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Gene Product Nucleotide Base

Number Change
Hypervariable segment 2 200 AwG
Hypervariable segment 2 257 Aw G
12S ribosomal RNA 1442 GwoA
NADH dehydrogenase 2 4612 Tt C
NADH dehydrogenase 2 5127 AwG
Cytochrome ¢ oxidase 1 6332 Aw G
Cytochrome ¢ oxidase 1 7389 CwT

Nonceding nucleotides 7 8272

Noncoding nucleotides 7 8291 Atw G
NADH dehydrogenase 3 10403 AwG
NADH dehydrogenase 4 11151 CwoT
NADH dehydrogenase 4 11969 GoA
NADH dehydrogenase 5 13105 Aw G
D-loop 16325 TwG
D-loop 16390 GwA
D-loop 16523 Atw G

TABLE 2: Total mtDNA Sequencing ldentified 16 Alterations Previously Reported as Polymorphisms, 10
Alterations in the MITOMAP Database, and 9 in the GiiB-JST mtSNP Database

9bp deletion

D-loop = displacement loop; GiiB-JST mtSNP = human mitochondrial genome single nucleotide polymorphism database (heep://
mtsup.unig.or.jp/mesnp/index.sheml); MITOMAP = human mitochondrial genome database (http://www.mitomap.org);
mtDNA = mirochondrial DNA; NADH = reduced nicotinamide adenine dinucleotide.

Amino Acid  MITOMAP GUB-JST mtSNP
Change Database Database
Reported
polymorphism
Reported Reported
polymorphism  polymorphism
Reported
polymorphism
Mt T Reported
polymorphism
Ntw D Reported
polymorphism
Synonymous
Yo H Reported
, polymorphism
Reported
polymorphism
Reported Reported
polymorphism  polymorphism
Synonymous Reported Reported
polymorphism  polymorphism
AwV Reported
polymorphism
AwT Reported
polymorphism
IwoV Reported Reported
polymorphism polymorphism
Reported
polymorphism
Reported
polymorphism
Reported
polymorphism

SDH staining fibers, and CCO-deficient fibers, this case
was diagnosed with mitochondrial myopathy.

Muscle biopsy from the other patients revealed sev-
eral RRFs, highly expressed SDH staining fibers, and
CCO-deficient fibers. Histochemical parameters showed
relatively mild alterations, and the low frequency of CCO-
deficient fibers and RRFs might have been influenced by
age-related changes. However, we could not explain the
histochemical findings in Cases 8 and 9 as age-related
changes because these were younger patients; hence, we
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surmise that their histochemical findings could be associ-
ated with their clinical features and the pathogenetic prop-
erty of mtDNA alterations. Accordingly, we diagnosed all
9 cases as mitochondrial disease of similar genetic back-
ground and elinical findings.

Six patients in this study had experienced severe
myalgia at some point in time; this is characteristic of
recurrent myoglobinuria associated with mtDNA muta-

20-22

tion. In contrast, elevated serum CK levels were rela-

tively low in these patients and recurrence rates were also
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low; no padent had a history of voiding dark brown
urine or acute renal failure. Furthermore, serum CK lev-
els had normalized without medication at follow-up
examinations. We believe that mild muscle weakness and
the minor, episodic elevation in CK levels observed in
our patients could be caused by mitochondrial dysfunc-
tion, as indicated by histochemical findings.

Patients in this study originated from 8 different
families, but they had the same 16 mtDNA polymor-
phisms and a similar phenotype. In addition, all patients
originated from the southern part of Japan. These results
suggest that this disease is of mitochondrial origin,
caused by mtDNA alterations, and transmitted by mater-
nal inheritance, leading to the possibility that a common
source exists or had existed in southern Japan. At the
same time, these mitochondrial diseases were less likely
to be associated with nuclear DNA. We evaluated all
mtDNA alterations listed in MITOMAP and GiiB-JST
(human mitochondrial genome single nucleotide poly-
morphism  database;  http://mtsnp.tmig.or.jp/mtsnp/
index.shtml), the largest publicly available compendium
of mtDNA polymorphisms. We found the following 16
alterations: np200, np257, npl442, np4612, np5127,
np6332, np7389, 9bp deletion between np8281 and
8289, np8291, np10403, np11151, npl1969, npl3105,
npl6325, npl6390, and np16523. However, each altera-
tion previously reported in MITOMAP and GiiB-JST
had been described as a nonpathological alteration.

The 16 polymorphisms are probably because of a
rare haplotype that is probably derived from the B4fl
haplogroup of the East Asian mtDNA haplogroups that
share 14 of the 16 polymorphisms (np200, np257,
npl442, np4612, np5127, np6332, np7289, 9bp dele-
don between np8281 and 8289, np8291, npl1969,
npl3105, np16325, npl6390, and np16523).?

In addition, oxidative phosphorylation complex ac-
tivity was studied in a previous study that included 4 of
the 9 patients from this study; the activity of complex IV
relative to that of citrate synthetase was reduced to about
50% in normal controls in this previous study.'*> Mito-
chondrial discase is usually caused by a pathological
mtDNA rearrangement, with mtDNA mutations being
classified as depletion, deletion/duplication, and point
mutations. Nevertheless, a previous study reported that
retrospective  screening of 2,000 patients suspected of
mtDNA disorders for common point mutations and
large deletions identified mutations in only 6% of the
patient population.** Mitochondrial myopathies with iso-
lated skeletal muscle involvement and mtDNA mutation
are relatively rare. However, many patients could live

normally with pure myopathy but stll harbor unknown
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genetic defects in the mtDNA. A previous study reported
exercise intolerance due to mutations in the cytochrome
& gene of mtDNA;” the clinical manifestations included
progressive exercise intolerance, proxilﬁa.l limb weakness,
and in some cases, myoglobinuria.

