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Figure S1 

 

                    

                                         
 

 

 

 

Decreased levels of phosphorylated EIF2S1 (p-EIF2S1S51) in muscle of the KO mice. 

 

Western blot analysis of muscle lysates from WT and KO mice with the indicated antibodies. The levels of ATF4 (n=5) and 

p-EIF2B/EIF2B5 ratio (n=6) are not altered in the KO muscle, but the level of p-EIF2S1S51 (n=6) is significantly decreased in 

the diseased muscle compared to the WT control. When EIF2S1 is less phosphorylated, it cannot inhibit the guanine 

nucleotide exchange factor EIF2B5, thus allowing the recycling of EIF2S1 between successive rounds of protein synthesis. A 

combination of decreased phosphorylation of EIF2S1 without changes in the EIF2B levels results in the upregulation of the 

overall rate of protein synthesis in the KO muscle. Graph represent mean ± SE.  ***P < 0.001. Student’s t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Figure S2 

                           

 

                                        
 

 
Effects of AAV-mediated TSC2 inhibition on mTOR and autophagy in muscle of the KO mice. 

 

A. Representative image of western blot analysis of whole muscle lysates from sham-treated (NT) left gastrocnemius and 

AAV1-shRNA-TSC2 (shTSC2)-infected right gastrocnemius muscle from KO mice with indicated antibodies. Increased 

phosphorylation of a downstream mTOR target, EIF4EBP1, and a decrease in the autophagosomal marker MAP1LC3a-II are 

observed following TSC knockdown (consistent with our previously reported data1). B. Western blot analysis of muscle 

lysates from PBS-treated and AAV1-null and AAV1-scrambled shRNA (AAV1-sc shRNA)-infected KO mice with the 

indicated antibodies. 3-month-old KO mice were injected with a total dose of 1011 GC of AAV1-sc shRNA or AAV1-null 

into three sites of the right gastrocnemius muscle; PBS was injected into the contralateral muscle. Animals were sacrificed 6 

weeks after the procedure. White part of gastrocnemius muscle was used for western blots. GAPDH was used as a loading 

control. No changes in the levels of Ub-proteins, SQSTM/p62, MAP1LC3a or EIF4EBP1 were seen following AAV1-null or 

AAV1-sc-shRNA injections. Graphs represent mean ± SE. n=3; *P < 0.05, **P < 0.01.  n.s.: not significant. Student's t-test. 

 
1. Lim, JA, Li, L, Shirihai, OS, Trudeau, KM, Puertollano, R, and Raben, N (2017). Modulation of mTOR signaling as a 

strategy for the treatment of Pompe disease. EMBO Mol Med. 9(3):353-370. 

 

  



Figure S3 

                     

 

 

 

 

                               
 

 

 

 

 

 
Efficient lysosomal-autophagosomal fusion in muscle of the KO mice following TSC2 knockdown. 

        

Immunostaining of sham-infected (NT; left) and AAV1-RFP-shTSC (shTSC2; right)-infected single fibers from GFP-

LC3:KO mice with anti-LC3 antibody (MAP1LC3a; green) and anti-LAMP1 (white) antibodies. The experiments were 

performed in GFP-LC3:KO, in which autophagosomes are labeled with GFP-LC3.  3-month-old mice were injected with 

AAV1-RFP-shRNA TSC2 vector preparation into the right gastrocnemius muscle; PBS was injected into the contralateral 

muscle. Animals were sacrificed 6 weeks after the procedure. White part of gastrocnemius muscle was used for analysis. A 

typical autophagic buildup is seen in the sham-infected fiber: the buildup occupies a sizeable portion of the fiber, and the co-

localization of LC3- and LAMP1-positive structures are observed only occasionally. In contrast, the infected fiber (red) is 

largely free from typical buildup, and the ring-shaped MAP1LC3a-positive autophagosomes in the core of the fiber 

colocalize with LAMP1-positive lysosomes. Bar: 20 μm 

 
 

 

 

 

 

 

 

 

 

 



Figure S4 

 

 

 

 

    

 
 

 
Effect of AAV-mediated TSC2 inhibition on autophagic buildup in muscle of the KO mice.  

