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Summary

How exercise elicits systemic metabolic benefits in both muscles and non-contractile tissues is
unclear. Autophagy is a stress-induced lysosomal degradation pathway that mediates protein and
organelle turnover and metabolic adaptation. Exercise activates autophagy in not only contracting
muscles but also non-contractile tissues including the liver. However, the role and mechanism

of exercise-activated autophagy in non-contractile tissues remain mysterious. Here we show

that hepatic autophagy activation is essential for exercise-induced metabolic benefits. Plasma or
serum from exercised mice is sufficient to activate autophagy in cells. By proteomic studies, we
identify fibronectin (FN1), which was previously considered as an extracellular matrix protein,
as an exercise-induced, muscle-secreted, autophagy-inducing circulating factor. Muscle-secreted
FN1 mediates exercise-induced hepatic autophagy and systemic insulin sensitization, via the
hepatic receptor a5p1 integrin and the downstream IKKa/p-JINK1-BECN1 pathway. Thus, we
demonstrate that hepatic autophagy activation drives exercise-induced metabolic benefits against
diabetes, via muscle-secreted soluble FN1 and hepatic a5p1 integrin signaling.
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eTOC Blurb:

Kuramoto et al. uncovers a unique mechanism by which exercise elicits health benefits
systemically. Contracting muscle secretes FN1/fibronectin, which activates liver autophagy, a
degradative pathway for nutrient mobilization and damage removal, via hepatic a5p1 integrin
receptor signaling. Activated autophagy in the non-contractile organ is essential for exercise-
induced systemic metabolic benefits.
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Introduction

Physical exercise exerts a broad spectrum of beneficial effects against chronic diseases,
including type 2 diabetes (T2D), cardiovascular diseases and metabolic syndromes’=3.
Contrarily, sedentary lifestyle and physical inactivity are causal factors of T2D
development#. Upon muscle contraction, exercise facilitates muscle adaptation in
morphology and function, and more importantly improves the functions of many non-
contractile tissues systemically. However, the molecular mechanisms by which exercise
elicits systemic metabolic benefits are largely unknown, limiting the potential of developing
therapeutic interventions against metabolic disorders.
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Autophagy is an essential lysosomal degradation pathway that breaks down and recycles
damaged or unnecessary intracellular structures by fusion of autophagosome vesicles with
lysosomes8-8. Autophagy occurs at a low basal level under normal conditions, and its
activity is induced by a variety of stressors, such as fasting®19. Autophagy abnormality

has recently been implicated in many metabolic disorders1-14, We and others previously
discovered that exercise is a potent inducer of autophagy in skeletal muscle in both rodents
and humans!5-17, Intriguingly, in addition to contracting muscle, we found that exercise also
activates autophagy systemically in non-contractile tissues, including the liver, pancreas and
adipose tissue®. This is puzzling because during exercise, non-contractile tissues do not
experience the autophagy-inducing stressors as contracting muscles do, such as energetic
stress18:19, oxidative stress?0, and increased intracellular Ca2* 21, Thus, how autophagy is
activated in non-contractile tissues during/post exercise, and the functions of such autophagy
activation, are important open questions to investigate. Physiologically, studies using two
global autophagy-deficient mouse models!®:16, the global Becn1/Beclin 1*/~ knockout

mice and Bcl2AAA mice, support that whole-body autophagy activation is key for exercise-
induced improvements in exercise endurance and glucose tolerance, respectively. However,
because the previous studies have only focused on the effects of exercise on autophagy in
skeletal muscle®22:23| the mechanism and the physiological importance of exercise-activated
autophagy in non-contractile tissues remain mysterious.

Here we demonstrate that exercise-activated autophagy in the non-contractile liver mediates
exercise-induced health benefits against T2D, via exercise-elicited, muscle-secreted
fibronectin (FN1) and the hepatic FN1 receptor a5p1 integrin. Through cell biology and
proteomic analyses, muscle-specific FN1 depletion, and liver-specific a5 integrin depletion
in mouse models, we discover a previously uncharacterized FN1-a5p1 integrin-1IKK-JNK1-
BECN1 pathway that regulates exercise-induced muscle-liver communication, systemic
autophagy activation, and whole-body metabolic improvement.

Hepatic autophagy activation is essential for exercise-induced metabolic benefits

To study the tissue-specific function of exercise-induced autophagy, especially in non-
contractile tissues, we generated a hepatocyte-specific knockdown (KD) model of the
essential autophagy gene ATG7 (ATG72IIVer mice), via AAV2/8 (adeno-associated virus

2/8) delivery of sShATG7 driven by the hepatocyte-specific TBG (human thyroxine-binding
globulin) promoter into wild-type (WT) mice (Fig. 1A). The advantage of AAV-mediated
gene KD over breeding with a Cre line is that gene inhibition occurs in adulthood, avoiding
metabolic phenotypes that are developmental or in utero. Mice injected with the empty virus
AAV2/8-TBG-Null were used as control. ATG7 depletion in hepatocytes leads to inhibition
of autophagy, evidenced by accumulation of the autophagy cargo receptor SQSTM1/p62 and
reduced lipidation of the autophagosome marker protein LC3-11 in whole liver lysates (Fig.
S1A). Immunohistochemistry staining revealed that SQSTM1/p62 accumulation is even,

not zonal, throughout the liver parenchyma (Fig. S1B), further validating that autophagy
inhibition is uniform in the liver of ATG7Aliver mice.
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Under regular diet (RD) feeding, ATG72!IVer mice have similar body weight (Fig. S1C),
normal glucose tolerance (by glucose tolerance test, GTT) and slight insulin intolerance (by
insulin tolerance test, ITT) (Fig. S1D), compared to control mice. However, after concurrent
high-fat diet (HFD) feeding and daily treadmill exercise training, despite comparable body
weight (Fig. 1B), exercise endurance (Fig. S1E), and liver and muscle tissue weight (Fig.
S1F) as control mice, ATG72lIVer mice failed to show exercise-induced improvement in
either glucose tolerance or insulin sensitivity (Fig. 1C), suggesting that disrupting exercise-
stimulated autophagy specifically in the liver impairs exercise-induced insulin sensitization.
Furthermore, hepatic insulin signaling, analyzed by insulin-stimulated phosphorylation of
Akt downstream of the insulin receptor, failed to show enhancement in ATG72lVer mice as
in control mice after daily exercise (Fig. 1D). Together, these data suggest that autophagy
activation in the non-contractile liver during exercise is essential for exercised-induced
metabolic benefits against HFD.

