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How membrane biosynthesis and homeostasis is achieved in myelinating glia is mostly unknown. We previously reported that loss of
myotubularin-related protein 2 (MTMR2) provokes autosomal recessive demyelinating Charcot–Marie–Tooth type 4B1 neuropathy,
characterized by excessive redundant myelin, also known as myelin outfoldings. We generated a Mtmr2-null mouse that models the
human neuropathy. We also found that, in Schwann cells, Mtmr2 interacts with Discs large 1 (Dlg1), a scaffold involved in polarized
trafficking and membrane addition, whose localization in Mtmr2-null nerves is altered. We here report that, in Schwann cells, Dlg1 also
interacts with kinesin 13B (kif13B) and Sec8, which are involved in vesicle transport and membrane tethering in polarized cells, respec-
tively. Taking advantage of the Mtmr2-null mouse as a model of impaired membrane formation, we provide here the first evidence for a
machinery that titrates membrane formation during myelination. We established Schwann cell/DRG neuron cocultures from Mtmr2-null
mice, in which myelin outfoldings were reproduced and almost completely rescued by Mtmr2 replacement. By exploiting this in vitro
model, we propose a mechanism whereby kif13B kinesin transports Dlg1 to sites of membrane remodeling where it coordinates a
homeostatic control of myelination. The interaction of Dlg1 with the Sec8 exocyst component promotes membrane addition, whereas
with Mtmr2, negatively regulates membrane formation. Myelin outfoldings thus arise as a consequence of the loss of negative control on
the amount of membrane, which is produced during myelination.

Introduction
Myelin is a multilamellar membrane, which provides electrical
insulation around the axon and participates to bidirectional
communication with neurons and the extracellular environment.
This structure is produced by oligodendrocytes in the CNS and
by Schwann cells in the PNS (Trapp and Kidd, 2004). In both cell
types, myelin biogenesis involves sorting and recruitment of se-
lected lipids, proteins, and mRNAs to specific subdomains, with a
strong analogy to polarized transport in epithelial cells and neu-
ronal synapses (Sherman and Brophy, 2005; Trajkovic et al.,
2006; Simons and Trotter, 2007). However, the molecular basis
for sorting and polarized transport in glial cells is mostly
unknown.

Charcot–Marie–Tooth type 4B1 (CMT4B1) is an autosomal

recessive demyelinating neuropathy with childhood onset caused
by loss of the myotubularin-related protein 2 (MTMR2) phos-
pholipid phosphatase (Bolino et al., 2000; Bolis et al., 2007; Pre-
vitali et al., 2007). The hallmark of the pathology is the presence
of redundant loops of myelin around large myelinated axons in
nerve, also known as “myelin outfoldings.” We previously gener-
ated a Mtmr2-null mouse that reproduces the neuropathy (Bo-
lino et al., 2004), and we reported that Mtmr2 Schwann cell-
specific ablation is sufficient and necessary to cause the
dysmyelination (Bolis et al., 2005). In mutant nerves, redundant
loops of myelin arise after the third postnatal week mainly at
paranodal regions, known sites for membrane remodeling, sug-
gesting that the loss of Mtmr2 does not affect myelin formation
per se but rather its control. Interestingly, we found that, in
Schwann cells, Mtmr2 specifically interacts with Discs large 1
(Dlg1), also known as SAP97 (synapse-associated protein 97)
(Bolino et al., 2004). Dlg1 is a multidomain scaffolding protein,
which is involved in polarized trafficking and in membrane ad-
dition in Drosophila (Lee et al., 2003; Gorczyca et al., 2007). We
previously reported that Dlg1 is found in myelin-forming
Schwann cells, and it is enriched at Schwann cell paranodes,
where myelin outfoldings preferentially arise (Bolis et al., 2005).
In Mtmr2-null nerve fibers, this localization is altered, suggesting
that the Mtmr2/Dlg1 interaction is relevant to the pathogenesis
(Bolino et al., 2004; Bolis et al., 2005).

We therefore investigated whether loss of Mtmr2/Dlg1-
mediated control of membrane formation during Schwann cell
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myelination leads to excessive myelin with redundant folds.
Here, we report that, in Schwann cells, the Dlg1 scaffold also
interacts with kinesin 13B (kif13B) and Sec8, both involved in
vesicular trafficking in polarized cells. We here provide evidence
that in Schwann cells the kif13B motor protein (Hanada et al.,
2000) transports Dlg1 to sites of membrane remodeling. We pro-
pose that the interaction of Dlg1 with the Sec8 exocyst compo-
nent (Hsu et al., 2004) promotes membrane formation, whereas
with Mtmr2, negatively regulates membrane addition. To sup-
port this hypothesis, we established Schwann cell/dorsal root
ganglion (DRG) neuron cocultures from Mtmr2-null mice and
we reproduced in vitro myelin outfoldings, which are rescued by
Mtmr2 replacement. Consistently, myelin outfoldings are also
rescued by reducing Sec8 expression in Schwann cells. We here
propose a novel mechanism that titrates membrane formation
during Schwann cell myelination.

Materials and Methods
Mice. Mtmr2-null mice have been reported previously (Bolino et al.,
2004). Teased fiber preparation and transverse sections from Mtmr2-null
and wild-type mice have been performed as described previously (Bolino
et al., 2004; Bolis et al., 2005).

Experiments with animals followed protocols approved by the Insti-
tutional Animal Care and Use Committees of our institutes.

Antibodies. For Western blot analysis, the following antibodies were
used: rat anti-myelin basic protein (MBP) (provided by Dr. V. Lee, Uni-
versity of Pennsylvania, Philadelphia, PA); rabbit anti-NF-L (Millipore
Bioscience Research Reagents); rabbit anti-FLAG (Sigma-Aldrich);
mouse anti-FLAG (Sigma-Aldrich); mouse anti-�-tubulin (Sigma-Al-
drich); mouse anti-Sec8 (BD Biosciences Transduction Laboratories)
and mouse anti-Sec8 (Assay Designs); mouse anti-Dlg1 (Assay Designs),
rabbit anti-Dlg1 (Affinity Bioreagents), and rabbit polyclonal anti-Dlg1
(provided by Dr. T. Nakagawa, University of California, San Diego, La
Jolla, CA); mouse anti-kif13B and rabbit anti-kif13B (Dr. A. Chishti,
University of Illinois College of Medicine, Chicago, IL); mouse anti-S100
(Sigma-Aldrich) and rabbit anti-S100 (Sigma-Aldrich); mouse anti-
GFAP (Millipore Bioscience Research Reagents) and rabbit anti-GFAP
(Sigma-Aldrich); rabbit anti-NF-M (Millipore Bioscience Research Re-
agents); rabbit anti-NF-H (Millipore Bioscience Research Reagents);
mouse anti-Caspr and rabbit anti-Caspr-GOGI (provided by Dr. E. Pe-
les, The Weizmann Institute of Science, Rehovat, Israel); mouse anti-
NaCh Pan (Sigma-Aldrich); rabbit anti-ezrin (Sigma-Aldrich); mouse
anti-E-cadherin (BD Biosciences Transduction Laboratories); rabbit
anti-calnexin (Sigma-Aldrich); rabbit anti-Giantin (Covance); rabbit
anti-Myc (Cell Signaling) and mouse anti-Myc (Santa Cruz Biotechnol-
ogy); mouse anti-MTMR2 (Abnova); and mouse anti-green fluorescent
protein (GFP) (Roche).

