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Diarthrodial joints are essential for load bearing and locomotion.
Physiologically, articular cartilage sustains millions of cycles of
mechanical loading. Chondrocytes, the cells in cartilage, regulate
their metabolic activities in response to mechanical loading. Patho-
logical mechanical stress can lead to maladaptive cellular responses
and subsequent cartilage degeneration. We sought to deconstruct
chondrocyte mechanotransduction by identifying mechanosensitive
ion channels functioning at injurious levels of strain. We detected
robust expression of the recently identified mechanosensitive chan-
nels, PIEZO1 and PIEZO2. Combined directed expression of Piezo1
and -2 sustained potentiated mechanically induced Ca* signals and
electrical currents compared with single-Piezo expression. In pri-
mary articular chondrocytes, mechanically evoked Ca®* transients
produced by atomic force microscopy were inhibited by GsMTx4,
a PIEZO-blocking peptide, and by Piezo1- or Piezo2-specific siRNA.
We complemented the cellular approach with an explant-cartilage
injury model. GsMTx4 reduced chondrocyte death after mechanical
injury, suggesting a possible therapy for reducing cartilage injury
and posttraumatic osteoarthritis by attenuating Piezo-mediated
cartilage mechanotransduction of injurious strains.
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Articular cartilage is a hydrated connective tissue that sup-
ports loads and minimizes friction in the diarthrodial joints.
It has a highly differentiated extracellular matrix (ECM) com-
posed primarily of type II collagen, the large aggregating pro-
teoglycan, aggrecan, and water. Chondrocytes are the only cells
in cartilage and are responsible for maintaining and remodeling
cartilage through a homeostatic balance of anabolic and cata-
bolic activities. Under normal physiologic conditions, chondrocytes
are exposed to millions of cycles of mechanical loading per year
(1). These mechanical signals play an important role in regulating
chondrocyte anabolic and biosynthetic activity, as evidenced by
cartilage atrophy following periods of disuse or immobilization
(2-7). However, under abnormal loading conditions (e.g., due to
obesity, trauma, or joint instability), mechanical factors play
a critical role in the onset and progression of osteoarthritis (1).
Such “injurious” loading has been modeled in vitro using explant
culture systems that replicate many of the early cellular and mo-
lecular events characteristic of osteoarthritis (8). Osteoarthritis is
a painful and debilitating disease of weight-bearing joints that
affects over 26 million people in the United States (9) with post-
traumatic arthritis being responsible for ~12% of the incidence of
osteoarthritis (10).

Despite the critical importance of mechanical loading in
health and disease of synovial joints, the mechanisms of mecha-
notransduction of chondrocytes are not fully understood and
are likely to differ under physiologic and pathologic conditions
(11-14). Although many different mechanisms have been shown
to be involved in chondrocyte mechanotransduction (13, 15-17),
recent studies show that the cation channel, TRPV4, is responsible

E5114-E5122 | PNAS | Published online November 10, 2014

for mediating the anabolic response of chondrocytes to osmotic or
mechanical stress (18-20). In this regard, identification of the
mechanosensitive pathways involved in cartilage homeostasis as
well as injury will help to provide novel targets for rational treat-
ment of cartilage injury and posttraumatic osteoarthritis (21).

Recently, a new family of cation-permeable, directly mechan-
ically activated (MA) ion channels, named “Piezo,” has been
identified in many cell types and several species including mam-
mals (22, 23). These channels are Ca** permeable and can rap-
idly inactivate following mechanical gating. Piezol plays an
important role in mechanotransduction in red blood cells and
bladder urothelium, and mutations have been linked to human
anemia and xerocytosis (24-28). Piezo2 is important for touch
sensation in mammals and may play a role in somatosensory
mechanotransduction of noxious stimuli (22, 29-31). However,
the presence and function of Piezos in musculoskeletal tissues,
which are exposed to a wide range of mechanical stimuli, have not
been investigated.

In this study, we examined the expression and function of
Piezos in cartilage and primary chondrocytes, as well as the syn-
ergistic action of Piezol and -2 in transducing mechanical signals
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in a model cell line. Furthermore, we examined the role of Piezos
in mechanically induced cell death in a cartilage tissue explant
model. We report here that Piezol and -2 are functlonally expressed
in mammalian chondrocytes high strain leads to Ca®" influx into
chondrocytes via PIEZO channels; and inhibiting Piezos with the
peptide GsMTx4 protects articular chondrocytes from mechan-
ically induced cell death.

