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Abstract
Dominant intermediate Charcot-Marie-Tooth disease type C (DI-CMTC) is a dominantly inherited neu-
ropathy that has been classified primarily based on motor conduction velocity tests but is now known to 
involve axonal and demyelination features. DI-CMTC is linked to tyrosyl-tRNA synthetase (YARS)-as-
sociated neuropathies, which are caused by E196K and G41R missense mutations and a single de novo 
deletion (153-156delVKQV). It is well-established that these YARS mutations induce neuronal dysfunction, 
morphological symptoms involving axonal degeneration, and impaired motor performance. The present 
study is the first to describe a novel mouse model of YARS-mutation-induced neuropathy involving a neu-
ron-specific promoter with a deleted mitochondrial targeting sequence that inhibits the expression of YARS 
protein in the mitochondria. An adenovirus vector system and in vivo techniques were utilized to express 
YARS fusion proteins with a Flag-tag in the spinal cord, peripheral axons, and dorsal root ganglia. Follow-
ing transfection of YARS-expressing viruses, the distributions of wild-type (WT) YARS and E196K mutant 
proteins were compared in all expressed regions; G41R was not expressed. The proportion of Flag/green flu-
orescent protein (GFP) double-positive signaling in the E196K mutant-type mice did not significantly differ 
from that of WT mice in dorsal root ganglion neurons. All adenovirus genes, and even the empty vector 
without the YARS gene, exhibited GFP-positive signaling in the ventral horn of the spinal cord because GFP 
in an adenovirus vector is driven by a cytomegalovirus promoter. The present study demonstrated that ana-
tomical differences in tissue can lead to dissimilar expressions of YARS genes. Thus, use of this novel animal 
model will provide data regarding distributional defects between mutant and WT genes in neurons, the DI-
CMTC phenotype, and potential treatment approaches for this disease. 

Key Words: nerve regeneration; tyrosyl-tRNA synthetase; YARS-associated neuropathy; YARS mutation; 
Charcot-Marie-Tooth Disease; adenoviral vector-mediated mouse models; neural regeneration 

Introduction
Charcot-Marie-Tooth Disease (CMT) is an incurable neu-
rological disorder that has historically been classified as a 
subtype of muscular dystrophy (Krajewski et al., 2000). It is 
a common hereditary motor and sensory neuropathy that 
is now believed to be the result of demyelination and/or 
the axonal degeneration of peripheral neurons (Jordanova 
et al., 2006). CMT was initially identified as a syndrome 
by the unified work of three scientists (Charcot and Marie, 

1886; Tooth, 1886), and it was subsequently confirmed to 
be a peripheral nervous system (PNS) disorder by Hoffman 
(1889). Prior to 1977, the conventional method of classify-
ing CMT patients included motor conduction velocity tests, 
and the term ‘dominant intermediate’ was adopted as a des-
ignation for patients with a dominant inheritance of CMT 
and median motor conduction velocities between 25–45 m/
s (Davis et al., 1978). Subsequently, CMT has been charac-
terized on the basis of its axonal and demyelination features 
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(Kennerson et al., 2001). 
Tyrosyl-tRNA synthetase (YARS) is associated with dom-

inant intermediate CMT neuropathy type C (DI-CMTC; 
(Jordanova et al., 2006). This enzyme catalyzes the amino-
acylation of tRNA in  a two-step process with tyrosine via 
its cognate amino acid (Fersht et al., 1975) and is thought 
to be one of the first proteins discovered due to its vital role 
in linking amino acids with nucleotide triplets contained in 
tRNAs (Pruitt et al., 2009). In addition to its essential role 
in protein biosynthesis, YARS also exhibits cytokine activ-
ities in humans such that the N-terminal aspect fosters the 
catalytic site following its fragmentation (Kleeman et al., 
1997). Jordanova et al. (2006) identified two heterozygous 
missense mutations (G41R and E196K) and one de novo 
deletion (153-156delVKQV) in YARS that exhibit a linkage 
to DI-CMTC. The E196K and G41R mutations are present 
in the N-terminal aspect of YARS that contains the catalytic 
and anticodon recognition sites. Biochemical analyses have 
revealed that these two mutations lead to decreases in the 
ability to run the first step of aminoacylation (Antonellis and 
Green, 2008). 

