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PHYSIOLOGY

Mechanical activation of TRPV4 channels controls
albumin reabsorption by proximal tubule cells

Roberta Gualdani’, Francois Seghers’, Xavier Yerna', Olivier Schakman’, Nicolas Tajeddine’,
Younés Achouri?, Fadel Tissir?, Olivier Devuyst*, Philippe Gailly'*

Defects in protein reabsorption by the proximal tubule are toxic for epithelial cells in the nephron and may result
in nephropathy. In this study, we showed that the ion channel TRPV4 modulated the endocytosis of albumin and
low-molecular weight proteins in the proximal tubule. TRPV4 was found at the basolateral side of proximal
tubule cells, and its mechanical activation by cell stretching induced Ca®* entry into the cytosol, which promoted
endocytosis. Trpv4™~ mice presented with mild proximal tubule dysfunction under basal conditions. To challenge
endocytic function, the permeability of the glomerular filter was altered by systemic delivery of angiotensin
Il. The proteinuria induced by this treatment was more severe in Trpv4‘/’ thanin Trpv4‘”/+ mice. Injecting antibodies
against the glomerular basement membrane to induce glomerulonephritis is a more pathophysiologically rele-
vant method of impairing glomerular filter permeability. Albuminuria was more severe in mice that lacked TRPV4
specifically in the proximal tubule than in control mice. These results emphasize the importance of TRPV4 in sensing
pressure in the proximal tubule in response to variations in the amount of ultrafiltrate and unveil a mechanism
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that controls protein reabsorption.

INTRODUCTION

The proximal tubule (PT) is the first segment of the kidney tubule,
and it reabsorbs about 70% of the water, ions, and solutes filtrated
by the glomerulus using transcellular and paracellular transports.
The epithelial cells lining the PT express the multiligand receptors
megalin [low-density lipoprotein-related protein 2 (LRP2)] and
cubilin, which mediate the endocytosis of various substrates, among
which are albumin and low-molecular weight proteins (LMWPs)
(1-4). Albumin is reabsorbed through both megalin- and cubilin-
mediated clathrin-coated pits into vesicles and by fluid-phase endo-
cytosis. The progressive acidification of endosomes can induce
dissociation of albumin from megalin and cubilin receptors and
enhance its binding to the neonatal Fc receptor (FcRn). Albumin
can thus be sorted either to a megalin- and cubilin-directed lyso-
somal degradation or to an FcRn-mediated transcytotic pathway,
thereby allowing its recycling at the basolateral side and explaining
its particular long half-life (19 days in humans) (5).

Urinary albumin and LMWPs are critical to disease progression.
Renal tubules are vulnerable to proteinuria, and in response to injury,
tubular epithelial cells undergo changes and function as inflamma-
tory and fibrogenic cells. This process thus contributes to the progres-
sion of chronic kidney disease (6, 7). Under physiological conditions,
the filtration of albumin is greater than previously thought, which
therefore emphasizes the role of PT in minimizing albuminuria
through reabsorption of albumin (4, 8).

Variations in the glomerular filtration rate (GFR) modulate PT
function. Elevation of GFR increases Na reabsorption by inducing
the insertion of transporters into the apical membrane (9). Increased
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fluid flow may also modulate LMWP endocytosis, although this effect
has been shown only in immortalized cultured PT cells [reviewed
in (10)]. The modulation of PT function by the amount of ultrafiltrate
delivered to the PT suggests the presence of mechanotransduction
pathways. The ultrafiltrated volume propelled into the PT creates a
flow at the apical surface of the PT and raises the intraluminal pressure
at a mean of 10 to 15 mmHg (11), but the flow is pulsatile, with an
amplitude and a frequency varying according to filtration pressure and
heart rate. Two types of force are thus developed by the entry of the
ultrafiltrate in the PT lumen: a shear stress on the apical membrane
and a radial stretch as changes in intraluminal hydrostatic pressure
modify the tubule diameter. Shear stress could be sensed by the pri-
mary cilium, at least in immortalized PT cells (10). Radial stretch is
sensed by cytoskeleton, adhesion proteins, and/or stretch-sensitive ion
channels at the basolateral or apical sides of the epithelial cells (4).
The best candidate channels that could transduce mechanical inputs
into ion currents under physiological conditions seem to be Piezol,
Piezo2, and Transient Receptor Potential channel subfamily V- member 4
(TRPV4) channels (12). In PT cells, Piezol acts as a stretch-activated
cationic channel, and polycystin-2 (PC2) inhibits its activity (13). The
role of TRPV4 in the PT is so far unknown. TRPV4 is a polymodal
ion channel (14) that responds to unrelated stimuli, including tem-
perature, osmotic, and chemical stimulations (15-19). At the physio-
logical level, TRPV4 plays a role in the mechanotransduction pathways
of various cell types and tissues, including dorsal root ganglia (DRG)
neurons (20), osteoblasts and osteoclasts (21, 22), chondrocytes (23), and
urothelium (24). TRPV4 is particularly enriched in the kidney, and
TRPV4 participates in flow sensing in the collecting duct and MDCK
kidney epithelial cells (25, 26). We also showed that it constitutes
the mechanosensor of the juxtaglomerular apparatus, triggering the
inhibition of renin secretion when blood pressure increases (27). In
the present paper, we report that TRPV4 was abundantly expressed
at the basolateral side of PT cells and that its mechanical activation
controlled receptor-mediated and fluid-phase endocytosis of albumin.
In Trpv4~"~ mice and in mice with PT-specific conditional deletion of
Trpv4, mechanically induced endocytosis was altered.
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Fig. 1. TRPV4 is expressed
and is functional in proximal
tubule cells. (A) Immunolabel-
ing of TRPV4 (in green) on renal
cortex sections from Trpv4*/*
(left) and Trpv4™~ mice (right).
TRPV4 is mainly expressed at
the basolateral side of PT epi-
thelial cells. Nuclei are stained
in blue with 4',6-diamidino-2-
phenylindole (DAPI; 1 ug/ml).
Scale bar, 50 um (n =3 sections
for each group). (B) Quantita-
tive analysis of mRNA expres-
sion of Trpv4 in kidneys, proximal
tubules (PT), and primary cul-
tured PT cells (mPTCs) isolated
from Trpv4** and Trpv4™~ mice
(n=5 mice for each genotype).
(C) Western blotting of total
kidney extracts, PTs, and mPTCs
from control (+/+) and knock-
out (=/—) mice (n =3 mice for
each genotype). In Trpv4"* sam-
ples, in addition to the expected
specific band at 107-kDa, a non-
specific band (N.S.) around 75 kDa
is also detected, as mentioned
in other publications using anti-
bodies directed against the same
epitope as used here [amino
acids 853 to 871; see, for exam-
ple, (68)]. Anti-AQP1 and anti-
AQP2 antibodies were positive
and negative markers of PTs,
respectively. Anti-glyceraldehyde-
3-phosphate dehydrogenase
(GAPDH) was used as a loading
control. (D) Left: Representative
time courses of whole-cell cur-
rents recorded at +80 and —80 mV
(black and gray curves, respec-
tively) in Trpv4™* mPTCs in the
presence of 100 nM GSK1016790A
and 1 uM HC067047 (HQ) at the indi-
cated time intervals. Right: Rep-
resentative current/voltage (I-V)
traces (from —100 to +100 mV
repeated every 2 s) obtained at
the time points indicated in (D).
(E) Same as (D), except that mPTCs
were isolated from Trpv4 ™~ mice.
(F) Pooled data of whole-cell
currents (at +80 mV) evoked by
100 nM GSK1016790A in mPTCs
from Trpv4™* and Trpv4 ™ “mice
(n = 8 cells for each genotype).
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***P < 0,001 (unpaired Student's t test). (G and H) Coimmunolabeling of TRPV4 (in green) and Na*/K*-ATPase (G, red) or megalin (H, red) in renal cortex sections from
Trpv4+/+ mice (n =3 sections for each condition). Scale bar, 50 um. AQP1, aquaporin 1; AQP2, aquaporin 2.

