
Stem Cell Reports

Article
Modeling the Pathogenesis of Charcot-Marie-Tooth Disease Type 1A Using
Patient-Specific iPSCs

Lei Shi,1,2,6 Lihua Huang,3,6 Ruojie He,1,6 Weijun Huang,3 Huiyan Wang,3 Xingqiang Lai,3 Zhengwei Zou,3

Jiaqi Sun,3 Qiong Ke,3 Minying Zheng,1 Xilin Lu,1 Zhong Pei,1 Huanxing Su,4 Andy Peng Xiang,3,5

Weiqiang Li,3,5,7,* and Xiaoli Yao1,*
1Department of Neurology, National Key Clinical Department and Key Discipline of Neurology, Guangdong Key Laboratory for Diagnosis and Treatment of

Major Neurological Diseases, The First Affiliated Hospital, Sun Yat-Sen University, Guangzhou 510080, China
2Division of Neurosurgical Intensive Care Unit, Department of Critical Care Medicine, The First Affiliated Hospital, Sun Yat-Sen University,

Guangzhou 510080, China
3Center for StemCell Biology and Tissue Engineering, Key Laboratory for StemCells and Tissue Engineering, Ministry of Education, Sun Yat-Sen University,

Guangzhou 510080, China
4State Key Laboratory of Quality Research in Chinese Medicine, Institute of Chinese Medical Sciences, University of Macau, Macao 999078, China
5Department of Biochemistry, Zhongshan Medical School, Sun Yat-sen University, Guangzhou 510080, China
6Co-first author
7Lead Contact

*Correspondence: liweiq6@mail.sysu.edu.cn (W.L.), liliyao71@163.com (X.Y.)

https://doi.org/10.1016/j.stemcr.2017.11.013
SUMMARY
Charcot-Marie-Tooth disease type 1A (CMT1A), one of the most frequent inherited peripheral neuropathies, is associated with PMP22

gene duplication. Previous studies of CMT1A mainly relied on rodent models, and it is not yet clear how PMP22 overexpression leads

to the phenotype in patients. Here, we generated the human induced pluripotent stem cell (hiPSC) lines from two CMT1A patients as

an in vitro cell model.We found that, unlike the normal control cells, CMT1A hiPSCs rarely generated Schwann cells through neural crest

stem cells (NCSCs). Instead, CMT1A NCSCs produced numerous endoneurial fibroblast-like cells in the Schwann cell differentiation

system, and similar results were obtained in a PMP22-overexpressing iPSC model. Therefore, despite the demyelination-remyelination

and/or dysmyelination theory for CMT1A pathogenesis, developmental disabilities of Schwann cellsmay be considered as an underlying

cause of CMT1A. Our results may have important implications for the uncovering of the underlyingmechanism and the development of

a promising therapeutic strategy for CMT1A neuropathy.
INTRODUCTION

Charcot-Marie-Tooth (CMT) disease, also known as hered-

itary motor and sensory neuropathies, was initially charac-

terized in the late 19th century. It is the most frequent

inherited neuropathy affecting the peripheral nervous sys-

tem and is found in about 1 in 2,500 people. CMT consti-

tutes a group of genetically and clinically heterogeneous

disorders with similar clinical manifestations, including

progressive weakness and atrophy of the distal muscles.

CMT type 1A (CMT1A), the most common form of CMT,

is associated with a 1.5-Mbp DNA duplication in the chro-

mosome 17p11.2 region, which contains the PMP22 gene

(Lupski et al., 1991). Clinically, the symptoms of CMT1A

patients are similar to those of other subtypes. On nerve bi-

opsies, CMT1A patients usually exhibit loss of the myelin

sheath and the onion bulbs of Schwann cell lamellae

(Hanemann et al., 1997). Therefore, many researchers

believe that CMT1A is caused by a PMP22-overexpres-

sion-mediated dysfunction of the demyelination-remyeli-

nation process in Schwann cells (Sereda et al., 1996). How-

ever, a study in CMT1A children found that all subjects

had sharply decreased nerve conduction velocities that

were evident at a very young age, prior to the onset of
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discomfort, and that this alteration did not show any

further worsening with age (Berciano et al., 2000). Simi-

larly, a study in CMT1A mice found that the sciatic nerves

remained largely unmyelinated in neonatal mice, which

exhibited only a few small myelinated fibers, and that the

situation did not improve with age. The authors proposed

that dysmyelination could be a major cause of the disease

(Robaglia-Schlupp et al., 2002). However, as we lack infor-

mation on the pathophysiological processes that occur

during the asymptomatic phase of the disease, the underly-

ing molecular mechanisms that lead to the CMT1A pheno-

type remain largely unknown. It is also not yet known

whether PMP22 duplication affects Schwann cell develop-

ment and/or myelin sheath formation.

In vitrodiseasemodelingusingpatient-derived stemcells is

expected tobeof great value for studying themechanismsof

disease pathogenesis. Reprogramming human somatic cells

to a pluripotent state allows researchers to generate human

induced pluripotent stem cells (hiPSCs), which were first

established by Takahashi and Yamanaka (2006). Since

then, studies have shown that skin fibroblasts transfected

with retroviruses expressing Oct4, Sox2, Klf4, and c-Myc

could be reprogrammed into embryonic stem cell (ESC)-

like cells. iPSCs share many characteristics with ESCs, and
thor(s).
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have the ability to self-renew and differentiate into cells of

all three germ layers. Thus, iPSC technology offers a power-

ful tool for developmental biology research, drug discovery,

and in vitromodeling of humandisease (Hargus et al., 2014).

