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Non-canonical lysosomal lipolysis drives
mobilization of adipose tissue energy stores
with fasting

GV Naveen Kumar1, Rui-Sheng Wang2,3, Ankit X. Sharma1, Natalie L. David1,4,5,
Tânia Amorim1,4,5, Daniel S. Sinden 1,6, Nandini K. Doshi1, Martin Wabitsch 7,
Sebastien Gingras 8, Asim Ejaz9, J. Peter Rubin9,10,11, Bradley A. Maron12,13,
Pouneh K. Fazeli 4,5 & Matthew L. Steinhauser 1,4,6

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 amodelwhereby 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 intake1,2. 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 mammals3. 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 indistant tissues suchas the liver4. 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
molecule5. 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) andmonoacylglycerol lipase (MGL)6,7. 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 stimuli6,8–11. Consistent with the broader
importance of lipolysis tometabolic homeostasis, humanmutations in
genes encoding members of this canonical pathway, including LIPE
(HSL) and PNLPA2 (ATGL), are associated with phenotypic manifesta-
tions that can include abnormal adiposity, systemic lipid derange-
ments, and insulin resistance12,13.

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 targeted6,9,14,15. Second, efflux of triglyceride-containing
exosomes from adipocytes bypasses canonical lipases and can be
scavenged and metabolized by resident macrophages16. 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 response17–20. We previously conducted a longitudinal
transcriptomics analysis of human subcutaneous adipose tissueduring
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 (LIPA), the enzyme capable of digesting lipid at
the low pH in lysosomes18. Such transcriptional data may not correlate
with either the levels or the functionality of lipases known to be
regulated by post-translational modifications21–23, 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 amicrophthalmia/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 ofmaximal caloric intake inmice. 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 tissue18.

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 downwith 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
enzymaticdigestionof adipose tissue, centrifugation, and collectionof
floating, buoyant adipocytes24. One considerationwith 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 lipid16. Importantly, the
changeswe observed in the adipocyte fractionswere 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 3T3L1murine preadipocytes and by differentiation of
primary adipocyte progenitor (AP) cells25. We then restricted nutrients
and insulin in the standard adipocytemedia,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 exosomes16. These results therefore suggest
activation of a lysosomal gene expression program in adipocytes with
fasting, with the caveat that the in vitronutrient restrictionmodel 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
LAMP1-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. 1e, 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

Article https://doi.org/10.1038/s41467-025-56613-3

Nature Communications |         (2025) 16:1330 2

www.nature.com/naturecommunications


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 treatedmice for threedayswith 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. 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 = 5; female mice n = 6 cont, 6 fast, 5 refed, 8-weeks-old). Statistical
significancewas assessedbyone-wayANOVA/Tukey’s test. Left:male serumglycerol:
*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. c qPCR of adipocytes
isolated from inguinal adipose tissue, including canonical lipolytic genes and lyso-
somalgenes.Malen = 6 con, 5 fast, 6 refed; Femalen = 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,

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 thismanner and used for blinded counting shown in ‘f ’. fBlindedobserver
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 thepurposeof the graph. Eachdot represents onemouse, n = 8,
significance assessed by two-tailed t-test; error bars S.D.M.
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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
dynamicmodulation of autophagy pathways thatmay 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, Pnlpa2. We used a previously pub-
lished model, crossing Adiponectin-Cre (Adipoq-Cre) and Pnlpa2-
floxed mice to achieve adipocyte-specific ATGL loss of function

(KO=AdipoqCre+/+;Pnpla2 f/f)(Fig. 2a)14. 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 qPCR 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.

� � � �

Fig. 2 | Non-canonical lysosomal lipolytic mechanisms are functional with
prolonged fasting. a Schematic of adipocyte specific ATGL/Pnpla2 loss 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.
bChange in plasmaNEFAwith isoproterenol (ISO)or fast. Significance for genotype
effect assessed by two-way ANOVA. FLOX male n = 5; KO male n = 7; FLOX female
n = 5 with iso and n = 6 with fasting; KO female n = 7. c 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. FLOXmale n = 6; FLOX female n = 5; KOmale
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; KOmale 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.
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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=AdipoqCre+/+;Pnpla2 f/f)
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 protocolwas associatedwith induction of autophagy.While
weobserved someevidence 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 lysosomalmechanisms, 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-
logicalmethods,which arenot cell-type specific andhavepotential 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 Pnlpa2 (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 andMitf 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 Pnlpa2 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 MiT/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 transgenesis25,26. 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, althoughTfeb targeting resulted in the strongest andmost
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 theMiT/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 tissues27. We used the previously published Tfeb-floxed mouse
and crossed it with the Adipoq-CreER mouse to facilitate adipocyte-
specific loss of function in a temporally-controlled fashion (Fig. 3a)28.
Adipoq+/+;Tfebf/f mice or floxed littermate controls were administered a
standard tamoxifen protocol by I.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
glucosemetabolism and related pathways.We firstmoved beyond our
focus on lipolysis and lipidmetabolismgenes (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, Foxo1, 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. 3h). TFEB loss of function also resulted in attenuated body weight
loss (Fig. 3I) and reduced plasma FGF21 in male mice (Fig. 3J), 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 Hmgsc1, 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 fractionof 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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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. c Change in
plasma glycerol with isoproterenol (ISO) or fast. FLOX n = 9 (6 male, 3 female); KO
n = 13 (7male, 6 female). ****p < 0.0001, two-way ANOVA to assess genotype effect.
dqPCR analyses of isolated adipocytes in controlmice (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 <0.01; ***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.
hTerminal plasma ketones in controlmice (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. iChange in bodyweight. FLOX n = 9 (6male,
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.
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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 increasingbetween8and 12 hof fasting. No clearpatternof fasting
dependencywas 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 tomalemiceprior 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 knockoutmice, 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 (Adipoq-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 effects29, 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
timepointwhenwecollected a full complementof 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 similardivergence
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. 4l) 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
circulation30–33. 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 LIPA and
LAMP118. The dynamic fasting changes inMiT/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
significantmodulation with fasting:MITF and TFEC (Fig. 5a). Moreover,
the dynamic change inMITF 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 adipocytes34,35. This line
was derived from the adipose tissue of an infant with Simpson-Golabi-
Behmel Syndrome and there is precedent for its use in themodeling of
human adipocyte biology36. 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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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. 5e; 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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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.
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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 conclusionmust be
tempered by the limitations inherent to the in vitro model system
where restriction of insulin and nutrients in the culturemedia does not
recapitulate the complex physiology of organismal fasting. Moreover,
while the core lysosomalmechanismmaybe conserved, there was also

mouse-human divergence in functionality of theMiT/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-
siologymay be of broader relevance to humanhealth3.We next sought
to further contextualize the relevance of the adaptive fasting response
in adipose tissue.We hypothesized that dynamicmolecular 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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Fig. 5 | Lysosome-dependent lipolysis is operative in humanadipose tissuewith
fasting. aMiT/TFE factor fold change relative to day0 fromhuman transcriptomics
analyses of subcutaneous adipose tissue during inpatient 10 day fast (n = 7). Dif-
ferential expression using a linearmodel 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 LIPA fold changedata-set in A (n = 7).cTwo-sided Spearman correlation
betweenMITF fold change and LIPA fold change data-set in A (n = 7).dDoxycycline-
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 asmean, S.D.M.NEFA=non-esterified fatty acids. e LIPA assessedbyqPCR

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 themeanof 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 asmean, S.D.M.
Friedman’s/Dunnett’s tests. Con=control.
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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 fasting18; 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 interactions37. Of 946 genes, 732 (77%) were
present in the human interactome. Unmapped transcripts were either
non-coding or coded for proteins for which a PPI has not been
demonstrated.Wefirst testedwhether 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 fastingmodule 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 fastingmodule to aging38. 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 candidatemediators
of the interaction between fasting and aging phenotypes in silico, an
approach previously demonstrated to discover functionally important
regulators39. Numerous known factors of importance ranked highly
based on BC scoring, including the cell cycle/senescence regulator
CDK1, 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. 6c).

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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ATP23

