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Schwann cells produce a considerable amount of lipids and proteins to form myelin in the PNS. For this reason, the quality con-
trol of myelin proteins is crucial to ensure proper myelin synthesis. Deletion of serine 63 from P0 (P0S63del) protein in myelin
forming Schwann cells causes Charcot-Marie-Tooth type 1B neuropathy in humans and mice. Misfolded P0S63del accumulates in
the ER of Schwann cells where it elicits the unfolded protein response (UPR). PERK is the UPR transducer that attenuates global
translation and reduces ER stress by phosphorylating the translation initiation factor eIF2alpha. Paradoxically, Perk ablation in
P0S63del Schwann cells (S63del/PerkSCKO) reduced the level of P-eIF2alpha, leaving UPR markers upregulated, yet unexpectedly
improved S63del myelin defects in vivo. We therefore investigated the hypothesis that PERK may interfere with signals outside of
the UPR and specifically with calcineurin/NFATc4 pro-myelinating pathway. Using mouse genetics including females and males in
our experimental setting, we show that PERK and calcineurin interact in P0S63del nerves and that calcineurin activity and
NFATc4 nuclear localization are increased in S63del Schwann cells, without altering EGR2/KROX20 expression. Moreover, genetic
manipulation of the calcineurin subunits appears to be either protective or toxic in S63del in a context-dependent manner, suggest-
ing that Schwann cells are highly sensitive to alterations of calcineurin activity.
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Significance Statement

Our work shows a novel activity and function for calcineurin in Schwann cells in the context of ER stress. Schwann cells
expressing the S63del mutation in P0 protein induce the unfolded protein response and upregulate calcineurin activity.
Calcineurin interacts with the ER stress transducer PERK, but the relationship between the UPR and calcineurin in Schwann
cells is unclear. Here we propose a protective role for calcineurin in S63del neuropathy, although Schwann cells appear to be
very sensitive to its regulation. The paper uncovers a new important role for calcineurin in a demyelinating diseases.

Introduction
Myelin is the insulating membrane that surrounds axons to pro-
vide trophic support and to promote the fast transmission of
electrical impulses (Sherman and Brophy, 2005). Schwann cells
produce myelin in the PNS, a process that demands large synthe-
sis of proteins and lipids and requires an efficient protein quality
control system to cope with such burden (D’Antonio et al., 2009;
Lin and Popko, 2009; Lin and Stone, 2020). In humans and mice,
deletion of serine 63 from Myelin Protein Zero (P0S63del)
impairs myelination in peripheral nerves, causing Charcot-
Marie-Tooth1B-S63del (CMT1B-S63del), a debilitating demyeli-
nating neuropathy characterized by reduction of nerve conduc-
tion velocity and motor impairment (Kulkens et al., 1993;
Wrabetz et al., 2006; Miller et al., 2012).
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P0S63del generates a misfolded protein that accumulates in
the ER of Schwann cells and triggers the unfolded protein
response (UPR) (Wrabetz et al., 2006; Pennuto et al., 2008;
D’Antonio et al., 2013). Among the strategies adopted to restore
protein homeostasis, the UPR reduces translation by activating
protein kinase RNA-like endoplasmic reticulum kinase (PERK)
via its dimerization and autophosphorylation (Harding et al.,
2000b, 2001; P. Zhang et al., 2002). P-PERK phosphorylates and
blocks the activity of the eukaryotic translation initiation factor
eIF2alpha, and thereby, transiently attenuating protein synthesis
to limit the accumulation of client proteins in the ER (Harding et
al., 2000a). PERK and eIF2alpha are remarkably active in S63del
nerves, suggesting that Schwann cells attempt to alleviate the ER
stress by reducing translation (D’Antonio et al., 2013; Musner et al.,
2016). To prevent an excessive translational shut down, the growth
arrest and DNA damage-inducible protein (GADD34)-PP1 holo-
phosphatase dephosphorylates eIF2alpha to restart translation
(Novoa et al., 2001).

In S63del nerves, increasing phosphorylation of eIF2alpha
through genetic and pharmacological impairment of GADD34
activity nearly rescues S63del neuropathy, suggesting that the
PERK-eIF2alpha arm of the UPR is adaptive for the neuropathy
(D’Antonio et al., 2013; Das et al., 2015). Paradoxically, reducing
eIF2alpha phosphorylation by targeted deletion of Perk in
Schwann cells (S63del/PerkSCKO mice) also ameliorates myelin
morphology in S63del nerves, although P0 accumulation in the
ER remains high (Sidoli et al., 2016). Given these data, we
hypothesized that PERK may have an eIF2alpha-independent
effect.

Work done in Xenopus and mammalian cells has demon-
strated that P-PERK can regulate the activity of the phosphatase
calcineurin (Bollo et al., 2010; R. Wang et al., 2013; Liu et al.,
2014; Chen et al., 2016). Previous reports suggest that calcineurin
promotes myelin formation in both the PNS and the CNS (Kao

et al., 2009; Weider et al., 2018). In
immature Schwann cells, activation of
calcineurin induces the expression of
the promyelinating transcription factor
Early Growth Response 2 (EGR2/
KROX20), thus representing an ideal
candidate to be disrupted by P-PERK in
a demyelinating neuropathy with an
active UPR (Kao et al., 2009). However,
our recent data have demonstrated that
selective deletion of calcineurin in mye-
linating Schwann cells has no effect on
KROX20 expression or myelin produc-
tion, but rather limits myelin clearance
after injury (Reed et al., 2020). We thus
explored the hypothesis that P-PERK
interacts and modulates calcineurin ac-
tivity in S63del Schwann cells, thus
contributing to the demyelinating neu-
ropathy. We show here that, indeed,
PERK and calcineurin interact in S63del
sciatic nerves, and that calcineurin activ-
ity is upregulated in mutant nerves com-
pared with WT control. In vivo, loss of
calcineurin activity in S63del Schwann
cells further impairs myelination and
causes early axonal degeneration point-
ing to a novel protective role for calci-
neurin in Schwann cells in the context
of ER stress. Moreover, the detrimental

effect of calcineurin loss of function in S63del nerves is reversed
by simultaneous deletion of calcineurin and Perk. This work sug-
gests a novel and tightly regulated function for calcineurin in
CMT1b-S63del neuropathy and prompts further work to under-
stand calcineurin action in Schwann cell myelination during dis-
ease or injury.

Materials and Methods
Mice. All the animals involved in this work were treated according to

the experimental protocols approved by the Department of Laboratory
and Animal Resource core facility at Roswell Roswell Park Cancer
Institute, by University at Buffalo Institutional Animal Care and Use
Committees, and by San Raffaele Scientific Institute Animal Care and
Use Committee. The experiments included both female and male mice.

