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Loss of Atg12, but not Atg5,
in pro-opiomelanocortin neurons
exacerbates diet-induced obesity

Ritu Malhotra," James P Warne,? Eduardo Salas," Allison W Xu,? and Jayanta Debnath'*
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Abbreviations: AGRP, agouti-related peptide; BAC, bacterial artificial chromosome; BafA, bafilomycin A;; BMD, bone
mineral density; CLAMS, Comprehensive Lab Animal Monitoring System; DEXA, dual energy X-ray absorptiometry; HBSS, Hank’s
balanced salt solution; HED, high-fat diet; LC3-II, phosphatidylethanolamine conjugated isoform of microtubule-associated protein
1 light chain 3; LEP, leptin; MAP1LC3, microtubule-associated protein 1 light chain 3; MEFs, mouse embryonic fibroblasts; NBR1,
neighbor of BRCALI gene 1; NPY, neuropeptide Y; PBS, phosphate-buffered saline; PE, phosphatidylethanolamine; pSTAT3,
phosphorylated form of signal transducer and activator of transcription 3 (acute-phase response factor); POMC/ACTH,
pro-opiomelanocortin-a (in mice), proopiomelanocortin (in humans); SQSTM1/p62, sequestosome 1; SV40Tag, simian virus 40 T
antigen; UBL, ubiquitin-like molecule.

The autophagy-related proteins ATG12 and ATG5 form a covalent complex essential for autophagy. Here, we
demonstrate that ATG12 has distinct functions from ATG5 in pro-opiomelanocortin (POMC)-expressing neurons. Upon
high-fat diet (HFD) consumption, mice lacking Atg72 in POMC-positive neurons exhibit accelerated weight gain,
adiposity, and glucose intolerance, which is associated with increased food intake, reduced ambulation, and decreased
LEP/leptin sensitivity. Importantly, although genetic deletion of either Atg72 or Atg5 renders POMC neurons autophagy-
deficient, mice lacking Atg5 in POMC neurons do not exhibit these phenotypes. Hence, we propose nonautophagic

functions for ATG12 in POMC neurons that counteract excessive weight gain in response to HFD consumption.

Introduction

Macroautophagy (hereafter called autophagy) is an evolution-
arily conserved lysosomal degradation process crucial for cellular
homeostasis and adaptation to stress; it is tightly controlled by
highly conserved molecules, called autophagy-related proteins or
ATGs." Several core ATGs are required for 2 ubiquitin-like
conjugation pathways that mediate autophagosome formation.
The first involves the ubiquitin-like molecule (UBL), ATG12,
which is activated by the El-like enzyme ATG7, transferred to
the E2-like enzyme, ATG10, and ultimately conjugated to
ATGS5.” In the second pathway, the UBL Atg8 (for which,
MAPILC3 [microtubule-associated protein 1 light chain 3] is a
chief mammalian ortholog), is conjugated to the lipid phospha-
tidylethanolamine (PE) by ATG7, and the E2-like enzyme
ATG3.? Notably, the ATG12-ATG5 complex provides an E3-
like activity that mediates the efficient PE-lipidation of
ATG8.*% Importantly, genetic deletion of any of the individual
ATGs in these pathways renders a cell or organism autophagy-
deficient.®®
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Although the ATGs in these conjugation pathways are essen-
tial for autophagy, recent evidence indicates these proteins may
also mediate autophagy-independent functions.”'® For example,
although the principal substrate for the UBL ATG12 is ATGS5,
resulting in the ATG12-ATGS5 complex required for autophagy,
recent work demonstrates that ATG12 is also conjugated to
ATG3. Notably, disruption of ATG12 conjugation to ATG3
does not impact starvation-induced autophagy; rather, loss of
ATGI12-ATG3 affects mitochondrial morphology and homeo-
stasis'' Furthermore, the unconjugated form of ATG12 can bind
and inactivate BCL2 via an unique BH3 like motif, which
directly promotes mitochondrial apoptosis.'> Together, these
studies implicate ATG12 in cellular functions other than its
canonical role in autophagosome formation."?