In several reports, double disease-associated murta-
tions were detected in the same padents with Leber’s
hereditary optic neuropathy (LHON);***® these muta-
tions may have some influence on the symproms of
LHON. Another stydy reported that some polymor-
phisms adjacent to the 3243A>G mutation had different
effects on the clinical phenotype, muscle pathology, and
respiratory chain enzyme activity.” Yet another pathoge-
nesis has been suggested; antiretroviral therapy causes pe-
ripheral neuropathy, a pathogenesis in which nucleoside
reverse transcriptase inhibitor (NRTT)-associated mito-
chondrial dysfunction, inflammation, and nutritional fac-
tors have been implicated. Owing to its well-documented
potential for inducing mitochondrial dysfunction and
oxidative stress, NRTT therapy could be considered as a
significant environmental challenge, which, when super-
imposed on genetic susceptibility, leads to a toxicity
phenotype. The environmentally determined genetic
expression (EDGE) concept provides a framework for
considering the combinations of genetic and environmen-
tal exposure that define the thresholds for expression of
specific phenotypes in an individual. This concept holds
that genetic variations in expressed proteins have differ-
ent cffects in different environmental contexts, and that
disease or toxicity phenotype is determined by the func-
tional magnitude of the genetic change and the severity
of the environmental exposure.”’

In summary, the findings of distinct clinical features,
mitochondtial pathologic changes and the same mitochon-
drial genetic background in all patients suggest that this
disease could be a novel mitochondrial disease. Although
we did not identify the key pathogenic mutations, this dis-
ease should be associated with some of the 16 mtDNA
alterations or at least with their mitochondria. Therefore,
we propose that this discase be named as “mitochondrial
myopathy with episodic hyper-CK-emia (MIMECK).” We
believe that this study provides an insight into a novel
aspect of mitochondrial discase pathogenesis.

Furthermore, pharmacogenetic studies on drug-
induced and associated mtDNA alterations could con-
tribute to research leading to the discovery and design of
novel drugs that would eliminate the negative side effects
associated with current therapies. Further genetic and
clinical studies, especially involving persons of another
race and from other geographic areas, will darify the
pathogenesis of this disease.
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Masanori Nakagawa

Proximal hereditary motor and sensory
neuropathy (HMSN-P) is an autosomal
dominant neuromuscular disease with
sensory symptoms that was first described
in patients from Okinawa, a southern
archipelago in ]apan.1 The clinical features
of HMSN-P include proximal dominant
neurogenic atrophy with fasciculations,
painful muscle cramp, sensory involve-
ment and areflexia. Serum levels of crea-
tine kinase are elevated and patients have
a higher incidence of hyperlipidaemia and
diabetes mellitus. The electrophysiological
findings are consistent with motor and
sensory axonal neuropathy. On neuro-
pathological investigation, the sensori-
motor neuronopathy is the cardinal
feature in HMSN-P. However, brainstem
pathology has yet to be elucidated.

HMSN-P is a slowly progressive intrac-
table disease and some patients eventually
require a tracheostomy with artificial
ventilation, mimicking the clinical course
of familial amyotrophic lateral sclerosis
(FALS). It is thus no wonder that the
dominant differential diagnoses in patients
with HMSN-P include FALS, adult onset
spinal muscular atrophy (SMA) or Char-
cot—Marie—Tooth disease type 2. Being an
autosomal dominant adult onset disorder,
when a patient with HMSN-P is diag-
nosed, the disease can be transmitted to
their next generation, underscoring the
need for genetic counselling.

Cerrespendernce to Dr M Nakagawa, Department of
Neurology, Graduate School of Medical Science, Kyoto
Prefectural University of Medicine, Kawaramachi
Hirokoji, Kajii-chou 465, Kamigyo-ku, Kyoto 602-0841,
Japan; mnakagaw@koto.kpu-m.ac.jp
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The gene locus of HMSN-P has been
mapped to an overlapping centromeric
region of chromosome 3 in two indepen-
dent linkage analyses, one from
a Okinawa family* % and another from
a family from Shiga prefecture in main-
land Honshu, Japan.?

Fujita and colleagues,* proposed that
HMSN-P could be considered as a form
of FALS with sensory involvement (see
page 1402), based on the neuropatholog-
ical findings of brainstem and spinal cord
motor neuron involvement with opti-
neurin, which is a new causative gene of
FALS reported by Japanese scientists.” The
clinicopathological features of HMSN-P are
similar to those of SOD1 mutated FALS.
From the foregoing studies, one may cast
some doubt on the classification -of this
entity as HMSN. While proposed that it
might be better regarded as FALS with
sensory neuronopathy,® the nomenclature
of HMSN-P may actually belong to a new
subclass under the nosology of ALS.

Maeda ez al have reported a new case of
HMSN-P in a Bra21han family with Japa-
nese ancestry.® It is interesting to note
that emigration from Japan to Brazil has
been widespread since 1908, reaching 18
million at present. In addition, more than
one-third of the initial Brazilian immi-
grants came from the Okinawa islands.
The people from the Okinawa prefecture
immigrated to the American continents,
including Brazil (approximately 130 000),
the USA (80000), Peru (40 000) and other
countries (50000). We can thus assume
that HMSN-P is not only limited to
Japan, but might have spread worldwide,
especially in countries that have received
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many Okinawan immigrants. Further-
more, it is concejvable that patients with
HMSN-P may exist worldwide carrying
a diagnosis of FALS, adult onset SMA or
Charcot—Marie—Tooth disease type 2.

A number of issues relating to HMSN-P
remain to be elucidated, among them the
following questions. How is the motor
pathology related to the sensory counter-
part? What is the causative gene of the
disease? How are HMSN-P families in
Okinawa and Kansai related? The global
epidemiology, pathomechanism and ther-
apeutic strategy for HMSN-P have not
been elucidated to date. Because the
disease develops usually in the fourth
decade of life, mutant genes have a higher
chance of transmission to the next gener-
ation, underscoring the wurgency for
seeking the pathomechanism.

