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Abstract  24 

Autophagy is necessary for lifespan extension in multiple model organisms and autophagy 25 

dysfunction impacts age-related phenotypes and diseases. Introduction of an F121A mutation into 26 

the essential autophagy protein BECN1 constitutively increases basal autophagy in young mice 27 

and reduces cardiac and renal age-related changes in longer-lived Becn1F121A mutant mice. 28 

However, both autophagic and lysosomal activity have been described to decline with age. Thus, 29 

whether autophagic flux is maintained during aging and whether it is enhanced in Becn1F121A mice 30 

is unknown. Here we demonstrate that old wild type mice maintained functional autophagic flux 31 

in heart, kidney and skeletal muscle but not liver, and old Becn1F121A mice had increased 32 

autophagic flux in those same organs compared to wild type. In parallel, Becn1F121A mice were not 33 

protected against age-associated hepatic phenotypes but demonstrated reduced skeletal muscle 34 

fiber atrophy. These findings identify an organ-specific role for the ability of autophagy to impact 35 

organ aging phenotypes.  36 

 37 

 38 

 39 

Abbreviations: CQ: chloroquine; GFP: green fluorescent protein; KI: BECN1F121A knock-in 40 

mutation; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; PCT: Renal proximal 41 

convoluted tubules 42 

  43 
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Introduction 44 

Autophagy is an evolutionary conserved lysosomal degradative process essential for the 45 

maintenance of cellular homeostasis and the promotion of cell survival under stress conditions. As 46 

a result, dysregulation or diminished autophagy activity impacts a wide variety of diseases, 47 

including age-related diseases, as well as in aging1,2. Indeed, multiple lines of evidence over the 48 

past 30 years have demonstrated that autophagy activity declines with age in diverse organisms3. 49 

Lysosomal protease activity is reduced in aged C. elegans4 and defective lysosomes and 50 

autophagic vacuoles accumulate with age in mouse liver 5,6. Moreover, the expression of several 51 

macroautophagy/autophagy genes decreases over time in Drosophila7–9. Likewise in mammals, 52 

levels of the essential autophagy proteins LC3, ATG5 and ATG7 decline with age in mouse brain 53 

as well as both muscle and human muscle10,11. In addition to declining during normal aging, 54 

expression of ATG proteins is also reduced in the setting of age-related diseases such as 55 

cardiomyopathy, neurodegenerative diseases and osteoarthritis12,13. Genetic studies in organismal 56 

models provided more direct evidence of the importance of autophagy in longevity and confirmed 57 

the  original finding that knock-down of the autophagy gene bec-1 (encoding BECN1) abrogates 58 

the lifespan extension of long-lived mutant worms14,15. Similarly, loss-of-function genetic studies 59 

indicate that autophagy is essential for lifespan extension in long-lived flies3 and reciprocally, 60 

induction of autophagy by the overexpression of ATG8 and ATG1 increases lifespan in flies 7,16. 61 

Since deletion of autophagy genes results in neonatal lethality in mice17 and systemic deletion of 62 

autophagy genes in adult mice results in early lethality 18, genetic studies of autophagy and aging 63 

in mammals have taken advantage of mice with tissue-specific deletion of Atg genes11,19–23. In 64 

these models, decreased autophagy results in multiple defects including the accumulation of 65 
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dysfunctional organelles and protein aggregates that are also found in aging tissues of otherwise 66 

non-genetically modified animals 24.  67 

The mammalian protein BECN1, orthologue of the yeast protein Atg6, is an essential component 68 

of the class III phosphatidylinositol 3-kinase (PtdIns3K) complex that promotes initiation of 69 

autophagosome formation. The function of BECN1 in autophagy is negatively regulated by 70 

binding to BCL2.  Disruption of the BECN1:BCL2 complex enhances the lipid kinase activity of 71 

the BECN1-PtdIns3K complex and subsequent induction of autophagy 25–27. Transgenic mice 72 

bearing a Becn1F121A knock-in (KI) mutation that disrupts BECN1 binding to BCL2 represent a 73 