RESULTS

TRPV4 is expressed and functional in PT cells
Immunolocalization demonstrated the presence of TRPV4 in PT
cells, mainly at the basolateral membrane, as well as a smaller amount
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at the apical membranes (Fig. 1A). We generated Trpv4 ™~ mice
(fig. S1) and studied the function of TRPV4 with cultured primary
PT cells (mPTCs) from Trpv4~~ and Trpv4** mice (28). TRPV4
was expressed at the mRNA and protein levels in microdissected PT's
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and mPTCs (Fig. 1, B and C). In patch-clamp recordings of mPTCs
from Trpv4*"* mice, application of the TRPV4 agonist GSK1016790A
[N-((1S)-1-{[4-((2S)-2-{[(2,4-dichlorophenyl)sulfonyl]amino}-3-
hydroxypropanoyl)-1-piperazinyl]carbonyl}-3-methylbutyl)-1-
benzothiophene-2-carboxamide] elicited an outwardly rectifying
current, which was blocked by the TRPV4 antagonist HC067047
(Fig. 1D). No current was observed in response to GSK1016790A in
mPTCs from Trpv4~~ mice (Fig. 1, E and F). No statistical difference
was observed between the membrane capacitance of Trpv4™* and
Trpv4”~ mPTCs (fig. $2). Immunofluorescence staining of PTs
showed that TRPV4 colocalized with the Na*/K*-ATPase (Fig. 1G),
which is located within the basolateral membrane, and was distinctly
distributed from megalin, a marker of the apical side of PT (Fig. 1H).

TRPV4 is a mechanosensor in mPTCs

We next investigated whether we could mechanically activate
TRPV4 in mPTCs. Because TRPV4 has been described to be a flow
sensor in the collecting duct (29), we first tested the response of
mPTCs to shear stress. When flow was applied to the surface of the
cells, some sparse responses were observed among mPTCs. However,

this phenomenon was independent of TRPV4 expression (Fig. 2,
A and B). The application of a hypotonic solution to induce cell
swelling triggered a [Ca®']; transient in mPTCs that was absent in
Trpv4™~ cells (Fig. 2, C and D). This finding suggested that TRPV4
could act as a stretch sensor in the PT.In mPTCs cultured on
stretchable silicon chambers, stretchlng to induce substrate defor-
mation induced a rise in [Ca®*];. In Trpv4™" cells, the response to
stretch was significantly decreased in amplitude compared with
wild-type cells (Fig. 2, E and F). Moreover, in the presence of the
phospholipase A2 inhibitor 3-(4-octadecylbenzoyl)acrylic acid
(OBAA), the amplitude of Ca®* transient was not reduced (fig. S3).
Last, we observed that this response depended on the presence of
extracellular Ca**, suggesting the requirement for Ca*" entry through
a mechanically activated channel (Fig. 2G).

TRPV4 is an osmosensor in mPTCs

TRPV4 was originally identified as a channel activated by hypotonic
cell swelling (19, 30-32). Patch-clamp recordings revealed robust cur-
rent activation in response to hypotonic shock not only in Trpv4**
mPTCs (Fig. 3A) but also in Trpv4 "~ mPTCs (Fig. 3B). This current
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Fig. 2. Mechanical response of mPTCs. (A to G) Changes in [Ca“]i were assessed during flow stimulation (A and B), hypotonic cell swelling (C and D), and cell stretching
(E and F). For each stimulus, representative curves of individual mPTCs are shown for Trpv4** and Trpv4™" cells (A, C, and E). In (G), representative curves of individual
Trpv4™* mPTCs stretched in the absence of extracellular Ca%* (Trpv4"*, [Ca®*]. = 0) are shown. Average increase in [Ca®*]; and proportion of responding cells upon flow
stimulation, hypotonic cell swelling, and cell stretching (B, D, and F) (n =5 experiments with 15 to 20 cells per experiment and for each genotype). *P < 0.05, **P < 0.01,
and ***P < 0.001 compared with Trpv4** cells (unpaired Student’s t test).
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Fig. 3. Hypotonic swelling-induced activation of TRPV4 in mPTCs. (A) Representative time courses (left) recorded at +80 and —80 mV (black and gray curves, respec-
tively) and I-V traces (right) of whole-cell currents in Trpv4** mPTCs in the presence of high CI~ containing hypotonic solution (HTS) and DIDS (100 uM) at the indicated
time intervals (n =6 cells). (B) Representative time courses (left) recorded at +80 and —80 mV (black and gray curves, respectively) and I-V traces (right) of whole-cell currents
in Trpv4’/’ mPTCs in the presence of high CI"-containing hypotonic solution (HTS) and DIDS (100 uM) at the indicated time intervals (n = 6 cells). (C) Representative time
courses (left) and I-V traces (right) of whole-cell current from Trpv4** mPTCs in the presence of low CI~ hypotonic solution and HC067047 (1 uM) at the indicated time
intervals (n =6 cells). (D) Representative time courses (left) and I-V traces (right) of whole-cell current from Trpv4'/' mPTCs in the presence of low CI™ hypotonic solution
and HC067047 (1 uM) at the indicated time intervals (n = 6 cells). (E) Representative time courses (left) recorded at +80 and —80 mV (black and gray curves, respectively)
and I-V traces (right) of whole-cell currents from Trpv4™* mPTCs in the presence of hypotonic solution, HC067047 (1 uM) and GSK1016790A (100 nM) at the indicated time
intervals, in the continuous presence of DIDS (100 uM; n =6 cells). (F) Pooled data of whole-cell currents (at +80 mV) evoked by low Cl™-containing hypotonic solution

from mPTCs isolated from Trpv4"*

and Trpv4’/’ mice (n =6 cells for each group). ***P < 0.001 (unpaired Student’s t test). (G) Summary of E., recordings obtained from all

