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研究成果の概要（和文）：骨格筋はわれわれの運動機能に必須の器官であり、重篤な筋萎縮は筋力低下を惹き起
こす。カルシウムイオン（Ca2+）は骨格筋収縮に関わるだけでなく、骨格筋量の制御因子としての役割も知られ
ているが、その下流メカニズムについては不明な点が多く残されている。本研究ではCa2+によって活性化される
Ca2+/calmodulin-dependent protein kinase II (CaMKII)に着目し、CaMKIIβサブユニット、およびその類縁分
子による筋萎縮/筋肥大制御への関与を明らかにした。

研究成果の概要（英文）：Skeletal muscle is required for motor function, and severe muscle atrophy 
leads to reduced muscle strength. Calcium ion (Ca2+) is essential for skeletal muscle contraction, 
and plays a key role in regulating the skeletal muscle mass; however, its underlying mechanisms 
remain unclear. In the present study, we demonstrated that Ca2+/calmodulin-dependent protein kinase 
II (CaMKII) is involved in the muscle atrophy/hypertrophy, suggesting the importance of CaMKII in 
developing therapeutics aimed at improving muscle atrophy.

研究分野： 分子生物学

キーワード： 骨格筋　筋萎縮　筋肥大　CaMKII
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研究成果の学術的意義や社会的意義
我々の生命活動において骨格筋は必須の役割を担っており、重篤な筋萎縮は筋力・運動機能の低下を引き起こし
生活の質（QOL）を低下させる。本研究ではカルシウムイオン（Ca2+）によって活性化されるCa2+
/calmodulin-dependent protein kinase II (CaMKII)に着目し、CaMKIIβサブユニット、およびその類縁分子が
筋萎縮/筋肥大の関連因子であることを明らかにした。それゆえ、本研究成果は筋萎縮の分子メカニズムの理解
を深め、筋萎縮治療技術の基盤開発を促進したといえる。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

 
 骨格筋の主な構成単位である筋線維はアクチンとミオシンのフィラメントを主とする筋原線
維と Ca2+を貯蔵する筋小胞体を内包する細胞であり、骨格筋の収縮は運動神経により厳密に制
御されている。電気的に興奮した運動神経はその軸索末端から神経伝達物質を放出し、リアノジ
ン受容体を介して筋小胞体から細胞質への Ca2+放出を誘導する。その結果、アクチンとミオシ
ンのフィラメントの滑り運動、ひいては筋線維の収縮が惹起され、筋力が生み出される。それゆ
え、骨格筋量の異常な低下（筋萎縮）は筋力の低下につながり、運動機能を低下させる一因とな
る。 
 上述の通り、Ca2+は骨格筋の収縮において必須の役割を担う。一方で、骨格筋量の恒常性にお
いても Ca2+は重要な役割を果たす。例えば、骨格筋への機械的負荷の増強により、筋線維内の
Ca2+の濃度上昇により、セリンスレオニンキナーゼである mTOR が活性化し、筋肥大が誘導さ
れる（Nature Med., 9:101-6, 2012）。他方、Ca2+/calmodulin-dependent protein kinase II 
(CaMKII)は Ca2+結合タンパク質である calmodulin との結合により活性化する Ser/Thr キナー
ゼとして知られ、細胞質内の Ca2+センサーとして様々なシグナル伝達に関与することが知られ
ているが、CaMKII による骨格筋量の制御機構については不明な点が多く残されていた。 
 
 
２．研究の目的 
 前項の研究背景を踏まえ、本研究では骨格筋量・筋力における CaMKII の重要性を明らかに
し、筋萎縮への治療技術開発基盤となる知見を得ることを目的とした。 
 
 
３．研究の方法 
 個体の骨格筋量・筋力における CaMKII の重要性
を明らかにするために、骨格筋への遺伝子導入にす
ぐれたアデノ随伴ウィルス（adeno-associated virus: 
AAV）を用いて、CaMKIIb WT、CaMKIIb 活性喪失
変異体（K43M）、あるいは CaMKIIb 恒常活性変異体
（T287D）を発現する AAV ベクターを作出した（図
1）。当該ベクター（1.7×1010 viral genomes）をマウス
（3ヶ月齢）の後肢左脚の前脛骨筋（TA）に投与し、
投与 3 ヶ月後にマウスの筋重量・筋力を解析した。
また、前脛骨筋より total RNA、およびタンパク質を
抽出し、qPCR、およびWestern blotting を実施した。
統計解析は Dunnett検定により実施した。 
 
