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Abstract

Schwann cells develop from multipotent neural crest cells and form myelin sheaths around axons 

that allow rapid transmission of action potentials. Neuregulin signaling through the ErbB receptor 

regulates Schwann cell development; however, the downstream pathways are not fully defined. 

We find that mice lacking calcineurin B1 in the neural crest have defects in Schwann cell 

differentiation and myelination. Neuregulin addition to Schwann cell precursors initiates an 

increase in cytoplasmic Ca2+, which activates calcineurin and the downstream transcription factors 

NFATc3 and c4. Purification of NFAT protein complexes shows that Sox10 is an NFAT nuclear 

partner and synergizes with NFATc4 to activate Krox20, which regulates genes necessary for 

myelination. Our studies demonstrate that calcineurin and NFAT are essential for neuregulin and 

ErbB signaling, neural crest diversification, and differentiation of Schwann cells.

Rapid transmission of action potentials in the vertebrate nervous system is achieved by 

insulating axons with myelin sheaths, the membrane outgrowth from Schwann cells in the 

peripheral nervous system (PNS) and oligodendrocytes in the central nervous system (1). 

Defects in myelination occur in many human diseases; however, the mechanisms regulating 

myelin formation are still not fully understood. Neuregulin-1 (NRG1) and its receptor 

tyrosine kinase, ErbB2/3 are required for Schwann cell development (2-7). Genetic studies 

implicate Sox10, Oct6 (SCIP or Tst1), Ets, Brn1 and 2, Krox20 (Egr2) and Nab1 and 2 in 

PNS myelination (8-12). The expression of Sox10 is maintained throughout Schwann cell 

development, whereas Oct6, Brn1/2, and Krox20 are induced later in immature and 

promyelinating Schwann cells after axonal contact (13-16). Krox20 is of particular interest 

because it coordinates the expression of several myelin structural proteins.

In many cell types, Ca2+ influx activates the phosphatase calcineurin, which 

dephosphorylates NFATc proteins, which in turn leads to their nuclear entry and assembly 
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into NFAT transcription complexes (17-20). We observed that NFAT was active in 

migrating mouse neural crest cells at embryonic (E) day 9.0 (Fig. 1A) (21); therefore, we 

deleted CnB1, the essential regulatory subunit of calcineurin in neural crest, using Wnt1cre 

(22, 23) (Fig. 1B). By E11.5, CnB1 protein was almost undetectable in dorsal root ganglia 

(DRG) and sympathetic ganglia (SG) (fig. S1A). The loss of CnB1 expression in DRG, SG, 

and Schwann cells persisted until death (within 20 hours after birth) (Fig. 1C and fig. S1, B 

and C). However, CnB1 was not deleted in axons of ventral roots derived from motor 

neurons where Wnt1cre is inactive (Fig. 1C). CnB1 was deleted in vitro in sensory neurons 

and Sox10-positive Schwann cell precursors (SCPs) (Fig. 1D and fig. S1D). NFATc3 and c4 

were hyperphosphorylated, which indicated loss of calcineurin phosphatase activity (Fig. 

1E). DRG architecture, cell proliferation, and cell death were not changed in the CnB1 

mutant embryos (fig. S2A), and peripheral nerve projections were comparable to those of 

controls (fig. S2B). However, myelination of mutant sciatic nerves was defective, and fewer 

axons were sorted into a 1:1 ratio with Schwann cells (Fig. 2, A and B, and fig. S3, A and 

B). Mutant nerves also had a higher g ratio (axon diameter to total myelinated fiber 

diameter) (fig. S3C). They expressed less of the promyelinating protein Krox20, the early 

myelin protein MAG, and major compacted myelin components such as MBP and P0 

(myelin basic protein and myelin protein zero, respectively) (Fig. 2, C and D). Furthermore, 

NFATc3 and c4 were hyperphosphorylated in mutant Schwann cells (Fig. 2C). These 

observations indicate that mice lacking CnB1 have defective myelination.

