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Summary

Chaperone-mediated autophagy (CMA), a cellular process that
contributes to protein quality control through targeting of a
subset of cytosolic proteins to lysosomes for degradation,
undergoes a functional decline with age. We have used a
mouse model with liver-specific defective CMA to identify
changes in proteostasis attributable to reduced CMA activity
in this organ with age. We have found that other proteolytic
systems compensate for CMA loss in young mice which helps to
preserve proteostasis. However, these compensatory responses
are not sufficient for protection against proteotoxicity induced
by stress (oxidative stress, lipid challenges) or associated with
aging. Livers from old mice with CMA blockage exhibit altered
protein homeostasis, enhanced susceptibility to oxidative stress
and hepatic dysfunction manifested by a diminished ability to
metabolize drugs, and a worsening of the metabolic dysregu-
lation identified in young mice. Our study reveals that while
the regulatory function of CMA cannot be compensated for in
young organisms, its contribution to protein homeostasis can
be handled by other proteolytic systems. However, the decline
in the compensatory ability identified with age explains the
more severe consequences of CMA impairment in older organ-
isms and the contribution of CMA malfunction to the gradual
decline in proteostasis and stress resistance observed during
aging.
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Introduction

In chaperone-mediated autophagy (CMA) (Cuervo, 2010; Kaushik &
Cuervo, 2012), cytosolic proteins bearing a targeting motif biochemically
related to the pentapeptide KFERQ (Dice, 1990) are recognized by the
chaperone hsc70 that delivers them one-by-one to lysosomes for
degradation (Chiang et al,, 1989). Chaperone-mediated autophagy is
distinct from other types of autophagy in that it does not require
sequestration of the proteins to be degraded (cargo) into any type of
vesicles for lysosomal delivery. Instead, a transmembrane protein, the
lysosome-associated membrane protein type 2A (LAMP-2A) (Cuervo &
Dice, 1996), serves as both the CMA lysosomal receptor to which
substrate proteins bind, and the main component of the complex that
facilitates their translocation into the lysosomal lumen (Bandyopadhyay
et al., 2008). Chaperone-mediated autophagy function declines with
age (Cuervo & Dice, 2000) and is also compromised in diseases such as
neurodegenerative conditions, metabolic disorders, and cancer (Cuervo,
2010; Kaushik & Cuervo, 2012).

Among the estimated 30% of cytosolic proteins that contain a CMA
targeting motif, validated CMA substrates include proteins involved in
transcriptional regulation (Aniento et al., 1996), protein degradation
(Cuervo et al., 1995b), neuronal survival and function (Cuervo, 2004),
hypoxia (Hubbi et al., 2013), oncogenesis (Vakifahmetoglu-Norberg
et al., 2013), and metabolism (Schneider et al., 2014). Selective degra-
dation of these proteins by CMA contributes to the tight regulation of
their cellular levels and, consequently, of the cellular processes in which
they participate. For example, recent studies from our group have
revealed that timely degradation by CMA of liver enzymes involved in
glycolysis and lipogenesis is required for metabolic adaptation to
nutritional changes (Schneider et al., 2014).

In addition to this regulatory role, previous studies have shown that
CMA is activated in response to stressors such as nutrient deprivation
(Cuervo et al., 1995a), oxidative stress (Kiffin et al., 2004), acute lipid
overload (Rodriguez-Navarro et al., 2012), and proteotoxicity (Cuervo,
2004; Koga et al., 2011a). Chaperone-mediated autophagy exerts a
protective function in these conditions by selectively targeting damaged
or misfolded proteins for lysosomal degradation. Consistent with this
role in protein quality control, blockage of CMA in cultured cells renders
them more susceptible to oxidative stress (Massey et al., 2006), whereas
genetic manipulation that prevents the age-dependent decrease of CMA
in mouse liver markedly reduces the content of oxidized proteins in this
organ and improves overall hepatocyte homeostasis and function in old
animals (Zhang & Cuervo, 2008). However, the specific function(s) of
CMA that contributes to delaying hepatic aging remains unknown.

Interestingly, despite the well-supported contribution of CMA to the
maintenance of protein homeostasis, our recent studies using a novel
mouse model with defective CMA in liver (conditional deletion of LAMP-
2A, L2A) revealed that proteostasis was preserved in this organ in young
mice (Schneider et al., 2014). Previous studies in cultured cells have
shown that different protein degradation systems are able to compen-
sate for one another (lwata et al., 2005; Korolchuk et al., 2009). This
compensation also applies to CMA as its blockage in fibroblasts leads to
increased macroautophagy (Massey et al., 2006), whereas macroauto-
phagy compromise results in constitutive CMA activation (Kaushik et al.,
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2008). It is not known whether compensation of other proteolytic
systems in response to CMA failure occurs in vivo and whether this
activation is sustained with age.

In this work, using a mouse model with hepatic deletion of L2A, we
have examined how loss of CMA impacts protein quality control in vivo
and how other proteolytic systems react to the loss of this form of
selective autophagy. We have found that macroautophagy and prote-
asomal pathways can compensate for hepatic CMA blockage in young
mice, explaining their preserved basal proteostasis. However, these
compensatory responses are diminished upon infliction of stress or
during aging. Decompensation has negative consequences for the
maintenance of proteostasis in old mice. These findings show, for the
first time, that basal hepatic proteostasis can be assumed by other
proteolytic systems upon CMA loss in vivo but that this compensatory
activation is lost with age, highlighting the need for intact CMA activity
to sustain protein homeostasis in the aging liver.

Results

Proteolytic systems compensate for loss of hepatic CMA in
young mice

We have recently shown that in vivo blockage of CMA in liver, by
conditional deletion of LAMP-2A (L2A) in this organ (Albumin-Cre:L2A"
mice, hereafter referred to as L2AKO mice), leads to alterations in
glucose and lipid metabolism due to loss of the regulation of hepatic
metabolic enzymes levels by CMA (Schneider et al., 2014). In contrast,
we did not observe significant differences in hepatic protein homeostasis
(i.e., levels of aggregates and oxidized proteins) between control (Ctr)
and L2AKO young mice, suggesting that other cellular mechanisms may
compensate for the well-documented role of CMA in protein quality
control.

Previous studies have identified one such compensatory mechanism
that attempts to sustain CMA activity by increasing the fraction of
cellular lysosomes dedicated to this pathway. The major cause of CMA
functional decline with age is the loss of L2A stability at the lysosomal
membrane. However, the decline in L2A levels is initially associated with
an increase in the percentage of lysosomes positive for hsc70 (the
chaperone that mediates substrate translocation into lysosomes), in an
effort to maximize net degradation through CMA, even in the context of
lower L2A levels (Cuervo & Dice, 2000; Kiffin et al., 2007). To determine
whether genetic elimination of L2A causes a similar response in young
animals, we isolated two previously characterized populations of
lysosomes (with either high (+) or low (=) CMA activity (Cuervo et al.,
1997)) from livers of control (Ctr) and L2AKO mice. We observed that
both total and lysosomal levels of hsc70 were higher in L2AKO mice
livers compared to Ctr and that the population of CMA-inactive
lysosomes in L2AKO mice displayed a marked increase in lysosomal
hsc70 (Figs 1A,B and S1A). The residual levels of L2A observed in L2AKO
mice originate from liver cells other than hepatocytes (i.e., Kupffer cells,
endothelial cells), as demonstrated by immunohistochemistry for L2A in
liver sections (Fig. S1B).

To identify further lysosomal changes reactive to the reduction of L2A
levels that may mimic changes observed during aging, we analyzed livers
from Ctr and L2AKO mice at different ages. As previously described, Ctr
animals showed a gradual reduction in total (Fig. 1C,D) and lysosomal
(Fig. 1E,F) L2A levels with age (Cuervo & Dice, 2000), decreasing by
more than 50% at 22 month. In contrast, levels of the other two splice
variants of the lamp2 gene were either unchanged (i.e., L2C) or, in the
case of L2B, markedly increased in L2AKO mice throughout their lifespan

(Fig. 1C-F). Interestingly, this compensation by L2B was also noticeable
in livers from the oldest Ctr group (Fig. 1C-F), supporting that increased
L2B levels in young L2AKO mice mimic the changes in L2B that occur
with age. As reducing L2A in young mice induces changes in the
lysosomal compartment that phenocopies those that occur with age
(increase in lys-hsc70 and L2B), L2ZAKO animals could be a useful model
to study possible compensatory mechanisms elicited by loss of CMA
during physiological aging independently of other age-dependent
changes.