The quest for the exact patho-
mechanism of HMSN-P may contribute to
clarification of other neurological diseases,

such as FALS and SMA.
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A Commentary on Molecular diagnosis and clinical
onset of Charcot—Marie-Tooth disease in Japan

Masanori Nakagawa

Journal of Human Genetics (2011) 56, 341-342; doi:10.1038/jhg.2011.32; published online 24 March 2011

he article entitled ‘Molecular diagnosis

and clinical onget of Charcot-Marie-
Tooth disease in Japal' offers new light on
the remarkable ethnic diversity of Charcot—
Marie-Tooth disease (CMT) in different
populations.! CMT is indeed the most com-
mon inherited peripheral neuropathy.
Whereas the prevalence is estimated at one
patient per 2500 population in Europe and
the United States, the precise prevalence
in Japan still remains unexplored. CMT
symptoms include an awkward gait, muscular
atrophy of the distal extremities and foot
deformities (Figure 1). Clinical observations
indicate that CMT is highly heterogeneous
and may range from patients who may be
asymptomatic to those who are bedridden.
Thus, CMT may have to be suspected in those
patients with peripheral neurbpathy and
cavus foot, even if no other members of the
family have been diagnosed with the disease.
This clinical approach will therefdré help in
framing the precise prevalence and{nolecular
epidemiology of CMT in Japan.

CMT constitutes a genetically hetero-
geneous group of diseases that affect the
peripheral nervous system. Characterized
by degeneration or abnormal development
of the peripheral nerve and transmitted with
different genetic patterns, CMT has been
traditionally classified into demyelinating,
axonal and intermediate forms based
on nerve conduction studies. As for the dis-
ease causality, more than 40 genes have
been identified (http://www.molgen.ua.ac.be/
CMTMutations/Mutations). The proportions
of different genotypes in patients with CMT

Dr M Nakagawa is at the Department of Neurology,
Graduate School of Medical Science, Kyoto Prefectural
University of Medicine, Kawaramachi Hirokoji, Kajii-
chou 465, Kamigyo-ku, Kyoto 602-0841, Japan.
E-mail: mnakagaw@koto.kpu-m.ac.jp '

have been reported often in the Caucasian
population,> but rarely in the non-
Caucasian population. The authors disclosed
the proportions of different genotypes of
CMT in the Japanese population, together
with 14 novel disease-causing mutations of
known CMT genes.! This study is a signifi-
cant genetic survey involving 354 patients
with CMT in the non-Caucasian population.
They also showed the distinct age of onset in
different CMT genes. Most of the patients
carrying PMP22, MPZ, NEFL, PRX and
MEFEN2 mutations showed an early disease
onset, while half of the patients with PMP22
duplication and all patients with GJBI or
MPZ mutations showing an axonal pheno-
type were late disease onset. They also high-
lighted two epidemiological features in the
]apa.n;ese population that are distinct from
thos¢ of the Caucasian population: lower

prevalence of duplication of PMP22 in the
demyelinating CMT and more cases in which
no causative genes were identified despite
an extensive search on the representative
CMT genes.>® Arguably, the lower prevalence
of PMP22 duplication in the Japanese
population is likely associated with the milder
symptoms in this population owing to genetic
and/or epigenetic modifying factors. Indeed,
a genetic study is essential to identify
the causative gene for CMT, to clarify the
molecular mechanism of CMT and to
pursue the development of novel treatment
strategies.

Several questions still remain: How can
we ultimately identify the causative genes in
the patients with unknown cause? What
are the genetic and epigenetic modifying
factors that potentially affect the phenotypic
expression of patients with PMP22 duplica-

Figure 1 The cavus foot of a CMT patient.
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tion? It could be helpful to establish a
high-throughput screening method using
the next-generation sequencer for identifica-
tion of the causative gene of patients with
unidentified mutations and the genetic and
epigenetic modifying factors of CMT.
In addition, a molecular epidemiological
study of CMT in Asian countries including
Korea and China, where Japanese lineage may

encroach, is needed, so as to provide more
insight into the genetic background of
the low prevalence of PMP22 duplication
in Japan.

1 Abe, A., Numakura, C., Kijima, K., Hayashi, M.,
Hashimoto, T. & Hayasaka, K. Molecular diagnosis and
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clinical onset of Charcot-Marie-Tooth disease in Japan.
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Axotomy induces axonogenesis in hippocampal
neurons through STAT3

R Ohara™, Y Fujita"®, K Hata', M Nakagawa® and T Yamashita*"*

After axotomy of embryonic hippocampal neurons in vitro, some of the axotomized axons lose their identity, and new axons arise
and grow. This axotomy-induced axonogenesis requires importin, suggesting that some injury-induced signals are transported
via axons to elicit axonogenesis after axotomy. In this study, we show that STAT3 is activated in response to axotomy. Because
STAT3 was co-immunoprecipitated with importin g in the axotomized neurons, we suggest that STAT3 is retrogradely
transported as molecular cargo of importin o/f heterodimers. Indeed, inhibition of importin « binding with STAT3 resulted in the
attenuation of axonogenesis. Silencing STAT3 blocked the axonogenesis, demonstrating that STAT3 is necessary for axotomy-
induced axonogenesis. Furthermore, the overexpression of STAT3 enhanced axotomy-induced axonogenesis. Taken together,
these results demonstrate that activation and retrograde transport of STAT3 in injured axons have key roles in the axotomy-~

induced axonogenesis of hippocampal neurons.