Glutathione S-transferase-binding assays. Glutathione S-transferase
(GST) fusion proteins were expressed in Escherichia coli BL21 cells and
purified directly from bacterial extract on glutathione-Sepharose 4 Fast
Flow beads. Rat sciatic nerves and rat isolated Schwann cells were homo-
genated, and protein lysates were prepared using a binding buffer with
1% NP-40, 50 mM Tris buffer, pH 7.4, 10% glycerol, 100 mM NaCl, 10 mM

NaF, 1 mM Na-vanadate. Equal amounts of protein lysates were incu-
bated for 4 h at 4°C with immobilized GST fusion proteins and GST as
control. After three washes with a buffer containing 0.5% NP-40, the
bead pellets were dissolved in SDS sample buffer and analyzed by SDS-
PAGE and immunoblotting. To show the relative amount of GST fusion
proteins used, bead pellets were dissolved again in SDS sample buffer and
analyzed by SDS-PAGE, and the gel was colored with Coomassie.

Cell cultures. Myelin-forming Schwann cell/DRG neuron cocultures
were established from embryonic day 13.5 mouse embryos as previously
described (Previtali et al., 2003a; Taveggia et al., 2005) with minor mod-
ifications. Myelination was induced by treatment for 15 d with ascorbic
acid (final concentration, 50 �g/ml) (Sigma-Aldrich), with the exception
of Dlg1 short hairpin RNA (shRNA) lentiviral vector (LV) depletion, in
which myelination was analyzed at 4 –7 d of ascorbic acid treatment.

Dissociated Schwann cell/DRG neuron cocultures were established as
described but DRGs were first incubated with trypsin (0.25%) for 45 min
at 37°C. Cells were also mechanically dissociated and then plated at a
concentration of one to two DRGs per glass coverslip. Isolated rat
Schwann cells were prepared as reported previously (Taveggia et al.,
2005) and cultured using DMEM with 10% of fetal calf serum, 2 ng/ml
recombinant human neuregulin1-b1 (R&D Systems), and 2 mM forsko-
lin (Calbiochem).

Transfection, preparation of tissues and cell lysates, and immunoprecipi-
tation. Transfection of COS7 cells was performed using the SuperFect
transfection reagent following manufacturer’s condition (QIAGEN).
Transiently transfected COS-7 cells were harvested 48 h after transfec-
tion, washed twice with cold PBS, pH 7.4, and lysed in buffer containing
1% NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0, 10 mM NaF, 1 mM

Na-vanadate, and protease inhibitor mixture (Roche). After centrifuga-
tion at 13,000 rpm, the lysate was incubated with 5 mg/ml rabbit anti-
Dlg1 antibody (Affinity Bioreagents) or rabbit IgG for control (Sigma-
Aldrich). After 3 h incubation with the antibody at 4°C, 30 �l of protein
A-agarose (GE Healthcare) was added to the samples and incubated for
at least 1 h at 4°C. The agarose was washed three times with cold PBS-
Tween (0.1%), and the immunoprecipitated complex was resolved by
SDS-PAGE.

For coimmunoprecipitation from nerve lysate, a similar protocol was
used with minor modifications: postnatal day 11 (P11) mouse nerves
were lysed in buffer containing 1% Triton X-100 (TX-100), 150 mM

NaCl, 50 mM Tris-HCl, pH 8.0, 10 mM NaF, 1 mM Na-vanadate, and
protease inhibitor mixture (Roche); immunoprecipitation was per-
formed with 5 mg of mouse anti-Dlg1 antibody (Assay Designs) or
mouse IgG for control.

Protein lysates from DRG explants, isolated rat Schwann cells, and
mouse/rat sciatic nerves were prepared using a lysis buffer containing 1%
TX-100, 50 mM Tris buffer, pH 8.0, 150 mM NaCl, 10 mM NaF, 1 mM

Na-vanadate, and Complete (Roche) protease inhibitors.
Electron microscopy. Electron microscopy on explants was performed

as described previously (Bolino et al., 2004).
Lentiviral preparation and transduction. VSV (vesicular stomatitis

virus)-pseudotyped LV stocks were produced by transient cotransfection
of the transfer constructs pRRLsin.cPPT.hPGK.transgene1.Wpre (trans-
genes being the cDNA of FLAG-MTMR2, FLAG-MTMR2�PDZBD,
myc-kif13B/�MD, myc-kif13B/MBS, and GFP), the third-generation
packaging constructs pMD2.Lg/p.RRE and pRSV.Rev, and the pMD2.G
envelope construct in 293T cells, followed by ultracentrifugation of con-
ditioned medium, as described previously (Follenzi and Naldini, 2002).
Stocks were titered by end-point integration titer in HeLa cells and quan-
tified for particle content by HIV-1 Gag p24 immunocapture assay.

After 4 –5 d after dissection, Schwann cell/DRG neuron cocultures
were transduced by overnight incubation with the LV of interest at mul-
tiplicity of infection (MOI) 100, 50, 25, or 12.5. On the next day, cells
were washed twice with C-media and supplemented with C-media for
2 d. Then, myelination was induced as described above.

To downregulate KIF13B expression, a shRNAmir was used (Open
Biosystems; clone ID, V2LMM_66797) and cloned into the pGIPZ LV
[cytomegalovirus (CMV) promoter], which carried a GFP reporter. To
downregulate expression of Sec8, a shRNA was used (Open Biosystems;
clone ID, TRC_111728) cloned into the pLKO.1 LV (human U6 pro-
moter), without a GFP reporter. To deplete Dlg1 expression, a shRNA
was used (Open Biosystems; clone ID, TRCN0000025407) cloned into
the pLKO.1 LV. Nonconcentrated LVs were used for RNA interference.
The transfer constructs were transfected into 293FT cells together with
packaging plasmids �8.9 and pCMV-VSGV using Lipofectamine 2000
(Invitrogen). As control, a vector encoding a shRNA to a nonspecific
sequence (luciferase) was used. Viral supernatants were collected 72 h
after transfection, centrifuged at 3000 rpm for 15 min, and frozen at
�80°C. Using nonconcentrated LV, transduction of Schwann cell/DRG
neuron cocultures was performed 4 –5 d after dissection by incubating
the cells with LVs for 24 – 48 h. Cells were then supplemented with
C-media, and myelination was induced after 2 d.

Quantitative PCR analysis was performed on genomic DNA and vec-
tor copies per genome were quantified by TaqMan analysis as described
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previously (Biffi et al., 2006). The number of LV
copies per cell (vector copy number) was calcu-
lated as follows: (nanograms of LV/nanograms
of endogenous DNA) � (number of LV inte-
grations in the standard curve).

