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Significance

Uncontrolled reduction of fat 
tissues can cause an array of 
diseases that include diabetes 
but mechanisms remain to be 
fully defined. Autophagy, a 
cellular self-eating process, takes 
part in regulating the health of 
fat tissues. We investigated the 
role of an autophagy-
participating factor named 
PIK3C3 in fat cell health and 
related metabolic diseases. We 
have found that the absence of 
PIK3C3 in fat cells of mice causes 
defects in the differentiation, 
survival, and function of fat cells, 
resulting in compromised body 
temperature control, abnormal 
blood lipid levels, fatty liver, and 
diabetes that resemble the 
abnormalities seen in patients 
with lipodystrophy. These 
findings reveal a crucial role for 
PIK3C3 in fat tissues, with 
potential therapeutic 
implications.
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Adequate mass and function of adipose tissues (ATs) play essential roles in preventing 
metabolic perturbations. The pathological reduction of ATs in lipodystrophy leads to 
an array of metabolic diseases. Understanding the underlying mechanisms may benefit 
the development of effective therapies. Several cellular processes, including autophagy 
and vesicle trafficking, function collectively to maintain AT homeostasis. Here, we 
investigated the impact of adipocyte-specific deletion of the lipid kinase phosphatidy-
linositol 3-kinase catalytic subunit type 3 (PIK3C3) on AT homeostasis and systemic 
metabolism in mice. We report that PIK3C3 functions in all ATs and that its absence 
disturbs adipocyte autophagy and hinders adipocyte differentiation, survival, and func-
tion with differential effects on brown and white ATs. These abnormalities cause loss 
of white ATs, whitening followed by loss of brown ATs, and impaired “browning” of 
white ATs. Consequently, mice exhibit compromised thermogenic capacity and develop 
dyslipidemia, hepatic steatosis, insulin resistance, and type 2 diabetes. While these effects 
of PIK3C3 largely contrast previous findings with the autophagy-related (ATG) protein 
ATG7 in adipocytes, mice with a combined deficiency in both factors reveal a dominant 
role of the PIK3C3-deficient phenotype. We have also found that dietary lipid excess 
exacerbates AT pathologies caused by PIK3C3 deficiency. Surprisingly, glucose tolerance 
is spared in adipocyte-specific PIK3C3-deficient mice, a phenotype that is more evident 
during dietary lipid excess. These findings reveal a crucial yet complex role for PIK3C3 
in ATs, with potential therapeutic implications.

PIK3C3/VPS34 | autophagy | adipocyte | lipodystrophy | metabolic disease

Adipose tissues (ATs) of humans and mice appear as brown ATs (BATs) and white ATs 
(WATs) (1, 2). In addition to producing heat (BATs) and storing and releasing lipids 
(WATs), adequate mass and function of ATs play essential roles in many aspects of phys-
iology by releasing soluble factors and extracellular vesicles (3–5). Although the underlying 
mechanisms differ, pathological expansion or reduction of ATs can both cause metabolic 
perturbations that lead to an array of metabolic diseases (6, 7). This highlights the need 
to understand the mechanisms that collectively maintain AT homeostasis for devising 
therapeutic interventions. Adipose parenchyma is comprised of brown adipocytes (BAs) 
in BATs and white adipocytes (WAs) in WATs (8, 9). A third adipocyte subset resembling 
BAs, namely beige adipocytes, is induced in WATs in response to cold exposure or sym-
pathetic nerve stimulation (10, 11).

Pathological AT reduction is seen in lipodystrophy, a group of genetic or acquired 
conditions characterized by partial or generalized loss of ATs. Lipodystrophy can lead to 
metabolic disorders including dyslipidemia, hepatic steatosis, insulin resistance, and type 
2 diabetes (T2D) (12, 13). While clinically recognized lipodystrophy is relatively rare 
(14), subtle forms and loss of ATs in common diseases such as cancer, HIV infection, and 
autoimmunity are clinically underappreciated (12, 13). Both BATs and WATs can be 
affected in lipodystrophy (15–17). Efforts to understand the mechanisms underlying loss 
of ATs have identified several critical cellular pathways, such as micro-RNA processing 
and autophagy.

Autophagy is a cellular process that delivers unneeded, old, and damaged cellular com-
ponents for lysosomal degradation (18, 19). It also contributes to cellular functions such 
as lipid droplet formation/degradation, secretory vesicle formation/release, and mitochon-
drial maintenance/function (20–22). Although earlier studies identified autophagy as a 
protective mechanism against stress, it is now clear that it also controls the homeostasis 
of non-stressed cells (23). A series of cytoplasmic protein complexes operate sequentially 
during autophagy (24). Recent studies have examined several of these autophagy-related 
(ATG) factors in AT homeostasis, with divergent effects depending on the factor explored 
(25–30). The absence of ATG3, ATG16L1, Beclin1, or Rubicon in adipocytes caused loss 
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of WATs, sometimes together with whitening of BATs, and devel-
opment of metabolic disorders (25–27). However, the absence of 
ATG7 or ATG5 in adipocytes resulted in opposite effects, causing 
enhanced BATs and/or “browning” of WATs accompanied by 
improved systemic metabolic profile (28–30).

