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Long-lived mice with reduced growth hormone signaling have a constitutive
upregulation of hepatic chaperone-mediated autophagy
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ABSTRACT
Chaperone-mediated autophagy (CMA) is the most selective form of lysosomal proteolysis. CMA mod-
ulates proteomic organization through selective protein degradation, with targets including metabolic
enzymes, cell growth regulators, and neurodegeneration-related proteins. CMA activity is low in ad
libitum-fed rodents but is increased by prolonged fasting. AKT negatively regulates CMA at the lysoso-
mal membrane by phosphorylating and inhibiting the CMA regulator GFAP. We have previously
reported that long-lived Pou1f1/Pit1 mutant (Snell) mice and ghr (growth hormone receptor) knockout
mice (ghr KO) have lower AKT activity when fed compared to littermate controls, suggesting the
hypothesis that these mice have increased baseline CMA activity. Here, we report that liver lysosomes
from fed Snell dwarf mice and ghr KO mice have decreased GFAP phosphorylation and increased CMA
substrate uptake activity. Liver lysosomes isolated from fed Snell dwarf mice and ghr KO mice injected
with the protease inhibitor leupeptin had increased accumulation of endogenous CMA substrates,
compared to littermate controls, suggesting an increase in CMA in vivo. Mice with liver-specific ablation
of GH (growth hormone) signaling did not have increased liver CMA, suggesting that a signaling effect
resulting from a loss of growth hormone in another tissue causes enhanced CMA in Snell dwarf and ghr
KO mice. Finally, we find Snell dwarf mice have decreased protein levels (in liver and kidney) of CIP2A,
a well-characterized CMA target protein, without an associated change in Cip2a mRNA. Collectively,
these data suggest that CMA is enhanced downstream of an endocrine change resulting from whole-
body ablation of GH signaling.

Abbreviations: CMA: chaperone-mediated autophagy; GH: growth hormone; ghr KO: growth hormone
receptor knockout; LAMP2A: splice variant 1 of Lamp2 transcript; LC3-I: non-lipidated MAP1LC3; LC3-II:
lipidated MAP1LC3; Li-ghr KO: liver-specific ghr knockout; MA: macroautophagy; MTORC1: mechanistic
target of rapamycin kinase complex 1; MTORC2: mechanistic target of rapamycin kinase complex 2; PBS:
phosphate-buffered saline.
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Introduction

Autophagy is a process by which lysosomes recycle intracel-
lular organelles and macromolecules. Four broad categories of
autophagy are defined by their mechanisms of substrate deliv-
ery to the lysosome and include macroautophagy (MA),
microautophagy, crinophagy, and chaperone-mediated auto-
phagy (CMA) [1]. MA is the best-studied mechanism of
autophagy because of its conservation across eukaryotic
phyla; it occurs when cytosolic substrates are sequestered in
double-membraned vesicles called autophagosomes, which
deliver cargo into lysosomes via membrane fusion [2].
A nascent autophagosome, called a phagophore, is capable
of semi-selective engulfment of a diverse range of cargo,
including damaged/redundant organelles, proteins/aggregates,
glycogen, nucleic acids, and lipid droplets [1,2].
Microautophagy occurs via the direct invagination of the
lysosomal membrane, forming an autophagic tube that
engulfs cytosol or pieces of organelles, which are internalized
for degradation upon the scission of vesicles from the

autophagic tube [3]. A subset of cytosolic proteins can be
taken-up selectively by late endosomes in the form of micro-
autophagy (endosomal microautophagy), before fusion of the
late endosomes with lysosomes [4]. Crinophagy, the degrada-
tion of excess secretory material, occurs when secretory vesi-
cles fuse directly with lysosomes – this is distinct from MA
because it does not require double-membrane autophago-
somes [1,5]. Chaperone-mediated autophagy (CMA) is
a selective, vesicle-independent, lysosomal degradation path-
way for intracellular proteins, which are translocated directly
across the lysosomal membrane [6]. CMA has only been
identified biochemically in mammals and birds [7]; however,
recent gene expression analyses have revealed several species
of fish express homologs of CMA genes, suggesting the
hypothesis that CMA appeared early in vertebrate evolu-
tion [8].

The relationship between autophagy and longevity has
recently been a topic of intense research interest. Most studies
have focused on MA, due to its conservation across model
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organisms, and due to the availability of tools to measure MA
flux. Lysosomal protein degradation declines with age in
C. elegans, Drosophila, and rodents [9], and interventions
that increase MA are sufficient to extend the healthy lifespans
of all of these model systems [10–15].

In mice, global overexpression of ATG5 increases MA,
improves metabolic function, enhances insulin sensitivity,
and extends the lifespan of both males and females for multi-
ple transgenic lines [10]. Corroborating these findings, mice
with a knockin mutation, disrupting the inhibitory interaction
between BCL2 and BECN1/Beclin1, show increased MA,
reduced age-associated pathologies in heart and kidney tis-
sues, a lower burden of cancer, and an extended lifespan for
both males and females [11]. Collectively, these data suggest
that enhancing MA is sufficient to abrogate at least some age-
related pathologies and extend the lifespan of mice.

The relationship between longevity and the other cate-
gories of autophagy, including CMA, is not well character-
ized. However, there is increasing evidence that CMA plays
an important role in maintaining healthy tissue function
with age. CMA activity declines with age in mice and rats
[16,17]. The age-related decline in CMA is attributed to
a reduction, at the lysosomal membrane, of LAMP2A
(LAMP2A is the only LAMP2 isoform that can participate
in CMA; it is encoded by splice variant 1 of the Lamp2
transcript), the primary component of the CMA transloca-
tion complex. Lower LAMP2A, in turn, is due to age-related
changes in lysosomal membrane lipid dynamics, resulting in
diminished LAMP2A stability [18–20]. Rescuing the age-
related decline of CMA in the liver by overexpression of
LAMP2A reduces the age-associated intracellular accumula-
tion of damaged proteins and results in improved organ
function [17].