In vertebrates, neural crest generates most cells of the pe-

ripheral nervous system (PNS) (including peripheral neu-

rons, Schwann cells, and endoneurial fibroblasts) and

several non-neural cell types, including the craniofacial

skeleton, the thyroid gland, the thymus, the cardiac septa,

smooth muscles, melanocytes, among others (Anderson,

2000). Some of the neural crest cells that can self-renew

and give rise to a variety of cell types are referred to as

neural crest stem cells (NCSCs). In recent years, various

researchers have described the efficient derivation and

isolation of NCSCs from human PSCs, and their further

differentiation into various cell types, including peripheral

neurons, Schwann cells, and mesenchymal-lineage cells

(e.g., osteoblasts, adipocytes, and chondrocytes) (Lee

et al., 2007). Thus, NCSCs have become an ideal model

system to study the normal development of PNS, and to

understand the pathogenesis and identify the cures for

PNS-related disorders.

Here, we successfully established an iPSC technology-

based in vitro human model of CMT1A. Subsequently, to

simulate developmental progress with the aim of studying

probable pathogenic mechanisms and identifying poten-

tial therapies for CMT1A, we induced CMT1A-iPSCs to

differentiate into Schwann cells via the NCSC stage. Inter-

estingly, we found that the development of Schwann cells

was interrupted and the generation of endoneurial fibro-

blasts was enhanced when CMT1A NCSCs (harboring

the PMP22 duplication) were cultured in the Schwann

cell differentiation system.
RESULTS

CMT1A hiPSCs Exhibit the Characteristics of Self-

Renewal and Pluripotency

Solochrome cyanine staining of peroneal nerve biopsies

from patient 1 (CMT1A-1, with less severe symptoms)

showed a lack of obvious onion bulbs and greatly reduced

myelin formation (Figure 1A, middle panel) compared

with normal samples (Figure 1A, left panel). In the

sample from patient 2 (CMT1A-2, withmore severe clinical

manifestations), however, there was an almost total lack

of myelin; instead, fibroblast-like cells filled the space

(Figure 1A, right panel). These results confirmed the PNS

neuropathy of these patients.

Skin tissue was subjected to adhesion culture for 7 days,

and the obtained dermal fibroblasts (CMT1A hDFs)

were easily propagated in high-glucose DMEM containing

10% fetal bovine serum (FBS) (data not shown). The
extra copy of the PMP22 gene was verified using multiplex

ligation-dependent probe amplification (MLPA) (Figure 1B)

and no mutations were detected in the exons of all three

copies of PMP22 as revealed by Sanger sequencing (data

not shown). The CMT1A hDFs were then exposed to cul-

ture supernatant containing retroviral vectors expressing

four factors (OCT4, SOX2, c-MYC, and KLF4) or GFP (con-

trol) for 24 hr. The transfection efficiency was more than

90%, as illustrated by direct observation of GFP expression

under a fluorescence microscope (data not shown). ESC-

like colonies first emerged 10 days later; the cells had a

high nucleus-to-cytoplasm ratio and prominent nucleoli.

The iPSC generation efficiency was comparable between

CMThDFs and control hDFs (data not shown). Six colonies

in total (three from each CMT1A hiPSC line, designated as

CMT1A-1 hiPSCs and CMT1A-2 hiPSCs) were selected and

expanded into stable cell lines andwere used for further an-

alyses. The CMT1A hiPSCs maintained their ESC-like

morphology in long-term in vitro culture (data not shown).

Immunocytochemistry showed that the control hiPSCs

andCMT1AhiPSCs expressed the typicalmarkers of plurip-

otent stem cells, including OCT4, SSEA4, and TRA-1-60

(Figure S1A). When spontaneous differentiation was

induced in vitro, the control hiPSCs and CMT1A hiPSCs

formed embryoid bodies (EBs). These EBs were then trans-

ferred to adherent culture on gelatin-coated plates,

whereby the differentiated cells displayed various mor-

phologies were positive for the endodermal marker a-feto-

protein, the mesodermal marker a-smooth muscle actin

(aSMA), or the ectodermal marker tubulin b3 class III

(TUBB3), as appropriate (Figure S1B). When the control

hiPSCs and CMT1A hiPSCs were injected into SCID mice,

teratomas were allowed to form for 2 months. Histological

examination showed that the teratomas contained cells of

all three germ layers, namely ectoderm-derived neural

tubes, mesoderm-derived cartilage, and endoderm-derived

glandular epithelium (Figure S1C).

NCSCs Can Be Efficiently Derived fromCMT1AhiPSCs

Previous research showed that human ESCs and iPSCs can

generate central and PNS components from neural precur-

sors via an intermediate rosette stage (Lee et al., 2010).

Here, we cultured CMT1A hiPSCs under conditions de-

signed to generate NCSCs via EB formation, as previously

described (Li et al., 2015). When EBs were adherently

cultured in neural crest induction medium, neural rosettes

emerged after 3 days of culture (Figure 2A). Numerous cells

migrated out of the rosettes and were confirmed to express

NCSC markers, such as SOX10, AP2a, P75, HNK1, and

NESTIN (Figure 2B). When we used fluorescence-activated

cell sorting (FACS) to purify NCSCs co-expressing p75

and HNK1, the differentiation efficiency of CMT1 hiPSCs

(77.05% ± 2.94% in CMT1A-1 group; 81.51% ± 1.95% in
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Figure 1. Solochrome Cyanine-Stained
Nerve Biopsies of CMT1A Patients and
MLPA Assay of CMT1A hDFs
(A) Solochrome cyanine staining of nerve
biopsies from the CMT1A patient (middle for
CMT1A-1 and right panel for CMT1A-2) was
applied. The result showed that myelin
formation is greatly reduced and numerous
fibroblast-like cells exist in some areas in
comparison with normal samples (left
panel). Scale bars, 50 mm.
(B) MLPA assay (n = 3 independent experi-
ments) was used for the diagnosis of CMT1A
and confirmed that these two patients
possessed the genomic PMP22 duplication.
CMT1A-2 group) was not significantly different from that

of control hiPSCs (78.68% ± 2.30%) after 8–10 days of dif-

ferentiation (p > 0.05; Figure 3A; CMT1A-2, data not

shown). The isolated CMT1A-1 NCSCs (p75+/HNK1+)

were adherently cultured on poly-L-ornithine/laminin

(PO/LN)-coated dishes (Figure 3B), and were confirmed to

express the NCSC markers P75, HNK1, AP2a, SOX10, and

SLUG (Figure 3C; CMT1A-2, data not shown). We also

confirmed that CMT1A-1NCSCs can be cultured in suspen-

sion, where they form spheres without losing the charac-

teristic gene expression profile of NCSCs (data not shown).

