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Protects Schwann Cells from Dysmyelination in a
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Schwann cell differentiation and myelination in the PNS are the result of fine-tuning of positive and negative transcriptional regulators.
As myelination starts, negative regulators are downregulated, whereas positive ones are upregulated. Fully differentiated Schwann cells
maintain an extraordinary plasticity and can transdifferentiate into “repair” Schwann cells after nerve injury. Reactivation of negative
regulators of myelination is essential to generate repair Schwann cells. Negative regulators have also been implicated in demyelinating
neuropathies, although their role in disease remains elusive. Here, we used a mouse model of Charcot–Marie–Tooth neuropathy type 1B
(CMT1B), the P0S63del mouse characterized by ER stress and the activation of the unfolded protein response, to show that adult Schwann
cells are in a partial differentiation state because they overexpress transcription factors that are normally expressed only before myeli-
nation. We provide evidence that two of these factors, Sox2 and Id2, act as negative regulators of myelination in vivo. However, their
sustained expression in neuropathy is protective because ablation of Sox2 or/and Id2 from S63del mice of both sexes results in worsening
of the dysmyelinating phenotype. This is accompanied by increased levels of mutant P0 expression and exacerbation of ER stress,
suggesting that limited differentiation may represent a novel adaptive mechanism through which Schwann cells counter the toxic effect
of a mutant terminal differentiation protein.
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Introduction
Myelin formation in the PNS requires the ensheathment of axons
and their wrapping by Schwann cells plasma membrane. Schwann
cells derive from the neural crest and each step in their develop-

ment is tightly controlled by complex transcriptional networks
(Svaren and Meijer, 2008; Stolt and Wegner, 2016). Schwann cell
specification initiates with the expression of the transcription
factor Sox10, which promotes migration and activates signals
fundamental for differentiation and myelination such as ErbB3,
Oct6, and Krox20 (Topilko et al., 1994; Jaegle et al., 1996; Britsch
et al., 2001; Ghislain et al., 2003; Prasad et al., 2011). The timely
onset of myelination requires an accurate balance between these
positive signals and negative regulators (Jessen and Mirsky, 2008;
Stolt and Wegner, 2016). Among the latter are c-Jun, a transcrip-
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Significance Statement

In many neuropathies, Schwann cells express high levels of early differentiation genes, but the significance of these altered
expression remained unclear. Because many of these factors may act as negative regulators of myelination, it was suggested that
their misexpression could contribute to dysmyelination. Here, we show that the transcription factors Sox2 and Id2 act as negative
regulators of myelination in vivo, but that their sustained expression in Charcot–Marie–Tooth type 1B (CMT1B) represents an
adaptive response activated by the Schwann cells to reduce mutant protein toxicity and prevent demyelination.
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tion factor shown to cross-antagonize Krox20-induced myelin
gene expression in vitro and ex vivo (Parkinson et al., 2008); Sox2,
the overexpression of which drastically reduces myelination ex
vivo and in vivo (Le et al., 2005; Roberts et al., 2017); and Notch,
the inactivation of which promotes myelination in vivo (Wood-
hoo et al., 2009). Other factors such as Krox24/Egr1 and Id2 have
also been proposed to act as negative regulators of myelination,
although direct evidence is missing (Jessen and Mirsky, 2008;
Mager et al., 2008). All of these factors are normally expressed in
premyelinating Schwann cells and are then downregulated con-
comitantly to the initiation of myelination (Jessen and Mirsky,
2008).

Fully differentiated Schwann cells maintain a remarkable
plasticity and, after nerve injury, are capable to trans-differentiate
to a distinct repair cell phenotype that drives nerve regeneration
(Arthur-Farraj et al., 2012). A crucial step in this process is the
reexpression of c-Jun, which is necessary for myelin breakdown
and subsequent remyelination (Parkinson et al., 2008; Arthur-
Farraj et al., 2012; Gomez-Sanchez et al., 2015). Importantly,
other factors such as Sox2 and Id2 are also upregulated after nerve
damage (D’Antonio et al., 2006; Parkinson et al., 2008), which is
suggestive of a role in the regeneration process. These observa-
tions also suggest that misregulated expression of these factors
may be potentially involved in inefficient or failed myelination
and remyelination, a condition often encountered in peripheral
neuropathies.

The most common neuropathies are caused by alterations in
genes encoding structural myelin proteins such as PMP22 dupli-
cation, which is associated with Charcot–Marie–Tooth type 1A
(CMT1A) (Valentijn et al., 1992), or MPZ mutations associated
with CMT1B (Warner et al., 1996). For example, the S63del mu-
tation in MPZ (P0S63del) causes CMT1B in humans and a sim-
ilar dysmyelinating neuropathy in mice (Wrabetz et al., 2006;
Miller et al., 2012). The mechanism underling the pathology is
the retention of the mutant protein in the ER activating an un-
folded protein response (UPR) (Pennuto et al., 2008; D’Antonio
et al., 2013), a complex set of signaling pathways aimed at restor-
ing ER homeostasis (Walter and Ron, 2011).

Transcriptomic analysis showed that adult P0S63del nerves
maintain the expression of factors characteristic of premyelinat-
ing and promyelinating Schwann cells such as Sox2, Sox4, Id2,
c-Jun, and Oct6 (D’Antonio et al., 2013). A similar signature was
also observed in another CMT1B model, the P0R98C mouse, and
in some models of PMP22-related neuropathies (Giambonini-
Brugnoli et al., 2005; Saporta et al., 2012; Fledrich et al., 2014).
The significance of the increase of these factors is not clear, but it
has been postulated that their misexpression may contribute to
dysmyelination (Patzkó et al., 2012; Fledrich et al., 2014), al-
though recent work has shown that the activation of c-Jun is
actually neuroprotective in a mouse model of CMT1A (Hantke et
al., 2014).

Here, we provide evidence that Sox2 and Id2 are negative
regulators of myelination in vivo, but also show that their genetic
ablation in the hypomyelinating S63del neuropathic mouse
model significantly worsens the pathology within the nerve. Our
observations suggest a mechanism in which the sustained expres-
sion of early differentiation factors limits Schwann cells matura-
tion and protects them by the deleterious effects of an excessive
expression of toxic P0 mutant protein.