PPFIA2

AKT3SOCS6ARNTL2 RPL34

RAB27A
SKAP2

AHRR

RBM4PIRKITLG

TAF10

CTDSP1

STK38

PILRA

SNX5

RPS6KA2

EIF2B2 CHST1

EIF3B

PELP1

EIF3CINO80B

FAF1

CDC40

ITGB4

ITGB3

CCDC50

CNKSR3PAK4 MSN

RIN3

ENO1

SAP30LCDC14A

SLC9A1HERC1
NUDT4NDRG2 MINK1

CNOT7

PPP3CB

WDR24

RMDN3

UCP3

EPN2 SYNE2 PTPRSNFYC

RPS6

DNMT3BRALA
DUSP10

KALRNZNF76

RPS6KA5

TTC23L

BTBD6

ACR

NUDT2
SPHK1PLD3

BTG2

NME5
MYO1C PRMT8 BTG1 TUBA3CEPN1SLAMF1MAP4K5

TOB1NEURL4

LAMTOR2

DENR

SUN2

ITM2C

GAP43AP3B1
COMMD6

PROCA1COL24A1

PI4KA

CNOT1
IQCB1

CCNL1

NCKAP5

DACT1

IBTK

RGL4

DLATSSTR2

SHCBP1

HSPA9

FGFR2

ERO1A ELK4

SHD

CAMP
PYROXD2

MYO1E
REPS1

FCER1G

EIF3K

TMPRSS11A

CBY1
ZNF747

RAB11FIP5

SCNN1DSNTB1

CTGF

PPEF2

NOP53

TEAD1CDC42SE1

CORO2B

DIAPH3

SLC1A2

TICRR

CDC42EP5

DCP1B
MCF2L

DYDC2

LHX2

RPL22

ANK2

ADIPOR1

DUSP16SYNE1

RAC2

LEPARMCX5

KDM5B

NBPF11

ANXA5

SHC2

HTR1A

SHB

ANOS1

SUPT4H1
EIF4G3ECHS1

HLA−DRA

CEACAM5

DCP2

CAST

NEK3TRPV1

FGF1

RHOH

NAPGMBP

TCEA1

GBP2

MPDZB9D2

RECQL5

SUPT6H

SSTR3

ZNF74

CCT4

MLPH

ZNF711

FGF8

YKT6

EDC4

CPLANE2

FDPS

FOXG1

SYT9

FGF23

ZUP1
LEPROT

ADAMTS1

NRP1

NRP2

SYTL1

HLA−DRB3

PLEKHA2

CEACAM8

GIF

OR2AG1
CEACAM6 CUBN

HTR2C

TTC30B

CARTPT

CEACAM1

CEACAM7

SERPINB9

SDSLRND1BTBD10

UFD1

MYO1F

RAB11A IGFBP4

HAUS7

WASF2PDZD4DR1

STMN1RAB11FIP3ACTR3

IGF1

DYNLT3

PTPRM

BBOX1MAST1 LANCL2

CFDP1

BROX

GTF2B
PTPRD

CIT
NEUROD1

GTF2A1

TNNC1
SPAG9

STRADB

ARF5

STK11
SIPA1 RIPOR2RGS4LIG4

UBE2CIGFBP5
UBR5CD177 ITGA3

EIF4BKIF1C AFAP1L1 IGF2
TGM2
KLHL5 WDR37

CAP1

SPDYE2

TTR

TNFRSF13C

ITGA2KLHDC9 LARP4B

EXT1

TACC2

OGDHL

DDX3X

CMC4

C11orf16

KCTD10

AP2A2

TSSK1BITGA2B
KEL HEBP2

SCX

PAIP2

RPS9
SENP3

NDUFV1

RHOV

BMX

TNFSF4UCHL3 HNRNPAB

ARHGAP27

MAPK8IP3

PDCD11

MYH9

FSCN1

SHARPIN

POLE3

NOV

COX8A

NOSTRIN

ARPC4

NGF

NLE1

MSC

AP1G1

RAB5B

UBR7PLXNB1

SPDYE2B

NFATC3

SESTD1

MT−ND2 UGGT2

MAP3K13

ACVR1

MYLK

ZHX3

AGFG1

BRF1 CD38

MRPS31

RPS6KC1SLC22A6

IL34
RELB

RAI14

ITGB6

IGLC2

GLE1

ZHX2

CTC1

SHOC2
CD58

HSPA5

FCHSD1

KIF6

FAM19A4

SLC25A23

EID3
TNFSF13B

SH3BP1
ARID2

FAM129A

AGFG2

MAST3 DHRS2 PIK3CD

CD84

HIPK4AIM2

RNF34

STRN4

NUP160

PLCD1

RAB11FIP2

URI1

CAMK1

GDF5ARHGEF11

SPEG

IMPA1

ZNF365

PTP4A2

NUP107

GMPPB

WDR4

CRP

DCUN1D3

IMPA2

NUP133

GMPPA

NDE1

NANOS1

BIN3

FAM19A1

RAD17

DZIP1

DAZAP1

DAZL

PUM2

IL13RA2

UBA1

PAFAH1B2 FRG1HP

NUDC

SPOPL

ALYREF

RABEPKGANSNU13

NEU1

UFSP2

GGH

DYNC1I2

YBX3

CHML

CNOT6

RAB11B

CLSTN1

ADAM12

FGF10

CHM

EIF3L

CNOT8

MARCKS

CNOT2 DLD

LAP3MGST1

STN1CLN3

COL18A1RAB25

AFTPH

IRF2

FCGR3A

SPHKAP

FCGR3B

ELF5

SIRT6

CAND2

AP3D1

CNOT3
VGLL1

TPP1

TEN1

VAMP7

SIL1

FSTL3

FUZ

BTAF1

PAX9

RAB7A

MVD

RILP

FIBP

RPL6

AP3S1

AP3S2

IRF2BP2

TCTEX1D2

PLXNB3

RAB6B

NSMCE1

VGLL4

AHCTF1

IRF2BP1

RCAN2

FURIN

PDE6H

RBSNRCAN1

AKAP5 SEC13 NOXO1MAP4K2SORT1

RAB13

EPHA3

RUVBL1

STK24

PLP1

ZFYVE16TES

MEFV

TNNI3

CAB39

RBP4

SHISA5

CEBPZ

CD274

AP4E1

PKD2L1 TNNC2

RCAN3

DCUN1D4

PEX1

ACTL7A

ARCN1

GOLGA4

ARFIP1
SNX19

IAPP

PAIP2BAP1G2

RPS14

TNRC6C

PAIP1

TAF15

DLGAP4

CDHR2

ANKRD27

HOXA5

NLRP2

PHETA1

LRPAP1

PYDC2
VPS53

SEC16B

SNTG2

RPS15

AP4B1

PDCD1

G2E3

CXCR1

SYNM

GLS

VPS35

CCS

POLE4

STK39

VPS29

RAB21

VPS26A

TREX2DTNA

SNTA1

ATL1

GBP3

MAST2

CXCR2

EEF1A2

PLXNB2

MYBL1

ARPC2

BBOF1

IGFBP2

HSPH1

ERC1

IGKC

CLIP2

FNTB

FEZ2

GALNT5

CTDP1

SEMA4D

GTF2F2

RPL27A

MTSS1

RUFY2

SMC2

TNFRSF17

RPS15A

RHPN2

ARPC5
IGFBP1

WARS

BACE1

ACTR2

SCUBE3
SH3D19TGFB3

LDHC

UTRN

NSMCE3

GTF2F1

IGHG1

RGL1

PTPN21

ATF6BDCLRE1C

RIT2

RRAGD

RRAGA

KCNV2

KCNG4

KCNG3

ARPC1B EIF2B4

GTF2A2

RHODLY9

CLASP2

PLEKHB1

RRS1ST8SIA5

PMM1

KCNB1

EXT2

NEK1

POLR2E

KLC2

GFI1B

DSG3

KIF13A

TNNI3K

RAB24

EEA1

RAB22A

ZNF208

DSG1

KCNMB1

OTUD7B

TDRD3 NREP

CHP2
RAB5C

CHP1

WBP1

NOL8

LRP3

GDI2

PDCL2

AP1S2

UQCRH

SEC24B

AP1S1
IGFBP6 FAM189B

HEMK1

FNTA

CDC26

RRAGC

DSC3

CDC42EP4

STRADA

MT1EAP1AR

TRIP12

NELL2

CXorf56

VPS45

JAG2

ARL8A

PLS3

UCHL5COTL1 MNS1

SSRP1

ERAP1

SRSF10LMX1B

MARCKSL1

TPGS2 TWIST1

WDR6

CRYBA2

ABTB1
DPCD

DSG2

FASN

BICD2

CD80

SORL1

PHPT1

PARP4ARF3
GGA3

AP1B1POU3F4

APBB3

ARF1

DCUN1D2
RAB11FIP1

CETP

PKP3

RASL11B

MRPS18B

ATP6V0A2

ZDHHC3
ANKZF1
RMND5B

SCN5A MAP4K4RIN2

PLEC

SNTB2CDC16 RAB6A

LRRC1

MVK

IVNS1ABP

MORC4

CHN1

FAM104A

KRT1

SAFB2

RNF43

AK6

PTPRT

JAML

NFRKB

COPG2

PLCB3

S100P

SERGEF

ANAPC5

ARL2

HECW1

ZNF33A

GOLGA5

TMEM173

COPG1

LCP1

EHD3

USP10 TRA2A

S100Z

SSR4

COPZ1

COPZ2

METTL1

UBE2F

DNMBP

IL13RA1

MICAL3

MICAL1

PSMD1

RABGGTB

RAB9A

ATP6V0D2

ANKFY1

MICALCL

PDE4C

LVRN

TRAPPC9TRAPPC6B

IFIT5

TRAPPC1

TMEM183A

IL3

IL5

CLIC1

CENPH S100A11

FBP2SRPK3

SUPT16H

WNK4

G3BP2

MACF1

PCSK9

ARL2BP

KIF23 TBL1XR1

APOH

SPATA4
ASIC3

MTDH
9−Sep

C1QTNF1

BCLAF1

COX6B2

PPIC

TMEM218

NHLH1

NDUFAF4

LRRC7

FST

TRIM44 ARVCF

IRAK2

RBM22

EFCAB12

SIK2

CPSF1

CRABP2TBC1D9B

AIMP1

ZNF2

C7orf50

ALDH2

ZNF346

FHIT

NAV2MYBPHLEXOSC9
KIF22

MYO5A

ZSCAN1

EXOSC6 ZBED8

ZCCHC13

RAP1GAP

SERPINI2

ANKRD44

EXOSC1CDIP1PRKCH
VAMP3

LRRC37A11PGEMIN4

RAPGEF3DNALI1

PRKRA

STX19

RBM14EPB41L2

ZNF513

MAB21L1

MRPL27
KRT72

TXNDC11DERL2

TMEM189

TTC32

TNFRSF6B

CBFA2T2

DDX19AUPK1B

IKZF2

PFKM

ALDOC

BNIP3 OCLN
ZNF627CELA2B RPL39L

BSPRY

ZC2HC1AFAM120B DUSP7OAZ3

NECTIN1

CARD14PPP4CATG16L1PTRH1

CCDC24CFAP77

PTTG1IP

DNAJC15

TGIF2LYKLK15

SLC1A1
TMSB10

ZNF239

HSPA2

TEKT5

PYGM

MRM3

CC2D1B E2F8 VAMP5

C9orf116
CD226

CREM XPO6

VAMP1

PAXIP1ZCCHC12

KTN1EXOSC3
ALAS2

TWIST2

HSPBP1

GORASP1 KLK8NECAP1 LYARNAV1 GMIP

HDHD2

TRAFD1

P2RY6

NANOS2LAIR2ZNF846

FKBPL TOR1ARPAP1SMIM3ZNF223

STX6RNF220ZNF18ZNF543
TNXB KCNS2

COMP

EMP1

GPR25

ATP6V1E2

UACA PPIB

AIG1

STX4RGS19 ADH6ZNF679
STX16

GRAMD2B

TCP1

GPX7 GIMAP5

NPEPL1

ASNS

PSME1

GCGNRL

CD47

CCR1

BCL2L13

ARHGEF1

ZNF334

TSPAN12

AMPD2

ATP6V0C KIF25−AS1

SERP1
RBP5KRT8P12

TMEM190

ADPRH MSR1
SDC3LBP

LAMTOR4

SLC44A3

CYCS

BCL7A

BFSP1

GALNT2
CFAP65

NFE4

GNAS

ANKRD54

RPLP0

UNC45A

GNAI1

CREB3L3

LRCH3
NAP1L3

GNAO1

STX8

AGPSTNFSF15LGALS1

TRAPPC5

MYO7A

DERL1

CXCL9IL1RAPL1

LARP1

C16orf87
SLN

PMP22

STXBP3