CMT1A NCSCs Can Efficiently Differentiate to

Mesenchymal Cell Lineages

Previous studies showed that NCSCs can be directed toward

mesenchymal lineages, including osteogenic, adipogenic,

and chondrogenic lineages, as well as smooth muscle cells
122 Stem Cell Reports j Vol. 10 j 120–133 j January 9, 2018
(Lee et al., 2007). Here, we tested whether CMT1A NCSCs

had a similar mesenchymal differentiation potential. We

cultured CMT1A NCSCs in a-minimal essential medium

containing 10% FBS. After 1 week, mesenchymal stem cells

(MSCs) emerged and began proliferating rapidly (data not

shown). FACS analyses showed that about 90% of CMT1A

MSCs co-expressed the typical MSC surface markers,

CD44 and CD73; in this, they were comparable with con-

trol cells (data not shown). To further assess the multi-line-

age differentiation ability of CMT1AMSCs, we used various

media to differentiate the cells into osteoblasts, adipocytes,

chondrocytes, and smoothmuscle cells. Alizarin red S stain-

ing, oil red O staining, toluidine blue staining, and anti-

aSMA immunostaining confirmed that the CMT1A MSCs

showed the capacity to differentiate into (respectively) oste-

ogenic, adipogenic, and chondrogenic lineages, as well as

smooth muscle cells (data not shown). The qRT-PCR results



Figure 2. Neural Crest Differentiation of
CMT1A hiPSCs
(A) Human iPSCs were cultured in E8 me-
dium and plated on Matrigel-coated plates.
The cells were cultured in neural crest in-
duction medium for 5 days in ultra-low-
attachment culture dishes, whereupon they
clustered to form uniform EBs. The cells
were then replated onto PO/LN-coated
plates, and multiple rosette structures
formed in the centers of the attached EBs
(n = 5 independent experiments).
(B) Immunofluorescence analyses showed
that cells migrating out from the rosette
structures expressed the neural crest-spe-
cific markers SOX10, AP2a, P75, HNK1, and
NESTIN.
Scale bars, 100 mm.
further confirmed the multi-lineage differentiation ability

of CMT1A-1 MSCs (data not shown).

CMT1A NCSCs Possess the Potential to Differentiate

into Peripheral Neurons

For peripheral neuronal differentiation, CMT1A NCSCs

were cultured in a neuronal induction medium containing

brain-derived neurotrophic factor, glial cell-derived neuro-

trophic factor, nerve growth factor, and dibutyryl cyclic

AMP (db-cAMP). After 4–6 weeks, these cells exhibited a

mature neuronal morphology (data not shown). Most of

the differentiated cells expressed the pan neural marker,

TUBB3 (86.75% ± 7.32% in the CMT1A-1 group, 80.37%

± 7.79% in the CMT1A-2 group, and 82.46% ± 6.63% in

the control group), and the peripheral neuronal markers,

PERIPHERIN (71.12% ± 5.91% and 75.88% ± 2.71%, respec-
tively), BRN3A (46.21% ± 3.48% and 49.55% ± 5.09%,

respectively), and tyrosine hydroxylase (18.03% ± 3.04%

and 21.68% ± 4.27%, respectively) (p > 0.05; data not

shown). The qPT-PCR analyses confirmed the expressions

of these peripheral neuronal markers, and revealed that

their levels were similar in the CMT1A and control groups

(data not shown).

CMT1A NCSCs Display a Severe Defect in Schwann

Cell Differentiation

For Schwann cell differentiation, CMT1A NCSCs were

passaged for more than 2 months as described previously

(Lee et al., 2010). These cells were then induced for 3 weeks

in medium containing ciliary neurotrophic factor, neure-

gulin-1, and db-cAMP. Our serial observation under

phase-contrast microscopy revealed significant differences
Stem Cell Reports j Vol. 10 j 120–133 j January 9, 2018 123



Figure 3. Enrichment and Characterization of CMT1A NCSCs
(A) hiPSCs were subjected to in vitro differentiation, and HNK1+/P75+ cells were isolated by FACS (n = 4 independent experiments).
(B) CMT1A NCSCs cultured on PO/LN-coated dishes maintained their typical cellular morphology.
(C) CMT1A NCSCs expressed the neural crest stem cell markers SOX10, AP2a, P75, HNK1, and SLUG.
Scale bars, 100 mm.
between CMT1A-1 and control cells. On day 5 after induc-

tion, almost all of the NCSCs in the control group showed

morphological changes; some exhibited the typical bipolar

spindle-shapedmorphology of Schwann cells, while others

weremultipolar and star shaped. In the CMT1A-1 group, in

contrast, only a small proportion of the NCSCs showed

morphological changes, and very few were bipolar and

spindle shaped. On day 10 post induction, the typical

bipolar Schwann-like cells were more numerous in control
124 Stem Cell Reports j Vol. 10 j 120–133 j January 9, 2018
cultures. Such cells were rarely seen in CMT1A-1 cultures,

