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S-acylation of ATGL is required for lipid 
droplet homoeostasis in hepatocytes

Yuping Zheng    1,9, Jishun Chen    2,9, Vinitha Macwan3,9, Charneal L. Dixon    4,5,9, 
Xinran Li    6, Shengjie Liu    7, Yuyun Yu1, Pinglong Xu    8, Qiming Sun1, Qi Hu    7, 
Wei Liu    1 , Brian Raught    3 , Gregory D. Fairn    4,5  & Dante Neculai    1 

Lipid droplets (LDs) are organelles specialized in the storage of neutral 
lipids, cholesterol esters and triglycerides, thereby protecting cells from 
the toxicity of excess lipids while allowing for the mobilization of lipids 
in times of nutrient deprivation. Defects in LD function are associated 
with many diseases. S-acylation mediated by zDHHC acyltransferases 
modifies thousands of proteins, yet the physiological impact of this 
post-translational modification on individual proteins is poorly understood. 
Here, we show that zDHHC11 regulates LD catabolism by modifying adipose 
triacylglyceride lipase (ATGL), the rate-limiting enzyme of lipolysis, both in 
hepatocyte cultures and in mice. zDHHC11 S-acylates ATGL at cysteine 15. 
Preventing the S-acylation of ATGL renders it catalytically inactive despite 
proper localization. Overexpression of zDHHC11 reduces LD size, whereas 
its elimination enlarges LDs. Mutating ATGL cysteine 15 phenocopies 
zDHHC11 loss, causing LD accumulation, defective lipolysis and lipophagy. 
Our results reveal S-acylation as a mode of regulation of ATGL function and 
LD homoeostasis. Modulating this pathway may offer therapeutic potential 
for treating diseases linked to defective lipolysis, such as fatty liver disease.

The accumulation of lipid droplets (LDs) is the hallmark of various 
human diseases, including atherosclerosis, nonalcoholic fatty liver 
disease and obesity. These conditions result from nutritional excess, 
as the proliferation and enlargement of LDs prevent the toxic build-up 
of lipids in other organelles1–4. Indeed, LD size and abundance are 
intimately coupled to the metabolic state of the cell3. In response to 
metabolic signals, mobilized fatty acids derived from stored neutral 
lipids are involved in many cell functions, including energy production 
through β-oxidation, membrane biogenesis to support cell division, 
protein modification, signal transduction and lipoprotein secretion1,5,6.  

Thus, understanding the balance between LD biogenesis and catabo-
lism and its dysregulation in the aetiology of metabolic conditions such 
as type 2 diabetes is crucial for developing new therapeutic strategies7–9.

The hydrolysis of triacylglycerol (TAG) in LDs to three fatty acids 
and glycerol is catalysed by the sequential actions of three enzymes: 
adipose triacylglyceride lipase (ATGL; also known as PNPLA2)10,11, a 
member of the patatin-like phospholipase domain-containing protein 
A (PNPLA) family; hormone-sensitive lipase (HSL)12; and monoglyceride 
lipase6,12. ATGL catalyses the initial and the rate-limiting step in the 
mobilization of fatty acids stored as TAGs and is subjected to multiple 
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of the proteome undergoes S-palmitoylation (or S-acylation) by 
modifying cysteine residues with palmitate (or other fatty acids). 
Mass spectrometry-based methods have revealed that human 
diseases, including immunological and neurodegenerative disor-
ders, cancers and viral infections, are associated with alterations in  
the S-palmitoylome17,18. Protein S-acylation is reversible and can dynami-
cally modulate protein stability and protein–protein interactions, enzy-
matic activities and localization, including proteins associated with 
LDs. Multiple LD proteins are S-acylated. For example, S-palmitoylation  
of the ADP-ribosylation factor GTPase-activating protein ELMOD2  
by zDHHC3 is required to target LDs and for proper LD homoeo-
stasis19. The LD-associated small G proteins Rab18 (ref. 20) and  
Rab10 (ref. 21) are also S-palmitoylated. To date, the extent and  

levels of regulation5,6. ATGL is regulated by direct interaction with its 
coactivator, the LD-binding protein comparative gene identification-58 
(CGI-58)13, and its inhibitor, G0/G1 switch protein 2 (G0S2)14. During 
nutrient depletion, ATGL is also regulated by phosphorylation (at 
Ser406) by AMP-activated protein kinase (AMPK)15 or protein kinase A 
(PKA)15,16. Following the liberation of the three fatty acyl chains, these 
molecules can be converted to acyl-CoA by the acyl-CoA synthetase 
family for further use in additional metabolic pathways, including 
phospholipid synthesis and β-oxidation5.

Palmitoyl-CoA and other acyl-CoAs are also used as substrates for 
the lipidation of proteins. For instance, acyl-CoAs serve as a substrate 
for the S-acyltransferases of the zDHHC family that post-translationally 
attach fatty acids (that is, palmitate) to proteins. Roughly 10% 
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Fig. 1 | Overexpression of zDHHC11 reduces LD size and abundance in 
HepG2 cells and mouse livers. a, Fluorescence microscopy images of HepG2 
cells expressing GFP-tagged zDHHC3 or zDHHC11, with LDs visualized using 
LipidTOX Red staining. b, Confocal images of HepG2 cells transfected with 
mCherry-zDHHC11; LDs were highlighted with BODIPY 493/503. Specifically, 
inset 1 in b depicts an untransfected cell, whereas inset 2 depicts a cell expressing 
mCherry-zDHHC11. c–f, Quantitative data derived from similar images as in b 
across three independent experiments, including the number of LDs per cell (c), 
the cross-sectional area of individual LDs (d), the total LD area per cell (e) and 
the percentage distribution of LDs based on diameter (f). Sample sizes: n = 44 for 
control (Ctrl) HepG2 cells, n = 76 for HepG2 cells with zDHHC11 overexpression 
and n = 77 for HepG2 cells expressing the catalytically inactive zDHHC11C155S 
variant. g,j, RT–qPCR analysis determining zDHHC11 expression levels in the 

livers of male C57BL/6J mice; the mice were injected with either the AAV-control 
virus or the AAV-mzDHHC11 virus and then maintained on a standard diet (g) or 
an HFD (j) (n = 7 per group). h,k, Representative liver sections from mice fed a 
standard diet (h) or an HFD (k), stained with Oil Red O. i,l, Quantification of the 
total triglyceride content in liver samples from mice fed a standard diet (i) or an 
HFD (l). m, Immunoblot analysis comparing the expression of CGI-58, HSL, PLIN3, 
zDHHC11, ATGL and β-actin in individual liver samples from the mice in g and j, 
with each lane representing a separate biological replicate (individual mouse). 
Data in c, d, e, g, i, j and l are presented as mean ± s.e.m. and analysed with one-
way ANOVA and Tukey’s post hoc tests (c–e) or an unpaired two-tailed Student’s  
t test (g, i, j and l). Scale bars are 10 µm for a and b (2 µm for insets in b) and 
100 µm for h and k (100 µm for insets).
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importance of the role of zDHHC enzymes and S-acylation in LD  
physio logy are unclear.

