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potential for therapeutic intervention.

The major interest of this division is in molecular signals that regulate a variety of
cellular activities. Our aim is to address and elucidate how dysregulated cellular
signals give rise to neoplastic, immune, neural, metabolic, or developmental
disorders. Our goal is to understand the molecular bases of tumorigenesis and the
development of other intractable diseases as a path toward uncovering therapeutic
targets. Currently, we are investigating regulatory mechanisms in protein-tyrosine
kinase (PTK)-mediated signaling pathways, their pathophysiological roles and the

1. Activation of the receptor tyrosine kinase
MuSK by the cytoplasmic protein Dok-7 in neu-
romuscular synaptogenesis.

Inoue-Yamauchi, A., Eguchi, T.!, Tokuoka, T., Zhong,
Z., Yoda, M., Hwang, J., Ueta, R., Tezuka, T.%,
Weatherbee, SD.%, Watanabe, Y., Sagara, H.*, Naga-
toishi, S.*, Tsumoto, K.*, and Yamanashi, Y.: * Pres-
ent affiliation: 'Brain-Skeletal Muscle Connection in
Aging Project Team, Geroscience Research Center,
National Center for Geriatrics and Gerontology and
2Center for the Promotion of Interdisciplinary Edu-
cation and Research, Kyoto University. *Depart-
ment of Genetics, Yale University. ‘Medical Pro-
teomics Laboratory, IMSUT.

Protein-tyrosine kinases (PTKs) play crucial roles
in a variety of signaling pathways that regulate prolif-
eration, differentiation, motility, and other activities
of cells. Therefore, dysregulated PTK signals give rise
to a wide range of diseases such as neoplastic disor-
ders. To understand the molecular bases of PTK-me-
diated signaling pathways, we identified Dok-1 as a
common substrate of many PTKs in 1997. Since then,
the Dok-family has been expanded to seven mem-
bers, Dok-1 to Dok-7, which share structural similari-

ties characterized by N-terminal pleckstrin homology
(PH) and phosphotyrosine binding (PTB) domains,
followed by Src homology 2 (SH2) target motifs in the
C-terminal moiety, suggesting an adaptor function.
Indeed, as described below, Dok-1 and Dok-2 recruit
p120 rasGAP upon tyrosine phosphorylation to sup-
press Ras-Erk signaling. However, we found that
Dok-7 acts as an essential cytoplasmic activator of the
muscle-specific receptor tyrosine kinase (RTK) MuSK
in the formation and maintenance of the neuromus-
cular junction (NM]), providing a new insight into
RTK-mediated signaling. It seems possible that local
levels of cytoplasmic activators, like Dok-7, control
the activity of RTKs in concert with their extracellular
ligands.

