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ABSTRACT Charcot-Marie-Tooth type 4D (CMT4D) is an autosomal recessive demyeli-
nating form of CMT characterized by progressive motor and sensory neuropathy. N-myc
downstream regulated gene 1 (NDRGT) is the causative gene for CMT4D. Although more
CMT4D cases have been reported, the comprehensive molecular mechanism underlying
CMT4D remains elusive. Here, we generated a novel knockout mouse model in which the
fourth and fifth exons of the Ndrg? gene were removed. Ndrgl-deficient mice develop
early progressive demyelinating neuropathy and limb muscle weakness. The expression
pattern of myelination-related transcriptional factors, including SOX10, OCT6, and EGR2,
was abnormal in Ndrgi-deficient mice. We further investigated the activation of the
ErbB2/3 receptor tyrosine kinases in Ndrgl-deficient sciatic nerves, as these proteins play
essential roles in Schwann cell myelination. In the absence of NDRG1, although the total
ErbB2/3 receptors expressed by Schwann cells were significantly increased, levels of the
phosphorylated forms of ErbB2/3 and their downstream signaling cascades were
decreased. This change was not associated with the level of the neuregulin 1 ligand,
which was increased in Ndrgi-deficient mice. In addition, the integrin 34 receptor, which
interacts with ErbB2/3 and positively regulates neuregulin 1/ErbB signaling, was signifi-
cantly reduced in the Ndrgi-deficient nerve. In conclusion, our data suggest that the
demyelinating phenotype of CMT4D disease is at least in part a consequence of molecu-
lar defects in neuregulin 1/ErbB signaling.
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harcot-Marie-Tooth disease type 4D (CMT4D) is an autosomal recessive demyeli-

nating neuropathy caused by mutations in NDRG1 (1). Individuals affected by
CMT4D present early-onset and severe motor and sensory neuropathy. The typical clin-
ical manifestations include muscle weakness in the distal lower limbs in the first dec-
ade and then the upper limbs, skeletal and foot deformities, and sensorineural loss
with deafness. Sural nerve biopsy studies of patients showed marked depletion of my-
elinated fibers, thin myelin sheaths of the preserved myelinated fibers, and onion bulb
formations (2, 3). Ten distinct mutations in NDRGT have been identified as genetic
defects causing CMT4D (4-11). Among them, the nonsense mutation p.P148X is the
most common, suggesting that the loss of NDRG1 function is the leading cause of
CMT4D pathogenesis.

NDRGT is highly expressed in the peripheral nerve system. In myelinated Schwann
cells, high phosphorylated NDRGT1 is localized to the abaxonal cytoplasm (12). NDRG1
plays diverse roles, including vesicular transport (13, 14), lipid metabolism (15, 16), and
cell differentiation and proliferation (17). The most important phenotype induced by
NDRGT1 deficiency is demyelinating neuropathy (14, 18). Still, how NDRGT mutations
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lead to CMT4D is unclear, and no effective treatment is available to stop the progres-
sion of this debilitating disease. Although a few CMT4D animal models have been gen-
erated, neither model fully replicates the features of CMT4D (14, 18, 19).

The myelination of axons in the peripheral nervous system critically depends on the
communication between axons and Schwann cells. Neuregulin 1/ErbB signaling has
emerged as a major mechanism mediating axon-Schwann cell communication (20).
When axonal neuregulin 1 binds to the ErbB3 receptor, it promotes ErbB2-mediated
phosphorylation of tyrosine residues in the cytoplasmic domain of both ErbB2 and
ErbB3 in Schwann cells. The activation of the ErbB2/3 receptors leads to intracellular
signaling through multiple cascades associated with myelination, including AKT, ERK,
and JNK (21). Consequently, decreased expression of neuregulin 1 or conditional
knockout of ErbB2 in Schwann cells leads to fiber hypomyelination. In addition, neure-
gulin 1/ErbB signaling is altered in the sciatic nerve of patients with CMT1A presenting
a duplication of the PMP22 gene (22, 23). Significantly, genetic overexpression of neu-
regulin 1 overcomes impaired nerve development in the CMT1A rat model (24, 25).
These studies indicate that the dysregulation of neuregulin 1/ErbB signaling may play
an important role in the demyelinating form of CMT. However, no studies have been
performed to elucidate the role of neuregulin 1/ErbB signaling in fiber demyelination
associated with CMT4D.

In the present study, a novel Ndrgi-deficient mouse model was generated. It
develops early-onset and progressive demyelinating neuropathy. In Ndrg1-deficient
mice, although the expression levels of neuregulin 1 and ErbB2/3 were significantly
increased, the levels of phosphorated ErbB2/3 and its downstream signaling cas-
cades were decreased. Taken together, our data suggest that the demyelinating phe-
notype of CMT4D disease is at least partially a consequence of molecular defects in
neuregulin 1/ErbB signaling.

