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SUMMARY

How renal epithelial cells respond to increased pres-
sure and the link with kidney disease states remain
poorly understood. Pkd1 knockout or expression of
a PC2 pathogenic mutant, mimicking the autosomal
dominant polycystic kidney disease, dramatically
enhances mechanical stress-induced tubular apo-
ptotic cell death. We show the presence of a
stretch-activated K+ channel dependent on the
TREK-2 K2P subunit in proximal convoluted tubule
epithelial cells. Our findings further demonstrate
that polycystins protect renal epithelial cells against
apoptosis in response to mechanical stress, and
this function is mediated through the opening of
stretch-activated K2P channels. Thus, to our knowl-
edge, we establish for the first time, both in vitro
and in vivo, a functional relationship betweenmecha-
notransduction and mechanoprotection. We pro-
pose that thismechanism is at play in other important
pathologies associated with apoptosis and in which
pressure or flow stimulation is altered, including
heart failure or atherosclerosis.

INTRODUCTION

Mechanical forces play a central role in early development, as-

well as in various important physiological functions, including

hearing, touch, or the regulation of heart rate (Chalfie, 2009; Gar-

cia-Anoveros and Corey, 1997; Lumpkin and Caterina, 2007;

Pedersen and Nilius, 2007; Wozniak and Chen, 2009). Various

organs have the ability to adapt and cope with high mechanical

forces. For instance, resistance arteries reduce their diameter in

response to hypertension so that, according to the law of Lap-

lace, they maintain their wall tension constant (Mulvany, 2002).
Failure to adapt to high mechanical forces (flow or pressure)

results in cell death and contributes to pathological states,

including atherosclerosis and cardiac hypertrophy (Hahn and

Schwartz, 2009; Jaalouk and Lammerding, 2009). How cells

sense mechanical forces and how they adapt to mechanical

stress are not yet fully understood.

Stretch-activated ion channels (SACs) show an increase in

open probability (Po) in response to pressure (Kung, 2005; Sachs

and Morris, 1998). The TREK-1, TREK-2, and TRAAK two-pore

potassium channel (K2P) subunits underlie the stretch-activated

K+-selective channels (SAKs) (for review, see Honoré, 2007).

TREK-1, the most thoroughly studied SAK, is thought to be

directly activated by tension in the lipid bilayer (Honoré et al.,

2006; Patel et al., 1998). Moreover, channel opening can also

be reversibly induced, in the absence of mechanical stimulation,

by a variety of anionic amphipathic molecules, including the

long-chain polyunsaturated fatty acid docosahexaenoic acid

(DOHA), as well as by intracellular acidosis (Honoré, 2007).

TREK-2 shares all the functional properties of TREK-1, besides

its sensitivity to external pH (Bang et al., 2000; Lesage et al.,

2000; Sandoz et al., 2009). Transcellular Na+/glucose or Na+/

amino acid cotransports in amphibian renal proximal convoluted

tubules (PCTs) have been associated with water influx and an

increase in cellular volume resulting in the opening of basolateral

SAKs sharing the functional properties of the cloned TREK/

TRAAK K2P channels (Beck and Potts, 1990; Cemerikic and

Sackin, 1993; Sackin, 1989).

Autosomal dominant polycystic kidney disease (ADPKD) is

caused by mutations in either PKD1 (85% of the patients) or

PKD2 (15% of the patients) genes, encoding the polycystins

PC1 and PC2 (Delmas, 2004; Harris and Torres, 2009; Patel

and Honoré, 2010; Wilson, 2004; Zhou, 2009). PC1 includes

a prominent extracellular amino-terminal domain, 12 trans-

membrane segments, and a short intracellular carboxy-terminal

domain. PC2 is a member of the TRP family of calcium chan-

nels containing a pore sequence between transmembrane

segments 5 and 6. Both proteins interact through their cytosolic
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Figure 1. Polycystins and Mechanical Stress-Induced PCT Cell

Death

(A) Early apoptosis detected by annexin V labeling (visualized in green as

shown on the right panels) induced bymechanical stress (4 hr at�2,8003 g) in

both Pkd1lox/� (top) and Pkd1�/� (bottom) culture-plated PCT cells. Total

number of nuclei and late-cell death is detected by a Hoechst staining (shown

in black and white on the left panels).

(B) Histogram showing the amount of early (annexin V) and late (Hoechst)

apoptosis induced by mechanical (mecha) stress in both Pkd1lox/� (n = 18
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carboxy-terminal coiled-coil domains. The polycystin complex

has been previously shown to act as a flow sensor in the

primary cilium of both renal epithelial and endothelial cells

(Nauli et al., 2003, 2008). Moreover, polycystin dosage was

recently demonstrated to regulate arterial pressure sensing

(Sharif-Naeini et al., 2009). In arterial myocytes we have shown

that polycystins regulate the activity of the SACs responsible

for the myogenic tone, but the molecular identity of these chan-

nels was not defined (Sharif-Naeini et al., 2009).

Although less than 1% of the tubules become cystic in

ADPKD, a gradual decrease in glomerular filtration rate (GFR)

ultimately leads to kidney failure (Grantham et al., 2011). Why

so few cysts impair the function of so many nephrons (about 1

million) in the kidney is still an open question. Although cystogen-

esis results from an increase in cell proliferation, apoptosis of

both cystic and noncystic tubular cells is also documented in

ADPKD (Boca et al., 2006; Boletta et al., 2000; Edelstein, 2005;

Goilav, 2011; Tao et al., 2005; Woo, 1995). In an experimental

model of ADPKD, up to 50% of the glomeruli become atubular,

with loss of the glomerulotubular junction cells (Tanner et al.,

2002). Compression/obstruction of noncystic ‘‘healthy’’ tubules

by growing cysts and/or fibrosis was proposed to result in an

upstream tubular dilation (Grantham et al., 2011; Power et al.,

2004). Moreover, abnormal fluid accumulation causes the cyst

wall to stretch (Derezic and Cecuk, 1982). Thus, an increase in

intrarenal mechanical stress leading to apoptosis is also

proposed to be associated with kidney failure in ADPKD (Gran-

tham et al., 2011).

In the present report we demonstrate that polycystins play

a key role in protecting renal epithelial cells against apoptosis

in response to mechanical stress, and this function is mediated

through the opening of stretch-activated K2P channels.

RESULTS

Mechanical Stress-Induced PCT Cell Death Is
Influenced by Polycystins
In order to study the effect of mechanical stress on cultured

PCT cells, we developed an in vitro assay based on centrifugal

force. Mouse PCT cells plated on glass coverslips were spun

for 4 hr at 2,800 3 g, and after a recovery period of 3 hr, early

apoptosis was quantified by detecting the externalization of

phosphatidylserine (annexin V assay) and a later event of cell

death by visualizing DNA condensation (Hoechst staining) (Fig-

ure 1A). To examine the role of PC1, we used an immortalized

mouse PCT Pkd1�/� cell line derived from a parental Pkd1lox/�

clone following transfection with Cre recombinase (Wei et al.,
plates with 19,000 cells analyzed) and Pkd1�/� PCT cells (n = 18 plates with

36,000 cells analyzed).