Materials and Methods
Mice. All experiments involving animals were performed in accordance
with experimental protocols approved by the San Raffaele Scientific In-

stitute Animal Care and Use Committee and the Italian Ministry of
Health. P0S63del transgenic mice (Wrabetz et al., 2006), P0-Cre mice
(Feltri et al., 1999), Id2 �/� mice (Yokota et al., 1999), and Sox2 floxed
(Sox2 F/F) mice (Taranova et al., 2006) and their genotyping procedures
have been described previously. To generate mice carrying the specific
ablation of Sox2 in Schwann cells, Sox2 F/F mice were crossed with P0Cre
mice. The resulting P0Cre/Sox2 F/� mice were backcrossed with Sox2 F/�

to obtain P0Cre/Sox2 F/F mice (Sox2 SCKO). The P0Cre/Sox2 F/F mice
were also crossed with Id2 �/� mice to obtain the P0Cre/Sox2 F/�/Id2 �/�

animals, which were than backcrossed with Sox2 F/�/Id2 �/� mice to
produce the experimental Sox2 SCKO/Id2 �/� mice and relative controls.
Finally, to produce the S63del/Sox2 SCKO/Id2 �/� and control mice,
P0Cre/Sox2 F/�/Id2 �/� mice were crossed with S63del mice to obtain
the S63del/P0Cre/Sox2 F/�/Id2 �/� mice, which were backcrossed with
the P0Cre/Sox2 F/�/Id2 �/� mice.

P0S63del mice were maintained on the FVB/N background, P0Cre
and Id2 mice were on the C57BL/6-N background, and the Sox2 floxed
mice were on the129/SvPas background. When possible, we have used
WT littermates as control. Alternatively, we used P0Cre, Sox2 F/� or
Sox2 F/F littermates that do not show evidence of alteration in PNS my-
elin (data not shown) as controls. Male and female mice were used
equally because we have no evidence of sex influence upon animal
phenotype.

Morphological analysis. For morphological analysis, sciatic nerves were
dissected at the indicated time points, immediately fixed in 2% glutaral-
dehyde, and processed as described previously (Occhi et al., 2005). Semi-
thin section images were acquired with a Leica DM5000B microscope
and TEM images were acquired using a LEO 912AB Transmission Elec-
tron Microscope (Zeiss). G-ratio analysis on P3 nerves was performed on
electron microscopy images using ImageJ software. More than 50 my-
elinated fibers from 15–20 images per animal were analyzed from at least
three mice per genotype. G-ratio analysis on P21 and P28 semithin sciatic
nerve sections was instead performed using a semiautomated computer-
based morphometry (Leica Q-Win) as described previously (D’Antonio
et al., 2013). Six to 10 microscopic fields from nerves of three to four mice
per genotype were analyzed.

RNA isolation, qRT-PCR, and allelic discrimination assay. For qRT-
PCR assays, total RNA was isolated from sciatic nerves pulverized in
liquid nitrogen using TRIzol reagent (Invitrogen) according to the man-
ufacturer’s instructions. One microgram of total RNA was reverse tran-
scribed to cDNA using the Superscript III kit (Invitrogen) following the
manufacturer’s instructions. qRT-PCR (TaqMan; Applied Biosystems)
was performed on an ABI PRISM 7700 Sequence Detector (Applied Bio-
systems). The following assays on demand (Applied Biosystems) were
used: Oct6 (Mm00843534_s1), Krox20/Egr2 (Mm00456650_m1), Id2
(Mm00711781_m1), c-jun (Mm00495062_s1), Sox2 (Mm00488369_
m1), Sox4 (Mm00486320_s1), P0tot (Mm00485141_g1), CHOP/DDIT3
(Hs01090850_m1), Bip/HSPA5 (Hs99999174_m1), XBP1s (Mm03464496_
m1), and 18S (Hs99999901_s1) as an internal control. For the allelic
discrimination assay, 400 ng of total RNA was reverse transcribed and
two different assays on demand were used: one specific for the WT tran-
script of P0 (AIGJRL0) and the other specific for the S63del mutant
transcript (AIHSPR8) synthesized as FAM-MGB test (Applied Biosys-
tems). We created a titration curve mixing different concentration of the
plasmids expressing the two isoforms and the results were used to eval-
uate the ratio between the two transcripts in mouse sciatic nerves.

Lentiviruses preparation and DRG and Schwann cell transduction. The
Id2 transcript was amplified from cDNA obtained from reverse-tran-
scribed mouse sciatic nerve total RNA and directionally cloned in the
SpeI and XhoI sites of the pLenti6/V5 vector (Invitrogen). The pL6V5-
EGFP lentivirus was used as a control. The lentiviral vectors pLVIP-Sox2
and pLVIP-EGFP were provided by Prof. Silvia Nicolis. pLVIP is a bicis-
tronic plasmid containing an additional IRES at the 5� of the Sox2 cDNA
that allows the simultaneous expression of Sox2 and EGFP, which is used
as transduction efficiency marker. For the lentiviral preparation, 293T
cells were transiently transfected with the packaging vectors pMDLg/
PRRE and CMV R8.74 (Follenzi et al., 2002) as described previously
(Dull et al., 1998). Lentivirus particles were purified through ultracen-
trifugation and used for Schwann cell and DRG infection experiments.
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Primary rat Schwann cells were purified from P3 rat sciatic nerve and
cultured as described previously (Feltri et al., 1992). Schwann cell trans-
duction efficiency, assessed by counting GFP or anti-V5 positive cells 3 d
after infection, was �60%. Infected Schwann cells were then trypsinized
and seeded on purified DRG neurons at the concentration of 200,000
cells/sample. Five days after seeding, myelination was induced by adding
ascorbic acid (AA) (Sigma-Aldrich) for 15 d, after which the cocultures
were fixed and immunostaining performed.

Myelinating DRG explant cultures and DRG/Schwann cell cocultures.
DRGs were isolated from E13.5 mouse embryos and plated on 13 mm
coverslips coated with rat type I collagen (Cultrex). For organotypic
explants, one DRG was plated in each well in C medium (MEM, 2 mM

L-glutamine; Invitrogen), 10% FBS, 4 mg/ml D-glucose (Sigma-Aldrich),
and 50 ng/ml NGF (Harlan Laboratories) supplemented with 100 U/ml
penicillin and 100 �g/ml streptomycin (Invitrogen). The following day,
the medium was changed to Neurobasal (NB) medium (4 g/L D-glucose,
2 mM L-glutamine, 50 ng/ml NGF, and B27; Invitrogen) for 4 d. For
lentiviral infection, purified viral particles were diluted in C medium and
infection was confirmed via EGFP or V5 staining. Four days after infec-
tion, DRGs were treated with C medium supplemented with 50 �g/ml
AA to induce myelination. The medium was changed every 2 d for 15 d.