TBC1D19

TRIM59

PLP2
DNAJC27STX7

STXBP4

ADRB2

PLEKHH2

DNAJA4 RNH1

C16orf45

SGTA

HMGB3GNAI3
TIGIT ACMSDESD CRYGA

TMEM11

DPH1

LDLRAD1

TMEM248
MYH1APOA2

CA1

GH1

MRPL38 PPP3R2

ANGPTL8

GDE1

DUSP19 CCT7 CCT5

CTAG2

VTI1B

ZNF419

RPL36ALNEURL3AGR3

NUCB1

OLFM4PGAP2
SEC22A

RNF175 CROCCP2

GET4

TMEM79

AQP9

CTRC

LY6H

JAGN1

BORCS8−MEF2B

CLDN8

ZSWIM2

IYD

5−Mar

STXBP5 NEK8

FAM96AGNAZ

C22orf23

RRADCPSF4

GTF2IRD1

CCDC148
EBI3 MTMR2

PKP1

MALL

DNAJC5BIQCF2

NCLN

CLEC7A

DAOTDRD1

HOPX

THEG

CYP2S1

SYNE4ZNF778RHPN1−AS1

ACCS

COX7A2L

MTNR1A

LINC00242

RPS13 GEMIN8P4

KIZTMPRSS4

CD302

TIPIN

SCG2 GMPR2LOXL4

TEX9ICA1L

CLEC1B

PHOSPHO2

HBG2FIS1

CNTROBMPP5

WDR74

ZNF699

TMEM147

AGPAT4

PLEKHG4

AFG1L

2−Mar LYVE1

SLC39A13GOSR2

TROEP400
RASGRP3

TICAM2RCN2

HSPE1

IRAK1BP1

ALDOA TMCO6

FAM83DSCGN CDH15

FKBP2

GABRB3

ATG3

FABP2

DUSP26

HOXC9

CWC15 TMX3

NECTIN4

MRPS23

POLN

C2orf42

GNA14 CA2ARL6IP5

HOXD3DNAJB11

ATP4B

PRPF39

SCCPDH

GRM5

GNB1

HSPA13

MTG1

PRKAR1B

NUDT12

FAM96B

KCNJ10

ZFPM2C1orf174CALU AGO2CREBRF

GABRB2

CCT2
SV2B

CTNND2

NRIP2

IRAK4

LGALS13

PMP2

PPP1R12B

NTM

LRCH1

HIST3H2A

S1PR1

NUPR1

GNG4

ADGRA2
FAIM

GNB2

USP6

WDR27

VEZT

IFITM3

PSME2

RNF182

MT−ND1

TMEM128

C6

MON1B

NIPAL3

FCRL4

PLN

EMP3

POP1

TFF2

DOLK

GNB5

MYL2

RGS10SYNPO2 SPAG1

ORM1

EXOSC2

PTGES2

YIPF6

OSTC

14−SepWDR26

PELI2

C19orf47

NEGR1

LSAMP

C1QTNF6

TMEM31

PCDHA4

CFAP58

CCL4L2

FAM3C

FXYD6

SLC30A8

TMEM234

SLC35B4

SIGLEC8 BTNL8

PGRMC1

BTN3A1

C5

CD300LD

PIK3R6 KLHL6

SOX14

GRHL1

GRHL3

VPS18

FIZ1

RPP30

IFNA4

LIN7B

CCL4

OPRD1

ATXN10

LY96

PIWIL4

YIPF1

KLRG1

KLRC1

CABIN1

TMEM199

FARSA

NRSN1

ERLIN1

IL1RL1

LSMEM2

PAEP

LYPD3

OSTCP1

LEPROTL1

ADGRG7

LSMEM1

CD69

CST1

NRM

TMEM86B

MFSD5CREB3L1 STBD1

ADAM33

FIBCD1

C3orf52

RPTOR

OSTM1

NINJ2

HSF4

SGCA

EDA

PPP1R1B

TFF1

CTSL

SOD3

EVA1B

RNASE1

SLC26A6

PLLP

PGGHG

KRT14 RGS16TMEM120B

RHOG

ANKRD45

AZIN1

RPN1

OPA1

TNFSF14

NAIF1

SRRT

ZG16

SLC30A2

RPL28

TMUB2

TLR3
PDP1

RPL13AP17

GAL

KIF2C

SPPL2A

WBP1L

AZIN2

SMAGP

OAZ1

COL8A2MSTN

SRGN

IGLV2−11

CSPG5

SCRN1

PRAP1

TWSG1

MSMB

UPK3A

PDE3B
CD79B

RPP14

GNGT2

YIPF2

GNG7

KCNJ4

GNG3NOB1

TSPO

FH

TMEM237

CCT6BRPS19

RBM15B

GNG2

ADAT2SDC2

CCDC88CRGS12

C12orf40

FDXR

CYB561

WDR48
GRHL2

GNB4
TBR1

PPP4R3B

ITPRIPL1

CASTOR1

TMEM174

MYDGF

CABYR

SSNA1

SNX1

PRR3

VIP

KRT4GMCL1

CATIP

URB1−AS1 ATRIP

SNX20DDAH2

ZNF266

ZBTB49

DHRS1
GFOD1

MOB3C

ZNF578FARS2EIF5A2

KRT81

ZBTB10

MOB1A FNDC3B
CRCT1SMAP2KRTAP12−4

EIF4A2FAM9B

ZNF473

TRIM51

CEP19

PSMG2ZNF576

TMEM231 TTC19

ZNF138
FAHAMMECR1

PDE9A

MAGOHB
SOX15 SPATA3CINP

NT5C2
HEY2
ZNF483

SPATA8NPBWR2RIBC1

FKBP1BOLIG3
LRCH4TTC25

ABO

SAP30BP

MT2A
GNE EPB41L1

ACY3

CEP95

SAT1
SLC16A9 ALDH3B1CLUAP1 APOL6

GTF3C5

FAM3A

ASMTL
NOL12RASD1

TNFAIP8L1ZNF264

CSNK1G1

XCL2

ZFHX3C19orf73

CCDC17

GAGE12F

ARMCX1

RBMY1A1

FEM1C

CT45A10

NOS1APKRT83

MRPS27

C11orf54

SMOC1ADAMTSL5HOXA9

ASPSCR1

FBXO34

PLSCR4

IP6K2
SLMAPNR1D2

N4BP2L2WT1−AS

6−SepMIR4435−2HGKRTAP12−2PRPSAP1 PRF1

MRPL10 C5orf60

C22orf39

DNPEP
FTSJ3PCED1A

AQP5HOOK1

ARHGEF40

AKR1C3
ZNF253

ARSI

ABTB2

RAB17

ZNF3

HOMER1 CT45A3

TUSC2

7−Mar

C11orf68 CHDHKRT79
HOXB6MYRIP

LINC02363

CXCL14INTS11

ZBED4

MATN3
ZNF394HEYL

SLC6A20

EIF2B1

THADA

USP9X

DHPS

IFI30CTBP1−DT

PLEKHG6

UTP3

SYNPO

C9orf16

GDAP1SELPLG

ZNF580BTN2A2

SRRM2 CENPX

FASTKD3STAR

MYEF2

TEDC2

KRT77EFHC1UBL4B

CST2

PARP11

TAL2

TDO2

CLK3

SLAIN1ZNF320

ZNF404RD3NCALD

DELE1
LRRC29

ZNF273

EIF4EBP3

PNMA6APAX1 CCDC70EIF4E

KRT17
GDPD5KRT73

BARHL2

IL2RB

IL7

IL7R

IL15
IL15RA

MRPS12

IL2RA

TIMP2

MT1G

MT1HCRACR2B

SNX32

FANCM

ARSA

PAGE1

PAX4

YARS2
PEX5

GRAMD1A

CEP290

TM6SF1

LOXL1
AGAP2

NOG

IL2RG

ERH

TRIM13

RPS3A

SPINK7

SNX11

SRRM1

POLA2

FRMPD1

DPYSL5

ZNF423

TFEC

11−Sep

ZNF212

NDRG4

C9orf24

FAM206A

C10orf82

DDA1

KLF17

EVI5L

NDUFB10

TFIP11

IL17F

CXCL11

SCAF8

ACOT8

RABL2BRNF135

DDX55 LYRM2

MT1A

ZNF425

NCAPD2

C7orf31

ADGRB1

EIF4G2

RPL14

C16orf72

RNF219

PMM2

VSIR
HOXD12 RMDN2

NTF3 SPATA1
TCTEX1D1 GPR50

ITM2ACCDC14

NALCN

PHYHIPL

GORAB

TACO1

RPL15PAGE2
DEPTOR

BAIAP3

C1orf116

TOMM7

ZNF772

SIRT3

CAPRIN2

CCDC110

LSM11

GSTO2

HP1BP3

MTRR
DNAJC4

CASP14AAMDC

BORCS8

TLDC1

EIF4EBP2

COX4I1

RBM45

ERAL1EIF4A1BDNF

PTPN9

HRGNUDT22TNFSF12
STRNSNAI2

KIF2A
RSRP1MIEF1

HYLS1ZNF414
DPYSL4

PHF10

ZNF550

MGME1 LIG3

RPS26 OIT3

C12orf50

KIRREL3−AS3

PPIF

TBX3GPBP1
SNAPC3

PAGE3

ZNF396

WDR90

UBE2H

TEX14

SAMD4A

TRIM26

MMAB

SHQ1

GMDS

MRPL23

UGCG

ACSF2

ENTPD5FAM207A

EP400P1 KYAT1

BAAT

DRICH1

SECISBP2

UBE3C
PRPF38AEPHB6 TAF1B

ZNF232
DNTTIP1

PHLDA1PPP2R3CGTPBP3DLK2 CD99

C11orf87 POLR3GL

SMUG1
GATAD2A

FAM71C

TMEM239PIDD1 FBXL12

QPRT

DUT PSAP

MUM1

NDUFAF1FMNL2

SLC25A46ZFAND2B

COL20A1

FAM160A2

POLR1D

NTF4

PARP1

SLC25A48

5−SepPRICKLE1

MGAT5B

TSR2DCTN4RSPO2

CXCL5

RBMY1JZSCAN12 TGOLN2

LYSMD1C8orf48CABP5MAGEA6SRSF2

SIGLEC5

ASB6

NME4

KRT86PCDHB14

SDC4

KLHL40

GNPDA2

DAPK2

FAM126B
DPF2 HBA2 IKBIPING3

NOL4L−DT AKTIP

REEP6

FOXR1

GAGE1

CADPS

DYRK4

RSRC2MMP3

LDHB

VAPB
SAT2ZNF614BSND

SARNP

ADGRB3

CD63

SMLR1

DDX39A

RGS17

PEX12

CCL14

CLIC6

NSG1

SUMO3

NPAT

PRRG2

SEC22C

DUSP21 FAM69B
SAMM50 KCNK16

THAP6

TIMP1 PRRC2C

CGGBP1

3−Sep

GOSR1
DPM1 MTFR1LC18orf54RBMS1

STOX1 ATP5MC1

IGHE

HLA−DMA

HLA−DOB

FCER1A

HLA−DMB

PEX13

OCIAD1

WFDC9HDHD3 EML2UCP2

ASPA

PEX14

CRHR1

MMP14

FCER2

NID2

ADI1

PTP4A1

PEX7

TMEM19

AGXT

TCL6

SHISA3NUSAP1

MIIP

ZFP69B

CHRAC1

RMND1

HTR1E

CLPB

ELN

CNTNAP2

LLCFC1
GPATCH11

ATF7

OAS2
AGGF1

REG3A

RPF1PRDM10 RMND5A

LRP4 NPL

RSPH9

HAND1

OGDH C5orf24

VASH1

AMDHD2

FUCA2

ODAPH

CD300LG

HLA−DOA

10−Sep

CRH

PSG5

POLA1
LPAR2

CPNE6
7−SepMRPL9

SLC25A17

PEX10

ABCD3

ABCD2

PEX3

IL23A

ABCD1

PEX11B

PEX16

SLC38A1

SCMH1SYNDIG1

EXD1

RTP2 SYNPR

OSBPL2

MPP2

UPK2

NDUFB11

CASC3
USPL1

FTCD

PEX19

SYNGR1

TMEM74

RPRM

MS4A1

ECE2
CCDC174

ITM2B

NR6A1

TIMELESS

FKBP7

TMEM140CSGALNACT2

FAM32A

ABHD1

TMEM115
TSPAN15

NRIP3

LHFPL5

INTS9

CWC22

TMEM14C
TM4SF4

SLC7A1ALPP NRG4

TIMMDC1

PRL

GRM2

SLC30A3

PRLR

LAPTM4B

MTUS1

NAALADL2

EBP