Cell Death and Disease (2011) 2, e175; doi:10.1038/cddis.2011.59; published online 23 June 2011

Subject Category: Neuroscience

The cell body of an injured neuron must receive accurate and
timely information about axonal damage to reproduce
polarization. It has been widely recognized that a dendrite is
transformed into a new axon and that an injured axon regrows
after axonal injury.”? In addition to examining these
responses, we have focused on the previously unrecognized
phenomenon of a new neurite arising from a cell body after
axotomy and becoming an axon.® In approximately one-tenth
of cultured rat hippocampal neurons on embryonic day (E)
18-19, new neurites arise from cell bodies and grow after
axotomy (axonogenesis).3 These neurites become Tau-1
positive, and the injured axons lose immunoreactivity for Tau-1.
This axotomy-induced axonogenesis is the third form of
response to axonal injury and may be important for plasticity
induced by axonal injury. The mechanism underlying this
phenomenon has remained a significant question, however.

Because the cell bodies of injured neurons must receive the
signals for axonal damage to produce new axons, we
reasoned that an injury signal would be transported retro-
gradely to the cell body by the dynein—dynactin complex.
Indeed, axonogenesis can be delayed in these neurons by
inhibiting the dynein—dynactin complex through overexpres-
sion of p50.% Importin B, which is locally translated after
axotomy, associates with dynein and is required for axotomy-
induced axonogenesis in hippocampal neurons.® Importin «
protein is constitutively complexed with the retrograde motor
dynein; after lesioning, importin g1 mRNA localizes in the
axoplasm and is rapidly translated into importin g1 protein,
leading to the formation of importin «/f1 heterodimers bound

to the retrograde motor dynein.* Thus, the axoplasmic
importin-dynein complex enables retrograde injury signaling
in injured axons. The identification of the molecules that are
retrogradely transported is expected to elucidate the mechan-
ism of this interesting phenomenon.

Other studies have identified a number of transcriptional
factors in peripheral nerve axons that might be implicated in
retrograde signaling,® some of which have been reported to
interact with importins and their associated molecules for
nucleocytoplasmic transport. it is tempting, therefore, to
speculate that transcriptional factors interact in axons via
importin—dynein-mediated transport as well. Our study
showed that STAT3 was activated in response to axotomy
and was required for axotomy-induced axonogenesis.

Results

STAT3 inhibitor attenuates axotomy-induced
axonogenesis. We cultured hippocampal rat neurons
(E18-19) at low density for 3 days and cut the axons of the
stage 3 polarized nelrons. We then observed morphological
changes in these neurons for 12 h using time-lapse imaging.
Among 65 axotomized neurons (excluding 10 neurons that
died within 3h of axotomy), axotomized axons regrew in
35 neurons. The remaining dendrites became new axons in
7 neurons, and new neurites arose from the cell bodies after
axotomy, grew, and became Tau-1 positive (axonogenesis)
in 8 neurons.® This axonogenesis was specific to the
axotomized neurons, because it was never observed in 62
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non-axotomized neurons at the same stage.® We assumed
that some injury-induced signals would be transpotted with
importin o/B heterodimers and dynein complex from the injury
site to the cell body. Therefore, we sought to determine the
signal that is transported in the axotomized neurons.
STAT3,5 12 NF-«B,"®"® nuclear factor of activated T cells
(NFAT),*816-18 and ERK"®2° are known molecular cargoes
of importin, and they also have roles in axon outgrowth and
neuronal survival.

- We treated axotomized neurons with membrane-perme-
able inhibitors AG490 (a STAT3 inhibitor), 6-amino-4-
{4-phenoxyphenylethylamino) quinazoline (an inhibitor of
NF-xB), U0126 (an inhibitor of ERK), and 11R-vivit (a NFAT
inhibitor). AG490 efficiently inhibited axonogenesis but did not
modulate the regrowth response (Figure ta). Although the
NF-xB and ERK inhibitors prevented axonogenesis, they also

. blocked the regrowth response (Figures 1b and ¢), suggesting

that these agents suppress the outgrowth of processes
nonspecifically. The NFAT inhibitor did not modulate axot-
omy-induced axonogenesis (Figure 1d). These resuits
prompted us to focus on the role of STAT3 in axotomy-
induced axonogenesis.

STAT3 is activated after axotomy. We tested whether
STAT3 was activated after axotomy. The axons of the
polarized neurons at 3 days in vitro (DIV) were cut and

immunostained for phosphorylated STAT3 (pSTAT3) at

10min, 1, and 3h after axotomy. The level of pSTATS in

the nucleus of the axotomized neurons increased
significantly at 1h after axotomy compared with that of
non-axotomized neurons (Figures 2a—c). When p50 was
transfected with the neurons, however, upregulation of
axotomy-induced pSTAT3 in the cell bodies disappeared
(Figure 2c). :

Next, we evaluated the amount of pSTAT3 in the
axotomized neurons. To obtain enough protein for Western
blotting, we used an explant culture of the hippocampus from
E18 rats. We cut the axons of the hippocampal explants with a
blade (Figure 2d) and collected the cell bodies, including the
proximal axons and the distal axons (Figure 2e) at 0, 5, 10 min,
and 1h after axotomy. The phosphorylation level of STAT3
was increased after axotomy in both the cell bodies and distal
axons (Figures 2e—g). The phosphorylation levels of STAT3
increased gradually up to 10 min after axotomy and remained
high even at 1 h after axotomy in the cell bodies and injured the
proximal axons (Figures 2e andf). In the distal axons, the level
of pSTAT3 peaked 10min after axotomy and decreased
below the baseline 1h after axotomy (Figures 2e and g).
These results demonstrate that pSTATS increased in the
axons in response to axotomy.