For DRG/Schwann cell cocultures, after dissection, DRGs were disso-
ciated by incubation with trypsin followed by mechanical homogeniza-
tion and plated at the concentration of 1.5 DRG/well on 48-well plate
plastic dishes (Corning) coated with rat type I collagen. Neurons were
purified via three treatments with NB medium supplemented with 10 �M

5-fluoro-2�-deoxyuridine and 10 �M uridine (Sigma-Aldrich) alternated
with nonsupplemented NB to eliminate dividing Schwann cells and fi-
broblasts from the culture. DRG neurons were then seeded with 200,000
infected or noninfected rat Schwann cells (see above) per well. Five days
after seeding, AA was added to the fresh C medium to induce myelina-
tion. Treatment was continued for 15 d, after which the cocultures were
fixed in 4% PFA and subjected to immunofluorescence analysis to eval-
uate the number of MBP-positive internodes per culture. Images were
automatically acquired at 10� magnification using the IN Cell Analyzer
1000 (GE Lifesciences). Images were then enlarged to full screen with
ImageJ and MBP-positive segments included between two node gaps in
10 fields per well were counted.

Protein extraction and Western blotting. Sciatic nerves were dissected
and immediately frozen in liquid nitrogen. Frozen nerves were homog-
enized in a stainless steel mortar at �80°C and then transferred to nerve
lysis buffer (95 mM NaCl, 25 mM Tris-HCl, pH 7.4, 10 mM EDTA, 2%
SDS) supplemented with protease (Sigma-Aldrich) and phosphatase
(Na3VO4 and NaF; Sigma-Aldrich) inhibitors. Protein extraction was
performed as described previously (Wrabetz et al., 2000). Protein con-
centration was determined with the BCA assay (Pierce) and equal
amounts of protein per sample were used to perform SDS-PAGE analy-
sis: 20 –30 �g for intracellular proteins and 5–10 �g for myelin proteins.
For Western blotting, after transfer onto PVDF membrane, incubation of
the membrane with primary antibodies was performed in 3% nonfat
milk in TBS with 0.05% Tween 20 (Sigma-Aldrich) using the following
reagents: rabbit anti-calnexin (1:1000; Sigma-Aldrich, C4731, RRID:
AB_476845), rabbit anti-Krox20 (1:500; Covance, PRB-236P, RRID:
AB_10064079), goat anti-Oct6 (1:500; Santa Cruz Biotechnology, sc-
11661, RRID:AB_2268536), rabbit anti-Id2 (1:200; Abcam, ab85990,
RRID:AB_2041767), rabbit anti-Sox2 (1:1000; Santa Cruz Biotechnol-
ogy, sc-20088, RRID:AB_2255358), goat anti-Sox4 (1:200; Santa Cruz
Biotechnology, sc-17326, RRID:AB_2196083), rabbit anti-c-Jun (1:1000;
Cell Signaling Technology, 9165, RRID:AB_2130165), rabbit anti-c-Jun
Phospho(S63) II (1:1000; Cell Signaling Technology, 9261, RRID:
AB_2130159), mouse anti-tubulin (1:2000; Sigma-Aldrich, T4026,
RRID:AB_477577), 1:1 mix of mouse anti-MBP SMI94 (1:1000; Cova-
nce, SMI-94R-100, RRID:AB_510039), and SMI99 (1:1000; Covance,
SMI-99, RRID:AB_2314772), to detect all of the MBP isoforms. Appro-
priate secondary antibodies (anti-mouse HRP, DAKO, P0260, RRID:
AB_2636929; anti-goat HRP, Thermo Fisher Scientific, A16005, RRID:
AB_2534679; anti-rabbit HRP, DAKO, P0448, RRID:AB_2617138) were
diluted at 1:5000 in 5% milk 1� TBS 0.05% Tween 20 and results were

visualized using GE Healthcare ECL or ECL Prime chemiluminescent
reagent and autoradiography film.

Immunofluorescence. Sciatic nerves were dissected from mice at P21
and fixed for 30 min in 4% PFA (Sigma-Aldrich), embedded in OCT (Bio
Optica), and frozen in liquid nitrogen. Then, 10-�m-thick cryosections
were fixed for 10 min in 4% PFA, rinsed, and permeabilized for 5 min in
0.2% Triton X-100 (Sigma-Aldrich), PBS 1� (Invitrogen). Sections were
blocked in ADS buffer (0.1% lysine dihydrochloride, 0.02% sodium
azide and 1� PBS) supplemented with 10% bovine serum albumin and
0.1% Triton X-100 for 30 min. The following primary antibodies were
diluted in ADS buffer with 0.1% Triton X-100 and incubated overnight:
rat anti-MBP (1:10 culture medium of hybridoma cells, gift from Judit
Grinspan), rabbit anti-Sox2 (1:200; Santa Cruz Biotechnology, sc-20088,
RRID:AB_2255358) or rabbit anti-Id2 (1:50; Abcam, ab85990, RRID:
AB_2041767). Secondary conjugated antibodies were as follows:
anti-rat FITC (1:300; Jackson ImmunoResearch, 712-095-153, RRID:
AB_2340652) for MBP and anti-rabbit TRITC (1:300; Jackson Immu-
noResearch, 711– 025-152, RRID:AB_2340588) for Id2 and Sox2. Nuclei
were visualized with Hoechst (1:10000; Sigma-Aldrich). Samples were
mounted using VectaShield (Vector Laboratories) and images were ac-
quired with a Leica TCS SP8 SMD FILM confocal microscope. DRG
immunofluorescence was performed as described previously (D’Antonio
et al., 2013) using rat Hybridoma anti-MBP (1:10) and chicken anti-
neurofilament M (1:500; BioLegend, 822701, RRID:AB_2564860). MBP
staining was visualized using an anti-rat 549-conjugated (1:1000; Jackson
ImmunoResearch, 112–506-062) and neurofilament with anti-chicken
Cy5-conjugated (1:200; Abcam, ab97147, RRID:AB_10679551) second-
ary antibodies and nuclei identified by Hoechst staining.

Experimental design and statistical analysis. For all experiments, n �
3–5 unless otherwise stated. Experiments were not randomized, but data
collection and analysis were performed blinded to the conditions of the
experiments. Researchers blinded to conditions or genotype performed
morphological and morphometric analyses. No statistical methods were
used the predetermine sample size, but our sample sizes are similar to
those generally used in the field. All the experiments were analyzed by
Student’s t test or one-way ANOVA with Tukey post hoc test correction.
A value of p � 0.05 was considered significant. Graphs represent mean �
1 SEM.

