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Main characteristics
Mechanosensitive channels has been detected in
nearly every organism. These channels are directly
gated by forces to convert mechanical stimuli into
electrical signals and thus function as the force
transducer in mechanosensory transduction

Mechanosensitive channels open very rapidly with 
short latency, usually less than 5 milliseconds, which 
makes it unlikely that second messengers are 
involved in channel gating.



Main characteristics
It is generally believed that the three common
mechanical sensory modalities — touch, hearing and
proprioception — are mediated by mechanosensitive
channels that are directly gated by forces.

The molecular identities of these channels, however,
remain largely elusive, particularly in mammals. A
new study by Coste et al., published recently in
Science, has now shed light on this enigma.
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the biophysical properties of

mechanosensitive channels

recorded from different cell types

show large variation, suggesting

that the molecular nature of

mechanosensitive channels is

highly heterogeneous

extracellular matrix, respectively [6,9].
MEC-4 and MEC-10 belong to the
ENaC/DEG family of sodium channels
that are conserved from worms to
humans (Figure 1) [6,9].

TRP family channels have recently
emerged as another class of leading
candidates for mechanosensitive
channels (Figure 1) [2]. These channels
are found in nearly all eukaryotes [10].
Among the seven TRP subfamilies
(TRPC, TRPV, TRPM, TRPN, TRPA,
TRPP, and TRPML), nearly every
subfamily has members that have been
implicated in mechanosensation [2].
However, it has also been suggested
that TRP channels are notmechanically
gated and may merely play indirect
roles in mechanosensation by
modulating/amplifying the activity of
mechanosensitive channels of
unknown molecular identity [11]. But
more recent work in C. elegans shows
that TRP family proteins can function
as mechanosensitive channels that are
mechanically gated. In this work, Kang
et al. [12] demonstrated that the
C. elegans TRPN1 channel TRP-4
forms the pore of a mechanically gated
channel that senses touch in the worm
nose. Interestingly, this channel also
mediates proprioception in both
C. elegans and Drosophila [13,14].

Work in model organisms such as
worms and flies raises the possibility
that ENaC/DEG and TRP family genes
encode the mechanosensitive
channels sensing touch, sound and
gravity in mammals, although this has
not yet been confirmed, at least at the
genetic level [2]. A second, but not
mutually exclusive, possibility is that
mechanosensitive channels in
mammals are encoded by completely
different types of genes. Indeed,
the two-pore-domain K+ channel
TREK1 has been reported to form
a mechanosensitive channel in
mammals [15], but, given that the
opening of this K+ channel
hyperpolarizes rather than depolarizes
a neuron, it cannot be the primary
channel mediating touch, hearing and
proprioception in mammals.

In the new work, Patapoutian and
colleagues [4] have now identified
a novel class of mechanosensitive
channels in mammals. They took
a reverse genetic approach by
screening for channel-like genes that,
when knocked down by RNA
interference (RNAi), result in
suppression of mechanosensitive
currents in cell lines. This tour de force

effort began with the mouse
neuroblastoma cell line Neuro2A (N2A),
which expresses endogenous
rapidly-adapting mechanosensitive
channels. Two protocols were used
to evoke mechanosensitive currents
in these cells — membrane touch and
membrane stretch. As a first step, the
authors carried out a microarray
analysis of enriched transcripts in N2A
cells and selected 73 candidates that
contained at least two transmembrane
segments. RNAi-mediated knockdown
of these candidates identified a single
gene — Fam38A — that is required for
the mechanosensitive currents in N2A
cells. They renamed this gene piezo1,
from the Greek ‘pı́3sh’ (pı́esi) meaning
‘pressure’. Another piezo gene, piezo2
(Fam38B), was identified and found to
be present in all vertebrates, like
piezo1. Overexpression of Piezo1 or
Piezo2 in multiple cell lines (i.e. N2A,
HEK293T, and C2C12) generated
robust mechanosensitive cation
currents that are non-selective, exhibit
a linear current–voltage relationship,
and are sensitive to ruthenium red and
gadolinium, two known inhibitors of
many mechanosensitive channels.

Although the response latency of Piezo
channels has not yet been determined,
it is probably in the millisecond range
according to the traces presented in
the paper. Piezo1 can be detected at
the plasma membrane in transfected
HEK293T cells. These data together
provide convincing evidence that Piezo
proteins can form mechanosensitive
channels in vitro.
But are Piezo proteins required for

mechanosensation in vivo? Both
Piezo1 and Piezo2 are expressed
in multiple tissues, such as bladder,
colon and lung. In addition, Piezo2 is
enriched in dorsal root ganglion (DRG)
neurons, suggesting a role for Piezo2
in mechanosensation. Indeed,
RNAi-mediated knockdown of Piezo2
in cultured mouse DRG neurons
caused a specific suppression of the
rapidly-adapting, but not the
intermediately- or slowly-adapting,
mechanosensitive currents [4]. This
provides strong evidence that Piezo2
is an essential subunit of a native
mechanosensitive channel in a group
of DRG neurons.
piezo genes are evolutionarily

conserved and can be found in most
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Figure 1. Mechanosensitive channels in eukaryotes.

(A) Schematics of mechanosensitive channels in eukaryotes. Only one subunit is shown for
each channel. The membrane topology of Piezo is unclear, and one possibility is shown
here. (B) A dendrogram plot of different classes of putative mechanosensitive channels. In
the case of TRP family channels, only those that have been implicated in mechanosensation
are included, amongst which TRPN1 is the only TRP protein that has been demonstrated to
function as a mechanosensitive channel that is mechanically gated [12].
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MEC-4 and MEC-10 belong to the
ENaC/DEG family of sodium channels
that are conserved from worms to
humans (Figure 1) [6,9].
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emerged as another class of leading
candidates for mechanosensitive
channels (Figure 1) [2]. These channels
are found in nearly all eukaryotes [10].
Among the seven TRP subfamilies
(TRPC, TRPV, TRPM, TRPN, TRPA,
TRPP, and TRPML), nearly every
subfamily has members that have been
implicated in mechanosensation [2].
However, it has also been suggested
that TRP channels are notmechanically
gated and may merely play indirect
roles in mechanosensation by
modulating/amplifying the activity of
mechanosensitive channels of
unknown molecular identity [11]. But
more recent work in C. elegans shows
that TRP family proteins can function
as mechanosensitive channels that are
mechanically gated. In this work, Kang
et al. [12] demonstrated that the
C. elegans TRPN1 channel TRP-4
forms the pore of a mechanically gated
channel that senses touch in the worm
nose. Interestingly, this channel also
mediates proprioception in both
C. elegans and Drosophila [13,14].

Work in model organisms such as
worms and flies raises the possibility
that ENaC/DEG and TRP family genes
encode the mechanosensitive
channels sensing touch, sound and
gravity in mammals, although this has
not yet been confirmed, at least at the
genetic level [2]. A second, but not
mutually exclusive, possibility is that
mechanosensitive channels in
mammals are encoded by completely
different types of genes. Indeed,
the two-pore-domain K+ channel
TREK1 has been reported to form
a mechanosensitive channel in
mammals [15], but, given that the
opening of this K+ channel
hyperpolarizes rather than depolarizes
a neuron, it cannot be the primary
channel mediating touch, hearing and
proprioception in mammals.

In the new work, Patapoutian and
colleagues [4] have now identified
a novel class of mechanosensitive
channels in mammals. They took
a reverse genetic approach by
screening for channel-like genes that,
when knocked down by RNA
interference (RNAi), result in
suppression of mechanosensitive
currents in cell lines. This tour de force

effort began with the mouse
neuroblastoma cell line Neuro2A (N2A),
which expresses endogenous
rapidly-adapting mechanosensitive
channels. Two protocols were used
to evoke mechanosensitive currents
in these cells — membrane touch and
membrane stretch. As a first step, the
authors carried out a microarray
analysis of enriched transcripts in N2A
cells and selected 73 candidates that
contained at least two transmembrane
segments. RNAi-mediated knockdown
of these candidates identified a single
gene — Fam38A — that is required for
the mechanosensitive currents in N2A
cells. They renamed this gene piezo1,
from the Greek ‘pı́3sh’ (pı́esi) meaning
‘pressure’. Another piezo gene, piezo2
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be present in all vertebrates, like
piezo1. Overexpression of Piezo1 or
Piezo2 in multiple cell lines (i.e. N2A,
HEK293T, and C2C12) generated
robust mechanosensitive cation
currents that are non-selective, exhibit
a linear current–voltage relationship,
and are sensitive to ruthenium red and
gadolinium, two known inhibitors of
many mechanosensitive channels.

Although the response latency of Piezo
channels has not yet been determined,
it is probably in the millisecond range
according to the traces presented in
the paper. Piezo1 can be detected at
the plasma membrane in transfected
HEK293T cells. These data together
provide convincing evidence that Piezo
proteins can form mechanosensitive
channels in vitro.
But are Piezo proteins required for

mechanosensation in vivo? Both
Piezo1 and Piezo2 are expressed
in multiple tissues, such as bladder,
colon and lung. In addition, Piezo2 is
enriched in dorsal root ganglion (DRG)
neurons, suggesting a role for Piezo2
in mechanosensation. Indeed,
RNAi-mediated knockdown of Piezo2
in cultured mouse DRG neurons
caused a specific suppression of the
rapidly-adapting, but not the
intermediately- or slowly-adapting,
mechanosensitive currents [4]. This
provides strong evidence that Piezo2
is an essential subunit of a native
mechanosensitive channel in a group
of DRG neurons.
piezo genes are evolutionarily

conserved and can be found in most

A

DEG/ENaC

TREK1

TRP

Piezo

B

Current Biology

Human Piezo2

Human Piezo1

Fly Piezo

DEG/E
NaC

PiezoWorm PiezoTREK1

MEC-10
MEC-4

ENaC

TRPY1TRPM4

TRPM7 TRPP2

TRPC1

TRPC6

TRPV2
TRPV1

TRPV4

TRPA1

TRPN1/TRP-4

TRP

Figure 1. Mechanosensitive channels in eukaryotes.

(A) Schematics of mechanosensitive channels in eukaryotes. Only one subunit is shown for
each channel. The membrane topology of Piezo is unclear, and one possibility is shown
here. (B) A dendrogram plot of different classes of putative mechanosensitive channels. In
the case of TRP family channels, only those that have been implicated in mechanosensation
are included, amongst which TRPN1 is the only TRP protein that has been demonstrated to
function as a mechanosensitive channel that is mechanically gated [12].
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The first breakthrough came from studies in

the genetic model organism Caenorhabditis

elegans. Using genetic and

electrophysiological approaches, Chalfie and

colleagues have identified a mechanosensitive

channel complex comprising MEC-4, MEC-10,

MEC-2 and MEC-6 that senses gentle body

touch in C. elegans. MEC-4 and MEC-10 form

the channel pore.

MEC-4 and MEC-10 belong to the ENaC/DEG

family of sodium channels that are conserved

from worms to humans
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extracellular matrix, respectively [6,9].
MEC-4 and MEC-10 belong to the
ENaC/DEG family of sodium channels
that are conserved from worms to
humans (Figure 1) [6,9].

TRP family channels have recently
emerged as another class of leading
candidates for mechanosensitive
channels (Figure 1) [2]. These channels
are found in nearly all eukaryotes [10].
Among the seven TRP subfamilies
(TRPC, TRPV, TRPM, TRPN, TRPA,
TRPP, and TRPML), nearly every
subfamily has members that have been
implicated in mechanosensation [2].
However, it has also been suggested
that TRP channels are notmechanically
gated and may merely play indirect
roles in mechanosensation by
modulating/amplifying the activity of
mechanosensitive channels of
unknown molecular identity [11]. But
more recent work in C. elegans shows
that TRP family proteins can function
as mechanosensitive channels that are
mechanically gated. In this work, Kang
et al. [12] demonstrated that the
C. elegans TRPN1 channel TRP-4
forms the pore of a mechanically gated
channel that senses touch in the worm
nose. Interestingly, this channel also
mediates proprioception in both
C. elegans and Drosophila [13,14].

Work in model organisms such as
worms and flies raises the possibility
that ENaC/DEG and TRP family genes
encode the mechanosensitive
channels sensing touch, sound and
gravity in mammals, although this has
not yet been confirmed, at least at the
genetic level [2]. A second, but not
mutually exclusive, possibility is that
mechanosensitive channels in
mammals are encoded by completely
different types of genes. Indeed,
the two-pore-domain K+ channel
TREK1 has been reported to form
a mechanosensitive channel in
mammals [15], but, given that the
opening of this K+ channel
hyperpolarizes rather than depolarizes
a neuron, it cannot be the primary
channel mediating touch, hearing and
proprioception in mammals.

In the new work, Patapoutian and
colleagues [4] have now identified
a novel class of mechanosensitive
channels in mammals. They took
a reverse genetic approach by
screening for channel-like genes that,
when knocked down by RNA
interference (RNAi), result in
suppression of mechanosensitive
currents in cell lines. This tour de force

effort began with the mouse
neuroblastoma cell line Neuro2A (N2A),
which expresses endogenous
rapidly-adapting mechanosensitive
channels. Two protocols were used
to evoke mechanosensitive currents
in these cells — membrane touch and
membrane stretch. As a first step, the
authors carried out a microarray
analysis of enriched transcripts in N2A
cells and selected 73 candidates that
contained at least two transmembrane
segments. RNAi-mediated knockdown
of these candidates identified a single
gene — Fam38A — that is required for
the mechanosensitive currents in N2A
cells. They renamed this gene piezo1,
from the Greek ‘pı́3sh’ (pı́esi) meaning
‘pressure’. Another piezo gene, piezo2
(Fam38B), was identified and found to
be present in all vertebrates, like
piezo1. Overexpression of Piezo1 or
Piezo2 in multiple cell lines (i.e. N2A,
HEK293T, and C2C12) generated
robust mechanosensitive cation
currents that are non-selective, exhibit
a linear current–voltage relationship,
and are sensitive to ruthenium red and
gadolinium, two known inhibitors of
many mechanosensitive channels.

Although the response latency of Piezo
channels has not yet been determined,
it is probably in the millisecond range
according to the traces presented in
the paper. Piezo1 can be detected at
the plasma membrane in transfected
HEK293T cells. These data together
provide convincing evidence that Piezo
proteins can form mechanosensitive
channels in vitro.
But are Piezo proteins required for

mechanosensation in vivo? Both
Piezo1 and Piezo2 are expressed
in multiple tissues, such as bladder,
colon and lung. In addition, Piezo2 is
enriched in dorsal root ganglion (DRG)
neurons, suggesting a role for Piezo2
in mechanosensation. Indeed,
RNAi-mediated knockdown of Piezo2
in cultured mouse DRG neurons
caused a specific suppression of the
rapidly-adapting, but not the
intermediately- or slowly-adapting,
mechanosensitive currents [4]. This
provides strong evidence that Piezo2
is an essential subunit of a native
mechanosensitive channel in a group
of DRG neurons.
piezo genes are evolutionarily

conserved and can be found in most
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Figure 1. Mechanosensitive channels in eukaryotes.

(A) Schematics of mechanosensitive channels in eukaryotes. Only one subunit is shown for
each channel. The membrane topology of Piezo is unclear, and one possibility is shown
here. (B) A dendrogram plot of different classes of putative mechanosensitive channels. In
the case of TRP family channels, only those that have been implicated in mechanosensation
are included, amongst which TRPN1 is the only TRP protein that has been demonstrated to
function as a mechanosensitive channel that is mechanically gated [12].
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A second, but not mutually exclusive, possibility is that mechanosensitive

channels in mammals are encoded by completely different types of genes.

Indeed, the two-pore-domain K+ channel TREK1 has been reported to form a

mechanosensitive channel in mammals, but, given that the opening of this K+

channel hyperpolarizes rather than depolarizes a neuron, it cannot be the

primary channel mediating touch, hearing and proprioception in mammals.

extracellular matrix, respectively [6,9].
MEC-4 and MEC-10 belong to the
ENaC/DEG family of sodium channels
that are conserved from worms to
humans (Figure 1) [6,9].

TRP family channels have recently
emerged as another class of leading
candidates for mechanosensitive
channels (Figure 1) [2]. These channels
are found in nearly all eukaryotes [10].
Among the seven TRP subfamilies
(TRPC, TRPV, TRPM, TRPN, TRPA,
TRPP, and TRPML), nearly every
subfamily has members that have been
implicated in mechanosensation [2].
However, it has also been suggested
that TRP channels are notmechanically
gated and may merely play indirect
roles in mechanosensation by
modulating/amplifying the activity of
mechanosensitive channels of
unknown molecular identity [11]. But
more recent work in C. elegans shows
that TRP family proteins can function
as mechanosensitive channels that are
mechanically gated. In this work, Kang
et al. [12] demonstrated that the
C. elegans TRPN1 channel TRP-4
forms the pore of a mechanically gated
channel that senses touch in the worm
nose. Interestingly, this channel also
mediates proprioception in both
C. elegans and Drosophila [13,14].

Work in model organisms such as
worms and flies raises the possibility
that ENaC/DEG and TRP family genes
encode the mechanosensitive
channels sensing touch, sound and
gravity in mammals, although this has
not yet been confirmed, at least at the
genetic level [2]. A second, but not
mutually exclusive, possibility is that
mechanosensitive channels in
mammals are encoded by completely
different types of genes. Indeed,
the two-pore-domain K+ channel
TREK1 has been reported to form
a mechanosensitive channel in
mammals [15], but, given that the
opening of this K+ channel
hyperpolarizes rather than depolarizes
a neuron, it cannot be the primary
channel mediating touch, hearing and
proprioception in mammals.

In the new work, Patapoutian and
colleagues [4] have now identified
a novel class of mechanosensitive
channels in mammals. They took
a reverse genetic approach by
screening for channel-like genes that,
when knocked down by RNA
interference (RNAi), result in
suppression of mechanosensitive
currents in cell lines. This tour de force

effort began with the mouse
neuroblastoma cell line Neuro2A (N2A),
which expresses endogenous
rapidly-adapting mechanosensitive
channels. Two protocols were used
to evoke mechanosensitive currents
in these cells — membrane touch and
membrane stretch. As a first step, the
authors carried out a microarray
analysis of enriched transcripts in N2A
cells and selected 73 candidates that
contained at least two transmembrane
segments. RNAi-mediated knockdown
of these candidates identified a single
gene — Fam38A — that is required for
the mechanosensitive currents in N2A
cells. They renamed this gene piezo1,
from the Greek ‘pı́3sh’ (pı́esi) meaning
‘pressure’. Another piezo gene, piezo2
(Fam38B), was identified and found to
be present in all vertebrates, like
piezo1. Overexpression of Piezo1 or
Piezo2 in multiple cell lines (i.e. N2A,
HEK293T, and C2C12) generated
robust mechanosensitive cation
currents that are non-selective, exhibit
a linear current–voltage relationship,
and are sensitive to ruthenium red and
gadolinium, two known inhibitors of
many mechanosensitive channels.

Although the response latency of Piezo
channels has not yet been determined,
it is probably in the millisecond range
according to the traces presented in
the paper. Piezo1 can be detected at
the plasma membrane in transfected
HEK293T cells. These data together
provide convincing evidence that Piezo
proteins can form mechanosensitive
channels in vitro.
But are Piezo proteins required for

mechanosensation in vivo? Both
Piezo1 and Piezo2 are expressed
in multiple tissues, such as bladder,
colon and lung. In addition, Piezo2 is
enriched in dorsal root ganglion (DRG)
neurons, suggesting a role for Piezo2
in mechanosensation. Indeed,
RNAi-mediated knockdown of Piezo2
in cultured mouse DRG neurons
caused a specific suppression of the
rapidly-adapting, but not the
intermediately- or slowly-adapting,
mechanosensitive currents [4]. This
provides strong evidence that Piezo2
is an essential subunit of a native
mechanosensitive channel in a group
of DRG neurons.
piezo genes are evolutionarily

conserved and can be found in most
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Figure 1. Mechanosensitive channels in eukaryotes.

(A) Schematics of mechanosensitive channels in eukaryotes. Only one subunit is shown for
each channel. The membrane topology of Piezo is unclear, and one possibility is shown
here. (B) A dendrogram plot of different classes of putative mechanosensitive channels. In
the case of TRP family channels, only those that have been implicated in mechanosensation
are included, amongst which TRPN1 is the only TRP protein that has been demonstrated to
function as a mechanosensitive channel that is mechanically gated [12].
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In 2010, Patapoutian and

colleagues have identified a

novel class of

mechanosensitive channels

in mammals.

extracellular matrix, respectively [6,9].
MEC-4 and MEC-10 belong to the
ENaC/DEG family of sodium channels
that are conserved from worms to
humans (Figure 1) [6,9].

TRP family channels have recently
emerged as another class of leading
candidates for mechanosensitive
channels (Figure 1) [2]. These channels
are found in nearly all eukaryotes [10].
Among the seven TRP subfamilies
(TRPC, TRPV, TRPM, TRPN, TRPA,
TRPP, and TRPML), nearly every
subfamily has members that have been
implicated in mechanosensation [2].
However, it has also been suggested
that TRP channels are notmechanically
gated and may merely play indirect
roles in mechanosensation by
modulating/amplifying the activity of
mechanosensitive channels of
unknown molecular identity [11]. But
more recent work in C. elegans shows
that TRP family proteins can function
as mechanosensitive channels that are
mechanically gated. In this work, Kang
et al. [12] demonstrated that the
C. elegans TRPN1 channel TRP-4
forms the pore of a mechanically gated
channel that senses touch in the worm
nose. Interestingly, this channel also
mediates proprioception in both
C. elegans and Drosophila [13,14].

