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Introduction

Renal epithelial cells that line the kidney nephron
encounter wide fluctuations in the magnitude of FSS due
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Abstract

Cells lining the kidney proximal tubule (PT) respond to acute changes in
glomerular filtration rate and the accompanying fluid shear stress (FSS) to
regulate reabsorption of ions, glucose, and other filtered molecules and main-
tain glomerulotubular balance. Recently, we discovered that exposure of PT
cells to FSS also stimulates an increase in apical endocytic capacity (Raghavan
et al. PNAS, 111:8506-8511, 2014). We found that FSS triggered an increase
in intracellular Ca*" concentration ([Ca*'];) that required release of extracel-
lular ATP and the presence of primary cilia. In this study, we elucidate steps
downstream of the increase in [Ca®']; that link FSS-induced calcium increase
to increased apical endocytic capacity. Using an intramolecular FRET probe,
we show that activation of Cdc42 is a necessary step in the FSS-stimulated
apical endocytosis cascade. Cdc42 activation requires the primary cilia and the
FSS-mediated increase in [Ca?'];. Moreover, Cdc42 activity and FSS-stimu-
lated endocytosis are coordinately modulated by activators and inhibitors of
calmodulin. Together, these data suggest a mechanism by which PT cell expo-
sure to FSS is translated into enhanced endocytic uptake of filtered molecules.

to frequent changes in glomerular filtration rate (GFR).
ESS produced by the movement of the glomerular ultrafil-
trate through the renal tubule acutely regulates PT ion
transport. This mechanism prevents loss of solute after
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increases in GFR and maintains the adequate distal deliv-
ery of sodium and fluid when GFR is reduced. PT cells
respond to mechanical forces, including FSS, with imme-
diate downstream signal transduction events as well as
long-term adaptation mechanisms that enable them to
fine-tune their cytoskeleton structure, intercellular junc-
tions, and cell-substratum interactions to adjust to the
mechanical challenge (Weinbaum et al. 2010; Raghavan
and Weisz 2015).

High tubular flow rates are common complications of
kidney diseases, and FSS is instrumental in coordinating
biochemical signaling pathways that regulate cell mor-
phology, migration and growth (Rohatgi and Flores
2010). It is well recognized that the primary cilia present
on renal epithelial cells acts as a flow sensor that couples
upstream flow stimuli to rapid increases in [Ca*"]; (Prae-
torius 2015). Mutations in ciliary proteins are associated
with deregulated FSS-mediated [Ca*"); responses and with
the development of polycystic kidney disease, suggesting
that failure to properly sense biomechanical signals may
contribute to cyst development (Yoder 2007; Kotsis et al.
2013). However, despite considerable evidence of the cru-
cial role of FSS in regulating renal epithelial integrity and
function, the molecular mechanisms by which ESS is
transduced into downstream signals remain unclear (Del-
ling et al. 2016).

An essential function of the PT is the clathrin-depen-
dent apical uptake of filtered low molecular weight pro-
teins and albumin by the multiligand receptors megalin
and cubilin (Eshbach and Weisz 2016). We previously
reported that exposure of kidney PT cells to FSS causes a
rapid and sustained increase in endocytic capacity
(Raghavan et al. 2014). FSS also triggered an increase in
[Ca®"]; in these cells that required the presence of pri-
mary cilia and extracellular release of ATP. Our findings
led us to hypothesize that flow-mediated Ca®* signaling
initiates a downstream cascade that coordinates reorgani-
zation of the cytoskeleton to stimulate endocytosis. How-
ever, how increased [Ca®']; ultimately
endocytic uptake in PT cells is not known.