in which fibroblast-like cells emerged and proliferated

quickly. On day 20, almost all of the cells in control group

had become typical bipolar spindle-shaped cells, whereas

CMT1A-1 cultures had become confluent with fibroblast-

like cells (Figure 4A). Similar cellular morphological

changes were also observed in CMT1A-2 cultures (data

not shown). We used immunostaining to identify the

differentiated cells. The Schwann cell markers, glial



Figure 4. CMT1A NCSCs Were Induced to Differentiate into Schwann Cells
(A) Serial observation (days 5, 10, and 20) of Schwann cell differentiation under phase-contrast microscopy (n = 5 independent exper-
iments) revealed that almost all control cells became typical bipolar and spindle-shaped cells, whereas those of the CMT1A group became
confluent fibroblast-like cells.
(B) Immunostaining showed that differentiated cells in the control group strongly express the Schwann cell markers GFAP and S100B,
whereas those in the CMT1A group do not.
(C) Differentiated cells in CNT1A group express the endoneurial fibroblast-specific marker, CD34, whereas few cells in the control group
express this marker.
(D) The percentages of GFAP+, S100B+, and CD34+ cells that differentiated from CMT1A and control NCSCs were compared (n = 5 inde-
pendent experiments; ***p < 0.001).
(E) qRT-PCR analyses (n = 5 independent experiments) further confirmed that the mRNA expression levels of GFAP/S100B and CD34 were
higher and lower, respectively, in the control group versus the CMT1A group (***p < 0.001).
Scale bars, 100 mm.
fibrillary acidic protein (GFAP) and S100B, were strongly

expressed in the control group (68.4% ± 4.39% and

74.0% ± 4.85% positive cells, respectively) but not the

CMT1A group (0.11% ± 0.023% and 4.80% ± 0.84%,

respectively). In contrast, CD34, which is a specific marker

of endoneurial fibroblast-like cells (EFLCs) (Richard et al.,

2012), was commonly expressed in the CMT1A group but

not the control group (***p < 0.001; Figures 4B–4D). A pre-

vious study showed that NCSC-derived Schwann cell pro-

genitors have the potential to generate endoneurial fibro-

blasts during the development of peripheral nerves via a

process that is regulated by neuregulin, notch ligands,

and bone morphogenic proteins (BMPs) (Joseph et al.,

2004). qRT-PCR showed that the mRNA expression levels

of GFAP and S100B were higher in the control group than

in the CMT1A group, whereas CD34 showed the opposite

pattern (***p < 0.001 for all comparisons; Figure 4E). These

results suggest that CMT1A NCSCs generate few Schwann
cells (those expressing GFAP and S100B) in the Schwann

cell differentiation system, and instead differentiate to

numerous CD34+ EFLCs, indicating that increased PMP22

gene dosage may cause the change of Schwann cell differ-

entiation direction.

We also detected the expression of GFAP/S100B, myelin

basic protein (MBP), and CD34 by immunofluorescence

assay in peroneal nerve biopsy samples from controls and

CMT1A patients. The results showed that intensively posi-

tive expression and significantly higher proportion of

GFAP+/S100B+ and MBP+ cells were detected in controls

than that of CMT1A patients. Nonetheless, CD34 was

weakly stained and fewer CD34+ cells were found in control

samples, althoughCD34was strongly expressed in samples

from the CMT1A group. Intriguingly, we also discovered

that more GFAP+/S100B+ and MBP+, cells and fewer

CD34+ cells existed in the nerve biopsy sample from

CMT1A-1 (with less severe symptoms) than that from
Stem Cell Reports j Vol. 10 j 120–133 j January 9, 2018 125



CMT1A-2 (with more severe clinical manifestations) (Fig-

ures S2A and S2B). These results reflected that the in vivo

development of Schwann cells in CMT1A patients might

be interrupted by the duplication of PMP22, which was

also consistentwith the outcomes from the in vitro differen-

tiation assay. Moreover, these results inferred that the

expression level of GFAP/S100B and MBP in peripheral

neural tissues was negatively correlated with the clinical

severity, while the CD34 expression was positively corre-

lated with the clinical severity.

Lentivirus-Mediated PMP22 Overexpression in

Control hiPSCs Recapitulates the Defective Schwann

Cell Differentiation of CMT1A hiPSCs

To further confirm this observation, we then examined

whether PMP22 overexpression in control hiPSCs

impacted their ability to differentiate to Schwann cells.

We transduced control hiPSCs with a PMP22-encoding

lentivirus or the empty vector and used puromycin selec-

tion to isolate PMP22 hiPSCs and the transduction control.

Immunofluorescence staining and western blotting

confirmed that PMP22 was successfully overexpressed in

PMP22 hiPSCs (data not shown). The western blot analysis

also revealed that hiPSCs derived from controls and

CMT1A patients expressed low levels of PMP22 protein

when cells remained undifferentiated. Moreover, these

cells retained the characteristics of iPSCs, including self-

renewal and pluripotency, as illustrated by the expressions

of OCT4, NANOG, and SSEA4, and the capacity to differen-

tiate into three germ layer lineages in vitro and in vivo (data

not shown).

We then evaluated the neural crest differentiation poten-

tial of PMP22 hiPSCs. FACS analyses showed that PMP22

hiPSCs, control hiPSCs, and CMT1A hiPSCs had similar

abilities to generate P75+/HNK1+ NCSCs with high effi-

ciency. The isolated PMP22 NCSCs can be adherently

cultured on PO/LN-coated dishes. PMP22 NCSCs also ex-

pressed NCSC-specific markers (SOX10, P75, and HNK1;

data not shown) and were similar to control hiPSCs and

CMT1A hiPSCs in their ability to differentiate into meso-

dermal lineages and peripheral neurons (data not shown).

