKD1-C, was expressed and revealed by immu-

nofluorescence and Western analysis using PKD1 (C-20)

antibody (Figure 1b and c): the Western blot of anti-HA was

identical to that of anti-PKD1 (C-20). Thus, the PKD1 C-

terminal antibody, PKD1 (C-20), is specific to PKD1 and

available to study PKD1.

We used 293 cells, human epithelial kidney cells, to

study the localization and function of polycystin-1. To

address the subcellular localization of endogenous poly-

cystin-1 in 293 cells, we performed immunostaining of

polycystin-1 with the PKD1 (C-20) antibody. 293 cells

showed primarily membrane staining at sites of cell–cell

Figure 2 Subcellular localization of polycystin-1 in 293 cells. (A) Immunofluorescence staining with antibody, anti-PKD1
(C-20) (a), anti-b-catenin antibody (sc-7199; Santa Cruz Biotechnology) (b), and superimposition of PKD1 antibody and
b-catenin antibody (c). Anti-b-catenin antibody, which is localized in the membrane, was used as a localization control.
(B) Immunoprecipitation of goat preimmune serum, irrelevant goat polyclonal antibody, GRP 78 (sc-1050; Santa Cruz
Biotechnology) and goat polyclonal PKD1 (C-20) in 4% SDS-PAGE. The position of the molecular weight (kDa) is shown on
the left. Serum control; goat preimmune serum.
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contact and some weak intracellular staining was shown

(Figure 2a), as shown in other reports.25–27 No staining was

observed with the secondary antibody alone (data not

shown). It can be noted that no signal was detected at the

isolated cells and the cell-free borders. We have also

examined endogenous polycystin-1 expression by immu-

noprecipitation with PKD1 (C-20). We observed an

B400 kDa single band in 4% SDS-PAGE (Figure 2b). In

addition, MDCK cells, canine-derived epithelial cells, were

investigated and the same results were shown as in 293

cells (data not shown).

PKD1 antisense ODN causes cell proliferation

Since the significant feature of ADPKD is epithelial cell

growth in the kidneys, we speculated that polycystin-1

might regulate the cell cycle. To prove this presumption,

we inhibited PKD1 expression by phosphorothioated

antisense oligonucleotides (ODNs) to simulate to the

pathogenesis of ADPKD. As previously mentioned by other

reports,19, 20 antisense ODNs that are directed to the region

of translation initiation on the corresponding mRNA have

optimal activity, so we synthesized 20 mer-PKD1 sense

ODN and PKD1 antisense ODN at the translation initiation

site of PKD1 (Figure 3a). We determined the cellular levels

of the polycystin-1 protein to assess whether the transfec-

tion of 293 and MDCK cells with the PKD1 antisense ODN

reduces the amount of polycystin-1 proteins. Following

transfections, we prepared cell lysates after 24h incuba-

tion. Proteins extracts were separated by 4% SDS-PAGE for

Western blotting. As expected, the presence of PKD1

antisense ODN substantially reduced the expression of

polycystin-1 in transfected 293 cells and MDCK cells

(Figure 3b).

We compared the proliferation rates of 293 and MDCK

cells that had been transfected with the PKD1 antisense

ODN with the growth rate of cells that had been

transfected with no ODN or the PKD1 sense ODN. In

DMEM containing 8% FBS, 293 and MDCK cells trans-

fected with the PKD1 antisense ODN proliferated more

quickly than cells that had been transfected with no ODN

or the PKD1 sense ODN (Figure 4a and b). Our immuno-

fluorescence experiments did not show cells with apoptotic

features, indicating that the increased cell numbers were

affected by increased cell proliferation, not decreased

apoptosis (data not shown). Taken together, we conclude

that the function of PKD1 might be involved in regulating

cell proliferation.

