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ABSTRACT

Mice deficient in GHR (growth hormone receptor; ghr KO) have a dramatic lifespan extension and
elevated levels of hepatic chaperone-mediated autophagy (CMA). Using quantitative proteomics to
identify protein changes in purified liver lysosomes and whole liver lysates, we provide evidence that
elevated CMA in ghr KO mice downregulates proteins involved in ribosomal structure, translation
initiation and elongation, and nucleocytosolic acetyl-coA production. Following up on these initial
proteomics findings, we used a cell culture approach to show that CMA is necessary and sufficient to
regulate the abundance of ACLY and ACSS2, the two enzymes that produce nucleocytosolic (but not
mitochondrial) acetyl-coA. Inhibition of CMA in NIH3T3 cells has been shown to lead to aberrant
accumulation of lipid droplets. We show that this lipid droplet phenotype is rescued by knocking
down ACLY or ACSS2, suggesting that CMA regulates lipid droplet formation by controlling ACLY and
ACSS2. This evidence leads to a model of how constitutive activation of CMA can shape specific
metabolic pathways in long-lived endocrine mutant mice.

Abbreviations: CMA: chaperone-mediated autophagy; DIA: data-independent acquisition; ghr KO:
growth hormone receptor knockout; GO: gene ontology; I-WAT: inguinal white adipose tissue; KFERQ:
a consensus sequence resembling Lys-Phe-Glu-Arg-GIn; LAMP2A: lysosomal-associated membrane pro-
tein 2A; LC3-I: non-lipidated MAP1LC3; LC3-II: lipidated MAP1LC3; PBS: phosphate-buffered saline; PI3K:
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Introduction

Autophagy, once thought to be a nonselective bulk-recycling
mechanism, is now understood to be a selective and targeted
process. Selective lysosomal degradation of intracellular cargo
is required for cellular adaptations to stress, remodeling the
cytoplasm during differentiation, and maintaining proteomic
and metabolic homeostasis [1-3]. The three primary forms of
autophagy in mammalian cells, i.e., macroautophagy, micro-
autophagy, and chaperone-mediated autophagy (CMA), are
all capable of sophisticated selection of targets for degradation
[4,5]. However, the most selective form of autophagy is CMA,
which targets individual proteins for lysosomal degrada-
tion [6,7].

CMA target proteins contain a consensus motif resembling
Lys-Phe-Glu-Arg-Gln (KFERQ), which is recognized by the
cytosolic chaperone HSPA8/Hsc70. HSPA8 is the primary
receptor for CMA [8-10]. HSPAS, along with other cytosolic
chaperones, participates in the trafficking of the KFERQ-
bearing target to the lysosomal surface, where it is unfolded
and translocated across the lysosomal membrane, indepen-
dent of vesicle fusion, in a manner dependent upon LAMP2A,
one of the three splice variants of lamp2 [8,11,12].

The KFERQ motif is not recognized as an exact sequence,
but rather by the relative charges of amino acid side chains.
The first or fifth amino acid of the pentapeptide motif is
glutamine. The remaining four amino acids must contain
one or two positive, one negative, and one or two hydropho-
bic side chains, in any order [10,13]. The KFERQ motif can be
activated or deactivated through the addition or removal of
post-translational modifications, such as phosphorylation or
acetylation, which alter side-chain charges or hydrophobicity
[14]. In silico analysis of the mouse proteome suggests that
approximately 47% of mouse proteins contain at least one
“canonical” KFERQ motif that does not require a post-
translational modification to be active [14]. When including
motifs hypothetically activated by post-translational modifica-
tion, approximately 78% of mouse proteins contain at least
one KFERQ motif [14]. However, because the sequestration of
hydrophobic amino acids away from water in the cytosol is
a key step in protein folding [15], it remains unclear how
many KFERQ motifs (which must contain at least one amino
acid with a hydrophobic side chain) will be exposed on the
protein surface to interact with cytosolic HSPA8. Thus,
empirical analysis of CMA targetomes is necessary to
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determine which proteins contain CMA motifs that are gen-
uinely functional.

CMA regulates the abundance of several proteins impli-
cated in metabolism, disease, and the rate of aging, with novel
CMA substrates discovered every year [16-18]. However, the
extent to which CMA regulates the overall content and rela-
tive abundance of proteins within the proteome remains
unclear. In an effort to understand how CMA shapes the
proteome, recent proteomics studies have employed
a variety of strategies, which broadly fall into two cate-
gories: (1) lysosomal targetomics and (2) analysis of whole-cell
proteomic changes in response to CMA manipulation.

Lysosomal targetomics involves the isolation of lysosomal
fractions from cells or tissues in which CMA has been
induced and where intra-lysosomal proteolysis has been
blocked pharmacologically, allowing for the identification of
CMA targets that have accumulated in the lysosomal lumen
[16,19]. Both major studies using this technique used lyso-
somes from cells or tissues genetically depleted of LAMP2A as
negative controls [16,19], allowing them to distinguish CMA
targets from the targets of microautophagy or macroauto-
phagy. This style of assay robustly detects CMA target pro-
teins. However, CMA is not sufficient to control the total
abundance of many CMA target proteins. Thus, lysosomal
targetomics must be supplemented by additional assays to
address whether or not CMA is necessary and/or sufficient
to regulate the total abundance of target proteins in the cells
or tissues being analyzed.

Lysosomal targetomics studies have found that endogenous
CMA substrates of mouse liver lysosomes cluster into distinct
pathways, many of which modulate metabolism of carbohy-
drates and lipids [16]. Mice with a liver-specific Lamp2a
deficiency progressively develop hepatic steatosis and
a global metabolic dysregulation, suggesting that CMA is
necessary to maintain homeostatic lipid and carbohydrate
metabolism [16]. Lysosomal targetomics of SUM159 human
breast cancer cells identified a surprising role for CMA in
regulating the abundance of translation initiation factors (but
did not find a role for CMA in regulating translation elonga-
tion factors). Moreover, pharmacological activation of CMA
decreases the whole-cell abundance of these CMA-targeted
translation initiation factors [19].

Studies relying on the second proteomics strategy, analysis
of whole-cell proteomic changes in response to CMA manip-
ulation, have identified putative CMA targets, many of which
fit into the functional pathways identified by lysosomal targe-
tomics. ES2 human ovarian cancer cells treated with inhibi-
tors of FLT3 to activate CMA show significant decreases in
the abundance of proteins involved in metabolism, cell cycle
control, and translation initiation [20], suggesting that CMA
is sufficient to regulate the abundance of these proteins.
Proteomic analysis of cultured primary rat cortical neurons
treated with shRNA for Lamp2a found that LAMP2A deple-
tion causes significant increases in the abundance of several
proteins associated with neurodegeneration [21], consistent
with several previous studies suggesting that CMA is neces-
sary to regulate the abundance of disease-related proteins in
neuronal tissue [22,23]. Whereas the analysis of whole-cell
proteomic changes after manipulation of CMA produces

interesting results, several validation experiments must be
performed to ensure that the observed changes are direct
results of increased or decreased CMA, and not cellular adap-
tations to other CMA-related proteomic changes.

We have recently reported that two long-lived mouse
stocks with reduced signaling through the GH (growth hor-
mone)-IGF1 (insulin-like growth factor 1) signaling axis (ghr
KO and poulfl mutant/Snell dwarf mice) have constitutively
enhanced hepatic CMA in young adulthood, with an mRNA-
independent reduction of the CMA target CIP2A in multiple
tissues [24]. This suggests the hypothesis that enhanced CMA,
in early life, might regulate the abundance of proteins in a way
that contributes to the metabolic and lifespan phenotypes of
these mutant mice.

To identify proteins regulated by selective lysosomal pro-
teolysis in long-lived ghr KO mice, we performed lysosomal
targetomics (on liver lysosomes) and parallel proteomic eva-
luation of whole liver lysates. We identified a small subset of
the proteome that showed both increased lysosomal enrich-
ment in response to leupeptin by ghr KO liver lysosomes and
decreased total abundance in ghr KO liver lysates. These
proteins, which are candidate CMA targets, cluster into dis-
tinct functional groups, including ribosomal proteins, transla-
tion initiation factors, translation elongation factors, and
enzymes essential for the production of nuclear and cytosolic
(nucleocytosolic) acetyl-coA, but not mitochondrial acetyl-
coA. Using cell-based assays, we then demonstrated that
CMA is both necessary and sufficient to coordinately control
the abundance of four enzymes involved in nucleocytosolic
acetyl-coA production: IDH1 (isocitrate dehydrogenase 1),
ACOL1 (aconitase 1), ACLY (ATP citrate lyase) and ACSS2
(acyl-coA synthetase short-chain family member 2) as well as
two enzymes involved in the consumption of cytosolic acetyl-
coA for fatty acid synthesis ACACA (acetyl-CoA carboxylase
alpha) and FASN (fatty acid synthase). Inhibition of CMA
causes accumulation of intracellular lipid droplets [25], and
we show that knockdown of Acly or Acss2 reduces lipid
droplet accumulation in CMA-deficient cells. This suggests
that CMA negatively regulates lipid accumulation by control-
ling ACLY and ACSS2 protein levels. This work defines
a novel role for CMA in regulating enzymes for nucleocyto-
solic acetyl-coA production and provides a foundation for
future studies evaluating the role of CMA in regulating the
abundance of ribosomal proteins and translation elongation
factors.