KLRD1

FARSB

PTPN5

INSIG1

TNMD

ASNA1

ZDHHC22

FA2H

TEX264

EDDM3B

ENTPD3

DEFB121

PAQR5

BRICD5

CACNA1S

TMEM182

CD79A

SLC41A2

FAM241BGUCY2C

TMEM51

SEC61G

ASPH

HILPDA

VKORC1

RPL5RP9P

SETD5
HYPMNCBP1

PDIA3

PEF1

COL1A1

POM121L4P
SNRPB2TOPBP1

SMYD1

FGFR1

HBA1
ADIPOQ

TNNI1PRPF19RAP2B BCL2L1

FBXW2

SMARCAD1

HTR2A
NPPA

HNRNPK

RASSF1

GDNF

PTPN23INPP5K

CUTCALK
SMAD1 RBM23HIF1A

TLR4

RHOXF2SNRPCPOLR3CPRR20ATTN

ZBTB25

MED7

UBTD1
PCBP1

SOX5PRR20D

PSMA4

LHX4

TRPC1 HOXB9
PNMA5 KHDRBS2INO80E

MRFAP1L1IL36RN
ICAM1

EAF1BHLHE40YPEL3FAM189A2

SERPINE1

ATP5F1AHTR2B

ZBED1

AK8PAX3

CSNK1G2−AS1

TNP1SSBP3 FOXP3

CLCN1

C19orf25 MX2

CPSF7
RFPL3

ROR2REXO1L6P
PHB2

BEX3TAB3

PTS

PDK3

XIAPRHOJ

ELAVL1

DNAJA1

MBD2

CBSL

SERTAD1
PDGFRB

MIF TGFATNFAIP1MYOGCFAP206
DAZAP2NDEL1WASHC3

PDGFB

PIN1PSTPIP1DTNBLMO2ISCUPRR20C

HNRNPF

TPM3

RBM39

PDLIM5

NPPB

PSMD11

YES1 LIN37

DVL2

ZGPAT
FOSL2

MOS
ARHGEF5

NELFE
HDDC3MAGEB18BLOC1S6FASLG

CBS PCBD2SRC

CEP72

SNCA

DNAJA3

FOXO4

MCRS1
ZBTB32

CCDC184

KCTD9 KHDRBS3PLEKHN1

EXOC8ETS1SYT17MAD1L1

CXCL12
NR3C1FAM168APUF60

RGL2

BRD4

RAB3IL1MOB1B

TXNDC9

TAX1BP1

NR3C2

AANAT
DEF6

PTPN3IKZF4

TSG101

SH3GL1

MAPK1IP1L
GCH1

DYDC1NFKB2

JAK2HK2
SNIP1

FAM200A

EGLN1

ANGPT2
TSSC4 BMS1P1NAGK ITGB5 PSMB1

AP2B1
PCMT1F5

EPAS1
SMAD6

KRT8

DVL1

AKAP9

ATN1DPY30

PMS2

MLX

TRPC3

BLK VIL1ANGPT1

ACVRL1HMOX1

VCLFAM214B
VHLRALYL HDAC5

PTMA

RAB3IPDYNLT1

SORBS3

CPSF6

CLU CCDC114FOXO1 SMAD2ALMS1
TRIM2

FABP3

MYO6

SMAD4TFGIKBKG
EDNRA

BSGHMG20A
UTP25 KAT14

VPS25

GPKOW

TOLLIP

RHOA

ARHGEF12

PTEN
TNFRSF8VEGFA

PACSIN2

DRD4

PSMB4

BCL2L15

APBB1

XBP1

EGFRKCNRG

BMPR2

CSNK1G2RBFOX1

USF2

CYTH3
KCNK3

TGFBR1
UBE2V1

SNRNP200PSMB2
AGTR1

RABIF

ZBTB5KDR

GAGE12J CTNNAL1
TPM1

SF3B1

TBRG1TERTARL6IP4DAB2
MED12

GKAP1

PRMT2

IPCEF1SELP

HNRNPC

NFIL3

RFX3CD2AP

EXOC5

WDR62

EIF2AK4

DFFA

SH3GL3

MLF1

PSMB5

DUSP12USP15

IRF4

ZNF277SF3B4

BRMS1L

RASSF5
GABARAPL1

WAC HDAC1

TIRAP

VPS52
KCNA5

GSTP1

RBFOX2
TIFAKXD1 KLHL12ZBTB14

ARL4A

IL23R AQP1POLL RTN4TBXA2RDPPA2TRIM9

MORF4L2

PRKAG1

CCL3

ZNF488KCTD1RADIL RWDD2B
NUTM1

NIF3L1 EIF1AD
CLDN2BCL2

SPATA2GPSM1

HTR1B

STARD13

RETREG3CCDC26CXCL8
GATA4

PSMB10

USP7EFHC2BAHD1 TSSK3
BEX5ALAS1

BMP7

PRPF6ZBTB44HAUS1AASDHPPTRFX6
REN

C19orf57 TXNL4A
MTA1POLMLNX1

DGCR6L

F2

SSX2ZC3H10

FAM50B

VENTX
CEP76TLR7

MAGEA8KPNA3ZNF774

PTCD2

CTSZ

PRADC1

MAGI2HMGB4

DZIP1L

UBA2

CHD2

ZRANB2SATB2

CRYAA
SCAND1APLF

CRYAB

RNF208 GIPC1

CDK2AP1PRPF4

FAM83A

MBD3L1

RASAL2

XAGE3

SNRPG

KCTD17HSPB2VHLL

MAB21L2 MTMR6

LIMK1

MOB4
CCDC103
MID1IP1

XAGE2

XRCC4

LSM6

CRADDTRAPPC2L

BMPR1B

RBM7

PRKAB1SUGP1
CCDC42

SYT16 ZRSR2ZNF460

NINJ1

PITX1FAM81B

PRKAG2ZSCAN9

CAVIN2ZCCHC17

SNRPA1SPATA46 NOP21−Sep
SYNJ2BPRNPS1

FAM171A2LGALS9C CYP1A1

SEC23B

RTN3

CLASRP

ARR3 CLK2TIMP3

VAC14

ZSCAN21SNRNP25
KRTAP8−1

LRRC45

NUDT14

SPG21CAMK2B

TSGA10IP
RPS7SREK1IP1

NFIX

AURKAIP1

ANKRA2

XRCC1
PSPC1

CIB3 KCTD4EIF3D

FBLN5

ZNF24

KRT6A

NUDT18
ZNF263

PELI1SFR1SNRPA

ECE1

TRAPPC6A

ALKBH3ZNF165PSMA3

NME1
PLEKHF2 NAA38CDKL3TXN2UBE2A

CAVIN1

POLR2J CDC23FCHSD2EIF4G1PCBD1 IL13

ATXN7L1
SNRNP70 A1CF

ICA1
TGFBI

DRG1

PRRC1RABL6

ENOX1

ENOX2

C1QTNF2

MBD3

BSCL2

FBN1

MPP3
AGTRAP

STMN2
NADK

PLAC8

NBPF6
ARL4D

FGD2TENT5D

RNF32
TRAPPC2B
PSMD14

GAGE12DTENT2 NCDN

EBF1

ZNF114MIEF2

GLULNATD1

TEX37MBNL1 CCNG2

METTL21A

CALM2C3orf62

ATP2B2MAL2
TUFT1

HYKK

CLK1CA8

RGS8

TCEANC2

POP5ARHGEF15

RAB2BPPCDC

PDE6G ZNF446
SZT2

APTX

RTN1

TBRG4

ZMAT1

KRIT1

IL2

PRPF3

C1orf35

LSM4

RNF213
SERF2

CRBN
GNMTBOLLSNX10

SERPINE2KIAA0319L

RABAC1FAM102ASH3GLB1 SNRPBRNF40 GLYR1

ZNF385C
LSM2

FOXC2

HYIRHPN1

EIF4ENIF1

DCTD

SPEF1

SSX3NTRK2

RBM3TNFAIP8CADM1KRTAP19−7

RNF183GLI1

RBMX

UQCRB
SRPK2

QKIPAICS
ACYP2TNPO2SPDL1ZNF155 CCDC158

CASRCAGE1
SLPI

CPNE2

APOE

NKAP

YTHDC1
HSPB7PIH1D2

TLR9

TAF1DBANF1VPS72

U2AF2DAB1AGTR2

COL4A3BP

ATP7A

LRP2

ALS2CR12
TBC1D23

CLNS1ALOXZFP2

F13A1

CSTF2
SOX30

HID1MAGEA4MAGEH1PSMB3IREB2AEBP2VSNL1

ASCC3MAGED1KLHL3BIRC5 RAB39APDGFRAGNB3IL4
HMGCR

CCDC92VARS2ENG

LARP4NAF1
PIH1D1PKD2

UTP6

DBF4B

SF3B2ABCC2CFL1

ZNF398ARPINSRPK1

LENG8

HNRNPLL

SS18L1

SCYL3
SULT1A4HLA−DPB1

HSPB1
CSF2SRSF11

LSM3ADRB1

HSPBAP1

PCBP2
SCP2

RCN3
SALL2

UBC

TRAIPFANCE

LITAF

COILCDKN1B
LDB3

AP2M1

ECH1

SRSF1

KLHL2

MTORHLA−DRB5

U2AF1GLYCTKTEKT1PLOD3SFTPC SMAD9 EGF
NOD2

EGR1

PATL1KRT38TRIM23TRIM42CDC20B
HOMEZPRPF31

ZNF417
STAC3

CALCOCO2KIFC3
NEFLFAM107ACCDC136

WDYHV1

THAP10

NPDC1

IQUB

SPATC1L

CCDC198
PPP1R16B

BYSL

SPERT

RINT1

NEK6
RCOR3ARID5A

PLSCR3

TCHPRECKTRIP6

STK16

CFAP53 HPCAL1

FAM118BCCDC102B
FSBP

CCDC57TRAF4KLC3

BIRC3
TCL1A

FRMD6KLF12
MAD2L1BP

ZNF638CRY2

TRIM8
KIAA1958

GTPBP10
MXD3 SHC3CDKN2CTRIM29

ZBTB43

FRS3MID1RAD51D

ZBTB16

HSBP1

HBZHBEGFCDA

UBE2K

ZMIZ2OTUD4CDK5R1
AIFM1

FAM74A1

BEGAINZNF230ZYXBAG6MID2 VPS28EDARADD

MCM5

RBM15
LMO4GPRIN2EHMT2

TSGA10 PPHLN1

C1orf216SLC48A1PBXIP1

CYTH4
NPHP1

PCM1

SH2D4A

PQBP1

NECAB2

KIAA0408

TFPTTNIP1

LMO1SET
COMTLMO3
MAPRE2

PTBP1

BCAS2
TENT5C TBC1D22B

DPPA4
BAG3CCDC120

C4orf46

NXT2KAT5 TEAD4

COX5B BLCAP

VPS37C

KIF9

DTNBP1

PSMD9OTUB2

TBC1D7

TRIM32

KIF5B

PSME3
CCNKSAXO1

TXLNBATPAF2HGS

ILF3

SYCE1

GNG11

PPP1R18
NME7

HOOK2MRFAP1

QARS

SNAP25
UTP14A

NAA10

ATP6V1D

GUCD1

ACTN3

TMA16

FAM110A ZNF341

GATA1
HEXIM2

LONRF1

PCSK5TRPV6KRT20

ZNF26

SIX1

ABI2
OIP5

TEKT4FAM76B

TROAP

TNR

NEBLNOC4L

AMOTL2

CCDC121CCDC146NINL

ING5 RIMBP3CSYT6USHBP1ABHD16ANUP62KRT19

CCHCR1

GCC1
TMSB4XRUNX1T1CWF19L2
INPP5DPDLIM7CDC42EP1

POLR2L

KIAA1217CAMK2D

C2CD6ZNF844

WTAP

CBX8ZBTB24SSX2IP MORF4L1

USP2TYK2

SMARCC1

PRKAA2

ABLIM1

ZNF408 THAP1
SMARCE1 GFAP

POLR2CMFAP1CEP63
MEOX1

NFU1HBB

AMOT

TRIM27ZNF329ZNF410
AESIKZF1

PLEKHB2

LGALS3

ENTR1
TRIM54

HLA−A

FOXP2FSD2PSMC6
TRAF3IP2

KLF3FXR2SP4

GATA2NFATC2

RPIA

E4F1TLR2

WWP2

DYRK2CTNNBIP1

CDR2
EHHADH

PRR20E

KANK2

BCL2A1

SUMO1P1LDOC1

TMCC2PHC2

EPB41MAGEB4

TRAF2

PRR20B

FAM124BGCC2−AS1DTX2PLSCR1

PNMA1GEM
ARFGAP1

L3MBTL2

DMRT3
VPS37AKRT31 POLR1CZNF250

MORN3 BEND7

TCEA2
CHIC2TNIP3

CDCA7L

GNPTAB

LINGO1

OTX1DOCK2

ZNF564
KRTAP10−1 KRTAP10−5CHRD

TSHZ3HMG20B

ZNF490

KRTAP10−9KRT6C
MDFI

GFM2

EFEMP2 CHCHD2CSF2RA

KLC4

MPPE1

THAP7
