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Abstract

Objective—Charcot-Marie-Tooth type 4J (CMT4J) is a rare autosomal recessive neuropathy
caused by mutations in £/G4that result in loss of FIG4 protein. This study investigates the natural
history and mechanisms of segmental demyelination in CMT4J.

Methods—Over the past 9 years, we have enrolled and studied a cohort of 12 CMT4J patients,
including 6 novel £/G4 mutations. We evaluated these patients and related mouse models using
morphological, electrophysiological and biochemical approaches.

Results—We found sensory motor demyelinating polyneuropathy consistently in all patients.
This underlying myelin pathology was associated with non-uniform slowing of conduction
velocities, conduction block, and temporal dispersion on nerve conduction studies (NCS), which
resemble those features in acquired demyelinating peripheral nerve diseases. Segmental
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demyelination was also confirmed in mice without Fig4 (Fig4™~). The demyelination was
associated with an increase of Schwann cell dedifferentiation and macrophages in spinal roots
where nerve blood barriers are weak. Schwann cell dedifferentiation was induced by the increasing
intracellular CaZ*. Suppression of CaZ* level by a chelator reduced dedifferentiation and
demyelination of Schwann cells /in vitroand in vivo. Interestingly, cell-specific knockout of Fig4
in mouse Schwann cells or neurons failed to cause segmental demyelination.

Interpretation—Myelin change in CMT4J recapitulates the features of acquired demyelinating
neuropathies. This pathology is not Schwann cell autonomous. Instead, it relates to systemic
processes involving interactions of multiple cell types and abnormally elevated intracellular Ca2*.
Injection of a CaZ* chelator in Fig4 ™~ mice improved segmental demyelination, thereby providing
a therapeutic strategy against demyelination.
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Introduction

Myelinated axons are wrapped by Schwann cell membranes (myelin) in segments
(internodes). The segments are separated by punctate gaps, called nodes of Ranvier, where
the axon is denuded of myelin. This configuration facilitates the saltatory conduction of
action potentials.

Peripheral neuropathies resulting from genetic mutations often affect myelination during
development, called dysmyelination, as seen in Charcot-Marie-Tooth type-1A (CMT1A)
caused by PMP22 duplication. CMT1A dysmyelination® causes shortened internodes and
uniform slowing of conduction velocity (CV), which denotes slowed CV with minimal
variations between different nerves in an affected patient2. In contrast, the slowing of CV in
patients with acquired demyelinating diseases is non-uniform and often coexistent with
temporal dispersion and/or conduction block. Pathologically, nerve fibers demonstrate
removal of myelin in a portion of internodes and normal myelin in other internodes, called
segmental demyelination3.

Demyelination is the primary pathology in a long list of neurological disorders, including
chronic inflammatory demyelinating polyneuropathy (CIDP) and Guillain-Barré Syndrome.
Despite the increasing treatment options (predominantly immunomodulatory), disabilities
still develop in patients with demyelinating diseases. This is largely due to a general lack of
understanding of the molecular mechanisms that regulate demyelination.

FIG4 is a phosphatase with specificity toward the 5’-phosphate in phosphatidylinositol-3,5-
disphosphate (P13,5P5), which plays an important role in regulating lysosomal membrane
trafficking. While FIG4 can decrease P13,5P, levels via its phosphatase action, it can also
promote PI3,5P, synthesis by acting as a secondary scaffold. FIG4 (SAC3) complexes with
Vacl14 (=ArPIKfyve in mammalian cells) which then interacts with and activates the 5’-
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kinase of PI3P known as Fab1 (=PIKfyve)*®. This PAS complex mediates the conversion of
PI3P to P13,5P,5:7. Promotion of P13,5P, synthesis is the dominant function of FIG4 since
loss of FIG4 results in a reduction of P13,5P,82°. PI3,5P, has been critically involved in
endolysosomal trafficking. Indeed, ablation of Fig4in pale tremor (p/t = Fig4™~) mice
decreases P13,5P, level® and produces excessive lysosomal storage®.

TRPML-1, a Ca?*-channel on lysosomal membranes, is specifically gated by PI3,5P; to
release Ca?* from lysosomes1?. Therefore, PI3,5P, deficiency in Fig4~ cells would
deactivate the TRPML-1 channel and impair lysosomal membrane trafficking. Indeed, our
studies have shown increased intralysosomal Ca%* and impaired lysosomal fission in Fig4 ™/~
cells, including myelinating Schwann cells!®. Lysosomal membrane trafficking has been
suggested to be important for myelination12:13,

In this study, we studied 12 patients with CMT4J enrolled over the past 9 years, as well as
relevant mouse models. Unlike certain subtypes of CMT1 with uniform slowing of CV, non-
uniform slowing with temporal dispersion and conduction block was found in patients with
CMT4J. Similar nerve conduction changes were observed in FIG4 deficient mice correlating
with removal of internodal myelin and macrophage increase in spinal roots. These features
recapitulate those seen in acquired demyelinating diseases, indicating that understanding
F1G4 deficiency may reveal novel molecular pathways that alter lysosomal functions
common to both genetic and acquired forms of demyelination.

Subjects and Methods

Patients

Twelve patients have been prospectively evaluated (by J.L. or M.E.S.) at Vanderbilt Medical
Center or University of lowa. Note that case #2, 9 and 10 were published beforel415, New
data on these three cases were included here. This study was approved by the Institutional
Review Board (IRB) in both institutions. A written consent / assent were obtained from all
participants.