(C) Histogram showing the amount of late apoptosis (Hoechst staining)

induced by mechanical stress in both mock (n = 12 plates with 1,300 trans-

fected cells analyzed) and PC2-740X (n = 11 plates with 250 transfected cells

analyzed) transiently transfected cultured PCT cells. Transfected cells were

visualized by EGFP fluorescence (green), and nuclear fragmentation was

evaluated by Hoechst staining. Cell death was determined 3 hr after

mechanical stress.

Data represent mean ± SEM. ***p < 0.001.



Figure 2. Polycystins Regulate SAK Activity in PCT

Cells

(A) SACs were recorded in the cell-attached patch

configuration at a holding potential of 0mV in immortalized

mouse PCT cells. The pipette solution contained 5 mMK+,

and the reversal potential of these channels was estimated

to be about �80mV (see Figure S1). Channel activity is

illustrated at increasing negative pressure applied at the

back of the patch pipette. Pressure pulses are shown at

the bottom. Two channels were active in this patch. The

zero current is indicated by a dashed line.

(B) Pressure-effect curves for mean pressure-induced

currents recorded in the cell-attached patch configuration

in Pkd1lox/� (empty circles; n = 142) and in Pkd1�/� (filled

circles; n = 146) PCT cells. Same conditions as in (A).

(C) Mean SAK currents in PCT cells transiently transfected

with either a mock empty pIRES2-DsRed plasmid (empty

circles; n = 97) or together with PC2-740X (filled circles;

n = 82). Currents were recorded in the cell-attached patch

configuration at a holding potential of 0mV.

(D) TASK-like channel activity recorded in the same

conditions as in (A). These channels are not responsive to

an increase in pressure as shown in the lower trace.

(E) The histogram shows the effect of PC2-740X (n = 31),

as compared to themock empty expression vector (n = 33)

on TASK-like channel activity in PCT cells.

Data represent mean ± SEM. *p < 0.05; **p < 0.01; ***p <

0.001.
2008) (Figures 1A and 1B). Homozygote inactivation of Pkd1

significantly increased PCT cell death induced by mechanical

stress, which was absent in the control condition (Figures 1A

and 1B). In subsequent experiments we studied the effect of

the pathogenic mutant PC2-740X expressed in wild-type (WT)

mouse PCT cells (Figure 1C). Similarly, PC2-740X expression

dramatically increased the level of PCT cell death induced by

mechanical stress (Figure 1C). These findings indicate that poly-

cystins greatly influence the sensitivity of PCT cells to mechan-

ical stress and associated cell death.

The Stretch Sensitivity of SAKs/K2P Channels Is
Conditioned by Polycystins
We next examined whether SACs might be involved in the

response of renal cells to mechanical stimulation. Using the

cell-attached patch-clamp configuration coupled to a fast-pres-

sure clamp system, we identified SAKs in mouse PCT epithelial

cells (Figure 2A). These channels were recorded at a holding

potential of 0mV in the presence of TEA (10 mM), 4-aminopyri-

dine (3 mM), and glibenclamide (10 mM) in the pipette medium

in order to minimize possible contamination by BK, Kv, or KATP

channels. The single-channel conductance of SAKs recorded

in the presence of 5 mM extracellular K+ was 49.7 ± 0.2

pS (n = 5), and a reversal potential was extrapolated to be
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about �80mV, indicating K+ selectivity (see

Figure S1 available online). SAKs were recorded

in tubular epithelial cells either maintained in

primary culture or following immortalization

(Figure 2A, and see later Figure S3C). Channel

openings gradually and reversibly increased
with applied negative pressure and eventually reached satura-

tion (Figure 2A).

Interestingly, SAK activity was significantly reduced in the

Pkd1�/� cells, as compared to the heterozygote parenta

Pkd1lox/� cells (Figure 2B). Next, we studied the effect of the

pathogenic mutant PC2-740X transiently expressed in WT PCT

cells (Figure 2C). PC2-740X expression similarly induced

a dramatic inhibition of SAK activity at all pressures studied (Fig-

ure 2C). The single-channel current amplitude (i) of SAKs

measured at 0mV was not altered by PC2-740X (4.1 ± 0.1 pA

n = 35 and 4.1 ± 0.1 pA, n = 14 for mock and PC2-740X, respec-

tively), indicating that either the number of active channels (n) o

the Po is decreased by PC2-740X (as I = n3 Po3 i; with I being

the mean current). PCT cells also express a constitutively active

K+ channel resistant to TEA, 4AP, and glibenclamide and which

is not modulated by membrane stretch (Figures 2D and 2E). This

channel has previously been documented to be responsible fo

volume regulation of PCT cells and shown to be encoded by

the alkaline-activated K2P channel subunit TASK-2 (Barriere

et al., 2003; L’Hoste et al., 2007). Importantly, the native TASK-

like channels in PCT cells were not affected by expression o

PC2-740X, although SAKs were inhibited in the same cells

(Figures 2C–2E). These findings indicate that polycystins specif-

ically modulate native SAK activity in PCT cells.



Figure 3. Stretch Activation of TREK/TRAAK K2P

Channels Expressed in COS Cells Is Inhibited by

PC2-740X

(A) TREK-1 currents (top trace) recorded in the cell-

attached patch configuration at a holding potential of 0mV

in transiently transfected COS cells (cotransfected with a

mock empty pIRES2-DsRed plasmid) in response to

increasing negative pipette pressure from 0 to�60mmHg

in steps of�10 mmHg (bottom trace). When coexpressed

with PC2-740X, the amplitude of the stretch-activated

current is dramatically reduced (middle trace).

(B) Mean current ratios (I/Imock) for TREK-1, TREK-2, or

TRAAK at a holding potential of 0mV in COS cells co-

transfected with empty expression vector (n = 112),

TRPC1 (n = 20), PC2-740X (n = 27, 27, and 22), or PC2-

D509V (n = 28) in the cell-attached patch configuration at

a pressure of �60 mm Hg.

(C) TASK-2 currents in a transfected COS cell (together

with a mock empty pIRES2-DsRed plasmid) recorded in

the cell-attached patch configuration at a holding potential

of 0mV. I-V curves for TASK-2 in the absence (together

with the empty expression vector; n = 9) or in the presence

of PC2-740X (n = 6).

(D) Biotinylation experiments of TREK-1 in transfected

COS cells. Neither PC2-740X nor WT PC2 affects

expression of TREK-1 at the plasma membrane in COS

cells. The three conditions tested are HA-TREK-1 plus

empty vector, HA-TREK-1 plus MYC-PC2-740X, and

HA-TREK-1 plus MYC-PC2. Input blot and biotinylation

blot were either probed with anti-MYC to detect PC2 or

anti-HA to detect TREK-1. Blots were then stripped and

probed with anti-actin. Only the input blot showed an actin

signal that was equivalent for all three lanes. No detectable

difference in TREK-1 expression at the cell surface was

seen between any of these conditions.