unique autophagy gain-of-function mouse model that provided genetic evidence that mice with 74 

constitutively increased autophagy have an extended lifespan and improved cardiac and renal 75 

aging 28,29. In addition, constitutively increased autophagy in Becn1F121A KI mice also prevented 76 

the age-related decline in neurogenesis and olfaction30. Whether autophagy declines in all mouse 77 

tissues equally during aging and whether increased autophagy could alleviate the age-associated 78 

dysfunction of all tissue/organ during aging is unknown. Moreover, a recent study monitoring 79 

autophagy in C. elegans during aging demonstrated that autophagic flux is reduced with age in all 80 

tissues/organs but lifespan extension by different interventions relies on autophagy in a tissue-81 

specific manner31. Thus, whereas increased autophagy has been demonstrated to improve mouse 82 

lifespan and healthspan at a whole-body level, the tissue-specific regulation of autophagy during 83 

mammalian aging remains to be explored.  84 

In this study, we investigated whether age-related phenotypes could be improved in liver and 85 

skeletal muscle of longer-lived Becn1F121A KI mice and determined the impact of BECN1F121A 86 

mutation on autophagic flux in the liver, heart, kidney and skeletal muscle of old mice. 87 

 88 
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Results 89 

We previously reported that the Becn1F121A knock-in (KI) homozygous mice that have a 90 

constitutive increase of basal autophagy have extended lifespan and delayed age-related cardiac 91 

and renal pathological phenotypes28. To further investigate if the KI mutation could delay aging 92 

phenotypes of other organs, we measured lipid accumulation and fibrosis in aged KI and control 93 

(WT) mice. Using 20 month-old WT and KI mice, we analyzed H&E stained tissue sections (Fig. 94 

1A) and quantified the percentage of liver area covered by lipid droplets. Contrary to our 95 

expectations, there was no statistically significant difference in lipid accumulation between old KI 96 

and WT mice, despite a slight trend towards a greater number of KI mice with less lipid content 97 

(Fig. 1B). Next, we evaluated age-related hepatic fibrosis on sections stained with Masson’s 98 

trichrome (Fig. 1C and 1D) and similarly, did not observe a statistically significant difference in 99 

liver fibrosis between old KI and WT mice. These results indicated that the KI mutation did not 100 

protect mice from age-related hepatic pathological changes and led us to ask if the level of 101 

autophagy was still higher in the livers of old KI mice compared to old WT mice. Indeed, we 102 

previously demonstrated that the KI mutation increased basal autophagy in mouse livers in 6 103 

month-old young adult mice though it has been well characterized that hepatic autophagy declines 104 

with age28,32. To monitor autophagy in old mice, we studied KI and WT mice that had been crossed 105 

to transgenic mice expressing GFP tagged LC3 33,34. In the livers of old mice, we observed no 106 

difference in the number of GFP-LC3 puncta between KI and WT mice (Fig. 1E and F1). To assess 107 

autophagic flux, we treated mice with the autophagy inhibitor chloroquine (CQ). In CQ treated old 108 

mice, neither KI nor WT mice had a statistically significant increase in accumulation of GFP-LC3 109 

puncta in the livers compared to untreated mice, and similarly, we did not observe a significant 110 

difference in flux when comparing the livers of old KI and WT mice. There was also no change in 111 
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the protein expression of autophagy receptor and substrate SQTM1/p62 in the livers of old KI and 112 

WT mice as evaluated by western blot, thus confirming similar autophagic flux between old KI 113 

and WT mice in the liver (Fig. 1G). Taken together, these results demonstrate that in contrast to 114 

the livers of young mice, old Becn1F121A KI mice did not display increased liver autophagy, which 115 

correlated with the inability of the KI mutation to impact liver aging phenotypes. 116 

 117 

We next investigated whether in other organs, the increase in basal autophagy in Becn1F121A KI 118 

mice was also impaired with age. As age-related cardiac and renal aging is prevented in the KI 119 

mice28, we measured autophagic flux in the heart and kidneys of old KI and WT mice expressing 120 