Work in model organisms such as
worms and flies raises the possibility
that ENaC/DEG and TRP family genes
encode the mechanosensitive
channels sensing touch, sound and
gravity in mammals, although this has
not yet been confirmed, at least at the
genetic level [2]. A second, but not
mutually exclusive, possibility is that
mechanosensitive channels in
mammals are encoded by completely
different types of genes. Indeed,
the two-pore-domain K+ channel
TREK1 has been reported to form
a mechanosensitive channel in
mammals [15], but, given that the
opening of this K+ channel
hyperpolarizes rather than depolarizes
a neuron, it cannot be the primary
channel mediating touch, hearing and
proprioception in mammals.

In the new work, Patapoutian and
colleagues [4] have now identified
a novel class of mechanosensitive
channels in mammals. They took
a reverse genetic approach by
screening for channel-like genes that,
when knocked down by RNA
interference (RNAi), result in
suppression of mechanosensitive
currents in cell lines. This tour de force

effort began with the mouse
neuroblastoma cell line Neuro2A (N2A),
which expresses endogenous
rapidly-adapting mechanosensitive
channels. Two protocols were used
to evoke mechanosensitive currents
in these cells — membrane touch and
membrane stretch. As a first step, the
authors carried out a microarray
analysis of enriched transcripts in N2A
cells and selected 73 candidates that
contained at least two transmembrane
segments. RNAi-mediated knockdown
of these candidates identified a single
gene — Fam38A — that is required for
the mechanosensitive currents in N2A
cells. They renamed this gene piezo1,
from the Greek ‘pı́3sh’ (pı́esi) meaning
‘pressure’. Another piezo gene, piezo2
(Fam38B), was identified and found to
be present in all vertebrates, like
piezo1. Overexpression of Piezo1 or
Piezo2 in multiple cell lines (i.e. N2A,
HEK293T, and C2C12) generated
robust mechanosensitive cation
currents that are non-selective, exhibit
a linear current–voltage relationship,
and are sensitive to ruthenium red and
gadolinium, two known inhibitors of
many mechanosensitive channels.

Although the response latency of Piezo
channels has not yet been determined,
it is probably in the millisecond range
according to the traces presented in
the paper. Piezo1 can be detected at
the plasma membrane in transfected
HEK293T cells. These data together
provide convincing evidence that Piezo
proteins can form mechanosensitive
channels in vitro.
But are Piezo proteins required for

mechanosensation in vivo? Both
Piezo1 and Piezo2 are expressed
in multiple tissues, such as bladder,
colon and lung. In addition, Piezo2 is
enriched in dorsal root ganglion (DRG)
neurons, suggesting a role for Piezo2
in mechanosensation. Indeed,
RNAi-mediated knockdown of Piezo2
in cultured mouse DRG neurons
caused a specific suppression of the
rapidly-adapting, but not the
intermediately- or slowly-adapting,
mechanosensitive currents [4]. This
provides strong evidence that Piezo2
is an essential subunit of a native
mechanosensitive channel in a group
of DRG neurons.
piezo genes are evolutionarily

conserved and can be found in most
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Figure 1. Mechanosensitive channels in eukaryotes.

(A) Schematics of mechanosensitive channels in eukaryotes. Only one subunit is shown for
each channel. The membrane topology of Piezo is unclear, and one possibility is shown
here. (B) A dendrogram plot of different classes of putative mechanosensitive channels. In
the case of TRP family channels, only those that have been implicated in mechanosensation
are included, amongst which TRPN1 is the only TRP protein that has been demonstrated to
function as a mechanosensitive channel that is mechanically gated [12].
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Piezo1 and Piezo2 Are Essential
Components of Distinct Mechanically
Activated Cation Channels
Bertrand Coste,1 Jayanti Mathur,2 Manuela Schmidt,1 Taryn J. Earley,1 Sanjeev Ranade,1
Matt J. Petrus,2 Adrienne E. Dubin,1 Ardem Patapoutian1,2*

Mechanical stimuli drive many physiological processes, including touch and pain sensation,
hearing, and blood pressure regulation. Mechanically activated (MA) cation channel activities
have been recorded in many cells, but the responsible molecules have not been identified.
We characterized a rapidly adapting MA current in a mouse neuroblastoma cell line. Expression
profiling and RNA interference knockdown of candidate genes identified Piezo1 (Fam38A) to be
required for MA currents in these cells. Piezo1 and related Piezo2 (Fam38B) are vertebrate
multipass transmembrane proteins with homologs in invertebrates, plants, and protozoa.
Overexpression of mouse Piezo1 or Piezo2 induced two kinetically distinct MA currents. Piezos
are expressed in several tissues, and knockdown of Piezo2 in dorsal root ganglia neurons
specifically reduced rapidly adapting MA currents. We propose that Piezos are components of
MA cation channels.

Mechanotransduction, the conversion of
mechanical force into biological sig-
nals, has crucial roles in physiology. In

mammals, embryonic development, touch, pain,
proprioception, hearing, adjustment of vascular
tone and blood flow, flow sensing in kidney, lung
growth and injury, bone andmuscle homeostasis,
as well asmetastasis are all regulated bymeans of
mechanotransduction (1, 2). In plants, mechanical

force strongly affects morphogenesis, for exam-
ple, in lateral root formation (3). Unicellular orga-
nisms such as ciliates sense touch and change
direction in response to a tactile stimulus (4).
Mechanotransduction in vertebrate inner-ear hair
cells is extremely rapid, implicating an ion chan-
nel directly activated by force (5). Indeed, calcium-
permeable mechanically activated (MA) cationic
currents have been described in various mecha-

nosensitive cells (2, 3, 6, 7). However, only few
MA channels have been identified to date (1, 2),
and definitive candidates in vertebrate mechano-
sensation has yet to emerge.

Neuro2A cells express MA currents. To iden-
tify proteins involved in mechanotransduction,
we sought a cell line that expresses a MA current
similar to those recorded from primary cells (8).
We screened several mouse and rat cell lines
(Neuro2A, C2C12, NIH/3T3, Min-6, 50B11,
F11, and PC12), applying force to the cell surface
via a piezo-electrically driven glass probe while
patch-clamp recording in the whole-cell config-
urationwith another pipette (6, 8, 9). TheNeuro2A
(N2A) mouse neuroblastoma cell line expressed
the most consistent MA currents and showed rel-
atively faster kinetics of adaptation (decreased
activity in response to a sustained stimulus) as
compared with that of other cell lines, such as
C2C12s (Fig. 1, A and B, and fig. S1, A to D).
Current-voltage relationships of N2A and C2C12
MAcurrents were linear between –80 and +80mV
with reversal potentials (Erev) at +6.6 and +6.7mV,
respectively, and inward currents were suppressed
with N-methyl-D-glucamine (NMDG)–chloride ex-
ternal solutions, suggesting cationic nonselective

Fig. 1. MA currents in N2A cells. (A) Representative traces of MA inward
currents expressed in N2A cells. Cells were subjected to a series of mechanical steps
of 1-mm movements of a stimulation pipette (inset illustration, arrow) in the
whole-cell patch configuration at a holding potential of –80 mV. (B) Average
current-voltage relationships of MA currents in N2A cells (n = 11 cells). (Inset)
RepresentativeMA currents evoked at holding potentials ranging from–80 to +40mV
(applied 0.7 s before the mechanical step). (C) Single-channel currents (cell
attached patch configuration) induced by means of negative pressure with a
pipette (inset illustration, arrow) at holding potentials ranging from –80 mV to
+80 mV in a N2A cell. (D) Average current-voltage relationships of stretch-
activated single channels in N2A cells (n = 4 cells, mean T SEM). Single-
channel conductance was calculated from the slope of the linear regression
line of each cell, giving g = 22.9 T 1.4 pS (mean T SEM). Single-channel
amplitude was determined as the amplitude difference in Gaussian fits of
full-trace histograms. (E) Representative currents (averaged traces) induced
by means of negative pipette pressure (0 to –60 mmHg, D 10 mmHg) in a N2A
cell. (F) Normalized current-pressure relationship of stretch-activated
currents at –80 mV fitted with a Boltzmann equation (n = 21 cells). P50 is
the average value of P50 values from individual cells.
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Piezo1 and Piezo2 Are Essential
Components of Distinct Mechanically
Activated Cation Channels
Bertrand Coste,1 Jayanti Mathur,2 Manuela Schmidt,1 Taryn J. Earley,1 Sanjeev Ranade,1
Matt J. Petrus,2 Adrienne E. Dubin,1 Ardem Patapoutian1,2*

Mechanical stimuli drive many physiological processes, including touch and pain sensation,
hearing, and blood pressure regulation. Mechanically activated (MA) cation channel activities
have been recorded in many cells, but the responsible molecules have not been identified.
We characterized a rapidly adapting MA current in a mouse neuroblastoma cell line. Expression
profiling and RNA interference knockdown of candidate genes identified Piezo1 (Fam38A) to be
required for MA currents in these cells. Piezo1 and related Piezo2 (Fam38B) are vertebrate
multipass transmembrane proteins with homologs in invertebrates, plants, and protozoa.
Overexpression of mouse Piezo1 or Piezo2 induced two kinetically distinct MA currents. Piezos
are expressed in several tissues, and knockdown of Piezo2 in dorsal root ganglia neurons
specifically reduced rapidly adapting MA currents. We propose that Piezos are components of
MA cation channels.

Mechanotransduction, the conversion of
mechanical force into biological sig-
nals, has crucial roles in physiology. In

mammals, embryonic development, touch, pain,
proprioception, hearing, adjustment of vascular
tone and blood flow, flow sensing in kidney, lung
growth and injury, bone andmuscle homeostasis,
as well asmetastasis are all regulated bymeans of
mechanotransduction (1, 2). In plants, mechanical

force strongly affects morphogenesis, for exam-
ple, in lateral root formation (3). Unicellular orga-
nisms such as ciliates sense touch and change
direction in response to a tactile stimulus (4).
Mechanotransduction in vertebrate inner-ear hair
cells is extremely rapid, implicating an ion chan-
nel directly activated by force (5). Indeed, calcium-
permeable mechanically activated (MA) cationic
currents have been described in various mecha-

nosensitive cells (2, 3, 6, 7). However, only few
MA channels have been identified to date (1, 2),
and definitive candidates in vertebrate mechano-
sensation has yet to emerge.

Neuro2A cells express MA currents. To iden-
tify proteins involved in mechanotransduction,
we sought a cell line that expresses a MA current
similar to those recorded from primary cells (8).
We screened several mouse and rat cell lines
(Neuro2A, C2C12, NIH/3T3, Min-6, 50B11,
F11, and PC12), applying force to the cell surface
via a piezo-electrically driven glass probe while
patch-clamp recording in the whole-cell config-
urationwith another pipette (6, 8, 9). TheNeuro2A
(N2A) mouse neuroblastoma cell line expressed
the most consistent MA currents and showed rel-
atively faster kinetics of adaptation (decreased
activity in response to a sustained stimulus) as
compared with that of other cell lines, such as
C2C12s (Fig. 1, A and B, and fig. S1, A to D).
Current-voltage relationships of N2A and C2C12
MAcurrents were linear between –80 and +80mV
with reversal potentials (Erev) at +6.6 and +6.7mV,
respectively, and inward currents were suppressed
with N-methyl-D-glucamine (NMDG)–chloride ex-
ternal solutions, suggesting cationic nonselective

Fig. 1. MA currents in N2A cells. (A) Representative traces of MA inward
currents expressed in N2A cells. Cells were subjected to a series of mechanical steps
of 1-mm movements of a stimulation pipette (inset illustration, arrow) in the
whole-cell patch configuration at a holding potential of –80 mV. (B) Average
current-voltage relationships of MA currents in N2A cells (n = 11 cells). (Inset)
RepresentativeMA currents evoked at holding potentials ranging from–80 to +40mV
(applied 0.7 s before the mechanical step). (C) Single-channel currents (cell
attached patch configuration) induced by means of negative pressure with a
pipette (inset illustration, arrow) at holding potentials ranging from –80 mV to
+80 mV in a N2A cell. (D) Average current-voltage relationships of stretch-
activated single channels in N2A cells (n = 4 cells, mean T SEM). Single-
channel conductance was calculated from the slope of the linear regression
line of each cell, giving g = 22.9 T 1.4 pS (mean T SEM). Single-channel
amplitude was determined as the amplitude difference in Gaussian fits of
full-trace histograms. (E) Representative currents (averaged traces) induced
by means of negative pipette pressure (0 to –60 mmHg, D 10 mmHg) in a N2A
cell. (F) Normalized current-pressure relationship of stretch-activated
currents at –80 mV fitted with a Boltzmann equation (n = 21 cells). P50 is
the average value of P50 values from individual cells.
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The authors used the mouse neuroblastoma cell line Neuro2A (N2A), which

expresses endogenous rapidly-adapting mechanosensitive channels. Two

protocols were used to evoke mechanosensitive currents — membrane

touch and membrane stretch.
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Components of Distinct Mechanically
Activated Cation Channels
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Mechanical stimuli drive many physiological processes, including touch and pain sensation,
hearing, and blood pressure regulation. Mechanically activated (MA) cation channel activities
have been recorded in many cells, but the responsible molecules have not been identified.
We characterized a rapidly adapting MA current in a mouse neuroblastoma cell line. Expression
profiling and RNA interference knockdown of candidate genes identified Piezo1 (Fam38A) to be
required for MA currents in these cells. Piezo1 and related Piezo2 (Fam38B) are vertebrate
multipass transmembrane proteins with homologs in invertebrates, plants, and protozoa.
Overexpression of mouse Piezo1 or Piezo2 induced two kinetically distinct MA currents. Piezos
are expressed in several tissues, and knockdown of Piezo2 in dorsal root ganglia neurons
specifically reduced rapidly adapting MA currents. We propose that Piezos are components of
MA cation channels.

Mechanotransduction, the conversion of
mechanical force into biological sig-
nals, has crucial roles in physiology. In

mammals, embryonic development, touch, pain,
proprioception, hearing, adjustment of vascular
tone and blood flow, flow sensing in kidney, lung
growth and injury, bone andmuscle homeostasis,
as well asmetastasis are all regulated bymeans of
mechanotransduction (1, 2). In plants, mechanical

force strongly affects morphogenesis, for exam-
ple, in lateral root formation (3). Unicellular orga-
nisms such as ciliates sense touch and change
direction in response to a tactile stimulus (4).
Mechanotransduction in vertebrate inner-ear hair
cells is extremely rapid, implicating an ion chan-
nel directly activated by force (5). Indeed, calcium-
permeable mechanically activated (MA) cationic
currents have been described in various mecha-

nosensitive cells (2, 3, 6, 7). However, only few
MA channels have been identified to date (1, 2),
and definitive candidates in vertebrate mechano-
sensation has yet to emerge.

Neuro2A cells express MA currents. To iden-
tify proteins involved in mechanotransduction,
we sought a cell line that expresses a MA current
similar to those recorded from primary cells (8).
We screened several mouse and rat cell lines
(Neuro2A, C2C12, NIH/3T3, Min-6, 50B11,
F11, and PC12), applying force to the cell surface
via a piezo-electrically driven glass probe while
patch-clamp recording in the whole-cell config-
urationwith another pipette (6, 8, 9). TheNeuro2A
(N2A) mouse neuroblastoma cell line expressed
the most consistent MA currents and showed rel-
atively faster kinetics of adaptation (decreased
activity in response to a sustained stimulus) as
compared with that of other cell lines, such as
C2C12s (Fig. 1, A and B, and fig. S1, A to D).
Current-voltage relationships of N2A and C2C12
MAcurrents were linear between –80 and +80mV
with reversal potentials (Erev) at +6.6 and +6.7mV,
respectively, and inward currents were suppressed
with N-methyl-D-glucamine (NMDG)–chloride ex-
ternal solutions, suggesting cationic nonselective

Fig. 1. MA currents in N2A cells. (A) Representative traces of MA inward
currents expressed in N2A cells. Cells were subjected to a series of mechanical steps
of 1-mm movements of a stimulation pipette (inset illustration, arrow) in the
whole-cell patch configuration at a holding potential of –80 mV. (B) Average
current-voltage relationships of MA currents in N2A cells (n = 11 cells). (Inset)
RepresentativeMA currents evoked at holding potentials ranging from–80 to +40mV
(applied 0.7 s before the mechanical step). (C) Single-channel currents (cell
attached patch configuration) induced by means of negative pressure with a
pipette (inset illustration, arrow) at holding potentials ranging from –80 mV to
+80 mV in a N2A cell. (D) Average current-voltage relationships of stretch-
activated single channels in N2A cells (n = 4 cells, mean T SEM). Single-
channel conductance was calculated from the slope of the linear regression
line of each cell, giving g = 22.9 T 1.4 pS (mean T SEM). Single-channel
amplitude was determined as the amplitude difference in Gaussian fits of
full-trace histograms. (E) Representative currents (averaged traces) induced
by means of negative pipette pressure (0 to –60 mmHg, D 10 mmHg) in a N2A
cell. (F) Normalized current-pressure relationship of stretch-activated
currents at –80 mV fitted with a Boltzmann equation (n = 21 cells). P50 is
the average value of P50 values from individual cells.
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To generate a list of candidate MA ion

channels in N2A, we searched for transcripts

that are enriched in N2A cells using Affymetrix

microarrays. We selected proteins predicted

to span the membrane at least two times (a

characteristic shared by all ion channels). We

prioritized this list by picking either known

cation channels or proteins with unknown

function. We tested each candidate (table S1)

using small interfering RNA (siRNA)

knockdown in N2A cells, measuring MA

currents during piezo-driven pressure

stimulation in the whole-cell mode.

Knockdown of Fam38 (Family with sequence

similarity 38) caused a pronounced decrease of

MA currents

permeability (fig. S1E). We further characterized
MA currents in N2A cells in response to suction
of the membrane applied through the recording
pipette in cell-attached mode (10). Negative pres-
sure pulses evoked opening of endogenous chan-
nels (Fig. 1C), with a single-channel conductance

of 22.9 T 1.4 pS and Erev of +6.2 mV (Fig. 1D).
Increasing the magnitude of pressure pulses in-
duced larger and reversible currents (Fig. 1E).
The current-pressure relationship is characterized
by maximal opening at –60 mmHg, with a pres-
sure for half-maximal activation (P50) of –28.0 T

1.8 mmHg (Fig. 1F). These conductance and P50
values are similar to the properties of reported
stretch-activated channels (11–13).

Piezo1 (Fam38A) is required for MA cur-
rents of N2A cells. To generate a list of candi-
date MA ion channels in N2A, we searched for

Fig. 2. Suppression of MA currents by means of
Piezo1 (Fam38A) siRNA. (A) Average maximal
amplitude of MA inward currents elicited at a
holding potential of –80 mV in N2A cells trans-
fected with scrambled siRNA (blue dot, n = 56
cells), Piezo1 (Fam38A) siRNA (red dot, n = 20
cells) or siRNA directed against other candidates
tested (open symbols) (a list of candidates is
available in table S1). For each candidate, the
black circle and error bar represents the mean T
SEM, n = 4 to 27 cells each. The black line
represents the average value of all cells tested (n =
807 cells), and the two blue dashed lines represent
a fourfold decrease or increase of this value. (B)
Average maximal amplitude of MA inward currents
elicited at a holding potential of –80 mV in N2A
cells transfected either with (blue) scrambled siRNA
or (red) different Piezo1 (Fam38A) siRNAs. Smart-
pool I is composed of four siRNAs, including siRNA
1, 2, and 3. ***P < 0.001, Kruskal-Wallis test.
(Inset) Representative traces of MA inward currents
expressed in N2A cells transfected with (blue trace)
scrambled siRNA or (red trace) Piezo1 (Fam38A)
siRNA at a holding potential of –80 mV. (C)
Representative currents (averaged traces) induced
by means of negative pipette pressure (0 to –60
mmHg, D 10 mmHg, cell attached) in a N2A cell
transfected with (left) scrambled siRNA or (right)
Piezo1 siRNA. Traces of current elicited by –60
mmHg are highlighted in blue and red. (D)
Average maximal amplitude of stretch-activated
currents elicited at a holding potential of –80 mV
in N2A cells transfected with (blue) scrambled
siRNA or (red) Piezo1 siRNA. Bars represent the
mean T SEM, and the number of cells tested is shown above the bars. **P < 0.01, unpaired t test with Welch’s correction.

Fig. 3. Evolutionary conservation and expression
profile of mouse Piezo1 and Piezo2. (A) Unrooted
phylogenetic tree showing sequence relationship of
different members of the Piezo family of proteins.
The alignments were generated by using Megalign
(DNASTAR, Madison, Wisconsin) and DrawTree
programs. The dotted line represents an artificially
extended line to accommodate fit. Hs, Homo
sapiens; Mm, Mouse musculus; Gg, Gallus gallus,
Dr, Danio rerio; Ci, Ciona intestinalis; Dm, Drosoph-
ila melanogaster; Ce, Caenorhabditis elegans; Dd,
Dictyostelium discoideum; At, Arabidopsis thaliana;
Os, Oryza sativa; and Tt, Tetrahymena thermophila
[accession numbers are provided (25 )]. Protista is
referred to as a single kingdom but can be
considered as a group of diverse phyla. (B) mRNA
expression profiles of (top) Piezo1 and (bottom)
Piezo2 determined by means of quantitative PCR
from various adult mouse tissues. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the
reference gene, and lung was used as the tissue
calibrator by means of the 2–∆∆CT method. Each bar
is the mean + SEM of the average of two separate
experiments.
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Given that Fam38A encodes a protein required for the
expression of ion channels activated by pressure, we
named this gene Piezo1, from the Greek ”pίesh” (píesi),
meaning pressure.



