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Abstract
The molecular mechanisms that regulate Schwann cell (SC) plasticity and the role of the Nrg1/

ErbB-induced MEK1/ERK1/2 signalling pathway in SC dedifferentiation or in myelination remain

unclear. It is currently believed that different levels of MEK1/ERK1/2 activation define the state

of SC differentiation. Thus, the identification of new regulators of MEK1/ERK1/2 signalling could

help to decipher the context-specific aspects driving the effects of this pathway on SC plasticity.

In this perspective, we have investigated the potential role of KIAA1199, a protein that promotes

ErbB and MEK1/ERK1/2 signalling in cancer cells, in SC plasticity. We depleted KIAA1199 in the

SC-derived MSC80 cell line with RNA-interference-based strategy and also generated Tamoxifen-

inducible and conditional mouse models in which KIAA1199 is inactivated through homologous

recombination, using the Cre-lox technology. We show that the invalidation of KIAA1199 in SC

decreases the expression of cJun and other negative regulators of myelination and elevates

Krox20, driving them towards a pro-myelinating phenotype. We further show that in dedifferenti-

ation conditions, SC invalidated for KIAA1199 exhibit lower myelin clearance as well as increased

myelination capacity. Finally, the Nrg1-induced activation of the MEK/ERK/1/2 pathway is

severely reduced when KIAA1199 is absent, indicating that KIAA1199 promotes Nrg1-dependent

MEK1 and ERK1/2 activation in SCs. In conclusion, this work identifies KIAA1199 as a novel regu-

lator of MEK/ERK-induced SC dedifferentiation and contributes to a better understanding of the

molecular control of SC dedifferentiation.
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1 | INTRODUCTION

Schwann cells (SC) are the myelinating cells from the peripheral nerv-

ous system (PNS). Myelinating SCs establish 1:1 relationships with

large-diameter axons and form compact myelin sheaths essential for

rapid nerve conduction velocity. Non-myelinating SCs associate with

small-diameter axons to form Remak bundles (Jessen & Mirsky, 2005).

Besides their major roles in nerve homeostasis and myelin mainte-

nance, SCs play key roles for repair in many pathological conditions

thanks to their striking plasticity (Kim, Mindos, & Parkinson, 2013). Fol-

lowing injury, they are capable of reprogramming into a immature-like

phenotype that drives nerve regeneration (Jessen & Mirsky, 2016).

cJun, Notch or MEK1/ERK1/2 signalling belong to numerous compo-

nents and signalling pathways that modulate SC dedifferentiation and

peripheral nerve repair (Harrisingh et al., 2004; Woodhoo et al., 2009;

Arthur-Farraj et al., 2012; Napoli et al., 2012). However, even if major

progress has been made in unravelling mechanisms that regulate SC

plasticity, the implication of some pathways such as Nrg1/ErbB signal-

ling remains unclear and little is known about their temporal and quan-

titative activation and the interactions between them (Boerboom,

Dion, Chariot, & Franzen, 2017).

KIAA1199, also known as CEll Migration Inducing Protein (CEMIP),

is a 150 kDa protein whose expression is enhanced in breast, gastric,

and colon cancers (Matsuzaki et al., 2009; Kuscu et al., 2012; Tiwari*Alain Chariot and Rachelle Franzen equal contributions
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et al., 2013). It was first described as an inner ear protein and genetic

mutations lead to non-syndromic hearing loss (Abe, Usami, & Naka-

mura, 2003). The biological roles played by KIAA1199 only start to be

elucidated. Indeed, KIAA1199 limits cell death, at least by promoting

EGFR and other ErbB receptors stability and signalling (Shostak et al.,

2014). KIAA1199 is a pro-survival protein by causing glycogen break-

down as a glycogen phosphorylase kinase b-subunit (PHKB)-binding

protein (Terashima et al., 2014). KIAA1199 promotes EGF-dependent

cell invasion through MEK1/ERK1/2 signalling and appears to mediate

endoplasmic reticulum calcium leakage through protein kinase C alpha

activation, essential for cell motility (Evensen et al., 2013). Besides,

KIAA1199 also promotes hyaluronan depolymerization in skin fibro-

blasts (Yoshida et al., 2013). As such, KIAA1199, whose expression is

elevated in the hippocampus and cerebellum, plays an important role in

memory function in the central nervous system (Yoshino et al., 2017).

Since KIAA1199 promotes ErbB signalling, a key pathway for SC

development and plasticity, we postulated that KIAA1199 could be

necessary for these SC features. To test this hypothesis, we depleted

KIAA1199 in the SC-derived MSC80 cell line with RNA-interference-

based strategy and also generated inducible and conditional mouse

models in which KIAA1199 is inactivated through homologous recom-

bination, using the Cre-lox technology. We found that if KIAA1199 is

dispensable for the formation and the maintenance of the myelin in

adult mice, it favors myelin breakdown after injury and maintains SC in

a dedifferentiated state. Moreover, we showed that KIAA1199 defi-

ciency in SC facilitates myelination in DRG explants and remyelination

after injury, but also transiently accelerates myelination at early post-

natal period. Finally, our data provide evidence that KIAA1199 is nec-

essary for Nrg1-dependent MEK1/ERK1/2 phosphorylation. Our

results identify KIAA1199 as a modulator of SC dedifferentiation, via a

negative regulation of myelination, and suggest that it acts through

MEK1/ERK1/2 signalling.

2 | MATERIALS AND METHODS

2.1 | Animals

The KIAA1199 gene (Ensembl gene ID, mouse ENSMUSG000000

52353) is located on chromosome 7. KIAA1199 exon 2 harbors the

translation initiation codon. The targeting vector was generated using

BAC clones from the C57BL/6J RPCIB-731 BAC library (clones RP23–

41L13, RP23–276P3 and RP23–1M8) and transfected into the

C57BL/6N Tac ES cell line (Taconic). Exons 3 and 4 were flanked by

loxP sites. Positive selection markers have been flanked by FRT (Neo-

mycin resistance-NeoR) and F3 (Puromycin resistance-PuroR) sites and

have been inserted into intron 2 and intron 4, respectively. Homolo-

gous recombinant clones were isolated using double positive (NeoR

and PuroR) selection. Mutant KIAA1199 mice were generated by

Taconic. In brief, E3.5 blastocysts from superovulated BALB/c females

were injected with targeted C57BL/6 ES cells and transferred to pseu-

dopregnant NMR1 females. Chimerism was determined according to

the black/white coat color, which reflects the contribution of ES cells

to the BALB/c host. Highly chimeric mice were bred to C57BL/6

females and germline transmission was identified by C57BL/6 (black) in

offspring by Southern blot analysis. Crossbreeding of chimeric mice

with Flp Deleter mice for in vivo selection marker deletion was per-

formed to generate mice heterozygous for the conditional KO allele.

