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Charcot-Marie-Tooth type 4B1 (CMT4B1) is a severe autosomal re-
cessive demyelinating neuropathy with childhood onset, caused
by loss-of-function mutations in the myotubularin-related 2
(MTMR2) gene. MTMR2 is a ubiquitously expressed catalytically
active 3-phosphatase, which in vitro dephosphorylates the 3-
phosphoinositides PtdIns3P and PtdIns(3,5)P2, with a preference
for PtdIns(3,5)P2. A hallmark of CMT4B1 neuropathy are redundant
loops of myelin in the nerve termed myelin outfoldings, which can be
considered the consequence of altered growth of myelinated fibers
during postnatal development. How MTMR2 loss and the resulting
imbalance of 3′-phosphoinositides cause CMT4B1 is unknown. Here
we show that MTMR2 by regulating PtdIns(3,5)P2 levels coordinates
mTORC1-dependent myelin synthesis and RhoA/myosin II-dependent
cytoskeletal dynamics to promote myelin membrane expansion and
longitudinal myelin growth. Consistent with this, pharmacological in-
hibition of PtdIns(3,5)P2 synthesis or mTORC1/RhoA signaling amelio-
rates CMT4B1 phenotypes. Our data reveal a crucial role for MTMR2-
regulated lipid turnover to titrate mTORC1 and RhoA signaling
thereby controlling myelin growth.

Charcot-Marie-Tooth neuropathies | myelin | Schwann cells |
phosphoinositides | myotubularin

Charcot-Marie-Tooth (CMT) neuropathies represent a broad
group of disorders with a prevalence of 1 in 2,500 individuals

(1–3). CMTs are generally characterized by progressive muscular
atrophy and weakness, with an age at onset usually between the
first and the second decades of life. Although demyelinating,
axonal, or intermediate types are distinguished on the basis of
the primary event of the disease, axonal loss or dysfunction
usually correlates with functional impairment.
Among CMT neuropathies, CMT4B is a severe autosomal

recessive demyelinating disease with childhood onset character-
ized by the presence of redundant loops of myelin in the nerve
termed myelin outfoldings (4). CMT4B comprises three distinct
genetic and clinical subtypes named CMT4B1, B2, and B3 (5).
While CMT4B1 and B2 present with a classical motor and sen-
sory neuropathy phenotype, CMT4B3-associated phenotypes
range from a pure demyelinating polyneuropathy to an axonal
neuropathy plus complex central nervous system (CNS) pheno-
types. CMT4B neuropathies are caused by loss-of-function muta-
tions in the myotubularin-related 2 (MTMR2, CMT4B1), MTMR13
(also known as SBF2, SET binding factor 2, CMT4B2), andMTMR5
(also known as SBF1, CMT4B3) genes (5–9). MTMR2, MTMR5,
and MTMR13 belong to a broad family of protein tyrosine phos-
phatase/dual specificity-like phosphatases (PTP/DSP), which consists

of 14 members in mammals (10). Six MTMRs are catalytically in-
active, whereas eight are catalytically active enzymes, which de-
phosphorylate 3-phosphoinositides (PIs) (10, 11). PIs are potent
signaling molecules that govern a variety of cellular functions, in-
cluding cytoskeleton remodeling and membrane trafficking (12), key
processes in myelinating glia in both the peripheral nervous system
(PNS) and the CNS. Interestingly, among CMT4B-associated
MTMRs, MTMR5 and MTMR13 are catalytically inactive pro-
teins, whereas MTMR2 is a catalytically active enzyme, which
in vitro is predicted to dephosphorylate the 3-phosphoinositides
PtdIns3P and PtdIns(3,5)P2 in the 3-position of the inositol ring (10,
13–15). Heterodimers of MTMR2 with either MTMR5 or
MTMR13 are thought to possess higher enzymatic activity and a
different subcellular localization as compared to MTMR2 homo-
dimers (11, 16, 17).

Significance

Charcot-Marie-Tooth type 4B1 (CMT4B1) is a very severe de-
myelinating neuropathy with childhood onset, characterized
by myelin outfoldings, a pathological aberrant form of myeli-
nation. This morphology may be the consequence of an exces-
sive longitudinal growth of the myelinated internode during
postnatal nerve development. We first demonstrated that loss of
MTMR2 (Myotubularin-related 2) phosphatase causes CMT4B1.
MTMR2 dephosphorylates phospholipids, important regulators of
membrane trafficking, which is a key process in Schwann cells, the
myelinating cells in the PNS. However, why loss of MTMR2 pro-
vokes CMT4B1 remains to be assessed. Here we propose a
mechanism by which MTMR2, by regulating PtdIns(3,5)P2 phos-
phoinositide levels, coordinates myelin synthesis and RhoA/myo-
sin II-dependent cytoskeletal dynamics necessary to expand the
membrane and promote myelin growth.
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Using in vivo and ex vivo models of MTMR2 loss, we previ-
ously reported that PtdIns(3,5)P2 is the preferential substrate of
MTMR2 and that strategies aimed at rebalancing PtdIns(3,5)P2
levels may be beneficial for CMT4B1 (18). However, why ele-
vated levels of PtdIns(3,5)P2 in the nerve specifically result in
dysmyelination with myelin outfoldings, despite its importance for
the development of future therapies, remains poorly understood.
Recent data suggest that the Ras-related GTPase Rab35 binds

and recruits MTMR13/MTMR2 to down-regulate PtdIns(3,5)P2-
mediated mTORC1 activation and, thereby regulate myelin
biogenesis (19). Here we show that not only mTORC1 but also
RhoA-myosin II pathways are dysregulated specifically in
CMT4B1 models as a consequence of PtdIns(3,5)P2 elevation.
We thus propose a mechanism by which lipid-mediated cyto-
skeleton remodeling and myelin synthesis control myelin growth
at sites of membrane remodeling in the nerve.

Results
Increased PtdIns(3,5)P2 Levels in Schwann Cells (SCs) Result in Myelin
Oufoldings. MTMR2 is a ubiquitously expressed enzyme with a
predicted 3-phosphatase activity toward both PtdIns3P and
PtdIns(3,5)P2 (Fig. 1A) (10, 13–15). We recently reported that
PtdIns(3,5)P2 levels are increased in fibroblasts and in Schwann
cell/dorsal root ganglia (DRG) neuron coculture organotypic
explants established from Mtmr2 knockout (KO) mice (18). To
probe MTMR2 function in humans, we measured PI levels from
primary fibroblasts of three CMT4B1 patients, carrying homozy-
gous loss-of-function or missense mutations in the MTMR2 gene
(p.T228fs*46; p.Q482*; p.L448P) (5). We found that PtdIns(3,5)P2
levels were significantly elevated in patient cells, whereas PtdIns3P
was only modestly increased (Fig. 1B). These findings further sug-
gest that PtdIns(3,5)P2 is the major physiological substrate of
MTMR2 and that loss of MTMR2/Mtmr2 results in PtdIns(3,5)P2