The NMJ is a synapse between a motor neuron
and skeletal muscle, where the motor nerve terminal
is apposed to the endplate (the region of synaptic spe-
cialization on the muscle). The contraction of skeletal
muscle is controlled by the neurotransmitter acetyl-
choline (ACh), which is released from the presynaptic
motor nerve terminal. To achieve efficient neuromus-
cular transmission, acetylcholine receptors (AChRs)
must be densely clustered on the postsynaptic muscle
membrane of the NM]J. Failure of AChR clustering is
associated with disorders of neuromuscular transmis-
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sion such as congenital myasthenic syndromes (CMS)
and myasthenia gravis (MG), which are characterized
by fatigable muscle weakness. The formation of NM]Js
is orchestrated by MuSK and by neural agrin, an ex-
tracellular activator of MuSK. However, experimen-
tally when motor nerves are ablated, AChRs form
clusters in the correct, central region of muscle during
embryogenesis in a MuSK-dependent process known
as prepatterning of the receptors. In addition, in vivo
overexpression of MuSK causes neuromuscular syn-
apse formation in the absence of agrin, suggesting
that muscle-intrinsic, cell-autonomous activation of
MuSK may be adequate to trigger presynaptic and
postsynaptic differentiation in vivo. However, the
mechanisms by which MuSK is activated inde-
pendently of nerve and agrin had long been unclear.
Because both MuSK and the adaptor-like cyto-
plasmic protein Dok-7 are localized to the postsynap-
tic region of NM]Js, we examined their interaction and
found that Dok-7 is an essential cytoplasmic activator
of MuSK. In addition, we found that Dok-7 directly
interacts with the cytoplasmic portion of MuSK and
activates the RTK, and that neural agrin requires Dok-
7 in order to activate MuSK. Indeed, in vivo overex-
pression of Dok-7 increased MuSK activation and
promoted NM]J formation. Conversely, mice lacking
Dok-7 formed neither NM]Js nor AChR clusters. In ad-
dition, we found that postnatal knockdown of dok-7
gene expression in mice causes structural defects in
NM]Js and myasthenic pathology, suggesting an es-
sential role for Dok-7 not only in the embryonic for-
mation but also in the postnatal maintenance of NM]Js.
Furthermore, we found that forced expression of
Dok-7 lacking the C-terminal region rescued Dok-7
knockout mice from neonatal lethality caused by the
lack of NMJs, indicating restored MuSK activation
and NMJ formation. However, these mice showed
only marginal activation of MuSK and died by 3
weeks of age apparently due to an abnormally small
number and size of NMJs. Therefore, Dok-7’s C-ter-
minal region plays a key, but not fully essential, role
in MuSK activation and NMJ formation.
Interestingly, mice lacking Lrp4, which forms a
complex with MuSK and acts as an essential
agrin-binding module, do not show MuSK-depend-
ent AChR prepatterning or NM]J formation. This sug-
gests that Lrp4 is required for MuSK activation under
physiological conditions, in contrast to our observa-
tion that Dok-7 can activate MuSK in the absence of
Lrp4 or its ligand agrin, at least in vitro. Thus, we ex-
amined the effects of forced expression of Dok-7 in
skeletal muscle on NMJ formation in the absence of
Lrp4 and found that it indeed induces MuSK activa-
tion in mice lacking Lrp4. However, the activation
level of MuSK was significantly lower in the absence
of Lrp4. Together, these data indicate that Lrp4 is re-
quired for efficient activation of MuSK by Dok-7 in
the muscle. Since Lrp4 is also essential for presynaptic
differentiation of motor nerve terminals in the embry-

onic NMJ formation (Nature 489:438-442, 2012), this
apparent cooperation between Lrp4 and Dok-7 in
MuSK activation may be complicated.

The NM]Js are cholinergic synapses characterized
by ultrastructural specializations, including the pre-
synaptic active zones, the acetylcholine (ACh) release
sites of the motor nerve terminal, and the postsynap-
tic junctional folds of muscle membrane, where ACh
receptors (AChRs) cluster in the nearby areas of ac-
tive zones for efficient neuromuscular transmission.
Interestingly, overexpression of Dok-7 in skeletal
muscle abnormally activates MuSK, leading to the
formation of abnormally large NM]Js in mice. Howev-
er, these mice with abnormally large NMJs show no
obvious motor dysfunction. Recently, we have found
that Dok-7 overexpression enhances NMJ transmis-
sion less markedly than NM]J size. Consistent with
this, ultrastructural analyses revealed that the densi-
ties of active zones and synaptic vesicles in the pre-
synaptic motor nerve terminals were reduced. In ad-
dition, the density and size of postsynaptic junctional
folds in the muscle membrane were also reduced.
Moreover, terminal Schwann cells (tSCs) exhibits sig-
nificantly greater penetration of their processes into
the synaptic clefts, which connect the pre- and
post-synaptic specializations. Together, our findings
demonstrate that forced expression of Dok-7 in mus-
cle enhances neuromuscular transmission with signif-
icant enlargement and ultrastructural alterations of
NM]Js, implying increased robustness of neuromus-
cular transmission. We are investigating Dok-7/
MuSK-mediated signaling, including downstream
effectors, in regulating formation, maintenance and
function of NM]Js to develop mechanism-based thera-
pies for NM] disorders. Recently, we have identified
the novel downstream gene Cabp?7, encoding calci-
um-binding protein 7, and shown its importance in
the maintenance of NMJs in mice (see below).

2. Cabp7 negatively regulates age-related degen-
eration of NMJs.

Eguchi, T., Tezuka, T., Watanabe, Y., Inoue-
Yamauchi, A., Sagara, S., Ozawa, M. ', and Yamanashi
Y.: 'Core Laboratory for Developing Advanced Ani-
mal Models, IMSUT.