Exercise induces the secretion of pro-autophagy FN1

We aimed to resolve how autophagy is activated in the liver by exercise. Using reporter cells
expressing the autophagosome marker GFP-LC3, we found that when added to the culture
medium, the plasma of exercised WT mice, but not that of resting WT mice, is sufficient to
activate the autophagy flux, evidenced by increased accumulation of GFP-LC3 puncta when
autophagosomal degradation is blocked by the lysosomal inhibitor chloroquine (Fig. 2A). In
addition, the serum of exercised WT mice also elevates the autophagy flux, demonstrated
by increased accumulation of red puncta in reporter cells expressing a pH-sensitive tandem-
tagged mCherry-GFP-LC32425 (Fig. S2A), where acid-sensitive GFP is quenched once
delivered in lysosomes while acid-insensitive mCherry remains stable. These data suggest
that the plasma or serum of exercised mice can activate autophagy non-cell autonomously.
Given that exercise may reduce serum insulin levels!® and that the insulin signaling pathway
inhibits autophagy9, we first studied whether insulin plays a role in autophagy activation
by exercised serum. Yet even with supplementation of excess high levels of exogenous
insulin (10-20 times of the endogenous circulating insulin level), exercised serum still
induces the autophagy flux in cultured reporter cells expressing mCherry-GFP-LC3 (Fig.
2B), suggesting that exercise-induced systemic autophagy is not caused by reductions in
circulating insulin levels. In addition, exercise potentially activates AMPK (AMP-activated
protein kinase), a master regulator of energy metabolism and an autophagy inducer, in
skeletal muscle, but does not do so in the liver (Fig. S2B), suggesting that exercise-induced
AMPK activation is not the cause of autophagy activation in non-contractile tissues.

Thus, we propose that additional new exercise-induced circulating factors mediate hepatic
autophagy activation during exercise.

To identify such factors, we performed proteomic analyses on the serum of WT mice before
and after exercise, and identified a candidate, FN1 (Fig. 2C), which is previously considered
as an extracellular matrix (ECM) protein primarily secreted from fibroblasts and hepatocytes
under normal resting conditions?®. We found that circulating FN1 is significantly increased
in WT mice by exercise, demonstrated by Western blot (WB) analyses of both plasma (Fig.
2D) and serum (Fig. S2C) samples. ELISA studies also confirmed elevated post-exercise
plasma FN1 levels in WT mice (Fig. 2E). Importantly, such increase in circulating FN1 is
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specifically induced by exercise, but not by fasting (Fig. 2F). Notably, FN1 transcription

is not significantly increased in either muscle or liver after exercise (Fig. S2D), consistent
with the fact that exercise-induced FN1 secretion is rapid (through immediate testing after
60-90 min of exercise), which is not sufficient to allow for mMRNA transcription and

protein synthesis. Using the AMPK activator AICAR to mimic exercise conditions in cell
culture systems, we found that exercise-mimicking conditions induce FN1 secretion to the
medium, but only in differentiated myocytes and not in hepatic cells or undifferentiated
myoblasts (Fig. 2G). Furthermore, Sec6, a component of the exocyst machinery, which

is a multiprotein complex facilitating plasma-membrane docking of secretory vesicles, is
required for AICAR-induced FN1 secretion from myotubes (Fig. S2E). In addition, two
paralogue Rab GTPase-activating proteins (RabGAPs), TBC1D1 and TBC1D4 (also known
as Akt Substrate of 160 kDa, AS160), which are phosphorylated and inhibited by active
AMPK and exercise?’, also partially regulate FN1 secretion from differentiated myotubes
in response to the exercise-mimetic stimulus AICAR (Fig. S2F). Thus, although FN1 can
be secreted from multiple cell types under resting conditions, in response to exercise, its
secretion is stimulated from myocytes and is triggered by AMPK activation and regulated by
AMPK-modulated RabGAPs and the exocyst machinery. Furthermore, purified FN1 (within
the physiological range of circulating concentrations), but not the same concentration of
bovine serum albumin (BSA), induces the autophagy flux under nutrient-rich conditions,
using the lysosomal inhibitor chloroquine to block autophagic degradation in GFP-LC3
reporter cells (Fig. 2H) and using tandem mCherry-GFP-LC3 reporter cells (Fig. S2G).
Thus, taken together, we identified an exercise-induced circulating factor FN1 that can
activate autophagy non-cell autonomously.

FN1 secreted from contracting muscle mediates exercise-induced hepatic autophagy and
systemic insulin sensitization

To further study the function of muscle-derived FN1 during exercise, we generated muscle-
specific FN1-depletion (FN12Amuscley mice by AAV2/9-mediated delivery of FN1 sShRNA
driven by the muscle-specific MHCK?7 promoter?8 into WT or GFP-LC3 reporter mice29-32
(Fig. 3A). Muscle-specific depletion of FN1 almost completely abolished acute exercise-
induced increase of circulating FN1 in FN1Amuscle mice (Fig. 3B), suggesting that during
exercise, increased circulating FN1 is indeed secreted from the muscle. Importantly, muscle-
specific FN1 depletion does not affect exercise-induced muscle autophagy (Fig. 3C), muscle
morphology (Fig. S3A), or maximal exercise capacity (Fig. 3D), but prevents exercise-
induced autophagy in the liver (Fig. 3E). These data suggest that muscle-secreted FN1 is
required for muscle-liver communication and hepatic autophagy activation during exercise.

Under RD feeding, FN12muscle and control mice showed comparable body weight (Fig.
S3B), GTT and ITT (Fig. S3C). However, after concurrent HFD feeding and exercise
training (Fig. S3D), although control and FN12Amuscle mice have similar body weight
(Fig. 3F) and liver and muscle tissue weight (Fig. S3E), daily exercise training only
improves GTT and ITT values in HFD-fed control mice, but fails to do so in HFD-fed
FN1Amuscle mice (Fig. 3G), suggesting that muscle-derived FN1 is essential for exercise-
induced systemic insulin sensitization. In addition, control mice showed exercise-induced
improvements in insulin signaling (insulin-stimulated Akt activation) in both muscle and
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liver; however, FN12Amuscle mice only showed exercise-improved insulin signaling in the
muscle (Fig. S3F), but not in the liver (Fig. 3H), suggesting that muscle-secreted FN1

is important for exercise-induced insulin sensitization in the liver, rather than in the

muscle. Thus, taken together, exercise-induced muscle-secreted FN1 non-cell autonomously
upregulates autophagy activity and insulin sensitivity in the non-contractile liver.

Muscle-secreted FN1 activates hepatic autophagy via the a5p1 integrin-IKKa/p-JNK1

pathway

One of the integrin family members, a5p1 integrin, is suggested as a receptor for
FN126:33.34 |ntegrins are cell-surface receptors formed by different combinations of an a
subunit and a B subunit. They function in cell adherence and signaling and contribute to

cell survival and cancer cell migration3°. However, their roles in the regulation of cellular
and systemic metabolism are unknown. We first studied whether integrins play a role

in exercise-induced autophagy. KD of either the a5 (ITGAS5) or p1 (ITGB1) subunit of
integrin abolishes the autophagy flux activated by serum of exercised mice in reporter cells
(Fig. 4A), suggesting that the a5p1 integrin is required for exercise-induced autophagy. In
addition, a neutralizing antibody of ITGB1 also blocks the autophagy flux induced by serum
from exercised mice in GFP-LC3 reporter cells (Fig. S4A), further supporting that activation
of the ITGBL1 integrin pathway is responsible for exercised serum-induced autophagy. In
contrast, KD of a5p1 integrin does not affect basal or fasting-induced autophagy flux (Fig.
4B, Fig. S4B). These data suggest that a5p1 integrin regulates exercise-induced autophagy,
but is not involved in the regulation of basal or fasting-induced autophagy.