lipid level elevation. Consistent with this, we reported earlier that
inhibition of the PIKfyve kinase, which generates PtdIns(3,5)P2,
could be an effective strategy to ameliorate CMT4B1 phenotype by
lowering and rebalancing the levels of PtdIns(3,5)P2 (18). Interest-
ingly, apilimod (also known as STA-5326) is a recently identified
small molecule compound, which specifically inhibits PIKfyve ki-
nase activity (20). To explore whether apilimod-mediated PIKfyve
inhibition could ameliorate CMT4B1, we treated Schwann cell/
DRG neuron coculture organotypic explants established from
Mtmr2 KO embryos at embryonic day 13.5 (E13.5) using apilimod
(at 300 nM). Of note, Mbp-positive myelin-forming fibers in Mtmr2
KO coculture explants reproduce myelin outfoldings, as assessed by
confocal microscopy and ultrastructural analysis (21, 22). These
aberrant myelinated fibers, which are not observed in wild-type co-
cultures, are caused by Mtmr2 loss, as replacement of Mtmr2 by
means of lentiviral vector transduction almost fully rescues this
phenotype (21). We found that the fraction of Mbp-positive seg-
ments carrying myelin outfoldings in relation to the total number of
Mbp-positive fibers was significantly reduced in apilimod-treated
Mtmr2 KO cultures compared to DMSO-treated cultures (Fig. 2 A
and B′). In contrast, compound 19 (at 2.5 μM), a known inhibitor of
PIK3CA (class III), the major kinase that produces PtdIns3P (23),
was unable to ameliorate myelin outfoldings inMtmr2 KO Schwann
cell/DRG neuron coculture explants (Fig. 2 C–E′).
These findings, along with previous data, strongly support the

conclusion that elevated levels of PtdIns(3,5)P2, but likely not of
PtdIns3P, are associated with myelin outfoldings in Schwann
cells in the nerve.

Enhanced mTORC1 Signaling in Mtmr2 KO Models. PtdIns(3,5)P2, as
other signaling lipids, acts via binding to effector proteins at subcel-
lular membranes (12, 24, 25). Recent data from nonmyelin-forming
cells suggest that PtdIns(3,5)P2 can drive mTORC1 activation at late

Fig. 1. Loss of MTMR2 leads to increased PtdIns(3,5)P2 levels in CMT4B1 patient cells. (A) Predicted MTMR2 3′-phosphatase activity toward PtdIns3P (PI3P)
and PtdIns(3,5)P2 (PI3,5P2). PIKfyve is the kinase which generates PtdIns(3,5)P2. PtdIns3P at endosomes is primarily generated by class III PI3K, also with a
possible contribution of class II PI3K (in parenthesis). In mammals, FIG4, in complex with other adaptor proteins such as Vac14/ArPIKfyve, potentiates PIKfyve
activity to produce PtdIns(3,5)P2. (B) PtdIns(3,5)P2 levels [normalized to PtdIns(4,5)P2] were significantly elevated in CMT4B1 patient fibroblasts as compared to
age-matched controls, control (Cnt) 0.0995 ± 0.011, n = 4 and CMT4B1 0.1326 ± 0.01, n = 3, one-tailed Mann–Whitney U test, *P = 0.029, whereas PtdIns3P
(normalized to PtdIns4P) Cnt 0.0054 ± 0.0002, n = 4 and CMT4B1 0.0058 ± 0.00012, n = 3 was modestly increased (one-tailed Mann–Whitney U test, *P =
0.0238). Representative of two independent experiments.
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Fig. 2. Inhibition of PIKfyve but not of PI3K (Vps34) ameliorates myelin outfoldings in Mtmr2 KO Schwann cell/DRG neuron coculture explants. (A) Rep-
resentative fluorescence microscopy images of Mtmr2 KO Schwann cell/DRG neuron coculture explants treated every other day for 14 d using 300 nM
apilimod, which is the highest dose that does not interfere with myelination, as assessed by measuring the number of Mbp-positive segments and Schwann
cell nuclei and quantified in A′ and A′′, respectively. Mbp-positive segments: n = 6 DRG/coverslips DMSO-treated and n = 6 DRG/coverslips apilimod-treated,
two-tailed Mann–Whitney U test, P = 0.937. Schwann cell nuclei, n = 3 DRG/coverslips DMSO-treated and n = 3 apilimod-treated, two-tailed Mann–Whitney U
test, P = 0.700. On the Left, representative images of the costaining of Lamp1 and Phalloidin (F-actin) after 3 d of ascorbic acid treatment in differentiating
conditions and following 90 min of apilimod treatment qualitatively demonstrate efficacy of PIKfyve inhibition. Enlargement of the Lamp1-positive late
endosome/lysosomal compartment was observed, which is a well-established readout of PIKfyve inhibition and of decreased PtdIns(3,5)P2 levels (20). (B)
Representative confocal microscopy images of Mtmr2 KO Schwann cell/DRG neuron coculture explants with myelin outfoldings treated every other day using
300 nM apilimod for 14 d in differentiating conditions. Apilimod reduces the percentage of Mbp-positive fibers carrying myelin outfoldings on the total
number of Mbp-positive fibers, as quantified in B′, n = 9 DRG/coverslips DMSO-treated, 325 fibers analyzed and n = 8 DRG/coverslips apilimod-treated, 296
fibers analyzed, two-tailed Mann–Whitney U test, ***P = 0.0003. Representative results from three independent experiments. (C) Representative bright-field
images of cocultures treated using compound 19 (PI3K-VPS34 inhibitor 1) at 10 μM for 3 h qualitatively show efficacy of PI3K-Vps34 inhibition. Vacuolization-
enlargement of endosomal compartments in a fibroblast as well as in Schwann cells can be observed, which is a well-established readout of PI3K inhibition.
(D) Compound 19 treatment of Mtmr2 KO Schwann cell/DRG neuron coculture explants every other day for 14 d in differentiating conditions does not in-
terfere with myelination as indicated by similar numbers of Mbp-positive fibers and Schwann cell nuclei between DMSO- and compound 19-treated cultures,
and quantified in D′ and D′′, respectively. Mbp-positive segments: n = 4 DRG/coverslips DMSO-treated and n = 4 DRG/coverslips compound 19-treated, two-
tailed Mann–Whitney U test, P > 0.9999. Schwann cell nuclei, n = 3 DRG/coverslips DMSO-treated and n = 3 compound19-treated, two-tailed Mann–Whitney
U test, P = 0.700. (E) The percentage of Mbp-positive fibers carrying myelin outfoldings on the total number of Mbp-positive fibers inMtmr2 KO Schwann cell/
DRG neuron coculture explants were not reduced by compound 19 treatment, as quantified in E′ and displayed in confocal microscope representative images,
n = 4 DRG/coverslips DMSO-treated, 207 fibers analyzed, and n = 4 DRG/coverslips compound 19-treated, 203 fibers analyzed, two-tailed Mann–Whitney U
test, P = 0.1143. Results are mean ± SEM. Mbp, myelin basic protein, which stains myelinated segments; Nf, neurofilament, which stains axons and neurites.
DAPI-positive nuclei are from Schwann cells, as DRG neurons are not dissociated and the cell bodies remain at the center of the organotypic explants, where mye-
lination is not quantified. (Scale bar in A, 26 μm for LAMP1 staining and 116 μm for Mbp and DAPI staining; in B, 46 μm; in C, 64 μm; in D, 112 μm, and in E, 39 μm.)
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endosomes and lysosomes (25, 26). Of note, constitutive mTORC1
activation in Schwann cells causes aberrant myelin (27–29). Consis-
tent with these data, we recently reported that loss of the GTPase
Rab35, which activates the MTMR13/MTMR2 complex, results in
PtdIns(3,5)P2-mediated mTORC1 overactivation and aberrant mye-
lin (19). Here, we further corroborated these data by specifically in-
vestigating Mtmr2 KO models with myelin outfoldings, in which
PtdIns(3,5)P2 levels are increased. We found that phosphorylation of
S6, a downstream target of mTORC1, was significantly increased in
Mtmr2 KO sciatic nerves at P20 (SI Appendix, Fig. S1 A and A′) and
in Mtmr2 KO Schwann cell/DRG neuron coculture explants (SI
Appendix, Fig. S1C) that suffer from elevated levels of PtdIns(3,5)P2
(18). Rapamycin, a known mTORC1 inhibitor, reduced the fraction
ofMbp-positive fibers with myelin outfoldings inMtmr2KO Schwann
cell/DRG neuron coculture explants (SI Appendix, Fig. S1 D and D′).
Of note, rapamycin did not interfere with myelination under these
conditions, as assessed by measuring the number of Mbp-positive
segments and Schwann cell nuclei in Mtmr2 KO Schwann cell/
DRG neuron coculture explants (SI Appendix, Fig. S1 B and B″).
These data suggest that elevated mTORC1 activity contributes