Cdc42 is a member of the Rho family of GTPases that
function to regulate numerous cellular activities, includ-
ing cytoskeletal dynamics and endocytosis. Cdc42 is

stimulates

known to be activated in response to increased [Ca®'];
and has been implicated in endothelial cell responses to
FSS (Li et al. 1999; Tzima et al. 2003). The subapical
domain of PT cells is actin-rich and we previously
hypothesized that changes in actin dynamics might regu-
late apical endocytosis in response to FSS (Raghavan
et al. 2014). In this study, we use two complementary
approaches to investigate the underlying intracellular sig-
naling pathway that couples FSS to apical endocytosis.
In the first, we used sensitive fluorescence resonance
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energy transfer (FRET) probes to monitor activation of
Cdc42 in PT cells upon exposure to laminar FSS or
pharmacologic modulators of [Ca®'];-dependent signal-
ing pathways. In a parallel approach, we measured the
effects of these maneuvers on apical endocytosis. Our
data suggest a mechanism by which Cdc42 alters actin
dynamics to enhance PT endocytic uptake in response
to ESS.

Materials and Methods

Cell Culture

Opossum kidney OK cells (Didelphis virginiana, adult
female, kidney cortex) were originally provided by Moshe
Levi (University of Colorado) and cultured in DMEM/
F12 Hamm with 10% FBS. For most experiments,
45 x 10° cells were plated in Ibidi g-slide I 0.4 or 0.8
collagen-coated chambers (Ibidi). For confocal imaging
studies, 3 x 10 cells/well were plated in Ibidi y-slide VI
0.4 chambers. Medium was replaced twice daily for 3 days
before experiments. For FRET and endocytosis
experiments, cells were pretreated with drugs [ML141
(Tocris-4266, 10 umol/L); Calp3 (Tocris-2321, 5 umol/L;
ryanodine (Tocris-1329, 25 umol/L), or W13 (Tocris-
0361, 60 pumol/L), all prepared at >1000x stocks in
DMSO or water as recommended] for 1 h in culture
medium prior to initiation of FSS. Cells were transfected
with Raichu plasmids immediately prior to plating using
Lipofectamine 3000 reagent (Invitrogen) according to
manufacturer guidelines. Where indicated, cells were
deciliated by incubation for 3 h in 30 mmol/L ammo-
nium sulfate in FBS-supplemented medium as previously
described (Raghavan et al. 2014) and allowed to recover
overnight where indicated.

Measurement of Cdc42 activation using
FRET

The Raichu-Cdc42 intramolecular FRET probe has been
described previously (Itoh et al. 2002; Nakamura et al.
2006). In brief, Raichu-Cdc42 consists of YFP, the CRIB
domain of the Cdc42 effector protein PAKI, Cdc42, CFP,
and the CAAX box of K;-Ras to enable membrane tether-
ing, all linked via spacer sequences. The probe is designed
so that the signal-induced conformational change in the
probe brings CFP into close proximity with YFP, which
results in a decrease in CFP fluorescence and a concomi-
tant increase in YFP fluorescence.

Cells expressing the Raichu-Cdc42 probe were imaged
using a Nikon Ti-E microscope (Nikon) equipped with a
Z-driven piezo motor. Images were acquired using the
Nikon Al confocal unit through a 60 x 1.45 N/A
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objective (Nikon). Data were acquired using Nikon Ele-
ments Software (Nikon Corporation). Fluorescent pro-
teins were excited with 440-nm (CFP) and 514-nm (YFP)
lasers (Melles Griot). Six to twenty cells [regions of inter-
est (ROIs)] that had comparable starting ratios of YFP/
CFP were selected prior to initiating the experiment. For
FRET, an excitation wavelength of 440 £+ 10 nm was used
to excite CFP, and YFP and CFP emissions were collected
using 535 4+ 12 nm (YFP) and 480 £ 15 nm (CFP) fil-
ters. A syringe pump was connected to the cell-seeded
Ibidi u-slide I 0.4 microchannel slides and a flow rate of
111 puL/min was used to generate unidirectional laminar
shear stress of ~0.1 dyne/cm” according to the manufac-
turer’s instructions. Typically, the experimental timeline
was as follows: baseline images (static condition images)
were acquired every minute for 10 min, after which the
cells were exposed to FSS for 30 min. Subsequently, the
flow was stopped and the cells were imaged for an addi-
tional 20 min under static conditions. NIS software was
used to determine the fluorescence intensity for each ROI
as well as the background. Further analysis was performed
with Excel software (Microsoft). YFP divided by CFP flu-
orescence ratios were obtained by taking the fluorescence
ratio of background-normalized YFP and background-
normalized CFP signal intensities. These values were nor-
malized against basal signal intensities (before initiation
of flow). The average and standard deviation were calcu-
lated from the YFP/CFP ratios for at least three indepen-
dent experiments for each condition and statistical
significance assessed by two-way ANOVA.