Results
CMT1B Schwann cells present an altered differentiation state
Transcriptomic analysis revealed that adult Schwann cells in sci-
atic nerves of S63del mice, a model of CMT1B, maintain the
expression of transcription factors normally expressed only in
premyelinating Schwann cells (D’Antonio et al., 2013). We de-
tected a significant increase in the expression of known or puta-
tive negative regulators of myelination such as c-Jun, Sox2, and
Id2 (Jessen and Mirsky, 2008) in S63del nerves at all of the exam-
ined time points (Table 1). Sox4, a transcription factor shown
recently to participate in peripheral myelination (Bartesaghi et
al., 2015), and Oct6, a crucial factor required for the transition
from promyelinating to myelinating Schwann cells (Jaegle et al.,

Table 1. Level of expression of early transcription factor in S63del nerves at
different time points after birth

Gene 5 d 28 d 4 mo

Sox2 1.6 2.9 1.6
Id2 1.75 2 1.75
C-Jun 1.4 1.6 1.2
Sox4 1.2 2 1.3
Oct6/Pou3f1 1.2 2.9 2
Krox20 1 1.3 1.3
Scap �1.5 �1.5 �1.3
Srebf2 �1.55 �1.4 �1.5

Microarray analysis of S63del nerves shows sustained expression of dedifferentiation genes. Expression levels are
expressed as fold change compared with WT control of early Schwann cell transcription factors in S63del sciatic
nerves at 5 d, 28 d, and 4 months after birth (D’Antonio et al., 2013).
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1996), showed similar increases, whereas Krox20, a pivotal regu-
lator of myelination (Topilko et al., 1994; Parkinson et al., 2004),
appeared unaffected (Table 1). Conversely, the expression of
Scap and Srebf2, two transcription factors essential for the timely
upregulation of genes involved in cholesterol and fatty acid syn-
thesis (Verheijen et al., 2009), was decreased.

qRT-PCR analysis on mouse sciatic nerves confirmed that the
expression of c-Jun, Sox2, and Id2 were significantly higher in
S63del compared with control animals (WT) at both P5 and P28
(Fig. 1A). We then tested whether this was true also at the protein
level. Western blot analysis performed on protein extracts from
WT and S63del sciatic nerves at P28 confirmed the increase of
c-Jun, Sox2, and Id2 proteins, as well as Oct6 and Sox4, in the
neuropathic model (Fig. 1B).

Finally, we evaluated the localization of Sox2 and Id2 by im-
munostaining on P28 sciatic nerve cryosections. As expected,
they were clearly detected in adult nerves in S63del mice but not
in WT littermates. In particular, Sox2 showed a Schwann cells
nuclear localization, whereas Id2 appeared to localize in the
Schwann cell cytoplasm (Fig. 1C). Overall, these data indicate
that S63del Schwann cells present an altered differentiation state
characterized by the sustained expression of a series of early
transcription factors. We hypothesized that this could inter-
fere with normal myelination and contribute to the hypomy-
elinating phenotype.

Sox2 exerts a Schwann cell-autonomous negative effect
on myelination
A negative role for Sox2 in myelination had been already pro-
posed after both in vitro and ex vivo experiments (Le et al., 2005;
Parkinson et al., 2008) and, more recently, in in vivo overexpres-
sion studies (Roberts et al., 2017). Conversely, very little is known
about the role of Id2 in myelination in the PNS (Jessen and Mir-
sky, 2008). To further support the negative role of Sox2 during
PNS myelination and to clarify the function of Id2, we infected
DRG explants from WT mice with lentiviral constructs express-

ing Sox2, Id2, or GFP. We observed that the expression of Sox2
significantly impaired myelination efficiency, as confirmed by
the reduction in MBP-positive internodes. Conversely, Id2 does
not appear to have significant effects on DRG myelination (Fig.
2A). A caveat in the experiment is that lentiviruses are able to
transduce both Schwann cells and neurons. To determine the
cell-autonomous effect of Sox2 and to evaluate the effect of the
Schwann-cell-specific overexpression of Id2, we purified neurons
from WT DRGs and cocultured them with primary rat Schwann
cells previously infected with either Sox2 or Id2 lentivirus. Again,
we observed a negative effect of Sox2 expression on myelination
to an extent similar to that described after whole DRG explant
infection, suggesting a Schwann-cell-specific effect of Sox2. As
before, Id2 expression did not alter myelination (Fig. 2B). To
confirm that the observed inhibition of myelination is due to the
expression of Sox2 in Schwann cells, we performed the converse
experiment, infecting purified WT DRGs neurons with Sox2-
expressing lentiviruses and coculturing them with primary rat
Schwann cells. In this case, we did not observe any alteration in
myelination, suggesting that neuronal overexpression of Sox2 has
no effect (data not shown). Together, these data confirm that
Sox2 overexpression has a Schwann-cell-specific negative role on
myelination, whereas Id2 overexpression does not appear to af-
fect myelination, at least ex vivo.

Ablation of Schwann cell Sox2 and Id2 promotes myelination
in vivo
The overexpression studies outlined above supported the role of
Sox2 as a negative regulator of myelination. To further substan-
tiate Sox2 role in Schwann cell development, we performed in
vivo loss-of-function experiments. We generated a Schwann-cell-
specific Sox2 knock-out mouse (Sox2 SCKO) by crossing Sox2
floxed mice (Taranova et al., 2006) with P0Cre mice (Feltri et al.,
1999). Sox2 is normally expressed in immature Schwann cells
and is then suppressed during the active phase of myelination
(Jessen and Mirsky, 2005). We analyzed mice at P3, when myeli-

Figure 1. S63del nerves showing altered differentiation state. A, qRT-PCR analysis on P5 (top) and P28 (bottom) S63del and WT sciatic nerves to validate some of the early Schwann cell
differentiation factors. S63del values are expressed as fold change compared with WT. Error bars indicate SEM; n � 3–5 RT from independent pools of nerves. *p 	 0.05, **p 	 0.01 by Student’s
t test. B, Western blot analysis on P28 sciatic nerve lysates. Tubulin (Tub) and Calnexin (Cnx) were used as loading controls. C, Immunohistochemistry (IHC) on cryosections of P21 S63del and WT
sciatic nerves. Sections 10 �m thick were stained with anti-Sox2 or anti-Id2 antibodies (red), anti-MBP antibody (green) for myelin, and DAPI (blue) for cell nuclei. In S63del nerves, Sox2 localizes
in Schwann cell nuclei (arrowhead in the top inset), whereas Id2 appears to accumulate in the cytoplasm (arrow in the bottom inset).
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nation is beginning and Sox2 is still expressed in WT mouse
peripheral nerves. By morphological analysis on sciatic nerve
transverse sections, Sox2 SCKO nerves appeared slightly more my-
elinated compared with WT controls. Indeed, g-ratio analysis
showed a trend toward lower values in P3 Sox2 SCKO nerves (Fig.
3B) (Sox2 SCKO 0.7435 � 0.0129; control 0.7649 � 0.0126; p �
0.1457), suggesting a mild hypermyelination.