GFP-LC3. Compared to old WT mice, old KI mice had significantly more GFP-LC3 puncta in the 121 

heart (Fig. 2A and B), renal glomeruli (Fig. 2D and E) and renal proximal convoluted tubules 122 

(PCT) (Fig. 2F and G). We observed similar differences in GFP-LC3 puncta in the hearts and 123 

kidneys of old KI vs WT mice treated with CQ to block autophagic flux. Furthermore, in contrast 124 

to liver, CQ treatment further increased the number of puncta in both KI and WT mice, indicating 125 

that autophagic flux remains intact in the hearts and kidneys of 22 month-old mice. We also 126 

showed that the protein level of the autophagy substrate SQTM1/p62 is decreased in the heart and 127 

kidney of old KI mice compared to old WT mice (Fig. 2C and H). Thus, in contrast to liver, hearts 128 

and kidneys of old KI mice demonstrate greater autophagic flux compared to WT mice even at an 129 

advanced age.  130 

 131 

To further investigate the potential of the Becn1F121A KI mutation to increase autophagy during 132 

aging, we next focused on skeletal muscle. Using KI and WT mice expressing GFP-LC3, we 133 

observed that old KI mice had a statistically significant increased number of GFP-LC3 puncta in 134 
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skeletal muscle compared to WT mice (Fig. 3A and B). Old KI mice treated with CQ also had a 135 

higher number of GFP-LC3 puncta than WT mice, indicating that autophagic flux is increased in 136 

skeletal muscle of old KI mice. It is worth noting that, like both heart and kidney, autophagic flux 137 

in the skeletal muscle of old mice remains intact as both WT and KI old mice treated with CQ had 138 

more GFP-LC3 puncta than untreated mice (Fig. 3B). The expression level of SQTM1/p62 is also 139 

lower in the muscle of old KI mice not treated with CQ compared to WT (Fig 3C). Altogether, 140 

these data indicate that old KI mice have increased autophagic flux in skeletal muscle.  141 

As increased autophagic flux in the heart and kidneys of old KI mice (Fig. 2) correlates with 142 

improved cardiac and renal aging phenotypes 28, we next investigated if old KI mice also had 143 

improved skeletal muscle aging phenotypes. One characteristic age-related change in the skeletal 144 

muscle is myofiber atrophy35,36. Indeed, when we measured the cross-sectional area of skeletal 145 

muscle fibers in young and old mice, we observed a clear age-related decrease in the muscle fiber 146 

size in WT mice (Fig. 3D and E). While myofiber size decreased with age in KI mice as well, the 147 

impact of aging was much less than in WT mice (Fig. 3D). Median myofiber cross-sectional area 148 

was significantly higher in old KI compared to old WT mice, although median myofiber cross-149 

sectional area was similar between young KI and WT mice (Fig. 3D). Another characteristic of 150 

muscle aging is an increased heterogeneity in myofiber size, and this phenotype was more evident 151 

in old WT than in old KI mice. When we analyzed the frequency distribution of cross-sectional 152 

area of myofibers, we observed a clear shift towards larger fiber sizes in old KI compared to WT 153 

mice (Fig. 3F) suggesting that KI mice were protected from age-related myofiber atrophy. Thus, 154 

we conclude that old KI mice have increased autophagic flux and delayed muscle aging compared 155 

to old WT mice. 156 

 157 
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Discussion 158 

Our study indicates that in old mice, Becn1F121A KI mutation increases autophagic flux in a tissue-159 

specific manner and reduces aging phenotypes in the corresponding tissues/organs. Disruption of 160 