Data represent mean ± SEM. *p < 0.05; **p < 0.01.
Because SAKs in PCT cells share the functional properties of

the cloned TREK/TRAAK K2P channels (Honoré, 2007), we inves-

tigated whether these recombinant channels might similarly be

regulated by polycystins. The TREK-1, TREK-2, and TRAAK

K2P channel subunits were expressed transiently in COS cells,

and stretch-induced activity was recorded in the cell-attached

patch configuration as previously described (Figures 3A and

3B). No endogenous SAKs were present in this mock-trans-

fected cell line (Patel et al., 1998). Coexpression with the mutant

PC2-740X significantly reduced the stretch-induced TREK-1,

TREK-2, or TRAAK currents (Figures 3A and 3B). Stretch activa-

tion of TREK-1 was also significantly impaired by PC2-D509V

coexpression, another pathogenic mutant reported to exert a

dominant-negative effect (Bai et al., 2008; Ma et al., 2005; Sam-

mels et al., 2010) (Figure 3B). In contrast, TREK-1 channel

activity was not altered by coexpression with TRPC1, a PC2-

interacting TRP subunit (Tsiokas et al., 1999) (Figure 3B).

Notably, PC2-740X failed to affect exogenous TASK-2 channels

coexpressed in COS cells (Figure 3C).

A possible mechanism for TREK/TRAAK inhibition by PC2

mutation may involve an effect on the biosynthesis and/or traf-

ficking of the TREK/TRAAK channels. However, biotinylation

experiments performed in transiently transfected COS cells

demonstrate that the plasma membrane expression of the

TREK-1 subunits is not altered by overexepression of PC2-
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740X, suggesting that instead channel gating might be altered

(Figure 3D). Biotinylation experiments also confirm that WT

PC2 is mostly retained in the endoplasmic reticulum, whereas

the PC2-740X mutant is targeted to the plasma membrane

(Chen et al., 2001) (Figure 3D). These results indicate that stretch

sensitivity of the cloned TREK/TRAAK K2P channels is impaired

by expression of PC2 pathogenic mutants.

Are theGeneral Gating Properties of SAKsModulated by
Polycystins?
Because TREK/TRAAK channels are polymodal, activated by

both physical and chemical stimuli, we next investigatedwhether

the general gating properties of SAKs/TREK/TRAAK channels

might be affected by PC2-740X. Besides activation by

membrane stretch, native SAKs are also opened by intracellular

acidosis, either induced by addition of 90 mM extracellular

HCO3
� in the cell-attached patch configuration or directly by

lowering intracellular pH in the inside out configuration (Maingret

et al., 1999) (Figures 4A, S2A, and S2B). Remarkably, the activa-

tion by HCO3
� was not affected by PC2-740X (Figures 4A and

4B). However, in the same patches and in the absence of

HCO3
�, pressure activation of native SAKs in PCT cells was

strongly inhibited by PC2-740X (Figure 4B). In TREK-1 trans-

fected COS cells, PC2-740X expression similarly failed to affect

HCO3
� current stimulation in the cell-attached patch



Figure 4. Stimulation of SAK/TREK-1 Activity by

Intracellular Acidosis or DOHA Is Not Altered by

PC2-740X

(A) Addition of 90 mM HCO3
� in the bath solution induced

SAK activity in the cell-attached patch configuration at

a holding potential of 0mV in mock-transfected PCT cells

(top) or in PC2-740X transfected PCT cells (bottom).

(B) Changes in mean SAK current amplitude in mock

(empty bars; n = 5) or PC2-740X (filled bars; n = 5) ex-

pressing PCT cells induced in the same patches by stretch

(�40 mm Hg) or HCO3
� addition (0 mm Hg).

(C) Changes in TREK-1 mean current amplitude in mock

(empty bars; n = 28) or PC2-740X (filled bars; n = 21) co-

expressing COS cells induced by HCO3
� addition (0 mm

Hg) or stretch (�40 mm Hg).

(D) Cell-attached patch recording of SAKs in a mock-

transfected PCT cell at a holding potential of 0mV in

control condition (0 mm Hg) including 0.01% ethanol

(vehicle; top trace) or after extracellular addition of 10 mM

DOHA (second trace). Same with expression of PC2-740X

(bottom two traces).

(E) Changes in mean SAK current amplitude (0 mm Hg) in

the absence or in the presence of DOHA (10 mM) in PCT

cells transfected either with a mock empty plasmid (empty

bars; n = 8) or together with PC2-740X (black bars; n = 8).

(F) Changes in mean TREK-1 current amplitude (0 mm Hg)

in the absence or in the presence of DOHA (10 mM) in

coexpressing COS cells transfected either with a mock

empty plasmid (empty bars; n = 12) or together with PC2-

740X (black bars; n = 13).

Data represent mean ± SEM. *p < 0.05.
configuration (Figure 4C). Intracellular acidosis has been previ-

ously shown to protonate the residue E306 in the cytosolic car-

boxy-terminal domain of TREK-1, resulting in constitutive

channel opening (Honoré et al., 2002). Substitution of E306 by

an alanine mimics protonation and locks the channel in the

open conformation. The E306A mutant expressed in COS cells,

which shows a background activity resistant to membrane

stretch, was again not altered by coexpression with PC2-740X

(Figure S2C).

Native SAKs in PCT cells, as well as TREK-1 expressed in

transfectedCOScells,werealso reversibly stimulatedbyexternal

addition of the long-chain polyunsaturated fatty acid DOHA

(Figures 4D–4F). Again, the DOHA-induced activity was not

significantly altered by expression of PC2-740X (Figures 4D–4F).

These results show that although the stretch sensitivity of the

SAKs/TREK/TRAAK channels is strongly inhibited by PC2-740X,
Cell Reports 1, 2
activation by intracellular acidosis or polyunsat-

urated fatty acids is resistant. Thus, these

findings indicate that polycystins specifically

regulate SAK/TREK/TRAAK mechanogating.

Inhibition of SAK Mechanogating by
PC2-740X Involves theActinCytoskeletal
Network
Our previous findings have established that

TREK-1 channel activity induced by stretch is

repressed by F-actin (Lauritzen et al., 2005).

We explored the possibility that polycystins

may affect pressure-dependent TREK/TRAAK channel activity

through the F-actin cytoskeleton network.

The actin cytoskeleton can bemechanically disrupted by exci-

sion of the patches in the inside out configuration (Lauritzen

et al., 2005). When Pkd1 is inactivated or when PC2-740X is ex-

pressed in PCT cells, SAK inhibition, which is observed in the

cell-attached patch configuration, disappeared upon excision

of the patches in the inside out configuration (Figures 5A and

5B). Similarly, when transfected in FLNA+/+ cells (A7 cells), which

express the PC2 interactor filamin A, an actin-crosslinking

protein, again TREK-1 inhibition is reversed by patch excision

(Figure 5C). By contrast in the FLNA�/� cells (M2 cells), inhibition

was absent in both cell-attached and inside out patch configu-

rations (Figure 5C). Rescue of channel activity upon patch

excision suggests that the cytoskeleton is involved in the

downregulation of SAKs/TREK/TRAAK by polycystins. Indeed,
41–250, March 29, 2012 ª2012 The Authors 245



Figure 5. Role of the Actin Cytoskeleton in the Regulation of SAK/

TREK-1 Mechanogating by Polycystins

(A) SAK activity elicited bymembrane stretch (�80mmHg) in the cell-attached

(CA) patch configuration is significantly reduced in the Pkd1�/� (n = 20), as

compared to the Pkd1lox/�PCT cells (n = 21). SAK activity induced by stretch in

the Pkd1�/� cells is rescued following patch excision in the inside out (IO)

patch configuration.