The hypothesized primary function of CMA in healthy
tissues of young animals is to modulate the abundance of
a subset (approximately 40%) of cytosolic proteins through
selective degradation [7]. In mice, inhibition of CMA in the
liver leads to global metabolic derangement and liver steatosis,
resulting from the dysregulation of the levels of dozens of
metabolic enzymes. CMA degrades neurodegeneration-
associated proteins, including MAPT/Tau, HTT/Huntingtin,
SNCA/α-synuclein, APP/amyloid precursor protein, and
others, as reviewed by [7]. Inhibition of CMA in the rat
brain, via shRNA-mediated knockdown of LAMP2A, leads
to the death of dopaminergic neurons in the substantia
nigra, and the manifestation of Parkinson’s-like motor symp-
toms [21]. Overexpression of LAMP2A in the rat brain is
sufficient to protect against SNCA-mediated neuronal death
[22]. In cultured fibroblasts, inhibition of CMA by knocking
down LAMP2A sensitizes cells to death by oxidative stress
[23]. CMA is also implicated in cellular transformation
through its role in degrading CIP2A (cell proliferation regu-
lating inhibitor of protein phosphatase 2A) [24]. Selective
blockage of CMA results in an accumulation of CIP2A,
which decreases the activity of tumor suppressor PPP2/pro-
tein phosphatase 2A. When CIP2A levels are high, PPP2 is no
longer able to dephosphorylate MYC/c-myc, leading to
enhanced MYC stability, and cellular transformation [24–
26]. These examples, and numerous others, suggest that

modulation of CMA, in the context of specific cell types,
nutritional states, and other control pathways, is essential to
maintaining healthy physiological function in multiple tissues.
Collectively, these findings are consistent with the emerging
hypothesis that the age-associated decline in CMA contributes
to the manifestation of a range of age-associated patholo-
gies [7,27].

In normal animals, CMA levels are relatively low in base-
line state, i.e., in animals allowed ad libitum access to food,
but increase in response to prolonged fasting of 16 h or more
[28]. CMA is regulated at the lysosomal membrane by the
protein kinase AKT [29]. AKT activity is regulated down-
stream of insulin signaling in response to food. When mice
are fed, AKT activity is elevated, and CMA is suppressed
[29,30]. Previous work in our lab has found that mice with
longevity-promoting mutations that diminish signaling
through the GH-IGF1 (insulin-like growth factor 1) axis, do
not show the normal robust activation of AKT when they are
re-fed after a period of food deprivation [31]. This work
suggests the hypothesis that mice with reduced GH-IGF1
signaling may have elevated CMA activity, even in their base-
line, i.e., ad libitum fed, state. Moreover, mice deficient in
GH-IGF1 signaling have reduced activity of MTOR complex 1
(MTORC1) when re-fed after food deprivation [31,32].
MTORC1 activity suppresses MA both through signaling
events and the transcriptional downregulation of the expres-
sion of essential components of MA machinery, and inhibi-
tion of MTORC1 enhances MA [33]. The decrease in
MTORC1 activity in mice with reduced GH-IGF1 suggests
the hypothesis that these long-lived mutant mice might also
have increased MA.

Mice with genetic ablation of GH production (i.e., Snell
dwarf or Ames dwarf) or disruption of GHR signaling (i.e.,
ghr KO) are dwarfs with reduced circulating IGF1 levels, low
rates of cancer, altered carbohydrate metabolism, increased
insulin sensitivity, and significant lifespan extension [34–36].
Cultured dermal fibroblasts from Snell dwarf mice have
enhanced resistance to multiple stressors, including H2O2,
paraquat, cadmium, and ultraviolet radiation [37]. Cultured
fibroblasts from both ghr KO and Snell mice have increased
MA under stress conditions, compared to fibroblasts from
normal sibling controls [38]. While these findings from fibro-
blasts are interesting, they provide only a limited insight into
the ways in which the endocrine environment of a whole
organism affects the regulation of autophagy [1], justifying an
exploration of changes to autophagy in Snell and ghr KO mice.

The endocrine basis of CMA control is unknown. We have
therefore evaluated CMA and MA function in Snell and ghr
KO mice. We found that liver lysosomes from ad libitum-fed
Snell dwarf mice had a significant enhancement in the uptake
of CMA substrates in vitro and in vivo. We observed a similar
upregulation of baseline CMA in the liver lysosomes of ghr
KO mice, suggesting that this CMA increase results from
lower GH signaling. Liver-specific deletion of Ghr did not
lead to enhanced CMA, suggesting that the effects of GHR
reduction in some non-hepatic tissue indirectly enhances
liver CMA in Snell and ghr KO mice. There were modest
changes to hepatic MA in these mice, with a slight decrease in
Snell, a slight increase in ghr KO, and no consistent change in
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Li-ghr KO. Finally, we showed that Snell dwarf mice had
decreased kidney and liver levels of CIP2A, a well-
characterized CMA target protein, without an associated
change in Cip2a mRNA.

Results

Liver lysosomes from snell mice have increased uptake of
CMA substrates and reduced uptake of MA substrates