BECN1 binding to BCL2 by the KI mutation results in constitutively increased autophagic flux in 161 

all young mouse tissues explored to date: heart, kidneys, liver, skeletal muscles, mammary gland, 162 

adipose tissue, pancreas and brain28,29,37,38. However, as lysosomal function and autophagy activity 163 

have been described to decline with age, autophagic flux might also be inhibited. As a result, 164 

measuring autophagy by direct quantification of autophagy markers such as SQTM1/p62 and LC3 165 

by immunoblot or fluorescence imaging under basal conditions may not properly reflect the 166 

autophagy level in aged animals and tissues3,4. Here, we investigated if autophagic flux remains 167 

increased by the BecnF121A KI mutation in aged animals transgenically expressing GFP-LC3 and 168 

treated or not with the lysosomal inhibitor, chloroquine. Our data indicate that the constitutive 169 

increase in autophagic flux is maintained throughout aging in some tissues such as heart, kidneys 170 

and skeletal muscle but not in others like the liver, thus revealing an unexpected tissue-specificity 171 

in the upregulation of autophagy during mouse aging.  172 

Our results also demonstrate that old WT mice maintain an active autophagic flux in the heart, 173 

kidneys and skeletal muscle and this autophagic flux can be increased further in old mice via 174 

expression of the BECN1F121A mutant protein. These data also suggest that the concept that 175 

autophagic flux is repressed in old animals is not valid for all tissues, which is consistent with 176 

several studies that have also assessed autophagic flux in old mice using a lysosome inhibitor. 177 

Indeed, hematopoietic stem cells of old mice have an active basal autophagic flux that is even 178 

higher than in young mice39. Similarly, a recent study showed that autophagic flux increased with 179 

age in adipose tissue40. In line with our results, a study of autophagy in kidney aging found that 180 
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old mice have higher autophagic flux than young mice in proximal convoluted tubules (PCT) but 181 

that further induction of autophagy in response to starvation only occurred in young mice38. Here 182 

we show that as opposed to starvation, the BECN1F121A KI mutation can further increase 183 

autophagic flux in both PCT and glomeruli, which also maintain active autophagic flux during 184 

aging. Our results indicate that autophagy can be induced in old PCT and supports the hypothesis 185 

proposed by previously that the lack of autophagy response in old PCT in WT mice might be 186 

caused by dysregulation of the signaling pathways mediating autophagy induction in response to 187 

starvation rather than by lysosomal dysfunction preventing proper autophagy activity38. As the 188 

age-related renal phenotypes that are exacerbated in autophagy deficient mice are improved in old 189 

Becn1F121A KI mice, increasing autophagy could represent a potential strategy to alleviate age-190 

related kidney diseases28,38. Autophagic flux is also increased in the hearts of old Becn1F121A KI 191 

mice, which is also consistent with a recent observation that exercise increases autophagic flux in 192 

old mice even though, as opposed to our result, this study did not detect any flux under basal 193 

resting condition41. This difference could be explained by the different assay used to measure flux. 194 

Although both studies used chloroquine to block lysosomal degradation, in the exercise study 195 

autophagy and flux were determined by immunoblot of LC3 and SQTM1/p62, whereas we used 196 

quantification of GFP-LC3 puncta combined with SQTM1/p62 analysis. Nevertheless, whether 197 

through genetic intervention via BECN1F121A KI mutation, or a physiological intervention via 198 

exercise, both studies show that increased autophagic flux in the heart correlates with decreased 199 

cardiac aging in mice28,41. Similarly, our data show that in skeletal muscle, autophagic flux is not 200 

only active in aged mice but also higher in aged Becn1F121A KI mice and correlates with improved 201 

skeletal muscle aging. Previous studies have shown that autophagy deficiency in skeletal muscle 202 

leads to muscle loss and accumulation of protein aggregates which resemble accelerated muscle 203 
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aging phenotypes in mice11. Likewise, recently caloric restriction was shown to improve skeletal 204 

muscle aging phenotypes and increased the number of autophagosomes, although flux was not 205 

assessed42. Our results demonstrate that increased autophagy in old Becn1F121A KI mice reduces 206 

age-associated skeletal muscle fiber atrophy, and provide supportive evidence for inducing 207 

autophagy as a potential therapeutic strategy to mitigate sarcopenia, the age-related decrease in 208 