Results

Ghr KO and control liver lysosomes have distinct
compositions and targetomes

To identify differences in the lysosomal targetome between
ghr KO mice and their normal littermate controls, we treated
three male and three female mice of each genotype with
leupeptin or sterile phosphate-buffered saline (PBS; solvent
control) by intraperitoneal injection (Figure 1A). Leupeptin
inhibits lysosomal proteolysis without preventing lysosomal
substrate uptake, resulting in the lumenal accumulation of
endogenous autophagy target proteins. Two hours after



A Schematic of experimental groups and analysis strategy: isolated lysosomes
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Figure 1. ghr KO and control lysosomes have distinct compositions and targetomes. (A) Schematic of the experimental groups and analysis. (B) Volcano plot showing the
response to leupeptin in lysosomes from control mice. Proteins that are also significantly changed in ghr KO with identical directionality are shown as red squares. All other
significantly changed proteins in controls are shown as blue circles. (C) Volcano plot showing the response to leupeptin in lysosomes from ghr KO mice. Proteins that are also
significantly changed in controls with identical directionality are shown as red squares. All other significantly changed proteins in ghr KO are shown as blue circles. (D) Summary
table for numbers of proteins changed in response to leupeptin in control and ghr KO lysosomes. (E) Volcano plot for a 2-factor analysis of the effects of the ghr KO genotype on
the lysosomal leupeptin response. Proteins more enriched in ghr KO than in controls, in response to leupeptin, will have a positive log2 fold change. Proteins that are equally
changed in both genotypes in response to leupeptin will have a near-zero value. (F) The volcano plot shown in (E), re-colored and relabeled to indicate proteins with at least one
KFERQ motif (canonical, phosphorylation activated, or acetylation activated). (G) Summary table for numbers of proteins changed as determined by the 2-factor analysis. (H)
Volcano plot showing the contribution of genotype to differences in lysosomal proteins, ignoring leupeptin as a variable. (I) The volcano plot shown in (H), re-colored to indicate
proteins that have a lysosomal function. (J) Summary table for numbers of proteins changed between the ghr and control genotypes. For all volcano plots, dark vertical lines
indicate a fold-change of change of 20%. Dark, solid horizontal lines indicate a threshold of p = 0.05. Where applicable, dashed horizontal lines indicate a false-discovery adjusted
threshold of p = 0.05. Each of the four experimental groups shown in (A) has lysosomal samples from a total of 6 mice (3 of each sex).
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leupeptin or PBS injection, the mice were humanely eutha-
nized, and the liver lysosomes were isolated by density cen-
trifugation, using our previous methods [24,26].

Lysosomal fractions were evaluated for enrichment and
purity, showing >50-fold enrichment for LAMP2A and
LAMP1, without enrichment of mitochondrial, cytosolic, or
nuclear markers, as expected (Fig. S1A). Isolated lysosomes
were submitted to label-free quantitative proteomics, as
a single batch, which identified 3345 proteins. Proteins that
were identified based on the detection of a single peptide were
excluded from the analysis. The remaining data were sub-
jected to quantile normalization and the missing values,
which were highly left-censored (i.e., almost entirely found
in low-abundance proteins), were imputed for all proteins
with <50% missing values. Proteins with >50% missing values
were excluded, leaving 2430 proteins.

We first assessed the leupeptin response in each genotype
separately (Figure 1B-D). Consistent with previous findings,
leupeptin treatment decreased the lysosomal abundance of
cathepsins and increased the macroautophagy substrate
SQSTM1 in both genotypes [16,24]. The number of proteins
changed (unadjusted p < 0.05) by leupeptin in ghr KO lyso-
somes was 182% of the number of proteins changed by
leupeptin in control lysosomes, consistent with the increased
CMA activity of the ghr KO lysosomes (Figure 1D).

To identify differences in the lysosomal targetomes
between ghr KO and control, we performed a two-factor
analysis, evaluating how the ghr KO genotype modified the
lysosomal response to leupeptin (Figure 1A, E-G). We have
previously reported that liver lysosomes of ghr KO mice, when
compared to lysosomes from controls, have increased uptake
of three well-characterized endogenous CMA substrates,
ENOI1, GAPDH, and ACADL [24], and these findings were
replicated by the proteomics analysis (Figure 1E). Our pre-
vious work reported that the macroautophagy marker
SQSTM1 and the endosomal microautophagy marker PPID
were equally enriched in ghr KO and control lysosomes in
response to leupeptin [24]. These findings were also con-
firmed by the proteomics analysis, which showed no prefer-
ential enrichment of PPID or SQSTM1 (Figure 1E). Despite
the increased enrichment of known CMA substrates into ghr
KO lysosomes in response to leupeptin, neither the presence
of a KFERQ motif nor the number of KFERQ motifs was
predictive of preferential increases or decreases in ghr KO
lysosomes in response to leupeptin (Figure 1F-G, S1B).

While there is strong evidence to support the hypothesis
that the increase in CMA in ghr KO mice results from
decreased insulin-IGF1 signaling [24,26], the mechanism of
the enhanced CMA in these mice is not completely under-
stood. We hypothesized that ghr KO mice might have changes
in the abundance of some signaling proteins associated with
the cytosolic face of the lysosomal membrane. We assessed the
effect of genotype, ignoring leupeptin (i.e., pooling leupeptin-
treated and PBS-treated groups, and assessing for genotype
differences), on the composition of the lysosomal fraction
(Figure 1H-J). The most significantly changed protein in
response to the ghr KO genotype was the GHR protein,
which showed a > 20 fold decrease (Figure 1H). Of the 2430
proteins detected in the lysosomal fraction, 138 were known

residents of the lysosomal compartment, according to Uniprot
annotations. Known lysosomal proteins such as LAMPI,
LAMP2, and MEAK7 showed no change with genotype.
However, 37 of the 138 known lysosomal proteins identified
in the data set significantly changed with genotype (Figure 11I-
J, S1C). LAMTORI and LAMTORS were both significantly
increased in the lysosomal fraction of ghr KO mice.
LAMTOR]1 and LAMTOR5 are components of the
RAGULATOR complex, which serves context-specific roles
in both the activation and inhibition of MTORC1 on the
lysosomal membrane [27,28]. The most significantly changed
of the known lysosomal proteins was ELAPORI1/ELAP1/
EIG121, the product of an estrogen-induced gene that pro-
motes autophagy and protects against apoptosis [29] which
was increased more than 8-fold in ghr KO lysosomes (Fig.
S1D). Determining whether or not these proteins play a role
in the increased CMA observed in ghr KO mice will require
significant follow-up work. However, these findings suggest
that lysosomes from ghr KO and control mice have at least
some important differences in composition.

Changes in ghr KO liver proteomics suggest increased
mitochondrial respiration and decreased protein
translation

To identify changes in the protein composition of the liver of
ghr KO mice, liver tissue was isolated from six male and six
female mice of both ghr KO and control genotypes. The mice
were 5-6 months in age, fed ad libitum, and were not sub-
jected to leupeptin treatment, to avoid any possible effects of
leupeptin on tissue-wide protein abundance (Figure 2A).
Liver samples were subjected to quantitative proteomics, and
subjected to the same analysis pipeline described above.

Changes in protein abundance with genotype were initially
evaluated with sexes pooled (Figure 2B-C). Differences
between normal male and normal female mice in circulating
growth hormone levels and pulse patterns cause sex-specific
differences in liver gene expression [30], and genetic ablation
of growth hormone signaling significantly alters the sex dif-
ferences in growth hormone-susceptible genes [30,31]. To
account for sex effects on proteins changed by the ghr muta-
tion, we performed a 2-factor analysis (sex vs. genotype), to
identify proteins with a significant interaction effect, i.e., an
effect of genotype on the sex differences (Figure 2B-D). Of the
394 proteins that changed (with p < 0.05) in ghr KO mice, 69
had a significant (p < 0.05) interaction p value.