Immunocytochemistry. Immunofluorescence
on cryosections was performed as described
previously (Bolino et al., 2004). For immuno-
histochemistry, sciatic nerves were removed
and rapidly snap-frozen in liquid nitrogen, ei-
ther unfixed or previously fixed in buffered 4%
paraformaldehyde. For teased-fiber prepara-
tion, sciatic nerves were removed, fixed on ice
in freshly prepared buffered 4% paraformalde-
hyde, as described previously (Bolino et al.,
2004). To compare protein expression and lo-
calization between Mtmr2-null and control fi-
bers, images were acquired with the same expo-
sure time, pinhole, and resolution were kept
constant.

Schwann cell/DRG neuron cocultures were
fixed for 15 min in 4% paraformaldehyde, per-
meabilized for 5 min in ice-cold methanol at
�20°C, blocked for 20 min with 10% normal
goat serum (Dako), 1% bovine serum albumin
(BSA) (Sigma-Aldrich), and then incubated
with primary antibody for 1 h. After extensive
washing, the coverslips where incubated with
the secondary antibody for 30 min, washed, and
mounted. For double immunostaining with
anti-Dlg1 and anti-MBP antibody, the cover-
slips were blocked with 10% BSA for 20 min on
ice, and incubation with mouse anti-Dlg1 anti-
body (Assay Designs) was performed for 1 h on
ice. After incubations with an anti-mouse sec-
ondary antibody, rat anti-MBP and anti-rat
secondary antibodies were performed at room
temperature.

For immunolabeling, secondary antibodies
included fluorescein-conjugated (FITC), rho-
damine (tetramethylrhodamine isothiocya-
nate), or Cy5-conjugated donkey anti-mouse
or -rabbit or -rat IgG (Jackson ImmunoRe-
search) and Alexa Fluor 488 goat anti-rabbit or
anti-mouse IgG (Invitrogen). Slides and cover-
slips were analyzed using MRC 1024 laser-
scanning confocal (Bio-Rad), UltraVIEW ERS
spinning disk confocal (PerkinElmer), TCS SP2 laser-scanning confocal
(Leica) or Olympus BX (Olympus Optical) fluorescent microscope, and
Zeiss Axiovert S100 TV2 with Hamamatsu OrcaII-ER.

Analysis of myelination. Myelination in Schwann cell/DRG neuron
cocultures was evaluated as follows: using a fluorescence microscope, at
least five fields per cover were randomly acquired near the sensory neu-
rons, where usually myelination is more efficient and abundant and
MBP-positive myelinated fibers were counted per field. Results were
expressed as a percentage with respect to control values (percentage of
myelination).

Myelination in dissociated Schwann cell/DRG neuron cocultures was
evaluated as follows: using a fluorescence microscope, at least 10 fields
per cover were randomly acquired and MBP-positive segments as well as
Schwann cell nuclei were counted per field. Results were expressed as a
ratio between MBP-positive segments and the Schwann cell nuclei.

To quantify MBP-positive fibers displaying myelin outfoldings, at
least 200 MBP-positive myelinated fibers per explant were evaluated, in
at least three different explants. The percentage of MBP-positive fibers
showing myelin outfoldings on the total number of MBP-positive fibers
was indicated.

Imaging and statistical analysis. Micrographs were acquired using a

digital camera (Leica F300), and figures were prepared using Adobe Pho-
toshop, version 8.0 (Adobe Systems).

Statistical analysis was performed using the Student t test; two tails,
unequal variants, and � � 0.005 were used. Error bars in the graphs
represent SEM.

Results
Mtmr2-null Schwann cell/DRG neuron cocultures reproduce
myelin outfoldings
We first assessed whether myelin outfoldings would be repro-
duced in vitro. To this aim, we established Schwann cell/DRG
neuron cocultures from Mtmr2-null mice and we induced myeli-
nation by ascorbic acid treatment for 15 d. Immunofluorescence
staining for MBP, which labels compact myelin in the myelinated
fibers, revealed irregularly shaped MBP-positive fibers, suggest-
ing the presence of myelin outfoldings (Fig. 1A–D). These struc-
tures were further confirmed by electron microscopy (Fig. 1E–
H). Almost 75% of MBP-positive myelinated fibers in Mtmr2-
null cocultures displayed myelin outfoldings (Fig. 2D). We never
observed this morphology in either wild-type or heterozygous
Mtmr2-null myelin-forming cocultures. In contrast to what we

Figure 1. Myelin outfoldings are reproduced in Mtmr2-null Schwann cells/DRG neuron cocultures. Control and Mtmr2-null
Schwann cell/DRG neuron cocultures were treated for 15 d with ascorbic acid to induce myelination. A, A� inset, C, After MBP
labeling, myelinated fibers had a normal shape in control. B, B� inset, D, Abnormal shape in Mtmr2-null explants. A, B, Neuro-
filament (NF) was used to detect axons. E–H, Electron microscopy demonstrated that myelin outfoldings were present in myelin-
forming cocultures. The arrowheads in B�, D, and F–H indicate myelin outfoldings. The myelin outfolding phenotype is fully
penetrant in vitro, as at least 40 different Mtmr2-null embryos were evaluated in this work. Scale bars: (in A) A, B, 10 �m; A�, B�,
C, D, 7 �m; (in H ) E–H, 1 �m.

8860 • J. Neurosci., July 8, 2009 • 29(27):8858 – 8870 Bolis et al. • Membrane Homeostasis in Myelination



Figure 2. Loss of Mtmr2 and Mtmr2/Dlg1 interaction causes myelin outfoldings in vitro. Myelin outfoldings are rescued by MTMR2 replacement using LV transduction. A, Transduction of
Mtmr2-null Schwann cell/DRG neuron cocultures with a GFP LV. A�, Inset, MBP-positive fibers with myelin outfoldings are indicated by arrowheads. B, Transduction of Mtmr2-null Schwann cell/DRG
neuron cocultures with FLAG-MTMR2 LV rescues myelin outfoldings. DAPI, 4�,6�-Diamidino-2-phenylindole. B�, Inset. C, Electron microscopy on FLAG-MTMR2 LV transduced cocultures showing
that myelin compaction is preserved on MTMR2 overexpression. At least 30 myelinated fibers were evaluated and compared with cultures infected with GFP alone. D, Quantification of MBP-positive
fibers with myelin outfoldings in not transduced (NT) explants (75.5 � 2.3; n � 6), transduced with GFP alone (76.5 � 5.0; n � 4), and with FLAG-MTMR2 (10.7 � 5.3; n � 9) ( p � 8.7 � 10 �6)
(from at least 2 different experiments). E, Dlg1 coimmunoprecipitates with FLAG-MTMR2 but not with MTMR2 devoid of the PDZ-binding domain at the C terminus, termed FLAG-MTMR2�PDZBD.
Input is the lysate. F, Western blot analysis showing similar level of expression of both FLAG-MTMR2 and FLAG-MTMR2�PDZBD on LV transduction of Mtmr2-null DRG explants at MOI12.5. G, H,
Examples of myelin-forming cocultures transduced with FLAG-MTMR2 or FLAG-MTMR2�PDZBD LV at MOI12.5. I, Quantification of MBP-positive fibers with myelin outfoldings on LV transduction
of Mtmr2-null explants with FLAG-MTMR2 (17.99 � 2.20; n � 9) and FLAG-MTMR2�PDZBD (29.97 � 1.76; n � 9) ( p � 0.00085); FLAG-MTMR2�PDZBD (29.97 � 1.76; n � 9) and GFP (76.5 �
5.0; n � 4) ( p � 0.00097) (2 different experiments). Error bars indicate SEM. **p � 0.001; ***p �0.0001. Scale bars: (in H ) A, B, 20 �m; A�, B�, 14 �m; G, H, 10 �m; (in C) C, 100 nm.
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observed in vivo in Mtmr2-null nerves, Dlg1 localization at nod-
al–paranodal regions is not altered in Mtmr2-null cocultures
(data not shown), suggesting a different turnover of this protein
in vitro.

