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Zeb2: Inhibiting the inhibitors in Schwann cells
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ABSTRACT

Development of Schwann cells is tightly regulated by concerted action of activating and inhibiting
factors. Most of the regulatory feedback loops identified to date are transcriptional activators
promoting induction of genes coding for integral myelin proteins and lipids. The mechanisms by
which inhibitory factors are silenced during Schwann cell maturation are less well understood. We
could recently show a pivotal function for the transcription factor zinc finger E-box binding
homeobox 2 (Zeb2) during Schwann cell development and myelination as a transcriptional
repressor of maturation inhibitors. Zeb2 belongs to a family of highly conserved 2-handed zinc-
finger proteins and represses gene transcription by binding to E-box sequences in the regulatory
region of target genes. The protein is known to repress E-cadherin during epithelial to
mesenchymal transition (EMT) in tumor malignancy and mediates its functions by interacting with
multiple co-factors. During nervous system development, Zeb2 is expressed in neural crest cells, the
precursors of Schwann cells, the myelinating glial cells of peripheral nerves. Schwann cells lacking
Zeb2 fail to fully differentiate and are unable to sort and myelinate peripheral nerve axons. The
maturation inhibitors Sox2, Ednrb and Hey2 emerge as targets for Zeb2-mediated transcriptional
repression and show persistent aberrant expression in Zeb2-deficient Schwann cells. While
dispensible for adult Schwann cells, re-activation of Zeb2 is essential after nerve injury to allow
remyelination and functional recovery. In summary, Zeb2 emerges as an “inhibitor of inhibitors,” a
novel concept in Schwann cell development and nerve repair.
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Zeb2 in Schwann cell development

Schwann cells (SC) stem from the neural crest, myeli-
nate and support peripheral nervous system (PNS)
axons and are key players in regeneration after nerve
injury." The Schwann cell lineage is well defined and
divided into 3 main stages: Schwann cell precursors
(SCP), immature Schwann cells and fully differenti-
ated myelinating or non-myelinating Schwann cells.
Each stage of Schwann cell development is character-
ized by the expression of a set of specific transcription
and growth factors, some of them promoting matura-
tion, others acting as differentiation inhibitors.?> Most
of the regulatory input during Schwann cell develop-
ment and myelination known to date occurs via feed-
forward cascades of transcription factors. The
pluripotency gene Sox10 has emerged as one impor-
tant transcriptional co-activator promoting matura-
tion and is crucial at each stage of Schwann cell
development. Conventional Sox10 knockout mice do

not develop any peripheral glia and die prenatally
while inactivation specifically in Schwann cells leads
to their developmental arrest at the immature stage.>*
Furthermore, Sox10 drives myelination by binding to
Krox20 (Egr2).>® In mice deficient of Krox20,
Schwann cells manage to radially sort axons, but do
not myelinate them.” In addition, Krox20 is important
for myelin maintenance® and missense mutations can
be found in patients with congenital hypomyelinating
neuropathy and Charcot Marie Tooth disease Type
1D.” Other positive regulators of Schwann cell myeli-
nation include neuregulin 1 (NRG1),"* laminin-integ-
rin signaling'"'* and G-protein-coupled receptors
(GPCRs) such as Gpr126." In addition to these fac-
tors promoting Schwann cell maturation, negative
modulators of the myelination program need to be
silenced to ensure timely lineage progression.'* It is
still unclear, how these inhibitory proteins are regu-
lated in development and pathological conditions,

CONTACT Bastian G. Brinkmann @ brinkmann@em.mpg.de @ Max Planck Institute of Experimental Medicine, Department of Neurogenetics, Hermann-Rein-