Similar analysis was also performed in P3 Id2-null mice, in
which the Id2 gene is ablated in all tissues (Yokota et al., 1999).
Id2-null sciatic nerves resembled what was observed in the
Sox2 SCKO model (Fig. 3C). In particular, g-ratio analysis on EM
sections showed a significant increase in myelin thickness in Id2-
null nerves (Fig. 3D) (Id2�/� 0.7355 � 0.0063; control 0.7662 �
0.0048; p � 0.0185). Moreover, in Id2-null nerves, we also de-
tected a trend toward increased number in myelinated fibers
compared with WT controls among those axons that were al-
ready in a 1:1 relationship with a Schwann cell (average 70.6% in
Id2-null vs 58.65% in control; p � 0.1714).

Based on these observations, we generated double mutant
mice (Sox2 SCKO/Id2�/�) to evaluate whether the ablation of
both proteins would have an additive effect on myelination. P3
sciatic nerves (Fig. 3E) showed an increase in the number of
myelinated fibers (70.38% in Sox2 SCKO/Id2�/� vs 54.72% in
control p � 0.0769) and a significantly lower g-ratio (Fig. 3F)
(Sox2 SCKO/Id2�/� 0.7213 � 0.0127; control 0.7740 � 0.0051;
p � 0.0077). Together, these data indicate that the ablation of
Sox2, Id2, or both causes hypermyelination during early phases

of peripheral nerve development, suggesting that they are indeed
negative regulators of myelination in vivo.

We next evaluated whether the hypermyelination persisted in
older mice. To this aim, we analyzed sciatic nerves of Sox2 SCKO

and Id2�/� mice at P28 and P21, respectively (most Id2-null
mice died perinatally and none survived after P21). By this stage,
the nerves appeared indistinguishable from the controls (Fig.
4A,B), as confirmed by g-ratio analysis (Sox2 SCKO 0.6307 �
0.011 vs control 0.6356 � 0.012, n.s.; Id2�/� 0.6473 � 0.013 vs
control 0.6565 � 0.027 n.s.), indicating that the hypermyelina-
tion observed in P3 nerves is a transitory phenotype. Intriguingly,
in the Sox2 SCKO/Id2�/� nerves at P21, despite overall normal
myelin thickness, we observed frequent polyaxonal myelination
of bundles containing several unsorted axons with diameter 
1
�m and in which axons were not separated by Schwann cell cy-
toplasmic protrusions (Fig. 4D). This phenotype is also seen in
many mutants in which there may be premature differentiation
of Schwann cells and precocious myelination (for review, see
Feltri et al., 2016), suggesting that concomitant ablation of Sox2
and Id2 leads to early Schwann cell cycle exit and differentiation.

Id2-induced hypermyelination is likely a Schwann-cell-
autonomous effect
In Sox2 SCKO mice, the mild increase in myelin thickness is most
probably due to the specific ablation of Sox2 in Schwann cell.
Conversely, in the Id2-null mice, it is not possible to determine
cell autonomy and the observed phenotype may be also due to

Figure 2. Sox2 overexpression impairs myelination in DRG cultures. A, Immunofluorescence and quantification of MBP-positive internodes in DRG explants infected with Id2- or Sox2-expressing
lentiviruses. Myelin is stained with anti-MBP (red), neurons with anti-NF-M (green), and cell nuclei with DAPI (blue). Bottom MBP panels represent the magnifications (3.8�) of the inset.
EGFP-expressing lentiviruses were used as a control. Sox2-overexpressing DRGs are significantly less myelinated compared with both noninfected and EGFP-infected DRGs (F(4,15) � 6,295, p �
0.0035). B, Purified WT DRG neurons were seeded with Id2- or Sox2-overexpressing Schwann cells. The quantification of MBP-positive internodes confirmed that Sox2 overexpression impairs
myelination in a Schwann-cell-autonomous way compared with noninfected and EGFP-infected Schwann cells (F(4,18) � 11,02, p � 0.0001) by one-way ANOVA followed by Tukey post hoc analysis.
Number of internodes per field was normalized to the WT. Data are shown as means � SEM of four independent experiments. *p 	 0.05, **p 	 0.01 and ***p 	 0.001.
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lack of Id2 in other cells. To begin to evaluate this, we first cul-
tured DRG explants from WT and Id2-null embryos and looked
at myelination at different time points. Intriguingly, after 5 d of
myelination, Id2�/� DRGs have a significantly higher number of
myelinated internodes compared with WT DRGs (Fig. 5A). This
difference is reduced as myelination progresses and is no longer
significant after 8 or 15 d of myelination (data not shown). This
result parallels what seen in vivo and indicates that the ablation of
Id2 in Schwann cells or neurons causes early and transient hyper-
myelination. To evaluate whether this phenotype is due to
Schwann cell or neurons, we purified DRG neurons from WT
and Id2-null mice and cultured them together with WT primary
rat Schwann cells. We allowed myelination to proceed for differ-
ent time points (5, 7, 12, and 16 d), but we never observed any
significant difference (Fig. 5B and data not shown). Together,
these data suggest that the phenotype observed in P3 mice and in
day 5 DRG explants is most likely due to the lack of Id2 in
Schwann cells rather than neurons.

Ablation of Sox2 and Id2 in neuropathic mice worsens
the phenotype
Our ex vivo and in vivo data corroborate and expand previous
observations indicating that Sox2 has a negative role in Schwann

cell myelination (Le et al., 2005; Parkinson et al., 2008; Roberts et
al., 2017). Moreover, we showed for the first time that Id2 also
exerts a negative role in developmental myelination in vivo. This
led us to hypothesize that, in S63del CMT1B nerves, their sus-
tained expression could interfere with myelination, contributing
to the hypomyelination. To test this hypothesis, we first ablated
Sox2 in Schwann cells of S63del mice. Morphological analysis
performed at P28 showed that peripheral nerves of S63del/
Sox2 SCKO were actually more severely affected than S63del nerves
(Fig. 6A). The g-ratio in S63del/Sox2 SCKO was increased com-
pared with S63del nerves (0.72 � 0.01 vs 0.70 � 0.01, p �
0.0097), indicating more hypomyelination (Fig. 6B). Accord-
ingly, there was also a significant increase in the percentage of
amyelinated fibers within the nerve (Fig. 6C) and Western blot-
ting assay showed a reduction of MBP in S63del/Sox2 SCKO nerves
(Fig. 6D,E) compared with S63del, confirming the worsening of
the phenotype. These results suggest a protective role for Sox2
expression in neuropathy.