to aberrant myelin in Mtmr2 KO models.

Mtmr2 KO Nerves Display Altered Localization of Noncompact Myelin
Proteins. In myelinated fibers, tomacula and myelin outfoldings
represent pathological focal myelin thickening or misfolding,
respectively. Tomacula have been found to be predominantly
associated with enhanced PI3K-Akt-mTORC1 pathway activity
(30, 31). However, myelinated fibers carrying myelin outfoldings
display normal myelin thickness (32–34), thus suggesting that the
activation of the mTORC1 signaling inMtmr2 KO nerves may be
locally restricted. Of note, in CMT4B mouse models, myelin
outfoldings preferentially arise at paranodes and Schmidt–
Lanterman incisures (SLIs) (32–36), which are local points of
myelin remodeling and elongation formed by autotypic tight,
adherens, and gap junctions (37, 38). We therefore hypothesized
that myelin outfoldings in Mtmr2 KO nerves may arise as a
consequence of dysregulated myelin synthesis specifically oc-
curring at these sites. Immunofluorescence analysis of teased
fibers prepared from sciatic nerves at P20, showed that phos-
phorylated S6 mainly localized to the perinuclear region of
Schwann cells where cytoplasm and organelles such as late
endosomes and lysosomes are particularly enriched (SI Appen-
dix, Fig. S1E), in the abaxonal region (SI Appendix, Fig. S1E′),
and in the paranodes (SI Appendix, Fig. S1E″). Along the in-
ternode, the abaxonal localization became more prominent at
P60, also surrounding SLIs (SI Appendix, Fig. S1 F and F′), in
both control and Mtmr2 KO nerves (SI Appendix, Fig. S1G″).
When we examined Mtmr2 KO fibers with aberrant myelin de-
tected by phalloidin staining, we observed that phosphorylated
S6 partially colocalized with aberrant myelin structures at par-
anodes (SI Appendix, Fig. S1 G and G′). Collectively, these data
support the hypothesis that activation of mTORC1 is locally
restricted at noncompact myelin regions from where myelin
outfoldings preferentially arise.
Interestingly, we previously reported that both expression

levels and localization of MAG (myelin-associated glycoprotein)
and Dlg1 (Discs Large 1), two components of noncompact my-
elin regions, were altered in Mtmr2 KO nerves at P60 (36). We
therefore evaluated the expression and/or localization of mo-
lecular components of tight (claudin 5 and ZO-1) and adherens
junctions (E-cadherin and p120 catenin), which form non-
compact myelin in myelinated fibers (38–40). We found that the
expression level of the transmembrane protein claudin 5 was
decreased in total nerve lysates from Mtmr2 KO nerves at P10
and P30 (Fig. 3A and SI Appendix, Fig. S2 A–C,G, and H) as well
as in lysates prepared from membrane fractions of Mtmr2 KO
nerves at P30 (Fig. 3A′ and SI Appendix, Fig. S3 A–D′). Con-
sistent with this, we also observed that the localization but not

the expression level of the cytosolic scaffold ZO-1, which is
known to bind claudin 5, was altered at Schmidt–Lanterman
incisures of Mtmr2 KO nerves at P60 (Fig. 3 B, D–E and SI
Appendix, Fig. S2 A, B, D, F, and H′). In contrast, the expression
level and localization of both E-cadherin and p120 catenin were
similar between Mtmr2 KO and control nerves (35) (Fig. 3 A, A′,
and C and SI Appendix, Fig. S2 A–E and G).
Altogether, these data suggest that expression level or locali-

zation of molecular components of noncompact myelin regions
from where myelin outfoldings arise are altered in Mtmr2 KO
nerves. However, the general architecture of these regions as
well as the assembly of tight and adherens junctions are pre-
served in mutant nerves (32, 35) (Fig. 3 D and E).

Enhanced RhoA-Myosin II Pathway in Mtmr2 KO Nerves. Junction
formation and maintenance is regulated by the actomyosin cyto-
skeleton (41–43). Moreover, impaired actin dynamics have been
suggested to play a role in the generation of myelin misfoldings or
outfoldings in several models (30, 44–50). We thus investigated
the actomyosin cytoskeleton in Mtmr2 KO nerves. Immunoblot
analysis of sciatic nerve lysates showed that total actin protein
levels were similar between mutant and control nerves (Fig. 3F and
SI Appendix, Figs. S2 A and B and S3 E and E′). To assess the ratio
between monomeric G-actin and F-actin fibers, nerve lysates were
fractionated. This analysis revealed that the F-actin to G-actin ratio
was increased in mutant nerves when compared to controls at P60.
These data suggest that loss of Mtmr2 in KO nerves results in in-
creased F-actin polymerization (Fig. 3 G and G′ and SI Appendix,
Fig. S3F).
Nonmuscular myosin II cross-links with actin filaments

thereby forming actomyosin filament bundles. Interestingly,
RhoA GTPase and, more directly, ROCK (Rho kinase) and
myosin II downstream of RhoA, have been found to be crucial
for early stages of PNS myelination (51–53). We thus analyzed
the RhoA GTPase pathway inMtmr2 KO nerves. To this aim, we
first measured active RhoA-GTP levels by performing pull-down
assays from mutant and control sciatic nerve lysates at different
time points of postnatal development using GST-RBD/Rhotekin
recombinant protein, an effector of RhoA GTPase. We observed
increased RhoA-GTP levels in Mtmr2 KO nerves at P2 and P60
(Fig. 4 A and A′ and SI Appendix, Fig. S4 A and B). We then
analyzed phosphorylation levels of two known effectors of
RhoA, p-MYPT1 (Myosin phosphatase target subunit 1) and
p-MLCII (Myosin II light chain-a regulatory subunit of myosin
II) (41, 51). Western blot analysis of sciatic nerve lysates revealed
an apparent increase of p-MLCII levels in each sciatic nerve pool
of Mtmr2 KO mice analyzed at P2 as compared to controls
(Fig. 4B). Phosphorylation levels of p-MYPT1 were also increased
in Mtmr2 KO nerves at P60 (Fig. 4 C and C′ and SI Appendix, Fig.
S4C). These data suggest that the RhoA-MLCII pathway is hy-
peractive in Mtmr2 KO nerves.
To assess whether enhanced RhoA-mediated signaling occurs