Many animal, plant, and
other eukaryotic species
contain a single Piezo.
Vertebrates have two
members, Piezo1 (Fam38A)
and Piezo2 (Fam38B)

permeability (fig. S1E). We further characterized
MA currents in N2A cells in response to suction
of the membrane applied through the recording
pipette in cell-attached mode (10). Negative pres-
sure pulses evoked opening of endogenous chan-
nels (Fig. 1C), with a single-channel conductance

of 22.9 T 1.4 pS and Erev of +6.2 mV (Fig. 1D).
Increasing the magnitude of pressure pulses in-
duced larger and reversible currents (Fig. 1E).
The current-pressure relationship is characterized
by maximal opening at –60 mmHg, with a pres-
sure for half-maximal activation (P50) of –28.0 T

1.8 mmHg (Fig. 1F). These conductance and P50
values are similar to the properties of reported
stretch-activated channels (11–13).

Piezo1 (Fam38A) is required for MA cur-
rents of N2A cells. To generate a list of candi-
date MA ion channels in N2A, we searched for

Fig. 2. Suppression of MA currents by means of
Piezo1 (Fam38A) siRNA. (A) Average maximal
amplitude of MA inward currents elicited at a
holding potential of –80 mV in N2A cells trans-
fected with scrambled siRNA (blue dot, n = 56
cells), Piezo1 (Fam38A) siRNA (red dot, n = 20
cells) or siRNA directed against other candidates
tested (open symbols) (a list of candidates is
available in table S1). For each candidate, the
black circle and error bar represents the mean T
SEM, n = 4 to 27 cells each. The black line
represents the average value of all cells tested (n =
807 cells), and the two blue dashed lines represent
a fourfold decrease or increase of this value. (B)
Average maximal amplitude of MA inward currents
elicited at a holding potential of –80 mV in N2A
cells transfected either with (blue) scrambled siRNA
or (red) different Piezo1 (Fam38A) siRNAs. Smart-
pool I is composed of four siRNAs, including siRNA
1, 2, and 3. ***P < 0.001, Kruskal-Wallis test.
(Inset) Representative traces of MA inward currents
expressed in N2A cells transfected with (blue trace)
scrambled siRNA or (red trace) Piezo1 (Fam38A)
siRNA at a holding potential of –80 mV. (C)
Representative currents (averaged traces) induced
by means of negative pipette pressure (0 to –60
mmHg, D 10 mmHg, cell attached) in a N2A cell
transfected with (left) scrambled siRNA or (right)
Piezo1 siRNA. Traces of current elicited by –60
mmHg are highlighted in blue and red. (D)
Average maximal amplitude of stretch-activated
currents elicited at a holding potential of –80 mV
in N2A cells transfected with (blue) scrambled
siRNA or (red) Piezo1 siRNA. Bars represent the
mean T SEM, and the number of cells tested is shown above the bars. **P < 0.01, unpaired t test with Welch’s correction.

Fig. 3. Evolutionary conservation and expression
profile of mouse Piezo1 and Piezo2. (A) Unrooted
phylogenetic tree showing sequence relationship of
different members of the Piezo family of proteins.
The alignments were generated by using Megalign
(DNASTAR, Madison, Wisconsin) and DrawTree
programs. The dotted line represents an artificially
extended line to accommodate fit. Hs, Homo
sapiens; Mm, Mouse musculus; Gg, Gallus gallus,
Dr, Danio rerio; Ci, Ciona intestinalis; Dm, Drosoph-
ila melanogaster; Ce, Caenorhabditis elegans; Dd,
Dictyostelium discoideum; At, Arabidopsis thaliana;
Os, Oryza sativa; and Tt, Tetrahymena thermophila
[accession numbers are provided (25 )]. Protista is
referred to as a single kingdom but can be
considered as a group of diverse phyla. (B) mRNA
expression profiles of (top) Piezo1 and (bottom)
Piezo2 determined by means of quantitative PCR
from various adult mouse tissues. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the
reference gene, and lung was used as the tissue
calibrator by means of the 2–∆∆CT method. Each bar
is the mean + SEM of the average of two separate
experiments.
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We cloned full-length Piezo1 from N2A

cells into the pIRES2–enhanced green

fluorescent protein (EGFP) vector. We

recorded MA currents from GFP-

positive cells in the whole cell mode 12

to 48 hours after transfection. Piezo1

but not mock-transfected cells showed

large MA currents in N2A, human

embryonic kidney (HEK) 293 T

The threshold of activation and the time

constant for inactivation of MA currents

elicited in Piezo1-overexpressing cells

was similar in all three cell lines tested

transcripts that are enriched in N2A cells using
Affymetrix microarrays (Affymetrix, Santa Clara,
California).We selected proteins predicted to span
the membrane at least two times (a characteristic
shared by all ion channels). We prioritized this list
by picking either known cation channels or pro-

teins with unknown function. We tested each can-
didate (table S1) using small interfering RNA
(siRNA) knockdown in N2A cells, measuringMA
currents during piezo-driven pressure stimulation
in the whole-cell mode. Knockdown of Fam38A
(Family with sequence similarity 38) caused a

pronounced decrease of MA currents (Fig. 2A).
Attenuation of MA currents was observed with
multiple siRNAs directed against this gene (Fig.
2B). All the siRNAs tested decreased the abun-
dance of the target transcripts as assayed with
quantitative polymerase chain reaction (PCR) (fig.
S2A). Given that Fam38A encodes a protein re-
quired for the expression of ion channels activated
by pressure, we named this gene Piezo1, from the
Greek ”pίesh” (píesi), meaning pressure. To test
whether depletion of Piezo1 impairs general cell
signaling or viability, we transfected N2A cells
with TRPV1 cDNA (a capsaicin-activated cation
channel) and either scrambled or Piezo1 siRNA
and observed no differences in capsaicin responses
(fig. S2, B and C). We tested whether Piezo1 was
also required forN2AMAcurrents elicited through
patch membrane stretch (Fig. 2C). MA currents
were diminished in cells treated with siRNA
against Piezo1 (Fig. 2D).

Very little is known about mammalian Piezo1
(KIAA0233, Fam38A, and Mib). Its expression
is induced in senile plaque-associated astrocytes
(14), and the protein has been suggested to be
involved in integrin activation (15). Extracellular
perfusion of cells with buffer lacking divalent
ions and containing 5mMEGTA for 30 to 60min,
which disrupts integrin function (16), did not sup-
press MA currents (fig. S2, D and E). Thus, it is
unlikely that Piezo1 siRNA blocks MA currents
through integrin modulation. However, it is pos-
sible that mechanical activation of Piezo1 could
lead to integrin activation.

Piezos are large-transmembrane proteins
conserved among various species. Many animal,
plant, and other eukaryotic species contain a sin-
gle Piezo (Fig. 3A). Vertebrates have two mem-
bers, Piezo1 (Fam38A) and Piezo2 (Fam38B).
However, the early chordate Ciona has a single
member. Multiple Piezos are also present in the
Ciliophora kingdom: Tetrahymena thermophila
has three members; Paramecium tetraurelia has
six. No clear homologswere identified in yeast or
bacteria. The secondary structure and overall length
of Piezo proteins are moderately conserved, and
similarity to other proteins is minimal. As assayed
with the Transmembrane Hidden Markov Model
prediction program (TMHMM2) (CBS, Lyngby,
Denmark), all have between 24 and 36 predicted
transmembrane domains (with variability perhaps
being due to inaccurate cDNA or transmembrane
prediction). The predicted proteins contain 2100 to
4700 amino acids, and the transmembrane do-
mains are located throughout the putative protein
(fig. S3). Piezo1 expression was observed in
bladder, colon, kidney, lung, and skin (Fig. 3B).
This pattern agrees with Northern blot expression
analysis in rat (14). Bladder, colon, and lung
undergo mechanotransduction related to visceral
pain (17), and primary cilia in the kidney sense
urinary flux (18). The relatively low amount of
mRNA in dorsal root ganglia (DRGs) suggests
that Piezo1 may not account for MA currents ob-
served there (8, 9, 19–22), but Piezo1 was ob-
served in the skin, which is another putative site
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Fig. 4. LargeMA currents from cells overexpressing Piezo1. (A to F) MA currents of Piezo1-expressing [(A)
to (C)] N2A and [(D) to (F)] HEK293T cells recorded in the whole-cell configuration. [(A) and (D)] Rep-
resentative traces of MA inward currents expressed in different cell types transfected with Piezo1. Cells
were subjected to a series of mechanical steps in 1-mm (A) or 0.5-mm (D) increments by using glass probe
stimulation and at a holding potential of –80 mV. [(B) and (E)] Representative current-voltage
relationships of MA currents expressed in different cell types transfected with Piezo1. (Inset) MA currents
evoked at holding potentials ranging from –80 to +40 mV. [(C) and (F)] Average maximal amplitude of
MA inward currents elicited at a holding potential of –80 mV in (red) Piezo1-transfected or (blue) mock-
transfected cells. Bars represent the mean T SEM, and the number of cells tested is shown above the bars.
***P < 0.001, unpaired t test with Welch’s correction. (G to L) Stretch-activated currents of mouse [(G) to
(I)] Piezo1-expressing N2A and [(J) to (L)] HEK293T cells in cell-attached configuration. Representative
averaged currents induced by means of negative pipette pressure (0 to –60 mmHg, D 10 mmHg) in (G)
N2A and (J) HEK293T cells transfected with Piezo1. Imax normalized current-pressure relationship of
stretch-activated currents elicited at –80 mV in Piezo1-transfected [(H) n = 12 cells] N2A and [(K) n = 11
cells] HEK293T cells and fitted with a Boltzmann equation. P50 is the average value of all P50 values
determined for individual cells. Average maximal amplitude of stretch-activated currents elicited at a
holding potential of –80 mV in (I) N2A and (L) HEK293T cells (blue) mock-transfected or (red) transfected
with Piezo1. Bars represent the mean T SEM, and the number of cells tested is shown above the bars.
***P < 0.001; **P < 0.01, unpaired t test with Welch’s correction.
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Piezo1 induces MA currents in various cell types



We characterized the ionic

selectivity of MA currents in cells

overexpressing Piezo1. Substituting

the nonpermeant cation NMDG (N -

methyl-d-glucamine) in the

extracellular bathing solution

suppressed inward MA currents,

demonstrating that this channel

conducts cations
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We further examined ionic selectivity by recording with CsCl-only internal

solutions and various cations in the bath. Na+, K+, Ca2+ and Mg2+ all permeated,

with a slight preference for Ca2+. Moreover, 30 µM of ruthenium red and

gadolinium, which are known blockers of many cationic MA current, blocked

74.6 T 2.5% (n = 6 cells) and 84.3 T 3.8% (n = 5 cells) of Piezo1 induced MA current,

respectively (fig. S4, I to K).



MA currents in cells overexpressing Piezo2.
We cloned full-length Piezo2 from DRG neurons.

N2A and HEK293T cells transfected with Piezo2

and gene-encoding GFP showed large

MAcurrents (Fig. 5, A to F).

The N2A cells were also cotransfected with

Piezo1 siRNA to suppress endogenous MA

currents.

The kinetics of inactivation of Piezo2-dependent

MA currents were faster than Piezo1-dependent

MA currents, both for inward (Fig. 5G) and

outward (Fig. 5H) currents, and at all holding

potentials tested (Fig. 5I). Therefore, Piezo1 and

Piezo2 confer distinct channel properties

of somatosensation. Piezo2 expression was ob-
served in bladder, colon, and lung as well, but
less abundant in kidney or skin. Strong expres-
sion of Piezo2 was observed in DRG sensory neu-
rons, suggesting a potential role in somatosensory
mechanotransduction.

Piezo1 induces MA currents in various cell
types. We cloned full-length Piezo1 from N2A
cells into the pIRES2–enhanced green fluores-
cent protein (EGFP) vector. We recorded MA
currents from GFP-positive cells in the whole-
cell mode 12 to 48 hours after transfection.Piezo1
but not mock-transfected cells showed large MA
currents inN2A, human embryonic kidney (HEK)
293 T (Fig. 4, A to F), and C2C12 cell lines (fig.
S4, A to C). In all cells overexpressing Piezo1,
the MA current-voltage relationships were sim-
ilar to those for endogenous N2A MA currents
(Fig. 4, B and E, and figs. 1B and S4B), with
Erev ~ +6 mV. The threshold of activation and
the time constant for inactivation of MA cur-
rents elicited in Piezo1-overexpressing cells was
similar in all three cell lines tested (table S2).We
characterized the ionic selectivity of MA currents

in cells overexpressing Piezo1. Substituting the
nonpermeant cation NMDG in the extracellular
bathing solution suppressed inwardMA currents,
demonstrating that this channel conducts cations
(fig. S4, D and E). We further examined ionic
selectivity by recording with CsCl-only internal
solutions and various cations in the bath. Na+, K+,
Ca2+ and Mg2+ all permeated, with a slight pref-
erence for Ca2+ (fig. S4, F to H).Moreover, 30 mM
of ruthenium red and gadolinium,which are known
blockers of many cationic MA currents (9, 23),
blocked 74.6 T 2.5% (n = 6 cells) and 84.3 T
3.8% (n= 5 cells) of Piezo1-inducedMA current,
respectively (fig. S4, I to K).

We used membrane stretch through the patch
pipette in cell-attached mode to assay Piezo1-
transfected cells (Fig. 4, G to L). Overexpression
of Piezo1 in N2A and HEK293T cells gave rise
to large currents elicited by –60 mmHg pressure
pulses (Fig. 4, G and J). The current-pressure
relationships in cells overexpressing Piezo1 and
in endogenous N2A cells were similar, with P50
of –28.1 T 2.8 and –31.2 T 3.5 mmHg in N2A-
and HEK293T-overexpressing cells, respectively

(Figs. 1F and 4, H and K). No channel activity
similar to N2A endogenous MA channels was
detected in HEK293T cells transfected with vec-
tor alone.

MA currents in cells overexpressing Piezo2.
We cloned full-length Piezo2 from DRG neu-
rons. N2A and HEK293T cells transfected with
Piezo2 and gene-encoding GFP showed large
MA currents (Fig. 5, A to F). The N2A cells were
also cotransfected with Piezo1 siRNA to sup-
press endogenousMA currents. TheMA current-
voltage relationship in Piezo2-expressing cells
was linear between –80 and +80 mV (Fig. 5, B
and E), with a Erev of +6.3 T 0.4 mV (n= 3 cells)
and +8.7 T 1.5 mV (n = 7 cells) in N2A and
HEK293T cells, respectively. Piezo2-dependent
currents were suppressed by NMDG (fig. S5, A
and B), suggesting nonselective cationic conduct-
ance. Piezo2-dependent currents were inhibited
by gadolinium and ruthenium red [85.0 T 3.7%
(n = 5 cells) and 79.2 T 4.2% (n = 5 cells),
respectively] (fig. S5, C and D).

The inactivation kinetics of heterologously
expressed Piezo2-inducedMA currents were best

Fig. 5. Piezo2-dependent large MA currents
kinetically distinct from Piezo1-induced currents.
(A to F) MA currents of Piezo2-expressing [(A) to
(C)] N2A and [(D) to (F)] HEK293T cells in whole-cell
configuration. In N2A cells, Piezo2 or vector only
were transfected with Piezo1 siRNA so as to
suppress endogenous Piezo1-dependent MA cur-
rents. [(A) and (D)] Representative traces of MA
inward currents expressed in different cell types
transfected with Piezo2. Cells were subjected to a
series of mechanical steps of 1-mmmovements of a
glass probe at a holding potential of –80 mV. [(B)
and (E)] Representative current-voltage relation-
ships of MA currents expressed in different cell types
transfected with Piezo2. (Inset) MA currents evoked
at holding potentials ranging from –80 to +40 mV.
[(C) and (F)] Average maximal amplitude of MA
inward currents elicited at a holding potential of
–80 mV in (red) Piezo1-transfected or (blue) mock-
transfected cells. (G andH) Representative traces of
MA (G) inward or (H) outward currents expressed in
cells transfected with (blue trace) Piezo1 or (red
trace) Piezo2 at the specified holding potentials.
Traces were normalized to the peak current, and
dashed lines represent fits of inactivation with a
mono-exponential equation. (I) Time-constant of
inactivation of (blue) Piezo1 and (red) Piezo2 at
negative (–80 and –40 mV, top) and positive (40
and 80 mV, bottom) holding potentials. Bars repre-
sent the mean T SEM, and the numbers above bars
are the number of cells. **P < 0.01; ***P < 0.001,
unpaired t test with Welch’s correction.
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Piezo1 is detected at the plasma 
membrane

In cells transfected with Piezo1 and TRPA1—an ion channel known to
be expressed at the plasma membrane—we observed some overlap of
Piezo1 staining with that of TRPA1 on the cell surface, although most
Piezo1 and TRPA1was present inside the cell (fig. S6B). Thus, Piezo1
protein can be localized at or near the plasma membrane

Figure S6
A

B



Requirement of Piezo2 for rapidly 
adapting MA currents in DRG neurons 

To characterize Piezo2

expression within the

heterogeneous population of

neurons and glial cells of the

DRGs, we performed in situ

hybridization on adult mouse

DRG sections (Fig. 6A)

We observed Piezo2 mRNA

expression in 20% of DRG

neurons

fitted with a mono-exponential equation. The
calculated time constants for inactivation (tinac)
are relatively fast in bothN2A (6.8 T 0.7ms, n=27
cells) and HEK293T (7.3 T 0.7, n = 11 cells) cells
when measured at –80 mV. Furthermore, the
kinetics of inactivation of Piezo2-dependent MA
currents were faster than Piezo1-dependent MA
currents, both for inward (Fig. 5G) and outward
(Fig. 5H) currents, and at all holding potentials
tested (Fig. 5I). Therefore, Piezo1 and Piezo2
confer distinct channel properties.

Piezo1 is detected at the plasma membrane.
The results above suggest that Piezo1 and Piezo2
are components of mechanotransduction com-
plexes and therefore should be present at the
plasma membrane. Previous reports have shown
expression of Fam38A (Piezo1) in the endoplasmic
reticulum (14, 15). We generated a peptide anti-

body against mouse Piezo1. This antibody specifi-
cally recognized Piezo1-transfectedHEK293Tcells
but not untransfected HEK293T cells (fig. S6A).
In cells transfected with Piezo1 and TRPA1—an
ion channel known to be expressed at the plasma
membrane—we observed some overlap of Piezo1
staining with that of TRPA1 on the cell surface
(24), althoughmost Piezo1 andTRPA1was present
inside the cell (fig. S6B). Thus, Piezo1 protein can
be localized at or near the plasma membrane. We
could not detect expression of endogenous
Piezo1 protein in N2A cells with this antibody.

Requirement of Piezo2 for rapidly adapting
MA currents in DRG neurons. To characterize
Piezo2 expression within the heterogeneous pop-
ulation of neurons and glial cells of the DRGs, we
performed in situ hybridization on adult mouse
DRG sections (Fig. 6A). We observed Piezo2

mRNA expression in 20% of DRG neurons (from
2391 total neurons) (25). Piezo2 was expressed
in a subset of DRG neurons also expressing
peripherin (60%) and neurofilament 200 (28%),
which are markers present in mechanosensory
neurons (26–29) (fig. S7). Some overlap with
nociceptive marker TRPV1 (24%), further sug-
gesting a potential role of Piezo2 in noxious
mechanosensation. We used siRNA transfection
to examine the role of Piezo2 in MA currents of
DRGneurons. RNA interference (RNAi) onDRG
neuronswere validated on TRPA1, an ion channel
expressed in DRG neurons and activated by mus-
tard oil (MO) (30, 31) (fig. S8, A and B). siRNAs
against Piezo2 were validated in N2A cells over-
expressing Piezo2 cDNA (fig. S8C). We recorded
whole-cell MA currents from DRG neurons trans-
fected with GFP and either scrambled or Piezo2
siRNA (n = 101 neurons for scrambled and n =
109 neurons for Piezo2 siRNA). We grouped the
recorded MA currents according to their inac-
tivation kinetics (Fig. 6B) (8, 9, 19, 20, 22). We
defined four different classes of neurons on the
basis of tinac distribution in scrambled siRNA
transfected cells (Fig. S8D): tinac < 10 ms, 10 <
tinac < 30, tinac > 30 ms, and nonresponsive
neurons. The proportion of neurons expressing
MAcurrentswith tinac < 10mswas specifically and
significantly reduced in neurons transfected with
Piezo2 siRNA as compared with that of neurons
transfected with scrambled siRNA (Fig. 6C).
28.7% of scrambled siRNA-transfected neurons
had tinac < 10 ms, compared with 7.3% in Piezo2
siRNA-transfected neurons (Fig. 6D). Neurons
with MA currents with slower kinetics (tinac
between 10 and 30 ms and tinac > 30 ms) were
present at normal proportions in cells transfected
with Piezo2 siRNA. We observed a trend toward
increased numbers ofmechanically insensitive neu-
rons in populations expressing Piezo2 siRNA, as
predicted if loss of Piezo2 converts rapidly adapt-
ing neurons into nonresponders. We also ana-
lyzed these RNAi data according to the degree
of current inactivation during the 150-ms test
pulse and came to similar conclusions (fig. S8E).

Discussion. We found that Piezo1 is required
for MA currents in Neuro2A cells and that Piezo2
is required for a subset of MA currents in DRG
neurons. Moreover, overexpressing Piezo1 or
Piezo2 in three different cell types gave rise to a
17- to 300-fold increase in MA currents. We
conclude that Piezos are both necessary and suf-
ficient for the expression of a MA current in
various cell types.