Using this model, we set out to identify the hepatocyte reaction to
CMA failure in vivo by analyzing changes in other proteolytic systems in
livers of L2AKO mice. Our previous analysis of L2AKO mice demon-
strated that even with complete ablation of CMA in the liver, other
lysosomal functions and autophagic pathways, such a macroautophagy,
were fully preserved (Schneider et al., 2014), leaving open the possibility
that they could compensate for CMA loss. To compare macroautophagy
activity in Ctr and L2AKO livers, we analyzed the degradation of LC3
(LC3 flux), a constituent of autophagic vacuoles that is degraded along
with the macroautophagy cargo in lysosomes (Tanida et al., 2005). We
observed increased degradation rates of LC3-Il and higher turnover of
the fraction of ubiquitinated proteins degraded in lysosomes (Fig. 2A) in
L2AKO mice in vivo upon blockage of lysosomal degradation by
intraperitoneal injection of leupeptin (Fig. 2A). Immunofluorescence
staining in isolated hepatocytes revealed a comparable steady-state
number of LC3 positive puncta in hepatocytes from Ctr and L2AKO
mice, but treatment with vinblastine (to prevent autophagosome/
lysosome fusion) leads to a significantly higher increase in LC3 puncta
in L2AKO cells, in further support of enhanced autophagic flux (Fig. 2B).
In agreement with enhanced macroautophagy, morphometric analysis
of electron micrographs of livers from Ctr and L2AKO mice revealed a
significant increase in the number of both autophagosomes but, more
so, of autophagolysosomes in CMA-deficient livers (Figs 2C,D and S2A).
Together, these data confirm that macroautophagy is upregulated in
response to loss of CMA in young mice livers.

To further investigate the basis for macroautophagy upregulation in
livers of L2ZAKO mice, we compared levels of proteins that participate in
different steps of macroautophagy: transcriptional regulation (TFEB),
initiation of autophagosome formation (Beclin-1), cargo recognition
(p62 and NBR1), elongation of the limiting autophagosome membrane
(Atg5/12), and autophagosomelysosome fusion (LAMP-2B) (Yang &
Klionsky, 2010). In agreement with a fully functional macroautophagy-
dependent degradation, levels of cargo receptors were slightly reduced
in L2AKO mice livers (Fig. S2B). Besides the increase in LAMP-2B levels,
Atg5/12 and TFEB also increased significantly in starved L2AKO mice
livers (Fig. 2E). TFEB has been described as the master regulator of
macroautophagy because, upon nuclear translocation, it activates the
transcriptional program that controls this autophagic pathway (Settem-
bre et al, 2011). Using immunofluorescence (Figs 2F and S2C) and
cellular subfractionation (Figs 2G and S2D-F), we confirmed increased
levels of TFEB in both cytosol (3.19 + 0.15 folds) and also nucleus
(1.85 + 0.16 folds) in L2ZAKO mice livers and a higher percentage of cells
with detectable nuclear TFEB (Fig. S2C). Interestingly, we identified two
conserved CMA targeting motifs in the TFEB sequence (Fig. S2G) and
found preferential association of TFEB with lysosomes active for CMA
during starvation (Fig. 2H) (when CMA is maximally activated), sugges-
tive of the fact that TFEB could undergo degradation via CMA. Analysis
of lysosomes isolated from Ctr mice injected with leupeptin confirmed
that, upon prolonged starvation, a fraction of cellular TFEB does undergo
degradation in CMA-active lysosomes (Fig. 2I). Similar studies in L2AKO
mice demonstrated that despite higher association of TFEB to lysosomes
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in these animals, degradation of TFEB in this compartment was
completely prevented, supporting that active CMA is required for the
observed lysosomal degradation of TFEB (Fig. 2I). Overall, our findings
indicate that in vivo blockage of CMA leads to upregulation of
macroautophagy attained, at least in part, through the increase in levels
of TFEB due to its reduced turnover by CMA. Selective degradation of

TFEB by CMA may underlie the basis of the cross-talk between these two
stress-induced autophagic pathways.

We next assessed the status of the ubiquitin-proteasome system (UPS)
that has previously also shown interdependence with CMA in vitro (Koga
et al., 2011b). Using ubiquitin linkage-specific antibodies, we found that
part of the reduction in total levels of ubiquitinated proteins in L2AKO
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Fig. 2 Macroautophagy compensates for CMA failure in young mice livers. (A) IB of liver homogenates from 4-month-old Ctr and L2ZAKO mice i.p. injected with leupeptin
2 h prior tissue dissection. Bottom: quantification, n = 4. (B) Immunofluorescence of LC3 in hepatocytes from Ctr and L2AKO mice treated or not with vinblastine.
Right: quantification of average puncta per cell, n = 6 (scale bar: 10 pum). (C) Ultrastructure of livers from Ctr and L2AKO mice. Arrows indicate autophagosomes (APG, red)
or autophagolysosomes (APGL, yellow). Inserts on the right show examples of both types of vesicles. Additional fields are shown in Fig. S2A. (scale bar: 5 um) (D)
Morphometric quantification of APG and APGL, n = 4. (E) IB for a panel of macroautophagy-related proteins of livers homogenates from fed or 24 h starved Ctr and L2ZAKO
mice. Bottom: densitometric quantification, n = 4. (F) Immunofluorescence for TFEB (green) in primary hepatocytes isolated from 4-month-old Ctr and L2AKO mice
(scale bar: 10 um). Right: quantification of percentage of cells with nuclear TFEB signal, n = 6. Full filed images are shown in Fig. S2C. (G) IB for TFEB in cytosolic
fractions from Ctr and L2AKO mice. (H) IB of homogenates (H), cytosol (C), and lysosomes active (+) or inactive (—) for CMA isolated from livers of fed or 24 h starved
Ctr and L2AKO mice. (l) IB of isolated lysosomes active for CMA (CMA+) isolated from livers of Ctr and L2AKO mice treated or not with leupeptin 2 h prior tissue
dissection. All values are expressed as mean + SEM. Differences are significant for *P < 0.05.

mice (Fig. 2A) was due to lower levels of K48-linked ubiquitinated
proteins, which are classical proteasome substrates (Fig. 3A). This
reduction was for the most part due to enhanced degradation of
ubiquitinated substrates via the proteasome, as ex vivo flux analysis using
proteasomal inhibitors revealed an increase in their turnover in L2AKO
livers (Fig. 3B). Despite these increased rates of substrate degradation,
the catalytic activities of the proteasome were comparable in Ctr and
L2AKO livers (trypsin- and chymotrypsin-like proteasomal activities
shown in Fig. 3C). Immunoblot analysis of a subset of catalytic and
regulatory subunits that comprise proteasomal particles revealed sub-
unit-specific differences in levels of proteasomal proteins between Ctr
and L2AKO animals, whereby specific catalytic core alpha subunits, but
not beta, and components of the regulatory particle (19S) were more
abundant in L2AKO mice (Fig. 3D,E). The increase in 19S subunits in
L2AKO livers may explain the enhanced degradation of endogenous
polyubiquitinated proteins (Fig. 3B) which depend on the 19S regulatory
particle for access to the core protease, but not of the synthetic peptides
used for analysis of catalytic activities that occurs independently of the
19S subunits. As previous studies have shown that subunits of the 20S
proteasome can be CMA substrates (Cuervo et al., 1995b), we
hypothesized that failure to eliminate certain proteasomal components
at lysosomes may contribute to their observed higher abundance in
L2AKO mice. In vivo blockage of lysosomal degradation through
injection of leupeptin confirmed that two subunits of the 20S core
particle o ring (23 and a5) undergo degradation in lysosomes from Ctr
mice but not from L2AKO mice (Fig. 3F). Lastly, experiments in isolated
hepatocytes revealed a higher sensitivity of L2ZAKO cells to proteasome
inhibitors (Fig. 3G), supporting their higher dependence on intact UPS
function and confirming that the observed UPS upregulation in CMA-
deficient cells was indeed of compensatory nature. The UPS and other
lysosomal pathways, likely macroautophagy, may act cooperatively in
this compensation because L2AKO cells revealed higher sensitivity than
Ctr cells to simultaneous partial inhibition of both proteolytic systems
(Fig. 3H).