The well-characterized decreases in both MTORC1 and AKT
activity in multiple tissues of Snell dwarf mice [31] suggest the
hypotheses that theremight be an increase inCMA (downstream
of reduced AKT) and MA (downstream of reduced MTORC1).
We first tested the hypothesis that these mice have increased
CMA in liver tissue. To determine if Snell liver lysosomes have
increased uptake of CMA substrates, we used a modified version
of an in vivo lysosomal substrate uptake assay [39]. Ad libitum-
fed animals were injected with the protease inhibitor leupeptin,
or with PBS, as vehicle control. We euthanized the animals 2 h
later, and lysosomes were isolated from liver tissue. The increase
of a lysosomal substrate protein in the lysosome fraction in
response to leupeptin treatment (over the PBS treatment control)
strongly suggests that under the testing conditions, lysosomes
actively degraded the substrate protein. Leupeptin injection
caused the accumulation of three well-characterized CMA sub-
strates (ENO1, ACADL, and GAPDH [39,40]) in Snell liver
lysosomes much more than in the lysosomes of sibling controls
(Figure 1A–D). PPID/cyclophilin 40 is a substrate of endosomal
microautophagy [4,39] used in previous reports to control for
changes in this pathway when examining changes in CMA [39].
PPID accumulated to a similar extent in lysosomes from control
and Snell mice (Figure 1A and E), suggesting that the relative
increase in ENO1, ACADL, andGAPDH in Snell lysosomes over
control lysosomes could not be attributed to endosomal micro-
autophagy. To control for successful administration of leupeptin,
we blotted for the presence of CTSD (cathepsin D) in liver
lysosomes (Figure 1A). CTSD, a lysosomal protease, has been
shown to have decreased lysosomal levels after leupeptin treat-
ment [39]. We only included in our analysis, sample sets (both
lysosomes andwhole tissue lysates from the same animals) where
lysosomal CTSD was undetectable in leupeptin-treated samples
(this control was used for the experiments shown in Figure 1 and
all subsequent experiments relying on leupeptin treatment).
There was no difference between the genotypes in the enrich-
ment of lysosomalmarkers in the lysosomal fraction, or its purity
(Fig. S1). Together, these data suggest that the differences
between the control and Snell lysosomes did not arise from
differences in leupeptin administration or fraction preparation.

HSPA8/Hsc70 is the cytosolic chaperone responsible for
CMA substrate selection. HSPA8 recognizes a pentapeptide
motif related to KFERQ [41,42], present in CMA substrates,
which make up about 40% of cytosolic proteins [7]. HSPA8
participates in the trafficking of substrates to the lysosomal
membrane and the unfolding of substrates for translocation
into the lysosomal lumen, in cooperation with DNAJB1/
HSP40, HSP90AB1/HSP90, ST13/HSP70-interacting protein,
and STIP1/HSP70-HSP90 organizing protein [43]. HSPA8
contains a KFERQ CMA targeting motif, and it is taken into

the lysosomal lumen via CMA machinery [44]. In the lysoso-
mal lumen, HSPA8 is thought to participate in CMA [44].
Leupeptin treatment has been shown to cause a lumenal
accumulation of HSPA8 [44]. We hypothesized that lyso-
somes from Snell liver would have more HSPA8 than lyso-
somes from sibling controls, but unexpectedly, Snell
lysosomes had less HSPA8 (Figure 1A and F); we note, how-
ever, that leupeptin treatment caused lysosomal accumulation
of HSPA8 (in both genotypes), consistent with previous
reports. These data suggest that the increase in the uptake in
CMA substrates in Snell lysosomes is not due to having more
lumenal HSPA8.

In rat liver, CMA is performed by a subpopulation of
lysosomes that can be isolated by multi-step density centrifu-
gation [30,44]. Isolation of this subpopulation for experimen-
tal evaluation is not practical when starting with the much
smaller amount of material available from Snell dwarf mice
(approximately 4–5% of the body size of the male Wistar rats
used in previously reported experiments [45], 7–12 g vs.
200–250 g). Despite this experimental limitation, we decided
to confirm biochemically that there was indeed an increase in
CMA in Snell lysosomes, using an in vitro binding and uptake
assay, an established method for testing CMA activity, that
was originally used to measure CMA from mixed populations
of lysosomes [21,40,45]. Briefly, the lysosomal fraction is
incubated with recombinant HSPA8 and a known CMA sub-
strate, either with or without protease inhibitors. After the
incubation, the lysosomes are washed, pelleted, and analyzed
by western blotting for the accumulation of the CMA sub-
strate. The ratio of CMA substrate present in the lysosomes
treated with protease inhibitor over lysosomes not treated
with protease inhibitor is taken to represent the “uptake” of
the substrate into the lysosomes. Previous work in rats found
that GAPDH uptake was nearly undetectable in liver lyso-
somes from ad libitum-fed rats, but increased dramatically
after prolonged (16 h or more) starvation [28]. We isolated
lysosomes from untreated (no leupeptin or PBS injections)
Snell and littermate control mice, to use for uptake assays.
Consistent with previous findings, lysosomes from ad libitum-
fed control mice showed little uptake of GAPDH and MAPT
(well-characterized CMA substrates [7,22,45]), and lysosomes
from Snell mice showed significantly more uptake of GAPDH
and MAPT (Figure 1G–J). The method of lysosome isolation
used in this study enriches highly for LAMP2A, the rate-
limiting component of CMA, but does not enrich for key
components of ESCRT complex-mediated endosomal micro-
autophagy [4] (Fig. S1). This result suggests that in vitro
substrate uptake is facilitated by CMA machinery, rather
than microautophagy machinery. Collectively, these data indi-
cate the Snell dwarf mice, when fed ad libitum, have elevated
levels of CMA in the liver. This suggests that the endocrine
signals that distinguish Snell mice from littermate control
mice influence CMA activity.

Liver lysosomes from ghr KO mice have increased in vivo
uptake of CMA substrates

The Pou1f1/Pit1mutation in Snell dwarf mice causes underdeve-
lopment of the anterior pituitary, causing a loss of the secretion of
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Figure 1. Liver lysosomes of fed Snell mice show more uptake of CMA substrates than lysosomes from littermate controls. (A) Representative western blots of liver
lysosomes from control (C) and Snell (S) mice 2 h after treatments with leupeptin (100 mg/kg body weight) or PBS vehicle control. (B-D) Quantifications of the
abundance of CMA substrates GAPDH, ENO1, and ACADL in lysosomes shown in (A). (E) Quantification of PPID, endosomal microautophagy substrate. (F)
Quantification of HSPA8, CMA chaperone. (G) Representative western blots for binding and uptake assays for CMA substrate GAPDH, quantified in (H). (I)
Representative western blots for binding and uptake assays for CMA substrate MAPT, quantified in (J). For (B-F), n = 9 of each treatment group, 2-way ANOVA
results are reported below each bar graph. Comparisons plotted on the bar graphs are results of Student’s t-test. For (H & J), n = 6 of each treatment group, the
results of Student’s t-test are shown on the graphs. Error bars are S.E.M.
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GH, thyroid-stimulating hormone, and PRL (prolactin) [46],
resulting in many downstream endocrine and metabolic changes
[47]. Many of the Snell dwarf phenotypes, including slowed aging
and increased lifespan, are shared with ghr KO mice [34,35]. ghr
KOmice show the same reduced response inAKTactivationwhen
re-fed after fasting [31], suggesting the hypothesis that they will
show the same changes to CMA as Snell dwarf mice. We injected
ad libitum-fed ghr KO and sibling control mice with leupeptin or
PBS (control), and isolated lysosomes to examine substrate accu-
mulation. Just as with Snell dwarf lysosomes, lysosomes from ghr
KO liver accumulated significantly more GAPDH, ACADL, and
ENO1 than lysosomes from sibling controls, suggesting an
increase in CMA activity (Figure 2A–D). Liver lysosomes from

