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ORIGINAL ARTICLE

A New Mutation in FIG4 Causes a Severe Form of CMT4J
Involving TRPV4 in the Pathogenic Cascade

Benoit J. Gentil, PhD, Erin O’Ferrall, MD, Colin Chalk, MD, Luis F. Santana, PhD,
Heather D. Durham, PhD, and Rami Massie, MD

Abstract
Mutations in FIG4, coding for a phosphoinositol(3,5) bisphos-

phate 50 phosphatase and involved in vesicular trafficking and

fusion, have been shown causing a recessive form of Charcot–

Marie–Tooth (CMT). We have identified a novel intronic mutation

in the FIG4 in a wheel-chair bound patient presenting with a severe

form of CMT4J and provide a longitudinal study. Investigations in-

dicated a demyelinating sensorimotor polyneuropathy with diffuse

active denervation and severe axonal loss. Genetic testing revealed

that the patient is heterozygous for 2 FIG4 mutations, p.I41T and a

T>G transversion at IVS17-10, the latter predicted to cause a splic-

ing defect. FIG4 was severely diminished in patient’s fibroblasts in-

dicating loss-of-function. Consistent with FIG4’s function in

phosphoinositol homeostasis and vesicular trafficking, fibroblasts

contained multiple large vacuoles and vesicular organelles were ab-

normally dispersed. FIG4 deficiency has implications for turnover

of membrane proteins. The transient receptor cation channel,

TRPV4, accumulated at the plasma membrane of patient’s fibro-

blasts due to slow turnover. Knocking down Fig4 in murine cultured

motor neurons resulted in vacuolation and cell death. Inhibiting

TRPV4 activity significantly preserved viability, although not cor-

recting vesicular trafficking. In conclusion, we demonstrate a new

FIG4 intronic mutation and, importantly, a functional interaction

between FIG4 and TRPV4.

Key Words: Charcot–Marie–Tooth disease, Endosomes, FIG4,

Motor neurons, Phosphoinositol(3,5) biphosphate, TRPV4.

INTRODUCTION
More than 100 genes have been linked to Charcot–-

Marie–Tooth disease (CMT), the most common inherited sen-
sorimotor polyneuropathy. CMT can be caused by dominant
(CMT1 and CMT2), X-linked or recessive (CMT4) mutations
in genes affecting Schwann cell or axonal homeostasis leading
to demyelinating or axonal forms of CMT, respectively (1).
Mutations in FIG4, encoding a phosphoinositol(3,5) bisphos-
phate 50 phosphatase can present as CMT4J (OMIM 611228),
a rare form of recessive CMT (CMT4J). FIG4 mutations have
been increasingly identified in CMT patient cohorts with the
use of exome sequencing. Heterozygous mutations in CMT
patients carrying a p.I41T mutant and a null allele are com-
monly described. Other point mutations are described produc-
ing mutant FIG4p.L17P and p.E302K. The other alleles pro-
duce truncated mutants and are considered as null alleles,
p.R183X, p.F98fsX102, p.D348fsX359, p.G253fsX261,
p.F254SfsX7, and p.F98fsX38 (2, 3). Mutations in FIG4 also
are linked to rare forms of fatal neurodegenerative diseases,
that is, amyotrophic lateral sclerosis (ALS11, OMIM 612577)
and polymicrogyria (BTOP, OMIM 612691). Complete FIG4
inactivation gives rise to a rare autosomal-recessive disease
called Yunis-Varon syndrome (OMIM 216340), characterized
by structural brain abnormalities, developmental delay and
strong bone deformities (4). In this paper, we report identifica-
tion of a novel intronic mutation in FIG4, a T>G transversion
at IVS17-10, in conjunction with a p.I41T point mutation on
the other allele in a patient presenting with a severe form of
CMT.

