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Nav1.7 is phosphorylated by Fyn tyrosine
kinase which modulates channel expression
and gating in a cell type-dependent manner
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Abstract

Voltage-gated sodium channel Nav1.7 is a key molecule in nociception, and its dysfunction has been associated with various

pain disorders. Here, we investigated the regulation of Nav1.7 biophysical properties by Fyn, an Src family tyrosine kinase.

Nav1.7 was coexpressed with either constitutively active (FynCA) or dominant negative (FynDN) variants of Fyn kinase. FynCA

elevated protein expression and tyrosine phosphorylation of Nav1.7 channels. Site-directed mutagenesis analysis identified

two tyrosine residues (Y1470 and Y1471) located within the Nav1.7 DIII-DIV linker (L3) as phosphorylation sites of Fyn.

Whole-cell recordings revealed that FynCA evoked larger changes in Nav1.7 biophysical properties when expressed in ND7/

23 cells than in Human Embryonic Kidney (HEK) 293 cells, suggesting a cell type-specific modulation of Nav1.7 by Fyn kinase.

In HEK 293 cells, substitution of both tyrosine residues with phenylalanine dramatically reduced current amplitude of mutant

channels, which was partially rescued by expressing mutant channels in ND7/23 cells. Phenylalanine substitution showed

little effect on FynCA-induced changes in Nav1.7 activation and inactivation, suggesting additional modifications in the channel

or modulation by interaction with extrinsic factor(s). Our study demonstrates that Nav1.7 is a substrate for Fyn kinase, and

the effect of the channel phosphorylation depends on the cell background. Fyn-mediated modulation of Nav1.7 may regulate

DRG neuron excitability and contribute to pain perception. Whether this interaction could serve as a target for developing

new pain therapeutics requires future study.
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Introduction

Voltage-gated sodium channels (VGSCs) play essential

roles in initiation and propagation of action potentials

(APs) in excitable cells. VGSCs are transmembrane pro-

tein complexes composed of one pore-forming a subunit

associated with one or more auxiliary b subunits.1 The

intrinsic properties of the sodium channel a-subunit
determine the voltage dependence and gating properties

of VGSCs. Nine genes have been identified to encode

sodium channel a-subunits, producing Nav1.1 to

Nav1.9 channels. Different sodium channel isoforms

exhibit unique biophysical properties, protein expres-

sion, and tissue distribution.1

Encoded by SCN9A, Nav1.7 is preferentially

expressed in dorsal root ganglion (DRG) neurons and

sympathetic ganglion neurons in peripheral nervous

system.2 Hyperpolarized activation and slow kinetics of

closed-state fast inactivation of Nav1.7 allows it to act as
a threshold channel for AP firing in nociceptive
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DRG neurons and as a key player in nociception.3

Dysfunction of Nav1.7 has been associated to several
pain disorders. For example, nonsense mutations of
SCN9A prevent mutation carriers from experiencing
pain (congenital insensitive to pain).4 In contrast, gain-
of-function mutations of Nav1.7 could reduce AP
threshold and increase neuronal excitability in DRG
neurons, causing painful disorders including erythrome-
lalgia and paroxysmal extreme pain disorder.5 The pref-
erential expression in peripheral sensory neurons has
made Nav1.7 channel a prime target for the development
of new analgesics, with the expectation that isoform-
specific blockers of Nav1.7 might effectively attenuate
pain without causing dose-limiting central nervous
system side effects. Numerous efforts have been invested
in developing Nav1.7-selective blockers over the last
decade, but only a few compounds have been tested in
clinical studies.6–8

The Nav1.7 polypeptide of 1977 amino acids includes
a plethora of sites or motifs subject to various post-
translational modifications (PTMs), which modulate
expression, trafficking, stability, and gating properties
of the channel, and therefore are expected to alter neu-
ronal excitability.9 Nav1.7 is phosphorylated by PKA,
PKC, and ERK1/2.10–12 Activation of these kinases
alters Nav1.7 properties and impacts its physiological
or pathological functions. For example, both protein
expression and tyrosine phosphorylation of Nav1.7
channels were elevated in DRG neurons of
STZ-induced diabetic rat, which would contribute to
the development of thermal hyperalgesia and mechanical
allodynia in painful diabetic neuropathy.13 Activated
ERK1/2 (phosphorylated ERK1/2, pERK1/2), which is
present within DRG neurons, shifts activation and
steady-state fast inactivation of Nav1.7 channels in a
hyperpolarizing direction.11 Blocking ERK1/2 activity
in cultured DRG neurons reduced AP firing frequency,
implicating a positive regulation of neuronal excitability
by pERK1/2.11 In experimental rat neuromas, pERK1/2
is elevated and colocalizes with Nav1.7 within transected
axons, which would be expected to facilitate initiation of
APs and contribute to hypersensitivity and spontaneous
firing in injured fibers in the neuromas.14 These studies
support important roles of PTMs in regulating Nav1.7
biophysical properties and contribution to regulating
DRG neuron excitability.

Fyn kinase is a nonreceptor tyrosine kinase belonging
to Src family kinases, which regulates many neuronal
properties, including myelination, neurite outgrowth,
and synaptic plasticity.15 The human brain Fyn kinase
is a 59-kDa protein composed of 537 amino acids, and
its kinase activity is closely associated with the phos-
phorylation/dephosphorylation states of two critical
tyrosine residues—Y420 and Y531. The phosphoryla-
tion of Y420 stabilizes the active state of Fyn kinase,

whereas phosphorylation of the C-terminal Y531 locks
the kinase in an inactive state.15 It is well known that
Fyn kinase interacts with NMDA receptors and AMPA
receptors, modulating synaptic activity.16,17 Fyn kinase
phosphorylates Nav1.2 and Nav1.5 channels and alters
gating properties of both channels.18,19 Recently,
Dustrude et al. reported that Fyn-mediated tyrosine
phosphorylation of collapsing response mediator protein
2 (CRMP2) impairs CRMP2 SUMOylation, which trig-
gers Nav1.7 internalization and attenuates neuronal
excitability.20 However, a direct effect of Fyn kinase
on Nav1.7 channel properties has not been reported.

Here, we investigated whether Nav1.7 channel is a
substrate for Fyn kinase using constitutively active
(FynCA) and dominant negative (FynDN) variants of
Fyn kinase. Our results demonstrate FynCA-mediated
upregulation of Nav1.7 protein expression and tyrosine
phosphorylation and identify two tyrosine residues
within the DIII-DIV linker (L3) as Fyn phosphorylation
sites. Whole-cell recordings reveal that FynCA differen-
tially modulates Nav1.7 biophysical properties in
Human Embryonic Kidney (HEK) 293 cells and in
ND7/23 cells, suggesting a cell background-specific
modulation of Nav1.7 properties by Fyn kinase. Our
study provides new information to the regulation of
Nav1.7 channels, which may improve our understand-
ings of the molecular mechanism of nociception and
contribute to new therapeutic approaches for
pain management.