Quantitation of endocytic uptake in
response to FSS

OK cells cultured in Ibidi p-slide T 0.4 chambers were
exposed to 0.1 dyne/cm? laminar ESS for 1 h at 37°C in the
presence of 40 pug/mL AlexaFluor 647-albumin (Molecular
Probes) in DMEM/F12 Hamm medium supplemented with
25 mmol/L HEPES, pH 7.5, then washed five times with ice
cold PBS supplemented with 1 mmol/L Ca®* and 1 mmol/L
Mg2+ (PBS-CM). Cells were solubilized in 200 uL 50 mmol/
L Tris-HCl, 1% (v/v) IGEPAL, 0.4% deoxycholate,
62.5 mmol/L EDTA, pH 8.0 at ambient temperature for
30 min and fluorescence quantified using a Glomax-Multi
Detection spectrofluorimeter (Promega). Background values
(lysate buffer) were <10% of the lowest experimental values
and were subtracted prior to data analysis.

Confocal imaging of albumin uptake

For experiments measuring effects of fluid shear stress
(ESS) on endocytosis, cells in Ibidi u-slide VI 0.4 six-well
chambers were perfused or maintained under static
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conditions for 1 h at 37°C. After washing, cells were fixed
with 4% paraformaldehyde for 20 min at ambient tem-
perature, rinsed twice with PBS-CM, and 50 uL of Pro-
longGold (Invitrogen) added to each well. The chambers
were imaged using a Leica TCS SP5 confocal microscope
and maximum intensity projections of stacks were pro-
cessed identically using Fiji and Adobe Photoshop.

[Ca?*]; measurements

OK cells cultured on collagen-coated Ibidi y-slide I (0.8-
mm clearance) chambers were loaded with Fura-2 AM
(2.5 umol/L) in HEPES-buffered saline (HBS: 135 mmol/
L NaCl, 4.5 mmol/L KCI, 2.5 mmol/L CaCl,, 1 mmol/L
MgCl,, 10 mmol/L HEPES, 10 mmol/L glucose, pH 7.4)
for 20 min at 37°C, rinsed with HBS, and incubated for
10 min to de-esterify the dye at ambient temperature.
Ibidi p-slides with Fura-2 loaded cells were placed in a
stage top incubator (Tokai Hit) set at 37°C for 10 min.
Cells were imaged with a Nikon Eclipse Ti upright live
cell microscope using an ORCA-Flash 2.8 camera (Hama-
matsu). Cells were excited with a PhotoFluor II metal
halide light source (89 North) connected to a Lambda
10-3 filter wheel system (Sutter Instruments) with 340-
and 380-nm filters (Chroma Technology). To generate a
FSS of 0.1 dyne/cm?, Ibidi u-slides were perfused with an
infusion pump (Harvard Apparatus) at a flow rate of
400 pL/min. Temperature was maintained at 37°C
throughout the experiment using an inline heater
(SH27B, Warner Instruments) controlled by a dual chan-
nel bipolar temperature controller (TC-344B, Warner
Instruments).

Baseline measurements were acquired every 10 sec for
1 min before initiation of FSS and then every 5 sec,
10 sec, or 30 sec. In situ calibration with ionomycin (Alo-
mone) was conducted to define the Ca®" calibration
parameters under zero and saturating [Ca**]; concentra-
tions. Cells were perfused with Ca®"-free buffer
(135 mmol/L NaCl, 4.5 mmol/L KCl, 2 mmol/L EGTA,
1 mmol/L MgCl,, 10 mmol/L HEPES, 10 mmol/L glu-
cose, pH 7.4) containing 2.5 umol/L ionomycin to esti-
mate ratios at zero concentration of [Ca®']..
Subsequently, cells perfused with HBS with
2.5 umol/L ionomycin to estimate Fura-2 ratios at satu-
rating levels of [Ca*"];. NIS Elements (Nikon) was used
to select individual cells (6-10 per experiment) and the
ratio of 340:380-nm emission intensity was calculated at
each time point. The [Ca*"]; values of cells at each time
point was normalized to the initial [Ca*"]; value (at
t =0 sec) to estimate the fold changes in [Ca*"]; over
time. [Ca®*]; changes across experimental and control
conditions were averaged across 4-6 experiments (34-43
cells per condition).