P0S63del transgenic mouse and S63del/PerkSCKO mouse model were
previously described (Wrabetz et al., 2000, 2006; P. Zhang et al., 2002;
Sidoli et al., 2016). eIF2alphaA/A and eIF2alpha (f/Tg) were characterized
by Back et al. (2009). To generate Schwann cell-specific loss of function
of calcineurin, we crossed (P0Cre) mice (Feltri et al., 1999) with mice
carrying a Calcineurin regulatory subunit B (CnB) floxed conditional al-
lele (B6;129-Ppp3r1tm2Grc/J) (Neilson et al., 2004). The knockout allele
for the catalytic subunit A isoform a of Calcineurin (CnAalpha)
(B6;129-Ppp3catm1Jse/J) was characterized by B. W. Zhang et al. (1996).
Mice were maintained as C57BL/6N and further crossed in S63del back-
ground to obtain S63del/CnBSCKO and S63del/CnA�/�. In Figure 1A, we
used A/A;fTG;S63del in FVB/C57BL6 mixed background. The experi-
mental crosses were designed to obtain genotypes of interest and con-
trols within littermates, to control for possible biological variability
because of genetic background.

Morphology. P28, P21, and P10 mutant and control mice from same
littermates were sacrificed and sciatic nerves collected. Semithin section
and electron microscopy (EM) were performed as previously described
(Quattrini et al., 1996). Images for semithin were acquired with a 100�
objective on a Leica DM 6000 microscope while for EM we used a FEI
Tecnai G2 Spirit bio twin electron microscope. The g-ratio and

Figure 1. Loss of phosphorylated eIF2alpha is detrimental for S63del Schwann cells. A, EM sections of sciatic nerves dis-
sected between P21 and P28 of the following genotypes: A/A;fTg and WT (WT), A/A;fTg;S63del and S63del (S63del), A/A;fTg;
S63del;P0Cre (S63del/eIF2aSC-AA) and S63del;P0Cre;Perkfl/fl (S63del/PerkSCKO) were analyzed. Red arrowheads highlight the lack
of myelin in small- and medium-caliber axons in AA//fTg//S63del, S63del/eIF2aSC-AA, and S63del//PerkSCKO. Scale bar, 2mm.
B, EM sections were quantified for g-ratio plotted as function of axon diameter and (C) % of amyelinated axons (red arrow-
heads) using 150-170 axon from 3 or 4 animals, except for S63del/PerkSCKO, for which only 2 animals were quantified. Error
bars indicate SEM. **p, 0.01; ***p, 0.001; one-way ANOVA with Bonferroni multiple comparison test.
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amyelinated axon count were analyzed as previously described (Sidoli et
al., 2016).

Western blotting (WB). Sciatic nerves from P28 mutant and control
mice were frozen, pulverized, and lysed in RIPA buffer (Tris HCl 50 mM,
pH 8.0, NaCl 150 mM, NP-40 1%, sodium deoxycholate 0.5%, SDS 0.1%)
plus 1 mM Na3VO4, 1% phosphatase inhibitor cocktail C2 and C3, and
1% Protease inhibitor cocktail (Sigma Millipore). Samples were mixed
with loading dye 6� (360 mM Tris-HCl, pH 6.8, 30% glycerol, 10% SDS,
0.012% bromophenol blue, 0.6 M DTT), boiled for 5min, and centri-
fuged at room temperature. Protein sizes were resolved in bis Tris gel
(Sigma Millipore) and MOP SDS running buffer (Thermo Fisher
Scientific) and blotted on PVDF membrane (GE Healthcare, Odyssey
detection system). For cellular fractionation, nerve powder was mixed
with cytoplasmic lysis buffer (HEPES 10 mM, pH 6.8, EDTA 5 mM, digi-
tonin 0.01%), incubated for 10min at 4°C, and centrifuged at 1000 � g
at 4°C for 10min. The supernatant was saved as the cytoplasmic fraction,
and the pellet was resuspended with membrane lysis buffer (HEPES 10
mM, pH 7.4, EDTA 5 mM, Triton X-100 0.5%) and rotated for 30min at
4°C. Samples were then centrifuged at 5000 � g at 4°C for 10min. The
supernatant was collected as the membrane fraction but not used. The
pellet was then resuspended with nuclear lysis buffer (HEPES 10 mM,
pH 7.4, EDTA 5 mM, Tween-20 1%, DOC 0.5%), incubated at 4°C for
10min, and centrifuged at 6800 � g at 4°C for 10min. Fractions were
resolved on an SDS-polyacrylamide gel.

Immunoprecipitation. At least four nerves for each genotype were
pooled together and lysed with CHAPS buffer (HEPES 40 mM, pH 7.5,
NaCl 120 mM, EDTA 1 mM, sodium pyrophosphate decahydreate 1 mM,
b -glycerophosphate 1 mM, sodium fluoride 5 mM, CHAPS 0.3%,
Thermo Fisher Scientific). Lysis was performed on ice with previously
frozen cold tubes and pestles. After homogenization, the samples were
resuspended with 23 G needle and syringe. Tubes were left on ice for
10min and then cleared by centrifugation at 10,000 � g at 4°C for
20min. Bead preclearing was done by adding Protein A/G agarose
(Santa Cruz Biotechnology) to the lysates for 1 h at 4°C with end-over-
end rotation. After discarding the beads, the lysates were incubated with
primary antibody overnight at 4°C. Beads were added to the antibody-
lysate sample at 4°C for 3 h and then washed 3 times with lysis buffer
plus one time with PBS1X. All solutions were removed with 27 G needle
and syringe. Immunoprecipitation samples were mixed with 2� loading
dye (DTT 1 M, SDS 10%, Tris-Cl 1 M, pH 6.8, bromophenol blue 1%),
boiled at 95°C for 10min, and loaded on a SDS page gel for CnA-Perk
(P-Thr198) coimmunoprecipitation.

Antibodies. a-Tubulin (600-939, Novus Biologicals, 1:2000 for WB),
GAPDH (G9545, Sigma Millipore, 1:5000 for WB), H2B (ab18977,
Abcam, 1:1000 for WB) P-eIF2alpha (3398, Cell Signaling Technology,
1:500 for WB), P-PERK Thr198 (3179, Cell Signaling Technology, 1:500
for WB), Pan-calcineurin A (2614, Cell Signaling Technology, 1:50 for
immunoprecipitation/immunofluorescence and 1:1000 for WB), calci-
neurin B (CnB, 07-069, Millipore, 1:1000 WB), calmodulin (CaM, 4830,
Cell Signaling Technology, 1:1000 WB), Tuj1 (801202, BioLegend, 1:500 for
immunofluorescence), NFATc4 (2183, Cell Signaling Technology, 1:1000
for WB; and PA1-021, Thermo Fisher Scientific, 1:100 for immunofluores-
cence), MBP was from Virginia Lee at University of Pennsylvania 1:4
for immunofluorescence, and Egr2 was from Mejer in University of
Edinburgh, 1:6000 for immunofluorescence. Tubulin, calcineurin A (CnA),
and CnB were detected with the Odyssey CLx infrared imaging system
IRDye 800 anti-rabbit (Li-Cor, 1:10,000). All the other proteins were visual-
ized using HRP-conjugated secondary antibodies against rabbit (DAKO,
1:5000). The densitometry was performed with ImageJ-64 software.