I-V curves in Trpv4™* and Trpv4™~ mPTCs during administration of high CI~ hypotonic solution (n =6 cells, not significant; unpaired Student’s t test). (H) Summary of Fre,
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recordings obtained from all I-V curves in Trpv4™™ and Trpv4

had the properties originally described for Icjswen (33, 34), in that it
had a reversal potential close to the predicted CI” equilibrium po-
tential (~ —20 mV), it was outwardly rectified, and it was reverted in
the presence of a high concentration of the CI~ channel blocker DIDS
(4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid). DIDS partially blocked
the current elicited by hypotonic cell swelling in Trpv4*™* mPTCs
(Fig. 3A), but completely blocked this current in Trpv4”’~ mPTCs
(Fig. 3B). In Trpv4+/ " mPTCs, the residual current remaining after
application of DIDS showed a reversal potential close to 0 mV, sug-
gesting a different ion selectivity, compared to the unblocked current
(Fig. 3A). To test whether DIDS impaired the functionality of TRPV4
channel, we perfused Trpv4** mPTCs with a DIDS-containing
hypotonic solution, which activated an outwardly rectifying current
with a reversal potential of ~0 mV that was blocked by the TRPV4
antagonist HC067047 (Fig. 3C). The response to GSK1016790A was
not inhibited by DIDS. Our data suggested that the residual current
after pharmacological block of ClI” conductance in response to hy-
potonic shock in Trpv4""* mPTCs was due to TRPV4 activation. A
low CI” hypotonic solution evoked an outwardly rectifying cur-

Gualdani et al., Sci. Signal. 13, eabc6967 (2020) 13 October 2020

mPTCs during administration of low CI~ hypotonic solution (n =6 cells). ***P < 0.001; unpaired Student’s t test.

rent that was blocked by HC067047 (Fig. 3D) and that was signifi-
cantly smaller in Trpv4~~ mPTCs (Fig. 3, E and F), suggesting that
TRPV4 contributes to the current rise elicited by hypotonic shock
in PT. The reversal potential of the current elicited by a low CI”
hypotonic solution was ~5 mV, whereas the reversal potential of
the current activated in response to a high Cl™ hypotonic shock was
~—20mV (Fig. 3, G and H), suggesting differences in ion permeability.

Stretch-activated channel activity in mPTCs

To investigate the role of TRPV4 in the mechanosensitivity of the
PT, we performed high-speed pressure-clamp experiments on
mPTCs. Stretch-activated channel (SAC) activity was elicited by
negative suction pulses of 500 ms, and patch-clamp recordings were
performed in cell-attached configuration at holding potential of
—80 mV. As described previously (13), currents were characterized
by a fast activation, lack of inactivation, and a slow deactivation at
the end of the pressure pulse (Fig. 4A). Our data showed that mem-
brane stretch-induced currents had similar amplitude and kinetics
in Trpv4** and Trpv4”~ mPTCs (Fig. 4, A and B). Moreover, we
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tested the response of SACs in the presence of GsMTx-4, the only
drug known to specifically inhibit cationic SACs without inhibiting
other ion channel families, such as voltage-gated K* and Ca** chan-
nels (35, 36). SAC currents were blocked by extracellular GsMTx-4
[Fig. 4, A (bottom) and C]. Last, we showed that HC067047 did not
affect SAC currents in Trpv4+/ " cells (Fig. 4C). These results show
that mPTCs do express channels other than TRPV4 that respond to
fast membrane stretching. The GsMTx-4-inhibitable currents ob-
served are similar to those described by Peyronnet et al. (13), who
attributed them to Piezol channels based on targeted siRNA data.

TRPV4 channel activation triggers albumin endocytosis
inmPTCs

Considering the results above suggesting that PT epithelial cells re-
sponded to mechanical cell stretch and because PT functions are
controlled by the amount of ultrafiltrate delivered to the PT, we
next investigated the possible role of TRPV4 in endocytosis in the
PT. mPTCs were cultured on collagen-coated membranes, allowing
them to keep a high degree of differentiation and a high endocytic
uptake capacity (37, 38), and exposed to fluorescein isothiocyanate
(FITC)-albumin to enable tracking of receptor-mediated endocy-
tosis. Endocytic uptake of albumin after pharmacological activation
of TRPV4 with GSK1016790A was significantly higher in Trpv4**
cells compared with the basal level, an effect not observed in
Trpv4™~ cells (Fig. 5A). The uptake process of receptor-mediated
endocytosis is characterized by saturation kinetics (37). As expected,
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Fig. 4. Stretch-activated channel activity in mPTCs. (A) Cell-attached patch-
clamp recording of stretch-activated channel (SAC) activity in mPTCs isolated from
Trpv4** and Trpv4™~ mice in the presence or in the absence of GsMTx-4 (10 uM) at
a holding potential of —80 mV. Top trace illustrates the pressure pulse protocol.
(B) Normalized current-pressure relationships of SACs in mPTCs from Trpv4+/+ and
Trpv4™~ mice at a holding potential of —80 mV, fitted with a Boltzmann equation
(n=8 cells). The Psq values extrapolated from the fitting are the following:
—35.8+4.6 mmHg (Trpv4**) and —38.9+3.7 mmHg (Trpv4™). (C) Normalized cur-
rent-pressure relationships of SACs in mPTCs from Trpv4"* mice in the presence of
HC067047 (1 uM) and GsMTx-4 (10 uM). Results are shown as means + SEM (n=8
cells for each condition). The Psq values extrapolated from the fitting are the follow-
ing: —36.4 £ 2.7 mmHg (HC067047) and —56.4 + 4.1 mmHg [GsMTx-4; *P < 0.05 and
**P < 0.01, two-way analysis of variance (ANOVA) test].
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uptake of FITC-albumin at 37°C saturated as a function of dose
(Fig. 5B). In Trpv4™* cells, activation of TRPV4 with GSK1016790A
increased the Vp,y value without significantly changing the K, val-
ue (Vi and Ky, values were extrapolated using Michaelis-Menten
kinetics; table S1), an effect not observed in Trpv4~~ cells. More-
over, the ability of GSK1016790A to increase Vi, values was abol-
ished in the absence of extracellular Ca**, indicating that Ca**
influx across the plasma membrane was required for increasing en-
docytosis (Fig. 5C). Last, stretching the cells increased albumin
uptake, and this effect was reduced by more than two-thirds in
Trpv4™~ cells and when TRPV4 was blocked by HC067047
(Fig. 5, D and E). Residual stretch-dependent uptake of albumin
observed in Trpv4™~ cells and after inhibition by HC06047 might
be due to another mechanosensitive channel such as Piezol
mentioned above. FITC-albumin uptaken after TRPV4 activation
transited through the endolysosomal pathway as demonstrated
by the substantial colocalization of FITC-albumin-positive vesicles
with the endosome marker Ras-related protein 7 (Rab-7) and the
lysosome marker LAMP1 (lysosomal-associated membrane protein
1), after treatment with GSK1016790A (Fig. 5, Fand G). Fluid-phase
endocytosis as evaluated by the uptake of FITC-labeled 70-kDa
dextran was also enhanced by pharmacological activation of
TRPV4, an effect that was significantly reduced in Trpv4™'~ PT
cells (fig. S4).