The constitutive KO allele was obtained after Cre-mediated recombina-

tion. Deletion of exons 3 and 4 results in the loss of function of

KIAA1199 by generating a frameshift and a premature stop codon on

exon 5. No truncated protein has been detected by western blot (WB)

analysis. For genotyping analysis, the floxed allele was identified by

PCR conducted on DNAs extracted from tails. Primer sequences sur-

round each loxP site and amplify 275 bp and 455 bp products from the

wild type and floxed alleles, respectively. Primer sequences are avail-

able upon request.

For inducible and conditional inactivation of KIAA1199 in SCs

(5 iKO mouse), the KIAA1199loxp/loxp mouse was crossed with the

PLPCreERT/1 strain (B6.Cg-Tg(Plp1-cre/ERT)3Pop/J, The Jackson Labo-

ratory) (Figure 1a). For conditional inactivation of KIAA1199 in SCs, the

KIAA1199loxp/loxp mouse was crossed with the DhhCre/1 strain (FVB

(Cg)-Tg(Dhh-cre)1Mejr/J, The Jackson Laboratory) to inactive

KIAA1199 at the stage of SC precursor (embryonic day 12 of develop-

ment) (5 cKO mouse) (Figure 1e). In vitro and ex vivo experiments were

performed on SC and dorsal root ganglions (DRG) isolated from iKO

mice in the presence of 1 lM 4-OH Tamoxifen (4-OH TM) (Sigma-

Aldrich) diluted in ethanol. iKO adult mice were also injected intraperi-

toneally twice a day during 5 consecutive days with 10 mg/mL Tamoxi-

fen (TM) (Sigma-Aldrich) (in a mixture of sunflower oil and ethanol in

proportions 9:1). Efficacy of Cre activation was assessed via YFP-

immunofluorescent stainings (Figure 1d). Dhh1/1 KIAA1199loxp/loxp

and PLP1/1 KIAA1199loxp/loxp littermates were used as controls.

2.2 | Nerve injury

Adult cKO mice were anesthetized by intraperitoneal injection of keta-

mine (75 mg/kg, Bayer HealthCare) and xylazine (10 mg/kg, Pfizer).

Muscles of the right hind paw were carefully separated to expose sci-

atic nerves. For remyelination and functional recovery analysis, crushes

were performed at the sciatic notch in order to allow regeneration. For

myelin sheath breakdown analysis, nerves were axotomized at the sci-

atic notch and the proximal stump was pulled aside to favor SC

dedifferentiation.

2.3 | Functional recovery tests

Sensory-motor coordination was assessed using mouse footprints to

calculate the sciatic functional index. Mice were allowed to walk down

a 60 cm long corridor lined with graph paper after inking their hind

paws. For each animal, at least 3 footprints were obtained for each

paw at every time point. The sciatic functional index was calculated as

described previously (Inserra, Bloch, & Terris, 1998). Motor function

was analyzed by the toe-spreading reflex (Siconolfi & Seeds, 2001).

Sensory function was assessed by Von Frey Hair analysis (Vogelaar

et al., 2004).
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FIGURE 1 Model validation. (a) Schematic representation of the PLPCreERT/1 KIAA1199loxp/loxp mouse. The KIAA1199 floxed allele is
illustrated with two loxP sites (triangle) flanking exons 3 and 4. The YFP floxed allele is illustrated with two loxP sites flanking a STOP
codon. The inactivation of KIAA1199 and the expression of YFP are obtained after Cre-recombination of loxP sites induced by the addition
of 4-OH TM. (b) RT-qPCR of SC primary culture extracts from PLP1/1KIAA1199loxp/loxp (WT) and PLPCreERT/1 KIAA1199loxp/loxp (iKO) mice
treated for 2 days with 4-OH TM. (c) WB of primary SC protein extracts from WT and iKO mice. (d) immunofluorostaining against YFP on
primary SC cultures (in vitro), on DRG explants (ex vivo) and on longitudinal sciatic nerve section (in vivo). (e) Schematic representation of
the DHHCre/1KIAA1199loxp/loxp mouse. The KIAA1199 floxed allele is illustrated with two loxP sites flanking exons 3 and 4. The inactiva-
tion of KIAA1199 is obtained after Cre-recombination. (f) Model validation. RT-qPCR analysis of SC primary culture RNA extracts from
DHH1/1KIAA1199loxp/loxp (WT) and DHHCre/1KIAA1199loxp/loxp (cKO). (g) WB of primary SC protein extracts from WT and cKO mice. The
quantification of the WB demonstrates a decreased expression of KIAA1199. (h) immunofluorostaining against S100 (Rhodamine) and YFP
(FITC) on longitudinal sciatic nerve sections from WT and cKO mice. Cre recombination is seen in a significant proportion of cKO SC (white
arrows) but not in all of them (blue arrow). Statistics (b) unpaired Student’s t test, n53 for WT and 5 for iKO; Scale bars (d) 100 lm (ex
vivo) and 50 lm (in vivo); (h) 50 lm
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2.4 | Cell culture

The mouse SC line MSC80 (a kind gift from Dr A. Baron van Evercoo-

ren, Inserm U975, Paris, France) was maintained in Dulbecco’s minimal

essential medium (DMEM) supplemented (Lonza) with 10% fetal

bovine serum (FBS) (ThermoScientific), 100 U/mL penicillin, 100/mL

streptomycin (ThermoScientific), and 0.5 g/mL fungizone

(ThermoScientific).

Adult SCs were isolated from sciatic and trigeminal nerves of

PLPCreERT/1 KIAA1199loxp/loxp or PLP1/1 KIAA1199loxp/loxp mice, as

described previously (Chaballe et al., 2011). After careful dissection,

nerves were left for 2 weeks in pro-degeneration medium: DMEM,

10% FBS, fungizone (2.5 mg/mL, ThermoScientific), forskolin (2 mM,

Calbiochem), gentamycine (ThermoScientific) and Heregulin-b1 (Nrg1)

(10 ng/mL, R&D Systems) at 378C, 5% CO2. After enzymatic (3 h in

0.3 mg/mL collagenase I and 2.5 mg/mL dispase II in Leibovitz medium)

and mechanical dissociations, cells were plated on pre-coated poly-L-

lysine (50 lg/mL, Sigma-Aldrich) and laminin (20 lg/mL, Sigma-Aldrich)

culture dishes and incubated at 378C, 5% CO2 in N2HRG medium: 50%

DMEM 50% F12 supplemented with N2 (ThermoScientific), gentamy-

cin (50 lg/mL), fungizone (2.5 lg/mL), forskolin (2 lM), and Nrg1 (10

ng/mL). A few days before confluence, inactivation of KIAA1199 was

induced by the addition of 1 lM 4-OH TM (Sigma-Aldrich) for 2 days

in the medium of all cultures.