Materials and methods

Plasmid preparation

At the present, there is no selective activator/blocker of
Fyn kinase; therefore, vectors expressing constitutively
active (FynCA) or dominant-negative (FynDN) Fyn
kinase were introduced into cells to manipulate
Fyn activity. The expression vectors encoding human
wild-type (WT) and catalytically inactive (FynDN) Fyn
kinases were obtained from Addgene (Cambridge, MA),
and the construct encoding a constitutively active
Fyn variant (FynCA) was generated from expression
vector of WT by site-direct mutagenesis. The stop
codons were mutated and the coding regions of FynCA

or FynDN were then introduced into pLVX-IRES-
mCherry upstream of the coding region of mCherry
to obtain vectors expressing FynCA-mCherry and
FynDN-mCherry fusion proteins.

The plasmid pcDNA3-Nav1.7r (referred as Nav1.7r)
encodes the full-length human Nav1.7 channel that has
been described previously.21 Nav1.7r contains a Y362S
substitution, which converts the tetrodotoxin (TTX)-
sensitive channel into TTX-resistant channels.
Nav1.7rG was constructed by mutating Nav1.7r stop
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codon and inserting the cDNA of enhanced Green
Fluorescent Protein (eGFP) downstream the coding
region of Nav1.7r. Expression vectors encoding
Nav1.7rG-Y1470F, Nav1.7rG-Y1471F, and Nav1.7rG-
Y1470F/Y1471F (Nav1.7rG-YYFF) mutants were gen-
erated by site-direct mutagenesis with primers listed in
Table 1.

Cell culture and transfection

HEK 293 or ND7/23 cells were maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with
10% fetal bovine serum (Gibco), penicillin (100 units/ml),
and streptomycin (100 mg/ml) (Invitrogen). HEK 293 cell
line stably expressing Nav1.7r protein (referred to
as HEK-Nav1.7st cell hereinafter) was maintained
by addition of G418 (600 mg/ml) into the culture
medium. Transient transfections were carried out using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) or Hieff
TransTM Liposomal Transfection Reagent (Yeasen Bio
Tech, Shanghai). The coding regions of all constructs
used in this study were sequenced before experiments to
ensure the absence of unintended mutations.

Western blot

To examine the effect of Fyn kinase on Nav1.7 expres-
sion, HEK-Nav1.7st cells were transfected with
FynCA-mCherry or FynDN-mCherry, respectively. At
24–36 h after transfection, cells were harvested and
lysed in freshly prepared RIPA buffer containing
(mM) 150 NaCl, Tris/HCl 50, EDTA 0.5, pH7.4, com-
plete protease inhibitor mixture (Roche), and 1% Triton
X-100. After a centrifugation at 10,000 rpm for 10 min
at 4�C, the supernatants were collected, and the protein
concentration was measured by the bicinchoninic
acid assay (Pierce Biotechnology). Aliquots were mixed
with 4� NuPAGE LDS sample buffer (Invitrogen) plus
100mM Dithiothreitol (DTT), incubated at 37�C for 20

min, separated by 10% sodium dodecyl sulfate poly-

acrylamide gel electrophoresis , and transferred to

a nitrocellulose membrane (GE Healthcare). The

membrane was then blocked with 10% dry milk in

Tris-buffered saline with 0.1% Tween 20 overnight at
4�C, probed with antibodies against VGSCs (PanNav,

Sigma), Fyn (Santa Cruz), or glyceraldehyde phosphate

dehydrogenase (GAPDH, ABclonal), and detected with

enhanced chemiluminescence (ECL, Pierce). Band inten-

sities were quantified using Image-Pro Plus software.

Unless specified, the intensity of Nav1.7 immunoreactive

band was normalized by the intensity of GAPDH in the

corresponding lanes to eliminate sample loading
variability.

Cell surface biotinylation

Membrane protein expression was examined by cell

surface biotinylation. HEK-1.7st cells or ND7/23 cells

were transiently transfected with FynCA-mCherry or

FynDN-mCherry, respectively. At 36 h after transfection,

cells were washed with phosphate-buffered saline (PBS)

(pH 8.0) for three times and incubated with 0.4mM
Sulfo-NHS-SS-Biotin (Thermo Scientific) at room

temperature for 30 min. The biotinylation reaction was

terminated by adding Tris solution (30mM, pH 8.0) or

glycine (20mM in PBS, pH 8.0) after aspirating the

Sulfo-NHS-SS-Biotin. Cells were washed again and

lysed using RIPA buffer described above. The superna-

tants of cell lysates were rotated with NeutrAvidin

Agarose Resins (Thermo Scientific) at 4�C for 3 h.
The resins were centrifuged and the pellet was washed

with Triton X-100-free RIPA buffer. The biotinylated

membrane proteins were eluted with NuPAGE LDS

sample buffer plus DTT, and the expression of mem-

brane Nav1.7 was examined by Western blot. The

equal membrane protein loadings were indicated by

Na/K-ATPase signals.

Immunoprecipitation assay

For coimmunoprecipitation experiment, HEK 293 and

HEK-Nav1.7st cells were transiently transfected with

FynCA-mCherry. At 36 h after transfection, transfected

cells together with one dish of untransfected HEK-

Nav1.7st cells were washed and cell lysates were collected

using RIPA buffer as described above. The supernatants

of cell lysates were incubated with antisodium channel

antibody (PanNav, Sigma) at 4�C for 5 h, followed by
the addition of Protein A/G Agarose (Pierce) and a sub-

sequent 3 h incubation at 4�C. The beads were washed

with Triton X-100-free RIPA buffer, and proteins coim-

munoprecipitated with Nav1.7 were eluted with

NuPAGE LDS sample buffer plus DTT and examined

by Western blot.

Table 1. Primers used for site mutagenesis of Nav1.7 expression
vector in the study.