TRPV4 plays arole in tubular proteinuria

Using Trpv4™'~ mice generated by Liedtke and Friedman (39), we
previously reported that no major PT dysfunction is evident in
Trpv4™~ mice under basal conditions (40), in particular glycosuria,
phosphaturia, or proteinuria. In the Trpv4~”~ mouse model devel-
oped here, we confirmed these results but found a significantly
higher urinary concentration of CC16, a protein secreted by bron-
chial Clara cells and reabsorbed exclusively by receptor-mediated
endocytosis in the early segments of the PT (Fig. 6A) (41). The
higher concentration of CC16 observed in Trpv4’~ mouse in the
absence of a frank albuminuria suggested mild PT dysfunction. We
hypothesized that TRPV4 could be activated during PT mechanical
loading, which would be expected to trigger processes that increase
reabsorptive activity. To increase the luminal protein delivery to the
PT to challenge its endocytic capacity, we used a protocol consisting
of continuously delivering angiotensin II (AT2) using osmotic
minipumps to increase the permeability of the glomerular filter (42).
Diuresis was significantly increased upon AT2 infusion in both Trpv4™”~
and control mice (Fig. 6B). Creatinine clearance was similarly al-
tered by AT2 treatment (fig. S5), indicating a similar impairment of
the glomerular filtration. AT2 increased albuminuria in control
mice, but this increase was much larger in Trpv4~~ mice (Fig. 6C).
Because TRPV4 is not expressed in the glomerulus and because the
diuresis and the GFR were affected to similar extents in AT2-
treated Trpv4~~ and Trpv4™* mice, the specific increase in pro-
teinuria observed in Trpv4 ™~ mice is suggestive of an endocytosis
defect in Trpv4™”~ PT (4). Moreover, no significant differences in
phosphate and glucose urinary levels were found between the two
genotypes during the AT2 infusion, suggesting a specific effect on
endocytosis (Fig 6, D and E). Gene expression analysis suggested
that the higher proteinuria observed in Trpv4~~ mice after AT2
injection was not attributable to down-regulation of genes en-
coding megalin, cubulin, rabankyrin, KIM-1, Dab-2, and Rab-5,
factors typically involved in endocytosis (fig. S6) (3).
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Fig. 5. TRPV4 promotes endocytosis in mPTCs in vitro. (A) Quantification of the total albumin uptake in Trpv4™" and Trpv4™~ mPTCs seeded on collagen-coated mem-
branes after incubation with FITC-albumin (0.5 mg/ml) for 15 min, in the absence or in the presence of 100 nM GSK1016790A. The fluorescence was normalized to the
total lysed protein (n = 10 experiments, two-way ANOVA with Bonferroni’s post hoc test; **P < 0.01 and ***P < 0.001). (B) Uptake of FITC-albumin in Trpv4** and Trpv4™~
mPTCs in the absence or in the presence of 100 nM GSK1016790A. Uptake of FITC-albumin was assessed at 37°C for 15 min. The intensity of FITC-fluorescence of cell ly-
sates was quantified by fluorophotometry. (C) FITC-albumin uptake in mPTCs in Ca**-containing or in Ca®*-free medium in the absence or in the presence of GSK1016790A
(n =10 experiments, two-way ANOVA with Bonferroni post hoc test; **P < 0.01 and ***P < 0.001). (D) Quantification of albumin uptake in mPTCs from Trpv4™* and Trpv4’/’
mice incubated for 1 hour at 37°C with FITC-labeled albumin under basal conditions, stretched conditions, and stretched in the presence of the TRPV4 antagonist
HC067047 1 uM (HC; n = 15 fields for each condition from three mice; two-way ANOVA with Bonferroni post hoc test; *P < 0.05 and **P < 0.01). A.U., arbitrary units.
(E) Representative fluorescence images of mPTCs from Trpv4** and Trpv4™~ mice incubated for 1 hour at 37°C with FITC-labeled albumin under basal and stretched
conditions (n =3 mPTC culture for each group). (F) Trpv4"/+ mPTCs were incubated with FITC-aloumin (5 min, 0.5 mg/ml, 37°C, green) in the presence of GSK1016790A
and immunostained with anti-Rab-7 antibody (red; n=3 mPTC cultures). (G) Trpv4*”* mPTCs were incubated with FITC-albumin (35 min, 0.5 mg/ml, 37°C, green) in the

presence of GSK1016790A and immunostained with anti-lysosomal-associated membrane protein 1 (LAMP1) antibody (red). Hoechst (blue) counterstaining of the

nucleus (n =3 mPTC cultures). Scale bars, 10 um.