We postulated that critical proteins involved in LD homoeostasis 
are potentially S-acylated (or palmitoylated) and that zDHHC family 
members may influence fatty acid and TAG metabolism. Therefore, we 
conducted a targeted overexpression and genetic silencing screening 
to determine whether any of the zDHHC proteins affect LD homoeosta-
sis. Our results demonstrate that zDHHC11 influences LD homoeostasis 
by modifying and activating ATGL.

Results
zDHHC11 acyltransferase affects LD size and abundance
To delve deeper into the role of protein S-acylation in LD function, 
we overexpressed 23 green fluorescent protein (GFP)-tagged zDHHC 
enzymes individually in HepG2 cells. We then monitored the size and 
abundance of LDs using LipidTOX (Fig. 1a and Extended Data Fig. 1a). 
Although previous studies have indicated a potential role for zDHHC3 
in LD physiology19, our confocal microscopy analysis revealed that 
the overexpression of zDHHC11 had the most pronounced effect on 
LD size and abundance (Fig. 1a and Extended Data Fig. 1a). In line with 
this, HepG2 and Huh7 cells expressing mCherry-zDHHC11 (which local-
ized to the endoplasmic reticulum (ER), as shown in Extended Data 
Fig. 1b) and AML12 cells expressing mCherry-mzDHHC11 exhibited 
fewer and smaller LDs compared with their nontransfected counter-
parts (Fig. 1b and Extended Data Fig. 1c–e). Both the cross-sectional 
area of individual LDs and the total LD area per cell were significantly 
reduced compared with cells overexpressing mCherry alone (Fig. 1c–f). 
To ascertain whether the observed phenotype depended on zDHHC11’s 
transferase activity, we conducted experiments with a catalytically 
inactive zDHHC11 (C155S) mutant. Transient overexpression of this 
mutant in HepG2 cells did not alter LD size or count (Fig. 1c–f). Hence, 
ER-localized zDHHC11-mediated S-acylation influences LD homoeo-
stasis in cultured human cells.

To see whether these observations held in vivo, we overexpressed 
Zdhhc11 in C57BL/6J mice using a liver-targeted adeno-associated 
virus (AAV). Zdhhc11 transcript levels were assessed by reverse 
transcription followed by qPCR (RT–qPCR) (Fig. 1g,j). Control and 
Zdhhc11-overexpressing male mice (aged 6–8 weeks, with a mini-
mum of six mice in each group) were fed either standard chow or a 
high-fat diet (HFD) for 3 months. Subsequent analysis of liver sec-
tions using histology and Oil Red O staining showed that liver sam-
ples from Zdhhc11-overexpressing male mice exhibited a significant 
reduction in the number of LDs and TAG content, regardless of diet 
type (Fig. 1h,i,k,l). Similarly, Zdhhc11-overexpressing female mice 
also exhibited significant reductions in LDs and TAG content when 
fed a chow diet (Extended Data Fig. 1f–h). Consistent with previous 
reports, female mice were resistant to HFD-induced weight gain and 
steatosis22,23. For subsequent studies, only male mice were used. Livers 
from Zdhhc11-overexpressing mice demonstrated a marked decrease 
in the levels of perilipin 3 (PLIN3) (Fig. 1m and Extended Data Fig. 1i), 
an LD coat protein whose abundance correlates to LD content and 
facilitates triglyceride storage and lipolysis5,24. Meanwhile, other pro-
teins transiently associated with LDs, such as HSL5, CGI-58 (ref. 5) or 
ATGL, showed no significant differences (Fig. 1m and Extended Data 
Fig. 1i). These findings highlight the critical role of zDHHC11 in LD 
homoeostasis.

ZDHHC11 loss enhances LD size, abundance and TAG content
Motivated by the observed effect of zDHHC11 overexpression on LDs, 
we next examined the impact of loss of zDHHC11 activity on LDs. The 
human genome contains a duplicated version of ZDHHC11 (ZDHHC11 
and ZDHHC11B) encoding proteins with 86% sequence identity. For 
silencing or knockout (KO) studies, we targeted both ZDHHC11 and 
ZDHHC11B (hereafter denoted ZDHHC11+(B)). Compared with HepG2 
or mouse embryonic fibroblast (MEF) cells expressing control short 

hairpin RNA (shRNA), the expression of shZDHHC11+(B) (blue fluores-
cent protein (BFP)-positive cells) (Extended Data Fig. 2a–c) correlated 
with increased LD size and abundance (Extended Data Fig. 2d,f–j). The 
transient silencing also increased intracellular TAG levels (Extended 
Data Fig. 2e) and decreased basal lipolysis (Extended Data Fig. 2k). 
Similar results were observed in a clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 
(Cas9)-engineered ZDHHC11+(B)-KO HepG2 cell line (HepG2zDHHC11+(B)-KO) 
(Fig. 2a–g), which we generated and authenticated (Extended Data 
Fig. 2l–n). Thus, toggling the levels of the zDHHC11 protein up or down 
results in a decrease or increase in LDs, respectively.

In prior experiments, we used a standard medium fortified with 
10% FBS and high glucose concentrations. When we introduced exog-
enous fatty acids, specifically the oleate (OA)/BSA complex, both the 
HepG2 and HepG2zDHHC11+(B)-KO cell lines displayed a significant increase 
in TAG production, evident from the expanded total LD area per cell, 
compared with those treated solely with BSA. Following culturing 
with OA/BSA for 4 h, these cells exhibited notably more prominent 
and numerous LDs than cells cultured in a standard medium sup-
plemented with BSA (Extended Data Fig. 2o,p). Interestingly, the 
OA-induced enhancement was especially noticeable in ZDHHC11-KO 
cells. This suggests that loss of zDHHC11 activity may have a role in 
boosting LD expansion. Therefore, we considered whether zDHHC11 
acts as a negative regulator of de novo LD formation and subsequent 
expansion or influences LD catabolism. We took advantage of a syn-
thetic construct termed LiveDrop, a marker of newly formed neutral 
lipid-poor LDs, based on the membrane-embedded hairpin motif 
from glycerol-3-phosphate acyltransferase 4 (GPAT4) linked to a fluo-
rescent tag1. For this experiment, LiveDrop-labelled wild-type (WT) 
and HepG2zDHHC11+(B)-KO cells were treated with BSA and BSA/OA for 1 h 
(Fig. 2h), as previously described1. As shown in Fig. 2j, after 1 h, a similar 
percentage of nascent LDs (LiveDrop-positive, LipidTOX-negative) 
were produced in WT and HepG2zDHHC11+(B)-KO cells with BSA and OA  
supplementation. Most LiveDrop-positive LDs were positive for  
LipidTOX signals, suggesting that they could successfully mature 
(Fig. 2h,i). These results indicate that loss of ZDHHC11 does not affect 
de novo LD formation or the accrual of neutral lipids, suggesting a role 
for zDHHC11 in regulating LD catabolism.