RESULTS

Ndrg1-deficient mice display early-onset impairments in motor performance.
Ndrgi-deficient mice were obtained using CRISPR/Cas9-mediated gene editing (Fig.
1A). The mutation status was validated by sequencing the murine Ndrgl gene. We
detected NDRG1 expression in the sciatic nerve and found that the protein level was
significantly reduced in Ndrg1*/~ mice and the protein was not expressed in Ndrg1—/~
mice (Fig. 1B). Ndrg1-deficient mice were born normally at the expected Mendelian fre-
quencies, indicating that knockout of the Ndrg1 gene does not cause embryonic death.
In addition, Ndrg7—/~ mice had a lower body weight than wild-type (WT) mice, espe-
cially male mice (Fig. 1C and D). No obvious tumor formation was observed in the
Ndrg1-deficient mice, although previous studies have found that the downregulation
of NDRGT is associated with tumorigenesis (26).

Our previous report shows that lower limb weakness and abnormal gait are the first
symptoms experienced by most patients with CMT4D (8). Here, mice were induced to
spread their hind limbs and digits to determine whether the mice lacking Ndrg1 repro-
duce CMT4D-like phenotypes. When lifted by the tail, WT and Ndrg1*/~ mice spread
both hind limbs and all digits of the hind limb paws. In contrast, Ndrg?—/~ mice could
not spread their hind limbs, suggesting limb muscle weakness (Fig. 1E and F).
Subsequent footprint tests revealed gait abnormalities in Ndrg1—/~ mice, especially in
the stride length (SL) and toe spreading (TS) parameters (Fig. 1G to K). Then, motor bal-
ance and coordination were assessed with a rotarod apparatus. Compared with WT
and Ndrg1+/~ mice, Ndrg1—/~ mice had a decreased latency to fall from the rotarod be-
ginning at the age of 4 weeks (Fig. 1L and M). No significant differences in performance
on behavior tests were observed between WT and Ndrg?*/~ mice at different time
points. Signs of motor deficits in Ndrg1—/~ mice were observable as early as 4 weeks
and were exacerbated with aging. The electrophysiological analysis of the sciatic nerve
showed a significantly decreased motor nerve conduction velocity in Ndrg1—/~ mice
(Fig. 10). Moreover, amplitudes of compound muscle action potentials were also
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FIG 1 Ndrgi-deficient mice develop progressive motor defects. (A) Schematic illustration of the strategy used to construct Ndrg7-deficient mice; (B) NDRG1
protein expression in sciatic nerves from 3-week-old WT, Ndrg1*/~, and Ndrg1~/~ mice; (C and D) differences in body weight between mice of the three
genotypes (male, n = 7 per group; female, n = 6 per group); (E) hind limb extension test of WT, Ndrg1*/~, and Ndrg1~’~ mice. Mice lifted by the tail
showed normal spreading of the limbs (WT and Ndrg1*/~ mice) or limb-clasping behavior (Ndrg1~'~ mice). (F) Ndrg1~/~ mice exhibited hind limb weakness
with significantly lower scores (n = 13 per group). (G) Footprints of WT, Ndrg1™/~, and Ndrg1~/~ mice where the stride length (SL), toe spreading (TS),
stride width (SW), and stride angle (SA) are depicted. Red represents the forelimbs. Green represents the hind limbs. Ndrg?~/~ mice exhibited a disrupted
walking pattern. (H to K) Quantification of various parameters, including stride length, toe spreading, stride width, and stride angle, obtained from the gait
analysis of WT, Ndrg1*/~, and Ndrg1~'~ mice (n = 7 per group). (L and M) The obviously reduced latency of male and female Ndrg1~/~ mice on the rotarod
began at the age of 4 weeks (male, n = 7 per group; female, n = 6 per group). (N) An electrophysiological analysis was performed on 8-week-old animals.
(O and P) Quantification of motor nerve conduction velocity (MNCV) and compound muscle action potential (CMAP) shows a significant decrease in 8-
week-old Ndrg1~/~ mice (n = 5 per group). Data are presented as the mean =+ SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

reduced (Fig. 1P). These results indicate that the loss of NDRG1 leads to age-dependent
motor dysfunction.