However, when cultured under Schwann cell-differenti-

ating conditions for 3 weeks, PMP22 NCSCs phenotypi-

cally resembled CMT1A-1 NCSCs and the cultures con-

tained numerous fibroblast-like cells; similar cellular

morphological change could also be observed in the

Schwann cell differentiation process in CMT1A-2 NCSCs

(data not shown); in this respect they were unlike the

Schwann cell-differentiated control NCSCs, which were

largely bipolar and spindle shaped (Figure 5A). The GFAP/

S100B immunostaining of different colonies from con-

trol-1 hiPSCs, control-2 hiPSCs, CMT1A-1 hiPSCs, and

CMT1A-2 hiPSCs are shown in Figure S3. FACS analyses
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showed that over 90% of the differentiated cells in the

CMT1A and PMP22 groups expressed the endoneurial

fibroblast-like cell marker, CD34, while only a small popu-

lation of control cells was CD34+ (Figures 5B and S4). The

results of qRT-PCR (Figure 5C) and immunostaining assays

(Figures 6, S3, and S4) also demonstrated that the increased

PMP22 gene dosage in the cells from CMT1A-1, CMT1A-2,

and PMP22 groups was associated with a developmental

switch in the Schwann cell differentiation of NCSCs to-

ward EFLCs.

Previous study has demonstrated that PMP22 partici-

pates in cell proliferation and apoptosis (Li et al., 2013).

To monitor the proliferation/apoptosis state of Schwann

cell-differentiated cells in different groups, we performed

anti-Ki67 immunostaining, whereby the results indicated

that significantly more Ki67-positive cells could be found

in CMT1A-1, CMT1A-2, and PMP22 groups than in the

control group (Figures S5A and S5B). By contrast, no

obvious cell apoptosis was detected by TUNEL assay at

different time points during the Schwann cell differentia-

tion process in all groups (data not shown). A previous

report (Joseph et al., 2004) demonstrated that BMP4,

NRG1, and DLL1 promote endoneurial fibroblast differen-

tiation from NCSCs. We thus tried to determine whether

the mRNA expression of BMP4, NRG1, and DLL1 were

highly upregulated in cells of the CMT1A group during

Schwann cell differentiation. The results of qRT-PCR

showed no significant difference in the expression level

of all three genes between the control group and the

CMT1A/PMP22 group at different differentiation stages

(Figure S5C). The result indicated that the increase of endo-

neurial fibroblast differentiation potential of CMT1A

NCSCs may be due to other intrinsic factors and need

further investigation. It was reported that the decreased

phosphatidylinositol 3-kinase (PI3K)-AKT activity and hy-

peractivation of the MEK-ERK pathway was observed in

CMT rats (Fledrich et al., 2014). We thus used western blot-

ting to monitor the protein level of AKT, pAKT, ERK, and

pERK in Schwann cells from different groups. We found

that, indeed, Schwann cells from CMT1A/PMP22 had

higher ERK activation than controls. However, similar

PI3K-AKT phosphorylation level was detected in control

and CMT1A/PMP22 groups (Figure S5D). These results

further implicated that the Schwann cell differentiation

defect of CMT1A NCSCs may be partly due to elevated

MEK-ERK activation. We also detected the PMP22 protein

expression in NCSCs and Schwann cells from different

groups. This result demonstrated that the PMP22 was ex-

pressed in cells of NCSC and Schwann cell stages from all

groups. Meanwhile, cells from the CMT1A group expressed

a higher level of PMP22 than that in control cells; however,

no obvious difference was observed between CMT1A-1 and

CMT1A-2 (Figure S5E).



Figure 5. Schwann Cell Differentiation of PMP22 NCSCs
(A) Serial observation (days 5, 10, and 20) under phase-contrast microscopy (n = 4 independent experiments) revealed that most control
cells became typical bipolar and spindle-shaped cells, while the cells of the CMT1A and PMP22 groups became confluent fibroblast-like
cells. Scale bars, 100 mm.
(B) FACS analyses (n = 4 independent experiments) showed that over 90% of the differentiated cells in the CMT1A and PMP22 groups
expressed CD34, while only a small population of control cells was CD34+.
(C) qRT-PCR (n = 4 independent experiments) indicated that differentiated cells of the CMT1A and PMP22 groups had higher mRNA
expression levels of PMP22 and CD34, but lower mRNA expression levels of GFAP and S100B, compared with the control group (**p < 0.01,
***p < 0.001).
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Figure 6. Immunostaining of NCSCs Subjected to Schwann Cell Differentiation
Differentiated control cells strongly expressed the Schwann cell markers, GFAP and S100B, but showed little expression of the endoneurial
fibroblast marker, CD34. Conversely, cells of the CMT1A and PMP22 groups showed little expression of GFAP and S100B, but most of them
were CD34+ (n = 4 independent experiments). Scale bars, 100 mm.
More importantly, to determine whether Schwann cells

derived from NCSCs have myelination ability, Schwann

cells were added to the peripheral neurons differentiated

from NCSCs originating from the same hiPSC and co-

cultured for 3–4 weeks. Anti-MBP/PERIPHERIN staining

showed that Schwann cells of the control group generated

myelin segments and ensheathed bundles of axons,

whereas Schwann cells from CMT1A-1, CMT1A-2, and

PMP22 groups did not show the myelination ability

in vitro (Figure 7A). Myelin sheath ultrastructure was de-

tected after co-culture for 2 months and a compacted

myelin structure was observed by transmission electron

microscopy (Figure 7B).

