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Non-canonical lysosomal lipolysis drives
mobilization of adipose tissue energy stores
with fasting
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Physiological adaptations to fasting enable humans to survive for prolonged
periods without food and involve molecular pathways that may drive life-
prolonging effects of dietary restriction in model organisms. Mobilization of
fatty acids and glycerol from adipocyte lipid stores by canonical neutral lipa-
ses, including the rate limiting adipose triglyceride lipase (Pnpla2/ATGL), is
critical to the adaptive fasting response. Here we discovered an alternative
mechanism of lipolysis in adipocytes involving a lysosomal program. We
functionally tested lysosomal lipolysis with pharmacological and genetic
approaches in mice and in murine and human adipocyte and adipose tissue
explant culture, establishing dependency on lysosomal acid lipase (LIPA/LAL)
and the microphthalmia/transcription factor E (MiT/TFE) family. Our study
establishes a model whereby the canonical pathway is critical for rapid lipolytic
responses to adrenergic stimuli operative in the acute stage of fasting, while
the alternative lysosomal pathway dominates with prolonged fasting.

The metabolic adaptation to fasting enables humans to survive for
months without exogenous energy intake'?. However, the biology of
fasting may be relevant beyond starvation. Caloric restriction, includ-
ing when achieved by intermittent fasting, prolongs life in model
organisms ranging from yeast to mammals®. Yet, dysregulation of
pathways crucial to survival with starvation are maladaptive in other
contexts; indeed, whereas lipid stored in adipocytes is a critical energy
source during fasting, inappropriate lipolysis in obesity drives

lipotoxicity and insulin resistance in distant tissues such as the liver*. In
short, the tuning of adipocyte lipid turnover to systemic energy bal-
ance is an important determinant of metabolic homeostasis.

The canonical view of how adipocytes mobilize lipid stores
invokes the coordinated action of lipases, which release three fatty
acid chains and one glycerol backbone from each triglyceride
molecule’. Adipocyte triglyceride lipase (ATGL) cleaves the first fatty
acid chain and is considered rate limiting, followed by hormone
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sensitive lipase (HSL) and monoacylglycerol lipase (MGL)"’. The action
of lipases at the surface of adipocyte lipid droplets is regulated by
cAMP-dependent transduction of hormonal signaling and genetic
targeting of canonical lipases attenuates lipolytic release of fatty acids
in response to adrenergic stimuli®®*™. Consistent with the broader
importance of lipolysis to metabolic homeostasis, human mutations in
genes encoding members of this canonical pathway, including L/PE
(HSL) and PNLPA2 (ATGL), are associated with phenotypic manifesta-
tions that can include abnormal adiposity, systemic lipid derange-
ments, and insulin resistance'*".

The centrality of the canonical lipolysis pathway in adipocytes is
called into question by several observations. First, residual adipose
tissue lipolytic activity is detectable even when canonical lipases are
genetically targeted®”**. Second, efflux of triglyceride-containing
exosomes from adipocytes bypasses canonical lipases and can be
scavenged and metabolized by resident macrophages'. Third, across
fasting studies, genes encoding canonical lipases are not consistently
upregulated in adipose tissue within a time-scale that can support the
adaptive fasting response'”?°. We previously conducted a longitudinal
transcriptomics analysis of human subcutaneous adipose tissue during
a rigorously controlled prolonged inpatient fast and found that lipo-
lysis gene transcripts were unchanged or even declined with fasting,
whereas fasting augmented transcripts related to lysosomes and
lysosomal acid lipase (L/PA), the enzyme capable of digesting lipid at
the low pH in lysosomes'®. Such transcriptional data may not correlate
with either the levels or the functionality of lipases known to be
regulated by post-translational modifications* >, and therefore pro-
vide rationale to revisit fasting lipolytic mechanisms and functionally
test the hypothesis that an alternative lysosomal pathway is operative
in adipocytes during fasting.

Here, we used genetic and pharmacological approaches in cul-
tured adipocytes, adipose tissue explants, and murine models to test
for a lysosomal role in adipose tissue lipolysis with fasting. In murine
adipose tissue and adipocytes we discovered induction of a lysosomal
program with fasting. Pharmacological inhibition of lysosomal lipo-
lysis attenuated the fasting surge of lipolytic products into the circu-
lation of fasting mice as did the inducible adipocyte-specific genetic
targeting of the lysosomal lipase (Lipa/LAL), which was further
dependent on a microphthalmia/transcription factor E (MiT/TFE)-LIPA
regulatory axis. We also performed experiments in which we com-
pared the dynamics of the canonical ATGL-dependent lipolysis during
fasting to the lysosomal mechanism, finding distinct temporal roles
with dependency on the canonical pathway for rapid lipolytic
responses to adrenergic stimuli operative in the acute stage of fasting,
while the alternative lysosomal pathway dominated with prolonged
fasting.

Results

Prolonged fasting drives a lysosomal program in murine
adipose tissue

We first tested whether fasting activates a lysosomal program in
murine adipose tissue. We used a 24-hour fasting protocol, which
enabled timing the start and end of the fast in the morning just after
the nocturnal period of maximal caloric intake in mice. This resulted in
a reproducible increase in circulating lipolytic products in fasted 8-
week-old mice, including non-esterified free fatty acids (NEFA) and
glycerol (Fig. 1a). We performed immunoblotting of adipose tissue
samples from fasted mice, and we detected augmentation of the
lysosomal lipase (LAL) and members of the MIT/TFE transcription
factor family, which are regulators of lysosomal biogenesis and func-
tion: TFEB, TFE3, and MITF (Fig. 1b). By contrast, the canonical rate
limiting lipase, ATGL, was reduced in inguinal adipose (iWAT). The
analyses of gonadal adipose tissue (gWAT) were generally less dra-
matic (Fig. 1b). These protein-level data demonstrating a preferential
augmentation of lysosomal programs with prolonged fasting in

murine adipose tissue are directionally consistent with the transcrip-
tional signal previously observed in human adipose tissue'.

Next, we performed qPCR analyses of lipolysis genes in adipo-
cytes isolated from fed and fasted mice. Genes involved in lipogenesis
and those encoding canonical lipases trended down with fasting in the
adipocyte fraction, with Lipe reaching statistical significance. By con-
trast, fasting and refeeding resulted in the dynamic augmentation of
MiT/TFE family members and genes involved in lysosomal function,
including the lysosomal lipase (Lipa) (Fig. 1c, S1). For these analyses, we
applied the standard approach to isolating adipocytes with sequential
enzymatic digestion of adipose tissue, centrifugation, and collection of
floating, buoyant adipocytes®*. One consideration with this approach is
whether transcriptional changes are attributable to contaminating
cells from the stromal-vascular fraction, which include macrophages
that also have the capacity to catabolize lipid. Importantly, the
changes we observed in the adipocyte fractions were not robustly seen
in corresponding stromal-vascular fractions (Fig. S1). As an orthogonal
approach, however, we also studied in vitro models. We generated
adipocytes from 3T3L1 murine preadipocytes and by differentiation of
primary adipocyte progenitor (AP) cells”. We then restricted nutrients
and insulin in the standard adipocyte media, finding that the adipocyte
cultures remained viable and released fatty acids and glycerol into the
media consistent with lipolysis (Fig. S1). Shifts in the expression of
canonical lipolytic genes and lysosomal genes were directionally
consistent with primary adipocytes isolated from fasted mice relative
to fed controls: there was a relative down-regulation of canonical
lipolysis and lipogenesis genes and upregulation of lysosomal genes
including lysosomal lipase, Lipa (Fig. 1d). The surge in lysosomal genes,
including Tfeb, was not reflected in the stromal-vascular fraction with
fasting although both Tfeb and Lipa increased with refeeding (Fig. S1A,
C). The stromal-vascular fraction of adipose tissue is comprised of
heterogenous cell-types including macrophages, which are known to
be involved in adipose tissue lipid metabolism and may play a com-
plementary role in responding to the dramatic lipid fluxes occurring
with fasting/feeding transitions including those potentially mediated
by adipocyte-derived exosomes'®. These results therefore suggest
activation of a lysosomal gene expression program in adipocytes with
fasting, with the caveat that the in vitro nutrient restriction model does
not fully reflect the complex physiology of organismal fasting.

To test whether the lysosomal gene program with fasting trans-
lates into augmented lysosomal activity in adipose tissue, we per-
formed immunofluorescence microscopy of whole mount adipose
tissue from fed and 24-hour fasted mice. A blinded observer counted
LAMPI1-positive puncta in the peri-nuclear region of adipocytes, the
cytosolic compartment that forms a triangle-like shape, bordered by
the plasma membrane, the nucleus, and the perilipin-positive margin
of the dominant lipid droplet. Adipocytes from fasted mice displayed
an increase in the average number of putative LAMP1-positive lyso-
somes (Fig. e, f, S1). Given that it can be challenging to definitively
distinguish adipocyte nuclei from closely approximated stromal vas-
cular cells by light microscopy, we sought to assess for an association
between lysosomes and lipid droplets with an orthogonal method. We
performed an ELISA for the lipid droplet protein perilipin in lysosomal
preparations isolated from the adipocytes of fed and fasting mice.
Whereas perilipin was generally below the limit of detectability in
lysosome preparations from fed mice, we detected a surge in
lysosomal-associated perilipin in adipocytes collected from fasting
mice (Fig. 1g). Collectively, these data demonstrate augmentation of a
lysosomal program in adipose tissue and adipocytes with prolonged
fasting in mice.