Furthermore, the 1«B kinase (IKK) complex, composed of an a subunit (IKKa) and a
subunit (IKKp), is recently identified as a key signaling molecule downstream of integrins.
IKK is activated by mechano-stress such as stretch and detachment36, and is involved in
fasting- and cell detachment-induced autophagy37—3°. Because IKK activation further leads
to phosphorylation of INK1/2 (c-Jun N-terminal protein kinase 1/2), and the ability of IKK
to induce autophagy is JNK-dependent38, we proposed that INK may act downstream of
IKK to transduce input from integrins into intracellular biochemical signals. Indeed, we
found that serum from exercised mice, but not from resting mice, activates IKK and JNK, as
well as the canonical FN1-integrin signaling molecules such as phosphorylation of Src and
FAK, in autophagy reporter cells (Fig. 4C), which are dependent on ITGA5 and ITGB1 (Fig.
4D), supporting that exercise-induced serum indeed stimulates a5p1 integrin-mediated cell
signals. Furthermore, treatment of purified FN1 also activates both IKK and JNK in Huh7
hepatic cells (Fig. S4C), and double knockdown of IKKa and IKKp abolishes FN1-induced
JNK activation in Huh7 cells (Fig. S4D), supporting our hypothesis that FN1-mediated INK
activation is through IKKa/p in hepatocytes. In addition, in vivo, exercise activates IKK,
INK, Src and FAK, in the liver of control mice, but fails to do so in FN1AMuscle mice (Fig.
4E). These data suggest that exercise-induced muscle-secreted FN1 activates the hepatic
integrin-1IKK-JNK pathway.

We further found that KD of either IKKa or IKK, and KD of JNK1 but not INK2 (Fig.
4F-G, Fig. S4E), prevent exercised serum-induced autophagosome formation, suggesting
that IKKa/B and JNKZ1, but not INK2, are required for exercise-induced autophagy. This
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is reminiscent of fasting or ceramide treatment conditions in vitro, where JNK1, but not
JNK2, regulates the reversible binding between the essential autophagy protein BECN1
and its inhibitor BCL2, by phosphorylating BCL2 at sites including Ser70 and releasing
BECNZ1 from phosphorylated BCL2 for autophagy activation*-42, We previously found
that in vivo, exercise induces BECN1 dissociation from BCL2 in skeletal muscle8, and
asked whether it also occurs in non-contractile tissues as a cellular mechanism of autophagy
activation. Via co-immunoprecipitation, we found that exercise induces phosphorylation of
BCL2 at Ser70 and decreases BECN1-BCL2 binding in the liver of control mice; however,
these exercise-induced effects are largely reduced in the liver of FN1Amuscle mice (Fig.
4H), suggesting that besides in muscles, exercise also promotes BCL2 phosphorylation and
releases BECN1 from the inhibitory binding of BCL2 in non-contractile tissues, which is
mediated by muscle-secreted FN1. Taken together, we conclude that muscle-secreted FN1
upregulates autophagy via activating the a5p1 integrin-IKK-JNK1 pathway.

Hepatic a5 integrin is essential for exercise-induced IKK-JNK1-BECNL1 activation, hepatic
autophagy, and systemic metabolic benefits

To further study the role of the a5p1 integrin signaling pathway in the regulation of
exercise-induced autophagy and metabolic benefits in non-contractile tissues such as liver,
we generated ITGA5A!IIVEr mice, which lack the a5 integrin subunit specifically in the liver
via AAV2/8-mediated delivery of shITGAS driven by the TBG promoter (Fig. 5A). We
targeted ITGAS but not ITGB1 because ITGB1 is a common subunit of different integrins
and ITGADS is specific for the FN1 receptor. Similar to control mice, both ITGA5AlvVer

mice and autophagy-deficient ATG72!Ver mice have normal exercise-induced circulating
FN1 levels (Fig. 5B). However, different from control or ATG72lVer mice, which have
normal exercise-induced activation of IKK, JNK, Src and FAK (Fig. 5C) and BECN1-BCL2
dissociation (Fig. 5D) in the liver, ITGASA!IVer mice show defective IKK, JNK, Src and FAK
activation and BECN1-BCL2 dissociation in the liver after exercise, suggesting that ITGA5
functions upstream of IKK, JNK and BECN1 to mediate their activation in the liver, while
ATG?7 acts downstream of or in parallel with the IKK-JNK-BECN1 pathway. Depletion

of either ITGA5S or ATG7 in the liver significantly reversed exercise-induced reduction in
the level of the autophagy substrate SQSTM1/p62 (Fig. 5C), confirming that both ITGA
and ATGY7 function in exercise-induced autophagy in the liver. Whereas different from
ATGT7AIVer mice that are defective in both exercise- and fasting-induced hepatic autophagy,
ITGASA!IVer mice show defects specifically in exercise-induced autophagy, but not fasting-
induced autophagy, in the liver (Fig. 5E), which is consistent with the role of ITGA5 in
autophagy in vitro (Fig. 4A-B, Fig. S4B). Metabolically, after RD feeding and 3 weeks

of HFD feeding without exercise, ITGA52!Ve" mice and control mice showed comparable
body weight gain, GTT and ITT (Fig. SSA-C). However, after concurrent HFD feeding
and daily exercise, despite comparable body weight (Fig. 5F), exercise endurance, and
tissue weight (Fig. SSD-E) in control and ITGA52 mice, daily exercise training improves
glucose tolerance, insulin tolerance and hepatic insulin signaling (insulin-stimulated Akt
activation) only in control mice, but fails to do so in ITGA52 mice (Fig. 5G-H, Fig. S5F).
These data suggest that hepatic a5p1 integrin plays an essential role in regulating exercise-
induced insulin sensitization. Taken together, we demonstrate that hepatic a5p1 integrin
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mediates exercise-stimulated IKK-JNK activation, BECN1-BCL2 dissociation, exercise (but
not fasting)-induced hepatic autophagy, and metabolic benefits of exercise.

Therefore, overall, we establish a model for exercise-induced autophagy in non-contractile
tissues such as liver, in which hepatic autophagy activation drives exercise-induced
metabolic benefits against T2D, through muscle-secreted FN1 and the FN1-a5p1 integrin-
IKK-JNK1-BECNL1 pathway (Fig. 51).

Discussion

Autophagy is an evolutionarily conserved catabolic pathway to recycle and mobilize
nutrients as building blocks for anabolic processes and as fuels for energy production under
stress conditions. Its tissue-specific functions in different physiological and pathological
conditions are yet to be revealed. In this study, our findings demonstrate the metabolic
function and mechanism of exercise-activated autophagy in non-contractile tissues (liver), as
an essential pathway by which exercise mediates its health benefits.