To further evaluate the effects of genotype on sex differ-
ences in protein abundance, we compared the log2 fold
change in protein abundance with sex (males/females)
between the ghr KO and control genotypes (Figure 2D-E).
Using the 2-factor analysis (sex vs. genotype), there were 340
proteins with a significant interaction p value. Thus, consis-
tent with previous evidence on sex-specific GH effects, the
effect of sex on the abundance of these proteins is altered by
the ghr deletion; reciprocally, the effect of the ghr genotype on
these proteins is sex-specific. This subset of 340 proteins
included  several xenobiotic  metabolizing  enzymes
(Figure 2D), whose sex-specific differences in mRNA levels
are altered by the ghr mutation [31]. All the changes observed
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A Schematic of experimental groups and analysis strategy: whole liver lysates
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(C) Summary table for numbers of proteins changed by the ghr KO genotype. (D) Scatter plot showing the log2 fold-change in protein abundance with sex in ghr KO,
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in the protein levels of the xenobiotic metabolizing enzymes
have the same directionality as the previously published

growth hormone signaling pathway on mRNA expression.
The data shown in (Figure 2D) are presented as a heat map

changes in mRNA expression [31], suggesting that at least
some of the effects of genotype on sex-specific differences in
protein abundance are driven by sex-specific effects of the

in (Figure 2E).
Finally, we compared the effects of the ghr KO genotype on
protein abundance between males and females (Figure 2F).
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Consistent with the previous analyses, few of the proteins
changed by ghr deletion in females showed similar changes
in males, and vice-versa. Taken together, these data suggest
that the ghr mutation significantly affects sex-specific differ-
ences in protein expression. Thus, ghr genotype effects on
protein expression should be interpreted with caution, when
pooling both sexes, or when evaluating one sex only.

We conducted a gene ontology (GO) analysis on proteins
changed by ghr deletion, from sexes pooled, or considered
separately. GO analysis indicated that the proteins increased
in abundance in ghr KO mice were highly enriched for path-
ways involved in mitochondrial respiration and oxidoreduc-
tase activity (Fig. S2). Proteins decreased in abundance in ghr
KO mice were highly enriched in pathways associated with
translation/peptide synthesis (Fig. S2). Most of the top five
GO terms derived from pooling the sexes were also signifi-
cantly modified by the ghr mutation when the sexes were
considered separately, i.e., the pathways most significantly
changed by ghr deletion are changed in both sexes.

Candidate CMA target proteins belong to specific
molecular pathways

To identify proteins putatively regulated by selective lysoso-
mal proteolysis in ghr KO mice, we plotted the log2 fold-
change in protein abundance in liver against the log2 fold-
change in lysosomal protein enrichment in response to leu-
peptin (Figure 3A). The log2 fold-change in the liver was
calculated with sexes pooled, as shown in (Figure 2B), with
the understanding that this approach requires significant fol-
low-up analysis and validation. The change in lysosomal pro-
tein enrichment in response to leupeptin was calculated by the
2-factor analysis of the effect of the ghr KO genotype on the
leupeptin response, as shown in (Figure 1E-G).

As an exploratory attempt to categorize proteins as
targets of selective lysosomal degradation in ghr KO
mice, we assigned a log2 fold change threshold of 20%,
similar to what was used in the previous studies [16,19].
All proteins with >20% increased enrichment into ghr KO
lysosomes in response to leupeptin were termed “ghr KO
lysosomal targets”. Proteins that met both criteria of being
decreased in total abundance in ghr KO liver by 15% and
20% enrichment in ghr KO lysosomes over control, in
response to leupeptin were termed “candidate targets of
lysosomal regulation”. The use of thresholding based on
log2 fold change requires substantial experimental valida-
tion, especially with the large number of sex/genotype
interactions in protein abundance. The remainder of this
paper focuses on experimental validation of results derived
from Figure 3A.

We found 91 “candidate targets of lysosomal regulation” in
ghr KO liver (Figure 3B). Many of these 91 proteins belonged
to specific functional groups, especially ribosomal constitu-
ents, translation initiation and elongation factors, and
enzymes involved in nucleocytosolic acetyl-coA production
(Figure 3C). CMA is known to regulate many metabolic
enzymes, translation initiation factors, and ribosomal proteins
[16,19,20,32]. Thus, our results are consistent with the current
understanding of CMA in regulating protein abundance.

However, these data suggest a novel role for selective lysoso-
mal proteolysis in regulating nucleocytosolic acetyl-coA pro-
duction, translation elongation, and a large subset of
ribosomal proteins. To visualize a possible role for lysosomal
degradation in controlling translation in ghr KO, we re-
labeled (Figure 3A) to highlight proteins belonging to the
“ribosome” gene ontology (from AmiGO2) and the “transla-
tion initiation” gene ontology (Fig. S3A). There was
a noticeable nonrandom distribution of the ribosome and
translation initiation proteins indicating increased accumula-
tion in ghr KO lysosomes (in response to leupeptin) and
decreased total abundance in ghr KO liver tissue. This dis-
tribution was statistically nonrandom (p = 0.0001; Fig. S3B).

Previously, enzymes involved in glycolysis have been
described as CMA substrates [16]. While we found that
most enzymes mapping to the “Glycolytic Processes” GO
term were more enriched in ghr KO lysosomes in response
to leupeptin, compared to controls, these enzymes did not
show any clear pattern of changing in total abundance in ghr
KO liver (Fig. S3C-D). Determining the role of selective
lysosomal proteolysis (or more specifically, CMA) in regulat-
ing the pathways identified by the proteomics will require
extensive experimental validation. As an initial step, we
decided to focus on the role of lysosomal proteolysis in
regulating nucleocytosolic acetyl-coA-producing enzymes.

Acetyl-coA is best known for its role in mitochondrial
energy production. Acetyl-coA is also an essential metabolite
in the cytosol and nucleus, and it is exchanged between these
two compartments. However, nucleocytosolic acetyl-coA is
not directly exchanged with mitochondrial acetyl-coA [33].
In the cytosol, acetyl-coA is consumed for lipid biosynthesis
(Figure 3D) and used in the acetylation of many proteins, and
in the nucleus, it is used for histone acetylation. Thus, nucleo-
cytosolic acetyl-coA abundance influences the activities of
many proteins, patterns of gene expression (via histone mod-
ifications), and rates of triglyceride and cellular membrane
synthesis [33]. Nucleocytosolic acetyl-coA is produced pri-
marily by two enzymes found in both the cytosol and nucleus,
ACLY and ACSS2 [33,34]. ACLY consumes ATP to convert
citrate into acetyl-coA, yielding oxaloacetate as a byproduct.
ACSS2 generates acetyl-coA from acetate [33]. A schematic of
these pathways is shown in Figure 3D.

Our proteomics data suggest the hypothesis that lysosomal
proteolysis reduces the abundance of ACLY, ACSS2, and
ACO1 (which acts immediately upstream of ACLY) in the
liver of ghr KO mice (Figure 3D). Western blots for these
proteins are shown in (Fig. S4A-B). By western blot, ACLY
and ACSS2, but not ACO1, showed significant effects of geno-
type on protein abundance (by 2-factor ANOVA). However,
ACLY had a significant sex/genotype interaction (the magni-
tude of the decrease in ACLY in females was much larger than
the magnitude of decrease in ACLY in males). IDH1, which
acts upstream of ACOI1, has been previously identified as
a CMA substrate [16]. ACACA, which catalyzes the first step
in lipid synthesis using nucleocytosolic acetyl-coA as
a substrate, is also a known CMA substrate [16,35]. FASN,
which acts downstream of ACACA in lipid synthesis, was
enriched in ghr KO lysosomes, but did not decrease in tissue-
wide abundance (Figure 3D) [35].



AUTOPHAGY 1557

A Cc

Whole liver abundance vs. lysosomal uptake Subset of putative targets of lysosomal regulation
in ghr KO liver, sorted by function

O Not a lysosomal target|

3 O+0O ghr KO lysosomal S mbol Name
% target . "
£ 2 O Candidate targe of Ribosomal proteins
8 :ﬁ;’ﬁf’ ES' regulation Rpl3 ribosomal protein L3
gi Rpl14  ribosomal protein L14
o 1 Rpl18  ribosomal protein L18
f o Rpl18a ribosomal protein L18A
S i Rpl23  ribosomal protein L23
O 0 o o Rpl28  ribosomal protein L28
o RpI31  ribosomal protein L31
2 1 ° ool Rpl36a ribosomal protein L36A
g ° Rps2 ribosomal protein S2
= 5 Rps5  ribosomal protein S5
% -2 R Rps17  ribosomal protein S17
é . Rps18 ribosomal protein S18
3 Rps23  ribosomal protein S23
Rplp0  ribosomal protein, large, PO
: Rplp2 i | in, | P2
S oo 5 |k e e
Log?2 fold lysosomal enrichment : ghr KO vs. controls P 9P
B Translation factors
Data summary Eif2s1  eukaryotic translation initiation factor 2 subunit 1 alpha
Mapped to both liver and lysosome data sets 1311 Eif4b eukaryotic translation initiation factor 4B
Enriched in lysosomes (by 2 20%) 661 Eeflg  eukaryotic translation elongation factor 1 gamma
Decreased in whole liver lysate (by 2 15%) 275 Eef2 eukaryotic translation elongation factor 2
Enriched in lysosomes & decreased in whole liver 91 Cytoplasmic acetyl-coA generation
Excluded values Acss2  acyl-CoA synthetase short-chain family member 2
Proteins mapped only to lysosome data set 1118 Acly ATP citrate lyase
Proteins mapped only to liver data set 717 Aco1 aconitase 1
D Schematic of cytoplasmic acetyl-coA production and utilization for fatty acid synthesis
pyruvate fatty acids Legend
O increased uptake
in ghr KO
acetyl-coA ] lysosomes
oxaloacetate & oxaloacetate O increased uptake
. in ghr KO
/ r‘ » acetyl-coA lysosomes and
malate citrate decreased in
, \ \ @ ghr KO liver
fumarate isocitrate citrate acetate O ?ncreased uptake
in ghr KO
/ lysosomes and
i . previously
e a-ketoglutarate isocitrate identified as a
CMA substrate
succinyl-coA / \