STAT3 is transported through injured axons with
importin . We examined the interaction between pSTAT3
and importin f in axotomized hippocampal neurons.
Coimmunoprecipitation analysis revealed that pSTAT3 was
associated with importin 1, and this association was
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Figure 1  Inhibitor study on axotomy-induced axonogenesis Effects of signal transduction inhibitors on the responses of axotomized hippocampal neurons at 3 DIV. The
graphs show the number of neurons with the indicated morphological changes. After axotomy, axonogenesis, but not regrowth of the injured axons, was suppressed by AG490
(a; n="74). Regrowth as well as axonogenesis was inhibited by treatment with NFcB inhibitor (b; n=35) or U0126 (c; n= 13). No significant effect was observed with NFAT
inhibitor (d; n= 10)
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Figure 2 STAT3 s required for axotomy-induced axonogenesis (a) Immunocytochemistry for phosphorylated STAT3 (pSTAT3) before and at 1 h after axotomy. pSTAT3
was increased in the nuclei of axotomized hippocampal neurons (arrowhead) compared with the non-axotomized neurons (asterisks). Arrows indicate the injury site, and
arrowheads indicate the cell bodies of axotomized neurons. Scale bar, 50 gum. (b) The hippocampal neurons were double-mmunostained for pSTAT3 (red) and DAPI (blue).
pSTAT3 was expressed in the nucleus of the neurons after axotomy. Scale bar, 20 um. (c) Relative level of pSTAT3 in the nucleus. The level of pSTAT3 in the nucleus of
axotomized neurons increased significantly at 1 h after axotomy but retumed to the control level 3 h after axotomy. In cells with p50 overexpression, the level of pSTAT3 in the
nucleus did not increase at 1 or 3h after axotomy (each group, n=13-15). The ratio of pSTAT3/STAT3 was calculated from the fluorescent intensities in
immunocytochemistry. Data are represented as mean + S.EM. *P< 0.05. (d) Procedure for transfection of neurites from the explarit. (e) Western blot analysis of lysates from
axotomized hippocampal explants from 0 min to 1 h after axotomy. Lysates were obtained from the cell bodies that included the proximal axons as well as from the distal axons.

(f and g) Relative changes in the level of pSTAT3. The level of pSTATS increased at

5 and 10 min after axotomy in both tissues. The ratio was obtained by measuring the band

intensities. In the cell bodies and proximal axons (f), the increase was gradual and remained high 60 min after axotomy. In the distal axons (g), the increase peaked at 10 min

after axotomy and decreased dramatically thereafter. Data are represented as i
. with control

increased at 1h after axotomy (Figure 3a). We have reported
that importin § increases in axons in response to axotomy
and that they interact with the dynein motor complex for
retrograde transport.® These results suggest that pSTAT3
interacts  with  dynein—importin o/ heterodimers for
retrograde transport.

We then attempted to assess whether the binding of
STAT3 with importin o/ heterodimers was required for
axotomy-induced axonogenesis. Because Arg214/215 of

he mean + S.E.M. of three independent experiments. **P<0.01; *P<0.05 compared

STATS is the binding site for importin 5,”%" we intended to
block the binding of STAT3 with importin o5 specifically by
using STAT3, a 10-amino-acid residue peptide (210~219) that
includes the binding site of STAT3 with importin ¢5. This
peptide was fused with the amino (N)-terminal protein
transduction domain (11 amino acids) from the HIV protein
TAT-protein transduction domain (TAT-PTD) and conjugated
with fluorescein (FLC) to produce FLC-TAT-PTD-STAT3
(210-219). We used immunocytochemistry to confirm that

w

Cell Death and Disease

—147—



Axonal injury induces axonogenesis through STAT3
R Ohara et a/

e

axotomized

1P imp-3 Oh 1h

IB: p-STATS

Imp-f s

Lysates

18 p-STAT3

imp-f

Bl axonogenesis (-)
[1axonogenesis (+)

e 13 T3 vAT-PTD control 30 - ”
12 B TAT-PTD STAT3(210-219)
& 10 25
£ 8-
§ 6 . 20
4 4 o
1 1 |
o z
& @ O o S 10
& 0 & &
& o @ <
& <& I\ ) 5 4
& o AN
& &
& 0
O TAT-PTD TAT-PTD
bgg' control STAT3 -219210
&

Figure 3 STATS binding to importin is required for axotomy-induced axonogenesis (a) Coimmunoprecipitation of importin 51 with pSTAT3. Lysates were prepared from
hippocampal explants at 1 after axotomy. (b) Immunostaining of a hippocampal neuron at 3 DIV reveals expression of importin 5. Scale bar, 50 um. () Fluorescein-TAT-
protein transductiont domain-STAT3 (FLC-TAT-PTD-STAT3) (210-218) was efficiently transduced in the hippocampal neurans. Scale bar, 50 um. (d) The hippocampal
neurons were double-immunostained for pSTAT3 (red) and DAP! (blue). pSTAT3 was expressed in the cytoplasm, but not in the nucleus in the neurons transduced with FLC-
TAT-PTD-STAT3 (210-219). Scale bar, 30 um. (e) Number of neurons with the indicated morphological changes. No axonogenesis occurred after axotomy in the neurons
transduced with FLC-TAT-PTD-STATS (210-219) (n = 28). TAT-PTD control neurons, n=16. (f) Number of neurons with and without axonogenesis. Axonogenesis was
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Figure 4 STAT3 is required for axotomy-induced axonogenesis. (a) Western blot analysis for the detection of STAT3. The hippocampal neurons at 3DIV were
cotransfected with STATS siRNA or control siRNA in combination with GFP. (b) Immunostaining for STAT3 shows that the expression of STAT3 decreased in the STAT3
SIRNA-transfected neurons compared to non-transfected neighboring neurons. Scale bar, 50 um. (c) Number of neurites. Cultured hippocampal neurons were transfected with
STAT3 SiRNA (1= 23) or control sSIRNA (n = 20). Data are represented as mean £ 5.E.M. (d) Axonal length. Data are represented as mean + S.E.M. (e) Number of neurons
with the indicated morphological changes. No axonogenesis occurred after axotomy in the neurons transfected with STAT3 siRNA (n = 38). Control siRNA, n=17. (f) Number
of neurons with and without axonogenesis. Knockdown of STAT3 inhibited axonogenesis. **P<0.01 '