We found that muscle-derived soluble FN1 is a crucial regulator of exercise-induced hepatic
autophagy, as well as hepatic and systemic insulin sensitization against HFD feeding.
Muscle is an endocrine organ that releases a variety of myokines. Of note, a number

of proteomic studies have contributed to the profiling of the muscle cell secretome?#3-46;
however, none of the existing myokines have been identified as an effective inducer of
autophagy post exercise. For example, interleukin-6 (IL-6), a reported exercise-induced
myokine*’, has controversial roles on autophagy activity. Both inhibitory and stimulatory
effects of 1L-6 on autophagy have been reported*®-54. The autophagy-activating effect of
IL-6 is primarily observed under basal (resting) conditions, but after exercise, IL-6 seems

to inhibit autophagy and autophagy gene expression in hepatocytes®0, likely via regulating
the BECNT1 inhibitor BCL248. In addition, irisin, another previously reported myokine

that can lead to browning of white adipose tissue®®, is not identified in our proteomics
study. We reasoned that it is partly due to the small level of increase in circulating irisin

(by 19%) even after high-intensity exercise>6, compared to more than 2-fold increase in
FN1. Thus, discovery and characterization of new factors and pathways that can activate
autophagy systemically is helpful for understanding organ crosstalk during exercise. Our
findings reveal such previously uncharacterized function of the FN1-integrin pathway, which
was mainly studied in ECM formation and tumorigenesis, in regulating exercise-induced
muscle-liver communication.

Our study also reveals that muscle-secreted FN1, but not nutrient deprivation (fasting),
signals through a5B1 integrin on target non-contractile tissues to activate autophagy.
Notably, a5p1 integrin is also recently reported to be involved in autophagy induction upon
Group A Streptococcus infection®’. Thus, a5p1 integrin may regulate autophagy activation
in response to a variety of stresses under nutrient-rich conditions.

Overall, our study demonstrates that hepatic autophagy activated by contracting muscle-
secreted FN1 drives exercise-induced insulin sensitization. In the study, we focus on the
liver as an example of non-contractile tissues. It is possible that exercise-induced autophagy
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in other non-contractile tissues, such as adipose tissue, also contributes to the metabolic
improvement of exercise, given that liver-specific depletion of ATG7 or ITGAS does

not completely abolish exercise-induced insulin sensitization. Thus, in the future, it is
worthwhile to study the role of the a5p1 integrin-1IKK-JNK-autophagy axis in other non-
muscle metabolic tissues, to expand on the understanding of systemic autophagy activation
and whole-body metabolism during exercise.

Limitations of the Study

One important question arising from our work is whether the findings in exercised mice are
translatable to humans. In the future, it is important to collaborate with experts on population
and exercise science in humans to address whether exercise (for example, treadmill running)
induces circulating FN1, and if so, whether exercise-induced FN1 increase is defective in
people with T2D and associated with the severity of diabetes progression. In addition, we
speculate that simply overexpressing FN1 in muscle is not sufficient to activate hepatic
autophagy, based on two findings: first, transcriptional upregulation of FN1 is not detected
in muscle after exercise (Fig. S2D), and second, FN1 release requires the activation of
AMPK and the secretory mechanism/pathway in the muscle (Fig. 2G and S2E-F). Although
we found that AMPK-modulated RabGAPs and the exocyst machinery are required to
stimulate FN1 secretion from differentiated myocytes, the regulatory link between AMPK
activation and FN1 secretion is largely unknown. Future studies will focus on revealing the
molecular mechanisms by which exercise induces FN1 secretion in contracting muscle.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for reagents and resources
should be directed and will be fulfilled by the lead contact, Congcong He
(congcong.he@northwestern.edu).

Materials availability—The plasmids used in this study are available from the lead
contact.

Data and code availability

. All original data for creating all graphs in the paper are provided in Data S1.
. This study did not generate/analyze datasets/code.
. Any additional information required to reanalyze the data reported in this paper

is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models—All mouse care and procedures were performed in accordance with
animal experimental protocols approved by the Northwestern University Institutional
Animal Care and Use Committee (IACUC). All mice were housed on a 14-hr/10-hr light/
dark cycle with ad libitum access to chow diet and water. GFP-LC3 mice were described
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previously®3. C57BL/6J mice (JAX#000664) were acquired from the Jackson Laboratory.
All experiments were performed with sex- and age-matched mice. Diet-induced obese mice
were generated by high-fat diet (D12492, Research Diets Inc) feeding. Regular diet-fed mice
were analyzed at 8 weeks of age, and high-fat diet-fed mice were analyzed at 16 weeks of
age. Exercise studies and autophagy analyses were performed in both male and female mice.
To induce autophagy by starvation, mice were fasted for 24 hr with free access to water.

Cells—C2C12 myoblasts, Huh7 cells, HeLa cells, and HEK293T cells were cultured in
culture medium: Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS), 100 units/ml penicillin, and 100 pg/ml streptomycin. For C2C12 myoblast
differentiation to myotubes, fully confluent C2C12 myoblasts (day 0) were cultured in
DMEM containing 2% horse serum, 100 units/ml penicillin and 100 pg/ml streptomycin,
and refed with fresh medium every other day. On day 6 after differentiation, cells were
utilized for experiments. For tetracycline-inducible shRNA knockdown, cells were treated
with tetracycline at 1 pg/ml for 72 hr, then used for experiments. For starvation-induced
autophagy, HeLa cells stably expressing GFP-LC3% were washed with PBS and cultured in
EBSS starvation medium (1 x EBSS [E7510, MilliporeSigma], 2.2 g/L sodium bicarbonate)
for 3 hr with or without 10 pM chloroquine (14194, Cayman Chemical). For FN1 treatment,
HelLa cells stably expressing GFP-LC3 were treated with 25-100 pg/ml FN1 (F2006,
MilliporeSigma) or BSA (A1595, MilliporeSigma) for 3 hr in nutrient-rich medium (Opti-
MEM [31985, Thermo Fisher Scientific]/DMEM = 3:1, 5% FBS, 1 x non-essential amino
acids [11140, Thermo Fisher Scientific], 2 mM glutamine). Huh7 cells were pre-cultured in
DMEM containing 0.5% FBS for 6 hr and then treated with 100 pg/ml FN1 for 5 or 15 min.

METHOD DETAILS

AAV delivery of pAAV-miR30-shRNA—The AAV plasmids pAAV-MHCK7-miR30-
mCherry-shFn1, pAAV-TBG-miR30-mCherry-sh/tga5 and pAAV-TBG-miR30-mCherry-
shAtg7, and the AAV virus AAV2/9-shFni, AAV2/8-shltga5and AAV2/8-shAlg?7,

were custom-produced by VectorBuilder Inc. Control AAV2/8-TBG-PI-Null-bGH virus
(#105536-AAV8) was purchased from Addgene. The virus titer of AAV2/9-shFni, AAV2/8-
sh/tga5, AAV2/8-shAtg7, and AAV2/8-Null were 3.19 x 1013 viral genomes (VG)/ml, 3.61
x 1013 VG/ml, 4.60 x 1013 VG/ml, and 1.70 x 1013 VG/ml, respectively. Viral aliquots

were stored at —80°C until tail intravenous (i.v.) injection. 5-week-old mice were i.v. injected
with AAV virus at 1 x 1012 VG/mouse for muscle-specific £71 knockdown and at 1 x 1011
VG/mouse for liver-specific /tga5or Atg7knockdown.