ghr KO mice accumulated PPID to the same extent as lysosomes
from sibling controls in response to leupeptin treatment, suggest-
ing no change in endosomal microautophagy (Figure 2A and E).
There was no significant difference in the abundance of HSPA8
between the lysosomes of ghrKOand controlmice (Figure 2A and
F). To verify that ghr KO lysosomes are more active for CMA, we
performed an in vitro binding and uptake assay with CMA sub-
strate MAPT using liver lysosomes isolated from untreated (no
leupeptin or PBS injection) mice. Indeed, lysosomes from ghr KO
liver showed significantly more uptake of MAPT than lysosomes
from sibling controls (Figure 2G and H). Collectively, these data
suggest that GH, or a signaling event downstream of GH,
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Figure 2. Liver lysosomes of fed ghr KO mice show more uptake of CMA substrates than lysosomes from littermate controls. (A) Representative western blots of liver
lysosomes from control (C) and ghr KO (KO) mice 2 h after treatments with leupeptin (100 mg/kg body weight) or PBS vehicle control. (B-D) Quantifications of the
abundance of CMA substrates GAPDH, ENO1, and ACADL in lysosomes shown in (A). (E) Quantification of PPID, endosomal microautophagy substrate. (F)
Quantification of HSPA8, CMA chaperone. (G) Representative western blots for binding and uptake assays for CMA substrate MAPT, quantified in (H). For (B-F),
n = 6 of each treatment group, 2-way ANOVA results are reported below each bar graph. Comparisons plotted on the bar graphs are results of Student’s t-test. For
(H), n = 6 of each treatment group; the results of Student’s t-test are shown on the graphs. Error bars are S.E.M.
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suppresses hepatic CMA. Genetic abrogation of GH signaling
promotes hepatic CMA, even in mice with ad libitum access to
food.

Liver lysosomes from mice with a liver-specific ghr
knockout do not show increased CMA activity

The increase in hepatic CMA in ghr KO and Snell mice could
arise from a direct effect of reduced growth hormone signal-
ing in the liver, or from another uncharacterized endocrine
change resulting from the loss of GH signaling in another
tissue. To distinguish between these possibilities, we examined
lysosomal substrate degradation in liver lysosomes of mice
with a liver-specific knockout of the Ghr (Li-ghr KO) [48].
We injected control and Li-ghr KO mice with leupeptin or
PBS, and isolated lysosomes to measure the accumulation of
CMA substrates. The CMA substrates, GAPDH, ENO1, and
ACADL, did not show more accumulation in the lysosomes of
Li-ghr KO mice than in the lysosomes of their sibling controls
(Figure 3A–D). PPID accumulated to an equal extent in the
lysosomes of Li-ghr KO mice, indicating no change in endo-
somal microautophagy (Figure 3A and E). There was no
significant difference in the abundance of HSPA8 between
the lysosomes of Li-ghr KO and control mice (Figure 3A
and F). These data suggest that the increase in liver CMA

found in the Snell and ghr KO mice is not a direct effect of
reduced GH signaling in the liver, but is more likely to be the
result of an endocrine change downstream of loss of GH
signaling in another tissue.

Snell and ghr KO mice have changes in LAMP2A

The translocation of CMA substrates into the lysosomal
lumen through the LAMP2A translocation complex is the
rate-limiting step of CMA. An age-associated decrease in
LAMP2A protein abundance causes a decline in CMA with
age [16,49]. The transcript abundance for LAMP2A does not
decline with age; instead, LAMP2A protein levels decrease
because of changes to membrane dynamics that reduce the
half-life of the protein [18,20]. Genetic manipulations that
boost LAMP2A protein levels protect against age-associated
diseases in the liver and brain [17,22]. We tested the possibi-
lity that the enhancement of CMA in Snell and ghr KO mice
might relate to an increase in LAMP2A protein levels or
stability. We measured LAMP2A abundance in whole liver
lysate from Snell, ghr KO, and Li-ghr KO mice, with leupeptin
or PBS vehicle treatment (Figure 4A–F). 2-way ANOVA did
not detect a significant interaction between the genotype and
the leupeptin treatment for any of the models tested (Snell,
ghr KO, Li-ghr KO, and their respective controls), suggesting
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that there was no difference between the genotypes in
LAMP2A turnover/degradation, over the 2-h course of the
leupeptin treatment. For ghr KO mice, but not Snell or Li-ghr
RKO, the 2-way ANOVA revealed a significant genotype
effect on LAMP2A abundance, with ghr KO mice having
significantly more LAMP2A in total liver tissue than their
sibling controls (Figure 4D).