CMT neuropathy score (CMTESv2)16 was obtained for most patients (listed in Table 1).
CMTES ranges from 0 to 28, with higher scores indicating increased disease severity.

Nerve Conduction Studies (NCS)

NCS data in humans were acquired using conventional methods’. Conduction block was
defined as 50% reduction of compound muscle action potential (CMAP) evoked by proximal
stimulation!®. Temporal dispersion was defined as dis-synchronized CMAP with two or
more extra phases and 30% increase of negative peak duration. Mouse NCS were described
previously1®.

DNA Sequencing

Patient DNA was evaluated by targeted gene-panel next-generation sequencing, a service
provided by Medical Neurogenetics (Atlanta, GA), GeneDx (Gaithersburg, MD), Invitae

(San Francisco, CA) or Athena Diagnostics (Worcester, MA). Specific mutations in F/G4
were verified by Sanger sequencing.
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Primary human fibroblast culture and lysosomal fission assay

Primary human fibroblast culture was described previously2. Lysosomal fission was tested
as described previously!®. Fibroblasts in culture were treated with vehicle or vacuolin-1
(5uM, Cat# 673000, Sigma) for 1.5 hours to increase lysosome size and cells were imaged.
After removal of vacuolin-1, cells were allowed to recover their lysosomal sizes through
fission. At the end of the 81 hour after washing out, cells were imaged again. Percentages of
cells with vacuoles >3uM in diameters were counted.

RNA extraction and RT-PCR for exon skipping analysis

Total RNA was isolated from the fibroblasts using Trizol reagents. Reverse transcription was
performed in 1ug RNA using random hexamer primer mixture (Cat# 04379012001, Roche).
FIG4 cDNA was amplified using primers: for the 451bp product, forward, 5’-
GGACACCAGAGGTGATAAAG-3’ and reverse, 5’- CCTGCATCAGTCATCTTCAC - 3’;
for the 612bp product, forward, 5’- GCCTAAGACCGTTGGAATTG - 3’ and reverse, 5’-
TAGCGGTTCCTGATGTACTC - 3’. PCR reactions were performed in 1ul of cDNA. PCR
was performed for 40 cycles (denaturation at 95°C for 1 minute, annealing at 57°C for 30
seconds and extension at 72°C for 1 minute). The PCR products were separated on 2%
agarose gel. The sequence around exons 18 and 22 was determined by Sanger sequencing.

Western blot

Proteins from fibroblasts were extracted using RIPA buffer with proteinase/phosphatase
inhibiter cocktail (Cat# 5872, Cell Signaling). Samples were loaded into SDS-PAGE gels,
transferred to PVDF membrane and blotted with primary antibodies, followed by secondary
antibodies. The immune complexes were detected by the chemoilluminescence.

Animal models

Pale tremor (plt = Fig4~~) mouse from Jackson was a spontaneously occurring mutant
following insertion of a Fig4 disrupting transposon which blocked its expression8. This
mouse was backcrossed with C57B6 over nine generations to reach congenic background.

Design and production of Fig4/0x/flox (= Fjg4”f) mouse are detailed in Figure 7 below. We
crossed Fig4”f mice with myelin protein zero — cre (Mpz°€) mice (Jackson; stock #017927)
to produce Schwann cell specific knockout (scFig4 =) mice. We produced the neuron-
specific knockouts (nFig4™") by crossing Fig4”f mice with neuron-specific synapsin-cre
mice (Sync"e Jackson, stock #003966). All mice were on the C57B6 background.

Teased nerve fiber preparation, paraffin embedding, and immunofluorescence staining

Teased nerve fiber analysis was described previously?L. In brief, nerves were fixed in 4%
paraformaldehyde for 30 minutes — 16 hours (depending on primary antibodies used).
Sciatic nerves were teased into individual fibers on glass-slides. Slides were dried overnight,
reacted with primary antibodies and then incubated for 1.5 hours with secondary antibodies.
Slides were examined under a Leica fluorescent microscope (Leica DM6000B). Paraffin
sections were prepared according to previously published methods22. They were stained
with a similar procedure above.
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Antibodies

The following antibodies were from Cell Signaling: c-Jun (Cat# 9165), Notch-1(Cat# 3608),
Phospho-c-Jun (Cat# 2361), Sox2 (Cat# 4900), Phospho-JNK (Cat# 4668), INK (Cat#
9252), Phospho-Erk1/2 (Cat# 4370), Erk1/2 (Cat# 4695) and B-Tubulin (Cat# 2128).
Abcam: Sox10 (Cat# ab27655), Egr2 (Cat# ab43020), -actin (Cat# ab8227) and GAPDH
(Cat# ab9485). Bio-Rad: CD68 (Cat# MCA1957). Neuromab: Fig4 (Cat# 75-201).
Millipore: P75 (Cat# ab1554).

Semithin section and internodal length quantification

These techniques have been described previously4. The semithin sections were stained with
toluidine blue and examined by light microscopy. The 9-mm nerve segment in liquid Epon
was teased into individual nerve fibers for imaging. The internodal length was measured by
software (Leica 6000B).

Morphometric analysis

Five images were captured across the entire area of each sciatic nerve transverse section
under 100x lens through a Leica microscope. AxonSeg, an open source Matlab tool
(Institute of Biomedical Engineering, Polytechnique Montrea)?3, was used to automatically
label the myelin on the images, producing a mask image with minimal manual intervention.
ImageJ (1.51n) was used to split the resulting mask image into two: one for inner ellipses of
the myelin sheath and the other for outer. ImageJ's built-in "measure particles" command
was used to measure the area of each ellipse and its position on the image. Axon density,
myelin thickness and g-ratio were calculated from these measurements.