Treadmill exercise—Three weeks after AAV injection, exercise was performed using

a 10° uphill Exer 3/6 open treadmill (Columbus Instruments). The acute exercise (total

90 min) was performed as described previously8 with some modifications®. Briefly, for
acclimation, on day 1, mice ran for 5 min at 8 m/min, and on day 2, mice ran for 5 min at 8
m/min followed by another 5 min at 10 m/min. On day 3, mice were subject to acute running
exercise starting at 12 m/min for 40 min. After 40 min, the treadmill speed was increased at
the rate of 1 m/min every 10 min for 30 min and then every 5 min for 20 min.
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Long-term exercise and maximal running distance measurement were performed as
described previouslyl8. Briefly, for long-term exercise, 3 weeks after AAV injection, mice
were exercised for 50 min/day, 5 days/week at 17 m/min, following 2-day acclimation to
treadmill running as described in acute exercise. ITGA5ALVer mice were HFD-pretreated
for 3 weeks before long-term exercise training. Maximal running distance was measured
following the acute exercise protocol as described above with some modifications: after
90-min acute exercise, the treadmill speed was increased at the rate of 1 m/min every 5 min
till mice were exhausted.

Mass spectrometry analysis—Sera were collected from 3 resting or 3 exercised WT
mice, and were pooled. High abundance serum proteins, alboumin and IgG were removed
from pooled serum samples using Proteome Purify 2 (MIDR002-020, R&D systems)
according to the manufacturer’s protocol. Mass spectrometry analysis was performed in
the Northwestern Proteomics Core Facility.

GTT and ITT—GTT and ITT were performed as previously described®:66, Briefly,

mice were fasted for 6 hr and 4 hr prior to GTT and ITT, respectively. Glucose was
intraperitoneally (i.p.) injected at 1.5 g/kg body weight. Insulin (10516, MilliporeSigma) was
i.p. injected at 0.75 U/kg or 0.5 U/kg. Blood was collected from the tail vein, and the blood
glucose levels were measured using glucose meters (Counter Next EZ; Ascensia Diabetes
Care). For in vivo insulin stimulation to examine Akt phosphorylation levels, mice were i.p.
injected with insulin (1.5 U/kg) after 4 hr of fasting, and tissues were collected 15 minutes
after insulin injection.

Fibronectin (FN1) ELISA—Plasma were collected using heparinized tubes (MV-CB300,
Braintree Sci). Plasma FN1 levels were determined by ELISA (ab210967, Abcam)
according to the manufacturer’s protocol.

Immunohistochemistry (IHC)—Liver sections of 4 um thickness were cut from
PFA-fixed paraffin-embedded blocks of mouse liver. The sections were stained with
anti-SQSTM1/p62 antibody (#23214, Cell Signaling Technology) according to the
manufacturer’s protocol.

Function-blocking antibody assay—GFP-LC3 Hela cells were plated in 8-well
chamber slides, and were incubated with serum from resting or exercised mice, and 20
pg/ml control mouse 1gG (#10400C, Thermo Fisher Scientific) or anti-ITGB1 monoclonal
antibody (AIIB2 clone) (#605-930, Thermo Fisher Scientific), with or without 10 uM
chloroquine for 3 h. After treatment, the cells were fixed with 4% PFA/PBS for 30 min and
subjected to microscopy.

Quantitative PCR (qPCR)—Total RNA was isolated from the mouse liver and skeletal
muscle using the Trizol Reagent, and 2 pg of total RNA was reverse-transcribed using High-
Capacity cDNA Reverse Transcription kit (4368814, Thermo Fisher Scientific) according

to the manufacturer’s protocol. gPCR was performed using PowerUP SYBR Green Master
Mix and LightCycler 480 Real-Time PCR system (Roche). Relative gene expression was
quantified using the —2"(AACt) method and normalized to Rp/p0.

Cell Metab. Author manuscript; available in PMC 2024 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuramoto et al.

Page 12

Co-immunoprecipitation—Mouse liver was lysed in Triton X-100 cell lysis buffer (1%
Triton X-100, 20 MM HEPES [pH7.4], 150 mM NaCl, 1 mM EDTA, 5 mM sodium fluoride,
1mM sodium orthovanadate, 1 mM sodium pyrophosphate, 1 mM B-Glycerophosphate,

1 x Halt protease inhibitor cocktail [78438, Thermo Fisher Scientific]). The lysate was
centrifuged at 15,000 x g for 10 min at 4°C, and the supernatant was collected and pre-
cleaned by incubating with Protein A/G beads (sc-2003, Santa Cruz Biotechnology) for 1 hr
at 4°C. Then 6 ug total protein was incubated with 40 pl of anti-BCL2 antibody-conjugated
agarose beads (sc-7382 AC, Santa Cruz Biotechnology) or mouse 1gG isotype control
(10400C, Thermo Fisher Scientific) with Protein A/G beads for 14-16 hr at 4°C. After beads
were washed for 4 times with Triton X-100 cell lysis buffer, immunoprecipitated proteins
were eluted in Laemmli buffer and detected by immunoblotting.

Plasmids—mCherry-EGFP-LC3 was subcloned into the EcoRI and the BamH] restriction
enzyme sites of the pPCDH-CMV-MCS-EF1-Puro lentivector using In-Fusion cloning kit
(6389110, Takara Bio). Double-strand oligos encoding ShRNAS against the target genes
were cloned into the Agel and EcoRlI restriction enzyme sites of the pLKO.1-TRC

cloning vector (Addgene plasmid #10878) or Tet-pLKO-puro (Addgene plasmid #21915). A
scramble shRNA lentivector (Addgene plasmid #1864) was used as a negative control.

Lentivirus production and infection—HEK293T cells were transfected with a
lentiviral expression vector together with a pCMV-VSV-G plasmid (Addgene plasmid
#8454) and a psPAX2 plasmid (Addgene plasmid #12260) using the lipofectamine 3000
transfection reagent (L3000, Thermo Fisher Scientific). Thirty-six hours after transfection,
the medium containing the lentivirus was collected and filtered. Cells were infected with
lentivirus by incubation in the lentivirus-containing medium with 8 pg/ml polybrene.

AICAR treatment—Cells were treated with 1 mM AICAR (10010241, Cayman Chemical)
in DMEM for 1 hr. Then media were collected and denatured in Laemmli buffer. Cells were
also collected and lysed in Laemmli buffer. The samples were used for immunoblotting.