We noticed a shift in the molecular weight of LAMP2A in
liver lysosomes (wider band migrating lower on the gel) and
in liver tissue (higher abundance of a lower band) of Snell
dwarf mice (Fig. S2A and B). Like other lysosomal trans-
membrane proteins, LAMP2A is post-translationally modified
by N-linked glycans [49]. To confirm that the molecular
weight shift in LAMP2A in Snell mice was due to a change
in the glycosylation pattern (as opposed to another post-
translational modification), we treated liver lysosomal pre-
parations with PNGaseF to remove all N-linked glycans. The
predicted molecular weight of LAMP2A is 45 kDa, but in liver
tissue, the protein typically migrates at approximately 90 kDa.
After PNGaseF treatment, LAMP2A from both Snell and
control mice migrated at the same molecular weight, around
45 kDa, suggesting that a change in glycosylation accounts for
the effects of the Snell dwarf genotype on LAMP2A molecular
weight (Fig. S2C). The reduced molecular weight of LAMP2A
in Snell dwarf mice is not necessarily a result of reduced
glycosylation, in that treatment of lysosomal protein extracts
with Neuraminidase to remove negatively charged sialic acid
modifications caused an upward shift in apparent molecular
weight of LAMP2A (to approximately the same size) from
both Snell and control mice (Fig. S2D). Further biochemical
analysis is needed to identify the exact changes in glycosyla-
tion of LAMP2A. N-linked oligosaccharides are essential to
protect LAMP1 and LAMP2 from proteolysis [50]. Because
LAMP2A is the rate-limiting component of CMA [7], we used
an established method to monitor LAMP2A degradation,
incubating purified lysosomes at 37ºC, allowing baseline levels
of lysosomal turnover of LAMP2A to occur. We found that
there was no change in the degradation rate of lysosomal
LAMP2A between Snell and control animals (Fig. S2E and
F). For some glycosylated proteins, glycosylation patterns
change depending upon translation rates [51]. Snell dwarf
mice have reduced total protein translation rates, compared
to sibling controls, based on reduced deuterium incorporation
into new proteins when the animals are administered deuter-
ated water [52]. To test the hypothesis that reducing the
translation rate can cause a shift in LAMP2A glycosylation,
we treated primary mouse tail-tip fibroblasts with 4EGI-1,
a mild and reversible inhibitor of cap-dependent translation.
We found that there was a shift in the molecular weight of
LAMP2A, similar to what we observed in Snell dwarf liver
(Fig. S2G), suggesting that the previously reported reduction
in translational flux in Snell dwarf mice is upstream of the
LAMP2A glycosylation change.

Snell, ghr KO, and Li-ghr KO mice have changes in
lysosomal GFAP

Many of the subcellular regulators of CMA act by regulation
of GFAP (glial fibrillary acidic protein, which despite its

name, is expressed in many cell types) [29,30,53].
Unphosphorylated GFAP is active at the lysosomal mem-
brane, where it stabilizes the multimerization of LAMP2A to
form the CMA translocation complex, promoting CMA, in
the fasting state [30,53]. Phosphorylation of GFAP at S8 by
AKT (after feeding) promotes GFAP self-association, seques-
tering GFAP away from LAMP2A, leading to the disassembly
of the CMA translocation complex and thus to lower CMA
activity [29].

Lower AKT activation in response to re-feeding in Snell
and ghr KO mice could lead to lower GFAP phosphorylation,
and thus to higher CMA. By western blotting, we quantified
total GFAP and p-GFAP on lysosomes from control and Snell
mice, either fasted (18 h) or given ad libitum access to food
(Figure 4G). As we hypothesized, there was a significant
reduction in GFAP phosphorylation on Snell lysosomes
(Figure 4G–I), when compared to the sibling controls, even
when the mice were fed. Unexpectedly, we found that there
was an increase in the total amount of GFAP on lysosomes
from Snell dwarf mice (both fed and fasted; Figure 4G-I).
Similar to the Snell lysosomes, lysosomes from fed ghr KO
mice also showed a significant increase in the total abundance
of lysosomal GFAP and a significant decrease in lysosomal
GFAP phosphorylation (Figure 4J–L).

Lysosomes from fed Li-ghr KO mice had an increase in
total GFAP levels, like the Snell and ghr KO mice (Figure 4M
and N). However, the GFAP phosphorylation was proportion-
ally increased; and thus, there was no change in the ratio of
GFAP phosphorylation. (Figure 4M and O). The ratio of
GFAP phosphorylation is what regulates CMA because
a phosphorylated GFAP molecule can sequester an unpho-
sphorylated GFAP molecule away from the LAMP2A translo-
cation complex [29,30]. Thus, based on the observation that
there is no change in the ratio of phosphorylated GFAP on Li-
ghr KO lysosomes, we would not expect an increase in CMA,
consistent with the fact that we saw no increase in CMA
substrate accumulation in Li-ghr KO lysosomes (compared
to littermate controls) after leupeptin treatment.

The snell and ghr KO mutations have opposite effects on
MA

After identifying an enhancement of CMA in Snell and ghr
KO mice, we examined changes to MA in Snell, ghr KO, and
Li-ghr KO mice. We analyzed liver tissue from leupeptin- and
PBS-treated mice of all three genotypes (and their respective
controls) for LC3-II (lipidated MAP1LC3) flux. Leupeptin
treatment is an established method for measuring LC3-II
flux in several mouse tissues, including the liver, because it
works well at low doses without causing inhumane discomfort
to test animals [54]. Drugs that block the fusion of the
autophagosome and lysosome, such as bafilomycin and chlor-
oquine, are often preferred for MA flux experiments in cul-
tured cells. However, these drugs are not well suited for
in vivo use. Chloroquine has low potency in vivo, and bafilo-
mycin induces symptoms of pain and distress in mice [54].
Leupeptin injection caused a much lower accumulation of
LC3-II in livers of Snell mice compared to control mice,
suggesting a decrease in MA in Snell liver (Figure 5A and
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B). The lysosomal fraction of Snell liver tissue also showed less
accumulation of SQSTM1/p62 and LC3-II, in response to
leupeptin treatment, than the sibling controls (Fig. S3A-C).
Unlike Snell dwarf mice, ghr KO mice had more liver LC3-II
flux (2-way ANOVA interaction p = 0.037; Figure 5C and D),
showing a similar trend in the liver lysosomal fraction (Fig.
S3D-F). Collectively, these data suggest that the hormonal
differences between the Snell and ghr KO mice have opposing
influences on the regulation of MA. In Li-ghr KO whole liver
tissue, there was no change in LC3-II flux compared to their
sibling controls (Figure 5E and F); however, in the lysosomal
fraction, Li-ghr KO mice had much more lysosomal SQSTM1
(2-way ANOVA genotype effect p = 0.0087), and slightly
more LC3-II accumulation (Fig. S3G-I). While these data

may suggest a change in lysosomal biology in Li-ghr KO
mice, whole liver MA flux is unchanged. In all the mouse
models tested, there were no differences in LC3-II levels
between the PBS-treated mutants, and their PBS-treated
controls.