Statistics

For comparison of internodal length between wild-type and Fig4~~ mice, a linear mixed
effect model was used for outcome Internodal Length, fixed effect Group (wt vs Fig4 ™)
and random Animal effects. The random effects were included to account for correlations
between lengths on the same animal. Because both fixed and random effects were included,
this model was a mixed effects model. To compare CV or CMAP in different groups (e.g. wt
vs. Fig4'"), a non-parametric Wilcoxon Rank-Sum test was used.

Results

Natural history in patients with CMT4J demonstrates sensory motor demyelinating
polyneuropathy that recapitulates features in acquired demyelinating diseases

Clinical phenotypes—Phenotypic details are listed in Table 1A. The 12 patients were
separable into three groups based on their ages of symptom onset: early onset (n = 3) with
severe limb paralysis at birth, teenage onset with mild to severe limb weakness upon their 15t
visit (n = 7) and adult onset (n = 2) with mild weakness in their 15 visit. Onset was defined
as the age at which medical attention was first sought for a related major neurological
symptom. This definition disregarded subtle complaints such as fatigue, mild foot
deformities, occasional tripping or ankle twisting, which may be present in all patients, but
onset was difficult to recall. A case of CMT4J is described below as an example.
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Case#1 (teenage onset: This is a 17-year-old boy who met all developmental milestones.
His mother noticed his feet slapping on the ground when walking at 12 years of age. He
sprained his ankles many times. Over the previous two years, he had started to buckle his
knees and fall, which prompted the initial neurological evaluation. He denied any sensory
disturbance. He has excelled academically. On neurological examination, he had hammer
toes with high-arched feet. His muscle strength was 4 in distal but 5 in proximal muscles of
limbs. He had decreased pinprick, touch and vibration sensation in his feet. Deep tendon
reflexes were absent.

Rare phenotypes: CNS involvement and/or rapidly progressive irreversible
asymmetric weakness—Nine of the 12 patients showed no obvious CNS symptoms.
Brain MRI data in two of the nine patients showed no abnormality. Case #4 and #5 in the
early onset group developed mental retardation with brain white matter changes visualized
on MRI (Table 1; Figure 1A). However, both cases possessed another mutation — trisomy of
chromosome 21 in case #4 and glycerol kinase deficiency (exon 19 deletion in GK gene on
Xp21.2) in case #5. Case #2 in the teenage onset group presented with Parkinson-like
symptoms in addition to polyneuropathy (case report by Orengo et al in Annals of Clinical
& Translational Neurology 2017, in press). DNA testing for whole chromosomes was not
done. Despite CNS symptoms, demyelinating polyneuropathy in NCS was still present in
the three cases. Case #5 had a sural nerve biopsy showing thinly myelinated nerve fibers
with severe loss of large myelinated axons (Figure 1C-D). Therefore, CNS symptoms are
uncommon among patients with CMT4J. In those cases with conspicuous CNS
abnormalities, second genetic mutations should be sought.

Minor trauma has been associated with rapidly progressive asymmetric weakness in case
#10 (ALS-like phenotype), which was irreversible until her deathl#. Furthermore, genetic
studies in two large cohorts of patients with ALS have revealed some F/G4 variants as
genetic risk factors but not causal for the disease?4:2°. In the present cohort, none had the
phenotype of rapidly progressive asymmetric weakness, including four patients (case #3, 6,
7, 8) who had a fall or surgeries but did not develop any rapid progression of weakness after
trauma. Case #12 developed asymmetric weakness in the left leg, but it was chronic and
slowly progressive. Case #6 developed a transient exacerbation of weakness during
pregnancy but stabilized after IVIG treatment (Table 1A).

Electrophysiological findings recapitulate features in acquired demyelinating
neuropathies—NCS data in Table 1B showed a highly consistent pattern of sensory motor
demyelinating polyneuropathy in all cases with several striking features: 1). Unlike CMT1A
patients in which there is uniform slowing of CV3, patients with CMT4J showed non-
uniform slowing of CV. For instance, case #3 showed a CV of 29 m/s in the left median
nerve and 39 m/s in the left ulnar nerve. Nine cases had conduction block28. Conduction
block was difficult to be assessed in three pediatric cases since submaximal stimulations
may be used in children. Of six cases with CMAP waveforms available for review, three of
six showed temporal dispersion (Figure 1B). 2). Because some nerves had CV below 10 m/s,
the decreases of CVs were too severe to be a secondary change from axonal loss (Table 1B).
These observations support a primary rather than secondary demyelinating process. 3). Of 8
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patients who had needle EMG, six showed fibrillations, positive waves and reduced
recruitment of motor unit action potentials indicative of axonal degeneration (Table 1B).

Taken together, a consistent phenotype in patients with CMT4J is sensory motor
demyelinating polyneuropathy with features recapitulating acquired demyelinating
polyneuropathies. This NCS feature is also in line with the pathological findings in sural
nerve biopsies shown in Figure 1C and a 60% de-/remyelination in teased nerve fiber
preparation previously reported4.