Results

Robust Expression of Piezo Channels in Primary Chondrocytes. To
examine whether Piezo channels are expressed in mammalian ar-
ticular cartilage, we measured their presence and quantity in
articular cartilage relative to other tissues in the mouse. Using
Piezo-specific primers, we conducted real-time quantitative PCR
(RT-qPCR) of mouse organs including bladder, lung, skin, tri-
geminal ganglion (TG), and articular cartilage (prepared from hip
and knee joints). All mRNA levels were normalized to that of lung
(Fig. 1 4 and B). Both Piezo1 and Piezo2 (Piezo1/2) were robustly
expressed in chondrocytes. Piezol mRNA levels in chondrocytes
were higher than bladder, TG, and skin, and similar to lung. Piezo2
was expressed in cartilage at a similar level as bladder and skin, not
reaching the levels of lung and TG. We then confirmed appre-
ciable Piezo1/2 expression at the mRNA level in both porcine and
human primary chondrocytes by RT-qPCR (Fig. 1 C and D). In
porcine articular cartilage, we also detected Piezol/2 by immu-
nostaining (Fig. 1E), also in isolated chondrocytes (Fig. S1). The
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Fig. 1. Piezo1 (P1) and Piezo2 (P2) are robustly expressed in chondrocytes. (A
and B) mRNA expression was measured by real-time quantitative PCR (RT-
qPCR) using the AAC; method for analysis of relative gene expression levels in
bladder, lung, skin, trigeminal ganglion (TG), and joint cartilage (hip, knee) of
4-wk-old male mice. Organs (except cartilage) were sampled from single mice
(n = 6-10) and mRNA abundance was averaged. Cartilage was pooled (n = 3
pools from three, three, and four mice) to generate sufficient amounts of
starting material. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a housekeeping gene for normalization, and expression in lung was
assigned a numerical value of “1.” (C) RT-gPCR Ct values of Piezo1, Piezo2, and
GAPDH, based on RNA isolated from (C) porcine chondrocytes (n = 6 pigs) and
(D) human chondrocytes (n = 4 subjects). (E) Piezol1- and Piezo2-specific
immunolabeling of chondrocytes in porcine cartilage tissue. (Scale bar, 10 pm.)
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appreciable expression of Piezo1/2 in isolated primary chondrocytes
as well as in situ in cartilage raises the question of whether PIEZO
channels function as physiologically relevant mechanotransducers.
In this respect, it is worth bearing in mind that mRNA and protein
expression is not the same as functional protein expression, es-
pecially for mechanosensitive channels where mechanical stress
affecting the channels may be highly dependent on factors such as
shielding of the channels from stress (32).

To verify functional expression of Piezol/2 in chondrocytes,
we tested their mechanosensitivity while inhibiting PIEZO sig-
naling or knocking down Piezol or -2. In addition we modeled
chondrocytes’ Piezol/2 coexpression in a permanent cell line
with heterologous expression of Piezos, which allowed us to
measure Ca®* transients and transmembrane currents in re-
sponse to mechanical stimulation.

MA Ca”* Influx in Neuro2A Cells Overexpressing both Piezo1 and
Piezo2. Because both Piezol and Piezo2 were expressed in ar-
ticular chondrocytes, we first modeled the potential interaction
of this dual expression in heterologously transfected cells. This
approach allowed us to take full conceptual advantage of het-
erologous transfection of mechanosensitive Piezo channels in
a cell line with minimal intrinsic response. This approach will
clearly identify whether cotransfected Piezo1/2 shows a different
response from singly transfected Piezo. To assess the mechano-
sensmVlty of individual cells to controlled loading, we measured
Ca** transients in individual cells usmg a custom-built atomic
force microscope (AFM) Ca**-imaging setup. The mechanical
stimulus that we used was AFM-driven compression with a force
of up to ~500 nN, applied via a tipless cantilever to smoothly
compress a large region of the cell while minimizing local trauma
(Fig. 24 and Movie S1). We used neuro2A (N2A) cells for this
purpose because under our control conditions, they had no re-
sponse to mechanical stimulation at the levels of strain we used.
This finding is in contrast to the use of N2A cells to initially
isolate Piezo channels (22) and emphasizes that one cannot rely
upon specific lines of cells assuming they have consistent prop-
erties. N2A cells firmly adhere to the culture dish and do not
robustly express functional Piezos (Fig. 2B and F1g S1). We
examined mechanical responses measured by Ca*" influx after
directed expression of Piezol, Piezo2, and their coexpression.
Piezo2-transfected cells showed no response to loading, and
Piezol-transfected cells showed a minimal response. In striking
contrast, in Piezo1/2 cotransfected cells, AFM compresswn caused
a robust and sustained Ca®* influx with a peak Ca®* increase of
588 + 170 nM and a transient duration of 22 + 6 s. The Ca**
transients of Piezol or Piezo2 singly expressed were reduced to
<10% (ACa®* <52 nM) (Fig. 2 B-F). The stiffness of N2A cells
was similar to that of chondrocytes, suggesting they have similar
mechanical properties (Fig. S2). In keeping with this finding, we
also noted the resemblance of the actin cytoskeleton in N2A
cells with directed coexpression of PIEZO1/2 to the actin cy-
toskeleton of chondrocytes (Fig. S3).

MA Currents in N2A Cells Overexpressing both Piezo1 and Piezo2.
With patch-clamp electrophysiology in cell-attached mode using
N2A cells, we recorded the response to negative pressure steps
that stretched the patch (22, 33). Patches of control cells did not
produce current in response to suctlon We confirmed and ex-
tended the results of our AFM Ca®* imaging with whole-cell
recordings. The currents revealed synergistic effects caused by
coexpression of Piezol and Piezo2, versus expression of either
transgene alone. We observed twofold higher peak currents
(ZImax ~145 + 26 pA) when channels were cotransfected than with
a single-type transfection. The increase in plateau current was
even more striking in cotransfected cells, Ipjaccau ~75 + 10 pA,
a sixfold increase over Piezol-transfected cells (Fig. 2 H-M).
Surprisingly, but consistent with our AFM data, suction did not
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Fig. 2. Directed coexpression of Piezo1 and Piezo2 potentiates mechanically induced Ca®* signals and transmembrane currents. (A) N2A transfected cells
were mechanically stimulated by compressive mechanical loading (~400 nN, using a flat AFM probe) while recording intracellular Ca>*. N2A cells with directed
expression of (B) GFP, (C) Piezo1, (D) Piezo2, and (E) Piezo1 and Piezo2. Stimulated N2A cells overexpressing Piezo1 or Piezo2 (B and C) show rapidly decaying
modest spikes (~30 nM Ca?* influx). Note in contrast the robust Ca%* signal (~500 nM) in N2A cells expressing both Piezo1 and Pieo2 (E). (F) Maximal [Ca*]i,
prestimulation subtracted (ACa?*). (G) Stepwise negative pressure induced transmembrane electrical currents in cell-attached mode: negative pipette
pressure 0 to —100 mmHg, A—10 mmHg for 500 ms, holding potential of —65 mV. N2A cells were directed to express (H) nontransfected, (/) Piezo1, (J) Piezo2,
and (K) Piezo1 and Piezo2. (L) Maximum amplitude of membrane stretch-evoked current is shown. (M) Maximum average plateau currents between ~350
and 450 ms are shown (blue shades in K). For L and M, note the potentiation of the signal for coexpression of PIEZO1 and PIEZO2. Bars represent the mean +
SEM; the number of cells tested (n) is shown in the bars in F and L. Significantly different from all other bars: #P < 0.005, **#P < 0.0005, ANOVA, LSD post hoc.