To further confirm these results, we performed RNA

sequencing to examine changes in the global expression

profile of different developmental stages among hiPSCs,

the NCSCs, and Schwann cells. The samples included un-

differentiated hiPSCs and freshly isolated P75+/HNK1+

hiPSC NCSCs from control and CMT1A-1 groups, res-

pectively, plus Schwann cell-differentiated NCSCs on day

28 from control, CMT1A-1, and PMP22 groups (GEO:

GSE97851). The results demonstrated that the expression

profile of undifferentiated hiPSCs in both control and

CMT1A-1 group was enriched for genes related to pluripo-

tency (OCT4, SOX2, NANOG, REX1, and others). However,

the freshly isolated hiPSC NCSCs in the control and

CMT1A-1 groups strongly expressed neural crest-specific

transcription factors (e.g., SOX10, SOX9, FOXD3, MSX1,

MSX2, PAX3, PAX7, and others) (Figure S6A). These results

were in accordance with that of immunostaining assay

of hiPSCs and NCSCs as described above. Meanwhile,
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PMP22 was found to be expressed by NCSCs, and there

was no statistical difference between CMT1A1 and control

group as assayed by qRT-PCR (Figure S6B).

Nonetheless, Schwann cells differentiated from control

NCSCs on day 28 were highly enriched in transcripts asso-

ciated with SCP genes (SOX10, AP2a, ERBB3, L1CAM, and

others), immature Schwann cell genes (GFAP, S100B,

OCT6, and NESTIN), and markers of mature non-myelinat-

ing or myelinating Schwann cells (MPZ, PLP1, and others),

while Schwann cells derived from CMT1A-1 and PMP22

groups had remarkably lower expression level of these

genes. Moreover, other neural crest cells and/or Schwann

cell relevant genes, including TFAP2B, TFAP2C, HOXC4,

OTX2, and ZIC3, were expressed by control Schwann cells,

while CMT1A-1 and PMP22 Schwann cells had far fewer

transcripts of these genes. It was reported that COL13A1

was expressed in neuromuscular junction and its defect

would cause a decreased contact surface for neurotransmis-

sion because Schwann cells erroneously enwrapped nerve

terminals and invaginated into the synaptic cleft (Latvan-

lehto et al., 2010). A lower expression level of COL13A1

was found in CMT1A-1 and PMP22 Schwann cells when

compared with that of control Schwann cells (Figures S6C

and S6D). The exact role of these genes in CMT1A patho-

genesis need to be further elucidated. Interestingly, the

mRNA expression level of PMP22 and numerous endoneu-

rial fibroblast-like cell markers (CD34, PDGFRB, FAP, FSP/

S100A4, and others) in the CMT1A-1 and PMP22 groups

was noticeably higher in comparison with that of control

cells (Figure S6E). qRT-PCR analysis further confirmed the

results of mRNA sequencing (Figure S6F). These results



Figure 7. Control Schwann Cells Align and Myelinate Human iPSC-Derived Peripheral Neurons
(A) Myelinated segments were stained with anti-MBP and anti-PERIPHERIN in control group, while no myelination was detected in
Schwann cells from the CMT1A and PMP groups (n = 5 independent experiments). The arrows indicate the myelinated cells. Scale bars,
100 mm.
(B) The myelin structure formed by control Schwann cells was viewed by electron microscopy (n = 4 independent experiments). Scale bar,
200 nm.
further indicated that PMP22 overexpression could result

in a developmental switch in Schwann cell differentiation

and promote the generation of EFLCs at the expense of

Schwann cells.

Lipids including cholesterol are essential constituents of

myelin (Saher et al., 2005). A previous study in a CMT1A

mouse model indicated that the increased expression of

PMP22 led to a strongly reduced expression of genes impor-

tant for cholesterol synthesis and some other genes

involved in lipid metabolism (Vigo et al., 2005). We thus

analyzed the gene expression profile related to cholesterol

synthesis and lipid metabolism and found that transcripts

encoding HMG-coenzyme A (CoA) synthase (HMGCS1)

and reductase (HMGCR), lysophospholipase (LYPLA1), and

stearoyl-CoA desaturase (SCD) were substantially reduced
in CMT1A-1 and PMP22 Schwann cells when compared

with that of control Schwann cells. Surprisingly, we discov-

ered that the expression level of apolipoprotein members

including APOA1, APOA2, APOB, APOC1, and APOC3 was

greatly reduced in CMT1A-1 and PMP22 Schwann cells in

comparison with the control group (Figure S6G). Moreover,

most of these apolipoproteinmembers had been implicated

in myelin biosynthesis and/or demyelination (Duan et al.,

2007; Garcia-Mateo et al., 2014; Hunter et al., 2005; LeBlanc

et al., 1989; Poliani et al., 2015; Zamel et al., 2008). Similar

resultswere obtainedwhenqRT-PCRdetection of these sam-

ples was performed (Figure S6H).

The RNA sequencing data of Schwann cell-differentiated

NCSCs from control and CMT1A groups was also

analyzed using Ingenuity Pathways Analysis (IPA) software
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(Table S1). We first investigated the overall gene list and

analyzed these genes in terms of some important gene

and cellular functions. The results indicated that important

and statistically significant gene functions included fibro-

genesis, autophagy, cell morphology, growth, migration,

and cellular assembly/organization. Schwann cell-differen-

tiated NCSCs from the CMT1A group showed significant

upregulation of genes of fibrogenesis, formation of actin fil-

aments and formation of actin stress fibers, which was

consistent with our in vitro differentiation results as

described above. Moreover, We also detected the upregula-

tion of autophagy genes in CMT1A cells, while autophagy

had been reported to be activated by PMP22 overexpres-

sion in a CMT1A mouse model (Fortun et al., 2006) and

to play a central role in Schwann cell myelin breakdown

(Gomez-Sanchez et al., 2015).

Canonical pathways were then identified and analyzed

from the IPA libraries. The statistically significant canonical

pathways included RhoGDI, PTEN, ERK/MAPK, mTOR,

and EPHRIN receptor signaling pathways, among others.