importin o5 was expressed in rat hippocampal neurons
(Figure 3b). In the dissociated culture of the hippocampal
neurons, we transduced FLC-TAT-PTD-STAT3 (210-219)
(Figure 3c). Immunocytochemical data revealed that the
signal for pSTAT3 was absent in the nuclei of neurons
transduced with FLC-TAT-PTD-STAT3 (210-219), demon-
strating that the binding of STAT3 with importin o5 was
blocked successfully by transduction of FLC-TAT-PTD-
STAT3 (210-219) (Figure 3d). By transducing this peptide,
we attenuated injury-induced axonogenesis completely
(Figures 3e and f). Thus, the binding of STAT3 with importin
o5 is required for axotomy-induced axonogenesis.

STAT3 is required for the axotomy-induced
axonogenesis. We next investigated the role of STAT3 in
axotomy-induced axonogenesis by knocking down its
endogenous expression in cultured hippocampal neurons.
Nucleofection with the STAT3 siRNA construct, but not with
the control siRNA construct, decreased STAT3 expression in

the hippocampal neurons at 3 DIV (Figure 4a). We performed
nucleofection of the STAT3 siRNA construct in combination
with the GFP construct to visualize the transfected neurons
(Figure 4b). We transected the axons of the transfected
neurons and found that neurons transfected with STAT3
siRNA did not have a significantly different number of
processes (Figure 4c) or axonal length (Figure 4d)
compared with those transfected with control siRNA. Thus,
STAT3 is not involved in the neuritogenesis or the elongation
of the processes of uninjured neurons. We observed no
axonogenesis after axotomy in the 38 STAT3 siRNA-
transfected neurons, however (Figures 4e and f). Thus,
STAT3 appears to be necessary for axotomy-induced
axonogenesis.

Overexpression of STAT3 promotes axotomy-induced
axonogenesis. We transfected Flag-tagged STAT3
construct in combination with GFP into the cultured
hippocampal neurons. We verified that almost all of the

o
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GFP-expressing neurons also expressed Flag-tagged
STAT3 (Figure 5a). Neurons overexpressing STAT3
showed no significant difference in the number of
processes (Figure 5b) or in axonal length (Figure 5c)
compared with those of neurons expressing GFP alone.
interestingly, axonogenesis after axotomy occurred in 12 out
of 28 STAT3-overexpressed neurons, whereas the same
occurred in 9 out of 52 neurons expressing GFP alone
(Figures 5d and e), which indicates that axotomy-induced
axonogenesis is enhanced by the overexpression of STAT3.
These results demonstrate that STATS3 accelerates axotomy-
induced axonogenesis.

Discussion

In this study, we have shown that STAT3 is involved in
axonogenesis after axotomy. STAT3 is activated in response
to axotomy and is transported with importin f through the
injured axons. STAT3 is required specifically for the axotomy-
induced axonogenesis, and overexpression of STAT3
promotes this event.

Accumulated evidence suggests that STATS participates in
the responses of injured neurons in vitro and in vivo. It has
been reported previously that axotomy increases pSTATS in
the sciatic nerve.>?223 Moreover, pSTATS3 has been shown to
be transported retrogradely from an injury site to the cell body
after sciatic nerve, facial nerve, and hypoglossal nerve
lesioning.®* STAT3 is activated in injured sensory neurons,
and the application of a JAK inhibitor attenuates the injury
response in vitro.?® Further, in vivo peripheral nerve lesioning
has been demonstrated to lead to a very rapid activation of
STATS3 in sciatic nerve axons at the lesion site.?® This
response increases during the first 24h after injury and
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extends back to cell bodies over a time course consistent with
that required for the retrograde transport of activated STAT3
from injury site to cell body.?® The phosphorylation of STAT3
and its translocation from cytoplasm to the nuclei of DRG
neurons and motor neurons are increased after injury,*?* and
STAT3 has been reported to interact with a number of
importins.®® Taken together, these findings suggest that
STAT3 is retrogradely transported to elicit responses to
axonal lesioning. Although STAT3 regulates a wide variety of
responses in neurons, the present study .is the first to
demonstrate that it is involved in axonogenesis. Intriguingly,
the data suggest that STAT3 is not a global regulator of
axonogenesis but is specifically associated with injury-
induced axonogenesis.

Axonogenesis after axotomy was specifically suppressed in
neurons transfected with STAT3 siRNA, as the siRNA
transfection had no effect on the number of processes or
the axonal elongation of uninjured cells. STAT3 is activated in
response to growth factors, cytokines, and hormones known
to have a protective role after cerebral ischemia and nerve
injury.?2® Schweizer et al'? used a tissue-specific gene
ablation of STATS3 in motor neurons to study the role of neural
STAT3 in nerve injury in adults and reported that STAT3
contributes to motor neuron protection after injury-induced
neuronal death. Naturally occurring motor neuron death
during the embryonic period was not enhanced in neurofila-
ment light chain promoter—Cre STAT3-knockout mice.
Facial motor neuron survival was significantly reduced in
these mice after nerve lesioning in adults, however. This result
suggests that STAT3 has an important role in promoting
neuronal survival after injury. Consistent with this observation,
knockdown of STAT3 increased neuronal death after
axotomy in our study. Because more than half of the STAT3
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siRNA-transfected neurons died within 6h after axotomy,
STATS appears to be necessary for cells to survive axotomy.
Hence, STAT3 contributes to survival and axonogenesis in
axotomized neurons.