Mtmr2 replacement rescues myelin outfoldings in vitro
To demonstrate that myelin outfoldings in vitro are caused by loss
of Mtmr2, we replaced FLAG-MTMR2 phosphatase in Mtmr2-
null explants by means of LV transduction. We used a LV encod-
ing GFP as control. Explants were transduced at MOI 50 after
neurite extension and 2 d before induction of myelination. Both
GFP and FLAG-MTMR2 were expressed by almost all Schwann
cells, suggesting that we could achieve high transduction effi-
ciency (Fig. 2A,B). Quantitative PCR analysis performed on
DNA extracted from transduced explants confirmed the integra-
tion of �30 copies of FLAG-MTMR2-LV per cell. Sustained
MTMR2 overexpression did not alter myelin structure and com-
paction as assessed by electron microscopy on transduced cocul-
tures (Fig. 2C). FLAG-MTMR2 replacement in mutant explants
led to up 80% reduction of fibers displaying myelin outfoldings,
demonstrating that loss of Mtmr2 provokes the dysmyelination
in vitro (Fig. 2A�,B�,D) [not transduced (NT), 75.5 � 2.3; GFP,
76.5 � 5; FLAG-MTMR2, 10.7 � 5.3; p � 8.7 � 10�6]. Thus,
Mtmr2-null Schwann cell/DRG neuron cocultures represent a
useful model to explore the function of Mtmr2 during
myelination.

Loss of Mtmr2/Dlg1 interaction contributes to myelin
outfolding formation
We then exploited Mtmr2-null Schwann cell/DRG neuron cocul-
tures to assess whether loss of Mtmr2/Dlg1 interaction contrib-
utes to the dysmyelinating phenotype. We transduced Mtmr2-
null explants with LV encoding either FLAG-MTMR2 or FLAG-
MTMR2�PDZBD, a construct lacking the postsynaptic density-
95/Discs large/zona occludens-1 (PDZ)-binding domain and
thus unable to bind Dlg1 (Fig. 2E). Using two different transduc-
tion protocols (MOI 50 and 25), we observed almost a full rescue
with both constructs. Since in our hypothesis Dlg1 might trans-
port and/or cluster Mtmr2 at sites of membrane remodeling, we
speculated that when expressed at high levels Mtmr2 might dif-
fuse and function despite the absence of interaction with Dlg1.
We therefore titrated down the MOI of the vector. At MOI 12.5,
FLAG-MTMR2�PDZBD LV rescued myelin outfoldings signifi-
cantly less effectively than FLAG-MTMR2 (Fig. 2G–I) (GFP,
76.5 � 5; FLAG-MTMR2�PDZBD, 29.97 � 1.76; p � 0.00097;
FLAG-MTMR2, 17.99 � 2.20; FLAG-MTMR2�PDZBD,
29.97 � 1.76; p � 0.00085), despite similar extent of integration
of the two LV (16.3 copies for FLAG-MTMR2-LV and 16.4 for
FLAG-MTMR2�PDZBD-LV) and similar expression of the two
transgenes (Fig. 2F). This finding suggests that loss of Mtmr2/
Dlg1 interaction contributes to the dysmyelinating phenotype.

Dlg1 interacts with kif13B and Sec8 in Schwann cells in
the nerve
We then hypothesized that loss of Mtmr2/Dlg1 interaction con-
tributes to myelin outfoldings mainly because Dlg1 might assem-
ble multiprotein complexes that regulate polarized vesicle traf-
ficking and coordinate membrane formation and its control. We
thus searched for Dlg1 interactors in a rat nerve cDNA library by
yeast two-hybrid screening analysis using several portions of the
Dlg1 cDNA as bait. Among others, we focused on two putative
binding partners, previously involved in polarized vesicle traf-
ficking in other cells: kif13B, a plus end kinesin motor protein of

the kinesin 3 family (Hanada et al., 2000), and the Sec8 exocyst
component (Hsu et al., 2004). We identified Kif13B by using the
Dlg1/SH3-HOOK-GUK (Src homology domain 3– guanylate
kinase-like) cDNA fragment as bait and Sec8 by using the Dlg1/
PDZ2�3 cDNA. The latter bait also demonstrated interaction
with Mtmr2 in the same screening, thus confirming once more
the previously reported Mtmr2/Dlg1 complex (Bolino et al.,
2004).

We further assessed the kif13B/Dlg1 interaction in the nerve
by performing GST pull-down assays from rat nerve lysates at
P11. Since myelin outfoldings arise 	3– 4 weeks after birth, we
speculated that the molecular interactions relevant to the pheno-
type would be most likely detected before that period. Previous
studies have already shown that the GUK domain of Dlg1 medi-
ates binding with the MAGUK binding stalk (MBS) domain of
kif13B (Hanada et al., 2000). Thus, we used either recombinant
GST-Dlg1/GUK or GST-kif13B/MBS fusion proteins to identify
this interaction in P11 rat nerve lysate. We detected endogenous
kif13B and Dlg1 by Western blot analysis (Fig. 3A–E), respec-
tively. Moreover, we identified kif13B and Dlg1 using GST-
kif13B/MBS in mass spectrometric analysis (Shevchenko et al.,
1996) (supplemental Table 1, available at www.jneurosci.org as
supplemental material), providing additional evidence that the
kif13B/Dlg1 interaction occurs endogenously in the nerve. Since
kif13B shares homology with KIF1A, which exists as a monomer
in solution, it is unlikely that kif13B may dimerize in vivo (Okada
et al., 1995). However, Dlg1 can dimerize through its PDZ or L27
domains as already demonstrated in postsynaptic density (PSD)
regions for Dlg1 and also for PSD-95, another PDZ domain-
containing scaffolding protein (Kim and Sheng, 2004; Nakagawa
et al., 2004).

By performing immunohistochemistry in vivo, we assessed
that kif13B expression is mainly enriched in myelin-forming and
non-myelin-forming Schwann cells in nerve (Fig. 3F–H). In my-
elinated fibers, kif13B was also found at the abaxonal Schwann
cell cytoplasm in structures resembling Cajal bands, with an en-
richment in microvilli, paranodes, and Schmidt–Lanterman in-
cisures (SLIs) (Fig. 3 I, J). Moreover, in Mtmr2-null nerves,
kif13B levels and localization were not altered (Fig. 3K–O).