specifically in Schwann cells where myelin outfoldings arise, we
analyzed nerves of Mtmr2 cKOSC, a conditional KO with specific
inactivation of Mtmr2 in SCs. Using immunoblot analysis, we
found increased p-MYPT1 levels in Mtmr2 cKOSC nerve lysates
(Fig. 4 D and D′ and SI Appendix, Fig. S4D), thus suggesting that
the RhoA pathway overactivation occurs in Schwann cells. Fi-
nally, we asked whether increased RhoA activity was specifically
associated with CMT4B and myelin outfoldings. To this aim, we
tested p-MYPT1 levels in Pmp22+/− nerves, a model of the
HNPP (hereditary neuropathy with liability to pressure palsies)
neuropathy morphologically characterized by tomacula but not
myelin outfoldings (54). In Pmp22+/− nerves, p-MYPT1 levels
were similar to controls (Fig. 4E and SI Appendix, Fig. S4E), thus
suggesting that the RhoA pathway elevation is specifically as-
sociated with Mtmr2 loss and myelin outfoldings in the nerve.
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Fig. 3. Altered expression and localization of noncompact myelin markers in Mtmr2 KO nerves. (A–C) Western blot analysis of total nerve lysates from
Mtmr2 KO and wild-type control mice (Cnt) at different stages of postnatal development shows that expression levels of E-cadherin, ZO-1, and p120 catenin
are similar between mutant and control. Claudin 5 (Cldn5) expression level was decreased in Mtmr2 KO sciatic nerve lysates at P10 and P30 as quantified in SI
Appendix, Fig. S2H. (A′) Western blot analysis performed on membrane fraction lysates from Mtmr2 KO nerves at P30 confirmed reduced expression levels of
claudin 5 in mutant nerves, as quantified in n = 4 independent experiments, one-sample t test, *P = 0.0366, t = 3.606, df = 3. Clx is calnexin used to normalize
membrane fraction lysates (SI Appendix, Fig. S3 A–D′). (D) Teased fibers analysis of sciatic nerves shows that ZO-1 localization at SLIs was decreased in Mtmr2
KO nerves at P60. SLIs were stained with phalloidin (F-actin), n = 5 animals per genotype in five different experiments; two-tailed Mann–Whitney U test, **P =
0.008. (E) Teased fibers analysis of sciatic nerves shows that ZO-1 localization at paranodal regions is similar inMtmr2 KO and control nerves at P60. Paranodes
were stained with phalloidin (F-actin). Note that ZO-1 localizes at paranodes also in Mtmr2 KO fibers carrying myelin outfoldings. (F) Western blot analysis of
lysates from Mtmr2 KO nerves and wild-type controls (Cnt) at different stages of postnatal development indicates that expression levels of actin are similar
between mutant and control, as quantified in SI Appendix, Fig. S3 E and E′. (G) Western blot analysis performed from Mtmr2 KO nerves at P60 following
fractionation of F (polymerized) and G (globular, monomeric) actin shows that the F-actin fraction is increased in mutant nerves, as quantified in G′ with n = 3
independent experiments, one-sample t test, *P = 0.0351, t = 5.196, df = 2 (SI Appendix, Fig. S3F). (Scale bar, 8 μm in D and 11 μm in E.)
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RhoA Pathway Activation Results in Myelin Outfoldings and Enhanced
Actomyosin Contractility in MTMR2/Mtmr2 KO Cells. Next, we asked
what the functional consequence of hyperactive RhoA signaling
in Schwann cells lacking MTMR2/Mtmr2 might be. To this aim,
we first used Schwann cell/DRG neuron coculture explants
established from Mtmr2 KO mice, which reproduce myelin out-
foldings. We observed increased MYPT1 phosphorylation in
mutant cultures, thus confirming that in vitro as in vivo Mtmr2 loss
is associated with RhoA pathway hyperactivation (Fig. 5A and SI
Appendix, Fig. S5 A and A′). Then, we treatedMtmr2 KO explants
either with Y27632 (at 10 μM), a ROCK inhibitor, or blebbistatin
(at 1 μM), a specific inhibitor of nonmuscular myosin II. We ob-
served that both Y27632 (Fig. 5 C and C′) and blebbistastin
(Fig. 5 E and E′) were able to reduce the fraction of Mbp-positive
fibers carrying myelin outfoldings in mutant Schwann cell/DRG
neuron coculture explants. Moreover, Y27632 treatment was able
to restore MYPT1 phosphorylation to normal levels (Fig. 5A and
SI Appendix, Fig. S5 A and A′). Of note, in these experimental
conditions, Y27632 and blebbistatin did not alter the number of
myelin segments or the internodal length (length of myelinated
segments) in either control or Mtmr2 KO cocultures (Fig. 5 B, B′,

and D–D″ and SI Appendix, Fig. S6 A–B′). Of note, a reduction in
the length of myelinated segments could be observed at higher
concentrations of blebbistatin in similar experimental conditions,
as Myosin II is a promoter of Schwann cell elongation during early
stages of PNS myelination (53).
To further assess the functional consequences of enhanced

RhoA activation in MTMR2/Mtmr2 KO cells, we exploited pri-
mary fibroblasts from CMT4B1 patients, in which PtdIns(3,5)P2
levels are increased (Fig. 1B). First, we assessed whether the
RhoA pathway is also activated in these cells that lack MTMR2
similar to nerves fromMtmr2 KOmice (Fig. 4) and Schwann cell/
DRG neuron cocultures (Fig. 5A). As expected, we found
p-MYPT1 levels to be increased in CMT4B1 patient fibroblasts
(SI Appendix, Figs. S7B and S5B). To evaluate the functional
impact of enhanced RhoA signaling, we monitored these cells
during adhesion, a process that requires extensive morphological
changes and actomyosin cortical cytoskeleton rearrangements.
Interestingly, we noted that an increased number of CMT4B1
cells had a round morphology compared to controls (SI Appen-
dix, Fig. S7 A–A″). These findings suggest that in CMT4B1 fi-
broblasts elevation of PtdIns(3,5)P2 is associated with enhanced