Calcineurin assay. The enzymatic activity of calcineurin was meas-
ured using the calcineurin cellular activity assay kit from Enzo Life
Sciences (BML-AK816-0001) and following the manufacturer’s instruc-
tion. In brief, three to five pair of nerves from WT, S63del, and S63del/
PerkSCKO were pulled together to generate one lysate each genotype.
Nerves were crashed with frozen pestles in frozen tubes with lysis buffer
(BML-KI135-0040) and mixed with 23 G needle plus syringe. Samples
were ultracentrifuged for 45min, 65,000 rpm at 4°C. Supernatant was
collected and desalted using desalting column resin (BML-KI100).
Samples were centrifuged at 800 � g for 3min. Calcineurin activity was
measured by subtracting free phosphate background per the

manufacturer’s instruction. The EGTA control was measured by adding
20 mM of EGTA to S63del nerve lysate.

Immunofluorescence. Mutant and control nerves and DRGs were dis-
sected from P28 mice, fixed in 4% ice cold PFA for 30min, and cryo-pre-
served in sucrose 20% overnight. Nerves were then embedded in OCT
(Miles) before freezing them in liquid nitrogen for cryostat sectioning.
Alternatively, nerves were teased on 3% 3-triethoxysilylpropylamine-coated
slides (Sigma Millipore). Longitudinal sections of 10 mm thickness were
postfixed in 4% PFA for 15min and permeabilized in acetone for 5min.
Blocking was achieved in 10% FCS, 0.2% Triton X-100 in PBS 1� (for
Egr2) or 5% BSA, 1% NGS, 0.5% Triton X-100 in PBS 1� (for NFATc4,
MBP, and CnA immunofluorescence). Washing was performed with TBS
1�, and slides were incubated for 1 h at room temperature with Jackson
Alexa-488 secondary antibodies against rabbit and rat, or Alexa-594 against
the mouse IgG sub2a (1:500). Nuclei were highlighted with DAPI.

TaqMan qPCR. RNA purification, cDNA production, and TaqMan
PCR analyses from P10 and P28 sciatic nerves and cDNA production were
performed as previously described (Sidoli et al., 2016). The PCR for the target
and reference genes were performed in separate test tubes with Assays on
Demand (Applied Biosystems Instruments): Egr2/Krox20 (Mm00456650_
m1), Oct6/Pouf3 (Mm00843534_s1), Sox2 (Mm03053810_s1),
Sox10 (Mm00569909_m1), NFATc4 (Mm00452375_m1), c-Jun,
Yy1 (Mm00456392_m1). Normalization was performed using
rRNA 18s, Hs99999901_s1. Littermates were analyzed and every
genotype was compared with the WT of the same cohort.

DRG explants. DRG explants were isolated from E13.5 mouse
embryos from WT, S63del, and S63delH litter for calcium imaging and
WT, CnAalpha �/�, S63del, and S63del/CnAalpha�/� for in vitromyeli-
nation assay. DRGs were cultured as described by Taveggia et al. (2005).
In brief, DRGs were cultured on collagen-coated coverslip (Cultrex
Trevigen, 3440-100-01) with 50mg/ml final concentration of collagen.
Myelination was induced by treating DRGs with 50mg/ml of ascorbic
acid (AA, Sigma Millipore) for 5 or 12d, after which the number of my-
elinated internodes were quantified.

Calcium imaging. Calcium imaging was performed as previously
shown by Paez et al. (2007). Briefly, nonmyelinating and myelinating
(5 d of AA) DRG explants were washed in serum and phenol red-free
DMEM containing a final concentration of 4 mM fura-2 AM (TefLabs)
and 0.08% Pluronic F127 (Invitrogen) to load dye into the cells. Cells
were then incubated for 25min at 37°C, 5% CO2, then washed 4� in
DMEM, and stored in DMEM for 10min before being imaged. Calcium
flux was induced by treating DRGs with ATP (100 mM). Time lapse
images were obtained by measuring fura-2 at 2 s intervals for a total of
4min at low excitation light to minimize bleaching. Each frame repre-
sents a single section of fura-2, and increased in calcium concentration is
indicated by warmer color (red). Resting and stimulated Ca21 levels
were measured in Mg21 and serum-free HBSS containing 2 mM Ca21,
or Mg21 and Ca21 free HBSS (–Ca). Ca21 levels were measured on indi-
vidual cells, and the results were pooled from three separate experiments
for each condition. The fluorescence of fura-2 was excited alternating
340 and 380nm wavelengths by means of a high-speed wavelength
switching device (l DG4; Sutter Instruments). A spinning disk confocal
inverted microscope (Olympus, IX83-DSU), equipped with a CCD cam-
era (Hamamatsu ORCA-R2), measured the fluorescence, and time lapse
was acquired with a 20� objective. Image analysis software (MetaFluor,
Molecular Devices) allowed for the selection of several “regions of inter-
est” within the field from which measurements were taken.

Statistical analysis. All statistical analysis was conducted using
GraphPad Prism 6.01. To determine the significance between genotypes,
Student’s t test or one-way and two-way ANOVA were used. p� 0.05
was considered statistically significant. Graphical data are represented as
mean6 SD (SE) or SEM.

Results
Loss of eIF2alpha phosphorylation is deleterious in S63del
Schwann cells
The phosphorylation of eIF2alpha represents a protective
response in cells undergoing chronic ER stress, including S63del
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Schwann cells (D’Antonio et al., 2013; Das et al., 2015; Scapin et
al., 2020). However, reduction of eIF2alpha phosphorylation by
genetic ablation of PERK paradoxically improved myelination in
S63del Schwann cells (Musner et al., 2016; Sidoli et al., 2016). To
evaluate the effect of altered eIF2alpha phosphorylation on
S63del myelin, we compared S63del/PerkSCKO with a genetic
model that specifically impairs eIF2alpha phosphorylation in
Schwann cells (Scapin et al., 2020). We crossed P0Cre mice with
the ubiquitous floxed WT eIF2alpha transgene (f/Tg) in
eIF2alphaA/A background mice (A/A;f/Tg) (Back et al., 2009), as
previously reported (Scapin et al., 2020) (Fig. 1A). Briefly, in
eIF2alphaA/A mice, a nonphosphorylatable substitution of serine
to alanine eIF2alphaA/A causes a perinatal lethal effect that is res-
cued by the eIF2alpha (Tg) transgene expressed in all cells of the
body, unless Cre recombines the floxed eIF2alpha transgene (f).
When crossed with P0Cre mice, the eIF2alpha (Tg) transgene
rescues the lethal effect of the nonphosphorylatable substitution
of serine to alanine eIF2alphaA/A in every cell except in Schwann
cells where P0Cre drives recombination of eIF2alpha (f/Tg)
(Feltri et al., 1999). This strategy allowed us to specifically impair
the phosphorylation of eIF2alpha in S63del Schwann cells with-
out affecting other cell types (Fig. 1), and we refer to it as S63del/
eIF2aSC-AA (Scapin et al., 2020). The comparison of S63del/
eIF2aSC-AA and S63del/PerkSCKO highlighted differences in mye-
lin phenotypes despite eIF2alpha phosphorylation being signifi-
cantly reduced in both genetic models (Fig. 1) (Sidoli, 2016;
Scapin et al., 2020). Compared with S63del nerves, S63del/
eIF2aSC-AA nerves are severely hypomyelinated (measured by the
g-ratio; Fig. 1B) and small-caliber axons are amyelinated (Fig.
1C, red arrowheads), whereas S63del/PerkSCKO nerves showed a

moderate improvement compared with S63del nerves (Fig. 1B,C)
(Sidoli, 2016; Scapin et al., 2020).