Primer Sequence

Y1470F-Fw GAAGAAATTCTATAATGCAATGAAAAA

GCTGGGGTCCAAG

Y1470F-Re GCATTATAGAATTTCTTCTGTTCTTCTGT

CATAAAGATGTCTTG

Y1471F-Fw GAAGAAATACTTTAATGCAATGAAAAAG

CTGGGGTCCAAG

Y1471F-Re GCATTAAAGTATTTCTTCTGTTCTTCTGT

CATAAAGATGTCTTG

YYFF-Fw GAAGAAATTCTTTAATGCAATGAAAAAG

CTGGGGTCCAAG

YYFF-Re GCATTAAAGAATTTCTTCTGTTCTTCTG

TCATAAAGATGTCTTG
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To examine Fyn-mediated tyrosine phosphorylation
of Nav1.7 channels, HEK-Nav1.7st cells were trans-
fected with FynCA-mCherry or FynDN-mCherry. At
36 h after transfection, cells were washed and lysed
using freshly prepared RIPA buffer with additional
phosphatase inhibitors (Thermo Scientific) added. The
supernatants of cell lysates were incubated with
PanNav antibody (Sigma) at 4�C for 5 h, followed by
a 3 h-incubation with Protein A/G Agarose (Pierce) at
4�C. The beads were washed with Triton X-100-free
RIPA buffer, and the immunoprecipitated proteins
were eluted with NuPAGE LDS sample buffer plus
DTT, and examined by Western blot. The antiphospho-
tyrosine 4G10 antibody (Millipore) was used to detect
tyrosine phosphorylation level of Nav1.7 channels. After
the ECL detection, the blot was stripped using Western
Blot Stripping Buffer (Thermo Scientific) and reprobed
with PanNav antibody. In the phosphorylation experi-
ments of Nav1.7rG mutant channels, PanNav antibody
was replaced with anti-GFP antibody (Roche) because
the epitope recognized by PanNav antibody was inter-
rupted by substitution of the two tyrosine residues,
which severely impair the binding affinity of PanNav
antibody to mutant channels (data not shown).
At least three experiments were performed for each
Nav1.7rG constructs. The phosphorylation level of
Nav1.7rG-WT cotransfected with FynCA-mCherry
(WT/FynCA) was set as 100% in each experiment, and
the phosphorylation levels of mutant constructs/FynCA

were presented as the percentages of that of WT/FynCA.
The phosphorylation levels of samples expressing FynDN

were not quantified due to extremely low total amount
of sodium channels immunoprecipitated by anti-
GFP antibody.

Electrophysiology

HEK 293 or ND7/23 cells were transiently transfected
with Nav1.7r (Nav1.7rG for ND7/23) plus
FynCA-mCherry or FynDN-mCherry. Voltage-gated
sodium currents were examined at 24 h after transfection
by whole-cell voltage-clamp recordings using an
Axopatch 200B amplifier (Molecular Devices). Fire-
polished electrodes (0.6–1.3 MX) were fabricated from
1.6 mm outer diameter borosilicate glass micropipettes
(World Precision Instruments). Pipette potential was
adjusted to zero before seal formation, and liquid junc-
tion potential was not corrected. Capacity transients
were cancelled and voltage errors minimized with
75%–90% series resistance compensation. Voltage-
dependent currents were acquired with Clampex 10.5
at 5min after establishing whole-cell configuration, sam-
pled at 50 or 100 kHz, and filtered at 5 kHz.

For current–voltage relationships, cells were held at
�120 mV and stepped to a range of potentials (�80 to

þ60mV in 5mV increments with 5-s intervals) for
100ms. Peak inward currents (I) were plotted as a func-
tion of depolarization potential to generate I-V curves.
Activation curves were obtained by converting I to con-
ductance (G) at each voltage (V) using the equation
G¼ I/(V�Vrev), where Vrev is the reversal potential
that was determined for each cell individually.
Activation curves were fit with Boltzmann functions:

G ¼ Gmax= 1þ exp V1=2;act � V
� �

=k
� �� �

where Gmax is maximal sodium conductance, V1/2,act is
the potential of half-maximal activation, V is the test
potential, and k is the slope factor.

Steady-state fast inactivation was achieved with a
series of 500-ms prepulses (�130 to �10 mV in 10 mV
increments) and the remaining noninactivated channels
were activated by a 40-ms step depolarization to
�10mV. Steady-state slow inactivation was determined
with 30-s prepulses at voltages ranging from �130 to
10mV followed by a 100-ms hyperpolarization at
�120mV to remove fast inactivation. Remaining avail-
able channels were activated by a 20-ms test pulse to
�10mV. Peak inward currents obtained from steady-
state fast inactivation and slow inactivation protocols
were normalized with the maximal peak current (Imax)
and fit with Boltzman functions:

I=Imax ¼ Rresist þ 1�Rresistð Þ= 1þ exp V� V1=2

� �
=k

� �� �

where V represents the inactivating prepulse potential
and V1/2 represents the inactivation midpoint. V1/2,fast

and V1/2,slow represent the midpoints for steady-state
fast inactivation and slow inactivation, respectively.
Rresist is the fraction of channels that are resistant to
steady-state fast or slow inactivation.

The pipette solution contained (inmM) 140 CsF, 10
NaCl, 1 EGTA, 10 HEPES, pH 7.3 with CsOH (adjust-
ed to 308 mOsm with dextrose). For recordings on HEK
293 cells, the extracellular solution contained (in mM)
140 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, and
10 dextrose, pH 7.3 with NaOH (adjusted to 315mOsm
with sucrose). For recordings on ND7/23 cells,
TEACl (20mM), CdCl2 (0.1 mM), and CsCl (5mM)
were included in extracellular solution to block endoge-
nous voltage-gated potassium channels and calcium
channels. TTX (300 nM) was added into both extracel-
lular bath solutions to eliminate endogenous voltage-
gated sodium currents.

Data analysis

Data were analyzed using Clampfit 10.5 (Molecular
Devices) and OriginPro 8.5 (Microcal Software) and
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presented as means� SE. For samples obeying a normal

distribution, statistical significance was examined using

the two-sample student t test or one-way analysis of var-

iance (ANOVA) followed by least significant difference

post hoc test. For samples that failed to fall into a

normal distribution, nonparametric Mann–Whitney

test or Kruskal–Wallis test with Dunnett’s post hoc com-

parisons was used.

Results

FynCA elevates total protein level and cell surface

expression of Nav1.7 channels

The effect of Fyn kinase on Nav1.7 expression was

examined in HEK 293 cells stably expressing Nav1.7r

channels (HEK-Nav1.7st cells). Vectors encoding

FynCA or FynDN were transiently transfected in

HEK-Nav1.7st cells. An additional blank control was

included by transfecting empty pLVX-mCherry vectors

to examine the effect of FynDN on Nav1.7 expression.
Cells were collected at 24–36 h after transfection, and the

total protein expression of Nav1.7 was examined by

Western blot. Cells transfected with FynDN showed sim-

ilar Nav1.7 expression to cells expressing the mCherry
blank control (FynDN/mCherry: 1.02� 0.1 folds, n¼ 5),

while FynCA dramatically increased the total Nav1.7

expression (FynCA/mCherry: 7.98� 1.68, n¼ 5,

p< 0.05 vs. FynDN/mCherry) (Figure 1(a) and (b)).
The similar level of Nav1.7 expression between cells

transfected with mCherry blank control and cells

expressing FynDN indicates very low activity of endoge-

nous Fyn kinase in HEK-Nav1.7st cells. Therefore, the
mCherry blank control was not included in the following