To further dissect the functions of ATG12 in vivo, we gener-
ated complete and conditional Azgl2-deletion mice. Similar to
atg5 deficiency, complete azgl2-null animals die on postnatal d
1, corroborating an essential role for the ATG12-ATG5 complex
and autophagy during the neonatal period. Because Azgl2 tran-
scripts were highly enriched in the developing hypothalamus and
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pituitary, we compared the effects of Azgl2 versus Azg5 genetic
deletion in cells expressing POMC/ACTH (pro-opiomelanocor-
tin-o) that reside in the hypothalamus and pituitary. In the brain,
POMC-derived anorexigenic neuropeptides inhibit food intake
and increase energy expenditure in response to circulating hor-
mones, such as LEI’/lf:ptin.14’15 Loss of POMC function in both
rodents and humans results in severe hyperphagia and obesity, as
does genetic deletion of POMC neurons in mice, emphasizing
the importance of POMC in energy balance.'®'” Here, we dem-
onstrate that ATG12 and ATGS5 are both essendial for autophagy
in POMC neurons, yet the loss of ATG12 in POMC neurons
uniquely affects diet-induced obesity. Mice lacking Argl2 in
POMC neurons (z‘ltg12d€”]’0mc—Cre‘+ mice) have exacerbated
HFD-induced obesity arising from hyperphagia and reduced
energy expenditure. In contrast, mice lacking Azg5 in POMC
neurons (Atg5€k”Pomc—Cre+) do not exhibit accelerated body
weight gain or impaired LEP sensitivity in response to HFD.
Based on these results, we propose nonautophagic functions for
ATG12 in POMC neurons that prevent excessive weight gain in
animals upon HFD challenge.

Results

Mice lacking Azg12 exhibit neonatal lethality

We generated mice with loxP recombination sites flanking
exons 2 and 3 of mouse A#g/2 in order to conditionally target the
sequence encoding the ATG12 protein (Fig. 1A). These animals
were interbred with a ubiquitously expressed Cre transgenic strain
(Zp3-Cre)'® to excise the floxed allele, and subsequently, bred to
homozygosity to create mice that were completely null for Azg2
(atg12'/_). Primary mouse embryonic fibroblasts (MEFs) derived
from atng_/' animals lacked both free ATG12 and the ATG12—
ATGS5 complex (Fig. 1B). Furthermore, atg12'/' cells were
autophagy-deficient as evidenced by the complete absence of the
PE-lipidated form of MAP1LC3 (MAP1LC3-II/LC3-1I). Similar
to arg5”" mice,® argl2” mice were present in Mendelian ratios
during the late stages of embryonic development and were born
morphologically normal (Fig. 1A), but subsequently, all of the
atg12'/’ neonates rapidly died on postnatal d 1 (Fig. 1C). Similar
to atg5‘/‘ and arg/” ~ MEPFs, SV40Tag-immortalized atgl2‘/'
MEFs displayed a complete block in autophagic flux, both at
baseline and in response to starvation with Hank’s buffered saline
solution (HBSS), evidenced by the lack of LC3-I1, as well as the
accumulation of SQSTM1/p62 and NBR1, 2 autophagy cargo
receptors selectively degraded via autophagy (Figs. 1D to F). In
addition, athZ‘L cells exhibited increased SQSTM1 aggregation
following HBSS starvation (Fig. 1G). These findings confirm an
essential role for ATG12 in autophagy as well as for the ATG12-
ATGS5 complex in neonatal survival.

POMC-specific genetic deletion of AzgI2 or Atg5 does
not impact body weight of mice fed a regular diet

In situ hybridization analyses at E13.5 and E18.5 indicated
that Azg12, but not Arg5 transcripts, were highly enriched in the
pituitary and hypothalamus (Fig. S1). To further ascertain the