Together, these data suggest that young L2AKO mice rely on other
proteolytic pathways, such as macroautophagy and the UPS, to preserve
quality control in the context of CMA failure.

Hepatic loss of CMA increases cellular susceptibility to
proteotoxic and lipotoxic stress

Previous studies in cultured fibroblasts have shown that the upregulation
of macroautophagy upon partial blockage of CMA (L2A knockdown),
similar to that we observed in L2AKO mice livers, is sufficient to maintain
cellular homeostasis under basal conditions but that CMA-deficient cells
are still more vulnerable to stressors (Massey et al., 2006). To determine
whether the upregulation of macroautophagy and UPS observed in
L2AKO mice livers is sufficient to protect them during different types of
stress, we induced oxidative damage in primary hepatocytes with two
pro-oxidant agents, paraquat (PQ) and hydrogen peroxide (H,O,).

Analysis of cellular viability right after 4 or 24 h of exposure to the
stressors or at 24 h after the stressor was removed (recovery) revealed
that L2AKO hepatocytes were more susceptible to oxidative stress
(Figs 4A and S3A).

Next, we tested whether loss of CMA influences the susceptibility of
the liver to hepatotoxic agents such as acetaminophen (Amador-Noguez
et al., 2007). While viability right after exposure to acetaminophen was
comparable in Ctr and L2AKO hepatocytes, CMA deficiency resulted in
enhanced cell loss during the recovery after the drug-induced injury
(Fig. 4B), supporting a role for CMA in restoring cellular homeostasis
after drug-induced damage. Transfection of L2AKO cells with a plasmid
expressing L2A was sufficient to restore their resistance to both paraquat
and acetaminophen (Fig. 4C), but this intervention was no longer
effective at higher concentrations of the stressor that Ctr and L2AKO
cells showed similar sensitivity (Fig. S3C).

To confirm the enhanced vulnerability to stressors in the absence of
CMA in vivo, we injected Ctr and L2AKO mice with acetaminophen and
harvested their livers after 24 h. Staining of liver sections revealed higher
number of TUNEL-positive cells in L2ZAKO mice (Figs 4D and S3C), and
immunoblot for carbonyl groups demonstrated a trend toward increased
oxidized proteins and oxidized proteinaceous aggregates (retained in the
stacking gel) in CMA-compromised mice livers (Fig. 4E,F). We propose
that the diminished resistance of L2AKO mice to hepatotoxic-inducing
drugs results, at least in part, from their inability to selectively eliminate
damaged proteins under these conditions.

Collectively, these data indicate that although other protein quality
control pathways can compensate for loss of CMA, their functions are
not redundant as challenging cells with proteotoxic agents and drugs
that alter organelle homeostasis elicits their dependence on intact CMA
activity.

Next, we tested whether lipotoxic challenges can also expose the
vulnerability of CMA-deficient cells. L2AKO hepatocytes in culture
displayed a more pronounced decrease in viability than Ctr cells
following exposure to increasing concentrations of the free fatty acid,
oleate (Fig. S3D). Similarly, a dietary lipid challenge in vivo was sufficient
to unveil a diminished ability of L2AKO mice livers to sustain hepatic
proteostasis. Thus, while L2ZAKO mice on a regular chow diet (RD) did
not exhibit significant differences with Ctr mice in levels of ubiquitinated
protein aggregates (Fig. S4A), when we subjected mice to a high-fat diet
(HFD) for 16 weeks, CMA-deficient animals displayed a significant
increase in ubiquitin-containing aggregates compared to Ctr mice
(Fig. 4G). Similarly, we observed minimal differences in basal levels of
oxidized proteins between Ctr and L2AKO mice on a RD (Fig. S4B), but
when subjected to HFD, L2AKO livers had significantly higher content of
both soluble and aggregated oxidized proteins (Fig. 4H).

We attribute the emergence of altered protein homeostasis in CMA-
deficient mice to the fact that dietary lipids compromised the ability of
L2AKO mice to compensate for loss of CMA. Thus, whereas L2AKO mice
on RD exhibited increased LC3-Il flux, indicative of higher autophagic
activity, L2AKO mice on a HFD no longer demonstrated the same
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Fig. 3 Enhanced ubiquitin-proteasome activity in livers from young CMA-deficient mice. (A) Immunoblot (IB) for K48-linked ubiquitinated proteins of liver homogenates
from 4-month-old control (Ctr) and Albumin-Cre:L2A" (L2AKO) mice. Right: densitometric quantification, n = 10. (B) IB of Ctr and L2AKO mouse livers incubated for 2 h
in the presence/absence of lactacystin (lacta). Right: densitometric quantification, n = 4. (C) Proteasome activity against fluorogenic substrates specific for trypsin- or
chymotrypsin-like activities measured in the presence or absence of ATP in liver homogenates from Ctr and L2AKO mice, n = 6. (D) IB for subunits of the proteasome
core (20S) or regulatory (19S) particles of 4-month-old Ctr and L2AKO mice livers. (E) Densitometric quantification of blots as in D, n = 3. (F) IB of isolated lysosomes
active for CMA isolated from livers of 4-month-old Ctr and L2AKO mice treated or not with leupeptin 2 h prior to tissue dissection. (G, H) Cell viability of primary
hepatocytes isolated from Ctr and L2AKO mice 24 h after treatment with the indicated concentrations of lactacystin alone (G) or in combination with leupeptin (H),

n = 3. All values are expressed as mean + SEM. Differences are significant for *P < 0.05, aaccumulation of p62, and ***P < 0.001.

enhancement of autophagic flux (Fig. 4). HFD L2AKO livers also
displayed decreased levels of Atg5/12, accumulation of p62 (Fig. 4J)
and decreased turnover of ubiquitinated proteins in lysosomes (Fig. 4K),
all pointing to reduced degradation via macroautophagy under these
conditions.

These data support that under basal conditions, blockage of hepatic
CMA does not result in pronounced deficits in proteostasis due to active
compensatory upregulation of other proteolytic pathways. However,
circumstances that diminish the activity of these systems (i.e., diet-
induced obesity or chemical inhibition) unmask the vulnerability of CMA-
deficient mice and lead to defective protein quality control and
accumulation of aggregated and oxidized proteins.

Aged mice lacking hepatic CMA exhibite liver dysfunction
and accelerated metabolic dysregulation

In light of the susceptibility of L2ZAKO mice to stress-induced loss of
protein homeostasis, we set out to comparatively analyze the impact of
aging on liver function, metabolic regulation, and proteostasis in Ctr and
CMA-defective animals. To assess changes in hepatic function, we
performed a drug clearance test that measures the time needed to
metabolize the paralytic agent, zoxazolamine, a drug exclusively cleared
by the liver (Amador-Noguez et al., 2007; Chen et al., 2012). As we
have recently reported (Schneider et al., 2014), young (4 month) L2AKO
mice required significantly longer times for drug clearance when
compared with Ctr mice, but differences between Ctr and L2AKO mice
were even more pronounced at 12 month of age (Fig. 5A). Furthermore,
this older group of L2AKO mice displayed a significantly shorter onset of
paralysis, measured by the time between treatment and paralysis
(Fig. 5A). Livers from 12- and 22-month-old L2AKO mice also exhibited a
significant increase in TUNEL-positive cells under basal conditions (no
stress) compared to age-matched Ctr mice (Fig. 5B). Overall, we
conclude that aging exacerbates the functional defect of L2AKO mice
and reduces hepatocyte viability.

Considering the novel role recently uncovered for CMA in regulating
hepatic lipid and glucose metabolism described in young L2AKO mice
(Schneider et al., 2014), we next analyzed the effect of aging on this
metabolic phenotype. Analysis of glycemic control revealed that young
L2AKO mice exhibited the previously observed decrease in fasting blood
glucose levels attributable to their enhanced hepatic glycolysis (Schneider
et al., 2014), whereas as L2AKO mice age, they display instead higher
fasting blood glucose than age-matched Ctr mice (Fig. 5C), implying a
degree of glucose intolerance with age. Ketone body production was
also significantly higher in 12- and 24-month-old L2AKO mice (Fig. 5D),
further supporting dysregulated glycemic control in aged mice with
impaired hepatic CMA activity.