Snell dwarf mice have a reduction in the levels of CMA
substrate CIP2A in multiple tissues

Others have proposed that the primary purpose of CMA is to
modulate protein abundance, thus shaping the organization of
the proteome [7]. While a number of studies have examined
the role of CMA in controlling the abundance of specific
proteins in cultured cells and rat brain [22,24,55], much
work remains to clarify how CMA shapes the proteome
in vivo. We chose to test the hypothesis that CMA is affecting
protein abundance in Snell dwarf tissues by examining
changes in the tissue abundance of CIP2A, a protein whose
levels have been demonstrated to be controlled by CMA [24].

Activation of CMA in cultured mouse cells reduces the
level of CIP2A through selective degradation [24]. CIP2A is
a well-characterized inhibitor of the tumor-suppressor PPP2,
and CIP2A-mediated inhibition of PPP2 leads to an increase
in MYC levels, by preventing the PPP2-mediated dephosphor-
ylation of MYC that precedes MYC ubiquitination and pro-
teasomal degradation [25,26]. High CIP2A expression is
characteristic of aggressive breast cancer, suggesting a link to
human neoplasia [56]. We hypothesized that the increase in
CMA in Snell dwarf mice would result in a decrease in CIP2A
protein levels. We found a decrease in the ratio of p-GFAP to
total GFAP in the liver, kidney, and muscle of Snell dwarf
mice (Fig. S4A and B), consistent with the hypothesis that
CMA is upregulated in all three of these tissues. We found
a significant reduction in CIP2A protein levels in all three
tissues in Snell dwarf mice (Figure 6A, C, D, and S4C),
consistent with the hypothesis of augmented degradation of
this CMA-sensitive protein. In addition, CIP2A protein was
enriched in liver lysosomes from both Snell and ghr KO mice
after leupeptin injection, suggesting that this protein has
enhanced uptake in vivo (Figure 5B). We found no change
in mRNA levels of Cip2a in the liver and kidney (Figure 6E
and F), suggesting that the decrease in CIP2A protein level is
not due to altered mRNA levels. Because CIP2A-dependent
inhibition of PPP2 is an important regulator of MYC levels,
we hypothesized that decreased CIP2A would lead to
a decrease in MYC protein levels, without a change in Myc
mRNA. MYC protein levels were indeed significantly
decreased in all three tissues (Figure 6A, C, D, and S4C),
and this decline could not be attributed to alterations in PPP2,
whose three subunits were unaltered in these tissues. qPCR of
Myc mRNA from liver and kidney revealed that the decreases
in protein level were not attributable to decreases in mRNA
(Figure 6E and F). Together, these data are consistent with the
hypothesis that activating CMA results in changes in protein
abundance; however, large-scale proteomic analyses will be
necessary to produce a comprehensive picture of how CMA
activation modifies proteomes in long-lived Snell and ghr KO
mice.

A B

C D

E F

LC3-I 

ACTB 

LC3-II 

+ + 
C C S S _ _ Leupeptin 

Genotype 

Whole Liver
Snell & Control

Control Snell
0.0

0.5

1.0

1.5

LC
3 

- I
I :

 A
C

TB

p = 0.04

Interaction: p = 0.11

Leupeptin
PBS

LC3-I 

ACTB 

LC3-II 

+ + 
C C KO KO _ _ Leupeptin 

Genotype 

Whole Liver 
ghr KO & Control

Control ghr KO
0.0

0.5

1.0

1.5

2.0

LC
3 

- I
I :

  A
C

TB
Leupeptin

Interaction: p = 0.037

PBS
p = 0.09

LC3-I 

ACTB

LC3-II 

+ + 
C C KO KO _ _ Leupeptin 

Genotype 

Whole Liver 
Li-ghr KO & Control

Control Li-ghr KO
0.0

0.5

1.0

1.5

2.0

LC
3-

II 
: A

C
TB

Interaction: p = 0.56

Leupeptin
PBS

p = 0.45

Figure 5. LC3-II flux is decreased in the liver of Snell mice, increased in the liver
of ghr KO mice, and unchanged in Li-ghr KO. (A) Representative western blots of
LC3 from the whole liver of fed control (C) and Snell (S) mice, treated with
leupeptin or PBS (2 h before euthanasia), quantified in (B). (C) Representative
western blots of LC3 from the whole liver of fed control (C) and ghr KO (KO)
mice, treated with leupeptin or PBS (2 h before euthanasia), quantified in (D). (E)
Representative western blots of LC3 from the whole liver of fed control (C) and
Li-ghr KO (KO) mice, treated with leupeptin or PBS (2 h before euthanasia),
quantified in (F). For all bar graphs, solid bars represent data from leupeptin-
treated mice, and open bars are from PBS vehicle controls. 2-way ANOVA was
conducted to determine if the genotype of the mice modified the effect of the
leupeptin treatment (interaction term), with the interaction p-value plotted
below each bar graph. In all bar graphs, p-values plotted directly on the
graph are derived by unpaired t-test. Error bars are S.E.M.