146 Autophagy

functions of ATG12 vs. ATGS5 in these tissues, we deleted Azg2
or Atg5 in Pomc-expressing cells. We confirmed hypothalamic
Pomc neuron-specific, Cre-mediated recombination in Atngfk”’
Pome-Cre™ and 1‘11,‘g5£k”])07m—Cﬂe‘Jr mice coexpressing an RFP
reporter  for  Cre-mediated  excision  (R26-LSL-tdRFP)
(Fig. S2A)."” Moreover, in the absence of Pome-Cre, Atgl 2flfand
Atg5f)f mice did not exhibit evidence of impaired autophagy in
the hypothalamus (Fig. S2B). Upon Pomc-specific, Cre-mediated
recombination, expression of the respective Azg isolated from
total hypothalamic tissue was reduced by approximately 60% in
both Atg]ZCkoPomc—Cre+ and Atg5[k”Pomc—Cr€+ mice (Fig. S2C).
Upon deletion of either Azg, we confirmed accumulation of both
SQSTML and ubiquitin in 95% to 100% of POMC neurons in
the hypothalamus, corroborating the specific and complete loss
of autophagy in the POMC neurons of both Azgl 2% Pomc-Cre*
and Atg5€k0P0mC—Cre+ animals (Figs. 2A and B). Nonetheless,
Atg12 Pome-Cre™ and Atg5™ Pome-Cre™ mice displayed similar
hypothalamic POMC neuron numbers as wild-type autophagy-
competent controls (Fig. 2C).

Multiple studies recently showed that Azg7 deletion in POMC
neurons causes increased body weight due to hyperphagia.”®** In
contrast, we did not observe any changes in body weight
(Fig. 2D), fat mass and adiposity (percent body fat), lean mass,
bone mineral density (BMD), and nose-to-anus length
(Fig. S2D to G) in Argl2” % Pome-Cret and 1‘1tg5£k”])0nfw—CreJr
mice fed a normal chow diet. Moreover, we observed similar
body weight gain in both male and female Azgl2%* Pome-Cre*
and Atg5”k”Pomc-Cre+ mice on normal chow (Fig. S2H). Pitui-
tary corticotrophs express Pomc, the cleavage of which yields
mature POMC that promotes the synthesis of glucocorticoids
(corticosterone in mice) from the adrenal. Since pomc-null mice
have undetectable plasma corticosterone concentrations,>> we
measured plasma corticosterone as a proxy measure of cortico-
troph POMC function. We detected no differences in morning
(circadian trough) corticosterone concentrations in unstressed
1‘11,‘g12[k0P07}'1c—C;’eJr and Atgfkol’omc—C;’ejL mice when compared
to respective control littermates and no differences in pituitary
Pome expression (Fig. S2I to K), suggesting corticotroph POMC
function was globally intact.

High-fat diet promotes adiposity and reduces energy
expenditure in Atgl12*’Pomc-Cre™ mice, but not Azg5™
Pome-Cre* mice