Piezo1 and Piezo2 sequences do not resemble
those of other known ion channels or other pro-
tein classes. The large number of predicted trans-
membrane domains of Piezo1 and Piezo2 is
reminiscent of the structure of voltage-activated
sodium channels with 24 transmembrane domains,
composedof a fourfold repeat of six-transmembrane
units (32). However, pore-containing or repeti-
tive domains have not been observed in Piezo
proteins. It may be that Piezo proteins are non-
conducting subunits of ion channels required for

200 pA 200 pA

100 ms 100 ms

2 µm 5 µm

200 pA

100 ms

5 µm
τ < 10 ms

B

C

0

20

40

60

80

100

N
eu

ro
ns

 (
%

)

Ctr siRNA

(101) (109)
no
response

10 < τ < 30 ms τ > 30 ms

ns ns ns**

Ctr siRNA Ctr siRNA Ctr siRNA Ctr siRNA

no response

0

10

20

30

40

50
N

eu
ro

ns
 (

%
)

D

<10ms 10-30ms >30ms

<10ms

10-30ms

>30ms

A
Piezo2 in situ, antisense probe Piezo2 in situ, sense probe

Fig. 6. Sensitivity of fast-inactivating MA currents in DRG neurons to depletion of Piezo2. (A) Rep-
resentative images of colorimetric in situ hybridization for Piezo2 in DRG neurons by using (left) antisense
and (right) sense probes. (B) Representative traces of three typical MA inward currents expressed in DRG
neurons are characterized by distinct inactivation kinetics. Neurons were subjected to a series of
mechanical steps in 1-mm increments at a holding potential of –80 mV. Current inactivation was fitted
with (left) a bi-exponential equation, giving fast time-constant (t) of 7.3ms and slow time-constant > 100ms,
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ns, not significantly different; unpaired t test.
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Requirement of Piezo2 for rapidly 
adapting MA currents in DRG neurons 

We recorded whole-cell MA currents

from DRG neurons transfected with

GFP and either scrambled or Piezo2

siRNA (n = 101 neurons for scrambled

and n = 109 neurons for Piezo2 siRNA).

We grouped the recorded MA currents

according to their inactivation kinetics

(Fig. 6B). We defined four different

classes of neurons on the basis of t inac

distribution in scrambled siRNA

transfected cells

fitted with a mono-exponential equation. The
calculated time constants for inactivation (tinac)
are relatively fast in bothN2A (6.8 T 0.7ms, n=27
cells) and HEK293T (7.3 T 0.7, n = 11 cells) cells
when measured at –80 mV. Furthermore, the
kinetics of inactivation of Piezo2-dependent MA
currents were faster than Piezo1-dependent MA
currents, both for inward (Fig. 5G) and outward
(Fig. 5H) currents, and at all holding potentials
tested (Fig. 5I). Therefore, Piezo1 and Piezo2
confer distinct channel properties.

Piezo1 is detected at the plasma membrane.
The results above suggest that Piezo1 and Piezo2
are components of mechanotransduction com-
plexes and therefore should be present at the
plasma membrane. Previous reports have shown
expression of Fam38A (Piezo1) in the endoplasmic
reticulum (14, 15). We generated a peptide anti-

body against mouse Piezo1. This antibody specifi-
cally recognized Piezo1-transfectedHEK293Tcells
but not untransfected HEK293T cells (fig. S6A).
In cells transfected with Piezo1 and TRPA1—an
ion channel known to be expressed at the plasma
membrane—we observed some overlap of Piezo1
staining with that of TRPA1 on the cell surface
(24), althoughmost Piezo1 andTRPA1was present
inside the cell (fig. S6B). Thus, Piezo1 protein can
be localized at or near the plasma membrane. We
could not detect expression of endogenous
Piezo1 protein in N2A cells with this antibody.

Requirement of Piezo2 for rapidly adapting
MA currents in DRG neurons. To characterize
Piezo2 expression within the heterogeneous pop-
ulation of neurons and glial cells of the DRGs, we
performed in situ hybridization on adult mouse
DRG sections (Fig. 6A). We observed Piezo2

mRNA expression in 20% of DRG neurons (from
2391 total neurons) (25). Piezo2 was expressed
in a subset of DRG neurons also expressing
peripherin (60%) and neurofilament 200 (28%),
which are markers present in mechanosensory
neurons (26–29) (fig. S7). Some overlap with
nociceptive marker TRPV1 (24%), further sug-
gesting a potential role of Piezo2 in noxious
mechanosensation. We used siRNA transfection
to examine the role of Piezo2 in MA currents of
DRGneurons. RNA interference (RNAi) onDRG
neuronswere validated on TRPA1, an ion channel
expressed in DRG neurons and activated by mus-
tard oil (MO) (30, 31) (fig. S8, A and B). siRNAs
against Piezo2 were validated in N2A cells over-
expressing Piezo2 cDNA (fig. S8C). We recorded
whole-cell MA currents from DRG neurons trans-
fected with GFP and either scrambled or Piezo2
siRNA (n = 101 neurons for scrambled and n =
109 neurons for Piezo2 siRNA). We grouped the
recorded MA currents according to their inac-
tivation kinetics (Fig. 6B) (8, 9, 19, 20, 22). We
defined four different classes of neurons on the
basis of tinac distribution in scrambled siRNA
transfected cells (Fig. S8D): tinac < 10 ms, 10 <
tinac < 30, tinac > 30 ms, and nonresponsive
neurons. The proportion of neurons expressing
MAcurrentswith tinac < 10mswas specifically and
significantly reduced in neurons transfected with
Piezo2 siRNA as compared with that of neurons
transfected with scrambled siRNA (Fig. 6C).
28.7% of scrambled siRNA-transfected neurons
had tinac < 10 ms, compared with 7.3% in Piezo2
siRNA-transfected neurons (Fig. 6D). Neurons
with MA currents with slower kinetics (tinac
between 10 and 30 ms and tinac > 30 ms) were
present at normal proportions in cells transfected
with Piezo2 siRNA. We observed a trend toward
increased numbers ofmechanically insensitive neu-
rons in populations expressing Piezo2 siRNA, as
predicted if loss of Piezo2 converts rapidly adapt-
ing neurons into nonresponders. We also ana-
lyzed these RNAi data according to the degree
of current inactivation during the 150-ms test
pulse and came to similar conclusions (fig. S8E).

Discussion. We found that Piezo1 is required
for MA currents in Neuro2A cells and that Piezo2
is required for a subset of MA currents in DRG
neurons. Moreover, overexpressing Piezo1 or
Piezo2 in three different cell types gave rise to a
17- to 300-fold increase in MA currents. We
conclude that Piezos are both necessary and suf-
ficient for the expression of a MA current in
various cell types.

Piezo1 and Piezo2 sequences do not resemble
those of other known ion channels or other pro-
tein classes. The large number of predicted trans-
membrane domains of Piezo1 and Piezo2 is
reminiscent of the structure of voltage-activated
sodium channels with 24 transmembrane domains,
composedof a fourfold repeat of six-transmembrane
units (32). However, pore-containing or repeti-
tive domains have not been observed in Piezo
proteins. It may be that Piezo proteins are non-
conducting subunits of ion channels required for
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Fig. 6. Sensitivity of fast-inactivating MA currents in DRG neurons to depletion of Piezo2. (A) Rep-
resentative images of colorimetric in situ hybridization for Piezo2 in DRG neurons by using (left) antisense
and (right) sense probes. (B) Representative traces of three typical MA inward currents expressed in DRG
neurons are characterized by distinct inactivation kinetics. Neurons were subjected to a series of
mechanical steps in 1-mm increments at a holding potential of –80 mV. Current inactivation was fitted
with (left) a bi-exponential equation, giving fast time-constant (t) of 7.3ms and slow time-constant > 100ms,
or (middle) a mono-exponential equation, giving a time constant of 27 ms. Some currents with t > 30 ms
are too slow to be efficiently fitted during the (right) 150-ms step stimulation. (C and D) Frequency
histograms indicating the proportion of neurons transfected with scrambled siRNA (Ctr) or Piezo2 siRNA
(siRNA) that respond to mechanical stimulation, with MA currents characterized by their inactivation
kinetic. Bars represent the mean T SEM of (B) the proportion of neurons from seven separate experiments
(n = 12 to 19 neurons per condition and per experiment) or (C) the proportion from all neurons pooled
from all seven experiments; the numbers above bars in (C) represent the number of neurons. **P < 0.01;
ns, not significantly different; unpaired t test.
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Requirement of Piezo2 for rapidly 
adapting MA currents in DRG neurons 

The proportion of neurons expressing

MA currents with t inact < 10ms was

specifically and significantly reduced

in neurons transfected with Piezo2

siRNA as compared with that of

neurons transfected with scrambled

siRNA (Fig. 6C).

28.7% of scrambled siRNA-transfected

neurons had tinac < 10 ms, compared

with 7.3% in Piezo2 siRNA-transfected

neurons (Fig. 6D)

fitted with a mono-exponential equation. The
calculated time constants for inactivation (tinac)
are relatively fast in bothN2A (6.8 T 0.7ms, n=27
cells) and HEK293T (7.3 T 0.7, n = 11 cells) cells
when measured at –80 mV. Furthermore, the
kinetics of inactivation of Piezo2-dependent MA
currents were faster than Piezo1-dependent MA
currents, both for inward (Fig. 5G) and outward
(Fig. 5H) currents, and at all holding potentials
tested (Fig. 5I). Therefore, Piezo1 and Piezo2
confer distinct channel properties.

Piezo1 is detected at the plasma membrane.
The results above suggest that Piezo1 and Piezo2
are components of mechanotransduction com-
plexes and therefore should be present at the
plasma membrane. Previous reports have shown
expression of Fam38A (Piezo1) in the endoplasmic
reticulum (14, 15). We generated a peptide anti-

body against mouse Piezo1. This antibody specifi-
cally recognized Piezo1-transfectedHEK293Tcells
but not untransfected HEK293T cells (fig. S6A).
In cells transfected with Piezo1 and TRPA1—an
ion channel known to be expressed at the plasma
membrane—we observed some overlap of Piezo1
staining with that of TRPA1 on the cell surface
(24), althoughmost Piezo1 andTRPA1was present
inside the cell (fig. S6B). Thus, Piezo1 protein can
be localized at or near the plasma membrane. We
could not detect expression of endogenous
Piezo1 protein in N2A cells with this antibody.

Requirement of Piezo2 for rapidly adapting
MA currents in DRG neurons. To characterize
Piezo2 expression within the heterogeneous pop-
ulation of neurons and glial cells of the DRGs, we
performed in situ hybridization on adult mouse
DRG sections (Fig. 6A). We observed Piezo2

mRNA expression in 20% of DRG neurons (from
2391 total neurons) (25). Piezo2 was expressed
in a subset of DRG neurons also expressing
peripherin (60%) and neurofilament 200 (28%),
which are markers present in mechanosensory
neurons (26–29) (fig. S7). Some overlap with
nociceptive marker TRPV1 (24%), further sug-
gesting a potential role of Piezo2 in noxious
mechanosensation. We used siRNA transfection
to examine the role of Piezo2 in MA currents of
DRGneurons. RNA interference (RNAi) onDRG
neuronswere validated on TRPA1, an ion channel
expressed in DRG neurons and activated by mus-
tard oil (MO) (30, 31) (fig. S8, A and B). siRNAs
against Piezo2 were validated in N2A cells over-
expressing Piezo2 cDNA (fig. S8C). We recorded
whole-cell MA currents from DRG neurons trans-
fected with GFP and either scrambled or Piezo2
siRNA (n = 101 neurons for scrambled and n =
109 neurons for Piezo2 siRNA). We grouped the
recorded MA currents according to their inac-
tivation kinetics (Fig. 6B) (8, 9, 19, 20, 22). We
defined four different classes of neurons on the
basis of tinac distribution in scrambled siRNA
transfected cells (Fig. S8D): tinac < 10 ms, 10 <
tinac < 30, tinac > 30 ms, and nonresponsive
neurons. The proportion of neurons expressing
MAcurrentswith tinac < 10mswas specifically and
significantly reduced in neurons transfected with
Piezo2 siRNA as compared with that of neurons
transfected with scrambled siRNA (Fig. 6C).
28.7% of scrambled siRNA-transfected neurons
had tinac < 10 ms, compared with 7.3% in Piezo2
siRNA-transfected neurons (Fig. 6D). Neurons
with MA currents with slower kinetics (tinac
between 10 and 30 ms and tinac > 30 ms) were
present at normal proportions in cells transfected
with Piezo2 siRNA. We observed a trend toward
increased numbers ofmechanically insensitive neu-
rons in populations expressing Piezo2 siRNA, as
predicted if loss of Piezo2 converts rapidly adapt-
ing neurons into nonresponders. We also ana-
lyzed these RNAi data according to the degree
of current inactivation during the 150-ms test
pulse and came to similar conclusions (fig. S8E).

Discussion. We found that Piezo1 is required
for MA currents in Neuro2A cells and that Piezo2
is required for a subset of MA currents in DRG
neurons. Moreover, overexpressing Piezo1 or
Piezo2 in three different cell types gave rise to a
17- to 300-fold increase in MA currents. We
conclude that Piezos are both necessary and suf-
ficient for the expression of a MA current in
various cell types.

Piezo1 and Piezo2 sequences do not resemble
those of other known ion channels or other pro-
tein classes. The large number of predicted trans-
membrane domains of Piezo1 and Piezo2 is
reminiscent of the structure of voltage-activated
sodium channels with 24 transmembrane domains,
composedof a fourfold repeat of six-transmembrane
units (32). However, pore-containing or repeti-
tive domains have not been observed in Piezo
proteins. It may be that Piezo proteins are non-
conducting subunits of ion channels required for
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Fig. 6. Sensitivity of fast-inactivating MA currents in DRG neurons to depletion of Piezo2. (A) Rep-
resentative images of colorimetric in situ hybridization for Piezo2 in DRG neurons by using (left) antisense
and (right) sense probes. (B) Representative traces of three typical MA inward currents expressed in DRG
neurons are characterized by distinct inactivation kinetics. Neurons were subjected to a series of
mechanical steps in 1-mm increments at a holding potential of –80 mV. Current inactivation was fitted
with (left) a bi-exponential equation, giving fast time-constant (t) of 7.3ms and slow time-constant > 100ms,
or (middle) a mono-exponential equation, giving a time constant of 27 ms. Some currents with t > 30 ms
are too slow to be efficiently fitted during the (right) 150-ms step stimulation. (C and D) Frequency
histograms indicating the proportion of neurons transfected with scrambled siRNA (Ctr) or Piezo2 siRNA
(siRNA) that respond to mechanical stimulation, with MA currents characterized by their inactivation
kinetic. Bars represent the mean T SEM of (B) the proportion of neurons from seven separate experiments
(n = 12 to 19 neurons per condition and per experiment) or (C) the proportion from all neurons pooled
from all seven experiments; the numbers above bars in (C) represent the number of neurons. **P < 0.01;
ns, not significantly different; unpaired t test.
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Mechanosensitivity of DmPiezo

We focused on the apparently single member of D. 
melanogaster Piezo (DmPiezo), as this invertebrate 
species is widely used to study mechanotransduction
using genetic approaches.

We cloned the full-length DmPiezo complementary 
DNA into pIRES2-EGFP vector.



Mechanosensitivity of DmPiezo

We recorded mechanically activated currents from fluorescent HEK293T

cells expressing DmPiezo-pIRES2-EGFP by applying force to the cell surface

while monitoring transmembrane currents at constant voltage using

patch-clamp recordings in the whole-cell configuration

outwards currents. Such voltage dependence is a characteristic of open
channel block. A high concentration of ruthenium red (50mM)
included in the pipette solution in thewhole-cell configuration showed
no evidence of block, as large mechanically activated currents still
displayed a linear I–V relationship (Supplementary Fig. 2). These
results suggest that ruthenium red blocks the pore of MmPiezo1-
induced mechanically activated channels from the extracellular side.
Notably, DmPiezo-induced mechanically activated currents were
insensitive to ruthenium red concentrations that potently blocked
MmPiezo1-induced currents (Fig. 2d, e). Together, these results demon-
strate that overexpression of DmPiezo or MmPiezo1 gives rise to
mechanically activated channels with distinct channel properties.
Next, we set out to determine the single channel conductance (c) of

mechanically activated channels induced by Piezo proteins by using
negative-pressure stimulations of membrane patches in cell-attached
mode. Figure 3 shows the single mechanically activated channel
properties of MmPiezo1 or DmPiezo. Openings of stretch-activated
channels showed a marked difference in amplitude of single channel
currents (Fig. 3a), as determined from the single channel I–V relation-
ship for MmPiezo1 and DmPiezo (Fig. 3b, c). Linear regression of these
I–V relationships resulted in slope-conductance values in these record-
ing conditions of 29.96 1.9 and 3.36 0.3 pS for MmPiezo1- and
DmPiezo-induced mechanically activated currents, respectively (n5 7
and5cells;mean6 s.e.m.). Therefore,DmPiezo-dependent channels are
ninefold less conductive than MmPiezo1-dependent channels.

MmPiezo1 oligomerization
The pore of most ion channels is formed by the assembly of trans-
membrane domains fromdistinct subunits (for example, voltage-gated
K1 channels, ligand-gated ion channels) or structurally repetitive
domains within a large protein (for example, voltage gated Na1 and

Ca21 channels). As Piezo proteins lack repetitive transmembrane
motifs presumably they oligomerize to form ion channels. To test this
hypothesis, we determined the number of subunits in Piezo complexes
by expressing GFP–MmPiezo1 fusion proteins in Xenopus laevis
oocytes, imaging individual spots with total internal reflection micro-
scopy (TIRF), and counting discrete photobleaching steps (Fig. 4a, b
and ref. 22). Amino-terminal GFP–MmPiezo1 functionality was con-
firmed by overexpression in HEK293T cells (Supplementary Fig. 3).
We used several GFP fusion constructs of ion channels with known
stoichiometry as controls: voltage-gated Ca21 channel (a1E–GFP;
monomer),NMDA(N -methyl-D-aspartate) receptor (NR1co-expressed
with NR3A–GFP; dimer of dimers) and cyclic nucleotide gated (CNG)
channel (XfA4–GFP; tetramer)22. We found that complexes of
MmPiezo1 frequently exhibited atmost four photobleaching steps, con-
sistent with the idea that Piezo proteins homo-multimerize. Fluorescent
MmPiezo1 (orCNG) complexes exhibiting bleaching in fewer than four
steps can be explained by non-functional GFP or pre-bleachedGFP22 or
general bias against noisier multi-step traces during data analysis (see
Methods). Histograms of the number of photobleaching steps observed
for MmPiezo1 complexes were comparable to histograms obtained
from tetrameric CNG channels (Fig. 4c). These results suggest that in
living cells, Piezo proteins can assemble as homo-multimers.
We further characterized Piezo proteins biochemically by heterolo-

gously expressing and purifying MmPiezo1 carboxy-terminally fused
with a glutathione S-transferase (MmPiezo1–GST). Functionality of
MmPiezo1–GST was confirmed by overexpression in HEK293T cells
(Supplementary Fig. 3). We observed a protein band at a position near
the 260-kDa protein marker on a Coomassie-blue-stained denatur-
ing protein gel (Supplementary Fig. 4a). Western blot with a GST
(Schistosoma japonicum form) antibody (Supplementary Fig. 4b) or
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Mechanosensitivity of DmPiezo

DmPiezo, but not mock-transfected cells, showed large mechanically activated currents

(Fig. 1a, b).

Similar to its mammalian counterparts, DmPiezo mechanically activated currents are

characterized by a linear current–voltage (I–V) relationship with a reversal potential

around 0mV, consistent with it mediating a non-selective cationic conductance (Fig. 1c).

outwards currents. Such voltage dependence is a characteristic of open
channel block. A high concentration of ruthenium red (50mM)
included in the pipette solution in thewhole-cell configuration showed
no evidence of block, as large mechanically activated currents still
displayed a linear I–V relationship (Supplementary Fig. 2). These
results suggest that ruthenium red blocks the pore of MmPiezo1-
induced mechanically activated channels from the extracellular side.
Notably, DmPiezo-induced mechanically activated currents were
insensitive to ruthenium red concentrations that potently blocked
MmPiezo1-induced currents (Fig. 2d, e). Together, these results demon-
strate that overexpression of DmPiezo or MmPiezo1 gives rise to
mechanically activated channels with distinct channel properties.
Next, we set out to determine the single channel conductance (c) of

mechanically activated channels induced by Piezo proteins by using
negative-pressure stimulations of membrane patches in cell-attached
mode. Figure 3 shows the single mechanically activated channel
properties of MmPiezo1 or DmPiezo. Openings of stretch-activated
channels showed a marked difference in amplitude of single channel
currents (Fig. 3a), as determined from the single channel I–V relation-
ship for MmPiezo1 and DmPiezo (Fig. 3b, c). Linear regression of these
I–V relationships resulted in slope-conductance values in these record-
ing conditions of 29.96 1.9 and 3.36 0.3 pS for MmPiezo1- and
DmPiezo-induced mechanically activated currents, respectively (n5 7
and5cells;mean6 s.e.m.). Therefore,DmPiezo-dependent channels are
ninefold less conductive than MmPiezo1-dependent channels.