evoke a significant current in patches from Piezo2-transfected
cells. AFM Ca** and electrophysiology measurements suggested
that PIEZO1/2 coexpression leads to increased sensitivity to
mechanical stimulation. Importantly, two different types of me-
chanical cues, namely compression and suction-evoked mem-
brane stretch, could activate PIEZO1/2.

See SI Results for kinetic modeling of PIEZO1/2 coexpression in
N2A cells, an analysis which confirms and extends our conclusion
of a synergistic function of PIEZO1 and PIEZO2 (Fig. S4).

MA Ca?* Influx in Primary Chondrocytes. We then examined the
mechanically activated Ca®* signaling in primary porcine chon-
drocytes that natively express Piezol/2 (Fig. 1C). We characterized
the force-strain Ca®*-influx relationship by compressing chon-
drocytes by 10, 50, 100, 300, and 500 nN, which resulted in nominal
strains of ~12%, 25%, 45%, 50%, and 60% of cell height, re-
spectively, resembling our results in N2A cells (Fig. S2 and Fig.
3A4-C).

At these forces, chondrocytes deformed significantly. This
striking cellular behavior is shown in Fig. 3C and Movie S2. After
compression, chondrocytes rapidly recovered their spherical shape
and retained the fluorescent Ca®* dye after lifting the AFM can-
tilever. These responses suggest that the cell membrane was not
damaged and the cells displayed no plastic deformation. Chon-
drocyte Ca* levels increased significantly at forces >300 nN
(Fig. S5). The resulting 50% strain is considered hyperphysiologic
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and injurious (3, 34-36). The Ca" transients (Fig. 3B) resembled
those seen in heterologous cells with cotransfection of PIEZO1/2.
They are not only robust in terms of amplitude, but also signifi-
cantly longer lasting than those typically seen in PIEZO1- or
PIEZO2-expressing N2A cells.

For attempts to obtain electrophysiology from mechanically
stimulated chondrocytes, see SI Results.

siRNA-Mediated Piezo Knockdown Attenuates Ca’* Transients in
Primary Chondrocytes. We used siRNA to estimate the con-
tributions of Piezol and Piezo2 to mechanically activated Ca**
signaling in chondrocytes. We knocked down each Piezo and
demonstrated the >50% efficiency of the respective knockdown
by RT-qPCR (Fig. 3 D-G). We then subjected the siRNA-
treated chondrocytes (single siRNA) to mechanical stimulation
and observed a robust attenuation of the AFM Ca®* transients,
a similar effect for each knockdown. These results confirm the
core concept of our study that both Piezos cooperatively par-
ticipate in chondrocyte mechanotransduction at high strains. We
note that our conclusion is based on incomplete knockdown of
Piezo expression, so that simple attenuation of Piezo expression
leads to attenuation of mechanical sensitivity to injurious strain.

Contributors to the High Mechanically Activated Ca?* Influx in
Primary Chondrocytes. To address the participation of PIEZO1/2
in a mechanotransduction complex, we characterized the AFM
Ca* response of primary chondrocytes in more detail. We first

Lee et al.
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Fig. 3. High-strain AFM indentation induced Ca®* influx and its suppression by Piezo knockdown suggest Piezo-mediated mechanotransduction in articular
chondrocytes. (A) Schematic diagram of AFM indentation and a representative trace of mechanically activated Ca®* influx of control chondrocytes (F = 400 nN,
1 pm/s ramp speed, dotted blue line indicates compression). (B) Cell strain increased significantly with applied force over a range of 10-500 nN (logarithmic
regression of strain vs. In(force), P < 0.0001). (C, Upper) Sequential images of the side view of a chondrocyte being compressed with an AFM cantilever, showing
a smooth lateral expansion as the cell is compressed vertically. (Scale bar, 5 pm.) (Lower) Force curve from the same cell, showing force increase dependent on
compression (x axis showing compression in micrometers). Note that we could not exert more than 300 nN force when using the AFM-PRISM microscope setup. (D)
AFM-mediated Ca®* influx of chondrocytes transfected with control siRNA (Left) and with Piezo1-targeting siRNA (Right) (50 nM siRNA each). (E) The average
maximal Ca®* influx and the mRNA level of Piezo1 determined by RT-gPCR. (F) AFM-mediated Ca®* influx curves of chondrocytes transfected with control siRNA
(Left) and with Piezo2-targeting siRNA (Right) (15 nM siRNA each); the average maximal Ca?* influx and the mRNA expression level of Piezo2 are shown in G. Note

robust attenuation of mechanically activated Ca®*

influx of chondrocytes subjected to Piezo1 or Piezo2 knockdown. GAPDH was used for normalization, AAC;

method. Bars represent the mean + SEM; the number of cells tested (n) is shown in bars. **P < 0.005, ***P < 0.0005, unpaired t test.