skeletal muscle mass and strength. 209 

 210 

In contrast to cardiac, renal and skeletal muscle aging, surprisingly hepatic aging was not improved 211 

in old Becn1F121A KI mice. Prior work had shown that autophagy deficiency in the liver leads to 212 

multiple dysfunctions such as hepatomegaly, mild injuries and the accumulation of abnormal 213 

organelles and lipid droplets in young mice22,43,44. In addition, deficiency in chaperone mediated 214 

autophagy accelerates liver aging45. The inability of the KI mutation to affect age-related liver 215 

damage phenotypes correlates with the absence of autophagic flux in old KI mice and absence of 216 

a difference between old KI and WT mice. As opposed to the heart, kidney and skeletal muscle, 217 

the constitutive increase in basal autophagy observed in young KI mice was not maintained with 218 

age in the liver of old KI mice. It is worth noting that the concept of an age- associated decline in 219 

autophagic flux was first established by the observation of decreased lysosomal activity and 220 

accumulation of autophagic and lysosomal vesicles with age in the livers of old mice and rats 5,6,46. 221 

Even if the BECN1F121A KI mutation results in increased initiation and maturation of 222 

autophagosomes, downstream events such as reduced autophagosomal-lysosomal fusion and 223 

lysosomal degradation due to age-associated defects in their trafficking would still block 224 

autophagic flux and potentially explain why the BECN1F121A KI mutation fails to increase 225 

autophagic flux in the livers of old mice47. In contrast to our findings, caloric restriction was shown 226 
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to increase autophagic flux in the liver of old mice but only in female C57BL/6J mice48. 227 

Dysfunctions in autophagy flux have also been described in the aging brain49. However, our 228 

previous results indicate that age-related decline in autophagy is partially reversed in neural stem 229 

cells of 18 month-old Becn1F121A KI mice30. Further investigation of autophagic flux in different 230 

cell populations of the brain as well as in other organs of old mice are required to better 231 

understanding the tissue-specificity of autophagy regulation during mammalian aging. 232 

Interestingly, though the BECN1F121A KI mutation did not improve autophagic flux or the age-233 

associated changes in the liver of old mice, the benefit of increased autophagy on other organs is 234 

sufficient to extends their lifespan28. 235 

 236 

On a technical note, in our fluorescence imaging and analyses we observed an age-dependent 237 

accumulation of lipofuscin aggregates in all tissues, some of which appeared punctate. 238 

Accumulation of such aggregates is a well-established hallmark of aging and was especially 239 

pronounced in liver and PCT. As the lipofuscin fluorescence emission spectrum overlaps with 240 

GFP, puncate lipofuscin aggregates can potentially interfere with quantification of true GFP-LC3 241 

puncta and as such should be carefully excluded. 242 

 243 

To our knowledge, our study is the first to evaluate the autophagic flux in multiple tissues of old 244 

mice and highlights the importance of establishing a systemic evaluation of autophagic flux in 245 

aging mammals.  We also demonstrate that increased autophagic flux in some old BECN1F121A KI 246 

mouse tissues correlates with improved aging phenotypes in a tissue-specific manner. Overall, our 247 

data suggest that increasing autophagic flux during aging mitigates age-related phenotypes in 248 

multiple tissues. 249 
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 250 

Materials and Methods 251 

Mice 252 

Becn1F121A/F121A knock-in mice were generated in Beth Levine lab and backcrossed for more than 253 

12 generations to C57BL/6J mice (Jackson Laboratories) as described 29,28. Becn1+/+ (WT) 254 

and Becn1F121A/F121A (KI) littermate mice were crossed with GFP–LC3 transgenic C57BL/6J 255 

animals 34 and tissues of offspring were used for autophagic flux analyses. Old mice were 20 to 256 

22 month-old littermates and young mice were 5 month-old. Both males and females were used 257 

for all analyses. All animal procedures were performed in accordance with institutional 258 

guidelines and with approval from the UT Southwestern Medical Center Institutional Animal 259 