2.5 | Lentiviral infections

The control or shRNAs targeting KIAA1199 were purchased from

Sigma-Aldrich. Lentiviral infections in MSC80 cells were performed as

previously described (Creppe et al., 2009). Briefly, 293FT cells (3 3

106) were transfected with 12 mg of the “non-target” lentiviral shRNA

plasmid (used as negative control) or with the shRNA construct that

targets KIAA1199, 12 mg of R8.91 and 5 mg of VSVG plasmid, using

the Mirus Bio’sTransIT-LT1 reagent. The supernatants of those

infected cells were filtered (0.2 mm) 48 h after transfection and added

with polybrene (8 mg/mL) to 4 3 105 MSC80 cells. This latter step was

repeated one more time after 24 h.

2.6 | SC dedifferentiation

In order to study SC dedifferentiation in vitro, sciatic and trigeminal

nerves were harvested from P9 PLPCreERT/1 KIAA1199loxp/loxp and

PLP1/1 KIAA1199loxp/loxp mice used as control. After enzymatic (3 h in

0.3 mg/mL collagenase I and 2.5 mg/mL dispase II in Leibovitz medium)

and mechanical dissociations, cells were plated on pre-coated poly-L-

lysine (50 lg/mL) and laminin (20 lg/mL) glass coverslips in 24-well

plates. The medium consisted of DMEM supplemented with 3% FBS,

forskolin (2 mM), gentamycine (50 mg/mL) and Nrg1 (10 ng/mL) and

was replaced at 70% every 2 days. For KIAA1199 inactivation, all cul-

tures were treated with 1 lM 4-OH TM for the first 2 days. 1, 3, 5, 7,

and 10 days after plating, SCs were fixed with 4% paraformaldehyde

for 15 min and processed for immunocytochemistry.

In order to study SC dedifferentiation ex vivo, sciatic (tibial) nerves

were harvested from P9 PLPCreERT/1 KIAA1199loxp/loxp and PLP 1/1

KIAA1199loxp/loxp mice, cut in 5 mm segments and left for 4 days in

pro-degeneration medium. 1 lM 4-OH TM was added to the medium

for the first 2 days. Sciatic nerves were then harvested and processed

for electron microscopy (EM).

2.7 | Ex vivo DRG myelination culture

DRGs from E13.5 PLPCreERT/1 KIAA1199loxp/loxp or PLP1/1

KIAA1199loxp/loxp mice were plated on Matrigel (BD Biosciences)-

coated chamber slides in Neurobasal medium (1–2 DRG per well).

After 1 week in Neurobasal medium supplemented with 2 mM Gluta-

mine, 100 U/mL penicillin, 100 U/mL streptomycin, B27 supplement

(ThermoFisher), 50 ng/mL NGF (Merck Millipore), SCs were aligned

along the axons. For KIAA1199 inactivation, cultures were treated

with 1 lM 4-OH TM for 2 days in the Neurobasal medium just

before switching to myelination medium (DMEM, N2 supplement, 50

ng/mL NGF, 2.5% horse serum (ThermoScientific), 20 lg/mL BPE

(ThermoFisher), 0.5 lM forskolin, 100 U/mL penicillin, 100 U/mL

streptomycin) supplemented with 50 lg/mL of freshly dissolved

ascorbic acid (Sigma-Aldrich) to induce basal lamina formation and

myelination. After 2 weeks of replacing 70% of the medium every 2

days, cultures were fixed with 4% paraformaldehyde and processed

for immunochemistry (He et al., 2010). The number of MBP-positive

segments/field was quantified (3–5 fields/well, 4–6 wells/embryo,

9–12 embryos out of 3 independent cultures).

2.8 | Electron microscopy

Mice were perfused with a solution containing 2.5% glutaraldehyde in

0.1 M cacodylate buffer pH 7.2. Sciatic nerves were harvested and

postfixed with this solution for 2 h at 48C, washed twice in 0.1 M caco-

dylate buffer, and postfixed with 1% osmium in PO4 buffer for 30 min

at 48C. Sciatic nerves were progressively dehydrated in successive

ethanol baths and then soaked in epoxypropane twice during 10 min.

Tissues were embedded in epon resin by soaking in a mixture of epox-

ypropane/epon in proportions 2:1, then 1:1 and finally 1:2, for 1, 2,

and 3 h, respectively. Sciatic nerves were then soaked in epon resin

overnight before hardening the resin at 608C for 2 days. The blocks

were trimmed, and semi-thin (1 lm) and ultra-thin (75 nm) cross-

sections were cut with a microtome. Semi-thin sections were collected

onto glass slides, and dried on a hot plate before staining with 0.5%

toluidine blue. Ultra-thin sections were contrasted with 5% uranyle-

acetate and lead citrate. Four to five photographs of semi-thin sections

of tibial nerve 3 mm from the sciatic notch were taken at 403. Intact

myelin sheaths were manually counted within non-overlapping succes-

sive fields covering the entire nerve section, and results were

expressed as mean6 standard errors of mean of intact myelin sheaths

per 1000 lm 2 of nerve tissue. For myelin sheath thickness measure-

ments, 20 photographs of ultrathin sections of tibial nerve 3 mm from

the sciatic notch were taken at 25003. The g ratio was calculated for

each myelinated fiber (axon diameter divided by diameter of the axon

and myelin sheath).
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2.9 | Immunostaining

The immunostainings on MSC80 cells, primary cells and DRGs explants

were performed as followed: Nonspecific binding was prevented by

1 h incubation in a 5% donkey serum solution in 0.25% triton-PBS

(0.1 M, pH 7.4). After overnight incubation at room temperature with

the specific primary antibodies, sections were rinsed with PBS and

incubated for 2 h at room temperature with their respective secondary

antibodies coupled to Rhodamine or FITC (1:500, Jackson ImmunoRe-

search or Invitrogen). They were then rinsed in PBS and distilled water,

dried and mounted with Safemount. Mouse anti-cJun antibody was

obtained from BD Transduction Laboratories (1:500), chicken anti-GFP

antibody from Abcam (1:500), rabbit anti-S100 from DakoCytomation

(1:500), rat anti-MBP from Chemicon (1:250), rabbit anti- b III tubulin

from Eurogentec (1:1000).