These results confirm that interfering directly with eIF2alpha
phosphorylation worsens the S63del myelin phenotype (Scapin
et al., 2020). Nonetheless, PERK ablation leads to the opposite
effect, suggesting that PERK may modulate signals that are inde-
pendent from eIF2alpha to improve S63del myelination.

PERK binds calcineurin in S63del Schwann cells
To understand why PERK ablation has a positive effect in S63del
Schwann cells, we surveyed the major arms of the UPR pathway
to find potential compensatory mechanisms but found no sub-
stantial change (Sidoli et al., 2016). Importantly, the amount of
P0 retained in the ER of S63del/PerkSCKO was elevated, indicating
an unresolved ER stress (Sidoli et al., 2016).

Here, we hypothesized that PERK may have an alternative
role in the pathomechanism of S63del. PERK is a ubiquitous ki-
nase with substrates other than eIF2alpha (Cullinan et al., 2003;
Muñoz et al., 2013; van Vliet et al., 2017). Calcineurin phospha-
tase, for instance, binds PERK on ER stress in vitro and in vivo
(Bollo et al., 2010; R. Wang et al., 2013; Liu et al., 2014; Chen et
al., 2016), and its deletion in the neural crest lineage may impair
myelination in P1 nerves (Kao et al., 2009). Given the develop-
mental delay of S63del nerves (D’Antonio et al., 2013; Sidoli et
al., 2016), we first hypothesized that PERK binds calcineurin on
stress and blocks its activity causing delays in myelination. PERK
indeed binds calcineurin in mature myelinating Schwann cells
from P28 sciatic nerves through coimmunoprecipitation (Fig.
2A). In particular, CnA bound P-PERK (Thr-198) in S63delL
(60% mpz expression) and S63delH (210% mpz expression), but

Figure 2. P-PERK binds calcineurin in S63del sciatic nerve. A, Calcineurin immunoprecipitation was performed on P28 sciatic nerve from WT, S63delL, and S63delH mice. WB reveals calci-
neurin (CnA) and P-PERK coimmunoprecipitating (P-PERK Thr198). IgG heavy chain from the beads was detected in the immunoprecipitation from WT, S63del-L, and S63del-H sciatic nerves
right below the CnA band. The IgG are absent in the control with no antibody added to the lysate (no Ab), indicating the specificity of the beads-antibody binding. Between the input and the
immunoprecipitation, there is a band that corresponds to cross-reactivity with the protein marker (m). Graph represents the quantification of the coimmunopreciptated P-PERK normalized with
CnA. Error bars indicate SEM. **p, 0.01 (one-way ANOVA with Tukey’s multiple comparison test). SL (S63del-L), SH (S63del-H). B, CnA was visualized in teased fibers from sciatic nerve from
P28 WT mice by immunostaining. Antibody anti-MBP (red) highlights myelin and Tuj-1 (cyan) the axon, while CnA (green) is localized in the perinuclear and nuclear (DAPI) regions. The stain-
ing was repeated twice with n= 3 independent sets of WT nerves. Scale bar, 5mm. Columns represent the percentage of CnA-positive cells in either Schwann cell cytoplasm (MBP) or axon
(Tuj1). Error bars indicate SEM. ***p, 0.001 (Student’s t test). SC, Schwann cells. C, Immunofluorescence revealed CnA (magenta) in neuronal cell bodies (yellow arrowheads) and much less
in axons (white arrows) stained with Tuj-1 (cyan) of adult DRGs from P28 mice. DAPI was used to highlight nuclei. The staining was performed on n= 3 or 4 DRGs from 3 WT animals. Scale
bar, 20mm. Graph represents the mean of the percentage of CnA-positive neurons in either the cell body (yellow arrowheads) or axons (white arrows). Error bars indicate SEM. ***p, 0.001
(Student’s t test). n= 3.
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not in WT adult nerves (P28) (Fig. 2A).
Notably, CnA protein was equal across all
the genotypes, whereas P-PERK (Thr-
198) was visible mainly in S63delH
where the ER stress was most severe
(Wrabetz et al., 2006; Musner et al.,
2016) (Fig. 2A, input). Immunoblot
analysis on sciatic nerves requires the
lysis of the entire nerves, which con-
sists mainly of Schwann cells but also
axons, perineurial cells, and fibro-
blasts. By immunolabeling CnA in
teased sciatic nerves from WT mice,
we detected more CnA in Schwann
cell cytoplasm than axons (Fig. 2B).
Moreover, CnA localized mostly in
neuronal cell bodies (Fig. 2C, yellow
arrowheads) and rarely in the axons of
adult DRG neurons (Fig. 2C, white
arrows). Together, our data showed
that calcineurin binds P-PERK in
S63del adult nerves, where ER stress is
persistently active, and that the bind-
ing most likely occurs in Schwann
cells.

Calcineurin signaling is high in S63del
nerves
Calcineurin is a heterodimer consisting of
a catalytic subunit, CnA, and a regulatory
subunit, CnB, that stabilizes CnA in ab-
sence of calcium (Klee et al., 1979;
Aramburu et al., 2000; Rusnak and
Mertz, 2000; Yang and Klee, 2000). Upon
calcium elevation in the cytoplasm, CaM
binds CnB to expose the active site of
CnA. CnB and CaM components of the
calcineurin phosphatase complex are nec-
essary to provide proper enzymatic func-
tion (Yang and Klee, 2000; Shen et al.,
2008; H. Wang et al., 2008; Rumi-
Masante et al., 2012; Mehta et al., 2014).
We found minimal changes in CaM and
CnB protein levels between WT and
S63del (Fig. 3A,B). Since it was proposed
that the phosphatase activity of calci-
neurin is required for myelin develop-
ment (Kao et al., 2009), we asked whether
such activity was reduced in S63del
Schwann cells, thereby preventing proper
myelination. On the contrary, calcineurin
activity was significantly higher in nerve lysates from S63del
mice and reduced only when lysates were incubated with EGTA
before enzymatic assay (Fig. 3C) (Baykov et al., 1988;
Geladopoulos et al., 1991).

To understand whether dysregulated calcium dynamics in
S63del Schwann cells may contribute to increase calcineurin ac-
tivity, we measured calcium flux using fura-2 ratio during time
lapse imaging of embryonic DRGs (Fig. 3D–G). We induced
myelination with ascorbic acid (AA) for 10 d in embryonic
DRGs from WT and mutant mice, and then triggered calcium
flux in myelinating (Fig. 3D–F) and nonmyelinating DRGs (Fig.
3G) by adding 100 mM ATP to the culture, in normal or

calcium-depleted media (–Ca) (Fig. 3D–G). Schwann cells
responds to axonal release of ATP through P2Y purinergic
receptors, which elicit calcium flux from cellular storages, such
as the ER (Ansselin et al., 1997; Green et al., 1997; Stevens and
Fields, 2000). Only myelinating DRGs from S63del and S63delH
(Fig. 3D–F), and not nonmyelinating DRGs (Fig. 3G), showed
20%-30% less calcium efflux compared with WT when stimu-
lated with ATP in calcium-depleted media. This result indicates
that chronic ER stress in S63del may elicit a significant dysregu-
lation of calcium efflux from intracellular storages.