RNF214KRTAP4−12

AEN

P4HA3

CIRBPCEP44

INPP5J
CCDC28AIQCNDVL3 MXI1

NAMPT

LURAP1METTL17

PID1PRKAA1 PPIGFAM74A4SPG7CCER1
RIPPLY1

TACC1

PNKP

FAM214A

STAMBPL1ARHGEF39RUNDC3A

ENKD1

ZNF34

FTLMMP1
VPS11

PATE1

FAM13C

PBX3

HGF

PRR13

SDCBP2

NECAP2

ZNF821

MRPL28

GMCL2

GPATCH2L

RBPMS

CCNC

RAB33A
SLU7

JAG1
FAM193BNKAPD1FUNDC1HYAL2

HMBOX1
GORASP2 CFTR

PGBD1SF3A3

QRICH1

RTP5
AFF4

PRPS1

KRTAP19−5

RBM17 TUBB
TXNL4B

CSNK1D
COL8A1

EMILIN1HSD17B14TXNDC5ZNF572

FAM133A

GHR

NEU4

LASP1
CATSPER1

PARVG

MRPL11

MAPKBP1

CCDC36

MRPL40 ELOA

ZNRD1

JAKMIP2 ZNF426

SMG9

SNX6
HYPK

CDC73

ZNF587

MSRB3C12orf49

HHEXMORN4NUP54

RIBC2

CSN3CCDC116

LGALS14

BANP

TAX1BP3

BEND5NAB2 APEX2HOXA1

KLHL38

SUMO1

CCDC130

ZFYVE26

NONO
CYB5R2

TRIM41

NEIL2

NKX2−1

EPM2AIP1
RAMMETSGF29

PSMF1GSE1

ATP5PO

GATAD2B

ZNF397

L3MBTL3TCEANC

SPAG5INCA1SDCBPDNTT

KRT15

ZFC3H1FBXO28

CEP55

NABP1
TSC22D4 AP1M1
CEP57L1

C1orf94
SMN2 CCDC85B TRIM37NOS1COL1A2

TCAF1FBXL18
TXLNA MAP3K7CLCCDC33

SF1DCX ARMC7C10orf62M1APPPFIBP2

TRPC6GJA1

EXOC3−AS1RPL9MED4

GOLGA2

MIPOL1FLNA

KRTAP13−1

RPGRIP1
IRF5

PSMA1ZCCHC10OAS1

DDX6

IL6

KRT13FBF1
RSPH14KANSL1

ZNF655

FCHO1SCNM1

SNAPC5ZBTB8A

RBM41

SLC25A6
ZC2HC1C

KRT71

MKRN3LZTS2STX11

SPRY2RCHY1PRAM1FAM124A

REL

CEP70MTUS2PRDM14DCDC2B

MAGEA11

TCF4CDK18IFT20

CARD9 GLRX3

AHCYL1

LENG1 EIF4E2C6orf226

CENPPTTC23

ICAM5TCF12TADA2AKRT6B

TRAF3IP3

FAM90A1

KRT40ZNF581

POM121

CREB5

CHCHD3

CRXGOLGA8F

ZMAT2 PBLD
TRAF1CHTOP

AVPI1

FHL3 PDE4DIP

ELOA2C1orf109
FAM161A

DHX57

ZNF20

TEX11

PGLS
UTP23

TRIP13

FNDC11

UBE2Z MAGEA1

KRTAP10−8
NBPF19

SEMA4CCRY1

ITPKB

ADAMTSL4

MAGI1

LCE1B

NAPRT
KRTAP4−2 UTP14C

CTTNBP2NL

FAM208B

MEOX2BEX2

AKAP17A

KRTAP10−7

ZFYVE21

C19orf66

NMUR2KRTAP5−9

CCDC112 RGS20

POLB

CRACR2AR3HDM2

SYTL5

KRTAP4−11

GCM2

NGB

KRTAP9−4

HOOK3

KRTAP9−2

LCE2AKRTAP26−1ZNF124

SNAP47

NOTCH2NL

FIP1L1

TSPYL4

NQO2

TXNDC12

LINC01588

ZNF607

GABRD

TYMSOS

PPP2R1B

NEUROG1LRRIQ3
FHL5

VAMP2

NXF3

SCOC

MRPL15
RAB41

KATNBL1 TRIM3

DUSP13 PER1BNIP3L

SH3BP5L

PVRRNF185

FRMD8

APOBEC1

UGP2
IRAK1

CARF

KAZN

MYOC

EAF2

MIS18A

PLK4

MINOS1−NBL1AMBP RIC8A

FGFR1OPRPL13

DDX41KIF24

GYS1

SERP2

GYPA

RNF5

PIM1

CBR3

ZNF169

CCDC87RBM8A

CDX4

GOPC

GNG5

SMARCD2

IGSF8MRGBP EIF5A

SMCO4

CLIP4

CST9L UBL4AZNF136

RTL8B ABT1TICAM1
SERPINF1

RTL8A

TKFC

IL11

GPSM3

MAGEF1

TMEM150AALPI

TFF3

HM13

NMU

UBAC2MAL
SNX31

NAPA

NUBP2

SNAP29

EIF4EBP1

KRT80

GRIA1

SCARB1

CYBRD1
RNASEL

HSPA12B

BUD31

GIPR NME3

YIPF4 KCTD19

MELTF

TNFRSF12A
ASAP3

TMEM241 P2RX7

HDC

GLP1R

ZNF205SNX7
UBLCP1 SSSCA1

EXOSC8ARF4

PPP1R16AFASTKUSP20

ATG9A

CSTF1

TRIM31EFEMP1 HIST1H2AKANKRD36BP1

FBXW5 ATG5

ODC1

DNAL4

GNL3LSPP1

CLEC18A

ICAM4CCDC185DOCK10

LRR1TUBA3E

C8orf34

NFKBID

CIAO1

HOXB5

HSPD1

TTC9C

FLI1

SNHG11UBA6

SELENOV

EPC1

PRPS2MEAF6
PTPA
LINC00526

RCBTB2MPG

PRC1

TFAP4RHEBL1PHC1

STEAP3

ZFP64

ZNF276
C18orf25NUP58

THAP12

RUSC1

BCL2L2

UBQLN4

ATG12

LPXN

ZNF670

TTC14

RNF10 CSNK1E

FANCL

PRKAR1A
FAM117BWDR25

MLLT6 ZNF133

NUTM2F

UXTFKBP6

SP100

ASB13 PHF1RYR2

EXOSC5
TYRO3

LRRC75A−AS1

TMED3 CLDN7

TRMT1 RSPH1

WIF1KIAA0100 SCRG1

OPCML

CCDC155

TMEM100 NKG7

PDIA5NDUFB9

PCED1B

CD3EAPLRRN4

VARS

LINC00663STX3

BET1

WNT11

ZNF32SOHLH2

GOLGA6L2

TOMM22EIF4A3

ELANERNF146

ZNF418

PDZD3

MOXD1

GPSM2

SOX7

SCYL1

CAPNS1

TDP1

FAAP24

TMED9

GGACT

GAD1

C21orf91 SAE1

CDCP1

NET1

C21orf2
PITPNC1 MCEE

EMC2

TRMT61B

ZC3H15

ZSCAN20

TTPA

SNX12

LCORL

DPYSL3

SINHCAF

STAG3L3

SSX5

EMC8

FGF3

CAPN2

ITPR3

DRG2

EMC9

STMN3

EPB42

CACFD1

HSCB WIPI2

BPIFA2 EBNA1BP2

AACS

GLTP

TRPC5

TPD52L3

JMJD7

ZNF695

LRRC41

MINDY1

TAF1C

FAM167A TMEM159

ZKSCAN1

ARHGEF2

PDGFC

HARS2 RBFA

PSMD7

GAD2

OSR2
HRASLS5

ANKRD36B
SHMT2

LRRFIP1DENND2DCD6

DPYSL2CHMP2B

RPP25L

ZSCAN32
IGF2BP3

ARL6IP1

2−Sep

CSPP1TIMM44
SEMA4GELMO1 ZNF16

NUDT16L1
MVB12B

C12orf10

PPIL2

SUCLA2

EIF4HZSCAN22

CMTM5 LINC00588

ZNF592

ATP7B
USE1 MSI2SIRPB1ACOT7 CDK8

MGST3

ZC4H2

ZKSCAN7

CAT FOXS1

MOB3B

ZKSCAN4

SPATA22

ZNF783

ZSCAN16

LETM1

ZNF227

ANKRD26P1

PLCB4

IFT27

RORB

CTPS2
HNRNPH2

ZMYM5 PAF1

C19orf44 KCTD15

TRIM72

CLDN17

PTRH2

CXorf40A

CCDC28B

TFAM

PTPN2

NEIL1

RWDD1

PPIL3

PDLIM4

PARP16INMT
ACSS1

RPL23AP32
NUP35

OSBP2

U2AF1L5

TMEM213

FRA10AC1
MED18

DOK3

GTF3C1
ZNF496

CWC25FAM114A1

SUFUC9orf106

FZD9

ZNF624
PNN

IQCE

RAB2A

STK3

CDIPT

ADAP1KLHDC4

CIAPIN1 WDR54

MTERF3

CNTF EAPP

COQ8A

MRPL53

GAGE13

FAM218A

C4orf33

METTL13

BICDL2
ACVR2A

AP3M1

GDAP2 TSTD2

MAGEB2C11orf49
SUB1

CRYAA2 ROBO3 ISYNA1

SNX22

CDK2AP2DGCR8

AKAP10

SULT1E1RDH12

APOBEC3C

PRR19

DCANP1

LMF2SPRYD7

MAP1LC3C

LAGE3

BEND3

TTC39B

CKAP5

CCDC25

CYTOR

ADAM19

DRD3
RHNO1

NEU2

CCDC150

ZNF41 ZNF702P LARP1B
LINC00671

PYCR3

TSPAN4GAL3ST2

CENPL

CD164
SLC41A3

PRDM7

CENPS
FUT11

AP5Z1

SPRED2TIE1
STX12BLZF1ASB7

TREX1SELENOM

COG2

CCNDBP1

EMD CARHSP1

STRBP

WT1GLIDR

RARSTCF25

TAPBPL

HSFY1

KRTAP2−3

UIMC1

RAMP3

ZNF202 FAM71E2
ATP6V1B2KRTAP2−4
TBX6

CDSN
PCMTD2

NTN4

YIPF3

GNPDA1MAGEA12

SPACA9

PIMREG

CLHC1

DBNDD2

MTFR2 KRTAP3−1

NUMA1 TNP2

TFCP2

CT55

MAGEA2JADE3

FOXB1LINC01547ZNF286A

VAMP4

LNPEPEYA2

DUSP23

NR2C2AP

DOCK8

ATP6V1G1

BMF

MIA3 FAM27E3

THEMIS2

ZNF502

NECTIN2

RBM47

KIF4A

ADAM17

CTSG

KCTD14

KRT5

GPRASP2

ZBTB48

CD33 LDHA

PRKRIP1

FAAH EFNA3

BAG5

CSF1CTNNBL1

SNAP23
CSTF2T

FERD3L

XRCC2 ADAMTSL3ZNF625

MTX2
ZNF555

MAGOH

TRIM73

SLC16A3 ALKBH4
ZNF317

PIN4

SLC35A2LINC00656

LRFN4HSD3B7

BEX1CLASP1

SENP2 ZDHHC24
GAS7CCT3 NAXDFRG1CA6

PFKL

RPS28

LIN7A

RAB29

CNNM3

ZNF101CYBC1

SUSD6 ABLIM3TINAGL1 TMEM8A

ZNF415

SLC22A23
C5orf30FAM86C1 LIMS3

NBL1

KIRREL2PLPP2

MOBP

RTN4RL1

POLR1A
POLR1E

NCS1

CXCL16
ODF1

NCBP2

KRTAP10−4

ARMC9

CHRNG

MAB21L3LCE3ELCE2D

SPATA24 FAM156B

PRM2WDFY3

DAAM2

GNG10

RPUSD3

TRIM69

KRTAP13−3
ANAPC13RAB27B

GPATCH4

KIAA0040
ITPK1

NT5C1A

THEM5
AGPAT1

ADCK5

NAPB SPON2
ZNF302CENPS−CORT

ZNF213−AS1DHX37SPINK2

ZG16BMRPL45

GLYAT

ZNF224 POMGNT2DHX32

TARDBP PPIH
LINC00636

RIPPLY2

HINFPFDXACB1

GSTK1

TOP3B

KRTAP3−3

TPP2

PIGS

C21orf58

MT1DP

TMEM106C

FATE1STX5 CACNA1ICCNL2

OLFM3 MRPS6
DCTN5

GIP

TMEM41A

PER2
UTP11

SUMO2

BAALC

NEUROG3

RARRES3