a- ketoglutate

MITOCHONDRION CYTOPLASM / NUCLEUS

Figure 3. Identification of a subset of the ghr KO proteome putatively regulated by lysosomal degradation. (A) Scatter plot of whole liver log2 fold change against
log2 fold enrichment in ghr KO lysosomes. Red circles represent proteins with > 20% enrichment in ghr KO lysosomes in response to leupeptin, and a decrease of
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Many known CMA substrates, including ACADL, ENO1, proteins into ghr KO lysosomes in response to leupeptin
and GAPDH, did not change in abundance in ghr KO liver (Figure 1E). In fact, most of the proteins that had increased
(Fig. S4A-B), despite the increased enrichment of these leupeptin-induced enrichment in ghr KO liver lysosomes did
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not show changes in tissue-wide abundance, consistent with
the emerging idea that CMA directly controls only a small
subset of the proteome [19].

Mice with enhanced CMA, but reduced macroautophagy,
have reduced liver abundance of nucleocytosolic
acetyl-coA and fatty acid synthesis enzymes

poulfl mutant/Snell dwarf mice, like ghr KO mice, live
dramatically longer than their normal littermates [36].
Snell dwarf mice have reduced hepatic macroautophagy,
but enhanced hepatic CMA [24]. We evaluated the protein
levels of CMA target proteins in liver tissue from six male
and six female Snell dwarf mice and equal numbers of
littermate controls, all fed ad Ilibitum. The Snell dwarf
mice had significant reductions in IDHI1, ACO1, ACLY,
ACACA, FASN, and ACSS2 (Figure 4A-B). While this
finding does not prove that CMA is downregulating
nucleocytosolic acetyl-coA enzymes in Snell liver, it is con-
sistent with the overall hypothesis that enhanced CMA is
sufficient to downregulate these proteins. The downregula-
tion of these proteins in Snell mice cannot be attributed to
macroautophagy, which is decreased in these mice, relative
to their sibling controls. Snell dwarf mice did not show
a significant decrease in ACADL, ENO1, or GAPDH, (simi-
lar to the ghr KO mice) suggesting that enhanced CMA is
not sufficient to reduce the abundance of these proteins in
liver tissue (Figure 4A-B).

Lysosomal proteolysis, but not proteasomal proteolysis,
is necessary to regulate the abundance of nucleocytosolic
acetyl-coA and fatty acid synthesis enzymes in NIH3T3
cells

To determine if lysosomal proteolysis is necessary to reg-
ulate the abundance of nucleocytosolic acetyl-coA produ-
cing enzymes and enzymes involved in fatty acid synthesis,
we inhibited lysosomal proteolysis in NIH3T3 cells with
100 uM leupeptin and 20 mM ammonium chloride for
48 h, and then measured the abundance of these proteins.
The protein levels of LAMP2A and LC3-II increased in
response to the leupeptin and ammonium chloride treat-
ment, confirming successful inhibition of lysosomal proteo-
lysis (Figure 5A). The protein levels of IDHI, ACOI,
ACLY, ACSS2, ACACA, and FASN significantly increased
when lysosomal proteolysis was inhibited (Figure 5A-B).
Interestingly, the previously identified CMA substrates,
which did not decrease in whole-tissue abundance in ghr
KO mice, ACADL, ENOI1, and GAPDH, also did not
change in abundance when lysosomal proteolysis was inhib-
ited (Figure 5A-B).

To test if proteasomal degradation is necessary to regulate
the abundance of nucleocytosolic acetyl-coA producing
enzymes and fatty acid synthesis enzymes in NIH3T3 cells,
we inhibited proteasomal degradation with 10 uM MG132
for 24 h (48-h treatments were extremely cytotoxic). As
expected, MYC, a proteasome target, dramatically increased
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Figure 5. Lysosomal proteolysis, but not proteasomal proteolysis, is necessary to regulate the abundance of nucleocytosolic acetyl-coA and fatty acid production
enzymes. (A) Western blots for indicated proteins in lysates from NIH3T3 cells treated for 48 h with leupeptin and ammonium chloride to block lysosomal, but not
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in abundance, showing that the treatment was effective
(Figure 5C). Interestingly, IDH1, ACO1, ACLY, ACSS2,
ACACA, and FASN all decreased significantly (Figure 5C-
D). ACADL and GAPDH also decreased significantly, but
there was no change in ENO1 (Figure 5C-D). The decreases
in these proteins might be caused by an increase in lysoso-
mal proteolysis as a compensatory response to the inhibition
of the proteasome. These data suggest that, in NIH3T3 cells,
the proteasome is not necessary to regulate the abundance of
IDH1, ACO1, ACLY, ACSS2, ACACA, and FASN.

CMA is both necessary and sufficient to regulate the
abundance of nucleocytosolic acetyl-coA and fatty acid
synthesis enzymes in NIH3T3 cells

To determine if CMA is necessary to control the abun-
dance of nucleocytosolic acetyl-coA enzymes, we inhibited
CMA in NIH3T3 cells by knocking down Lamp2a by
siRNA. Ninety-six hours after siRNA treatment, IDHI,
ACO1, ACLY, ACSS2, ACACA, and FASN all showed
significantly increased protein levels, suggesting that
CMA is necessary to control the abundance of these
enzymes (Figure 6A-B). ACADL, ENOI, and GAPDH
did not change significantly (Figure 6A-B). Thus, even
though these three enzymes are de facto CMA substrates
[16,37], CMA is not necessary to control their abundance
in NIH3T3 cells. The mRNA abundances of Idhl, Acol,
Acly, Acss2, and Acaca were not altered by siLampZa
treatment (Figure 6C). Fasn mRNA was decreased, despite
the increase in FASN protein levels. This suggests that the
increase in the abundance of these proteins when CMA is
inhibited is not because of a transcriptional change.

CMA and endosomal microautophagy each depend on
HSPAS8 for substrate selection and uptake [5,38]. To test
the requirement of the different forms of autophagy to
regulate these enzymes, we treated NIH3T3 cells with
siRNA against Lamp2a, Atg5, or Tsgl0I, to block CMA,
macroautophagy, or endosomal microautophagy, respec-
tively. No proteins increased when macroautophagy was
inhibited (Fig. S5A-B), suggesting that macroautophagy is
not required to regulate any of the enzymes tested. IDH1,
ACADL, ENO1, and GAPDH showed significant reduc-
tions when macroautophagy was inhibited, possibly result-
ing from compensatory upregulation in other forms of
proteolysis (Fig. S5A-B). ACLY, ACSS2, and ACACA
showed significant increases when endosomal microauto-
phagy was inhibited, suggesting that both forms of
HSPA8-mediated autophagy are required to regulate
these proteins (Fig. S5A-B). ACADL, ENOI, and
GAPDH did not change when endosomal microautophagy
was inhibited, suggesting that neither form of HSPAS-
mediated autophagy is required to regulate the abundance
of these proteins (Fig. S5A-B).

We next tested whether CMA is sufficient to regulate
the protein abundance of IDH1, ACO1l, ACLY, ACSS2,
ACACA, and FASN in NIH3T3 cells. We have previously

shown that inhibitors of the PIK3CA/p110 catalytic com-
ponent of the class I phosphoinositide 3-kinase (PI3K)
activate CMA in multiple cell types and in mouse liver
lysosomes, without increasing macroautophagy [26].
Moreover, mice treated with these inhibitors have
increased lysosomal enrichment of endogenous CMA sub-
strates in response to leupeptin, but do not have increased
enrichment of PPID, a substrate of endosomal microauto-
phagy [26]. We hypothesized that treating NIH3T3 cells
with inhibitors of class I PI3Ks would reduce the abun-
dance of CMA target proteins. We treated NIH3T3 cells
for 48 h with two doses of copanlisib or two doses of
pictilisib, along with their respective solvent controls. As
expected, both drugs showed dose-dependent effects on
IDH1, ACO1, ACLY, ACACA, FASN, and ACSS2 (Fig.
S6A-D).