CMT patients affected by mutations in FIG4 show an
early-onset severe phenotype characterized by clumsy gait
during childhood and an accelerated progressive asymmetrical
limb weakness during the teen or adult years, often resulting
in severe paralysis. Muscle weakness involves both proximal
and distal muscles (5). Patients have minimal sensory com-
plains despite signs of denervation and the constellation of
symptoms may resemble amyotrophic lateral sclerosis. In con-
trast to CMT1, in which conduction velocities are uniformly
decreased, reflecting diffuse demyelination, in CMT4J con-
duction block, temporal dispersion and asymmetric slowing of
nerve conduction velocity are seen, mimicking acquired de-
myelinating neuropathies. In addition to conduction velocity
slowing, EMG shows evidence of denervation, indicating axo-
nal loss or motor neuron degeneration. Onion bulbs are

From the Department of Neurology and Neurosurgery & Montreal Neurolog-
ical Institute, McGill University, Quebec, Canada (BJG, EO, CC, HDD,
RM); and Department of Physiology & Biophysics and Howard Hughes
Medical Institute, Department of Pharmacology, University of Washing-
ton, Seattle, Washington (LFS)

Send correspondence to: Benoit J. Gentil, PhD, Department of Neurology and
Neurosurgery, Montreal Neurological Institute, Room 649, 3801 Univer-
sity St., Montreal, QC H3A 2B4, Canada; E-mail: benoit.gentil@mcgill.ca

Financial support: This work was supported by grants from ARSACS Foun-
dation and ALS Canada and Merck Sharp & Dohme Corp.

Conflict of interest: The authors have no duality or conflicts of interest to de-
clare.

Supplementary Data: Supplementary Data can be found at http://www.jnen.
oxfordjournals.org.

789VC 2017 American Association of Neuropathologists, Inc. All rights reserved.

J Neuropathol Exp Neurol
Vol. 76, No. 9, September 2017, pp. 789–799
doi: 10.1093/jnen/nlx062

http://www.jnen.oxfordjournals.org
http://www.jnen.oxfordjournals.org
https://academic.oup.com/


observed in nerve biopsies (3, 5). Thus, although CMT4J is
generally classified as a “demyelinating” form of CMT, axo-
nal loss and denervation point to both neuronal and Schwann
cell involvement. In the rodent nervous system, FIG4 is abun-
dant in myelinating cells and in neurons, particularly dorsal
root ganglion sensory neurons and spinal motor neurons (6).

A common feature of FIG4 pathology in patient-derived
skin fibroblasts or in mouse models is the formation of large,
clear vacuoles, indicating an altered processing of endolysoso-
mal vesicles (2, 5). Phosphoinositols, including phosphoinosi-
tol(3) phosphate (PI(3)P) and PI(3,5)P2 are important
regulators of endolysomal processing. PI(3)P is a membrane
marker of early endosomes, whereas PI(3,5)P2 coats late endo-
somes and multivesicular bodies. Their relative levels are reg-
ulated by the Fab1 complex, which includes the scaffolding
protein Vac14, the phosphoinositol 5 kinase, PIKfyve, and the
phosphoinositol(3,5) bisphosphate 5 phosphatase, FIG4. In ad-
dition to its phosphatase activity, FIG4 stabilizes the Fab1
complex and acts as a PIKfyve activator in a positive feedback
loop on PI(3,5)P2 production (7).

PI(3)P is required for membrane recruitment of several
proteins involved in regulating vesicular transport and intra-
cellular protein sorting. Maturation from early to late endo-
some and fusion with lysosomes is dependent on PI(3,5)P2 (8).
The endogenous ligand of PI(3,5)P2 is the lysosomal Ca2þ

channel TRPML1, activation of which induces calcium efflux
from the lysosome and allows the fission of the organelle and
retrograde progression of the vesicle (9). These multiple func-
tions are disrupted by FIG4 deficiency. In this study, cultured
skin fibroblasts derived from the patient with the compound
heterozygous FIG4 mutation exhibited substantial decrease in
FIG4 expression, accumulation of large vacuoles, and altered
distribution and transport of vesicular organelles.

Inositol phosphates also modulate the activity and inter-
nalization of another membrane cation channel, transient re-
ceptor potential cation channel subfamily V member 4
(TRPV4), mutations in which cause another form of CMT,
CMT2C (10–12). Interestingly, CMT2C-causing TRPV4
mutants show hyperactivity of the channel and massive cal-
cium influx as key features of the pathology (13). Therefore,
we hypothesized that FIG4 deficiency could disrupt TRPV4
dynamics or activity and, as a consequence, contribute to
pathogenesis of CMT4J. Indeed, TRPV4 distribution and traf-
ficking were dysregulated in FIG4-deficient cultured motor neu-
rons establishing a functional link between FIG4 and TRPV4,
and a mechanistic connection between CMT4J and CMT2C.