Systemic pharmacological inhibition of lysosomal function
attenuates fasting lipolysis

Having demonstrated evidence of increased lysosomal markers in
adipose tissue with fasting, we first examined potential functional
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Fig. 1| Fasting drives a lysosomal program in murine adipose tissue. a Murine
model of fasting-induced lipolysis. Mice were fasted for 24 h and refed for 6 h
(C57Bl6 male n=35; female mice n=6 cont, 6 fast, 5 refed, 8-weeks-old). Statistical
significance was assessed by one-way ANOVA/Tukey’s test. Left: male serum glycerol:
*p = 0.03; male serum non-esterified fatty acids (NEFA): ***p < 0.0001. Right: female
glycerol: **p =0.0001, *p = 0.007; NEFA: ***p < 0.0001. When present error bars
indicate s.d.m. (a). b Inguinal (iWAT) and gonadal (gWAT) adipose tissue immuno-
blots for canonical lipase (ATGL), lysosomal transcriptional regulators (TFEB, TFE3,
MITF), and the lysosomal lipase (LAL). The control, fasting, refeeding protocol was
the same as in ‘a’. Note: tubulin controls run on different gels. ¢ qPCR of adipocytes
isolated from inguinal adipose tissue, including canonical lipolytic genes and lyso-
somal genes. Male n = 6 con, 5 fast, 6 refed; Female n = 6 con, 6 fast, 5 refed: *p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001, two-way ANOVA/Dunnett’s test. The control,
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fasting, refeeding protocol was the same as in ‘a’. d Heat-map comparing isolated
adipocytes (from C) to nutrient-restricted adipocyte cultures derived from primary
adipocyte progenitor (AP) cells (n =3 biological replicates) or 3T3L1 cells (n=3
biological replicates). e. Whole mount immunofluorescence staining for marker of
lysosomes (LAMP1) in adipose tissue. Arrow=putative LAMP1+ puncta indicating
lysosomes. LD=lipid droplet. N = nucleus. Scale =10 micron. N=5 control, 7 fasted
stained in this manner and used for blinded counting shown in ‘f’. f Blinded observer
counted perinuclear LAMP1+ puncta in perilipin+ adipocytes: n =5 control, 7 fasted;
two-sided T-test; error bars S.D.M. g Perilipin levels were measured by ELISA in
lysosome preparations from isolated adipocytes. Perilipin was undetectable in the
lysosome preparations from fed mice; therefore the lower-limit of the assay (0.055
ng/mL) was used for the purpose of the graph. Each dot represents one mouse, n=38,
significance assessed by two-tailed t-test; error bars S.D.M.

significance with pharmacologic lysosomal inhibition. We used two
lysosomal inhibitors: bafilomycin, an inhibitor of lysosomal acidifica-
tion, or lalistat2, an inhibitor of LAL. We included an ATGL inhibitor
(atglistatin) group in parallel. We treated mice for three days with twice
daily I.P. administration, timing a 24 h fast during the final day. Both
lysosomal inhibitors attenuated the fasting surge in NEFA, whereas we
detected no difference in mice treated with the ATGL inhibitor
(Fig. S2). By contrast, when we administered inhibitors prior to

isoproterenol—a classical lipolytic stimulus—atglistatin neutralized the
NEFA surge (Fig. S2). Bafilomycin also partially attenuated
isoproterenol-stimulated NEFA release, albeit not to the same degree
as atglistatin (Fig. S2). It was also notable that the effect of lysosomal
inhibitors was most evident in the NEFA measurements, with no sig-
nificant effect noted in glycerol measurements.

Given the discrepancy in patterning between serum glycerol and
NEFA lipolytic products and the possibility that systemic levels could
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Fig. 2 | Non-canonical lysosomal lipolytic mechanisms are functional with
prolonged fasting. a Schematic of adipocyte specific ATGL/Pnpla2loss of function
(KO) relative to control (FLOX), using mice that were 8-9 weeks old at study start.
Paired blood draws were used to assess the lipolytic response to adrenergic sti-
mulus (isoproterenol) and fasting. For panels d-h, data shown as mean, S.D.M.

b Change in plasma NEFA with isoproterenol (ISO) or fast. Significance for genotype
effect assessed by two-way ANOVA. FLOX male n=5; KO male n=7; FLOX female
n=35 with iso and n = 6 with fasting; KO female n=7. ¢ Change in plasma glycerol
with isoproterenol (ISO) or fast. Significance for genotype effect assessed by two-
way ANOVA. FLOX male n=5; FLOX female n=5; KO male n=7; KO female n=6.
d Change in body weight assessed by two-tailed t-test: FLOX male n=6; FLOX

female n =5; KO male n=7; KO female n=7. Significance assessed by two-tailed t-
test. e Terminal plasma ketone levels. FLOX male n = 6; FLOX female n = 5; KO male
n=7; KO female n = 6. Significance assessed by two-tailed t-test. f Terminal plasma
FGF21 levels. FLOX male n=5; FLOX female n=5; KO male n=7; KO female n=7.
Significance assessed by two-tailed t-test. g Terminal plasma glucose levels. FLOX
male n=5; FLOX female n =5; KO male n = 7; KO female n = 6. Significance assessed
by two-tailed t-test. h qPCR of isolated inguinal (iWAT) and gonadal (gWAT) adi-
pocytes for lipolysis and lysosome genes. FLOX n =10 (male n=5, female n=5; KO
n=13 (male n=7; female n = 6). Two-way ANOVA, **p = 0.008; **p = 0.0002;

***p < 0.0001. i Immunoblots for iWAT and gWAT adipose tissue collected at the
24-hour fasting timepoint. Note: tubulin controls run on different gels.

reflect complex metabolism of lipids and/or lipolytic products in non-
adipose tissues, we tested the inhibitors, in vitro, with adipose tissue
explants (Fig. S2). The two lysosomal inhibitors neutralized NEFA and
glycerol release in explants exposed to nutrient-restricted conditions,
whereas atglistatin had no detectable inhibitory effect (Fig. S2). We
also assessed the three drugs in the context of catecholamine expo-
sure. Atglistatin inhibited catecholamine-stimulated lipolysis, whereas
neither lysosomal inhibitor consistently modified the catecholamine
effect (Fig. S2). The in vitro nutrient restriction model does not fully
reflect the physiology of in vivo fasting and there is also concurrent
dynamic modulation of autophagy pathways that may be distinct from
the physiological regulation of lipolysis and therefore ex vivo lipolysis
experiments must be interpreted with caution. These collective data,
however, reaffirm the role of the canonical lipolytic pathway in rapid
lipolysis induced by an adrenergic stimulus and identify a potential
role for lysosome-dependent lipolysis with nutrient-restricted condi-
tions, in vitro, or with prolonged fasting, in vivo.

A limited role for ATGL in the mobilization of lipid from adi-
pocytes with prolonged fasting in mice

Given that systemic pharmacological inhibition of ATGL had no
detectable effect on lipolysis metrics with prolonged fasting, we re-
examined its functional role at the adipocyte level through genetic
targeting of the ATGL gene, Pnipa2. We used a previously pub-
lished model, crossing Adiponectin-Cre (Adipog-Cre) and Pnlpa2-
floxed mice to achieve adipocyte-specific ATGL loss of function

(KO=AdipoqCre”*;Pnpla2 ”/)(Fig. 2a)**. We also revised our pheno-
typing approach to maximize statistical power, performing repe-
ated blood sampling to assess within group changes in circulating
lipolytic products in response first to isoproterenol and then a
week later to a 24-hour fast (Fig. 2a). As with pharmacological
inhibition (Fig. S2), adipocyte-specific targeting of ATGL neu-
tralized isoproterenol-stimulated release of lipolytic products into
circulation (Fig. 2b, c¢). However, we did not detect an inhibitory
effect of ATGL loss of function on NEFA or glycerol with a 24-hour
fast (Fig. 2c). We observed modest attenuation of fasting weight
loss in male mice, but not in females (Fig. 2d).

We next examined additional metrics of the critical transition to
lipid metabolism, including systemic ketones and the prototypical
fasting hormone, FGF21. We observed no difference in ketones at the
24-hour time-point and FGF21 was modestly attenuated in male mice
(Fig. 2e, f). Fasting glucose was similar between the two groups
(Fig. 2g). With gPCR analyses of the adipocyte fractions, we detected
increased transcription of Mitf and a trend towards increased Tfeb
(Fig. 2h). Augmentation of lysosome-related factors was more evident
at the protein level in adipose tissue immunoblots, including TFEB and
LAL, raising the question of whether there was compensatory activa-
tion of a lysosomal program with targeting of the rate limiting cano-
nical lipase (Fig. 2i). It is possible that this compensatory lysosomal
program was more rapid in female mice given no apparent effect of
ATGL loss of function on either weight loss or FGF21 production in
female mice.
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Recognizing potential non-adipose tissue sources of systemic
NEFA levels, we next focused our testing of lipolytic responses to
ex vivo adipose tissue explant culture (Fig. S3). We studied tissues from
adipocyte-specific ATGL loss of function (KO=AdipogCre**;Pnpla2 )
and floxed controls. The response to 24 h of nutrient restriction was
statistically indistinguishable between control tissue and ATGL loss of
function tissue (Fig. S3). With short-term catecholamine stimulation,
however, adipocyte specific genetic targeting of ATGL neutralized
NEFA and glycerol release, consistent with inhibition of stimulated
lipolysis (Fig. S3). One question is whether the in vitro nutrient
restriction protocol was associated with induction of autophagy. While
we observed some evidence of dynamic regulation of autophagy genes
with nutrient restriction (Fig. S3), upregulation tended to be asso-
ciated with restoration of nutrients rather than the removal of nutri-
ents and the degree of change was generally not dissimilar from that
observed in adipocytes collected from fasting mice (Fig. S3). None-
theless, these data demonstrating release of lipolytic products from
adipose tissue despite genetic neutralization of ATGL/Pnpla2 in adi-
pocytes suggests possible functional involvement of non-canonical
pathways.