Monitoring LD catabolism is complicated by the resynthesis of TAG 
and de novo formation of nascent LDs during lipolysis. To mitigate this 
effect experimentally, we induced LD breakdown in the presence of a 
diacylglycerol acyltransferase 1 (DGAT1) inhibitor (DGAT1i) to prevent 
the resynthesis of TAG from the newly liberated fatty acids and glycerol, 
as previously reported25. Using this approach, we examined the ability 
of parental and HepG2zDHHC11+(B)-KO or MEFshzDHHC11 cells to catabolize TAG 
and LDs following a shift from a rich culture medium to Hank’s bal-
anced salt solution (HBSS) containing a DGAT1i (T863). Remarkably, 
cells lacking zDHHC11 activity preserved their LDs under these condi-
tions, whereas control cells displayed an ≈80% reduction (Fig. 2k,l and 
Extended Data Fig. 2q). Our data indicate that zDHHC11 is not required 
for LD growth or biogenesis but is critical for LD catabolism.

zDHHC11 is necessary for lipolysis and β-oxidation
In hepatocytes, LD catabolism is mediated by a synergistic combi-
nation of lipolysis and a selective autophagic mechanism termed 
lipophagy26,27. Mechanistically, lipolysis reduces the volume of large 
pre-existing LDs and facilitates the production of small nascent LDs, 
both of which can be targeted for lipophagic isolation and degrada-
tion26. To determine at which stage in the process zDHHC11 is specifi-
cally required, we used the fatty acid-conjugated fluorescent probe 
BODIPY 558/568 C12 (Red C12) as a surrogate to visualize the delivery 
of LDs to lysosomes (lipophagy) and to track the movement of liberated 
fatty acids from LDs to mitochondria (lipolysis and β-oxidation)28. Red 
C12 was preloaded into HepG2 and HepG2zDHHC11+(B)-KO cells and chased 
in either complete medium (CM) or nutrient-depleted medium (HBSS) 
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Fig. 2 | zDHHC11+(B) deficiency does not affect LD lipogenesis. a, Confocal 
micrographs displaying HepG2 and HepG2zDHHC11+(B)-KO cells, with LDs stained 
with BODIPY 493/503. b–e, Quantitative metrics derived from a, including the 
total number of LDs (b), the area of individual LDs (c), the cumulative LD area 
per cell (d) and a percentage breakdown based on LD diameters (e). The sample 
sizes across three independent experiments were n = 51 for HepG2 cells and 
n = 55 for HepG2zDHHC11+(B)-KO cells. f, Quantification of the total triglycerides in 
both HepG2 and HepG2zDHHC11+(B)-KO cells (n = 4 independent repeats). g, Baseline 
glycerol release measurements taken from both cell types (n = 4 independent 
repeats). h, The GFP-LiveDrop marker reveals a similar count of nascent LDs in 
both HepG2 and HepG2zDHHC11+(B)-KO cells. Green fluorescence corresponds to 
GFP-LiveDrop, whereas red indicates LipidTOX neutral red staining. Complete 
circles signify LipidTOX-positive LDs, whereas dotted circles represent LDs 
without LipidTOX staining. i, Enumeration of LDs positive for LiveDrop and 

those positive for LipidTOX using the data from h. j, Percentage calculations for 
LDs that displayed GFP-LiveDrop signals but lacked LipidTOX staining, for both 
HepG2 and HepG2zDHHC11+(B)-KO cells. For i and j, data were from three independent 
experiments: n = 32 (HepG2 + BSA), n = 19 (HepG2zDHHC11+(B)-KO + BSA), n = 49 
(HepG2 + OA) and n = 38 (HepG2zDHHC11+(B)-KO + OA). k, Confocal images of both 
HepG2 and HepG2zDHHC11+(B)-KO cells after a 24-h incubation in HBSS supplemented 
with a DGAT1i. LDs were visualized with BODIPY 493/503, and nuclei were marked 
with blue using 4′,6-diamidino-2-phenylindole (DAPI). l, Quantification of the 
total LD area per cell from images in k, with sample sizes over three independent 
experiments of n = 71 for HepG2 cells and n = 65 for HepG2zDHHC11+(B)-KO cells. Data 
from b, c, d, f, g, i, j and l are presented as mean ± s.e.m. An unpaired two-tailed 
Student’s t test was used for data in b, c, d, f, g and l. One-way ANOVA and Tukey’s 
post hoc tests were used for i and j. Scale bars are set at 10 µm (2 µm for insets).
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for 24 h, followed by labelling with LysoTracker. Confocal microscopy 
of Red C12 in WT HepG2 cells under starvation conditions revealed that 
Red C12 was redistributed to LysoTracker-positive compartments and 
in LD remnants (Fig. 3a). In contrast, in starved HepG2zDHHC11+(B)-KO cells, 
Red C12 remained associated with LDs with little signal in lysosomes 
(LysoTracker) (Fig. 3b).

We investigated autophagy proteins important for lipophagy, 
including LC3B, p62, ATG5 and ATG16L1 (ref. 24). In the control medium, 
we observed that the relative abundance of the autophagy proteins 
p62 and LC3B was comparable between HepG2 and HepG2zDHHC11+(B)-KO 
cells (Extended Data Fig. 3a,b). Furthermore, there was no noticeable 
difference in the LC3B-I to LC3B-II ratio, suggesting that autophagy 
was neither blocked nor stimulated. However, we noted a threefold 
increase in the total PLIN3 levels in HepG2zDHHC11+(B)-KO cells under the 
same conditions (Extended Data Fig. 3a,b), which is again consistent 
with more LDs. We used confocal microscopy to examine PLIN3 locali-
zation and confirmed that it remained associated with LDs in various 
conditions. Predictably, the association of PLIN3 with LDs in HepG2 
cells was reduced following starvation. This response was not detected 
in HepG2zDHHC11+(B)-KO cells (Extended Data Fig. 3c,d). These results sug-
gest a specific disruption of lipophagy, rather than general autophagy, 
in HepG2zDHHC11+(B)-KO cells. This notion is supported by the observation 
that zDHHC11 overexpression reduced LDs in ATG5-null cells (Extended 
Data Fig. 3e–h), indicating that this effect is independent of autophagy.

Next, to determine whether zDHHC11 is required for lipolysis 
and the release of fatty acids for β-oxidation, cells treated as above 
were labelled with a mitochondrial marker (MitoTracker) and visual-
ized by confocal microscopy (Fig. 3c,d). Quantitative analysis of Red 
C12-stained LDs after the chase period in CM revealed an increase in 
the LD size and total area in the cell for HepG2zDHHC11+(B)-KO cells com-
pared with control HepG2 cells (Fig. 3e,f), consistent with our find-
ings using BODIPY (Fig. 2d,e). Remarkably, HepG2zDHHC11+(B)-KO cells 
incubated in a nutrient-depleted medium (HBSS) showed a modest 
redistribution of Red C12 from LDs into mitochondria, in contrast to 
the WT cells (Fig. 3d,g). Starved WT cells displayed a ≈60% reduction 
in the total LD area per cell (Fig. 3c,e), whereas HepG2zDHHC11+(B)-KO cells 
showed a ≈30% decrease (Fig. 3d,e), indicating impaired lipolysis in 
HepG2zDHHC11+(B)-KO cells. Given the observed general impairment in lipol-
ysis, we wondered how mitochondrial β-oxidation is affected. To assess 
β-oxidation, we measured the mitochondrial oxygen consumption rate 
(OCR) in both CM and starvation conditions. In line with the inability 
of HepG2zDHHC11+(B)-KO cells to mobilize fatty acids even under normal 
conditions, we observed that the mitochondrial OCR was significantly 
lower than that in WT cells in both CM (Fig. 3h) and serum-starved 
conditions (Fig. 3i). To confirm the role of zDHHC11 in lipolysis, we 
treated WT and KO cells with the adenylyl cyclase activator forskolin 
(FSK) (10 µM, 24 h) to increase cAMP levels, activate PKA and simulate 
lipolysis26,29. As expected, FSK treatment caused a significant decrease 
in the total LD area per cell for WT cells but not HepG2zDHHC11+(B)-KO cells 
(Fig. 3j,k). Together, these data suggest that zDHHC11+(B) loss disrupts 
both the lipophagy and lipolysis pathways of LD catabolism, limiting 
fatty acid mobilization for β-oxidation. This multimodal impairment 

causes lipid accumulation, indicating that zDHHC11+(B) is required 
for cellular lipolytic responses by potentially engaging cytoplasmic 
neutral lipases.

