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Defects in polycystin-2, a ubiquitous transmembrane glycoprotein
of unknown function, is a major cause of autosomal dominant
polycystic kidney disease (ADPKD), whose manifestation entails
the development of fluid-filled cysts in target organs. Here, we
demonstrate that polycystin-2 is present in term human syncy-
tiotrophoblast, where it behaves as a nonselective cation channel.
Lipid bilayer reconstitution of polycystin-2-positive human syncy-
tiotrophoblast apical membranes displayed a nonselective cation
channel with multiple subconductance states, and a high perm-
selectivity to Ca2*. This channel was inhibited by anti-polycystin-2
antibody, Ca?*, La3*, Gd3+, and the diuretic amiloride. Channel
function by polycystin-2 was confirmed by patch-clamping exper-
iments of polycystin-2 heterologously infected Sf9 insect cells.
Further, purified insect cell-derived recombinant polycystin-2 and
in vitro translated human polycystin-2 had similar ion channel
activity. The polycystin-2 channel may be associated with fluid
accumulation and/or ion transport regulation in target epithelia,
including placenta. Dysregulation of this channel provides a mech-
anism for the onset and progression of ADPKD.

Autosomal dominant polycystic kidney disease (ADPKD) is
the most common monogenic disease in humans, with a
frequency ranging from 1:400 to 1:1000 (1, 2). The cardinal
feature of ADPKD is the formation of renal cysts (3) that lead,
over time, to progressive destruction of normal tissue and end
stage kidney failure. ADPKD is caused by mutations in either
one of two genes, PKDI or PKD2. PKD]I encodes polycystin-1,
an 11-membrane-spanner glycoprotein with a large extracellular
region composed of a unique compilation of potential adhesion
and protein—protein interaction domains (4, 5). PKD2 encodes
polycystin-2, a 6-membrane spanner, with cytoplasmic N- and
C-termini, and with homology to voltage-activated calcium and
sodium channels (6). The function of polycystins-1 or -2 is
unknown (7, 8). However, the two proteins have been shown to
interact through their cytoplasmic tails, leading to the suggestion
that polycystin-1 may play a regulatory role as a ligand that binds
(7) and regulates the putative channel activity of polycystin-2 (2,
7). This hypothesis, however, awaits experimental proof.

The microvillous structure of the syncytiotrophoblast (hST) is
the most apical membrane of the human placenta, which pro-
vides a perm-selective barrier for electrolyte transfer between
mother and fetus (9). Little is known about the transport
mechanisms responsible for cation movement in hST. Recently,
polycystin-2 was detected in human placenta (10). Here, we used
lipid bilayer reconstitution of hST apical membranes to identify
a nonselective cation channel, inhibitable by a monospecific
antibody to polycystin-2. PKD2-containing baculovirus-infected
Sf9 insect cells expressing recombinant human polycystin-2
displayed a similar channel profile. In addition, flag-tagged
human recombinant polycystin-2, purified from Sf9 insect cells,
and the in vitro translated human polycystin-2 exhibited similar
ion channel properties. To our knowledge, there have been no
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other findings that establish the channel nature of polycystin-2,
thus directly linking the defect in ADPKD to abnormal ion
transport.

Materials and Methods

Human Placenta Membrane Preparation. hST membrane vesicles
were obtained from term human placenta as described (11),
following institutional consent guidelines. Apical membrane
enrichment was ~26-fold from initial homogenate. Membranes
were suspended in a buffer solution containing 10 mM Hepes-
KOH (pH 7.4), 250 mM sucrose, and 20 mM KCI.

lon Channel Reconstitution. Membrane vesicles were reconstituted
onto planar lipid bilayers as previously described (11). Briefly,
lipid bilayers were formed with a mixture of synthetic 1-palmi-
toyl-2-oleoyl-choline and ethanolamine (25 mg/ml, Avanti Polar
Lipids) in n-decane. Electrical signals were filtered (700 Hz) with
an eight-pole Bessel filter (Frequency Devices, Haverill, MA),
digitized with a pulse code modulator, and stored in videotapes.