experiment, and Fyn-mediated modulation of Nav1.7

was evaluated by directly comparing cells expressing

Figure 1. FynCA increases protein expression of Nav1.7 in HEK 293 cells stably expressing Nav1.7r channels (HEK-Nav1.7st cells). (a)
Representative Western blot image of cells transfected with FynCA or FynDN with or without incubation of PP2 (a blocker of Src family
kinases). The expression of Nav1.7 was detected using antisodium channel antibody (PanNav) and the sample loading variability was
corrected by normalizing the intensity of Nav1.7 bands with that of GAPDH of the corresponding lane. FynCA increased the total protein
expression of Nav1.7, which was almost completely eliminated by PP2. (b) The histograms of the Nav1.7 protein expression in cells
expressing FynCA or FynDN, as well as the mean effect of PP2 on FynCA-induced upregulation of Nav1.7 channels. Data are presented as
means� SE, *p< 0.05 by one-way ANOVA or two-sample student t test. (c) Representative Western blot image of cell surface bio-
tinylation experiment. The PanNav antibody revealed two distinguishable bands (labeled with filled and open arrowheads) from the
biotinylated samples. This probably reflects the different glycosylation levels of Nav1.7 channels. FynCA elevated cell surface expression of
Nav1.7, with the majority channels not fully glycosylated. (d) The histograms of total expression and surface expression of Nav1.7 in cells
transfected with FynCA or FynDN. Na/K-ATPase and GAPDH were used to correct sample loading variability for biotinylated samples and
total lysates, respectively. FynCA increased surface expression of Nav1.7 for �3.23� 0.80 folds (n¼ 6), which was relatively less than that
of total Nav1.7 expression (7.80� 1.75 folds, n¼ 6). Data are presented as means� SE, *p< 0.05 by two-sample student t test. GAPDH:
glyceraldehyde phosphate dehydrogenase.
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FynCA with those expressing FynDN. To further confirm
the upregulatory effect of FynCA on Nav1.7, PP2, an
inhibitor of active Src family kinases, was added to the
culture medium for 24 h before cell collection. FynCA-
mediated upregulation of Nav1.7 was clearly attenuated
by PP2 (FynCA/FynDN: 1.73� 0.36, n¼ 4 with PP2 com-
pared to 7.06� 1.53 of control, p< 0.05, Figure 1(a) and
(b)), supporting an upregulatory effect of FynCA on
Nav1.7 expression.

VGSCs need to be inserted in the cell membrane to
exert their functions in AP electrogenesis. Thus, we
examined cell surface expression of Nav1.7 by biotiny-
lation. Sample loading variance was eliminated by nor-
malizing the intensity of Nav1.7 band to that of
corresponding Na/K-ATPase or GAPDH band of the
same sample. Cells expressing FynCA showed much
higher surface expression of Nav1.7 (Figure 1(c)).
Quantitation of the biotinylated protein fraction
showed that the expression of FynCA also increased
the Nav1.7 channels at the plasma membrane:
(FynCA/FynDN: 3.23� 0.80 folds, n¼ 6, Figure 1(d)).
Since the upregulation of total Nav1.7 expression was
higher than the increase in membrane-bound channels
(FynCA/FynDN of total Nav1.7 expression: 7.80� 1.75
folds, n¼ 6), the elevated cell surface expression of
Nav1.7 is probably due to increased total pro-
tein expression.

Interestingly, two distinguishable bands of Nav1.7
were detected from the membrane fractions compared
to one dominant band from total cell lysates (Figure 1
(c)). This may result from differential glycosylation of
membrane-bound Nav1.7 channels. Sodium channels
at the cell surface undergo extensive glycosylation,
increasing channel’s molecular weight by covalent
attached N-acetylglucosamine and oligosaccharide
chain.22 The upper bands (solid red arrowheads) may
come from the fully glycosylated channels in plasma
membrane, while the lower band (open red arrowheads)
corresponds to core-glycosylated Nav1.7 channels
(Figure 1(c)). The single dominant Nav1.7 band of
total cell lysates indicates that only a small percent of
Nav1.7 channels could be translocated to plasma
membrane, and the majority of Nav1.7 proteins
remain inside the cells and are not fully glycosylated
(open red arrowheads).

FynCA kinase interacts with and phosphorylates
Nav1.7 channels

Early studies have shown that Fyn kinase interacts with
Nav1.2 and Nav1.5 and phosphorylates both chan-
nels.18,19 To examine whether Fyn is also associated
with Nav1.7 channels, coimmunoprecipitation experi-
ments were carried out using anti-sodium channel anti-
body (PanNav). Fyn was detected from the pull-down

sample of HEK-Nav1.7st cells transfected with FynCA

but not from untransfected HEK-Nav1.7st cells
(Figure 2). A weak Fyn band was observed from the
pull-down sample of HEK 293 cells transfected with
FynCA alone, probably due to residual nonspecific bind-
ing of Fyn to the agarose beads (Figure 2). These results

demonstrate that Fyn kinase is associated with Nav1.7
channels in heterologous expression system.

Next, we examined whether Nav1.7 was phosphory-
lated by FynCA. Nav1.7 channels were immunoprecipi-
tated by PanNav antibody from total cell lysates of
HEK-Nav1.7st cells transfected with FynCA or FynDN,
and the tyrosine phosphorylation level of pull-down

sodium channels was examined using 4G10 antiphos-
photyrosine antibody. The blot was then stripped and
reprobed with PanNav antibody to measure the total
amount of immunoprecipitated Nav1.7 channels. Two
distinguishable phosphotyrosine bands of Nav1.7
were detected, with the upper band being the major con-

tributor to the phosphorylation signal (Figure 3(a)).
It is known that the N-terminus of Fyn kinase contains
residues for myristoylation and palmitoylation, which
targets Fyn to lipid raft microdomain at the plasma
membrane.23 Therefore, the membrane-bound Nav1.7

channels, some of which possess higher molecular
weight due to glycosylation (Figure 1(c)), have more of
a chance to interact with Fyn kinase and be phosphor-
ylated. Weak phosphotyrosine signal was observed from
Nav1.7 channels pulled down from cells expressing

FynDN, probably due to background phosphorylation
induced by other tyrosine kinases expressed in HEK
293 cells. FynCA caused a robust increase in Nav1.7

