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Abstract

Neuregulinl (NRGL1) is a growth factor playing a pivotal role in peripheral nerve development
through the activation of the transmembrane co-receptors ErbB2-ErbB3. Soluble NRG1 isoforms,
mainly secreted by Schwann cells, are strongly and transiently up-regulated after acute peripheral
nerve injury, thus suggesting that they play a crucial role also in the response to nerve damage.
Here we show that in the rat experimental model of the peripheral demyelinating neuropathy
Charcot-Marie-Tooth 1A (CMT1A) the expression of the different NRG1 isoforms (soluble, type a
and B, type a and b) is strongly up-regulated, as well as the expression of NRG1 co-receptors
ErbB2-ErbB3, thus showing that CMT1A nerves have a gene expression pattern highly reminiscent
of injured nerves. Because it has been shown that high concentrations of soluble NRG1 negatively
affect myelination, we suggest that soluble NRG1 over-expression might play a negative role in the
pathogenesis of CMT1A disease, and that a therapeutic approach, aimed to interfere with NRG1
activity, might be beneficial for CMT1A patients. Further studies will be necessary to test this

hypothesis in animal models and to evaluate NRG1 expression in human patients.



Impact statement

Charcot-Marie-Tooth1lA (CMT1A) is one of the most frequent inherited neurological diseases,
characterized by chronic demyelination of peripheral nerves, for which effective therapies are not
yet available. It has been recently proposed that the treatment with soluble Neuregulinl (NRG1), a
growth factor released by Schwann cells immediately after acute nerve injury, might be effective in
CMT1A treatment. However, the expression of the different isoforms of endogenous NRG1 in
CMT1A nerves has not been yet investigated. In this preliminary study, we demonstrate that
different isoforms of soluble NRG1 are strongly over-expressed in CMT1A nerves, thus suggesting
that a therapeutic approach based on NRG1 treatment should be carefully reconsidered. If soluble
NRG1 is over-expressed also in human CMT1A nerves, a therapeutic approach aimed to inhibit
(instead of stimulate) the signal transduction pathways driven by NRG1 might be fruitfully

developed. Further studies will be necessary to test these hypotheses.



Introduction

Charcot-Marie-Tooth (CMT) is one of the most frequent inherited neurological diseases, affecting
both motor and sensory nerves; it is clinically characterized by weakness and muscle wasting of
distal limb, skeletal foot deformities, distal sensory loss and problems with hand function . CMT is
caused by mutations in several genes encoding proteins involved in the physiological function of
the peripheral nerve axon or in the myelin sheath formation 2. CMT1A, the most common form of
CMT, is an autosomal dominant disease that derives from peripheral myelin protein 22 (PMP22)
gene duplication 3.

Schwann cell activity is regulated by several factors, including soluble and transmembrane
isoforms of the ligand NRG1, which play different roles both in myelination during development and
in remyelination following nerve injury 4. Soluble NRG1 isoforms, mainly secreted by Schwann
cells, play their role following nerve injury: their absence or over-expression do not affect
myelination, while their down-regulation negatively affects re-myelination. Transmembrane NRG1
isoforms, mainly expressed by axons, are involved in both development and nerve repair: their
down-regulation impairs - and their over-expression promotes - both myelination and re-
myelination. NRG1 activates tyrosine-kinase receptors belonging to the ErbB family 5. ErbB2-
ErbB3 is the NRG1 heterodimer receptor expressed by Schwann cells.

To the best of our knowledge, no data about NRG1 isoform expression in CMT1A nerves are
available. In this study the expression of different NRG1 isoforms and receptors was analysed
during different stages of the disease in an animal model of CMT1A represented by a transgenic

rat over-expressing Pmp22 6.



Methods

Sciatic nerves were obtained from both females and males P3, P16, P28, P56 transgenic Sprague-
Dawley rats over-expressing Pmp22 (CMT1A rats) . Animals were bred at the IRCCS-AOU San
Martino IST Animal Facility of Genova, Italy. Heterozygous transgenic animals (CMT1A) from three
independent litters were compared to their age-matched non-transgenic (WT) littermates following
Italian Health Ministry guidelines. Total RNA and proteins were extracted by TRIzol Reagent
(Invitrogen) following manufacturer’s instructions, and were analysed by quantitative real time PCR
(QRT-PCR) and Western blot analysis as previously described ’. Densitometric analysis was

performed by Quantity One Software (Bio-Rad).

Results

MRNA and protein expression level of different NRG1 isoforms and ErbB2-ErbB3 receptors was
evaluated in sciatic nerves obtained from CMT1A or WT rats at different development stages.
NRGL1 isoforms can be classified as transmembrane or soluble according to their structure, and
further subdivided into a and B isoforms according to the epidermal growth factor (EGF)-like
domain, and into type a, b and c isoforms, according to the C-terminal domain 8. Different primer
pairs 7 allowed us to discriminate among the different isoforms.

Data show (Figure 1A) that soluble NRG1 mRNA is strongly up-regulated in CMT1A nerves from
P3. A significant up-regulation is appreciable also for NRG1 isoforms a and 3 and for type a and b
isoforms from P16. Statistical analysis with two-way ANOVA using phenotype and age as factors
revealed significant effects and significant interaction between factors for soluble, a, B, type a, and
type b NRG1 isoforms, while NRG1 type ¢ shows significant effects only for age.