To evaluate the effects of Pome-specific Argl2 or Atg5 deletion
on the development of diet-induced obesity, we placed mice on a
HFD for 10 wk. Although Azg12?*’Pome-Cre™ and Atg5™ Pome-
Cre* mice on HFD both showed defective autophagy in hypo-
thalamic POMC neurons, as evidenced by SQSTM1 accumula-
ton (Fig. S3A), POMC-specific Argl2 deletion distinctly
impacted HFD-induced obesity. Ag1 2 Pomc-Cre™ mice gained
body weight more rapidly than control littermates (Fig. 3A),
exhibiting 40% more body weight after 10 wk on HFD
(Fig. 3B). This body weight gain was reflected in greater fat mass
and adiposity (Fig. 3C) without any effects on lean mass
(Fig. 3D), BMD (Fig. S3B) or nose-to-anus length (Fig. S3C).
Accordingly, Atg12%* Pome-Cret  mice were more glucose
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Figure 1. Generation of Atg12 gene-targeted mice. (A) Schematic representation of the targeting vector and the targeted allele of the atg12 gene. The
coding exons are depicted in black boxes. Right: Photograph of a representative atg72” neonate and Atg12™* (WT) littermate. (B) Immunoblotting with
antibodies against ATG12, ATG5, and LC3 in protein lysates derived from primary MEFs from the indicated genotypes. (C) Genotyping of animals pro-
duced from intercrosses of Atg12*" mice. (D-F) SV40Tag-immortalized MEFs of the indicated genotypes were starved with HBSS for 3 h, lysed, and sub-
jected to immunoblotting with antibodies against LC3 (D), SQSTM1 (E), NBR1 (F), and GAPDH as a loading control. When indicated, cells were treated
with 10 nM bafilomycin A; (BafA) for 30 min prior to lysis in order to assess LC3-Il turnover in the lysosome. (G) SV40Tag-immortalized MEFs of the indi-
cated genotypes were HBSS starved for 4 h, fixed and immunostained with anti-SQSTM1 antibody. TUBA, tubulin.
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Figure 2. Effects of POMC-specific Atg12 and Atg5 deletion on body weight in mice fed a normal chow diet. (A) Accumulation of SQSTM1 (red) in POMC
(ACTH, green) positive neurons confirms defective autophagy in hypothalamic POMC neurons of Atg12%°Pomc-Cre™ and Atg5%“°Pomc-Cre* mice. Bar =
500 wm Right: Quantification of the percentage of POMC neurons positive for SQSTM1 accumulation (n=4 for each genotype). (B) Accumulation of ubig-
uitin (green) in POMC (ACTH, red) positive neurons in hypothalamic POMC neurons of Atg12%°Pomc-Cre™ and Atg5%°Pomc-Cre™ mice. Bar = 500 pm
Right: Quantification of the percentage of POMC neurons positive for ubiguitin accumulation (n=4 for each genotype). (C) POMC neuron quantification
in Atg12** vs. Atg12*°Pomc-Cre™ mice (n=5 for each genotype), and Atg5t'" vs. Atg5“°Pomc-Cre* mice (n=6 for each genotype). Sections from the
arcuate nucleus of 15-wk-old mice were quantified. (D) Body weight curves for Atg12+/* (n=14 ) vs. Atg12*°Pomc-Cre* mice (n=10), and Atg5™'* (n=10
) vs. Atg5%°Pomc-Cre™ mice (n=8 ) maintained on normal chow. For all experiments, control mice are Pomc-Cre-expressing wild-type littermates (Atg12"
+ or Atg5™'"). n.s., nonsignificant. Data represent the means + SEM.
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Figure 3. High fat diet promotes greater adiposity in Atg12%*°Pomc-Cre™, but not Atg5“°Pomc-Cre™, mice. (A) Images of the indicated genotypes at 12 wk
of age on a HFD. (B) Body weight curves for Atg12*/+ (n=10) vs. Atg12%°Pomc-Cre* mice (n=7 ), and Atg5*'* (n=13 ) vs. Atg5%°Pomc-Cre™ mice (n=11).
(C) DEXA analysis for % fat in Atg12%°Pomc-Cre™ mice vs. Atg12™"* mice (left, n=5 for each genotype), and Atg5™'* vs. Atg5%°Pomc-Cre* mice on HFD
(right, n=7 for each genotype) on HFD for 8 wk. (D) DEXA analysis for lean mass in Atglzc’“’Pomc-Cre+ or AthC’“’Pomc-Cre+ mice on HFD for 8 wk. (E) Glu-
cose tolerance tests for Atg12%°Pomc-Cre™ vs. Atg12+/* mice (left, n = 7 for each genotype) and Atg5%°Pomc-Cre™ vs. Atg5+/* (right, n=7 for each geno-
type) on HFD. GTT was analyzed at 8 wk of age. (F) CLAMS analysis of food intake during the light and dark cycle in 15-wk-old in Atg72*/* (n = 5) and
Atg12%°Pomc-Cre™ (n = 5) mice and Atg5t* (n=5) vs. Atg5%“°Pomc-Cre™ (n=5 ) mice on HFD for 10 wk. (G) CLAMS analysis of total movement during
the light and dark cycle of Atg12%/* vs. Atg12*°Pomc-Cre* mice, and Atg5*'* vs. Atg5%°Pomc-Cre™ mice on HFD for 10 wk. (H, I) CLAMS analysis of oxy-
gen consumption (VO,) and carbon dioxide elimination (VCO,) during the light and dark cycle of Atg12%* vs. Atg12%“°Pomc-Cre™ mice, and Atg5™'* vs.
Atg5%°Pomc-Cre™ mice on HFD. Values were normalized to lean body mass. For all experiments, control mice are Pomc-Cre-expressing wild-type litter-
mates (Atg12+/" or Atg5+'"). n.s., nonsignificant. Data represent mean = SEM.

intolerant (Fig. 3E) than controls, but they did not show signifi-
cant changes in whole-body insulin resistance (Fig. S3D). The
weight gain of Atg127’Pomc-Cre™ animals fed HFD was associ-
ated with increased food intake (20% increase) and lower
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ambulatory activity (30% decrease) in the dark cycle (Figs. 3F
and G), while oxygen consumption (VO,) and carbon dioxide
elimination (VCO,) remained unchanged (Figs. 3H and I). In
stark contrast, z‘lthCk”I"omt—CreJr mice fed a HFD showed no
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alterations in any of these parameters when compared to control
littermates (Figs. 3D to I and S3B and C).