MATERIALS AND METHODS

Patient Information and Clinical Presentation
The patient was followed for several years in our neuro-

muscular clinic at the Montreal Neurological Hospital. Cur-
rently 48-years-old, this gentleman was diagnosed clinically
with CMT at 13 years of age after presenting with poor sport
performance, clumsiness, and mild gait difficulties. Pes cavus,
hammer toes, shortened heel tendons, and distal sensory defi-
cits were noted at that time. Early motor development was nor-
mal. Family history was not significant for other familial cases

of neuropathy. In his middle 20s, he developed progressive
weakness and atrophy in the right upper limb without any sen-
sory abnormalities, starting focally in the triceps and spreading
to proximal and distal right upper limb muscles within 2 years.
This continued to spread to the proximal left arm muscles
leading to a bilateral flail arm phenotype. He subsequently de-
veloped right quadriceps weakness which evolved to quadri-
paresis. At present, he remains quadriparetic with sensory
symptoms and signs of sensory loss to all modalities only pre-
sent in his distal feet. Cranial nerve function remains intact.

Nerve conduction studies at age 36 and 43 are presented
in the Table. A clear demyelinating neuropathy not only with
slowed conduction velocity, but also conduction blocks and
temporal dispersion, were noted, along with severe axonal
loss. Sensory responses were absent in the legs and showed de-
creased amplitudes in the upper limbs. Two lumbar punctures
showed mildly elevated CSF protein (0.66 and 0.58 mg/L)
with normal cell counts. A sural nerve biopsy and a brachial
plexus biopsy were unrevealing. At that time an acquired de-
myelinating neuropathy was suspected, possibly superim-
posed on a background of an inherited neuropathy. Therefore,
prolonged treatment trials with i.v. immunoglobulin i.v. meth-
ylprednisone, plasmapheresis, azathioprine, and i.v. cyclo-
phosphamide were attempted, but produced no improvement
in his neurological deficits.

Genetics Analysis
Genomic DNA was isolated from peripheral blood, and

testing for PMP-22 deletion/duplication and point mutations,
and GJB-1 and MPZ mutations was negative. The 23 exons of
FIG4 were amplified by polymerase chain reaction and ana-
lyzed by automated sequencing in the University of Michigan
Sequencing Core or as part of a diagnostic panel for patients
with CMT at Athena Diagnostics (Worcester, MA). Analysis
of individual gene sequence in the diagnostic panel was
performed by PCR amplification of purified genomic DNA
followed by automated bidirectional DNA sequencing of the
entire coding region (23 exons for FIG4) including conserved
flanking intronic sequences of the exon–intron splice junc-
tions. Studies by Athena Diagnostics, Inc. (Marlborough, MA)
indicate a 99% analytical sensitivity for mutations detection.
Two heterozygous mutations in the FIG4 gene consistent with
CMT4J, the known p.I41T point mutation, and a novel
intronic T>G transversion at IVS17-10, postulated to impair
splicing. The p.I41T mutation is a known CMT4J-causing mu-
tation whereas the T>G transversion at IVS17-10 had not
been described previously and was not found in 0/380 control
chromosomes tested by Athena Diagnostics.

Plasmids and Antibodies
AntiFIG4/Sac3 clone N202/7 was from UC Davis Neu-

roMab (Davis, CA), antiGAPDH from MediMabs (MM-0163-
P, Montreal, QC, Canada), antiTRPV4 (ab63003), and
antiLamp1 (ab25630) from Abcam (Cambridge, UK) and
clone M2 antiflag from Sigma–Aldrich (Oakville, ON, Can-
ada). Plasmid coding for enhanced green fluorescent protein
(EGFP)-tagged pleckstrin homology domain of centaurin-b2
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binding specifically to PI(3,5)P2 and EGFP-tagged pleckstrin
homology domain of PIKfyve binding to PI(3)P were a gift
from Dr. H.M. McBride (McGill University). pcDNA3.0-
FLAG TRPV4 was a gift from Robert Lefkowitz (Addgene
plasmid # 45751) and Dsred-TRPV4 was described previously
(14). Plasmid used for FIG4 knockout (KO) was Fig4CRISPR/
Cas9 KO from Santa Cruz Biotechnology (Dallas, TX).