We further confirmed interaction between Dlg1 and Sec8 by
performing coimmunoprecipitation from P11 mouse nerve ly-
sates (Fig. 4A,B). The abundant expression of both Dlg1 and Sec8
in vivo allowed us to detect both proteins at the endogenous level.
In the nerve, Sec8 was mainly detected in the cytosol and at the
plasma membrane of myelin-forming Schwann cells (Fig. 4D–
F). In teased-fiber analysis, Sec8 was detected in microvilli and
SLIs (Fig. 4G), paranodes (Fig. 4H), and, most abundantly, in the
Golgi (Fig. 4 I). Finally, Sec8 levels and localization were not al-
tered in Mtmr2-null nerves (Fig. 4C, J,K).

kif13B pulls down Dlg1, Sec8, and Mtmr2, which also
colocalize in vivo
We provided evidence that Mtmr2, kif13B, and Sec8 are all bind-
ing partners of Dlg1 in the nerve. All these interactions likely
occur in Schwann cells in the nerve since (1) yeast two-hybrid
screening analysis was performed using a cDNA library enriched
for Schwann cell mRNAs; (2) we had previously demonstrated in
vivo that Dlg1 is localized in myelin-forming Schwann cells and
not in axons (Bolis et al., 2005); and (3) here, we report that both
kif13B and Sec8 expression is mainly enriched in myelin-forming
Schwann cells. To better characterize these complexes, we per-
formed pull-down assays by using a recombinant GST-Mtmr2,
since the phosphatase is expressed at very low levels in the nerve.
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By Western blot analysis, we detected Dlg1 and Sec8 but not
kif13B in both P11 rat nerve as well as in rat Schwann cell lysates
(Fig. 5A,B) (data not shown). We also performed pull-down
assays from P11 rat nerve and Schwann cell lysates using recom-
binant GST-kif13B/MBS, and we repeatedly detected Dlg1, Sec8,
and Mtmr2 (Fig. 5C,D).

We identified Sec8 and Mtmr2 as binding partners of Dlg1

using the Dlg1/PDZ2�3 cDNA fragment as bait. To assess
whether Sec8 and Mtmr2 bind to distinct PDZ domains of Dlg1,
we transfected COS7 cells with either myc-Mtmr2 or GFP-Sec8.
We performed pull-down assays from lysates of transfected cells
using recombinant proteins of different domains of Dlg1 fused to
GST (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). Mtmr2 and Sec8 displayed preferential

Figure 3. Dlg1 interacts with kif13B. A–E, Dlg1/kif13B interaction was further demonstrated by performing pull-down assays on P11 rat nerve lysates using GST-Dlg1/GUK and GST-kif13B/MBS,
in which the input is the nerve lysate. C, Western blot analysis confirmed kif13B expression in isolated rat Schwann cells. F, G, In vivo, in transverse rat nerves, kif13B is expressed in the cytosol of both
myelin-forming and in non-myelin-forming Schwann cells, colocalizing with the cytosolic marker S100. G, GFAP staining identified non-myelin-forming Schwann cells. H, kif13B is also expressed
in axons, although less abundantly. I, In teased-fiber analysis, kif13B expression was detected in internodal cytoplasmic channels and microvilli–paranodes as indicated by arrows (node). J, kif13B
was also detected in SLIs. L–O, Immunohistochemistry performed on Mtmr2-null fibers showed normal kif13B localization. The arrows indicate SLIs in M, and, in O, perinuclear staining. K, kif13B
expression level in Mtmr2-null nerves is not altered as shown by Western blot analysis. Sciatic nerves from 2- to 3-month-old animals were used. Scale bars, 10 �m.
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binding to PDZ2 and PDZ1�2, respec-
tively, suggesting that the two proteins
may bind to distinct Dlg1 domains. Inter-
estingly, in the brain, Sec8 also binds to
PDZ1�2 of SAP102, another PDZ
domain-containing scaffold (Sans et al.,
2003).

In conclusion, we demonstrated that,
in Schwann cells, kif13B pulls down Dlg1,
which in turn binds to Sec8 and Mtmr2.
Since Mtmr2 and Sec8 may bind to dis-
tinct PDZ domains of Dlg1, it is likely that
Dlg1, Sec8, and Mtmr2 belong to the same
complex.

We then investigated whether these
molecules also colocalize in vivo in teased-
fiber analysis. At P11 when molecular in-
teractions were detected, kif13B, Sec8, and
Dlg1 were found in the same cytoplasmic
regions of noncompact myelin such as mi-
crovilli, paranodes, and incisures in which
cytosolic Mtmr2 has also been detected
(Previtali et al., 2003b; Bolino et al., 2004).

Dlg1 is differentially localized during
development with a nodal localization at
earlier stages starting from P5. At later
stages and in adult fibers, Dlg1 localizes at
paranodes and at SLIs. We did not observe
any change in kif13B and Sec8 localization
during development. Moreover, kif13B
staining always appears cytosolic, whereas
Dlg1 and Sec8 are also enriched at the ab-
axonal Schwann cell membrane of mi-
crovilli and paranodes in fibers from
3-month-old animals, consistent with the
role of both Dlg1 and Sec8 in polarized
vesicle tethering at the plasma membranes
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
Finally, kif13B, Dlg1, and Sec8 expression
levels are upregulated during myelination
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).

kif13B transports Dlg1 at sites of
membrane remodeling
kif13B transports Dlg1 to the tip of cell
projections in MDCK cells (Asaba et al.,
2003), and, in oligodendrocytes, Sec8 pro-
motes membrane formation through in-
teraction with the multidomain CASK
scaffold (Anitei et al., 2006). We therefore
hypothesized that, in Schwann cells,
kif13B might transport Dlg1 to sites of
membrane remodeling. Here, interaction
of Dlg1 with Sec8 promotes membrane ad-
dition, whereas with Mtmr2, negatively
regulates membrane formation. These
complexes might coordinate a homeo-
static control of myelination. Sec8 and
Mtmr2 might be either transported by
kif13B as a complex with Dlg1 or recruited
and clustered by the Dlg1 scaffold at the

Figure 4. Dlg1 interacts with Sec8. A, Coimmunoprecipitation of Dlg1 and Sec8 from mouse nerves. Input is the lysate; “unb”
is the unbound fraction of the lysate after immunoprecipitation. B, Western blot analysis showing Sec8 expression in isolated rat
Schwann cells, with MDCK cell lysate as control. C, Western blot analysis confirmed that Sec8 expression level in Mtmr2-null nerve
lysate is not altered. D–F, Immunohistochemistry on transverse rat nerve sections revealed a Sec8 punctate staining in the
cytoplasm of myelin-forming Schwann cells, S100 positive, but not in non-myelin-forming Schwann cells, GFAP positive, nor in
axons. G, H, Immunohistochemistry on rat teased nerves showed Sec8 expression in SLIs (arrowheads) and in the microvilli–
paranodes. Caspr is a marker of paranodes in the axon. I, A strong Sec8 perinuclear expression was also detected as shown by
colocalization with the Golgi marker Giantin. J, K, Immunohistochemistry on Mtmr2-null mouse nerves, showing that Sec8
expression at microvilli is not altered with respect to control fibers. Sciatic nerves from 2- to 3-month-old animals were used. Scale
bars: (in F ) D–F, 5 �m; (in K ) G–I, 10 �m; J, K, 5 �m.
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abaxonal membranes. Excessive myelin in Mtmr2-null nerves
could be attributable to loss of negative control on Sec8-mediated
membrane formation.