 
４．研究成果 
 CaMKIIb WT、CaMKIIb K43M、CaMKIIb T287D 発現 AAV ベクターを 3ヶ月齢マウスの後肢
左脚の前脛骨筋に投与し、6ヶ月齢時点の前脛骨筋における Camk2b 遺伝子の発現レベルを解析
したところ、AAV を投与していないマウス（NT群）と比較して、Camk2b の高度な発現増強を
確認した（図 2）。また、GFP抗体を用いた Western blotting解析により、外来性の CaMKIIbタン
パク質の発現を確認した（図 3）。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

GA muscles, compared with non-treated (NT) controls (Fig. 2A). It
should be noted that injection of AAV1 vectors into the TA muscle
can induce exogenous gene expression not only in the TA muscle
but also in neighboring muscles, including the EDL, SOL, and GA
muscles [17].

Next, to examine the effect of forced expression of mutant
CaMKIIb on skeletal muscle mass, we generated and injected AAV1
vectors expressing the widely utilized inactive (K43 M) or consti-
tutively active (T287D) mutant forms of CaMKIIb (AAV-K43 M or
AAV-T287D, respectively) into the left hindlimb TA muscle of 3-
month-old mice (Fig. 1A) [18e20]. The results indicate that
administration of each vector induced exogenous expression of the
corresponding CaMKIIb mutant in the TA muscle within three
months after AAV treatment (Fig. 1C and D). Interestingly, infection
with AAV-T287D resulted in significantly reduced masses of all four
muscles examined, compared with AAV-WT infection (Fig. 2A).
Furthermore, AAV-K43M-treated mice exhibited significantly
increased TA and SOL muscle masses and non-significantly
increased EDL and GA muscle masses (p ¼ 0.12 and p ¼ 0.054,
respectively), compared with AAV-WT-treated mice (Fig. 2A).
Further, we confirmed that the skeletal muscle mass of the right
hind limb (non-injected control) did not significantly change
regardless of AAV injection (Fig. 2B). Together, these results suggest
that inhibiting CaMKIIb activity enhances skeletal muscle mass.

3.2. Forced expression of inactive mutant CaMKIIb (K43 M) in
skeletal muscle enhances muscle strength

Because skeletal muscle mass is a key determinant of muscle
strength, we examined whether administration of AAV1 vectors
expressing WT or mutant CaMKIIb affected hindlimb muscle

strength by measuring grip strength. As expected, mice treated
with AAV-K43 M or AAV-T287D exhibited enhanced or reduced
hindlimb muscle strength within three months after AAV treat-
ment, respectively, compared with AAV-WT-treated mice (Fig. 3A).
Moreover, the strength of the right hind limb (non-injected control)
was not significantly changed (Fig. 3B). Given that grip strength and
muscle mass were measured in the same mice, these results sug-
gest that inhibiting CaMKIIb activity enhances skeletal muscle
strength by increasing skeletal muscle mass.

4. Discussion

Loss of skeletal muscle mass is a cause of muscle weakness and
frequently contributes to motor dysfunction resulting from
neuromuscular disorders, chronic disease, or ageing [2e4,6]. Thus,
developing therapeutic interventions aimed at enhancing muscle
mass is crucial for treating muscle weakness. Myostatin, a member
of the transforming growth factor-b (TGF-b) superfamily, is one of
the most intensively studied factors in the control of muscle mass.
Genetic ablation or pharmacological inhibition of myostatin en-
hances muscle mass and strength [21,22], and various treatments
aimed at inhibiting myostatin have undergone development and
progressed to clinical trials, although their risks and benefits still
need to be validated [8,23e25]. Likewise, many other clinical trial-
tested drugs aimed at enhancing muscle mass, including those
targeting androgen receptor-mediated signaling or insulin/insulin-
like growth factor (IGF) receptor-mediated signaling, have yet to be
approved [26]. Thus, further investigations are required to identify
novel therapeutic targets for muscle wasting.