Fig. 4. Increased RhoA-myosin II pathway in Mtmr2 KO nerves. (A) Pull-down assay from Mtmr2 KO and control sciatic nerves at P2 and P60 using GST-RBD/
Rhotekin as a bait to detect active GTP-bound RhoA. GTPγS and GDP were used as control to check the GST-RBD/Rhotekin recombinant protein. Repre-
sentative data from two independent experiments at P2 and five at P60 (SI Appendix, Fig. S4 A and B). (A′) Quantification of the active RhoA-GTP GST-bound
fraction at P60 in control and mutant nerves, n = 5 independent experiments, one-sample t test, *P = 0.0438, t = 2.907, df = 4. (B) Western blot analysis shows
an apparent increase of p-MLCII levels in each sciatic nerve pool of Mtmr2 KO mice analyzed as compared to controls. Three independent experiments. (C)
Western blot analysis indicates that phosphorylation of the MYPT1 phosphatase downstream of RhoA is increased in Mtmr2 KO sciatic nerve lysates at P20,
P30, and P60, and quantified in C′, n = 7 animals per genotype in four independent experiments, one-sample t test, *P = 0.0264, t = 2.926, df = 6 (SI Appendix,
Fig. S4C). (D) Western blot analysis indicates that phosphorylation of the MYPT1 phosphatase is increased in Mtmr2Floxed/Floxed; P0-Cre (the conditional KO of
Mtmr2 in Schwann cells, cKOSC) sciatic nerve lysates at P60, and quantified in D′, n = 3 animals per genotype in two independent experiments, one-sample
t test, one tail, *P = 0.0486, t = 2.967, df = 2 (SI Appendix, Fig. S4D). (E) Phosphorylation levels of MYPT1 are similar between control and Pmp22+/− mutant
nerves, n = 3 animals per genotype in two independent experiments, one-sample t test, P = 0.2478, t = 1.615, df = 2 (SI Appendix, Fig. S4E).
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cortical actomyosin remodeling, a process that depends on RhoA
GTPase activity.
Altogether, these data indicate that loss of MTMR2/Mtmr2

leads to enhanced RhoA GTPase signaling in vivo and ex vivo
and that dysregulation of this pathway may contribute to the
CMT4B1 phenotype.

PtdIns(3,5)P2 Elevation Triggers RhoA Pathway Activation in Mtmr2
KO Cells. In MTMR2/Mtmr2 KO cells and nerves elevated
PtdIns(3,5)P2 levels are associated with both increased mTORC1
and RhoA GTPase signaling. While mTORC1 is a known ef-
fector of PtdIns(3,5)P2 (25, 26), the association between this
phosphoinositide and RhoA has not been previously reported.
Thus, we sought to assess whether PtdIns(3,5)P2 is upstream of
RhoA and the actomyosin cytoskeleton. To this aim, we moni-
tored the RhoA GTPase pathway activation following down-
regulation or up-regulation of PtdIns(3,5)P2 levels.
To down-regulate PtdIns(3,5)P2, we took advantage of primary

fibroblasts from Mtmr2−/− and from Mtmr2−/−; Fig4+/− double
mutant mice, in which PtdIns(3,5)P2 should be rebalanced. Mtmr2
facilitates PtdIns(3,5)P2 turnover, whereas Fig4 is a PIKfyve acti-
vator. As a result, Fig4 and Mtmr2 compensate each other’s loss,
resulting in rebalanced PtdIns(3,5)P2 levels as previously reported
(18, 25). Similar to CMT4B1 patient fibroblasts, we observed that,
during adhesion, Mtmr2 KO cells displayed a round morphology
with increased central stress fibers distribution, whereasMtmr2−/−;
Fig4+/− double mutant fibroblasts were similar to control (SI
Appendix, Fig. S7 D, D′, and E). As seen in CMT4B1 patient fi-
broblasts, this phenotype correlated with increased RhoA signal-
ing. Increased p-MLC levels were detected in Mtmr2 KO cells,
whereas p-MLC was similar between wild-type and Mtmr2−/−;
Fig4+/− double mutant cells (SI Appendix, Figs. S7 C and C′ and
S5 C and D). Finally, following the hypothesis that Mtmr2 KO
mutant fibroblasts with enhanced actomyosin contractility and a
rounder shape should migrate less, we tested the ability of Mtmr2
KO fibroblasts to fill the wound in wound-healing assays. Con-
sistent with our hypothesis, Mtmr2 KO fibroblasts displayed re-
duced motility compared to controls and this impaired migratory
phenotype was almost completely restored in Mtmr2−/−; Fig4+/−

cells (SI Appendix, Fig. S7F). These data suggest that in fibroblasts
lacking MTMR2/Mtmr2 enhanced PtdIns(3,5)P2 levels result in
RhoA hyperactivation and increased actomyosin contractility.
Consistent with this, down-regulation of PtdIns(3,5)P2 levels re-
duced RhoA activation and actomyosin contractility.
To further assess whether PtdIns(3,5)P2 and RhoA act in the

same pathway in myelinating nerves, we treated Mtmr2 KO
Schwann cell/DRG neuron coculture explants with myelin out-
foldings using apilimod (the PIKfyve inhibitor) plus blebbistatin
(the myosin II inhibitor) or using either apilimod or blebbistatin.
We found that apilimod and blebbistatin together displayed the
same efficiency in reducing the percentage of Mbp-positive fibers
carrying myelin outfoldings on the total number of Mbp-positive
fibers as compared to single treatments (Fig. 6 A–C). These data
suggest that PtdIns(3,5)P2 and RhoA act in the same pathway to
regulate myelin growth.
Finally, we assessed whether addition of exogenous short chain

membrane-permeant PtdIns(3,5)P2 can trigger RhoA pathway
hyperactivation. We administered PtdIns(3,5)P2 to wild-type and
Mtmr2 KO Schwann cell/DRG neuron coculture explants. Immu-
noblot analysis showed that exogenous application of PtdIns(3,5)P2
but not of PtdIns3P boosted MYPT1 phosphorylation inMtmr2KO
cultures (Fig. 6 D and D′ and SI Appendix, Fig. S5E).
Taken together, these findings indicate that loss of MTMR2/

Mtmr2 results in increased PtdIns(3,5)P2 levels, which triggers
RhoA pathway hyperactivation. Increased RhoA modifies acto-
myosin cytoskeletal dynamics ultimately resulting in myelin
outfoldings.

Down-Regulation of PIKfyve Activity as a Strategy to Ameliorate
CMT4B1. Our data suggest that elevation of PtdIns(3,5)P2 dysre-
gulates mTORC1-dependent myelin synthesis and actomyosin
function, ultimately leading to defective myelin longitudinal
growth in CMT4B1. Consistent with this, rebalancing PtdIns(3,5)
P2 levels could represent an effective therapeutic strategy for
CMT4B1, as already observed using several approaches aimed at
decreasing PIKfyve activity and PtdIns(3,5)P2 levels in Mtmr2 KO
models (18).
Indeed, we observed that apilimod was able to reduce myelin

outfoldings in Schwann cell/DRG neuron coculture explants
from Mtmr2 KO mice. Since apilimod displays high affinity for
PIKfyve and crosses the blood–brain barrier, we tested whether
this drug could represent an effective therapeutic strategy for
CMT4B1 in vivo. To this aim, apilimod was administered to
Mtmr2 KO mice by gavage starting at P60 during disease course
once a day (QD) at 60 mg/kg, which is below the highest con-
centration tolerated in mice in a chronic treatment setting.
Neurophysiological and morphological analyses of sciatic nerves
were performed at 6 mo. Neurophysiological analyses showed
that apilimod treatment was able to ameliorate defects in nerve
conduction velocity (NCV) in Mtmr2 KO apilimod-treated mice
compared to vehicle-treated Mtmr2 KO, which display reduced
NCV (Fig. 7A). However, apilimod treatment initiated at P60
was unable to reduce the percentage of myelin outfoldings in
Mtmr2 KO nerves (Fig. 7 B and D). Morphometric analyses
showed that apilimod treatment did not affect myelin thickness
indicated by an unaltered g-ratio (Fig. 7 C and D).
These data suggest that, using this treatment protocol and

timing, apilimod is effective in ameliorating nerve conduction
velocity without reducing the number of myelin outfoldings.