verified the source of Ca®* as extracellular, rather than from in-
tracellular stores. Reducing extracellular Ca** greatly diminished
the Ca>* response, whereas depletion of intracellular stores with
thapsigargin did not alter the response (Fig. 4 A-C). Second, we
tested the involvement of the chondrocyte actin cytoskeleton in
mechanotransduction because it is known to modulate mechan-
ical sensitivity (37-39). Cytochalasin-D, a potent 1nh1b1t0r of
actin polymerization, led to a strong reduction of the Ca®* signal
(Fig. 4D). We next used ruthenium red (RR), which exhibits
known PIEZO-channel blocking properties (22). RR inhibited
the Ca®" influx tran51ents (Fig. 4E). Taken together, the reduction
of extracellular of Ca** and the application of RR led to virtual
elimination of the Ca** signal. These findings are consistent with
the AFM Ca* response being mediated by PIEZO channels as
suggested by our siRNA knockdown experiments. Thelr de-
pendence on the actin cytoskeleton and extracellular Ca®*, not
intracellular stores, is an important new feature of PIEZ01/2
channels in articular chondrocytes. Critical involvement of the
actin cytoskeleton also raises the question of other cytoskeletal
elements and mechanisms playing an important role in this
mechanotransduction process, e.g., dynamin related (see below).

Next, we tested the specific PIEZO inhibitor peptide, GsMTx4
(40, 41). In Piezo1/2 cotransfected N2A cells, we observed that
40 pM of GsMTx4 inhibited the AFM Ca?* response almost
completely (Fig. S6). In articular chondrocytes, GsMTx4 reduced
the Ca*" response in a dose-dependent manner with 40 uM
being equipotent to external Ca®* removal or RR block (Fig. 41).

Lee et al.

The effect of GsMTx4 was fully reversible after wash-off (Fig.
S7). At 20 pM, GsMTx4 increased the inactivation time and
reduced the amplitude of the AFM Ca** transient (Fig. 4 H and
K). At 2 uM, it had no effect on the Ca** transients (ACa** = 369
nM for control vs. 405 nM for 2 uyM GsMTx4, n = 4, P = 0.7,
unpaired ¢ test). At 20 uM GsMTx4, the reduced amplitude is in
keeping with the known PIEZO-inhibitory activity of the pep-
tide. The observed appreciable increase of the inactivation time
with 20 pM GsMTx4, against expectation because GsMTx4 acts
primarily on the open state (42), is yet another unique property
of PIEZO1/2 coexpression in chondrocytes.

As mechanotransductory channels, PIEZO channels form a
close functional unit with the plasma membrane (43-45), also
demonstrated by the inhibitory effect of GsMTx4, which acts as
a gating modifier that inserts at the channel-lipid interface (32).
Against this background, we decided to next test the function
of dynamin, recently referred to as “membrane remodeler” (46),
on PIEZO mechanotransductory function in chondrocytes. For
this purpose, we inhibited dynamin GTPase with the selective
inhibitor, dynasore (47). Dynasore (5 pM) led to a moderate
(~65%) attenuation of the AFM Ca" signal, comparable to the
one evoked at 100 nN compressive force (Fig. 4G and Fig. S5).
This finding indicates that dynamin, presumably dynamin-2 in
chondrocytes (46), affects mechanotransduction by PIEZO
channels. To explore underlying cellular signaling correlates
of this finding, we studied PIEZO1/2 coexpressing N2A cells.
We identified an effect of dynamin inhibition on Piezo cellular
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Fig. 4. Characteristics of mechanically evoked Ca®* transients in primary chondrocytes. (A-J) Representative traces of mechanically activated Ca®* influx of
chondrocytes (400 nN force, 1 um/s ramp speed), specifically treated with (A) vehicle-control (cont), (B) thapsigargin (thaps) 1 pM, (C) EGTA 10 mM, (D) cy-
tochalasin-D (cyto-D) 2 pM, (E) ruthenium red (RR) 1 pM, (F) verapamil ~0.1-0.5 pM, (G) dynasore (dyn) 5 pM, (H) GsMTx4 (Gs) 20 pM, (/) GsMTx4 40 pM, and (J)
GsMTx4 2 uM and dynasore 5 uM. (K) Average inactivation time (tsos,) of control (shown in A) and GsMTx4 20 uM (shown in H). **P < 0.005, unpaired t test. (L)
Average maximum [Ca%*]i (ACa*H, prestimulation subtracted). Bars represent the mean + SEM; the number of cells tested (n) is shown in the bars. Significantly
different from control, not different from each other (ANOVA, #*#p < 0.0005, Dunnett’s post hoc).