zDHHC11 interacts with and S-acylates ATGL
Previous studies have illustrated that, akin to zDHHC11 depletion, loss of 
ATGL results in a marked enlargement in LD size and a significant reduc-
tion in fatty acid transit to mitochondria28. Overexpressing WT ATGL, 
which primarily localizes to the ER before concentrating on LDs10, brings 
about a notable decrease in LD size (Extended Data Fig. 4a). Observing 
the importance of zDHHC11+(B) for neutral lipolysis and considering 
the numerous metabolic factors and binding partners that influence 
ATGL activity, we examined several of these under CM conditions to 
comprehend the ramifications of zDHHC11 loss. Intriguingly, in contrast 
to WT cell lysates, phosphorylated S6 kinase (p-S6K), a substrate of the 
mammalian target of rapamycin (mTOR), was elevated in zDHHC11-KO 
cell lysates, implying activation of mTOR complex 1 (mTORC1) sig-
nalling and protein synthesis (Fig. 4a and Extended Data Fig. 4b). We 
further observed no significant difference for p-AMPK (Fig. 4a and 
Extended Data Fig. 4b). As can be seen in Fig. 4a, there was no differ-
ence for total ATGL, HSL and the ATGL coactivator CGI-58. However, 
there was a significant difference for p-ATGL15,16, p-HSL (Ser565)30 and 
p-HSL (Ser660)30. These results paradoxically suggest that ATGL was 
activated and HSL was inhibited in HepG2zDHHC11+(B)-KO cells compared 
with HepG2 cells (Fig. 4a and Extended Data Fig. 4b)5,31. Collectively, 
these changes indicate that loss of zDHHC11 induces a dysfunctional 
metabolic state characterized by aberrant lipolysis regulation, given 
the increased ATGL/HSL phosphorylation without actual lipolysis, and 
augments anabolism through mTORC1-mediated protein synthesis.

Given the preceding observations, we speculated that the most 
direct mechanism through which zDHHC11 could modulate lipolysis 
is by regulating ATGL, the pivotal lipase that catalyses the rate-limiting 
step in LD degradation. We hypothesized that zDHHC11 could affect 
ATGL in two ways: zDHHC11 could influence the targeting of ATGL to 
the LDs or it could influence the catalytic activity of ATGL, directly 
or indirectly. In support of this hypothesis, previous research has 
shown that, like zDHHC11 depletion, ATGL loss leads to a significant 
increase in LD size and drastically reduced trafficking of fatty acids to  
mitochondria from LDs28. Furthermore, overexpression of WT ATGL, 
which initially localizes to the ER and then concentrates on LDs10, causes 
a marked decrease in LD size (Extended Data Fig. 4a). These findings 
were correspondingly phenocopied in zDHHC11 overexpression 
(Fig. 1b), depletion (Extended Data Fig. 2e) and KO (Fig. 2a) experi-
ments. As the total levels of ATGL were unaffected (Fig. 4a and Extended 
Data Fig. 4b), we wondered whether the zDHHC11-mediated LD phe-
notype could be linked to altered ATGL subcellular localization in WT 
HepG2 and HepG2zDHHC11+(B)-KO cells. As seen in Fig. 4b,c, and although 
HepG2 cells lacking zDHHC11+(B) do not retain the ability to catabolize 
LDs in response to starvation (Fig. 3b), the ATGL subcellular localization 
was similar in WT HepG2 and HepG2zDHHC11+(B)-KO cells for each metabolic 
scenario. Additionally, CGI-58 subcellular localization appeared normal 
in KO cells following overexpression (Extended Data Fig. 4c).

Fig. 3 | zDHHC11 is necessary for LD catabolism. a,b, Confocal micrographs 
of HepG2 (a) and HepG2zDHHC11+(B)-KO (b) cells after pulsing with Red C12 and 
subsequent labelling of lysosomes with LysoTracker. c,d, HepG2 (c) and 
HepG2zDHHC11+(B)-KO (d) cells were pulsed with Red C12 overnight, followed by a  
wash and a 1-h incubation in CM, facilitating Red C12 accumulation in LDs.  
A subsequent chase was conducted in either CM or HBSS for 24 h. During this 
process, mitochondria were marked using MitoTracker. e–g, Quantification of 
the following metrics from the images in a–d: total LD area per cell (e), percentage 
distribution of LDs by diameter (f) and mean fluorescence intensity of Red C12 (g). 
Data were from three independent experiments: in CM, n = 28 (HepG2) and n = 32 
(HepG2zDHHC11+(B)-KO); in 24-h HBSS, n = 35 (HepG2) and n = 33 (HepG2zDHHC11+(B)-KO).  
h,i, OCRs of HepG2 and HepG2zDHHC11+(B)-KO cells measured after incubation in CM 

(h) or HBSS (i) for 24 h. During these measurements, oligomycin, FCCP and the 
combination of rotenone and antimycin A (AA) were introduced at specified 
intervals. The experiment was independently repeated five times for h and four 
times for i. j, HepG2 and HepG2zDHHC11+(B)-KO cells were treated with either DMSO  
or FSK (10 µM) in CM over 24 h. LDs in these cells were highlighted using  
LipidTOX Red. k, Quantification of the total LD area per cell using images from j.  
The sample distributions over three independent experiments were as  
follows: n = 71 (HepG2 + DMSO), n = 76 (HepG2 + FSK), n = 60 (HepG2zDHHC11+(B)-KO +  
DMSO) and n = 82 (HepG2zDHHC11+(B)-KO + FSK). Data from e, g, h, i and k are  
denoted as mean ± s.e.m. One-way ANOVA and Tukey’s post hoc tests were used 
for e, h, i and k, whereas Student’s t test was used for data in g. All images have a 
scale bar of 10 µm.
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Given the discrepancy between the apparent ATGL phosphoryla-
tion, accumulation of LDs and impaired lipolysis in HepG2zDHHC11+(B)-KO 
cells, we examined the LD-associated pools of various ATGL regula-
tors, including ELMOD2, G0S2, acyl-CoA synthetase long-chain fam-
ily member 1 (ACSL1) and hypoxia-inducible LD-associated protein 
(HILPDA). As supplementation with OA and palmitate to increase LD 

content results in a variety of cellular responses that may confound 
the analysis32–35, we chose to overexpress Flag-tagged LiveDrop and 
immunocapture LiveDrop-positive LDs with M2 anti-Flag beads 
(Extended Data Fig. 4d,e). In contrast to the LD fraction from WT HepG2 
cells (Extended Data Fig. 4d,e), G0S2 was significantly decreased in 
HepG2zDHHC11+(B)-KO cells, whereas the ACSL1 fraction was significantly 