Overall, the results from adipocyte-specific genetic targeting of
ATGL were consistent with the non-targeted, systemic pharmacologic
experiments in demonstrating no detectable modulation of direct
lipolytic products with prolonged fasting, even though some indirect
metrics such as FGF21 release and weight loss were modestly atte-
nuated with ATGL loss of function in male mice. In the absence of an
obvious technical explanation (e.g. sex differences in Pnpla2 recom-
bination), it is possible that female mice exhibited more rapid fasting
activation of lysosomal mechanisms, obscuring effects of ATGL loss of
function at prolonged fasting timepoints. Therefore, our results rein-
forced the role of the canonical lipolytic mechanism in response to a
short-term adrenergic stimulus, while raising the question of whether
ATGL is operative during earlier phases of fasting.

Targeting transcriptional regulators of lysosomal function
attenuates fasting lipolysis

Given the limitations of targeting lipolysis pathways with pharmaco-
logical methods, which are not cell-type specific and have potential off-
target effects, we next sought to manipulate lysosomal pathways in
adipocytes with genetic methods, first focusing on candidate
upstream transcriptional regulators of lysosomal lipolysis. To facilitate
loss of function testing of a panel of candidate genes, we first per-
formed experiments in vitro in 3T3L1 cells, which are amenable to both
viral transgenesis and efficiently differentiate into adipocytes. Recog-
nizing that MiT/TFE transcription factors might also regulate adipo-
cyte differentiation, we used a doxycycline-inducible short hairpin
(sh)-RNA system to induce gene knockdown after differentiation
thereby minimizing confounding developmental effects (Fig. S4). We
tested inducible knockdown of Pnilpa2 (ATGL), Lipa, and MiT/TFE
transcription factors in parallel. Of the MiT/TFE transcription factors,
we examined Tfeb, Mitf, and Tfe3, all of which were dynamically regu-
lated at the mRNA and/or protein level in adipocytes from fasted mice
or adipose tissue respectively, but not Tfec as it was not consistently
expressed in 3T3L1 cells. Knockdown of Lipa and Tfeb demonstrated
the most reproducible effect on NEFA release with exposure to
nutrient-restricted conditions (Fig. S4). Only with the targeting of Tfeb
was statistical significance reached in the glycerol assay, although
trends were similar for the other MiT/TFE factors and Lipa (Fig. S4).
Targeting of Tfeb also resulted in the strongest negative regulation of
Lipa as assessed by qPCR (Fig. S4). At the protein level, targeting of
Tfeb and Mitf had the strongest attenuation of LAL levels as measured
by immunoblot (Fig. S4). As with pharmacological or genetic targeting
of ATGL in vivo (Fig. S2), knockdown of Pnipa2 in 3T3L1-derived cells
did not modify release of lipolytic products under nutrient-restricted
conditions. These data demonstrate that genetic targeting of Lipa or

the MIiT/TFE transcription factors in 3T3L1 derived adipocytes under
conditions of nutrient restriction inhibits lipolysis.

Primary adipocyte progenitor cells are proliferative in ex vivo
culture and are also amenable to viral transgenesis®*. Therefore, we
used a similar approach to achieve inducible knock down of lysoso-
mal genes after adipogenic differentiation (Fig. S4). Targeting of Tfeb
again had the most consistent inhibitory effect on NEFA release with
nutrient restriction, although there was a directionally consistent
trend for each of the MiT/TFE factors (Fig. S4). Assaying of the gly-
cerol surge revealed consistent, though not statistically significant,
trends in alignment with the NEFA result (Fig. S4). Targeting of both
Tfeb and Tfe3 attenuated the fasting surge in Lipa expression by qPCR
(Fig. S4). Collectively, our data in primary AP-derived adipocytes
demonstrated overlapping functionality of multiple MiT/TFE factors
in the regulation of Lipa expression and lipolysis with nutrient
restriction, although Tfeb targeting resulted in the strongest and most
consistent effect.

The profound inhibitory effect of targeting MiT/TFE factors with
nutrient restriction in adipocyte culture provided an orthogonal
strategy to target lysosomes in vivo, experiments of particular
importance given that in vitro nutrient restriction does not replicate
the integrated physiology of fasting. Amongst the MiT/TFE factors, we
prioritized TFEB-targeting based on a consistent and potent effect on
fasting-induced lipolysis with in vitro loss of function (Fig. S4), its
dynamic regulation with fasting in adipose tissue by immunoblot
(Fig. 1b), and precedent for TFEB regulation of lipid catabolism in
other tissues”. We used the previously published Tfeb-floxed mouse
and crossed it with the Adipog-CreER mouse to facilitate adipocyte-
specific loss of function in a temporally-controlled fashion (Fig. 3a)*.
Adipog™*;Tfeb” mice or floxed littermate controls were administered a
standard tamoxifen protocol by L.P. injection, followed by sequential
challenge with isoproterenol and a 24-hour fast, separated by a one-
week recovery period. TFEB loss of function attenuated the NEFA and
glycerol surge in serum after 24 h of fasting; however, isoproterenol-
stimulated lipolysis was not attenuated and if anything, slightly aug-
mented (Fig. 3b, c). Consistent with disruption of a TFEB-LIPA reg-
ulatory axis, we observed attenuation of both factors at mRNA level in
isolated adipocytes (Fig. 3d) and at the protein level in adipose tissue
(Fig. 3e). Residual TFEB in these samples may be due to signal from
non-adipocyte stromal-vascular cells. There was no corresponding
reduction in ATGL signal as might be expected if TFEB regulated both
Lipa and Pnpla2, and at the mRNA level there was evidence of aug-
mented canonical pathway gene expression in adipocytes, including
Pnpla2 and Mggl, suggesting a possible compensatory effect.

Diverse metabolic processes are often inter-connected, particu-
larly in the context of fasting where there is an orchestrated transition
from glucose to lipid metabolism, providing rationale to also examine
glucose metabolism and related pathways. We first moved beyond our
focus on lipolysis and lipid metabolism genes (Fig. 3d) and examined a
panel of glucose metabolic genes in adipocytes from the TFEB loss of
function model (Fig. 3f). At the transcript level, we observed differ-
ential expression of several genes including Srebp2, Foxol, Chrebp, and
genes encoding glucose transporters, most evident in inguinal adipo-
cytes. If TFEB was a direct transcriptional driver of these gene pro-
grams in adipocytes, one would expect their downregulation with
TFEB loss of function. However, many of the differentially regulated
genes were higher relative to control, which could be consistent with
compensatory responses. Indeed, if the glucose metabolism genes
were persistently active due to a delayed transition to lipid metabo-
lism, we reasoned that there would be physiological evidence of per-
sistent reliance on glucose metabolism at the systemic level. Indeed,
adipocyte-specific TFEB loss of function resulted in lower systemic
glucose levels with fasting (Fig. 3g). Since flux of adipocyte-derived
fatty acids is a critical source of substrate for ketogenesis, we mea-
sured ketones, finding reduced levels in both males and females
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Fig. 3 | Targeting transcriptional regulators of lysosomal function in adipo-
cytes attenuates lipolysis with prolonged fasting. a Schematic of tamoxifen-
inducible adipocyte-specific Tfeb loss of function (KO) relative to controls (FLOX),
using mice that were 8 weeks old at study start. Paired blood draws were used to
assess the lipolytic response to adrenergic stimulus (isoproterenol) and fasting. For
panels d and f-j, data show mean, S.D.M. b. Change in plasma non-esterified fatty
acids (NEFA) with isoproterenol (ISO) or fast: FLOX n=9 (6 male, 3 female); KO
n=13 (7 male, 6 female). Two-way ANOVA to assess genotype effect. ¢ Change in
plasma glycerol with isoproterenol (ISO) or fast. FLOX n=9 (6 male, 3 female); KO
n=13 (7 male, 6 female). ***p < 0.0001, two-way ANOVA to assess genotype effect.
d qPCR analyses of isolated adipocytes in control mice (FLOX) or adipocyte specific
Tfeb loss of function (KO) (n=9 FLOX; n=13 KO). Two-way ANOVA to assess gen-
otype effect. e Immunoblots of gonadal adipose tissues (gWAT) for LAL, TFEB, and

ATGL collected at the 24-hour fasting timepoint. Note: tubulin control was run on a
different gel. f qPCR analyses of glucose metabolism genes in isolated adipocytes
from control mice (FLOX) or adipocyte specific Tfeb loss of function (KO) mice
(n=9 FLOX; n =13 KO). Two-way ANOVA to assess genotype effect, *p < 0.05;

*p <0.0L; **p < 0.001; ***p < 0.0001. g Terminal plasma glucose in control mice
(FLOX) or adipocyte specific Tfeb loss of function (KO). FLOX n=9 (6 male, 3
female); KO n=13 (7 male, 6 female). Significance assessed by two-tailed t-test.

h Terminal plasma ketones in control mice (FLOX) or adipocyte specific Tfeb loss of
function (KO). FLOX n=9 (6 male, 3 female); KO n=13 (7 male, 6 female). Sig-
nificance assessed by two-tailed t-test. i Change in body weight. FLOX n=9 (6 male,
3 female); KO n=13 (7 male, 6 female). Significance assessed by two-tailed t-test.
j Terminal plasma fibroblast growth factor 21 (FGF21) levels measured by ELISA:
FLOX n=9 (6 male, 3 female). Significance assessed by two-tailed t-test.