Ndrg1-deficient mice show demyelinated neuropathy. To determine whether
motor dysfunction in Ndrg1~/— mice was due to peripheral nerve demyelination, we
performed a light microscopic examination of semithin sections of sciatic nerves iso-
lated from animals aged 2, 4, 8, and 12 weeks. The degeneration of myelin sheaths in
Ndrg1~/~ mice began at 4 weeks of age and was severe at 12 weeks of age (Fig. 2A).
We further examined ultrathin sections of the sciatic nerve using a transmission elec-
tron microscope to evaluate changes in myelination or the axonal structure. At 2 weeks,
Ndrg1~/~ nerves were similar to those from control animals (Fig. 2B). Neither myelin
thickness nor the number of myelinated axons in the sciatic nerve was significantly
altered. Ndrg1—/~— mice began to show thinning of the myelin sheath at the age of
4 weeks, when fiber myelination was normally complete. This provides a window of
opportunity for treatment intervention. The occasional onion bulb, axons without mye-
lination, excess collagen deposition, and infiltration of macrophages were observed in
Ndrg1~/~ mice. No abnormalities were observed in WT and Ndrg7*/~ mice. Older
Ndrg1~/~ mice exhibited more severe demyelination of their sciatic nerves, indicating
progressive nerve degeneration. Quantitative analysis indicated that the G ratio of the
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FIG 2 Hypomyelination of the sciatic nerve in Ndrgil-deficient mice. (A) Semithin cross sections of sciatic nerves harvested from
WT and Ndrg?1~’~ mice at different ages were stained with toluidine blue. Ndrg?~’/~ mice showed progressive demyelinating
neuropathy. (B) Transmission electron micrographs of sciatic nerve cross sections from WT and Ndrg?1~/~ mice at different ages.
The Ndrg1~/~ mice clearly showed thinly myelinated (arrow) and demyelinated axons (asterisk) at 4 weeks old. The occasional
onion bulb (arrowhead) was observed in 20-week-old Ndrg?~'~ mice. (C) Scatterplots of the G ratio (calculated by dividing the
axon diameter by the fiber diameter) in 20-week-old animals. (D) The G ratio was higher in Ndrg?~/~ mice than in WT mice

(n = 3 mice per group; around 56 to 81 fibers per animal were measured). Bars, 10 um (A) or 5 um (B). ***, P < 0.001.

nerve fibers was significantly increased in Ndrg1—/— mice, suggesting the presence of
demyelinating neuropathy (Fig. 2C and D). Although a shift in the axonal size distribu-
tion was observed in Ndrg1—/~ mice, the hypomyelination did not lead to apparent
axonal loss (Fig. 2C), suggesting that this model does not completely recapitulate the
disease phenotype in CMT4D patients (2, 3). Overall, Ndrg1=/~ mice anatomically and
functionally develop early peripheral neuropathy with obvious signs of motor impair-
ment and nerve demyelination.

Ndrg1-deficient mice have abnormal expression patterns of myelination-
related proteins. We analyzed the expression level of NDRG1 in various WT mouse tis-
sues to explore the mechanism of peripheral nerve demyelination caused by NdrgT1
deficiency. NDRG1 was expressed at the highest levels in the sciatic nerve, followed by
the spinal cord, and at a lower level in the brain and kidney (Fig. 3A). In the sciatic
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FIG 3 Temporal and spatial distribution of the NDRG1 protein in WT mice. (A) Expression levels of the NDRG1 protein in
different tissues from 8-week-old WT mice. The highest NDRG1 level was detected in the sciatic nerve. (B and C)
Expression levels of NDRG1, myelin proteins (MBP, MPZ, and PMP22), and transcription factors (EGR2, SOX10, and OCT6) in
the sciatic nerves of mice at different postnatal (P) ages (days). (D) Immunofluorescence staining of the sciatic nerve
indicated that NDRG1 was expressed in S1003-positive Schwann cells but not in neurofilament 200-positive axons. Bars,
20 pm.

nerve, NDRG1 was restricted to S1008-positive Schwann cells but not detected in neu-
rofilament 200-positive axons (Fig. 3B). Moreover, NDRG1 was expressed at a low level
before 2 weeks of age and at a high level after 2 weeks of age. This temporal expres-
sion pattern was similar to the myelin proteins (MPZ, MBP, and PMP22) required for
nerve myelination (Fig. 3C).

Next, we explored the effect of Nrdg1 deletion on the expression levels of myelin
proteins and transcription factors in the sciatic nerve. Compared with WT mice, the
mRNA and protein levels of MBP and MPZ proteins were reduced in Ndrg1~/~— mice
(Fig. 4A to Q). Intriguingly, the Pmp22 mRNA level was decreased in Ndrgl—/~— mice
(Fig. 4C), while the PMP22 protein level was significantly increased (Fig. 4A and B), sug-
gesting that Ndrg1 deletion may affect the degradation of PMP22 protein. We then
detected the protein levels of EGR2, SOX10 and OCT6 in WT and Ndrg1~/— mice of dif-
ferent ages. These transcription factors are required for nerve myelination (27). In the
sciatic nerve of Ndrg1—/~ mice, EGR2 levels were decreased at all ages, OCT6 levels
were increased at 4, 10, and 20 weeks, and SOX10 levels were decreased at 2, 4, and
10 weeks but increased at 20 weeks (Fig. 4D to G). In summary, the demyelinated neu-
ropathy in Ndrg1~/~ mice is accompanied by an abnormal expression pattern of myeli-
nation-related proteins.