Figure 2. Fyn kinase is associated with Nav1.7 channels
in transfected HEK-Nav1.7st cells. Western blot result shows the
protein expression profile of total cell lysates (left) and
pull-down samples precipitated by antisodium channel
antibody (PanNav, right). Strong Fyn signal was detected in
immunoprecipitated sample from HEK-Nav1.7st cells expressing
FynCA, suggesting an association between Nav1.7 channel and
Fyn kinase. Experiments were repeated for three times.
GAPDH: glyceraldehyde phosphate dehydrogenase; HEK: Human
Embryonic Kidney.
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Figure 3. Nav1.7 is subject to FynCA-mediated tyrosine phosphorylation. (a) FynCA or FynDN was transfected in HEK-Nav1.7st cells, and
Nav1.7 channels were precipitated from cell lysate using antisodium channel antibody (PanNav). Tyrosine phosphorylation level was
examined by antiphosphotyrosine antibody 4G10 (upper panel), the blot was then stripped and reprobed with PanNav antibody to reveal
total Nav1.7 channels pulled down by PanNav (bottom panel). Two phosphotyrosine bands were detected, probably due to different
glycosylation levels. The pull-down sample from cells expressing FynCA produced strong phosphotyrosine signal, demonstrating the
contribution of Fyn to tyrosine phosphorylation of Nav1.7 channels. (b) The sequence alignment of the L3 of Nav1.7, which is highly
conserved among human VGSCs. The tyrosine residues (highlighted with yellow color) are six residues away from the IFM inactivation
motif. (c) Total protein expression of WT and mutant channels when cotransfected with FynCA or FynDN. The WT, Y1470F, and Y1471F
channels exhibited similar total protein expressions when cotransfected with FynDN, while the expression of the YYFF double mutant was
reduced. FynCA caused a significant increase in protein expression of all four constructs. Data are presented as means� SE, *p< 0.05
versus total expression of WT/FynDN, †p< 0.05 versus corresponding channels cotransfected with FynDN, one-way ANOVA test. (d) The
tyrosine phosphorylation levels of WT and mutant channels. The WTor mutant constructs were cotransfected with FynCA or FynDN in
HEK 293 cells, and Nav1.7 channels were precipitated from cell lysate using anti-GFP antibody. Tyrosine phosphorylation level was
examined by antiphosphotyrosine antibody 4G10 (upper panel), the blot was then stripped and reprobed with anti-GFP antibody to reveal
total WTor mutant Nav1.7 channels immunoprecipitated by anti-GFP antibody (bottom panel). Substitution of either Y1470 or Y1471 or
both dramatically reduced the phosphotyrosine levels of mutant channels, suggesting that both tyrosine residues are involved in Fyn-
induced phosphorylation of Nav1.7 channels. The right panel is the histogram of FynCA-induced tyrosine phosphorylation of WT and
mutant channels presented as the percentages of the phosphotyrosine level of WT channels. Data are presented as mean� SE, *p< 0.05
versus WT/FynCA by one-way ANOVA test. WT: wild-type; YYFF: Nav1.7rG-Y1470F/Y1471F; GFP: Green Fluorescent Protein; GAPDH:
glyceraldehyde phosphate dehydrogenase.
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tyrosine phosphorylation (Figure 3(a)), suggesting that
Nav1.7 is a substrate for Fyn kinase.

FynCA phosphorylates Y1470 and Y1471
within the L3 of Nav1.7

Studies on Nav1.2 and Nav1.5 sodium channels identi-
fied that tyrosine residues located within the DIII-IV
linker (L3) are phosphorylation sites for Fyn. The cyto-
solic L3 contains the key residues for sodium channel
fast inactivation—IFM motif and is highly conserved
in amino acid sequence among human VGSC isoforms
(Figure 3(b)). We therefore examined the possibility that
the two tyrosine residues located within the L3 of
Nav1.7, Y1470, and Y1471 were phosphorylated by
Fyn kinase. Because Y1470 and Y1471 are located at
the middle of the recognition region for PanNav anti-
body (CTEEQKKYYNAMKKLGSKK), substitution
of those residues impaired the binding of PanNav anti-
body to mutant channels (data not shown). Therefore,
an eGFP-fused Nav1.7 expression construct—Nav1.7r-
eGFP (hereinafter referred to as Nav1.7rG) was used for
this experiment, with corresponding substitution of
PanNav with anti-GFP antibody. Expression constructs
carrying the desired mutations—Y1470F, Y1471F, or
both (referred to as YYFF) were generated by site-
directed mutagenesis. The expression constructs of WT
or mutant channels were transiently cotransfected with
FynCA or FynDN in HEK 293 cells. Cell lysates were
collected at 36 h after transfection, total protein expres-
sion and tyrosine phosphorylation state of Nav1.7 chan-
nels were examined as described in “Methods” section.
The protein expressions were similar among WT,
Y1470F, and Y1471F when transfected with FynDN,
while the expression of YYFF double mutant was
reduced (Figure 3(c)). FynCA increased protein expres-
sion of all four channels, with the largest change seen in

Y1471F. FynCA elevated phosphotyrosine level of tran-

siently transfected WT channels, consistent with what we

observed in HEK-Nav1.7st cells. In contrast, mutations

dramatically impaired tyrosine phosphorylation of

mutant channels (Figure 3(d)). FynCA-mediated tyrosine

phosphorylation of mutant channels was presented as

the percentage of that of WT channels. All three muta-

tions dramatically impaired tyrosine phosphorylation of

Nav1.7, with YYFF double mutant exhibiting the lowest

phosphorylation level (Figure 3(d)). Our results demon-

strate that Y1470 and Y1471 within the L3 are phos-

phorylation sites for Fyn kinase.

FynCA increased current density and slightly altered

gating properties of Nav1.7 channels in HEK 293

cells, substituting both Fyn phosphorylation sites

dramatically impaired sodium currents despite normal

membrane expression of mutant channels

Fyn-mediated phosphorylation altered gating properties

of Nav1.2 and Nav1.5 channels. To examine whether

Fyn kinase also modulates the biophysical properties

of Nav1.7 channels, Nav1.7r constructs were transiently

transfected with FynCA or FynDN in HEK 293 cells, and

whole-cell patch-clamp recordings were performed on

transfected cells 24 h after transfection. Representative

voltage-gated sodium currents recorded from cells

expressing FynDN and FynCA are shown in Figure 4

(a). Consistent with increased Nav1.7 expression on

the cell surface, cells expressing FynCA produced signif-

icantly larger Nav1.7 currents (144� 24 pA/pF, n¼ 19,

p< 0.05 vs. FynDN, Mann–Whitney test) than cells

expressing FynDN (78� 8 pA/pF, n¼ 21) (Figure 4(a)).