MmPiezo1 oligomerization
The pore of most ion channels is formed by the assembly of trans-
membrane domains fromdistinct subunits (for example, voltage-gated
K1 channels, ligand-gated ion channels) or structurally repetitive
domains within a large protein (for example, voltage gated Na1 and

Ca21 channels). As Piezo proteins lack repetitive transmembrane
motifs presumably they oligomerize to form ion channels. To test this
hypothesis, we determined the number of subunits in Piezo complexes
by expressing GFP–MmPiezo1 fusion proteins in Xenopus laevis
oocytes, imaging individual spots with total internal reflection micro-
scopy (TIRF), and counting discrete photobleaching steps (Fig. 4a, b
and ref. 22). Amino-terminal GFP–MmPiezo1 functionality was con-
firmed by overexpression in HEK293T cells (Supplementary Fig. 3).
We used several GFP fusion constructs of ion channels with known
stoichiometry as controls: voltage-gated Ca21 channel (a1E–GFP;
monomer),NMDA(N -methyl-D-aspartate) receptor (NR1co-expressed
with NR3A–GFP; dimer of dimers) and cyclic nucleotide gated (CNG)
channel (XfA4–GFP; tetramer)22. We found that complexes of
MmPiezo1 frequently exhibited atmost four photobleaching steps, con-
sistent with the idea that Piezo proteins homo-multimerize. Fluorescent
MmPiezo1 (orCNG) complexes exhibiting bleaching in fewer than four
steps can be explained by non-functional GFP or pre-bleachedGFP22 or
general bias against noisier multi-step traces during data analysis (see
Methods). Histograms of the number of photobleaching steps observed
for MmPiezo1 complexes were comparable to histograms obtained
from tetrameric CNG channels (Fig. 4c). These results suggest that in
living cells, Piezo proteins can assemble as homo-multimers.
We further characterized Piezo proteins biochemically by heterolo-

gously expressing and purifying MmPiezo1 carboxy-terminally fused
with a glutathione S-transferase (MmPiezo1–GST). Functionality of
MmPiezo1–GST was confirmed by overexpression in HEK293T cells
(Supplementary Fig. 3). We observed a protein band at a position near
the 260-kDa protein marker on a Coomassie-blue-stained denatur-
ing protein gel (Supplementary Fig. 4a). Western blot with a GST
(Schistosoma japonicum form) antibody (Supplementary Fig. 4b) or
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Figure 1 | Human cells expressing Drosophila Piezo (DmPiezo) show large
mechanically activated currents. a–f, Mechanically activated currents of
DmPiezo-expressing HE293T cells recorded in the whole-cell (a–c) or cell-
attached (d–f) configuration. a, Representative traces ofmechanically activated
inward currents at280mV in DmPiezo-transfected cells subjected to a series
ofmechanical steps in 1mm increments. b, Averagemaximal current amplitude
of mechanically activated inward currents at280mV. c, Representative I–V
relationship of mechanically activated currents in DmPiezo-transfected cells.
The inset shows mechanically activated currents evoked at holding potentials
ranging from280 to180mV. d, Representative currents elicited by negative
pipette pressure (0 to260mmHg,D20mmHg) in DmPiezo-transfected cells.
e, Averagemaximal current amplitude of stretch-activated currents at280mV.
f, Imax normalized current–pressure relationship of stretch-activated currents
recorded at280mV inDmPiezo-transfected cells (n5 8 cells) and fittedwith a
Boltzmann equation. P50 is the average of P50 values determined for individual
cells. Bars represent mean6 s.e.m. and the number of cells tested is shown
above bars. ***P, 0.001, Mann–Whitney U -test.
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Figure 2 | Ruthenium red is a channel pore blocker of MmPiezo1- but not
DmPiezo-induced currents. a, Representative traces ofmechanically activated
currents in MmPiezo1-transfected cells evoked at holding potentials ranging
from 280 to180mV before (left panel) and during perfusion of 30mM of
ruthenium red (right panel, red traces). b, Average I–V relationship of
mechanically activated currents in MmPiezo1-transfected cells (n5 7 cells)
before (black symbols) and during (red symbols) perfusion of 30mM
ruthenium red. Currents were normalized to the value of control current
evoked at280mV for each individual cell. c, Concentration-inhibition curve
for ruthenium red (RR) on mechanically activated currents evoked at280mV
inMmPiezo1-transfected cells and fittedwith a Boltzmann equation. Each data
point is the mean6 s.e.m. of 3–13 observations. d, Representative traces of
Piezo-dependent mechanically activated currents evoked at280mV in the
presence of ruthenium red. e, Blocking effect of ruthenium red on Piezo-
dependent mechanically activated currents evoked at280 mV. Bars represent
mean6 s.e.m. and the number of cells tested is shown above the bars.
**P, 0.01; ***P, 0.001; unpaired t-test.
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Mechanosensitivity of DmPiezo

We further characterizedDmPiezo-induced currents in HEK293T cells in response to negative

pressure pulses applied through the recording pipette in the cell-attached mode, an

alternative mechanosensitivity assay. Overexpression of DmPiezo induced stretch activated

currents (Fig. 1d, e) with a pressure for half-maximal activation (P50) of -31.8 mmHg (Fig. 1f),

similar to the P50 calculated for MmPiezo1-induced currents (-30 mmHg).

outwards currents. Such voltage dependence is a characteristic of open
channel block. A high concentration of ruthenium red (50mM)
included in the pipette solution in thewhole-cell configuration showed
no evidence of block, as large mechanically activated currents still
displayed a linear I–V relationship (Supplementary Fig. 2). These
results suggest that ruthenium red blocks the pore of MmPiezo1-
induced mechanically activated channels from the extracellular side.
Notably, DmPiezo-induced mechanically activated currents were
insensitive to ruthenium red concentrations that potently blocked
MmPiezo1-induced currents (Fig. 2d, e). Together, these results demon-
strate that overexpression of DmPiezo or MmPiezo1 gives rise to
mechanically activated channels with distinct channel properties.
Next, we set out to determine the single channel conductance (c) of

mechanically activated channels induced by Piezo proteins by using
negative-pressure stimulations of membrane patches in cell-attached
mode. Figure 3 shows the single mechanically activated channel
properties of MmPiezo1 or DmPiezo. Openings of stretch-activated
channels showed a marked difference in amplitude of single channel
currents (Fig. 3a), as determined from the single channel I–V relation-
ship for MmPiezo1 and DmPiezo (Fig. 3b, c). Linear regression of these
I–V relationships resulted in slope-conductance values in these record-
ing conditions of 29.96 1.9 and 3.36 0.3 pS for MmPiezo1- and
DmPiezo-induced mechanically activated currents, respectively (n5 7
and5cells;mean6 s.e.m.). Therefore,DmPiezo-dependent channels are
ninefold less conductive than MmPiezo1-dependent channels.

MmPiezo1 oligomerization
The pore of most ion channels is formed by the assembly of trans-
membrane domains fromdistinct subunits (for example, voltage-gated
K1 channels, ligand-gated ion channels) or structurally repetitive
domains within a large protein (for example, voltage gated Na1 and

Ca21 channels). As Piezo proteins lack repetitive transmembrane
motifs presumably they oligomerize to form ion channels. To test this
hypothesis, we determined the number of subunits in Piezo complexes
by expressing GFP–MmPiezo1 fusion proteins in Xenopus laevis
oocytes, imaging individual spots with total internal reflection micro-
scopy (TIRF), and counting discrete photobleaching steps (Fig. 4a, b
and ref. 22). Amino-terminal GFP–MmPiezo1 functionality was con-
firmed by overexpression in HEK293T cells (Supplementary Fig. 3).
We used several GFP fusion constructs of ion channels with known
stoichiometry as controls: voltage-gated Ca21 channel (a1E–GFP;
monomer),NMDA(N -methyl-D-aspartate) receptor (NR1co-expressed
with NR3A–GFP; dimer of dimers) and cyclic nucleotide gated (CNG)
channel (XfA4–GFP; tetramer)22. We found that complexes of
MmPiezo1 frequently exhibited atmost four photobleaching steps, con-
sistent with the idea that Piezo proteins homo-multimerize. Fluorescent
MmPiezo1 (orCNG) complexes exhibiting bleaching in fewer than four
steps can be explained by non-functional GFP or pre-bleachedGFP22 or
general bias against noisier multi-step traces during data analysis (see
Methods). Histograms of the number of photobleaching steps observed
for MmPiezo1 complexes were comparable to histograms obtained
from tetrameric CNG channels (Fig. 4c). These results suggest that in
living cells, Piezo proteins can assemble as homo-multimers.
We further characterized Piezo proteins biochemically by heterolo-

gously expressing and purifying MmPiezo1 carboxy-terminally fused
with a glutathione S-transferase (MmPiezo1–GST). Functionality of
MmPiezo1–GST was confirmed by overexpression in HEK293T cells
(Supplementary Fig. 3). We observed a protein band at a position near
the 260-kDa protein marker on a Coomassie-blue-stained denatur-
ing protein gel (Supplementary Fig. 4a). Western blot with a GST
(Schistosoma japonicum form) antibody (Supplementary Fig. 4b) or
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Figure 1 | Human cells expressing Drosophila Piezo (DmPiezo) show large
mechanically activated currents. a–f, Mechanically activated currents of
DmPiezo-expressing HE293T cells recorded in the whole-cell (a–c) or cell-
attached (d–f) configuration. a, Representative traces ofmechanically activated
inward currents at280mV in DmPiezo-transfected cells subjected to a series
ofmechanical steps in 1mm increments. b, Averagemaximal current amplitude
of mechanically activated inward currents at280mV. c, Representative I–V
relationship of mechanically activated currents in DmPiezo-transfected cells.
The inset shows mechanically activated currents evoked at holding potentials
ranging from280 to180mV. d, Representative currents elicited by negative
pipette pressure (0 to260mmHg,D20mmHg) in DmPiezo-transfected cells.
e, Averagemaximal current amplitude of stretch-activated currents at280mV.
f, Imax normalized current–pressure relationship of stretch-activated currents
recorded at280mV inDmPiezo-transfected cells (n5 8 cells) and fittedwith a
Boltzmann equation. P50 is the average of P50 values determined for individual
cells. Bars represent mean6 s.e.m. and the number of cells tested is shown
above bars. ***P, 0.001, Mann–Whitney U -test.
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Figure 2 | Ruthenium red is a channel pore blocker of MmPiezo1- but not
DmPiezo-induced currents. a, Representative traces ofmechanically activated
currents in MmPiezo1-transfected cells evoked at holding potentials ranging
from 280 to180mV before (left panel) and during perfusion of 30mM of
ruthenium red (right panel, red traces). b, Average I–V relationship of
mechanically activated currents in MmPiezo1-transfected cells (n5 7 cells)
before (black symbols) and during (red symbols) perfusion of 30mM
ruthenium red. Currents were normalized to the value of control current
evoked at280mV for each individual cell. c, Concentration-inhibition curve
for ruthenium red (RR) on mechanically activated currents evoked at280mV
inMmPiezo1-transfected cells and fittedwith a Boltzmann equation. Each data
point is the mean6 s.e.m. of 3–13 observations. d, Representative traces of
Piezo-dependent mechanically activated currents evoked at280mV in the
presence of ruthenium red. e, Blocking effect of ruthenium red on Piezo-
dependent mechanically activated currents evoked at280 mV. Bars represent
mean6 s.e.m. and the number of cells tested is shown above the bars.
**P, 0.01; ***P, 0.001; unpaired t-test.

RESEARCH ARTICLE

2 | N A T U R E | V O L 0 0 0 | 0 0 M O N T H 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

Therefore, mechanosensitivity of the Piezo family is conserved in

invertebrates.



Pore properties of Piezo proteins

Ruthenium red, a polycationic pore

blocker of TRP channels blocks

MmPiezo1- and MmPiezo2-induced

mechanically activated currents. We

found that ruthenium red is a voltage-

dependent blocker of MmPiezo1, with

an IC50 value of 5.460.9 mM at -80mV

(Fig. 2a–c): at a concentration of 30 µM,

extracellular ruthenium red inhibited

inward mechanically activated currents

without affecting outwards currents.

outwards currents. Such voltage dependence is a characteristic of open
channel block. A high concentration of ruthenium red (50mM)
included in the pipette solution in thewhole-cell configuration showed
no evidence of block, as large mechanically activated currents still
displayed a linear I–V relationship (Supplementary Fig. 2). These
results suggest that ruthenium red blocks the pore of MmPiezo1-
induced mechanically activated channels from the extracellular side.
Notably, DmPiezo-induced mechanically activated currents were
insensitive to ruthenium red concentrations that potently blocked
MmPiezo1-induced currents (Fig. 2d, e). Together, these results demon-
strate that overexpression of DmPiezo or MmPiezo1 gives rise to
mechanically activated channels with distinct channel properties.
Next, we set out to determine the single channel conductance (c) of

mechanically activated channels induced by Piezo proteins by using
negative-pressure stimulations of membrane patches in cell-attached
mode. Figure 3 shows the single mechanically activated channel
properties of MmPiezo1 or DmPiezo. Openings of stretch-activated
channels showed a marked difference in amplitude of single channel
currents (Fig. 3a), as determined from the single channel I–V relation-
ship for MmPiezo1 and DmPiezo (Fig. 3b, c). Linear regression of these
I–V relationships resulted in slope-conductance values in these record-
ing conditions of 29.96 1.9 and 3.36 0.3 pS for MmPiezo1- and
DmPiezo-induced mechanically activated currents, respectively (n5 7
and5cells;mean6 s.e.m.). Therefore,DmPiezo-dependent channels are
ninefold less conductive than MmPiezo1-dependent channels.

MmPiezo1 oligomerization
The pore of most ion channels is formed by the assembly of trans-
membrane domains fromdistinct subunits (for example, voltage-gated
K1 channels, ligand-gated ion channels) or structurally repetitive
domains within a large protein (for example, voltage gated Na1 and

Ca21 channels). As Piezo proteins lack repetitive transmembrane
motifs presumably they oligomerize to form ion channels. To test this
hypothesis, we determined the number of subunits in Piezo complexes
by expressing GFP–MmPiezo1 fusion proteins in Xenopus laevis
oocytes, imaging individual spots with total internal reflection micro-
scopy (TIRF), and counting discrete photobleaching steps (Fig. 4a, b
and ref. 22). Amino-terminal GFP–MmPiezo1 functionality was con-
firmed by overexpression in HEK293T cells (Supplementary Fig. 3).
We used several GFP fusion constructs of ion channels with known
stoichiometry as controls: voltage-gated Ca21 channel (a1E–GFP;
monomer),NMDA(N -methyl-D-aspartate) receptor (NR1co-expressed
with NR3A–GFP; dimer of dimers) and cyclic nucleotide gated (CNG)
channel (XfA4–GFP; tetramer)22. We found that complexes of
MmPiezo1 frequently exhibited atmost four photobleaching steps, con-
sistent with the idea that Piezo proteins homo-multimerize. Fluorescent
MmPiezo1 (orCNG) complexes exhibiting bleaching in fewer than four
steps can be explained by non-functional GFP or pre-bleachedGFP22 or
general bias against noisier multi-step traces during data analysis (see
Methods). Histograms of the number of photobleaching steps observed
for MmPiezo1 complexes were comparable to histograms obtained
from tetrameric CNG channels (Fig. 4c). These results suggest that in
living cells, Piezo proteins can assemble as homo-multimers.
We further characterized Piezo proteins biochemically by heterolo-

gously expressing and purifying MmPiezo1 carboxy-terminally fused
with a glutathione S-transferase (MmPiezo1–GST). Functionality of
MmPiezo1–GST was confirmed by overexpression in HEK293T cells
(Supplementary Fig. 3). We observed a protein band at a position near
the 260-kDa protein marker on a Coomassie-blue-stained denatur-
ing protein gel (Supplementary Fig. 4a). Western blot with a GST
(Schistosoma japonicum form) antibody (Supplementary Fig. 4b) or

5 μm

50 ms

1 nA

50 ms
500 pA

1,500

1,000

500

−500

−1,000

−1,500

−80 −40 8040
(mV)

(pA)
0

500

1,000

1,500

2,000

I m
ax

 (p
A

)

control DmPiezo

Control DmPiezo

13

28
***2,500

0

5

10

15

20

I m
ax

 (p
A

)

10

8

25
20 mm Hg

5 pA

0 200 400 600 800
Time (ms)

0 −20 −40 −60
(mm Hg)

0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 c
ur

re
nt

P50 = −31.8 ± 2.8
mm Hg

***

a b c

d e f

Figure 1 | Human cells expressing Drosophila Piezo (DmPiezo) show large
mechanically activated currents. a–f, Mechanically activated currents of
DmPiezo-expressing HE293T cells recorded in the whole-cell (a–c) or cell-
attached (d–f) configuration. a, Representative traces ofmechanically activated
inward currents at280mV in DmPiezo-transfected cells subjected to a series
ofmechanical steps in 1mm increments. b, Averagemaximal current amplitude
of mechanically activated inward currents at280mV. c, Representative I–V
relationship of mechanically activated currents in DmPiezo-transfected cells.
The inset shows mechanically activated currents evoked at holding potentials
ranging from280 to180mV. d, Representative currents elicited by negative
pipette pressure (0 to260mmHg,D20mmHg) in DmPiezo-transfected cells.
e, Averagemaximal current amplitude of stretch-activated currents at280mV.
f, Imax normalized current–pressure relationship of stretch-activated currents
recorded at280mV inDmPiezo-transfected cells (n5 8 cells) and fittedwith a
Boltzmann equation. P50 is the average of P50 values determined for individual
cells. Bars represent mean6 s.e.m. and the number of cells tested is shown
above bars. ***P, 0.001, Mann–Whitney U -test.
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Figure 2 | Ruthenium red is a channel pore blocker of MmPiezo1- but not
DmPiezo-induced currents. a, Representative traces ofmechanically activated
currents in MmPiezo1-transfected cells evoked at holding potentials ranging
from 280 to180mV before (left panel) and during perfusion of 30mM of
ruthenium red (right panel, red traces). b, Average I–V relationship of
mechanically activated currents in MmPiezo1-transfected cells (n5 7 cells)
before (black symbols) and during (red symbols) perfusion of 30mM
ruthenium red. Currents were normalized to the value of control current
evoked at280mV for each individual cell. c, Concentration-inhibition curve
for ruthenium red (RR) on mechanically activated currents evoked at280mV
inMmPiezo1-transfected cells and fittedwith a Boltzmann equation. Each data
point is the mean6 s.e.m. of 3–13 observations. d, Representative traces of
Piezo-dependent mechanically activated currents evoked at280mV in the
presence of ruthenium red. e, Blocking effect of ruthenium red on Piezo-
dependent mechanically activated currents evoked at280 mV. Bars represent
mean6 s.e.m. and the number of cells tested is shown above the bars.
**P, 0.01; ***P, 0.001; unpaired t-test.
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Pore properties of Piezo proteins

Notably, DmPiezo induced

mechanically activated

currents were insensitive to

ruthenium red

concentrations that

potently blocked MmPiezo1-

induced currents (Fig. 2d,

e).

outwards currents. Such voltage dependence is a characteristic of open
channel block. A high concentration of ruthenium red (50mM)
included in the pipette solution in thewhole-cell configuration showed
no evidence of block, as large mechanically activated currents still
displayed a linear I–V relationship (Supplementary Fig. 2). These
results suggest that ruthenium red blocks the pore of MmPiezo1-
induced mechanically activated channels from the extracellular side.
Notably, DmPiezo-induced mechanically activated currents were
insensitive to ruthenium red concentrations that potently blocked
MmPiezo1-induced currents (Fig. 2d, e). Together, these results demon-
strate that overexpression of DmPiezo or MmPiezo1 gives rise to
mechanically activated channels with distinct channel properties.
Next, we set out to determine the single channel conductance (c) of

mechanically activated channels induced by Piezo proteins by using
negative-pressure stimulations of membrane patches in cell-attached
mode. Figure 3 shows the single mechanically activated channel
properties of MmPiezo1 or DmPiezo. Openings of stretch-activated
channels showed a marked difference in amplitude of single channel
currents (Fig. 3a), as determined from the single channel I–V relation-
ship for MmPiezo1 and DmPiezo (Fig. 3b, c). Linear regression of these
I–V relationships resulted in slope-conductance values in these record-
ing conditions of 29.96 1.9 and 3.36 0.3 pS for MmPiezo1- and
DmPiezo-induced mechanically activated currents, respectively (n5 7
and5cells;mean6 s.e.m.). Therefore,DmPiezo-dependent channels are
ninefold less conductive than MmPiezo1-dependent channels.