Fibroblast Cell Culture
Punch skin biopsies were obtained from the patient

after informed consent, rinsed with PBS, minced into coarse
slurry using iris scissors and transferred into a 15-mL plas-
tic tube. The biopsy and consent forms were sent to the
CellBank Repository for Mutant Cell Strains at Montreal
Children’s Hospital, McGill University Health Centre
(Montreal, QC, Canada) for fibroblast culture and amplifi-
cation. Control lines (MCH074 and MCH064) were pro-
vided from the CellBank repository of the Montreal Child-
ren’s Hospital, McGill University Health Centre (Montreal,
Canada) http://www.cellbank.mcgill.ca/ [last accessed 7 No-
vember 2014]. The fibroblasts were then immortalized as
described previously (15). Lipofectamine 2000 and Opti-
mem medium (Invitrogen, Carlsbad, CA) were used for
transfection of immortalized fibroblasts according to the
manufacturer’s recommendation and grown in Dulbecco’s
Modified Eagle Medium with 10% FBS.

Primary Murine Spinal Cord Culture
Primary cultures of dissociated spinal cord-dorsal root

ganglion were prepared and maintained in Eagle’s Minimum
Essential Media enriched with 5 g/L glucose and supplemented

with 3% horse serum, and other growth factors as previously
described and according to a protocol approved by the McGill
University Animal Care Committee (16). Cultures were used
in experiments 3–6 weeks following plating. Motor neurons in
long-term primary spinal cord cultures are not transfectable,
thus plasmids were expressed by intranuclear microinjection,
which resulted in detection of the encoded protein by immuno-
cytochemistry in at least 90% of injected cells after 48 hours.
We used the CRISPR/CAS9 system in order to create a neuro-
nal model of the disease by knocking out FIG4 gene expression
in 3-week-old cultured murine motor neurons using intranu-
clear injection of plasmids encoding Cas9, FIG4 target sequen-
ces (or scramble) and EGFP to identify injected motor neurons.
Under these conditions, significant downregulation of Fig4 ex-
pression occurred at day 2. Viability of motor neurons was
assessed as in Bruening et al by counting daily the number of
motor neurons expressing a marker of injected neurons, that is,
EGFP encoded by pN1-EGFP in this study (17). Fibroblast mo-
tility was assessed over 24 hours by phase microscopy using an
Olympus VivaView incubator microscope (Olympus, Rich-
mond Hill, ON, Canada). Particular attention was paid to mem-
brane ruffling, macropinocytopinosis and dynamics of endocy-
tosis through observation of vacuoles emerging from the
plasma membrane.

Fluorescence Recovery After Photobleaching
(FRAP) and TRPV4 Dynamics

Fibroblasts expressing dsred-TRPV4 were grown in a
matTek chamber (MatTek Corporation, Ashland, MA) for
FRAP experiments using an inverted IX81 microscope
coupled with the FV1000 confocal scanning microscope

TABLE. Nerve Conduction Studies at Ages 36 and 43 Years

Motor Nerves 36 Years Lat (ms) Amp (mV) CV (m/s) 43 Years Lat (ms) Amp (mV) CV (m/s)

Left median Wrist-APB 5.5 6.4 7.1 1.9

Elbow-wrist 15.5 3.7 25.4 15.9 NR 22

Left ulnar Wrist-ADM 3.9 9.9 5.6 0.3

Be Elb-Wrist 16.5 3.9 18.9

Ab Elb-Be

Elb 21.5 2.5 21.2 NR

Right tibial Ankle-AHB 7.1 0.9 6 0.3

Knee-Ankle NR NR

Left tibial Ankle-AHB 6 1.1 NR

Knee-Ankle 45.8 1 10.1 NR

Right peroneal Ankle-EDB 10.2 0.1 NR

Knee-Ankle NR NR

Sensory Nerves

Right median Wrist-digII 2.6 2.4 55.6 NR

Left median Wrist-digII 2.8 4 49.3 2.8 2.8

Right ulnar Wrist-digV 2.5 2 46.8 NR

Left ulnar Wrist-digV 2.4 4 50 3.3 1.5

Right sural NR NR

Right peroneal NR NR

NR, no response; Lat, latency; Amp, amplitude, CV, conduction velocity.
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(Olympus, Center Valley, PA), excited with the 565-nm laser.
A Z-stack image of each fibroblast was taken before photo-
bleaching to locate properly a region of interest (ROI) at the
cell surface. Images were continuously recorded during the
photo-bleaching step until the fluorescence intensity in the
bleached ROI reached steady state (every second during
29 seconds). Image and data acquisition was performed using
Metamorph (Universal Imaging, Sunnyvale, CA). Image re-
constitution, particularly orthogonal reconstitution of the cells,
and analysis were carried out using NIH Image J.