(B) SAK activity elicited by membrane stretch (�60 mm Hg) in the cell-

attached patch configuration is significantly reduced by PC2-740X

expression (black bars; n = 12), as compared to mock-transfected PCT cells

(white bars; n = 15). SAK activity induced by stretch in the PC2-740X ex-

pressing cells is rescued following patch excision in the inside out patch

configuration.

(C) SAK activity in A7 cells (FLNA+/+) is strongly reduced by PC2-740X

expression (black bars; n = 21), as compared to the mock condition

(n = 21). Patch excision in the inside out configuration rescues channel

activity (black bar; n = 17). When transfected in M2 cells (FLNA�/�), PC2-
740X fails to affect TREK-1 channel activity elicited by stretch in both the

cell-attached (white bar; n = 44) and the inside out (white bar; n = 15) patch

configurations. Pressure stimulation was �60 mm Hg. The dashed line

indicates I/Imock = 1.

(D) Latrunculin A treatment (3 mM) reverses TREK-1 inhibition by PC2-740X

expression in FLNA+/+ cells in the cell-attached patch configuration (black

bars; n = 33), as compared to mock condition (n = 17). In FLNA�/� cells, no

inhibition by PC2-740X is seen, and latrunculin A fails to affect channel activity

(white bars; n = 21 and n = 13). Pressure stimulation was �60 mm Hg. The

dashed line indicates I/Imock = 1.

Data represent mean ± SEM. *p < 0.05.
treating FLNA+/+ cells with latrunculin A, which disrupts the F-

actin cytoskeleton, also reversed TREK-1 inhibition in the cell-

attached patch configuration, although it failed to affect channel

activity in the FLNA�/� cells lacking filamin A (Figure 5D). These

findings indicate that F-actin and filamin A are critically required

for the regulation of SAK/TREK/TRAAK mechanogating by

polycystins.
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SAK Knockout Enhances Tubular Cell Death Induced by
Mechanical Stress
Native SAKs recorded in PCT cells share the functional proper-

ties of both TREK-1 and TREK-2 subunits, which are similarly

activated by stretch, DOHA, and intracellular acidosis, unlike

TRAAK, which is activated by intracellular alkalosis. In the subse-

quent experiments we aimed to identify which TREK subunit

encodes for the native SAKs in PCT cells. The TREK-2 subunit

has previously been shown to be expressed in the kidney

(Bang et al., 2000; Lesage et al., 2000). Indeed, we detected

expression of TREK-2 in whole tubules and in cultured immortal-

ized PCT cells by qPCR (Figures S3A and S3B). Although TRAAK

was also found in whole tubules (including distal tubules), it was

very low in PCT cells (Figures S3A and S3B). SAK activity was

lost in TREK-2�/� PCT cells either maintained in primary culture

or after immortalization, recorded both in the cell-attached and

excised inside out patch configurations (Figure S3C). The

TASK-like channel activity was, however, still present in the

TREK-2�/� cells (Figure S3D).

We examined the renal structure of constitutive TREK-2

knockout (KO) adult mice maintained in basal conditions. These

kidneys were not different from those of control WT mice (Fig-

ure S4). Furthermore, in thePkd1+/� background, TREK-2 homo-

zygoteKOdid not showany obvious structural defect (Figure S4).

To avoid any possible confounding genetic compensation

mechanisms and to be able to inactivate the three stretch-acti-

vated K2P channels at the same time, in subsequent experiments

we used a mouse model in which the genes encoding TREK-1,

TREK-2, and TRAAK have been knocked out altogether (SAK

KO) (Guyon et al., 2009). Again, no kidney structural defect

was visible in adult SAK KO mice (Figure S4).

We next hypothesized that a loss of SAK activation may influ-

ence PCT cell death induced by mechanical stress. We

compared the sensitivity to centrifugal force (as described

earlier) of WT PCT cells with those of SAK KO PCT cells in which

the stretch-activated TREK/TRAAK K2P channels have been

deleted altogether. SAK KO PCT cells were consistently more

sensitive to mechanical stress-induced cell death, as compared

to WT PCT cells (Figures 6A and 6B).

We reasoned that a loss of SAK stretch sensitivity may influ-

ence tubular cell death in a high intrarenal pressure condition.

We used a mouse model of ureteral obstruction that is associ-

ated with increased intrarenal pressure and wall stress (Power

et al., 2004; Quinlan et al., 2008; Rohatgi and Flores, 2010;Wyker

et al., 1981). We performed unilateral ureteral ligation for 3 days

in 10-day-old mice (Figures 6C–6G). The dimension of the ob-

structed kidneys after 3 days of obstruction significantly

increased to a similar extent in both WT and SAK KO mice

(Figures 6C and S5). A close-up view of the kidney structure

demonstrates that tubules were significantly dilated upon

ureteral obstruction, irrespective of the genotype (Figures 6D

and 6E). Obstructive uropathy is associated with apoptosis of

epithelial cells and tubular atrophy (Power et al., 2004; Quinlan

et al., 2008; Rohatgi and Flores, 2010). We measured apoptosis

by a double Hoechst and TUNEL staining in the obstructed, in

the unligated contralateral, as well as in the sham-operated

kidneys from both WT and SAK KO mice. No apoptosis was de-

tected in sham-operated kidneys (n = 9; data not shown) or in the



Figure 6. SAK KO Increases Mechanical

Stress-Induced PCT Cell Death Both

In Vitro and In Vivo

(A) Early apoptosis visualized by annexin V labeling

(panels in green on the right) induced by

mechanical stress (centrifugal force) in both WT

(top) and SAK KO (TREK-1�/�/TREK-2�/�/
TRAAK�/�) (bottom) cultured PCT cells. Total

number of nuclei and late apoptosis is detected by

a Hoechst staining (panels in black and white on

the left).

(B) Histogram showing the amount of early

(annexin V) and late (Hoechst) apoptosis induced

by mechanical (mecha) stress in both WT (n = 11)

and SAK KO PCT cells (n = 12). Cell death was

determined 3 hr after mechanical stress (centrifu-

gation of plated cells at 2,800 3 g for 4 hr).

(C) Sections of WT and SAK KO (TREK-1�/�/
TREK-2�/�/TRAAK�/�) mouse contralateral

(contra; left panel) or obstructed (right panel)

kidneys stained with hematoxylin and eosin.

(D) Effect of ureteral ligation on the tubular diam-

eter of a WT kidney from a 10-day-old mouse

ligated for 3 days (bottom), as compared to the

contralateral (contra) kidney (top). Kidney sections

were stained with hematoxylin and eosin.

(E) Tubular area cross section of contralateral

(contra) and obstructed kidneys from WT (white

bars; n = 7) and SAK KO (black bars; n = 6) mice.

ns, nonsignificant.

(F) Ureteral ligation increases the number of

apoptotic cells as detected by a double Hoechst

(left panels) and TUNEL staining (right panels in

red).

(G) Effect of ureteral ligation on apoptotic cell

death (TUNEL staining) in kidneys from WT (white

bars; n = 14) and SAK KO (black bars; n = 13) mice.

contra, contralateral.

Data represent mean ± SEM. **p < 0.01; ***p <

0.001.
contralateral kidneys (Figures 6G and S6). By contrast about 1%

of the tubular cells were found apoptotic in the WT obstructed

kidneys, in agreement with previous reports (Power et al.,

2004; Quinlan et al., 2008; Rohatgi and Flores, 2010; Wyker

et al., 1981) (Figures 6F and 6G). Remarkably, the number of

apoptotic cells almost doubled in the obstructed kidneys from

SAK KO mice lacking the stretch-activated K2P channels (Fig-

ure 6G). These findings demonstrate that TREK/TRAAK K2P

channels are protective against tubular epithelial cell death

induced by mechanical stress both in vitro and in vivo.