Additional electron micrograph images of sham-treated and AAV-shTSC-infected (shTSC2) muscle of the KO mice (see 

Figure 3B in the main text) showing reduced total area of the autophagic buildup following TSC knockdown. A. Bar: 2 µm. 

A higher magnification images (lower panels) of the AAV-shTSC-infected KO muscle show dispersed clusters of vesicles 

separated by vesicle-free areas. B. Bar: 500 nm.  3-month-old KO mice were injected with AAV1- shTSC into three sites of 

the right gastrocnemius muscle (shTSC2); PBS was injected into the contralateral muscle. Animals were sacrificed 5.5 weeks 

after the procedure. White part of gastrocnemius muscle was used for analysis.   

 

 

 

  



Figure S5 

 

         
 

 

 

Effect of ERT in skeletal muscle of KO mice following TSC knockdown.   

4‐month‐old KO mice were infected with AAV1-GFP-shRNA TSC2 vector preparation into the right gastrocnemius muscle; 

PBS was injected into the contralateral muscle; after 4 weeks, animals received a single i.v. injections of rhGAA (at a dose of 

100 mg/kg); the mice were sacrificed 5 days after the drug injection.  Immunostaining of single fibers from sham-infected 

(NT+ERT1; left) and AAV1-GFP-shRNA TSC2-infected (shTSC2+ERT1; green; right) muscle with LAMP1. Comparison 

of the two panels shows the absence of autophagic buildup and shrinking of lysosomes following TSC knockdown. Bar: 20 

μm. 

 

 

 

 

 

 

  



 

 
Supplemental Videos 

 

Supplemental video 1. mCherry-LAMP-transfected fiber derived from a GFP-LC3:KO mouse.  

Time-lapse confocal microscopy images were taken every 5 minutes. There is little (if any) interaction between lysosomes (red) and 

autophagosomes (green). 

 

Supplemental video 2. mCherry-LAMP-transfected fiber derived from a GFP-LC3:KO mouse; the fiber was cultured in the presence 

of bvPLA2 (10 µg/mL). Time-lapse confocal microscopy images were taken every 5 minutes. PLA2 stimulates the fusion between 

autophagosomes and lysosomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



Table S1. Ubiquitin-related upregulated genes   

 

Gene 

Symbol 
Name Transcript p-value 

Adjusted 

p-value 

(q-value) 

FC 

Neurl1a neuralized E3 ubiquitin protein ligase 1A NM_021360 2E-05 6.21E-04 38.53 

Tspo translocator protein NM_009775 4E-08 1.40E-05 7.99 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_009397 0.0026 1.73E-02 4.39 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_001166402 7E-05 1.46E-03 7.26 

Faap20 
Fanconi anemia core complex associated protein 

20 
NM_001190445 0.0011 8.89E-03 6.91 

Park2 
Parkinson disease (autosomal recessive, juvenile) 

2, parkin 
NM_016694 8E-10 1.52E-06 6.33 

Fbxo39 F-box protein 39 NM_001037713 0.0005 4.92E-03 6.31 

Fbxl22 F-box and leucine-rich repeat protein 22 NM_175206 1E-05 4.00E-04 4.85 

Cd300lh CD300 antigen like family member H NM_199201 0.0006 6.14E-03 4.67 

Cdkn1a cyclin-dependent kinase inhibitor 1A (P21) NM_007669 0.0002 2.42E-03 4.52 

Uchl1 ubiquitin carboxy-terminal hydrolase L1 NM_011670 1E-04 1.77E-03 3.64 

Otub2 OTU domain, ubiquitin aldehyde binding 2 NR_033587 0.0203 7.51E-02 3.24 

Klhl40 kelch-like 40 NM_028202 1E-06 1.15E-04 2.80 

Usp20 ubiquitin specific peptidase 20 NM_028846 2E-07 3.74E-05 2.65 

Dcaf4 DDB1 and CUL4 associated factor 4 NM_001165256 0.0082 3.93E-02 2.61 

Map1lc3a 
microtubule-associated protein 1 light chain 3 

alpha 
NM_025735 7E-07 7.71E-05 2.59 

Trp53 transformation related protein 53 NM_001127233 0.0113 4.98E-02 2.59 

Tnip1 TNFAIP3 interacting protein 1 NM_001199276 0.0012 9.50E-03 2.57 

H2-Ab1 histocompatibility 2, class II antigen A, beta 1 NM_207105 3E-05 7.72E-04 2.55 