2.10 | Western blotting

Cells or sciatic nerves were lysed with RIPA buffer (10 mM Tris-HCl,

pH 7.5, 150 mM NaCl, 0.1% SDS, 1% NP40, 0.1% sodium deoxycho-

late, 1 mM EDTA, 1 mM NaF, 10 mM Na3VO4, and proteases inhibi-

tors). Cellular extracts were cleared by centrifugation (10,000g) for 10

min at 48C and 5–50 lg of proteins were separated by SDS-PAGE and

transferred to 0.45 lm nitrocellulose membranes (GE Healthcare).

Membranes were blocked for 1 h in 5% non-fat milk PBS- 0.1% Tween

20 and incubated overnight at 48C with specific primary antibodies fol-

lowed by incubation with HRP-conjugated secondary antibodies for

2 h at room temperature (HRP-conjugated anti-mouse, anti-rabbit

1:10,000, GE Healthcare). Membranes were developed using ECL rea-

gent (Thermo Scientific). The following antibodies were used: home-

made rabbit anti-KIAA1199 (1:500), mouse anti-cJun (1:500, BD Trans-

duction Laboratories), rabbit anti-ErbB3 (1:1000, Cell Signalling), rabbit

anti-phospho MEK1 and anti-MEK1 (1:1000, Cell Signalling), rabbit

anti-phospho ERK1/2 and anti-ERK1/2 (1:1000, Cell Signalling), mouse

anti-b tubulin (1:1000, Abcam) and HRP-conjugated anti-b actin (1:10

000, Sigma-Aldrich).

2.11 | RNA extraction and real-time PCR

Total RNAs from MSC80 cells and primary SCs were extracted using

the Rneasy Mini kit (Qiagen) according to manufacturer’s instructions.

cDNAs were synthesized using the Revert Aid H Minus First Strand

cDNA Synthesis kit (Fermentas). Subsequent PCRs were performed

using the Power SYBR Green PCR Master kit (Takara Bio Inc.) on the

LightCycler 480 (Roche). The mRNA level was expressed relative to the

mean of all control samples and normalized with glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (Table 1).

2.12 | RNA sequencing

Total RNAs from MSC80 cells (control or KIAA1199 depleted, n55)

were extracted using the RNeasy Mini kit (Qiagen) according to the

manufacturer’s protocol. Library preparation and sequencing were per-

formed at the GIGA Genomics facility (University of Liège, Belgium).

RNA integrity was verified on the Bioanalyser 2100 with RNA 6000

Nano chips, and RIN scores were >9 for all samples. The Illumina Tru-

Seq® Stranded mRNA was used to prepare libraries from 500 ng total

RNAs. PolyA RNAs were purified with polyT-coated magnetic beads,

chemically fragmented, and used as template for cDNA synthesis using

random hexamers. cDNA ends were subsequently end-blunted, adeny-

lated at 30OH extremities, and ligated to indexed adaptors. Finally, the

adapters ligated library fragments were enriched by PCR following Illu-

mina’s protocol and purified with Ampure XP magnetic beads. Libraries

were validated on the Bioanalyser DNA 1000 chip and quantified by

TABLE 1 List of primers used in qPCR experiments

Gene Forward Reverse

Krox20 CAGGAGTGACGAAAGGAA ACCAGAGGCTGAAGACTG

cJun TTGAAAGCGCAAAACTCC CTGCTGCGTTAGCATGAGTT

Notch1 ACAGTGCAACCCCCTGTATG TCTAGGCCATCCCACTCACA

GDNF CTGAAGACCACTCCCTCG GACGTCATCAAACTGGTC

BDNF TGCATCTGTTGGGGAGAC GCCTTCATGCAACCGAAG

DDIT4 GGGATCGTTTCTCGTCCTCC TGAGGAGTCTTCCTCCGGC

Egr1 CACCTGACCACAGAGTCCTTT GGGAGAAGCGGCCAGTATAG

Egr3 AGATCGGGAAGGCTTGGTTG CACATTCTCTCCCTCCAGTCG

Hbegf AAGGACTACTGCATCCACGG GGAGGCATTTGCAAGAGGGA

Fermt2 AGAGCAAACAGATAACAGCACG CAGAGACTGCCAGGCTTGAA

Fosb CGACTTCAGGCGGAAACTGA TTCGTAGGGGATCTTGCAGC

Sik1 GGCTTTTACGACGTGGAACG ATTGCAACCTGCGTTTTGGT

Hes1 CACCGGACAAACCAAAGACG GGAATGCCGGGAGCTATCTT
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qPCR using the KAPA library quantification kit. Sequencing was per-

formed on NextSeq500 in 75 base pair reads. For data analysis, Fastq

files were trimmed using bcl2fastq2 Conversion Software. The reads

were aligned with Tophat 2.0.9. Cufflinks 2.1.1 suite was used to nor-

malize data and generate FPKM values and CuffDiff 2.1.1 was used to

identify significantly differentially expressed genes. Generated lists

were used to run GSEA in order to match gene sets curated from the

literature.

2.13 | Statistical analysis

Data are plotted as mean values6 standard errors of mean (SEM). Sta-

tistics for dual comparisons were generated using unpaired Student’s t-

tests, and statistics for multiple comparisons were generated using

one-way ANOVA or two-way ANOVA followed by Dunnet’s and

Sidak’s post hoc tests (GraphPad Prism software); *: p<0.05, **:

p<0.01, ***: p<0.001 for all statistics herein.