620 S. J. ENDICOTT ET AL.



Discussion

Prior to our work, there has been little information about the
endocrine basis of CMA control, or about the possible role of

augmented CMA in prolonging the healthy lifespan of ghr KO
and Snell dwarf mice. Here we reported that hepatic CMA,
which usually has low activity in normal mice given free
access to food, was increased in two long-lived mouse stocks
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with diminished GH and IGF1 signals, i.e., ghr KO and Snell
dwarf mice. CMA regulation in fed Snell and ghr KO mice
share many features of CMA regulation in normal, non-
mutant mice in the fasted condition, suggesting that long-
lived mice, through augmentation of CMA, might gain some
of the physiological benefits of fasting, even when fed. Our
data suggested the conclusion that life-long reduction in GH
signaling is sufficient to promote enhancement of CMA, but
our data do not allow us to determine if this increased level of
baseline CMA requires deprivation of GH in adult life, or if
instead, it reflects enduring effects of the early-life neuroendo-
crine environment. Notably, CMA is not enhanced in Li-ghr
KO mice, which are not long-lived despite their decline in
serum IGF1 levels [48,57]. Augmenting CMA activity by over-
expression of LAMP2A in a tissue-specific manner has been
shown to abrogate the development of some age-related
pathologies [17,22], and the role of CMA in healthspan and
lifespan is of great scientific interest.

Disrupting CMA by genetic methods in adult rodent tis-
sues has been shown to lead to dysregulation of a number of
proteins, leading to tissue dysfunction and/or cell death
[21,23,24,39]. These findings suggest that one of the primary
functions of CMA may be to shape the architecture of the
proteome by removing specific proteins related to distinct
physiological pathways (as opposed to simply removing
damaged proteins). To see if an increase in CMA could alter
the levels of a target protein in vivo, we measured protein
levels of CIP2A in tissues from Snell mice and noted
a decrease in CIP2A protein that is not dependent on
a change in its mRNA. CIP2A can be oncogenic through its
inhibition of the tumor-suppressor PPP2, resulting in an
increase in MYC, by preventing the PPP2-mediated depho-
sphorylation of MYC that precedes MYC ubiquitination and
proteasomal degradation [25,26]. Interestingly, we also
observed a decrease in MYC protein levels in the liver, kidney,
and muscle in Snell dwarf mice (without mRNA decrease),
consistent with the observed decrease in CIP2A. Notably,
reducing MYC levels alone is sufficient to increase mouse
lifespan and healthspan [58].

We hypothesize that elevated CMA may play a role in
increased longevity and cancer resistance shown by Snell
and ghr KO mice, an idea consistent with the lack of CMA
alteration in the Li-ghr KO stock, which is not long-lived
[34,35,47,48]. Moreover, our findings are consistent with the
emerging hypothesis that elevating CMA levels in normal
mice may promote increased healthspan and lifespan [7].
Further work is warranted to characterize the endocrine con-
trol of CMA so that methods can be developed to enhance
CMA in normal mice and to investigate the role of CMA in
healthspan and lifespan further.

The changes to MA that we observed in Snell and ghr KO
mice provide some new insight into how endocrine signals
control MA. While the decrease in circulating INS/IGF1 and
increase in circulating ADIPOQ (adiponectin, C1Q and col-
lagen domain containing) found in Snell mice might be
expected to increase hepatic MA by way of decreasing
MTORC1 activity [59–61], we unexpectedly observed
a decrease in MA. Snell dwarf mice are hypothyroid, and
mice with mutations inactivating the thyroid hormone

receptor have a reduction in hepatic MA [62], most likely
because of the transcriptional downregulation of autophagy
genes downstream of thyroid reduction. This notion suggests
the hypothesis that MA activating effects of reduced INS/IGF1
and increased ADIPOQ are dependent upon the presence of
thyroid hormones to promote MA. Consistent with this
hypothesis, we found that ghr KO mice have a slight increase
in hepatic MA. Similar to the Snell mice, ghr KO mice have
similar decreases in circulating INS/IGF1 [63], an increase in
circulating ADIPOQ [64], and a decrease in hepatic MTORC1
activity [31]. However, unlike Snell mice, ghr KO mice have
approximately normal circulating levels of thyroid hormones
T3 and T4 (the published data are inconsistent, with one
report showing a small decrease in thyroid hormones, and
another showing a small increase) [65,66]. Future studies may
further address the epistatic interactions between the thyroid
hormone signaling axis and the GH/IGF1 signaling axis in
controlling MA.

Our data show that mutations, which extend the healthy
lifespan of mice by interfering with GH signals, upregulate
hepatic CMA, and in this way, simulate one of the major
consequences of food deprivation. CMA-sensitive proteins
are thus likely to be altered in tissues of ghr KO and Snell
mice, and indeed, there is a reduction, in multiple tissues, of
CIP2A and MYC, both of high relevance to cell cycle regula-
tion and neoplastic transformation. Our work provides the
foundation for several new lines of experimentation that may
well be productive, including studies of the cellular pathways
that upregulate CMA in Snell and ghr KO mice, searches for
drugs that might augment CMA in normal cells, and surveys
to provide a more comprehensive understanding of proteomic
changes attributable to CMA. Studies of mice in which GHR
disruption is induced in young adults or middle-aged mice
will clarify whether altered CMA in long-lived mice reflects an
acute role for GH in controlling CMA, or instead, long-lasting
effects of physiological changes induced by early-life depriva-
tion of GH signaling.

Materials and methods

Animal husbandry

Snell dwarf mice were bred and maintained as described
previously [35]. ghr KO and Li-ghr KO were generated and
maintained, as previously described [48,63,67]. For all three of
these three mouse stocks (Snell, ghr KO, Li-ghr KO), experi-
ments were conducted in mice 5–6 months of age, using
approximately equal numbers of male and female mice for
all treatment groups. There are currently no studies reporting
sex-effects on the regulation of CMA, and our own results
found no significant effects of sex on any of the outcomes
(apart from LAMPA glycosylation in Snell mice), and there-
fore data from males and females were pooled. Where sex
effects on LAMP2A glycosylation were observed, side-by-side
westerns from both sexes are shown. To control for effects of
circadian rhythms on autophagic processes, mice were eutha-
nized between 9 and 10 AM, approximately 3–4 h after the
end of the dark period. For leupeptin-injection experiments,
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mice were injected at approximately 9 am, and euthanized 2 h
later, at 11 AM.