Changes in lipid metabolism with age in L2ZAKO mice resembled an
accelerated version of those observed during physiological aging in the
control group. The high lipid droplet (LD) content and hepatosteatosis
initially only observed in young L2AKO augmented progressively with
age in this group, but differences with control become less pronounced

as lipid accumulated also in the older Ctr mice livers (Fig. 5E,F).
Interestingly, oil red O staining revealed morphological differences
between hepatic LDs in aged Ctr and L2AKO mice, as the LD in L2AKO
livers was noticeably smaller and more numerous compared to the larger
LDs in Ctr mice (Figs 5G and S5A). This gradual worsening of
hepatosteatosis with age was associated with significantly higher serum
levels of total cholesterol and LDL upon fasting in old L2AKO mice
(Figs 5H and S5B). Aging reduced the differences between Ctr and
L2AKO mice in circulating HDL and serum triglycerides (TG), as the initial
reduction in TG observed in young L2AKO mice was reverted back to
levels that were no longer significantly different from control (Fig. S5B).
We also examined how these changes in serum metabolites in L2AKO
mice with age impacted peripheral perigonadal white adipose tissue
(WAT). Similar to the effect observed in young L2AKO, aged L2AKO
animals exhibited lower WAT weight and smaller adipocyte size than
age-matched Ctr mice, but differences between both groups decreased
as the oldest Ctr mice group displayed changes in the same direction as
the L2AKO mice (Fig. 5C,1,J). H&E staining of WAT also revealed an age-
dependent increase in infiltration of adipose tissue (hypercellular and
fibrotic-like appearance) that was strikingly more evident in aged L2AKO
mice (Fig. 5I). To start elucidating the possible mechanisms by which the
livers of L2AKO mice may influence peripheral fat tissues, we monitored
changes in serum of the fibroblast growth factor 21 (FGF21), a protein
secreted by the liver that stimulates fat catabolism (Kharitonenkov et al.,
2005). We observed a significant increase in the levels of FGF21 in the
bloodstream in both young and old L2AKO mice compared to Ctr
(Fig. 5K), suggesting that changes in its hepatic secretion upon CMA
blockage could mediate the effect observed in peripheral fat stores.
Overall, young L2AKO mice mimicked old Ctr mice in their hepatic lipid
accumulation (Fig. 5F), reduced size of peripheral fat tissues (Fig. 5I), and
increased circulating levels of LDL (Fig. 5H) and FGF21 (Fig. 5K). These
findings support that young L2AKO mice phenocopy several of the
metabolic alterations that occur in normal aging. Collectively, these data
indicate that reduced hepatic CMA activity accelerates the decline in liver
function with age and exacerbates the metabolic dysregulation associ-
ated with aging.

Proteostasis failure occurs with age in CMA-deficient livers

Although unchallenged young L2AKO mice did not reveal protein
alterations (oxidation, aggregation, etc.) indicative of altered proteo-
static ability (Fig. S4), we postulated that chronic accumulation of
hepatic lipids with age in L2AKO mice may ultimately impact the
compensatory activity of the other proteolytic systems, similar to the
effect observed in mice subjected to a HFD (Fig. 4). Analysis of various
autophagy markers in older Ctr and L2AKO mice livers revealed that,
contrary to the upregulation of TFEB observed in young L2AKO mice
(Fig. 2E-G), levels of TFEB were diminished compared to Ctr in 12- and
24-month-old L2AKO mice (Fig. 6A) as was also its nuclear localization
(Fig. S6A). Similarly, the increase in LAMP2-B levels, still observed at
12 month of age in L2AKO mice, was markedly reduced in the oldest
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Fig. 4 Mice with defective hepatic CMA show loss of proteostasis and increased sensitivity to stress. (A) Viability of primary hepatocytes from 4-month-old control (Ctr) and
Albumin-Cre:L2A" (L2AKO) mice assessed at 4 or 24 h of exposure to increasing concentrations of paraquat (A) or acetaminophen (B), and 24 h after the stressors was
removed, n = 3. (C) Viability of L2ZAKO-deficient cells transfected with an empty vector (L2AKO) or a vector expressing human L2A (+hL2A) upon treatment as indicated,
n = 6. (D) Quantification of the number of TUNEL-positive cells per section of liver from Ctr and L2AKO mice 24 h after i.p. injection of acetaminophen (representative
images are shown in Fig. S3C), n = 3. (E) Oxyblot of liver homogenates from Ctr and L2AKO livers treated or not with acetaminophen. Insoluble oxidized proteins are
retained in the stacking gel. (F) Densitometric quantification of blots as the one shown in E, n = 3. (G,H) Filter retardation assay to assess aggregated poly-ubiquitinated
proteins (G) and oxyblot analysis to detect soluble and aggregated oxidized proteins (H) in livers from Ctr and L2ZAKO mice maintained on a regular chow (RD, n = 9in G,
n = 6in H) or a high-fat diet (HFD, n = 5in G, n = 6 in H) for 16 weeks. (I) IB of liver homogenates from Ctr or L2ZAKO mice treated or not with leupeptin 2 h prior to tissue
dissection in the same group of animals as in E. Bottom: densitometric quantification, n = 3. (J,K) IB for the indicated proteins in liver homogenate from Ctr and L2AKO mice
maintained on a HFD for 16 weeks. Right: densitometric quantification of Atg5 (n = 6) and ubiquitinated proteins (n = 3). All values are expressed as mean + SEM.
Differences are significant for *P < 0.05 compared to Ctr and for § p < 0.05 compared to untreated.

L2AKO mice group (Fig. 6A). Consistent with this reduction in positive
regulators and effectors of macroautophagy in L2AKO with age, we
observed a gradual accumulation of basal LC3-Il with age in L2AKO
animals compared to age-matched Ctr (Fig. 6A). Lastly, we confirmed
that the increase in LC3 flux observed in young L2AKO was no longer
evident in 12-month-old L2AKO mice, which even displayed a trend
toward lower flux than Ctr mice (Fig. 6B). We also observed that by
12 month, hepatocytes from L2AKO mice contained more lipofuscin
granules than their Ctr counterparts (Figs 6C and S6B,C), indicating a
premature compromise in the lysosomal system in the context of CMA
loss and a possible consequence of reduced macroautophagy (Hohn &
Grune, 2013). Together, these data support that macroautophagy
compensation in response to CMA blockage is not sustained with age.

Next, considering the enhanced degradation through the proteasome
in young L2AKO mice (Fig. 3B), we evaluated possible changes in UPS
activity in these animals with age. We found that, contrary to the
increased proteasomal degradation of K48-linked ubiquitinated proteins
in young L2AKO mouse livers, flux through the UPS decreased with age
to levels comparable or even lower than age-matched Ctr mice (Fig. 6D).
This inability to enhance proteasomal degradation may explain the
higher abundance of ubiquitin-containing aggregates in L2ZAKO mice as
they age, evidenced as proteins retained in the stacking gel during
electrophoresis (Fig. 6D) and confirmed through filter retardation assay
(Fig. 6E).

Together, these studies show that the initial compensatory upregu-
lation of macroautophagy and UPS is not sustained with age and that
loss of this compensation accelerates the age-related decline in
proteostasis in L2ZAKO mice.

CMA failure in aged animals increases vulnerability to
oxidative stress

To further understand how age-related CMA failure and the lack of
compensatory response by other proteolytic systems with age impact
protein quality control in older organisms, and whether it could led to
accumulation of damage, we measured levels of oxidatively modified
proteins in vivo. We focused on oxidized proteins because of the
previously described role for CMA in their turnover (Kiffin et al., 2004)
and because in this work, we found that loss of CMA increases the
susceptibility of primary mouse hepatocytes to oxidative stress (Fig. 4A).
Compared to age-matched Ctr mice, livers from 12- and 24-month-old
L2AKO mice displayed higher amounts of soluble and aggregated
(retained in the stacking gel) oxidized proteins (Fig. 7A). In addition to
these quantitative changes, bi-dimensional electrophoresis also revealed
qualitative changes in the subset of the proteome undergoing oxidative
damage in the livers from 24-month-old L2AKO mice compared to Ctr
mice (Fig. 7B).