As previously mentioned, increased gene expression of Camk2b
was recently reported in TA muscle upon denervation of motor

Fig. 1. Intramuscular injection of AAV1 vectors encoding wild-type (WT) or mutant (K43 M or T287D) CaMKIIb into the left hindlimb tibialis anterior (TA) muscle results in forced
expression of WT or corresponding mutant CaMKIIb in the muscle. (A) Diagram of AAV1 vectors containing WT or mutant CaMKIIb expression cassette. White stars indicate the
position of each substitution. ITR, inverted terminal repeat. (B) Schematic diagram of AAV injection. Each AAV1 vector was injected into the left hindlimb TA muscle of male mice at
3 months of age. The contralateral right hind limb was analyzed as the non-injected control. (C) Quantified results for Camk2b mRNA expression in the left hindlimb TA muscle of
AAV-WT, -K43 M, or -T287D-treated or non-treated (NT) mice, analyzed by real-time PCR. NT mice did not receive any injection. The mean value of Camk2b mRNA expression
normalized to hprt expression in NT mice was arbitrarily defined as 1. Error bars indicate mean ± SEM (n ¼ 4). *P < 0.05. (D) Protein expression of WT or mutant CaMKIIb in the left
hindlimb TA muscle of AAV-WT, -K43 M, or -T287D-treated or NT (") mice, determined by immunoblotting (IB) with the indicated antibodies.
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図 1. AAVベクターの模式図 
CaMKIIb WT、活性喪失変異体（K43M）、恒常
活性変異体（T287D）を発現する AAVベクター
を作製した。EGFPをタグとして付加した。★は
それぞれ変異箇所を示す。 ITR, inverted 
terminal repeat。（BBRC 589:192-6, 2022より） 

GA muscles, compared with non-treated (NT) controls (Fig. 2A). It
should be noted that injection of AAV1 vectors into the TA muscle
can induce exogenous gene expression not only in the TA muscle
but also in neighboring muscles, including the EDL, SOL, and GA
muscles [17].

Next, to examine the effect of forced expression of mutant
CaMKIIb on skeletal muscle mass, we generated and injected AAV1
vectors expressing the widely utilized inactive (K43 M) or consti-
tutively active (T287D) mutant forms of CaMKIIb (AAV-K43 M or
AAV-T287D, respectively) into the left hindlimb TA muscle of 3-
month-old mice (Fig. 1A) [18e20]. The results indicate that
administration of each vector induced exogenous expression of the
corresponding CaMKIIb mutant in the TA muscle within three
months after AAV treatment (Fig. 1C and D). Interestingly, infection
with AAV-T287D resulted in significantly reduced masses of all four
muscles examined, compared with AAV-WT infection (Fig. 2A).
Furthermore, AAV-K43M-treated mice exhibited significantly
increased TA and SOL muscle masses and non-significantly
increased EDL and GA muscle masses (p ¼ 0.12 and p ¼ 0.054,
respectively), compared with AAV-WT-treated mice (Fig. 2A).
Further, we confirmed that the skeletal muscle mass of the right
hind limb (non-injected control) did not significantly change
regardless of AAV injection (Fig. 2B). Together, these results suggest
that inhibiting CaMKIIb activity enhances skeletal muscle mass.

3.2. Forced expression of inactive mutant CaMKIIb (K43 M) in
skeletal muscle enhances muscle strength

Because skeletal muscle mass is a key determinant of muscle
strength, we examined whether administration of AAV1 vectors
expressing WT or mutant CaMKIIb affected hindlimb muscle

strength by measuring grip strength. As expected, mice treated
with AAV-K43 M or AAV-T287D exhibited enhanced or reduced
hindlimb muscle strength within three months after AAV treat-
ment, respectively, compared with AAV-WT-treated mice (Fig. 3A).
Moreover, the strength of the right hind limb (non-injected control)
was not significantly changed (Fig. 3B). Given that grip strength and
muscle mass were measured in the same mice, these results sug-
gest that inhibiting CaMKIIb activity enhances skeletal muscle
strength by increasing skeletal muscle mass.