Discussion
CMT4B1 is an autosomal recessive demyelinating neuropathy
with childhood onset, characterized by the presence of myelin
outfoldings in the nerve, a pathological aberrant form of myeli-
nation (4). This morphology may be the consequence of an ex-
cessive longitudinal growth of the myelinated internode during
postnatal nerve development. Myelin outfoldings are thought to
alter nerve physiology, leading to myelin and fiber degeneration,
which correlate with the clinical outcome (5). Interestingly, this
aberrant form of myelin consists of redundant folds of Schwann
cell membrane and axon running in parallel to the myelinated
internode, which preferentially arise at noncompact myelin re-
gions (32–36). Thus, MTMR2 can be considered as a negative
regulator of membrane growth and myelin outfoldings as a
model of excessive longitudinal myelin growth. Here we propose
a mechanism by which MTMR2, by regulating PtdIns(3,5)P2
levels, coordinates mTORC1-dependent myelin synthesis and
RhoA/myosin II-dependent cytoskeletal dynamics necessary to
expand the membrane and promote longitudinal myelin growth.
Our results are consistent with and extend previous data from

nonmyelin-forming cells suggesting that PtdIns3P and PtdIns(3,5)P2
can locally facilitate nutrient signaling by mTORC1 at late endo-
somes and lysosomes (25, 26) and from KO Schwann cells lacking
the MTMR13/MTMR2-associated small GTPase Rab35 that dis-
play mTORC1 hyperactivation as a consequence of defective
PtdIns(3,5)P2 hydrolysis (19). Here, we extend these findings by
demonstrating that mTORC1 is overactivated in Mtmr2 KO
cells, in which PtdIns(3,5)P2 levels are elevated (18). Consis-
tently, we found that application of the known mTORC1 in-
hibitor rapamycin ameliorates myelin outfoldings in Mtmr2 KO
Schwann cell/DRG neuron cocultures.
Importantly, we now demonstrate that aberrant myelin in the

absence of MTMR2 is not merely a consequence of altered
mTORC1 activity but also relates to overactive RhoA signaling
caused by elevated PtdIns(3,5)P2 levels. These results are in line
with and significantly extend the established function of RhoA
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Fig. 5. Inhibition of the RhoA-myosin II pathway rescues myelin outfoldings. (A) Western blot analysis shows that phosphorylation of MYPT1 is increased in
Mtmr2 KO Schwann cell/DRG neuron coculture lysates as compared to controls (NT, not treated) and that treatment using the ROCK inhibitor Y27632 restores
phosphorylation to normal levels. Representative of two independent experiments performed using a total of three pools of DRG/coverslips per condition per
genotype (SI Appendix, Fig. S5 A and A′). (B) Y27632 treatment does not interfere with myelination inMtmr2 KO Schwann cell/DRG neuron coculture explants
as assessed by measuring the number of Mbp-positive fibers after 14 d of ascorbic acid treatment in differentiating conditions. Mbp-positive segments
quantified in B′: n = 4 DRG/coverslips NT and n = 4 DRG/coverslips Y27632-treated, two-tailed Mann–Whitney U test, P = 0.886. Representative of two in-
dependent experiments. (C) Y27632 treatment rescues myelin outfoldings in Mtmr2 KO Schwann cell/DRG neuron coculture explants as assessed by confocal
microscopy analysis of Mbp-positive fibers carrying myelin outfoldings on the total number of Mbp-positive fibers and quantified in C′. n = 5 DRG/coverslips
NT, at least 200 total fibers analyzed, and n = 4 DRG/coverslips Y27632-treated, at least 200 total fibers analyzed, two-tailed Mann–Whitney U test, *P = 0.016.
Representative of two independent experiments. (D) Treatment with 1 μM blebbistatin, a myosin II inhibitor, does not interfere with myelination in both
control and inMtmr2 KO Schwann cell/DRG neuron coculture explants after 14 d of ascorbic acid treatment in differentiating conditions. D′: quantification of
the number of Mbp-positive segments in wild-type cocultures, n = 8 DRG/coverslips DMSO-treated and n = 4 DRG/coverslips blebbistatin-treated and inMtmr2
KO explants, n = 8 DRG/coverslips DMSO-treated and n = 8 DRG/coverslips blebbistatin-treated, P = 0.5483, nonparametric one-way ANOVA, followed by
Dunn’s post hoc test, representative of two independent experiments. D′′: quantification of the length of Mbp-positive segments (internodal length in
micrometers) in wild-type cocultures, n = 8 DRG/coverslips DMSO-treated and n = 7 DRG/coverslips blebbistatin-treated and inMtmr2 KO explants, n = 4 DRG/
coverslips DMSO-treated and n = 5 DRG/coverslips blebbistatin-treated, nonparametric one-way ANOVA, followed by Dunn’s post hoc test, P = 0.1203. (E)
Blebbistatin treatment rescues myelin outfoldings in Mtmr2 KO Schwann cell/DRG neuron coculture explants as assessed by confocal microscopy analysis of
Mbp-positive fibers carrying myelin outfoldings on the total number of Mbp-positive fibers and quantified in E′. n = 8 DRG/coverslips DMSO-treated, at least 300 total
fibers analyzed and n = 9 DRG/coverslips blebbistatin-treated, at least 300 total fibers analyzed, two-tailed Mann–Whitney U test, ***P < 0.0001. Representative of
three independent experiments. Mbp, Myelin basic protein; Nf, neurofilament. (Scale bar, 155 μm in B; 58 μm in C; 167 μm in D, and 56 μm in E.)
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and nonmuscular myosin II in Schwann cell membrane longitu-
dinal extension that precedes Rac1/Cdc42-mediated radial
lamellipodia protrusion formation during radial sorting in PNS
development (52, 53, 55). We propose that MTMR2 loss and the
resulting increase of PtdIns(3,5)P2 overactivate RhoA-myosin II
and enhance actomyosin contractility at noncompact myelin
“apical-like” regions. Interestingly, two forms of CMT neurop-
athies have also been associated with a gain of function of RhoA
GTPase activity. Mutations in ARHGEF10, a RhoA regulator,
result in RhoA activation and CMT neuropathy (56). Loss of
function of INF2, another RhoA regulator, results in RhoA ac-
tivation and CMT neuropathy. Interestingly, myelin outfoldings
have been observed in a CMT patient biopsy with INF2 mutation
(57). Other models further support the involvement of actin
cytoskeletal remodeling in the formation of myelin outfoldings.
Loss of function of N-WASP, Cdc42, and of atypical PKC have
all been associated with myelin outfoldings (44, 47, 48). More-
over, loss of Cadm4, which is localized in the apical-like regions
of Schwann cells, results in myelin outfoldings (45). Cadm4 in-
teracts with protein 4.1B and is connected with the actin

cytoskeleton underneath the Schwann cell adaxonal membrane.
Finally, in the CNS, spatially unrestricted branched F-actin dis-
assembly results in aberrant myelin membrane growth and my-
elin outfolding formation (49, 50). Collectively, our data
reported here suggest that lipid-mediated enhancement of ac-
tomyosin contractility together with elevated mTORC1 signaling
in the absence of MTMR2 underlies the formation of myelin
outfoldings in the PNS.
Whether these signaling pathways act in parallel or whether

mTORC1 directly or indirectly controls RhoA remains to be clar-
ified. In the first case, phosphoinositide-dependent mTORC1 sig-
naling and cytoskeleton remodeling might be concomitantly
necessary in “a double hit process” for myelin membrane expansion
at sites of myelin growth. This cooperation is supported by other
pathological models. Genetic down-regulation of the PTEN phos-
phatase in Schwann cells leads to altered PtdIns(3,4,5)P3 and
PtdIns(4,5)P2 levels, two known regulators of mTORC1 and cyto-
skeleton remodeling. Pten KO mutant nerves display increased
myelin thickness and aberrant myelin (30). Similarly, constitutive
AKT activation in Schwann cells results in increased myelin