Next, we treated mice with the pro-oxidant agent paraquat to
examine how the age-related decline in proteostasis in CMA-incompetent

animals influenced their ability to deal with an oxidative stress challenge
in vivo. Trichrome staining of liver sections revealed minimal differences
between untreated and treated Ctr and L2AKO mice of 4 or 12 month
of age (Fig. S7A). However, 22-month-old L2AKO mice displayed an
exacerbated hepatic fibrotic reaction upon PQ-induced oxidative stress
(Fig. 7C) and H&E staining detected the appearance of intracellular
inclusions, known as Mallory bodies (Hanada et al, 2012) (Fig. 7D).
These highly eosinophilic structures are typically positive for ubiquitin
and are indicative of protein aggregation. To directly compare levels of
oxidative stress in Ctr and L2AKO mice in vivo, we delivered a
fluorogenic probe via tail vein injection that is nonfluorescent while in
a reduced state and exhibits fluorescence upon oxidation by reactive
oxygen species (Scharf et al., 2013). Ex vivo radiometric analysis of the
livers revealed an increase in the signal in old L2AKO mice compared
with Ctr mice, in support of higher oxidative stress in the CMA-
incompetent mice (Fig. 7E). Unexpectedly, L2AKO mice also displayed
higher ROS levels at early ages (Fig. 7E), despite the minimal pathological
changes observed in these livers (Fig. S7A).

Multiple factors could contribute to the efficient handling of the
higher ROS content in young L2AKO mice, including their ability to
compensate for loss of CMA by upregulating other proteolytic systems
to clear ROS-mediated damage (Fig. 1-3). To further investigate this
protection against ROS damage in young L2AKO mice, we analyzed
levels of proteins involved in the oxidative stress defense in both groups
of animals. We did not find significant differences in hepatic content of
SOD1 or catalase (Fig. S8A), and in fact, studies in animals injected with
leupeptin did not reveal significant changes in their levels, suggesting
that they do not undergo lysosomal degradation (Fig. S8B). In contrast, a
proteomic analysis of liver lysosomes isolated from leupeptin-treated
young Ctr and L2AKO mice (Schneider et al., 2014) identified a group of
enzymes involved in the cellular antioxidant response among the subset
of hepatic CMA substrate proteins. Figure S8C shows four of the
enzymes that undergo lysosomal degradation in livers of Ctr mice but
whose degradation is significantly reduced in CMA-incompetent ani-
mals. These enzymes all bear CMA targeting motifs in their sequence in
further support of their possible degradation by this pathway (Fig. S8D).
To determine whether the reduced lysosomal degradation of these
antioxidant enzymes in L2ZAKO mice leads to higher hepatic content in
these animals, we used glyoxalase | (Glo 1) as an example (Kim et al.,
2012). We found that levels of Glo1 were significantly higher in cytosolic
fractions from L2AKO mice than in Ctr (Fig. S8E), but Glo1 reached levels
similar to those observed in Ctr mice upon induction of oxidative stress
by paraquat treatment (Fig. S8F). We propose that higher levels of these
proteins due to their reduced degradation through CMA may, in the
short run, help with handling of toxic species and by-products. It is likely
that the progressive alterations in proteostasis observed in older L2AKO
mice eventually compromise homeostasis of these protective proteins
and lead to loss of their function and increased susceptibility to hepatic
damage (Fig. 7C,E).
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Fig. 5 Metabolic changes in CMA-deficient mice with age. (A) Time of clearance (left) and onset of paralysis (right) measured in 4- and 12-month-old control (Ctr)
and Albumin-Cre:L2A" (L2AKO) mice after zoxazolamine i.p. injection, n = 4. (B) TUNEL staining of livers from 4-, 12-, and 22-month-old Ctr and L2AKO mice, scale
bar 60 um (1/4 of full field is shown to appreciate details). Arrows indicate TUNEL-positive cells. Right: quantification of 10 different non-overlapping fields, n = 3. (C)
Basal and fasting blood glucose levels in 4-, 9-, and 22-month-old Ctr and L2AKO mice, n = 3-6. (D) Serum ketone bodies (beta-hydroxybutyrate) in 24 h starved Ctr
and L2AKO mice at indicated ages, n = 4-8. (E,F) Livers from 24 h starved Ctr and L2AKO mice at the indicated ages were stained with H&E (E) or oil red O (ORO) (F)
(scale bar, 40 um). (G) Magnification of ORO-stained 18-month-old Ctr and L2AKO livers to show lipid droplet size. (H) Serum LDL in 24 h starved Ctr and L2AKO mice
at indicated ages, n = 4-8. (I) H&E of perigonadal white adipose tissue (WAT) from 24 h starved mice of the indicated ages (scale bar, 100 pm). (J) WAT weight from
the same animals, n = 3-4. (K) Serum FGF21 levels in 24 h starved Ctr and L2AKO mice, n = 5-8. All values are expressed as mean + SEM. Differences are significant

for #*P < 0.05; **P < 0.01, and ***P < 0.001.

We attribute the increasing signs of liver damage and reduced
function in aged L2AKO mice to metabolic dysregulation compounded
by the gradual decline in proteostasis over time. Both steatosis (Park
et al., 2010) and reduced quality control (Takamura et al., 2011) have
been shown to promote oncogenic transformation. Interestingly, we
observed increased incidence of hepatic tumors in the older group of
L2AKO mice, while no spontaneous hepatic tumors were detected in
age-matched Ctr mice throughout the course of this study (Figs 7F and
S7B). Pathological analysis classified some of the tumors as hepatocel-
lular adenoma with areas of eosinophilic foci (proteinaceous aggre-
gates), lipidosis, and inflammation (Fig. S7C), and immunohistochemistry
for L2A confirmed that tumor cells were derived from L2AKO hepato-
cytes and not from another cell type (Fig. S7D). It is likely that the
combined chronic hepatosteatosis, accelerated poor quality control, and
increasing oxidative damage with age may facilitate malignant transfor-
mation and tumor formation in the CMA-deficient livers.

Overall, these studies support that the age-dependent decline in
hepatic CMA activity may contribute to the metabolic dysregulation
characteristic of old organisms. The gradual diminished ability of other
proteolytic systems to compensate for CMA loss will add alterations in
proteostasis to the already metabolically compromised liver, further
enhancing liver damage, risk of malignant transformation, and acceler-
ating loss of liver function with age.

Discussion

In this work, we have found that whereas the loss of the regulatory
functions of CMA in liver, such as those involved in the control of
carbohydrate and lipid metabolism, cannot be compensated for —
leading to overt metabolic phenotypes upon CMA failure —, the
contribution of CMA to quality control in young mice can be effectively
handled by other proteolytic systems. These compensatory responses,
however, do not imply redundancy of the proteolytic systems, as
conditions such as stress (dietary lipid challenges, oxidant, and hepato-
toxic agents) or aging unmask the reliance of cells on CMA (Fig. S9). We
postulate that the gradual decline in protein quality control, reduced
resistance to stress, and altered metabolic homeostasis in aging L2AKO
mice contributes to hepatocyte dysfunction and may even favor
malignant transformation and liver tumorigenesis.

Upregulation of the other proteolytic systems is sufficient to maintain
proteostasis in a context of defective CMA under basal conditions, but
not in the face of different stressors that would typically drive CMA
activity such as proteotoxic, lipotoxic, or hepatotoxic agents in vivo.
Interestingly, this susceptibility to stress in CMA-deficient cells was
mostly manifested during the recovery phase after stress and not
necessarily during the stress phase. Dependence on CMA for cellular
survival poststress could stem from its ability to selectively remove the
subset of CMA substrates damaged during the stress to restore cellular
homeostasis. Although both macroautophagy (Scherz-Shouval et al.,
2007) and CMA (Kiffin et al., 2004) become activated during oxidative
stress, they are not redundant in their protective functions. Conditions

with predominantly protein damage benefit from the selectivity of CMA,
whereas organelle injury and accumulation of protein aggregates are
handled for the most part by macroautophagy. The enhanced oxidative
damage observed in the stressed or old L2AKO mice in vivo further
supports a physiological role for CMA in the oxidative stress response
and suggests that the decline of CMA with age lowers the threshold of
oxidative insults that cells can tolerate.