Adenoviral vector-mediated mouse models have been 
successfully used to identify cellular distribution patterns 
in cell molecules, induce molecular changes in various 
mutants, and enable the manifestation of functional 
and morphological phenotypes. Previous studies from 
our research group investigated glycyl-tRNA synthetase 
(GARS)-associated neuropathy by developing an adeno-
viral-mediated mouse model that was useful for charac-
terizing the pathogeneses of CMT type 2D (CMT2D) and 
distal spinal muscular atrophy type V (dSMA-V) (Seo et 
al., 2014a, b). Utilizing in vitro techniques, Jordanova et al 
(2006) found reductions in the homogenous distributions 
of both mutant genes in transfected cells without preferen-
tial sorting to neuronal tips. In contrast, the non-transfect-
ed cells in that study exhibited distributional differences in 
both differentiating and undifferentiating neuronal cells in 
growth cones, branch points, and the distal aspects of neu-
rite projections.

Thus, to confirm the effects of the YARS mutants in a 
mouse model of DI-CMTC, three mutant-expressing ade-
noviruses (YARS wild type [WT], E196K, and G41R) were 
designed from artificial human YARS (hYARS) clones. The 
findings demonstrate that the YARS mutants may explain 
the DI-CMTC phenotype as well as the associated distribu-
tional defects and differences.

Materials and Methods
Animals
Thirty-six 6-week-old male C57BL/6 mice were housed in a 
humidity- and temperature-controlled environment with ad 
libitum access to water and food. All animal procedures and 
sacrifices were performed in accordance with the guidelines 
of the Korean Academy of Medical Science and the approv-
al of the KHU Committee of Animal Research (approval 
number: KHUASP[SE]-16-043). Sincere efforts were made 
to reduce the number of animals used in the study groups as 

well as to mitigate the pain and suffering experienced by the 
animals.

Neuron-specific recombinant adenoviruses
The present study used the mouse choline acetyltransfer-
ase (ChAT) promoter (accession number in GenBank: 
NC_000080), which is the regulatory element for neuro-
nal-specific expression and includes the cholinergic-specific 
enhancer and a neuron-restrictive silencer element (NRSE) 
(Misawa et al., 1992; Lönnerberg et al., 1996). Additionally, 
hYARS clones that permit sub-cloning into the pAD Track-
ChAT-CMV/GFP vector were used. Stable homologous 
recombinants of Flag-tagged pADTrack-ChAT-hYARSWT-
CMG/GFP, pADTrack-ChAT-hYARSE196K-CMG/GFP, and 
pADTrack-ChAT-hYARSG41R-CMG/GFP were generated 
using an E1/E3 double-deletion supercoiled adenoviral back-
bone vector (pADEasy-1, Stratagene; SantaClara, CA, USA). 
The titers used for these experiments included Ad/ChAT 
6.3 × 109 (pfu/mL), AdhYARSWT/ChAT 4.8 × 109 (pfu/mL), 
AdhYARSE196K/ChAT 4.3 × 109 (pfu/mL), and AdhYARSG41R/
ChAT 7.1 × 109 (pfu/mL), respectively. 

Viral administration
All mice were anesthetized with 30 mg/kg of Zoletil (Vibrac; 
CarrorsSeedees, France) and 10 mg/kg of Rompun (Bayer; 
Leverkusen, Germany). The sciatic nerve was exposed by 
an incision of the musculus gluteus superficialis, and the re-
combinant adenoviruses were injected into the nerve using 
a Hamilton syringe and glass micropipette under a stereo-
scope. Diluted virus solutions of AdhYARSWT/ChAT (1 µL), 
AdhYARSE196K/ChAT (1 µL), and AdhYARSG41R/ChAT (1 µL) 
containing 0.1% fast green (tracer) were injected into the 
sciatic nerve of each animal, and the skin incision was closed 
using Silkam 4.0 sutures (B/Braun; Melsungen, Germany). 
The present animal model was constructed using an adeno-
virus injection into the sciatic nerve, but it is highly likely 
that the amount of injected virus varied among the admin-
istrations. Thus, each animal model may exhibit differences 
in the green fluorescent protein (GFP) expression patterns 
regardless of the type of mutant YARS. 