3 | RESULTS

3.1 | Model validation

To investigate the role of KIAA1199 in SCs, we generated a mouse

model in which exons 3 and 4 of the KIAA1199 gene were flanked

with LoxP sites (KIAA1199loxp/loxp) (Supporting Information, Figure

S1a). The deletion of the exons 3 and 4 mediated by a Cre recombinase

results in a frameshift leading to a premature Stop codon and the loss

of function of KIAA1199. In order to obtain an inducible knockout

model (iKO), we crossed our KIAA1199 floxed strain with transgenic

mice having a Tamoxifen inducible Cre-mediated recombination driven

by the proteolipid protein promoter (PLPCreERT/1) (Figure 1a). We vali-

dated the 4-OH TM-induced Cre-recombination by demonstrating a

significant reduction of KIAA1199 mRNA (using exon 3-specific pri-

mers) and protein levels in SC primary culture extracts (Figure 1b and

c). As we additionally crossed our conditional knockout mouse with a

mutant strain having a floxed-STOP sequence followed by the Yellow

Fluorescent Protein (YFP) gene, we also showed Cre activation via

the expression of YFP by performing immunohistochemistry analysis

on primary cultured SC, DRG explants and sciatic nerve sections

(Figure 1d).

We also crossed the KIAA1199 floxed mouse with another trans-

genic mouse in which the Cre recombinase expression is under the

control of the desert hedgehog (DHH) promoter (5 cKO mouse) (Fig-

ure 1e). The Cre-driven recombination efficiency was demonstrated in

primary SC cultures in both real-time PCR and WB analyses (Figure 1f

and g, respectively). Even though KIAA1199 protein expression is

decreased in the cKO primary SCs compared to WT, it should be

pointed out that the protein is still present at about 50% (Figure 1g).

When we assessed the Cre recombination by immunostaining against

YFP on sciatic nerve sections from adult mice, it appeared that not all

SCs express the YFP, demonstrating that the recombination is not

100% effective (Figure 1h).

3.2 | KIAA1199 is required to maintain pro-

dedifferentiation or pro-regeneration markers in

MSC80 cell line and in primary SC

Using two different short hairpin RNA (shRNA) lentiviral constructs to

deplete KIAA1199 in the MSC80 SC-derived cell line, we revealed a

shift of the transcriptional expression program from dedifferentiated

toward differentiating SCs. Indeed, real-time PCR analysis demon-

strated an increased expression of the pro-myelinating transcription

factor Krox20 and a decreased expression of multiple pro-

dedifferentiation factors such as cJun, Notch1, DDIT4, Egr1, and Egr3

but also of pro-regeneration factors (expressed in dedifferentiated SCs

after injury) like GDNF and BDNF (Figure 2a). We also showed a

reduced cJun protein expression in KIAA1199-depleted MSC80 cells

through WB and immunocytochemistry analyses (Figure 2b and c,

respectively).

Same results were obtained with extracts from primary SCs from

iKO mice, confirming the shift of the transcriptional expression pro-

gram from dedifferentiated toward differentiating SCs (Figure 2d). RT-

qPCR analyses, as well as WB and immunocytochemistry against cJun

reveal similar results of a reduced dedifferentiation phenotype when

KIAA1199 is inactivated in primary SCs (Figure 2d-f).

3.3 | KIAA1199 is necessary for SC dedifferentiation

To further evaluate the role of KIAA1199 in SC dedifferentiation, we

took advantage of our inducible and conditional knockout mouse

model (iKO) to perform in vitro and ex vivo assays to assess myelin

breakdown. First, we cultured myelinating SCs isolated from postnatal

day 9 (P9) WT and PLPCreERT/1 KIAA1199loxp/loxp nerves (Cre-recombi-

nation assessed via anti-YFP immunostaining as illustrated on Figure

3a) and analyzed the disappearance of myelin basic protein (MBP) by

double immunofluorescent cytochemistry against S100 and MBP (as

illustrated on Figure 3b) over a 10 days period of time. We showed

that KIAA1199-invalidated cultures contain significantly more MBP

positive SCs after 10 days compared to WT cultures, respectively

81.20%64.50 and 46.22%6 10.60 (Figure 3c). This tendency was

supported by EM analysis of the myelin sheath fragmentation of nerve

explants after 4 days in pro-degeneration medium. The number of

intact myelin sheaths was higher in PLPCreERT/1 KIAA1199loxp/loxp

nerves (12.1060.81) compared to WT (9.6160.81) (Figure 3d and e).

Therefore, myelin clearance is significantly less effective when

KIAA1199 is inactivated.

Because KIAA1199 deficiency in SCs was shown to promote a

shift of the transcriptional expression program toward differentiating

SCs, we investigated whether the myelination process could be influ-

enced by pro-myelinating signals. To address this issue, we cultured

DRG explants from E13.5 PLPCreERT/1 KIAA1199loxp/loxp and WT mice

and let the dedifferentiated SCs migrate along the growing neurites

before adding 4-OH TM to inactivate KIAA1199. We then induced

myelination with fresh ascorbic acid-containing medium. After two

weeks, the co-cultures were fixed and processed for double anti-MBP

and anti-bIII tubulin immunofluorescent stainings (Figure 3f). We
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FIGURE 2 KIAA1199 deficiency decreases SC dedifferentiation and regeneration markers. (a) RT-qPCR and (b) WB of MSC80 cell extracts
(control or depleted with 2 different shRNAs). (c) immunofluorostaining against cJun (rhodamine, DAPI for nuclei) on MSC80 cells (control
or depleted with 2 different shRNAs). (d) RT-qPCR and (e) WB of 4-OH TM-treated SC primary culture extracts from PLP1/1KIAA1199loxp/
loxp (WT) and PLPCreERT/1 KIAA1199loxp/loxp (iKO) mice. (f) immunofluorostaining against cJun (rhodamine, DAPI for nuclei) on 4-OH TM-
treated SC primary cultures from WT and iKO mice. Data are expressed as mean6 SEM. Statistics: (a) one-way ANOVA followed by Dun-
nett’s post-hoc analysis, n53–4 in all groups for each qPCR; (d) unpaired Student’s t test, n53 in both groups; * p<0.05, ** p<0.01, ***
p<0.001. Scale bars: (c and f) 50 lm
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FIGURE 3 Role of KIAA1199 in SC myelin breakdown and myelination ex vivo. (a) Primary SCs isolated from sciatic and trigeminal nerves
of P9 PLPCreERT/1 KIAA1199loxp/loxp (iKO) mice, immunostained for YFP and S100, to illustrate the efficacy of the cre-recombination at P9.
(b) Illustration of the immunofluorostaining against S100 (rhodamine) and MBP (FITC) on primary SCs isolated from sciatic and trigeminal
nerves of P9 mice (either PLP1/1KIAA1199loxp/loxp (WT) either PLPCreERT/1 KIAA1199loxp/loxp (iKO), after 10 days in culture supplemented
with 4-OH TM for the first 2 days. (c) Percentages of primary SCs (S100 positive) from WT and iKO mice containing MBP (as illustrated in
the enlarged frame) at different time points after plating. (d) Toluidine blue-stained semi-thin sections showing relative preservation of
intact myelin sheaths in WT and iKO tibial nerve segments after 4 days in pro-degeneration medium supplemented with 4-OH TM for the
first 2 days. (e) Myelin sheath counts in tibial nerves after 4 days in pro-degeneration medium. (f) immunofluorostaining against MBP
(rhodamine) and bIII Tubulin (FITC) on 4-OH TM-treated DRG explants from WT and iKO mice. (g) Quantification of the number of MBP-
positive segments in 4-OH TM-treated DRG explants from WT and iKO mice. Data are expressed as mean6SEM. Statistics: (c) two-way
ANOVA followed by Sidak’s post-hoc analysis, n53 in both groups; (e) unpaired Student’s t test, n54 in both groups; (g) unpaired
Student’s t test, n513 for WT and 9 for iKO; ** p<0.01, *** p<0.001. Scale bars: (b) 50 lm, (d) 20 lm, (f) 100 lm
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demonstrated that PLPCreERT/1 KIAA1199loxp/loxp SCs form significantly