Mutations in all CMT4J patients resulted in loss-of-function of FIG4

Mutations in all 12 cases (Table 1A) were evaluated by two servers - PolyPhen-227 and
SIFT28, Both PolyPhen-2 and SIFT predicted that all identified #/G4 mutations were
pathogenic. To further substantiate the pathogenicity, we performed Western blot on protein
lysates extracted from fibroblasts cultured from all patients’ skin biopsies. FIG4 proteins
were either absent or severely reduced when blotted by anti-FIG4 antibodies (Figure 2A).

Case #2 and #5 had intronic mutations (Table 1A). We performed PCR on cDNA isolated
from their fibroblasts with primers flanking the intronic mutations. In case #2, we identified
a shortened band in addition to the normal allelic band (Figure 2B), confirming the previous
report!®. The shortened band was cut and sequenced, which showed a deletion of exon 18
(Figure 2C), thereby demonstrating abnormal splicing due to the intronic mutation. In case
#5, a deletion of exon 22 by abnormal splicing was identified (Figure 2D-E).

Interestingly, case #3 with normal strength had a FIG4 protein level that was about four
times higher than those in the other 11 patients (Figure 2A). The levels of FIG4 were not
significantly different between early and teenage onset groups (0.05+0.02 vs. 0.05+0.03,
p>0.05; these numbers were relative values over loading control).

Case #12 had homozygous mutations of /417. 141T mutation has been shown to destabilize
FIG4 leading to a rapid degradation of FIG4 by proteasomes in vitro studies?®. /41T
mutation has been hypothesized to produce some functional FIG4 proteins that would
moderate the disease30. This hypothesis was tested here; the FIG4 level in this case was
comparable to other cases in the group with teenage onset. This finding suggests that any
compensation effect from 141T would be minimal.

Our previous study has shown that abnormal lysosomal storage in FIG4 deficient mouse
fibroblasts was mainly caused by a lysosomal fission defect while lysosomal fusion was
normalll. We verified this mechanism in five patients with CMT4J. After lysosomes were
enlarged by application of Vacuolin-1 (5uM), lysosomal sizes gradually decreased via
fission. This recovery was found to be highly abnormal in four cases (early onset + teenage
onset). As expected, the recovery in case 3 (adult onset with high level of FIG4 and normal
strength) was close to that in normal controls (Figure 2F).

Together, these findings support the loss-of-function of FIG4 in all 12 cases, including six
cases with novel pathogenic mutations. The FIG4 deficiency also resulted in lysosomal
fission defect in human cells.
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Segmental demyelination was found in sciatic nerves from Figd™~ mice

To understand the mechanisms of demyelination in CMT4J, we characterized segmental
demyelination in Fig4~~ mice. A previous study has documented segmental demyelination
in a set of Fig4~/~ mice near their terminal stage (p42)14. Here, we examined this issue at
postnatal day 21 (p21) of age. Again, there was a significant reduction of CV in Fig4/~
sciatic nerves, compared with that in Fig4™'* mice (Figure 3A-B; 17.6+3.3m/s forn=5
Fig4™"* mice vs. 7.841.9 m/s for n = 6 Fig4”'~ mice; p<0.01). On teased nerve fiber
preparation of sciatic nerves, we found segmental demyelination in 14.3+1.3% of fibers in
Fig4™~ mice but only 1.9+1.6% in wild-type mice (p<0.01; n=3 mice for each genotypic
group).

Remyelinated internodes after demyelination are usually shortened. We thus quantified
internodal length and confirmed shorter internodes in Fig4™~ mice, in comparison with that
in Fig4*"* mice (Figure 3C—F). Shortened internodes mainly affected large diameter fibers
rather than small diameter fibers (Figure 3E).

Schwann cells in Figd™~ mice showed increased dedifferentiation induced by abnormally
elevated intracellular Ca2*

Studies in either inherited or acquired dys-/demyelinating neuropathies have demonstrated
an increase of Schwann cell dedifferentiation, which may play a role in demyelination. c-Jun
has been one of the best documented dedifferentiation factors involved in the process31:32,
Immunostaining of mouse sciatic nerves showed increased c-Jun in Fig4~'~ mice, but c-Jun
was barely present in Fig4*'* mice (Figure 4A-H). In teased nerve fiber preparation, the
Schwann cell nuclei that stained positively for c-Jun were consistently correlated with
segmental demyelination (Figure 41-Q). The increase of nuclear c-Jun was found even in
partially demyelinated internodes (Figure 4L—N).

Next, we quantified a battery of dedifferentiation factors using Western blot (Figure 5A-B).
Indeed, c-Jun, phosphorylated c-Jun (pc-Jun) and p75 were robustly increased in Fig4™~
nerves. In contrast, factors for promoting myelination, such as Sox10 and Egr2, did not show
significant changes in Fig4~/~ mice. By real-time PCR, mRNA level of ¢c-Junwas increased
in Fig47~ sciatic nerves, compared to Fig4*'* nerves (c-Jun: 0.9+0.1 in 4 Fig4™~ mice vs.
0.3+0.1 in 4 Fig4*"* mice, p<0.001; pc-Jun: 0.6+0.2 in Fig4™'~ mice vs. 0.1+0.0 in Fig4™*
mice, p<0.01). Notch-1 was marginally increased and thus, was not studied further (0.9£0.1
in 4 Fig4™~ mice vs. 0.7£0.0 in 4 Fig4""* mice; p=0.048).