DISCUSSION

The present study shows that when SAKs are inactivated, simi-

larly to Pkd1 KO or PC2 pathogenic mutant expression

mimicking ADPKD, PCT cells in vitro become highly sensitive

to mechanical stress and undergo apoptosis. Moreover, our

in vivo findings further indicate that the opening of the TREK/

TRAAK channels is protective against apoptosis associated
with high intrarenal pressure. We identify, and demonstrate at

the molecular level, the regulation of SAKs (K2P channels) by pol-

ycystins in the kidney. Altogether, these findings show that me-

chanoprotection by polycystins against apoptosis is mediated

through the opening of stretch-activated K2P channels. These

molecular findings are significant to better understand how poly-

cystins regulate pressure sensing in the kidney.

Is the regulation of SAKs by polycystins specific? Native or

exogenous TASK-2 channels (another K2P channel) are not

altered by PC2-740X expression, whereas in the samePCT cells,

SAKs are inhibited. PC2-740X also fails to affect other types of

ion channels such as voltage-gated K+ channels or ASICS

(Sharif-Naeini et al., 2009). In addition, PC2-740X does not influ-

ence the E306A TREK-1 gain-of-function mutant. SAK inhibition

is not seen with TRPC1, another TRP channel subunit. Impor-

tantly, we provide evidence using biotinylation experiments,

that the plasma membrane expression of TREK-1 is not altered

by PC2-740X. Remarkably, whenwe excise patches in the inside

out configuration, SAK activity is fully rescued, demonstrating
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that channels are still present at the plasma membrane, but their

stretch sensitivity is specifically repressed by PC2-740X expres-

sion in the cell-attached configuration. Moreover, low pHi or

DOHA activation of SAKs in the cell-attached configuration is

not altered, again demonstrating that channels are functional

at the plasma membrane when PC2-740X is expressed,

although their stretch activation is strongly repressed. These

findings indicate that the pathogenic mutant PC2-740X selec-

tively inhibits the stretch sensitivity of K2P channels. Our previous

study demonstrated that polycystins also regulate the stretch

sensitivity of nonselective SACs in arterial myocytes (Sharif-

Naeini et al., 2009). Because the loss-of-function PC2 D509V

mutant similarly inhibits SAK mechanogating, PC2 permeation

is unlikely to be involved in this effect.

Potassium channel activity has been shown to be proapopto-

tic in both neuronal and non-neuronal cells (for review, see Patel

and Lazdunski, 2004). For instance the TASK-2 K2P channels

play a key role in PCT cell apoptotic volume decrease (AVD)

(L’Hoste et al., 2007). By contrast in the present study we

demonstrate a protective role for SAKs (i.e., TREK/TRAAK K2P

channels) against mechanical stress-induced cell death. Failure

to repolarize could be an important factor in the initiation of

stretch-induced cell death (Kainulainen et al., 2002). Opening

of SAKs in PCT cells duringmechanical stimulation is anticipated

to protect cells from excessive depolarization. Another possible

explanation for mechanoprotection by SAKs might be related to

cell swelling associated with Na+/solute cotransport, previously

shown to be coupled to SAK activity at the basolateral

membrane of PCT cells (Beck and Potts, 1990; Cemerikic and

Sackin, 1993; Sackin, 1989). Although the present findings

suggest that stretch activation of SAKs during mechanical stress

protects PCT cells from apoptosis, constitutive TREK/TRAAK

channel activity is anticipated to have an opposite effect. Indeed,

our previous work indicates that constitutive (or leak) K2P

channel activity such as TREK-1 E306A is proapoptotic, unlike

WT TREK-1 (Lauritzen et al., 2003). These results indicate that

SAK mechanogating is probably central to its protective effect.

Cells will hyperpolarize during mechanical stress because of

the opening of SAKs. Is the hyperpolarization, or the change in

intracellular K+ resulting from the K+ efflux, or both, linked with

cellular mechanoprotection? We have performed in vitro

mechanical stimulation of PCT cells for 4 hr (centrifugal force)

and subsequently measured intracellular K+ concentration. No

significant difference is seen between control and SAK KO cells

before or after mechanical stress (data not shown). Thus, it is

unlikely that K+ itself is involved in the protective effect of

SAKs. We propose that cell hyperpolarization is a key parameter

in mechanoprotection by SAKs.

Urinary tract obstruction, which is the leading cause of pedi-

atric end-stage renal failure, notably provokes tubular cell

apoptosis (Chevalier, 2008). In line with this clinical observation,

previous experimental findings indicate that there is a close

association between tubular distension and apoptosis in the

kidney (Grantham et al., 2011; Power et al., 2004; Quinlan

et al., 2008; Wyker et al., 1981). In the present study, inactivation

of SAK K2P channel subunits significantly enhances tubular cell

apoptosis in an experimental model of ureteral obstruction in

the newborn mouse. These results show that opening of SAKs
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exerts a protective effect on tubular epithelial cells subjected

to chronic stretch. It would be interesting to stimulate SAK

opening during ADPKD, with an expected protection of renal

cells. Unfortunately, to our knowledge, because neither a specific

opener nor a SAK gain-of-function mouse model is yet available,

this experiment cannot be performed at the present time.

Thus, resistance to apoptosis induced by high intrarenal pres-

sure involves mechanotransduction (i.e., opening of mechano-

gated potassium channels). To our knowledge, this is the first

time that a functional link is established between mechanotrans-

duction andmechanoprotection. TREK and TRAAK channels are

broadly expressed, including in cardiac and arterial myocytes, as

well as in endothelial cells (Blondeau et al., 2007; Garry et al.,

2007; Terrenoire et al., 2001). Thus, our findings may be

extended to other pathologies associated with apoptosis and

in which pressure or flow stimulation is altered, including cardiac

hypertrophy/heart failure or atherosclerosis (Hahn andSchwartz,

2009; Jaalouk and Lammerding, 2009).

Here, we demonstrate that upon Pkd1 inactivation or expres-

sion of a PC2 pathogenic mutant, mimicking ADPKD, inhibition

of the stretch sensitivity of SAKs is deleterious and contributes

to increased tubular apoptosis. In ADPKD a ‘‘two hit’’ mecha-

nism was put forward to explain focal cystogenesis, slow

progression of the disease, and the interfamily phenotypic vari-

ability (Qian et al., 1996; Wu et al., 1998). However, several

observations also suggest that an additional dosagemechanism

may be at play in the disease (Lantinga-van Leeuwen et al., 2004;

Pei, 2001). If polycystin dosage is indeed involved, it is antici-

pated that SAK activity will be decreased in both cystic and non-

cystic tubules of ADPKD kidneys where apoptosis is detected

(Woo, 1995).