Phosphatidylinositol 3-kinase catalytic subunit type 3 
(PIK3C3), also referred to as vacuolar sorting protein 34 (VPS34), 
is a lipid kinase important for cellular processes that sort cargo to 
lysosomes. PIK3C3 forms either complex I that produces phos-
phatidylinositol 3-phosphate at the phagophore to promote the 
formation of nascent autophagosome, or complex II that has a 
main role in endocytic sorting along with other cellular functions 
such as coordinating autophagosome maturation and endocytic 
trafficking (31–33). PIK3C3 is upstream of ATG7 and ATG5 in 
the autophagy pathway (34, 35). A previous study examined 
PIK3C3 in perigonadal WATs of 1- to 2-y-old mice and observed 
a seemingly beneficial effect on browning of this adipose depot 
(36). However, the role of PIK3C3 in different ATs and its impact 
on systemic metabolism as mice grow and mature remain unclear. 
Here, we targeted Pik3c3 in adipocytes using Adipoq-Cre-mediated 
deletion (37) and found a crucial yet complex role of PIK3C3 in 
AT homeostasis and systemic metabolism.

Results

Adipocyte-Specific Deletion of Pik3c3 Disturbs Autophagy and  
Causes Generalized Lipodystrophy. We generated Adipoq-
Cre;Pik3c3f/f (cKO) and Pik3c3f/f  [wild-type (WT)] mice and 
analyzed interscapular BAT (iBAT), inguinal subcutaneous WAT 
(iWAT), and visceral perigonadal WAT (pWAT: epididymal in 
males and periovarian in females) (SI Appendix, Fig. S1A). PIK3C3 
messenger RNA (mRNA) and protein were detected in all three 
depots of WT mice and were significantly reduced in cKO mice 
(Fig.  1A  and SI Appendix, Fig. S1B). The deletion of Pik3c3 
was adipocyte specific, as the levels of its protein as well as the 
autophagosome cargo protein P62 were not affected in liver, heart, 
and lung (SI Appendix, Fig. S1C). The impact on autophagy was 
detected in all three depots of cKO mice, reflected by levels of 
microtubule-associated proteins 1A/1B light chain 3B (LC3)-I, 
LC3-II, and P62 proteins that were increased or trended higher 
(Fig. 1B and SI Appendix, Fig. S1B). We also detected increased 
levels of lysosomal-associated membrane protein 1 (LAMP1) 
that is important for fusion of autophagosomes with lysosomes 
to generate autophagolysosomes (Fig. 1B and SI Appendix, Fig. 
S1B). In evaluating autophagic flux, we observed significantly 
decreased LC3-II response to lysosomal inhibition in iWAT and 
pWAT of cKO mice, indicating impaired autophagy (Fig.  1C 
and SI Appendix, Fig. S1D). Such a defect was not observed in 
iBAT of cKO mice (Fig. 1C); however, compared with iWAT and 
pWAT, the response of iBAT to autophagy inhibition reagents was 
incomplete (SI Appendix, Fig. S1D). We then used the autophagy 
reporter strain CAG-RFP-EGFP-LC3 to generate Rosa26-
CreERT2;Pik3c3f/f;CAG-RFP-EGFP-LC3 mice, and in  vitro 
differentiated preadipocytes isolated from iBAT and iWAT. We 
detected stronger RFP signals in Pik3c3-deleted cells, consistent 
with increased LC3 levels in ATs of cKO mice (Fig. 1D). Upon 
deletion of Pik3c3, maturation of autophagosomes and fusion with 
lysosomes were lower in adipocytes from both iBAT and iWAT 
when cells were cultured in the absence or presence of serum, 
confirming impaired autophagy in both AT depots (Fig.  1E). 
Combined with the results showing LAMP1 accumulation, these 
data implicate defective autophagosome maturation and fusion 
of autophagosomes with lysosomes as an outcome of PIK3C3 
deficiency in adipocytes. These results indicate that Adipoq-Cre-

mediated deletion specifically diminishes PIK3C3 and disturbs 
autophagy in adipocytes.

We examined AT mass, morphology, and histology in mice 
from postnatal (P) day 1 (P1) to 24 wk (W24) of age. iBAT was 
dissectible at P1 although lipid deposition was minimal in both 
WT and cKO mice (SI Appendix, Fig. S1E). Excessive lipid 
accumulation was observed at postnatal day 10 (P10) that 
became progressively more pronounced at W4 and W8 in cKO 
mice, evidenced by larger lipid droplets, less brown appearance, 
and increased tissue weight (Fig. 1F and SI Appendix, Fig. S1E). 
As mice became older, the weight differences in iBAT gradually 
reversed reaching statistical significance at W24 (Fig. 1F). The 
remaining adipocytes in iBAT of cKO mice at W24 contained 
primarily large lipid droplets and lacked multilocular character-
istics (SI Appendix, Fig. S1E). As such, PIK3C3 deficiency in 
BAs causes BAT whitening in young mice and BAT loss in older 
mice. iWAT was also readily dissectible at P1 with minimal lipid 
deposition (SI Appendix, Fig. S1E). Unilocular WAs were abun-
dant at P10 in both groups of mice. Thereafter, iWAT progres-
sively became smaller in cKO mice (Fig. 1F and SI Appendix, 
Fig. S1E). pWAT was not reliably dissectible at P1 and P10 of 
either genotype. As mice became older, alterations in this depot 
mostly resembled, although lagged behind, alterations seen in 
iWAT (Fig. 1F and SI Appendix, Fig. S1E). Both iWAT and 
pWAT of W8 cKO mice contained more small-sized adipocytes 
but fewer medium-sized adipocytes, but there was no significant 
difference in large-sized adipocytes between the two genotypes 
although some could be observed in cKO mice (SI Appendix, 
Fig. S1 E and F). Combined with the findings discussed below, 
these results are consistent with a compensatory increase in the 
generation of preadipocytes that fail to fully differentiate. As 
such, PIK3C3 deficiency in WAs causes progressive loss of 
WATs. The enlarged interstitial areas in iBAT and iWAT of older 
cKO mice (SI Appendix, Fig. S1E), at least partially, were due 
to the deposition of excessive extracellular matrix as evidenced 
by increases in collagens (Fig. 1G). Together, these findings 
demonstrate that adipocyte-specific deletion of Pik3c3 progres-
sively affects AT mass, morphology, and histology with differ-
ential impact on BATs and WATs. We obtained consistent results 
for males and females, and tissue weights for mice at W24 are 
shown in SI Appendix, Fig. S1G.