AT?2 infusion has a strong effect on glomerular permeability and
is associated with many side effects (such as hypertension and vas-
cular disease). Moreover, TRPV4 is expressed in different segments
of the nephron (40), making it difficult to discriminate its specific
contribution in the PT. To deal with both issues, we used a milder
and more pathophysiologically relevant protocol to impair glomer-
ular permeability, and we created mice in which Trpv4 was deleted
specifically in the PT. We crossed Trpv4*/~ mice to mice expressing
the Cre-recombinase under the promoter of the phosphoenolpyruvate
carboxykinase (PEPCK) (43) and compared Tgwell"’” ~ PEPCK-Cre*~
(hereinafter referred to as cKO) to their Trpv: o/~ PEPCK-Cre™" litter-
mates (hereinafter referred to as control; Fig. 7A). Immunostaining
in kidney sections from control mice revealed megalin in the PT and
TRPV4 in the PTs and in the distal convoluted tubules, confirming
a distribution pattern of TRPV4 similar to that which we observed
previously in Trpv4** mice (40) (Fig. 7B). We confirmed that the Tomato
reporter gene was specifically expressed in the PT of cKO mice and
that the expression of TRPV4 was specifically reduced in the PT but not

Gualdani et al., Sci. Signal. 13, eabc6967 (2020) 13 October 2020

in other segments of the nephron of cKO mice (Fig. 7, C and D). We next
intravenously injected these mice with serum containing antibodies
directed against the glomerular and/or pulmonary basement membrane
(anti-GBM serum). Anti-GBM disease is a rare cause of glomerulo-
nephritis, similar to that seen in Goodpasture’s syndrome (44), char-
acterized by the presence of autoantibodies directed at specific antigenic
targets within the glomerular and/or pulmonary basement membrane.
These antibodies bind to the a3 chain of type IV collagen found in
these specialized basement membranes (45). Anti-GBM serum-treated
cKO mice showed a significant increase in proteinuria compared with
control mice (Fig. 7E) and an increase in diuresis that was not statisti-
cally significant (Fig. 7F). We did not observe changes in glycosuria
and phosphaturia after anti-GBM treatment (Fig. 7, G and H).

DISCUSSION
Our data showed that TRPV4 was expressed in cultured PT cells and
could be activated by the specific agonist GSK1016790A and by hypotonic
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solution. In kidney slices, TRPV4 was detected almost exclusively
at the basolateral side of PT cells. As expected, the entry of Ca®* in
response to shear stress was therefore not affected in mPTCs from
Trpv4_/ ~ mice. However, Ca** entry was observed in mPTCs in re-
sponse to stretch caused by deformation of silicon stretchable chambers,
and this Ca®* influx was reduced in Trpv4™~ PT cells. We did not
observe differences between Trpv4** and Trpv4”~ mPTCs in re-
sponse to membrane stretch. In particular, SAC activity in mPTCs
was almost completely inhibited by GsMTx-4, suggesting that Piezo
channels, which are sensitive to this toxin, play a critical role in these
stretch-activated currents. Piezol can be directly gated by lipid bilayer
tension (46), which might not be sufficient for TRPV4. Different mo-
lecular mechanisms have been proposed for the mechanical gating
of TRPV4. TRPV4 has been proposed to be directly activated by
membrane stretch, but in contrast to what is observed in Xenopus
laevis oocytes, TRPV4 overexpressed in mammalian cells does not
respond to pressure-clamp stimulation (31, 47). The mechanical
activation of TRPV4 could be downstream of a phospholipase A,
(PLA2)-dependent pathway, as observed after osmotic stimulus,
and shear stress causes an endothelial cell-dependent vasodilation
through PLA2 and TRPV4 activation (48). TRPV4 could be directly
activated through deformation of intracellular, transmembrane, or
extracellular linking proteins. In this context, ultrarapid activation of
TRPV4 (within milliseconds) has been observed by magnetically
twisting B-integrin in adherens junctions (49), and TRPV4 has been
detected in the adherens junctions in urothelium (22) and in inter-
cellular junctions between keratinocytes (50).

Our results support the notion that membrane stretch and sub-
strate stretch stimulate different mechanical pathways in mPTCs.
They also agree with a study showing that the most effective stimu-
lus to open TRPV4 is membrane deformation at a cell-substrate
contact point, which has a latency of <2 ms and is independent of
PLA2 activity (23), suggesting direct mechanical gating.

Gualdani et al., Sci. Signal. 13, eabc6967 (2020) 13 October 2020

Days after AT2 infusion

post hoc test (n =10 pairs of mice).

Consistent with this study (23), we hypothesize that the strain of
silicon chambers is an effective way to gate TRPV4 in epithelial PT
cells because the stimulus is applied at cell-substrate contact points.
However, the identity and the functions of the putative tethers are
still to be determined.

The secondary structure of TRPV4 (51) and its crystal structure
(52) show that a large subset of disease-causing mutations are seg-
regated at the outer perimeter of the tetrameric channel, suggesting
that the interactions between TRPV4 and protein partners or sig-
naling molecules are crucial for the physiological function of TRPV4.
Alteration in these interactions could be a factor affecting many
disease phenotypes.

The modulation of PT functions by the amount of ultrafiltrate
delivered to the PT suggests the presence of mechanotransduction
structures. Two types of force are theoretically developed by the en-
try of the ultrafiltrate in the PT lumen: a shear stress on the apical
membrane and a radial stretch on the basolateral or apical sides of
PT cells (4, 11, 53). An increase in glomerular filtration leads to
increased fluid shear stress on PT cells that enables the reabsorption
of Na" and HCOj3™ ions (54) and the expression of the water chan-
nel AQP1 (55). Moreover, shear stress has been suggested to en-
hance endocytosis in PT cells in a Ca®*- and cilium-dependent
manner (10, 56). However, Delling et al. (57) showed that primary
cilia from the kidney are not Ca**-sensitive mechanosensors. For
this reason, further advances in our understanding the relationship
between Ca®" signals and mechanical modulation of endocytosis is
still needed. In isolated perfused PTs and in unilateral obstruction
disease models, increased flow in the PT induces a change in the
outer diameter of the tubule and the lumen. However, it is so far
unclear whether such changes appear under physiological flow vari-
ations (4). Mechanical stretch of PT cells triggers a B-integrin-
dependent reinforcement of focal adhesions and an increase in
[Ca®*"]; [reviewed in (58)]. The presence of SACs on PTCs has been
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Fig. 7. Albumin reabsorption in cKO mice. (A) Mice with the sixth exon of Trpv4 gene flanked with loxP sites (middle line) were bred with PEPCK-Cre recombinase mice
to obtain PT-specific conditional Trpv4 knockout mice (bottom line). (B) Coimmunolabeling of TRPV4 (in green) and megalin (red) on renal cortex sections from Trpv4/°’(/’
PEPCK-Cre™~ (control) mice (n =8 kidney sections). (C) Coimmunolabeling of AQP2 (in green) and tomato (red) on renal cortex sections from Trpv4’°X/' PEPCK-Cre™~ (con-
trol) and Trpv4'®/~ PEPCK-Cre*’~ (cKO) mice (n =5 kidney sections for each genotype). (D) Trpv4 expression measured by qRT-PCR analysis in PT fragments obtained after
digestion and filtration of renal cortices isolated from cKO and control mice (n =3 samples from three different mice for each genotype). *P < 0.05, Student’s t test. (E to
H) Evolution of urinary loss of albumin (E), diuresis (F), glycosuria (G), and phosphaturia (H) before and after injection of 200 pl of anti-GBM serum in control and cKO mice
(n=9 mice for each genotype). *P < 0.05, cKO compared with control, two-way ANOVA with Bonferroni’s post hoc test.
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suggested by Alexander and colleagues (59), who showed that cyclic
stretch of isolated PTCs activates PLA2 and ERKs (extracellular
signal—regulated kinases) through a mechanism that depends on ex-
ternal Ca”" and is blocked by Gd**. Here, we observed that TRPV4
was mainly expressed at the basolateral side of the PT and that uptake
of FITC-labeled albumin was increased when TRPV4 was activated
pharmacologically or mechanically in a manner that depends on
the entry of Ca** in PT cells. The TRPV4 agonist GSK1016790A
increased the Vi, value but did not affect K, values for transport.