The present results also demonstrate the critical role of the

F-actin/filamin A network in the regulation of SAKs by polycys-

tins in kidney epithelial cells. We previously introduced the

‘‘Upholstery Model’’ to explain how polycystins may affect the

conversion of intraluminal pressure to local bilayer tension (Sharif

Naeini et al., 2009). We proposed that PC2 through interaction

with filamin A and crosslinking of F-actin may influence the

radius of membrane curvature in microdomains and thus, ac-

cording to Laplace’s Law, control membrane tension (Sharif

Naeini et al., 2009). The PC2/filamin A interaction is predicted

to occur whether PC2 is in the endoplasmic reticulum or at the

plasmamembrane because in both cases the C-terminal domain

of PC2 will be facing the cytosol (Sharif Naeini et al., 2009). The

deletion of the carboxy-terminal domain of PC2 at position 690,

unlike at position 740, impairs the interaction with filamin A (our

proteomic data; Sharif-Naeini et al., 2009), and moreover,

PC2-690X fails to influence SACs (data not shown). In the

present study we identify the molecular identity of the mechano-

gated ion channels regulated by polycystins through the actin

cytoskeletal network in renal tubular epithelial cells, with

TREK-2 playing a key role in PCT cells. Because stimulation of

SAKs by low pHi or polyunsaturated fatty acids is not altered

by polycystins, these modes of K2P channel activation are likely

to be independent of membrane tension or of the actin cytoskel-

etal network.

In conclusion we put forward a mechanism whereby a loss of

mechanoprotection by SAKs (i.e., TREK/TRAAK K2P channels)



enhances tubular cell death and contributes to kidney failure in

ADPKD. Altogether, these results allow a better understanding

of the molecular basis of renal mechanotransduction, mechano-

protection, and involvement in disease states.

EXPERIMENTAL PROCEDURES

Electrophysiology

Electrophysiological procedure has been previously described elsewhere

(Sharif Naeini et al., 2009). Briefly, single-channel cell-attached patch-clamp

recordings were performed on primary cultures or immortalized PCT cells,

as well as on transiently transfected COS-7, M2, or A7 cells. The pipette

medium contained 150 mM NaCl, 5 mM KCl, 1 mM CaCl2, and 10 mM HEPES

(pH 7.4 with NaOH). The pipette solution also contained 10 mM TEA,

5 mM 4AP, and 10 mM glibenclamide to inhibit eventual contaminating potas-

sium channels. The bath medium contained 155 mM KCl, 5 mM EGTA,

3 mMMgCl2, and 10 mMHEPES (pH 7.2 with KOH). The osmolality of all solu-

tions was adjusted to 310 mOsm. For HCO3
� stimulation, 90 mM KCl was

substituted with 90mMKHCO3. Membrane patches were stimulated with brief

negative pressure pulses of �10 mm Hg increments, through the recording

electrode using a pressure-clamp device (ALA High Speed Pressure Clamp-1

system; ALA Scientific). The holding voltage for all experiments was 0mV for

SAK recordings. Detailed information is available in the Extended Experi-

mental Procedures.
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Lauritzen, I., Zanzouri, M., Honoré, E., Duprat, F., Ehrengruber, M.U., Lazdun-

ski, M., and Patel, A.J. (2003). K+-dependent cerebellar granule neuron

apoptosis. Role of task leak K+ channels. J. Biol. Chem. 278, 32068–32076.

Lauritzen, I., Chemin, J., Honoré, E., Jodar, M., Guy, N., Lazdunski, M., and

Jane Patel, A. (2005). Cross-talk between the mechano-gated K2P channel

TREK-1 and the actin cytoskeleton. EMBO Rep. 6, 642–648.

Lesage, F., Terrenoire, C., Romey, G., and Lazdunski, M. (2000). Human

TREK2, a 2P domain mechano-sensitive K+ channel with multiple regulations

by polyunsaturated fatty acids, lysophospholipids, andGs, Gi, andGq protein-

coupled receptors. J. Biol. Chem. 275, 28398–28405.

L’Hoste, S., Poet, M., Duranton, C., Belfodil, R., é Barriere, H., Rubera, I., Tauc,
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Cell Culture and Transfection
Culture of COS, A7, and M2 Cells. COS-7 cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (GIBCO BRL Life Tech-

nologies) supplemented with 10% fetal calf serum (Hyclone). A7 andM2 cells (a gift fromDr. T.P. Stossel) were cultured as previously

described (Sharif Naeini et al., 2009).

Isolation and Culture of Mouse Primary PCT Cells. 5-6 weeks old C57Bl/6 females and mutants mice were used. Proximal convo-

luted tubules were microdissected under sterile conditions. Kidneys were perfused with Hanks’ solution (GIBCO) containing 700 kU/l

collagenase (Worthington), cut into small pyramids that were incubated for 1 hr at room temperature in the perfusion buffer (160 kU/l

collagenase, 1%Nuserum, and 1mMCaCl2), and continuously aerated. The pyramids were then rinsed thoroughly in the same buffer

devoid of collagenase. The individual nephrons were dissected by hand in this buffer under binoculars using stainless steel needles

mounted on Pasteur pipettes. PCT corresponded to the 1 to 1.5 mm segment of tissue located immediately after the glomerulus.

After they were rinsed in the dissecting medium, tubules were transferred to collagen-coated 35-mm Petri dishes filled with culture

medium composed of equal quantities of DMEM and Ham’s F-12 (GIBCO) containing 15 mM NaHCO3, 20 mM HEPES, pH 7.4, 1%

serum, 2 mM glutamine, 5 mg/l insulin, 50 nM dexamethasone, 10 mg/l epidermal growth factor, 5 mg/l transferrin, 30 nM sodium

selenite, and 10 nM triiodo-L-thyronine. Cultures were maintained at 37�C in a 5% CO2-95% air water-saturated atmosphere.

The medium was removed 4 days after seeding and then every 2 days. QPCR experiments indicated that both Pkd1 and Pkd2

are expressed in WT PCT cells (Figure S7).

Immortalization of WT, TREK-2�/�, and TREK-1/TREK-2/TRAAK�/�Mouse PCT Cells. 10-day-old primary cultures of mouse prox-

imal tubules were transfected with pSV3 neo using Lipofectin (Invitrogen). After 48 hr, selection of the clones was performed by the

addition of G418 (500 mg/ml). Culture medium (Dulbecco’s modified Eagle’s medium-F12, Sigma, Saint Quentin Fallavier, France)

containing 125 mg/ml G418, 15 mM NaHCO3, 20 mM HEPES (pH 7.4), growth factors, and 1% Fetal Calf Serum was changed every

day. Resistant clones were isolated, subcultured, and used after 10 trypsinization steps. Immortalized proximal wild-type (WT),

TREK-2�/� and TREK-1�/�/TREK-2�/�/TRAAK�/� (SAKs) KO cell lines were grown on collagen-coated supports (35-mm Petri

dishes) in a 5% CO2 atmosphere at 37�C in the culture medium described above.

Isolation of Pkd1�/� Cells. Proximal tubule cell lines null (PN24) and heterozygous (PH2) for Pkd1 were made from a single mouse

carrying a conditional allele for Pkd1 and the conditionally immortalizing ImmortoMouse (H-2Kb-tsA58) transgene as previously

described (Wei et al., 2008). Briefly, the null and heterozygous cell lines were clonally derived from single parental Pkd1lox/- clones

following transient transfection with Cre recombinase.