Fig. 6. Enhanced PtdIns(3,5)P2 triggers RhoA-myosin II activation. (A) Representative fluorescence microscope images (Upper) and confocal microscope
images (Lower) of Mtmr2 KO Schwann cell/DRG neuron coculture explants treated for 14 d in differentiating conditions with DMSO, apilimod, blebbistatin,
and apilimod plus blebbistatin and stained for Mbp. (B) Quantification of the Mbp-positive segments in the Mtmr2 KO Schwann cell/DRG neuron coculture
explants treated as indicated for 14 d in differentiating conditions. DMSO-treated, n = 6 DRG/coverslips; apilimod-treated, n = 5 DRG/coverslips; blebbistatin-
treated, n = 6 DRG/coverslips, and apilimod plus blebbistatin-treated, n = 5 DRG/coverslips, nonparametric one-way ANOVA followed by Dunn’s post hoc test,
P = 0.6520, representative of two independent experiments. (C) Quantification of the number of Mbp-positive fibers carrying myelin outfoldings on the total
number of Mbp-positive fibers analyzed. DMSO-treated, n = 6 DRG/coverslips, 210 fibers; apilimod-treated, n = 5 DRG/coverslips, 204 fibers; blebbistatin-
treated, n = 6 DRG/coverslips, 218 fibers, and apilimod plus blebbistatin-treated, n = 5 DRG/coverslips, 206 fibers analyzed, nonparametric one-way ANOVA
followed by Dunn’s post hoc test, *P = 0.0107, representative of two independent experiments. DMSO and apilimod, *P = 0.04; DMSO and apilimod plus
blebbistatin, *P = 0.018. (D) Western blot analysis of wild-type control andMtmr2 KO Schwann cell/DRG neuron coculture explant lysates following treatment
with C4-PtdIns(3,5)P2 or C4-PtdIns3P phosphoinositides. Phosphorylation levels of MYPT1 are increased in Mtmr2 KO as compared to control and PtdIns(3,5)P2
treatment further increases phosphorylation, as quantified in D′, n = 3 independent experiments, one-sample t test, one tail, *P = 0.029 (SI Appendix, Fig.
S5E). Mbp, myelin basic protein. (Scale bar in A, Upper, 124 μm [fluorescence microscope images] and Lower, 46 μm [confocal microscope images].)
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thickness, aberrant myelin, and in enhanced Rac1 GTPase activity,
which is a known regulator of actin cytoskeleton remodeling (31).
Consistent with these findings, constitutive activation of mTORC1
following TSC1/2 depletion in Schwann cells results in aberrant
myelination (27–29).
How PtdIns(3,5)P2 may promote RhoA activity remains to be

assessed. We can speculate that enhanced PtdIns(3,5)P2 may alter
membrane recruitment of a RhoA regulator or that, alternatively,
PtdIns(3,5)P2 may directly interact with RhoA. This scenario
could be supported by the presence of a basic region (QARRG) at
the C terminus of RhoA, which resembles the consensus sequence
of WIPI proteins, conserved autophagy regulatory proteins known
to bind both PtdIns3P and PtdIns(3,5)P2 (58). Of note, even if the
putative binding sequence is not fully conserved, the two basic
residues of this sequence are also present in RhoC, which was
identified as a potential PtdIns(3,5)P2 binding protein (59).
In a second scenario, mTORC1 may control or intersect with

RhoA signaling. Interestingly, mTORC1 and mTORC2 have been
shown to regulate motility of colorectal cancer cells via RhoA and
Rac1 signaling (60). Other studies suggested that both mTORC1
and mTORC2 are involved in regulating F-actin reorganization
and formation of lamellipodia in a panel of cancer cells (61, 62).
This regulation could be due in part to enhanced RhoA protein
expression and/or activity mediated by mTORC1-S6K1-4EBP1
signaling (63). Finally, during neutrophil chemotaxis, mTORC2 has
been shown to specifically regulate Myosin II through a cAMP/
RhoA signaling axis, independently of actin reorganization (64).
A common denominator of both of these phenotypes, hyper-

active mTORC1 and increased RhoA signaling resulting in ab-
errant myelin, appears to be the regulation of PtdIns(3,5)P2
levels by MTMR2. Hence, CMT4B1 would be expected to be
ameliorated by strategies aimed at rebalancing PtdIns(3,5)P2

levels. An ideal target is PIKfyve, the kinase that produces
PtdIns(3,5)P2 and counteracts MTMR2 phosphatase activity.
Lipid kinase inhibition is a therapeutic strategy in cancer and,
more recently, has also been found to be effective in genetic
disorders due to PI3K overactivation (65). However, contrary
to PI3K inhibition, few small molecule compounds targeting
PIKfyve have been developed so far. Apilimod is a recently
identified PIKfyve inhibitor, which displays high affinity for
PIKfyve (20, 66). Our preclinical studies using apilimod in the
Mtmr2 KO model indeed suggest that this drug is effective in
ameliorating nerve conduction velocity, i.e., a functional mea-
sure of the nerve. However, contrary to our data fromMtmr2 KO
cocultures, using this treatment protocol and timing apilimod
was ineffective in reducing myelin outfoldings in vivo in Mtmr2
KO mice. Hence, alternative therapeutic strategies may be needed,
for example combined pharmacological inhibition of mTORC1
and/or RhoA/myosin II, the PtdIns(3,5)P2 downstream targets.
However, at this point it also cannot be ruled out that the slowing of
nerve conduction does not only represent a consequence of de-
myelination and the formation of myelin outfoldings at least during
earlier stages of disease. Additional studies will be required to ad-
dress these and other issues.

Materials and Methods
Mice. The generation and characterization of the fullMtmr2−/− KOmouse; of
the Mtmr2Floxed/Floxed; P0-Cre conditional KO mouse (cKO) in Schwann cells,
and of the Pmp22+/− mutant have been previously reported (35, 36, 54). The
Mtmr2 KO mouse reported in this study has been backcrossed in 129SV/Pas
for n = 9 generations. The characterization of the Fig4−/+ allele (Plt, pale
tremor mouse) has been previously reported along with the generation of
Mtmr2−/−; Fig4+/− double mutant mice used in this study to establish primary
fibroblasts (18).