Calculation of Single Channel Conductances, Subconductance States,
and Perm-Selectivity Ratios. Currents were analyzed with PCLAMP
(Version 5.5.1), and further filtered for display purposes. Single
channel conductances were calculated by fitting experimental
data to either a straight line or the Goldman-Hodgkin-Katz
(GHK) equation (12). Tonic perm-selectivity ratios were calcu-
lated with a modified version of the GHK (12), where the Pc,/Px
ratio was fitted to the experimental data in the presence of K+
and Ca?*, with (1 + exp(—FV/RT){K. — K{exp(=FV/RT)]})/
(4{[Ca, exp(—2FV/RT)] — Ca.}), where ¢ = cis chamber, t =
trans chamber, V' = reversal potential, F = Faraday constant,
R = the gas constant, T = absolute temperature, and Ca’>* and
K* are the mean activities for either cation, respectively. A
similar approach was conducted for other mono-divalent cation
interactions. Data were expressed as the mean = SEM.

Solutions. Both sides of the lipid bilayer contained 10-15 uM
Ca?*, 10 mM Mops-KOH, and 10 mM Mes-KOH (pH 7.4). The
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final K* concentration was approximately 15 mM. KCI (135
mM) was also added (cis). Whenever indicated, the trans com-
partment contained either KCI, NaCl, or CaCl,, to final con-
centrations of 150, 135, and 90 mM, respectively.

Other Reagents. Chemicals were purchased from Sigma unless
otherwise stated. Amiloride (10 mM) was kept in DMSO. LaCl;
and GdCl; stock solutions (100 mM) were prepared in distilled
water. The anti-polycystin-2 antibody was directed against a
bacterial fusion protein containing the C-terminal 258 aa of
polycystin-2 (10). An anti-flag antibody (M2 mAb, Eastman
Kodak) against the sequence DYKDDDDK was used to purify
and detect the flag-tagged polycystin-2.

Total RNA Isolation. Total RNA was isolated from hST by using the
SV RNA Isolation System (Promega), quantified by absorbance
(260 nm) and stored at —80°C.

Reverse Transcription (RT)-PCR Assay. RT-PCR of hST total RNA
(2 ng) was conducted for 60 min at 42°C, using Moloney murine
leukemia virus reverse transcriptase (Promega), oligo(dT)"
primers, and dNTP (400 uM each). PCR (thirty 1-min cycles at
94°C, 58°C, and 72°C, and final extension at 72°C, 10 min) was
carried out with two specific primers from the C termini of
human PKD?2 (5'-TCC GAT GAT GCA GCT TCC CAG AT-3’
and 5'-ATT GCC CCA TTT TCC TTC ACA CTC-3") and
PKDL sequences (13). Inactivated RT was included to detect
DNA contamination. RT-PCR products were separated by
agarose gel electrophoresis (1.8%).

Polycystin-2 Expression in Sf9 Cells. The flag-tagged PKD2 com-
plete coding sequence was obtained by assembly of the coding
region clones K1-1 (6) and CTM4B3-3 (Genome Systems, St.
Louis) into the baculovirus vector pVL1393. The flag was added
in-frame at the 3’ end. The DNA construct (1 mg/ml in distilled
water) was used to transfect Sf9 insect cells (5 X 10°) with
cationic liposomes (Invitrogen) and 0.5 mg of a deleted version
of baculovirus DNA (PharMingen). Recombinant baculovirus
containing PKD2-flag-tagged cDNA was titrated by plaque
assay, and expression of polycystin-2 in Sf9 cells was confirmed
by Western blot analysis with the anti-flag M2 antibody.

The PKD2-baculovirus infected cells (72 h) were harvested
and washed by centrifugation (2,000 X g) in PBS. Cells were lysed
in 10 mM Tris (pH 7.5), 130 mM NacCl, and 1% Triton-X100,
with the proteinase inhibitors PMSF (1 mM, Boehringer Mann-
heim), leupeptin (10 pg/ml, Sigma), and aprotenin (1 ug/ml,
Sigma). The cell lysate was cleared by centrifugation (40,000 X
g, 30 min, 4°C) and applied to an anti-flag M2 agarose gel
preequilibrated with TBS (50 mM Tris/150 mM NaCl, pH 7.4).
Flag-tagged polycystin-2 was eluted with 100 mM glycine (0.5 ml,
pH 3.5) into vials containing 2 ul of 1 M Tris (pH 8.0) and
dialyzed against TBS (32X, 4-h intervals, 4°C). Approximately 0.5
wg of the purified nondegraded protein was obtained from 107
infected Sf9 cells.