As mentioned above, formation and maintenance
of NMJs in the central region of the skeletal muscle
are governed by MuSK. Interestingly, the transcripts
and protein products of AChR subunit and other
NM]J-related genes are expressed and accumulated
also in the central, synaptic region of myotube in a
manner dependent on MuSK. Indeed, we previously
reported that midmuscle expression of AChR subunit
gene Chrnal and MuSK transcripts are lost or en-
hanced in mouse embryos lacking the essential MuSK
activator Dok-7 or overexpressing it specifically in
skeletal muscle, respectively. Thus, to identify
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NM]J-related genes required for the formation and/or
maintenance of NMJs, we performed RNA sequenc-
ing analysis of the synaptic and extrasynaptic regions
of diaphragm muscles in WT mice (3 months old) and
found that Cabp7 gene is the most upregulated
among significantly upregulated genes in the synap-
tic region in comparison with the extrasynaptic re-
gion. Furthermore, we found that the expression level
of the Cabp?7 gene is significantly higher in the synap-
tic region in Dok-7 transgenic (Tg) mice, which over-
express Dok-7 specifically in skeletal muscle, than in
wild-type (WT) mice (3 months old). Also, whole-
mount in situ hybridization analysis on embryos con-
firmed that Cabp7 transcripts are specifically ex-
pressed in the central region of the diaphragm muscle
in Dok-7 Tg and wild-type mice and that the synaptic
expression is significantly enhanced in Dok-7 Tg mice
compared with that in WT mice. These findings to-
gether indicates that Dok-7-MuSK axis regulates ex-
pression of Cabp?7 gene in skeletal muscle.

To explore the role for Cabp? in muscle, we gener-
ated Cabp7 cKO mice, which lacks Cabp7 protein
specifically in skeletal muscle, and found that Cabp?
cKO mice showed a significant reduction in motor
function and muscle strength at 12 and 24, but not 3
or 6, months of age in comparison with the controls,
as determined by rotarod, forelimb grip, and hind-
limb twitch/tetanic force tests. Furthermore, Cabp7
cKO mice showed acceleration of age-related degen-
eration of NM]Js as early as 6 to 12 months of age;
namely, axonal swelling, nerve sprouting, denerva-
tion and size-reduction of NMJs. Because impaired
NM]J function may lead to muscle atrophy and weak-
ness as observed in patients with myasthenia, we in-
vestigated if muscle-specific deletion of Cabp7 in
mice affects muscle homeostasis and found that tibia-
lis anterior and gastrocnemius muscle masses were
significantly reduced in Cabp7 cKO mice at 12 and 24,
but not 3 or 6, months of age in comparison with the
controls. In addition, the myofiber cross-section area
(CSA) of gastrocnemius muscles was significantly re-
duced in Cabp7 cKO mice at 12 and 24, but not 3,
months of age and showed significant shifts in CSA
distribution with a higher frequency of small fibers in
comparison with the controls. Taken together, these
findings indicates that Cabp?7 plays a protective role
against age-related NMJ degeneration, muscle weak-
ness and atrophy, and motor dysfunction. Indeed,
Cabp7 cKO mice showed a lifespan about 8 weeks
shorter than the control mice.

In addition, we found that Cabp7 cKO mice
showed increased protein expression of p25, a potent
activator of Cdk5, in the tibialis anterior muscle at 3
and 12 months of age in comparison with the control
mice. Because Cdk5 negatively regulates NM]J forma-
tion and maintenance, we generated Adeno-associat-
ed virus-based vector (AAV-p25), which expressed
p25 in myotubes under the control of the muscle-spe-
cific CK8 promoter, and found that AAV-p25 admin-

istration induces NM] degeneration. Moreover, we
also generated AAV-CIP, which expressed Cdk5 In-
hibitory Peptide (CIP), and found that AAV-CIP ad-
ministration restores NM]J integrity and muscle
strength, and heals muscle atrophy in Cabp7 cKO
mice. We are currently investigating how Dok-7-
MuSK-Cabp7-p25-Cdk5 axis contributes to NM]J ho-
meostasis and how CIP expression counteracts NM]
degeneration, muscle weakness and atrophy caused
by the loss of Cabp?.