Our previous study has demonstrated an increase of Ca2* levels in Fig4 ™'~ cells, including
Schwann cells!. We hypothesized that the increase of intracellular Ca2* may have
stimulated overexpression of c-Jun. After applying a CaZ* ionophore (A23187) capable of
penetrating cell membrane into Schwann cells, c-Jun levels were increased both /n vitro and
in vivo (Figure 5C-D). In contrast, application of Ca2* chelator (BAPTA) in cultured
Schwann cells reduced c-Jun levels (Figure 5E-F). Injection of BAPTA (subcutaneously,
daily) over 7 days also decreased c-Jun levels in Fig4/~ mouse sciatic nerves (Figure 5F).

Together, these findings support an increase of dedifferentiation in Fig4~/~ Schwann cells
through overexpression of c-Jun induced by abnormally elevated intracellular Ca2*.
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Macrophages were increased in the peripheral nerves of Fig4d™~ mice

Increased abundance of inflammatory cells is usually a prominent feature in acquired
demyelinating polyneuropathies but may occur in inherited peripheral nerve diseases.
Furthermore, we have noticed macrophages containing phagocytosed myelin debris in
Fig4™!~ spinal roots under electron microscopy in our previous study!4. We quantified
macrophages in p21 mice by staining nerves with macrophage specific CD68 antibodies
(Figure 5G). There was a robust increase of macrophages in g4/~ spinal roots but not in
sciatic nerves. This localization mirrors what has been found in acquired demyelinating
neuropathies where inflammatory cells are localized in areas with weak blood-nerve barriers
including spinal roots. This CD68 increase was associated with an increase of Schwann cells
stained positively for c-Jun in spinal roots. However, similar association was not found in
sciatic nerves. CD68 was not increased in sciatic nerves where Schwann cells positive for c-
Jun were still increased (Figure 5H). These findings do not support macrophage as a direct
cause of increase of c-Jun expression in Schwann cells.

Demyelination in FIG4 deficiency results from abnormal interactions of multiple cell types

The increase of macrophages in Fig4/~ nerves prompted the important question of whether
demyelination was due to the FIG4 deficiency solely in Schwann cells. We thus inserted two
LoxPsites to flank the exons 2 and 3 in mouse Fig4 (Fig4™ (Figure 6A). The Fig4”f mouse
was crossed with a Mpz°"® mouse to produce a Schwann cell specific conditional knockout
(scFig4™") (Figure 6B). There was no significant increase of segmental demyelination in
ScFig4™'~ mice by teased nerve fiber analysis (1.5+0.6% for 4 Fig4”' mice vs. 1.2+0.4 for
ScFig4~~ mice at 9 months of age; p>0.5). In line with this finding, g-ratio of myelinated
nerve fibers was similar between Fig4”fand scFig4™~ mice (Figure 6C-D). Instead, there
was a late-onset axonal loss at 9 months of age in scFig4™~ mice (Figure 6E-J).

Next, we produced the neuron-specific knockouts (7Fig4 ") by crossing Fig4”f mice with
neuron-specific synapsin-cre mice (Syn°®). Percentages of nerve fibers with segmental
demyelination were similar between Fig4”fand nFig4~~ mice (0.9+0.8% for three Fig4”
mice vs. 1.0+0.7 for 4 nFig4~mice at three months of age; p>0.5).

These observations strongly suggest that segmental demyelination resulted from
contributions of multiple cell types. Successful therapy would not be achieved by targeting a
single cell population but would require systemic delivery. BAPTA-AM has been used
systemically (i.p.) in mice33. BAPTA suppressed c-Jun levels in Fig4 ™~ mouse sciatic
nerves shown in Figure 5. Therefore, for proof-of-concept, we performed a trial of systemic
BAPTA delivery in Fig4/~ mice (subcutaneous injection). Due to potential toxicity, a low
dose (5mg/kg; concentration 0.5mg/ml) was used. Based on the variability of segmental
demyelination counted on teased nerve fibers, our power calculation showed five mice (at
p21 of age) per group would allow an 86% of chance to detect a significant difference. Five
mice were randomized into three groups — BAPTA treated, vehicle (DMSO), and saline (to
exclude effect from DMSO). Outcome measurement was done by experimenters that were
blinded to the treatment groups. There was a significant reduction of demyelinated nerve
fibers in the BAPTA treated group in comparison with the DMSO and saline group (saline
11.941.0% vs. DMSO 8.7+2.4% vs. BAPTA 5.2+1.6%; p<0.05).
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Discussion

CMT4J is an ultra-rare disease, and twelve patients with this genetic condition constitute a
large cohort. Phenotypic analysis shows that segmental demyelination is a highly consistent
feature. These findings strongly indicate a critical dependence of FIG4 for the normal
functions of peripheral nerve myelin. This is consistent with the high level expression of
FIG4 in Schwann cells?2,

The natural history of our patients disputes two previous speculations. First, CNS
phenotypes in a subset of patients with CMT4J are suspected to relate to more severe
depletion of FIG430, However, patients with early onset and severe CNS abnormalities (#4
and #5) had levels of FIG4 similar to those patients with teenage onset (Figure 2). Instead,
second mutations were found in the two cases with early onset. Because there are only two
cases here, a causal relationship still cannot be established between CNS abnormalities and
the 2"d mutations. However, the two 2nd mutations have been associated with neurological
phenotypes. After all, it is well known that phenotypic variations in monogenic diseases can
be caused by additional genetic modifiers34. Another speculation was that minor trauma
triggers acceleration of disease progression4. However, surgeries in four patients and
trauma in one case did not result in rapid disease progression. Instead, a majority of our
CMT4J patients presented with relatively symmetric distal>proximal weakness and sensory
deficits in limbs. In addition, while all CMT4J mutations resulted in FIG4 deficiency, the
levels of FIG4 could not differentiate patients with early onset from those with teenage
onset. Thus, other intrinsic and extrinsic factors (not necessarily trauma) may have been
involved in the modification of CMT4J phenotype.