Zfand2a zinc finger, AN1-type domain 2A NM_133349 0.0008 7.02E-03 2.54 

Trim72 tripartite motif-containing 72 NM_001079932 2E-07 3.90E-05 2.52 

 
  



 

 

 
Table S2. Proteasome-related upregulated genes 

 

 

Input Name Transcript p-value 

Adjusted 

p-value 

(q-value) 

FC 

Park2 
Parkinson disease (autosomal recessive, juvenile) 2, 

parkin 
NM_016694 7.94E-10 1.52E-06 6.33 

Xaf1 F-box protein 39 NM_001037713 0.000462 4.92E-03 6.31 

Fbxl22 F-box and leucine-rich repeat protein 22 NM_175206 9.51E-06 4.00E-04 4.85 

Kbtbd5 kelch-like 40 NM_028202 1.31E-06 1.15E-04 2.80 

Agt alanine-glyoxylate aminotransferase NM_007428 1.56E-05 5.57E-04 2.60 

Zfand2a zinc finger, AN1-type domain 2A NM_133349 0.000777 7.02E-03 2.54 

Trim72 tripartite motif-containing 72 NM_001079932 2.21E-07 3.90E-05 2.52 

  



 

 

 
Table S3. Proteolysis-related upregulated genes   

 

Input Name Transcript p-value 

Adjusted 

p-value 

(q-value) 

FC 

Timp1 tissue inhibitor of metalloproteinase 1 NM_011593 1.17E-05 4.56E-04 28.02 

Timp1 tissue inhibitor of metalloproteinase 1 NM_001044384 0.000158 2.42E-03 565.23 

Klk1 kallikrein 1-related peptidase b1 NM_010639 0.000169 2.52E-03 389.04 

Perp PERP, TP53 apoptosis effector NM_022032 2.63E-08 1.17E-05 13.91 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_009397 0.002631 1.73E-02 4.39 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_001166402 7.19E-05 1.46E-03 7.26 

Cst6 cystatin B NM_028623 6.68E-08 2.01E-05 4.23 

Uchl1 ubiquitin carboxy-terminal hydrolase L1 NM_011670 9.62E-05 1.77E-03 3.64 

Ctss cathepsin S NM_021281 0.000192 2.72E-03 3.56 

Lgmn legumain NM_011175 1.17E-07 2.65E-05 3.44 

Otub2 OTU domain, ubiquitin aldehyde binding 2 NR_033587 0.020306 7.51E-02 3.24 

Hk1 kallikrein 1 NM_001146100 2.59E-05 7.55E-04 3.20 

Casp4 caspase 1 NM_007609 0.000128 2.13E-03 2.83 

Usp20 ubiquitin specific peptidase 20 NM_028846 2.07E-07 3.74E-05 2.65 

Cpe carboxypeptidase E NM_013494 4.48E-09 4.61E-06 2.64 

Trp53 transformation related protein 53 NM_001127233 0.011323 4.98E-02 2.59 

Tnip1 TNFAIP3 interacting protein 1 NM_001199276 0.001174 9.50E-03 2.57 

Atpif1 ATPase inhibitory factor 1 NM_007512 4.58E-07 6.12E-05 2.55 

 

  



 

 

 
Table S4. Protease-related upregulated genes  

 

Input Name Transcript p-value 

Adjusted 

p-value 

(q-value) 

FC 

Timp1 tissue inhibitor of metalloproteinase 1 NM_011593 1.17E-05 4.56E-04 28.02 

Timp1 tissue inhibitor of metalloproteinase 1 NM_001044384 0.000158 2.42E-03 565.23 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_009397 0.002631 1.73E-02 4.39 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_001166402 7.19E-05 1.46E-03 7.26 