were
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Results

Cdc42 is activated by FSS and is required for
the endocytic response to FSS

To determine whether exposure to FSS activates Cdc42,
we transfected OK cells with the “Ras and interacting
protein chimeric unit” Raichu-Cdc42 construct and mea-
sured time courses of intramolecular FRET changes as
readout for activation of this small GTPase in live cells
(Itoh et al. 2002). Activation of Cdc42 in this membrane-
tethered construct facilitates binding of the attached CRIB
domain of the Cdc42 effector PAK1. This change brings
CFP into close proximity with YFP, causing a decrease in
CFP fluorescence and a concomitant increase in YFP fluo-
rescence due to FRET. The high affinity of the
intramolecular PAK1 interaction with Cdc42 in the Rai-
chu-Cdc42 construct is essentially irreversible upon acti-
vation of Cdc42 (Thompson et al. 1998; Itoh et al. 2002).
Despite this limitation, this probe is a useful tool to con-
firm Cdc42 activation in response to acute stimuli.

FRET ratios (YFP/CFP) were stable (or sometimes
decreased slightly due to unequal bleaching of CFP and YFP)
when cells were maintained under static conditions over a
1 h period (Fig. 1A and B). In contrast, when cells were
imaged for 10 min and then exposed to 0.1 dyne/cm® FSS
(arrowhead in Fig. 1A), Cdc42 became gradually activated.
Moreover, cells exposed to FSS developed protrusions, chan-
ged shape, and migrated more rapidly compared with cells
maintained under static conditions, consistent with known
effects of activated Cdc42 on cellular dynamics (Fig. 1B).
The FRET signal remained steady or even increased slightly
even after FSS was stopped (arrow in Fig. 1A), consistent
with the irreversibility of this FRET probe.

ML141 is a high affinity and selective inhibitor of
Cdc42 [ECsp~1.4 umol/L (Hong et al. 2013)] that exhibits
minimal inhibition of other related GTPases including
Rac or Rho at concentrations up to 100 umol/L (Survi-
ladze et al. 2010). Incubation of cells with 10 umol/L
ML141 (Surviladze et al. 2010; Hong et al. 2013), starting
1 h prior to the experiment, reduced the FSS-induced
increase in Cdc42 FRET, and also prevented morphologi-
cal and migratory changes in cells (Fig. 1A and B).

To test whether Cdc42 activation is necessary for the
stimulation of endocytosis that we previously observed in
response to FSS, we incubated OK cells under static condi-
tions or at 0.1 dyne/cm? for 1 h in the presence of 40 ug/
mL AlexaFluor 647-albumin, then washed and solubilized
the cells and quantified cell-associated fluorescence using
spectrofluorimetry (Fig. 1C, lower panel). Exposure to
acute FSS increased albumin uptake in cells by ~50-100%.
Parallel studies in which cells were treated similarly, then
fixed and imaged by confocal microscopy, confirmed an
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increase in intracellular albumin in cell exposed to FSS
compared with cells maintained under static conditions
(Fig. 1C, upper panel). This increase was markedly inhib-
ited when cells were preincubated with ML141 for 1 h
prior to addition of AlexaFluor 647-albumin (Fig. 1C).
Consistent with the well-established role of Cdc42 in mod-
ulating actin dynamics, we confirmed that endocytosis in
OK cells is actin dependent, as albumin uptake was pro-
foundly inhibited by cytochalasin D (S.B. and V.R,
unpublished observations). We conclude that activation of
Cdc42 is an important step in the cascade leading from
FSS to increased endocytosis.