We showed that Trpv4 ™~ mice presented with a higher urinary
concentration of CC16, a sensitive marker of PT dysfunction (41).
Moreover, mice with altered glomerular filter function due to con-
tinuous delivery of AT2 or to acute injection of anti-GBM serum
developed albuminuria that was more pronounced in Trpv4~'~ mice
than in WT mice. These results suggest the importance of the pro-
cess in diseases accompanied by altered permeability characteristics
of the glomerular filter, some being very rare such as the Good-
pasture’s syndrome (see above), and some being very common
such as the diabetic nephropathy (60). PT dysfunction is itself
involved in various forms of the Fanconi syndrome, which is often
associated with rare inherited diseases such as Dent’s disease
(61, 62) or disease states accompanied by intraluminal pressure
increases, such as obstructive uropathy (56, 63-65) or polycystic
kidney disease (66). We therefore hope that our finding that radial
stretch of the PT is sensed by basolateral TRPV4, which modifies
albumin reabsorption, will help to treat patients with proteinuria.
Future studies will be needed to investigate whether a deficit in
TRPV4-mediated endocytosis contributes to kidney diseases with
tubular proteinuria.

MATERIALS AND METHODS

Generation of Trpv4 conditional knockout mice

Trpv4_/ ~ mice were generated using AK7 mouse embryonic stem
cells. The Trpv4 gene was targeted by homologous recombination
with a construct from the International Knockout (KO) Mice Con-
sortium that bears loxP sites flanking the sixth exon (ID: 79331)
(49). After selection of several correctly targeted clones, we injected
them into C57BL/6] mice host blastocysts. The embryos were trans-
ferred into pseudopregnant CD1 mice. Chimeric male offspring
were selected on the basis of the coat color. They were mated with
C57BL/6] females to assess the transmission of the targeted allele.
Mice harboring the targeted allele were mated with ROSA-Flp fe-
males to excise the selection cassette. The resulting mice had the
sixth exon of the Trpv4 gene flanked with loxP sites (Trpv4lox).
Trpv4'/°* mice were crossed with a mouse line expressing the Cre
recombinase under the Phosphoglycerate kinase 1 (PGK-1) promoter to
obtain a constitutive Trpr4 KO mouse line (Trpv47/ 7). Loss of ex-
pression of TRPV4 in Trpv4™~ mice was assessed by quantitative
reverse transcription polymerase chain reaction (QRT-PCR), by
Western blotting on kidney or PT extracts, and by immunobhisto-
chemistry (Fig. 1, A to C).

To obtain the conditional Trpv4 KO mouse model, mice with
the Trpv4lox allele were bred with Trpv4™~ mice heterozygous for
the ROSA26-lox-stop-lox-tdTomato reporter gene to obtain the
Trpv4"*'~ Tom"** genotype. To achieve deletion specifically in PTs,
Trpv4l”x/ ~ mice were crossed with mice expressing the Cre fusion
protein under the control of the regulatory elements of the PEPCK
gene (PEPCK-Cre transgene) (43). Heterozygous transgenic mice

Gualdani et al., Sci. Signal. 13, eabc6967 (2020) 13 October 2020

Trpv4~ Tom'*~ PEPCK-Cre*™ and their Trpv4"™~ Tom'™~
PEPCK-Cre ™' littermates were identified by PCR genotyping.

Ethical approval

All animals were housed and handled according to the Belgian
Council on Animal Care guidelines based on protocols approved by
the Animal Ethics Committee of the Université catholique de Louvain
(2017/UCL/MD013 and 2020/UCL/MD/015). Animals were given
access to food and water ad libitum unless otherwise stated. At
appropriate experimental time points, all animals were humanely
euthanized by an overdose of anesthetic followed by decapitation.

Immunostaining

Trpv4™* and Trpv4™~ mice were deeply anesthetized by intraperi-
toneal injection (10 ml/kg) of a solution containing ketamine
(10 mg/ml) and xylazine (1 mg/ml). After intracardiac perfusion
with a 4°C buffered 4% paraformaldehyde phosphate-buffered
saline (PBS) solution, kidneys were removed and postfixed in the
same solution for 2 hours, washed in PBS, and cryoprotected over-
night in 30% sucrose PBS. After embedding in optimal cutting tem-
perature compound (Tissue-Tek, VWR), 10-um-thick cryosections
were cut and stored at —80°C. Sections were blocked with a 3% bo-
vine serum albumin (BSA) containing PBS solution and then incu-
bated overnight with the following antibodies: 1/200 anti-TRPV4
(Alomone), 1/200 anti-Aquaporin 2 (Sigma-Aldrich), 1/200 anti-
megalin (generated in house), 1/100 anti-Na"/K"-ATPase (Sigma-
Aldrich), 1/200 anti-Lampl (Abcam), 1/200 anti-Rab7 (Abcam),
and subsequently with Alexa Fluor 488 or 568 (Thermo Fisher
Scientific). DAPI (4',6-diamidino-2-phenylindole) (Thermo Fisher
Scientific) was used for nuclear staining. Images were acquired with
an Olympus FV1000 confocal microscope.