We next evaluated the effect of Id2 ablation on S63del
neuropathy by crossing Id2�/� and S63del mice. By P21, the
S63del/Id2�/� mice showed an exacerbation of the neuropathic
phenotype similar to what was observed after ablation of Sox2
(Fig. 7A). Indeed, g-ratio analysis confirmed a more pronounced

Figure 3. Ablation of Sox2 and Id2 results in hypermyelination in P3 sciatic nerves. A, C, E, TEM images of P3 control and Sox2 SCKO, Id2 �/� and Sox2 SCKO/Id2 �/� sciatic nerves. All transgenic
mice show signs of hypermyelination compared with controls. B, D, F, g-ratio evaluation of myelin thickness in control and Sox2 SCKO, Id2 �/� and Sox2 SCKO/Id2 �/� P3 mice. Sox2 SCKO mice show
a trend toward thicker myelin, whereas Id2 �/� and Sox2 SCKO/Id2 �/� mice are significantly hypermyelinated (*p � 0.0185 and **p � 0.0077 respectively, by Student’s t test) compared with the
control. Scale bars, 2 �m.
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hypomyelination in the S63del/Id2�/� mouse (0.75 � 0.01) with
respect to the S63del (0.72 � 0.015; p � 0.042) (Fig. 7B). Finally,
the percentage of amyelinated fibers was significantly increased
in P21 S63del/Id2�/� sciatic nerves (Fig. 7C) and Western blot
analysis showed a reduced amount of MBP (Fig. 7D,E) com-
pared with S63del.

The ablation of either Sox2 or Id2 from S63del mice led to a
comparable worsening of the neuropathic phenotype. In S63del
mice, the pathology is associated with the activation of a UPR due
to the retention of mutant P0S63del in the ER (Wrabetz et al.,
2006). Therefore, we tested whether the worsening of the pheno-
type after Sox2 or Id2 ablation in S63del nerves was accompanied
by an increase in ER stress. Using qRT-PCR, we measured the
mRNA expression of the UPR target genes BiP, CHOP, and
spliced Xbp1. However, in both S63del/Sox2 SCKO and S63del/
Id2�/� nerves, we detected only a nonsignificant trend toward an
increase of these ER stress markers compared with S63del nerves
(data not shown). We thus wondered whether, like in develop-
ment, the ablation of both transcription factors could have a
synergistic effect in the neuropathy, allowing us to better deter-
mine the underlying molecular mechanism. To test this, we gen-
erated S63del/Sox2 SCKO/Id2�/� mice and analyzed sciatic nerve

morphology at P21. Indeed, morphological analysis by semithin
section clearly showed that the combined loss of Sox2 and Id2 led
to a dramatic worsening of the phenotype with respect to the
S63del mice (Fig. 8A), with a remarkable reduction in the num-
ber of myelinated fibers. EM images confirmed this observation,
showing axons with caliber larger than 1 �m completely amyeli-
nated or significantly hypomyelinated (Fig. 8B). Moreover, we
often noticed the presence of myelin debris in Schwann cell cyto-
plasm, suggesting ongoing demyelination (Fig. 8B). This result
further supports the idea that, in the S63del neuropathic model,
the sustained expression of both Sox2 and Id2 is largely protec-
tive. Importantly, the ablation of one protein exacerbates the
phenotype, but not as drastically as the ablation of both, suggest-
ing a synergistic effect.

Sox2 and Id2 sustained expression limits mutant
P0S63del toxicity
The negative role on myelination of Sox2 and Id2 suggests that
their downregulation at the start of myelination is necessary to
properly activate the Schwann cell differentiation program and
myelin genes expression. We speculated that the Sox2 and Id2
protective effect in neuropathic nerves was likely due to their
ability to maintain Schwann cells in a limited differentiation
state. The S63del phenotype is in fact dose dependent: mice that
express higher levels of P0S63del protein have higher ER stress
levels and a more severe dysmyelinating phenotype (Wrabetz et
al., 2006). We thus evaluated the mRNA expression of P0 in
sciatic nerves of S63del and S63del/Sox2 SCKO/Id2�/� mice. In
agreement with our hypothesis, we observed an increased expres-
sion of total P0 transcript in S63del sciatic nerves after Sox2 and
Id2 ablation (Fig. 9A). Because the S63del transgene is under the
control of the whole P0 gene (Feltri et al., 1999), the mRNA for
both WT and mutant P0 should be equally increased. To test this,
we performed a quantitative allelic discrimination assay to eval-
uate the relative amounts of the two transcripts. As shown in
Figure 9B, the ratio between the two mRNAs remains constant in
S63del and S63del/Sox2 SCKO/Id2�/� sciatic nerves, suggesting
that both transcripts are likely equally increased in the absence of
Sox2 and Id2. To further confirm that Sox2 and Id2 ablation is
associated with increased mutant P0S63del levels, we evaluated
the expression of a series of UPR markers. As expected, we saw
increased levels of CHOP and BiP expression and enhanced Xbp1
splicing in the S63del/Sox2 SCKO/Id2�/� nerves compared with
S63del (Fig. 9C), indicating an exacerbation of the UPR that cor-
relates with the worsened phenotype.

Together, our data indicate that the sustained expression of
Sox2 and Id2 in S63del CMT1B nerves is a necessary component
in the homeostatic adaptation of Schwann cells in response to the
production of a toxic protein.

Discussion
Negative regulators of myelination are emerging as important
determinants of Schwann cell differentiation and of nerve repair
after injury, whereas their role in disease is less well understood.
Here, we showed that Sox2 and Id2 act as negative regulators of
myelination in vivo, but that their sustained expression in neu-
ropathy may represent an adaptive mechanism that protects
Schwann cells from the toxicity of a misfolded myelin protein.

Sox2 and Id2 negatively regulate myelination in vivo
The evidence that Sox2 acts as negative regulator of myelination
mostly derived from overexpression studies. In vitro,
Sox2 antagonizes Krox-20 induced myelin gene expression and

Figure 4. Sox2- and Id2-null nerves are normally myelinated at later time points. A–C,
Semithin section of P28 Sox2 SCKO and P21 Id2 �/� and Sox2 SCKO/Id2 �/� sciatic nerves. In all
transgenic mice, the extent of myelination is comparable to the control. D, TEM images of P21
control and Sox2 SCKO/Id2 �/� nerves. In the double-knock-out transgenic mice, we frequently
found Remak bundles containing large (
2 �m in diameter) unsorted axons and surrounded
by a thin myelin sheath, which were never seen in control nerves. Scale bars, 2 �m.
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enforced expression of Sox2 in Schwann cells maintains them in
an immature proliferative state (Roberts et al., 2017), preventing
efficient myelination in DRG cocultures (Le et al., 2005). Impor-
tantly, recent in vivo studies showed that sustained Sox2 expres-
sion in Schwann cells blocks myelination and remyelination in
peripheral nerves (Roberts et al., 2017).