MTHFSZW10

FOXD4L6

MIEN1

REX1BD

ARL11

PTPRH

COA5

CCDC60 CMTM3

TNFRSF9

ZNF707
MARK4

KRTAP12−1SLC25A10DUSP6
ZNF433

BCL6BCTH

COX5A

PTPMT1ZNF439TBC1D10C
ZBTB9PRKAB2 ARID3A

GPANK1RGS2KRTAP5−6NUDT10

CEP57

TULP3
ZNF559
EPHA10P2RX4

KRT33B NECTIN3

ZNF764

PDCD4
SMCP

ARHGEF3

ZNF175

ZNF440

TNS2

MEMO1

KRTAP10−11

KLHL32KIAA0753
CBX2 CERKSLIRP

ZNF180

ZSCAN26

ZNF792

KRT2 RPL11ZNF337

TTLL10

GNAI2

RAP1B

SNAI1

C8orf33 SEC14L4ECSIT KRTAP4−7SLC23A1

KRTAP3−2NUFIP2RNF20

SPRY1 CCBE1

LCE3C JOSD1ASCL4 LCE4ACCNG1

URB2

TSPOAP1

CXCR4

KCNA1
SF3A2RFC4

ZNF740

NLGN1

SURF2

TLX1

KISS1R

PIK3C3

CDK17

CCKBR

BCORL1

PYGB

SRGAP3

CSTA

IL6ST
AMBRA1

PPP2CBPLAURRFLNA

ERP27

MRPS34

DIS3

WDCP

SGTB

NOL6

FAAP100

SYT7

STX2

ZBTB33

UPP2
UBE2T

FANCB

CLP1

PPP1R3C

EXOSC4

AKAP1

DCSTAMP

IRAK3

CACNG2

MYCBP

RTL8CBIRC8 MCC

PSMA5 INSIG2

MTERF4

EXOSC7
GRID2

VAMP8

TLR5

DICER1

CYB561A3

TSHR
EIF1BVTN

SDC1TSPYL2

F2R

LMAN2

MEX3B

WDR5B

OCA2

PDIA6

CHD8

HOXB1

MYH10

ULK2

MEIS1

HOXA11

ATG10

YIF1A

ATP5MC2

SPCS2

ACKR3

NPY1R

GPR21

UBE2J2ICAM2

CCK

GARS
ADAMTS13

STX1B
SOST

EXOC4

PPP6C

MYL7CTCF

GTF2E2

MR1

CDH2

DDX47

PHF19

GDA

TNFRSF10A MLST8VIPAS39

F8

HERC3

PIWIL1

XAF1

SYNGAP1

LIMS2

ATG7TRIM34

ATP13A2

DAD1

ILKAP IER3

FABP1

AGRN

BABAM2 PBX1

ABCB1
ATP1A1

USH1C

KIF15

GTF2E1

GEMIN6 BCL11B

MEGF6

FERMT2

PREX1

HIST1H3D

RBM12B

VGLL2

DYNLRB1CAMSAP2

GEMIN7
SUZ12

CCDC59

NASP

CDH23

DOC2A

ZNF177

ARL6

MAU2

CALR

PYGO1

SYNGR2

USP14

ZNF559−ZNF177

SEC61B

IFNA2

LMAN1

RNF122TAF8

BRPF1

HACD2

HES6SPSB2

HIST2H2AC

BCL9

ATMIN

HIC2

RUNX3

MOCOS

DNAJB5 UNC13B

EPO

ARHGAP21

UTY

RIOK3

PYGL

MTREX

MYH6

EXOC1

HLX

EMC7

TNFSF10

TAPBP

SERPINC1

TNFRSF10D

CHD7

TNFRSF10B

TNFRSF10C

THBD

ARHGEF9USH1G

WDR83OS

PCDHB10
TSPAN14

FUNDC2

MPHOSPH6

PRR5L
CALD1

GABRG2

FAM8A1HLA−G

MAP7ZNF622
B2M

PYGO2

PKN3

HARS

EEF1DP3

GNA15

CARS

ABCC9

MYBL2

EEF1B2

ACY1

LARS

ATPAF1

TRPV4
HFE ASB1

CAB39L

EEF1G

SPSB1

HLA−E

H3F3C

NUDT1

CD1B

CD1D MCFD2

ACTR1A

SPTBN2

HIST2H3D

ARHGAP10

CD1A

RBM6 RNF24

PLGRKT

KLHL18

LZTS1

SUPT7L

PIK3R5TFE3UBA7

ISG15

RTRAF

TSEN34
HIST1H2BK

DCST2

DSN1
RFX5

ARHGAP26

SOCS4

RAB40B

BCAP29

PRSS21

ASB8
DGKI MALT1

NIPBL

NOD1
HSPB9

HIRA

TPI1

PRKCA PRR14

HIST1H1A

NSL1TRIOBP

HIST3H2BB

JMJD1C

SPSB4RFXAP PCID2

METTL21C

ELOF1

ZER1

EME1

PXMP2

TSEN15

NOTCH4

C15orf41

PPM1D

NOTCH3

NOTCH2 USP18

PLCG2

RAPGEF2
ING1 HECTD3 KDM2ASKA2

MTRNR2L1 SLC26A8

KMT2D

NIN
HCFC1R1

GRM7
CIITA

E2F3

PSMD6

TTC1

CD8A

SETD1B ASB2

KMT2B ARL5A

ATCAY

CDK13

WRNIP1

MLXIPL

NNAT

ARHGAP15

ARFGEF1

PPP1R14ARAB32 MYL6B
AKAP2DISP1

NPPC

AAK1 AIFM3
PLAU

RNPC3

ZKSCAN8

HBD

DYRK3

AGO1

CERS2

SPA17

CCDC149ZFYVE28

KCNJ15

ANLN

MYCBPAP

OPRM1

PARP9 CNKSR2

SECISBP2L

LIF

WLS

IL6R

PRAF2

PDCD7

HTATSF1

CCR5

IP6K1

RPGRIP1L

MYO9B

TNRC6B

HBQ1

PDIK1L

RFESD

SLC22A1

TJP1

GRID2IP

GPRASP1

ASGR2

PDZD2
MAATS1

TRAK2

KIAA1191
NARF

CNP

C1orf189

ABCG2

RFC2

MLIPPPP1R3D

FGF13

SLC38A7

ZNF69

AKAP7 LDB2 NHLRC1
ARID4A

PLEKHG2

NPR3

F11R

TMPOCDK5RAP2

UBE2J1

GRIN2C

PRKAR2A

PYM1

P4HB

FAM110C LMNB1

TJAP1

GOLGA2P10

RAI2 AKAP4

BAIAP2L1

ARHGAP22

CSDC2

ATG13

RPS20

DLG2

KLF8

PRKD3 UBXN4

ALOX12ZBTB26 IGLV3−21 SCGB2A2

10−MarGIMAP6

GABRA1

COL10A1

MAPKAP1
FAM192A

KLK4

RAPGEF4

GRIN2D

KCNA3

STK35

TMEM242

HAND2 PMAIP1

GIPC2TRIM7
ZNF671

CDK12 FMNL3

ADAP2 BECN1 TBPL1

SYT4

PSMD5

RFC5

PRNPADAMTS4

IGBP1

PSMC2

LACTB2

SELENBP1

PITX2

ELOVL7SLC6A12

LAPTM5POLR2D

P4HA2
INHA

TMEM43

GYG1

TOX4

IL16

LMNA

BBC3

FZD7

DTX3L
PRKAR2B

UQCRC2

RESTPPP2R5ETAOK3 HENMT1
IRF7CEP68

ATXN7

TNFSF18ABHD17A

SYT11

KIF26BPHYH

KCNJ2 PRDX4

STXBP1BAK1

BNIP1

PTPN4

POLR2GFAM111B

TTC33

HOXB7C2orf88

ZKSCAN3

CASK

TEX28

ANG
HIST1H4L

ZBTB18

NHP2EEF1DCRIPTEXOSC10

MT−RNR2

MEGF8SERBP1
VPS33BKCNE4

SSTR1

RDX

TAF12

LAMC1

CMIPFOXC1

ACD

HIST1H1E

UBE2G1

GPHN

TLX3

HGD

SH2B3
FRYL

MATN2

PKIB WNK3

VWF

POT1

LRP6

TOR1AIP1

CYGBGRIN2A

AKAP3

CISH

UBE2G2

ATP5F1B

SCARA3

GABPB2

AMIGO2

EFCAB6

CAPZB

GABARAP

ZFYVE27

KCTD5

MX1

FOXA2

UBE2Q1

BOK RICTORDLGAP2

FAT1PCGF6

ILF2

ARFRP1

TLE2

FRAT1

CBFB

ARID1A

CARD19

DCAF7WDR77ZBTB7C
CAMLGTOP3A

MYBBP1A

AVEN

RNF19A

BCAP31TOP2B

CTCFL TAF4TNKS1BP1

LTBP4

SKA3

DYNC1I1

LNX2SOD1

HEMGN

CDK19 PJA2

CIDEA

HUWE1

ERN1

C16orf70

ZBTB4
PRDM5

OS9

CHAF1B

BABAM1

PPP2R5B

ZWINTNOL4L
CBX3

SND1
BCAS3

INTS13

TBC1D25
BTBD1FMNL1

AKAP11

CKB DIO2

RNF103
RRM2NRAS

USP33CHPF

MSX2

TNKS CACNA1A ARAP1E2F2TEAD3ANKRD6

SLC4A1

DNAJC3

ULK1

GPR37

SOX13CD14

ARHGAP24

BDP1

PLA2G4A

ATP6AP2

UBE4B

AATK

GNA13
RPL41

UTP4DLG3

HIC1

TSLP
PPM1K

GP1BA

GNA12

NOC2L

GNAQ

RRM2B

ACTL6B

RPS19BP1 LAMB1
FBLIM1

MAPK11

ROPN1

ITGAX

RSU1

GAK

ATXN3

GAPDH PPP2R5C

PABPN1

TOMM34MPRIP

RCOR1UBE3A

AMFR

SKA1PATZ1

NOL9
EPHB3GTF2H1YLPM1

CDK20

PPID

NELFA

DNM1L

UBA52

E2F5 ATF1

KNL1

XPC

JADE1

TRIM55

GFI1

MYOT PMF1
ZNF750

NR2C1GSK3B

REV3L

TFDP2PARVB ADGRB2

MXD1

GIGYF1

NR2C2

CUL5
TNKS2MAP1A

CPLX1

MKI67ZNHIT1

PCGF1

UBQLN2

CSN2 MGRN1

OTUB1DLG4

TMEM123

DLG1CCL28
RAD54L

PFN2

PPP2CAAGR2
SLC4A1AP

DYNLL2

LAMTOR5

CYTH1 TJP2

LIMS4PEG10
COPS8

GRIN2BEZH2RFWD3

KTI12

SS18 DKK1

CAPG

PBX2
CREB3 MED15

TRPS1CRCPMCL1

PGK1

SPACA6ZMAT3

GGN

HSPA8

KATNAL1

HIPK1 TDRD7MEIS2

ILK

SCNN1ABAG4PLA2G16
PSMD3

HMMR

GPS1

CFLAR

NKD2

FHL1
HOMER3

WDR47

ATG4B

RAD51C

MTMR14

CASP10
AHSP

DOT1L

TLN2

CBX7

HMGB2PARK7

RRM1

ATRXUBE2S

AVPR2

TLE1CUTA

PARD3

LBR

TOP2A

AXIN2

CCDC170

LTN1

CLTA

RFX4

MECP2
SGK3RING1

CHEK2

TRIM5

EPOR RNF26ANXA1

GMNNGNGT1 AHSA2P
IGFN1YJU2ZNF646

RPL10

NDUFAF3

C17orf82

POLDIP2

PCGF2

KCNA4

ZNF662

PDLIM1

NXT1

BLMH

RAP2A AHNAK2
GABARAPL2UBQLN1BAZ2B

PSMC1NRF1

EIF5B

ABCF3

RAD23B

CCDC197 BIRC2
RNF2

PLCD4 NIFKPPP1R37

MLLT1

CDK5RAP3CENPO

IMP3CCDC151MED21

ZNF785

SF3A1 TARBP2

BID
NGLY1

BOLA1 TMED2

NSUN4

PHF21A

ZBP1GTF2IRD2B RTN4IP1 TRIM38

MIF4GDSETBP1

HSPA4

INTS4
ASL

MYF5

PRKNUBE2D2 ZNF79

ATP2B4

POU2AF1

MED8PPP2R1A
ARIH2

ARIH1 RPL29

SIN3B

PPP2R5DRBBP4 NRBF2

BRD8

DOK5

RHEBDDN

BAXCUL9

SYF2

PHF7
CBX4RAD51AP1

CASP9PEG3

ZMYM4PCGF5HINT1DYNLL1

UNKLCTNND1 BCL2L11
CASP8

FLNB

SCHIP1

BRMS1
RNF115

TRIM11