Real-time PCR

Total RNAs from whole kidney, PTs, and PT cells were extracted
using TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol and reverse transcribed using qScript Reverse Transcrip-
tase (Quanta Biosciences, Gaithersburg, ME). Complementary DNA
(cDNA)-specific PCR primers were designed using Primer-BLAST
(table S2) and purchased from Eurogentec (Seraing, Belgium).
Gapdh was used as reference gene. QRT-PCR was performed using
SYBRGreen Mix (Bio-Rad, Hercules, CA, USA). The reaction was
initiated at 95°C for 3 min, followed by 40 cycles of denaturation at
95°C for 10 s, annealing at 60°C for 1 min, and extension at 72°C for
10 s. Data were recorded on an MyiQ qPCR detection system (Bio-
Rad), and cycle threshold (Ct) values for each reaction were deter-
mined using analytical software from the same manufacturer. Each
cDNA was amplified in duplicate, and Ct values were averaged for
each duplicate. The average Ct value for Gapdh, which was selected
as the reference gene, was subtracted from the average Ct value for
the gene of interest. The ACt value was then subtracted from the ACt
value obtained in control cells, giving a AACt value. Because ampli-
fication efficiencies of primer pairs were comparable, the Gapdh-
normalized expression of mRNAs was given by the relation 274",

Western blotting

Cells were collected in radioimmunoprecipitation assay (RIPA)
buffer [25 mM tris HCI (pH 7.6), 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, and 0.1% SDS]. Thirty micrograms of pro-
tein for each sample was loaded on a 10% SDS-polyacrylamide gel,
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transferred to a polyvinylidene difluoride (PVDF) membrane, and
probed with the following antibodies: an anti-TRPV4 antibody de-
scribed earlier (67), an anti-aquaporin 1 antibody (Sigma-Aldrich)
as a positive marker for the PT, an anti—aquaporin 2 antibody (Sigma-
Aldrich) as a negative marker of PT (40), and an anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) antibody as loading
control (Cell Signaling Technology).

Primary culture of mPTCs

Male Trpv4** and Trpv4~~ mice were decapitated, and kidneys
were removed and decapsulated. The dissection was done as de-
scribed previously (37, 40). Renal cortices were dissected in Hanks’
balanced salt solution (HBSS) and sliced into pieces of ~1 mm wide.
The fragments were transferred to a collagenase solution [HBSS with
0.1% type 2 collagenase and soybean trypsin inhibitor (96 ug/ml)] at
37°C and digested for 30 min. After digestion, the supernatant was
filtered through two nylon sieves (pore sizes of 250 and 80 pum)
to obtain a large number of long PT fragments without substantial
contamination of other nephron segments or glomeruli. The longer
PT fragments that remained in the 80-um sieve were resuspended
with warm HBSS (37°C) containing BSA 1% (w/v). The PTs present
in the BSA solution were centrifuged for 5 min at 170g, washed, and
then resuspended into the appropriate amount of culture medium:
1:1 Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Gibco)
without phenol red and supplemented with heat-inactivated 1% fetal
calf serum (FCS), 15 mM Hepes, 2 mM L-glutamine, 50 nM hydro-
cortisone, insulin (5 pg/ml), transferrin (5 pug/ml), 50 nM selenium,
0.55 mM sodium pyruvate, 100x nonessential amino acids (10 ml/liter),
penicillin (100 IU/ml), and streptomycin (100 pg/ml; Thermo Fisher
Scientific). The solution was buffered to pH 7.4 and adjusted to an
osmolality of 325 mOsm. The PT fragments were seeded onto collagen-
coated coverslips and left unstirred for 48 hours in a standard hu-
midified incubator. The medium was then replaced every 2 days.
After 7 days, cell cultures were organized as a confluent monolayer.
No differences in cell shape and size or in proliferation were ob-
served between Trpv4~~ and Trpv4*"* mPTCs.

Ca?*imaging

Loading of the mPTCs with Fura2-AM (Thermo Fisher Scientific)
was achieved at room temperature in Krebs medium with 5 uM
Fura2-AM and 0.01% pluronic acid for 1 hour. [Ca®"]; was mea-
sured in 15 to 20 individual cells using alternative excitation of
Fura2-AM (0.5 Hz) at 340 and 380 nm using a Lambda DG-4 Ultra
High Speed Wavelength Switcher (Sutter Instrument, Novato, CA,
USA). Images were acquired with a Zeiss Axiocam camera coupled
to a 510-nm emission filter and analyzed with Axiovision software.
Ca? imaging experiments were performed in Krebs-Hepes solution
[135 mM NacCl, 5.9 mM KCl, 1.2 mM MgCl,, 1.8 mM CaCl,,
11.6 mM Hepes, 11.5 mM glucose (pH 7.35)]. For hypotonic
shock experiments, cells were bathed in a modified Krebs-Hepes
solution where NaCl was partially omitted in the hypotonic solution
(170 mOsm) or replaced by mannitol in the isotonic solution
(310 mOsm), to avoid changes in ionic gradients. For shear stress
experiments, flow was applied on cells with an 18-gauge needle con-
nected to a peristaltic pump perfusion system and placed above the
field. For measurement of [Ca?*]; during cell stretching, cells were
passaged on collagen I-coated flexible silicon chambers (ST-CH-04,
B-Bridge), placed on the microscope-mountable stretching instrument
(ST-150, B-Bridge), and strained for 1 s by 20% uniaxial stretching (27).
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Electrophysiological recordings