Culture and Differentiation of Pkd1lox/� and Pkd1�/� Cells. PCT cells were maintained and passaged in DMEM/F12 supplemented

with: 3% FCS, g interferon 5 mg/ml, sodium selenite 7.5 nM, Triiodo-L-Thyronine 1.9 nM, insulin 5 mg/l, transferrin 5 mg/l, penicillin-

streptomycin 100 u/ml, nystatin 5 ml/l (all products from Sigma-Aldrich) at 33�C with 5% CO2. Cells were changed to g-interferon-

free, 1% Fetal Calf Serum medium 7 days before usage in the described experiments and maintained at 37�C to suppress large T

antigen expression. Q PCR experiments confirmed the absence of Pkd1 in the Pkd1�/� cells (Figure S7).

Transfection. COS-7 cells were transfected using a modified DEAE-Dextran protocol as previously described (Fink et al., 1996).

PCT cells were transfected using jetPEI (polyplus transfection) according to the manufacturer’s instructions and 2 mg of plasmid

DNA were used per dish. A7 and M2 cells were transfected as previously described (Sharif Naeini et al., 2009). TRPC1 or the

disease-causing mutant PC2 740X (inserted into pIRES2-EGFP or DsRed vectors) were transfected at 0.5 mg of plasmid DNA per

35mm dish containing �25 000 cells per dish. TREK-1 and TREK-2 were transfected at 0.03 mg and TRAAK was transfected at

0.01 mg (cloned into a pIRES2-EGFP vector). Human TASK2 cloned in a pIRES2-CD8 vector was transfected at 0.1 mg.

Molecular Biology
The mPC2 (Entrez GeneID: 5311) deletion construct, corresponding to the human pathogenic R742X mutant (mPC2-740X) (Qian

et al., 1997), was generated by PCR and cloned into either a pIRES2-EGFP or a pIRES2-DsRed vector. All inserts were sequenced

in their entirety.

QPCR experiments were performed using Sybr green on a Light Cycler 480 (Roche). QPCR expression of Pkd1 and Pkd2 in mouse

renal isolated tubules and in the various PCT cell lines is illustrated in Figure S7. siRNAs directed against Pkd2 as well as transfection

method have been previously described (Sharif Naeini et al., 2009). Oligonucleotide sequences are available upon request.

Biotinylation Experiments. COS cells were seeded at 1.3 million cells per 60mmplate the day before transfection. Cells were trans-

fected with 5 mg of each plasmid: 1. HA-TREK 1 + empty vector; 2. HA-TREK-1+ MYC-PC2 740X; 3. HA-TREK 1 + MYC-PC2. The

biotinylation experiment was carried out 48 hr post transfection. Cells were rinsed 3 times with PBS+ (0.1mM CaCl2, 1mM MgCl2 in

PBS-). Each plate was incubated with 2 ml of PBS+ with 0.5 mg/ml of Sulfo NHS LC biotin Pierce for 30 min at 4�C. Cells were then

rinsed 3 times with PBS-. Cells were then scraped into 500 ml of lysis buffer containing: 10 mM Tris Cl pH 7.4, 150 mM NaCl, 1mM

EDTA, 1mMEGTA, 1% Triton X-100, 0.5%NP40 supplemented with protease inhibitors. Lysate was sonicated and incubated at 4�C
for 30 min. Lysates were then centrifuged at 4�C for 5 min at 14K rpm. 30 ml of the supernatant was taken for input. The rest of the

supernatant received 25 ml of Streptavidin magnetic particles (Roche). Samples were rotated in the cold room for 1hr. Biotin labeled

molecules then pulled down using a magnetic particle concentrator. The beads were washed 3 times with lysis buffer and
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resuspended in gel loading buffer for analysis. Gels were chargedwith the input samples and biotinylation samples. Each blot was cut

between the 75 and 50 KDa marker to allow detection of either HA (under 75 KDa) or MYC (at or above 75 KDa) on the same blot.

Lower blots were stripped and reprobed with anti-actin.

Animals
All experiments were performed according to policies on the care and use of laboratory animals of European Community Legislation.

All efforts were made to minimize animal suffering and reduce the number of animals used. The animals housed under controlled

laboratory conditions with a 12-h dark–light cycle, a temperature of 21 ± 2�C, and a humidity of 60%–70% had free access to stan-

dard rodent diet and tap water. TREK-2 and SAK KOmice have been previously described in (Guyon et al., 2009). Pkd1+/�mice were

described in (Lantinga-van Leeuwen et al., 2007). The genetic background of these mice was C57Bl6.

Surgical Procedure
10-day-old male mice were subjected to complete left unilateral ureteral obstruction or sham-operation. Under general anesthesia

with isoflurane and oxygen, the abdomenwas surgically opened by a left lateral incision; the left ureter was exposed and a 8-0 ethilon

suture was placed (the ureter was not transected), or were left unligated (sham). The incision was closed by suturing. For postoper-

ative analgesia, the animals were injected IP once with 0.01mg/kg buprenorphine (Sigma). The animals were allowed to recover from

anesthesia and returned to their mothers.

Normal pressure within the renal pelvis and ureter is about 0-7 mmHg. Following acute ureteral obstruction, there is an abrupt rise

in pressure which may exceed 60 mmHg (Power et al., 2004; Quinlan et al., 2008; Wyker et al., 1981). Subsequently, pelvic pressure

will drop over time (within weeks) because of dilation of the renal pelvis, decrease in both blood flow and glomerular filtration rate and

altered pyelolymphatic and pyelovenous backflow (Wyker et al., 1981). However, according to the law of Laplace, renal wall stress

will continue to build up with time (even though pressure drops) because of the increase in renal volume (higher radius of curvature)

and wall thinning (Wyker et al., 1981).

After 3 days of obstruction, animals were sacrificed, and their kidneys were removed, measured and weighed.

Histology
The organs were dissected, decapsulated and fixed in 4% paraformaldehyde in DPBS (Dulbecco’s Phosphate Buffered Saline;

GIBCO BRL Life Technologies) for 48 hr. Fixed tissues were dehydrated in graded ethanol and xylene and embedded in paraffin.

Sequential sections of 7 mm were mounted onto Superfrost-plus glass slides. After deparaffinization, sections were stained with

hematoxylin and eosin. Tubular area was measured using the Image J software.

Identification of Cellular Apoptosis: In Vitro Assays. Cells were grown in 35 mm culture fluorodish (WPI) coated with collagen and

containing 3 ml of culture medium (20 000 cells per plate). 3 days after seeding, apoptosis was induced by mechanical stress asso-

ciated with centrifugation of the plates for 4 hr at 2800 3 g (37�C, HEPES buffer) and analyzed after a recovery period of 3 hr in the

incubator (HCO3
- buffer). Early stage apoptosis was quantified using Annexin-V-Fluos (Roche, Mannheim, Germany), 15 min at room

temperature in the dark with Annexin V (1/100). Late stage cell death was quantified using a Hoechst 33342 staining at 50 mg/ml for

10 min at room temperature (Molecular Probe, H3570). Nuclear morphology was displayed on a Zeiss Axio Observer fluorescence

microscope (405-435 nm). Mean of 400 images analyzed per condition, each containing�40 cells. When studying the effect of PC2-

740X expression, PCT transfected cells were visualized by EGFP fluorescence (IRES EGFP plasmid) and only the Hoechst staining

was performed and quantified.