Park2 
Parkinson disease (autosomal recessive, juvenile) 2, 

parkin 
NM_016694 7.94E-10 1.52E-06 6.33 

Cst6 cystatin B NM_028623 6.68E-08 2.01E-05 4.23 

Panx1 pannexin 1 NM_019482 4.14E-05 1.01E-03 4.01 

Uchl1 ubiquitin carboxy-terminal hydrolase L1 NM_011670 9.62E-05 1.77E-03 3.64 

Otub2 OTU domain, ubiquitin aldehyde binding 2 NR_033587 0.020306 7.51E-02 3.24 

Anxa2 annexin A2 NM_007585 7.25E-08 2.09E-05 3.15 

Serpinb6a 
serine (or cysteine) peptidase inhibitor, clade B, 

member 6a 
NM_001164118 3.88E-07 5.63E-05 2.48 

Serpinb6a 
serine (or cysteine) peptidase inhibitor, clade B, 

member 6a 
NM_009254 2.53E-07 4.25E-05 3.11 

Serpinb6a 
serine (or cysteine) peptidase inhibitor, clade B, 

member 6a 
NM_001164117 7.02E-06 3.40E-04 2.62 

Trp53 transformation related protein 53 NM_001127233 0.011323 4.98E-02 2.59 

Tnip1 TNFAIP3 interacting protein 1 NM_001199276 0.001174 9.50E-03 2.57 

 

  



Table S5. Peptidase-related upregulated genes  

 

Input Name Transcript p-value 

Adjusted 

p-value 

(q-value) 

FC 

Mt4 protease, serine 21 NM_008631 5.82E-12 6.89E-08 9063.46 

Timp1 tissue inhibitor of metalloproteinase 1 NM_011593 1.17E-05 4.56E-04 28.02 

Timp1 tissue inhibitor of metalloproteinase 1 NM_001044384 0.000158 2.42E-03 565.23 

Fetub fetuin beta NM_021564 0.001012 8.53E-03 237.85 

Fetub fetuin beta NM_001083904 0.000438 4.75E-03 404.75 

Klk1 kallikrein 1-related peptidase b1 NM_010639 0.000169 2.52E-03 389.04 

Serpinb1a 
serine (or cysteine) peptidase inhibitor, clade B, 

member 1a 
NM_025429 2.74E-09 3.35E-06 18.61 

Perp PERP, TP53 apoptosis effector NM_022032 2.63E-08 1.17E-05 13.91 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_009397 0.002631 1.73E-02 4.39 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_001166402 7.19E-05 1.46E-03 7.26 

Serpinb8 
serine (or cysteine) peptidase inhibitor, clade B, 

member 8 
NM_011459 4.97E-06 2.78E-04 6.98 

Bok BCL2-related ovarian killer NM_016778 1.1E-06 1.04E-04 5.80 

Arc 
nucleolar protein 3 (apoptosis repressor with 

CARD domain) 
NM_018790 0.004423 2.53E-02 5.56 

Cst6 cystatin B NM_028623 6.68E-08 2.01E-05 4.23 

Uchl1 ubiquitin carboxy-terminal hydrolase L1 NM_011670 9.62E-05 1.77E-03 3.64 

Serpina3n 
serine (or cysteine) peptidase inhibitor, clade A, 

member 3C 
NM_009252 3.95E-08 1.42E-05 3.62 

Ctss cathepsin S NM_021281 0.000192 2.72E-03 3.56 

Lgmn legumain NM_011175 1.17E-07 2.65E-05 3.44 

Serpina3m 
serine (or cysteine) peptidase inhibitor, clade A, 

member 3M 
NM_009253 2.8E-05 7.94E-04 3.36 

Otub2 OTU domain, ubiquitin aldehyde binding 2 NR_033587 0.020306 7.51E-02 3.24 

Hk1 kallikrein 1 NM_001146100 2.59E-05 7.55E-04 3.20 

Serpinb6a 
serine (or cysteine) peptidase inhibitor, clade B, 

member 6a 
NM_001164118 3.88E-07 5.63E-05 2.48 

Serpinb6a 
serine (or cysteine) peptidase inhibitor, clade B, 

member 6a 
NM_009254 2.53E-07 4.25E-05 3.11 

Serpinb6a 
serine (or cysteine) peptidase inhibitor, clade B, 

member 6a 
NM_001164117 7.02E-06 3.40E-04 2.62 

Casp4 caspase 1 NM_007609 0.000128 2.13E-03 2.83 

Arl6ip5 
ADP-ribosylation factor-like 6 interacting 

protein 5 
NM_022992 6.7E-07 7.59E-05 2.81 

Usp20 ubiquitin specific peptidase 20 NM_028846 2.07E-07 3.74E-05 2.65 

Cpe carboxypeptidase E NM_013494 4.48E-09 4.61E-06 2.64 

Agt 
angiotensinogen (serpin peptidase inhibitor, 

clade A, member 8) 
NM_007428 1.56E-05 5.57E-04 2.60 

 