For example, RhoGDI and PTEN signaling pathways were

reported to play important roles in proper myelination of

the PNS (Cotter et al., 2010); nonetheless, downregulation

of genes of these pathways were found in CMT1A cells

when compared with the control group. We also detected

upregulation of genes of ERK/MAPK, mTOR, and EPHRIN

receptor signaling pathway in CMT1A cells. It was reported

that hyperactivation of the Mek-Erk can be found in a

CMT1A rat model (Fledrich et al., 2014) and rapamycin,

an mTOR inhibitor, improved myelination in a PMP22

overexpression mice model (Rangaraju et al., 2010). Previ-

ous reports showed that Ephrin signaling regulates CNS

myelination (Linneberg et al., 2015) and antibody-medi-

ated neutralization of myelin-associated EphrinB3 acceler-

ates CNS remyelination (Syed et al., 2016); however,

whether Ephrin signaling plays a role in peripheral myeli-

nation remains to be elucidated.
DISCUSSION

Peripheral neuropathies are very commonneurological dis-

orders that can arise from different underlying causes, such

as diabetes, infection, and heredity. CMT disease is the

most commonhereditary peripheral neuropathy involving

dysfunction of the PNS, which comprises peripheral neu-

rons and Schwann cells. CMT1A, which is the primary sub-

group of CMT, is characterized by defects in the myelin-

forming Schwann cells. Previous studies have used many

types of transgenic CMT1A animal models to study

Schwann cells and their functions in an effort to uncover

the underlying pathogenesis of this disease (Sereda and

Nave, 2006). However, most of these studies have usually
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focused on postnatal abnormities and have rarely consid-

ered the course of fetal development. Moreover, although

rodent models have yielded important insights into some

molecular mechanisms of disease development and/or

facilitated the development of promising treatment strate-

gies, they may not accurately recapitulate human disease

because of basic differences in the anatomy, physiology,

pathophysiology, and genetic background of human and

mouse (Maries et al., 2003). For example, ascorbic acid

was found to improve the locomotion and lifespan of

CMT1A model mice through the remyelination of sciatic

nerves (Passage et al., 2004), but a 2-year multi-center clin-

ical trial revealed that ascorbic acid supplementation had

no significant effect onneuropathy comparedwith placebo

(Pareyson et al., 2011). Thus, a human-specific model will

be of great value in uncovering the pathogenic mecha-

nisms of CMT1A disease.

iPSCs offer an exciting approach through which we can

generate patient-specific models and/or experimentally

simulate the developmental process through directional

differentiation. In the present study, we successfully

established a CMT1A hiPSC model using hDFs from a

single CMT1A patient and retroviral transduction of

OCT4, SOX2, c-MYC, and KLF4. The CMT1A hiPSCs and

control hiPSCs were generated with similar efficiencies.

CMT1A hiPSCs retained the PMP22 duplication, exhibited

a normal karyotype, expressed pluripotency markers

(OCT4, NANOG, SOX2, SSEA4, and TRA-1-60), and could

be differentiated into cell types of all three germ layers.

These results show that PMP22 duplication does not affect

the reprogramming efficiency or pluripotency of hiPSCs.

We thus next sought to simulate the process of PNS devel-

opment by inducing CMT1A hiPSCs to differentiate into

peripheral neurons and Schwann cells through NCSCs.

The PNS develops from NCSCs during the fetal develop-

ment of vertebrates. Neural crest cells have been a focus

of developmental biology research since they were first

described in 1868, because they have strong migration/dif-

ferentiation abilities and can generate diverse tissues (e.g.,

the PNS, glands, cartilage, bone, and teeth) (Crane and

Trainor, 2006). When cultured in vitro, neural crest cells

can give rise to a vast array of different cell types, such as

MSCs, melanocytes, and nearly all the cells of the PNS,

including autonomic neurons, sensory neurons, and sup-

porting glial cells (i.e., Schwann cells) (Anderson, 2000).

Previous studies indicated that dysfunction of the PNS

may be an essential cause of CMT1A. Thus, neural crest

cells represent an ideal model for studying the develop-

ment of peripheral neurons and Schwann cells in

CMT1A. In the present study, we induced CMT1A hiPSCs

to differentiate into CMT1A NCSCs. We found that

CMT1A NCSCs could be easily generated in a chemically

defined system using an EB-formation strategy, and that



they could be purified by FACS with a high efficiency com-

parable with that seen in the control group. These results

demonstrated that the overexpression of PMP22 did not

affect the NCSC differentiation capacity of CMT1 hiPSCs.

We next subjected the generated CMT1A NCSCs to

various in vitro assays. We found that the CMT1A and

PMP22 NCSCs could be efficiently induced into MSCs and

MSC derivatives, including osteogenic, adipogenic, chon-

drogenic, and smooth muscle lineages. Moreover, CMT1A

and PMP22 NCSCs could be differentiated into peripheral

neuronswith the efficiency comparable with that of control

cultures. Thus, the CMT1 NCSCs maintained their normal

mesodermal and peripheral neuronal differentiation poten-

tial despite the increased gene dosage of PMP22.

When we cultured the cells under the conditions for

Schwann cell differentiation, however, we found that

CMT1A NCSCs rarely differentiated into typical Schwann

cells (i.e., those co-expressing GFAP and S100B), but

instead generated numerous fibroblast-like cells that ex-

pressed CD34. In this, the CMT1A NCSCs were signifi-

cantly different from the normal control cells. Previous

studies showed that the differentiation of an NCSC to a

Schwann cell includes an intermediate stage called the

Schwann cell precursor (SCP) (Jessen and Mirsky, 2005).