Cilia and calcium are required for Cdc42
activation by FSS

Estimates of FSS experienced by cells lining the PT differ
widely, from ~0.1 to >1 dyne/cm” (Essig and Friedlander
2003; Du et al. 2004; Duan et al. 2008; Jang et al. 2013).
We previously demonstrated that exposure of OK cells to
>2 dyne/cm2 FSS causes a transient spike in [Ca®*]; that
requires the primary cilium, extracellular Ca®*, and Ca®*
release from intracellular stores (Raghavan et al. 2014).
Because Ca’" signaling may vary with FSS (Xu et al.
2009; Liu et al. 2011), we modified our imaging setup to
enable us to monitor changes in [Ca**]; at the lower FSS
used in our Cdc42 activation and endocytosis experi-
ments. OK cells were loaded with Fura-2 and imaged
prior to and during exposure to 0.1 dyne/cm® FSS. Initial
[Ca*"]; concentrations were somewhat variable when
measured using Fura-2, however, fold-dependent increases
in [Ca®']; were very consistent across cells, similar to our
previous observations (Raghavan et al. 2014). As shown
in Figure 2A, exposure to acute FSS caused a transient
4-5-fold increase in [Ca®']; that declined within ~2 min
to a new higher baseline (~3-fold higher than starting
levels) and remained stable for at least 10 min. This pro-
file is similar to that observed upon stimulation of Ca**
signaling in vivo and in studies in MDCK cells using FSS
<1 dyne/cm” (Rydholm et al. 2010; Szebenyi et al. 2015).
In contrast, in previous studies where OK and other cells
were exposed to higher shear stress, [Ca>"]; levels rapidly
increased 2—4-fold but rapidly (<5 min) returned to near
baseline levels (Nauli et al. 2003; Raghavan et al. 2014).
We previously demonstrated that deciliation of OK
cells compromised the Ca response to >2 dyne/cm” FSS.
To determine whether this also occurs at 0.1 dyne/cmz,
we incubated cells with 30 mmol/L ammonium sulfate
for 3 h to remove cilia, and loaded them with Fura-2
immediately afterward or after overnight incubation to
recover cilia (Raghavan et al. 2014). Indirect immunoflu-
orescence of cells with antiacetylated tubulin to visualize
primary cilia confirmed that ammonium sulfate treatment
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FSS FSS + ML141

Static

Figure 1. Cdc42 is activated by fluid shear stress and is required for the endocytic response to flow. (A) FRET measurements of OK cells
transfected with the Raichu-Cdc42 FRET probe and cultured in Ibidi chambers. Cells were maintained under static conditions throughout the

1 h imaging period or were exposed to 0.1 dyne/cm? FSS starting at 10 min (arrowhead) until 40 min (arrow). The Cdc42 inhibitor ML141

(10 umol/L) was included where indicated. Data (mean 4+ SEM) from five independent experiments (6-20 regions of interest analyzed per
experiment) are plotted. All curves are significantly different from each other (P < 0.001) by two-way ANOVA. (B) YFP/CFP merged images of
Raichu-Cdc42 taken at the indicated times reveal selective activation of Cdc42 in cells exposed to FSS. Note the increase in protrusions and
change in cell shape upon exposure to FSS in control but not ML141-treated cells. Scale bar: 25 umol/L. (C) OK cells cultured on Ibidi chambers
were incubated for 1 h at 37°C with AlexaFluor 647-albumin under static conditions or at 0.1 dyne/cm? FSS, and cell associated albumin
quantified as described in Methods. ML141 was included where indicated. Data from four individual experiments, each shown using a different
symbol, are plotted, and the bar shows the mean uptake for each condition. Representative images from a separate experiment in which cells
were fixed and albumin uptake imaged using confocal microscopy are shown above each bar. Scale bar: 25 um.

effectively removed primary cilia, and that deciliated cells
regenerated primary cilia after overnight incubation
(Fig. 2B). Deciliated cells loaded readily with Fura-2, sug-
gesting that membrane permeability was not compro-
mised by this maneuver. Similar to our previous results,
the [Ca®']; response to FSS was markedly blunted in
deciliated cells (Fig. 2C). When cells were allowed to
recover overnight after deciliation the response to FSS
was similar to that in control cells (Fig. 2C).