Statistics
Unpaired t-test was used for comparisons of means be-

tween 2 groups or 1-way ANOVA for >2 groups with a post
hoc analysis by Tukey HSD test. Analyses were performed us-
ing Vassarstats software. Statistical significance was set at
p< 0.05 and data were expressed as mean 6 SD.

RESULTS

Cellular Phenotype
In immortalized fibroblasts derived from skin biopsy,

FIG4 expression was strongly diminished, as shown by West-
ern blot analysis (Fig. 1A), reminiscent of loss of function ob-
served in other CMT4J cases, and consistent with the T>G
transversion at IVS17-10, compatible with a splicing defect.
Since no smaller molecular weight immunoreactive protein
was detected, it is likely that the protein expressed by this al-
lele is highly unstable. The remaining full-length protein
expressed is expected to be derived from the p.I41T mutant
allele.

Morphological analysis of patient’s fibroblasts in com-
parison to control fibroblasts by phase microscopy demon-
strated a typical FIG4 phenotype, that is, formation of larger
vacuoles and an increase in the percentage of fibroblasts
exhibiting this vacuolated phenotype (Fig. 1C, D). The distri-
bution of lysosomes visualized by immunolabeling with anti-
body to LAMP1 was altered in 42% 6 5% of the patient’s
fibroblasts compared with 5% 6 3% in controls, p< 0.05 ver-
sus control, Student test (Fig. 1B) (2). The distribution of
PI(3,5)P2, which coats late endosomes and multivesiculate
bodies, was detected by expressing a specific fluorescent
probe (EGFP-tagged pleckstrin homology domain of cen-
taurin-b2) (Fig. 2A) (18). The early endosomal marker PI(3)P
was visualized by expressing plasmid encoding the specific
fluorescent probe, EGFP-tagged 2XFYVE (Fig. 2B) (19). In
the patient’s fibroblasts, PI(3,5)P2 and PI(3)P were dispersed
throughout the cell body/cytoplasm whereas in control fibro-
blasts they were concentrated in the juxtanuclear regions sug-
gesting impaired retrograde trafficking of multiple vesicular
organelles (Figs. 1B, 2A, B). PI(3,5)P2-coated structures
appeared smaller as well as more dispersed in the patient’s
fibroblasts (Fig. 2A). Overall, disruption of inositol phosphate
homeostasis by FIG4 mutations had a general effect on vesicu-
lar processing.

PI(3,5)P2-Regulated Functions in FIG4-Deficient
Fibroblasts

We further characterized the cellular phenotype of our
patient’s fibroblasts by demonstrating that 2 cellular processes
regulated by PI(3,5)P2 homeostasis (i.e. membrane ruffling
and resistance to hyperosmotic shock) were affected. First,
PI(3,5)P2 is particularly involved in membrane ruffling and
the last stages of macropinocytosis as it contributes to matura-
tion and trafficking of late macropinosomes (20). Retrograde
transport of vacuoles from the membrane ruffles was synchro-
nous and involved waves of vacuoles in control fibroblasts,
whereas retrograde transport of vacuoles was asynchronous
and inefficient in the patient’s fibroblasts as demonstrated by
absence of waves of vacuoles emerging from the membrane
ruffles (Fig. 3A). Retrograde transport of vacuoles from the
membrane ruffles was synchronous and involved waves of
vacuoles in 100% of control fibroblasts (n¼ 3, 60 cells per
condition). Retrograde transport of vacuoles was asynchro-
nous, as demonstrated by absence of waves of vacuoles
emerging from the membrane ruffles (Fig. 3A), and inefficient
in all (100%) patient’s fibroblasts carrying the phenotypical
feature shown in Figure 1C (n¼ 3, 51 cells per condition).
This indicates that macropinocytosis and membrane remodel-
ing is impaired when FIG4 is depleted.