To confirm this model, we perturbed the transport mediated
by kif13B using dominant-negative forms of the kinesin. We
transduced at MOI 50 Schwann cell/DRG neuron cocultures with
a LV encoding myc-kif13B�MD, a kif13B lacking the N terminus
motor domain, which is still able to interact with Dlg1 (Fig.
6A,B,D,E). This truncated form of kif13B has been used previ-
ously to demonstrate that kif13B transports Dlg1 to the tip of
MDCK cell projections (Asaba et al., 2003) and PtdIns(3,4,5)P3

(also known as PIP3) to the tips of growing neurons through a
PIP3BP (PIP3-binding protein) complex (Horiguchi et al., 2006).
Following on the hypothesis that, in Schwann cells, kif13B trans-
ports Dlg1 at nodal–paranodal regions, first we quantified Dlg1
staining in myelinated fibers. Accordingly, we found that Dlg1
localization was significantly altered (Fig. 6F–J), whereas cul-
tures transduced with GFP-LV or other LV encoding myc-tag
fusion proteins have normal Dlg1 localization (data not shown).
We obtained the same result using a different dominant-negative
construct, myc-kif13B/MBS, which encodes only the kif13B do-
main responsible for Dlg1 binding (Fig. 6A,C). Surprisingly, we

also observed a significant reduction in the
amount of MBP-positive myelinated fi-
bers of explants transduced with this myc-
kif13B/MBS LV (Fig. 6K–N), suggesting
that the loss of kif13B-mediated Dlg1
transport may impair active myelination.

kif13B, Dlg1, and Sec8 are involved in
Schwann cell myelination
To further assess the role of kif13B/Dlg1,
we explored whether their loss of function
affects myelination. We selected a kif13B
shRNA LV, which can reduce kif13B ex-
pression up to 86% in isolated rat
Schwann cells (Fig. 7A). Interestingly, the
depletion of kif13B also resulted in a de-
crease of both Dlg1 (up to 41%) and Sec8
(up to 59%) expression levels (Fig. 7A) (at
least three independent experiments). Us-
ing this kif13B shRNA LV, we then trans-
duced Schwann cell/DRG neuron cocul-
tures, and we observed that Schwann cells
were preferentially transduced (supple-
mental Fig. 3, available at www.jneurosci.
org as supplemental material). After in-
duction of myelination, transduced
explants displayed a significant reduction
of MBP-positive myelinated fibers (sup-
plemental Fig. 4, available at www.
jneurosci.org as supplemental material).
To rule out that the decrease in myelina-
tion was a consequence of a decrease of the
Schwann cell number, we also established
dissociated Schwann cells/DRG neurons
in which Schwann cell nuclei can be more
easily counted. In these cultures, both
Schwann cells and neurons were trans-
duced by shRNA LV (supplemental Fig. 3,
available at www.jneurosci.org as supple-
mental material). We thus confirmed that
depletion of kif13B impairs myelination

(Fig. 7B,D–F). Finally, Schwann cell/DRG neuron cocultures
transduced with a Dlg1 shRNA LV displayed a similar decrease in
myelination, thus supporting a role of the kif13B/Dlg1 complex
in myelination (Fig. 7C,G–I).

Since (1) loss of kif13B perturbs Dlg1 localization, (2) loss of
both kif13B and Dlg1 expression impairs active myelination, and
(3) Dlg1 also interacts with Sec8, which in oligodendrocytes pro-
motes differentiation and membrane formation (Anitei et al.,
2006), we assumed that a decrease in Sec8 function might con-
tribute to the observed hypomyelination. To provide evidence for
this hypothesis, we selected a Sec8 shRNA LV, which in trans-
duced isolated rat Schwann cells was able to deplete Sec8 expres-
sion up to 68% (supplemental Fig. 5, available at www.jneurosci.
org as supplemental material). Both DRG explants and dissoci-
ated Schwann cell/DRG neuron cocultures transduced with this
Sec8 shRNA LV were significantly less myelinated compared with
control not transduced cultures (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material; Fig. 8A–D). As al-
ready observed in oligodendrocytes (Anitei et al., 2006), Sec8
shRNA transduced cocultures displayed a reduction in Schwann
cell number. Nevertheless, the decrease in myelination (up to

Figure 5. GTS-kif13B/MBS pulls down Dlg1, Sec8, and Mtmr2 in both nerve and isolated Schwann cells. A, Pull-down assay
using GST-Mtmr2 on P11 rat nerves. Sec8 and Dlg1 were revealed by Western blot analysis. B, The same experiment was
performed from isolated rat Schwann cells lysate to confirm that these interactions likely occur in Schwann cells in the nerve. C, D,
Pull-down assays using GST-kif13B/MBS from P11 rat nerve and isolated rat Schwann cell lysates, in which Sec8, Dlg1, and Mtmr2
were detected. Mtmr2-null and wild-type mouse nerve lysates were also used as control to test the specificity of the anti-Mtmr2
antibody used. Two bands of 	70 and 60 kDa disappear in the Mtmr2-null nerve lysate, suggesting that this antibody recognizes
Mtmr2. Input is the lysate, and “unb” is the unbound fraction after pull down.
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80%) in treated culture is not proportional to the decrease in the
Schwann cell number (up to 20%).

Our results indicate that kif13B transports Dlg1 to sites of
membrane remodeling in Schwann cells and that interaction of
Dlg1 with the Sec8 exocyst component promotes membrane for-
mation during active myelination.

Reduced Sec8 expression in Schwann cells rescues
myelin outfoldings
We previously demonstrated that Dlg1 interacts with Mtmr2 in
Schwann cells in vivo (Bolino et al., 2004). Loss of Mtmr2-
mediated negative control on membrane formation might pro-

voke myelin outfoldings, redundant folds of excessive myelin
(Bolino et al., 2004). We therefore hypothesized that Dlg1, by
serving as a scaffold platform, might coordinate Sec8 and Mtmr2-
mediated opposite functions, which have to be properly balanced
to achieve membrane homeostasis. To test this hypothesis, we
tried to rescue myelin outfoldings in Mtmr2-null cocultures by
interfering with Sec8 expression. We thus infected Mtmr2-null
explants with either Sec8 shRNA or control shRNA, and we quan-
tified MBP-positive fibers displaying myelin outfoldings (supple-
mental Fig. 5, available at www.jneurosci.org as supplemental
material). We found that the percentage of myelin outfoldings in
explants treated with Sec8 shRNA was significantly reduced com-