Different mechanisms could contribute to the enhanced activity of
macroautophagy and the UPS pathway observed in vivo in the CMA-
incompetent mice. We present here that the compensatory activation
may be partially caused by the accumulation of macroautophagy- and
proteasomal-related proteins in L2A-deficient cells. We found that
specific subunits of the catalytic and regulatory proteasome as well as
key regulators of macroautophagy, such as TFEB, undergo lysosomal
degradation in control animals but not in L2A-deficient mice. These
findings support that under normal conditions, CMA activity could also
contribute to regulating the levels of these, and maybe other, effector
components of other proteolytic systems. Upon CMA compromise, the
accumulating levels of macroautophagy and proteasomal effectors could
lead to the observed enhanced activity of these pathways and allow
hepatocytes to maintain proteostasis even in the absence of CMA. We
have shown a ‘gain of function’ outcome in young L2AKO mice for other
CMA substrates involved in metabolic regulation, such as glycolytic and
lipogenic enzymes due to their cytosolic accumulation (Schneider et al.,
2014). A similar situation could apply to TFEB, the master regulator of
the macroautophagy/lysosomal transcriptional program, whose levels
were markedly increased in the young L2AKO livers. We demonstrate
that the increased abundance of TFEB is in part due to its reduced
degradation, although as TFEB regulates its own transcription (Settembre
et al, 2013), it is likely that part of the increase is also at the
transcriptional level. Activation of TFEB requires its dephosphorylation
and nuclear translocation. As we observed higher nuclear TFEB levels, we
propose that either the high levels of TFEB observed in these animals may
overpass the phosphorylating ability of the regulatory kinases, or that yet
to be identified TFEB phosphatases may also be elevated in these
animals. In the case of the UPS, the previously reported selective
degradation of 20S proteasome subunits by CMA (Cuervo et al., 1995b)
and the CMA-dependent degradation of 19S regulatory components
identified in this work could be the main driver for the observed
increased proteolytic flux through this system.

The specific reasons behind the reduced compensatory activity of
other proteolytic systems for CMA loss with age require further
investigation. However, based on the molecular mechanisms identified
in this work that contribute to the compensatory activation in young
animals, it is possible that persistent lack of selective turnover by CMA of
effectors of the macroautophagy and UPS systems may lead to their
deregulation. For example, persistence of TFEB molecules in the cytosol
of aging L2ZAKO where proteostasis is already compromised may lead to
unwanted modifications and subsequent aggregation, thus explaining
the low levels of TFEB levels in these animals, even below those observed
in age-matched controls. Compensatory decline could also be due to the
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Fig. 6 Loss of proteostasis in CMA-deficient mice with age. (A) Immunoblot (IB) of livers from 12- and 24-month-old control (Ctr) and Albumin-Cre:L2A" (L2AKO) mice.
Right: densitometric quantification, n = 3. (B) LC3 flux in livers from 24 h Ctr and L2AKO mice treated or not with leupeptin 2 h prior to tissue dissection. Bottom:
densitometric quantification, n = 3. (C) Autofluorescence in liver sections from 12-month-old Ctr and L2AKO mouse livers. Nuclei are highlighted with DAPI. Insets: higher
magnification of boxed regions. Scale bar 10 pm main. (D) IB for ubiquitinated proteins of livers from 24 h starved Ctr and L2AKO mice incubated in the presence or absence
of lactacystin. Insoluble proteins are shown in the gel stacking. Bottom: densitometric quantification, n = 3. (E) Filter retardation assay and IB for K48-ubiquitinated proteins
from liver homogenates from Ctr and L2AKO mice at the indicated ages. Bottom: quantification of aggregates, n = 6. A.D.U. stands for arbitrary densitometric units. All
values are expressed as mean + SEM. Differences are significant for *P < 0.05.

© 2015 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



Loss of CMA and proteostasis failure in aging, J. L. Schneider et al. 261

(A) 4 months 12 months 24 months (B) Oxidized proteins
Ctr L2AKO Ctr L2AKO Ctr L2AKO Ctr L2A KO
> — — 3 103 10
E e Dok P.“‘. Tl eaw
17
~182 ol =
'._C_‘ - -
S| " £
E ! 116 E£| . sum I 3
: : " - %
o T .
S o
5 - 82 5
)
N =
he] o
X
o - 64 —
| i
v - 49 é’ 2
£ g : c
p=r— e o
ieeee eeco-cw conges 2
< ' .
kY *
Oxidized proteins Oxidized aggregates N ' !
*
807 mCtr * 61 wor ; X e

u L2AKO = L2AKO

60

41 (c)
40 4 3

2.
20

Oxidized proteins (A.D.U.)
Oxydized aggregates (A.D.U.)

4 months 12 months 24 months

Untreated

(D)

el
o
+
w i
o : .
T Trichrome stain
CellROX deep red
" Liver ROS
= © 25 -
< o mCtr =KO
E 2
(F) < s
TUMOR INCIDENCE @
Control L2AKO @ g
Age 0 0 = 15
group # Tumors (%) Total # | # Tumors (%) Total # ° S
5
4—6 months 0 (0%) >50 0 (0%) >50 f‘ £
12—14months| 0 (0%) 18 2(10.0%) 20 N g
16—19 months| 0 (0%) 8 1(12.5%) 8 E
2224 months| 0 (0%) 20 7 (26.9%) 26 4 months 22 months

Fig. 7 Enhanced susceptibility to oxidative stress of CMA-deficient mice. (A) One-dimensional oxyblot analysis to detect soluble and aggregated oxidized proteins in

4-, 12-, and 24-month-old control (Ctr) and Albumin-Cre:L2A" (L2AKO) mice. Bottom: densitometric quantification, n = 4-6. (B) Two-dimensional electrophoresis followed
by oxyblot analysis in livers from 4- and 24-month-old Ctr and L2AKO mice. (C) Trichrome stain of livers from 22-month-old Ctr and L2ZAKO mice treated or not with
two low-dose injections of paraquat 1 week prior and one high-dose injection of paraquat 24 h prior to tissue collection. (D) H&E stain of the same livers as in (C) to
show the appearance of intracellular Mallory bodies (yellow arrows and insets) in L2ZAKO mice. (E) Ex vivo imaging of livers extracted from Ctr and L2AKO mice of the
indicated ages treated with paraquat, after injection of a fluorogenic probe for the detection of ROS. Right: quantification of ROS levels, n = 3. (F) Tumor incidence in
Ctr and L2AKO mice from different age groups. All values are expressed as mean + SEM. Differences are significant for *P < 0.05.
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factors associated with chronic upregulation of the proteolytic systems
such as component exhaustion or even a direct negative impact of the
metabolic changes on the proteolytic systems. For example, high
intracellular lipid content exerts an inhibitory effect on macroautophagy
by altering the dynamics of lysosome and autophagosome fusion (Koga
et al., 2010).

A similar enhanced function of CMA substrates could be behind the
tolerance of young L2AKO mice to the higher levels of ROS detected in
these animals. We have identified as bona fide CMA substrates a
subgroup of proteins involved in the cellular response to oxidative stress.
Although the higher levels of these proteins observed in young L2AKO
due to their reduced degradation by CMA could help these animals to
deal with their higher ROS levels, persistent buildup of some of these
glutathione-consuming enzymes may impact the ability of L2ZAKO mice
to neutralize free radicals and peroxides as they age. Efforts should be
invested to further elucidate the role of CMA in regulating several of
these enzymes under physiological conditions and to understand how
their lack of turnover in lysosomes influences the cellular response to
oxidative stress.

Regarding the progression with age of the metabolic phenotype in
CMA-deficient livers, it is interesting that the striking metabolic
differences between young Ctr and L2AKO mice become progressively
reduced as the metabolic changes in the old Ctr start resembling those
already observed in the L2AKO mice early in life. In this respect, CMA
compromise phenocopies some of the metabolic characteristics of an
aging liver. Interestingly, the onset of metabolic dysfunction early in life
did not coincide with simultaneous loss of protein quality control in
L2AKO mouse livers which does not appear until later on. In light of the
temporal differences in the onset of metabolic and quality control
phenotypes, we propose that chronic accumulation of hepatic lipids may
eventually impact proteostasis. For example, even in young L2AKO mice,
a dietary lipid challenge was sufficient to cause decompensation of the
proteolytic systems and precipitate loss of proteostasis. Moreover,
further compromise in proteostasis with age may also negatively impact
metabolic regulation, creating a vicious cycle that ultimately results in the
age-related functional decline.