4. Discussion

Loss of skeletal muscle mass is a cause of muscle weakness and
frequently contributes to motor dysfunction resulting from
neuromuscular disorders, chronic disease, or ageing [2e4,6]. Thus,
developing therapeutic interventions aimed at enhancing muscle
mass is crucial for treating muscle weakness. Myostatin, a member
of the transforming growth factor-b (TGF-b) superfamily, is one of
the most intensively studied factors in the control of muscle mass.
Genetic ablation or pharmacological inhibition of myostatin en-
hances muscle mass and strength [21,22], and various treatments
aimed at inhibiting myostatin have undergone development and
progressed to clinical trials, although their risks and benefits still
need to be validated [8,23e25]. Likewise, many other clinical trial-
tested drugs aimed at enhancing muscle mass, including those
targeting androgen receptor-mediated signaling or insulin/insulin-
like growth factor (IGF) receptor-mediated signaling, have yet to be
approved [26]. Thus, further investigations are required to identify
novel therapeutic targets for muscle wasting.

As previously mentioned, increased gene expression of Camk2b
was recently reported in TA muscle upon denervation of motor

Fig. 1. Intramuscular injection of AAV1 vectors encoding wild-type (WT) or mutant (K43 M or T287D) CaMKIIb into the left hindlimb tibialis anterior (TA) muscle results in forced
expression of WT or corresponding mutant CaMKIIb in the muscle. (A) Diagram of AAV1 vectors containing WT or mutant CaMKIIb expression cassette. White stars indicate the
position of each substitution. ITR, inverted terminal repeat. (B) Schematic diagram of AAV injection. Each AAV1 vector was injected into the left hindlimb TA muscle of male mice at
3 months of age. The contralateral right hind limb was analyzed as the non-injected control. (C) Quantified results for Camk2b mRNA expression in the left hindlimb TA muscle of
AAV-WT, -K43 M, or -T287D-treated or non-treated (NT) mice, analyzed by real-time PCR. NT mice did not receive any injection. The mean value of Camk2b mRNA expression
normalized to hprt expression in NT mice was arbitrarily defined as 1. Error bars indicate mean ± SEM (n ¼ 4). *P < 0.05. (D) Protein expression of WT or mutant CaMKIIb in the left
hindlimb TA muscle of AAV-WT, -K43 M, or -T287D-treated or NT (") mice, determined by immunoblotting (IB) with the indicated antibodies.

T. Eguchi and Y. Yamanashi Biochemical and Biophysical Research Communications 589 (2022) 192e196

194

図 2. Camk2b遺伝子の発現レベル 
AAV 投与後 3 ヶ月（6 ヶ月齢）時点での、前脛
骨筋における Camk2b 遺伝子の発現レベルを解
析した。NT : AAV非投与群、WT : AAV-CaMKIIb 
WT投与群、K43M : AAV-CaMKIIb K43M投与
群、T287D : AAV-CaMKIIb T287D 投与群。

*P<0.05。（BBRC 589:192-6, 2022より） 



 次に、CaMKIIbの発現増強が筋重量に及ぼす

影響を解析するために、前脛骨筋（TA）、長趾伸

筋（EDL）、ヒラメ筋（SOL）、腓腹筋（GA）の重

量を解析したところ、NT 群と比較して、AAV-
CaMKIIb WT 投与群では有意な変化は認められ

なかった（図 4）。一方、AAV-CaMKIIb K43M投
与群では、AAV-CaMKIIb WT投与群と比較して、

前脛骨筋、およびヒラメ筋において、有意な筋重

量の増加が認められ、長趾伸筋や腓腹筋におい

ても筋重量増加の傾向が認められた（図 4）。さ

らに、AAV-CaMKIIb T287D 投与群では、AAV-
CaMKIIb WT 投与群と比較して、いずれの筋に

おいても筋重量が有意に低下していた。これら

の結果より、骨格筋における CaMKIIb K43M の強制発現は筋重量の増加を、CaMKIIb T287D の

強制発現は筋重量の低下を惹き起こすことが明らかとなった。 
 CaMKIIb 変異体の強制発現が筋重量に影響を及ぼすことから、次にマウス後肢の筋力を解析

した。AAV-CaMKIIb WT投与群では、NT群と比較して、後肢の筋力の有意な変化は認められな

かった。一方、AAV-CaMKIIb K43M投与群では筋力の増加が認められ、AAV-CaMKIIb T287D投
与群では筋力の低下が認められた。以上の結果より骨格筋における CaMKIIb K43M の強制発現

は筋重量の増加に加え、筋力を増強し、CaMKIIb T287D の強制発現は筋重量・筋力の低下を惹

き起こすことが明らかとなった。 
 
 

 
 
 

GA muscles, compared with non-treated (NT) controls (Fig. 2A). It
should be noted that injection of AAV1 vectors into the TA muscle
can induce exogenous gene expression not only in the TA muscle
but also in neighboring muscles, including the EDL, SOL, and GA
muscles [17].