Immunoblotting—Cells were washed with PBS and lysed with Laemmli buffer, and
heated at 95°C for 5 min. Tissues were lysed using RIPA lysis buffer (20 mM Tris-HCI

[pH 7.4], 150 mM NaCl, 1% NP-40, 0.1% sodium lauryl sulfate [SDS], 0.5% sodium
deoxycholate, 1 mM EDTA, 5 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM
sodium pyrophosphate, 1 mM B-Glycerophosphate, 1 x Halt protease inhibitor cocktail
[78438, Thermo Fisher Scientific]). After centrifugation at 15, 000 x g for 10 min at

4°C, supernatants were collected and protein concentrations were determined using a BCA
protein assay kit (23225, Thermo Fisher Scientific). Proteins were denatured in Laemmli
buffer by heating at 95°C for 5 min. Samples containing equivalent protein amounts were
resolved by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membrane.
After membrane blocking by 0.5% skim milk or 5% BSA in Tris-buffered saline containing
0.05% Tween-20 (TBS-T), the proteins were probed with primary antibody overnight at
4°C. The membrane was then washed with TBS-T for 10 min 3 times, and incubated with
HRP-conjugated secondary antibody for 1 hr. After membrane washing with TBS-T, specific
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bands were visualized by chemiluminescence using the ChemiDoc MP Imaging system
(Bio-Rad). The band intensities were quantified using ImageJ software.

Microscopy—Paraformaldehyde-fixed tissues were sectioned at 10 pm thickness using
cryomicrotome. Cells were plated on cover glass and fixed with 4% paraformaldehyde.
Fixed frozen tissue sections and fixed cells were washed with PBS and mounted in a
ProLong Diamond Antifade mountant (P36961, Thermo Fisher Scientific). Fluorescence
images were acquired using a wide-field Nikon Ti microscope or a spinning-disk confocal
microscope (CSU-W1 spinning disk field scanning confocal system [Yokogawa Electric
Corp.] with Hamamatsu Flash 4 camera [Hamamatsu Photonics] mounted to a Nikon Ti2
microscope [Nikon]).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were shown as mean + standard errors of the mean (SEM). Data were analyzed by
Student’s t-test for two groups, and by one-way analysis of variance (ANOVA) followed by
Tukey-Kramer test or Dunnett’s test for more than two groups using BellCurve for Excel
(Social Survey Research Information Co.). The difference with a P-value of < 0.05 was
considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:
Hepatic autophagy activation is required for exercise-induced metabolic benefits
Plasma or serum of exercised animals activates autophagy
FN1 is an exercise-elicited muscle-secreted autophagy-inducing circulating factor

FN1 induces autophagy and systemic metabolic benefits via liver a581 integrin pathway
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Figure 1. Hepatic autophagy activation is essential for exercise-induced insulin sensitization

against high-fat diet (HFD).

(A) Hepatic ATG7 knockdown efficiency and experimental design using ATG7Aliver

mice. WT mice were intravenously (i.v.) injected with control AAV (control mice) or
AAV2/8-miR30-TBG promoter-mCherry-shATG7 (ATG7AlVer mice). The remaining ATG7
expression in ATG72lVer mice is likely derived from other non-hepatocyte cell types in the
liver. (B) Comparable body weight of control and ATG72!Ve" mice under HFD feeding,
with or without daily exercise for 7 weeks. N=5-12. (C) Glucose tolerance test (GTT) and
insulin tolerance test (ITT) of control and ATG72!IVer mice fed with HFD with or without
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daily 50-min treadmill exercise for 7 weeks. AUC, area under the curve. N=5-12. (D)
Western blot (WB) analysis of insulin-stimulated Akt phosphorylation/activation in the liver
of control and ATG72!Ver mice fed with HFD with or without daily 50-min exercise for 7
weeks, and then injected with 2 U/kg insulin 15 min prior to tissue collection. The “- insulin
resting” controls were loaded twice on both gels to allow for normalization of samples to the
same controls. N=3. One-way ANOVA with Tukey-Kramer test. *, #, |, P<0.05; **, ##, 11,
P<0.01; ***, {1, P<0.001; NS, not significant.
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Figure 2. Identification of FN1 as an exercise-induced, muscle-secreted, autophagy-inducing
factor.

(A) Representative images and quantification of autophagosomes (GFP-LC3 puncta) in
HeL a cells stably expressing the GFP-LC3 reporter cultured for 3 h in medium containing
10% plasma from WT mice at rest or after 90-min treadmill running, with or without

the lysosomal inhibitor chloroquine (CQ, 10 uM). Bar, 10 um. N=3 mice. 50 cells per
mouse were analyzed. (B) Representative images and quantification of autolysosomes (red)
and autophagosomes (green) in HeLa cells stably expressing tandem mCherry-GFP-LC3
cultured for 3 h in medium containing 10% serum from WT mice at rest or after 90-min
treadmill running with or without supplementation of 10 nM insulin. N=3 mice (30 cells/
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mouse serum treatment). Bar, 10 pm. (C) Volcano plot of mass spectrometry analysis on
serum of WT mice at rest or after 90-min exercise. (D) WB of circulating plasma FN1 in
WT mice at rest or after 90-min exercise. N=4. (E) ELISA of plasma FN1 in WT mice at
rest or after 90-min exercise. N=10. (F) WB analysis of circulating FN1 in WT mice under
fed and rested conditions, or after 90-min exercise or 24-h fasting. N=4. (G) WB analysis of
FN1 in the conditioned medium of C2C12-differentiated myotubes, Huh7 hepatic cells, and
C2C12 undifferentiated myoblasts treated with vehicle or 1 mM AICAR (AMPK activator)
for 1 h. N=3. (H) Representative images and quantification of GFP-LC3 puncta in GFP-LC3
HeLa cells treated with or without FN1 or BSA (bovine serum albumin) (100 ug/ml) and the
lysosomal inhibitor chloroquine (CQ) for 3 h. Bar, 10 um. N=50 cells/condition. (A-B, F,
H), one-way ANOVA with Tukey-Kramer test. (D-E, G), t-test. *, P<0.05; **, P<0.01; ***,
P<0.001; NS, not significant.
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Figure 3. FN1 secreted from contracting muscle mediates exercise-induced hepatic autophagy
and systemic insulin sensitization.
(A) FNL1 levels in skeletal muscle and liver of WT mice i.v. injected with control AAV

(control mice) or AAV2/9-MHCK7 promoter-mCherry-miR30-shFN1 (FN12Amuscle mice).
N=3-4. (B) Circulating FN1 levels of control mice or FN1AmUscle mice at rest or after
90-min exercise. N=3. (C) GFP-LC3 puncta in skeletal muscle of control or FN1Amuscle
mice expressing the GFP-LC3 reporter at rest or after 90-min exercise. N=3 mice (15-16
areas/mouse). Bar, 25 pm. (D) Maximal running distance of control or FN1Amuscle mjce
on a treadmill. N=6 mice. (E) GFP-LC3 puncta in the liver of control or FN12muscle mjce
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expressing GFP-LCS3 at rest or after 90-min exercise. N=3 mice (12 areas/mouse). Bar, 25
pm. (F) Comparable body weight of control and FN14mUscle mice under HFD feeding, with
or without daily exercise for 7 weeks. N=7-9. (G) GTT and ITT of control or FN12muscle
mice fed with HFD with or without daily 50-min exercise for 7 weeks. AUC, area under

the curve. N=6-9. (H) WB analysis of insulin-stimulated Akt phosphorylation in the liver

of control or FN1Amuscle mice fed with HFD with or without daily 50-min exercise for 7
weeks, and then injected with 2 U/kg insulin 15 min prior to tissue collection. The “- insulin
resting” controls were loaded twice on both gels to allow for normalization of samples to the
same controls. N=3. (A, D), t-test. (B-C, E-H), one-way ANOVA with Tukey-Kramer test.
*, 9, P<0.05; **, ##, P<0.01; ***, ###, P<0.001; NS, not significant.
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Figure 4. Muscle-secreted FN1 activates hepatic autophagy via the a5p1 integrin-IKKa/p-IJNK1-
BECNL1 pathway.