We believe that the consistent pathology of segmental demyelination in CMT4J is highly
significant for the following reasons. First, demyelination in patients with CMT4J and
Fig4™'~ mouse models recapitulates many features typically seen in acquired demyelinating
peripheral nerve disorders, including conduction block, temporal dispersion, non-uniform
slowing on NCS and macrophage increase in areas with weak blood-nerve barrier. The
demyelination appears to be primary. For instance, in case #9 and #10, most motor nerves in
arms had normal amplitudes of CMAP, but conduction velocities were still very much
decreased (Table 1B). Some acquired demyelinating features have also been reported in a
subset of patients with CMTX13% and a heterozygous myelin protein zero knockout mouse
(Mpz*)36. Thus, studies of these diseases may reveal novel molecular pathways potentially
relevant to many demyelinating diseases. Indeed, there have been many precedent examples
showing that acquired or sporadic diseases can be studied by utilizing genetic models
derived from inherited disorders. In the field of ALS, a variety of rodent genetic models,
such as the CIORF72, SOD1 and TDP43transgenic mice, have been used to study the
pathogenic mechanisms of the disease. While ALS patients with mutations in C9ORF72,
SOD1 or TDP43are rare, investigations using these genetically manipulated animals have
made remarkable contributions to our understanding of the pathogenesis of ALS in
general37:38, Thus, similar advances in acquired demyelinating diseases could be achieved
through the use of CMT4J genetic models.
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Second, Schwann cell dedifferentiation and intracellular Ca2* elevation have been suggested
to play roles in segmental demyelination32-39. However, the relationship between c-Jun and
Ca?* remains unclear. It is also unclear if the increase of c-Jun and/or intracellular Ca2*
directly causes segmental demyelination. Our results suggest that a high Ca2* level in
Fig4™~ cells likely leads to the increase of c-Jun since application of exogenous Ca2*
increases c-Jun and a suppression of endogenous Ca2* decreases c-Jun (Figure 5C—F).

Third, chelation of excessive Ca%* in Fig4~/~ mice improved segmental demyelination,
supporting the contribution of Ca2* to segmental demyelination. This finding is in line with
observations from other studies showing the contribution of high Ca?* to demyelination in
inherited and acquired demyelinating neuropathy models and the rescue of segmental
demyelination by blocking excessive Ca?* released from mitochondria in Schwann
cells3940, However, it is still uncertain if excessive Ca2* in Fig4™'~ mice causes segmental
demyelination through the increase of c-Jun. Nevertheless, these observations suggest a
different approach to the treatment of demyelination.

To our surprise, segmental demyelination in FIG4 deficiency is not a cell autonomous
process of Schwann cells. This observation is instrumental to future therapeutic
development, since treatment targeting single cell population is unlikely to be effective;
instead, a systemic delivery to reach multiple cell population is required. This notion is also
in line with previous observations that excessive lysosomal storages were found in multiple
cell types and organs (peripheral nerves, oligodendrocytes, CNS neurons, spinal motor
neurons, DRG neurons, skin fibroblasts, spleen cells)®14, supporting a systemic disease of
CMT4J.

It is not clear exactly how FIG4-deficient axons or macrophages contribute to segmental
demyelination. One potential mechanism to be tested in the future is that axons or
macrophages with FIG4 deficiency may elevate Ca2* levels further or trigger more Ca2*
release from lysosomes in Fig4~'~ Schwann cells. Because Ca2* is already increased in
Fig4~'~ Schwann cells!!, a further increase of cytosolic Ca?* level likely initiates a cascade
of events leading to demyelination3°. In line with this idea, axonal damage has been shown
to increase intracellular Ca2* level in myelin®l. It is also interesting to note that depletion of
macrophages by the treatment of CSF1R receptor inhibitor improved pathology in two
inherited neuropathy mouse models®2.

It should be clarified that our findings do not exclude developmental abnormality of myelin
(dysmyelination) in CMT4J. For instance, we observed shortened internodes in Fig4~/~ mice
(Figure 3). One could argue that this change could reflect a failure of Fig4™/~ Schwann cells
reaching normal internodal length during development. While this is possible, it cannot be
the sole pathology responsible for the slowed CV in Fig4™~ mice. A previous study has
elegantly demonstrated that a 50% reduction of internodal length results in a CV about one
half of normal®3. Internodal length in Fig4~/~ nerves was only decreased by 13% (Figure
3C-F). Thus, >50% reduction (Figure 3A-B) of CV in Fig4~/~ nerves would have to be
caused by additional factors, including segmental demyelination. Any dysmyelination in
Fig4~'~ nerves would be a partial or a mild change.
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With great interest, we noticed a late-onset and progressive axonal loss in Schwann cell
conditional knockouts (scFig4™'~ in Figure 6), suggesting that abnormal signals from FIG4
deficient Schwann cells instruct wild-type axons to degenerate. While not a focus of the
present study, it would be of neurobiological significance to unveil any such abnormal
signals.