FynCA also caused small though statistically significant

shift in Nav1.7 activation and steady-state fast inactiva-

tion (Table 2, Figure 4(b)). The midpoint of slow

Figure 4. FynCA increased current density and caused mild changes in Nav1.7 gating properties in HEK 293 cells. (a) Coexpression of
FynCA increased current density of Nav1.7 in HEK 293 cells. The left panel shows the representative raw sodium currents of Nav1.7r
cotransfected with FynCA or FynDN, and the right panel is the histogram of mean current densities. Data are presented as means� SE,
*p< 0.05, FynCA versus FynDN by Mann–Whitney test. (b) The activation and steady-state fast inactivation curves of Nav1.7 channels.
Expression of FynCA caused a depolarized shift in activation but a hyperpolarized shift in steady-state fast inactivation of Nav1.7 channels in
HEK 293 cells. (c) The steady-state slow inactivation of Nav1.7 channels. FynCA had little effect on slow inactivation of Nav1.7 in HEK 293
cells. Data are presented as means� SE. HEK: Human Embryonic Kidney; WT: wild type.
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inactivation was not affected by FynCA despite a small
change in the slope (Table 2, Figure 4(c)).

Since substitution of tyrosine residues (Y1470 and
Y1471) dramatically impaired Fyn-mediated Nav1.7
phosphorylation, we examined the effect of FynCA on
the biophysical properties of YYFF mutant channel.
The Nav1.7rG-YYFF construct was cotransfected with
FynCA or FynDN, and voltage-gated sodium currents
were recorded. Surprisingly, none of the HEK 293 cells
transfected with YYFF mutant plus FynDN produced
sodium currents over 500 pA. For cells expressing
FynCA, 3 of 18 cells produced sodium currents over
500 pA, with the maximal current amplitude around
650 pA (Figure 5(a)). To explore whether YYFF

mutation impacted protein insertion into the plasma
membrane and thus reducing sodium currents of
mutant channels, we utilized a surface biotinylation
assay. Figure 5(b) and (c) shows the representative
Western blot image and the histogram of mean mem-
brane expression of WT and mutant channels obtained
from four experiments, respectively. Consistent to the
increased current density (Figure 4(a)), FynCA doubled
the level of membrane-bound WT channels in HEK 293
cells (WT/FynDN: 0.45� 0.09, normalized to the surface
expression of WT/FynCA). Surprisingly, the YYFF
mutant channels exhibited similar membrane expres-
sions as WT channels (YYFF/FynCA: 1.25� 0.26,
YYFF/FynDN: 0.50� 0.19) (Figure 5(b) and (c)),

Table 2. The effects of Fyn kinase on the gating properties of Nav1.7 channels transiently transfected in HEK 293 and ND7/23 cells.

Activation Steady-state fast inactivation Steady-state slow inactivation

V1/2,act k n V1/2,fast k n V1/2, slow k Rresist (%) n

Nav1.7r-WT, HEK 293

þ FynDN �20.6� 0.6 7.18� 0.15 16 �74.0� 0.4 5.45� 0.13 16 �63.1� 1.3 10.4� 0.4 12.6� 1.0 10

þ FynCA �17.2� 0.6* 7.34� 0.19 12 �76.7� 0.9* 7.26� 0.22* 12 �62.9� 1.6 11.9� 0.2* 11.0� 0.9 8

Nav1.7rG-WT, ND7/23

þ FynDN �15.2� 0.9 7.56� 0.19 14 �74.7� 1.4 6.56� 0.20 13 �59.1� 0.7 11.2� 0.4 22.9� 1.8 12

þ FynCA �20.4� 2.1* 7.62� 0.40 11 �82.8� 2.6* 6.81� 0.31 11 �65.9� 1.8* 11.4� 0.7 16.4� 2.5* 9

Nav1.7rG-YYFF, ND7/23

þ FynDN �15.0� 1.3 8.37� 0.25 10 �74.5� 1.8 7.99� 0.34# 10 �60.9� 1.9 10.0� 0.5 16.6� 2.0# 9

þ FynCA �19.1� 1.2* # 8.10� 0.33 15 �82.4� 1.4* # 8.69� 0.21# 13 �64.2� 0.9# 11.0� 0.3 12.0� 1.1# 14

Note: * p < 0.05 FynCA vs corresponding FynDNcontrol, two-sample student t test (HEK 293 cells) or one-way ANOVA test (ND7/23 cells); # p < 0.05

Nav1.7rG-YYFF/FynDN or Nav1.7rG-YYFF/FynCA vs Nav1.7rG-WT/FynDN, one-way ANOVA test (ND7/23 cells).

Figure 5. Substitution of both tyrosine residues (Nav1.7rG-YYFF) dramatically reduced sodium currents recorded in HEK 293 cells,
despite similar surface expressions between WT and mutant channels. (a) The representative sodium currents recorded from HEK 293
cells transfected by Nav1.7rG WTor YYFF plus FynCA. Cells expressing Nav1.7rG-WT channels generated decent sodium currents
(representative raw traces in black), while sodium currents recorded from HEK 293 cells expressing Nav1.7rG-YYFF were extremely small
(representative raw sodium currents of YYFF mutant recorded from two transfected HEK293 cells were shown in purple). (b) The
representative Western blot image of total expression and cell surface expression of WTand YYFF mutant channels transiently transfected
in HEK 293 cells with FynCA or FynDN. FynCA elevated the total and surface expressions of both WT and mutant channels, and the cell
surface expression of YYFF mutant was not different to that of WT channels. (c) The histogram of membrane-bound WTand YYFF mutant
channels expressed in HEK 293 cells. The surface expression level of WT channels cotransfected with FynCA was set as 1; and the
membrane expression of WT/FynDN, YYFF/FynDN, and YYFF/FynCA was 0.45 �0.09, 0.50� 0.19, and 1.25� 0.26, respectively. Data are
obtained from four experiments and presented as mean� SE, *p< 0.05 WT/FynCA or YYFF/FynCA versus corresponding channels
cotransfected with FynDN by one-way ANOVA test. WT: wild type; YYFF: Nav1.7rG-Y1470F/Y1471F; GFP: Green Fluorescent Protein;
GAPDH: glyceraldehyde phosphate dehydrogenase.
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indicating that membrane trafficking and insertion in the
plasma membrane were not the reasons for the reduced
mutant currents in HEK 293 cells.