Body weight was not affected in either males or females at the 
age examined (SI Appendix, Fig. S2A). Consistent with dynamic 
alterations in iBAT weight, the ratio of its depot to body weight 
decreased only in older cKO mice (SI Appendix, Fig. S2B). Food 
intake was comparable between WT and cKO mice at younger 
age whereas the latter group appeared to consume more food at 
older age (SI Appendix, Fig. S2C). While the underlying reason 
is unclear, we speculate that the reduced capacity of maintaining 
body temperature becomes more profound in older cKO mice 
that require more food intake for heat generation. The progressive 
loss of ATs in cKO mice was accompanied by the development 
of insulin resistance that proceeded to T2D (Fig. 2 A and B). 
However, the results from intraperitoneal insulin tolerance test 
(IPITT) and glucose tolerance test (IPGTT) diverged. IPGTT 
at W24 revealed hyperglycemia before and 3 h after the glucose 
load, indicative of diabetes, with blood glucose levels appearing 
lower upon glucose challenge in cKO mice (Fig. 2C). Again, we 
obtained consistent results from glucose and insulin tolerance 
tests in males and females, although the phenotype of the latter 
appeared somewhat more severe (see Results for W24 in  
SI Appendix, Fig. S2 D and E). cKO mice also developed dyslipi-
demia as revealed by hypotriglyceridemia at the fasting state and 
a trend toward hypertriglyceridemia at the fed state, indicating 
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reduced capacity to store and release lipids (Fig. 2D). Ectopic 
lipid deposition was detected in older cKO mice, reflected by 
increased liver lipids (Fig. 2E).

Together, these results demonstrate that PIK3C3 deficiency in 
murine adipocytes causes progressive loss of all ATs and develop-
ment of metabolic disorders that resemble those found in humans 
with generalized lipodystrophy. The early increased mass of BAT 
is accompanied by excessive lipid deposition. Our subsequent 
studies investigated the underlying mechanisms focusing on mice 
at W8 and W24. The results of these mechanistic studies are pre-
sented as combined data from both sexes.

Deletion of Pik3c3 Impairs Adipocyte Differentiation, Survival, 
and Function. We first quantified preadipocytes (SI Appendix, 
Fig. S3A) (38). Akin to lipodystrophic A-Zip mice (38, 39), 

subsets of preadipocytes were higher or trended higher in cKO 
mice at W24 when the mass of all three depots was reduced 
(Fig.  3A), making it unlikely that defects in preadipocyte 
generation contribute to AT loss. We next assessed adipocyte 
differentiation (40, 41). We expanded preadipocytes from 
stromal vascular fraction (SVFs) and cultured those from iBAT 
under BA differentiation conditions (41) and those from iWAT 
under BA or WA differentiation conditions (40). In comparing 
WT and cKO mice, we found fewer lipid-containing adipocytes 
in cultures of iBAT from W8 cKO mice that accumulated fewer 
lipids (Fig.  3B and SI Appendix, Fig. S3B). Such impaired 
differentiation was not consistently observed in cultures of 
iWAT from cKO mice at this age (SI Appendix, Fig. S3C). 
These findings indicate that PIK3C3 promotes preadipocyte 
differentiation, at least in BATs. Together with the results on 
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adipocyte size measurements shown in SI Appendix, Fig. S1F, the 
higher fractions of preadipocytes in cKO mice could represent a 
compensatory response to loss of ATs and/or an impaired ability 
of these cells to differentiate. We detected significantly higher 
levels of cleaved Caspase-3 (CASP3) in ATs of W8 cKO mice 
(Fig. 3C and SI Appendix, Fig. S3D), indicating that cell death 
contributes to loss of ATs in cKO mice.