Activation of SACs in patch clamp experiments requires tension on the order of 1-5 mN/m (Sachs and Morris, 1998). Can centri-

fugation produce such stress in the membrane? The effect of the surrounding solution is to simply raise the hydrostatic pressure, but

since the cell is also composed mostly of water, hydrostatic compression effects will be minimal. The most likely transduction is via

changes in cell shape induced by the higher density of the cell interior (specific gravity�1.05). To calculate these forces would require

finite element numerical analyses utilizing the density of the cell components, as well as elasticity and estimates of water movement

under pressure, but that data is not available currently. Alternatively, as a simplified model, consider a spherical cell (radius R0 =

10 mm) resting on a rigid substrate. Take the simplest case of the cell squished down to a hemisphere by centrifugation. The cell

volume is V0 = 4/3pR0
3. If we assume that no water leaves the cell, the ending volume of the hemisphere is the same as the starting

volume of the sphere Vc = 2/3pRc
3. Solving, Rc = ∛2R0. The increase in radius will stretch the cell membrane. Before centrifugation the

cell area is A0 = 4pR0
2 and the area after centrifugation is that of a hemisphere Ac = 2pRc

2 = 1.6R0
2 plus the area where the cell

contacts the substrate, Ad = p Rc
2. The fractional change in area DA/A = (Ac-A0)/A0 = 0.19. The membrane tension is T = kaDA/

A = 0.19ka where ka is the elastic constant of the membrane. Since ka is commonly in the range of 100 mN/m for biological

membranes (Rawicz et al., 2008), the membrane tension is estimated to be about 20 mN/m. Thus, this simplified model suggests

that membrane tension from centrifugation may be sufficient to change the gating of SACs.

In Situ Assays. Terminal deoxynucleotidyl transferase (TdT)-mediated 20-deoxyuridine 50-triphosphate-biotin nick-end labeling

(TUNEL) staining was performed by using the In Situ Cell Death Detection Kit (Roche, Mannheim, Germany). Labeling of 30-OH

terminal DNA fragments was then performed at room temperature for 1 hr by using the TUNEL reaction mixture according to the

manufacturer’s protocol. Red labeling was used to avoid the high green autofluorescence of kidney. In addition, sections were

double stained with Hoechst 33342 (Molecular Probe, H3570, at 50 mg/ml for 10 min at room temperature) to visualize all the nuclei
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in the field and identify fragmented nuclei. For both staining, percentage of cell death was determined in the same region by counting

18 random fields (mean of 250 cells) per kidney. The sections were observed under a Zeiss Axio Observer fluorescence microscope.

Statistical Analysis
Significance was tested with a permutation test (R Development Core Team: http://www.r-project.org/) (n < 30) or two samples t Test

(n > 30). One star indicates p < 0.05, two stars p < 0.01 and three stars p < 0.001. Data represent mean ± standard error of the mean.

Standard error on the ratioMt/Mmock = St/Mmock withMt:mean of treated population,Mmock:mean ofmock population, St: standard

error of treated population.
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Figure S1. Native SAKs in PCT Cells, Related to Figure 2

i-V curve of the native SAKs in PCT cells recorded in the cell attached patch configuration in a physiological K+ gradient (n = 5). The i-V curve was fitted with

a Goldman-Hodgkin-Katz relationship and extrapolated in the negative voltage range. The extrapolated reversal potential is about �80 mV. The single channel

conductance 49.7 ± 0.2 pS was estimated by linear regression in the range of �10 to 40 mV. Data represent mean ± standard error of the mean.
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Figure S2. Activation of Native SAKs in PCT Cells by Intracellular Acidosis, Related to Figure 4

(A) Lowering intracellular pH from 7.2 to 5.5 induces the opening of native SAKs in PCT cells recorded at a holding potential of 0mV in the inside out configuration.

(B) SAKs stimulation by intracellular acidosis to pHi 5.5 (black bar; n = 5) as compared to pHi 7.2 (white bar; n = 5).

(C) The mutant TREK-1 E306A transfected in COS cells and recorded at a holding potential of 0 mV in the cell attached patch configuration is locked open and

shows no significant sensitivity to membrane stretch. E306A activity is not affected by PC2-740X expression (filled dots; n = 20) in comparison with a mock

condition (empty dots; n = 19). Data represent mean ± standard error of the mean.
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Figure S3. Expression of the TREK/TRAAK Subunits in PCT Cells, Related to Figures 2, 4, 5, and 6

(A) Relative expression to TOP1 of TREK-1 (n = 6), TREK-2 (n = 6) and TRAAK (n = 6) in mouse isolated whole renal tubules (proximal + distal).

(B) Same as (A) in cultured immortalized PCT cells (n = 7 for TREK-1, TREK-2 and TRAAK).

(C) SAKs recorded in the inside-out configuration at a holding potential of 0mV are absent in PCT cells isolated from TREK-2 �/�mice (n = 70), as compared toWT

cells (n = 36). Cells were either maintained in primary culture or grown after immortalization (n = 72 for WT and n = 43 for TREK-2 �/�) as indicated.

(D) Lack of effect of TREK-2 inactivation on the TASK-like channel activity in PCT cells recorded in the cell-attached configuration at 0mV in primary culture (n = 36

and n = 70 for WT and TREK-2 �/�, respectively) or immortalized cell line (n = 72 and n = 43 for WT and TREK-2 �/�, respectively). Data represent mean ± standard

error of the mean.
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Figure S4. TREK/TRAAK Genetic Inactivation and Kidney Structure, Related to Figure 6
Sections of adult kidneys (from 33 to 75 weeks old) stained with eosin hematoxylin from WT (n = 3), TREK-2�/� (n = 4), TREK-2�/�/Pkd1+/� (n = 6) and TREK-1/

TREK-2/TRAAK (SAKs KO) mice (n = 2). Lower panels show sections in the cortical region for each kidney at higher magnification.
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Figure S5. Morphology of Kidneys with Unilateral Ureteral Ligation from WT and SAK KO Mice, Related to Figure 6

(A) Ureteral ligation (obstructed) for 3 days in 10-day-oldmice induces a significant increase in kidneywidth, as compared to the contralateral unligated kidney (n =

12 for WT shown with white bars and n = 12 for SAK KO shown with black bars).

(B) Ureteral ligation for 3 days in 10-day-old mice induces an increase in kidney length, as compared to the contralateral unligated kidney (n = 12 for WT shown

with white bars and n = 12 for SAK KO shown with black bars). Data represent mean ± standard error of the mean.
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Figure S6. Absence of Apoptosis in WT and SAK KO Contralateral Kidneys, Related to Figure 6

No apoptotic cell detected by a double Hoechst (left panels) and TUNEL staining (right panels) on sections ofWTmouse kidney contralateral (left panels; n = 14) or

SAK KO (right panels; n = 13).
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Figure S7. Pkd1 and Pkd2 Expression in Isolated Mouse Renal Tubules and in Cultured Immortalized PCT Cells, Related to Figures 1, 2,

4, and 5
(A) Expression of Pkd1 (normalized to TOP1) in mouse renal isolated whole tubules (proximal + distal), as well as in the various PCT cell lines used in the present

study, as determined by real-time QPCR.

(B) Expression of Pkd2 in mouse renal isolated whole tubules (proximal + distal), as well as in the various PCT cell lines used in the present study, as determined by

real-time QPCR. Data represent mean ± standard error of the mean. n values range from 3 to 7.
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