FynCA differentially altered Nav1.7 expression and
gating properties in ND7/23 cells, indicating the
presence of additional modulation(s) of Nav1.7 by Fyn
kinase in neuronal cells

Nav1.7 is preferentially expressed in peripheral neurons
and may undergo neuronal-specific modulations.
To examine the possibility of cell-specific effects, we
used ND7/23 cells, an immortalized hybrid neuronal
cell line derived from rat DRG and mouse neuroblasto-
ma, as a comparator. Because ND7/23 cells express
endogenous TTX-sensitive sodium channels, TTX (300
nM) was added into the extracellular solution to isolate
transfected Nav1.7rG currents from endogenous sodium
currents. Large voltage-gated sodium currents were
recorded from transfected ND7/23 cells (Figure 6(a)),

with the peak current amplitude of some cells beyond
the scale of accurate measurement. Eight of 30 cells
transfected with Nav1.7rG WT plus FynCA, and 2 of
23 cells transfected with WT plus FynDN, produced cur-
rents over 20 nA, and were excluded from data analysis.
Cells expressing WT/FynCA produced larger sodium
currents, with the mean current density four times of
that recorded from cells transfected with WT/FynDN

(WT/FynCA: 865� 177 pA/pF, n¼ 22, p< 0.05 vs.
WT/FynDN: 205� 39 pA/pF, n¼ 21, Mann–Whitney
test) (Figure 6(a)). Unlike HEK 293 cells, ND7/23 cells
transfected with YYFF mutant produced decent sodium
currents. The mean current density was 135� 19 pA/pF
(n¼ 13) for cells expressing YYFF/FynDN and a
significantly larger current density for YYFF/FynCA

(319� 67 pA/pF, n¼ 19, p< 0.05 vs. YYFF/FynDN,
Mann–Whitney test) (Figure 6(a)). The cell surface
biotinylation assay revealed similar membrane expres-
sion between WT and mutant channels when
coexpressed with FynDN (WT/FynDN: 0.24 �0.07;

Figure 6. FynCA modulated the biophysical properties of Nav1.7 in ND7/23 cells through mechanisms unrelated to phosphorylation of
Y1470 and Y1471. (a) The left panels shows the representative WTor YYFF mutant currents recorded from ND7/23 cells cotransfected
with FynCA or FynDN. Cells expressing WT channels generated relative larger sodium currents when compared with cells expressing
mutant channels. The right panel is the histogram of the mean current densities. FynCA increased current densities of both WTand YYFF
mutant channels. Data are presented as means� SE, *p< 0.05 versus corresponding FynDN control by Mann–Whitney test. (b) The left
panel shows the representative Western blot image of membrane expression of WTand YYFF mutant channels cotransfected with FynCA

or FynDN in ND7/23 cells. The right panel is the histogram of mean surface expressions of WT and YYFF channels normalized by the
membrane expression level of WT/FynCA. Data are obtained from six experiments and presented as mean� SE, *p< 0.05 WT/FynCA

versus WT/FynDN or YYFF/FynCA versus YYFF/FynDN; #p< 0.05, YYFF/FynCA versus WT/FynCA, by one-way ANOVA test. (c) The
activation and steady-state fast inactivation curves of WT and mutant channels cotransfected with FynCA or FynDN. FynCA shifted both
activation and fast inactivation curves of WT channels to the hyperpolarizing direction in ND7/23 cells, which was remained in mutant
channels. Data are presented as means� SE. (d) The steady-state slow inactivation of WT and YYFF mutant channels. FynCA shifted the
slow inactivation curve of both channels to the hyperpolarizing direction and reduced the percentage of channels that are resistant to slow
inactivation (Rresist). Data are presented as means� SE. WT: wild type; YYFF: Nav1.7rG-Y1470F/Y1471F; GFP: Green Fluorescent Protein;
GAPDH: glyceraldehyde phosphate dehydrogenase.
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YYFF/FynDN: 0.21� 0.10, normalized to the surface
expression of WT/FynCA) (Figure 6(b) and (c)).
Consistent to the larger sodium currents recorded in
ND7/23 cells expressing WT/FynCA, the level of
membrane-bound sodium channels in cells transfected
with WT/FynCA was four times of that in cells express-
ing WT/FynDN. However, unlike HEK 293 cells which
exhibited similar surface expression between WT and
YYFF mutant, the expression of membrane-bound
mutant channels in ND7/23 cells expressing FynCA

was less than that of WT channels (YYFF/FynCA:
0.64� 0.20, p< 0.05 vs. WT/FynCA, one-way ANOVA)
(Figure 6(b) and (c)), which may partially contribute to
the relatively small currents of mutant channels in ND7/
23 cells expressing YYFF/FynCA. The difference in
FynCA-mediated modulations in current density and
membrane expression between sodium channels
expressed in ND7/23 and in HEK 293 cells indicates
the presence of additional modulation(s) of Nav1.7
channels in ND7/23 cells, which partially rescued the
impaired sodium currents of mutant channels in HEK
293 cells.

The relatively large currents of YYFF mutant
expressed in ND7/23 cells allow us to analyze the
gating properties of mutant channels. In ND7/23 cells,
FynCA shifted both activation and fast inactivation
curves of WT channels to hyperpolarizing direction
(Table 2, Figure 6(c)). In addition, FynCA enhanced
the steady-state slow inactivation of Nav1.7 channels,
causing��6.8mV shift in the midpoint of slow
inactivation (V1/2,slow) and reducing the percentage
of channels resistant to slow inactivation (WT/FynCA:
Rresist¼ 16.4� 2.5%, n¼ 9, p< 0.05 vs. WT/FynDN:
Rresist¼ 22.9� 1.8%, n¼ 12, one-way ANOVA)
(Table 2, Figure 6(d)). Substitution for both Fyn phos-
phorylation sites had little effect on Fyn-mediated mod-
ulation of Nav1.7 gating properties. The midpoints of
activation, steady-state fast and slow inactivation of
YYFF mutant, were similar to those of WT channels
when cotransfected with FynDN (Figure 6(c) and (d)),
except for the fraction of channels resistant to slow inac-
tivation (Rresist) which was smaller than that of WT chan-
nels (Table 2, Figure 6(d)). FynCA caused similar shifts in
activation and inactivation of the YYFF mutant channels
expressed in ND7/23 cells as it did for WT channels
(Table 2, Figure 6(c) and (d)), suggesting that FynCA

modulated Nav1.7 gating through mechanisms indepen-
dent of Y1470 and Y1471 phosphorylation.

Discussion

In this study, we show that sodium channel Nav1.7 is
regulated by Fyn kinase and identify two phosphoryla-
tion sites in the L3 of Nav1.7. Whole-cell recordings
revealed cell background-specific modulation of Nav1.7

by FynCA, with more potent effect on the biophysical
properties of Nav1.7 channels in ND7/23 cells than in
HEK 293 cells. Substitution of both tyrosine residues
diminished FynCA-mediated tyrosine phosphorylation
of Nav1.7, reduced current density, but had little effect
on FynCA-induced shifts in channel gating. Taken
together, our results demonstrate that Nav1.7 is a sub-
strate for Fyn kinase, and FynCA modulates Nav1.7
expression and gating properties through different mech-
anisms independent of the phosphorylation sites within
the L3 of Nav1.7 channels.