In summary, our study strongly supports a critical role of FIG4 in peripheral nerve myelin.
Our observation enables us to propose a mechanistic model (Figure 7) to be further tested.
While our previous study has shown an increase of intracellular Ca2* in Fig4 ™~ Schwann
cells1, this abnormality is likely further worsened by unidentified signals from axons and/or
macrophages with FIG4 deficiency. Under the drive of multiple cell types depleted of FIG4,
abnormally increased Ca2* inside Schwann cells may reach a critical level resulting in
demyelination either through dedifferentiating effect of c-Jun and/or other unknown
pathways.
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Figurel.
(A). A T2 weighted brain MRI from Case #5 at 4 years of age showed white matter changes,

presumably due to hypomyelination#4. (B). NCS of tibial motor nerve in Case #3 revealed
temporal dispersion (arrow) evoked by proximal stimulation. (C). Transverse semithin
section of the Case #5’s sural nerve (63x lens; biopsied at 14 months of age) was stained by
Toluidine blue and demonstrated a severe reduction of large myelinated nerve fibers. The
remaining large fibers showed thin myelin. Onion bulbs were present (arrows). (D).
Longitudinal section of the same sural nerve (63x lens) revealed myelin debris (arrow).
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Figure2.
(A). Western blot analysis of FIG4 was performed on the protein lysates extracted from the

fibroblasts of normal controls and patients. The levels of FIG4 were either absent or severely
decreased in all CMT4J patients. p-Tubulin - loading control. C = control; Pt = Patient (=
case #). (B). RT-PCR products amplified in RNA from the fibroblasts of 2 controls and case
#2. The band of 451bp was the normal F/G4 allele transcript. The smaller band of 305bp
was the misspliced F/G4 transcript. M = DNA marker. (C). Sequence comparison between
normal and mutant allele showed loss of exon 18. (D). In case #5, but not the normal control,
two RT-PCR products were detected: 612bp was the normal ~/G4 transcript, and a shorter
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band of 525bp was from the skipping of exon 22. (E). Sequence comparison between normal
and mutant alleles showed deletion of exon 22. (F). Fibroblasts from 2 normal controls and
case 3, 1, 11, 12, and 6 were analyzed for their lysosomal fission as described in Methods.
The cells were exposed to Vacuolin-1 for 1.5 hours and imaged, followed by washing with
culture media. The cells were imaged again at the 8t hour after the wash-out. Percentages of
cells with lysosomal vacuoles =3uM in diameters were counted in the images. * =
statistically significant with p value < 0.05.
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Figure 3.
(A). Compound muscle action potential (CMAP) was recorded from a p21 Fig4** mouse

paw. The motor nerve conduction velocity (CV) was 22m/s. (B). The same experiment was
done in a p21 Fig4™'~ mouse and showed a 50% reduction of CV. (C-D). Mouse sciatic
nerves were teased into individual fibers in liquid Epon and imaged. Internodal length and
diameter were measured and plotted. The slope in Fig4~/~ mice was lower than that in
Fig4*"* mice, supporting shortened internodal length in Fig4™/~ mice. (E). The frequency vs.
diameter plot allows a better visualization of shortened internodes mainly involving those
longest (largest) fibers. (F). INL = internodal length; N = number of mice; p<0.05 for the
comparison of both internodal length and slope.
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Figure 4.
(A-F). A, B and C are for Fig4*'* nerves. D, E and F are for Fig4 '~ nerves. Transverse

sections of adult mouse sciatic nerves were stained with antibodies against c-Jun and
Notch-1. In line with previous studies, Notch-1 was localized in myelin (A, B, D, and E). F.
There was an increase of c-Jun in the Schwann cell nuclei of Fig4 ™~ nerves, compared with
that in Fig4™* nerves in C. (G—H). There were numerous nuclei in Fig4'~ spinal roots
showing strong c-Jun signal, which was hardly seen in Fig4"* spinal roots. (I-K). A wild-
type myelinated nerve fiber from a sciatic nerve was stained with antibodies against c-Jun
and MBP (which labels myelin). The axon was labeled with YFP (artificially changed to
blue color) expressed under a neuronal specific promoter. c-Jun staining was hardly visible
in the nucleus (arrowheads in inset). (L-N). A Fig4™'~ sciatic nerve fiber with subtle
demyelination (between arrowheads in N) showed a robust increase of c-Jun (inset in L) in
the Schwann cell nucleus. (O—Q). The increase of c-Jun (inset in O) was seen in a Fig# /-
sciatic nerve fiber with severe segmental demyelination (left to arrow in Q). The Schwann
cell nucleus at the middle of the internode (arrowhead in O and inset in O) showed an
increased c-Jun. Another nucleus in the demyelinated region also expressed a high level of
c-Jun (arrow in O). Scale bars = 10um
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Figureb.
(A). Mouse sciatic nerves at the age of p21 days were studied by Western blot. c-Jun, p75