The neuropoietic cytokines IL-6, leukemia inhibitory factor
(LIF), and ciliary neurotrophic factor (CNTF), which are known
to be induced after ischemia and nerve injury and which exert
neuroprotective and regenerative effects,””?**° share the
signaling receptor gp130. In peripheral nerves, CNTF is
stored in the cytoplasm of Schwann cells and may be released
by injury.3* 8 LIF and IL-6 are present at very low levels in the
nerve as well.>*™2 After experimental axonal injury, IL-6 was
synthesized in cortical, thalamic, and hippocampal neurons.*®
Although STAT3 was phosphorylated in axotomized neurons,
it remains unknown which ligand phosphorylated STAT3 after
axonal injury. Because we used dissociated cultures of
hippocampal neurons in this study, we assumed that the
injured neurons themselves produced some ligand, such as
IL-6, CNTF, or LIF, that activated STAT3 or that they induced
STATS activation independent of any ligand.

The in vivo relevance of our observations is an issue to be
addressed in the future. In vivo synaptic plasticity in the
formation of new circuits through collateral sprouting of injured
axons is an important component of the functional recovery
process in patients with central nervous system injury.***°
These reorganization processes possibly occur in cortical and
subcortical motor areas. Whether axonogenesis occurs and
has a role in recovery after central nervous system injury, such
as traumatic brain injury and spinal cord injury is unknown,
however. The next challenge will be to explore whether new
axons arise in vivo from cell bodies of neurons after these
injuries.

Materials and Methods

Dissociated cell culture. All experimental procedures were approved by the
Institutional Ethics Committee of Osaka University. Hippocampal neurons obtained
from Wistar rat pups on E18-19 were dissociated using trypsinization (treatment
with 0.25% trypsin in PBS for 15 min at 37 °C) and then resuspended in DMEM/F12
(invitrogen, Carlsbad, CA, USA) containing 10% FBS and triturated. Subsequently,
the neurons were washed three times. The cells were suspended in DMEM/F12
containing 10% FBS, plated on poly-L-lysine- and laminin-coated dishes, and
maintained at 37 °C in 5% CO,. The culture medium was replaced with serum-free
DMEM/F12 supplemented with B27 (Invitrogen) at 12 after plating, by when the
cells had attached. For the immunocytochemistry experiments to detect pSTATS,
cells were suspended in DMEM/F12 containing 3% FBS, and the culture medium
was replaced with serum-free DMEM/F12 supplemented with B27 at 12h after
plating because the level of pSTAT3 in hippocampal neurons is increased by serum.
Where indicated, the following reagents were used at the indicated concentrations:
50 M AG490 (a STAT3 inhibitor; Calbiochem, San Diego, CA, USA), 50nM
6-amino-4-(4-phenoxyphenylethylamino) quinazoline (an inhibitor of nuclear factor-
#B [NF-xBJ; Calbiochem), 10 zM U0126 (an inhibitor of ERK; Calbiochem), 1 uM
11R-vivit (RRRRRRRRRRR-GGG-MAGPHPVIVITGPHEE, an inhibitor of NFAT;
Calbiochem). Cells were pretreated with each inhibitor for 30 min before axotomy.

Explant culture. The hippocampus was removed from Wistar rat pups on E18
according to a previously reported method, with slight modification.”® The
hippocampus was chopped into 300- to 600-um pieces using fine tweezers.
These pieces were placed in a 3.5-cm tissue culture dish containing DMEM/F12,
1.5ml and supplemented with 10% FBS. After 2 days of incubation at 37°C in a
5% CO, incubator, the medium was replaced with DMEM/F12 supplemented with
2% B27. At 10 DIV, the extended neurites were transected with a blade, according
to & previously reported method.*
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Nucleofection procedure. For each transfection experiment, 4.0-5.0 x 10°
cells were used with the Nucleofector Il device (Amaxa Biosystems, Kéln,
Germany). Dissociated hippocampal neurons were spun at 800 r.p.m. for 3 min, and
the medium was removed. Cells were then resuspended in 100 pi of rat neuron
Nucleofector solution (Amaxa Biosystems) at RT, and 5 g of plasmids were added,
including GFP-expression vector (Amaxa Biosystems) and Flag-STAT3-C Flag
pRc/CMV {Addgene, Cambridge, MA, USA) at the ratio of 1:10. The mixture of
neurons, solution, and plasmids was transferred to a 2-mm electroporation cuvette
(Amaxa Biosystems), inserted into the Nucleofector, and processed with program
0-03. Immediately after transfection, 1 mL of DMEM/F12 supplemented with 10%
FBS was added to the hippocampal neurons to reduce damage, and the cells were
plated on poly-L-lysine- and laminin-coated dishes. The culture medium was
replaced with serum-free DMEM/F12, supplemented with B27 at 3 h after plating to
reduce damage to the cells. To knockdown the expression of STATS, the neurons
were cotransfected with 500 pmol of rat STAT3 siRNA (5'-CCACUCUGGUGUUU
CAUAACCUCUU-3') (Stealth Select RNA; Invitrogen) or control siRNA (Stealth
RNAi Negative Control Low GC Duplex; Invitrogen) in combination with 2.5 ug of
GFP-plasmid (Amaxa Biosystems). The number of processes and axonal length of
the neurons were measured at 48 h after nucleofection.

Axotomy and time-lapse imaging. The culture dish was secured in a
chamber that was supplied continuously with 5% CO, in air. The chamber was
placed on an Olympus 1X81 inverted phase-contrast microscope equipped with a
heated stage apparatus (model MI-IBC-IF; Olympus, Tokyo, Japan). We chose
10~15 polarized hippocampal neurons in each dish at 3 DIV and cut the axons of the
neurons using a 30-G needle through the microscope. Images of the axotomized
neurons were acquired every 3min for 12h using a x 40 objective lens with a
charge-coupled device video camera (Cooke, Kelheim, Germany). Images were
combined into a time-lapse sequence using the MetaMorph software (Molecular
Devices, Sunnyvale, CA, USA).