SCPs have four major functions: to act as an intermediary

precursor stage between NCSCs and Schwann cells (pri-

mary function); to provide essential trophic support for

sensory and motor neurons; to provide important support

for normal nerve fasciculation; and to act as the source for a

small population of endoneurial fibroblasts (Jessen et al.,

1994). The endoneurial fibroblasts, which often exist be-

tween nerve fibers in the endoneurium, express the cell

surface marker, CD34 (Richard et al., 2012). Therefore,

we believe that the aforementioned fibroblast-like cells

represent endoneurial fibroblasts. We speculate that the

generation of Schwann cells may be interrupted by the

duplication of PMP22 in CMT1A cells. Indeed, when we

investigated whether an increased dosage of PMP22 could

affect the Schwann cell differentiation ability of normal

hiPSCs, the PMP22-overexpressing hiPSCs recapitulated

the Schwann cell differentiation defect of CMT1A NCSCs.

A previous report described the characteristic gene expres-

sion during Schwann cell lineage development. NCSCs (ex-

press SOX10, AP2a, P75, ERBB3, and others) can differen-

tiate to SCPs (express BFABP, DHH, P0, GAP43, PMP22,

PLP1, and others) and immature Schwann cells (express

GFAP, S100B, OCT6, O4, and others) sequentially, the latter

of which finally give rise to mature non-myelinating or

myelinating Schwann cells (express the major myelin pro-

teins MBP and PLP1, and the major structural protein in

myelin, MPZ) (Jessen and Mirsky, 2005). We thus applied

mRNA sequencing to detect the changes in gene expression

profile during the Schwann cell differentiation of hiPSCs.
Our results did not reveal significant differences in hiPSCs

and NCSCs between CMT1A and control cells. However,

the mRNA expression levels of SCP genes, immature

Schwann cell genes, and markers of mature non-myelinat-

ing ormyelinating Schwann cells were found to be substan-

tially lower in the CMT1A-1 and PMP22 groups than in the

control group, while transcripts of PMP22 and endoneurial

fibroblast-like cell markers were detected at higher levels

in CMT1A-1 and PMP22 cells than that of control cells.

These results further confirmed our observation of a devel-

opmental switch in PMP22-overexpression cells.

Demyelination or dysmyelination is considered to be the

most common cause in the pathogenesis of CMT1A (Li

et al., 2013).Here, our results indicated that only the control

Schwann cells formed myelin when co-cultured with pe-

ripheral neurons in vitro, which also demonstrated that the

aberrant PMP22 gene copy numbers would greatly impair

the myelination ability of Schwann cells. Fledrich et al.

(2014) reported that soluble neuregulin-1 treatment pro-

motes Schwann cell differentiation and myelination, pre-

serves axons, and restores nerve function. Nevertheless, we

did not observe similar effects of neuregulin-1 (20 ng/mL)

during Schwann cell differentiation and myelination assay

in CMT1A-1 and PMP22 groups. Overexpression of PMP22

may also cause apoptosis in several cell types, including ag-

ing Schwann cells (Li et al., 2013). While in our study we

found that differentiated cells in CMT1A-1, CMT1A-2, and

PMP22 groups proliferated more quickly as shown by direct

observation undermicroscopy and anti-Ki67 immunostain-

ing, in contrast no obvious cell apoptosis was detected by

TUNEL assay at different time points during Schwann cell

differentiation process in all groups. These results indicated

that the extra copy of PMP22may cause the changes of cell

growth kinetics and the underlying mechanism remains

largely unknown. Cholesterol biosynthesis and/or lipid

metabolism were also found to be play important roles in

myelin formation and CMT1A pathogenesis in an animal

model (Li et al., 2013).We uncovered that some of the genes

related to cholesterol synthesis and lipid metabolism

includingHMGCS1,HMGCR, LYPLA1, SCD, and apolipopro-

teins had considerably fewer transcripts in CMT1A-1 and

PMP22 Schwann cells when compared with that of control

Schwann cells. These results further demonstrated that the

three copies of PMP22 may cause dysregulation of choles-

terol/lipid biosynthesis and transportation in CMT1A

pathogenesis. Gene function and canonical pathways

of Schwann cell-differentiated NCSCs from control and

CMT1Agroupswere also analyzedby IPA software,whose re-

sults showed significant upregulation of genes of fibrogene-

sis and autophagy, downregulation of genes of RhoGDI and

PTENsignalingpathways, andupregulationof genesofERK/

MAPK, mTOR, and EPHRIN receptor signaling in CMT1A

cells compared with the control group. These results may
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have important implications for uncovering the underlying

mechanism of pathogenesis in CMT1A.

Conclusions

Based on our data, we inferred that PMP22 duplication

may lead to a developmental switch of Schwann cell differ-

entiation toward EFLCs and may also cause excessive cell

proliferation, defects in myelination ability, and dysregula-

tion of cholesterol/lipid biosynthesis and transportation.

Consequently, in addition to the demyelination/dysmyeli-

nation theory for CMT1A pathogenesis, developmental

disabilities of Schwann cells should also be considered as

an underlying cause of CMT1A pathogenesis (Figure S7).

Our results may have important implications for uncover-

ing the underlying mechanism and the development of a

promising therapeutic strategy for CMT1A neuropathy.
EXPERIMENTAL PROCEDURES

Cell Culture
The patient-derived iPSC lines, including CMT1A-1 hiPSCs and

CMT1A-2 hiPSCs, were propagated on Matrigel (BD Bioscience,

San Diego, CA)-coated plates in E8 (Stem Cell Technologies)

defined medium. Two hFF hiPSC lines (established in our labora-

tory; see Ke et al., 2013) were used as the control.

Additional Experimental Procedures
For more detailed and additional information, please see Supple-

mental Experimental Procedures.
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