Ndrg1 deficiency impairs neuregulin 1/ErbB signaling. Given the critical role of
the ErbB2/3 in fiber myelination (20), we investigate whether the activation of these ki-
nases might be altered in Ndrgi-deficient mice at different developmental stages.
Compared with WT mice, the level of total ErbB3 receptor was increased at any of the
stages tested (beginning at 2 weeks), while the amount of total ErbB2 receptor was
significantly increased at 4 weeks and thereafter in Ndrg7—/~ mice (Fig. 5A and B).
However, the relative levels of the activated (phosphorylated) forms of the two core-
ceptors ErbB2 and ErbB3 were significantly decreased in Ndrgi-deficient nerves
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FIG 4 Ndrgi-deficient mice displayed an abnormal expression pattern of myelination-related proteins in the sciatic nerve. (A) Western blot analysis of MBP,
MPZ, and PMP22 protein levels in the sciatic nerves from 20-week-old WT and Ndrg?~/~ mice. (B) Quantification of band intensities shows an increased
level of PMP22 and decreased MBP and MPZ in the sciatic nerves (n = 3 per group). (C) Real-time PCR analysis showed significantly decreased Mbp and
Pmp22 mRNA levels in sciatic nerve from 20-week-old Ndrg1~/~ mice (n = 3 per group). (D) Western blot analysis of EGR2, OCT6, and SOX10 protein levels
in the sciatic nerves from WT and Ndrg1 =/~ mice at different ages; (E to G) quantification of EGR2, OCT6, and SOX10 protein levels in the sciatic nerves
from WT and Ndrg1~/~ mice at different ages (n = 3 per group). Data are presented as the means = SEM. *, P < 0.05; ***, P < 0.001.

(Fig. 5D and F). To further evaluate the potential cellular consequences of the observed
changes, we analyzed the activation of some of their downstream signaling cascades
that play vital roles in Schwann cell myelination. Compared to WT mice, the relative
levels of phosphorylated AKT, extracellular signal-regulated kinase (ERK), and Jun N-ter-
minal protein kinase (JNK) were decreased in Ndrg1—/~ mice. This decrease was more
obvious at 20 weeks (Fig. 5G to I). These findings suggest that the ErbB2/3 mediating
signaling was impaired in the Ndrg1=/~ nerve.

Neuregulin 1 binds to ErbB2/3 receptors on the membrane of Schwann cells and pro-
motes the phosphorylation of ErbB2/3 (20). However, the decreased phosphorylation of
ErbB2/3 in Ndrg1~/~ mice was not associated with changes in the level of the neuregulin 1
ligand, which was significantly increased at 4 weeks and thereafter (Fig. 5A and J). In addi-
tion, we found that the level of integrin 84 (ITGB4), a receptor also mainly located on
Schwann cells, was significantly decreased in the absence of NDRG1 (Fig. 6A to Q). It has
been demonstrated that ITGB4 positively regulates neuregulin 1/ErbB signaling (28, 29).
The decreased ITGB4 may reduce ErbB2 phosphorylation and impair ErbB2-mediating sig-
naling (30, 31). Subsequent in vitro experiments showed that silencing endogenous NDRG1
in cells decreased the level of ITGB4 and phosphorylated ERK, while NDRG1 overexpression
increased the level of ITGB4 and phosphorylated ERK (Fig. 6D and E). Taken together,
Ndrg1 deletion results in the dysregulation of neuregulin 1/ErbB signaling. Abnormal neu-
regulin 1/ErbB signaling to downstream targets may partially contribute to the demyelin-
ation observed in Ndrg1-deficient mice.

DISCUSSION

With the development of next-generation sequencing technology, genetic studies
have documented new CMT4D cases during the last decade (4-6, 10). Although the
identification of NDRGT as the gene that is mutated in patients with CMT4D led to a
substantially improved clinical diagnosis in the affected families, the functional role of
NDRGT in peripheral nerves remains unknown. Here, we describe the generation and
analysis of a new mouse model of CMT4D disease that led to discovery of a role for
NDRGT in peripheral nerve myelination.