In Vitro Translation of the PKD2 Gene Product. A 3.2-kb Xbal-Pst1
fragment encoding the flag-tagged polycystin-2 from pVL1393-
PKD2 was transferred to Xbal-Nsil site of pGEM-7zf(+) to
generate the plasmid pGEM-PKD?2. This cDNA was transcribed
and translated in vitro with the TnT-T7 coupled reticulocyte
lysate system (Promega) in the presence or absence of micro-
somal membranes. Plasmid DNA (1 ug) and the in vitro reaction
mixture (50 ul), including L-[**S]methionine (Amersham), were
incubated for 90 min at 30°C. In vitro translated 3°S-labeled
polycystin-2 and luciferase (as control) were analyzed by SDS/
PAGE and autoradiography.
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Western Blot and Immunocytochemical Analysis. Membranes of hST
were dissolved in SDS loading buffer, heated (2 min, 100°C), and
resolved on 7.5% polyacrylamide gels. Nitrocellulose mem-
branes with electrotransferred proteins were blocked with BSA
in PBS (1% wt/vol), and incubated with anti-polycystin-2 anti-
body (1:1000, 60 min). The secondary antibody was a rat
anti-rabbit, peroxidase-conjugated IgG (1:2,500). Samples were
visualized with the ECL plus detection system (Amersham
Pharmacia). For immunocytochemistry, hST was fixed in ice-
cold paraformaldehyde (4%, PBS), dehydrated, and embedded
in cytoparaffin. Consecutive, thin sections (4-5 wm) were cut,
permeabilized with Triton X-100 (0.1%), washed extensively
with PBS, and incubated overnight (4°C) with anti-polycystin-2
antibody (1:400). Samples were examined by optical microscopy
after rinsing and incubation (2 h, room temperature) with
anti-rabbit Cy3 (1:200).

Results

Characterization of an hST Cation Channel. Membrane vesicles of
term hST were reconstituted in the presence of a KCl chemical
gradient, where a cation-selective channel was observed in most
experiments (481/533) with spontaneous channel activity (Fig.
la). Although most membranes contained numerous channels,
a main single channel conductance of 177 = 5.0 pS (n = 10) was
obtained from single channel tracings (Fig. 1b). Single channel
currents frequently displayed subconductance states (Fig. 1c),
which averaged 32.5 = 1.92 pS (n = 3), 65.3 = 2.78 pS (n = 8),
91.1 = 2.66 pS (n = 5), and 119 = 6.05 pS (n = 5). The CI- /K"
perm-selectivity ratio was lower than 0.02. The main single
channel conductance in symmetrical KCI (150 mM, Fig. 1d) was
134 = 7.3 pS (n = 6) (Fig. le). Single channel currents were also
highly linear after equimolar replacement of trans K* with Na*
(Fig. 1f), indicating a Na*/K™* perm-selectivity ratio of 1.1.
Thus, this channel species, although cation-selective, was largely
permeable to both cations. The channel was permeable to Cs*
and Ba?" (data not shown), and channel activity was also
observed in a K™ chemical gradient after addition of Ca?* (90
mM) to the trans chamber (Fig. 1g). The reversal potential, 10
mV (Fig. le), indicated that the nonselective cation channel of
hST was more permeable to Ca’* than to monovalent cations,
with a Ca?* /K" perm-selectivity ratio of 1.3. However, Ca?"
movement also inhibited K* channel activity in hST (Fig. 14).
The hST nonselective cation channel displayed an evident
voltage dependence of the open probability, particularly at
positive potentials (Fig. 1la). The channel was inhibited by
addition of La’* (Fig. 2a), Gd**, and by a reduction in pHgs
(data not shown). The nonselective cation channel of hST was
also blocked by amiloride (Fig. 2b), with an inhibitory constant
of 27.0 = 8.1 uM (n = 15). Amiloride is a known inhibitor of
various Na*-permeable epithelial cation channels (14-16).