Patch-clamp recordings of mPTCs were carried out at room tem-
perature using an EPC-9 amplifier (HEKA Elektronik, Lambrecht,
Germany) controlled by PatchMaster software (HEKA Elektronik,
Lambrecht, Germany). Patch-clamp electrodes were pulled and fire
polished to 3.0 + 0.5 Megohm resistance for whole-cell experi-
ments and 2.0 £ 0.5 Megohms for pressure-clamp experiments
using a DMZ-Universal Puller (Zeitz Instruments, Munich, Germany).
An AgCl wire was used as a reference electrode. Series resistance
was electronically compensated. Whole-cell currents of mPTCs
were acquired using repetitive 400-ms voltage ramps (at 2-s inter-
vals) from —120 to +120 mV, applied from a holding potential of
0 mV. Currents were sampled at 20 kHz and digitally filtered at
2.9 kHz. For statistical analysis, the currents were normalized to cell
capacitance. Solutions were applied to the cells with a home-made
gravity-fed perfusion system connected by a five-way manifold to
an RC25 perfusion chamber (Warner Instruments, Hamden, CT,
USA). For whole-cell recordings, the standard extracellular solution
had the following composition: 150 mM NaCl, 5 mM CsCl, 1 mM
MgCl,, 1.8 mM CaCl,, 10 mM glucose, and 10 mM Hepes, buffered
at pH 7.4 with NaOH. The osmolarity of this solution was 320 +
5 mOsm/kg H,O. For hypotonic cell swelling, we superfused mPTCs
with a solution containing 105 mM NaCl, 5 mM CsCl, 1 mM MgCl,,
1.8 mM CaCl,, 10 mM glucose, 80 mannitol, and 10 mM Hepes,
buffered to pH 7.4 with NaOH (320 + 5 mOsm). Hypotonic cell
swelling was induced by removing mannitol to lower the extracellu-
lar osmolarity to 240 + 5 mOsm. For hypotonic cell swelling in a
low-chloride containing extracellular solution, 105 mM NaCl was
replaced by 105 mM Na-aspartate. The pipette solution was com-
posed of 40 mM CsCl, 100 mM Cs-aspartate, 1 mM MgCl,, 10 mM
Hepes, 4 mM Na,ATP, 10 mM EGTA, and 0.5 mM CaCl,, adjusted
to pH 7.2 with CsOH (290 + 5 mOsm). For pressure-clamp record-
ings on mPTCs, we used the following pipette solution, as previously
described (13): 150 mM NaCl, 5 mM KCl, 2 mM CacCl,, and 10 mM
Hepes (pH 7.4 with NaOH). The pipette solution also contained
10 mM Tetraethylammonium (TEA), 5 mM 4-aminopyridine, and
10 uM glibenclamide to inhibit K™ channels. The bath medium
contained the following: 155 mM KCl, 5 mM EGTA, 3 mM MgCl,
and 10 mM Hepes (pH 7.2 with KOH), to zero the membrane poten-
tial. Membrane patches in cell-attached configuration were stimu-
lated, at the holding potential of —80 mV, with 300-ms negative pres-
sure pulses from 0 to —80 mmHg (10 mmHg steps, at 4-s intervals),
using a fast pressure-clamp device (ALA High Speed Pressure
Clamp-1 System, ALAScientific). Data and statistical analysis were
performed using Origin 8.0 (OriginLab Corporation, Northampton,
MA). GSK1016790A, HC067047, GsMTx-4, OBAA, and DIDS were ob-
tained from Tocris Bioscience.

Albumin and dextran uptake assay

For endocytosis experiments, mPTCs were cultured on collagen-
coated polytetrafluoroethylene membranes (pore size of 0.4 um).
We previously showed that these cells are polarized with numerous
microvilli, basolateral invaginations, and apical tight junctions (37).
They express only PT-specific proteins and, in particular, the com-
ponents of the receptor-mediated endocytic pathway, the PT brush-
border enzymes (alkaline phosphatase and glutamyl-transferase),
and the phloridzin-sensitive sodium-dependent glucose transport
(SGLT2) on the apical membrane. However, these cells kept a flat
morphology, and asymmetry of the apical compared with basolateral
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distribution of TRPV4 could not be demonstrated using immuno-
staining and confocal microscopy.

mPTCs were serum starved overnight and incubated with
FITC-labeled albumin (0.5 mg/ml; Sigma-Aldrich) or FITC-labeled
dextran (1 mg/ml; Sigma-Aldrich) in DMEM/F12 medium for
30 min at 37°C. The cells were washed with cold PBS five times and
lysed in PBS with 0.1% Triton-X. The supernatant was used for flu-
orescence and protein assays. The intensity of FITC-fluorescence was
measured by fluorophotometry. For the study of albumin endocytosis
during cell stretching, cells were seeded on collagen I-coated flexible
silicon chambers (ST-CH-10, B-Bridge) and placed in the stretching
instrument (ST-140, B-Bridge). A uniaxial stretching of 20% was
applied at a frequency of 0.3 Hz. At the end of the experiments, the
cells were washed five times with ice-cold PBS, and fluorescence
signals were immediately assessed using a fluorescence microscope.

AT2 infusion studies

Infusion of AT2 (Tocris) at a dose of 1 ng/g per minute dissolved in
sterile saline for 14 days was performed with osmotic minipumps
(Alzet model 2004; Alza Corp., Mountain View, CA) (42). The
pumps were implanted subcutaneously in the dorsal region under
ketamine-xylazine anesthesia (100 to 10 ug/g). After a recovery
period of 4 days, urine was collected over a 24-hour period at 4, 7,
and 14 days postimplantation in metabolic cages.

Anti-GMB serum treatment

To induce progressive glomerulonephritis, 200 pl of anti-GBM serum
(sheep anti-rat glomeruli serum, Probetex, Inc.) was administered
to 6- to 8-week-old mice by tail vein injection. Urine samples were
collected on days 1, 10, and 20 after antiserum injection. On day 20,
the mice were euthanized to collect plasma and kidney tissue.

Urine analysis

Urine samples were centrifuged to remove debris, weighed, and fro-
zen at —80°C. Urine samples were quantified for albumin (ab108792
ELISA kit, Abcam), glucose (Fuji Dri-Chem NX500 analyzer), phos-
phate (Phosphate Assay Kit, Abcam), creatinine (QuantiChrom
Creatinine Assay Kit, BioAssay Systems), and CC16 (Cloud-Clone Corp.).

Statistical analysis

All values are expressed as means + SEM. Paired t test was used
to assess statistical differences between two groups, and analysis
of variance (ANOVA) with Bonferroni’s test was used for multiple
group comparisons. Statistical significance was indicated if P < 0.05.

SUPPLEMENTARY MATERIALS
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Fig. S1. Complete versions of Western blots presented in Fig. 1.

Fig. $2. Capacitance of mPTCs from Trpv4™* and Trpv4™~ mice.

Fig. S3. Effect of OBAA on stretch-induced Ca®" entry in mPTCs.

Fig. S4. Dextran uptake induced by TRPV4 activation in mPTCs.

Fig. S5. Creatinine clearance of mice treated with AT2.

Fig. S6. AT2-induced proteinuria is not caused by down-regulation of genes involved in
endocytosis.

Table S1. K, and Vinax values extrapolated from Michaelis-Menten kinetics analysis.
Table S2. List of DNA primers used in quantitative RT-PCR.

View/request a protocol for this paper from Bio-protocol.
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Endocytosis under pressure

The kidneys filter the blood multiple times a day through structures known as glomeruli, and filtered water, solutes,
and proteins such as albumin are reabsorbed by the proximal tubule and returned to the circulation. Kidney damage or
disease may result in proteinuria, which can lead to nephropathy if left unchecked. Gualdani et al. found that
mechanosensing induced by fluid flow through the proximal tubule activated the cation channel TRPV4 to promote the
endocytosis of albumin in tubular epithelial cells and, thus, its retention. Experimental manipulations that increased the
permeability of the glomerular filter exacerbated proteinuria in mice lacking TRPV4 globally or specifically in the proximal
tubule. Thus, defects in TRPV4-mediated endocytosis may underlie proteinuria, a common symptom of many kidney

diseases.
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