RNF25

FKBP8

GCSH
RAG1

SIRT1

RNF144B
CCNT2

RACGAP1

CDAN1

KCNK1

EPRS

SUDS3

TPRN

PDCD2 TRIM6

PPP1R13L

H3F3AZMIZ1

MSH3PRKCB

DTX3BUB3GRM3
MTIF3

AHNAK

SKP2

RRAS2C1QBPRYBP

E2F4

RLIM MNT
CIZ1

SLC25A4

RAPGEF5

AKAP12

BAG2

MYOZ3

ACBD6

C1D

ASPM

NMB

HIST2H3CRBM34

GRK2

BCL2L14RNF13

DAP3

HIST3H3

YAF2FNBP1

GRIA4

ETNK2

NR2F1

CBX6

TUBB2B

CDH1

WSB1
RIPK2

PDCL

PPP1R9B

RANBP2

HR

NPY CBLL1

CD27 ITGB7

FILIP1

MZT2A

NR1D1

GFM1 DLGAP1

ZFPM1

CASP8AP2

GRIK1

JADE2

BCL10
RNF4

GYG2SERTAD3

SFMBT1UBE2U

UBAP2L

HRK

UBE4A

HIVEP1

F2RL1DIABLO

ERCC2

MYBPC1

DDX19B

EPM2A POLR2M TNFRSF25

TPT1STX1A

MYD88

SCRIB
TRIM17

CASP7
SCRN3PPARD ARHGAP29KLF10 FXYD7 ZEB1

BRK1

TRIM25

BTBD2
SREBF1

GRIA3
PPP2R3BRASSF8 XAGE1A

RNF114

RGS14
ARFGEF2PCGF3ZZZ3MED30 CCDC196ERCC3

BIKRANGAP1

RUFY4HACL1 PKNOX1

RNF167

CASP3WDR7

MLLT10

MICALL2SIX6

PCK1

LINC00312MAFK DDB1

RPA3 TCP11L1

MED14

HIST1H4I
CRYZL1

RPAP3

ANXA6PPP1R32
DOK2

KDM4A

MSX1
OFD1 CUL2OGT

CUEDC1

RAD1

PPARGC1B

UHRF1

ADGRL1CYTIP

PEBP1

TTF2

PPP1R2

KMT5A

TIAF1

NTMT1

SYNC

MYOM2

FBXO4

RIF1DEAF1

EIF2S1USP19NR2F6 NR2F2

RCC1 CUL4AACP1

APEH

KIF5C PNMA8A
HIST1H3A
GLMN

STAT2

HELZ ZNF121SOX18

CHMP1A

KIR2DL3

DDR2

HEATR1 FHOD3

NAB1

MRPL41

RCC1L MAF1SPTA1

SPDYAABRAXAS1

NUCB2
MAPK4

PTCH1SMG1SYMPK

PPFIA4COP1

ZNF350

PTGES3HIST1H2BN

GAS6

KDM4DETV4

JAK1

WWC1

HAX1

EPHB2

COASY

PRKDC CARD11

ROS1

H2AFYCTDSP2

KPNB1

FANCA

NPC2

CHORDC1NR2E3

NBN

MYO18B

RPA4

KANK1

FBXW7

MAP2K3
DOCK9

ATM
CUX1

IPO13

DDC

NEK9

PRDX6

UCHL1

FGF7

GRB14EID1

ETS2

PRAME

SRCAP

NFE2L3

PLXNA1

MGA

BACH2

MLXIPGCN1 CHAMP1

IRX4NR4A2
FBXW11 PTPN22 DTX1

SNAPC4
CRIPAK

TMF1

MTM1DAB2IP

ITGAL
ASB4 KRT10

EIF1AX
SH3BGRL

SUGT1DCLRE1B

POR

ERCC4 DCNRBBP9CYP2E1

FANCFHIRIP3 WFS1FBXO46

NSD2

NUP153

BRD3

CD247

MAP3K9

CXorf57

TNS3

CD300LF

PCLO

RHAG

NR4A3

FBXO3

ECD

CACNA1C

HASPIN

FBXL8

AHSA1

PHF20

MINDY3UBE2B

CD163

GID8

SAP30LLGL1

TAF7

TAGLN

CDKN3

MYPN
CD3D

KCND2

PKIA

FLT3

ZC3HC1

FBXL6

H2AFZ

PCNP

MPHOSPH10

C1QA

EIF2S3

GLI3

BRD2

DCAF4

OBSL1

CDYL

EHMT1

USP11

PPP1R27
PHF20L1 SIPA1L1SOX9

DNAJC7

ARPP19

ANKRD23

DLX2

TGS1

C15orf59

MKLN1

LZIC

MERTK

RPS12

ASF1A

SGCG

SLX4

TEK

KCNH2

FBXL3

TRERF1

PLCB2

SNUPN

FBXO2

DGKD

XPO1

KAT6ASPRED1

ZNF8

ARNTL IFNAR1
SMYD2

XRCC5

TPR

ICK

LEMD3

ACADVL

ANKRD11

SIGLEC10

KRT7BAZ1A
RBBP7 CD3E

SH3BP4PTHLH

CEBPDEIF2AK3
ARNT CAPN1

TSSK4

EFNB2

VAV3

CHMP1B

KLHL20

RB1CC1AIPL1

GK

CITED4

FLT4

FBXO5
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Fig. 6 | Network medicine identifies human fasting module associated with
aging genes and diseases of aging. a Differentially expressed (DE) transcripts
from a longitudinal human fasting study were mapped to the consolidated human
interactome, which includes >230,000 physical protein-protein interactions (PPIs).
DE fasting transcripts formed a statistically distinct subnetwork (module) in the
interactome. b Interconnectivity of the fasting genes and aging genes from the
Aging Atlas that mapped to the interactome. c Betweenness centrality (BC), a

measure of importance in information transfer across a network based on shortest
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
critical node. d Network proximity between the fasting module and aging disease
modules or cardiometabolic disease modules. The node size is proportional to the
number genes/proteins in the module. The width of the edge is proportional to
proximity significance.
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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 interconnectedwith aging biology,
diseases of aging, and candidate anti-aging drugs and that theMiT/TFE
factor,MITF, is a lead candidatemediator 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 ATGL5,6,11,14,40. 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 reconciledwith prior studies of the canonical
lipolysis pathway? First, foundational work characterizing ATGL-
dependent lipolysis was largely conducted with adrenergic stimuli as
proxy for physiological stressors6,11,41,42. Similarly, pharmacological
evidence against a role for lysosomes in adipocyte lipolysis also relied
on the adrenergic stimulus model43. However, the increase in cate-
cholamines with fasting is modest (less than two-fold)30–33 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 (4–5 h)6,19,44,45, and fed-state metabolic cage
measurements14. In studies that examined fasting, single timepoint
comparisons between wild-type and knockout mice has been the
norm11,46,47. 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 lipolysis48. 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-

typemice and ATGL KO (both approximately 0.25mMdelta)19. A small
study of human patients with genetic ATGL loss of function suggests
attenuation of lipolysis with adrenergic stimulus, but no effect with
fasting49. 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 evident6,14,19,41. 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 machinery1,50. 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 fasting51, 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 ATGLmechanism 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 MiT/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 fasting19,47. 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 inmurine
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 liver27,52. 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 manner53,54. 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 humanSGBS-
derived adipocytes. The variable contributions of the MiT/TFE factors
across experimental models provide rationale in the future to dissect
themechanisms 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 systemicmetabolic derangementsmediated
in part by pathological responses in tissues most sensitive to
lipotoxicity, such as the liver and striated muscle12,13,55. 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
inflammation14,15. 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 homeostasis56–58.

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 inmodel 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 axismay reveal opportunities for the developmentof