Next, the effect of FIG4 deficiency on the response to
hyperosmotic stress was investigated. Rapid changes in vacuo-
lar volume and trafficking are tightly regulated during osmotic
shock in order to maintain the vacuole membrane surface area
constant and is part of the cellular adaptation to hyperosmotic
stress (21). During hyperosmotic stress in yeast, the PI(3,5)P2

level increases within the first 10 minutes and causes vesicles
to become smaller and increase in number through fission (21,
22). To examine the effect of FIG4 deficiency on this process,
control and patient’s fibroblasts were treated with 0.4 M
sorbitol to induce hyperosmotic shock. At 10 minutes after
hyperosmotic shock, patient’s fibroblasts remained resistant to
adaptive shrinkage (Fig. 3B) and the number of large vacuoles
increased (Fig. 3C). These data point to disruption of
PI(3,5)P2 homeostasis and function in the patient’s fibroblasts.

TRPV4 Dynamics Are Affected by the Absence
of FIG4

TRPV4 is an osmosensor cation channel that is mutated
in CMT2C. Normally, this membrane protein is regulated by
ubiquitinylation by beta arrestin and internalization of vesicles
(23). Interestingly, inositol phosphates also modulate TRPV4
activity; for example, interaction of its ankyrin domain, which
contains a cluster of CMT2C-causing mutations, and
PI(4,5)P2 inhibits TRPV4 channel activity. On the other hand,
IP(3)P sensitizes TRPV4 to osmo-transducing and mechano-
transducing signals (12, 24). TRPV4 hyperactivation can in-
deed be toxic as shown by induction of cytotoxic hypercalce-
mia by hyperactive CMT2C-causing TRPV4 mutants in HeLa
cells (13). Therefore, we hypothesized that since FIG4 affect
inositol homeostasis and is important for endocytosis and ret-
rograde transport of membrane components (7), TRPV4 traf-
ficking and activity would be affected by FIG4 deficiency.
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By Western blot analysis, TRPV4 levels (combined in-
tensity of both bands normalized to GAPDH) were signifi-
cantly increased in patient fibroblasts compared with control
fibroblasts (mean 6 SD: 1.48 6 0.16 patient vs 0.81 6 0.03,

n¼ 3), representing a 182% increase in TRPV4 expression
in FIG4 patient fibroblasts over control (Fig. 4A). By immu-
nocytochemistry, TRPV4 labeling was mainly perinuclear
and at the plasma membrane in control cells, whereas
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FIGURE 1. (A) Western blot analysis of FIG4 in immortalized fibroblasts of 2 control lines (control 1: MCH74 and control 2:
MCH62) and our patient carrying FIG4 p.I41T point mutation and a novel intronic T>G transversion at IVS17-10.
Downregulation of FIG4 expression in patient’s fibroblasts was severe. (B) Immunolabeling of the lysosomal marker LAMP1
(green), actin (red), and DAPI (blue) in control (upper image) and patient fibroblasts (lower image) showing the much wider
spread distribution of LAMP1 in the patient’s fibroblasts. Scale bar: 10 lm. (C) Phase micrograph of control and patient’s
fibroblasts showing numerous vacuoles (insert) in the FIG4-deficient fibroblasts. Scale bar: 10 lm. (D) Increase in the percentage
of cells with prominent cytoplasmic vacuoles in the patient fibroblast line (n¼3). *p<0.05 Student t-test.
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labeling was more abundant and widely distributed in the
patient’s fibroblast (Fig. 4B). To examine TRPV4 dynamics,
TRPV4-dsred was expressed in fibroblasts. On 3D recon-
structed confocal images, TRPV4 appeared more abundant
at the plasma membrane of the patient’s fibroblasts (Fig.
4C), suggesting interference with TRPV4 dynamics by FIG4
depletion. Cultures were immunolabeled with antibody to
TRPV4 and the percentage of cells with TRPV4 localized at
the plasma membrane was determined; 59% 6 6% of patient
fibroblasts, but none of the control fibroblasts, exhibited this
distribution (mean 6 SD, examining 60 cells in each of 3
cultures; p< 0.05 patient vs control, Student test). TRPV4
mobility was assessed using confocal microscopy and FRAP
of plasma membrane TRPV4. Recovery of TRPV4 fluores-
cence after focal photobleaching was delayed in patient’s
fibroblasts relative to controls, suggesting that mobility of
TRPV4 was limited (Fig. 4D). Together the data suggest
that FIG4 deficiency reduces TRPV4 trafficking, leading to
overexpression at the plasma membrane and possibly
hyperactivity.