MmPiezo1 oligomerization
The pore of most ion channels is formed by the assembly of trans-
membrane domains fromdistinct subunits (for example, voltage-gated
K1 channels, ligand-gated ion channels) or structurally repetitive
domains within a large protein (for example, voltage gated Na1 and

Ca21 channels). As Piezo proteins lack repetitive transmembrane
motifs presumably they oligomerize to form ion channels. To test this
hypothesis, we determined the number of subunits in Piezo complexes
by expressing GFP–MmPiezo1 fusion proteins in Xenopus laevis
oocytes, imaging individual spots with total internal reflection micro-
scopy (TIRF), and counting discrete photobleaching steps (Fig. 4a, b
and ref. 22). Amino-terminal GFP–MmPiezo1 functionality was con-
firmed by overexpression in HEK293T cells (Supplementary Fig. 3).
We used several GFP fusion constructs of ion channels with known
stoichiometry as controls: voltage-gated Ca21 channel (a1E–GFP;
monomer),NMDA(N -methyl-D-aspartate) receptor (NR1co-expressed
with NR3A–GFP; dimer of dimers) and cyclic nucleotide gated (CNG)
channel (XfA4–GFP; tetramer)22. We found that complexes of
MmPiezo1 frequently exhibited atmost four photobleaching steps, con-
sistent with the idea that Piezo proteins homo-multimerize. Fluorescent
MmPiezo1 (orCNG) complexes exhibiting bleaching in fewer than four
steps can be explained by non-functional GFP or pre-bleachedGFP22 or
general bias against noisier multi-step traces during data analysis (see
Methods). Histograms of the number of photobleaching steps observed
for MmPiezo1 complexes were comparable to histograms obtained
from tetrameric CNG channels (Fig. 4c). These results suggest that in
living cells, Piezo proteins can assemble as homo-multimers.
We further characterized Piezo proteins biochemically by heterolo-

gously expressing and purifying MmPiezo1 carboxy-terminally fused
with a glutathione S-transferase (MmPiezo1–GST). Functionality of
MmPiezo1–GST was confirmed by overexpression in HEK293T cells
(Supplementary Fig. 3). We observed a protein band at a position near
the 260-kDa protein marker on a Coomassie-blue-stained denatur-
ing protein gel (Supplementary Fig. 4a). Western blot with a GST
(Schistosoma japonicum form) antibody (Supplementary Fig. 4b) or
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Figure 1 | Human cells expressing Drosophila Piezo (DmPiezo) show large
mechanically activated currents. a–f, Mechanically activated currents of
DmPiezo-expressing HE293T cells recorded in the whole-cell (a–c) or cell-
attached (d–f) configuration. a, Representative traces ofmechanically activated
inward currents at280mV in DmPiezo-transfected cells subjected to a series
ofmechanical steps in 1mm increments. b, Averagemaximal current amplitude
of mechanically activated inward currents at280mV. c, Representative I–V
relationship of mechanically activated currents in DmPiezo-transfected cells.
The inset shows mechanically activated currents evoked at holding potentials
ranging from280 to180mV. d, Representative currents elicited by negative
pipette pressure (0 to260mmHg,D20mmHg) in DmPiezo-transfected cells.
e, Averagemaximal current amplitude of stretch-activated currents at280mV.
f, Imax normalized current–pressure relationship of stretch-activated currents
recorded at280mV inDmPiezo-transfected cells (n5 8 cells) and fittedwith a
Boltzmann equation. P50 is the average of P50 values determined for individual
cells. Bars represent mean6 s.e.m. and the number of cells tested is shown
above bars. ***P, 0.001, Mann–Whitney U -test.
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Figure 2 | Ruthenium red is a channel pore blocker of MmPiezo1- but not
DmPiezo-induced currents. a, Representative traces ofmechanically activated
currents in MmPiezo1-transfected cells evoked at holding potentials ranging
from 280 to180mV before (left panel) and during perfusion of 30mM of
ruthenium red (right panel, red traces). b, Average I–V relationship of
mechanically activated currents in MmPiezo1-transfected cells (n5 7 cells)
before (black symbols) and during (red symbols) perfusion of 30mM
ruthenium red. Currents were normalized to the value of control current
evoked at280mV for each individual cell. c, Concentration-inhibition curve
for ruthenium red (RR) on mechanically activated currents evoked at280mV
inMmPiezo1-transfected cells and fittedwith a Boltzmann equation. Each data
point is the mean6 s.e.m. of 3–13 observations. d, Representative traces of
Piezo-dependent mechanically activated currents evoked at280mV in the
presence of ruthenium red. e, Blocking effect of ruthenium red on Piezo-
dependent mechanically activated currents evoked at280 mV. Bars represent
mean6 s.e.m. and the number of cells tested is shown above the bars.
**P, 0.01; ***P, 0.001; unpaired t-test.
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Together, these results demonstrate that overexpression of DmPiezo or

MmPiezo1 gives rise to mechanically activated channels with distinct

channel properties.



Pore properties of Piezo proteins

we set out to determine the

single channel conductance (c)

of mechanically activated

channels induced by Piezo

proteins by using negative-

pressure stimulations of

membrane patches in cell-

attached mode. Figure 3 shows

the single mechanically

activated channel properties of

MmPiezo1 or DmPiezo

a MmPiezo1-specific antibody8 (Fig. 4) confirmed the presence of
MmPiezo1–GST in the MmPiezo1–GST sample. Using native gel
electrophoresis andCoomassie blue staining, we detected a prominent
protein band at a position near the 1,236 kDa protein marker only in
the MmPiezo1–GST sample (Fig. 4d). Western blot using MmPiezo1
antibody confirmed that this major band contains MmPiezo1
(Fig. 4e). These data indicate that the purifiedMmPiezo1–GSTprotein
complex has amolecular weight of about 1.2millionDa, four times the
predicted molecular weight of a single MmPiezo1–GST polypeptide
(318 kDa). Next, we asked whether any endogenous proteins are
present in this MmPiezo1-containing complex. Mass spectrometry
of the ,1.2 millionDa protein complex mainly detected peptides
derived from MmPiezo1–GST, but not from other endogenous
membrane proteins. Although several non-transmembrane proteins
were also detected, most of them were also present in the control
sample, indicating an absence of specific interacting proteins in the
complex (Supplementary Table 1). Moreover, mass spectrometry of
the whole purified solution samples before gel electrophoresis con-
firmed that no other ion channel proteinwas detected (Supplementary
Table 2). This indicates that MmPiezo1 is not tightly associated with
any endogenous pore-forming protein.
To examine further whether this Piezo complex is indeed a tetramer,

we treated the purified MmPiezo1–GST protein with the crosslinker
formaldehydeandsubjectedthesamplestodenaturinggelelectrophoresis
and western blotting. Formaldehyde-treated samples contained three
major additional higher-order Piezo-containing bands, with longer
treatments increasing the prominence of the higher bands (Fig. 4f).
The distribution of the bands on the 3–8% gradient gel suggests that
the four bands correspond to monomer, dimer, trimer and tetramer
of MmPiezo1–GST (Fig. 4f). The observation that MmPiezo1 is
crosslinked by formaldehyde, a crosslinker with a relative short spacer
arm (2.3–2.7 Å), suggests that the subunits form a tetramer.

It is possible thatMmPiezo1oligomers associatewith other proteins;
however, suchan associationmight notwithstand theGSTpurification
step. To probe this, we performed paraformaldehyde (PFA) crosslink-
ing experiments on living cells before the purification procedure. On a
native gel, the MmPiezo1–GST complex purified from PFA-treated
cells also migrated to the position near the 1,236 kDa protein marker,
similar to the sample from untreated cells (Fig. 4g). On a denaturing
gel, on-cell PFA treatment resulted in four distinct MmPiezo1-specific
bands, similar to results of formaldehyde treatment on the purified
complex (Fig. 4h). This suggests that MmPiezo1 is not tightly asso-
ciated with other proteins large enough to alter discernibly its size on
denaturing gels, and confirms the results from mass spectrometry
analysis. However, our crosslinking studies with PFAmightmiss weak
interactors with MmPiezo1. Regardless, together with the results
obtained from single-molecule photobleaching analysis in living cells,
our biochemical data suggest thatMmPiezo1 forms a homomultimeric
ion channel, most likely as a homotetramer.

MmPiezo1 reconstitution in lipid bilayers
Finally, to assess whether Piezo proteins were sufficient to recapitulate
the channel properties recorded from Piezo-overexpressing cells, we
reconstituted purified MmPiezo1 proteins into lipid bilayers in two
distinct configurations: droplet interface lipid bilayers (DIBs) assembled
from two monolayers23–25 (Fig. 5a–e and l–q) and proteoliposomes26

(Fig. 5f–h). In the first configuration, MmPiezo1 was reconstituted
into asymmetric bilayers that mimic the cellular environment: the
extracellular-facing lipid monolayer is predominantly neutral whereas
the intracellular-facing leaflet is negatively charged27. In contrast, the
lipid composition of the bilayer in the second configuration is uniform.
In the DIBs setting, representative segments from a 6-min record-

ing obtained at 2100mV show brief, discrete channel openings
(Fig. 5a, b) blocked by addition of 50 mMruthenium red to the neutral
facing compartment (Fig. 5c). In contrast, no effect was observed
when ruthenium red was introduced into the negative-facing com-
partment (not shown). We detected efficient block of channel activity
even at 5mMruthenium red (not shown). The asymmetric accessibility
of ruthenium red block of reconstituted channels agrees with the data
obtained from MmPiezo1-overexpressing HEK293T cells (Fig. 2 and
Supplementary Fig. 2), thereby establishing the fidelity of the assays
and validating MmPiezo1 protein as an authentic ion channel. The
Piezo currents exhibit ohmic behaviour; records displayed at higher
resolution (Fig. 5b) clearly demonstrate the occurrence of unitary
events with c values obtained from conductance histograms of
1186 15 pS and 806 6 pS (n5 6) in symmetric 0.5M KCl from the
negative and positive branches of I–V plots, respectively (Fig. 5d, e).
A similar pattern of activity was obtained from MmPiezo1 recon-

stituted in asolectin liposomes26 (Fig. 5f–k). A selection of recordings
shows the presence of two channels in the membrane which reside
predominantly in the open state (Fig. 5f, g), as discerned in a higher
time resolution display (Fig. 5k). These recordings were obtained in
the presence of 50 mM ruthenium red inside the recording pipette, to
ensure functional selectionof a single populationofMmPiezo1 channels
facing the ruthenium-red-free compartment. MmPiezo1 in asolectin
proteoliposomesunder these conditions (symmetric 0.2MKCl) exhibits
a c5 1106 10 pS at V52100mV and 806 5 pS at V5 100mV
(Fig. 5h–j) (n5 8). Finally, reconstitution of control samples purified
from non-transfected cells as well as heat-denatured purified
MmPiezo1–GST into either bilayer systems under otherwise identical
conditions failed to reproduce this pattern of channel activity (not
shown).
We then tested the ability of the reconstitutedMmPiezo1 to conduct

sodium (Fig. 5l-q). Initially, single channel currents were recorded
from asymmetric bilayers in symmetric 0.2M KCl; c5 586 5 pS
(Fig. 5l, o). Subsequent addition of 0.2M NaCl in the presence of
0.2MKCl increased the unitary conductance of reconstituted channels
to 956 5 pS (Fig. 5m, p) while retaining sensitivity to ruthenium red
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Figure 3 | MmPiezo1- and DmPiezo-induced stretch-activated channels
have different conductances. a, Representative Piezo-dependent stretch-
activated channel openings elicited at2180mV. Bottom traces represent
average of 40 individual recording traces. b, All-point histograms of single
channel opening events (average of 10 and 20 individual events for MmPiezo1
and DmPiezo, respectively) at different holding potentials (Vh). c, Average I–V
relationships of stretch activated single channels in MmPiezo1 and DmPiezo
transfected cells (n5 7 and 5 cells, respectively; mean6 s.e.m.). Single channel
amplitude was determined as the amplitude difference in Gaussian fits as
shown in b.
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Pore properties of Piezo proteins

Openings of stretch-activated

channels showed a marked

difference in amplitude of

single channel currents (Fig.

3a), as determined from the

single channel I–V relationship

for MmPiezo1 and DmPiezo

(Fig. 3b, c).

a MmPiezo1-specific antibody8 (Fig. 4) confirmed the presence of
MmPiezo1–GST in the MmPiezo1–GST sample. Using native gel
electrophoresis andCoomassie blue staining, we detected a prominent
protein band at a position near the 1,236 kDa protein marker only in
the MmPiezo1–GST sample (Fig. 4d). Western blot using MmPiezo1
antibody confirmed that this major band contains MmPiezo1
(Fig. 4e). These data indicate that the purifiedMmPiezo1–GSTprotein
complex has amolecular weight of about 1.2millionDa, four times the
predicted molecular weight of a single MmPiezo1–GST polypeptide
(318 kDa). Next, we asked whether any endogenous proteins are
present in this MmPiezo1-containing complex. Mass spectrometry
of the ,1.2 millionDa protein complex mainly detected peptides
derived from MmPiezo1–GST, but not from other endogenous
membrane proteins. Although several non-transmembrane proteins
were also detected, most of them were also present in the control
sample, indicating an absence of specific interacting proteins in the
complex (Supplementary Table 1). Moreover, mass spectrometry of
the whole purified solution samples before gel electrophoresis con-
firmed that no other ion channel proteinwas detected (Supplementary
Table 2). This indicates that MmPiezo1 is not tightly associated with
any endogenous pore-forming protein.
To examine further whether this Piezo complex is indeed a tetramer,

we treated the purified MmPiezo1–GST protein with the crosslinker
formaldehydeandsubjectedthesamplestodenaturinggelelectrophoresis
and western blotting. Formaldehyde-treated samples contained three
major additional higher-order Piezo-containing bands, with longer
treatments increasing the prominence of the higher bands (Fig. 4f).
The distribution of the bands on the 3–8% gradient gel suggests that
the four bands correspond to monomer, dimer, trimer and tetramer
of MmPiezo1–GST (Fig. 4f). The observation that MmPiezo1 is
crosslinked by formaldehyde, a crosslinker with a relative short spacer
arm (2.3–2.7 Å), suggests that the subunits form a tetramer.

It is possible thatMmPiezo1oligomers associatewith other proteins;
however, suchan associationmight notwithstand theGSTpurification
step. To probe this, we performed paraformaldehyde (PFA) crosslink-
ing experiments on living cells before the purification procedure. On a
native gel, the MmPiezo1–GST complex purified from PFA-treated
cells also migrated to the position near the 1,236 kDa protein marker,
similar to the sample from untreated cells (Fig. 4g). On a denaturing
gel, on-cell PFA treatment resulted in four distinct MmPiezo1-specific
bands, similar to results of formaldehyde treatment on the purified
complex (Fig. 4h). This suggests that MmPiezo1 is not tightly asso-
ciated with other proteins large enough to alter discernibly its size on
denaturing gels, and confirms the results from mass spectrometry
analysis. However, our crosslinking studies with PFAmightmiss weak
interactors with MmPiezo1. Regardless, together with the results
obtained from single-molecule photobleaching analysis in living cells,
our biochemical data suggest thatMmPiezo1 forms a homomultimeric
ion channel, most likely as a homotetramer.

MmPiezo1 reconstitution in lipid bilayers
Finally, to assess whether Piezo proteins were sufficient to recapitulate
the channel properties recorded from Piezo-overexpressing cells, we
reconstituted purified MmPiezo1 proteins into lipid bilayers in two
distinct configurations: droplet interface lipid bilayers (DIBs) assembled
from two monolayers23–25 (Fig. 5a–e and l–q) and proteoliposomes26

(Fig. 5f–h). In the first configuration, MmPiezo1 was reconstituted
into asymmetric bilayers that mimic the cellular environment: the
extracellular-facing lipid monolayer is predominantly neutral whereas
the intracellular-facing leaflet is negatively charged27. In contrast, the
lipid composition of the bilayer in the second configuration is uniform.
In the DIBs setting, representative segments from a 6-min record-

ing obtained at 2100mV show brief, discrete channel openings
(Fig. 5a, b) blocked by addition of 50 mMruthenium red to the neutral
facing compartment (Fig. 5c). In contrast, no effect was observed
when ruthenium red was introduced into the negative-facing com-
partment (not shown). We detected efficient block of channel activity
even at 5mMruthenium red (not shown). The asymmetric accessibility
of ruthenium red block of reconstituted channels agrees with the data
obtained from MmPiezo1-overexpressing HEK293T cells (Fig. 2 and
Supplementary Fig. 2), thereby establishing the fidelity of the assays
and validating MmPiezo1 protein as an authentic ion channel. The
Piezo currents exhibit ohmic behaviour; records displayed at higher
resolution (Fig. 5b) clearly demonstrate the occurrence of unitary
events with c values obtained from conductance histograms of
1186 15 pS and 806 6 pS (n5 6) in symmetric 0.5M KCl from the
negative and positive branches of I–V plots, respectively (Fig. 5d, e).
A similar pattern of activity was obtained from MmPiezo1 recon-

stituted in asolectin liposomes26 (Fig. 5f–k). A selection of recordings
shows the presence of two channels in the membrane which reside
predominantly in the open state (Fig. 5f, g), as discerned in a higher
time resolution display (Fig. 5k). These recordings were obtained in
the presence of 50 mM ruthenium red inside the recording pipette, to
ensure functional selectionof a single populationofMmPiezo1 channels
facing the ruthenium-red-free compartment. MmPiezo1 in asolectin
proteoliposomesunder these conditions (symmetric 0.2MKCl) exhibits
a c5 1106 10 pS at V52100mV and 806 5 pS at V5 100mV
(Fig. 5h–j) (n5 8). Finally, reconstitution of control samples purified
from non-transfected cells as well as heat-denatured purified
MmPiezo1–GST into either bilayer systems under otherwise identical
conditions failed to reproduce this pattern of channel activity (not
shown).
We then tested the ability of the reconstitutedMmPiezo1 to conduct

sodium (Fig. 5l-q). Initially, single channel currents were recorded
from asymmetric bilayers in symmetric 0.2M KCl; c5 586 5 pS
(Fig. 5l, o). Subsequent addition of 0.2M NaCl in the presence of
0.2MKCl increased the unitary conductance of reconstituted channels
to 956 5 pS (Fig. 5m, p) while retaining sensitivity to ruthenium red

1 pA5 pA 100 ms100 ms

0.5 pA2.5 pA

−20 mm Hg −20 mm Hg
MmPiezo1 DmPiezo

Average current Average current

a

b
−180 −140 −100 −60 −20

(mV)

−1

−2

−3

−4

−5

−6

0

(pA)

MmPiezo1

DmPiezo

c

D
m

P
ie

zo
M

m
P

ie
zo

1

Vh  = −160 mV

(pA)

(pA)

Vh  = −180 mV Vh  = −140 mV Vh  = −120 mV

0 −2 −4 −6 −8 0 −2 −4 −6 −8 0 −2 −4 −6 −8 0 −2 −4 −6 −8

0 −0.5 −1 0 −0.5 −1 0 −0.5 −1 0 −0.5 −1

Figure 3 | MmPiezo1- and DmPiezo-induced stretch-activated channels
have different conductances. a, Representative Piezo-dependent stretch-
activated channel openings elicited at2180mV. Bottom traces represent
average of 40 individual recording traces. b, All-point histograms of single
channel opening events (average of 10 and 20 individual events for MmPiezo1
and DmPiezo, respectively) at different holding potentials (Vh). c, Average I–V
relationships of stretch activated single channels in MmPiezo1 and DmPiezo
transfected cells (n5 7 and 5 cells, respectively; mean6 s.e.m.). Single channel
amplitude was determined as the amplitude difference in Gaussian fits as
shown in b.
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Piezo proteins are pore-forming subunits
of mechanically activated channels
Bertrand Coste1*, Bailong Xiao1*, Jose S. Santos2, Ruhma Syeda2, Jörg Grandl1{, Kathryn S. Spencer1, Sung Eun Kim1,
Manuela Schmidt1, Jayanti Mathur3, Adrienne E. Dubin1, Mauricio Montal2 & Ardem Patapoutian1,3

Mechanotransduction has an important role in physiology. Biological processes including sensing touch and sound
waves require as-yet-unidentified cation channels that detect pressure. Mouse Piezo1 (MmPiezo1) and MmPiezo2
(also called Fam38a and Fam38b, respectively) induce mechanically activated cationic currents in cells; however, it is
unknown whether Piezo proteins are pore-forming ion channels or modulate ion channels. Here we show that
Drosophila melanogaster Piezo (DmPiezo, also called CG8486) also induces mechanically activated currents in cells,
but through channels with remarkably distinct pore properties including sensitivity to the pore blocker ruthenium red
and single channel conductances. MmPiezo1 assembles as a 1.2-million-dalton homo-oligomer, with no evidence of
other proteins in this complex. Purified MmPiezo1 reconstituted into asymmetric lipid bilayers and liposomes forms
ruthenium-red-sensitive ion channels. These data demonstrate that Piezo proteins are an evolutionarily conserved ion
channel family involved in mechanotransduction.

Mechanically activated currents have been described in various
mammalian cells, including inner ear hair cells1, somatosensory
dorsal root ganglion neurons2, vascular smooth muscle cells3 and
kidney primary epithelia4. Most of these mechanically activated
currents are cationic with Ca21 permeability, leading to a search for
cation channels able to convert mechanical forces into such currents.
Few mechanically activated channels have been described so far5–7;
however, none of the candidates has been shown convincingly to
mediate the physiologically relevant non-selective cationicmechanically
activated currents in mammals.
MmPiezo1 was recently identified as a protein required for mech-

anically activated currents in a mammalian cell line. Expressing
MmPiezo1 or related MmPiezo2 in a variety of mammalian cell lines
induces mechanically activated cationic currents8. MmPiezo1-
induced currents are inhibited by GsMTx4 (Grammostola spatulata
mechanotoxin 4), a peptidewidely used to studymechanically activated
channels9. MmPiezo1 and MmPiezo2 contain over 30 putative trans-
membrane domains and do not resemble known ion channels or other
protein classes. Piezo proteins could be non-conducting subunits of
cationic ion channels required for proper expression or formodulating
channel properties6,10,11. Alternatively, Piezo proteins may define a
novel class of ion channels involved in mechanotransduction.