Tissue processing
Seven days after the viral administration, the sciatic nerves, 
L4–5 dorsal root ganglia (DRG), and L4–5 spinal cord were ex-
tracted from the mice. Tissue samples were fixed overnight 
at 4°C using 4% paraformaldehyde (PFA) prepared in 0.1M 
phosphate buffer (PB) for immunohistochemistry (IHC) 
procedures. The samples were immersed overnight in the 
same solution at 4°C, transferred to 30% sucrose in 0.1 M 
phosphate buffer for 3 days, and then embedded in OCT 
compound (Leica Biosystems, Richmond, VA, USA). Dry 
ice was used to immediately freeze the samples before they 
were cryosectioned into frozen slices (16 µm) and placed 
onto gelatin-coated glass slides. Ice-cold phosphate-buffered 
saline (PBS) was used during the removal of the sciatic nerve 
sheaths, and the spinal cord at L4–6 segment (dorsal and ven-
tral horns) was cut. 
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Immunofluorescence labeling
For the immunofluorescence staining, the tissue sections 
that were placed on the gelatin-coated glass slides were fixed 
in 4% paraformaldehyde for 10 minutes and then washed 
in PBS three times. The tissues were then permeabilized 
in PBS containing 0.3% Triton-X 100; this was followed 
by blocking with 10% bovine serum albumin (BSA) at 4°C 
overnight. Next, the slides were incubated for 1 hour at 
room temperature in rabbit anti-flag (1:1,000; Cell Signaling 
Technology; Danvers, MA, USA), which was used as the 
primary antibody, followed by three washes in PBS. Sub-
sequently, the samples were immersed in Alexa-Fluor 594 
donkey anti-rabbit secondary antibody (1:1,000; Invitrogen, 
Life Technologies; Madison, WI, USA) for 2 hours at room 
temperature, washed three times in PBS, and then mounted 
using mounting gel. A laser scanning confocal microscope 
(LSM 700, Carl Zeiss; Oberkochen, Germany) was used to 
detect immunofluorescence on the slides.

Western blot analysis
A 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) procedure was performed to separate 
the protein lysates using mouse beta-actin (1:5,000; Sigma; St. 
Louis, MO, USA) and rabbit anti-Flag (1:1,000; Cell Signaling 
Technology) primary antibodies. After the primary antibody 
staining, appropriate horseradish peroxide-conjugated sec-
ondary antibody staining was performed after three washes 
in Tris-buffered saline with Tween 20 (TBST). An enhanced 
chemiluminescence (ECL) procedure (Amersham; Bucking-
hamshire, England) was then applied, and a membrane was 
developed. 

Statistical analysis 
All data were analyzed with one-way analysis of variance 
(ANOVA) tests and Bonferroni posthoc tests were used for 
multiple comparisons. Data are expressed as the mean ± SD 
using SPSS 23.0 software (IBM, Armonk, NY, USA). After 
analyses of three independent experiments, P values < 0.001 
were considered to indicate statistical significance.

Results
Different expression patterns of hYARS proteins in the 
spinal cord 
To further characterize DI-CMTC using an in vivo mouse 
model, an adenovirus system was constructed using 
pAdeasy-ChAT-hYARS-Flag-CMV-GFP because this virus 
system is thought to express Flag-tagged hYARS under the 
surveillance of ChAT and GFP with the close scrutiny of a 
CMV (Figure 1A). Additionally, to determine the efficiency 
of in vitro hYARS protein expression in the 293 cell line, 
western blot analyses were performed to determine whether 
the constructed adenovirus exhibited normal function in 
terms of WT, E196K, and G41R protein expressions (Figure 
1B). The promoter of the mouse ChAT gene, which includes 
a NRSE and cholinergic-specific enhancer, has previously 
been used in similar models because specific differences in 
DNA sequences linked to human diseases often have anal-