and phosphorylated c-Jun (pc-Jun) were robustly increased in Fig4~/~ mice. Notch-1 was
marginally increased (p=0.048). Sox10 and Egr2 did not show significant changes in Fig4”/~
mice. (B). Molecules up-stream and down-stream to c-Jun were also evaluated in Fig4™/~
mice. GAPDH = loading control. (C). Schwann cells in culture were treated with Ca%*
ionophore A23187 (2.5uM). c-Jun levels were increased after 1 hour. There were numerous
cells dead at 24 hours, leading a decrease of c-Jun level. (D). Sciatic nerves in wild-type
mice were surgically exposed and wrapped by gauzes soaked with 19uM A23187 for 4
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hours. Nerves were then dissected for Western blot analysis to measure c-Jun levels. (E).
Schwann cells were incubated with BAPTA (30uM). Protein lysates were extracted from the
cells at different time points for Western blot. (F). Two wild-type mice were treated with
either vehicle or BAPTA (5mg/kg; i.p. daily) for 7 days. A naive mouse was used for
control. Sciatic nerves were then collected for Western blot analysis. (G). Transverse section
of paraffin embedded mouse nerves at p21 of age was stained with antibodies against CD68.
The increase of CD68 was robust in spinal roots of Fig4 ™~ mice but was not seen in the
sciatic nerves. (H). When c-Jun was stained, its increase was found in all parts of peripheral
nerves. * = /< 0.05, ** = A< 0.01
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B Western blot on mouse sciatic nerves

E1l neo E5
Breeding with ROSA26-Flpe mice . g il
l to remove the neo cassette kDa Figd sc Figd
Fig4 Floxed Allele S 100— ~FIG4
1 AL » 3 i
T L A LB T T
& 50—
Breeding with cre mice T oD G CSIRD —B-Acti
Figd KO Allele l g - @ Ao
3

> I
T o T

-

G

37—

T i w rigs/) AS
é 30K £ 5K O scFigd ™~ ;
T > )
@ 25K S 4K
2 s
820K < 3K
> =
Z 15K 2 2K
. 5 8
o 10K = 1K 1T rid i 5T
>g<SK 2,( i ll-- uw"f:{"’
- 0 2 4 6 8 10 12 14 R
0 D 10 15 . Q o~
0 - Axon Diameter (uM) < r
Figd/S  scFigd ™~ j;r]'\( WA
Ii3sr< :__GKH B O
N £ <J o
£ 30K £ 5K /
€ Z 2 !
3 25K £ ax S0
g & &,
820K <3k E’)Q; )
5 ‘@ 2 ¢
. ‘é 15K - 2K L{% (275
7} o N o
o 10K g 1K h e AR
>g< 5K < K L L L L Q;.
0 5 10 158 < 0 2 4 6 8 10 12 14 D] :
0 Axon Diameter (uM) Fe Yoic

Axon Diameter (uM)

Figure6.

Figs/S  scFiga™”

(A). Fig4targeting vector was prepared by retrieving 8.8 kb of Fig4 containing exons 2—-3

from BAC (RP24-96F12) into PL253 containing the HSV-TK negative selectable marker by
gap repair. The 5’LoxP site was inserted 600bp 3’ of exon 3 followed by insertion of the Frt-
PGKneo-Frt-LoxP cassette 450bp 5° of exon 2. The final vector contains 5’ and 3’ arms of
4.9 and 3.4 kb respectively. The vector was then linearized and electroporated into mouse ES
cells derived from F1 (129Sv/C57BL6/J) blastocyst. Electroporated cells were cultured in
the presence of G418 and Gancyclovir for 48 hours. PCR using primers corresponding to
sequences outside the arms and to the 5” and 3’ LoxP sites identified the targeted ES clones.
Expanded ES colonies were used to generate chimeric animals by ES/morula aggregation.
Chimeric animals were bred with ROSA26-FIpe mice (Jax stock no: 003946) to remove the
PGKneo cassette to generate the final conditional knockin mice (Fig47. (B). Fig4”" mice
were crossed with Mpz€ mice to produce Schwann cell-specific knockout mice (scFig4™").
At p21, sciatic nerves were dissected for Western blot with antibodies against FIG4. Note
that non-Schwann cells would still express some FIG4 in scFig4™~ nerves. We stripped
epineurium of sciatic nerves. This procedure resulted in a low concentration of total
proteins. Nevertheless, FIG4 was readily detectable in Fig4” nerves, but hardly visible in
SCFig4™~ nerves. B-Actin - loading controls. (C-D). G-ratio was plotted against nerve fiber
diameters in 4-month-old (C) and 9-month-old (D) mice. Slopes between Fig4”fand
ScFig4™~ mice were nearly identical, suggesting comparable myelin thickness. (E-F). Axon
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density decreased from 4-month-old (E) to 9-month-old (F) mice. (G—H). The axonal loss
mainly affected large nerve fibers (G for 4-month-old; H for 9-month-old) when visualized
using histogram. (1-J). Images of semithin section were taken from 9-month-old Fig4”* (1)
and scFig4™~ (J) mice. Notice that myelinated nerve fibers in scFig4™~ nerve were smaller
with irregularity of myelin. However, there was no sign of demyelination, such as myelin
debris, axons with broken myelin or absence of myelin.
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MACROPHAGE

MACROPHAGE

dedifferentiation

MYELIN

Other intracellular
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organelles

Figure7.
A proposed mechanistic model to be further tested in the future: Release of Ca2* from

lysosome is primarily through two Ca2* channels, TRPML1 and TPC245. PI3,5P, binds with
TRPML1 to activate Ca2* efflux through TRPML119. Since PI3,5P, is deficient in Fig4—/-
cells, lysosomes develop a high level of Ca2*. The extra Ca2* in Fig4—/- lysosomes can be
released by internal or external signals (speculated from axons or macrophages) to stimulate
expression of dedifferentiation molecules like c-Jun, promoting demyelination. Excessive
Ca?* could also promote demyelination via other unidentified pathways.
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