All animal experiments were approved by the University of
Michigan Institutional Animal Care and Use Committee.
Mice were housed in Specific Pathogen Free facilities.
Sentinel animals were checked quarterly for infection; all
tests were negative. Mice were maintained with free access
to water for all experiments. Mice were allowed free access to
Laboratory Rodent Diet 5L0D (LabDiet, 0067138), unless
otherwise specified. Upon dissection, mice were qualitatively
assessed for the presence of food in the stomach, with no
differences in eating noted between control and mutant mice.
For fasting experiments, mice were deprived of food for 18 h
before euthanasia.

For leupeptin injection experiments, 100 mg/kg (of mouse
body weight) leupeptin (Sigma, 108,976) or sterile PBS
(ThermoFisher, 20,012,027) vehicle control was administered
by intraperitoneal injection 2 h before the animals were
euthanized.

Preparation of lysosome-enriched fractions

Freshly dissected liver tissue was immediately washed in ice-
cold PBS to remove blood, and tissue was gently dounce
homogenized on ice in commercially available fractionation
buffers (Thermo, 89,839). All subsequent steps were per-
formed on ice or in centrifuges pre-chilled to 4ºC. Nuclei,
extracellular matrix, and unbroken cells were removed by 10-
min centrifugation at 500 x g. The post-nuclear sample was
loaded onto a discontinuous 10%-30% OptiPrep (Sigma,
D1556) density gradient in ultracentrifuge tubes (Beckman
Coulter, 344,057) for a 55Ti-SW rotor (Beckman Coulter,
342,194). Samples were subjected to ultracentrifugation at
145,000 x g for 2 h in a Beckman Coulter L-70 ultracentrifuge.
During ultracentrifugation, the sample resolved into visible
bands on the density gradient. The highest (least dense)
visible band was the most enriched with lysosomal markers
and was used for all experiments. After the lysosome-
containing band was removed from the density gradient, the
sample was diluted in PBS to decrease the OptiPrep density,
allowing the lysosomes to be pelleted, washed, and resus-
pended. Protein concentration was measured by BCA assay
kit (ThermoFisher, 23,225), and all samples were adjusted to
the same concentration.

For CMA substrate uptake assays, where keeping lysosome
membranes intact during purification is essential to the assay,
lysosomal membrane integrity was evaluated by hexosaminidase
leakage. Briefly, when uptake assays were set-up, an additional
sample of lysosomes was set aside in assay buffer and exposed to
similar conditions as the lysosomes being assayed for substrate
uptake. At the end of the assay, the lysosomes were pelleted, and
the supernatant was carefully collected. The samples of whole
lysosomes and supernatant (with the leaked enzymes) were
subjected to a 4-nitrophenyl-N-acetyl-b-D-glucosaminide
(Sigma, N9376) based hexosaminidase assay, as described by
[68]. Only preparations containing fewer than 10% broken lyso-
somes were used.

Western blotting and antibodies

Western blotting was performed by standard procedures,
using BioRad electrophoresis chambers and transfer cham-
bers. The following antibodies were used: ACTB (Cell
Signaling Technologies; CST, 4967L), PPP2 subunit A (CST,
2039S; recognizes PPP2R1A and PPP2R1B), PPP2 subunit
B (CST, 2290S; recognizes PPP2R2A, PPP2R2B, PPP2R2G,
PPP2R2D), PPP2 subunit C (CST, 2259S; recognizes
PPP2CA and PPP2CB), ENO1 (CST, 3810S), GAPDH (CST,
2118S), ACADL (AbCam, ab196655), MAP1LC3B (CST,
2775S), CTSD (AbCam, ab75852), LAMP1 (AbCam,
ab24170), LAMP2A (AbCam, ab125068), CIP2A (Novus
Biologicals, NB110-59722 & NB100-68264), MYC (AbCam,
ab32072), GFAP (AbCam, ab7260), pS8 GFAP
(ThermoFisher, PA5-12991), EEF1A (AbCam, ab37969),
MAPT (CST, 46687S).

In vitro lysosomal substrate uptake assays

Isolated lysosomes were incubated in uptake assay buffer:
300 mM sucrose, 10 mM MOPS, pH 7.2, 10 mM ATP (Sigma,
A26209), 10 mg/mL recombinant HSPA8 (AbCam, ab78431).
Recombinant GAPDH (Sino Biological, 51,221-M07E), MAPT
(Sino Biological, 10,058-H07E), and/or protease inhibitors
(Sigma, 11,836,153,001) were added, as indicated.

qPCR and other reagents

For mRNA quantification, RNA was isolated from powdered
tissue (flash frozen in liquid nitrogen upon dissection), using
Qiagen RNeasy kits (Qiagen, 74,106), with QIAshredder
(Qiagen, 79,654) tissue homogenizers. cDNA was synthesized
using iScript cDNA synthesis reagents (BioRad, L010174A),
according to the manufacturer’s instructions. qPCR was con-
ducted in an Applied Biosystems Step One Plus Real-Time PCR
System, using Fast SYBR Green Master Mix (Thermo, 4,385,612)
as a detection reagent. The following primer sequences were used:

Gapdh (Forward-TGTCAAGCTCATTTCCTGGTAT,
Reverse-GGGTCTGGGATGGAAATTGT), Cip2a (Forward-
GATTTCCCTGCCTTCGTACTT, Reverse-CAGCCTGC
AGTTTCTCTATGA), Myc (Forward-CGACTCTGAA
GAAGAGCAAGAA, Reverse-GCTGGATAGTCCTTCCTT
GTG).

For de-glycosylation experiments, protein extracts were
incubated with PNGaseF (NEB: P0704S), with the supplied
buffer, in accordance with the manufacturer’s instructions.

Cell culture

Primary mouse tail-tip fibroblasts were generated by standard
methods from UM HET3 mice (UM HET3 were bred in-house
and maintained as previously described [69,70]) and maintained
in DMEM (Gibco, 11,965–092) with 10% FBS (Gibco, 16,140–-
071) in a hypoxic incubator (3% O2, 5% CO2) at 37ºC.
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Statistical analysis

All statistical analyses and plotting were conducted in
GraphPad Prism (version 8). The exact analyses used are
indicated in the figure legends, with p-values derived from
2-way ANOVAs indicated directly in each figure.
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