Atgl2 deletion in POMC neurons impairs LEP/leptin
sensitivity and Pomc expression in HFD-fed mice

The anorexegenic functions of POMC neurons in vivo are
partly controlled by LEP released in proportion to body energy
levels, resulting in reduced appetite and body weight.***> To
ascertain differences in LEP sensitivity between Atg12? Pome-
Cret and Atg5™* Pomc-Cre™ mice, mice were first fed a HFD for
2 wk, a time point prior to any weight divergence between geno-
types; thereafter, they were subject to acute LEP treatment. In
POMC neurons, LEP activates the JAK-STAT3 pathway; hence,
we quantified the phosphorylation of STAT3 (pSTAT3) in
POMC neurons to assess LEP sensitivity.”® Azg12? Pomc-
Cre* mice displayed 2-fold fewer pSTAT3* POMC neurons
compared to both autophagy-competent wild-type controls and
autophagy-deficient 1‘Iz‘g5dwl’0;'nf—C;’fL mice after LEP treatment
(Fig. 4A, B). Importantly, blood LEP concentrations following 2
wk of HFD (and prior to acute LEP injection) were equivalent
between control, Atng[k”Pomc-Cre+ and Atg5”k”Pomc-Cre+ mice
(Fig 4C). Thus, ATG12 deletion in POMC neurons reduced
LEP sensitivity in mice acutely fed a HED for 2 wk.

Cellular LEP resistance results in decreased LEP-stimulated
Pome expression over extended time periods.”” Thus, we evalu-
ated how HFD affected Pomc mRNA expression in Atng”k”'
Pome-Cre™ mice over time. When mice were fed a HFD for 10
wk, we found 3-fold lower Pome mRNA expression in the hypo-
thalamus of Azgl2° ko Pome-Cre™ mice, but no differences in
mRNA expression of the orexigenic neuropeptides Agrp and Npy
(Fig. 4D). In contrast, Pomc expression differences were not
found in mice fed a HED for only 2 wk (Fig. 4E). Moreover,
Pomc mRNA expression in Atg5"koP0mc—Cre+ mice was similar to
controls at both 2 and 10 wk of HFD (Figs. 4D and E). Notably,
these Pomc mRNA changes were not attributable to reduced
POMC neuron number (Fig. 4F) or associated with increased
cleaved CASP3 as an indicator of apoptosis in POMC neurons
(Fig. S4). Thus, unlike cortical neurons where autophagy-defi-
ciency predisposes to cell death,’®" the deletion of Azgl2 or
Atg5 does not compromise the survival of POMC neurons in
mice, including animals on a HFD. Rather, upon initial chal-
lenge with a HFD, Azgl2-deficient POMC neurons exhibit lower
LEP sensitivity, thereby abrogating an important signal to pre-
vent excessive weight gain. Over longer periods of HFD feeding,
reduced hypothalamic Pome expression in Atgl2-deficient
POMC neurons contributes to increased body weight and
adiposity.

Discussion

Here, we demonstrate that the genetic deletion of Azgl2 in
POMC neurons accelerates body weight gain, disrupts energy
balance, and reduces LEP sensitivity in animals challenged with a
HEFD. Notably, our results exhibit certain similarities with previ-
ous reports of POMC-specific Azg7 deletion; for example, one
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study found increased weight gain and adiposity in HFD-fed ani-
mals, while another reported reduced LEP-induced STAT3 acti-
vation upon Azg7 deletion in POMC neurons.”"** Nonetheless,
in mice fed normal chow, our results using both Atg5[k”P0mf—
Cre* and Atg1 2 Pome-Cre™ animals starkly contrast with these
previous studies demonstrating that Az deletion in POMC
neurons causes increased body weight and adiposity.**** Rather,
we find that the genetic deletion of either Azgl2 or Atg5 in
POMC neurons does not promote weight gain or adiposity in
mice on a normal diet, despite the fact that these neurons exhibit
robust and complete autophagy ablation. Because ATG7 serves
as the El-like enzyme mediating ATG12 conjugation to ATG5,
these phenotypic differences suggest that ATG7 function in
POMC neurons may be independent of its established role in the
formation of the ATG12-ATG5 complex required for autoph-
agy. Although all of these previous studies construed that
impaired autophagy in POMC neurons was responsible for
increased body weight and adiposity, these conclusions were all
drawn from the singular analysis of ATG7. In the absence of any
comparisons to other ATGs, these studies would be unable to
parse whether these changes in hypothalamic energy balance
were due to autophagic versus nonautophagic functions for
ATG7 in POMC neurons. Notably, nonautophagic functions
have been described for ATG7 similar to ATG12; during nutri-
ent starvation, ATG7 promotes TRP53 (TP53 in humans)/p53-
dependent transcription and cell cycle progression independently
of its E1-like enzymatic activity.