more MBP-positive segments compared to WT cells, respectively,

46.8364.10 and 27.3362.84 (Figure 3g), indicating that KIAA1199

inactivation in dedifferentiated SCs facilitates myelination. Collectively,

our data suggest that KIAA1199 promotes SCs dedifferentiation and

acts as a negative regulator of myelination.

FIGURE 4 Role of KIAA1199 in radial sorting, in post-natal and adult myelination. Electron micrograph of a transversal section (75 nm)
from WT and cKO P0-P1 (a), P7 and adult (b-c) tibial nerves. (a) Percentage of axons undergoing axonal sorting in P0-P1 WT and cKO tibial
nerves. (d) Mean g ratios from P7 and adult WT and cKO nerves. N53 mice/group, adult: 379 axons for WT and 396 axons for cKO; P7:
506 axons for WT and 621 axons for cKO. (e) Scatter plot of g ratio versus axon diameter for P7 and adult WT and cKO nerves. (f) Per-
centage of myelinated axons per axonal caliber in P7 and adult sciatic nerves of WT and cKO mice. Data are expressed as mean6 SEM.
Statistics: (d) unpaired Student’s t test, n53 in both groups; ** p<0.01. Scale bar: 5 lm

1690 | BOERBOOM ET AL.



FIGURE 5 Role of KIAA1199 in SC myelin clearance, remyelination, and functional recovery after injury. (a) Electron micrographs
(75-nm thickness) and semi-thin toluidine blue-stained sections (1-lm thickness) showing relative preservation of intact myelin
sheaths in WT and cKO nerves, 3 days post-axotomy, 3-mm distal from axotomy site (transversal sections). (b) Counts of intact mye-
lin sheaths in tibial nerves from WT and cKO mice 3 days after cut. (c) Electron micrographs of WT and cKO nerves, 2 months post-
crush, 3-mm distal from the crush site (transversal sections, 75-nm thickness). (d) Average g ratios from WT and cKO adult nerves 2
months post-crush. (e) Scatter plot of g ratio versus axon diameter for WT and cKO nerves 2 months post-crush. N51194 axons, 7
mice (WT) and 1448 axons, 9 mice (cKO). (f) Percentages of myelinated fibers versus axon diameter in WT and cKO nerves 2 months
post-crush. Data are expressed as mean6 SEM. Statistics: (b) unpaired Student’s t test, n54 in both groups; (d) unpaired Student’s t
test, n57 for WT and 9 for cKO. * p<0.05, ** p<0.01, Scale bars: (a) 20 lm and 100 lm, (c) 5 lm [Color figure can be viewed at
wileyonlinelibrary.com]
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3.4 | KIAA1199 deficiency in mice transiently

accelerates post-natal myelination without affecting

adult myelin

In order to test whether KIAA1199 suppression in mice would affect

developmental myelination (radial sorting and post-natal myelination),

we crossed the KIAA1199 floxed mouse with another transgenic

mouse in which the Cre recombinase expression is under the control of

the desert hedgehog (DHH) promoter (5 cKO mouse). EM performed

on transverse sciatic nerve sections from P0-P1 WT and cKO mice did

not reveal any difference in the radial sorting of the SCs (Figure 4a).

However, at P7, the mean g ratio calculated for over 500 fibers from

both WT and cKO nerves was significantly lower in cKO mice (g

ratio50.66660.0007) compared to WT mice (g ratio50.6956

0.005), revealing an acceleration of myelination in the absence of

KIAA1199 in SCs (Figure 4b-f). In adult mice, no obvious abnormalities

were noticed in the overall nerve architecture of cKO animals, as

assessed by morphological examinations (Figure 4b–f). The myelin

sheath thickness was also evaluated by EM analysis and no statistical

difference was observed in the mean g ratios of WT (g ratio50.716

0.01) and cKO (g ratio50.7260.01) animals (Figure 4d). The numbers

of myelinated and unmyelinated fibers was also similar (data not

shown). Therefore, KIAA1199 is dispensable for myelination but its

absence transiently accelerates myelination. KIAA1199 could thus be

considered as a novel negative regulator of myelination.

3.5 | KIAA1199 is required for SC myelin breakdown

after injury and its inactivation facilitates

remyelination

Because KIAA1199 promotes SC dedifferentiation and myelin clear-

ance, two essential events taking place after injury, we investigated

FIGURE 6 Role of KIAA1199 in Nrg1-signalling and Nrg1-induced MEK1/ERK1/2 phosphorylation. (a) Gene Set Enrichment Analysis (GSEA)
enrichment plots of the Nrg1-regulated genes indicates significant positive enrichment in control compared to KIAA1199-depleted MSC80 cells
(Normalized Enrichment Score52,297 and p value<0.001, n55/group). (b) Nrg1-target gene RT-qPCR of MSC80 cell extracts (control or depleted
with 2 different shRNAs). (c) Control or KIAA1199-depleted MSC80 cells were serum starved and were stimulated with Nrg1 (10 ng/mL) for the
indicated periods of time. WB analysis on the resulting cell extracts reveals a decreased expression of ErbB3 and a delay/decrease in the phospho-
rylation of MEK and ERK. (d) Primary SCs from PLP1/1KIAA1199loxp/loxp (WT) and PLPCreERT/1 KIAA1199loxp/loxp (iKO) mice, treated for 2 days
with 4-OH TM, serum starved and stimulated with Nrg1 (10 ng/mL) for 10 min. WB on the resulting cell extracts revealed a decreased phosphoryl-
ation of MEK and ERK when KIAA1199 is decreased. Data are expressed as mean6 SEM. Statistics: (b) one-way ANOVA followed by Dunnett’s
post-hoc analysis, n53 in all groups for each qPCR; * p<0.05, ** p<0.01, *** p<0.001
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KIAA1199 functions following nerve injury. We performed nerve axot-

omy in which the proximal stump was pulled aside to prevent regener-

ation and favor SC dedifferentiation. Three days later, EM analysis of

myelin sheath fragmentation 3 mm from the injured site revealed a sig-

nificant higher number of intact myelin sheaths in the cKO nerves

(15.6060.51/1000 lm2) compared to WT (13.6560.50/1000 lm2),

indicating a role for KIAA1199 in myelin degradation after injury (Fig-

ure 5a and b).