trafficking, namely that cytoplasmic Piezo retention was de-
creased in dynasore-treated cells (Fig. 5 and Fig. S8). This
finding suggests that Piezo channels might have increased outer
plasma membrane expression caused by inhibition of dynamin
GTPase. This phenomenon renders PIEZO channels more likely
to become inactivated, providing a possible explanation for
dynasore’s effect. Based on our N2A-Piezo1/2 model, we reason
that a moderate role can be attributed to how dynamin influences
mechanical activation of PIEZO1/2 in chondrocytes. Because
GsMTx4 was only fully effective at increased concentrations, we
thus arrived at the critical question of whether inhibition of
dynamin GTPase would boost the inhibitory potency of GsMTx4.
Interestingly, we found that the effect of GsMTx4 was potenti-
ated by 5 pM dynasore so that GsMTx4 only required 2 pM
to inhibit the channels, an ineffective concentration by itself.
Dynasore reduced the effective K, of GsMTx4 to 20-fold lower
than that without dynasore. See Discussion for a more in-depth
discourse on these findings. See SI Results for negative results
of a control experiment using chlorpromazine, an amphipathic
compound devoid of effects on dynamin, and lacking a classical
signaling target in chondrocytes (Fig. S9). Also in SI Results find
evidence for lack of inhibition of hypotonically activated TRPV4
by GsMTx4 (18) (Fig. S10).

We also tested the role of L-type voltage-gated Ca** channels,
which are known to be expressed in articular chondrocytes (48).
We asked whether these channels could possibly be contributory
to the Ca®" signal via a downstream amplification mechanism
after mechanical activation of PIEZOs, which would depolarize
the cell. In keeping with this reasoning, inhibition with verapamil
attenuated the Ca®* transient in response to AFM-mediated
compression (Fig. 4F). The critical contribution of L-type volt-
age-gated Ca”" channels (VGCCs) to the Ca** response of artic-
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ular chondrocytes to injurious strain sets this signaling mechanism
apart from hypotonic cell swelling-evoked Ca”* transients, which
involve TRPV4 and do not rely on L-type voltage-gated Ca**
channels (18, 49).

GsMTx4 Significantly Protects Mechanically Injured Articular Cartilage.
Because our results in primary cells suggested a cellular response
to an injurious stimulus, we tested the response in articular chon-
drocytes in a cartilage explant model system. We assessed the
effect of PIEZO inhibition in a cartilage injury model where
osteochondral explants were subjected to mechanical injury with
a biopsy punch device, resulting in high local strains that damage
the chondrocytes around the cut edge. The resulting damage area,
the “zone of death,” surrounding the wound was assessed quan-
titatively using a fluorescent live/dead assay. We tested whether
GsMTx4 might protect chondrocytes from cell death following
injury. Preincubation with GsMTx4 (40 pM) significantly de-
creased the zone of death surrounding the wound (Fig. 6). These
findings show that a Piezol/2-mediated mechanotransduction
pathway modulates chondrocyte injury, and blocking this pathway
is protective. GsMTx4 is commercially available and nontoxic
(50, 51) making it a potentially useful therapeutic agent for tar-
geting Piezo1/2 so that progressive cartilage degeneration follow-
ing joint trauma can hopefully be addressed more rationally.

Discussion

Our studies show that Piezol and Piezo2 are expressed in articular
chondrocytes. Although physiologic levels of cell deformation did
not appear to activate these channels, they did respond to hyper-
physiologic strains. GsMTx4, a biologically derived peptide that
specifically inhibits mechanically activated cation channels, and
that we demonstrate here to inhibit heterologously coexpressed
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Fig. 5. Surface-labeled Piezo1 channels are less abundant in the cytoplasm
in response to inhibition of dynamin GTPase in Piezo1/2 cotransfected N2A
cells. (A) Schematic representation of bungarotoxin binding site (BgTx-bs)
engineered into the first extracellular loop of mPiezo1 labeled with bun-
garotoxin (BgTx), conjugated to Alexa Fluor 555. These channels are fully
functional (Fig. S8). (B) Representative confocal micrographs of N2A cells
transfected with Piezo1-BgTx-bs (see A), exposed in vivo to BgTx-Alexa-555
(red) for 15 min, and labeled postfixation with phalloidin-CF350 (blue). Top
Row shows a vehicle control-treated cell; Bottom Row, a cell treated with
dynamin GTPase inhibitor dynasore (20 uM); cells were treated for 3 h. (Scale
bar, 10 pm.) (C) Exemplary cytoplasmic ROI (confined by the yellow dotted
line, note nuclear sparing). Bar diagram shows relative comparison of the
mean fluorescence intensity of cytoplasmic BgTx labeling, background sub-
tracted. Averaged n of quantified cells is given in the bars, which indicate
mean + SEM (error bars); *P = 0.014, unpaired t test.

Piezol1/2, attenuated the response of chondrocytes to injurious
mechanical strain. GsMTx4 also showed potential as a chon-
droprotective agent in our cartilage explant model system. Our
results establish the novel concept that articular chondrocytes,
which are physiologically nonneural mechanosensitive cells,
functionally express both Piezo channels with apparent synergy
that contributes to mechanosensitivity.

Chondrocytes are exposed to a variety of physical and me-
chanical stimuli during physiologic and pathologic joint loading,
and thus the ability to perceive and respond properly to these
signals is critical for the maintenance of joint health (1). Our
discovery provides, to our knowledge, the first direct evidence that
mechanically sensitive ion channels in articular chondrocytes
are necessary for these cells’ response to high-strain mechanical
cues. These findings complement recent results from our group
reporting that the anabolic response of chondrocytes to low-level,
physiologic mechanical loading, is regulated by a TRPV4-based

Lee et al.

mechanism (20). In addition, we have previously reported that
loss of TRPV4 leads to age-dependent osteoarthritis in mice (19).