Next, to examine the effect of forced expression of mutant
CaMKIIb on skeletal muscle mass, we generated and injected AAV1
vectors expressing the widely utilized inactive (K43 M) or consti-
tutively active (T287D) mutant forms of CaMKIIb (AAV-K43 M or
AAV-T287D, respectively) into the left hindlimb TA muscle of 3-
month-old mice (Fig. 1A) [18e20]. The results indicate that
administration of each vector induced exogenous expression of the
corresponding CaMKIIb mutant in the TA muscle within three
months after AAV treatment (Fig. 1C and D). Interestingly, infection
with AAV-T287D resulted in significantly reduced masses of all four
muscles examined, compared with AAV-WT infection (Fig. 2A).
Furthermore, AAV-K43M-treated mice exhibited significantly
increased TA and SOL muscle masses and non-significantly
increased EDL and GA muscle masses (p ¼ 0.12 and p ¼ 0.054,
respectively), compared with AAV-WT-treated mice (Fig. 2A).
Further, we confirmed that the skeletal muscle mass of the right
hind limb (non-injected control) did not significantly change
regardless of AAV injection (Fig. 2B). Together, these results suggest
that inhibiting CaMKIIb activity enhances skeletal muscle mass.

3.2. Forced expression of inactive mutant CaMKIIb (K43 M) in
skeletal muscle enhances muscle strength

Because skeletal muscle mass is a key determinant of muscle
strength, we examined whether administration of AAV1 vectors
expressing WT or mutant CaMKIIb affected hindlimb muscle

strength by measuring grip strength. As expected, mice treated
with AAV-K43 M or AAV-T287D exhibited enhanced or reduced
hindlimb muscle strength within three months after AAV treat-
ment, respectively, compared with AAV-WT-treated mice (Fig. 3A).
Moreover, the strength of the right hind limb (non-injected control)
was not significantly changed (Fig. 3B). Given that grip strength and
muscle mass were measured in the same mice, these results sug-
gest that inhibiting CaMKIIb activity enhances skeletal muscle
strength by increasing skeletal muscle mass.

4. Discussion

Loss of skeletal muscle mass is a cause of muscle weakness and
frequently contributes to motor dysfunction resulting from
neuromuscular disorders, chronic disease, or ageing [2e4,6]. Thus,
developing therapeutic interventions aimed at enhancing muscle
mass is crucial for treating muscle weakness. Myostatin, a member
of the transforming growth factor-b (TGF-b) superfamily, is one of
the most intensively studied factors in the control of muscle mass.
Genetic ablation or pharmacological inhibition of myostatin en-
hances muscle mass and strength [21,22], and various treatments
aimed at inhibiting myostatin have undergone development and
progressed to clinical trials, although their risks and benefits still
need to be validated [8,23e25]. Likewise, many other clinical trial-
tested drugs aimed at enhancing muscle mass, including those
targeting androgen receptor-mediated signaling or insulin/insulin-
like growth factor (IGF) receptor-mediated signaling, have yet to be
approved [26]. Thus, further investigations are required to identify
novel therapeutic targets for muscle wasting.