Figure 6. kif13B transports Dlg1 in Schwann cells. A, Dominant-negative constructs of kif13B used in myelin-forming cocultures. B, C, Coimmunoprecipitation in COS7 cells between overex-
pressed myc-kif13B�MD and Dlg1 and between overexpressed myc-kif13B/MBS and Dlg1. D, Western blot analysis on lysates from myelin-forming cocultures transduced with myc-kif13B�MD LV,
in which control is the GFP LV. E, myc-kif13B�MD LV is expressed in almost all cells with high copy number integration. F, G, Dlg1 localization in myelin-forming cocultures appears at microvilli
similar to what has been observed in immature nerves in vivo during postnatal development (see also supplemental Fig. 2 A–C, available at www.jneurosci.org as supplemental material). H–J,
Quantification of Dlg1-positive clusters in myelinated fibers stained with MBP on myc-kif13B�MD overexpression (myc-kif13B�MD, 50.74 � 5.04, n � 6; GFP, 78.40 � 3.49, n � 7; p � 0.00146;
2 experiments). L, Western blot analysis on lysates from myelin-forming cocultures transduced with myc-kif13B/MBS LV, in which control is GFP LV. K–N, Quantification of MBP-positive fibers in
explants overexpressing myc-kif13B/MBS (myc-kif13B/MBS, 46.17 � 8.50, n � 6; GFP, 100 � 11.07, n � 4; p � 0.00997). Error bars indicate SEM. *p � 0.05. Scale bars: (in J ) I, J, 10 �m; E, 30
�m; F, G, 2 �m; (in N ) M, N, 100 �m.
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pared with explants infected with a control shRNA (supplemen-
tal Fig. 5, available at www.jneurosci.org as supplemental
material).

The overall number of MBP-positive segments was also de-
creased in explants treated with Sec8 shRNA as loss of Sec8 im-
pairs active myelination (data not shown). To rule out the possi-
bility that the observed rescue was attributable to the decrease in
myelination, we performed a titration experiment on dissociated
Schwann cell/DRG neuron cocultures to determine the highest
dose of Sec8 shRNA LV able to rescue myelin outfoldings without
impairing active myelination (Fig. 8E–G). Using this amount of
Sec8 shRNA LV, we transduced Mtmr2-null dissociated cocul-
tures and we found that myelin outfoldings were significantly
rescued without affecting myelination (Fig. 8H–J).

These results suggest that, when the Mtmr2-mediated nega-
tive control of membrane formation is lost, unbalanced Sec8-
mediated membrane addition leads to excessive myelin and my-
elin outfoldings.

Discussion
The cell biological hallmark of myelina-
tion is membrane biosynthesis, the synthe-
sis and transport of bulk of proteins to
produce a unique extension of the glial cell
plasma membrane that wraps around the
axon (Trapp et al., 2004). However, mo-
lecular interactions responsible for sorting
and site-specific docking, tethering, and
fusion of vesicles have not yet been identi-
fied (Simons and Trotter, 2007). Here, we
provide evidence for the first molecular
mechanism that titrates membrane for-
mation during Schwann cell myelination.

Loss of the MTMR2 phospholipid
phosphatase in humans and mice causes
CMT4B1 demyelinating neuropathy with
myelin outfoldings, excessive redundant
myelin in the nerve (Bolino et al., 2000,
2004; Bolis et al., 2005). We previously
suggested that Mtmr2 might coordinate
membrane formation during Schwann cell
myelination in a complex with the Dlg1
scaffolding protein. To explore Mtmr2/
Dlg1 function during myelination, we es-
tablished myelin-forming Schwann cell/
DRG neuron cocultures from Mtmr2-null
mice in which myelin outfoldings were re-
produced and almost completely rescued
by Mtmr2 replacement. To our knowl-
edge, this is the first example of abnormal
myelination, which is morphologically re-
produced in vitro. Taking advantage of this
model, we thus demonstrated that loss of
Mtmr2/Dlg1 interaction contributes to
myelin outfoldings. A MTMR2 that is not
able to bind to Dlg1, MTMR2�PDZBD,
rescues myelin outfoldings less efficiently
than wild-type MTMR2. We therefore hy-
pothesized that Dlg1 clusters MTMR2 to
sites of membrane remodeling where en-
dosomal trafficking is needed to control
membrane formation during postnatal de-
velopment. To investigate the role of Dlg1
in Schwann cells, we searched for Dlg1 in-

teractions. We found that Dlg1 interacts with the kif13B kinesin,
and the Sec8 exocyst complex component, both involved in po-
larized vesicle trafficking (Hanada et al., 2000; Asaba et al., 2003;
Hsu et al., 2004; Horiguchi et al., 2006). Kif13B kinesin is a plus
end motor protein that in neurons transports PIP3-containing
vesicle along microtubules, thus promoting neuronal polarity
(Horiguchi et al., 2006). The exocyst is a complex of eight pro-
teins in mammals involved in the posttranslational regulation of
protein synthesis and polarized membrane domain formation,
which is often mediated by multidomain scaffold interactions
(Zhang et al., 2001; Inoue et al., 2003, 2006; Hsu et al., 2004;
Anitei et al., 2006; Gerges et al., 2006; Elias and Nicoll, 2007;
Gorczyca et al., 2007).

Although Dlg1/kif13B and Dlg1/Sec8 interactions have been
demonstrated in other cells (Asaba et al., 2003; Inoue et al., 2006;
Yamada et al., 2007), we pulled down Dlg1, Sec8, and Mtmr2
using GST-kif13B/MBS from both isolated Schwann cells and

Figure 7. Loss of kif13B and Dlg1 in myelin-forming cocultures impairs active myelination. A, kif13B shRNA LV transduction of
isolated rat Schwann cells revealed a decrease of kif13B, Dlg1, and Sec8 expression. Three independent experiments were per-
formed. B, kif13B shRNA LV transduction of dissociated Schwann cell/DRG neuron cocultures also revealed a decrease of kif13B,
Dlg1, and Sec8 expression. C, Downregulation of Dlg1 expression on Dlg1 shRNA LV transduction of isolated rat Schwann cells.
D–F, In dissociated cultures transduced with kif13B shRNA LV, myelination, as the ratio between the number of MBP-positive
segments and number of Schwann cell nuclei, was significantly decreased with respect to control shRNA (kif13B shRNA, 34.80 �
14.73, n � 12; control shRNA, 100 � 16.60, n � 16; p � 0.00779; 2 experiments). G–I, The amount of MBP-positive segments
is also decreased in Schwann cell/DRG neuron cocultures on Dlg1 shRNA transduction (Dlg1 shRNA, 19 � 10.2, n � 7; control
shRNA, 100 � 25.5, n � 7; p � 0.0107). Error bars indicate SEM. *p � 0.05. Scale bar, 50 �m.
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nerve lysates. This finding prompted us to
investigate the physiological relevance of
these interactions during myelination.