Next, we monitored FRET in cells expressing Raichu-
Cdc42 to determine whether intact primary cilia are
required for FSS-dependent activation of Cdc42. No
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increase in FRET was observed in deciliated cells upon
exposure to FSS, consistent with a requirement for cil-
iary-mediated increase in [Ca*"]; to activate Cdc42
(Fig. 2D). FSS-dependent activation of Cdc42 was fully
restored when cells were allowed to recover overnight
(Fig. 2D). Additionally, we confirmed our previously
published observation that deciliation impairs albumin
uptake in response to FSS, and that this response is
restored after cell recovery [(Fig. 2E) and (Raghavan et al.
2014)].

To assess whether the increase in [Ca®']; upon expo-
sure to FSS is upstream of Cdc42 activation, we asked
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Figure 2. Primary cilia and calcium are required for the activation of Cdc42 by FSS. (A) OK cells cultured in Ibidi chambers were loaded with
Fura-2 and [Ca®*]; levels were monitored before and upon exposure to 0.1 dyne/cm2 FSS (arrowhead). (B) Indirect immunofluorescence of
acetylated tubulin staining to visualize primary cilia in control cells, cells deciliated with ammonium sulfate (decil), and deciliated cells after
overnight recovery to enable cilia regrowth (decil/recov). Scale bar: 10 um. (C) [Ca®*]; levels were monitored as above in deciliated cells
immediately after deciliation and after overnight recovery. Kruskal-Wallis test (nonparametric) followed by Dunn’s multiple comparisons test
confirmed statistically significant differences in peak [Ca®*]; levels between control and deciliated cells (P < 0.001) and between deciliated and
recovered cells (P < 0.001). (D) Cdc42 is not activated in deciliated cells exposed to FSS. Cells were deciliated for 3 h prior to exposure to

0.1 dyne/cm? FSS for 30 min starting at 10 min (arrowhead) or incubated overnight to recover cilia prior to measuring the Raichu-Cdc42 FRET
response to FSS. Mean + SEM is plotted (static, n = 6; FSS, n = 7; deciliation, n = 8, decil/recov, n = 3). Profiles for FSS versus rescue and
static versus deciliated conditions were not significantly different from each other; P values for all other comparisons were <0.001 by two-way
ANOVA. (E) Endocytosis is not stimulated by FSS in deciliated cells. OK cells cultured on Ibidi chambers were deciliated immediately prior to
quantitation of AlexaFluor 647-albumin uptake or incubated overnight to recover cilia. Data from four individual experiments, each shown
using a different symbol, are plotted, and the bar shows the mean uptake for each condition. Representative images from a separate
experiment in which cells were fixed and albumin uptake imaged using confocal microscopy are shown above each bar. Scale bar: 25 um. (F)
Ryanodine activates Cdc42 in the absence of FSS. FRET ratios were monitored in OK cells transfected with the Raichu-Cdc42 under static
conditions. Ryanodine (25 umol/L) was added at 10 min (arrowhead) and the incubation continued for an additional 50 min. The mean of from
three experiments is plotted. Profiles for static versus static + ryanodine are significantly different from each other (P < 0.001) by two-way
ANOVA. (G) Ryanodine-stimulated albumin uptake in the absence of FSS is inhibited by ML-141. Data from 10 experiments are plotted, and

the bar shows the mean uptake for each condition.

whether increasing [Ca®']; by addition of ryanodine is
sufficient to activate Cdc42 in the absence of FSS. As
shown in Figure 2F, addition of ryanodine increased
Cdc42 FRET, albeit to a lesser degree compared with FSS.
Similarly, ryanodine enhanced endocytic uptake of albu-
min in OK cells maintained under static conditions
(Fig. 2G). Importantly, the ryanodine-mediated increase
in albumin uptake was not observed in the presence of
ML141 (Fig. 2G). Together, these data suggest that the
primary cilium is required for FSS-dependent mobiliza-
tion of [Ca®']; that activates Cdc42 and stimulates FSS-
dependent endocytosis.