We considered the possibility that the PI3K inhibitors
could affect the levels of CMA target proteins through
a mechanism other than lysosomal proteolysis, such as
a transcriptional change. We performed a rescue experi-
ment, where we treated NIH3T3 cells with 100 nM copan-
lisib (previously published dose [26]) with or without
leupeptin/ammonium chloride co-treatment, for 48 h.
We reasoned that if leupeptin/ammonium chloride
blocked the effects of copanlisib on the changes in candi-
date CMA target proteins, and then the effects of copanli-
sib on the abundance of these proteins must be mediated
by lysosomal proteolysis. Indeed, copanlisib treatment
caused a significant reduction in IDHI1, ACO1, ACLY,
ACSS2, ACACA, FASN, and GAPDH, which was rescued
by leupeptin/ammonium chloride co-treatment
(Figure 6D-E). This suggests that, in NIH3T3 cells, CMA
is both necessary and sufficient to regulate the protein
levels of IDH1, ACO1, ACLY, ACSS2, ACACA, and
FASN. CMA is sufficient, but not necessary, to regulate
the level of GAPDH. CMA is neither necessary nor suffi-
cient to regulate the abundance of ACADL and ENOL.
The mRNA abundance of every gene tested was decreased
by copanlisib treatment. However, leupeptin did not res-
cue the mRNA levels of any genes (Figure 6F), suggesting
that lysosomal proteolysis is required to reduce the levels
of the tested proteins, regardless of the mRNA changes.

Our previous data suggest that copanlisib does not activate
endosomal microautophagy [26]. To show that the effects of
copanlisib on ACLY and ACSS2 are specific to CMA and not
endosomal microautophagy, we treated NIH3T3 cells with
siRNA targeting either Lamp2a or TsglOl. Seventy-two
hours after transfection, the cells were treated with copanlisib
for 48 h. We found that knocking down Lamp2a significantly
rescued the effects of copanlisib on the abundance of ACLY
and ACSS2 (Figure 7A-B). However, knocking down Tsgl01
did not rescue the effects of copanlisib on either protein
(Figure 7C-D). These data are consistent with the conclusion
that the effects of copanlisib on ACLY and ACSS2 are
mediated by CMA, rather than by endosomal
microautophagy.
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Mice treated with a CMA-activating drug have enhanced
lysosomal enrichment of nucleocytosolic acetyl-coA and
fatty acid synthesis enzymes in response to leupeptin
treatment

We have previously reported that mice treated with CMA-
activating drug buparlisib have increased enrichment of CMA
substrates in liver lysosomes in response to leupeptin treat-
ment, when compared to solvent treated mice [26]. We eval-
uated liver lysosomes from these mice for enrichment of
enzymes involved in nucleocytosolic acetyl-coA and fatty
acid synthesis (Figure 8A). We found that, as a general
trend, buparlisib increased lysosomal enrichment of nucleo-
cytosolic acetyl-coA and fatty acid synthesis enzymes in
response to leupeptin, although this fell short of statistical
significance for ACSS2 (Figure 8B). These data suggest that
enhancing CMA increases the lysosomal uptake of IDHI,
ACO1, ACLY, ACACA, and FASN.

CMA is sufficient to regulate the abundance of
nucleocytosolic acetyl-coA and fatty acid synthesis
enzymes in AML12 hepatocytes

To confirm that the effects of CMA activation on IDHI,
ACO1, ACLY, ACSS2, ACACA, and FASN protein levels are
not cell-type specific, we evaluated the effects of CMA activa-
tion on these proteins in AML12 hepatocytes. We began by
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Figure 8. Mice treated with a CMA activating drug have enhanced lysosomal
enrichment of nucleocytosolic acetyl-coA and fatty acid synthesis enzymes in
response to leupeptin treatment. (A) Western blots for indicated proteins in liver
lysosomes isolated from mice treated with buparlisib or solvent control that
were also treated with leupeptin or solvent control 2 h before being sacrificed.
LAMP2A is a loading control. CTSD is a control for successful administration of
leupeptin. (B) Quantification of Western blots shown in (A). Black bars indicate
means and SEM. P\yr, shown below each graph, is the interaction term p-value
from a 2-way ANOVA. p values shown on graphs in are derived from unpaired
t-tests.

seeking doses of copanlisib that are effective for activating
CMA in AMLI12 cells. We first determined that a dose of
100 nM copanlisib significantly enhances CMA, using
a KFERQ-Dendra2 reporter (Figure 9A-B). The KFERQ-
Dendra2 reporter accumulates as lysosomal puncta, when
CMA is active, and is often used as an initial test to identify
CMA activating interventions [26,39,40]. This 100 nM dose of
copanlisib did not affect the macroautophagic flux in AMLI12
cells (Figure 9C-D). We then treated AMLI2 cells for 48 h
with 100 nM copanlisib, with or without leupeptin/ammo-
nium chloride co-treatment. We found that copanlisib treat-
ment caused a significant reduction in IDH1, ACO1, ACLY,
ACACA, FASN, ACSS2, ACADL, and GAPDH. However,
leupeptin treatment only rescued the levels of IDHI1, ACLY,
ACACA, FASN, and ACSS2 (ACO1 had a trend toward
a rescue, but this was shy of significance, p = 0.06;
Figure 9E-F). The protein abundances of ACADL and
GAPDH were not significantly rescued by leupeptin. Taken
together, these data suggest that CMA is sufficient to down-
regulate the abundance of IDH1, ACLY, ACACA, FASN, and
ACSS2 in AMLI12 hepatocytes.



Dendra2

TFA

Copanlisib

LC3

IDH1

ACO1

ACLY

ACACA

FASN

ACSS2

ACADL

GAPDH

ENO1

ACTB

H3

AUTOPHAGY 1563

B C
CMA Puncta Copanlisib  — — + +
Merge (Dendra2, DNA BafilomycinA — + — +
3009 p<0.0001
SQSTM1 -— —_—
T 2004
2 LC3-1
S LC3-1I - -
e 8
F 1001 o =
Q ACTB | wwewr s sns anee
TFA  Cop H3 | e e
MA Flux
201
o
@ 151 o
2
-+ 104 %
o o0 DMSO
S 51 o BafA
olee & _  p =007
TFA Cop
TFA Cop Cop
+leu IDH1 ACO1 ACLY ACACA FASN
P — 0.06 . .
ek ° seddex 1 | 2 w1 o 1
| — | — o | — | — | —
— e — o ) o 2 ° o0 2 ©
14 & Q? 1 % o Q% o o
o 00 & 0 o
RO —— o @ o 14 &= ° %
= T ¥ 8 o 2 W 1 8
- pr— © O (¢] © 8
& 3
s e amn| 07 04 04 04 0+
TFA Cop Cop TFA Cop Cop TFA Cop Cop TFA Cop Cop TFA Cop Cop
+Leu +Leu +Leu +Leu +Leu
— e — ACSS2 ACADL ENO1 GAPDH
— — K*kkk il * i *
| — ° | — o | — o
o S 2 o o © o °
bk L TR =TS = ¢ 11 . 1
ToE NTa |FET |TeE
—— i ﬁ o b 6@ ° o . o
— — ¢
od od ,
" TFA Cop Co| TFA Cop Co TFA Cop Co TFA Cop Co
T —— P o h P e P e
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48 h with 0.0005% TFA (solvent control), 100 nM copanlisib, or 100 nM copanlisib + leupeptin/ammonium chloride. (F) Quantifications of western blots shown in (E).
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CMA regulates lipid droplet accumulation through ACLY
and ACSS2

The acetyl-coA produced by ACLY and ACSS2 can be used
for a variety of intracellular functions, including histone
acetylation and fatty acid synthesis [33,34,41]. We exam-
ined H3 acetylation in NIH3T3 cells treated with siRNA
targeting Lamp2a, but we did not detect any consistent
changes in H3 acetylation (data not shown). Previous stu-
dies have found that inhibition of CMA causes accumula-
tion of lipid droplets in NIH3T3 cells [25]. We
hypothesized that the increase in ACLY and ACSS2 caused
by the inhibition of CMA could contribute to increased de
novo lipogenesis, leading to an increase in lipid droplets. To
test this hypothesis, we treated NIH3T3 cells with siRNA
against Lamp2a, to induce lipid droplet accumulation
(Figure 10A). We also co-treated cells with siRNA against
Acly or Acss2, in addition to the Lamp2a siRNA treatment.
Ninety-six hours after transfection, the cells were stained
with BOPIDY to highlight lipid droplets, and fixed for
microscopy (Figure 10A-B). We found, as expected, that
a reduction in Lamp2a led to an increase in intracellular
lipid droplets, and then found that a reduction in either
ACLY or ACSS2 was sufficient to partially rescue the lipid
droplet phenotype, suggesting that both of these enzymes
contribute to lipid droplet accumulation (Figure 10C).
These data suggest a mechanism where CMA reduces de
novo lipid synthesis by negatively regulating the protein
levels of ACLY and ACSS2.

As a control, we showed that treating Lamp2a-depleted
cells with siRNA targeting Fasn was sufficient to rescue the
lipid droplet accumulation phenotype (Figure 10D-F). This
confirms that lipid droplet accumulation in response to the
inhibition of CMA is dependent upon de novo lipid synthesis.