Care and Use Committee. 260 

Autophagy analyses 261 

To assess the autophagic flux in aged mice, 22-month-old homozygous Becn1+/+;GFP–LC3 262 

or Becn1F121A/F121A;GFP–LC3 mice were synchronized by a 16 h starvation followed by 3 h of 263 

feeding before treatment with either PBS or chloroquine (50 mg kg−1) for 6 h. Mice were then 264 

perfused with 4% paraformaldehyde (PFA) in PBS and tissues were collected and processed for 265 

frozen sectioning as described 28. The mouse heart, liver, vastus lateralis skeletal muscle and 266 

kidney tissue sections were imaged using a 40× objective on a Zeiss AxioPlan 2 microscope. For 267 

each tissue, the total number of GFP–LC3 puncta was counted per 2,500 μm2 area (more than 20 268 

randomly chosen fields were used per mouse) and was determined by an observer blinded to 269 

genotype. The average value for each tissue for each mouse was then calculated and graphed. 270 

For western blot analysis, tissues were lysed in ice-cold lysis buffer (Tris-HCl, pH 8, 300 mM, 271 

2% SDS) with cOmplete, mini protease (Roche) and Halt phosphatase (Thermo Scientific) 272 
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inhibitor cocktails for 30 min at 4 °C and the lysates were then centrifuged at 15,000g for 10 273 

min. Cleared lysates were diluted in 2× SDS–PAGE loading buffer and submitted to western 274 

blotting using anti-p62 (GP62-C, Progen, 1:1,000 dilution), anti-LC3B (L7543, Sigma, 1:10,000 275 

dilution), anti-BECN1 (sc-7382, Santa Cruz; 1:500 dilution), anti-BCL2 (sc-7382, Santa Cruz; 276 

1:200 dilution) and anti-actin (sc-47778, Santa Cruz, 1:5,000 dilution) antibodies.  277 

Histopathological analyses 278 

Mice were perfused with 4% PFA in PBS before tissue collection, fixation, and preparation of 279 

paraffin-embedded sections for histopathological analyses. Liver sections were stained with 280 

Hematoxylin and Eosin (H&E) then scanned using NanoZoomer 2.0-HT and analyzed using free 281 

NDPView2 software. To determine the lipid accumulation in the liver, each field of H&E stained 282 

liver sections was given a score using the following 4 categories: ≤5% tissue area; ≤25% tissue 283 

area; ≤50% tissue area; ≥50% tissue area with lipid droplets visualized as white empty vesicles 284 

on liver sections. For analyses of hepatic fibrosis, liver sections were stained with Masson’s 285 

trichrome according to the manufacturer’s instructions (ab150686, Abcam) and the sections were 286 

imaged using a 20× objective on a Zeiss AxioPlan 2 microscope. Ten random fields were 287 

evaluated per mouse and each field was given a fibrosis score using the following scale: 0, 288 

absence of damage; 1, ≤1% tissue area; 2, 1–5% tissue area; 3, ≥5% tissue area with fibrosis. The 289 

scores of each field were averaged to give a final fibrosis score for each mouse, ranging from 0 290 

to 3. Quantification of all histopathological analyses was performed by an observer blinded to 291 

genotype. 292 

Muscle fiber size analyses 293 

Skeletal muscle sections were staining with anti-laminin-2 (L0663, Sigma, 1:1000 dilution) to 294 

outline the muscles fibers. The average cross-sectional area of vastus lateralis muscles was 295 
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determined using Myosight plugin 50 for FIJI (Just Image J) software. For old mice, 260 to 270 296 

muscle fibers per mouse and 5 mice per genotype were analyzed. For young mice, 200 muscle 297 

fibers per mouse and 3 mice per genotype were analyzed.  298 

Statistical analyses 299 

Data were analyzed using the GraphPad Prism 9 software. Two-tailed unpaired Student’s t-tests 300 

were used for analyses of autophagy. For the analysis of myofibers CSA, data were analyzed by 301 

two-way ANOVA with correction for multiple comparisons. 302 
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Figure legends 452 