Downstream of calcium, calcineurin dephosphorylates
NFAT transcription factors causing their nuclear transloca-
tion (Crabtree and Olson, 2002; Wu et al., 2007). Consistent

Figure 3. Calcineurin activity is increased in S63del nerves. A, WB analysis revealed CaM and CnB in WT and S63del nerves
from P28 mice. b -Tubulin (TUB) represents the loading control. B, Graphs represent the quantification of the WB for CnB
(left) and CaM (right). Error bars indicate SEM. *p, 0.05; **p, 0.01; Student’s t test. n= 3. C, Calcineurin activity was
measured in WT and S63del nerves using a colorimetric assay with malachite green. Three nerves were pulled from each ge-
notype to generate one sample lysate, and 3mg of lysate was used for the enzymatic assay (Enzo Life Sciences). As control
S63del nerve, lysates were incubated with 20 mM EGTA to chelate calcium before enzymatic assay. The kinetic was measured
at 30 and 40min. Graph represents 3 separate experiments. n= 3-6 sample lysate per condition. D-G, Myelinating (D–F)
and nonmyelinating (G) DRG explants from WT, S63delL, and S63delH embryos (E13.5) were incubated with 4mM fura-2 AM
and treated with ATP (100 mM) in media with or without calcium (–Ca). D, Frames from time lapse imaging of myelinating
DRG Schwann cells from WT and S63delH mouse embryos cultured in calcium-free media to monitor changes of intracellular
calcium concentration after 30 s, 1.5 and 3 min of 100 mM ATP treatment, using fura-2 AM ratio. Red represents increased
calcium concentration. Scale bar, 8mm. E, Calcium dynamics in myelinating WT and S63delH DRGs represented in D and
quantified in F. Error bars indicate SD. n= 30 Schwann cells per genotype. **p, 0.01 (Student’s t test). F, G, Columns rep-
resent the mean of percentage of calcium change from basal to ATP-induced levels, measured as change in fura-2 ratio dur-
ing time lapse imaging (D). Error bars indicate SEM. n= 3. *p, 0.05; **p, 0.01; Student’s t test.
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with increased calcineurin activity, NFATc4 nuclear localization
also increased in S63del Schwann cells from P28 nerves, as shown
by nuclear/cytoplasmic fractionation (Fig. 4A,B), WB of whole
nerve lysate (Fig. 4C,D), and immunofluorescence (Fig. 4E,F).
Interestingly, the nuclear expression of the transcription factor
KROX20 did not increase in S63del (Fig. 4E,G). This is consistent
with recent observations from our laboratory showing that
KROX20 expression is independent of calcineurin activity in
mature myelinating Schwann cells (Reed et al., 2020).

PERK ablation modulates calcineurin activity in S63del
nerves
Our data so far do not support the hypothesis that PERK activa-
tion reduces calcineurin activity in S63del nerves, preventing
proper myelination. We found instead a remarkable induction of
calcineurin-NFATc4 signal in S63del nerves. Given that S63del
nerves in C57/BL6 mice present a developmental delay
(D’Antonio et al., 2013; Sidoli et al., 2016), we asked whether and
to which extent PERK regulates the expression of Schwann cell
regulatory genes and the activity of calcineurin. Markers for
immature Schwann cells, such as Oct6, Sox2, and c-Jun, were
highly expressed in P28 S63del nerves compared with WT (Fig.
5A), as previously reported (D’Antonio et al., 2013; Florio et al.,
2018) and remained equally elevated in S63del/PerkSCKO (Fig.
5A). Differently, Sox10, Nfatc4, and Yy1mRNA levels were simi-
lar inWT, S63del, and S63del/PerkSCKO nerves (Fig. 5A). In addi-
tion, PERK loss of function moderately, but not significantly,
increased Krox20 mRNA (Fig. 5B) and protein levels (not

shown) and enhanced calcineurin activity in S63del nerves (Fig.
5E). This result is not likely because of altered protein levels of
CnB and CaM, which were similar between the genotypes (Fig.
5C,D). In conclusion, PERK loss of function induces calcineurin
activity without altering myelin gene expression in S63del
nerves.

Removing CnA in neuropathic DRG rescues in vitro
myelination
The upregulation of calcineurin signal in pathologic Schwann
cells has never been shown before and prompted us to investigate
the role of calcineurin in the context of the S63del mutation
using genetic approaches in vitro and in vivo. P-PERK binds the
catalytic subunit of calcineurin CnA, which exists in two iso-
forms (CnAalpha and CnAbeta). CnAalpha is the most abundant
isoform in the nervous system (Rusnak and Mertz, 2000; Bollo et
al., 2010). Global CnAalpha-deficient mice were particularly dif-
ficult to obtain because of early postnatal lethality for digestive
failure, despite the repeated attempts to rescue pups with food
supplements (Reddy et al., 2011; Madsen et al., 2013). Since
CnAalpha-deficient E13.5 embryos were viable, we first turned
to the DRG system and induced myelination in vitro using AA
(Fig. 6). After 5 and 12 d of AA treatment, we quantified the
number of myelin internode stained with MBP while axons were
highlighted with Tuj1 (Fig. 6A,B). Notably, while CnA protein is
nearly absent in CnAalpha�/� DRGs, CnB subunit is also
remarkably reduced (Fig. 6D). In WT DRGs, the number of
myelin internodes increased from an average of 180 internodes
after 5 d of AA to an average of 270 internodes after 12 d, while

Figure 4. Nuclear NFATc4, but not Krox20, is increased in S63del nerves. A, Nuclear versus cytoplasmic enrichment of NFATc4 was obtained in WT and S63del sciatic nerves from P28 mice.
Histone 2B (H2B) and GAPDH were used as marker of nuclear and cytoplasmic fraction, respectively. Nuclear NFATc4 appears with high exposure (High exp), whereas cytoplasmic NFATc4 is visi-
ble at lower exposure (Low exp). B, NFATc4 in the nuclear fraction was quantified in WT and S63del nerves, and H2B was used to normalize. Error bars indicate SEM. n= 3. **p, 0.01
(Student’s t test). a.u., Arbitrary units. C, P28 sciatic nerves were homogenized from WT and S63del mice and incubated with NFATc4 antibody that recognizes phosphorylated (140 kDa) and
nonphosphorylated NFATc4 (110 kDa). D, Quantified ratio of nonphosphorylated over phosphorylated NFATc4 protein level in C. Error bars indicate SEM. n= 3. *p, 0.5 (Student’s t test). a.u.,
Arbitrary units. E, longitudinal cryosections of WT and S63del sciatic nerves from P28 mice were incubated with antibody against NFATc4 and KROX20 (green), Tuj1 for axons (red, insets), and
DAPI for nuclei (blue). Scale bars, 50mm. F, G, Graph represents the percentage (%) of nuclei positive for NFATc4 and KROX20 (E) staining as function of total DAPI-stained cells. Error bars indi-
cate SEM. *p, 0.05 (Student’s t test). n= 3.
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in S63del DRG myelination was already
reduced at day 5 and it remained low at
day 12 (Fig. 6C). The absence of
CnAalpha by itself did not alter the num-
ber of myelin internodes in a normal
background compared with WT DRGs
(Fig. 6A–C) consistent with recent work
from our laboratory (Reed et al., 2020).
However, CnAalpha removal in the
S63del background increased DRG myeli-
nation (Fig. 6A–C). In addition, the quan-
tification indicated that CnAalpha
ablation rescued S63del myelination al-
ready after 5 d of AA but did not further
improve it at 12 d of AA (Fig. 6C). The
restoration of S63del hypomyelination in
DRGs with the reduction in CnAalpha
suggests a gain of function of the phos-
phatase activity in diseased DRGs.