The current findings are consistent with previous studies
suggesting the high sensitivity of chondrocytes to osmotic stress
(14, 52), but decreased sensitivity to low-level mechanical strains
induced by cell indentation or micropipette aspiration (53, 54).
There appear to be multiple, functionally specific mechanisms
of mechanical signal transduction in this nonneural cell type.
Functional expression of TRPV4 and PIEZO1/2 (and potentially
other channels) (55, 56) in articular chondrocytes allow cells to
respond to the continuum of mechanical loads in cartilage. The
findings of this study, together with those in the literature, sug-
gest that chondrocyte mechanosensation involves an integrated
set of pathways that may also include transmission of pericellular
mechanical and osmotic signals to the cell and nucleus via
integrins and various cytoskeletal components (17, 57-61).

Understanding the relevant mechanisms—biophysical, mo-
lecular, protein—protein, physiological, signaling—of PIEZO
channel function in chondrocytes is a rational path toward un-
derstanding cartilage mechanobiology and associated diseases,
particularly osteoarthritis (21). Several important questions re-
main for follow-up studies. How does the PIEZO1/2 synergism
function at the molecular level? Do PIEZO1 and PIEZO2 form
heteromeric channels? Do articular chondrocytes express homo-
meric channels that are activated sequentially, or simultaneously,
or does the dual expression lead to changes in the cytoskeleton
that alter the stress in the channels? As we show here, Ca* influx
in response to injurious mechanical strain can be affected by
L-type voltage-gated Ca”* channels, suggesting an important
signaling link. This signal transduction chain is in keeping with
a recent publication (48) that reports a key role for L-type volt-
age-gated channels in osteoarthritis, evoked and aggravated by
mechanical trauma. We consider it an appealing possibility that
the chondrocytic Ca** signal of cartilage traumatic injury impacts
chondrocytes’ cytoskeleton, energy homeostasis, apoptotic equi-
librium, and inflammatory phenotype (15, 62-65).

Another important result of our experiments was that an in-
effective low dose of GsMTx4 was rendered highly potent—with
a 20-fold increase in potency—by coapplication of an otherwise
mildly effective dose of dynasore, a dynamin GTPase inhibitor. It
is likely that dynasore exerted its GsMTx4-potentiating effect by
inhibiting GTPase activity of dynamin-2 in chondrocytes, the
main dynamin in these cells (46). For interaction with outer
plasma membrane mechanotransducer ion channels, other dynamin-
like proteins are not very suitable targets (46, 47). We believe that
the most striking aspect of dynasore’s action—potentiation of low-
dose GsMTx4—are rooted in the known effect of dynamin on
membrane curvature (66, 67). Dynamin, also referred to as mech-
anochemical GTPase (68), according to this interpretation, could
contribute to lack of effect at lower doses of GsMTx4, by its link
to membrane curvature so that GsMTx4 peptide could not insert
itself in a very efficient way at the channel-lipid interface to inhibit
PIEZO1/2 in chondrocytes. As a result, as observed, PIEZO1/2
channels in chondrocytes are not particularly responsive to GsMTx4.
Dynasore inhibition of dynamin GTPase would reduce this regu-
latory function of dynamin so that GsMTx4 becomes significantly
more potent, as observed in our experiments. An alternate, not
mutually exclusive possibility can also be considered. If PIEZO
channels can be endocytosed, and if they are inhibited by dynasore
from leaving the plasma membrane, they may become a more
ready target for GsMTx4. This could be a complementary mech-
anism, in addition to dynamin’s effect on membrane curvature.
However, the main shortcoming of this concept is that dynasore
alone attenuated, not potentiated, the effect of AFM-mediated
compression of chondrocytes. With a postulated critical effect of
inhibition of PIEZO1/2 endocytosis, the channel should be pres-
ent more abundantly in the plasma membrane, prima vista in-
creasing mechanotransduction Ca”* transients, not decreasing them.
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repeats. Significantly different from control **P < 0.005, unpaired t test.

In aggregate, we favor the view that membrane remodeling by
dynamin could have the effect of shielding PIEZO channels
from the inhibitory effect of GsMTx4, at least valid for naturally
expressed PIEZO1/2 in chondrocytes. Blocking dynamin’s mem-
brane remodeling effects with dynasore will then enhance the
potency of GsMTx4, as observed in our experiments. There
could be additional amphipathic effects of dynasore that facili-
tate its GsMTx4 potentiation, but another amphipathic mole-
cule, chlorpromazine—devoid of effects on dynamin GTPase—
had no effect on PIEZO inhibition by GsMTx4 in chondrocytes.

Chondrocyte death has been proposed as an important mech-
anism leading to posttraumatic arthritis following traumatic joint
injury (36, 69, 70). PIEZO1/2, functionally expressed in joint
cartilage, provide novel molecular targets for reducing cell death
and mitigating injury-induced cartilage degeneration following
joint trauma. Thus, targeting Piezos could potentially serve as
a therapy for posttraumatic osteoarthritis. In this regard, GsMTx4
may be able to serve as a chondroprotective agent to prevent and
treat osteoarthritis and other mechanically induced forms of the
disease such as those caused by joint instability, misalignment, or
obesity, by altering pathologic mechanical signal transduction
pathways. Given the benign toxicity profile of GsMTx4, e.g., lack
of cardiac effects (71, 72), future studies will examine this ap-
proach in animal models of joint injury, paving the way to human
clinical trials.