W
T

0 
h

C
M

  (
24

 h
)

H
BS

S 
(2

4 
h)

Red C12 MitoTracker Mergedc Red C12 MergedMitoTrackerd

zD
H

H
C

11
+(

B)
-K

O

0 
h

C
M

  (
24

 h
)

H
BS

S 
(2

4 
h)

j

LipidTOX DAPI Merged
DMSO

W
T

zD
H

H
C

11
+(

B)
-K

O

e

To
ta

l L
D

 a
re

a 
pe

r c
el

l (
µm

2 ) 

WT zDHHC11+
(B)-KO

CM
HBSS CM

HBSS
0

10

20

30

40

50

k

WT zDHHC11+
(B)-KO

DMSO
FS

K
DMSO

FS
K

To
ta

l L
D

 a
re

a 
pe

r c
el

l (
µm

2 )

10

20

30

40

0

a Red C12 LysoTracker Merged

C
M

H
BS

S

W
T

b Red C12 LysoTracker Merged

C
M

H
BS

S

zD
H

H
C

11
+(

B)
-K

O

f

0

20

40

60

80

100

WT zDHHC11+
(B)-KO

CM
HBSS CM

HBSS

1.0–2.0 µm

0–0.5 µm

>2.0 µm

0.5–1.0 µm

LD
 p

er
ce

nt
ag

e 
(%

)

g

M
ea

n 
Re

d 
C

12
 fl

uo
re

sc
en

ce
in

te
ns

ity
 (R

ed
12

 o
ve

rla
p 

w
ith

M
ito

Tr
ac

ke
r; 

H
BS

S 
24

 h
) (

a.
u.

)

0

30

60

90

120

zD
HHC11+

(B)-K
OWT

P < 0.0001

P < 0.0001 P < 0.0001

P < 0.0001

P < 0.0001

P < 0.0001

P < 0.0001

h i
WT + HBSS
zDHHC11+(B)-KO + HBSS

Oligomycin

FCCP Rotenone/AA

LipidTOX DAPI Merged
FSK

0

50

100

150

200

WT + CM
zDHHC11+(B)-KO + CM

Oligomycin
FCCP Rotenone/AA

O
C

R 
(p

m
ol

 m
in

−1
)

Time (min)
0 20 40 60 80 0 20 40 60 80

0

50

100

150

O
C

R 
(p

m
ol

 m
in

−1
)

Time (min)

P = 0.1988

P < 0.0001

P < 0.0001

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-024-01085-w

increased in HepG2zDHHC11+(B)-KO cells. Interestingly, ACSL1 also showed 
a significant increase in the total HepG2zDHHC11+(B)-KO cell lysates. The 
decreased LD association of the ATGL inhibitor G0S2 could increase 
ATGL activity and lipolysis in HepG2zDHHC11+(B)-KO cells. However, we 
observed impaired lipolysis in zDHHC11-KO cells, contrary to this 
prediction. Additionally, the increased association of ACSL1 with LDs 
in HepG2zDHHC11+(B)-KO cells should promote the mobilization of fatty 
acids to support sustained lipolysis. Again, we did not see evidence of 
enhanced lipolysis in zDHHC11-KO cells. Collectively, these observa-
tions indicate that TAG lipolysis is disrupted in HepG2zDHHC11+(B)-KO cells 
despite changes in G0S2 and ACSL1 that would theoretically increase 
ATGL activity and lipolysis.

Therefore, we hypothesized that zDHHC11 might influence ATGL 
directly via protein–protein interaction. To test this, we immunopre-
cipitated cells expressing Flag-tagged ATGL and 3×HA-zDHHC11, and 
as a control, cells expressing Flag-tagged ATGL and 3×HA-zDHHC16, 
using a monoclonal anti-haemagglutinin antibody. As shown in Fig. 4d, 
3×HA-zDHHC11 was found in the captured proteins, but the control 
3×HA-zDHHC16 was not (see Extended Data Fig. 4f). These data support 

the conclusion that zDHHC11 regulates LD lipolysis by interacting with 
ATGL. Given that zDHHC11 is a protein acyltransferase and having 
established that zDHHC11 interacts with ATGL, we hypothesized that 
ATGL might be S-palmitoylated/-acylated by zDHHC11. To test this 
directly, we used the acyl–biotin exchange (ABE) assay, which consists 
of a series of biochemical reactions involving the exchange of the 
fatty acids attached to cysteine residues for biotin, which can then be 
detected by streptavidin36. Using the ABE assay, we found that ectopi-
cally expressed 3×HA-ATGL in HEK293 cells, as well as endogenous 
ATGL from HepG2 and differentiated 3T3-L1 cells, were S-acylated 
(Fig. 4e,f and Extended Data Fig. 4g,h). The dependency on hydroxy-
lamine (HAM) in the ABE assay demonstrated that ATGL is acylated 
through a thioester linkage, consistent with the function of zDHHC 
enzymes. Furthermore, ATGL S-acylation levels were attenuated by 
the nonselective zDHHC inhibitor 2-bromopalmitate (2-BP) (Fig. 4e,f 
and Extended Data Fig. 4g,h). Importantly, the S-acylation of ATGL was 
largely abolished in HepG2zDHHC11+(B)-KO cells (Fig. 4g and Extended Data 
Fig. 4i). Taken together, these results indicate that ATGL is S-acylated 
and zDHHC11+(B) is the primary protein acyltransferase for ATGL.
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Fig. 4 | ATGL is S-acylated by zDHHC11. a, Representative immunoblot 
analyses of HepG2 and HepG2zDHHC11+(B)-KO cells for the following proteins 
and phosphorylation sites: ATGL, ATGL phosphorylation, HSL, HSL Ser565 
phosphorylation, HSL Ser660 phosphorylation, AMPK, AMPKα Thr172 
phosphorylation, CGI-58, p70 S6K, p70 S6K Thr389 phosphorylation, p-S6 and 
GAPDH (n = 3 independent repeats). b, Confocal images displaying endogenous 
ATGL proteins in HepG2 and HepG2zDHHC11+(B)-KO cells treated with CM and HBSS. 
LDs were visualized using BODIPY 493/503 staining. Data were from three 
independent experiments: in CM, n = 21 (HepG2) and n = 24 (HepG2zDHHC11+(B)-KO);  
in 24-h HBSS, n = 16 (HepG2) and n = 19 (HepG2zDHHC11+(B)-KO). c, Quantitative 