To assess the function of ATs, we first measured selected markers 
reflective of lipid metabolism. These included mRNAs for pathways 
of substrate uptake, lipogenesis, and lipolysis, and proteins for adi-
pogenesis, lipogenesis, and lipid droplet formation (SI Appendix, 
Tables S1 and S2). Consistent with the above-described morpho-
logical changes in W8 cKO mice, levels of these markers were 
impacted in all three depots but to different degrees with the most 
widespread decreases in iBAT (Fig. 3 D and E and SI Appendix, 
Fig. S3D). We performed additional analyses of mRNAs for path-
ways of β-oxidation, uncoupling of β-oxidation from ATP synthe-
sis, and thermogenesis, and protein levels of the critical 
thermogenesis factor uncoupling protein 1 (UCP1) (SI Appendix, 
Tables S1 and S2) (29, 30, 42). Except for Ppargc1a, these markers 
were significantly reduced in iBAT of cKO mice (Fig. 3 F and 
G and SI Appendix, Fig. S3D). We were unable to reliably detect 
UCP1 protein in iWAT and pWAT from either WT or cKO mice 
(SI Appendix, Fig. S3D). However, mRNA levels for Ucp1 as well 
as the β-oxidation genes peroxisome proliferator activated receptor 
alpha (Ppara) and acyl-coA dehydrogenase long chain (Acadl) were 
significantly higher in pWAT and trended higher in iWAT of W8 
cKO mice, implicating upregulation of certain mitochondrial com-
ponents (Fig. 3H). We also measured mRNA levels of selected 
cytokines/adipokines, which revealed the most significant decreases 
in several adipokines in iBAT of cKO mice (Fig. 3I). Interestingly, 
we detected significant upregulation of fibroblast growth factor 21 
(Fgf21), a factor participating in interorgan communication to 
maintain energy homeostasis (43), in iBAT and pWAT of cKO 
mice (Fig. 3I).

We employed ex vivo assays to further evaluate AT function. 
The examination of mitochondrial respiration yielded results in 
iBAT divergent from those in iWAT and pWAT, with the former 
trending lower and the latter two trending higher in cKO mice 
(SI Appendix, Fig. S4A). Lipolysis in response to isoproterenol 
stimulation also appeared different among the depots, with 
decreases in iWAT and pWAT but not in iBAT of cKO mice  
(SI Appendix, Fig. S4B). Untargeted lipidomic analyses to assess 
the lipid profiles in iBAT and pWAT detected over 4,000 com-
pounds in each depot (Dataset S1) and deletion of Pik3c3 changed 
the lipidome of both depots in cKO mice (Fig. 4A). Although the 
overall lipid profile or signature of pWAT remained distinct from 
that of iBAT, the former moved closer to the latter in cKO mice, 
indicative of fewer lipid differences (Fig. 4A). Statistically signifi-
cant lipid species (P < 0.05 and fold change ≥ 1.5) between WT 
and cKO mice for iBAT and pWAT were annotated and tagged 
as differentially abundant lipids (DAL, Dataset S3). Volcano plots 
indicate that numerous lipid species were observed to change in 
the untargeted lipidomic approach (Fig. 4B). In particular, fewer 
triglycerides (TG) in both depots of cKO mice were consistent 
with loss of ATs, whereas accumulation of diglycerides may be 
reflective of impaired re-esterification (Fig. 4B). These data also 
show that fewer glycerophospholipids (lysophosphatidylcholine, 
lysophosphatidylethanolamine, phosphatidylcholine, phosphati-
dylethanolamine, phosphatidylglycerol, and phosphatidylinositol) 
but more TG (56:7), TG (56:8), TG (58:10), TG (58:8), TG 
(58:9), TG (61:8), TG (64:8), and TG (69:15) were detected in 
iBAT of cKO mice (Fig. 4B). Alterations in glycerophospholipids 
in pWAT displayed a distinct pattern, which was increased in cKO 
mice (Fig. 4B). Most notably and contrary to iBAT, the mitochon-
drial-specific cardiolipins (CL) were increased in pWAT of cKO 
mice (Fig. 4B). Together with our analyses of mRNAs (Fig. 3H) 
and mitochondrial respiration (SI Appendix, Fig. S4A), these find-
ings support the notion that PIK3C3 deficiency differentially 
impacts BATs and WATs with impaired mitochondria in the 
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former but enhanced mitochondria in the latter. Lastly, DALs 
were uploaded into the lipid pathway enrichment analysis 
(LIPEA) algorithm for pathway enrichment analysis, and the data 
revealed significantly affected pathways including autophagy, glyc-
erophospholipid metabolism, and cell death (Fig. 4C).

Considering the function of ATs in releasing small RNAs 
(sRNAs) that participate in inter-organ communication (4, 6), we 
examined circulating sRNAs by sRNA sequencing. We observed 
significant differences in length distributions between WT and 
cKO mice with a decreased pattern for sRNAs of 22 nucleotides 
or shorter in the latter (Fig. 4D, chi-squared test P < 2.2e−16). We 
annotated different classes of sRNAs (Dataset S3). While the pro-
portions of different classes of sRNAs were not significantly differ-
ent between WT and cKO mice (SI Appendix, Fig. S4C), the 
number of reads with architectural features of PIWI-interacting 
RNAs in the unmapped proportion was increased in cKO mice 
(SI Appendix, Fig. S4D). The differential expression analysis using 
the criteria of P < 0.05 and fold change ≥ 1.5 identified 42 differ-
entially expressed sRNA (DES) with 20 upregulated and 22 

downregulated in cKO mice (Fig. 4E). These results indicate that 
adipocyte-specific Pik3c3 deletion alters the circulating sRNA pool.