Fig. 7. Apilimod rescues nerve conduction velocity in Mtmr2 KO mice. (A) Nerve conduction velocity values (m/s) measured in wild-type (WT) and Mtmr2 KO
sciatic nerves after vehicle or apilimod treatment by gavage daily (QD) starting at P60 for 4 mo, wild-type vehicle-treated, n = 12; wild-type apilimod-treated,
n = 14; Mtmr2 KO vehicle-treated, n = 20; Mtmr2 KO apilimod-treated, n = 20, nonparametric one-way ANOVA followed by Dunn’s post hoc test, ***P <
0.0001. WT vehicle and WT apilimod, P > 0.9999; WT vehicle and KO vehicle, ***P < 0.0001; WT apilimod and KO apilimod, *P = 0.0324; KO vehicle and KO
apilimod, **P = 0.0029. (B) Semithin section analysis of sciatic nerves from Mtmr2 KO vehicle-treated and apilimod-treated at 6 mo shows a similar number of
fibers carrying myelin outfoldings, two-tailed Mann–Whitney U test, P = 0.5198. (C) The g-ratio, the ratio between axon diameter and fiber diameter-axon
plus myelin, is similar between wild-type and Mtmr2 KO sciatic nerve vehicle or apilimod-treated, ultrastructural analysis, nonparametric one-way ANOVA
followed by Dunn’s post hoc test, P = 0.5098, n = 5 animals and at least 300 fibers analyzed per group. (D) Representative images of semithin section analysis
of sciatic nerves from Mtmr2 KO vehicle-treated and apilimod-treated mice. (Scale bar in D, 18 μm.)
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Preclinical trials were performed by treating Mtmr2 KO and wild-type
mice using apilimod dimesylate (AI Therapeutics).

All animal experiments were conducted according to the guidelines of the
Italian national regulations and covered by experimental protocols reviewed
by local institutional animal care and use committees.

Schwann Cell/DRG Neuron Cocultures. Myelin-forming Schwann cell/DRG
neuron coculture organotypic explants have been established from Mtmr2
KO at E13.5 as already reported (22). DRGs are isolated from spinal cords and
one DRG is plated onto the center of each collagen-coated 12-mm German
glass coverslip as reported (22).

To quantify the amount of myelinated segments, using a fluorescence
microscope at least 5 to 10 fields/coverslip were randomly acquired and Mbp-
positive myelinated fibers were counted per field. Means of each DRG/cov-
erslip have been used as different “n” for statistical analysis. To quantify the
number of Schwann cell nuclei, using a fluorescence microscope at least 5
fields/coverslip were randomly acquired and DAPI-positive Schwann cell
nuclei were counted per field. Means of each DRG/coverslip have been used
as different n for statistical analysis.

To quantify myelinated fibers carrying myelin outfoldings, at least
200 Mbp-positive myelinated fibers were evaluated, from n different DRG
explants/coverslips using a TCS SP5 laser-scanning confocal microscope
(Leica). The percentage of Mbp-positive fibers showing altered myelin
among the total number of Mbp-positive fibers was indicated. Detailed
methods are provided in SI Appendix, Materials and Methods.

Primary Fibroblast Cultures. Mouse primary fibroblasts were established and
cultured as reported using Dulbecco’s modified Eagle medium (DMEM) and
10% fetal bovine serum supplemented with 2 mM sodium pyruvate (18).
Human primary fibroblasts were established from skin biopsy samples and
cultured at 5% O2 and 5% CO2 using DMEM and 10% fetal bovine serum
supplemented with 2 mM sodium pyruvate. Detailed methods are provided in SI
Appendix, Materials and Methods.

Patients gave informed consent to clinical and functional studies according
to respective national regulations and in agreement with the Declaration of
Helsinki (64th WMA General Assembly, Fortaleza, Brazil, October 2013). The
clinical study was approved by the Ethics Committee of the Fondazione IRCCS
Istituto Neurologico Carlo Besta and IRCCS Ospedale San Raffaele, Milan,
Italy. Patient material was collected and anonymized.

Phosphoinositide Analysis and Cell Treatment. To quantify phosphoinositides,
human fibroblasts were plated at 1.106 cells in 10-cm2 dishes and their cul-
ture media were changed every day until a confluence of 80 to 90% was
achieved. Cells were then labeled for 16 h in phosphate-free DMEM con-
taining 200 μCi/mL [32Pi]-orthophosphate. Lipids were then extracted, sep-
arated by thin layer chromatography, deacylated, and analyzed by high-
performance liquid chromatography using a strong anion exchanger column
(Partisphere 5 SAX; Whatman) coupled to a continuous flow in-line scintil-
lation detector (Beckman Instrument) as previously described (67).

For treatment with exogenous short-chain phosphoinositides, C4-PtdIns3P
and C4-PtdIns(3,5)P2 (Echelon Biosciences Inc.) were resuspended in phos-
phate-buffered saline (PBS) and used at 15 μM for 60 min on serum-
starved cells.

Western Blot Analysis, Pull-Down Analysis, and Nerve Fractionation. To prepare
protein lysates from sciatic nerves, pools of at least 14 nerves at P2; 6 nerves at
P10; 4 nerves at P20 and at P30, and 2 nerves at P60 were used. Protein lysates
from DRG cocultures were prepared from pools of at least 10 DRG/coverslips
per condition/genotype. RBD-Rhotekin cDNA was cloned into pGEX-4T2
expression vector and expressed together with GST in Escherichia coli BL21
(DE3) cells. Detailed methods are provided in SI Appendix, Materials
and Methods.

Membrane and cytosolic fractions from sciatic nerves were obtained using
the membrane protein extraction kit (Abcam, ab65400), following manu-
facturer’s instructions. Pools of eight nerves from four animals per genotype
were used at P30.

F/G-actin fractionation was performed using the F/G-actin fractionation
assay (Cytoskeleton, BK037), following manufacturer’s instructions. Pools of
eight nerves from four animals per genotype were used at P60.

Immunofluorescence on Teased Fibers. For teased fiber preparation, sciatic
nerves were removed, fixed on ice in freshly prepared buffered 4% para-
formaldehyde for 30 min, and washed three times in PBS. Then the nerves
were placed in a Petri dish with cold PBS, the perineurium was removed, and
segments were subdivided with fine needles into fine fascicles of nerve fi-
bers. Detailed methods are provided in SI Appendix, Materials and Methods.

Morphological Analysis. Semithin analysis of sciatic nerves and ultrastructural
analysis of sciatic nerves were performed as described previously (36). De-
tailed methods are provided in SI Appendix, Materials and Methods.

Statistical Analysis. Power analyses were performed using GPower software,
v. 3.1, based on a two independent sample Mann–Whitney U test with a
significance level α set equal to 5%.

For each analysis, we evaluated whether the assumption required for
correct application of standard parametric tests were met. Thus, a two-tailed
nonparametric Mann–Whitney U test was performed to compare two in-
dependent groups. A one-sample t test was instead performed to assess
whether the median of ratios was greater than 1. The exact P value was
calculated.

In presence of more than two groups, a Kruskal–Wallis test, the non-
parametric one-way ANOVA counterpart, was applied followed by Dunn’s
post hoc correction.

Data Availability.All study data are included in the article and/or SI Appendix.
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