Transduction of TAT-PTD fusion protein. FLC—TAT-PTD
(YGRKKRRQRRR)-STAT3 210-219 (LDQMRRSIVS) fusion peptide and
FLC-TAT-PTD (YGRKKRRQRRR)~(SRQLVMRDIS) fusion peptide (control)
were synthesized by Sigma Genosys (Ishikari, Japan). The peptides, which were
purified using preparative reverse-phase HPLC, displayed >95% purity.
Hippocampal neurons were incubated with 5umol FLC~TAT-PTD-STAT3
210-219 or FLC-TAT-PTD in setum-free DMEM/F12 supplemented with B27 for
3h at 3 DIV. Subsequently, the neurons were washed with PBS, and the culture
medium was replaced with serum-free DMEM/F12 supplemented with B27. The
treated neurons were observed for 12 h after axotomy using time-lapse imaging.

Fluorescence immunostaining. Cells were fixed in 2% paraformaldehyde
and 2% sucrose in 0.1 mol phosphate buffer for 20 min at RT. They were incubated
with a blocking solution containing 5% BSA and 0.1% Triton-X in PBS for 1h and
ovemight at 4 °C with anti-importin &5 (diluted 1:100 in the blocking solution;
Sigma-Aldrich, St. Louis, MO, USA), anti-phospho STAT3 (Ty705) antibody (diluted
1:500 in the blocking solution; Cell Signaling Technology, Danvers, MA, USA), anti-
STAT3 (124H6) mouse monoclonal antibody (diluted 1 : 500 in the blocking sofution;
Cell Signaling Technology), and anti-FLAG antibody (diluted 1 : 1000 in the blocking
solution; Sigma-Aldrich). After primary antibody incubation, sections were washed
three times with PBS and incubated with 1 g/ml DAPI and fluorescent dye Alexa
488-conjugated anti-rabbit 1gG or 568-conjugated anti-mouse IgG (diluted 1: 1000
in 5% BSA in PBS; Molecular Probes/Invitrogen) at RT for 1h. They were then
observed with an Olympus IX81 inverted phase-contrast microscope.

Western blotting. Cells were lysed using a mixture containing 50 mmo!
Tris-HC! (pH 7.4), 150mM NaCl, 1% Np-40, 0.1% SDS, 2mmol EDTA, 1 mmot
Na3VvO4, 1 mmol NaF, and a protease inhibitor (Roche Diagnostics, Indianapolis,
IN, USA). The homogenate was centrifuged at 15000 r.p.m. for 10min, and the
supernatant was stored at —20 °C. The protein concentration was measured using
a bicinchoninic acid protein assay kit (Pierce; Thermo Fisher Scientific, Rockford, IL,
USA). An equal amount of the protein was loaded into each lane, run on
SDS-PAGE, and transferred to a PVDF membrane (Millipore, Billerica, MA, USA).

~ The protein samples were boiled in sample buffer for 5 min, run on SDS-PAGE, and

transterred to PVDF membranes (Millipore). The membranes were blocked for 1h
at RT with 5% BSA and incubated for 2 h at RT with anti-phospha STAT3(Ty705)
antibody (diluted 1:1000; Cell Signaling Technology) or anti-STAT3(124H6)
antibody (diluted 1:500; Cell Signaling Technology). HRP-conjugated secondary
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antibodies (diluted 1:1000; Cell Signaling Technology) and ECL Plus reagents
(GE Healthcare, London, UK) were used for detection. The membrane was exposed
to X-ray film or the LAS-3000 image system (Fuijifilm, Tokyo, Japan), according to
the manufacturer's specifications.

Coimmunoprecipitation assay. Rat hippocampal explants were lysed in
50mol Tris-HCI (pH 7.5), 150mmol NaCl, 10% glycerol, and 1% NP-40
supplemented with protease inhibitor cocktail tablets (Roche Diagnostics). The
lysates were incubated on a rocking platform at 4 °C for 20 min and clarified by
centrifugation at 13000 x g at 4 °C for 10 min. The supematants were precleared
for 30 min by incubating with 60 4 of protein-G Sepharose beads (GE Healthcare).
After a brief centrifugation to remove the precleared beads, the cell lysates were
incubated ovemight (for coimmunoprecipitation with rat hippocampal explants
extracts) at 4 °C with anti-importin A antibody (Abcam, Cambridge, MA, USA). The
immunocomplexes were collected for 1h at 4 °C with protein-G Sepharose beads
coated with 0.1% BSA in PBS. The beads were washed four times with lysis buffer.
The bound proteins were solubilized with x 2 sample buffer and subjected to SDS-
PAGE followed by immunoblotting.

Morphometric analysis. We classified the morphological changes of
axotomized neurons into five groups as follows: axonogenesis, new neurites that
arose from cell bodies after axotomy and grew; dendrites that changed into axons,
dendrites that grew and became axons instead of axotomized axons; regrowth,
axotomized axons that regrew; no change, axotomized axons that retracted or
showed no morphological change; and death, neurons died within 3 h of axotomy.
We performed immunocytochemistry for Tau-1 in the first set of experiments, and
confirmed that all the new neurites that arose from cell bodies after axotomy and
grew were axons.®

For the quantification of neurite outgrowth, images were captured on an Olympus
IX81 inverted phase-contrast microscope mounted with a charge-coupled device
video camera (Cooke, Leicester, UK) using a x 20 objective lens. Analysis was
performed using MetaMorph software (Molecular Devices). Twenty to twenty-eight
neurons per well were analyzed. Processes were defined as neurites that emerged
from the cell body, and an axonal fength was defined as the length of the longest
neurite.

Statistical analysis. Significant differences in the data for axonogenesis after
axolomy (Figures 3f, 4f and 5e) were determined using the y’test. Significant
differences in other data were determined using Scheffe’s multiple comparison
tests. A P-value <0.05 was considered significant.
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