ogous sequences in the mouse genome (Cheng et al., 2014). 
The present study also utilized another important physiolog-
ical property of the neuron, axonal transport, to retrogradely 
transport recombinant adenovirus-harboring mutant genes 
to the DRG and spinal cord (During, 2006). Finally, the 
constructed vectors were injected into the sciatic nerves of 
the mice to create WT, E196K, and G41R hYARS over-ex-
pressing mouse models. In our opinion, the use of direct 
injections lowers the possibility of meaningless phenotypes 
and allows for the administration of concentrated amounts 
of adenovirus for infection. Although this method may aid 
in the identification of clear phenotypes that are similar to 
hYARS-associated diseases, inexperienced handling during 
the injection procedure may lead to false and/or unusual re-
sults. With this limitation in mind, the present study reports 
the effects of two mutant genes associated with DI-CMTC in 
a mouse model for the first time.

Distribution defects of hYARS mutations in peripheral 
axons
In the spinal cord, GFP fluorescence was observed only in 
neuron-related peripheral projections but not in spinal glial 
cells because Flag was expressed only using the neuron-spe-
cific promoter. Immunolabeling was performed using an 
anti-Flag antibody to identify the transfected expressions 
of WT, E196K, and G41R YARS genes in the spinal cord. 
All adenovirus genes, and even the empty vector without 
YARS gene, exhibited GFP-positive signals in the ventral 
horn of the spinal cord because this expression is driven 
by a cytomegalovirus (CMV) promoter in the adenovirus 
vector (Figure 2A). The E196K- and WT-expressed samples 
exhibited anti-Flag signals in the ventral horn of the spinal 
cord, but the G41R mutant had relatively low signals in this 
region; magnified confocal images (100 µm) verified these 
results (Figure 2B). Additionally, because the empty virus 
vector contained only the ChAT promoter, it was unable to 
express YARS-Flag fusion proteins. It was quite clear that the 
cell bodies were positioned along a chain that was located 
parallel to the spinal cord inside the vertebrae, whereas the 
axons terminated in the spinal nerve sheaths. The presence 
of GFP/Flag double-positive signaling in the axons indicates 
that the adenoviral vector was effectively expressed in the 
YARS protein, which mostly occurred for the E196K mutant 
and WT (Figure 2B). These findings suggest that there were 
neuron-specific expressions of Flag-tagged hYARS fusion 
proteins in the peripheral nerves (WT and E196K); the pres-
ent in vivo experiment did not identify any G41R expression. 
On the other hand, Jordanova et al. (2006) utilized in vitro 
techniques and found reductions in both the tear-drop ef-
fects and homogenous distributions of both mutant genes in 
most transfected cells (without preferential sorting to neuro-
nal tips) compared with non-transfected cells. 

In the present study, immunohistochemistry (IHC) 
procedures using an anti-Flag antibody were employed to 
determine the expressions of the WT, E196K, and G41R 
proteins in the sciatic nerve. All adenovirus vectors exhib-
ited GFP-positive signaling due to a transcript driven by 
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a CMV promoter (Figure 3A). The number of Flag/GFP 
double-positive nerve fibers in the WT group was very high 
compared with that in the E196K mutant group (Figures 3A 
and B); therefore, the expression patterns of anti-Flag stain-
ing in the nerve cross-sections significantly differed between 
the two mutant genes (Figure 3B). Because anatomical dif-
ferences in tissues may lead to dissimilarities in gene expres-
sion, immunofluorescence was performed with an anti-Flag 
antibody and revealed infected WT in the longitudinal sec-
tions of the sciatic nerve. There were relatively few Flag/GFP 
double-positive axons for the E196K mutation compared 
with the WT (Figure 3C); counting was based on a 300 × 
300 µm2 area (Figure 3D). Taken together, these findings 
suggest that there were possible dissimilarities in expression 
and differences in distribution between the WT and E196K 
mutant YARS groups in the present in vivo model. On the 
other hand, the G41R mutant gene was not always equally 
expressed in all tissues.