The hST Cation Channel Is Identical with Polycystin-2. The nonselec-
tive cation channel of hST had similar functional features to
those ascribed to polycystin-L (17). Polycystin-L shares sequence
homology with polycystin-2 (6, 13, 18), a protein of unknown
function that is defective in 10-15% of all patients with ADPKD
(8). Addition of anti-polycystin-2 antibody [1:10 dilution (10)],
but not preimmune serum (data not shown), reduced hST K*
channel activity (n = 3, Fig. 2c). These data suggest a possible
link between the hST nonselective cation channel and polycys-
tin-2. The presence of polycystin-2 in hST was confirmed by
RT-PCR, where an expected band of ~570 bp was found in hST
mRNA using specific primers for PKD2 but not for PKDL (Fig.
2d). Western blot (Fig. 2¢) and immunocytochemical analyses
(Fig. 2 f and g) also revealed the presence of polycystin-2 in the
apical membrane of hST microvilli (Fig. 2g).

The functional role of polycystin-2 as an ion channel was
confirmed by patch-clamping and reconstitution experiments of
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conductance in the absence of subconductance states. Holding potentials are indicated on the right. (b) Current-to-voltage (I/V) relationship in asymmetrical
KCl (n = 10) was fitted with the Goldman-Hodgkin-Katz (GHK) equation (solid line). (c) Multiple conductance substates (Top) were identified as mean vs. variance
plots (Middle), and low variance histograms (Bottom). (d) Single channel currents in symmetrical KCI (150 mM). (e) I/V relationships in KCI (filled circles, n = 6),
Na*/K* (open triangles, n = 6) and K*/Ca2* (open circles, n = 3). (f) Single channel currents in K*/Na* (n = 6), and K*/Ca2* (g, n = 3). (h) Inhibition of (cis) K*

currents by addition of Ca2* in trans (n = 3).

the purified protein. Flag-tagged polycystin-2 was expressed by
baculoviral infection of Sf9 insect cells (19, 20) (Fig. 3a).
Functional expression of flag-tagged polycystin-2 in the plasma
membrane of infected Sf9 cells was first determined by cell-
attached and excised inside-out patch-clamping experiments.
Mono- and divalent cation-permeable ion channels (Fig. 3) were
observed under cell-attached (9/15, Fig. 3b) and excised (35/35,
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Fig. 3c) conditions. Single channel currents in asymmetrical
Cs*/Na* (150 mM) were observed with average conductances
of 16.0 = 0.14 pS (n = 8),32.0 = 0.32 pS (n = 10), and 78 * 0.87
pS (n = 7) (Fig. 3f), suggesting multiple channel levels, and
clustering, because not all multiples were observed. Less fre-
quent conductance levels were also found of 206 * 31 pS (n =
2), 264 £ 14.0 pS (n = 2), and 528 = 27 pS (n = 3), further

Gonzalez-Perrett et al.
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Fig. 2. Inhibition of cation channels, and expression of polycystin-2 in hST.
Single channel K* currents were inhibited by La3* (a, n = 3), by amiloride (b,
n = 5), and anti-polycystin-2 antibody (1:10 dilution, n = 3) added to the cis
side of the chamber (c). (d) RT-PCR with PKD2 (~570 bp, lane B) but not PKDL
primers (lane C). Positive control was mouse kidney (lane A). (e) Western blot
analysis of ~110-kDa protein corresponding to polycystin-2 (lane B, arrow).
Lane A indicates fetal rat kidney as positive control. (f) Hematoxylin & eosin
staining of hST, indicating apical syncytial epithelial cells (arrows), and vessels
(arrow heads) (x180). (g) Polycystin-2 immunolocalized to the apical mem-
brane (arrows).