To investigate whether KIAA1199 inactivation in SCs would impact

remyelination and functional recovery following injury, we crushed the

sciatic nerves of WT and cKO animals in order to allow axon regenera-

tion. The myelin sheath thickness was assessed on electron micro-

graphs of WT and cKO nerves 2 months after crush (Figure 5c). We

found a smaller mean g ratio in cKO nerves (0.72760.006) compared

to WT (0.75460.005), pointing out a significant increased myelin

thickness when KIAA1199 is decreased (Figure 5d). The scatter plot of

g ratio versus axon diameter indicated that the myelin thickness is par-

ticularly increased for the smallest axons and that the overall distribu-

tion of myelinated fibers is unaffected when KIAA1199 is decreased

(Figure 5e and f, respectively). To determine the possible function of

KIAA1199 in sensory and motor functional recovery, behavioral tests

were performed on WT and cKO animals. Measurements of sciatic func-

tional index and Von Frey threshold and observations of the toe-

spreading reflex revealed no differences in the recovery between WT

and cKO animals at any of the time-points tested (Supporting Informa-

tion, Figure S1c-e). Taken together, our data indicate that the absence of

KIAA1199 not only delays SC dedifferentiation after nerve injury, but

also increases remyelination. Again, KIAA1199 could thus be considered

as a negative regulator of myelination.

3.6 | KIAA1199 is required for Nrg1-signalling and
MEK1/ERK1/2 phosphorylation

To gain more information about molecular mechanisms by which

KIAA1199 acts on SC dedifferentiation, we profiled the transcriptome of

control and KIAA1199-depleted MSC80 cells to identify pathways specifi-

cally deregulated upon KIAA1199 depletion. Total RNAs were extracted

and subjected to high throughput RNA sequencing. Interestingly, a gene

set enrichment analysis (GSEA) highlighted a significant and specific Nrg1-

dependent signature that was decreased in KIA1199-depleted cells (Figure

6a). Real-Time PCR analysis confirmed that selected Nrg1 target mRNAs

(Topilko et al., 1997; Mercier, Turque, & Schumacher, 2001; Amin, Tuck, &

Stern, 2005; Gao, Daugherty, & Tourtellotte, 2007; Nagashima et al.,

2007; Woodhoo et al., 2009; Ji et al., 2012; Adams et al., 2017) were

down regulated in KIAA1199-depleted MSC80 cells (Figure 6b).

Given the fact that Nrg1 has been suggested as the potential signal

driving SC dedifferentiation through Raf/MEK1/ERK1/2 signalling

(Napoli et al., 2012), we analyzed whether KIAA1199 deficiency would

impair this pathway. To test this, we serum-starved and stimulated or

not control or KIAA1199-depleted MSC80 cells with Nrg1 (10 ng/mL)

for different periods of time. WB analysis demonstrated a decreased

expression of ErbB3 and a delay in the phosphorylation of both MEK1

and ERK1/2 (Figure 6c). We also cultured primary SCs from WT and

iKO mice and treated them for 2 days with 4-OH TM to induce recom-

bination, then serum starved and stimulated with Nrg1 for 10 minutes.

The WB analyses again revealed a decreased phosphorylation of both

MEK1 and ERK1/2 when KIAA1199 is decreased (Figure 6d). There-

fore, KIAA1199 promotes Ngr1-dependent MEK1 and ERK1/2 activa-

tion in SCs.

4 | DISCUSSION

Nerve regeneration involves complex multicellular and molecular

events in which SCs play a role of orchestrator (Cattin & Lloyd, 2016).

The signal that induces this pro-healing response remains unknown but

originates from damaged nerves and instructs SCs to reprogram into

specialized repair cells, named “transdifferentiated” cells (Arthur-Farraj

et al., 2012). The remarkable ability of SCs to dedifferentiate has been

extensively studied but the molecular mechanisms that modulate their

plasticity only start to be elucidated (Boerboom, Dion, Chariot, & Fran-

zen, 2017). Whereas the role of cJun or Notch as key players for SC

reprogramming is well established, the function of some pathways

including Nrg1/ErbB and MEK1/ERK1/2 signalling remains unclear.

Indeed, these pathways have been demonstrated to regulate both SC

differentiation and plasticity depending on their quantitative and tem-

poral activation. In one hand, the ectopic activation of Raf in cultured

differentiated SCs drives their dedifferentiation even in co-cultures

with DRG-neurons (Harrisingh et al., 2004). More recently, Napoli et al.

(2012) revealed that a Tamoxifen-inducible Raf transgene in SCs is suf-

ficient to provoke the down-regulation of myelin proteins and the

expression of dedifferentiation markers in vivo, even in the absence of

axonal damage. On the other hand, different studies showed that

ERK1/2 activation is actually a pro-myelinating signal and that its inhi-

bition blocks SC differentiation and myelination in vivo (Grossmann

et al., 2009; He et al., 2010; Newbern et al., 2011). The reconciling

hypothesis could be that different levels of ERK1/2 activation would

define the state of SC differentiation. Low or basal ERK1/2 activity

would induce SC myelination while high ERK1/2 levels would drive

their dedifferentiation (Newbern & Snider, 2012). Consistently, Syed

et al. (2010) demonstrated that a robust activation of ErbB2/3 via high

concentration of Nrg1 provokes demyelination and increased cJun lev-

els in SC cultures. Thus, the identification of potential regulators of

MEK1/ERK1/2 signalling could help to decipher the context-specific

aspects driving the effects of this pathway on SC plasticity. In this

study, we investigated the potential role of KIAA1199, a protein that

promotes ErbB and MEK1/ERK1/2 signalling in cancer cells, in SC biol-

ogy. Mechanistically, we confirmed that KIAA1199 is necessary for

Nrg1-induced MEK1/ERK1/2 phosphorylation, both in MSC80 cells

and primary SCs, reinforcing our hypothesis that KIAA199 could play a

role in SC myelination and dedifferentiation.