As previously mentioned, increased gene expression of Camk2b
was recently reported in TA muscle upon denervation of motor

Fig. 1. Intramuscular injection of AAV1 vectors encoding wild-type (WT) or mutant (K43 M or T287D) CaMKIIb into the left hindlimb tibialis anterior (TA) muscle results in forced
expression of WT or corresponding mutant CaMKIIb in the muscle. (A) Diagram of AAV1 vectors containing WT or mutant CaMKIIb expression cassette. White stars indicate the
position of each substitution. ITR, inverted terminal repeat. (B) Schematic diagram of AAV injection. Each AAV1 vector was injected into the left hindlimb TA muscle of male mice at
3 months of age. The contralateral right hind limb was analyzed as the non-injected control. (C) Quantified results for Camk2b mRNA expression in the left hindlimb TA muscle of
AAV-WT, -K43 M, or -T287D-treated or non-treated (NT) mice, analyzed by real-time PCR. NT mice did not receive any injection. The mean value of Camk2b mRNA expression
normalized to hprt expression in NT mice was arbitrarily defined as 1. Error bars indicate mean ± SEM (n ¼ 4). *P < 0.05. (D) Protein expression of WT or mutant CaMKIIb in the left
hindlimb TA muscle of AAV-WT, -K43 M, or -T287D-treated or NT (") mice, determined by immunoblotting (IB) with the indicated antibodies.
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図 3. 外来性の CaMKIIbタンパク質の検出 
AAV投与後 3ヶ月（6ヶ月齢）時点での、前脛骨筋の
溶解液を用いて、CaMKIIb-GFP、および GAPDHの
検出を実施した。 IB, Immunoblotting。（BBRC 
589:192-6, 2022より） 

nerves, and intramuscular injection of KN-93 phosphate, which can
potently inhibit CaMKII-family kinases, partly suppressed
denervation-induced atrophy of GA muscle [12]. However, it
remained unclear whether inhibition of CaMKIIb activity in the
muscle increased its mass, because KN-93 has other targets [13]. In
the present study, we demonstrated that infectionwith AAV-K43M
or -T287D, but not AAV-WT, enhanced or reduced muscle mass and
strength, respectively (Figs. 2 and 3). Although these findings
suggest the potential of CaMKIIb-K43 M gene therapy or other
treatments aimed at inhibiting CaMKIIb to counteract skeletal
muscle atrophy, the precise mechanisms underlying enhanced
skeletal muscle mass and strength due to forced expression of the
inactive form of CaMKIIb warrant further study.

Previously, Bachstetter et al. reported that body weight and lean
mass were not significantly changed in CaMKIIb knockout mice at
12 weeks of age compared with WT mice [27], suggesting that
deletion of Camk2b alone does not significantly impact skeletal
muscle mass in adult mice. However, these results could be due to
compensatory functions of other CaMKII isoforms since the
knockout mice lacked CaMKIIb throughout life, embryogenesis
included. Interestingly, it was also reported that denervation-
induced upregulation of MuRF1, a muscle-specific ubiquitin ligase
that is an important factor in muscle atrophy, was partly sup-
pressed in GA muscle by intramuscular injection of the CaMKII

inhibitor KN-93 phosphate, suggesting that CaMKII proteins
contribute to denervation-induced muscle atrophy by enhancing
MuRF1 gene expression [12]. Indeed, MuRF1 and its isoformMuRF2
cooperatively and negatively regulate skeletal muscle mass [28].
Therefore, further understanding the physiological roles of CaMKIIb
and its isoforms, along with MuRF-family proteins, would help
elucidate the mechanisms by which intramuscular injection of
AAV-K43 M enhances skeletal muscle mass and strength, thus
providing a novel therapeutic approach to improve muscle weak-
ness and loss of muscle mass.

Fig. 2. Forced expression of mutant (K43 M or T287D) CaMKIIb in the hindlimb muscle
enhances or reduces muscle mass, respectively. (A) Quantified results for normalized
muscle masses of the left hind limb, expressed as the mass ratio of left muscles to right
muscles (the non-injected controls) in each mouse. (n ¼ 5e6). (B) Quantified results
for absolute muscle masses of the right hind limb (n ¼ 5e6). Error bars indicate
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, N.S., not significant. TA, tibialis
anterior; EDL, extensor digitorum longus; SOL, soleus; GA, gastrocnemius.