The above findings demonstrate that PIK3C3 promotes adipo-
cyte differentiation, survival, and function. Consistent with the 
observations for adipocyte mass, morphology, and histology, the 
functional analyses reveal a differential impact of PIK3C3 defi-
ciency on BATs and WATs that is particularly evident in 
mitochondria.

Adipocyte-Specific Deletion of Pik3c3 Compromises Thermo-
genesis. Non-shivering thermogenesis participates in maintaining 
body temperature, in particular, under extreme conditions such as 
cold and starvation, which is primarily a function of BATs (44, 45). 
We therefore examined thermogenesis. To exclude confounding 
factors, we first measured several metabolic parameters in mice 
housed at room temperature (25 °C) with food and water ad lib. 
We found comparable body weight but reduced total body fat in 
cKO mice (SI Appendix, Fig. S5A). Under these conditions, WT 
and cKO mice had similar oxygen consumption (VO2), carbon 
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dioxide production (VCO2), energy expenditure (SI Appendix, 
Fig. S5B), and body temperature (Fig.  5A). After exposure to 
cold (6 °C) for 1 wk with food and water ad lib, both groups 
of mice similarly maintained intrarectal and iBAT temperature 
and gained comparable body weight (Fig. 5A and SI Appendix, 
Fig. S5C). We measured selected markers in iBAT, including 
mRNA for Ucp1 as well ascell death inducing DFFA like effector 
a (Cidea), and protein for UCP1, fatty acid synthase (FASN), 
and peroxisome proliferator activated receptor gamma (PPARG), 
which revealed impaired responses in cKO mice (Fig.  5B). As 
such, cKO mice can sustain body temperature upon cold exposure 
for a week in the face of a compromised thermogenic response. 
To explore whether this remains true under harsher conditions, 
we deprived food during cold exposure for 6 h. Such treatment 
promoted autophagy in iBAT of WT mice, reflected by increases 
in LC3-II and significantly increased LC3-II to -I ratio (Fig. 5C 
and SI Appendix, Fig. S5D) (46). Whereas intrarectal and iBAT 
temperature were maintained as expected during cold treatment 
alone in both groups (SI Appendix, Fig. S5E), superimposing food 
deprivation readily unmasked defective thermogenesis in cKO 
mice accompanied by near absence of the examined markers in 
iBAT (Fig. 5D). Together, the above findings demonstrate that 
PIK3C3 deficiency in adipocytes compromises thermogenic 
capacity of BATs that affects body temperature under extreme 
conditions.

Beige adipocytes are induced in WATs, most commonly examined 
in iWAT, in response to cold or sympathetic nerve stimulation. These 
browning or “beiging” ATs can also participate in thermogenesis 
(47). As such, we evaluated the browning response in iWAT. In the 

above experiments with cold treatment for 1 wk, we did not observe 
significant upregulation of the examined markers in iWAT of WT 
mice, whereas the marker proteins were nearly undetectable in iWAT 
of cKO mice (SI Appendix, Fig. S5F). We then assessed the response 
to sympathetic nerve stimulation, applying β3-adrenergic receptor 
agonist Cl316243 to mice for 1 wk. In addition to the above-selected 
markers, we measured mRNA for several markers characteristic of 
iWAT browning. The results showed a significantly dampened 
response in iWAT of cKO mice (Fig. 5E).

Together, these findings further support a crucial role of 
PIK3C3 in promoting BATs.

Deletion of Pik3c3 in Adipocyte Cell Line Mirrors the Findings 
in cKO Mice. To examine adipocytes in isolation, we employed 
cell line models (Fig. 6A). We generated brown preadipocytes 
immortalized Adipoq-Cre (IAC)-BAT and immortalized Rosa26-
Cre (IRC)-BAT using distinct inducible Cre/loxP systems (see 
Materials and Methods). We first cultured IAC-BAT cells under 
BA differentiation conditions, which revealed their capacity to 
differentiate into BAs (SI Appendix, Fig. S6A). PIK3C3 was 
upregulated and so were ATG7 and Rubicon, whereas P62 and 
LC3 were reduced, perhaps reflecting an accelerated autophagy 
during differentiation (SI Appendix, Fig. S6B). We then induced 
excision of Pik3c3 in IAC-BAT cells using 4-hydroxytamoxifen 
(4OHT) during differentiation, which significantly reduced 
its mRNA and protein (Fig.  6 B and C). Consistent with 
our findings in cKO mice, this caused the following dose-
dependent alterations: 1) increased P62, LC3, LAMP1, and 
cleaved Caspase 3, and decreased UCP1, PPARG, and FASN 
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(Fig.  6C); 2) increased apoptosis (Fig.  6D); and 3) reduced 
lipid accumulation (Fig.  6E). In this model, with only days 
of adipocyte differentiation and Pik3c3 deletion, we detected 
increased mitochondrial mass (Fig.  6F). We obtained results 
from IRC-BAT cells similar to those from IAC-BAT cells (SI 
Appendix, Fig. S6 C–E). However, basal oxidative respiration was 
impaired in differentiated and PIK3C3-deficient IRC-BAT cells, 
consistent with the studies in iBAT of cKO mice (SI Appendix, 
Fig. S6F). It is unclear whether increased mitochondrial mass 
in these cells accounted for the observed increase in maximal 
oxidative respiration (SI Appendix, Fig. S6 E and F). We further 
evaluated autophagy and endocytosis/vesicle trafficking in IRC-
BAT cells. Consistent with the findings in ATs of cKO mice, we 
observed impaired autophagy whereas epidermal growth factor 
receptor degradation and dye quenched-bovine serum albumin 
assays revealed limited defects in endocytosis and endosomal/
lysosomal trafficking in differentiated PIK3C3-deficient IRC-
BAT cells (Fig. 6G and SI Appendix, Fig. S6G). We used 3T3-
L1 cells to study white preadipocytes. We cultured cells under 
WA differentiation conditions, which resulted in WAs with 
upregulation of PIK3C3 as well as P62 and LC3 (SI Appendix, 
Fig. S6H). We then deleted Pik3c3 in 3T3-L1 cells employing 
CRISPR/Cas9 approach and cultured the resulting lines under 
WA differentiation conditions. This caused decreases in PIK3C3 
as well as alterations similar to those seen in brown preadipocytes, 
including: 1) increased P62 and LC3; 2) reduced levels of 
markers indicative of adipocyte function; and 3) decreased lipids 
in differentiated adipocytes (Fig. 6 H–J). Results for oxidative 