Whereas it was well demonstrated that in the CNS Id2 nega-
tively regulates oligodendrocyte differentiation (Chen et al.,
2009; Chen et al., 2012), there were only some indications that
Id2 could act as negative regulator of PNS myelination. Id2 is
downregulated by the Krox20-NAB complex during myelin pro-
gression (Mager et al., 2008) and is reexpressed after nerve injury
(Le et al., 2005). Moreover, cAMP-induced P0 expression was
increased by the repression of Id2 (Mager et al., 2008), suggesting
that its reduction could be necessary for the activation of major
myelin genes.

Our ex vivo experiments confirmed the negative role exerted
by Sox2 in myelination (Le et al., 2005) and showed that this
effect is Schwann cell specific. Id2 overexpression in DRGs did
not show any significant effect on myelination. However, Id2
does not work as a classical transcription factor but rather acts by
binding other bHLH factors and blocking their acti-
vity (Yokota et al., 2001). To date, no Schwann-cell-specific Id2

interactor has been identified, but we cannot exclude that any
Id2-specific effect on myelination would require the concomitant
expression of other factors.

In vivo Schwann-cell-specific ablation of Sox2 or full ablation
of Id2 (most likely in a Schwann cell-autonomous manner) re-
sulted in hypermyelination at P3. This effect was more evident in
the double mutant, suggesting that the two factors act on differ-
ent pathways and that their simultaneous ablation has a synergis-
tic effect. However, the hypermyelination was transitory. This is
probably due to the fact that both Sox2 and Id2 are normally
downregulated when myelination begins (Stewart et al., 1997; Le
et al., 2005; Jessen and Mirsky, 2008), which will eventually even
out the differences with the mutants. Nevertheless, in the double-
knock-out nerves, we often observed the myelination of bundles
of yet unsorted axons by a single Schwann cell. This is a feature of
many mutant nerves in which immature Schwann cells prema-
turely exit from the cell cycle, differentiate, and create polyaxonal
myelination (Porrello et al., 2014; Feltri et al., 2016). This would
fit with the role of Sox2 and Id2 in cell cycle control. It has in fact
been shown that the levels of Id2 correlate with Schwann cell
proliferation in vitro (Stewart et al., 1997) and that Sox2 expres-
sion increases Schwann cell proliferation both in vitro and in vivo
(Le et al., 2005; Roberts et al., 2017).

Figure 5. Id2 negatively regulates myelination in a Schwann-cell-autonomous way. A, Quantification of the number of myelinated axons and immunofluorescence in Id2 �/� and WT DRG
explants 5 d after the induction of myelination. Myelin is marked by anti-MBP (red), neurons by anti-NF M (green), and cell nuclei by DAPI (blue). Numbers of internodes per field are normalized to
the control. Id2 �/� DRGs show a significant increase in the number of myelinated fibers compared with the WT; n � 8 embryos per genotype (*p � 0.026 by Student’s t test). B, Quantification
of the number of myelinated internodes in WT and Id2 �/� purified DRG neurons seeded with primary rat Schwann cells 7 d after the induction of myelination. Results represent the mean of three
independent experiments.
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Figure 6. Ablation of Sox2 in S63del mice worsens the neuropathic mouse. A, Semithin
sections of P28 sciatic nerves of the indicated genotypes. S63del/Sox2 SCKO nerves appear hypo-
myelinated compared with S63del and show an increase in amyelinated axons (arrow). B,
g-ratio plotted by axon diameter in S63del and S63del/Sox2 SCKO nerves; n � 5– 6 microscopic
fields per mouse were analyzed from 3 mice per genotype. C, Number of amyelinated fibers in
semithin section from P28 S63del and S63del/Sox2 SCKO mice. Values are expressed as percent-
age of the axons with diameter 
1 �m. Error bars indicate SEM; n � 3–5 microscopic fields
per mouse were analyzed from 3 mice per genotype. ***p 	 0.001 (9.83e �8) by Student’s t
test. D, Western blot for MBP on P28 control, S63del, and S63del/Sox2 SCKO sciatic nerve protein
extract. Calnexin was used as a loading control. One representative blot of three is shown. E,
MBP levels as determined by densitometry; A.U., arbitrary units. *p � 0.039 and **p � 0.0017
by Student’s t test.

Figure 7. Id2 ablation worsens the phenotype of S63del neuropathic nerves. A, Semithin
sections of P21 WT, Id2 �/�, S63del, and S63del/Id2 �/� sciatic nerves. As with Sox2 ablation,
lack of Id2 in S63del nerves results in further worsening of the hypomyelinating phenotype and
AN increase in amyelinated axons (arrow). B, g-ratio plotted by axon diameter in S63del and
S63del/Id2 �/� sciatic nerve; n � 5– 6 microscopic fields per mouse were analyzed from 3
mice per genotype. C, Number of amyelinated fibers in S63del and S63del/Id2 �/� sciatic nerve
semithin sections. Values are expressed as a percentage of total number of axons with diameter

1 �m. Error bars indicate SEM; n � 3–5 microscopic fields per mouse were analyzed from 3
mice per genotype. ***p 	 0.001 (5.37e �6) by Student’s t test. D, Anti-MBP Western blot on
control, S63del, and S63del/Id2 �/� sciatic nerve protein extract. MBP was reduced in S63del
compared with the control and further reduced in S63del/Id2 �/�. Calnexin was used as a
loading control. One representative blot of four is shown E, MBP levels as determined by den-
sitometry; A.U., arbitrary units. *p � 0.014 and **p � 0.0024 by Student’s t test.
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Before our study, Notch was the only
example of transcription factor whose in-
activation would accelerate myelination
in vivo (Woodhoo et al., 2009). Our work
shows that ablation of Sox2 and Id2 also re-
sults in peripheral nerve hypermyelination,
indicating that they play an important role
in timing the onset of myelination. Further
studies will be required to explore in detail
the molecular targets of Id2 and Sox2 and to
establish when myelination begins in their
absence.