analysis of ATGL fluorescence intensity on LDs, normalized to the total LD area 
in cells shown in b. d, Co-IP of 3×HA-zDHHC11 and Flag-ATGL from cotransfected 
HEK293T cells (n = 2 independent repeats). e, Analysis of S-acylation levels of 
3×HA-ATGL in HEK293T cells treated with or without HAM, both in the absence or 
presence of 2-BP (n = 3 independent repeats). f, S-acylation levels of endogenous 
ATGL assessed in differentiated 3T3-L1 cells treated with HAM or 2-BP as in e (n = 2 
independent repeats). g, S-acylation levels of Flag-tagged ATGL in HepG2 and 
HepG2zDHHC11+(B)-KO cells after HAM treatment (n = 3 independent repeats). Data in 
c are presented as mean ± s.e.m., with analysis conducted using one-way ANOVA 
and Tukey’s post hoc tests. All images have a scale bar of 10 µm.
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ATGL is S-acylated on multiple cysteine residues
We next aimed to identify specific sites of ATGL S-acylation using 
scanning mutagenesis combined with confocal microscopy and ABE 
assays. Given that overexpressed ATGL eliminates LDs, we determined 
whether overexpression of the individual cysteine mutants phenocopy 
the WT or catalytically inactive S47A ATGL (Extended Data Fig. 5a). As 
shown in Extended Data Fig. 5a, among all cysteine mutants tested 
(C15S, C28S, C61S, C144S, C152S, C194S, C238S, C312S, C374S, C412S, 
C439S and C449S), only the C15S mutant preserved LD abundance 
and remained associated with LDs, similar to the catalytically inactive 
ATGLS47A. Moreover, ABE analysis identified Cys15 as an S-acylation site 
(Extended Data Fig. 5b,c).

We also performed ABE assays on C61S, C144S, C152S, C238S, 
C312S, C374S and C412S (Extended Data Fig. 5b–k). Notably, Cys144 was 
also found to be S-acylated (Extended Data Fig. 5d,e). Interestingly, the 
overexpression of the ATGLC144S mutant protein showed a similar effect 
to that of WT ATGL, leading to the disappearance of LDs, as shown in 
Extended Data Fig. 5a. This observation suggests that the S-acylation 
of Cys144 is not essential for its function, and overexpression compen-
sates for any loss in function in cells. To understand how S-acylation at 
Cys144 might affect ATGL, we should note that Cys144 is adjacent to the 
LC3-interacting region (LIR) motif, 144-CSTFIPVY-151 (ref. 37). The LIR 
motif is known to mediate the binding of ATGL to LC3 to facilitate the 
lipophagic degradation of LDs and is also required for ATGL to target 
LDs37. Indeed, we found that mutating Phe147 in the LIR led to cytosolic 
accumulation (Extended Data Fig. 5a) and diminished S-acylation 
(Extended Data Fig. 5f,g), indicating the importance of the LIR motif for 
ATGL localization and S-acylation. Currently, without high-resolution 
structural information, we cannot predict how S-acylation at Cys144 
and the LIR motif influence the subcellular targeting, activity and 
S-acylation of ATGL. However, given that C144S is still able to eliminate 
LDs, it can be inferred that the S-acylation of this site is not essential 
for activity in cells, contrary to Cys15.

ATGL Cys15 S-acylation is necessary for ATGL lipase activity
As the C144S mutant eliminated LDs, and this is not the phenotype 
of the zDHHC11+(B)-KO cells, we chose to focus on the role of Cys15 
S-acylation. To assess the role of this post-translational modification, 
we generated a HepG2 cell line that overexpresses an shRNA targeting 
the 3′ untranslated region of ATGL (Extended Data Fig. 6a,b). We next 
performed rescue experiments using this cell line by overexpressing 
shRNA-resistant mCherry-tagged ATGL constructs, ATGL, ATGLC15S 
and catalytically inactive ATGLS47A, and assessed LDs using LipidTOX. 
As shown in Extended Data Fig. 6a, overexpression of mCherry-ATGL 
abolished LDs. However, mCherry-ATGLC15S and mCherry-ATGLS47A 
proteins, despite their localization to LDs, had no impact on LD size 
or abundance compared with that in nontransfected neighbouring  
cells (Extended Data Fig. 6a). We next complemented these results 
using a knockin HepG2 cell line (HepG2ATGL.C15S) generated using  

CRISPR/Cas9 and validated by sequencing (Extended Data Fig. 6c). The 
endogenous expression of ATGLC15S was confirmed by immunofluores-
cence (Extended Data Fig. 6d) and immunoblotting using antibodies to 
ATGL (Fig. 5a and Extended Data Fig. 6e). Consistent with our transient 
transfection results (Extended Data Fig. 5b,c), the C15S mutant also 
displayed a reduction in the degree of S-acylation using ABE (Fig. 5b 
and Extended Data Fig. 6f) despite the abundance of zDHHC11 being 
similar between the genotypes (Extended Data Fig. 6g,h). Of note, 
the residual S-acylation can be attributed to the other site, Cys144, as 
identified above (Extended Data Fig. 5d,e). Importantly, TAG content 
measurement and BODIPY staining indicated an increase in the LD 
number and size in HepG2ATGL.C15S cells (Fig. 5c,d), and this phenotype 
could be reversed by overexpressing WT ATGL (Fig. 5e). Thus, the results 
obtained with the ATGL mutant that is nonmodifiable on Cys15 were 
harmonious to those obtained for HepG2zDHHC11+(B)-KO cells.

To clarify the role of the S-acylation-deficient mutation ATGLC15S 
in LD homoeostasis, we examined specific pathways affecting LDs 
using total lysates grown in CM. We observed an increase in p-S6K, 
p-ATGL and p-HSL (Ser565) and a decrease in p-HSL (Ser660) (Fig. 5a 
and Extended Data Fig. 6e). Additionally, HepG2ATGL.C15S cells displayed 
a significant increase in the p-AMPK (Thr172) and PLIN3 protein levels 
(Fig. 5a,f,g and Extended Data Fig. 6e). Notably, the association of PLIN3 
with LDs in HepG2zDHHC11+(B)-KO cells showed congruence with that in  
HepG2ATGL.C15S cells when compared with WT cells in both CM and star-
vation conditions (Fig. 5f,g). Further analysis of the immunoblots 
indicated elevated phosphorylation of ATGL and HSL Ser565 in the C15S 
mutant, although ATGL enzymatic activity was impaired. The changes 
to p-HSL Ser660 and the increase in p-AMPK suggest dysregulated sig-
nalling and metabolic stress, respectively. We also observed increased 
p-p70 S6K, implying upregulated mTORC1 activity and protein syn-
thesis. Finally, the accumulation of PLIN3 correlated with an increase 
in LD content. Together, these data are consistent with the ATGLC15S 
mutation leading to dysfunctional lipolysis, metabolic abnormalities 
and lipid accumulation. This conclusion is bolstered by the immuno-
blot results following the overexpression of Flag-tagged LiveDrop and 
the subsequent immunoprecipitation (IP) of LiveDrop-positive LDs 
using M2 Flag beads, as shown in Extended Data Fig. 4d. In line with the  
findings shown in Extended Data Fig. 4d, the isolated LDs from  
HepG2ATGL.C15S cells (Extended Data Fig. 6i,j) exhibited a significant 
reduction in G0S2 levels compared with those from WT HepG2 cells, 
whereas the ACSL1 level was significantly elevated. These findings 
imply that neutral lipolysis is impaired in HepG2ATGL.C15S cells despite 
alterations in G0S2 and ACSL1 that would theoretically enhance 
ATGL-mediated lipolysis. Again, the cellular state of cells with the 
ATGLC15S mutation mirrors that of zDHHC11-KO cells (Fig. 4a and 
Extended Data Fig. 4b), consistent with the concept that inhibited 
ATGL is due to loss of S-acylation at the Cys15 position.