Distribution patterns of hYARS proteins in DRGs
Next, the expression profiles of all three adenovirus vectors 
in the sensory neural cell bodies of the DRG were analyzed in 
the infected adenovirus mouse model. Using IHC, Bellier and 
Kimura (2007) found that ChAT can be visualized in DRG 
neurons. Thus, to determine the hYARS expression levels of 
WT gene and the E196K and G41R mutant genes in the DRG, 
the expression levels of Flag-tagged hYARS were evaluated in 
the DRG samples 7 days after adenoviral infection. The WT 
gene and the E196K mutant gene both showed Flag-positive 
signals with GFP fluorescence (Figure 4A); thus, there was 
no difference in the protein expression levels of the WT and 
E196K groups, whereas the G41R mutant protein was not 
expressed in DRG neurons (Figure 4B). Taken together, these 
findings indicate that there were dissimilarities in the expres-
sions of mutant genes in all expressed regions.

Discussion
For the first time, the present study utilized E196K and G41R 
mutations in a mouse model of DI-CMTC that has very sim-
ilar features to the human disease to further characterize its 
etiology and pathophysiology. DI-CMTC is associated with 
axonal degeneration and the demyelination of peripheral mo-
tor and sensory neurons; three mutations in YARS-encoding 
regions have been reported (Jordanova et al., 2006). Our re-
search group developed a DI-CMTC animal model to identify 
the distributions of the WT protein and the E196K and G41R 
mutant proteins in the spinal cord, DRG, and nerve fibers 
using a Flag-tagged hYARS fusion-expressing adenovirus. Be-
cause the spinal cord extends from the medulla oblongata in 
the brain stem to the lumbar region of the vertebral column 
and sensory neurons positioned in the DRG innervate the 
sciatic nerve via primary afferent fibers, it is relatively easy to 
administer an infection using an adenoviral vector (Rigaud 
et al., 2008). Thus, the best potential outcome from designing 
a mouse model would be the easy visualization of effects in a 
short time frame using immunostaining.

Storkebaum et al. (2009) employed an in vivo paradigm 

to investigate the cause of DI-CMTC and observed that the 
specific YARS expression levels of mutants in Drosophila 
neurons prompt continuous short falls in motor function 
that are associated with the degeneration of related axons 
that form a giant fiber. Moreover, the molecular pathways 
that are involved in this YARS-associated neurodegeneration 
are conserved from flies to humans. The findings obtained 
using this Drosophila model of DI-CMTC also indicate that 
the neuron-specific expression of mutant YARS induces im-
paired motor performance as well as electrophysiological and 
morphological neuronal defects (Storkebaum et al., 2009). 
Whereas the fly model generated by these authors provided 
mechanistic insights into the pathogenesis of DI-CMTC that 
defined the role of YARS in neuronal cell homeostasis, the 
present findings utilized a more effective adenovirus vector 
system that incorporated in vivo techniques to express YARS 
fusion proteins. A recent kinetic study investigating these 
mutations indicated that DI-CMTC is not the result of cata-
lytic deficits in the tRNA aminoacylation reaction (Froelich 
and First, 2011). However, none of these studies provided 
experimental conclusions on Mus musculus, which suggests 
that the present results are novel. 

A similar in vitro study found that CMT2D-causing muta-
tions associated with GARS share the same defects in terms 
of localization (Nangle et al., 2007). Furthermore, previous 
findings from our research group have detailed the roles 
of GARS and mutant genes that are associated with distri-
butional defects in WT genes in CMT2D using a mouse 
model (Seo et al., 2014b). Jordanova et al. (2006) utilized the 
Y24815 strain of Sachromyces cerevisiae (in vivo) and ob-
served a partial loss of aminoacylation activity in the mutant 
protein as well as reductions in yeast growth based on genetic 
complementation and biochemical experiments. Additional-
ly, the in vitro results from that study showed a reduced and 
homogenous distribution of the mutant protein in transfect-
ed cells compared with differences in localization between 
neuronal and non-neuronal cells as well as differences in the 
numbers of differentiating and undifferentiated neuronal 
cells in non-transfected cells. These authors concluded that 
the mutations abridged the initial step of the aminoacylation 
reaction and that there was a dominant negative effect on WT 
function, including deficits in synaptic plasticity that likely led 
to the ultimate motor and sensory peripheral neuropathies 
(Jordanova et al., 2006). Thus, in an attempt to identify a sim-
ilar type of distributional difference using an in vivo model 
of DI-CMTC, YARS mutants were injected into mice, and a 
defect in YARS mutant localization was confirmed.