suggesting channel clustering of various conductance levels.
Channel substates were confirmed at different holding poten-
tials (Fig. 3d). No shift in reversal potential was observed by
replacement of C1~ with either gluconate or aspartate (data not
shown), but a 10.7-mV shift in reversal potential (—12.7 mV vs.
—2.08 mV) was observed by replacement of Na* (150 mM) for
Ba?* (70 mM), suggesting a Cs*/Ba?* perm-selectivity ratio of
0.65. Thus, the channel was more permeable to divalent than
monovalent cations. No cation-selective channel activity was
observed in naive Sf9 cells (n = 15, data not shown), as
previously reported (21). Polycystin-2 channel activity could be
blocked by anti-flag antibodies (Fig. 3e). Two other strategies
were also followed to directly assess polycystin-2 channel func-
tion. First, flag-tagged polycystin-2 was purified from polycystin-
2-expressing Sf9 cells with anti-flag antibody-coupled agarose
beads. A second strategy consisted of the in vitro transcription/
translation of the flag-tagged PKD2 gene product. Affinity-
purified polycystin-2 displayed cation-selective ion channel ac-
tivity (62/70, Fig. 4a), the remaining also showing anion
permeability (data not shown). Channel function was observed
in asymmetrical K* (150/15 mM, Fig. 4b Upper) and symmetrical
K* (Fig. 4b Lower). A main single channel conductance of 138 =
6.24 pS (n = 18) was obtained, although various subconductance
levels (Fig. 4b), identical to those observed in the hST nonse-
lective cation channel (Fig. 4¢), were also frequently observed.
Purified polycystin-2 was permeable to Na*, Cs*, Ba?*, and
Ca?*. However, Ca?" was also an inhibitor of polycystin-2
channel function. Amiloride (Fig. 4c) also inhibited channel
function, with an inhibitory constant of 79.4 * 23.3 uM (n = 8),
not statistically different from that of hST. The anti-polycystin-2
antibody (Fig. 4d) also inhibited polycystin-2 channel activity as
observed for the hST cation-selective ion channel. Similarly, the
in vitro translation PKD2 product (Fig. 5a) displayed cation-
selective ion channel activity (24/24, Fig. 5b). Single channel
currents, with main conductances of 25.5 = 2.7pS (n = 6),73.4 =
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Fig. 3. Expression of polycystin-2 in Sf9 insect cells. (a) Western blots of Sf9
cell extracts infected either with baculovirus lacking the polycystin-2 cDNA
insert (lanes 1 and 2) or containing (lanes 3 and 4) polycystin-2 ¢cDNA viral
inserts from two independent clones. The position of recombinant polycys-
tin-2 (=110 kDa) is indicated by the arrow. Arrowheads indicate the position
of GIBCO/BRL molecular weight markers (from top to bottom 97.4 kDa, 68
kDa, and 43 kDa, respectively). Extracts from ~10° cells are shown in each lane.
(b) Single channel currents of cell-attached (c/a) patches of infected Sf9 cells.
Channel activity was observed in the presence of CsCl (150 mM) in the pipette.
Data are representative of nine experiments. (c) Single channel currents of
excised inside-out patches. Data in Cs*/Na™* (150 mM) are representative of 35
experiments. (d Left) Single channel currents of infected Sf9 cells showed
subconductance states (expanded tracing at the bottom), and further indi-
cated by all-point histogram (Right). Subconductance states are indicated by
asterisks, and main conductance by the arrow. (e) Polycystin-2-mediated
single K* currents were blocked by anti-flag antibody (n = 3). (f) Current-to-
voltage relationships of most frequent single channel conductances, with
average conductances of 16 pS (open circles, n = 8), 32 pS (open triangles, n =
10), 78 pS (open squares, n = 7), and 264 pS (open diamonds, n = 3).

3.70 pS (n = 6), and 138 = 9.7 pS (n = 3) (Fig. 5 b and d), were
observed with the presence of frequent subconductance states
(Figs. 5 c—e). In vitro translated polycystin-2 was also inhibited by
amiloride (data not shown). Negative (control) experiments
were also conducted on both patches and membranes of unin-
fected Sf9 cells and in vitro transcribed/translated unrelated
products (luciferase), which under no conditions displayed any
channel activity.

Discussion

The data presented in this report establish that the PKD2 gene
product, polycystin-2, is present in human term syncytiotropho-
blast, where it behaves as a nonselective cation channel with
multiple substates and a high permeability to Ca?*. Several
features of polycystin-2 resembled those recently observed for
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Fig. 4. Recombinant polycystin-2 is a nonselective cation channel. (a) Single
K* currents of flag-tagged purified polycystin-2 obtained in symmetrical K*.
(b) Current-to-voltage relationships in asymmetrical K* (Upper, n = 5), and
symmetrical K* (Lower, n = 5). (c) Polycystin-2 K* channel activity was inhib-
ited by amiloride (n = 18). (d) Polycystin-2-mediated single K* currents were
inhibited by anti-polycystin-2 antibody (1:10 dilution, n = 3). (e) Comparison
of most frequentsingle channel conductance substates in hST and flag-tagged
polycystin-2. (f) Dose-response of amiloride. The effect of increasing concen-
trations of amiloride on the known single-current for hST (filled circles, n =
10), and Sf9 purified material, n = 5, as fitted to the equation 1 — ([Amil]/
[Amil] + K;j), where [Amil] = molar concentration of amiloride, obtaining a K;
of 27.0 and 79.4 uM, respectively.