Investigation of the Schwann cell lineage revealed that SCPs were found in both control and 

mutant peripheral nerves at E11.5 (fig. S4A). At E13.5, control and mutant DRG contained 

similar numbers of sensory neurons and SCPs (fig. S4B). Unlike neuregulin or erbB mutant 

mice (2, 5), SCPs from CnB1 mutant embryos showed no differences in proliferation or 

apoptosis in vitro in response to NRG1 stimulation (fig. S4, C and D). We observed 

comparable numbers of proliferating Schwann cells in control and mutant newborn sciatic 

nerves (fig. S5A).

Survival of SCPs has been shown to be dependent on trophic support from sensory neurons 

(24). To rule out the possibility that hypomyelination was due to dysfunction of mutant 

sensory neurons, we cocultured mutant SCPs with control sensory neurons under conditions 

that supported sensory neuron survival. Fewer MBP-positive Schwann cells were found in 

mutant SCP cocultures, although comparable numbers of sensory neurons were present in 

both control and mutant cocultures (fig. S5, B to D). ErbB2 and 3 expression and 

phosphorylation levels were normal in mutant SCPs, and sensory neurons expressed 

comparable amounts of pro-NRG1 and the cleaved form of NRG1 (NTF), which suggested 

that BACE1, an enzyme involved in NRG1 processing, functioned normally in mutant 

sensory neurons (fig. S5E).

To investigate cell autonomy of the myelination defects, we took advantage of selective 

deletion of CnB1 in Schwann cells, but not in motor neurons of CnB1Δ/f; Wnt1cre mice and 

found that axonal sorting was reduced in mutant ventral roots and phrenic nerves (Fig. 2, E 

and F, and fig. S6A). This was similar to the defect seen in dorsal roots from CnB1Δ/f; 

Wnt1cre mutants, where CnB1 is deleted in both sensory neurons and Schwann cells (fig. 

S6B). In a second approach, we examined CnB1f/f; Nestincre mice, where CnB1 is deleted in 
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sensory neurons, but not in Schwann cells (fig. S7, A and B). CnB1 deletion did not affect 

the numbers of MBP-positive Schwann cells or axonal sorting (fig. S7, C to F). These two 

lines of evidence indicate that the myelination defects in CnB1 mutant mice are due to a 

Schwann cell—autonomous mechanism.

In our analysis of signaling pathways that activated calcineurin/NFAT in DRG cocultures, 

we found that NRG1 induced phospholipase C—γ (PLC-γ)—dependent Ca2+ influx in SCPs 

(Fig. 3A) and CnB1-dependent dephosphorylation of NFATc3 and c4 (Fig. 3B). NRG1 also 

stimulated Ca2+ influx in sensory neurons (fig. S8A). CnB1 deletion had no effect on 

NRG1-induced phosphorylation of the ErbB3 receptor, which indicated that calcineurin 

functions downstream of ErbB (Fig. 3C). ErbB kinase inhibitors specifically blocked NRG1-

stimulated NFATc3 and c4 dephosphorylation, whereas neither phosphati-dylinositol 3-

kinase nor mitogen-activated protein kinase kinase inhibitors had an inhibitory effect (fig. 

S8, B and C).

NRG1 not only induced changes in NFATc phosphorylation, but also activated NFAT-

dependent transcription, measured with two NFAT reporters (25, 26) (Fig. 3D). NRG1-

stimulated reporter activity was not detected in mutant cocultures, which indicated that 

calcineurin functions downstream of ErbB and upstream of NFAT. The observation that 

Krox20 expression was reduced in CnB1 mutant Schwann cells led us to examine the role of 

NFAT in Krox20 regulation. We found that both the promoter and the myelin-specific 

enhancer (MSE, +35 kilobases) (27) required calcineurin for their activity (Fig. 3D). Three 

NFATc consensus sites were present in the MSE that bound NFAT complexes (fig. S9, A 

and B). Because Krox20 is expressed selectively in Schwann cells, but not in DRG neurons 

(16), these results provide a third line of evidence that calcineurin/NFAT functions in 

Schwann cells to directly promote myelination.