(A) Representative images and quantification of autophagosomes (GFP-LC3 puncta) in
GFP-LC3 Hela cells stably expressing scrambled (Scr), integrin a5 (ITGAS), or integrin
B1 (ITGB1) shRNA cultured in medium containing 10% serum from resting or exercised
WT mice in the presence or absence of the lysosomal inhibitor chloroguine (CQ) for 3

h. N=3-4 mice (50 cells/group). Bar, 10 um. (B) Quantification of GFP-LC3 puncta in
GFP-LC3 HeLa cells expressing scrambled (Scr), ITGA5S or ITGB1 shRNA cultured in
normal or fasting (EBSS) medium in the presence or absence of chloroquine (CQ) for 3 h.

Cell Metab. Author manuscript; available in PMC 2024 April 04.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuramoto et al.

Page 26

N=50 cells. (C) WB analysis of IKK, JNK1/2, Src and FAK phosphorylation in GFP-LC3
HeLa cells cultured in medium containing 10% serum from resting or exercised WT mice
for 15 min. N=3. (D) WB analysis of IKK, JNK, Src and FAK phosphorylation in GFP-LC3
HelLa cells stably expressing scrambled (Scr), integrin a5 (ITGA5), or integrin f1 (ITGB1)
shRNA cultured in medium containing 10% serum from resting or exercised WT mice for
15 min. (E) WB analysis of phosphorylation of IKK, JNK, Src and FAK in the liver of
control or FN1Amuscle mice at rest or after 90-min exercise. *, non-specific band. N=3-4.
(F-G) Representative images and quantification of GFP-LC3 puncta in GFP-LC3 Hela cells
stably expressing Tet-inducible scrambled (Scr), IKKa or IKK (F), and INK1 or INK2 (G)
shRNA treated with Tet for 72 h and then cultured with 10% serum from resting or exercised
WT mice for 3 h. N=3 mice (50 cells/group). Bar, 10 pm. (H) Co-immunoprecipitation

of BECN1 with BCL2, and phosphorylation of BCL2 at Ser70, in the liver of control and
FN12&muscle mice at rest or after exercise. (A-B, E-G), one-way ANOVA with Tukey-Kramer
test. (C), t-test. *, P<0.05; **, P<0.01; ***, P<0.001; NS, not significant.
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Figure 5. Hepatic a5 integrin is essential for exercise-induced IKK-JNK1-BECNL1 activation,
hepatic autophagy, and systemic metabolic benefits.

(A) ITGAS expression in the liver of WT mice i.v. injected with control AAV (control mice)
or AAV2/8-miR30-TBG promoter-mCherry-shITGA5 (ITGA5AVer mice). The remaining
ITGAS expression in ITGABAIVer mice is likely derived from non-hepatocyte cell types in
the liver. (B) WB analysis of circulating FN1 levels in control, ITGABA!IVer and ATG7Aliver
mice at rest or after 90-min exercise. N=3. (C) WB analysis of phosphorylation of IKK,
INK, Src and FAK, and levels of SQSTM1/p62, in the liver of control, ITGA5A!ver

and ATG72!IVer mice at rest or after 90-min exercise. *, non-specific band. N=3. (D)
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Co-immunoprecipitation of BECN1 with BCL2 in the liver of control, ITGA5A!Ver and
ATGT7AIVEr mice at rest or after exercise. (E) Representative images and quantification

of GFP-LC3 puncta in the liver of control, ITGA5AIVEr and ATG7A!IVer mice at rest,

after 90-min exercise, or after 24-h fasting. Bar, 25 um. N=3 mice (12 areas/mouse). (F)
Comparable body weight of control and ITGA52!VEr mice under HFD feeding, with or
without daily exercise for 7 weeks. N=5-9. (G) GTT and ITT of control or ITGAGAlver
mice fed with HFD with or without daily 50-min exercise for 7 weeks. AUC, area under

the curve. N=5-9. (H) WB analysis of insulin-stimulated Akt phosphorylation in the liver
of control and ITGASAIVEr mice fed with HFD with or without daily exercise for 7 weeks,
and then injected with 2 U/kg insulin 15 min prior to tissue collection. The “- insulin
resting” controls were loaded twice on both gels to allow for normalization of samples to
the same controls. N=3. One-way ANOVA with Tukey-Kramer test. *, #, , P<0.05; **, ##,
11, P<0.01; ***, 111, P<0.001; NS, not significant. (I) Proposed model of exercise-activated
autophagy in non-contractile tissues. During exercise, FN1 is secreted from contracting
muscle. Circulating FN1 is sensed by a5B1 integrin on non-contractile tissues (such as liver)
and activates autophagy via IKK-JNKZ1 signaling and BECNZ1 release from BCL2, which
drives exercise-induced systemic metabolic benefits against T2D.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-BCL2 Proteintech Cat#12789-1-AP; RRID:AB_2227948
anti-LC3B Novus Biologicals Cat#NB100-2200; RRID:AB_10003146

Contlol mouse 1gG

Thermo Fisher Scientific

Cat#10400C; RRID:AB_2532980

anti-ITGB1 (AlIB2 clone)

Thermo Fisher Scientific

Cat#605-930

anti-fibronectin/FN1

Thermo Fisher Scientific

Cat#PA5-29578; RRID:AB_2547054

anti-p-BCL2 (Ser70)

Santa Cruz Biotechnology

Cat#sc-293128

anti-BECN1

Santa Cruz Biotechnology

Cat#sc-48341; RRID:AB_626745

anti-integrin a5 (ITGA5)

Santa Cruz Biotechnology

Cat#sc-376199; RRID:AB_10987904

anti-integrin p1 (ITGB1)

Santa Cruz Biotechnology

Cat#sc-374429; RRID:AB_11012020

anti-p-FAK (Tyr397)

Santa Cruz Biotechnology

Cat#sc81493; RRID:AB_1125825

anti-Sec6

Santa Cruz Biotechnology

Cat#sc-374054; RRID:AB_10916711

Horseradish peroxidase (HRP)-conjugated
anti-B-actin

Santa Cruz Biotechnology

Cat#sc-47778 HRP; RRID:AB_2714189

anti-a-tubulin

Santa Cruz Biotechnology

Cat#sc-53029; RRID:AB_793541

anti-SQSTM1/p62

Cell Signaling Technology

Cat#23214; RRID:AB_2798858

anti-Akt (pan)