CaM and CaMKIl mediate the activation of
Cdc42 and the endocytic response to FSS

Activation of Ca®*-binding protein calmodulin (CaM) is
a central mediator of downstream responses to increases
in [Ca®*];. To test whether CaM is required for the acti-
vation of Cdc42 in response to FSS, we measured Cdc42
activation by FRET upon addition of the CaM activator
Calp3 (Villain et al. 2000). Addition of Calp3 to cells
maintained under static conditions increased Cdc42 FRET
(Fig. 3A), similar to our results using ryanodine. More-
over, Calp3 enhanced constitutive uptake of AlexaFluor
647-albumin under static conditions (Fig. 3B). In con-
trast, when cells were exposed to FSS in the presence of
the CaM inhibitor W13 (Wei et al. 1983), Cdc42 activa-
tion was not observed (Fig. 3C). Moreover, W13 blunted
the endocytic response to FSS (Fig. 3D).

Discussion

Studies in many cell types have focused on the potent
role of flow in regulating cell functions. Aberrant
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signaling responses to mechanical stress are implicated in
the progression of various diseases, including vascular dis-
ease, osteoporosis, and cancer (Iolascon et al. 2013;
Baeyens et al. 2016; Brown et al. 2016; Tarbell and Cancel
2016). Similarly, tubular flow should be considered as a
powerful regulator of proximal cell function. FSS resulting
from fluid movement in renal tubules affects the organi-
zation of the cytoskeleton and the brush border, with
consequences to many cellular functions including ion
transport and endocytosis (Duan et al. 2008; Ferrell et al.
2012; Maggiorani et al. 2015).

Our prior studies demonstrate that exposure of PT cells
to FSS results in mobilization of [Ca*']; via a pathway
dependent on the primary cilia. We have now investigated
the downstream events triggered by the increase in
[Ca*"]; that lead to increased endocytosis. We found that
activation of Cdc42 is a necessary step in the PT cell sig-
naling cascade activated by the low levels of FSS
(0.1 dyne/cmz) used in our studies. Mobilization of
[Ca*"]; and activation of CaM in the absence of FSS were
sufficient to activate Cdc42 and enhance endocytosis. Our
current model for how acute changes in FSS are coupled
to endocytic capacity in PT cells is shown in Figure 4.

Cdc42 is a known master regulator of actin dynamics,
and disruption of actin inhibited albumin uptake in cells
maintained under static conditions as well as in response
to FESS. A role for actin in apical clathrin-dependent
endocytosis has been previously demonstrated in MDCK
cells (Gottlieb et al. 1993; Boulant et al. 2011). Addition-
ally, actin is known to play a role in the uptake of large
virus particles through elongated clathrin-coated struc-
tures (Cureton et al. 2009). In this regard, it is interesting
that clathrin-coated invaginations in PT cells are highly
irregular in shape (Rodman et al. 1986; Birn et al. 1993).
Of note, Cdc42 is a potent activator of Toca-1 and N-
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Figure 3. CaM activation is required for Cdc42 activation and FSS-stimulated endocytosis. (A) FRET ratios were monitored in OK cells

transfected with the Raichu-Cdc42 under static conditions. The calmodulin activator Calp3 (5 umol/L) was added at 10 min (arrowhead). The
mean + SEM of three independent experiments is plotted. Profiles for static versus static + Calp3 are significantly different from each other

(P < 0.001) by two-way ANOVA. (B) FRET measurements of OK cells transfected with the Raichu-Cdc42- transfected OK cells were maintained
under static conditions or exposed to 0.1 dyne/cmZ FSS for 30 min starting at 10 min (arrowhead). The calmodulin inhibitor W13 (60 umol/L)
was included where indicated. Data (mean + SEM) from three independent experiments are plotted. Profiles for all conditions are significantly
different from each other (P < 0.001) by two-way ANOVA. (C) Calp3 increases albumin uptake under static conditions. Data from seven
experiments are plotted, and the bar shows the mean uptake for each condition. Representative images from a separate experiment in which
cells were fixed and albumin uptake imaged using confocal microscopy are shown above each bar. Scale bar: 25 um. (D) W13 inhibits albumin
uptake in response to FSS. Data from three experiments are plotted, and the bar shows the mean uptake for each condition. Representative
images from a separate experiment in which cells were fixed and albumin uptake imaged using confocal microscopy are shown above each

bar. Scale bar: 25 um.