3. Agrin’s role aside from MuSK activation in the
postnatal maintenance of NMJs.

Inoue-Yamauchi, A., Eguchi, T., Tezuka, T., Mao, Y.,
Fan, W., Ochiai, C., Ma, WT., Burgess, RW.!, Ueta,
R., and Yamanashi, Y.: 'The Jackson Laboratory.

Although NM] formation requires agrin under
physiological conditions, it is dispensable for NMJ
formation experimentally in the absence of the neuro-
transmitter acetylcholine, which inhibits postsynaptic
specialization. Thus, it was hypothesized that MuSK
needs agrin together with Lrp4 and Dok-7 to achieve
sufficient activation to surmount inhibition by acetyl-
choline. To test this hypothesis, we examined the ef-
fects of forced expression of Dok-7 in skeletal muscle
on NMJ formation in the absence of agrin and found
that it indeed restores NM]J formation in agrin-defi-
cient embryos. However, these NMJs rapidly disap-
peared after birth, whereas exogenous Dok-7-mediat-
ed MuSK activation was maintained. These findings
indicate that the MuSK activator agrin plays another
role essential for the postnatal maintenance, but not
for embryonic formation, of NM]Js. Because patho-
genic mutations of agrin in patients with congenital
myasthenic syndromes (see below) did not show im-
paired ability to activate MuSK at least in vitro (Am. .
Hum. Genet., 85:155-167, 2009; JCI Insight, 5:€132023,
2020), the novel role of agrin may be relevant to path-
ogenicity of the mutations. We are investigating mo-
lecular mechanisms underlying the agrin-mediated
postnatal maintenance of NM]Js by utilizing mice ex-
pressing various forms of agrin mutants, including
those related to congenital myasthenic syndromes
(see below).

4. Pathophysiological
DOK?7 myasthenia.

mechanisms underlying

Eguchi, T., Tezuka, T., Ueta, R., Fukudome, T.!,
Watanabe, Y., Sagara, H., Motomura, M.2, Beeson,
DMW., and Yamanashi, Y.: 'Department of Neurol-
ogy, Nagasaki Kawatana Medical Center. *Depart-
ment of Engineering, Faculty of Engineering, Naga-
saki Institute of Applied Science. Weatherall
Institute of Molecular Medicine, University of Ox-
ford.



40

As mentioned above, impaired clustering of
AChRs could underlie NM] disorders, be they auto-
immune (myasthenia gravis) or genetic (congenital
myasthenic syndromes (CMSs)) in origin. Therefore,
our findings that Dok-7 activates MuSK to cluster
AChRs and to form NM]Js suggested DOK7 as a can-
didate gene for mutations associated with CMS. In-
deed, we demonstrated that biallelic mutations in
DOK?7 underlie a major subgroup of CMS with pre-
dominantly proximal muscle weakness that did not
show tubular aggregates on muscle biopsy but were
found to have normal AChR function despite abnor-
mally small and simplified NM]Js. We further demon-
strated that several mutations, including one associat-
ed with the majority of patients with the disease,
impaired Dok-7’s ability to activate MuSK. This new
disease entity is termed “DOK7 myasthenia.”

To investigate pathophysiological mechanisms
underlying DOK7 myasthenia, we established knock-
in mice (Dok-7 KI mice) that have a mutation associat-
ed with the majority of patients with DOK7 myasthe-
nia. As expected, Dok-7 KI mice showed characteristic
features of severe muscle weakness and died between
postnatal day 13 and 20. Furthermore, they showed
abnormally small NM]Js lacking postsynaptic folding,
a pathological feature seen in patients with DOK7
myasthenia. Consistent with this, Dok-7 KI mice ex-
hibited decreased MuSK activity in skeletal muscle,
indicating that the Dok-7 KI mice develop defects
similar to those found in patients with DOK7 myas-
thenia, although the mice exhibit a more severe phe-
notype. In collaboration with Prof. David Beeson's
group, we examined NM] formation, maintenance
and functions in the Dok-7 KI mice in the absence or
presence of salbutamol, a [(2-adrenergic agonist,
which is an effective treatment for DOK7 myasthenia.
This study revealed that salbutamol can increase NMJ
number and enhance its function together with
lifespan in Dok-7 KI mice, suggesting a similar mode
of action in patients. We are investigating molecular
pathways underlying NM]J defects and muscle weak-
ness in Dok-7 KI mice to develop mechanism-based
therapeutic approaches against DOK7 myasthenia.