respiration, autophagic flux, and endocytosis/vesicle trafficking 
were consistent with those seen in brown preadipocytes (Fig. 6K 
and SI Appendix, Fig. S6 I and J).

Overall, the results from adipocyte cell lines mirror those from 
cKO mice. Together, they demonstrate a crucial adipocyte-intrin-
sic role of PIK3C3 in promoting differentiation, survival, and 
function of BAs and WAs. They also indicate that PIK3C3 defi-
ciency disturbs autophagy in adipocytes with more limited effects 
on endocytosis and endosomal trafficking.

Inducible Deletion of Pik3c3 in Adipocytes Reproduces Findings 
in cKO Mice. In the cKO model, Pik3c3 is excised during adipocyte 
differentiation when ADIPOQ begins to express. To investigate 
whether deletion of Pik3c3 in differentiated adipocytes similarly 
affects ATs, we generated Adipoq-CreERT2;Pik3c3f/f (iKO) and 
Pik3c3f/f (WT) mice. We treated mice with tamoxifen (Tam) and 
analyzed them at W3 and W6 thereafter. As anticipated, Tam 
treatment reduced PIK3C3 in ATs of iKO mice (SI Appendix, Fig. 
S7 A and B). Observations in this model are consistent with those 
seen in cKO mice, including: 1) disturbed autophagy in AT depots 
of iKO mice (SI Appendix, Fig. S7B); 2) comparable body weight and 
food intake between WT and iKO mice (SI Appendix, Fig. S7C); 3) 
changes in AT mass with early increased mass of iBAT and reduced 
mass of iWAT and pWAT in iKO mice (SI Appendix, Fig. S7D); 
and 4) changes in markers for AT function, more so in iBAT than 
pWAT (SI Appendix, Fig. S7E). The consistent findings between 
cKO and iKO models reiterate the crucial role of PIK3C3 not only 
for differentiation but also maintenance of adipocytes.
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Fig. 5. Adipocyte-specific deletion of Pik3c3 compromises thermogenic response. Mice at W8 were used. A. Mice were housed at 6 °C for 1 wk with free access 
to food and water. Body temperature was measured (n = 5 to 13 in each group). B. iBAT was analyzed for indicated mRNAs and proteins (n = 2 to 4 in each 
group). C. WT mice were housed as indicated for 6 h and analyzed for LC3 II/LC3 I in iBAT by western blotting (n = 6 to 9 in each group). D. Mice were housed at 
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in each group). E and F. Mice were treated as indicated. iWAT was analyzed for the indicated mRNAs and proteins (n = 2 to 5 in each group).
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Opposing Roles of PIK3C3 and ATG7 with a Dominant Effect of 
PIK3C3 Deficiency. Previous studies reported that adipocyte deletion 
of Atg7 with aP2(Fabp4)-Cre transgene (aP2cKOAtg7) causes changes 
in ATs that are beneficial to systemic metabolism, exemplified by 
enlarged but not whitened iBAT and decreased as well as browning 
of pWAT (29, 30). Because these findings are largely opposite to our 
observations in Pik3c3 KO mice, we evaluated the interplay between 
these two factors in maintaining AT homeostasis. We generated 
Adipoq-Cre;Atg7f/f (cKOAtg7) and Adipoq-Cre;Pik3c3f/f;Atg7 f/f [double 
knockout (DKO)] mice. In line with the analysis in aP2cKOAtg7 
mice, this set of studies focused on iBAT and pWAT to facilitate 
valid comparisons. PIK3C3 was diminished in both depots of 
DKO but not in those of cKOAtg7 mice (SI Appendix, Fig. S8A). 
As expected, ATG7 was significantly decreased in both depots of 
cKOAtg7 mice (Fig. 7A and SI Appendix, Fig. S8A). Surprisingly, the 
levels of ATG7 trended higher in both depots of cKO mice, were 
reduced in pWAT of DKO mice, but were not substantially affected 
in iBAT of DKO mice (Fig. 7A and SI Appendix, Fig. S8A). While 
the underlying mechanism remains unclear, the deletion of Pik3c3 
could induce a compensatory increase of ATG7 in cKOAtg7 mice 
that might account for the detected ATG7 in DKO mice, possibly 