TRPV4 Is Involved in Toxicity Induced by Fig4
Deficiency

We next assessed the toxicity of TRPV4 overexpression
in cultured wild type motor neurons in long-term dissociated
cultures of embryonic murine spinal cord, using techniques
used in our laboratory to investigate ALS-causing mutant pro-
teins (25). Overexpression of TRPV4 by plasmid microinjec-
tion was toxic, reducing motor neuron viability (Fig. 5).

In order to understand the role of TRPV4 in the FIG4
pathogenic cascade, experiments were carried out using the
TRPV4-specific inhibitor, GSK2193874 (26). In addition to
the fibroblast model, we developed a neuronal model of
CMT4J by knocking out Fig4 in cultured murine motor neu-
rons (Fig. 6A) using the CRISPR/Cas9 system, reproducing
features relevant to the disease, that is, cell death (Fig. 6B) and
vacuolization (Fig. 6C). GSK213874 treatment significantly
delayed death of Fig4�/� murine motor neurons (Fig. 6D),
suggesting that TRPV4 hyperactivity contributes to the patho-
genic cascade of Fig4-deficiency in motor neurons. Whereas
GSK213874 inhibits TRPV4 activity, this treatment at 10 nM

PI(3.5)P2 

PI(3)P

PI(3.5)P2

PI(3)P

fibroblasts Patientfibroblasts ControlA

fibroblasts Patientfibroblasts ControlB

FIGURE 2. (A) PI(3,5)P2 subcellular localization, assessed by expression of an EGFP-tagged pleckstrin homology domain of
centaurin-b2 shows juxtanuclear concentration of PI(3,5)P2 in control cells, but wide spread distribution in patient fibroblasts.
Scale bar: 10 lm. Note that control image without PI(3,5)P expression is dark and show no signal. (B) PIP3 subcellular
localization, assessed by expression of an EGFP-tagged 2XFYVE shows juxtanuclear concentration of PIP3 in control cells, but
wide spread distribution in patient fibroblasts. Scale bar: 10 lm.
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or 100 nM did not correct the abnormalities of vesicle forma-
tion and transport measured in patient’s fibroblasts, suggesting
that vacuolization is an upstream event (Supplementary Data
Fig. S1).

DISCUSSION
Here, we describe a new intronic mutation of FIG4

(T>G transversion at IVS17-10) found in compound homo-
zygosity with the common p.I41T point mutation in a patient
with a CMT4J phenotype. Biallelic polymorphism with
compound heterozygous mutations FIG4(I41T/null) is typi-
cally found in CMT4J patients (3). The FIG4 mutations in
our patient, p.I41T point mutation and the T>G transver-
sion at IVS17-10, lead to a substantial decrease in FIG4 ex-
pression in skin biopsy-derived fibroblasts, consistent with
the disease resulting from FIG4 deficiency, as in CMT4J

patients with other heterozygous mutations. We did not ob-
serve any truncated form of FIG4, suggesting that, even if
this intronic mutation still encodes a truncated mutant, this
mutant is probably unstable. The small amount of full length
protein would likely arise from the unstable FIG4I41T mutant
and could provide some function. FIG4 is a PI(3,5)P2 5
phosphatase that is part of the Fab1 complex regulating the
relative levels of PI(3)P and PI(3,5)P2, phosphoinositols im-
portant for maturation and trafficking of endolysosomal
vesicles. FIG4 not only has phosphatase activity, but also
regulates the stability of the Fab1 complex; it is not clear
which function is most important to CMT4J pathogenesis,
but rescue of the neurodegenerative features in Fig4�/�

mice by expressing a catalytic inactive FIG4 points to the
importance of the integrity of the Fab1 complex in maintain-
ing PI(3)P – PI(3,5)P2 homeostasis (27).
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The data presented here point to abnormal transport and
turnover of endocytic vesicles linked to disruption of phos-
phoinositol metabolism caused by FIG4 deficiency in our pa-
tient. Immortalized patient’s fibroblasts showed increased
presence of large vacuoles together with widespread disper-
sion of multiple vesicular organelles (lysosomes, early and
late endosomes), rather than the normal juxtanuclear concen-
tration. Retrograde trafficking of macropinocytic vesicles was
impaired, consistent with abnormal endosomal trafficking un-
derlying this abnormal distribution. Given the importance of
vesicular trafficking in neuronal cells as a result of neurotrans-
mission, the observations of PI(3)P and PI(3,5)P2 using fluo-
rescence probes showing that PI(3)P was more concentrated in
the cell body, whereas PI(3,5)P2 was highly abundant in den-
drites as well as in the plasma membrane of the axon hillock
demonstrate the importance of PI(3,5)P2 in neurons (Supple-
mentary Data Fig. S2).