Pathological findings in patients with CMT4D generally reveal a marked reduction in
the number of myelinated fibers. The remaining fibers have relatively thin myelin sheaths.
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FIG 5 Neuregulin1/ErbB signaling was dysregulated in Ndrgi-deficient mice. (A) Western blot images showing levels of ErbB2, ERK, AKT, JNK, and their
phosphorylated forms in the sciatic nerves from both WT and Ndrg1~/~ mice at different ages. (B) Western blot images show ErbB3 and phosphorylated ErbB3
protein levels in the sciatic nerves from WT and Ndrg?~/~ mice. (B and C) The level of total ErbB2 protein was significantly increased in the sciatic nerves from
Ndrg1~/~ mice at 4 weeks, 10 weeks, and 20 weeks (n = 3 per group). (D) The ratio of phosphorylated ErbB2 to total ErbB2 was significantly decreased in the
sciatic nerves from Ndrg1~/~ mice at 4 weeks, 10 weeks, and 20 weeks (n = 3 per group). (E) The level of total ErbB3 protein was significantly increased in the
sciatic nerves from Ndrg1~’~ mice at 2 weeks, 4 weeks, and 20 weeks (n = 3 per group). (F) The ratio of phosphorylated ErbB3 to total ErbB3 was significantly
decreased in the sciatic nerves from Ndrg1~/~ mice at 2 weeks, 4 weeks, and 20 weeks (n = 3 per group). (G to I) The activation of downstream targets of
ErbB2/3 (ERK, AKT, and JNK) was assessed by immunoblotting sciatic nerve extracts and quantifying the relative levels of phosphorylated forms compared to
total protein levels (n = 3 per group). (J) Compared with WT mice, Ndrg1~’~ mice exhibited higher levels of neuregulin 1 beginning at 4 weeks (n = 3 per
group). ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.

Multiple onion bulb formations were also observed in nerve samples from young patients
with CMT4D (32). In this study, we generated a novel mouse model of CMT4D disease with
a deletion of exons 4 to 5 in the Ndrg1 gene. This mutation results in undetectable levels
of the NDRG1 protein in the sciatic nerve. Mice lacking this gene develop progressive de-
myelination. Nerve conduction velocity measurements, morphometric analyses, and motor
performance indicated the presence of neuropathy at 4 weeks of age, suggesting an early
onset of the disease in Ndrg1-deficient mice. However, this model did not capture all the
features of CMT4D patients. The mice did not display early severe axonal loss, and only
occasional minor onion bulb changes were found at later stages. This interspecies pheno-
typic variation in NDRGT mutants may be related to their genetic backgrounds (14, 19).
Compared to the previously reported CMT4D models, namely, hypomorphic Ndrg1
knockout (KO) mice and stretcher (str) mice, our Ndrgi-deficient mice displayed an ear-
lier onset of motor impairment (14, 18). Given the recessive pattern of inheritance and
the lack of manifestations in heterozygous carriers, the likely explanation for this differ-
ence is the total lack of a functional NDRG1 protein. The Ndrg1 gene contains 16 exons.
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FIG 6 Ndrgi-deficient mice show decreased ITGB4 in sciatic nerves. (A) The immunofluorescence staining of the sciatic nerve of
WT mice indicated that ErbB2 and ITGB4 were expressed in the S1008-positive Schwann cell rather than neurofilament 200-
positive axon. Bars, 20 um. (B) Western blot images of ITGB4 protein in sciatic nerves from WT and Ndrg1~/~ mice at different
ages. (C) The level of ITGB4 protein was significantly decreased in sciatic nerves from Ndrg1~/~ mice (n = 3 per group). (D) The
endogenous NDRG1 in the A549 cell was knocked down via siRNA. The negative-control (NC) group was transfected with
scrambled siRNA. Western blot analysis showed decreased ITGB4 and phosphorylated ERK in NDRG1 knockdown cells. (E) The
plasmids expressing Flag-NDRG1 or Flag were transiently transfected in A549 cells. Western blot analysis showed increased ITGB4
and phosphorylated ERK in NDRG1-overexpressing cells. Data are presented as the mean *= SEM. *, P < 0.05; **, P < 0.01;
*** P < 0.001.

The fourth and fifth exons of the Ndrg1 gene were deleted in our Ndrgi-deficient mice
to form a protein fragment with a length of only 33 amino acids. This fragment did not
contain any functional domain, such as a catalytic site, metal ion binding site, or phos-
phorylation site (33). However, low leaky expression of NDRG1 was detected in Ndrg1
KO mouse, and a mutant protein missing the 99 amino acids encoded by the deleted
exons was observed in str mouse (14, 18). Taken together, our findings further support
the hypothesis that even very low levels of the functional NDRG1 protein lead to a sig-
nificantly milder phenotype of CMT4D.

The formation and maintenance of the nerve myelin sheath are strictly regulated by
transcription factors. SOX10, OCT6, and ERG2 are the core transcription factors
involved in regulating the expression of a large number of myelin genes (34, 35). Our
results revealed that the temporal expression pattern of the NDRG1 protein is corre-
lated with the expression of the aforementioned transcription factors. Compared with
WT animals, Ndrgi-deficient mice displayed abnormal expression patterns of these
transcription factors, accompanied by decreased mRNA levels of myelin genes. Thus,
the demyelination of peripheral nerves caused by Ndrg1 deficiency may be partially
attributed to abnormal transcriptional regulation in Schwann cells. Interestingly, the
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level of PMP22, which is primarily expressed in the compact myelin of the peripheral
nervous system, was significantly increased in Ndrgi-deficient mice. Several rodent
studies have shown that PMP22 overexpression is sufficient to cause a demyelinating
neuropathy (36). Further studies are necessary to clarify the mechanism underlying the
increase in PMP22 protein levels caused by Ndrg1 deletion.