The ventral horn of the spinal cord encompasses motor 
neurons and their axons, which extend through the cell bod-
ies to peripheral nerves to directly influence the activity of 
axial muscles. Following the transfection of the YARS WT-, 
E196K-, and G41R-expressing virus vectors into the sciatic 
nerve, there were equal expressions of the YARS WT and 
E196K fusion proteins according to the Flag-tagged expres-
sions in each portion of the spinal cord. On the other hand, 
expression of the G41R fusion proteins was not evident in 
the ventral horn. These findings clearly indicate that mea-
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surements of the expressions of mutant YARS proteins ad-
ministered with an adenovirus vector are able to characterize 
the molecular, morphological, and functional phenotypes of 
DI-CMTC in this animal model. Additionally, the present 
experimental data provide clear evidence that there are dif-
ferences in the distribution of the mutant genes or dissimi-
larities in the expression of the proteins in the mutant genes 
in the same expressed regions; moreover, the phenotype of 
the animal model developed sufficiently in just 7 days and 
revealed the distribution of the mutant proteins.

There were fewer Flag+/GFP+ axons in the longitudinal sec-
tions of the sciatic nerve with the mutant YARS relative to in 
the WT group, which is also strong evidence of distributional 
differences in peripheral axons in this in vivo model. These dis-
tributional defects may depend on axon length and may be the 
result of impaired axonal transport due to the altered non-ca-
nonical effects of the mutant YARS (Hurd and Saxton, 1996). 
According to this hypothesis, the lack of YARS in peripheral 
axons distal from the motor neuron cell body may affect the 
synthesis of axonal transport-associated proteins and ultimate-
ly induce axonal degradation. Neurons require the efficient 

axonal transportation of cytoskeletal vesicle components, mi-
tochondria, and synaptic vesicles, and avariety of genes associ-
ated with CMT are related to axonal transport in the PNS (Jor-
danova et al., 2006). Thus, long and narrow peripheral axons 
that are subjected to length-dependent distributional defects 
may result in a neuronal specificity for the YARS mutation. 
Length-dependent axonal degradation is a major etiological 
factor associated with inherited peripheral neuropathies that 
begin in the distal part of a nerve and spread toward the cell 
body (Seo et al., 2014a). This may also explain why there is a 
reduced expression of the G41R mutant, whereas other factors 
may cause the anatomical differences in the expressed regions 
and the entire in vivo system. This distribution defect may also 
have a negative effect on the axon terminals of long-distance 
peripheral nerves; therefore, additional studies are needed to 

Figure 1 Genomic structures of the human tyrosyl-tRNA synthetase 
(hYARS)-expressing adenoviral vectors and their expression 
patterns in the cell line. 
(A) Schematic representations of the expression units and promoter 
of each constructed adenovirus (YARS WT, E196K, and G41R). The 
mitochondrial targeting sequence was deleted to prevent the YARS 
proteins from being expressed in mitochondria; because mitochondria 
have their own protein synthesis system, the expression of the mutated 
YARS in mitochondria may affect the distribution pattern of the adeno-
virus in the cytoplasm of long-distance peripheral nerves. To avoid this 
possibility, the mitochondrial targeting sequence was deleted to reduce 
the chances of adenovirus expression in mitochondria. (B) Protein 
lysates from adenovirus-infected mouse sciatic nerves analyzed with 
western blots. Con: No virus; WT: wild-type; (–): empty virus without 
ChAT; E: E196K mutant hYARS; (+): empty virus with ChAT; G: G41R 
mutant hYARS. Flag-YARS: 59 kDa; β-actin: 42 kDa. All experiments 
were performed in triplicate.