PKD1-depleted 293 and MDCK cells exit G1 early

To investigate whether the increased growth rate of 293

and MDCK cells by the PKD1 antisense ODN is associated

with early entry into the S phase in the cell cycle, we

Figure 3 (a) Sequences of ODN for the antisense experiments and their target region of PKD1. Out of the first 20 base pairs
of the translated region, 19 are identical between humans and dog, as shown by the GenBank sequence for dog that contains
the complete coding sequence (AY102170) (b) Western blot analysis for polycystin-1 of 293 and MDCK cells lysate in 4%
SDS-PAGE. 293 and MDCK cells transfected with no ODN, PKD1 sense ODN and PKD1 antisense ODN were used for the
Western blot analysis with anti-PKD1 (C-20). (c) The level of PKD1 was quantified with TINA2.0.24 Experiments were repeated
three times and similar results were obtained.
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carried out BrdU pulse labeling experiments over a given

period of time (Figure 5), since 5-bromo-20-deoxyuridine

(BrdU), a thymidine analog, can selectively incorporate

into cellular DNA during the S phase. As shown in

Figure 5a, 293 and MDCK cells were synchronized into

the G1 phase by 48h serum starvation. PKD1 sense and

antisense ODN were then transfected into 293 and MDCK

cells and the cells were cultured in the presence of BrdU

over a given period of time.

The pulse labeling experiments showed that the cells

transfected with the PKD1 antisense ODN were labeled

with BrdU over a given period of time (13h), whereas 293

and MDCK cells transfected with no ODN or with the

PKD1 sense ODN as controls were not labeled (Figure 5b).

After 18h, however, 293 and MDCK cells in DMEM

containing 8% FBS transfected with no ODN or with the

PKD1 sense ODN also were labeled (data not shown). These

results imply that PKD1 antisense ODN-transfected 293

and MDCK cells enter the S phase of the cell cycle early,

when compared to no ODNs or PKD1 sense ODN-

transfected cells. Thus, a reduction of polycystin-1 proteins

by the PKD1 antisense ODNs induces an early G1 exist and

polycystin-1 may play a critical role in the G1/S-phase

transition of the cell cycle.

Cells depleted of PKD1 show elevated levels of cyclin A

Cyclins and cyclin-dependent kinases (CDKs) are key

regulators of the eukaryotic cell cycle. In mammalian cells,

different cyclin-CDK complexes are involved in regulating

different cell cycle transitions. Cyclin A participates in

S-phase progression. To determine whether early G1 exists

in polycystin-1-depleted cells is associated with the

induced expression of S-phase-specific proteins, we

investigated amounts of cyclin A, and kinase CDK2 in

293 and MDCK cells that had been transfected with no

ODN, the PKD1 sense or PKD1 antisense ODNs. In DMEM

containing 8% FBS, a significant increase of cyclin A

proteins was observed 10–12h after transfection in 293

and MDCK cells that had been transfected with the PKD1

antisense ODN (Figure 6). The levels of the CDK2 protein

showed no change, regardless of the presence of ODNs.

These results show that depletion of polycystin-1 in 293

and MDCK cells that had been transfected with the PKD1

antisense ODN leads to an early exit from the G1 phase,

since elevated levels of cyclin A indicate that cells exit the

G1 phase.

Cells depleted of PKD1 decrease p53 in UV irradiation

Cells are constantly exposed to both endogenous and

exogenous genotoxic agents including UV light that

damages DNA and threatens their genomic stability. To

repair damaged DNAs efficiently and hence protect genetic

information, growing cells transiently arrest their growth.

The product of the tumor suppressor p53 gene is a major

component of the cellular response to DNA damage in

mammalian cells.28 Thus, unrepaired DNA damage in UV-

irradiated cells induces an accumulation of p53 and

subsequently G1-phase cell cycle arrests.

We speculated that a loss of function of PKD1 might

cause premature G1 exit, although unrepaired DNA still

remains. To investigate the amount of p53 after UV

irradiation, various doses of UV were used to irradiate

293 cells and the expression of p53 was analyzed 4, 8 and

12h after the irradiation (Figure 7a). Immunoblot analyses

showed that the level of p53 was increased in a UV dose-

and time-dependent manner: the higher the irradiation

dose, the more and longer p53 was expressed.

Since p53 stabilizes to halt proliferation and to allow

DNA repair, the amount of p53 is expected to decrease in

cells transfected with the PKD1 antisense ODN. To test this

hypothesis, 293 cells were incubated for 16h after

Figure 4 Growth kinetics of 293 and MDCK cells
transfected with the PKD1 sense or antisense ODNs.
(a, b) 293 and MDCK cells were cultured in DMEM
containing 8% FBS. The data represent the means of three
experiments carried out.
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transfected with no ODN or ODNs and exposed by a UV

dose of 16 J/m2, and p53 was then determined (Figure 7b).