WASP-Arp2/3, which regulate the formation of branched
actin filaments and which have previously been implicated
in endocytosis (Bu et al. 2010). We hypothesize that acti-
vation of N-WASP/Arp2/3 leads to structural remodeling
of the actin cytoskeleton to enable the formation of cla-
thrin-coated structures.

Our data also suggest that the [Ca®*]; response to flow
varies with shear stress. We previously found that renal

2017 | Vol. 5 | Iss. 19 | e13460
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cell exposure to higher FSS (>2 dyne/cm?®) results in a
rapid and transient increase in [Ca*"]; The lower FSS
used here also led to an initial spike in [Ca®"]; but this
quickly reset to a higher baseline [Ca*"]; that remained
steady for at least 10 min. This difference in Ca®*
responses could reflect variable sensitivity to FSS of the
machinery needed to re-equilibrate [Ca®"];. Estimates of
FSS experienced by PT cells in vivo vary widely, and
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Figure 4. Updated model for the translation of FSS to stimulated endocytosis. Our data support a model in which exposure to FSS increases
apical endocytic capacity in PT cells via a pathway that requires mechanosensation by the primary cilium. Our previous studies demonstrated

that this response requires extracellular Ca®*

and is mediated by release of ATP and purinergic receptor (P2R) signaling that leads to release of

Ca** from endoplasmic reticulum (ER) stores. Here we show that FSS-stimulated endocytosis requires calmodulin (CaM) mediated activation of
Cdc42. We hypothesize that Cdc42 modulates cytoskeletal dynamics that lead to increased endocytic capacity.

cellular responses to higher levels of FSS may differ from
those we observed at the lower end of the reported range.
Interestingly, a recent study using a genetically encoded
Ca®" sensor in mice demonstrated that the effect of ATP
on PT [Ca®']; levels in vivo is considerably longer than
in vitro (Szebenyi et al. 2015). Thus, Ca*" responses to
physiologic stimuli may be longer lived in the PT than
previously thought.

Our studies point to a critical role for primary cilia in
the activation of Cdc42 by FSS, however, we cannot rule
out the possibility that our method of deciliation has non-
ciliary effects on cell function. That said, our deciliated cells
are clearly viable, have intact plasma membranes, and are
able to regrow cilia. It is generally accepted that primary
cilia are required for flow-dependent mechanosensation;
however, their specific role in signaling remains unknown.
Flow-sensitive Ca®* responses in distal tubules of mice with
impaired ciliary biogenesis are blunted, and deciliation has
also been shown to impair the flow-dependent Ca®*
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response in MDCK cells (Liu et al. 2005; Praetorius and
Leipziger 2009). However, other studies have reported cil-
ium-independent increases in [Ca**]; in response to FSS
(Liu et al. 2003; Rodat-Despoix et al. 2013). Moreover,
changes in Ca** within the cilium occur subsequent to
cytoplasmic changes when cells are stimulated with ATP or
FSS (Su et al. 2013; Delling et al. 2016).

In summary, the studies described here deepen our
understanding of how acute changes in FSS modulate
endocytic capacity. Activation of Cdc42 in response to cil-
ia-initiated changes in [Ca*"]; is a necessary step in this
cascade, and is regulated upstream by CaM. Activation of
Cdc42 may also contribute to other effects of FSS on PT
function, including the modulation of tight junction
dynamics (Rojas et al. 2001; Duan et al. 2008). Future
studies will be aimed at identifying the downstream tar-
gets of Cdc42 in response to FSS and the mechanism by
which endocytic capacity is enhanced in PT cells in cul-
ture and in vivo.
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