Materials and Methods

Mouse Tissue RNA Extraction and RT-qPCR. Mouse organs were dissected from
4-wk-old male mice (n = 10). For cartilage, knee and hip cartilage (n = 3
samples; each sample contained pooled tissues from three to four mice) was
harvested and stored in RNA-later (Life Technologies) until RNA extraction.
Total RNA was extracted for subsequent RT-gPCR, as described previously
(73-75). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene for normalization, and expression in lung was defined
as “1.” All mouse experimentation was covered by a valid animal protocol of
the Duke University Institutional Animal Care and Use Committee, abiding by
all institutional, state, and federal (NIH) guidelines that govern use of animals
in research.

Immunohistochemistry. A block of porcine articular cartilage tissue was fixed in
paraformaldehyde and embedded in paraffin. Anti-Piezo1 rabbit antibody
(Abcam) and anti-Piezo2 rabbit antibody (Novus) was applied to 12-um sec-
tions and detected using a fluorescent secondary antibody (Alexa Fluor 555;
Molecular Probes). Nonimmunized rabbit serum was used as negative control.
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Chondrocyte Isolation and Culture. Chondrocytes were harvested from artic-
ular cartilage of the femoral condyles of skeletally mature (2-3 y old) female
pigs (18, 76). The isolated chondrocytes were cultured on 12-mm round glass
coverslips as described previously (18). Mechanical stimulation experiments
were performed 2 d after cell isolation, and 3 d after isolation for siRNA
transfections, which were performed on the day of isolation.

Chondrocyte AFM Compression and Ca’* Imaging. The mechanotransduction
events of single chondrocytes were measured using a custom-built AFM Ca®*
setup consisting of an AFM (Bioscope; Veeco) and a ratiometric Ca®* imaging
work station (Intracellular Imaging) (Fig. 2A). This setup is composed of an
AFM head (contains x-y-z piezoelectric scanner and cantilever holder), AFM
cantilever, sample stage with thermal equilibration (experiments conducted at
37 °Q), inverted microscope (Intracellular Imaging) with 20x/0.8 NA Olympus
objective for fluorescent microscopy, light source (340 nm, 380 nm dual wave-
length stimulation), high-resolution CCD camera, and analysis software. Pri-
mary porcine chondrocytes or N2A cells were seeded on 12-mm diameter glass
coverslips, then loaded with Ca?* sensitive Fura-2-AM dye (2 uM for 30 min;
Invitrogen) for ratiometric imaging (18, 77, 78). The piezoelectric scanner in
the AFM head controls the z position of the AFM cantilever to compress in-
dividual cells. A cell of interest is compressed by the AFM cantilever to a pre-
scribed force and then the cantilever is withdrawn. Meanwhile the ratiometric
Ca* images are taken at wavelengths of 340 and 380 nm, and the transient
Ca®* concentrations, 340/380 ratio, are analyzed (InCytim-2 software; In-
tracellular Imaging). Tipless cantilevers with spring constants of ~0.5-14 N/m
(Novasan or Bruker Probes) were used. The compression rate was 1-2 pm/s. The
force-displacement properties of individual cells were recorded to determine
the nominal strain (% change in cell height) at each force level.

Neuro2A Cells with Directed Expression of Piezo1/Piezo2. N2A cells were ex-
amined using the AFM/Ca®* setup. Neuro2A cells were transfected with
mouse Piezo1 and/or Piezo2 plasmids (22) using Exgen500 (Fermentas).
Piezo1-IRES-GFP plasmids were transfected for Piezo1 overexpression,
whereas Piezo2 plasmids were cotransfected with eGFP plasmids, which
were also used for control transfection, to identify transfected cells. For
Piezo1/2 overexpression, no eGFP plasmid was used. All cDNAs were driven
by CMV promoters. Transfected N2A cells, identified by fluorescence, were
examined after 48 h. PCR analysis was conducted following ref. 77.

Chondrocyte siRNA Treatment. siRNAs targeting porcine Piezo1 and Piezo2
were designed, both of which specifically down-regulated their respective
mMRNA. The siRNAs and the control siRNA (nontargeting siRNA no. 1) were
purchased from Dharmacon. siRNAs were transfected using electroporation
with the SCN Nucleofector kit that employs the nucleofector device (Lonza).
The designed Piezo1-targeting siRNA sequences are CAGCGAGAUCUCGCA-
CUCCAUC, UACGACCUGCUGCAGCUCCUG, ACCCGCUGGCCAUGCAGUUCUU;
the designed Piezo2-targeting siRNA sequences are CGACGAAGUCGAACA-
GUGAGUG and GAUCUGCGUGGAGGACAUUUAUG. To identify the transfected
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cells, siRNA pools were cotransfected with an eGFP plasmid (provided with
Lonza transfection kit), indicating a >80% transfection rate. Transfected cells
were used 3 d posttransfection. Efficiency of siRNA was verified by RT-gPCR
specific for the target using nontargeting control siRNA transfected cells
as controls.

Piezo Expression Level in Chondrocytes by RT-qPCR. On the third day after the
siRNA transfection, porcine (Sus scrofa) chondrocytes were lysed, total RNA was
extracted, and the abundance of Piezo1 and Piezo2 transcripts was de-
termined using established methods (73). For quantitation, we used the 247
method (79). Primer sequences for ssPiezo1 were forward-GCCCCCAACGGA-
CCTGAAGC and reverse-TGCGCAGCTGGATACGCACC and for ssPiezo2, for-
ward-CCAGCTGGATCTGCGTGGAGG and reverse-TGGTTGATCACCCCGGCGAC.
cDNA from human chondrocytes derived from normal control subjects (73)
(n = 4) were also tested by RT-qPCR. Primer sequences for huPiezo1 were
forward-CAATGAGGAGGCCGACTACC and reverse-GCACTCCTGCAGTTCGATGA
and for huPiezo2, forward-GCCCAACAAAGCCAGTTGAA and reverse-
GGGCTGATGGTCCACAAAGA.