Neuregulin1/ErbB signaling plays a major role in controlling axon-Schwann cell
communication. Recent studies have revealed that several demyelinating CMT-linked
proteins, such as SH3TC2 and SIMPLE, are novel regulators of endocytic trafficking that
may affect neuregulin 1/ErbB signaling (21, 37). In our Ndrg1-deficient mice, the phos-
phorylated ErbB2 and ErbB3 receptors and their downstream signaling proteins were
significantly decreased, indicating impaired neuregulin 1/ErbB signaling. These studies
further support the hypothesis that dysregulation of neuregulin 1/ErbB signaling in
Schwann cells may represent a common pathogenic mechanism in multiple subtypes
of demyelinating CMT (21).

Currently, ErbB2/3 receptor signaling is presumed to be regulated by endocytic traf-
ficking, which controls the intracellular distribution and degradation of ErbB receptors
(21). NDRGT is considered a regulator of endosomal trafficking (8, 38). It functions as a
Rab4a effector localized to endosomes (38). The deletion of NDRG1 impairs the endo-
somal sorting complex required for the transport (ESCRT) system, causing the low-den-
sity lipoprotein receptor (LDLR) to accumulate in abnormally enlarged endosomes (16).
Our previous study also showed that the Rab4a-positive endosome was enlarged in
NDRG1 knockdown cells (8). Taken together, the dysfunction of neuregulin 1/ErbB sig-
naling in Ndrg1-deficient sciatic nerves may be associated with impaired trafficking of
ErbB receptors in Schwann cells. Further studies will be required to clarify this issue. In
addition, we found that the level of ITGB4 was significantly decreased in Ndrg1-defi-
cient mice. ITGB4 is a receptor localized in the Schwann cell. It has been demonstrated
that ITGB4 interacts with ErbB2/3 and enhances the neuregulin 1/ErbB signaling (28,
29, 39). Reduced ITGB4 may contribute to the impaired neuregulin 1/ErbB signaling in
Ndrg1-deficient mice.

According to recent studies, upregulation of neuregulin 1 in a CMT1A rat model
during the early postnatal period effectively alleviates peripheral nerve demyelination
and restores axon survival into adulthood (24). In addition, genetic overexpression of
neuregulin 1 ameliorates altered neurophysiological and morphological parameters in
a mouse model of demyelinating CMT1B (25). These studies suggest that the upregula-
tion of neuregulin 1 may be an effective treatment to rescue demyelination. However,
it was also found that downregulation of neuregulin 1 signaling via niacin (Niaspan)
treatment ameliorates neuropathy in a mouse model of demyelinating CMT4B1 (40). In
this report, we observed increased expression of neuregulin 1 in Ndrg1-deficient mice,
consistent with the results observed in a rat model of CMT1A (23). Moreover, although
neuregulin 1 expression was increased, expression of the activated ErbB receptor was
decreased in Ndrg1-deficient mice. Therefore, considering the impaired trafficking of
ErbB receptors in Schwann cells in demyelinating CMT (21, 27), a therapeutic approach
based on neuregulin 1 treatment should be carefully reconsidered.

In summary, NDRG1 is essential for proper myelination by Schwann cells. Our
description of Ndrg1-deficient mice indicated that these animals replicate the progres-
sive demyelination phenotype of CMT4D. Furthermore, the dysregulation of neuregu-
lin 1/ErbB signaling may be involved in demyelinated neuropathy in CMT4D disease.
Therefore, modulation of the neuregulin 1/ErbB signaling may be a potential therapeu-
tic strategy to alleviate CMT4D neuropathy.