(Fig. 3h). TFEB loss of function also resulted in attenuated body weight
loss (Fig. 31) and reduced plasma FGF21 in male mice (Fig. 3)), though
this protein effect was not reflected by qPCR analyses of the liver
(Fig. S4). By contrast, we did observe a reduction in liver expression of
Pparg and Hmgscl, both of which are involved in lipid metabolism
(Fig. S4). Despite dynamic changes in liver transcripts in response to
adipocyte-specific Tfeb targeting, we did not detect compensatory
changes in expression of Tfeb or lipolytic genes in the local stromal-
vascular fraction of adipose tissue (Fig. S4). Therefore, through in vitro
and in vivo genetic targeting of MiT/TFE transcription factors, we

provide orthogonal data implicating lysosomes in the lipolytic mobi-
lization of adipocyte lipid stores and in the systemic transition from
glucose to lipid metabolism with fasting. As with targeting of any
transcription factor, there are likely additional genes beyond those
involved in lysosomal biogenesis and function that are either directly
part of the TFEB-dependent transcriptional program or indirectly
modulated. While we did not find evidence for concomitant ATGL loss
of function with targeting of Tfeb as might be expected if TFEB was
directly regulating Pnpla2, this nonetheless provided rationale for
additional experiments focused directly on Lipa.
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Temporal transition from ATGL-dependent to LAL-dependent
adipocyte lipolysis with fasting

Our data implicating lysosomal lipolysis in fasting was collected using
a 24-hour fasting model, which represents a prolonged fast in mice.
Three questions are raised by the collective data implicating a lyso-
somal program in fasting adipocyte lipolysis: (1) is the lysosomal pro-
gram operative at stages of the adaptive fasting response earlier than
the 24-hour timepoint, (2) given prior evidence of a role for ATGL in
fasting lipolysis, is an ATGL loss of function effect detectable at earlier
stages in adaptive fasting, and (3) would genetic targeting of the spe-
cific lysosomal lipase (LAL) phenocopy adipocyte-specific targeting of
TFEB, the putative master regulatory of lysosomal function? To
investigate these questions, we first performed immuno-blots in adi-
pose tissues collected from fasting mice, but at earlier timepoints
(Fig. S5). In perigonadal and inguinal AT, the ATGL signal was pro-
gressively attenuated between 4 and 12 h of fasting, with detection of
LAL increasing between 8 and 12 h of fasting. No clear pattern of fasting
dependency was observed in brown adipose tissue (Fig. S5). This could
indicate differential regulation of lysosomal programs with fasting in
BAT reflecting the distinct physiological roles of BAT and WAT. Next,
we repeated our pharmacologic inhibition protocol, administering
vehicle, atglistatin, or lalistat2 to male mice prior to and during fasting,
but focused instead on measurement of blood NEFA and glycerol at
earlier timepoints (Fig. S5). We found attenuation of lipolytic products
in blood with ATGL inhibition at baseline and after 4 h of fasting, an
effect that was attenuated by 12 h of fasting. By contrast, we observed
inhibition of lipolytic metrics at the 12-hour timepoint with pharma-
cologic targeting of LIPA. We further explored the LIPA role, finding
lalistat2 dependent attenuation of lipolytic products in both control
and adipocyte-specific ATGL knockout mice, suggesting a role for LIPA
independent of ATGL. In this experiment, we also noted a trend toward
attenuation of lipolytic metrics with ATGL loss of function after 8 h of
fasting, an effect that was lost by the 24-hour timepoint.

We next used these time course data to inform design of an
adipocyte-targeted genetic experiment, comparing ATLG and LIPA
targeting. We generated two new mouse models by crossing the
inducible adipocyte driver (Adipog-CreER) with floxed Pnpla2 (ATGL
KO) mice and with floxed Lipa (LAL KO) mice. We used tamoxifen to
induce recombination prior to a sequential protocol of isoproterenol,
one-week recovery, and then fasting (Fig. 4a). Because tamoxifen itself
has been shown to have context-dependent metabolic effects®’, we
examined the effect of tamoxifen on lipolytic metrics, finding that
fasting lipolysis was preserved after the 5-day tamoxifen protocol
(Fig. S6). To further control for potential confounding effects of
tamoxifen, both control and experimental mice used in inducible loss
of function experiments were administered an identical tamoxifen
protocol. Based on our time course data (Fig. S5), we selected an
additional 8-hour intermediate timepoint after fasting onset for blood
collection. Like prior genetic and pharmacological targeting of Pnpla2/
ATGL, we observed marked attenuation of isoproterenol-stimulated
lipolysis (Fig. 4b). With fasting, there was a detectable inhibitory effect
at the 8-hour timepoint, which was lost by 24 h (Fig. 4b). By contrast,
targeting of Lipa did not attenuate isoproterenol-mediated lipolysis
and in the case of glycerol, there was a small but significant increase in
the circulating surge with Lipa targeting (Fig. 4c). At the 8-hour fasting
time-point, the NEFA surge was reduced with Lipa loss of function and
by 24 h of fasting, significant reductions in both the glycerol and NEFA
surge were evident. These results suggest that ATGL is functional
during an acute adrenergic stimulus and in the early phase of fasting,
but that there is a transition within a few hours of fasting in the mouse
where a LAL-dependent mechanism becomes dominant.

We next examined additional surrogate variables of relevance to
the adaptive fasting response, focusing on the terminal 24 h fasting
timepoint when we collected a full complement of tissue samples. With
inducible adipocyte-targeted ATGL loss of function, we did not

observe modulation of fasting weight loss or glucose reduction
(Fig. 4d, e); whereas targeting of LAL attenuated loss of body weight
and accentuated the glucose reduction (Fig. 4f, g). A similar divergence
was observed for ketone levels in blood and liver triglycerides. With
ATGL targeting, levels were either no different or increased relative to
control mice at 24 h (Fig. 4h, i); whereas with Lipa knockout, ketone
production and liver triglycerides were reduced consistent with atte-
nuated flux of lipid to the liver (Fig. 4j, k).

With constitutive targeting of ATGL in adipocytes (Fig. 2j, k), we
observed an increase in TFEB and LIPA protein levels in adipose tissue.
In the current inducible ATGL loss of function experiment, the aug-
mentation of ketone production (male and female, Fig. 4h) and liver
triglycerides (female, Fig. 41) also suggested the possibility of a similar
compensatory lysosomal response. Therefore, we again examined the
expression of canonical and lysosomal lipolysis genes by qPCR in
isolated adipocytes and at the protein level in adipose tissue by
immuno-blot, first finding evidence for successful targeting of the two
genes (Fig. 4j—q). In addition, Lipa/LAL levels were augmented in adi-
pose samples collected from mice with inducible ATGL loss of func-
tion, particularly in the perigonadal depot. Conversely, Lipa/LAL loss
of function resulted in augmentation of ATGL in adipose tissues,
although this effect was not seen at the mRNA level in isolated adi-
pocytes. We also considered whether there might be lipases in addi-
tion to Lipa/LAL induced in the absence of ATGL. Indeed, in adipocytes
from the ATGL loss of function model, we detected increased tran-
scriptional activity of several genes linked to lipid digestion (Fig. S7).
Several were also dynamically regulated in adipocytes from wild-type
mice subjected to fasting and refeeding, although unlike Lipa, these
genes appeared to be primarily induced after refeeding (Fig. S7). These
collective data reinforce the role of canonical ATGL-dependent lipo-
lysis in adipocytes with acute adrenergic stimulus and early fasting,
during which catecholamines are known to exhibit a modest surge in
circulation®***, However, as fasting progresses beyond a few hours in
mice, there is a transition with increasing dependency on the lysoso-
mal lipase. None of the genetic interventions appeared to completely
neutralize the fasting surge in lipolytic products. This could be con-
sistent with lipolytic activity by non-adipocytes or reflect the action of
lipases other than ATGL and LAL in adipocytes.