Most importantly, our studies provide genetic evidence that
ATG12 mediates ATG5-independent, nonautophagic functions
in POMC neurons in vivo. In mice fed a HFD, we demonstrate
that ATG12 deficiency in POMC neurons exacerbates HFD-
induced obesity. Because POMC neuron deficiency in ATG5
does not elicit a similar phenotype, the absence of the ATG12-
ATGS5 complex in POMC neurons is not responsible for
increased body weight gain on HFD. Moreover, the loss of
ATGI12 and ATGS5 both cause robust SQSTM1 and ubiquitin
accumulation in POMC neurons, indicating that these cells
exhibit complete autophagy deficiency. Taken together, we con-
clude that the effects of ATG12 deficiency on HFD-induced obe-
sity are not due to the lack of autophagy or the absence of the
ATG12-ATG5 complex; rather, ATG12 mediates autophagy-
independent functions in POMC neurons that counteract exces-
sive weight gain in response to HFD consumption.

In addition to ATGS5, other conjugation targets for ATG12
have been described."" Although a currently unidentified ATG12
conjugation target may be functionally significant in POMC
neurons, it is important to recognize that ATG7 is the only
known El-like enzyme mediating these ATG12 conjugation
events.'' Hence, the discordant phenotypes observed upon Azg12
vs. Atg7 deletion in POMC neurons in vivo argue against this
possibility. Alternatively, one can hypothesize that unconjugated
ATG12 regulates POMC neuronal function. To date, the best-
characterized function of free ATGI12 is its ability to promote
apoptosis in response to diverse stimuli.'> However, since we do
not observe significant apoptosis in POMC neurons in control
animals, even when mice are challenged with a HFD, it is
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Figure 4. Atg12 deletion in POMC neurons impairs LEP sensitivity and Pomc expression in HFD-fed mice. (A) Control, Atg712%°Pomc-Cre™ mice and Atg5%
°Pomc-Cre, mice were fed a HFD for 2 wk and treated with LEP (3 mg/kg i.p. in PBS) for 45 min. LEP-induced STAT3 phosphorylation in POMC neurons
was analyzed by immunofluorescence using anti-phospho-STAT3 (Tyr705) (red, pSTAT3) and anti-POMC/ACTH (green) to detect POMC neurons. Bar =
100 pwm. (B) Percentage of POMC neurons positive for pSTAT3 was quantified from the indicated cohorts (n=4 for each genotype). (C) Blood LEP levels in
the indicated mice (n=4 for each genotype) following 2 wk HFD (D) mRNA expression of Pomc, Agrp and Npy in the hypothalamus of Atg12*/* (n=4),
Atg12%°Pomc-Cre™ (n=4 ) and Atg5™'* (n=5 ), and Atg5%°Pomc-Cre* mice (n=6 ) fed HFD for 10 wk. (E) mRNA expression of Pomc, Agrp and Npy in the
hypothalamus of mice fed HFD for 2 wk (n=4 for each genotype). (F) Quantification of POMC neurons in Atglf'“’ (n=5), Al’ngCk"Pomc-Cre+ (n=5) and
At‘gS*’Jr (n=5) and At‘ng“’Pomc—CreJr mice (n=5 ). Mice fed HFD for 10 wk were analyzed. n.s., nonsignificant. Data represent the means =+ SEM.