MATERIALS AND METHODS

Animal and PCR genotyping. Ndrg?~’~ mice were generated with the CRISPR/Cas9 system as
reported previously (41). Briefly, two different single-guide RNAs (sgRNA5, GGGCCAACAACTTCCCA
TTCTGG; sgRNA14, GTGTGACACCCCTTGTCTTGGGG) targeting intron 3-4 and intron 5-6 of the Ndrg1
gene were used to generate mutations that make protein translation stop prematurely. Subsequently,
mixtures of sgRNAs and Cas9 mRNA were microinjected into fertilized embryos of C57BL/6N mice
(Biocytogen). Mutations in Ndrg1 were confirmed by Sanger sequencing analyses. The mice used in this
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study were obtained from Ndrg1*/~ self-crossed inbred mice. Mice were maintained under specific-
pathogen-free conditions on a 12-h light/dark cycle and had free access to water and diet. Mouse
genomic DNA was isolated from tail biopsy samples and extracted with a DNA purification kit (Tsingke
Biotechnology). Primers F (5'-CTGAGGACTCGGAACGAAGGTGAAG-3’) and Rwt (5'-ACCTAGCAATGTTT
AACTAGCAGCCA-3’) were used to characterize the wild-type (WT) allele, and primers F and Rmt (5'-
GAAAGGAGGGGCAAAGACATGGGAC-3') were used to detect the mutated allele. All procedures involv-
ing the use of animals were conducted following the approved guidelines of the Institutional Animal
Care and Use Committee of Tongji University. Unless indicated otherwise, only male mice were used in
this study.

Hind limb extension test. Mice performed the hind limb extension test at different ages using a
previously reported method (42). Mice were suspended by the tail, and the extent of hind limb exten-
sion was observed over 10 s. A score of 2 corresponded to a normal extension reflex in hind limbs with
splaying of toes. A score of 1 corresponded to clenching of hind limbs to the body with partial splaying
of toes. A score of 0 corresponded to clasping hind limbs with curled toes. A score of 1.5 or 0.5 corre-
sponded to behavior between 2 and 1 or between 1 and 0, respectively. Three tests were performed for
each mouse at 30-s intervals.

Footprint analysis. The footprint was analyzed using a previously reported method (42, 43). The
hind paws and forepaws of each mouse were painted with two different nontoxic inks, respectively.
Then, the animal was placed in a narrow alley (65 by 5 by 15 cm) with the floor covered with white pa-
per. A dark box was placed at the end of the alley for the animal to walk to while leaving its footprints
on the paper. At least three consecutive footprints were used to assess gait characteristics on both sides,
including stride length (SL), stride width (SW), stride angle (SA), and the degree of toe spreading (TS).
The parameters were averaged for statistical analysis.

Rotarod test. Motor coordination was assessed with a rotarod apparatus as reported previously (43).
Mice underwent 3 days of training on a rotarod apparatus at a constant speed of 15 rpm for 3 min or until a
fall occurred. For testing, the rotation of the rotarod was accelerated from 0 rpm to 40 rpm. The latency of
each mouse to fall was monitored in three consecutive trials, and the intratrial interval for each animal was
30 min. The average latency in the three trials was used as a measure of motor performance.

Electrophysiology. The average motor nerve conduction velocities (MNCVs) and compound muscle
action potential (CMAP) of the sciatic nerve were calculated in 8-week-old mice as previously described
(14). Briefly, mice were intraperitoneally anesthetized with sodium pentobarbital. Motor nerve conduc-
tion was estimated in the sciatic nerve using a Dantec Keypoint electromyograph. Needle electrodes
were inserted with the stimulating cathode at the sciatic notch and the ankle; recording electrodes were
inserted into the foot muscles. The ground electrode was inserted into the skin on the back.

Western blot. Tissues or cells were homogenized in radioimmunoprecipitation assay (RIPA) buffer with
a cocktail of protease inhibitors and phosphatase inhibitors. The concentration was measured with the Pierce
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher). The total lysates (30 wg) were loaded in Tris-gly-
cine gel and blotted onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with
5% nonfat dry milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST) for 1 h at room temperature
(RT) and then incubated with specific primary antibodies overnight on a shaker at 4°C. The following antibod-
ies were used: anti-NDRG1 (ab124689; Abcam), anti-vinculin (A14193; Abclonal), anti-B-actin (AC026;
Abclonal), anti-Flag (M20008; Abmart), anti-MBP (ab40390; Abcam), anti-MPZ (ab31851; Abcam), anti-PMP22
(sc515199; Santa Cruz Biotechnology), anti-SOX10 (ab155279; Abcam), anti-EGR2 (ab108399; Abcam), anti-
OCT6 (ab126746; Abcam), anti-ErbB2 (MA5-13675; Thermo Fisher), anti-pErbB2 (Tyr1248, no. 2247; Cell
Signaling Technology), anti-ErbB3 (SC-415; Santa Cruz Biotechnology), anti-pErbB3 (Tyr1289, no. 4791; Cell
Signaling Technology), anti-ITGB4 (ab29042; Abcam), anti-ERK (no. 4695; Cell Signaling Technology), anti-
PERK (Thr202/Tyr204, no. 4370; Cell Signaling Technology), anti-JNK (no. 9252; Cell Signaling Technology),
anti-pJNK (Thr183/Tyr185, no. 9255; Cell Signaling Technology), anti-AKT (Cell Signaling Technology), anti-
PAKT (Thr308, no. 4056; Cell Signaling Technology), anti-phosphatidylinositol 3-kinase (anti-PI3K) (no. 4249;
Cell Signaling Technology), anti-pPI3K (Tyr458/Tyr199, no. 4228; Cell Signaling Technology), and anti-neure-
gulin 1 (no. 147724; R&D Systems). After being washed three times in TBST, membranes were incubated with
goat anti-rabbit or goat anti-mouse secondary antibody at RT for 1 h. Next, the membranes were washed
three times with TBST. Enhanced chemiluminescence (ECL) was then used to visualize the bands. Samples
from WT and Ndrg1~/~ mice of the same age were run on the same Western blot and quantified. The phos-
phorylated proteins were quantitatively normalized to total proteins, and the other proteins were quantita-
tively normalized to vinculin.