Str. 3, 37075 Goettingen, Germany.
© 2017 Taylor & Francis


http://dx.doi.org/10.1080/23262133.2016.1271495

e12714952 (&) B.G.BRINKMANN AND S. QUINTES

such as neuropathies and acute nerve injury. We have
identified the transcriptional repressor Zeb2 as one of
the crucial players in the silencing of Schwann cell
maturation inhibitors."” Proteins of the Zeb family are
involved in regulation of cell type specification and
differentiation and highly conserved in vertebrates.'®
They bind to the E-box like sequence 5'-CACCT(G)
in regulatory regions of their target genes and their
ability to activate or repress gene transcription stems
from interaction with co-effectors, such as CtBP,"”
NurD'® and Smad transcription factors.'” Smads are
downstream effectors of the transforming growth fac-
tor B (TGEpB) superfamily of proteins, which have
been shown to regulate Schwann cell proliferation and
death in vivo.”® Smad signaling plays a major role in
organogenesis”' and Zeb2 is especially important dur-
ing nervous system development™* as evident from the
study of genetically altered mouse mutants.”>** Zeb2
knockout mice die early embryonically from failed
neural tube closure and severe neural plate defects.*>*°
In humans, mutations of the Zeb2 gene cause a severe
neurodevelopmental disorder, Mowat-Wilson syn-
drome, characterized by mental retardation, Hirsch-
sprung’s disease and craniofacial abnormalities.”’
Notably, Hirschsprung’s disease also occurs in patients
having Waardenburg syndrome type 4C, caused by
mutations in the Sox10 gene.”® Both, Sox10 and Zeb2,
show a remarkably similar expression pattern in neu-
ral crest cells, a highly motile pluripotent cell popula-
tion, which forms in neurodevelopment as part of the
neuroectoderm, and have even been proposed to
interact in these cells.”’ We hypothesized, that Zeb2
could represent a second inhibitory axis in Schwann
cell development, acting in concert with transcrip-
tional activators such as Sox10 to ensure timely line-
age progression. In proof of principle experiments we
could indeed demonstrate, that Zeb2 regulates 2 sig-
naling systems described previously as crucial to
Schwann cell development. One of these is Notch sig-
naling, which plays multiple roles in Schwann cells.
Notch governs the transition from SCPs to immature
Schwann cells, regulates Schwann cell proliferation,
and is downregulated by Krox20 at the initiation of
myelination. Furthermore, enforced re-expression of
the Notch intracellular domain in mature Schwann
cells leads to demyelination.’® We found that Zeb2
binds in the promoter of Hairy/enhancer-of-split
related with YRPW motif protein 2 (Hey2), a down-
stream effector of Notch signaling.'> Hey2 has not

been shown to be expressed by Schwann cells before,
however, it is a marker for boundary cap cells, a spe-
cialized cell population situated at the border of CNS
and PNS known to be a source for Schwann cells in
the ventral and dorsal roots.’’ In Zeb2-deficient
Schwann cells, we found highly elevated Hey2 mRNA
levels compared with controls and additional inactiva-
tion of Hey2 led to a partial improvement of the severe
sorting defect observed in conditional Zeb2 knockout
mice. It has to be mentioned, that steady-state levels
of Hey2 mRNA in sciatic nerves of 25 d old control
mice were very low. Hence, aberrant Hey2 expression
at that time point seems to be a feature characteristic
of Zeb2-deficient cells."” In a second study published
in the same issue as our own work, it has recently
been shown that there is an early increase in Hey2
expression at postnatal day 5 followed by a rapid
downregulation of Hey2 mRNA levels in sciatic nerve
of wild type mice.”