Fig. 3. Forced expression of mutant (K43 M or T287D) CaMKIIb in the hindlimb muscle
enhances or reduces muscle strength, respectively. (A) Quantified results for normal-
ized values of left hindlimb grip strength, expressed as the grip strength ratio of the
left hind limb to the right hind limb (the non-injected control) in each mouse
(n ¼ 5e6). (B) Quantified results for absolute values of the right hindlimb grip strength
(n ¼ 5e6). Error bars indicate mean ± SEM. *P < 0.05, ***P < 0.001, N.S., not significant.
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図 4. CaMKIIb（WT, K43M, or T287D）の 
強制発現による骨格筋重量への影響 

AAV投与後 3ヶ月（6ヶ月齢）時点のマウスの筋重
量を解析した。後肢左脚のそれぞれの筋重量を後肢

右脚のそれぞれの筋重量で補正した。TA: tibialis 
anterior muscle, EDL: extensor digitorum longus, 
SOL: soleus, GA: gastrocnemius muscle。*P<0.05, 
**P<0.01, ***P<0.001。N.S.、有意差なし。（BBRC 
589:192-6, 2022より） 

nerves, and intramuscular injection of KN-93 phosphate, which can
potently inhibit CaMKII-family kinases, partly suppressed
denervation-induced atrophy of GA muscle [12]. However, it
remained unclear whether inhibition of CaMKIIb activity in the
muscle increased its mass, because KN-93 has other targets [13]. In
the present study, we demonstrated that infectionwith AAV-K43M
or -T287D, but not AAV-WT, enhanced or reduced muscle mass and
strength, respectively (Figs. 2 and 3). Although these findings
suggest the potential of CaMKIIb-K43 M gene therapy or other
treatments aimed at inhibiting CaMKIIb to counteract skeletal
muscle atrophy, the precise mechanisms underlying enhanced
skeletal muscle mass and strength due to forced expression of the
inactive form of CaMKIIb warrant further study.

Previously, Bachstetter et al. reported that body weight and lean
mass were not significantly changed in CaMKIIb knockout mice at
12 weeks of age compared with WT mice [27], suggesting that
deletion of Camk2b alone does not significantly impact skeletal
muscle mass in adult mice. However, these results could be due to
compensatory functions of other CaMKII isoforms since the
knockout mice lacked CaMKIIb throughout life, embryogenesis
included. Interestingly, it was also reported that denervation-
induced upregulation of MuRF1, a muscle-specific ubiquitin ligase
that is an important factor in muscle atrophy, was partly sup-
pressed in GA muscle by intramuscular injection of the CaMKII

inhibitor KN-93 phosphate, suggesting that CaMKII proteins
contribute to denervation-induced muscle atrophy by enhancing
MuRF1 gene expression [12]. Indeed, MuRF1 and its isoformMuRF2
cooperatively and negatively regulate skeletal muscle mass [28].
Therefore, further understanding the physiological roles of CaMKIIb
and its isoforms, along with MuRF-family proteins, would help
elucidate the mechanisms by which intramuscular injection of
AAV-K43 M enhances skeletal muscle mass and strength, thus
providing a novel therapeutic approach to improve muscle weak-
ness and loss of muscle mass.

Fig. 2. Forced expression of mutant (K43 M or T287D) CaMKIIb in the hindlimb muscle
enhances or reduces muscle mass, respectively. (A) Quantified results for normalized
muscle masses of the left hind limb, expressed as the mass ratio of left muscles to right
muscles (the non-injected controls) in each mouse. (n ¼ 5e6). (B) Quantified results
for absolute muscle masses of the right hind limb (n ¼ 5e6). Error bars indicate
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, N.S., not significant. TA, tibialis
anterior; EDL, extensor digitorum longus; SOL, soleus; GA, gastrocnemius.

Fig. 3. Forced expression of mutant (K43 M or T287D) CaMKIIb in the hindlimb muscle
enhances or reduces muscle strength, respectively. (A) Quantified results for normal-
ized values of left hindlimb grip strength, expressed as the grip strength ratio of the
left hind limb to the right hind limb (the non-injected control) in each mouse
(n ¼ 5e6). (B) Quantified results for absolute values of the right hindlimb grip strength
(n ¼ 5e6). Error bars indicate mean ± SEM. *P < 0.05, ***P < 0.001, N.S., not significant.
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図 5. CaMKIIb（WT, K43M, or T287D）の 
強制発現による筋力への影響 

AAV投与後 3ヶ月（6ヶ月齢）時点のマウス
の後肢筋力を測定した。後肢左脚の筋力を後

肢右脚の筋力で補正した。 *P<0.05、
***P<0.001。N.S.、有意差なし。（BBRC 
589:192-6, 2022より） 
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