Calcineurin activity has to be tightly
regulated in S63del nerves
Abnormal activation of calcineurin in
S63del Schwann cells may represent a
pathologic toxic gain of function. Indeed,
Schwann cells from S63del DRGs benefit
from global CnAalpha deletion (Fig. 6).
However, the presence of DRG neurons
in our experiments hinders any cell au-
tonomous information. Therefore, we
crossed CnB fl/fl (Neilson et al., 2004)
with P0Cre mice (Feltri et al., 1999) to
specifically eliminate CnB in myelinating
Schwann cells, hereafter referred to as
CnBSCKO. We assessed the efficiency of
Cre/lox recombination by WB and con-
firmed that the protein levels of the regu-
latory subunit CnB and of the catalytic
subunit CnA were both reduced (Fig. 7A,B) (Reed et al., 2020).
The WB of CnBSCKO sciatic nerves shows a residual protein level
of CnA and CnB compared with WT (Fig. 7A,B), which may
derive from other cell types, such as blood cells or epineurium.
Indeed, Schwann cells isolated from CnBscko sciatic nerves
showed almost complete reduction in both CnB and CnA pro-
teins, confirming the specificity of this model (Reed et al., 2020).
EM of P28 nerves confirmed the presence of thin myelin (Fig.
7C) and many amyelinated axons in S63del nerves (Fig. 7C, red
arrowhead) (D’Antonio et al., 2013; Musner et al., 2016; Sidoli et
al., 2016). The loss of CnB alone did not affect myelin thickness
or the percentage of amyelinated axons (Fig. 7D,E) (Reed et al.,
2020). Similarly, the loss of one or both CnB alleles in S63del had
no effect on the myelin thickness compared with S63del (Fig.
7E). Instead, the complete loss of CnB in S63del slightly
increased the percentage of amyelinated fibers compared with
S63del nerves (Fig. 7C,D, red arrowheads). These data indicate
that in vivo calcineurin may instead have a protective role in
S63del sciatic nerves at P28, during the peak of myelination and
ER stress (Pennuto et al., 2008; D’Antonio et al., 2013).
Importantly, Perk loss of function reduces the percentage of
amyelinated axons in S63del/CnBSCKO (Fig. 7C,D), suggesting
that Perk may genetically interact with calcineurin as a down-
stream effector for S63del myelin defects.

Similarly, to the P28 analyses, the loss of CnB in S63del had
no effect on myelin thickness at P10 (Fig. 8A,B). However, P10
S63del/CnBSCKO nerves had a small, but significant, reduction in
the percentage of amyelinated fibers compared with S63del (Fig.
8A, white asterisks, C). This result suggests that CnB deletion
causes a small rescue during early myelination and beginning of
ER stress (Pennuto et al., 2008). However, electron micrographs
revealed more degenerating axons (Fig. 8A, red arrowhead, D)
and multiple abnormal myelin structures (Fig. 8A, white arrow,
E), when calcineurin was completely removed in S63del
Schwann cells (Fig. 8D,E), suggesting again a protective role for
calcineurin in pathology. Overall, our in vivo data only partially
support the hypothesis that increased calcineurin activity is dele-
terious, but also point out that complete loss of calcineurin
aggravates aspects of the phenotype in the context of ER stress.

Thus, we provide evidence that calcineurin signal is upregu-
lated in CMT1B neuropathy and that both too much or too little
calcineurin activity aggravates the phenotype. This suggests that
the ER stress environment renders Schwann cells extremely
sensitive to any changes in calcineurin dosage or temporal
regulation.

Discussion
The phosphorylation of eIF2alpha reduces the synthesis of mis-
folded proteins, which is crucial to maintain Schwann cell health
and function in P0S63del/CMT1B neuropathy (D’Antonio et al.,

Figure 5. Calcineurin activity and expression of key regulators of myelination in sciatic nerves from S63del and S63del//
PerkSCKO mice. A, mRNA expression for Oct6, Sox2, Sox10, c-Jun, Nfatc4, and Yy1 was measured in P28 sciatic nerves from
WT, S63del, and S63del//PerkSCKO mice by RT-PCR TaqMan assay, normalized for 18S rRNA. Error bars indicate SEM.
*p, 0.05; **p, 0.01; Student’s t test. n= 3-7 cDNA from three separate sets of nerves each genotype. B, Krox20 mRNA
was measured in P28 sciatic nerves from WT, S63del, and S63del/PerkSCKO mice by RT-PCR TaqMan assay, normalized for 18S
rRNA. Error bars indicate SEM. *p, 0.05 (Student’s t test). n= 3-7 cDNA from three separate sets of nerves each genotype.
The difference between S63del and S63del//PerkSCKO is not significant. C, WB analysis for CnB and CaM was performed on
WT, S63del, and S63del/PerkSCKO. b -Tubulin (Tub) served as loading control. D, Columns represent the mean of the fold
change of CnB and CaM protein level in S63del and S63del/PerkSCKO against WT nerves. Error bars indicate SEM. n= 3 nerves.
ns = not significant. E, S63del and S63del/PerkSCKO nerves were used to measure calcineurin activity with the colorimetric
assay (malachite green). Three nerves were pulled from each genotype to generate one sample lysate, and 3mg of lysate
was used for the enzymatic assay measured after 30 min of activity.
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2013; Das et al., 2015). Indeed, preventing directly eIF2alpha
phosphorylation in S63del Schwann cells dramatically exacer-
bates myelin morphology (Fig. 1) (Scapin et al., 2020). Among
eIF2alpha kinases (PKR, HRI, GCN2, and PERK), PERK is the
most active in S63del nerves and its deletion paradoxically
improves myelin morphology despite reduction of eIF2alpha
phosphorylation (Musner et al., 2016; Sidoli et al., 2016) (Fig. 1).
We therefore reasoned that PERK may interfere with Schwann
cell development via alternative pathways other than the UPR.
Indeed, we showed that PERK and calcineurin interact in
CMT1B Schwann cells, that calcineurin is more active in S63del
than WT Schwann cells, and that PERK ablation slightly
increases this activity further. To our knowledge, this is the first
report that calcineurin signal is upregulated in Schwann cells on
ER stress (Fig. 9B). We asked whether the nature of this activity
was toxic or adaptive and found that removing CnA improves
myelination in S63del DRG explants, whereas targeted deletion
of CnB in Schwann cells slightly worsens myelin and axon mor-
phology of S63del nerves (Fig. 9C). Our in vivo results indicate
that calcineurin levels must be tightly regulated in stressed
S63del Schwann cells and the discrepancies between DRG and
mouse data are indications that Schwann cells may be very sensi-
tive to calcineurin manipulation in a context-dependent manner
(Fig. 9). Small changes in the dosage, alterations of the subunits,
and the timing of calcineurin activity may affect Schwann cell
behavior in S63del myelination.