The second Zeb2-regulated pathway is the endothe-
lin- endothelin receptor signaling system, consisting of
the 3 small peptides endothelin (ET) 1, 2 and 3 and 2
G-protein coupled receptors, endothelin receptors A
and B (EDNRA and B). Endothelin signaling is crucial
for neural crest derivate development. While loss of
ET-1 or EDNRA leads to craniofacial abnormali-
ties,”** loss of ET3 or EDNRB results in a melanocyte
defect and Hirschsprung’s disease.’® During Schwann
cell development, activation of EDNRB delays the
generation of immature Schwann cells from precur-
sors in vitro and in vivo, thereby acting as a brake in
Schwann cell maturation.”® We identified Ednrb as a
target gene for Zeb2-mediated repression. Similar to
our results for Hey2, levels of Ednrb mRNA remained
high in Zeb2-deficient Schwann cells and additional
deletion of Ednrb in Zeb2-deficient cells led to a par-
tial amelioration of the sorting defect observed in
Zeb2 conditional mutants.

In addition to Hey2 and Ednrb, we identified a
third Zeb2 target gene, the transcription factor Sox2.'”
Sox2 is a known inhibitor of myelination,37’38 which
could be recently demonstrated by transgenic mice
with enforced expression in Schwann cells. This led to
persistent Schwann cell proliferation and repressed
peripheral nerve myelination (D. B. Parkinson per-
sonal communication). In early Schwann cell develop-
ment, Sox2 and Sox10 act in concert to promote RNA
polymerase transcriptional elongation by recruiting P-
TEFb to induce myelin gene expression,”” however,



Sox2 expression is absent from mature Schwann cells.
We found, that Zeb2-deficiency led to persistent Sox2
expression in Schwann cells and identified functional
Zeb2 binding sites in the Sox2 promoter.'®

Recently, epigenetics and alterations of chromatin
structure came into the focus of Schwann cell biology
since loss of histone deacetylases 1 and 2 during devel-
opment impairs radial sorting, SC development and
myelination.*>*' Tt has been shown that the histone
deacetylases 1 and 2 (HDAC 1 and 2) induce the
expression of Pax3, which itself is required for expres-
sion of Sox10 during SC development, and induce
important myelin genes like FABP7 and MPZ.** Fur-
thermore, inactivation of Cdh4, the core unit of the
NuRD chromatin-remodeling complex leads to mild
defects of peripheral myelination.*> On the other hand
loss of Brgl, the ATPase of the BAF complex, leads to
a severe differentiation and myelination defect.** In a
companion paper to ours, Wu et al. demonstrated that
Zeb2 mediates gene repression in Schwann cell differ-
entiation by recruiting HDAC1/2-NuRD complexes
which then suppress the maturation inhibitors Sox2
and Hey?2 during Schwann cell development.*?

In summary, Zeb2 functions as an inhibitor of inhi-
bition in Schwann cell development, repressing the
expression of Hey2, Ednrb, Sox2 and possibly other
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factors stalling maturation. Transcriptional repression
by Zeb2 emerges as a novel concept in Schwann cell
maturation acting in concert with transcriptional acti-
vation by Sox10, Oct6 and Krox20 (Fig. 1a).

Zeb2 in Schwann cell re-differentiation after
injury

Zeb2 has been described in cancer metastasis as a key
promoter of epithelial-to-mesenchymal transition
(EMT), a process in which differentiated stationary
cells convert to a more immature, motile, proliferative
phenotype.*” This conversion, which does not only
occur in pathological states, but is also crucial for
embryonic organ development and wound healing,
can be compared with the massive phenotypical
changes undergone by Schwann cells after peripheral
nerve injury. The “reprogrammed” cell type generated
after nerve injury shares some features of immature
Schwann cells, however, the generation of regenerative
tracts (bands of Bungner) and support of axonal
regeneration are unique to these repair cells.** Nota-
bly, maturation inhibitors and markers of immature
Schwann cells such as c-Jun, Sox2, and Notch are
reactivated after nerve injury.””*® Furthermore, re-
expression of c-Jun and Sox2 has been shown to be
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Figure 1. Hypothetical model of Zeb2 function in Schwann cells. During the development of Schwann cell precursors (SCP) to mature
Schwann cells Krox20 is activated by binding of positive regulators ((a), top panel, depicted in green) such as Oct6 and the co-activator
Sox10, leading to the upregulation of genes coding for myelin proteins and enzymes of the lipid biosynthesis pathway. In addition, the
cytoplasmic protein S1008 is upregulated at the transition from Schwann cell precursors to immature Schwann cells. At the same time,
Sox2 and Ednrb, which act as developmental brakes (depicted in red), are repressed by Zeb2. Loss of Zeb2 in Schwann cells leads to con-
tinuous expression of maturation inhibitors, resulting in a failure to sort axons and myelinate ((a), bottom panel). (b) After nerve injury
Sox2, c-Jun and Ednrb expression is induced and a specialized repair cell is generated, leading to the formation of regenerative tracks
and allowing axon regrowth. These genes need to be silenced again at later stages to enable successful Schwann cell re-differentiation
and remyelination (top panel). Zeb2-deficient Schwann cells are capable of de-differentiation after nerve injury, however, a subpopula-
tion of mutant cells maintains expression of negative regulatory factors and cannot re-differentiate and remyelinate (bottom panel).