As expected, the level of p53 in 293 cells transfected with

the PKD1 antisense ODN decreased about 60% more than

no ODN and PKD1 sense ODN at 12h after UV irradiation.

This result was similarly shown in MDCK cells (Figure 7c).

This result suggests that the loss of function of PKD1 causes

a decrease of p53 that is followed by premature G1/S-phase

transition.

Discussion
In this study, we used PKD1 C-terminal antibody, PKD1 (C-

20). We characterized the antibody more by immunofluor-

escence and immunoprecipitation experiments (Figures 1

and 2) and had the confidence of the antibody. We showed

that PKD1 product, polycstin-1, localized in the cell–cell

contacts of 293 using PKD1 antibody, PKD1 (C-20). This

result is in agreement with the previous experiments

described by others.25–27

Figure 5 Effects of polycystin-1 on the cell cycle were determined by BrdU staining of 293 and MDCK cells that had been
transfected with the PKD1 sense or PKD1 antisense ODNs. (a) The schematic representation of the time course used for
transfection of 293 and MDCK cells with the PKD1 sense or PKD1 antisense ODNs. (b) 293 and MDCK cells were cultured in
DMEM containing BrdU and 8% FBS. The cells were then stained with FITC-conjugated anti-BrdU antibody. (c) The
percentage of BrdU incorporation in 293 and MDCK cells was quantitated.
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The formation and progression of ADPKD cysts are

caused by the proliferation of epithelial cells. This

phenomenon implicates that polycystin-1 might be asso-

ciated with the cell cycle. In this study, we show that the

depletion of polycystin-1 in 293 and MDCK cells by use of

the PKD1 antisense ODNs results in an increased rate of cell

proliferation. The depletion of PKD1 causes cells to

enter the S phase early and to synthesize DNA, as shown

by the BrdU incorporation experiments. Western blot

analyses of S-phase-specific cyclins and p53 also support

the possibility that polycystin-1 participates in regulating

the progression of the cell cycle. On the basis of these

observations, we believe that the PKD1 gene product,

polycystin-1, might regulate G1/S-phase transition of the

cell cycle progression.

Polycystin-1 might act as a G1 checkpoint, which

controls entry into the S phase, and prevents the replica-

tion of damaged DNAs caused by genotoxic reagents

including UV light. Our results show that the activity of

polycystin-1 is associated with p53. Previously, it was

reported that polycystin-1 regulates the expression of

p21.29 Hence, we think that polycystin-1 may regulate

p53 and p21, the p53 downstream effector. This regulation

is disrupted by the loss of polycystin-1 activity and

premature G1/S-phase transition occurs. The premature

transition might cause an accumulation of unrepaired

DNA damages, which might be related to the etiology of

ADPKD. However, the overall role of polycystin-1 in the

cell cycle is still unclear. More studies are required to

understand the mechanisms by which polycystin-1 con-

trols G1/S-phase transition.

Acknowledgements
This work was supported in part by a grant from the Ministry
of Health & Welfare, Republic of Korea and by a Korea University
Grant.

Figure 6 Analysis of cyclin A and CDK2 expression in 293
and MDCK cells. Western blot showing levels of cyclin A
(sc-751 antibody; Santa Cruz Biotechnology) and CDK2
(sc-163 antibody; Santa Cruz Biotechnology) in cells
transfected with ODNs. (a) In 293 cells, a significant
expression of cyclin A proteins was observed 10–12 h after
transfection. (b) In MDCK cells, a significant expression of
cyclin A proteins was observed 12h after transfection.
C; No ODN, S; PKD1 sense ODN, A; PKD1 antisense ODN.

Figure 7 (a) Analysis of UV-induced p53 expression in
293 cells. 293 cells were maintained at confluence to
obtain G1-phase cell populations. The cells were then
diluted, treated with increasing doses of UV radiation (0, 4,
8, 16, 20 J/m2) and then were examined at the indicated
times after irradiation by Western blot analysis with anti-
p53 (DO-7: Novocastra Laboratories Ltd.). (b) 293 cells
were incubated for 16h after transfection with no ODN or
ODNs and exposed by a UV dose of 16 J/m2, and p53 was
then determined. (c) The level of p53 at 12h was
quantified with TINA2.0.24 The level of p53 in MDCK cells
was gained by Western blot analysis with anti-p53 (sc-
6243: Santa Cruz Biotechnology). Experiments were
repeated three times and similar results were obtained.
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