Enzymes involved in nucleocytosolic acetyl-coA synthesis
are reduced in white adipose tissue of ghr KO mice

Adipocytes in inguinal white adipose tissue (I-WAT) in ghr
KO mice have a significant reduction in cell volume, and
therefore, lipid droplet volume [42]. We hypothesized that
this reduction in cell volume might be associated with
a reduction in the enzymes responsible for de novo lipid
synthesis. We measured the protein levels of IDH1, ACOI,
ACLY, ACSS2, ACACA, FASN, ACADL, ENOI1 and GAPDH
in ghr KO I-WAT, finding a significant reduction in ACLY,
ACCI, and FASN, in ghr KO, relative to controls (Fig. S7).
ACSS2 was significantly decreased only in females. These data
suggest the hypothesis that elevated CMA in ghr KO mice
reduces de novo lipid synthesis, and these results could be the
foundation for future work evaluating the role of CMA in
adipose tissue.

Discussion

The role of protein degradation in maintaining health in
young animals is often attributed to maintaining a “clean”
proteome by removing proteins that are damaged, dysfunc-
tional, or present in excess, thus maintaining the mouse

proteome in normal working order [43,44]. According to
this model, lysosomal proteolysis decreases with age, contri-
buting to age-associated declines in proteostasis and the
development of age-related disease [23,45]. Thus, restoration
of youthful levels of CMA or macroautophagy in aging tissues
has been tested as a strategy for delaying aging and associated
morbidities [17,45-47].

Our own results suggest an alternative paradigm: when
enhanced in adult mice, as it is in ghr KO and Snell dwarf
mice, CMA promotes longevity, not only by “cleaning” the
proteome or degrading proteins whose accumulation might
lead to disease but instead by shaping molecular pathways
that fundamentally influence the rate of aging. In this model,
elevated CMA reduces the abundance of normal functioning
proteins, through selective degradation, to influence specific
molecular pathways. Snell dwarf mice, which have enhanced
CMA, show a reduction of two CMA-sensitive proteins [18],
CIP2A and MYG, in liver, kidney, and skeletal muscle, inde-
pendent of mRNA changes [24]. CMA directly targets CIP2A,
a positive regulator of MYC abundance, and thus CMA indir-
ectly regulates MYC levels through CIP2A [18]. Mice hemi-
zygous for the myc gene are long-lived [48], suggesting one
possible connection between the elevation of CMA in Snell
dwarf mice and their exceptional longevity [24,48]. We now
report that ghr KO liver lysosomes have increased degradation
of ACLY and ACSS2. These proteins decrease in ghr KO liver
and I-WAT, and their abundance is highly sensitive to CMA
function in NIH3T3 and AML12 cells. Loss of function in the
homologs of either ACLY or ACSS2 is sufficient to extend
lifespan in Drosophila [34,49,50], despite the partially over-
lapping roles for these proteins in nucleocytosolic acetyl-coA
synthesis. There is currently intense interest in whether che-
mical inhibition of ACLY can promote healthy aging in mice
[51], and additional characterization of the role of ACLY in
mammalian longevity will help to define a role for CMA in
regulating mammalian aging.

Our proteomics data also suggest that ghr KO mice show
enhanced lysosomal degradation of EEF2, with a reduction in
EEF2 protein levels in the liver. EEF2 is the primary regulator
of translation elongation rate, and an important modulator of
translation fidelity [52,53]. Decreasing EEF-2/EEF2 activity
increases translation fidelity in C. elegans and cultured
human cells [54]. While translation fidelity does not decrease
as a function of age in mammals [55], enhanced translation
fidelity has co-evolved with mammalian longevity, in the
sense that cultured dermal fibroblasts from long-lived mam-
mals have fewer translation errors than those from short-lived
mammals [56]. Dampening EEF-2 activity to promote trans-
lation fidelity is necessary for lifespan extension in C. elegans
in response to nutrient restriction [54]. A recent study identi-
fying a role for CMA in regulating translation initiation fac-
tors did not find an effect of CMA on EEF2 levels in human
breast cancer cells [19]. Whether the disparity between our
results with mouse liver and the data on human breast cancer
cells is attributable to species-specific or tissue-specific differ-
ences, or the effects of neoplastic transformation, will require
additional analysis.

CMA regulates the abundance of many neurodegenera-
tion-associated  proteins, including SNCA/a-synuclein,
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Figure 10. CMA regulates lipid droplet accumulation through ACLY and ACSS2. (A) NIH3T3 cells were stained with BOPIDY (lipid droplets) and Hoechst (DNA), 96 h
after transfection with the indicated siRNAs. Scale bars: 10 pm. (B) Western blot validation for knockdown efficiency for siRNAs against Lamp2a, Acly, and Acss2. (C)
Quantification of BOPIDY staining intensity across whole fields of confluent cells, imaged with identical exposure times, with no post-acquisition image adjustment.
Four fields for each of four experimental repeats are pooled, for a total of 16 data points for each group. (D) Western blot validation for knockdown efficiency for
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MAPT/Tau, HTT (huntingtin), APP (amyloid beta precursor
protein), LRRK2, and TARDBP/TDP-43 [23,57-61]. Rats with
reduced CMA in the brain quickly exhibit death of dopami-
nergic neurons in the substantia nigra and display Parkinson's
disease-like motor symptoms [22]. Mutant forms of SNCA
(identified in human Parkinson's disease patients) resist
degradation by CMA and bind to the LAMP2A receptor,
blocking other peptides from being degraded by CMA, caus-
ing proteotoxic stress [62]. Overexpression of LAMP2A (the
rate-limiting component of CMA) in the rat brain protects
against SNCA mediated neurodegeneration [17]. CMA-
activating chemical derivatives of atypical retinoids delay pro-
tein aggregation and behavioral changes in mouse models of
Alzheimer’s disease [63]. The clear role of CMA in controlling
the abundance of neurodegeneration-related proteins has dri-
ven efforts to discover CMA activating drugs, by our group
and by others. Here, we have shown that CMA-activating
drugs (inhibitors of class I PI3K) can reduce the abundance
of proteins involved in nucleocytosolic acetyl-coA production,
a pathway implicated in regulating the pace of aging
[34,49,50]. Future studies using class I PI3K inhibitors or
other CMA activating drugs to modulate pathways implicated
in the basic biology of aging in vivo, and in the pathogenesis
of age-dependent diseases, will be vital to address the funda-
mental question of whether or not enhancing CMA is a viable
strategy for boosting human longevity.

Studies investigating CMA targets often emphasize the
importance of KFERQ motifs in substrate recognition.
While the majority of proteins in the mouse proteome con-
tain a KFERQ motif [14], recent work suggests that CMA is
sufficient to modulate the abundance of only a small subset
of the proteome, clustering into specific pathways [19]. Our
data support the model where CMA regulates a small and
specific set of proteins. Our data are consistent with the idea
that CMA may participate in the turnover of a substantial
portion of the proteome but is not sufficient to create sig-
nificant changes in the steady state abundance of most pro-
teins (Figure 3A). This is likely to reflect multiple
mechanisms of control in protein abundance at the levels
of transcription, translation, and degradation. HSPAS8 binds
efficiently to proteins without binding partners [64]. Thus,
CMA might play an important role in maintaining appro-
priate stoichiometry of protein complexes, without mean-
ingfully changing the total abundance of the functional
complex. However, additional analysis is needed to test this
possibility.

HSPAS8 is thought to be the primary substrate selector for
both  CMA and endosomal microautophagy [5,38].
Interestingly, we found that in cultured NIH3T3 cells, both
CMA and endosomal microautophagy are required to regulate
the abundance of ACLY, ACSS2, and ACACA. Based on our
limited data from evaluating endosomal microautophagy sub-
strate PPID, the poulfl and ghr KO mutations and the CMA-
activating class I PI3K inhibitors do not seem to be sufficient
to activate endosomal microautophagy [24,26]. However,
a more thorough analysis of changes to endosomal microau-
tophagy in response to CMA activating mutations and drugs
could prove to be an interesting line of investigation for future
studies.  Additional work on  whether endosomal

microautophagy activating interventions are sufficient to reg-
ulate the CMA target proteins identified in this study could
also prove valuable.

In conclusion, this study has identified a novel role for
CMA in regulating nucleocytosolic acetyl-coA-producing
enzymes ACSS2 and ACLY. Our findings suggest that CMA
regulates lipid accumulation by controlling the abundance of
ACLY and ACSS2. Even more significantly, the proteomics
data generated in this study provide a wealth of possible
directions for new research into how selective lysosomal pro-
teolysis regulates the abundance of ribosomal proteins and
translation elongation factors in long-lived mice. Differences
in the lysosomal membrane composition between ghr KO and
control mice also offers new research directions into possible
regulators of CMA.