Lysosome-dependent lipolysis is operative in human adipose
tissue with fasting

Our a priori hypothesis of fasting-induced lysosomal lipolysis in adi-
pose tissue emerged from a longitudinal transcriptomic analysis of
human adipose tissue during an inpatient 10-day fast where we high-
lighted transcript level data for lysosomal genes, including L/PA and
LAMPT*®, The dynamic fasting changes in MiT/TFE transcription factors
in murine adipose tissue and adipocytes provided rationale to re-
examine the human RNA-seq data-set for corollary changes in human
MiT/TFE factors. Two of the four factors demonstrated dynamic and
significant modulation with fasting: MITF and TFEC (Fig. 5a). Moreover,
the dynamic change in MITF positively predicted change in LIPA, with a
non-significant, but directionally consistent trend for a TFEC-LIPA
correlation (Fig. 5b, c). These data suggest a possible role for MiT/TFE
factors in the human fasting response in adipose tissue.

We next used human SGBS cells, which are amenable to viral
transgenesis, as an in vitro source of human adipocytes*. This line
was derived from the adipose tissue of an infant with Simpson-Golabi-
Behmel Syndrome and there is precedent for its use in the modeling of
human adipocyte biology**. We followed a similar protocol as used in
murine 3T3L1 and AP cells, introducing doxycycline-inducible, shRNA
constructs via lentivirus to proliferating SGBS cells prior to adipogenic
differentiation. Targeting of LIPA, but not PNLPA2 (ATGL), attenuated
NEFA release with nutrient restriction, as observed in murine cells,
whereas targeting of the MiT/TFE factors had variable inhibitory
effects on lipolytic metrics (Fig. 5d). Unlike in murine cells, TFEC was
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Fig. 4 | Temporal transition from ATGL-dependent to LAL-dependent adipo-
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(b, d, e h,i, I,m, p); LAL loss of function (KO) by targeting Lipa (c, f,g, j, k, n,0, q);
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b Isoproterenol (ISO)-stimulated non-esterified fatty acids (NEFA) (left) and glycerol
(right). FLOX n =12 (8 male, 4 female); KO n =15 (8 male, 7 female). For b-g: two-way
ANOVA, genotype effect. ¢ ISO-stimulated NEFA (left) and glycerol (right). FLOX
n=19 (9 male, 10 female); KO n =18 (10 male, 8 female). d Body weight change with
fasting. FLOX n =12 (8 male, 4 female); KO n =13 (8 male, 5 female). e Plasma glucose
change with fasting. FLOX n =12 (8 male, 4 female); KO n=13 (8 male, 5 female).

f Body weight change with fasting. FLOX n =19 (9 male, 10 female); KO n=18 (10
male, 8 female). g Plasma glucose change with fasting. FLOX n=19 (9 male, 10
female); KO n=18 (10 male, 8 female). h Terminal plasma ketones. FLOX n=12
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(8 male, 4 female); KO n=13 (8 male, 5 female). For h-k, significance assessed by
two-tailed t-test. i Terminal liver triglycerides. FLOX n=12 (8 male, 4 female); KO
n=13 (8 male, 5 female). j Terminal plasma ketones. FLOX n =19 (9 male, 10 female);
KO n=18 (10 male, 8 female). k Terminal liver triglycerides. FLOX n=19 (9 male, 10
female); KO n=18 (10 male, 8 female). I qPCR of inguinal (iWAT) adipocytes from
ATGL KO (n=12) or control (n=13). For I-o Two-way ANOVA: *p < 0.05; *p <0.01;
**p < 0.001; ***p < 0.0001. m qPCR of gonadal (gWAT) adipocytes: ATGL KO (n=12)
or FLOX (n=13). n qPCR of inguinal adipocytes: LIPA KO (n=12) or FLOX (n=12).
0 gPCR of gonadal adipocytes: LIPA KO (n=12) or FLOX (n=12). p Immunoblot of
inguinal and gonadal adipose tissues from control or adipocyte-specific ATGL loss of
function (KO) mice; 24-hour fasting timepoint. q Immunoblot of inguinal and
gonadal adipose tissues from control or LIPA loss of function (KO) mice; 24-hour
fasting timepoint. Note for p, q: tubulin controls run on different gels.

expressed, and its targeting resulted in attenuation of glycerol release.
Targeting of TFEC also attenuated LIPA expression, even though the
merger of biological replicates revealed a statistical trend after cor-
rection for multiple hypothesis testing (Fig. Se; p = 0.14).

We also examined lysosomal lipolysis in human adipose tissue
explant culture, analogous to our murine adipose tissue explant
experiments (Figs. 5f, g, S8). We used subcutaneous adipose samples
obtained from patients undergoing surgical abdominoplasty. For each
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Fig. 5| Lysosome-dependent lipolysis is operative in human adipose tissue with
fasting. a MiT/TFE factor fold change relative to day O from human transcriptomics
analyses of subcutaneous adipose tissue during inpatient 10 day fast (n=7). Dif-
ferential expression using a linear model the likelihood ratio test against a reduced
model that did not include the time factor (~1) and with Benjamin-Hochberg
multiple-test correction. b Two-sided Spearman correlation between TFEC fold
change and L/PA fold change data-set in A (n = 7). c Two-sided Spearman correlation
between MITF fold change and LIPA fold change data-set in A (n = 7). d Doxycycline-
inducible targeting of lipolysis genes in adipocytes derived from human SGBS
preadipocytes and subjected to nutrient restriction relative to scramble controls
(shSCR). The dark gray bars with associated dashed lines denote non-nutrient
restricted controls. One-way ANOVA/Dunnett’s. Each dot indicates the mean of
technical replicates from n =3 independent biological replicate experiments, and
expressed as mean, S.D.M. NEFA=non-esterified fatty acids. e LIPA assessed by qPCR
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for knockdown experiments in F. Significance assessed with Friedman’s/Dunnett’s
tests. Each dot indicates the mean of technical replicates from n =3 independent
biological replicate experiments, and expressed as mean, S.D.M. f Human adipose
tissue explant culture and lipolytic response to nutrient restriction. Left=glycerol;
right=NEFA. Pharmacologic inhibitors were used to assess lysosomal-dependent
lipolysis (Bafilomycin, Lalistat2). Each dot indicates the mean of technical replicates
from n =4 independent biological replicate experiments, and expressed as mean,
S.D.M. One-way ANOVA/Dunnett’s (glycerol) and Friedman’s/Dunnett’s tests
(NEFA). Con=control. g Human adipose tissue explant culture and lipolytic
response to in vitro adrenergic stimulus (catecholamines): left=glycerol; right=-
NEFA. Pharmacologic inhibitors were used to assess lysosomal-dependent lipolysis
(Bafilomycin, Lalistat2). Each dot indicates the mean of technical replicates from
n =4 independent biological replicate experiments, and expressed as mean, S.D.M.
Friedman’s/Dunnett’s tests. Con=control.

donor, we performed three technical replicates for each culture con-
dition, and tested the capacity of pharmacological inhibitors to
attenuate NEFA and glycerol release with nutrient restriction. Fig. 5f, g
show mean normalized responses for each of the participants and
Fig. S8 shows individual participant level data. Both lysosomal inhibi-
tors attenuated the release of lipolytic products with nutrient restric-
tion. These data in human cells and human adipose tissue suggest that
lysosomal lipolysis involving an MiT/TFE-LIPA axis may also be
operative in humans, although the strength of this conclusion must be
tempered by the limitations inherent to the in vitro model system
where restriction of insulin and nutrients in the culture media does not
recapitulate the complex physiology of organismal fasting. Moreover,
while the core lysosomal mechanism may be conserved, there was also

mouse-human divergence in functionality of the MiT/TFE factors, with
evidence of more important roles for TFEC and MITF in human cells
and tissues.

Network medicine identifies a core human fasting network
associated with aging genes and diseases of aging

Decades of work in model organisms demonstrate that various forms
of dietary restriction extend lifespan and suggests that fasting phy-
siology may be of broader relevance to human health®. We next sought
to further contextualize the relevance of the adaptive fasting response
in adipose tissue. We hypothesized that dynamic molecular changes in
adipose tissue would interact with pathways of relevance to aging but
that this relationship is likely complex and, thus, reductionist analyses
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paths was used to identify candidate regulators of the interaction between the
fasting and aging phenotypes. This unbiased in silico analysis identified MITF as a
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number genes/proteins in the module. The width of the edge is proportional to
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may not capture key insights. Therefore, we leveraged a network
medicine approach to test for potential connections between fasting,
aging pathways, and pathways involved in diseases of aging.

We focused on our previously published adipose tissue fasting
human transcriptome, consisting of 5077 differentially expressed
transcripts with fasting'®; however, we applied a higher level of statis-
tical stringency yielding a subset of 946 transcripts after Bonferroni
correction. This gene set was mapped to the consolidated human
protein-protein interactome (PPI), an in silico network based on
experimentally validated interactions®. Of 946 genes, 732 (77%) were
present in the human interactome. Unmapped transcripts were either
non-coding or coded for proteins for which a PPl has not been
demonstrated. We first tested whether the fasting transcriptome forms
a discrete module (i.e., subnetwork) within the larger human inter-
actome. The 732 mapped proteins exhibited dense interconnectivity
(419 nodes and 596 PPIs) that could not be explained by random
chance (p=0.0012) and therefore is consistent with a discrete sub-
network or functional module (Figs. 6a, S9).