At the protein level (Figure 1B), soluble NRG1 in CMT1A nerves shows an up-regulation of the 75-
kDa band, corresponding to the C-terminus fragment of NRG1 deriving from precursor protein
proteolytic cleavage, a necessary step for soluble ligand release >°. Moreover, a 100-kDa band,
corresponding to the precursor of the soluble NRG1, is strongly expressed starting from P16,
suggesting that NRG1 over-expression saturates the protease machinery responsible of protein

cleavage and soluble ligand release.



The axonal transmembrane NRG1 precursor (150-kDa) is expressed at similar levels in WT and
CMT1A animals until P16, while at P28 its level slightly decreases in transgenic rats. A 75-kDa
band corresponding to the N-terminus fragment of transmembrane NRG1 following proteolytic
cleavage °, seems to be slightly more highly expressed in WT nerves from P28, coherently with
CMT1A demyelinating phenotype.

At mRNA level (Figure 1A), ErbB2 and ErbB3 show a small decrease during development both in
WT and in transgenic animals; at P56 a higher expression of both ErbB2 and ErbB3 is detected in
CMT1A animals in comparison to WT. Statistical analysis with two-way ANOVA using phenotype
and age as factors, revealed a significant effect of both for ErbB2 and ErbB3. At the protein level
(Figure 1B), both ErbB2 and ErbB3 are more highly expressed in transgenic animals starting from

P28.

Discussion

CMT1A nerves are characterized by Schwann cell de-differentiation and immaturity marker up-
regulation °. Most of these genes are up-regulated also following acute nerve injury, thus
suggesting that CMT1A nerves show a gene expression pattern highly reminiscent of Wallerian
degeneration 1. Indeed, we and others previously demonstrated that soluble NRG1 isoforms are
strongly and transiently up-regulated after acute nerve injury "'? and here we show that soluble
NRGL1 isoforms are strongly up-regulated in CMT1A nerves from P3. ErbB receptors are also up-
regulated, as shown in human samples too 3, and this up-regulation may be the result of a positive
feedback loop or dysregulated ErbB trafficking 4.

The strong NRG1 over-expression found in CMT1A nerves raises the question on the function of
NRGL1 in chronic nerve injuries: does NRG1 counteract this disease, attenuating its symptoms and
promoting nerve repair, or does it worsen it?

Recent results 1° demonstrated that the crossbred of CMT1A mice with transgenic mice over-
expressing soluble NRGL1 led to a phenotype rescue. Furthermore, systemic injection from P6 to

P18 of recombinant soluble NRG1 in CMT1A rat pups lead to similar results, thus demonstrating



that, when provided in early development stages, soluble NRG1 ameliorates CMT1A
pathogenesis, while no improvements were detected when the treatment started later.
Nevertheless, it has been also demonstrated by others that soluble NRG1 has bifunctional
concentration-dependent effects on myelination: low concentration promotes, high concentration
inhibits myelination >17. Therefore, we hypothesize that, although early acute treatment with
recombinant NRG1 seemed to play a positive role 1° (maybe due to the low expression of
endogenous NRGL1 protein at early development stages), over-expression of endogenous NRG1 in
the following stages might play a negative role, worsening CMT1A pathogenesis. If our hypothesis
is true, a possible therapeutic approach might consist in inactivation of the signal transduction
pathways activated by NRG1, through the use of drugs targeting ErbB receptors 8.

In support to this therapeutic proposal, it has been shown that treatment with ErbB2 inhibitor,
Herceptin, promotes axonal outgrowth after acute nerve transection and repair 1%2°, Herceptin
treatment might promote regeneration by limiting the excess of soluble NRG1 activity in CMT1A
chronic injury.

This therapy might bypass the limits of the early phase NRG1 treatment ° - that might have a
neoplastic potential 2! - and might have a broader use, because it would not be restricted to those
patients who receive an early diagnosis of the disease.

Soluble NRG1 over-expression observed in CMT1A animal model needs to be confirmed also in
human patients, but this analysis requires accurate human sample collection and further studies. If
soluble NRGL1 is over-expressed also in human CMT1A nerves, a therapeutic approach aimed to

inhibit the signal transduction pathways driven by NRG1 might be carefully developed.
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Figure Legends
Figure 1 - Soluble NRG1 is strongly up-regulated in CMT1A nerves

Panel A - The relative quantification (222 of different isoforms of NRG1, ErbB2 and ErbB3
receptors was obtained by gRT-PCR carried out on RNA obtained from sciatic nerves withdrawn at
different time points from WT and CMT1A rats (n=3 for each time point). For each gene, the ACT
average of P3 WT nerves was used as calibrator. Data were normalized to the geometric mean of
two endogenous housekeeping genes (ANKRD27 and RICTOR) 22, Values in the graphics are
expressed as mean + standard deviation (SD). Statistical analysis (Student's t-test) was performed
to compare the differences between WT (white bars) and CMT1A (black bars) animals at the
different time points (* p < 0.05, ** p < 0.01, *** p < 0.001).

Panel B — Western blot analysis of proteins extracted from WT and CMT1A sciatic nerves probed
with antibodies for ErbB2 (#sc-284, Santa Cruz), ErbB3 (#sc-285, Santa Cruz), soluble NRGL1 type
a (#sc-348, Santa Cruz), transmembrane NRG1 (#AB5551, Chemicon), GAPDH (#4300, Ambion).
A representative image of two analyses carried out on the biological duplicate and the

corresponding densitometric analyses are shown.
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