To explore the functional role of this S-acylation site further, we 
used a range of assays as we have done for HepG2zDHHC11+(B)-KO cells, 

Fig. 5 | ATGL Cys15 palmitoylation is necessary for ATGL lipase activity.  
a, Immunoblots for the indicated proteins in HepG2 and HepG2ATGL.C15S cells (n = 3 
independent repeats). b, S-acylation levels of endogenous ATGL in both HepG2 
and HepG2ATGL.C15S cells (n = 2 independent repeats). c,d, Confocal visualization of 
LDs stained with BODIPY 493/503 (c) and total TAGs (d) in HepG2 and HepG2ATGL.C15S 
cells (n = 4 independent repeats). e, Fluorescence micrographs of HepG2ATGL.C15S 
cells expressing mCherry-ATGL or mCherry-ATGLC15S, with LDs stained using 
BODIPY 493/503. f, Confocal visualization of endogenous PLIN3 protein in HepG2 
and HepG2ATGL.C15S cells in CM and HBSS, with LDs stained using BODIPY 493/503. 
g, PLIN3 fluorescence intensity at the LD periphery, normalized to the total LD 
area in the cells shown in f. Data were from three independent experiments: CM 
cells, n = 24 (HepG2), n = 17 (HepG2ATGL.C15S); in 24-h HBSS, n = 18 (HepG2), n = 18 
(HepG2ATGL.C15S). h,i, OCR measurements in HepG2 and HepG2ATGL.C15S cells after 
24 h in CM (h) or HBSS (i), with oligomycin, FCCP and rotenone/antimycin A 
added at intervals. The experiments were independently repeated five times for 

h and four times for i. j, Confocal images of HepG2 and HepG2ATGL.C15S cells in  
HBSS for 24 h with a DGAT1i, stained using BODIPY 493/503 and DAPI. k, In vitro 
lipase activity assay for the indicated ATGL WT and mutant proteins using 
radiolabel—[9,10(N)-3H]glycerol trioleate (n = 3 independent repeats). FA, fatty 
acid. l,n, Oil Red O staining of liver sections from mice fed a normal diet (l) or an 
HFD (n). m,o, Total triglycerides in liver samples from mice fed a normal diet (m) 
or an HFD (o). Sample sizes: for mice on a normal diet (m), n = 7 (transduced with 
shmATGLendo::mATGLexo) and n = 5 (transduced with AAV-shmATGLendo::mATGLC15Sexo );  
for mice fed an HFD (o), n = 7 (transduced with shmATGLendo::mATGLexo) and n = 9 
(transduced with AAV-shmATGLendo::mATGLC15Sexo ). p, Immunoblot analysis of the 
indicated proteins in liver samples from mice fed a normal diet or an HFD. For d, 
g, h, i, k, m and o, values are presented as mean ± s.e.m. An unpaired two-tailed 
Student’s t test was applied to data in d, n and p. One-way ANOVA and Tukey’s 
post hoc tests were applied to data in g, h, i and k. All images have a scale bar  
of 10 µm.
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including measuring the mitochondrial OCR in both CM (Fig. 5h) and 
serum-starved (Fig. 5i) conditions, Red C12 pulse–chase (Extended 
Data Fig. 6k–n), and DGAT1i-dependent LD formation under nutrient 
starvation (Fig. 5j). Importantly, all results were analogous to those 
obtained for HepG2zDHHC11+(B)-KO cells, further reinforcing the enzyme–
substrate relationship between zDHHC11 and ATGL and the importance 
of post-translational modification. As in the case of HepG2zDHHC11+(B)-KO 
cells, the observed reduced lipolytic activity of mutant ATGLC15S in 
HepG2ATGL.C15S cells could not be attributed to changes in the abundance 
or localization of its coactivator protein, CGI-58 (Fig. 5a and Extended 
Data Fig. 6e,o).

In line with the observations in HepG2zDHHC11+(B)-KO cells (Fig. 3b),  
in HepG2ATGL.C15S cells, starvation failed to mobilize Red C12 to 
LysoTracker-positive compartments (Extended Data Fig. 6l). These 
results collectively suggest that while acylation of ATGL at Cys15 does 
not influence its localization, it may affect the enzyme’s catalytic activ-
ity. To investigate this, we used two distinct assays: a radiolabel-based 
assay using [9,10(N)-3H]triolein as a tracer and a fluorescence-based 
assay with EnzChek lipase substrate to assess enzymatic activity. 
Lysates from HepG2 cells transiently overexpressing GFP, GFP-ATGL, 
GFP-ATGLS47S, GFP-ATGLC15S, GFP-ATGLC144S and GFP-ATGLC15/144S were 
incubated with [9,10(N)-3H]triolein complexed as phospholipid– 
triolein emulsions, as previously described by Schweiger et al.38.  
Significantly, cell lysates expressing GFP-ATGL released ≈20-fold more 
radiolabelled free fatty acids compared with controls (Fig. 5k). In con-
trast, lysates from cells expressing GFP, GFP-ATGLC15S, GFP-ATGLC144S 
and GFP-ATGLC15/144S displayed similar activities as the catalytically 
inactive GFP-ATGLS47S protein (Fig. 5k). This suggests that ATGL Cys15 
acylation is critical for lipase activity, as shown by its decreased activity 
despite associating with LDs (Extended Data Fig. 5a). Similar results 
using fluorescence-based assays were observed for ATGLC15S when 
lysates from cells expressing GFP, GFP-ATGL and GFP-ATGLC15S were 
incubated with micelles containing quenched EnzChek as a substrate. 
We noted a significant release of BODIPY by cells expressing GFP-ATGL 
compared with controls, whereas cells expressing GFP-ATGLC15S did not 
demonstrate such activity (Extended Data Fig. 7a).

To corroborate our findings in vivo, we generated AAVs capable 
of concurrently knocking down endogenous mouse ATGL (mATGL)  
in the liver and overexpressing either WT mATGL or mATGLC15S, as  
demonstrated in Extended Data Fig. 7b–e. We verified the effectiveness 
of these AAVs, and Extended Data Fig. 7b–e shows that overexpression 
of WT mATGL in mouse livers led to a decrease in LDs and TAG content. 
This contrasted with mice expressing the mATGLC15S mutant, regard-
less of whether they were fed a standard chow (Fig. 5l,m) or an HFD 
(Fig. 5n,o). Remarkably, paralleling the observations in Figs. 3a and 5g, 
there was a significant increase in PLIN3 expression in livers express-
ing the S-acylation-deficient ATGL (mATGLC15S), as compared with 
those expressing the WT mATGL (Fig. 5p and Extended Data Fig. 7f). 
However, HSL, CGI-58 and ATGL levels remained unchanged, irrespec-
tive of dietary variations. Collectively, these findings underscore that 
S-acylation of ATGL at the Cys15 position is essential for its enzymatic 
activity within the cell.