Electrophysiology. We used a patch-clamp system similar to the one described
previously (22, 80). Cells were placed on an inverted microscope (TI-S;
Nikon) and currents were recorded with an EPC10 amplifier and Patch-
master software (HEKA) at a sampling rate of 5 kHz. Mechanical stimulation
in the cell-attached configuration was performed by a pressure clamp sys-
tem (ALAHSPC-1; ALA Scientific), where the negative pipette pressure was
applied for 500 ms from 0 to —100 mmHg with —10 mmHg increments in 10-s
intervals. The patch pipette solution and external bath solution contained
(in millimolars) 150 NaCl, 3 KCI, 1 MgCl,, 10 Hepes, 2.5 CaCl,, 10 glucose,
osmolarity adjusted to 320 mOsm with sucrose, and pH to 7.4. All experi-
ments were done at room temperature.

Kinetics. The kinetic electrophysiology data from N2A patches were fit to
state models of two or three states and independent channels, using the
MAC and MERGE routines in QUB Express (www.qub.buffalo.edu).

Treatment with Compounds and GsMTx4. Chondrocytes were treated with
ruthenium red (1 pM, 5 min; Tocris), cytochalasin-D (2 uM, 2 h; Tocris),
thapsigargin (1 uM, 1 h; Sigma-Aldrich), EGTA (10 mM, 5 min), verapamil
(0.1-0.5 pM, 20 min; Sigma-Aldrich), dynasore (5 and 20 pM, 2 h; Tocris),
chlorpromazine (100 pg/mL, 1 h; Sigma-Aldrich), and p-enantiomer of
GsMTx4 peptide (2, 20, and 40 uM, 5 min; provided by Philip Gottlieb, SUNY
Buffalo) (81).

In Situ Piezo Function. Tissue explants of cartilage with underlying bone (~2
cm diameter) were removed from the femoral condyles of skeletally mature
pigs. Explants were rinsed twice with PBS and transferred to media (phenol-
red free DMEM, Hepes, L-glutamine, Na pyruvate, osmolarity adjusted to 300
mOsm with deionized water, pH 7.4). Explants were pretreated with 40 pM
GsMTx4 for 2 h, 600 mOsm experimental media (osmolarity adjusted with
sucrose) for 4 min (82), or control media before injury. Explants were injured
by punching through the cartilage down to bone with a 3-mm stainless steel
biopsy punch. Injured explants were incubated for 2 h postinjury in the same
pretreatment solutions. Explants were then stained with the Live/Dead kit
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(calcein-AM stains live cells green, ethidium homodimer-1 stains dead cells
red; Life Technologies). Four images were taken of the surface of each
explant with a confocal microscope (LSM 510; Zeiss). The thickness of the
zone of death, defined as the point at which half of the cells were viable,
was measured using a custom-written code on each image (Matlab, The
Mathworks).

Prism Microscopy. See S/ Results.

Bungarotoxin Labeling of Piezo1. The 13-residue bungarotoxin (BTX) binding
site (TGGAGATACTACGAGAGCTCCCTGGAGCCCTACCCTGAC) was cloned into
the first extracellular loop of mouse Piezo1 predicted by the Phobius pre-
diction program (www.ebi.ac.uk/Tools/pfa/phobius), using the Stratagene
QuikChange Site-Directed Mutagenesis kit according to manufacturer pro-
tocol. The construct was transfected into N2A cells as described above. After
dynasore treatment (2 h 45 min), cells were washed three times with 37 °C
PBS and then incubated with a-bungarotoxin, Alexa Fluor 555 conjugate
(Invitrogen) at a concentration of 10 pg/mL in PBS for 15 min at 37 °C. Cells
were then washed again three times, 5 min per wash, with PBS and fixed
and stained with 4% (wt/vol) paraformaldehyde, followed by per-
meabilization with 0.5% Triton-X, and labeled with phalloidin-CF350. Fluo-
rescence of BTX-tagged receptors was determined in a cytoplasmic region of
interest (ROI) using ImageJ freeware by measuring average signal density in
the ROI and background subtraction, then averaging the signal for trans-
fected cells subjected to dynasore treatment or vehicle control.

Functionality of BTX-Piezo1. The BTX-Piezo1 construct was transfected into
HEK293T cells with Fugene6 (Promega) and recorded with patch clamp and
pressure clamp systems as described above. The patch pipette solution
contained (in millimolars) 130 NaCl, 5 KCl, 10 Hepes, 1 CaCl,, 2 MgCl,, and 10
TEA-Cl, pH to 7.3. The external bath solution contained (in millimolars) 140
KCl, 1 MgCl,, 10 Hepes, and 10 glucose, pH to 7.3. The peak amplitude of
each pressure step was normalized to the maximum response in the pressure
step series and averaged across cells. The P50s were extracted from the
Boltzmann fit of each individual cell and averaged.

Statistical Analysis. Average data are presented in a bar diagram as a mean +
SEM. Two-tail unpaired Student t test or one-way ANOVA and Fisher least
significant difference (LSD) or Dunnett’s post hoc test was used to determine
the statistical significance. *P < 0.05, **P < 0.005, considered statistically
significant.
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