5. DOKT7 gene therapy that enlarges and regener-
ates NMJs.

Inoue-Yamauchi, A., Eguchi, T., Ueta, R., Lin, S.,
Sugita, S.!, Minegishi, Y.!, Motomura, M., Beeson,
DMW., Shimotoyodome, A.', Ota, N. !, Ogiso, N. 2,
Takeda, S.3, Okada, T.%, and Yamanashi, Y.: 'Biolog-
ical Science Research, Kao Corporation. 2Laborato-
ry of Experimental Animals, National Center for
Geriatrics and Gerontology. *Department of Molec-
ular Therapy, National Institute of Neuroscience.
“Division of Molecular and Medical Genetics, Center
for Gene and Cell Therapy, IMSUT

As mentioned above, DOK7 myasthenia is associ-

ated with impaired NM]J formation due to decreased
ability of Dok-7 to activate MuSK in myotubes at least
in part. Interestingly, in vivo overexpression of Dok-7
increased MuSK activation and promoted NM] for-
mation in the correct, central region of the skeletal
muscle. Because these genetically manipulated mice
did not show obvious defects in motor activity, over-
expression of Dok-7 in the skeletal muscle of patients
with DOK7 myasthenia might ameliorate NM]J forma-
tion and muscle weakness. To test this possibility, we
generated an Adeno-associated virus-based vector
(AAV-D7), which strongly expressed human Dok-7 in
myotubes and enhanced MuSK activation and AChR
cluster formation. Indeed, therapeutic administration
of AAV-D7 to Dok-7 KI mice described above resulted
in enlargement of NMJs and substantial increases in
muscle strength and life span. Furthermore, when ap-
plied to model mice of another neuromuscular disor-
der, autosomal dominant Emery-Dreifuss muscular
dystrophy, therapeutic administration of AAV-D7
(DOK? gene therapy) likewise resulted in enlarge-
ment of NM]Js as well as positive effects on motor ac-
tivity and life span. Interestingly, DOK7 gene therapy
suppressed denervation (nerve detachment) at NMJs,
and enhanced motor activity and life span in a mouse
model of familial amyotrophic lateral sclerosis (ALS),
a progressive, multifactorial motor neurodegenera-
tive disease with severe muscle atrophy. These results
suggest potential for DOK7 gene therapy in age-relat-
ed decline in motor function, where NM]J denervation
appears to play a crucial role similar to that observed
in ALS model mice. Indeed, we have recently found
that DOK7 gene therapy significantly enhances motor
function and muscle strength together with NM]J rein-
nervation in aged mice. We are further investigating
the effects, including ultrastructural and electrophys-
iological ones, of AAV-D7 administration in multiple
types of muscle weakness, including age-related one.

6. Roles of Dok-1 to Dok-6.

Inoue-Yamauchi, A., Wu, W., Sato, T., Jozawa, H.,
Kanno, T., Arimura, S.!, and Yamanashi, Y.: 'Pres-
ent affiliation: Department of Medicine Section of
Gastroenterology and Hepatology, Baylor College of
Medicine.