Materials and methods
Antibodies

Commercially available antibodies are listed below. Some
antibodies were validated by the vendors by knock out
(KO), siRNA knockdown, or overexpression of a tagged pro-
tein, and this is indicated where applicable:

ACACA/ACCI (Cell Signaling Technology [CST]), 4190S;
rabbit host; Lot 4; siRNA validated for specificity from
ACACB/ACC2), ACADL (AbCam, 196,655; rabbit host; Lot
GR224119-15), ACLY (AbCam, 40,793; rabbit host; Lot
GR3244069-3; KO validated), ACO1 (AbCam, 183,721; rabbit
host; Lot GR153729-5; KO validated), ACSS2 (CST, 3658S;
rabbit host; Lot 2), ACTB/B-Actin (CST, 8457 L; rabbit host;
Lot 7), ATG5 (AbCam, 108,327; rabbit host; Lot GR3202986-
8; KO validated), CHMP3/VPS24 (AbCam, 175,930; rabbit
host; Lot GR136727-4), CTSD/cathepsin D (AbCam, 75,852;
rabbit host; Lot GR260148-28), ENO1 (CST, 3810S; rabbit
host; Lot 2; KO validated), FASN (AbCam, 22,759; rabbit
host; Lot GR3192402-1; KO validated), GAPDH (CST,
2118S; rabbit host; Lot 14), H3 (AbCam, 176,842; rabbit
host; Lot GR3277361-2), HSPA8/Hsc70 (AbCam, 154,415;
rabbit host; Lot GR307969-3), IDH1 (AbCam, 172,964; rabbit
host; Lot GR130705-18; KO validated), LAMP1 (AbCam,
24,170; rabbit host; Lot GR3255586-1), LAMP2A (AbCam,
125,068; rabbit host; Lot GR23784-34), MAP1LC3B/LC3
(CST, 2775S; rabbit host; Lot 12), OXPHOS cocktail
(AbCam, 110,413; mouse host; Lot L6699), SQSTM1/p62
(CST, 5114S; rabbit host; Lot 6; validated by overexpression
of a tagged protein), TSG101 (AbCam, 125,011; rabbit host;
Lot GR299332-27), VPS4A (AbCam, 180,581; rabbit host; Lot
GR3258605-1).

For western blots, most antibodies detected a single band
at the expected molecular weight. For the ACO1 antibody,
two bands were detected, and the band near the 100-kDa
predicted molecular mass was shown.

ATGS is predominantly present as a covalently-joined het-
erodimer with ATGI12 (55-kDa band). For most western
images, the ATG12-ATG5 heterodimer band is shown, as
indicated in the figures.

Antibodies for LAMP2A (AbCam, 125,068), TSG101
(AbCam, 125,011), and ACSS2 (CST, 3658S) were validated



by siRNA knockdown in this manuscript. All other antibodies
validated by siRNA knockdown in this study were previously
validated by knockout.

The OXPHOS cocktail (AbCam, 110,413) and LAMPI1
antibody are validated in this manuscript by the staining of
purified organelle fractions.

Cell culture

In all cell culture experiments, cells were passaged no more
than 20 times, after thawing the original stock from ATCC.
Cells were checked for mycoplasma contamination upon
thaw, returning a negative result each time. All cells were
maintained in a humidified 37°C incubator with 10% CO,
and ambient O,. Recipes for cell culture growth media were
obtained from the ATCC website. NIH3T3 cells were
obtained from ATCC (CRL-1658) and maintained in
DMEM (Gibco, 11,965,092) supplemented with 10% FBS
(Corning: 35-016-CV) and penicillin-streptomycin (Gibco,
15,070,063). AML12 cells were obtained from ATCC (CRL-
2254) and maintained in DMEM:F12 (Gibco, 11,320,033),
supplemented with insulin-selenium-transferrin  (Gibco,
51,500-056), 10% FBS (Corning, 35-016-CV), 40 ng/mL dex-
amethasone (Sigma: D4902), and penicillin-streptomycin
(Gibco, 15,070,063).

The KFERQ-Dendra2 plasmid was a gift of Ana Maria
Cuervo (Albert Einstein College of Medicine). The reporter
consists of the N-terminus of RNASE/RNAase A fused to the
photo-switchable fluorescent protein Dendra2, in a third-
generation pCCL lentiviral backbone, similar to what has
been reported in other studies [39,65,66]. Lentivirus for trans-
gene delivery was created by the University of Michigan BRCF
Vector Core. Cells were transduced with virus, using standard
techniques to generate stable lines.

CMA reporter

AMLI2 cells stably expressing the Dendra2 reporter were
seeded in 24-well plates with a cover-glass (Fisher,
1,254,580) dropped into each well. Cells were treated with
copanlisib (SelleckChem, $2802) for 10 h, washed with PBS
(diluted from 10x stock; Gibco, 70,011-044), and fixed in
a solution of 1% paraformaldehyde (Fisher, AC416780250),
1% sucrose (Fisher, 50-165-7045), in PBS, pH 7.2, for 7 min
at room temperature. Cells were rinsed twice with PBS,
stained with Hoechst (Sigma, 94,403), and mounted onto
microscope slides (Fisher, 12-550-343), using fluorescent pro-
tein mounting medium (GBI Labs, E18-18). Slides were dried
overnight at 4°C and were imaged the next day.

Dendra2 puncta were counted blind, with images analyzed
in random order, using our previously published methods
[26]. First, images were subjected to the Image] Max
Entropy thresholding algorithm to identify cells with suffi-
cient fluorescent protein expression to be counted. Then, the
number of puncta per cell were manually counted in unad-
justed images and recorded (because of uneven background,
automated counting is consistently less accurate than manual
counting). Cells were excluded from analysis if they were on
the edge of the image (such that a portion of the cytosol was
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outside the image, preventing an accurate count), or if their
cytoplasm overlapped substantially with another cell, prevent-
ing accurate quantification. The final results were unblinded
and tabulated by a different person than the one performing
the analysis. For each experiment, data were pooled from at
least three independent replicates.

Drugs for cell culture experiments

Drugs for cell culture experiments were obtained as follows:
Bafilomycin A; (Sigma, SML1661), MG132 (Sigma, M7449),
leupeptin (Sigma, 12884), and ammonium chloride (Sigma,
A4514).

Bafilomycin A; was used at a concentration of 160 nM for
all experiments. All other drug doses and incubation times are
indicated in the figure legends or directly in the figures.
Bafilomycin A; and MG132 were dissolved in DMSO
(Sigma, D2650). Copanlisib, which is not DMSO soluble,
was initially solubilized in a 10% trifluoroacetic acid (Sigma,
T6508)-90% water solution to a concentration of 2 mM and
then diluted with water to appropriate working stock concen-
trations. Leupeptin (Sigma, 1L2884) was solubilized in ster-
ile PBS.

For all drug treatments, the cells were maintained in
a complete growth medium, with serum, according to the
recipes specified above.

Drugs for mouse experiments

Leupeptin was dissolved in sterile PBS to a concentration of
25 mg/mL and administered by intraperitoneal injection at
a dose of 100 mg/kg, in a final volume of approximately
100 pL, as previously described [24,26].

Buparlisib (MedChem Express, HY-70063) was adminis-
tered at a dose of 50 mg/kg. Buparlisib was dissolved in NMP-
PEG300 (10% N-methylpyrrolidone [Sigma, 270,458], 90%
polyethylene glycol 300 [Sigma, 90,878]) to concentrations
of 15 mg/mL so that the final volume delivered to each
mouse was approximately 100 pL. To dissolve the drug, the
solution was passed through a 23-gage needle repeatedly, until
clear. Buparlisib solution was aliquoted, stored at —80°C, and
thawed immediately before use. Drugs were administered by
oral gavage at approximately the same time every day for one
week prior to leupeptin injection and lysosome isolation.

Lysosome isolation

Mice were dissected at approximately the same time for each
experiment (between 9 and 10 AM, with the dark period
ending at 6 AM). All mice were allowed free access to food
during the entire course of experimentation. Upon dissection,
mice were qualitatively assessed for the presence of food in
the stomach (and all mice used in the study had food in the
stomach).

Lysosome isolation was performed as we have described
previously [24,26]. Freshly dissected liver tissue was immedi-
ately washed in ice-cold PBS, until no visible blood remained.
All subsequent steps were performed at 4°C. Tissue was diced
with scissors and gently dounce homogenized (VWR, 62,400-
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595) in commercially available fractionation buffers (Thermo,
89,839). Nuclei, extracellular matrix, and unbroken cells were
removed by 10-min centrifugation at 500 x g. The post-
nuclear sample was mixed with iodixanol/OptiPrep (Sigma,
D1556) to a concentration of 15% OptiPrep and loaded onto
a discontinuous 17%-30% OptiPrep density gradient in ultra-
centrifuge tubes (Beckman Coulter, 344,057) for a 55Ti-SW
rotor (Beckman Coulter, 342,194). A 10% Optiprep layer was
laid over the sample, and the samples were subjected to
ultracentrifugation at 145,000 x g for 2 h in a Beckman
Coulter L-70 ultracentrifuge. During ultracentrifugation, the
sample is resolved into visible bands in the density gradient.
The visible band at the 10%-15% gradient interface is highly
enriched for lysosomal markers and was used for all experi-
ments. 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 resuspended in an isotonic MOPS-
sucrose buffer (10 mM MOPS [Sigma, M1254], 300 mM
sucrose, pH 7.2). Protein concentrations were measured by
BCA assay (ThermoFisher, 23,225), and all samples were
adjusted to the same protein concentration.