The specificity of NFAT complexes on target genes arises from assembly of NFATc family 

members with nuclear partner proteins (18-20). To identify nuclear partners, we purified 

NFAT complexes from E11.5 mouse neural tubes (as sufficient quantities of SCPs were not 

available) using oligonucleotide affinity columns. Mass spectrometry analysis identified the 

B group of the Sox family proteins (Sox1, 2, 3, 14, and 21) (fig. S10, A and B). Because 

Sox10 has a similar binding sequence and is expressed throughout Schwann cell 

development (10), we tested whether Sox10 interacts with NFATc using a Schwann cell line 

expressing NFATc4 and Sox10. Sox10 copurified with NFATc4 using control but not 

mutant oligonucleotides containing the NFATc-binding sites of the DSCR1 (Down 

syndrome critical region 1) enhancer or Krox20 MSE (NRE4-s) (figs. S10C and S13). 

Because these oligonucleotides do not contain Sox10-binding sites, the isolation of Sox10 

by control, but not mutant, oligonucleotides supports the direct interaction of NFATc4 and 

Sox10. Protein domain deletion studies indicated that Sox10 bound to the Rel homology 

domain of NFATc4 (fig. S10D).

Because several conserved NFATc-binding sites lie next to putative Sox10-binding sites in 

the Krox20 MSE (fig. S9A), we tested coactivation of the Krox20 MSE by NFATc4 and 

Sox10 (Fig. 4A). NFATc4 and Sox10 synergistically activated Krox20 MSE-driven 

luciferase expression in DRG cocultures. Brn2 and Oct6 are also important regulators of 
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Krox20 transcription (28). The functional interaction between calcineurin/NFAT and Sox10 

might provide NRG1 responsiveness to the Krox20 MSE and might assist Brn2 and Oct6 in 

its regulation.

Synergy between NFATc4 and Sox10 was also observed with the P0 promoter (Fig. 4A and 

fig. S11) but not with the Krox20 or NFATc4 promoters (Fig. 4A and fig. S12B). Sox10 and 

Krox20 have been shown to regulate the P0 intron1 (29). We found that calcineurin/NFAT 

also stimulated the P0 intron1 (fig. S12). Thus, calcineurin/NFAT signaling likely regulates 

P0 expression directly through the P0 promoter by cooperating with Sox10 and indirectly 

through stimulating intron1 activity by inducing Krox20 expression. Sox2 blocked 

transcriptional activation (Fig. 4A), consistent with the observation that it is an inhibitor of 

Schwann cell differentiation (30). Using oligonucleotide affinity purification, we found that 

NFATc4 facilitated Sox10 binding to the NRE4 region of Krox20 MSE (NRE4-L), because 

mutation of the NFATc-binding sequence led to reduced cobinding of Sox10 (fig. S13). 

Together, these data indicate cooperation between NFATc4 and Sox10 in myelin gene 

expression.

Our data indicate that calcineurin/NFAT signaling regulates the development of Schwann 

cells at two steps (Fig. 4B). One is by acting downstream of neuregulin and ErbB to directly 

activate Krox20 at the promyelination stage, which in turn activates later myelin genes. 