We next determined if the fasting module included genes that are
relevant to endophenotypes associated with aging pathobiology.
Indeed, we observed significant overlap between the fasting module
and genes related to inflammation (p = 2.54e-10), reactive oxygen spe-
cies (p=7.05e-4), and genomic instability (p=0.002) (Table S1). We
used aging genes from the Aging Atlas as a second resource to validate
the relevance of fasting module to aging™. Of 394 aging-related genes,
387 (98%) mapped to the interactome, which significantly overlapped

with the 732 fasting genes that mapped to the human interactome
(p =5.574e-5). More importantly, however, we found a high degree of
interconnectivity between the aging genes and the fasting genes in the
human PPI network (Fig. 6b, p =1.0e-16).

We used betweenness centrality (BC) to rank candidate mediators
of the interaction between fasting and aging phenotypes in silico, an
approach previously demonstrated to discover functionally important
regulators®. Numerous known factors of importance ranked highly
based on BC scoring, including the cell cycle/senescence regulator
CDKI1, oncogenic proteins RB1 and RET, and the insulin/insulin like
growth factor (IGF)1 effector IRS1 (Table S2). Importantly, however,
this analysis also ranked MITF highly, a MiT/TFE family member that
regulated fasting lipolysis in human adipocytes (Fig. 6¢).

Having established a new fasting module in the human inter-
actome inclusive of differentially expressed transcripts and functional
PPI of relevance to aging pathobiology, we next tested for proximity
between the fasting module and aging-related disease modules in the
human interactome. We considered disease modules for cardiometa-
bolic diseases, for which adipose tissue and/or lipid metabolism are
known to play an important role. We also included an additional swath
of diseases of aging. We found proximity in the interactome between
the fasting module and cardiometabolic disease modules, including
type 2 diabetes (1.31, p=0.01), non-alcoholic steatohepatitis (1.26,
p =3.68e-07), coronary artery disease (1.33, p =1.23e-07), and lipody-
strophy (1.21, p =1.25e-09) (Table S3). However, additional aging dis-
eases demonstrated a similarly high degree of network proximity to
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the fasting module, including Alzheimer’s disease (1.32, p =1.56e-08),
breast (p=2.43e-12) and endometrial (p=2.49e-12) neoplasms, and
progeria (p =3.87e-5) (Table S4). Lastly, we considered whether the
targets of drugs that have been considered as potential anti-aging
therapeutics demonstrated network proximity to the fasting network
module (Table S5). The targets of dasatinib and quercetin, which have
been advanced as senolytic agents and the mTor inhibitor rapamycin
demonstrated network proximity to the fasting module, whereas
metformin did not (p = 0.32). These collective network medicine ana-
lyses demonstrate that fasting drives a discrete functional program in
human adipose tissue that is highly interconnected with aging biology,
diseases of aging, and candidate anti-aging drugs and that the MiT/TFE
factor, MITF, is a lead candidate mediator of the fasting-aging axis. This
orthogonal and unbiased discovery underscores the potential rele-
vance of the MiT/TFE family of lysosomal regulators and provides
rationale for future study of MiT/TFE-mediated fasting responses in
aging disease models. Moreover, the identification of potential func-
tional links between fasting networks in adipose tissue and diseases
ranging from Alzheimer’s disease to cancer, suggests that the rele-
vance of this work may extend beyond cardiometabolic diseases
already known to be tightly linked to energy balance and adipose tis-
sue biology.

Discussion

The canonical view of lipolysis in adipocytes invokes adipocyte lipases
including the rate-limiting action of ATGL>*™**°_ In this study,
orthogonal evidence points to an alternative lysosomal mechanism of
fasting-induced lipolysis: (1) lysosomal genes and proteins were
dynamically regulated in the adipose tissue and adipocytes of fasting
mice and humans; (2) targeting of lysosomes with two different
pharmacological inhibitors, though not specific for adipocytes, atte-
nuated fasting lipolysis in mice; (3) genetic targeting of MiT/TFE
transcription factors that regulate lysosomal biogenesis and function
reduced expression of the lysosomal lipase (LAL) and neutralized
fasting lipolysis metrics in cultured mouse and human adipocytes
under nutrient restricted conditions and in fasting mice; (4) in a head-
to-head comparison of inducible, adipocyte-targeted loss of function
of the canonical ATGL enzyme versus the lysosomal lipase, LAL, we
observed a transition from ATGL to LAL dependency as fasting pro-
gressed beyond a few hours in mice. As such, we propose that an
alternative lysosomal pathway is a critical mechanism of adipocyte
lipolysis with fasting.

One question raised by our study is how can a new lipolysis
pathway in adipocytes be reconciled with prior studies of the canonical
lipolysis pathway? First, foundational work characterizing ATGL-
dependent lipolysis was largely conducted with adrenergic stimuli as
proxy for physiological stressors®**2, Similarly, pharmacological
evidence against a role for lysosomes in adipocyte lipolysis also relied
on the adrenergic stimulus model*’. However, the increase in cate-
cholamines with fasting is modest (less than two-fold)*°* and there-
fore the quantitative role of adrenergic signaling to fasting lipolysis
may have been over-estimated. Second, most studies of ATGL func-
tionality have utilized constitutive loss of function approaches, which
risks confounding by basal differences in adipose tissue and/or whole-
body metabolic function, including differences in basal lipolysis, early
fasting lipolysis (4-5h)*****, and fed-state metabolic cage
measurements™. In studies that examined fasting, single timepoint
comparisons between wild-type and knockout mice has been the
norm™***’, Without repeated within-animal measurements, it can be
difficult to distinguish the true fasting delta from basal differences.
Third, prior studies are not uniform in demonstrating the supremacy
of ATGL-dependent lipolysis. ATGL transgenic gain of function did not
augment fasting lipolysis*®. Conversely, with ATGL loss of function
driven by Fabp4-Cre where repeated measures were employed, the
NEFA surge between early (5 h) and late (48 h) was similar in both wild-

type mice and ATGL KO (both approximately 0.25 mM delta)'. A small
study of human patients with genetic ATGL loss of function suggests
attenuation of lipolysis with adrenergic stimulus, but no effect with
fasting®’. Therefore, we propose that literature predating our study
already suggested the possibility of contributions from non-canonical
lipases, as shown here with Lipa/LAL, and perhaps extending to addi-
tional lipases.

A striking theme emerged across experimental models of the
temporal relationship between the canonical and the alternative
lysosomal lipolytic pathways. Our study reaffirmed the critical role of
ATGL in the rapid lipolytic response to an adrenergic stimulus and in
the early stage of fasting where modest increases in circulating cate-
cholamines are evident®*'°*, By contrast, the adaptive fasting
response proceeds through several stages, including depletion of
glycogen stores, a surge in gluconeogenesis to support glucose
metabolism, and finally lipolytic release of adipose lipid stores to
provide substrate for ketogenesis by the liver or for direct oxidation by
tissues with the requisite machinery. It is this final adipocyte-
dependent stage that marks the transition to lipid metabolism where
sustained adipocyte lipolysis is critical, and this final transition is also
crucial for the long-term survival of humans during fasting. Even
though there is temporal overlap in the adaptive stages of fasting™, the
time-scale of the transition to lipid metabolism is considerably longer
than what is required of an adrenergic response. Therefore, we spec-
ulate that these two lipolytic systems evolved as complementary sys-
tems with the canonical ATGL mechanism tuned to respond rapidly to
hormonal stimuli and the lysosomal system as a backup system to
address energetic stress when fasting is prolonged.

The complementarity of the canonical ATGL-dependent and
lysosomal lipolysis systems may extend beyond differences in the
temporal phases of maximal functionality during fasting. First, while
we did not detect evidence of directionally concordant loss of one
pathway when targeting the other, we did observe evidence of com-
pensatory pathway upregulation with disruption of the com-
plementary system. This was particularly evident with ATGL loss of
function where MIiT/TFE factors and Lipa/LAL were augmented and
may in part explain the lack of a consistent phenotype when targeting
ATGL with fasting in this study, particularly when prolonged. It is
possible that this compensatory response is variable and context
dependent, in which case it could explain variability in observed phe-
notypes with ATGL loss of function and prolonged fasting’>*’. Another
potential way these two systems could interact is by the lysosomal
digestion of the products of ATGL activity, a scenario in which LAL
would in essence replace the activity of canonical downstream lipases
such as HSL and MGGL. The analyses contained in this study cannot
exclude such low-level direct cooperativity between ATGL and LAL;
however, if LAL function was downstream from and entirely depen-
dent on ATGL, then one would not expect the temporally distinct
phenotypes that we observed, specifically a potent effect of LIPA loss
of function at 24 h, a fasting timepoint when ATGL targeting had lim-
ited effect. It will be important in the future to understand any direct
mechanism(s) by which these two systems communicate.