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 Board59.
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

numbersofmale and femalemice. For fasting experiments, fastingwas
initiated in themorning and continued for up to 24 h.Wild-type C57Bl/
6micewerepurchased from Jackson Laboratory andCharles 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, Italy28.

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)60. 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 decay61. SpyCas9 target sites in the region surrounding the
exon 4 of the Lipa gene were identified using the CRISPOR website
http://crispor.tefor.net/62. Two target sequences “Lipa-416rev” (5’-
CTAAACAGCCAACTGTTAGG-3’, chr19:34,511,084-34,511,103 of the
mm10 assembly) and Lipa 752forw” (5’-CTGTATCGTTCG-
CATCTTGA-3’, chr19:34,510,771-34,510,790) 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 described60. 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 J, The Jackson
Laboratory) produced by natural mating, were microinjected, in
the pronuclei with a mixture of 0.67 µM EnGen Cas9 protein (New
England Biolabs, Cat. No. M0646T), the two Cas9 guides RNA: Lipa-
416rev and Lipa-752forw (21.23 ng/µl each) and the dsDNA donor
template “Lipa-flox Alt-R HDR” (2.5 ng/µl). 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 sequenceof 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 I.P. injection, twice daily in the following doses: Atglistatin
(Sigma; 60 μM/kg); Bafilomycin (Sigma; 1mg/kg); Lalistat2 (Sigma;
1mg/kg). Isoproterenol was administered after a 4-hour fast as a one-
time dose by I.P. injection to stimulate lipolysis (Sigma; 10mg/kg).

Adipocytes were isolated from murine adipose tissues with a
modified version of the classic Rodbell method24 as previously
described63,64. Adipose tissues wereminced and digested in an enzyme
cocktail of 1mg/mL collagenase typeD (Roche) and 2mg/mLDispase 2
(Invitrogen) in PBS. The suspension was incubated in a shaking water
bath (37 °C, 225 rpm, 40min). The digest was filtered (300 μm nylon
mesh, Spectrum Labs) and centrifuged at 400g for 10min. 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
fast59 was previously published18. 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 μm (Atglistatin) and 50nM (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 2mg/mL
Dispase II (Invitrogen), as describedpreviously and similar to theRodbell
method24,25. 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-conjugatedmonoclonal 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 (1μM), insulin (10μg/ml), and isobutylmethylxanthine
(0.5mM) in standard culturemedium (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
(10μg/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
(1μM), insulin (10μg/ml), and isobutylmethylxanthine (0.5mM) a
cocktail of 10μg/ml insulin (Sigma-Aldrich), 0.5mM 3-isobutyl-1-
methylxanthine (Sigma-Aldrich), and 1μM dexamethasone (Sigma-
Aldrich) for 3 days; after which cells were maintained in DMEM con-
taining 10% FBS and 10μg/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 days36. Differentiation was
initiated for four days with media containing 33 µM biotin, 17 µM
pantothenic acid, 100U/ml penicillin/streptomycin, 2 µM rosigli-
tazone, 10 µg/ml human apo-transferrin, 20 nM human insulin,
25 nM dexamethasone, 500 µM 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 (200mg/well) was minced to
pieces of approximately 1mm in diameter and cultured in DMEM
(mouse) orDMEM/F12 (human) supplementedwith 10%FBS. Adrenergic
stimulation of cultured adipocytes and adipose tissue explants was
achieved with addition of catecholamines (25 μm/ml) to the media. For
in vitro cultures, nutrient restriction was achieved by lowering the glu-
cose concentrationof themedia to 200μg/mlor 1mM, lowering theFBS
concentration to 0.1%, removing glutamate and sodiumpyruvate, 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-TRCN00
00249777, shLipa-TRCN0000076829, shTfeb-TRCN0000076829,
shTfe3-TRCN0000084670, shMitf-TRCN0000305603. Human: shP
NPLA2- TRCN0000222744, shLIPA- TRCN0000350924, shMITF-
TRCN0000019120, shTFEC- TRCN0000016098, shTFE3- TRCN0000
232151, shTFEB- TRCN0000013110.

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
wereblocked in 5%nonfatdrymilk (Bio-rad) prepared in0.1% tween-20
for 1 h followed by primary antibody (1:1000, unless otherwise stated)
incubation at 40C overnight.Membraneswerewashed three timeswith
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 1 h. 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). Antibodyperformancewasvalidatedby 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 500ng 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 expressionwasnormalized toGAPDH. The
ΔΔCtmethodwasused to calculate the fold change in transcript levels.

Immunofluorescence microscopy
Adipose tissue specimens for confocal imaging were analyzed with
minor modifications to previously published methods25. Adipose tis-
sues were labeled with anti-Lamp1, 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 63×, 1.2-NA oil immersion objective on a laser scanning
confocal microscope (SP8 LIGHTNING Leica).

Network medicine analyses
The consolidated human protein-protein interactomewere assembled
from different resources as described before which contains 16,470
proteins and 233,957 interactions37,65–67. 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 inflammationwere compiled from
Phenopedia and DisGeNET68,69. 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 modules37,65,66. Network proximity is defined as the
average minimum shortest path length in the interactome:

P = hpsiandps = mindðLsdÞ

whereps is theminimum shortest path length froma fasting gene s to 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 normalizedmean 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
ANOVAwas 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
mouseexperiments,micewere randomly assigned toeachexperimental
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 sampleswas 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
2weeks of request (msteinhauser@pitt.edu). Sourcedata are provided
with this paper.

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