in concert with incomplete Cre-mediated deletion. Nevertheless, 
the deletion of the respective factor(s) disturbed autophagy with 
differential patterns on P62, LC3, and LAMP1 in the two depots. 
Similar to those reported for aP2cKOAtg7 mice (29, 30), LC3-II was 
significantly lower in iBAT and trended lower in pWAT of cKOAtg7 
but this became less evident in DKO mice (Fig. 7A and SI Appendix, 
Fig. S8A). Additionally, cKOAtg7 mice lacked LAMP1 accumulation 
that was reversed in DKO mice (Fig. 7A and SI Appendix, Fig. S8A). 
Body weights were comparable among WT, cKOAtg7, and DKO mice 
(SI Appendix, Fig. S8B). For cKOAtg7 mice, this was divergent from 
aP2cKOAtg7 strain that had reduced body weight (29, 30). Despite 
this difference, cKOAtg7 mice displayed alterations in iBATs that 
largely resembled those reported for aP2cKOAtg7 mice, including: 
1) increased iBAT mass (Fig. 7B); 2) histological appearance that was 
similar to WT but different from cKO mice (SI Appendix, Fig. S8C); 
3) unaltered or better-preserved expression of marker genes for lipid 
metabolism and thermogenesis compared to cKO mice (Fig. 7C); 
and 4) increased UCP1 protein (Fig. 7D and SI Appendix, Fig. S8A). 
Results from pWAT of cKOAtg7 mice less resembled those reported 
for aP2cKOAtg7 mice. Although reduced tissue weight for pWAT 
was consistent with those observed in aP2cKOAtg7 mice (Fig. 7E), 
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we did not detect any increase in either mRNA or protein for UCP1 
(Fig. 7 F and G and SI Appendix, Fig. S8A). pWAT of cKOAtg7 mice 
contained more adipocytes of a smaller size (SI Appendix, Fig. S8C), 
and the expression levels of glucose transporter type 4 (Glut4), Fasn, 
and Pparg were preserved or enhanced (Fig. 7G). Therefore, Adipoq-
Cre-mediated deletion of Atg7 leads to a phenotype consistent with 
but less profound than aP2(Fabp4)-Cre-mediated Atg7 deletion. 
Combined deficiency of PIK3C3 and ATG7 in DKO mice caused 
alterations in iBAT and pWAT that resembled those seen in cKO 
mice rather than in cKOAtg7 mice (Fig. 7). This was accompanied by 
a compromised ability to maintain body temperature under harsh 
conditions (Fig. 7H), at levels similar to those seen in cKO mice 
(Fig. 5D). Collectively, our findings indicate that PIK3C3 and ATG7 
exert largely opposing effects on adipocytes, with a dominant role 
of PIK3C3 deficiency.

Dietary Lipid Excess Exacerbates AT Pathologies Yet Differentially 
Impacts Insulin and Glucose Tolerance in cKO Mice. Considering 
the abundance of diets rich in lipids, we evaluated how dietary lipid 
excess influences the outcome of PIK3C3 deficiency by feeding mice 
with a high-fat diet (HFD). Although food intake was higher, weight 
increase was lower in cKO mice and these mice also had smaller 
WAT depots at sacrifice (SI Appendix, Fig. S9A). Histologically, 
iBAT accumulated more lipids, whereas iWAT and pWAT appeared 
to contain more small-sized adipocytes compared to WT mice  
(SI Appendix, Fig. S9B). We measured selected markers for autophagy, 
lipid metabolism, thermogenesis, and apoptosis in iBAT and pWAT. 
PIK3C3 remained diminished and autophagy was disturbed in the 
two depots of cKO mice. PPARG, FASN, and perilipin (PLIN) in 
the two depots and UCP1 in iBAT were also significantly reduced. 
Apoptosis was accelerated in the two depots of cKO mice (SI Appendix, 
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Fig. S9C). We then examined metabolic parameters. Ectopic lipid 
deposition worsened compared to mice fed with chow diet (Fig. 2E) 
as hepatic steatosis was readily discernable on H&E-stained liver 
sections and liver weighed heavier in cKO mice (SI Appendix,  
Fig. S9D). cKO mice were nearly insulin unresponsive during IPITT 
(SI Appendix, Fig. S9E). However, despite the seemingly more severe 
pathology in ATs as well as liver and insulin resistance, cKO mice 
had lower blood glucose after 6 h fasting (SI Appendix, Fig. S9E) 
and lacked hyperglycemia after overnight fasting with lower blood 
glucose upon glucose challenge during IPGTT (SI Appendix, Fig. 
S9F). This is consistent with the divergence between insulin and 
glucose tolerance in chow-fed mice (Fig. 2 A–C) that became more 
evident upon HFD feeding, and reveals a better-preserved glucose 
tolerance in cKO mice.