Quantitative real-time PCR. Total RNA was extracted from sciatic nerves using TRIzol reagent
(Invitrogen) and subjected to reverse transcription via a PrimerScript RT reagent kit (TaKaRa). Quantitative
PCR (qPCR) was used for the relative quantitation of Pmp22, Mpz, and Mbp mRNA with AceQ Universal SYBR
gPCR master mix (Vazyme). qPCR was performed on a LightCycler 96 instrument (Roche). The cycling condi-
tions were as follows: initial denaturation at 95°C for 5 min followed by 40 cycles at 94°C for 10 s and 60°C for
30 s. All primers were designed to prevent the amplification of genomic DNA. Primer sequences are listed in
parentheses: Pmp22 (5'-ATGGACACACGACTGATCTCT-3'; 5'-CAGCCATTCGCTCACTGATGA-3'), Mpz (5'-GTC
CAGTGAATGGGTCTCAGATG-3'; 5'-CTTGGCATAGTGGAAAATCGAAA-3’), Mbp (5'-TCACAGCGATC CAAGTACC
TG-3'; 5'-CCCCTGTCACCGCTAAAGAA-3’), and 18S rRNA (5'-CTCAACACGGGAAACCTCAC-3’; 5'-CGCTCCA
CCAACTAAGAACG-3').

Immunofluorescence staining. Sciatic nerves were dissected and frozen in the OCT (optimal cutting
temperature) compound. Sections (10 um) were washed three times for 5 min each in 0.01 M phos-
phate-buffered saline (PBS) and then blocked with 5% bovine serum albumin (BSA) in 0.1% Triton X-100
solution in PBS (PBST) for 30 min at RT. Subsequently, sections were incubated with specific primary
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antibodies in 5% BSA supplemented with 0.1% PBST at 4°C overnight. The following antibodies were
used: anti-NDRG1 (sc398291 from Santa Cruz Biotechnology and ab124689 from Abcam), anti-S1003
(ab52642; Abcam), anti-neurofilament 200 (N4142; Sigma), anti-ErbB2 (MA5-13675; Thermo Fisher), and
anti-ITGB4 (ab29042; Abcam). Thereafter, sections were washed three times for 5 min with PBS and incu-
bated with secondary antibodies in 5% BSA supplemented with 0.1% PBST for 2 h at RT. After being
washed and then incubated with DAPI, sections were visualized under a Nikon confocal microscope.
Morphometric analysis. The middle sciatic nerves were isolated and fixed with 2.5% glutaralde-
hyde. Semithin sections from mice aged 2 weeks, 4 weeks, 8 weeks, and 12 weeks were stained with to-
luidine blue and examined under a light microscope. For the transmission electron microscopy analysis,
ultrathin sections from mice aged 2 weeks, 4 weeks, 8 weeks, and 20 weeks were stained with uranyl ac-
etate and lead citrate. The ultrathin stained sections were observed with a transmission electron micro-
scope (Hitachi TEM system).
Cell culture and transfection. A549 cells were grown in a culture medium consisting of Dulbecco's
modified Eagle’s medium (DMEM), 10% fetal bovine serum (Gibco), and 1% penicillin and streptomycin
(Invitrogen) in a humidified 5% CO, incubator at 37°C. Cells were transfected with the expression vector
pFlag-CMV4-NDRG1 or pFlag-CMV4 using Lipofectamine 3000 (Invitrogen) as described in our previously
reported study (8). Cells were transfected with a small interfering RNA (siRNA) (sense, 5'-GCGCCUAACUCGG
UAUUAATT-3’; antisense, 5'-UUAAUACCGAGUUAGG CGCTT-3") using Lipofectamine RNAIMAX (Invitrogen)
to knock down endogenous NDRG1.
Statistical analysis. Statistical analysis was performed using GraphPad Prism version 6.01. All values are
reported as the mean = standard deviation (SD) or mean =+ standard error of the mean (SEM). The data
were analyzed using Student's t test or one-way analysis of variance (ANOVA) according to the number of
groups compared. Tukey’s honestly significant difference (HSD) test was used for post hoc analysis. For all
analyses, statistical significance is denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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