 

 

 

  



Table S6. Autophagy-related upregulated genes   

 

 

Input Name Transcript p-value 

Adjusted 

p-value 

(q-value) 

FC 

Mt3 metallothionein 3 NM_013603 3.03E-08 1.23E-05 395.68 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_009397 0.002631 1.73E-02 4.39 

Tnfaip3 tumor necrosis factor, alpha-induced protein 3 NM_001166402 7.19E-05 1.46E-03 7.26 

Park2 
Parkinson disease (autosomal recessive, juvenile) 2, 

parkin 
NM_016694 7.94E-10 1.52E-06 6.33 

Qsox1 quiescin Q6 sulfhydryl oxidase 1 NM_001024945 1.42E-09 2.10E-06 2.90 

Casp4 caspase 1 NM_007609 0.000128 2.13E-03 2.83 

Map1lc3a microtubule-associated protein 1 light chain 3 alpha NM_025735 7.04E-07 7.71E-05 2.59 

 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table S7. Metabolome analysis of muscle biopsies from 3-month old WT and KO female mice;  

absolute concentration of 116 compounds.  

 

 
 
 

 

 

 

 

 



Table S7 (continued). Metabolome analysis of muscle biopsies from 3-month old WT and KO female mice; 

absolute concentration of 116 compounds  

 
ID represents analysis mode and number. 'C' and 'A' showed cation and anion modes, respectively. 

N.D. (Not Detected): The target peak or metabolite was below detection limits. 

N.A. (Not Available): The calculation was impossible because of insufficiency of the data. 
¶ The ratio is computed by using averaged detection values. The latter was used as denominator. 
| | The p-value is computed by Welch's t-test. (*<0.05, **<0.01, ***<0.001) 

The data are sorted by ID in ascending order. 

 

 

 

 

 

 

 



Table S7A. Metabolome analysis of muscle biopsies from 5-6-month-old WT and KO male mice;  

absolute concentration of 116 compounds.  

 
 

  
 

 

 

 

 

 

 



 
Table S7A (continued). Metabolome analysis of muscle biopsies from 5-6-month-old WT and KO  

male mice; absolute concentration of 116 compounds.  

 

 

           
 

ID consists of analysis mode and number. 'C' and 'A' showed cation and anion modes, respectively. 

N.D. (Not Detected): The target peak or metabolite was below detection limits. 

N.A. (Not Available): The calculation was impossible because of insufficiency of the data. 

¶ The ratio is computed by using averaged detection values. The latter was used as denominator. 

| | The p-value is computed by Welch's t-test. (*<0.05, **<0.01, ***<0.001) 

The data are sorted by ID in ascending order. 

 

 



 

  Table S8. The effect of ERT on glycogen levels (µg glucose/hr/mg protein) in KO and DKO strains. 

 

Genotype Tissue Untreated  Treated % Reduction* 

  

KO 

  

Gastroc 44.2 ± 12.9 (n=7) 

28.0 ± 20.3 

(n=6) 41 

Quad 69.0 ± 34.1 (n=7) 25.9 ± 6.6 (n=6) 67 

Heart 153.5 ± 41.2 (n=2) 

14.2 ± 10.0 

(n=2) 93 

  

DKO 

  

Gastroc 19.8 ± 19.2 (n=5) 5.0 ± 6.8 (n=6) 98 

Quad 27.7 ± 27.6 (n=5) 5.5 ± 10.5 (n=9) 98 

Heart 165.0 ± 31.8 (n=2) 7.9 ± 8.1 (n=2) 98 

      

Each value is the mean ± SD from the indicated number of animals. The WT levels of glycogen in 

gastrocnemius/quadriceps of 8.5-month-old mice are 3.6 ± 3.0 µg glucose/hr/mg protein. *The amount of residual 

glycogen (minus the WT level) in treated animals was compared to the level of glycogen in the respective tissue 

of KO mice. 
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