PERK interaction with calcineurin in S63del Schwann cells
PERK is the UPR transducer responsible for reducing the trans-
lation of misfolded proteins in the ER (Scheuner et al., 2001;
Wek and Cavener, 2007; Hollien, 2013; Liu et al., 2015). Despite

PERK signaling being commonly considered beneficial to cope
with ER stress, there is growing evidence also showing the oppo-
site. Indeed, while PERK is essential in cell types with intensive
protein synthesis and secretion, such as pancreatic cells, hepato-
cytes, and osteoblasts (Harding et al., 2000a,b, 2001; Scheuner et
al., 2001; P. Zhang et al., 2002; Wei et al., 2008; Saito et al., 2011),
PERK signaling is detrimental in many neurodegenerative dis-
eases and psychiatric disorders, including amyotrophic lateal
sclerosis, prion disease, and dementia (Moreno et al., 2013; Kim
et al., 2014; Radford et al., 2015; Smith et al., 2020). In oligoden-
drocytes, the myelinating glia of the CNS, dysregulation of
PERK-eIF2alpha phosphorylation causes vanishing white matter
disease and worsens the clinical outcome of the EAE model of
multiple sclerosis (Proud, 2001; Lin et al., 2007). In S63del
Schwann cells, PERK seems to have acquired divergent and con-
text-dependent functions. Direct impairment of eIF2alpha phos-
phorylation severely aggravates myelin morphology of S63del
nerves (Scapin et al., 2020), whereas increasing eIF2alpha phos-
phorylation rescues morphologic and functional deficits of
S63del nerves (D’Antonio et al., 2013; Das et al., 2015). Perk dele-
tion reduces eIF2alpha phosphorylation and yet improves myelin
morphology of S63del nerves (Sidoli et al., 2016), indicating that
PERK may control different pathways in Schwann cells in addi-
tion to translation and possibly via alternative substrates. Studies
reported that PERK phosphorylates nuclear factor erythroid 2-
related factor 2 transcription factor and interacts with Mitofusin
2 mitochondrial protein and the actin binding protein Filamin A
(Cullinan et al., 2003; Muñoz et al., 2013; van Vliet et al., 2017).
Other studies show that PERK interacts physically and function-
ally with calcineurin phosphatase (Bollo et al., 2010; Liu et al.,
2014; Chen et al., 2016). Once activated, P-PERK binds and

Figure 6. Ablation of CnA in DRG explants improves S63del hypomyelination in vitro. DRGs were dissected from E13.5 embryos, and myelination was induced with 50mg/ml of AA after 5 d
in culture. A, B, In vitro myelination was assessed in WT, CnA�/�, S63del, and S63del/CnA�/� DRGs. Myelin was visualized by MBP staining (cyan) on DRGs after 5 (A) and 12 d (B) of AA
treatment. Axon and nuclei were also revealed with Tuj-1 (magenta) and Dapi (blue), respectively. Scale bar, 50mm. C, Graphs represent MBP quantification (A,B). n= 30-108 acquisitions
from 5-18 DRGs per genotype. DRGs were isolated from E13.5 embryos from 3 different female mice, in two separate dissections. Error bars indicate SEM. *p, 0.05; **p, 0.01; one-way
ANOVA with Bonferroni’s multiple comparison. D, Left, WB for CnA and CnB was performed on WT and CnA1/� (Control) and CnA�/� DRGs after 10 d of myelination. b -Tubulin (Tub) was
used as loading control. Right, Graph represents the mean of CnA and CnB WB in controls and CnA�/� DRGs. Error bars indicate SEM. *p= 0.01 (Student’s t test).
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phosphorylates the catalytic subunit CnA limit-
ing its activity on ER stress (Bollo et al., 2010). In
agreement, we show that calcineurin interacts
with P-PERK mostly in S63del Schwann cells
(Fig. 2). The role of calcineurin in Schwann cells
is still being understood. Deletion of calcineurin
in neural crest cells blocks Schwann cell differen-
tiation up to postnatal day 1 (Kao et al., 2009),
while recent work has demonstrated that the de-
letion in committed myelinating Schwann cells
slightly delays Schwann cell development but
does not alter myelin formation up to 6months
of age (Reed et al., 2020). On the other hand, the
loss of calcineurin in adult Schwann cells limits
autophagy and myelin clearance on injury (Reed
et al., 2020), revealing a more important role of
calcineurin in Schwann pathology than normal
physiology.

Calcineurin activity is upregulated in S63del
nerves
KROX20 regulates the expression of myelin pro-
teins and is necessary for Schwann cell matura-
tion (Topilko et al., 1994; Blanchard et al., 1996;
Ghislain and Charnay, 2006). Whether KROX20
is directly downstream of calcineurin-NFATc4
remains controversial. Loss of calcineurin in
immature Schwann cells reduces KROX20
expression and arrests Schwann cells develop-
ment, whereas loss of calcineurin in mature
Schwann cells does not (Kao et al., 2009; Reed et
al., 2020). In S63del nerves, even abnormal calci-
neurin activity and increased nuclear localization
of NFATc4 do not alter KROX20 expression con-
sistent with previous work showing that modula-
tion of NFATc4 alone is insufficient to modulate
KROX20 expression (Kipanyula et al., 2013). As
shown in previous studies, the data presented
here indicate that S63del delays Schwann cell de-
velopment (D’Antonio et al., 2013; Florio et al.,
2018).

What triggers calcineurin-NFATc4 upregula-
tion in S63del Schwann cells is not known,
although calcium is the likely candidate (Klee et
al., 1979; Yang and Klee, 2000). Calcium is abun-
dantly stored in the ER to support protein-fold-
ing by chaperones (Kuznetsov et al., 1992;
Vervliet et al., 2012), and it leaks out of the ER on
UPR activation (Bonilla et al., 2002; Huang et al., 2006; Mekahli
et al., 2011; Shinde et al., 2016). Calcium-dependent activity of
calcineurin is at the basis of many diseases, including amyotro-
phic lateral sclerosis, retinal degeneration, neuropathic pain, and
diabetic polyneuropathy (Fernyhough and Calcutt, 2010; Prell et
al., 2013; Sharma et al., 2013; Shinde et al., 2016). Functional
interaction of calcium-calcineurin and PERK has also been
shown to be protective in the context of ER stress to promote cell
survival (Bonilla et al., 2002; Bollo et al., 2010; Chen et al., 2016).
Normally, axonal ATP increases intracellular calcium in
Schwann cells (Stevens and Fields, 2000; Stevens et al.,
2004); but when S63del DRG explants are treated with ATP
in calcium-free media, Schwann cells release significantly
less calcium compared with WT DRGs. Calcium-free media

allows the measurement of intracellular calcium dynamics;
thus, our data suggest that intracellular storages, such as the
ER, are defective in S63del Schwann cells perhaps because
of UPR-dependent calcium leakage (Mekahli et al., 2011).
Although more experiments are required to confirm, for
instance, the resting calcium concentration in the
cytoplasm versus the ER, these observations indicate that
calcium dysregulation may be involved in calcineurin up-
regulation in S63del Schwann cells (Fig. 9B).