Dok-family proteins can be classified into three
subgroups based on their structural similarities and
expression patterns; namely, 1) Dok-1, -2, and -3,
which are preferentially expressed in hematopoietic
cells, 2) Dok-4, -5, and -6, which are preferentially ex-
pressed in non-hematopoietic cells, and 3) Dok-7,
which is preferentially expressed in muscle cells. As
mentioned above, Dok-1 and its closest paralog, Dok-
2, recruit p120 rasGAP upon tyrosine phosphoryla-
tion to suppress Ras-Erk signaling. Although Dok-3
does not bind with p120 rasGAP, it also inhibits Ras-
Erk signaling. Consistently, we demonstrated that
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Dok-1, Dok-2 and Dok-3 are key negative regulators
of hematopoietic growth and survival signaling. For
example, Dok-1, Dok-2, and Dok-3 cooperatively in-
hibit macrophage proliferation and Dok-17Dok-2"
Dok-3" mice develop histiocytic sarcoma, an aggres-
sive malignancy of macrophages. Also, we found that
Dok-1 and Dok-2 negatively regulate intestinal in-
flammation in the dextran sulfate sodium-induced
colitis model, apparently through the induction of IL-
17A and IL-22 expression. However, we found that
Dok-1/-2 and Dok-3 play distinctive roles in cell fu-
sion and proliferation during osteoclastogenesis and
cooperatively protect mice from osteopenia. Addi-
tionally, we recently demonstrated that Dok-1/-2 and
Dok-3 play distinctive roles in intestinal tumor
growth and malignant progression. Interestingly,
Dok-3 deficiency in non-tumor cells induces malig-
nant conversion of benign tumors without intensify-
ing mutagenesis in tumors, providing a new insight
into the regulation of tumor malignant progression.
We are currently investigating molecular mechanisms
underlying the Dok-3-mediated suppression of ma-
lignant progression of intestinal tumors, which may
lead to developing new therapeutic approaches
against non-tumor cell-driven malignant progression.
Also, we are investigating physiological and patho-
logical roles of Dok-1 to Dok-6, including those in tu-
mor malignancy, inflammatory disorders and tissue
injury.

7. Omic analyses.

Eguchi, T., Jozawa, H., Fan, W., Tokuoka, Y., Yoda,
M., Wu, W., Ueta, R., Iemura, S.!, Natsume, T.%,
Kozuka-Hata, H.3, Oyama, M.}, and Yamanashi, Y.:
'Translational Research Center, Fukushima Medi-
cal University. 2National Institute of Advanced Sci-
ence and Technology, Molecular Profiling Research
Center for Drug Discovery. *Medical Proteomics

Laboratory, IMSUT.

To gain insights into signaling mechanisms un-
derlying a variety of physiological and pathophysio-
logical events, including NM] formation, muscle
atrophy, neurodegeneration, inflammation, tumori-
genesis, and tumor metastasis, we have performed
proteomic and transcriptomic analyses. We are inves-
tigating the roles of candidate proteins and genes that
appear to be involved in each of these biological
events. For instance, we are conducting transcriptom-
ic and phospho-proteomic analyses related to muscle
weakness due to defects of cytoplasmic protein kinas-
es. In addition, we have prepared experimental set-
tings for other omic approaches such as metabolomic
analysis.

8. Screening of chemical compound and siRNA
libraries.

Inoue-Yamauchi, A., Hwang, J., Eguchi, T., Tsoum-
pra, M., Ueta, R., Nagatoishi, S., Tsumoto, K., and
Yamanashi, Y.

In addition to the omic analyses described above,
we performed high throughput screenings of chemi-
cal compound and siRNA libraries, aiming to inter-
vene in pathogenic signals or to gain insights into sig-
naling mechanisms underlying NM] formation. We
are investigating in vivo and in vitro effects, includ-
ing therapeutic ones in mouse models of human dis-
eases, of hit compounds or down- or up-regulation of
candidate genes, and continue the ongoing screen-
ings to further collect appropriate hit compounds and
candidate genes that may be involved in the regula-
tion of NM]J formation. We are also investigating tar-
get proteins, including those in humans, for the hit
compounds or protein products of the candidate
genes to understand their modes of actions.

Publication

Li D, Johmura Y, Morimoto S, Doi M, Nakanishi K,
Ozawa M, Tsunekawa Y, Inoue-Yamauchi A,
Naruse H, Matsukawa T, Takeshita Y, Suzuki N,
Aoki M, Nishiyama A, Zeng X, Konishi C, Suzuki
N, Nishiyama A, Harris AS, Morita M, Yamaguchi
K, Furukawa Y, Nakai K, Tsuji S, Yamazaki S,

Yamanashi Y, Shimada S, Okada T, Okano H, Toda
T, and Nakanishi M. LONREF2 is a protein quality
control ubiquitin ligase whose deficiency causes
late-onset neurological deficits. Nature Aging 3:
1001-1019, 2023