Sustained expression of Sox2 and Id2 is
protective in neuropathic nerves
Similar to other mouse models of periph-
eral neuropathy, S63del nerves are charac-
terized by the sustained expression of
several negative regulators of myelination.
Here, we showed that ablation of Sox2
and Id2 from S63del mice severely wors-
ens the CMT1B neuropathy. In these
mice, mutant P0S63del is retained in the
ER of Schwann cells, where it activates a
UPR (Wrabetz et al., 2006; Pennuto et al.,
2008), an adaptive mechanism through
which cells attempt to cope with the accu-
mulation of misfolded protein and main-
tain proteostasis (Volpi et al., 2017). We
had shown previously that the UPR in
S63del is dose dependent: mice expressing
higher levels of P0S63del show increased
UPR activation and a more severe neuro-
pathic phenotype (Wrabetz et al., 2006).
Indeed, the severely impaired phenotype
in S63del nerves lacking both Sox2 and
Id2 was accompanied by a remarkable in-
crease in UPR activation. Interestingly, in
S63del/Sox2 SCKO and in S63del/Id2�/�

nerves, in which the phenotype is only
marginally worsened compared with S63del,
we did not detect a significant increase in
ER stress, indicating that Schwann cells
are probably still able to adapt when only
one factor is ablated. It is difficult to de-
termine what the resulting phenotype
would be if, rather than being completely
ablated, these factors were normalized to
WT levels. However, by P28, the expres-
sion of most negative regulators is almost
undetectable in WT nerves (Fig. 1B,C)
and therefore, at least at the time points
analyzed, full inactivation readjusts their
levels close to the WT.

Our data suggest that, consistent with
the negative role of Sox2 and Id2 on
myelination, their concomitant ablation
promotes myelin protein expression, in-
cluding the mutant P0S63del, further intoxicating the system. We
cannot exclude that the increased expression of the WT P0 gene
also plays a role. WT P0 overexpression does not activate a UPR
(Wrabetz et al., 2000; Pennuto et al., 2008), but P0S63del exerts a
dominant-negative effect, causing the partial retention in the ER

and reduced delivery to myelin of WT P0 (Fratta et al., 2011),
which may contribute to the pathology.

We conclude that the sustained expression of negative regula-
tors of myelination represents a novel protective mechanism of
homeostatic adaptation through which Schwann cells, by limit-
ing their differentiation state, counter the toxic effect of mutant

Figure 8. Ablation of both Sox2 and Id2 in S63del mouse causes a severe dysmyelinating phenotype. A, Semithin sections of P21
control, S63del, Sox2 SCKO/Id2 �/�, and S63del/Sox2 SCKO/Id2 �/� nerves. Whereas control and Sox2 SCKO/Id2 �/� nerves appear
normally myelinated and S63del is hypomyelinated, in S63del, Sox2 SCKO/Id2 �/� nerve myelination is dramatically impaired.
B, TEM images confirming the hypomyelination in S63del nerves and the presence of myelinated Remak bundles in Sox2 SCKO/
Id2 �/� nerves. S63del/Sox2 SCKO/Id2 �/� show dramatic hypomyelination with amyelinated axons (arrow) and ongoing demy-
elination (arrowhead). Scale bars, 2 �m.
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proteins. This allows the cell to survive chronic stress, albeit at the
expense of reduced myelination. Importantly, this latter charac-
teristic is not totally unique to Schwann cells: chondrocytes car-
rying a nonsense mutation in the collagen 10 gene that induces a
UPR are capable of limiting their differentiation and mutant col-
lagen production, preserving cell viability (Tsang et al., 2007).

Negative regulators of myelination control Schwann-cell-
autonomous and -nonautonomous protective mechanisms in
response to nerve insults
Our results are consistent with, and yet different from, what was
observed in PMP22-C3 mice, which overexpress PMP22, par-

tially recapitulating CMT1A. In these
mice, ablation of c-Jun from Schwann
cells led to a progressive loss of sensory
axons and worsening of some behavioral
and neurophysiological deficits (Hantke
et al., 2014). Therefore, it appears that, in
PMP22-overexpressing mice, as after nerve
injury, activation of c-Jun in Schwann cells
underlies a neuron-supportive mechanism,
probably relying on positive trophic sig-
nals from the Schwann cells to the neu-
rons (Arthur-Farraj et al., 2012; Fontana
et al., 2012; Hantke et al., 2014). Instead,
in S63del mice, the activation of Sox2 and
Id2 appears to limit Schwann cell dysmy-
elination. The main reason for this differ-
ence may rely on the fact that, whereas in
vivo ablation of Sox2 and Id2 results in a
transient hypermyelination, ablation of
c-Jun does not increase myelination (Jes-
sen and Mirsky, 2016). Conversely, c-Jun
is crucial for myelin gene downregulation
and activation of autophagy for myelin
breakdown after injury (Parkinson et al.,
2008; Gomez-Sanchez et al., 2015), pro-
cesses in which Sox2 does not appear to be
involved (D.B. Parkinson, personal com-
munication). Whether Id2 has a role in
the events after nerve injury remains to
be established. It is intriguing, however,
that c-Jun is also activated in P0S63del
and P0R98C mice (Saporta et al., 2012;
D’Antonio et al., 2013) and that Sox2 and
Id2 expression is sustained in several
PMP22 mutants (Giambonini-Brugnoli
et al., 2005; Fledrich et al., 2014), suggest-
ing that the activation of negative regula-
tors of myelination in Schwann cells after
nerve insult is part of a complex network
aimed at protecting both Schwann cells
and neurons.

Conclusions
Schwann cells are endowed with remark-
able plasticity. This hallmark is of partic-
ular importance after nerve injury or in
demyelinating neuropathies. In these sce-
narios, Schwann cells activate programs
that ultimately reshape their phenotype,
favoring on one side axonal regeneration
and support, mostly through c-Jun and

the tumor suppressor Merlin (Jessen and Mirsky, 2016; Mindos
et al., 2017), but also allowing them to limit mutant protein tox-
icity, as shown here, through the activation of Sox2 and Id2.
These observations may have profound therapeutic relevance.
Many cells, such as oligodendrocytes, do not possess the ability to
regulate their differentiation status and, when faced with chal-
lenges such as the accumulation of misfolded proteins, undergo
extensive apoptosis (Gow et al., 1998). The activation or ampli-
fication of signals aimed at limiting terminal differentiation in
cells that are naturally incapable of triggering them may poten-
tially provide important benefits.

Figure 9. Ablation of Sox2 and Id2 increases P0 expression and exacerbates the UPR in S63del nerves. A, qRT-PCR for total P0
mRNA on P18 –P21 sciatic nerves from WT control, S63del, and S63del/Sox2 SCKO/Id2 �/� mice. B–D, Allelic discrimination assay
on RNA extracts from sciatic nerve of control, S63del, and S63del/Sox2 SCKO/Id2 �/� mice. Only the WT transcript is amplified in WT
control extracts; S63del and S63del/Sox2 SCKO/Id2 �/� show comparable relative amounts of both WT and S63del transcript. E,
qRT-PCR for CHOP, Bip, and spliced Xbp1. All analyzed UPR factors are strongly upregulated in S63del/Sox2 SCKO/Id2 �/� compared
with S63del, suggesting exacerbation of the ER stress. n � 2 RT from independent pools of three sciatic nerves each.
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