Experimental procedures

Animals, diets, and treatments

Male C57BL/6 mice (wild-type or transgenic for Albumin-Cre)
3-5 months of age were purchased from Jackson Laboratory. The
mouse model with a conditional deletion for L2A in the liver was
generated as previously described (Schneider et al., 2014). All mice were
housed under pathogen-free conditions and handled according to
protocols approved by the Institutional Animal Care and Use Committee
of Albert Einstein College of Medicine. Treatments and liver functional
analyses were done as described before (see Supporting Information).

Chemicals and antibodies

Sources of chemicals and antibodies were used as described before
(Kiffin et al.,, 2004; Zhang & Cuervo, 2008) (see also Supporting
Information).

Histological procedures and electron microscopy

Livers were fixed in 10% neutral-buffered formalin and stained with
H&E, Trichrome, or TUNEL, where indicated. For oil-red-O staining, liver

tissue was frozen in OCT, sectioned, and stained. For immunohisto-
chemistry, deparaffinized and unstained liver sections were processed
using standard procedures for epitope retrieval, quenched, and blocked
before incubation with the desired primary antibody. Electron micros-
copy was done following the standard procedures, and morphometric
analysis was performed in micrographs using the standard criteria
defined before (Singh et al., 2009) (see also Supporting Information).

Measurement of macroautophagy and proteasome activities

To assess LC3 flux in an ex vivo setting, livers were harvested, minced,
and incubated at 37 °C in DMEM with or without leupeptin. To measure
LC3 flux in vivo, mice were treated with an i.p. injection of either saline
or leupeptin (20 mg kg~" b.w.) 2 h before tissue harvesting and samples
were analyzed by immunoblot for LC3. Catalytic activities of the
proteasome were determined as previously described (Amador-Noguez
et al., 2007) (see also Supporting Information).

Subcellular fractionation and isolation of lysosomes

Mouse liver lysosomes were isolated from a light mitochondrial-
lysosomal fraction in a discontinuous metrizamide density gradient,
and a fraction enriched in the subpopulation of lysosomes active for
CMA was further separated by differential centrifugation as previously
described (Cuervo et al.,, 1997). Lysosomal integrity was verified after
isolation by measuring B-hexosaminidase activity latency, and only
preparations with <10% broken lysosomes were used (Storrie &
Madden, 1990). To obtain cytosolic fractions, the supernatant of the
light mitochondrial-lysosomal fraction was subjected to centrifugation at
100 000 g for 1 h at 4 °C in a Beckman TL-100 Ultracentrifuge (TLA-
100 rotor, Beckman, Jersey City, NJ, USA) and the supernatant was
collected as the cytosolic fraction.

Proteostasis analysis

Levels of oxidized proteins in isolated samples were determined by
quantifying the total protein carbonyl content following the manufac-
turer’s instructions for the OxyBlot Oxidized Protein Detection Kit
(Chemicon International, Temecula, CA, USA) (see also Supplemental
Materials). Protein aggregation was determined using the filter retarda-
tion assay (Massey et al., 2006) or as material retained in the stacking gel
analysis after subjecting samples to conventional SDS-PAGE (see also
Supporting Information).

In vivo measurement of reactive oxygen species

Levels of hepatic ROS were measured using the fluorogenic probe
CellROX Deep Red Reagent C (Molecular Probes, Eugene, OR, USA) as
described before (Scharf et al., 2013). Briefly, anesthetized mice were
tail-vein-injected with 50 pL (2.5 mwm) of the fluorescent probe, and after
20 min, the organs were resected for imaging in the /n Vivo Imaging
System (IVIS, Kodak Image Station 400MM PRO, Carestream Health,
New Haven, CT, USA).

Quantification of serum metabolites

Blood glucose levels were monitored at the indicated times using blood
collected from tail veins and a glucometer (Accu-Chek Compact; Roche,
Pleasanton, CA, USA). For analysis of metabolites in serum, blood was
collected by retro-orbital bleed, serum was separated by centrifugation,
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and FFA (HR Series NEFA, Wako Diagnostics Mountain View, CA, USA),
TG (Infinity Triglyceride, Thermoscientific, Springfield Township, NJ,
USA), and ketone (B-Hydroxybutyrate LiquiColor® Reagent, Stanbio,
Boerne, TX, USA) levels were determined by colorimetric assays.
Cholesterol, HDL, and LDL levels were measured by the Biomarker
Analytical Research Core at the Albert Einstein College of Medicine.
Serum FGF21 levels were measured using specific ELISA (Biovendor,
Brno, Czech Republic).

Other methods

Cell viability, protein concentration, immunoblot, and image analysis
were performed following standard procedures (see Supporting Infor-
mation).

Statistical analysis

All numerical results are reported as mean + standard error of the mean
(SEM), and statistical significance was determined using the two-tailed
unpaired Student’s t-test (single comparisons) or ANOVA followed by
the Bonferroni post hoc test (multiple comparisons).

Acknowledgments

This work was supported by grants from the National Institutes of Health
AG21904, AG038072, and DK098408 to AMC, AG031782 to AMC and
LS, and SAF2011-23636 from MINECO (Spain) to FV. JLS was supported
by NIH/NIA T32-GM007288 and F30AG046109.

Author contributions

JLS designed and performed the experiments, analyzed the data,
prepared a draft of the manuscript, and revised the final version. JV
and FV performed and analyzed the FGF21 studies. ADC was responsible
for mouse handling, breeding, and genotyping, BP was responsible for
the electron microscopy. AU, MMT, and LS assisted with the execution
and analysis of the /In vivo ROS imaging studies. AMC conceived and
directed the study and edited and reviewed the final version of the
manuscript.

Funding

This work was supported by grants from the National Institutes of Health
AG21904, AG038072 and DK098408 to AMC, AG031782 to AMC and
LS and SAF2011-23636 from MINECO (Spain) to FV. JLS was supported
by NIH/NIA T32-GM007288 and F30AG046109.

Conflict of interest

The authors declare no conflict of interest.

References

Amador-Noguez D, Dean A, Huang W, Setchell K, Moore D, Darlington G (2007)
Alterations in xenobiotic metabolism in the long-lived Little mice. Aging Cell 6,
453-470.

Aniento F, Papavassiliou AG, Knecht E, Roche E (1996) Selective uptake and
degradation of c-Fos and v-Fos by rat liver lysosomes. FEBS Lett. 390, 47-52.
Bandyopadhyay U, Kaushik S, Varticovski L, Cuervo AM (2008) The chaperone-
mediated autophagy receptor organizes in dynamic protein complexes at the

lysosomal membrane. Mol. Cell. Biol. 28, 5747-5763.

Loss of CMA and proteostasis failure in aging, J. L. Schneider et al.

Chen WD, Fu X, Dong B, Wang YD, Shiah S, Moore DD, Huang W (2012) Neonatal
activation of the nuclear receptor CAR results in epigenetic memory and
permanent change of drug metabolism in mouse liver. Hepatology 56, 1499—
1509.

Chiang H, Terlecky S, Plant C, Dice JF (1989) A role for a 70-kilodalton heat
shock protein in lysosomal degradation of intracellular proteins. Science 246,
382-385.

Cuervo AM (2004) Impaired degradation of mutant -synuclein by chaperone-
mediated autophagy. Science 305, 1292-1295.

Cuervo AM (2010) Chaperone-mediated autophagy: selectivity pays off. Trends
Endocrinol. Metab. 21, 142-150.

Cuervo AM, Dice JF (1996) A receptor for the selective uptake and degradation of
proteins by lysosomes. Science 273, 501-503.

Cuervo AM, Dice JF (2000) Age-related decline in chaperone-mediated autophagy.
J. Biol. Chem. 275, 31505-31513.

Cuervo AM, Knecht E, Terlecky SR, Dice JF (1995a) Activation of a selective
pathway of lysosomal proteolysis in rat liver by prolonged starvation. Am. J.
Physiol. 269, C1200-C1208.

Cuervo AM, Palmer A, Rivett AJ, Knecht E (1995b) Degradation of proteasomes by
lysosomes in rat liver. Eur. J. Biochem. 227, 792-800.

Cuervo AM, Dice JF, Knecht E (1997) A population of rat liver lysosomes
responsible for the selective uptake and degradation of cytosolic proteins. J. Biol.
Chem. 272, 5606-5615.