Mechanosensitivity of DmPiezo
Piezo sequences are present in the genomes of many animal, plant and
other eukaryotic species. Functional analysis of Piezo proteins from
phylogenetically distant species could demonstrate a conserved role of
these proteins in mechanotransduction; furthermore, a comparative
analysis ofmechanically activated currents could elucidate unique pore
properties of channels induced by Piezo proteins from distinct species.
We focused on the apparently single member of D. melanogaster
Piezo (DmPiezo), as this invertebrate species is widely used to study
mechanotransduction using genetic approaches12–16. DmPiezo is 24%
identical to mammalian Piezo proteins, with sequence conservation

throughout the length of the proteins (Supplementary Fig. 1). We
cloned the full-length DmPiezo complementary DNA into pIRES2-
EGFP vector.We recordedmechanically activated currents from fluor-
escentHEK293T cells expressingDmPiezo-pIRES2-EGFPby applying
force to the cell surface while monitoring transmembrane currents
at constant voltage using patch-clamp recordings in the whole-cell
configuration2,17,18. DmPiezo, but not mock-transfected cells, showed
largemechanically activated currents (Fig. 1a, b). These currents have a
time constant of inactivation t of 6.26 0.3ms (n5 32 cells) at
280mV when fitted with mono-exponential function, which is faster
than observed for MmPiezo1 (,16ms) and more comparable to
MmPiezo2 (,7ms)8. Similar to its mammalian counterparts,
DmPiezo mechanically activated currents are characterized by a
linear current–voltage (I–V) relationship with a reversal potential
around 0mV, consistent with it mediating a non-selective cationic
conductance (Fig. 1c).We further characterizedDmPiezo-induced cur-
rents in HEK293T cells in response to negative pressure pulses applied
through the recording pipette in the cell-attached mode, an alternative
mechanosensitivity assay.Overexpression ofDmPiezo induced stretch-
activated currents (Fig. 1d, e) with a pressure for half-maximal
activation (P50) of 231.86 2.8mmHg (Fig. 1f), similar to the P50
calculated for MmPiezo1-induced currents (,30 mmHg)8.
Therefore, mechanosensitivity of the Piezo family is conserved in
invertebrates. We demonstrate the physiological relevance of DmPiezo
in vivo in an accompanying paper19.

Pore properties of Piezo proteins
We next compared fundamental permeation properties of MmPiezo1
and DmPiezo. Ruthenium red, a polycationic pore blocker of TRP
channels20,21, blocks MmPiezo1- and MmPiezo2-induced mechanically
activated currents8.We found that rutheniumred is a voltage-dependent
blocker of MmPiezo1, with an IC50 value of 5.46 0.9mM at 280mV
(Fig. 2a–c): at a concentration of 30mM, extracellular ruthenium red
inhibited inward mechanically activated currents without affecting

*These authors contributed equally to this work.
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unknown whether Piezo proteins are pore-forming ion channels or modulate ion channels. Here we show that
Drosophila melanogaster Piezo (DmPiezo, also called CG8486) also induces mechanically activated currents in cells,
but through channels with remarkably distinct pore properties including sensitivity to the pore blocker ruthenium red
and single channel conductances. MmPiezo1 assembles as a 1.2-million-dalton homo-oligomer, with no evidence of
other proteins in this complex. Purified MmPiezo1 reconstituted into asymmetric lipid bilayers and liposomes forms
ruthenium-red-sensitive ion channels. These data demonstrate that Piezo proteins are an evolutionarily conserved ion
channel family involved in mechanotransduction.

Mechanically activated currents have been described in various
mammalian cells, including inner ear hair cells1, somatosensory
dorsal root ganglion neurons2, vascular smooth muscle cells3 and
kidney primary epithelia4. Most of these mechanically activated
currents are cationic with Ca21 permeability, leading to a search for
cation channels able to convert mechanical forces into such currents.
Few mechanically activated channels have been described so far5–7;
however, none of the candidates has been shown convincingly to
mediate the physiologically relevant non-selective cationicmechanically
activated currents in mammals.
MmPiezo1 was recently identified as a protein required for mech-

anically activated currents in a mammalian cell line. Expressing
MmPiezo1 or related MmPiezo2 in a variety of mammalian cell lines
induces mechanically activated cationic currents8. MmPiezo1-
induced currents are inhibited by GsMTx4 (Grammostola spatulata
mechanotoxin 4), a peptidewidely used to studymechanically activated
channels9. MmPiezo1 and MmPiezo2 contain over 30 putative trans-
membrane domains and do not resemble known ion channels or other
protein classes. Piezo proteins could be non-conducting subunits of
cationic ion channels required for proper expression or formodulating
channel properties6,10,11. Alternatively, Piezo proteins may define a
novel class of ion channels involved in mechanotransduction.

Mechanosensitivity of DmPiezo
Piezo sequences are present in the genomes of many animal, plant and
other eukaryotic species. Functional analysis of Piezo proteins from
phylogenetically distant species could demonstrate a conserved role of
these proteins in mechanotransduction; furthermore, a comparative
analysis ofmechanically activated currents could elucidate unique pore
properties of channels induced by Piezo proteins from distinct species.
We focused on the apparently single member of D. melanogaster
Piezo (DmPiezo), as this invertebrate species is widely used to study
mechanotransduction using genetic approaches12–16. DmPiezo is 24%
identical to mammalian Piezo proteins, with sequence conservation

throughout the length of the proteins (Supplementary Fig. 1). We
cloned the full-length DmPiezo complementary DNA into pIRES2-
EGFP vector.We recordedmechanically activated currents from fluor-
escentHEK293T cells expressingDmPiezo-pIRES2-EGFPby applying
force to the cell surface while monitoring transmembrane currents
at constant voltage using patch-clamp recordings in the whole-cell
configuration2,17,18. DmPiezo, but not mock-transfected cells, showed
largemechanically activated currents (Fig. 1a, b). These currents have a
time constant of inactivation t of 6.26 0.3ms (n5 32 cells) at
280mV when fitted with mono-exponential function, which is faster
than observed for MmPiezo1 (,16ms) and more comparable to
MmPiezo2 (,7ms)8. Similar to its mammalian counterparts,
DmPiezo mechanically activated currents are characterized by a
linear current–voltage (I–V) relationship with a reversal potential
around 0mV, consistent with it mediating a non-selective cationic
conductance (Fig. 1c).We further characterizedDmPiezo-induced cur-
rents in HEK293T cells in response to negative pressure pulses applied
through the recording pipette in the cell-attached mode, an alternative
mechanosensitivity assay.Overexpression ofDmPiezo induced stretch-
activated currents (Fig. 1d, e) with a pressure for half-maximal
activation (P50) of 231.86 2.8mmHg (Fig. 1f), similar to the P50
calculated for MmPiezo1-induced currents (,30 mmHg)8.
Therefore, mechanosensitivity of the Piezo family is conserved in
invertebrates. We demonstrate the physiological relevance of DmPiezo
in vivo in an accompanying paper19.

Pore properties of Piezo proteins
We next compared fundamental permeation properties of MmPiezo1
and DmPiezo. Ruthenium red, a polycationic pore blocker of TRP
channels20,21, blocks MmPiezo1- and MmPiezo2-induced mechanically
activated currents8.We found that rutheniumred is a voltage-dependent
blocker of MmPiezo1, with an IC50 value of 5.46 0.9mM at 280mV
(Fig. 2a–c): at a concentration of 30mM, extracellular ruthenium red
inhibited inward mechanically activated currents without affecting
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MmPiezo1 reconstitution in lipid bilayers
to assess whether Piezo proteins were sufficient

to recapitulate the channel properties recorded

from Piezo-overexpressing cells, we reconstituted

purified MmPiezo1 proteins into lipid bilayers in

two distinct configurations: droplet interface lipid

bilayers (DIBs) assembled from two monolayers

(Fig. 5a–e and l–q) and proteoliposomes (Fig. 5f–

h). In the first configuration, MmPiezo1 was

reconstituted into asymmetric bilayers that mimic

the cellular environment: the extracellular-facing

lipid monolayer is predominantly neutral whereas

the intracellular-facing leaflet is negatively

charged. In contrast, the lipid composition of the

bilayer in the second configuration is uniform.

DIB



MmPiezo1 reconstitution in lipid bilayers

In the DIBs setting, representative

segments from a 6-min recording

obtained at -100mV show brief, discrete

channel openings (Fig. 5a, b) blocked by

addition of 50 µM ruthenium red to the

neutral facing compartment (Fig. 5c)

The asymmetric accessibility of ruthenium

red block of reconstituted channels agrees

with the data obtained from MmPiezo1-

overexpressing HEK293T cells (Fig. 2 and),

thereby establishing the fidelity of the

assays and validating MmPiezo1 protein as

an authentic ion channel
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Architecture of the mammalian
mechanosensitive Piezo1 channel
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Piezo proteins are evolutionarily conserved and functionally diverse mechanosensitive cation channels. However, the
overall structural architecture and gating mechanisms of Piezo channels have remained unknown. Here we determine
the cryo-electron microscopy structure of the full-length (2,547 amino acids) mouse Piezo1 (Piezo1) at a resolution of
4.8 Å. Piezo1 forms a trimeric propeller-like structure (about 900 kilodalton), with the extracellular domains resembling
three distal blades and a central cap. The transmembrane region has 14 apparently resolved segments per subunit. These
segments form three peripheral wings and a central pore module that encloses a potential ion-conducting pore.
The rather flexible extracellular blade domains are connected to the central intracellular domain by three long
beam-like structures. This trimeric architecture suggests that Piezo1 may use its peripheral regions as force sensors
to gate the central ion-conducting pore.

Mechanosensitive cation channels have key roles in converting mech-
anical stimuli into various biological activities, such as touch, hearing
and blood pressure regulation, through a process termed mechano-
transduction1. Piezo proteins have recently been identified as pore-
forming subunits of the long-sought-after mechanosensitive cation
channels in metazoans2–8. A single fly Piezo gene has been shown to be
involved in mechanical nociception8. There are two Piezo proteins in
vertebrates: Piezo1 and Piezo2. In vertebrates, including fish9, birds10,
rodents11–14 and humans15, Piezo2 mediates gentle touch sensation. By
contrast, Piezo1 has broad roles in multiple physiological processes,
including sensing shear stress of blood flow for proper blood vessel
development16,17, regulating red blood cell function18,19 and control-
ling cell migration and differentiation20,21. In humans, mutations of
PIEZO1 or PIEZO2 have been linked to several genetic diseases,
including dehydrated hereditary stomatocytosis22–27, distal arthrogry-
posis type 5 (ref. 28), Gordon syndrome and Marden–Walker syn-
drome29. These findings demonstrate the functional importance of
Piezo channels, as well as their pathological relevance and potential
as therapeutic targets.

Despite the functional importance of Piezo proteins, their gating
mechanisms and three-dimensional (3D) structures are yet to be
defined. They do not bear notable sequence and structural homology
to any known classes of ion channel, such as voltage- or ligand-gated
channels30–32, transient receptor potential (TRP) channels33,34, prokar-
yotic mechanosensitive channels35–38 or eukaryotic mechanosensitive
two-pore-domain potassium channels39. Mammalian Piezo proteins
contain more than 2,500 residues with numerous predicted trans-
membrane segments2,3,7,40 and form homo-oligomerized channel
complexes3. However, the exact stoichiometry, topology, architecture
and functional domains involved in pore formation, force sensing and
regulation remain to be solved.

Combining protein engineering, X-ray crystallography, single-
particle cryo-electron microscopy and live-cell immunostaining, we
have obtained the medium-resolution structure of the full-length
Piezo1 channel. Our results provide key insights into the ion-conducting

and gating mechanisms of this novel class of mechanosensitive ion
channels.

Piezo1 forms a homotrimer
Our initial effort was focused on obtaining a sufficient amount of
acceptably homogenous Piezo proteins. Human, mouse and
Drosophila Piezo complementary DNAs, in full-length or truncated
forms, were cloned into a vector encoding a carboxy-terminal
(C-terminal) glutathione S-transferase (GST) tag with a precision
protease cleavage site in between (Piezo1–pp–GST). Constructs were
tested for their expression using transient transfection in HEK293T
cells. A large number of detergents in various classes were screened for
their compatibility with the extraction and purification of Piezo pro-
teins. Finally, a combination of mouse Piezo1 with the detergent
C12E10 was used for purification and structural determination.

Gel filtration chromatography showed that Piezo1–pp–GST and
Piezo1 without the GST tag both contained two forms of oligomer, but
at different ratios (Fig. 1a–c and Extended Data Fig. 1). On native gels,
Piezo1–pp–GST migrated as a major band at a molecular weight of
about 1,200 kDa and a minor one at about 900 kDa (Fig. 1c). This
result seemed consistent with a previous study, which suggested that
Piezo1 fused to GST formed a homotetramer3. However, examination
of Piezo1–pp–GST proteins by negative-staining electron microscopy
showed an ostensibly dimeric arrangement of particles (Fig. 1d, e).
Two-dimensional (2D) classification of these particles indicated that
the two halves were highly similar (Fig. 1f), suggesting that the dimer-
ized GST tag may mediate further dimerization of Piezo1 complexes.
Consistent with this possibility, Piezo1 with the GST tag cleaved dis-
played mainly a molecular weight of 900 kDa on native gels (Fig. 1c).
Moreover, almost no particles with the dimeric arrangement could be
observed in the tag-free Piezo1 sample. Rather, particles with a three-
fold symmetry were clearly detected (Fig. 1g–i). As a further con-
firmation, Flag-tagged Piezo1 displayed a major band at about
900 kDa on native gels (Fig. 1c). Thus, our data suggest that the major
oligomeric state of the purified Piezo1 is trimeric. The majority of
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Here we determine the cryo-electron microscopy 

structure of the full-length (2,547 amino acids) mouse 

Piezo1 (Piezo1) at a resolution of 4.8 A ̊ .
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Piezo proteins are evolutionarily conserved and functionally diverse mechanosensitive cation channels. However, the
overall structural architecture and gating mechanisms of Piezo channels have remained unknown. Here we determine
the cryo-electron microscopy structure of the full-length (2,547 amino acids) mouse Piezo1 (Piezo1) at a resolution of
4.8 Å. Piezo1 forms a trimeric propeller-like structure (about 900 kilodalton), with the extracellular domains resembling
three distal blades and a central cap. The transmembrane region has 14 apparently resolved segments per subunit. These
segments form three peripheral wings and a central pore module that encloses a potential ion-conducting pore.
The rather flexible extracellular blade domains are connected to the central intracellular domain by three long
beam-like structures. This trimeric architecture suggests that Piezo1 may use its peripheral regions as force sensors
to gate the central ion-conducting pore.

Mechanosensitive cation channels have key roles in converting mech-
anical stimuli into various biological activities, such as touch, hearing
and blood pressure regulation, through a process termed mechano-
transduction1. Piezo proteins have recently been identified as pore-
forming subunits of the long-sought-after mechanosensitive cation
channels in metazoans2–8. A single fly Piezo gene has been shown to be
involved in mechanical nociception8. There are two Piezo proteins in
vertebrates: Piezo1 and Piezo2. In vertebrates, including fish9, birds10,
rodents11–14 and humans15, Piezo2 mediates gentle touch sensation. By
contrast, Piezo1 has broad roles in multiple physiological processes,
including sensing shear stress of blood flow for proper blood vessel
development16,17, regulating red blood cell function18,19 and control-
ling cell migration and differentiation20,21. In humans, mutations of
PIEZO1 or PIEZO2 have been linked to several genetic diseases,
including dehydrated hereditary stomatocytosis22–27, distal arthrogry-
posis type 5 (ref. 28), Gordon syndrome and Marden–Walker syn-
drome29. These findings demonstrate the functional importance of
Piezo channels, as well as their pathological relevance and potential
as therapeutic targets.

Despite the functional importance of Piezo proteins, their gating
mechanisms and three-dimensional (3D) structures are yet to be
defined. They do not bear notable sequence and structural homology
to any known classes of ion channel, such as voltage- or ligand-gated
channels30–32, transient receptor potential (TRP) channels33,34, prokar-
yotic mechanosensitive channels35–38 or eukaryotic mechanosensitive
two-pore-domain potassium channels39. Mammalian Piezo proteins
contain more than 2,500 residues with numerous predicted trans-
membrane segments2,3,7,40 and form homo-oligomerized channel
complexes3. However, the exact stoichiometry, topology, architecture
and functional domains involved in pore formation, force sensing and
regulation remain to be solved.

Combining protein engineering, X-ray crystallography, single-
particle cryo-electron microscopy and live-cell immunostaining, we
have obtained the medium-resolution structure of the full-length
Piezo1 channel. Our results provide key insights into the ion-conducting

and gating mechanisms of this novel class of mechanosensitive ion
channels.

Piezo1 forms a homotrimer
Our initial effort was focused on obtaining a sufficient amount of
acceptably homogenous Piezo proteins. Human, mouse and
Drosophila Piezo complementary DNAs, in full-length or truncated
forms, were cloned into a vector encoding a carboxy-terminal
(C-terminal) glutathione S-transferase (GST) tag with a precision
protease cleavage site in between (Piezo1–pp–GST). Constructs were
tested for their expression using transient transfection in HEK293T
cells. A large number of detergents in various classes were screened for
their compatibility with the extraction and purification of Piezo pro-
teins. Finally, a combination of mouse Piezo1 with the detergent
C12E10 was used for purification and structural determination.

Gel filtration chromatography showed that Piezo1–pp–GST and
Piezo1 without the GST tag both contained two forms of oligomer, but
at different ratios (Fig. 1a–c and Extended Data Fig. 1). On native gels,
Piezo1–pp–GST migrated as a major band at a molecular weight of
about 1,200 kDa and a minor one at about 900 kDa (Fig. 1c). This
result seemed consistent with a previous study, which suggested that
Piezo1 fused to GST formed a homotetramer3. However, examination
of Piezo1–pp–GST proteins by negative-staining electron microscopy
showed an ostensibly dimeric arrangement of particles (Fig. 1d, e).
Two-dimensional (2D) classification of these particles indicated that
the two halves were highly similar (Fig. 1f), suggesting that the dimer-
ized GST tag may mediate further dimerization of Piezo1 complexes.
Consistent with this possibility, Piezo1 with the GST tag cleaved dis-
played mainly a molecular weight of 900 kDa on native gels (Fig. 1c).
Moreover, almost no particles with the dimeric arrangement could be
observed in the tag-free Piezo1 sample. Rather, particles with a three-
fold symmetry were clearly detected (Fig. 1g–i). As a further con-
firmation, Flag-tagged Piezo1 displayed a major band at about
900 kDa on native gels (Fig. 1c). Thus, our data suggest that the major
oligomeric state of the purified Piezo1 is trimeric. The majority of
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Piezo1 forms a trimeric propeller-like structure (about 900 kilodalton), with the

extracellular domains resembling three distal blades and a central cap.

As a further con- firmation, Flag-tagged Piezo1 displayed a major band at about 900

kDa on native gels (Fig. 1c). Thus, our data suggest that the major oligomeric state

of the purified Piezo1 is trimeric.

Piezo1–pp–GST fusion proteins form a dimer of trimers, as a result of
the dimerized GST tags.

The unusual migration of the 1,900-kDa Piezo1–pp–GST dimer of
trimers near the 1,200-kDa marker might have led to the incorrect
characterization of Piezo1–pp–GST as a tetramer in the previous
report3. The large native size of the protein, together with its numer-
ous transmembrane segments, might have resulted in its unusual
mobility on native gels owing to the influence of the detergents.
Nevertheless, we could not completely exclude the possibility that
Piezo1 exists in other oligomeric states on the membrane or under
different conditions in vitro, a scenario observed in previous studies of
other ion channels (for example, Orai channels)41,42.

Three-blade, propeller-shaped Piezo1 homotrimer
Using a single-particle approach during cryo-electron microscopy, we
determined the trimeric structure of Piezo1 (Fig. 2a–d and Extended
Data Figs 2–5). Notably, the density map revealed that Piezo1 formed
a three-blade, propeller-shaped architecture, with distinct regions
resembling the typical structural components of a propeller, including
three blades and a central cap. Viewed from the top, the diameter and
the axial height of the structure are 200 Å and 155 Å, respectively
(Fig. 2d). The transmembrane region could be readily located and
contains many paired density rods, in good agreement with the 2D
analyses (Fig. 2c–f). The transmembrane region contains three
extended and twisted arrays of transmembrane helices (Fig. 2f, second
from left). Beyond the transmembrane helical array, three thick distal
blades are arranged in a superhelical fashion and each blade also has a
helicoidal surface (Fig. 2d, e and f, second from right). A single central
cap sits above the surface of the transmembrane core with a gap
(,8 Å) in between (Fig. 2e). Furthermore, a tightly packed region,
likely to be a compact soluble domain, is located on the opposite side
of the cap, right below the transmembrane region (Fig. 2e). Three
long, distinct density rods exposed on the outer surface of the trans-
membrane region, hereafter termed beam, seem to connect the distal

end of the transmembrane region and the blades mechanically to the
centre of the trimeric complex at the bottom face. The diameter of the
density rod suggests that the beam is composed of a two-stranded
coiled coil (Fig. 2d, e).

Topology determination
The proposed detachment of the cap from the transmembrane core
indicates that it is likely to be a soluble region. A topological predic-
tion model suggests that residues from 2210 to 2457 (termed the
C-terminal extracellular domain, CED) constitute a large extracellular
loop followed by the last transmembrane segment at the C terminus43.
To test whether this region constitutes the cap, we constructed and
purified the deletion-mutant Piezo1(D2219–2453) and examined it
by negative-staining electron microscopy. 2D classification of
Piezo1(D2219–2453) particles revealed the central cap was absent
in 2D class averages (Extended Data Fig. 6a, b), confirming that this
region indeed forms the cap.

Next, we solved the crystal structure of the CED (Piezo1(2214–
2457)) (Fig. 2g and Extended Data Table 1), which was similar to that
of the same region of Caenorhabditis elegans Piezo reported
recently43. The root-mean-square deviation of 181 aligned a-carbon
atoms between these two structures is 1.7 Å (Extended Data Fig. 6c, d).
The amino (N) and C termini of the CED are on the same side
and close to each other (Fig. 2g), consistent with the topological
prediction40,43 that the CED is located between the last two transmem-
brane segments in the C-terminal region of Piezo1.