Microscope image acquisition and analysis

Microscopy was performed in the UM BRCF Microscopy
Core. Images were acquired with a Zeiss Axioplan2 micro-
scope equipped with Zeiss ApoTome for optical sectioning.
Image capture was performed with a Zeiss AxioCam MRm
camera. The objective lens used was a Zeiss Plan-NEOFLUAR
40x, with a numerical aperture of 0.75 (this lens requires no
immersion medium). The microscope was operated with Zeiss
Axiovision software. All microscopy was performed on fixed
samples at room temperature.

For each experimental replicate, equal numbers of images
for each experimental group were acquired on the same day,
using the exact same exposure settings and light intensity.
Image stacks were acquired with a 0.5 pm z-plane slice-
distance. Fluorescence quantification was performed in
Image], using raw, unadjusted images. Post-acquisition
image adjustment was only performed for display images
(i.e., only after analysis was complete), using Image] software.

Mouse stocks and husbandry

All animal experiments were approved by the University of
Michigan Institutional Animal Care and Use Committee.
Mice were housed in Specific Pathogen Free facilities, with
sentinel animals checked quarterly for infection (all tests were
negative). Mice had free access to food (5L0D; Lab Diet,
0067138) and water during the course of all experiments.
The ghr KO mice were produced by from a breeding stock
kindly provided by Dr. John Kopchick (Ohio University) and
were maintained by crosses between heterozygotes, on
a background that contains equal contributions from
C57BL/6 ] and C57BL/6 N. Snell dwarf homozygotes are
produced by a cross between homozygous males (DW/J-dw/
dw) that had been treated with hormones to promote sexual
maturation, and heterozygous females on a (DW/J x C3H/

HeJ]) F1 background. In each case, littermates were used as
control animals.

mMRNA isolation and quantification

RNA was isolated from NIH3T3 cells using a cultured cell RNA
isolation kit (Life Magnetics, CPC-0050). cDNA was synthe-
sized with an iScript cDNA synthesis kit (BioRad,1,708,891).
qPCR was performed with FAST SYBR Green Master Mix
(Applied Biosystems, 4,385,612), in an Applied Biosystems
Step One Plus Real-Time PCR Machine. Data acquisition was
performed using the manufacturer’s software.

Quantification intracellular lipid droplets

For lipid droplet staining in NIH3T3 cells, cells were grown
on coverslips and transfected with siRNA. Four days after
transfection, 5 uM BODIPY dye (ThermoFisher, D3922) was
added to the cell culture media, and cells were incubated
under normal conditions for 30 min. Cells were quickly rinsed
in PBS and then fixed in 4% PFA for 10 min. Coverslips were
rinsed twice with PBS, stained with Hoechst (Sigma, 94,430),
and then mounted to microscope slides with mounting med-
ium (GBI Labs, E18-18). Slides were dried overnight and were
imaged the next day.

Quantitative proteomics sample preparation

Lysosome samples were frozen/thawed twice before carrying
out in-solution digestion. Briefly, 0.2% PPS Silent Surfactant
(Protein Discovery, 21,011) in 50 mM ammonium bicarbo-
nate was added to lysosome samples (at 1:1 ratio volume to
volume). Proteins were heated at 95°C for 5 min, reduced
with dithiothreitol (Sigma, D0632) and alkylated with iodoa-
cetamide (Sigma, 11149). Sequencing grade modified porcine
trypsin (Promega, V5111) was used to digest lysosome sam-
ples (1 ug trypsin to 50 ug lysosome protein ratio) for 16 h at
37°C. Peptides were desalted with Oasis MCX cartridges
(Waters Corporation, 186,000,782) using the manufacturer’s
instructions and dried with a vacuum concentrator. Peptides
were reconstituted in 0.1% formic acid in water prior to mass
spectrometry acquisition.

Liver tissue powder samples were processed and digested
using S-Trap Micro Spin Column (Protifi, C02-micro-80)
following the manufacturer’s protocol. SDS (5%) lysis and
solubilization buffer were added to liver powder samples
and homogenized on ice using a sonicator probe. Protein
concentrations were determined using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, PI23227). Proteins were
digested at 1 ug trypsin to 25 ug protein ratio on S-Trap at
47°C for 1 h. Peptides extracted from S-Trap were dried with
a vacuum concentrator and reconstituted in 0.1% formic acid
in water prior to mass spectrometry acquisition.

Quantitative proteomics data-independent acquisition
mass spectrometry

Data were acquired using data-independent acquisition (DIA)
on a Thermo EASY-nLC 1000 and a Thermo Q-Exactive HF



orbitrap mass spectrometer. Peptides were separated using
PicoFrit Self-Packed Columns (360 um OD x 75 pm ID; New
Objective, Woburn, MA) packed to 30 cm with 3 um ReproSil-
Pur CI18 beads (ESI Source Solutions, r13.aq.0001). The trap
column was packed to 2 cm with same C18 beads using 360 pm
OD x 150 um ID fused silica capillary fritted with Kasil on one
end. Solvent A was 0.1% formic acid in water, and solvent B was
0.1% formic acid in 80% acetonitrile. For each injection, 1 pg of
sample was loaded and eluted using a 90-min gradient from 5%
to 45% B at 250 nL/min. DIA methods followed the chromato-
gram library workflow as described in detail previously [67]. All
lysosome samples were pooled in equal ratio to create
a lysosome library sample, and all liver tissue samples were
pooled in equal ratio to create a liver tissue library sample.
The library samples were used to generate chromatogram
libraries (one for each sample type) using the strategy described
by [68]. Thermo Q Exactive HF MS was used to acquire six gas
phase fractionated runs spanning a total mass range of 400 to
1000 m/z, each with staggered 4 m/z narrow precursor isolation
windows [69]. EncyclopeDIA software suite was used to gen-
erate a chromatogram library [67] and retention time models
for all peptides detected at 1% FDR determined by
Percolator [70].

For quantitative DIA run, equal amounts of protein were
used for each sample. A 24 x 24 m/z staggered window from
400.43190 to 1000.7048 m/z was used as described previously
[69]. EncyclopeDIA software suite was used to search the
chromatogram library with calibrated retention time and
quantify peptides and proteins in each sample.

RNA interference

siRNAs were acquired as follows: Medium GC content negative
control (Invitrogen, 465,372), Atg5 (Invitrogen, Atg5MS
$247019, 44,009,549), Tsgl01 (Invitrogen, Tsgl01MSS238580,
54,064,795), Acly (Invitrogen, AclyMSS200420, 54,479,077),
Acss2  (Invitrogen, Acss2MSS226952, 54,713,652), Lamp2a
(cocktail of two custom-designed Stealth siRNA duplexes from
Invitrogen; sequences: CAGCUCUGGGAGGAGUACUUAU
UCU and CAAGCGCCAUCAUACUGGAUAUGAG, com-
plexed to the reverse complement antisense sequences).
Transfections were performed using Lipofectamine RNAi
MAX (Invitrogen, 56,532), with transfections prepared in
OptiMEM (Gibco, 31,985-062), according to the manufacturer’s
instructions.

Statistical analysis

Proteomics analysis was performed in R Studio, using the
following packages, available from CRAN: Biobase, limma,
readxl, ggplot2, naniar, tidyverse, imputeLCMD, stats, and
PCAtools. The data were cleaned before expression analysis,
by removing proteins that were identified by mapping to
a single peptide. The data were normalized by the quantile
method. Missing values, which were highly left censored (i.e.,
most commonly found in low abundance proteins), were
imputed using the stochastic minimal value approach (in the
imputeLCMD package). Only proteins where less than 50% of
values are missing are considered by this method. Statistical
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comparisons were performed in limma, using empirical Bayes
statistics (documentation available at https://www.bioconduc
tor.org/packages/release/bioc/html/limma.html). To compute
moderated t-statistics, moderated F-statistic, and log-odds of
differential expression from a linear model fit, we employed
limma’s eBayes method, an implementation of empirical Bayes
moderation of the standard errors toward a global value. The
sigmaA2 prior (s2.prior) and degrees of freedom associated with
s2.prior (df.prior) are assigned automatically by eBayes by an
internal call to an additional limma function fitFDist, which
provides a moment estimation of the parameters of a scaled
F-distribution given one of the degrees of freedom.

Comparison strategies are shown in Figures 1A and 2A.
Display items were created with ggplot2, with minor adjustments
to fonts and legends in Adobe Illustrator. GO analysis was con-
ducted in R, using the goana function contained in BioConductor.

KFERQ motifs were identified using KFERQ finder V0.8
(http://ec2-18-188-198-152.us-east-2.compute.amazonaws.
com:3838/kferq/).

Statistical analyses and graph generation for cell culture
data and mouse western blot data were performed with
GraphPad Prism 8. Results of t-tests and 2-way ANOVAs
are reported directly in the figures or in the figure legends.
Unless otherwise stated, all t-tests are unpaired, with Welch’s
correction for unequal SD.
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