Discussion

In this study, we have found that PIK3C3 functions in all adi-
pocyte subsets and is crucial to the maintenance of BATs and 
WATs. Its absence impaired differentiation, survival, and func-
tion of adipocytes. This caused loss of WATs, whitening followed 
by loss of BATs, and impaired browning of WATs. Consequently, 
mice developed metabolic disorders manifested as dyslipidemia, 
hepatic steatosis, and insulin resistance. Compromised thermo-
genesis impaired the capacity of mice to maintain body temper-
ature under extreme conditions. The effects of PIK3C3 largely 
opposed those of ATG7, and combined deficiency of both factors 
resembled the phenotype seen in PIK3C3 single-deficient mice. 
Finally, dietary lipid excess exacerbated pathologies caused by 
PIK3C3 deficiency in ATs and liver. These findings demonstrate 
a crucial role of PIK3C3 in maintaining healthy and functional 
ATs of all types and that Pik3c3 deletion in mice causes metabolic 
disorders resembling lipodystrophy in humans. While the under-
lying mechanisms require further investigation, the reported 
findings indicate a differential impact of PIK3C3 on BATs and 
WATs.

We have found that mice with an adipocyte-specific PIK3C3 
deficiency had a better-preserved glucose tolerance in the presence 
of insulin resistance, at least at the age examined. These mice also 
exhibited better-preserved glucose tolerance after HFD feeding for 
over 2 mo in the context of exacerbated pathologies in ATs and liver. 
These results are consistent with improved glucose tolerance found 
in 1- to 2-y-old mice carrying aP2(Fabp4)-Cre-mediated Pik3c3 
deletion (aP2cKOPik3c3) (36). Contrary to the latter model, we 
observed progressive deterioration of BATs and WATs in our model 
starting at a very young age accompanied by development of insulin 
resistance. It is unclear whether the off-target effects of aP2(Fab-
p4)-Cre in other organs explain this apparent discrepancy (48–50). 
The mechanism underlying the divergent effects of PIK3C3 defi-
ciency on insulin sensitivity and glucose tolerance also remain 
unclear. It is intriguing to speculate that an altered secretome in ATs 
of these mice may impact other metabolic tissues involved in glyce-
mic control (43, 51, 52), a possible scenario consistent with our 
analysis of circulating sRNAs and measurement of cytokines/adi-
pokines in ATs. Alternatively, a regulatory circuit among ATs and 
other metabolic tissues could be at play that may change extracellular 
sRNA secretion from the latter tissues. Finally, PIK3C3 may differ-
entially regulate cellular processes in adipocytes in an age-dependent 
manner. Together, the reported findings reveal a critical yet complex 
role for PIK3C3 in adipocytes.

Earlier studies on adipocyte autophagy prompted great enthu-
siasm for targeting this pathway for treatment of metabolic diseases 
(28–30). However, subsequent research revealed opposing effects 
of distinct autophagy factors on AT homeostasis and systemic 

metabolism (25–27). Hence, therapeutic strategies tailored 
towards individual factors will be needed for an optimal outcome. 
Understanding how each factor assumes its role will aid in such 
efforts. The functional level of each protein may also influence the 
metabolic outcome, exemplified by a previous study showing that 
partial inhibition of PIK3C3 improves insulin sensitivity and gly-
cemic control (53).

PIK3C3 is an essential player in autophagosome formation 
and is also involved in endocytic sorting/trafficking (31–35). 
Our studies detected impaired autophagy in both PIK3C3-
deficient primary ATs and differentiated preadipocyte cell lines. 
In the latter model, we did not observe significant alterations 
in endocytosis and vesicle trafficking. As such, our findings 
point toward autophagy as the more likely pathway responsible 
for the observed pathologies, but the exact contribution from 
defects in endocytic sorting/trafficking requires further inves-
tigation. The interplay between PIK3C3 and other autophagy 
proteins in adipocytes also requires further investigation. In our 
study, PIK3C3 deficiency caused alterations of P62, LC3-I, 
LC3-II, and LAMP1 in ATs, a pattern distinct from that of 
ATG7-deficient mice. The changes in LC3-II appeared ATG7-
dependent, an observation consistent with previous findings in 
PIK3C3-deficient macrophages and embryonic fibroblasts (54, 
55). Additionally, deletion of Pik3c3 appeared to upregulate 
ATG7, and accumulation of LAMP1 was absent in ATG7-
deficient mice. It will be of therapeutic interest to understand 
whether these distinct patterns underlie the opposing roles of 
PIK3C3 and ATG7 in adipocytes.

The current study demonstrates a critical yet complex role for 
adipocyte PIK3C3 in maintaining healthy ATs that largely opposes 
the impact of ATG7. The systemic consequences of PIK3C3 defi-
ciency in mice closely resemble human lipodystrophy. 
Understanding the underlying mechanisms may identify mole-
cules for therapeutic intervention in metabolic diseases.

Materials and Methods

Mice, reagents, metabolic parameters, tissue harvest and histology, cell prepara-
tion, collagen staining, flow cytometry, in vitro adipocyte differentiation, oxygen 
consumption, lipolysis assay, autophagy assays, endocytosis and vesicle traffick-
ing assays, immortalized preadipocytes, Oil red O staining, real-time PCR, western 
blotting, tamoxifen treatment, body temperature and cold treatment, sympathetic 
nerve stimulation, HFD feeding, global untargeted lipidomics, sRNA sequencing 
and statistics are described in detail in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix. Untargeted lipidomics data are included as Dataset 
S1 and are also available at the NIH Common Fund’s National Metabolomics 
Data Repository (NMDR) website, the Metabolomics Workbench, https://www.
metabolomicsworkbench.org under the assigned study ID: STST002268.
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