The CED formed a trimer in both gel filtration and crystal lattice
(Extended Data Fig. 6d, e). A direct and rigid fitting of the crystal-
lographic trimer of the CED into the cryo-electron microscopy den-
sity map resulted in a match, with a correlation coefficient of 0.89
(Extended Data Fig. 6f). These results demonstrate that the cap is
formed by a CED trimer, further supporting the conclusion that
the full-length Piezo1 forms a homotrimer. Furthermore, the high
consistency between the crystal structure and the cryo-electron
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Figure 1 | Piezo1 forms a homotrimer. a, A
representative trace of gel filtration of the full-
length Piezo1, with molecular weight markers
indicated. UV, ultraviolet. b, Protein samples of the
indicated fractions were subjected to SDS–PAGE
and Coomassie blue staining. c, Native gel and
western blotting analysis of GST-cleaved
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The density map revealed that Piezo1 formed a three-blade, propeller-shaped 

architecture, with distinct regions resembling the typical structural components of 

a propeller, including three blades and a central cap. Viewed from the top, the 

diameter and the axial height of the structure are 200 A ̊ and 155 A ̊ , respectively 

(Fig. 2d).

microscopy map of the cap domain confirmed the correctness of the
density map and determined the handedness of the map.

To further confirm the topological location of the CED and the
C terminus of Piezo1, we performed immunolabelling of live
HEK293T cells expressing Piezo1 with a Flag tag fused either in a
flexible loop of the CED (after A2419) or at the C terminus of Piezo1.
Using confocal microscopy, we found that the Flag tag could be
labelled on the plasma membrane of live cells only when inserted in
the CED and not at the C terminus (Fig. 2h). These data demonstrate
that the CED is an extracellular domain, whereas the C terminus is
intracellular, consistent with a recent report40. Consequently, this
suggests that both the central cap and the three blades locate at the
extracellular side, whereas the beams locate at the intracellular side.

The transmembrane skeleton
Piezo proteins have been predicted to contain an unusually large num-
ber of transmembrane segments (about 30–40) in one molecule2,3,7,40.
Several potential topology models of Piezo have recently been pro-
posed, with the number of transmembrane segments ranging from
10 to 38 (ref. 40). The local resolution of the cryo-electron microscopy
density map shows that the transmembrane region is associated with a
higher resolution, which allowed us to build a de novo alanine model
with 492 amino acids for the more readily identified transmembrane
segments, beam and the intracellular C-terminal domain (CTD).
Together with the 227 amino acids of the CED, we built a total of
719 residues (out of 2,547 amino acids) for each monomer (Fig. 3a
and Extended Data Figs 7, 8). The whole transmembrane skeleton
displays a three-winged arrangement, with each extended wing being
slightly twisted (Fig. 3b). From the map, 14 transmembrane segments
could be readily recognized on each wing. A potential topology of at

least 14 transmembrane segments for each protomer is consistent with
a recent topology model of 18 transmembrane segments, instead of 38
transmembrane segments40. In line with this observation, a single blade
has a volume comparable to the cap region, which is made up of about
700 residues. Thus, some of the predicted N-terminal helices should
reside in the distal extracellular regions.

To facilitate the description of our structure and based on known
features of ion channels, we refer to the core transmembrane segments
as inner helix (IH) and outer helix (OH) and to the peripheral trans-
membrane arrays as peripheral helix (PH) (Fig. 3). The 12 PHs from
the same monomer are organized as six helical pairs, extending from
the central axis to the periphery of the complex (Fig. 3b). They are
connected to the extracellular blade. The density for the connecting
sequences from PH1 to PH7 allowed us to make tentative connections
between them, except for the connection between PH4 and PH5
(Extended Data Fig. 8a).

Main-chain tracing of the PH1, IH and OH towards the transmem-
brane core in the density map, together with the information from
topology (Fig. 3c) and secondary structure prediction (Extended Data
Fig. 9), allowed us to map these three transmembrane segments on the
primary sequence and assign some of the linker sequences between
them into the corresponding density features. These analyses suggest
that the OH connects to PH1 through four continuous a-helices,
which form a unique hairpin structure at the interface of two adjacent
subunits. This hairpin structure, termed the anchor, penetrates into
the inner leaflet of the membrane, with a long helix (a4anchor) roughly
parallel to the membrane (Fig. 3a, right and Extended Data Fig. 8b).
The remaining density features in the map include the IH and
its connecting density (also four a-helices) all the way to the intra-
cellular surface of the channel, suggesting that the IH is the last
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A single central cap sits above the surface of the transmembrane core with

a gap in between (Fig. 2e). Furthermore, a tightly packed region, likely to

be a compact soluble domain, is located on the opposite side of the cap,

right below the transmembrane region (Fig. 2e). The anchor, which may

contain the highly conserved PF(X2)E(X6)W motif found in Piezos in all

species, also results in clockwise swapping of the OH and CED of one

monomer into the region of the neighboring monomer (Figure 4).

microscopy map of the cap domain confirmed the correctness of the
density map and determined the handedness of the map.

To further confirm the topological location of the CED and the
C terminus of Piezo1, we performed immunolabelling of live
HEK293T cells expressing Piezo1 with a Flag tag fused either in a
flexible loop of the CED (after A2419) or at the C terminus of Piezo1.
Using confocal microscopy, we found that the Flag tag could be
labelled on the plasma membrane of live cells only when inserted in
the CED and not at the C terminus (Fig. 2h). These data demonstrate
that the CED is an extracellular domain, whereas the C terminus is
intracellular, consistent with a recent report40. Consequently, this
suggests that both the central cap and the three blades locate at the
extracellular side, whereas the beams locate at the intracellular side.

The transmembrane skeleton
Piezo proteins have been predicted to contain an unusually large num-
ber of transmembrane segments (about 30–40) in one molecule2,3,7,40.
Several potential topology models of Piezo have recently been pro-
posed, with the number of transmembrane segments ranging from
10 to 38 (ref. 40). The local resolution of the cryo-electron microscopy
density map shows that the transmembrane region is associated with a
higher resolution, which allowed us to build a de novo alanine model
with 492 amino acids for the more readily identified transmembrane
segments, beam and the intracellular C-terminal domain (CTD).
Together with the 227 amino acids of the CED, we built a total of
719 residues (out of 2,547 amino acids) for each monomer (Fig. 3a
and Extended Data Figs 7, 8). The whole transmembrane skeleton
displays a three-winged arrangement, with each extended wing being
slightly twisted (Fig. 3b). From the map, 14 transmembrane segments
could be readily recognized on each wing. A potential topology of at

least 14 transmembrane segments for each protomer is consistent with
a recent topology model of 18 transmembrane segments, instead of 38
transmembrane segments40. In line with this observation, a single blade
has a volume comparable to the cap region, which is made up of about
700 residues. Thus, some of the predicted N-terminal helices should
reside in the distal extracellular regions.

To facilitate the description of our structure and based on known
features of ion channels, we refer to the core transmembrane segments
as inner helix (IH) and outer helix (OH) and to the peripheral trans-
membrane arrays as peripheral helix (PH) (Fig. 3). The 12 PHs from
the same monomer are organized as six helical pairs, extending from
the central axis to the periphery of the complex (Fig. 3b). They are
connected to the extracellular blade. The density for the connecting
sequences from PH1 to PH7 allowed us to make tentative connections
between them, except for the connection between PH4 and PH5
(Extended Data Fig. 8a).

Main-chain tracing of the PH1, IH and OH towards the transmem-
brane core in the density map, together with the information from
topology (Fig. 3c) and secondary structure prediction (Extended Data
Fig. 9), allowed us to map these three transmembrane segments on the
primary sequence and assign some of the linker sequences between
them into the corresponding density features. These analyses suggest
that the OH connects to PH1 through four continuous a-helices,
which form a unique hairpin structure at the interface of two adjacent
subunits. This hairpin structure, termed the anchor, penetrates into
the inner leaflet of the membrane, with a long helix (a4anchor) roughly
parallel to the membrane (Fig. 3a, right and Extended Data Fig. 8b).
The remaining density features in the map include the IH and
its connecting density (also four a-helices) all the way to the intra-
cellular surface of the channel, suggesting that the IH is the last
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Figure 2 | Overall structure of Piezo1. a, A
representative cryo-electron micrograph of Piezo1.
b, Power spectrum of the micrograph in a, with
the 3-Å frequency indicated. c, Representative 2D
class averages of Piezo1 particles, showing fine
features of the trimeric complex. d, Top, bottom
and side views of an unsharpened map (5s contour
level) of Piezo1, with distinct regions labelled.
The dimensions of the trimeric structure is shown
in the rightmost panel. e, Side view of the
sharpened map (6s contour level) of Piezo1 filtered
to a resolution of 4.8 Å, with the transmembrane
region indicated. f, Selected z-slices of the final
sharpened map corresponding to the layers
indicated by the numbered arrows in e. g, The
cartoon model of the crystal structure of a single
C-terminal extracellular domain. The dashed
line indicates the missing residues. The Flag tag
was inserted after residue A2419. h, Immuno-
staining of cells transfected with the indicated
constructs with an anti-Flag antibody either in
live labelling (top row) or after fixation and
permeabilization (bottom row). Scale bars, 10 mm.
GFP, green fluorescent protein; IRES, internal
ribozyme entry site.
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The Cap is constitued by residues from 2210 to 2457 (termed the C-terminal 

extracellular domain, CED) that form a large extracellular loop followed by the 

last transmembrane segment at the C terminus. 

CRISTAL STRUCTURE OF CED:

The amino (N) and C termini of the CED are on the

same side and close to each other (Fig. 2g), consistent

with the topological prediction that the CED is located

between the last two transmembrane segments in the

C-terminal region of Piezo1.

In the 3D structure, the CAP is formed by a CED trimer,

further supporting the conclusion that the full-length

Piezo1 forms a homotrimer.microscopy map of the cap domain confirmed the correctness of the
density map and determined the handedness of the map.

To further confirm the topological location of the CED and the
C terminus of Piezo1, we performed immunolabelling of live
HEK293T cells expressing Piezo1 with a Flag tag fused either in a
flexible loop of the CED (after A2419) or at the C terminus of Piezo1.
Using confocal microscopy, we found that the Flag tag could be
labelled on the plasma membrane of live cells only when inserted in
the CED and not at the C terminus (Fig. 2h). These data demonstrate
that the CED is an extracellular domain, whereas the C terminus is
intracellular, consistent with a recent report40. Consequently, this
suggests that both the central cap and the three blades locate at the
extracellular side, whereas the beams locate at the intracellular side.

The transmembrane skeleton
Piezo proteins have been predicted to contain an unusually large num-
ber of transmembrane segments (about 30–40) in one molecule2,3,7,40.
Several potential topology models of Piezo have recently been pro-
posed, with the number of transmembrane segments ranging from
10 to 38 (ref. 40). The local resolution of the cryo-electron microscopy
density map shows that the transmembrane region is associated with a
higher resolution, which allowed us to build a de novo alanine model
with 492 amino acids for the more readily identified transmembrane
segments, beam and the intracellular C-terminal domain (CTD).
Together with the 227 amino acids of the CED, we built a total of
719 residues (out of 2,547 amino acids) for each monomer (Fig. 3a
and Extended Data Figs 7, 8). The whole transmembrane skeleton
displays a three-winged arrangement, with each extended wing being
slightly twisted (Fig. 3b). From the map, 14 transmembrane segments
could be readily recognized on each wing. A potential topology of at

least 14 transmembrane segments for each protomer is consistent with
a recent topology model of 18 transmembrane segments, instead of 38
transmembrane segments40. In line with this observation, a single blade
has a volume comparable to the cap region, which is made up of about
700 residues. Thus, some of the predicted N-terminal helices should
reside in the distal extracellular regions.

To facilitate the description of our structure and based on known
features of ion channels, we refer to the core transmembrane segments
as inner helix (IH) and outer helix (OH) and to the peripheral trans-
membrane arrays as peripheral helix (PH) (Fig. 3). The 12 PHs from
the same monomer are organized as six helical pairs, extending from
the central axis to the periphery of the complex (Fig. 3b). They are
connected to the extracellular blade. The density for the connecting
sequences from PH1 to PH7 allowed us to make tentative connections
between them, except for the connection between PH4 and PH5
(Extended Data Fig. 8a).

Main-chain tracing of the PH1, IH and OH towards the transmem-
brane core in the density map, together with the information from
topology (Fig. 3c) and secondary structure prediction (Extended Data
Fig. 9), allowed us to map these three transmembrane segments on the
primary sequence and assign some of the linker sequences between
them into the corresponding density features. These analyses suggest
that the OH connects to PH1 through four continuous a-helices,
which form a unique hairpin structure at the interface of two adjacent
subunits. This hairpin structure, termed the anchor, penetrates into
the inner leaflet of the membrane, with a long helix (a4anchor) roughly
parallel to the membrane (Fig. 3a, right and Extended Data Fig. 8b).
The remaining density features in the map include the IH and
its connecting density (also four a-helices) all the way to the intra-
cellular surface of the channel, suggesting that the IH is the last
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Figure 2 | Overall structure of Piezo1. a, A
representative cryo-electron micrograph of Piezo1.
b, Power spectrum of the micrograph in a, with
the 3-Å frequency indicated. c, Representative 2D
class averages of Piezo1 particles, showing fine
features of the trimeric complex. d, Top, bottom
and side views of an unsharpened map (5s contour
level) of Piezo1, with distinct regions labelled.
The dimensions of the trimeric structure is shown
in the rightmost panel. e, Side view of the
sharpened map (6s contour level) of Piezo1 filtered
to a resolution of 4.8 Å, with the transmembrane
region indicated. f, Selected z-slices of the final
sharpened map corresponding to the layers
indicated by the numbered arrows in e. g, The
cartoon model of the crystal structure of a single
C-terminal extracellular domain. The dashed
line indicates the missing residues. The Flag tag
was inserted after residue A2419. h, Immuno-
staining of cells transfected with the indicated
constructs with an anti-Flag antibody either in
live labelling (top row) or after fixation and
permeabilization (bottom row). Scale bars, 10 mm.
GFP, green fluorescent protein; IRES, internal
ribozyme entry site.
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microscopy map of the cap domain confirmed the correctness of the
density map and determined the handedness of the map.

To further confirm the topological location of the CED and the
C terminus of Piezo1, we performed immunolabelling of live
HEK293T cells expressing Piezo1 with a Flag tag fused either in a
flexible loop of the CED (after A2419) or at the C terminus of Piezo1.
Using confocal microscopy, we found that the Flag tag could be
labelled on the plasma membrane of live cells only when inserted in
the CED and not at the C terminus (Fig. 2h). These data demonstrate
that the CED is an extracellular domain, whereas the C terminus is
intracellular, consistent with a recent report40. Consequently, this
suggests that both the central cap and the three blades locate at the
extracellular side, whereas the beams locate at the intracellular side.

The transmembrane skeleton
Piezo proteins have been predicted to contain an unusually large num-
ber of transmembrane segments (about 30–40) in one molecule2,3,7,40.
Several potential topology models of Piezo have recently been pro-
posed, with the number of transmembrane segments ranging from
10 to 38 (ref. 40). The local resolution of the cryo-electron microscopy
density map shows that the transmembrane region is associated with a
higher resolution, which allowed us to build a de novo alanine model
with 492 amino acids for the more readily identified transmembrane
segments, beam and the intracellular C-terminal domain (CTD).
Together with the 227 amino acids of the CED, we built a total of
719 residues (out of 2,547 amino acids) for each monomer (Fig. 3a
and Extended Data Figs 7, 8). The whole transmembrane skeleton
displays a three-winged arrangement, with each extended wing being
slightly twisted (Fig. 3b). From the map, 14 transmembrane segments
could be readily recognized on each wing. A potential topology of at

least 14 transmembrane segments for each protomer is consistent with
a recent topology model of 18 transmembrane segments, instead of 38
transmembrane segments40. In line with this observation, a single blade
has a volume comparable to the cap region, which is made up of about
700 residues. Thus, some of the predicted N-terminal helices should
reside in the distal extracellular regions.

To facilitate the description of our structure and based on known
features of ion channels, we refer to the core transmembrane segments
as inner helix (IH) and outer helix (OH) and to the peripheral trans-
membrane arrays as peripheral helix (PH) (Fig. 3). The 12 PHs from
the same monomer are organized as six helical pairs, extending from
the central axis to the periphery of the complex (Fig. 3b). They are
connected to the extracellular blade. The density for the connecting
sequences from PH1 to PH7 allowed us to make tentative connections
between them, except for the connection between PH4 and PH5
(Extended Data Fig. 8a).

Main-chain tracing of the PH1, IH and OH towards the transmem-
brane core in the density map, together with the information from
topology (Fig. 3c) and secondary structure prediction (Extended Data
Fig. 9), allowed us to map these three transmembrane segments on the
primary sequence and assign some of the linker sequences between
them into the corresponding density features. These analyses suggest
that the OH connects to PH1 through four continuous a-helices,
which form a unique hairpin structure at the interface of two adjacent
subunits. This hairpin structure, termed the anchor, penetrates into
the inner leaflet of the membrane, with a long helix (a4anchor) roughly
parallel to the membrane (Fig. 3a, right and Extended Data Fig. 8b).
The remaining density features in the map include the IH and
its connecting density (also four a-helices) all the way to the intra-
cellular surface of the channel, suggesting that the IH is the last
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Figure 2 | Overall structure of Piezo1. a, A
representative cryo-electron micrograph of Piezo1.
b, Power spectrum of the micrograph in a, with
the 3-Å frequency indicated. c, Representative 2D
class averages of Piezo1 particles, showing fine
features of the trimeric complex. d, Top, bottom
and side views of an unsharpened map (5s contour
level) of Piezo1, with distinct regions labelled.
The dimensions of the trimeric structure is shown
in the rightmost panel. e, Side view of the
sharpened map (6s contour level) of Piezo1 filtered
to a resolution of 4.8 Å, with the transmembrane
region indicated. f, Selected z-slices of the final
sharpened map corresponding to the layers
indicated by the numbered arrows in e. g, The
cartoon model of the crystal structure of a single
C-terminal extracellular domain. The dashed
line indicates the missing residues. The Flag tag
was inserted after residue A2419. h, Immuno-
staining of cells transfected with the indicated
constructs with an anti-Flag antibody either in
live labelling (top row) or after fixation and
permeabilization (bottom row). Scale bars, 10 mm.
GFP, green fluorescent protein; IRES, internal
ribozyme entry site.
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To further confirm the topological location of the CED and the C terminus of Piezo1, we

performed immunolabelling of live HEK293T cells expressing Piezo1 with a Flag tag fused

either in a flexible loop of the CED (after A2419) or at the C terminus of Piezo1. Using

confocal microscopy, we found that the Flag tag could be labelled on the plasma

membrane of live cells only when inserted in the CED and not at the C terminus (Fig. 2h).

These data demonstrate that the CED is an extracellular domain, whereas the C

terminus is intracellular, consistent with a recent report



The transmembrane region has 14 apparently resolved segments per subunit. These

segments form three peripheral wings and a central pore module that encloses a

potential ion-conducting pore. The rather flexible extracellular blade domains are

connected to the central intracellular domain by three long beam-like structures.

We refer to the core transmembrane

segments as inner helix (IH) and outer helix

(OH) and to the peripheral trans- membrane

arrays as peripheral helix (PH) (Fig. 3). The 12

PHs from the same monomer are organized

as six helical pairs, extending from the

central axis to the periphery of the complex

(Fig. 3b).



The centre of the Piezo1 channel within the membrane consists of six transmembrane

helices in a triangular arrangement (Fig. 3b, right and Fig. 4). Three IHs, presumably

extended from the C termini of the CEDs, are located at the innermost position and

seem to line a central pore. Three OHs, extended from the N termini of the CEDs, further

enclose the three IHs (Fig. 4a).

This central region, including the IH– OH

pairs, the CEDs and the CTDs, probably

comprises the pore module of Piezo1.



The central slice of the rotationally averaged density map revealed a continuous central

channel along the z-axis, including an extracellular vestibule within the cap, a

transmembrane vestibule enclosed by the three IHs and an intracellular vestibule

formed by the trimeric CTD (Fig. 4b–e).

Based on this structural

information, we propose that

the OH–CED–IH–CTD-con-

taining region functions as

the pore module of Piezo

channels (Fig. 4).



The most notable one is that the rotational spacing between two adjacent

blades varies from 100° to 140° (Fig. 5a). Other less pronounced but identifiable

conformational variations include the tilting of the blade relative to the plasma

membrane and curvature changes on the helicoidal surface (Fig. 5b).



ACTIVATION MECHANISMS

• Mechanical force can be directly transmitted to the channel through lateral tension

in the membrane bilayer, whereby the conformation with the greater cross-

sectional area is favored under higher tension. For Piezo1, both the cap and the first

two extracellular loops near the N terminus are mechani- cally sensitive, as pulling

on them with magnetic force induces changes in channel activation and

inactivation. The curvature and large size of the peripheral blades may position

them as particularly efficient sensors of membrane geometry.

• The coupling of mechanical energy to pore opening could also be mediated by

interactions of a membrane lipid with a binding pocket on the protein, as has been

established for the mecha- nosensitive channels TRAAK and MscS. Depleting

phosphoinositides, including phosphatidylinositol 4,5-bisphosphate (PIP2), from the

patch membrane inhibits Piezo1 and Piezo2 activity, indicating that a similar

mechanism could contribute to Piezo gating



ACTIVATION MECHANISMS

• Piezo activity can also be titrated by a diverse array of modulators, which can be

broadly divided into two categories:

• those acting on membrane properties, and thus indirectly modulating channel

function, and

• those acting through direct interactions with the channel itself.

Notably, the precise mechanism (passive vs. active) has not yet been elucidated

for many modulators, some of which could in theory act either on the channel or

on the membrane.