Figure 1. BECN1F121A mutation does not improved liver age-related phenotype and does not 453 

increase autophagic flux in old mice. (A) Representative images of H&E stained liver sections of 454 

old Becn1+/+ (WT) and Becn1F121A/F121A (KI) mice. Scale bars, 40 μm. (B) Distribution of old 455 

mice according to the percentage of liver section area covered by lipid droplets (n=19 for WT, 456 

n=24 for KI). (C) Representative images of old WT and KI mice liver sections stained with 457 

Masson trichrome to quantify fibrosis visualized by the presence of collagen in light blue color. 458 

Scale bars, 40 μm. (D) Distribution of old mice according to their liver fibrosis score. (n=12 for 459 

WT and KI) (E) Representative images of GFP-LC3 puncta indicatives of autophagosomes in 460 

the liver of old WT and KI mice that transgenically express GFP–LC3, with or without 461 

chloroquine (CQ) for 6 h. Scale bars, 10 μm. (F) Quantification of GFP–LC3 puncta with or 462 

without CQ in old WT and KI mice. Data are mean ± s.e.m. (n=6 for WT and n=8 for KI without 463 

CQ and n=8 for WT and n=6 for KI with CQ). P values were determined by a two-sided 464 

unpaired t-test. (G) Western blot analysis of SQTM1/p62 autophagy marker and actin in the liver 465 

of old WT and KI mice. Shown are representative western blots of 3 independent experiments.  466 

 467 

Figure 2. Autophagic flux is maintained in the heart and kidneys of old mice and is further 468 

increased by BECN1F121A mutation. Representative images of GFP-LC3 puncta indicatives of 469 

autophagosomes in the heart (A), in the kidney’s glomeruli (D) and proximal convoluted tubules 470 

(PCT) (G) of old Becn1 WT and KI mice that transgenically express GFP–LC3, with or without 471 

chloroquine (CQ) for 6 h. Scale bars, 10 μm. Quantification of GFP–LC3 puncta with or without 472 

CQ in the heart (B), in the kidney’s glomeruli (E) and PCT (H) of old Becn1 WT and KI mice. 473 

Data are mean ± s.e.m. (n=6 for WT and n=8 for KI without CQ in all tissues and n=6 for KI and 474 
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n=7-8 for WT with CQ). P values were determined by a two-sided unpaired t-test. Western blot 475 

analysis of SQTM1/p62 autophagy marker and actin, in the heart (C) and in the kidneys (F) of old 476 

Becn1 WT and KI mice. Shown are representative western blots of 3 independent experiments.  477 

Figure 3. BECN1F121A mutation increases autophagic flux in the skeletal muscle of old mice and 478 

prevents age-related decrease muscle fiber size. (A) Representative images of GFP-LC3 puncta 479 

indicatives of autophagosomes in the vastus lateralis of old Becn1 WT and KI mice that 480 

transgenically express GFP–LC3, with or without chloroquine (CQ) for 6 h. (B) Quantification of 481 

GFP–LC3 puncta with or without CQ in old WT and KI mice. Data are mean ± s.e.m. (n=6 for 482 

WT and n=8 for KI without CQ and n=7 for WT and n=6 for KI with CQ). (C) Western blot 483 

analysis of SQTM1/p62 autophagy marker and actin, in the liver of old Becn1 WT and KI mice. 484 

Shown are representative western blots of 3 independent experiments. (D) Cross-sectional area 485 

(CSA) of skeletal muscle fibers of the vastus lateralis muscle of young (5 month-old) and old (20 486 

month-old) WT and KI mice (n=3 per group for young mice and n=5 per group for old mice). 487 

Graphs represents median CSA and interquartile and all myofiber CSA values are shown. (E) 488 

Representative images of vastus lateralis skeletal muscle sections of old WT and KI mice stained 489 

with a laminin antibody to outline the myofibers and DAPI. (F) Frequency of distribution of old 490 

WT and KI mice muscle fibers CSA (n=5 mice per group). Data represented as histograms of fiber 491 

size per CSA bin with 700 μm2 width. Scale bars, 10 μm. P values were determined by a two-tailed 492 