Our in vitro and ex vivo results indicate that KIAA1199 is necessary

to induce and maintain SC dedifferentiation. Indeed, when KIAA1199

is depleted in MSC80 cells or suddenly inactivated in primary cultures,

the dedifferentiated SCs tend to differentiate, as assessed by the

increase of Krox20 mRNA levels and the decreased expression of
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dedifferentiation markers such as cJun, Notch or DDIT4. In our ex vivo

experiments using the inducible mouse model in which long-term com-

pensatory mechanisms are prevented, we show that myelin clearance

and breakdown are decreased when KIAA1199 is inactivated in SCs.

Consistently, the sudden inactivation of KIAA1199 by the addition of

4-OH TM in dedifferentiated SCs facilitates myelination in DRG

explants. The suppression of molecular components playing a role in

SC dedifferentiation is known to increase myelination. For example,

the deletion of cJun in cultured SCs strikingly accelerates Krox20-

induced expression of MBP or MPZ (Parkinson et al., 2008). Moreover,

the inactivation of Notch signalling in vivo leads to premature myelin

formation and the loss of DDIT4 expression both in vitro and in vivo

results in sustained hypermyelination (Woodhoo et al., 2009; Noseda

et al., 2013).

Consistently with a role of KIAA1199 in Nrg1-dependent ErbB

and MEK1/ERK1/2 signallings, we expected some defects in SC myeli-

nation in the absence of KIAA1199 in mice. Indeed, several studies

showed that those pathways control both the development of SCs and

the myelination program (Britsch et al., 1998; Woldeyesus et al., 1999;

Garratt, Britsch, & Birchmeier, 2000; Birchmeier & Nave, 2008; Gross-

mann et al., 2009; Newbern & Birchmeier, 2010; Newbern et al.,

2011). Using a mouse model in which KIAA1199 is inactivated in SCs

at E12, we indeed show a transient acceleration of myelination at P7,

without any defects in the radial sorting at P0-P1. Surprisingly, the

analyses of this mutant mouse at adult stage did not show any detecta-

ble defects in myelin. This could potentially be attributed to residual

KIAA1199 levels in the knockout mouse but also to the complexity of

in vivo systems in which compensatory mechanisms and functional

overlap may hide the detection of a phenotype. Since KIAA1199 par-

ticipates in the modulation of Nrg1-induced MEK1/ERK1/2 activation,

its residual levels in mutant mice could be sufficient for normal SC

development. Finally, in situations in which MEK1/ERK1/2 signalling is

highly activated (i.e., after injury), the expression of KIAA1199 in the

conditional knockout mice may be diminished enough to highlight its

function.

ERK1/2 signalling is highly activated following injury and plays a

key role in initiating demyelination triggered by nerve damage and

other pathological conditions (Sheu, Kulhanek, & Eckenstein, 2000;

Harrisingh et al., 2004; Napoli et al., 2012; Fledrich et al., 2014). Nrg1

has been proposed to be the signal that activates MEK1/ERK1/2-

induced dedifferentiation and it has been shown that the direct binding

of Mycobacterium leprae on ErbB2 on SCs results in the activation of

ERK1/2 signalling and demyelination (Tapinos et al., 2006; Napoli et al.,

2012). Also, the Nrg1/ErbB system is highly regulated during peripheral

nerve degeneration, which further supports its role in SC plasticity

(Carroll, Miller, Frohnert, Kim, & Corbett, 1997; Kwon et al., 1997;

Napoli et al., 2012; Ronchi et al., 2016). Guertin, Zhang, Mak, Alberta,

and Kim (2005) showed that ErbB2 is activated in SCs after sciatic

nerve injury and that its transient activation is sufficient to induce

demyelination in compartmentalized cell culture chambers. They also

showed that the treatment of rats with an ErbB2 inhibitor leads to a

reduction of demyelination after nerve transection. Furthermore, in

vitro experiments imitating nerve lesions revealed that Nrg1 treatment

is beneficial for SC response to damage (Mahanthappa, Anton, & Mat-

thew, 1996; Li, Wigley, & Hall, 1998). However, Atanasoski et al.

(2006) revealed contradictory results. They showed that the lack of

ErbB2 in adult SCs does not disturb their proliferation and survival

after nerve injury, despite reduced levels of phosphorylated MAPK.

Our examinations on the mutant mice after nerve injury provide evi-

dence that KIAA1199 promotes myelin breakdown and SC dedifferen-

tiation. Moreover, in consistency with the fact that decreased

KIAA1199 expression in dedifferentiated SCs tend to boost their dif-

ferentiation, we observed a small but significant increase of the myelin

sheath thickness following injury in the mutant nerves. However, the

functional effect of the decreased expression of KIAA1199 on SC plas-

ticity is quite mild, as it did not disturb the overall recovery after injury.

Let’s note however that some neurophysiological parameters like nerve

conduction velocity remain to be investigated.

In agreement with the literature, our results strongly suggest that

KIAA1199 acts in the Nrg1-induced MEK1/ERK1/2 signalling pathway

to modulate SC dedifferentiation. Our data also support the findings

that Nrg1/ErbB and MEK1/ERK1/2 signallings are involved in SC plas-

ticity, which may define new therapies that specifically target SC dedif-

ferentiation and regenerative potential to enhance repair. However,

this approach should be cautioned since enhanced activation of Nrg1/

ErbB and MEK1/ERK1/2 signalling can lead to the development of

nerve tumours (Frohnert, Stonecypher, & Carroll, 2003; Fallon, Havlio-

glu, Hamilton, Cheng, & Carroll, 2004; Harrisingh et al., 2004; Tapinos

et al., 2006). Consistently, KIAA1199 is increased in multiple solid

tumours and represents a promising target to interfere with ErbB sig-

nalling in cancer (Matsuzaki et al., 2009; Kuscu et al., 2012; Tiwari

et al., 2013; Shostak et al., 2014). While this study identified

KIAA1199 as a new modulator of Nrg1/MEK1/ERK1/2-induced SC

plasticity, further mechanistical studies are required to elucidate the

exact molecular functions of KIAA1199 in SC biology.
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