Dice JF (1990) Peptide sequences that target cytosolic proteins for lysosomal
proteolysis. Trends Biochem. Sci. 15, 305-3009.

Hanada S, Harada M, Abe M, Akiba J, Sakata M, Kwan R, Taniguchi E, Kawaguchi
T, Koga H, Nagata E, Ueno T, Sata M (2012) Aging modulates susceptibility to
mouse liver Mallory-Denk body formation. J. Histochem. Cytochem. 60, 475—
483.

Hohn A, Grune T (2013) Lipofuscin: formation, effects and role of macroauto-
phagy. Redox. Biol. 1, 140-144.

Hubbi ME, Hu H, Kshitiz, Ahmed |, Levchenko A, Semenza GL (2013) Chaperone-
mediated autophagy targets hypoxia-inducible factor-1alpha (HIF-1alpha) for
lysosomal degradation. J. Biol. Chem. 288, 10703-10714.

Iwata A, Riley BE, Johnston JA, Kopito RR (2005) HDAC6 and microtubules are
required for autophagic degradation of aggregated huntingtin. J. Biol. Chem.
280, 40282-40292.

Kaushik S, Cuervo AM (2012) Chaperone-mediated autophagy: a unique way to
enter the lysosome world. Trends Cell Biol. 22, 407-417.

Kaushik S, Massey AC, Mizushima N, Cuervo AM (2008) Constitutive activation of
chaperone-mediated autophagy in cells with impaired macroautophagy. Mol.
Biol. Cell 19, 2179-2192.

Kharitonenkov A, Shiyanova TL, Koester A, Ford AM, Micanovic R, Galbreath EJ,
Sandusky GE, Hammond LJ, Moyers JS, Owens RA, Gromada J, Brozinick JT,
Hawkins ED, Wroblewski VJ, Li DS, Mehrbod F, Jaskunas SR, Shanafelt AB (2005)
FGF-21 as a novel metabolic regulator. J. Clin. Invest. 115, 1627-1635.

Kiffin R, Christian C, Knecht E, Cuervo A (2004) Activation of chaperone-mediated
autophagy during oxidative stress. Mol. Biol. Cell 15, 4829-4840.

Kiffin R, Kaushik S, Zeng M, Bandyopadhyay U, Zhang C, Massey AC, Martinez-
Vicente M, Cuervo AM (2007) Altered dynamics of the lysosomal receptor for
chaperone-mediated autophagy with age. J. Cell Sci. 120, 782-791.

Kim KM, Kim YS, Jung DH, Lee J, Kim JS (2012) Increased glyoxalase | levels
inhibit accumulation of oxidative stress and an advanced glycation end
product in mouse mesangial cells cultured in high glucose. Exp. Cell Res. 318,
152-159.

Koga H, Kaushik S, Cuervo AM (2010) Altered lipid content inhibits autophagic
vesicular fusion. FASEB J. 24, 3052-3065.

Koga H, Martinez-Vicente M, Arias E, Kaushik S, Sulzer D, Cuervo AM (2011a)
Constitutive upregulation of chaperone-mediated autophagy in Huntington’s
disease. J. Neurosci. 31, 18492—-18505.

Koga H, Martinez-Vicente M, Macian F, Verkhusha VV, Cuervo AM (2011b) A
photoconvertible fluorescent reporter to track chaperone-mediated autophagy.
Nat. Commun. 2, 386.

Korolchuk VI, Mansilla A, Menzies FM, Rubinsztein DC (2009) Autophagy
inhibition compromises degradation of ubiquitin-proteasome pathway sub-
strates. Mol. Cell 33, 517-527.

Massey AC, Kaushik S, Sovak G, Kiffin R, Cuervo AM (2006) Consequences of the
selective blockage of chaperone-mediated autophagy. Proc. Nat/ Acad. Sci. USA
103, 5905-5910.

Park EJ, Lee JH, Yu GY, He G, Ali SR, Holzer RG, Osterreicher CH, Takahashi H,
Karin M (2010) Dietary and genetic obesity promote liver inflammation and
tumorigenesis by enhancing IL-6 and TNF expression. Cell 140, 197-208.

© 2015 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.

263



264 Loss of CMA and proteostasis failure in aging, J. L. Schneider et al.

Rodriguez-Navarro JA, Kaushik S, Koga H, Dall’armi C, Shui G, Wenk MR, Di Paolo
G, Cuervo AM (2012) Inhibitory effect of dietary lipids on chaperone-mediated
autophagy. Proc. Natl Acad. Sci. USA 109, E705-E714.

Scharf B, Clement CC, Yodmuang S, Urbanska AM, Suadicani SO, Aphkhazava D,
Thi MM, Perino G, Hardin JA, Cobelli N, Vunjak-Novakovic G, Santambrogio L
(2013) Age-related carbonylation of fibrocartilage structural proteins drives
tissue degenerative modification. Chem. Biol. 20, 922-934.

Scherz-Shouval R, Shvets E, Fass E, Shorer H, Gil L, Elazar Z (2007) Reactive oxygen
species are essential for autophagy and specifically regulate the activity of Atg4.
EMBO J. 26, 1749-1760.

Schneider JL, Suh Y, Cuervo AM (2014) Deficient chaperone-mediated autophagy
in liver leads to metabolic dysregulation. Cell Metab. 20, 417-432.

Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, Erdin S, Erdin
SU, Huynh T, Medina D, Colella P, Sardiello M, Rubinsztein DC, Ballabio A (2011)
TFEB links autophagy to lysosomal biogenesis. Science 332, 1429-1433.

Settembre C, De Cegli R, Mansueto G, Saha PK, Vetrini F, Visvikis O, Huynh T,
Carissimo A, Palmer D, Jurgen Klisch T, Wollenberg AC, Di Bernardo D, Chan L,
Irazoqui JE, Ballabio A (2013) TFEB controls cellular lipid metabolism through a
starvation-induced autoregulatory loop. Nat. Cell Biol. 15, 647-658.

Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M, Tanaka K, Cuervo AM,
Czaja MJ (2009) Autophagy regulates lipid metabolism. Nature 458, 1131-1135.

Storrie B, Madden EA (1990) Isolation of subcellular organelles. Methods Enzymol.
182, 203-225.

Takamura A, Komatsu M, Hara T, Sakamoto A, Kishi C, Waguri S, Eishi Y, Hino O,
Tanaka K, Mizushima N (2011) Autophagy-deficient mice develop multiple liver
tumors. Genes Dev. 25, 795-800.

Tanida I, Minematsu-lkeguchi N, Ueno T, Kominami E (2005) Lysosomal turnover,
but not a cellular level, of endogenous LC3 is a marker for autophagy.
Autophagy 1, 84-91.

Vakifahmetoglu-Norberg H, Kim M, Xia HG, Iwanicki MP, Ofengeim D, Coloff JL,
Pan L, Ince TA, Kroemer G, Brugge JS, Yuan J (2013) Chaperone-mediated
autophagy degrades mutant p53. Genes Dev. 27, 1718-1730.

Yang Z, Klionsky DJ (2010) Mammalian autophagy: core molecular machinery and
signaling regulation. Curr. Opin. Cell Biol. 22, 124-131.

Zhang C, Cuervo AM (2008) Restoration of chaperone-mediated autophagy in
aging liver improves cellular maintenance and hepatic function. Nat. Med. 14,
959-965.

Supporting Information

Additional Supporting Information may be found in the online version of this
article at the publisher’s web-site.

Fig. S1 Lysosomal markers in Albumin-Cre-L2A"" mice.

Fig. S2 Compensation by macroautophagy for loss of CMA activity in liver.
Fig. S3 Response of young CMA-deficient mice to different stressors.

Fig. S4 Proteostasis in young CMA-deficient mice.

Fig. S5 Metabolic changes in aged CMA-defective mice with age.

Fig. S6 Failure of macroautophagy compensation and decreased proteostasis
in old mice with compromised CMA.

Fig. S7 Increased vulnerability of CMA-impaired animals to oxidative stress
and malignant transformation.

Fig. S8 Proteins involved in the cellular oxidative stress response in livers of
CMA-impaired animals.

Fig. S9 Model of the age-related changes in dual role of CMA in maintaining
metabolic homeostasis and protein quality control.

Data S1 Expanded experimental procedures.

Data S2 Additional references.

© 2015 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