ANOVA with correction for multiple comparisons. 493 
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Figure 1. BECN1F121A mutation does not improved liver age-related phenotype and does not
increase autophagy flux in old mice. (A) Representative images of H&E stained liver sections of old
Becn1+/+ (WT) and Becn1F121A/F121A (KI) mice. Scale bars, 40 μm. (B) Distribution of old mice
according to the percentage of liver section area covered by lipid droplets (n=19 for WT, n=24 for KI). (C)
Representative images of old WT and KI mice liver sections stained with Masson trichrome to quantify
fibrosis visualized by the presence of collagen in light blue color. Scale bars, 40 μm. (D) Distribution of old
mice according to their liver fibrosis score. (n=12 for WT and KI) (E) Representative images of GFP-LC3
puncta indicatives of autophagosomes in the liver of old WT and KI mice that transgenically express
GFP–LC3, with or without chloroquine (CQ) for 6 h. Scale bars, 10 μm. (F) Quantification of GFP–LC3
puncta with or without CQ in old WT and KI mice. Data are mean ± s.e.m. (n=6 for WT and n=8 for KI
without CQ and n=8 for WT and n=6 for KI with CQ). P values were determined by a two-sided unpaired t-
test. (G) Western blot analysis of SQTM1/p62 autophagy marker and actin in the liver of old WT and KI
mice. Shown are representative western blots of 3 independent experiments.
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A B

Figure 2. Autophagy flux is maintained in the heart and kidneys of old mice and is further increased
by BECN1F121A mutation. Representative images of GFP-LC3 puncta indicatives of autophagosomes in
the heart (A), in the kidney’s glomeruli (D) and proximal convoluted tubules (PCT) (G) of old Becn1 WT and
KI mice that transgenically express GFP–LC3, with or without chloroquine (CQ) for 6 h. Scale bars, 10 μm.
Quantification of GFP–LC3 puncta with or without CQ in the heart (B), in the kidney’s glomeruli (E) and
PCT (H) of old Becn1 WT and KI mice. Data are mean ± s.e.m. (n=6 for WT and n=8 for KI without CQ in all
tissues and n=6 for KI and n=7-8 for WT with CQ). P values were determined by a two-sided unpaired t-
test. Western blot analysis of SQTM1/p62 autophagy marker and actin, in the heart (C) and in the kidneys
(F) of old Becn1 WT and KI mice. Shown are representative western blots of 3 independent experiments.
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Figure 3. BECN1F121A mutation increases autophagic flux in the skeletal muscle of old mice
and prevents age-related decrease muscle fiber size. (A) Representative images of GFP-LC3
puncta indicatives of autophagosomes in the vastus lateralis of old Becn1 WT and KI mice that
transgenically express GFP–LC3, with or without chloroquine (CQ) for 6 h. (B) Quantification of GFP–
LC3 puncta with or without CQ in old WT and KI mice. Data are mean ± s.e.m. (n=6 for WT and n=8 for
KI without CQ and n=7 for WT and n=6 for KI with CQ). (C) Western blot analysis of SQTM1/p62
autophagy marker and actin, in the liver of old Becn1 WT and KI mice. Shown are representative
western blots of 3 independent experiments. (D) Cross-sectional area (CSA) of skeletal muscle fibers
of the vastus lateralis muscle of young (5 month-old) and old (20 month-old) WT and KI mice (n=3 per
group for young mice and n=5 per group for old mice). Graphs represents median CSA and
interquartile and all the myofibers CSA values are shown. (E) Representative images of vastus lateralis
skeletal muscle sections of old WT and KI mice stained with a laminin antibody to outline the myofibers
and DAPI. (F) Frequency of distribution of old WT and KI mice muscle fibers CSA (n=5 mice per
group). Data represented as histograms of fiber size per CSA bin with 700 μm2 width. Scale bars, 10
μm. P values were determined by a two-tailed ANOVA with correction for multiple comparisons.
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