the homolog polycystin-L (17). These included a large single
conductance, permeability to the monovalent cations K* and
Na™, permeability to Ca?*, and inhibition by Ca’*, La*", and
Gd3**, and by a reduction in pH (in this case, only the open
channel probability, but not the single channel conductance was
affected). These features distinguish polycystin-2 from TRP
channels and voltage-gated Ca?* channels, with which it also
shares sequence homology (6, 18). Polycystin-2 channel activity
was highly similar among the three preparations tested (hST, Sf9
PKD?2 baculovirus-infected cells, and in vitro translation prod-
uct). Among the similarities are the main single channel con-
ductance, the multiple subconductance states, the permeability
to divalent cations, and inhibition by Gd3>* and La3*, and pH.
The in vitro translated material showed strong voltage depen-
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Fig.5. Cation selective channel activity of in vitro translated polycystin-2. (a)
In vitro translated S3>-labeled polycystin-2 identified by autoradiography
after SDS/PAGE. Lane 1, control in the absence of PKD2-containing plasmid.
Lane 2, polycystin-2 (110 kDa). Luciferase, with an expected 61 kDa was used
as positive control (data not shown). (b) Single channel currents of in vitro
translated polycystin-2 in a chemical K* gradient (n = 24). Different conduc-
tance states are shown (Top and Middle). (c) Conductance substates are also
observed in single channel tracings (n = 3). (d) Current-to-voltage relation-
ships in asymmetrical K*. Single channel conductance substates are shown. (e)
Small subconductance states can be observed in large conductance openings
by mean vs. variance analysis as in Fig. 1c.

dence. However, it remains possible that intracellular proteins in
the hST and Sf9 materials, may also play a regulatory role in
polycystin-2 voltage dependence. Further, polycystin-2, from all
three preparations (hST, insect cells, and in vitro translation) was
inhibited by amiloride, reflecting functional similarities with
other cation-selective epithelial ion channels (14-16). The effect
of amiloride may also explain previous findings indicating its
inhibitory effect on cation transport in human placenta (22).
Amiloride-sensitive cation transport has also been observed in
ADPKD renal cysts (23). Interestingly, the presence of multiple
conductance substates in all three preparations may imply
various states of protein oligomerization, which may be impli-
cated in simultaneous gating. Hetero-oligomerization of poly-
cystin-2 with other proteins, including polycystin-1, has been
described (10, 24, 25) and may perhaps serve a regulatory
function (7).

It is intriguing that, despite structural homology, ubiquitous
tissue distribution (10, 13, 18, 26), and similar channel properties
(17, this report), defects only in polycystin-2 but not polycystin-L
cause ADPKD. Two possibilities could be considered in this
regard. First, in the original report (17), polycystin-L mRNA was
microinjected into oocytes, and patch-clamping of the plasma
membrane revealed a channel with features similar to those
described here for polycystin-2. It may be argued that overex-
pression of polycystin-L in oocytes may cause the translocation
of an endogenous pool of polycystin-2 to the surface membrane
where it can be detected functionally. Evaluation of the func-
tional status of in vitro translated polycystin-L will be required to
exclude this possibility. A second possibility is that, despite
similar tissue expression, the cellular and subcellular distribution
of polycystin-2 and polycystin-L may be different [e.g., we could

Gonzalez-Perrett et al.



not detect polycystin-L in hST, despite its reported presence in
human placenta (13)]. Alignment of the two proteins reveals that
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mutations in polycystin-1 may also impair normal channel
activity of polycystin-2. Additional experiments will be needed to
validate these hypotheses. Finally, the presence of a novel
nonselective cation channel in full-term hST may contribute to
the maintenance of fetal electrolytic homeostasis, and in par-
ticular, the apical placental transfer of cations between mother
and fetus.
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