e1271495-4 B. G. BRINKMANN AND S. QUINTES

absolutely essential for successful peripheral nerve
regeneration. C-Jun-deficient Schwann cells are
unable to form functional repair cells* and Sox2
mediates fibroblast-dependent Schwann cell sorting
during nerve regeneration.*® Importantly, just as in
development, these factors necessary to form the
repair cell need to be inactivated again to allow remye-
lination.** When we deleted Zeb2 in Schwann cells of
adult mice by tamoxifen-inducible Cre-recombination
and induced a sciatic nerve compression injury, we
found a severe delay in regeneration and functional
recovery in conditional mutants. Even as late as 8
weeks after injury, remyelination by Zeb2-deficient
Schwann cells had not been completed. These cells
showed the same upregulation of c-Jun and Sox2 after
nerve transection as the corresponding controls. In
contrast, re-expression of Krox20 as a differentiation
marker was reduced 56 d after nerve crush and expres-
sion of Sox2 remained high. We therefore conclude,
that loss of Zeb2 leads to a failure of Schwann cells to
re-differentiate to a mature remyelinating cell after
acute injury, whereas the generation of the repair cell
proceeds normally. Interestingly, if myelin repair did
initiate in conditional Zeb2 mutants, remyelination
proceeded normally.'”> This is similar to c-Jun-defi-
cient Schwann cells.*” Impaired functional recovery is
common to both conditional mutants, however, sub-
stantial loss of sensory fibers was observed when
Schwann cells lacked c-Jun, while axons seemed to be
preserved in conditional Zeb2 mutant mice after nerve
crush.*””!®> Tt has been hypothesized before, that the
specialized repair cell, in addition to gaining support
functions, may also lose some characteristics of imma-
ture Schwann cells in development and thereby share
similarities with Schwann cell precursors.*”** One
study showed the ability of Schwann cells after nerve
transection to re-differentiate into melanocytes, a fea-
ture characteristic of precursors.*” In wild type nerves,
we found a highly adaptable Zeb2 re-expression after
nerve crush with the highest number of cells positive
for the protein at 7 d after compression injury. This
may imply, that not all repair cells simultaneously
become dependent on Zeb2 re-expression after acute
nerve injury. Accordingly, in Zeb2-deficient repair
cells continued expression of maturation inhibitors
such as Sox2, c-Jun and ectopic expression of Hey2
may, in a subpopulation of cells, prevent normal exe-
cution of the maturation and myelination program
after nerve injury (Fig. 1b).

We describe for the first time an essential role for a
gene involved in cellular reprogramming in cancer
metastasis during Schwann cell lineage progression and
re-differentiation of the repair cell after sciatic nerve
crush. Characterization of genes involved in the molecu-
lar and morphological changes common to these 3 pro-
cesses may provide novel therapeutic strategies for the
treatment of human neuropathies and nerve injuries.
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