Figure 2 Distribution pattern of human tyrosyl-tRNA synthetase 
(hYARS) in the spinal cord. 
(A) Neuron-specific expression of wild type (WT) YARS (hYARS) in 
spinal cord sections using green fluorescent protein (GFP) expression 
(green) and the immunofluorescence labeling of Flag (red); yellow 
staining indicates the overlapping of red and green signals. GFP/Flag 
double-positive signals indicate the expression of Flag-tagged hYARS 
fusion proteins in the spinal cord. Empty: Empty virus without insert; 
WT: wild-type; E196K: E196K mutant hYARS; G41R, G41R mutant 
hYARS. Scale bar: 500 µm. (B) Magnified visualization of the E196K 
and G41R mutant hYARS expressions in the spinal cord. Scale bar: 100 
µm. Three independent experiments were performed for each immu-
nohistochemistry analysis.
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Figure 3 Neuron-specific expressions of human tyrosyl-tRNA synthetase (hYARS) in the sciatic nerves. 
(A) Neuron-specific expressions of hYARS proteins in cross-sections of sciatic nerves using green fluorescent protein (GFP) expression (green) and 
the immunofluorescence labeling of Flag (red); yellow staining indicates the overlapping of red and green signals with Flag-tagged hYARS fusion 
proteins (GFP/Flag double-staining, narrow arrow). Bold arrows depict GFP-expressing nerve fibers without Flag expression. Scale bar: 40 µm. (B) 
Quantification of Flag+/GFP+ nerve fibers showed the number of axons with Flag immunoreactivity out of GFP+ nerve fibers in a 300 × 300 µm2 

area; ***P < 0.0001, vs. wild type (WT) YARS (n = 5). Three independent experiments were performed for each immunohistochemistry analysis. (C) 
Immunofluorescence procedure with an anti-Flag antibody in the infected WT gene and E196K and G41R mutants in a longitudinal section of the sci-
atic nerve; yellow staining indicates the overlapping of green and red signals with Flag-tagged hYARS fusion protein. Scale bar: 50 µm. (D) Numbers 
of Flag+/GFP+ axons in WT and mutants; counting the number of axons with Flag immunoreactivity out of GFP+ nerve fibers was performed in a 300 
× 300 µm2 area (***P < 0.0001; n = 5). Three independent experiments were performed for each immunohistochemistry analysis.

Figure 4 Expression patterns of human tyrosyl-tRNA synthetase (hYARS) in dorsal root ganglia (DRG) neuronal cell bodies.
(A) Expression of Flag-tagged hYARS fusion proteins in DRG neuronal cell bodies. Immunofluorescence analyses of the Flag (red) and GFP (green) 
expressions in the DRG are shown. Scale bar: 40 µm. (B) Percentages of Flag+/GFP+ DRG neurons for all adenoviruses; quantitative analyses show the 
number of DRGs with Flag immunoreactivity out of GFP+ DRGs in a 300 × 300 µm2 area. Three independent experiments were performed for each 
immunohistochemistry analysis.
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identify the cause of distributional defects of mutant YARS 
proteins to aid in an understanding the pathophysiology un-
derlying this incurable disease. 

Nangle et al. (2007) found similar distributional defects in 
all studied CMT-associated mutant GARS proteins, whereas 
Jordanova et al. (2006) identified different subcellular distri-
butions of YARS in neuronal and non-neuronal cells, which 
they referred to as the tear-drop effect. In other words, this 
axonal degeneration is due to the exclusion of mutant YARS 
proteins in anterograde and retrograde cargo transport and 
the inability of axons to clear the mutant proteins (Motley 
et al., 2010). Studies investigating dimer interactions and 
formations in subjects with these disease-related mutations 
may provide strong data regarding the manifestation of these 
distributional defects. 

Although a variety of novel approaches have been de-
veloped to treat CMT, this disease remains incurable. The 
clinical and genetic heterogeneity of DI-CMTC as well as 
the large number of genes linked to this disease pose a chal-
lenge to the identification of therapeutic strategies and, thus, 
animal models of DI-CMTC can be powerful tools. The de-
velopment of animal models and the reproduction of pheno-
types comparable to DI-CMTC will aid in the design of new 
therapeutic approaches, modifiers, biomarkers, and molecu-
lar mechanisms that can lead to clinical trials. Although DI-
CMTC exhibits clear phenotypes in both peripheral axons 
and Schwann cells, the primary focus of our research group 
remains the distributional defects of mutated YARS in axons. 
However, further studies evaluating Schwann cells as a fac-
tor underlying the pathophysiology of DI-CMTC should be 
conducted using Schwann cell-specific adenovirus vectors.
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