We also discovered a consistent signal of MiT/TFE regulatory
involvement in lipolysis across in vitro and in vivo models, providing
orthogonal evidence for lysosomal programs in fasting lipolysis. We
selected TFEB for further in vivo study because it was the most potent
and consistent regulator of lipolysis with nutrient restriction in murine
adipocytes, in vitro, finding that inducible adipocyte-specific targeting
of TFEB was sufficient to attenuate the systemic NEFA surge with
fasting. The involvement of TFEB is itself not surprising, as it is the
most established lysosomal regulator with precedent for its role in
lipolysis in other tissues such as the liver”~%. However, independent
targeting of more than one MiT/TFE factor was sufficient to attenuate
the lipolytic surge with nutrient restriction, suggesting cooperativity.
Indeed, the MIT/TFE family members regulate gene expression as
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homo- or hetero-dimers, resulting in regulatory mechanisms, includ-
ing examples of redundancy and cooperativity that vary in a cell-type-
specific manner*>**, Our data add to this complexity in suggesting
murine-human divergence in the roles played by specific MiT/TFE
factors such as TFEC, which was lowly expressed in murine cells but
was a potent regulator of LIPA expression and lipolysis in human SGBS-
derived adipocytes. The variable contributions of the MiT/TFE factors
across experimental models provide rationale in the future to dissect
the mechanisms of regulatory cooperativity and contextual specificity.

Our study suggests that lysosome-dependent lipolysis in adi-
pocytes plays a role in the adaptive starvation response, even
though we did not subject mice to a formal survival study. Beyond
survival during starvation, human genetics studies have estab-
lished that loss of function of lipolytic genes, including canonical
lipases and LIPA, drive systemic metabolic derangements mediated
in part by pathological responses in tissues most sensitive to
lipotoxicity, such as the liver and striated muscle**, Even in
adipose tissue which is defined by its capacity to absorb massive
lipid fluxes, loss of function of lipolytic genes leads to adipose
tissue dysfunction, including lipoatrophy and adipose tissue
inflammation'*">. GWAS also point to LIPA as risk locus for coronary
artery disease, suggesting that more subtle regulatory disruptions
of LIPA and lysosomal lipolytic function may also be important to
metabolic homeostasis®* %,

In summary, we propose a model of lipolysis in adipocytes with
fasting whereby transcriptionally regulated lysosomal lipolysis is cri-
tical to the adaptive fasting response by complementing the acute
activity of the canonical system that is activated by adrenergic sig-
naling and rapid signal transduction. Furthermore, we provide evi-
dence for human conservation of this core lysosomal mechanism of
lipolysis in adipocytes, and its dependency on MiT/TFE factors, even
though there may be interspecies divergence in the specific family
member(s) most operative and definitive establishment of causality in
humans is challenging because ex vivo nutrient restriction of human
cells and adipose tissue explants cannot recapitulate the integrated
physiology of organismal fasting. The life-extending effects of dietary
restriction in model organisms suggest that feeding-fasting transitions
might be of broader importance to the biology of human aging, a
concept reinforced by our unbiased network medicine approach
linking the molecular response to fasting in adipose tissue to diseases
of aging, including a diversity of diseases beyond cardiometabolic
diseases that are already known to be directly modulated by energy
balance and adipose tissue function. Future mechanistic dissection of
this fasting-aging axis may reveal opportunities for the development of
therapies targeting the pathobiology of aging and diseases of aging.

Methods

Regulatory approval

Human explant cultures utilized discarded and deidentified sub-
cutaneous adipose tissue obtained from standard clinical care panni-
culectomy procedures and therefore was deemed IRB exempt by the
University of Pittsburgh Institutional Review Board. The human fasting
study was previously published and approved by the Mass General
Brigham (formerly Partners) HealthCare Institutional Review Board™.
The fasting protocol complied with the guidelines of the Health
Insurance Portability and Accountability Act, and written informed
consent was obtained from all participants. Animal experiments were
approved by and in compliance with the University of Pittsburgh
Institutional Animal Care and Use Committee.

Murine studies

Mice were maintained under a 12-hour dark/light cycle at 22°C+2°C
receiving food and water ad libitum unless specified. For some
experiments, male mice were used for initial testing, however, the a
priori goal of the genetic experiments was to use approximately equal

numbers of male and female mice. For fasting experiments, fasting was
initiated in the morning and continued for up to 24 h. Wild-type C57BI/
6 mice were purchased from Jackson Laboratory and Charles River and
either directly used or bred in our colony. Adiponectin-Cre,
Adiponectin-CreER, and Pnlpa2-floxed mice were purchased from
Jackson Laboratories. Tfeb-floxed mice were obtained from Professor
A. Ballabio, Telethon Institute of Genetic Medicine, Naples, Italy®.

The Lipa conditional knockout allele (Lipa-flox) was created by
inserting LoxP sites in the introns flanking exon 4 using CRISPR/
Cas9 gene-editing-assisted system (Fig. S8)°°. The Cre-mediated
recombination of the LoxP sites causes the deletion of exon 4. The
splicing of exon 3 with exon 5 is predicted to result in a frameshift
and a premature stop codon that would induce nonsense-mediated
mRNA decay®. SpyCas9 target sites in the region surrounding the
exon 4 of the Lipa gene were identified using the CRISPOR website
http://crispor.tefor.net/**. Two target sequences “Lipa-416rev” (5
CTAAACAGCCAACTGTTAGG-3’, chr19:34,511,084-34,511,103 of the
mml0 assembly) and Lipa 752forw” (5-CTGTATCGTTCG-
CATCTTGA-3’, chrl19:34,510,771-34,510,790) were selected based
on their location, their limited number of potential off-targets and
various favorable efficiency and specificity scores. Cas9 single
guide RNAs were produced as described®. LoxP sites, with an
adjacent EcoRI diagnostic site, were positioned so that they would
disrupt the SpyCas9 target sequences. For the donor DNA tem-
plate, an Alt-R™ HDR Donor Blocks “Lipa-flox Alt-R HDR” was used,
this is a modified double-strand DNA custom synthesized by Inte-
grated DNA Technologies, Inc.

Genetically engineered mice were generated by the Mouse
Embryo Services Core (University of Pittsburgh, Department of
Immunology). Briefly, fertilized embryos (C57BL/6], The Jackson
Laboratory) produced by natural mating, were microinjected, in
the pronuclei with a mixture of 0.67 uM EnGen Cas9 protein (New
England Biolabs, Cat. No. M0646T), the two Cas9 guides RNA: Lipa-
416rev and Lipa-752forw (21.23 ng/ul each) and the dsDNA donor
template “Lipa-flox Alt-R HDR” (2.5 ng/ul). The injected zygotes
were cultured overnight, the next day the embryos that developed
to the 2-cell stage were transferred to the oviducts of pseudo-
pregnant CD1 female surrogates.

Potential founders were genotyped by PCR of each of the target
regions (Fig. S8). The PCR products were then digested with EcoRI to
identify fragments potentially carrying LoxP sites. To confirm that
LoxP sites were in on the same allele PCR (with Lipa-F2 x Lipa-R2) was
performed and Sanger sequencing of TOPO-cloned PCR product
confirmed the correct sequence of the conditional allele. Furthermore,
since the sequences of the primers Lipa-F2 and Lipa-R2 are beyond the
donor template, this also validates the proper integration in the
endogenous Lipa locus.

Pharmacological inhibitors of ATGL or lysosomes were adminis-
tered by L.P. injection, twice daily in the following doses: Atglistatin
(Sigma; 60 uM/kg); Bafilomycin (Sigma; 1 mg/kg); Lalistat2 (Sigma;
1mg/kg). Isoproterenol was administered after a 4-hour fast as a one-
time dose by L.P. injection to stimulate lipolysis (Sigma; 10 mg/kg).

Adipocytes were isolated from murine adipose tissues with a
modified version of the classic Rodbell method* as previously
described®***. Adipose tissues were minced and digested in an enzyme
cocktail of 1 mg/mL collagenase type D (Roche) and 2 mg/mL Dispase 2
(Invitrogen) in PBS. The suspension was incubated in a shaking water
bath (37 °C, 225 rpm, 40 min). The digest was filtered (300 um nylon
mesh, Spectrum Labs) and centrifuged at 400g for 10 min. The
supranatants containing floating adipocytes were collected.

Human samples

Transcriptomics data obtained from longitudinal sampling of
periumbilical human adipose tissue during an inpatient 10 day
fast®® was previously published™. Of note, individual transcript
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data as shown in Fig. 5 was not previously presented in figure form.
Human explant cultures utilized discarded subcutaneous adipose
tissue obtained from abdominoplasty surgeries as part of standard
clinical care and was deemed IRB exempt. As such, only limited
demographic data shown in Fig. S8 was linked to each sample. Of
note, the clinical care of these patients includes a standard over-
night fast before surgery and therefore the samples were collected
from fasting individuals.