Cell Signaling Technology

Cat#4691; RRID:AB_915783

anti-phospho-Akt (Ser473)

Cell Signaling Technology

Cat#4060; RRID:AB_2315049

anti-IKKa

Cell Signaling Technology

Cat#11930; RRID:AB_2687618

anti-IKKp

Cell Signaling Technology

Cat#8943; RRID:AB_11024092

anti-phospho-1KKa/p (Ser176/180)

Cell Signaling Technology

Cat#2697; RRID:AB_2079382

anti-JINK

Cell Signaling Technology

Cat#9252; RRID:AB_2250373

anti-phospho-JNK (Thr183/185)

Cell Signaling Technology

Cat#4668; RRID:AB_823588

anti-JNK1 Cell Signaling Technology Cat#3708; RRID:AB_1904132
anti-INK2 Cell Signaling Technology Cat#9258; RRID:AB_2141027
anti-FAK Cell Signaling Technology Cat#3285; RRID:AB_2269034

anti-phospho-Src (Tyr416)

Cell Signaling Technology

Cat#6943; RRID:AB_10013641

anti-Src Cell Signaling Technology Cat#2123; RRID:AB_2106047
anti-TBC1D1 Cell Signaling Technology Cat#4629; RRID:AB_1904162
anti-AS160 Cell Signaling Technology Cat#2670; RRID:AB_2199375
anti-ATG7 Cell Signaling Technology Cat#8558; RRID:AB_10831194
anti-AMPK Cell Signaling Technology Cat#2532; RRID:AB_330331

anti-phospho-AMPK (Thr172)

Cell Signaling Technology

Cat#2535; RRID:AB_331250

HRP-conjugated anti-mouse 1gG light-
chain specific

Cell Signaling Technology

Cat#91196

HRP-conjugated anti-rabbit 19gG
conformation specific

Cell Signaling Technology

Cat#5127; RRID:AB_10892860

HRP-conjugated anti-rat 1IgG

Cell Signaling Technology

Cat#7077; RRID:AB_10694715

HRP-conjugated anti-rabbit 19gG

Jackson ImmunoResearch

Cat#111-035-033; RRID:AB_2313567
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

HRP-conjugated anti-mouse 1gG

Jackson ImmunoResearch

Cat#115-035-003; RRID:AB_10015289

Bacterial and Virus Strains

Adeno-associated virus (AAV): AAV2/9- This paper N/A
shFni

AAV: AAV2/8-shltgabs This paper N/A
AAV: AAV2/8-shAtg7 This paper N/A

AAV: AAV2/8-TBG-PI-Null-bGH

Gift of James M. Wilson lab

Addgene viral prep Cat#105536-AAVS;
RRID:Addgene_105536

Lentivirus: mCherry-EGFP-LC3 This paper N/A

Lentivirus: shRNA (pLKO.1) This paper N/A

Lentivirus: sShRNA (tet-pLKO) This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Insulin Millipore Sigma Cat#10516-5ML; CAS: 11070-73-8

Heparinized microvette

Braintree Scientific

Cat#MV-CB300 16443

anti-BCL2 antibody-conjugated agarose
beads

Santa Cruz Biotechnology

Cat#sc-7382 AC

Protein A/G PlusAgarose

Santa Cruz Biotechnology

Cat#sc-2003

Lipofectamine 3000

Thermo Fisher Scientific

Cat#L.3000150

Polybrene Millipore Sigma Cat#TR-1003-G
Fibronectin (FN1) Millipore Sigma Cat#F2006; EC: 289-149-2
Bovine Serum Albumin (BSA) solution Millipore Sigma Cat#A1595; CAS: 9048-46-8

AICAR

Cayman Chemical

Cat#10010241; CAS:2627-69-2

Chloroquine (phosphate)

Cayman Chemical

Cat#14194; CAS:50-63-5

Halt Protease Inhibitor Cocktail

Thermo Fisher Scientific

Cat#78438

ProLong Diamond Antifade Mountant

Thermo Fisher Scientific

Cat#P36961

Critical Commercial Assays

Proteome Purify 2 Mouse Serum Protein R&D systems Cat#MIDR002-020
Mouse Fibronectin ELISA Kit Abcam Cat#ab210967
High-Capacity cDNA Reverse Thermo Fisher Scientific Cat#4368814
Transcription Kit

PowerUP SYBR Green Master Mix Thermo Fisher Scientific Cat#tA25742

BCA protein assay kit Thermo Fisher Scientific Cat#23225

Experimental Models: Cell Lines

Mouse: C2C12 cells ATCC Cat#CRL-1772
Human: HeLa cells ATCC Cat#CCL-2
Human: 293T cells ATCC Cat#CRL-3216

Human: Huh7 cells

JCRB cell bank

Cat#JCRB0403

Experimental Models: Organisms/Strains

Mouse: C57BL/6J mice

The Jackson Laboratory

Cat#000664; RRID:IMSR_JAX:000664

Mouse: GFP-LC3 mice: Tg(CAG-EGFP/
Map1lc3b)53Nmz

RIKEN BioResource Research
Center

Cat#RBRC00806

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER
Target sequences for sShRNA, see Table S1 This paper N/A
Primers for gPCR, see Table S2 This paper N/A

Recombinant DNA

pCDH-CMV-MCS-EF1-Puro

System Biosciences

Cat#CD510B-1

pCDH-mCherry-EGFP-LC3

This paper

N/A

pLKO.1-TRC cloning vector

Gift of David Root lab®®

Addgene plasmid Cat# 10878; RRID:Addgene_10878

Tet-pLKO-puro

Gift of Dmitri Wiederschain lab%®

Addgene plasmid # 21915; RRID:Addgene_21915

pLKO.1 scramble sShRNA

Gift of David Sabatini lab®

Addgene plasmid # 1864; RRID:Addgene_1864

tet-pLKO-puro-Scrambled

Gift of Charles Rudin lab%!

Addgene plasmid # 47541; RRID:Addgene_47541

pCMV-VSV-G Gift of Bob Weinberg lab%2 Addgene plasmid # 8454; RRID:Addgene_8454
psPAX2 Gift of Didier Trono lab Addgene plasmid # 12260; RRID:Addgene_12260
PAAV-MHCK?7-miR30-mCherry-shFn1 This paper N/A

pAAV-TBG-miR30-mCherry-sh/tga5 This paper N/A

pAAV-TBG-miR30-mCherry-shAtg7 This paper N/A

Software and Algorithms

ImageJ

National Institutes of Health (NIH)

https://imagej.nih.gov/ij/

NIS-Elements

Nikon

https://www.microscope.healthcare.nikon.com/
products/software/nis-elements

BellCurve for Excel

Social Survey Research Information
Co.

https://bellcurve.jp/ex/

BioRender BioRender https://biorender.com/
Deposited Data
Source data for all figures, see Data S1 This study N/A
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