unlikely that free ATG12 promotes apoptosis in this hypotha-
lamic neuron population. Overall, elaborating the larger reper-
toire of biological functions mediated by ATGI12, both
conjugation dependent and independent, remains an important
topic deserving further scrutiny. With the increasing recognition
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that individual autophagy-related proteins possess nonautophagic

. 9,10
functions,

our studies underscore the importance of geneti-
cally interrogating multiple ATGs in order to validate whether a
phenotype arises from a general deficit in macroautophagy versus

the specific absence of an individual ATG.
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Materials and Methods

Animals

The generation of complete Azgl2 knockout mice (athZ’/’)
and conditional (Azg12”) mice is described in the supplemental
methods. AthZﬂ " animals were backcrossed for 5 generations
onto the C57Bl/6 background and then interbred with Pome-Cre
mice® to delete Atg12 in POMC neurons. Athﬂ ’ mice (C57Bl/
6) from Noboru Mizushima (University of Tokyo, Japan) © were
interbred with Pomc-Cre mice (C57Bl/6). R26-LSL-tdRFP
mice,"? kindly obtained from Hans Joerg Fehling (Ulm Univer-
sity, Germany), were used to confirm the Cre-mediated recombi-
nation of either Azgl2 or Atg5 in POMC neurons. PCR-based
microsatellite genotyping was performed in the UCSF Genomics
Core to verify equivalent genetic C57Bl/6 purity among strains
utilized for this study. Animals were fed either normal chow
(21.6% kcal from fat; Purina mouse diet, #5058) ad libitum or
transitioned to a HFD (60% kcal from fat, Research Diets,
D12492) at 4 wk of age. Mice were weighed weekly, and age-
matched littermates were used for all experiments. All experi-
ments were carried out under a protocol approved by the UCSF
Institutional Animal Care and Use Committee.

Cell culture

Dr. Noburu Mizushima (Tokyo University) generously pro-
vided Arg5™+ " and atg5‘/‘ MEFs (SV40Tag immortalized) and
Dr. Masaaki Komatsu (Tokyo Metropolitan Institute of Medical
Science) generously provided Asg7"* and azg7” MEFs
(SV40Tag immortalized). All MEFs were cultured in DMEM
(Invitrogen, 11965118) supplemented with 10% fetal bovine
serum (Atlas Biologicals, FP-0500-A), penicillin, and streptomy-
cin (UCSF Cell Culture Facility, CCFGK004). When indicated,
cells were nutrient starved for 3 h in HBSS (UCSF Cell Culture
Facility, CCFJ002); for assays to assess LC3-II turnover in the
lysosome, cells were treated with 10 nM bafilomycin A; (BafA,
Sigma, B1793).

Body composition and metabolic studies

Lean and fat mass were determined using dual energy X-ray
absorptiometry (DEXA) using a PIXImus II (Lunar Corp.) as
previously described.** To measure food intake, locomotor activ-
ity, oxygen consumption (VO,) and carbon dioxide elimination
(VCO,), singly housed mice were analyzed using CLAMS (Com-
prehensive Lab Animal Monitoring System, Columbus Instru-
ments) in the UCSF DERC Mouse Metabolism Core. For each
CLAMS experiment, Azgl2° % Pome-Cre™ or 1‘11,‘g56k0P0mc—Cm‘Jr
mice were directly compared to their respective wild-type litter-
mate controls.

Quantitative RT-PCR

Hypothalami were microdissected, RNA was extracted,
reverse-transcribed and PCR amplified (Step One Plus System,
Applied Biosystems, 437660) using TagMan® gene expression
assays (Argl2: Mm00503201_m1; Azg5: Mm00504340_m1;
POMC: Mm00435874_m1, AGRP: Mm00475829_g1; NPY:
Mm00445771_m1) and Universal PCR Master Mix (Applied
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Biosystems, 4304437). ACTB (B-actin, Mm00607939_s1) was

used to normalize expression.