Another is by activating genes encoding myelin structural proteins, such as P0, at the 

myelination stage. NFATc4 interacts with Sox10 and provides specificity to the calcineurin/

NFAT pathway for the Schwann cell lineage.
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Fig. 1. 
CnB1 is deleted in the PNS by Wnt1cre.(A) X-gal staining of E9.0 neural tube from a NFAT-

reporter mouse line harboring LacZ under control of the DSCR1 enhancer region 

counterstained with nuclear fast red. Arrows, migrating neural crest cells; arrowheads, 

interneuron progenitors. (B) Whole-mountX-gal staining of E10.5 Rosa26; Wnt1cre mouse 

embryo. Arrows, sensory ganglia. (C) Immunostaining of newborn DRG and peripheral 

nerves at thoracic limb region by using CnB1-specific antibody. Arrows, CnB1-positive 

motor axons of peripheral nerves; arrowheads, ventral roots. (D and E) Immunoblots of 

CnB1 and NFATc3 and c4 from E13.5 DRG cocultures at day 0 (D) and day 12 (E). Heat 

shock protein 90 (Hsp90) is a loading control. Arrows, NFATc4 proteins. *Cross-reactive 

protein.
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Fig. 2. 
Schwann cell differentiation is defective in CnB1 mutant mice. (A) Schwann cells in 

newborn mutant sciatic nerves fail to establish one-to-one relations with axons. Low-power 

electron microscopic images showing overall structure of sciatic nerves. Asterisks, sorted 

axons; arrows, unsorted axon bundles. (B and F) Quantification of axonal sorting (number 

of axons in bundles) of sciatic nerves and ventral motor roots of spinal cord (n = 4 per 

group; error bars, +SEM; P < 0.001; two-tailed t test). (C) Immunoblots of newborn sciatic 

nerves showing expression levels of myelin-specific proteins. Results from two different 

litters of animals are shown. Arrows, NFATc3 and c4 proteins. *Cross-reactive protein. 

Hsp90 is a loading control. (D) Immunostaining of cryosections of newborn sciatic nerves 

using MBP-specific antibody (green). (E) Electron microscopic images of ventral motor 

roots. Asterisks, sorted axons; arrows, unsorted axon bundles. All experiments were 

performed with at least four littermate pairs of mice.
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Fig. 3. 
Calcineurin/NFAT is required for NRG1 and ErbB signaling. (A) Ca2+ influx stimulated by 

NRG1. DRG cocultures were preloaded with the Ca2+ sensor Fura-2AM in the presence or 

absence of PLC-γ inhibitor U73122, 30 min before stimulation. Ca2+ influx was detected, 

and average Ca2+ levels were measured. (B) Dephosphorylation of NFATc3 and c4 is not 

induced in mutant cocultures after NRG1 stimulation, as examined by immunoblotting (ib). 

Arrows, dephosphorylated (active) NFATc3 and c4. (C) Tyrosine phosphorylation levels of 

ErbB3 following the activation by NRG1. ErbB3 were isolated by immunoprecipitation (ip). 

Tyrosine phosphorylation was detected by immunoblotting using phosphotyrosine-specific 

antibody. The blot was reprobed with ErbB3-specific antibody to verify protein expression 

levels. (D) Calcineurin/NFAT-dependent transcription is stimulated by NRG1. E13.5 DRG 

cocultures were transfected with luciferase reporter constructs containing the DSCR1 

enhancer, NFATc4 promoter, Krox20 promoter, or Krox20 MSE. Luciferase activities were 

measured after 20 hours of NRG1 stimulation. Fold activation is relative to unstimulated 

cells (n = 6; error bars, +SEM; **P < 0.01; ***P <0.001; t test).
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Fig. 4. 
Synergistic effects of NFATc4 and Sox10 on myelin gene expression. (A) NFATc4 and 

Sox10 synergistically activate the Krox20 MSE and P0 promoter. DRG cocultures were 

transfected with luciferase reporter constructs containing the Krox20 MSE, P0 promoter or 

Krox20 promoter. Expression constructs encoding constitutively active calcineurin A 

(CnA*), NFATc4, and Sox family members were co-transfected. Luciferase activities were 

measured. Fold activation is relative to reporter baseline activities (n = 6, error bars, +SEM, 

***P < 0.001; t test). (B) Model of myelination process regulated by calcineurin/NFAT 

signaling pathway. Solid arrows, calcineurin/NFAT signaling pathway; dotted arrows, 

pathways defined by previous literature.
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