FynCA-mediated upregulation of Nav1.7 expression,
together with the hyperpolarized shift in channel activa-
tion curve in ND7/23 cells, is expected to elevate neuro-
nal excitability. In contrast, the enhanced fast
inactivation and slow inactivation of Nav1.7 by FynCA

in ND7/23 cells would attenuate neuronal firing by
reducing the availability of functional channels.
Computer simulations have previously shown that the
hyperpolarizing shift in channel activation in mutant
Nav1.7 channels has a dominant effect on neuronal
excitability.24 In addition, the modulation of Nav1.7
channels by Fyn in DRG neurons may not be the
same to what we observed in ND7/23 cells. Future inves-
tigation is required to determine the comprehensive
impact of Fyn kinase on Nav1.7 channels and the neu-
ronal excitability in DRG neurons.

The N-terminus of Fyn kinase contains residues
that undergo myristoylation and palmitoylation, which
targets Fyn to lipid rafts.25 This kind of distribution
enables efficient and specific signal transduction by
recruiting relevant proteins together while segregating
molecules that may impede those signaling processes.
For example, sodium channel b1 subunit contains a
putative palmitoylation site. In cultured cerebellar gran-
ule cells, b1 subunit mediates neurite outgrowth through
activation of Fyn kinase in lipid rafts.26 Nav1.8, another
key sodium channel in nociception, has been shown to
be associated with lipid rafts along the sciatic nerve as
well as in DRG neurons, and dissociation between
Nav1.8 and lipid rafts impaired neuronal excitability.27

It is not known, however, whether Nav1.7 resides within
lipid rafts. It is possible that Nav1.7 channels within
lipid rafts may differ in channel biophysical properties
than channels in nonraft membranes because of the
assembly of channel complexes with different compo-
nents, which might activate different cellular signaling
pathways and therefore result in different physiological
or pathological functions.

Our study identified that Y1470 and Y1471, localized
within the L3 of Nav1.7, are phosphorylation sites for
Fyn kinase. The L3 linker contains the IFM motif that is
critical for sodium channel fast inactivation and is highly
conserved among human VGSCs. Studies in Nav1.2 and
Nav1.5 have shown that the corresponding tyrosine
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residues are involved in Fyn-mediated regulation.18,19

Substitution of both tyrosine residues by phenylalanine
had little effect on Nav1.5 biophysical properties in
transfected tsA201 cells.28 Surprisingly, phenylalanine
substitution for the corresponding tyrosines in Nav1.7,
YYFF, dramatically impaired channel’s ability to pro-
duce sodium currents in HEK 293 cells. Since the cell
surface expression of mutant channels was similar to
that of WT channels, membrane trafficking of mutant
channels cannot be the cause for reduced sodium cur-
rents. Interestingly, relatively large sodium currents were
recorded from mutant channels transfected in ND7/23
cells, demonstrating that YYFF mutant channels are
functional. Therefore, the defect in current production
in HEK 293 cells may be due to the impaired open prob-
ability of YYFF channels, which was partially rescued
by additional modulation(s) of Nav1.7 channels when
expressed in ND7/23 cells.

Derived from rat DRG neurons, ND7/23 cells may
possess molecules or signaling pathways specific to neu-
rons, which partially rescued the defect of YYFF mutant
in current generation compared to the fibroblast cells of
the expression system (HEK 293 cell line). Phenylalanine
substitutions had little effect on Fyn-mediated shifts in
Nav1.7 gating properties, suggesting a mechanism unre-
lated to the phosphorylation of those two residues. The
effects of double mutation on Fyn-mediated modulation
of Nav1.2 and Nav1.5 were not reported. However, sub-
stitution of single tyrosine residue (Y1497F, Y1498F in
Nav1.2, and Y1495F in Nav1.5) diminished or even
abolished Fyn-induced shifts in channel inactivation,
indicating an association between phosphorylation of
those residues and Fyn-mediated shifts in fast inactiva-
tion of Nav1.2 and Nav1.5.18,19 The different effects of
Fyn kinase on biophysical properties of Nav1.2, Nav1.5,
and Nav1.7 sodium channels suggest an isoform-specific
modulation of sodium channels by Fyn. It will thus be
important to examine the effects of Fyn on other sodium
channel isoforms expressed in DRG neurons in order to
have a comprehensive understanding of the possible
roles of Fyn-mediated modulation of sodium channels
in nociception.

Nav1.7 is a key molecule in nociception, and its mod-
ulation by Fyn kinase is expected to influence neuronal
excitability and thus to modulate pain perception. Fyn
kinase is widely expressed in the nervous system, includ-
ing DRG neurons.29 However, the function of Fyn
kinase in DRG neurons has not been fully understood.
Fyn kinase is essential for the NCAM-dependent neurite
outgrowth of cultured DRG neurons.30 In SHRSP5/
Dmcr rats, repeated cold stress (RCS) caused an upre-
gulation of Fyn gene in DRGs, indicating a possible role
of Fyn in RCS-induced hyperalgesia.31 We showed here
that FynCA, a constitutively active Fyn variant,
increased Nav1.7 protein levels and current density

and enhanced channel’s activation and inactivation in
the DRG-derived ND7/23 cell line, suggesting a possible
proexcitatory effect on neuronal excitability. A recent
study, however, suggested that Fyn-mediated phosphor-
ylation of CRMP2 prevents SUMOylation of CRMP2,
which enhances internalization of Nav1.7 channels and
reduces TTX-sensitive current density in transfected
DRG neurons, thereby reducing neuronal excitability.20

It is unclear what causes the different effects of activa-
tion of Fyn kinase on the expression levels, current
density, and gating of Nav1.7 in our study and in the
study by Dustrude et al.20 One possible explanation is
different experimental conditions, we used constitutively
active FynCA (ensured activation of Fyn kinase activity)
and catalytically inactive FynDN in our study, while
Dustrude et al. used CRMP2 phosphorylation-
defective constructs, wildtype Fyn kinase (required auto-
phosphorylation for optimal activity) and FynDN. It is
not unreasonable to conclude that the net outcome of
Fyn kinase activation in DRG neurons will be a balance
of the effects of direct modulation of Nav1.7 increasing
the current density and altering channel gating in a
pro-excitatory manner, and the inhibition of CRMP2
SUMOylation and increasing internalization of
Nav1.7, an antiexcitatory effect.

In summary, we demonstrate that Nav1.7 is subject to
Fyn-mediated modulation. Activation of Fyn kinase
increases Nav1.7 expression and alters the biophysical
properties of Nav1.7 channels in a cell background-
specific manner. Drugs targeting the PTMs of Nav1.7
might prove to be an alternative target for pain manage-
ment.9 Future investigations are required to identify the
underlying mechanisms and to explore the effect of Fyn-
mediated regulation of sodium channels on neuronal
excitability in DRG neurons. Nevertheless, our study
reveals a novel regulation of Nav1.7 channels by Fyn,
which may provide new insights to the molecular mech-
anisms of nociception and contribute to the development
of therapeutic approaches in pain management.
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