Immunohistochemistry

Mice were transcardially perfused with 4% (w/v) paraformal-
dehyde (Electron Microscopy Sciences, 15710-S) in phosphate-
buffered saline (PBS; UCSF Cell Culture Facility, CCFAL001);
brains were removed, post-fixed (4% w/v paraformaldehyde),
infiltrated with 30% (w/v) sucrose (Fisher Scientific, BP220) in
PBS as 4°C overnight. Brains were cryosectioned (10-pm thick)
and immunostained with the following antibodies: POMC/
ACTH (National Hormone & Peptide Program, AB1-ACTH),
SQSTM1/p62 (Progen, GP62-C), pSTAT3 (Cell Signaling
Technology, 9131), ubiquitin (DAKO, Z0458), RFP (Abcam,
ab62341) or cleaved-CASP3 (Cell Signaling Technology, 9669).

Immunofluorescence

Coronal brain sections (10 pm) were incubated sequentially
for 10 min each in 0.3% (wt/vol) glycine (Sigma-Aldrich,
G8898) and 0.3% (wt/vol) SDS (Sigma-Aldrich, 14390). Sec-
tions were incubated with primary antibody overnight at 4°C,
washed, and incubated for 1 h at room temperature with Alexa
Fluor-conjugated  secondary antibodies (1:200; Invitrogen,
A11008, A21042, A11073). Fluorescence images were captured
using the using the 63X (1.4 NA) objective of a Zeiss Axiovert
200 microscope equipped with a mercury lamp (Carl Zeiss
Microscopy GmbH, Gottingen, Germany) and a Spot RT cam-
era (Diagnostics Instruments, Michigan, USA); images were
acquired using Metamorph (v6.0) software (Molecular Devices,
Sunnyvale, CA).

Immunoblotting

Cells were lysed in RIPA (1% Triton X-100 (Sigma, T8787),
1% sodium deoxycholate (Sigma D6750), 0.1% SDS (Sigma,
L6026), 25 mM Tris, pH 7.6, 150 mM NaCl, 10 mM NaF
(Sigma, RPS6776), 10 mM  B-glycerophosphate  (Sigma,
G9422), 1 mM NazVO; (Sigma, G9422), 10 nM calyculin A
(Sigma, C5552), and protease inhibitors cocktail (Sigma,
P8340)). Lysates were cleared by centrifugation for 15 min at
4°C, boiled in sample buffer, resolved using SDS-PAGE, and
transferred to PVDF membrane (Bio-Rad, 162-0177). The
membranes were blocked, incubated with the primary antibodies
indicated overnight at 4°C, washed, incubated with HRP-conju-
gated secondary antibodies (Fisher Scientific, NC9832458;
Fisher Scientific, NC9889490; Jackson ImmunoResearch Labo-
ratories, 711-035-152), and analyzed by enhanced chemilumi-
nescence (ECL, Pierce PI-32109). The ant-LC3 antibody
generated in our laboratory has been described previously and is
now commercially available (EMD Millipore, ABC232).%> Other
antibodies used for immunoblotting include: SQSTM1 (Progen,
GP62-C), NBR1 (Novus, NBP1-71703), ATG12 (Cell Signal-
ing Technology, 4180), ATG5 (Novus, NB110-53818), TUBA
(Sigma, T6199) and GAPDH (Santa Cruz Biotechnology,
sc-137179).
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In situ hybridization (ISH)
ISH was performed on 10-pm paraffin sections of E13.5 and
E18.5 embryos with digoxigenin-labeled probes as described.*®

Glucose and insulin tolerance tests

For glucose tolerance tests, mice were fasted for 4 h and
injected intraperitoneally with glucose (Sigma, G8270) (2.5 g/
kg). For insulin-tolerance tests, mice were fasted for 2 h, and
intraperitoneally injected with insulin (0.75 U/kg, Novolin R,
NDC 00169183311). Blood glucose was measured with a gluc-
ometer (Abbott Diabetes Care, Freestyle Meter, TSI70920A) at
the indicated times.

Blood collection for corticosterone EIA

Plasma corticosterone concentrations were measured from
blood samples collected in the morning (approximate time of cir-
cadian trough) from the tail vein; blood samples were collected
within 30 sec of the cage being opened to reduce the possibility
of stress-induced corticosterone secretion. Plasma corticosterone
concentrations were measured using EIA kit (Cayman Chemical,

NC9181635).

Statistics

The Student # test was used for pairwise comparisons and
ANOVA followed by post hoc tests was use for 3 groups or
more. For growth curves, repeated-measures ANOVA was used.
Data are expressed as mean = SEM and P < 0.05 was used as a
cut-off for statistical significance.
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