Given the high load of vesicle recycling associated with
neurotransmission, neurons would be expected to be highly
vulnerable to PI(3,5)P2 dysregulation. Indeed, PI(3,5)P2 was
highly abundant in cultured murine motor neurons, being dis-
tributed through the cell body and dendrites and at the axon
hillock.

Phosphoinositols are also important for regulating activ-
ity of membrane ion channels, both directly in serving as
ligands (e.g. PI(3,5)P2 is the endogenous ligand of the lysoso-
mal Ca2þ channel TRPML1 [9]) or indirectly through mem-
brane internalization. The following data from this study im-
plicate the transient receptor potential cation channel, TRPV4,

in the pathogenesis of CMT4J: (1) The level of TRPV4 was in-
creased in the patient’s fibroblasts and FRAP studies indicated
reduced turnover of TRPV4 at the plasma membrane. This in-
crease in TRPV4 would be predicted to result in overall in-
crease in cation conductance. (2) Overexpression of TRPV4 in
cultured motor neurons was toxic. (3) Cell death induced by
KO of Fig4 expression in cultured motor neurons was partially
prevented by treatment with the TRPV4 inhibitor,
GSK2193874. Membrane trafficking defects were not cor-
rected by this treatment, but limiting ion conductance alone
would be significant, given the high sensitivity of neurons to
calcium toxicity (13).

Gain-of-function TRPV4 mutants also cause CMT2C
characterized by increase in calcium influx to toxic levels
(13). This increase in intracellular calcium was prevented by
inhibiting TRPV4 calcium flux by ruthenium red in a HeLa
cell model of CMT2C (13).

Although CMT2C and CMT4J are rare and patient
descriptions scarce, these 2 forms have specific clinical fea-
tures: Vocal cord paresis for CMT2C or nonuniform demye-
lination for CMT4J (28, 29). However, it is interesting to note
that mutations in FIG4 and TRPV4 can both present as skeletal
dysplasia and peripheral axonal neuropathy (1, 4, 30), which
suggests common pathogenic mechanisms. We provide the
proof of principle that TRPV4 inhibition could be a strategy
for therapeutic development; however, further investigation
will be necessary to demonstrate the efficiency of this strategy
and the relative contribution of this pathway in CMT4J. The
motor-predominant involvement with rapid progression of

FIGURE 4. Continued
(D) Recovery of dsRed-TRPV4 fluorescence after photobleaching of a region of interest at the plasma membrane in control or
patient fibroblasts. The prebleach average fluorescence intensity of each image focused on the plasma membrane was set at 0,
and the recovery is displayed as a percentage of fluorescence intensity relative to the prebleached region of interest (ROI), n¼10
for each condition. *p<0.05 versus control, 1-way ANOVA, Tukey’s HSD post hoc analysis. (E) Representative image of the
surface of control fibroblast expressing dsRed-TRPV4 showing ROI before (upper panel) and after photo bleaching (lower panel).
Scale bar: 10 lm.
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weakness and atrophy leading to complete quadriplegia in our
patient is reminiscent of motor neuron diseases and we know
that FIG4 mutations can also present as ALS suggesting that

TRPV4 may contribute to the pathophysiology of ALS (31).
Indeed, overexpression of TRPV4 is observed in spinal cord
motor neurons of SOD1G93A transgenic mice (32).
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In conclusion, we have identified a new intronic muta-
tion of FIG4 in a patient with severe CMT4J leading to loss of
FIG4 expression and evidence that downstream upregulation
of TRPV4 contributes to the pathogenic cascade of FIG4 loss-
of-function. These findings point to a functional overlap be-
tween CMT4J and CMT2C due to gain-of-function mutations
in TRPV4.
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