The role of calcineurin in S63del Schwann cells
Calcineurin activity has been shown to be both toxic and benefi-
cial in several ER stress-related diseases (Mukherjee and Soto,
2011). For instance, calcineurin-NFAT activation mediates neu-
ronal damage in models of Alzheimer’s disease and Parkinson’s
disease (Wu et al., 2010; Luo et al., 2014), and blocking

Figure 7. Ablation of CnB in S63del Schwann cells in P28 sciatic nerves. A, WB for CnA and CnB was performed
in P28 sciatic nerves from WT and CnBSCKO mice. b -Tubulin (Tub) represents the control for loading. B,
Quantification of the WB for CnA and CnB. Error bars indicate SEM. **p, 0.01 (Student’s t test). n= 3. C, EM of
P28 sciatic nerves of WT, S63del, S63del/CnBSCKO, and S63del/CnBSCKO/PerkSCKO mice. Scale bar, 2mm.
Quantification of % of amyelinated axons (red arrowheads) (D) and g-ratio (E) was performed over a total number
of 300-400 axons per animal using 3 or 4 animals per genotype, except for S63del/CnBSCKO/PerkSCKO for which we
quantified 2 animals. Error bar indicates SEM. **p, 0.01; one-way ANOVA with Tukey’s multiple comparison
test. Although it is not shown, all the WT genotypes were statistically significant against the S63del genotypes in
the quantifications of % of amyelinated axons, as previously reported (Sidoli et al., 2016).
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Figure 8. Ablation of CnB in S63del Schwann cells in P10 sciatic nerves. A, EM of P10 sciatic nerves of WT, CnBSCKO, S63del, and S63del/CnBSCKO mice. Scale bar, 2mm. From the EM acquisi-
tions, we quantified g-ratio (B), % of amyelinated axons (white asterisks) (C), % of degenerated axons (red arrowhead) (D), and % abnormally myelinated axons (white arrow) (E) using 400-
500 axon from 3 or 4 animals. Error bars indicate SEM. *p, 0.05; **p, 0.01; ***p, 0.001; ****p, 0.0001; one-way ANOVA with Tukey’s multiple comparison test.

Figure 9. Summary diagram. P0S63del causes myelin defects in vivo (sciatic nerves) and in vitro (DRGs) (A). In S63del Schwann cells, PERK dimerize and autophosphorylate causing
eIF2alpha phosphorylation while calcineurin (CN) activity increases (B). CN activation is likely triggered by the increased calcium flux out of the cell storages, such as the ER, and may be modu-
lated by P-PERK (B). Vice versa, calcineurin may act on PERK function with a feedback loop. Here we show that calcineurin may be protective in S63del; indeed, calcineurin loss of function wor-
sens myelination and causes axonal degeneration in vivo (C). However, loss of calcineurin improves myelination in S63del DRGs, suggesting that S63del Schwann cells are sensitive to
calcineurin activity, which can be protective or toxic depending on the context.
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calcineurin activity reduced brain degeneration, improved motor
performance, and promoted survival in prion-infected mice
(Mukherjee et al., 2010). In contrast, inhibition of calcineurin
impairs insulin secretion from b cells with implications in diabe-
tes and increases cerebral damage in mouse model of brain
injury (R. Wang et al., 2013; Chen et al., 2016). Interestingly, the
works cited above show that calcineurin’s protective function
was in concert with PERK activity. Our work reveals a complex,
yet crucial, function for calcineurin in the context of pathologic
S63del myelination. The complete deletion of the catalytic subu-
nit CnAalpha improves in vitro myelination of S63del DRG
explants, whereas the selected deletion of the regulatory
subunit CnB in Schwann cells in vivo worsens myelin mor-
phology and leads to an increase in the degeneration of
axons. The different calcineurin subunit and the lack of cell
autonomy in the DRG setting may account for the in vitro
versus in vivo discrepancy. Indeed, most tissues express two
catalytic isoforms of CnA (a and b ), which may have dif-
ferent functions (Aitken et al., 1984; Hubbard and Klee,
1989; Rusnak and Mertz, 2000; Gooch et al., 2004; Chen et
al., 2016). DRGs were deficient of CnAa but not CnAb ,
which could potentially bind the residual amount of CnB to
compensate. This scenario would identify CnAb as positive
myelin regulator in stress condition as already shown in
brain injury models (Chen et al., 2016). Second, the loss of
CnAa in DRG neurons may contribute to ameliorate myeli-
nation in vitro in a non–cell-autonomous way. Using the
conditional floxed allele for CnB and P0Cre allowed us to
specifically remove calcineurin in Schwann cells. The com-
plete abrogation of calcineurin in vivo worsens myelin mor-
phology of S63del nerves of P10 and P28 mice. The only
exceptions are P10 S63del nerves in which lack of CnB
decreases the percentage of amyelinated axons resembling
the DRG results. These apparently contradictory data sug-
gest that stressed Schwann cells are very sensitive to the
amount of calcineurin activity, which must be tightly regulated
in CMT1B neuropathy. Notably, Perk deletion increments calci-
neurin activity and slightly upregulates Krox20 mRNA in S63de,
suggesting that PERK interaction with calcineurin may limit its
activity during ER stress. However, this calcineurin enhanced ac-
tivity is not likely responsible for the beneficial effect of PERK
loss of function in S63del neuropathy (Musner et al., 2016; Sidoli
et al., 2016). Indeed, simultaneous deletion of CnB and Perk
improves myelin formation in S63del compared with the dele-
tion of CnB alone. This genetic interaction is also suggesting that
Perk may be downstream of calcineurin activity, and further
work is necessary to establish how calcineurin and Perk interact
to modulate S63del and other diseases of myelin where ER stress
and calcium-calcineurin signaling cross paths. Calcineurin can
still be a substrate of PERK kinase, and perhaps calcineurin has a
relevant feedback effect on PERK activity crucial for myelin regu-
lation during ER stress (Fig. 9B).

In conclusion, together with the recent work from our labora-
tory (Reed et al., 2020), the present results suggest that calci-
neurin function in Schwann cells is more important in a
pathologic setting rather than in a developmental setting, and far
more complex than what was previously reported. In particular,
the regulation of calcium dynamics and downstream signaling of
calcineurin in CMT1B neuropathy remain puzzling. Although
calcineurin is known to promote the activation of NFAT tran-
scription factors in PNS and CNS (Kao et al., 2009; Weider et al.,
2018), it can dephosphorylate many other substrates, including
NMDARs and TFEB (Lieberman and Mody, 1994; Tong et al.,

1995; Medina et al., 2015; Martina and Puertollano, 2018).
Indeed, we recently demonstrated that calcineurin is required in
Schwann cells to fully activate TFEB after injury (Reed et al.,
2020). Future experiments are required to clarify the role of calci-
neurin and its potential substrates in S63del and in other patho-
logic settings to better our understanding of calcineurin in
myelinating glial cells.
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