By interfering with the kif13B-
mediated transport in myelin-forming co-
cultures, we found that Dlg1 was not prop-
erly localized at sites of membrane
remodeling and, more intriguing, that my-
elination was also decreased. We further
confirmed this finding by performing
shRNA-mediated depletion of kif13B and
Dlg1 on myelin-forming cocultures. Inter-
estingly, when kif13B decreases, Dlg1 and
Sec8 expression levels are also reduced,
thus providing additional evidence of the
functional relevance of these interactions
in myelination. Since Dlg1 interacts with
Sec8, which has been shown to mediate
membrane formation in oligodendrocytes
(Anitei et al., 2006), we hypothesized that
the loss of Sec8 function on membrane
formation might also contribute to this ef-
fect. Indeed, reduction in myelination was
also observed by shRNA-mediated deple-
tion of Sec8 in myelin-forming cocultures.
We therefore propose a model whereby
the kinesin motor protein kif13B trans-
ports the multidomain scaffold Dlg1 to
sites of membrane remodeling. Interac-
tion of Dlg1 with the Sec8 exocyst compo-
nent and with Mtmr2 coordinates a ho-
meostatic control of myelination.
Membrane homeostasis is achieved when
Sec8-mediated membrane addition and
Mtmr2-mediated negative control of
membrane formation are properly bal-
anced (Fig. 9). Redundant folds of exces-
sive myelin arise as a consequence of the
loss of the Mtmr2-mediated negative con-
trol on the amount of new membrane formed via the exocytic
machinery. Consistently, downregulation of Sec8 expression in
Mtmr2-null cocultures partially rescues myelin outfoldings.
Whether kif13B/Dlg1 complex transports Mtmr2 and Sec8 or
clusters and concentrates these molecules at sites of membrane
remodeling remains to be demonstrated as well as the nature of
the cargo of the kif13B/Dlg1-mediated transport. Myelin protein
components or junctional proteins of noncompact myelin such
as nodal–paranodal regions might represent the cargos. How-
ever, several constituents of thigh, adherens, and gap junctions
have been found normally localized and expressed in Mtmr2-null
nerves (A. Bolis, unpublished data).

Several findings might support our model. In Drosophila, dur-
ing larvae development, DLG promotes membrane addition by
interaction with GTX, a t-SNARE protein involved in membrane
fusion, the downstream event that follows Sec8 and exocyst
membrane vesicle tethering (Gorczyca et al., 2007). In this sys-
tem, proper levels of DLG and GTX are required. A decrease of
both DLG and GTX results in a decrease of the number of buttons
at neuromuscular junctions, whereas their complete loss is em-
bryonically lethal. However, overexpression of DLG sequesters
GTX in intracellular structures, whereas overexpression of GTX
results in ectopic highly folded membranous structures and in-
foldings and gives rise to dominant-negative phenotypes. Re-

cently, it has been also demonstrated that the loss of Dlg1 impairs
dendrite formation in vivo, thus providing additional evidence
that Dlg1 is involved in membrane formation and growth during
development (Zhou et al., 2008).

But how does the phosphatase activity of Mtmr2 contribute to
the control of membrane formation during myelination? It is
likely that the Mtmr2 phosphatase activity on phospholipids reg-
ulates endocytic trafficking and not Sec8-mediated exocytosis.
Sec8-mediated vesicle tethering at the plasma membrane is a pro-
cess promoted by PtdIns(4,5)P2, the main phospholipid enriched
at the plasma membrane (He et al., 2007; Liu et al., 2007; Zhang et
al., 2008). Most cell surface PtdIns(4,5)P2 is generated from
PtdIns(4)P (Di Paolo and De Camilli, 2006). Mtmr2 has been
shown to dephosphorylate PtdIns(3)P and PtdIns(3,5)P2 (Rob-
inson and Dixon, 2006; Bolis et al., 2007; Nicot and Laporte,
2008), and it is unlikely that the 3-phosphatase activity of Mtmr2
might generate PtdIns(4,5)P2.

However, PtdIns(3)P and PtdIns(3,5)P2 are involved in the
regulation of sorting and membrane dynamics at the level of both
early endosomes and late endosomal compartments (Petiot et al.,
2003; Michell et al., 2006). It has been recently demonstrated that
small interfering RNA-mediated depletion of MTMR2 in A431
cells provokes accumulation of PtdIns(3)P levels and blocks
EGFR (epidermal growth factor receptor) egress from late endo-

Figure 8. Sec8 is involved in myelin formation in Schwann cells. A–D, A significant decrease in myelination was observed in
dissociated Schwann cell/DRG neuron cocultures on Sec8 shRNA LV transduction (Sec8 shRNA, 28.01 � 5.95, n � 6; control
shRNA, 100 � 18.01, n � 10; p � 0.00296). B, The amount of MBP-positive segments was normalized to the Schwann cell
number. E–G, Dissociated cocultures were transduced with different amounts of Sec8 shRNA LV. The highest concentration of LV
that did not affect myelination was chosen to transduce Mtmr2-null dissociated cocultures. H–J, Myelin outfoldings were signif-
icantly rescued also when myelination is not impaired (Sec8 shRNA, 51.79 � 1.67, n � 6; control shRNA, 64.78 � 3.22, n � 6;
p � 0.00716). Error bars indicate SEM. *p � 0.05. Scale bars: (in G) C, D, F, G, 50 �m; (in J ) I, J, 10 �m.
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somes, where MTMR2 colocalizes with Rab7 (Cao et al., 2008).
Thus, Mtmr2 might favor vesicle endocytosis at sites at which
Sec8 targets new membranes.

Endocytic recycling allows local remodeling in a variety of
cellular processes such as cell morphogenesis during develop-
ment, biogenesis of epithelial membrane domains, axonal target-
ing of cell adhesion molecules in neurons, and remodeling of
dendritic spines (Lecuit and Pilot, 2003). Recently, the impor-
tance of endocytic recycling and of the balance between endocy-
tosis and exocytosis from endosomal pools has been emphasized
in myelin-forming oligodendrocytes (Trajkovic et al., 2006; Win-
terstein et al., 2008).

However, it remains to be assessed whether also in myelin-
forming Schwann cells MTMR2 dephosphorylates phospholip-
ids involved in endocytosis and endosomal trafficking. It is in-
triguing that, in skeletal muscle, the overexpression of Mtm1,
highly homologous to Mtmr2, provokes packed intracellular
membrane structures, which might be caused by excessive caveo-
lae or endocytic vesicle internalization (Buj-Bello et al., 2008).

In conclusion, we here provide evidence for the first molecular
mechanism that titrates membrane formation during Schwann
cell myelination. We propose a model whereby the kinesin motor
protein kif13B transports the multidomain scaffold Dlg1 to sites
of membrane remodeling (Fig. 9). Interaction of Dlg1 with the
Sec8 exocyst component and with Mtmr2 coordinates a homeo-
static control of myelination. Membrane homeostasis is achieved
when Sec8-mediated membrane addition and Mtmr2-mediated
negative control of membrane formation are properly balanced.
Redundant folds of excessive myelin in Mtmr2-null nerves arise
as a consequence of the loss of negative control on the amount of
membrane formed via Sec8-mediated membrane addition. Con-
sistently, myelin outfoldings are also rescued by reducing Sec8
expression in Schwann cells.
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