In vitro lipolysis
Concentrations of pharmacological inhibitors were used following
published protocols at 10 um (Atglistatin) and 50 nM (Bafilomycin and
Lalistat2). Mice used as a source of APs were 4-6 weeks old. Inguinal
adipose tissue depots were excised, minced, and digested in an enzyme
cocktail, consisting of 1mg/mL collagenase D (Roche) and 2 mg/mL
Dispase Il (Invitrogen), as described previously and similar to the Rodbell
method*?. The stromal vascular fraction was subjected to negative
selection by column-based magnetic-assisted cell sorting (MACS).
Monoclonal anti-CD31 microbeads (Miltenyi Biotec) were utilized to
negatively select endothelial cells. A biotin-conjugated monoclonal anti-
lineage cocktail, followed by anti-biotin MicroBeads (Miltenyi Biotec),
was used to negatively select hematopoietic cells. The cell isolate was
cultured in DMEM-F/12 GlutaMAX medium (Gibco) with 10% Premium
FBS (Corning) and Pen/Strep. Medium was changed for the first time
2 days after plating. APs were cultured to confluence, then exposed to
dexamethasone (1 M), insulin (10 pg/ml), and isobutylmethylxanthine
(0.5 mM) in standard culture medium (DMEM-F/12 GlutaMAX, 10% FBS).
72 h after induction, cells were switched to a maintenance medium,
consisting of a standard culture medium supplemented with insulin
(10 pg/ul). The maintenance medium was changed every other day.
3T3-L1 preadipocytes (Zen-Bio, #SP-L1-F) were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 100 units/ml of
Penicillin-Streptomycin (DMEM) containing 10% fetal bovine serum
(FBS, Gibco). Differentiation of 3T3-L1 preadipocytes into adipocytes
was achieved by supplementing the media with dexamethasone
(1pM), insulin (10 pg/ml), and isobutylmethylxanthine (0.5mM) a
cocktail of 10 pg/ml insulin (Sigma-Aldrich), 0.5mM 3-isobutyl-1-
methylxanthine (Sigma-Aldrich), and 1pM dexamethasone (Sigma-
Aldrich) for 3 days; after which cells were maintained in DMEM con-
taining 10% FBS and 10 pg/ ml insulin for 6 additional days. The culture
medium was changed every other day.

SGBS human preadipocytes were cultured in DMEM/
F12 supplemented with 10% FBS and differentiated based on pre-
viously published protocols for 21 days®. Differentiation was
initiated for four days with media containing 33 uM biotin, 17 uM
pantothenic acid, 100U/ml penicillin/streptomycin, 2 uM rosigli-
tazone, 10 uyg/ml human apo-transferrin, 20 nM human insulin,
25 nM dexamethasone, 500 uM 3-isobutyl-1-methylxantine, 100 nM
cortisol, 200 pM triiodothyronine. Thereafter, the media was
supplemented with the same additives except for rosiglitazone, 3-
isobutyl-1-methylxantine and dexamethasone. The differentiation
medium was replaced every other day.

Human or murine adipose tissue (200 mg/well) was minced to
pieces of approximately 1mm in diameter and cultured in DMEM
(mouse) or DMEM/F12 (human) supplemented with 10% FBS. Adrenergic
stimulation of cultured adipocytes and adipose tissue explants was
achieved with addition of catecholamines (25 pm/ml) to the media. For
in vitro cultures, nutrient restriction was achieved by lowering the glu-
cose concentration of the media to 200 pg/ml or 1 mM, lowering the FBS
concentration to 0.1%, removing glutamate and sodium pyruvate, and in
the case of adipocyte cultures, removing insulin.

Plasmids
For loss-of-function assays, validated shRNA (Sigma) or scramble
sequences were subcloned into a lentiviral vector (tet-pLKO-puro,

addgene-21915). Knockdown efficiency was confirmed by qPCR in 3T3-
L1 cells. shRNA TRC Numbers were mouse: shPnpla2-TRCNOO
00249777, shLipa-TRCNO000076829, shTfeb-TRCNO0O00076829,
shTfe3-TRCNO000084670, shMitf-TRCNOO00305603. Human: shP
NPLA2- TRCN0000222744, shLIPA- TRCN0000350924, shMITF-
TRCN0O000019120, shTFEC- TRCN0O000016098, shTFE3- TRCNOOOO
232151, shTFEB- TRCNOO00013110.

Biochemical assays

Plasma non-esterified free fatty acids (NEFA) were measured using an
in vitro enzymatic colorimetric assay (Wako Chemicals). Glycerol,
glucose, and MTT assays (Sigma) were measured with enzymatic col-
orimetric assays according to the manufacturer’s protocols.

Protein assays

Tissues were homogenized in RIPA buffer (ThermoFisher Scientific)
with Protease Inhibitor Cocktail (100X) (ThermoFisher Scientific) to
extract total protein. Protein was quantified and electrophoresed in
equal quantities (45 ng per well) on 10% SDS poly acrylamide gels and
transferred to Immun-Blot PVDF Membranes (Bio-rad). Membranes
were blocked in 5% nonfat dry milk (Bio-rad) prepared in 0.1% tween-20
for 1h followed by primary antibody (1:1000, unless otherwise stated)
incubation at 4°C overnight. Membranes were washed three times with
0.1% tween-20 in tris base saline and incubated with secondary anti-
body Horseradish peroxidase-conjugated IgG anti-mouse (Invitro-
gen), anti-rabbit (Cell Signaling Technology) for 1h. After incubation,
membranes were washed three times with 0.1% tween-20 in tris base
saline and developed with SuperSignal West Pico plus Chemilumi-
nescent Substrate (ThermoFisher Scientific). Blots were imaged with
Chemdoc (Biorad). Antibody performance was validated by comparing
the resultant band placement to those reported by the manufacturer
and found either on their website or in the accompanying package
insert literature. FGF21 in plasma was measured with a mouse FGF-21
ELISA (Abcam) according to the manufacturer’s protocol. Lysosomes
were isolated from adipocytes (Abcam) and perilipin concentrations
were measured by ELISA (LS Bio).

Gene expression

Total RNA was isolated from tissues or cells using Qiazol (Qiazen).
cDNA was synthesized using the High-Capacity cDNA Reverse Tran-
scription Kit (Life Technologies) from 500 ng of RNA. Real-time
quantitative PCR was performed with Power SYBR Green PCR mixture
(Applied Biosystems) on the QuantStudio™ 5 Real-Time PCR System
(Applied Biosystems). Gene expression was normalized to GAPDH. The
AACt method was used to calculate the fold change in transcript levels.

Immunofluorescence microscopy

Adipose tissue specimens for confocal imaging were analyzed with
minor modifications to previously published methods®. Adipose tis-
sues were labeled with anti-Lampl, anti-Perilipin, and DAPI (Cell Sig-
naling Technology). Wholemount adipose tissues were fixed and
imaged using excitation from a 680- or 488-nm laser line of an argon
laser at a 63x, 1.2-NA oil immersion objective on a laser scanning
confocal microscope (SP8 LIGHTNING Leica).

Network medicine analyses

The consolidated human protein-protein interactome were assembled
from different resources as described before which contains 16,470
proteins and 233,957 interactions®* %, We mapped differentially
expressed transcripts from human fasting adipose tissue samples to
the consolidated human interactome and constructed a network of
419 proteins, and -597 interactions. Genes associated with aging dis-
eases, cardiometabolic diseases and inflammation were compiled from
Phenopedia and DisGeNET®**°, Gene associated with endophenotypes
except for inflammation were compiled from the Gene Ontology
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database (geneontology.org/). Drug targets were retrieved from
DrugBank (go.drugbank.com). We used network proximity to quantify
the closeness of the novel fasting module to endophenotype modules
or disease-specific modules®*>¢, Network proximity is defined as the
average minimum shortest path length in the interactome:

P=(ps)and p; = min,(Lyy)

where p; is the minimum shortest path length from a fasting gene sto a
disease gene d. The network proximity from drug targets to the
fasting module was calculated in the same way. The significance of
network proximity was evaluated by creating 1000 random mod-
ules of the same size and comparing the observed proximity value
with the null model (random control) through fitting normal
distributions.

Statistics and reproducibility

Experiments were repeated with a minimum of 3 biological replicates
unless otherwise stated. Unless otherwise stated, the data contained in
the graphs in this manuscript show either measurements from indivi-
dual mice or from samples collected from individual mice (biological
replicates) or from consecutive experiments/biological replicates,
where each data point represents the normalized mean of the technical
replicates for that experiment. Two-sided t-tests were used for com-
parison of two experimental groups and ANOVA (with correction for
multiple hypotheses) when analyzing more than two groups. Two-way
ANOVA was used for time-course data or when accounting for potential
sex differences. Paired or repeated measures testing was done when
comparing normalized biological replicate experiments. Corresponding
non-parametric tests were used if the data was not normally distributed.
Significance was assigned for p < 0.05. Unless otherwise indicated error
bars indicate standard deviation of the mean (S.D.M.). For wild-type
mouse experiments, mice were randomly assigned to each experimental
group. For experiments using genetically engineered mice, the geno-
type determined assignment to the experimental group. No data points
were excluded. For in vivo experiments where some analyses contain
reduced n, this is either due to a technical problem (e.g. insufficient
sample) or because a randomly selected subset of samples was analyzed
(e.g. tissue immunoblots). For data points involving quantitation of a
qualitative measure, specifically the interpretation of microscopy ima-
ges, assessments were conducted by an observer blind to experimental
group. Prism versions 9 and 10 (Graphpad) were used for statistical
analyses. The networks (Fig. 6) were visualized using Cytoscape 3.7.2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings from this study are available within
the manuscript and its supplementary information. The raw sequen-
cing files from the previously published adipose tissue transcriptomics
study, which were used to generate a gene list for the network ana-
lyses, are protected and are not available due to data privacy laws. The
gene list used as input for the network analyses are provided in the
Source Data file. Deidentified and normalized count data is available
without restrictions upon request to the corresponding author within
2 weeks of request (msteinhauser@pitt.edu). Source data are provided
with this paper.

Code availability
Code used for network analyses are available at: https://github.com/
bwh784/FastingModule/.
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