Discussion
Herein, we showed that the post-translational S-acylation of ATGL 
at Cys15 by the zDHHC11+(B) acyltransferase has a crucial role in LD 
catabolism by enhancing the catalytic activity of ATGL. Given that 
over expression of zDHHC11 substantially enhances the activity of 
ATGL, it can be inferred that, at the steady state, only a fraction of 
the total cellular pool of ATGL is S-acylated and maximally active. 
Our study focused on hepatocytes, but a previous proteomic study 
using adipocytes identified ATGL as a potentially S-acylated protein, 
although the sites and, more importantly, the role of the modification 
were not examined39. Given our results, we suspect that this modifica-
tion will be required in all tissues with robust ATGL activity. Adding 

palmitate or another fatty acid to Cys15 could be required for opti-
mal enzymatic activity by inducing a conformational change in the 
catalytic site or promoting the interaction of the catalytic site with 
the limiting membrane of the LDs. The biological function of Cys144 
needs to be clarified as overexpression of ATGLC144S eliminates LDs 
(Extended Data Fig. 5a), yet it has minimal activity in a cell-free assay 
(Fig. 5k). One possibility is that Cys144, its S-acylation and the LIR 
motif may have more subtle structural roles in other aspects of ATGL 
regulation that are not truly essential for catalysis. Ultimately, when 
high-resolution structures become available for ATGL and relevant 
mutants, it should be possible to theorize and test the structural basis of  
our observations.

Overexpression of zDHHC11 significantly reduced total LDs in 
cells (HepG2, Huh7 and AML12) and in vivo (mice fed a normal diet or 
an HFD). Conversely, ZDHHC11 knockdown and KO increased the total 
LD content, which is refractory to depletion following nutrient depri-
vation or cAMP-induced lipolysis independent of the presence of the 
ATGL activator CGI-58. The recent gene duplication of ZDHHC11 may 
help explain why loss-of-function variants are not identified in unbiased 
screens. However, a pilot genome-wide association study indicated 
that ZDHHC11 is hypermethylated and downregulated in liver biopsy 
specimens from patients with type 2 diabetes40. The accumulation of 
LDs in hepatocytes is a hallmark of nonalcoholic fatty liver disease and 
hepatocellular carcinoma (HCC)7–9. Thus, a loss or reduction in ATGL 
S-acylation may contribute to this disease.

Overexpression of ZDHHC11 abolished LDs in control and 
ATG5-silenced cells. This demonstrates that rampant ATGL activity can 
eliminate LDs without the requirement for the canonical autophagy/
lipophagy pathway (Extended Data Fig. 3e–h). Furthermore, cells 
lacking zDHHC11 activity did not display overt autophagy induction 
or inhibition (Extended Data Fig. 3a,b). This suggests that additional 
protein targets of zDHHC11 are not critical for autophagy, and maxi-
mal ATGL activity is not absolutely required to support autophagy. 
However, it is important to highlight that ATGL facilitates lipophagy 
through a few nonmutually exclusive ways. First, ATGL contains a LIR 
domain that can physically link ATGL to LC3 on isolation membranes37. 
Second, monounsaturated fatty acids released from ATGL-mediated 
TAG hydrolysis can be carried by PLIN5 to the nucleus, where the fatty 
acid can allosterically activate sirtuin 1 (SIRT1), thereby enhancing the 
activities of peroxisome proliferator-activated receptor-γ (PPARγ) 
coactivator 1α (PGC-1α) and PPARα to promote autophagy, mitochon-
drial biogenesis and oxidative metabolism41–43. Third, large organelles, 
such as LDs or elongated and tubular networks of mitochondria, are 
spared from autophagic consumption partly due to the physical chal-
lenge of engulfing these structures with an isolation membrane26,44. In 
the case of LDs, ATGL activity can produce smaller LDs for consump-
tion. Given that mutations in the LIR domain displace ATGL from LDs 
and decrease the S-acylation of ATGL (Extended Data Fig. 5a–g), it is 
challenging to conclude the precise role of the LIR domain. However, 
it is clear that simply the presence of a catalytically impaired ATGLC15S 
is not sufficient to support the elimination of LDs following starvation. 
Thus, we propose a model whereby either continual low-level or an ini-
tial burst of ATGL activity results in the generation of monounsaturated 
fatty acids and the release of PLIN2, PLIN3 and PLIN5 from the LDs that 
then support further activation of ATGL and concomitant enhance-
ment of SIRT1 activity. This positive feedback activation of ATGL would 
generate sufficiently small LDs, either through the reduction in the size 
of pre-existing LDs or the generation of nascent LDs; lipophagy could 
complete their catabolism.

Our findings expand the complex regulation of ATGL that also 
includes phosphorylation in response to metabolic cues (that is, AMPK, 
PKA)15,16, protein–protein interactions (that is, CGI-58, G0S2)13,14 and 
competitive inhibition by long-chain acyl-CoA33. ATGL is a known phos-
phoprotein11 whose phosphorylation supports both LD recruitment45 
and lipase activity5,15. S-palmitoylation has been shown to influence the 
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phosphorylation status of other proteins in several ways, including 
altering their localization (for example, LIM kinase 1 (ref. 46), signal 
transducer and activator of transcription 3 (ref. 47)), stability (for 
example, Fas receptor48) and accessibility of phosphorylation sites (for 
example, epidermal growth factor receptor49). However, our findings 
demonstrate that zDHHC11 function and ATGL Cys15 acylation regu-
late the activity of ATGL independent of phosphorylation (Fig. 5a and 
Extended Data Fig. 6e), which is comparable to phosphatidylinositol 
4-kinase 2α (PI4KIIα). PI4KIIα phosphorylation by glycogen synthase 
kinase 3β50 directs vesicular trafficking to lysosomes, whereas the 
S-palmitoylation of the cysteine-rich motif, CCPCC, located within 
the catalytic domains of PI4KIIα, is required for the localized pro-
duction of phosphatidylinositol 4-phosphate51. Other examples of 
S-palmitoylation altering enzyme activity include the activation of 
nitric oxide synthase 2 (ref. 52) and inhibitory carbamoyl-phosphate 
synthase 1 (ref. 53). Given that 10–20% of the proteome has been 
reported to be S-acylated, it is reasonable to hypothesize that this 
post-translational modification may regulate the enzymatic activity 
of many proteins.

Dysregulation of lipolysis and lipid homoeostasis contributes 
to several metabolic disorders, including fatty liver diseases and  
diabetes7–9. For instance, ATGL-KO mice develop severe hepatic steato-
sis54. In support of this concept, we observed a reduction in ZDHHC11 
expression in human HCC samples. Thus, modulating zDHHC11–ATGL 
activity may offer therapeutic potential for treating such diseases. Our 
findings uncover a previously unrecognized mechanism for regulat-
ing ATGL activity and LD metabolism, which could pave the way for 
strategies targeting zDHHC11-mediated ATGL S-acylation to correct 
pathological lipid accumulation.

Methods
Reagents
DMEM (L110KJ) was purchased from Shanghai BasalMedia Technol-
ogy. From Gibco, we acquired FBS (10270-106). Polyethylenimine 
(PEI) (23966-2) was sourced from Polysciences. Thermo Fisher sup-
plied several products, including Lipofectamine 2000 (11668-019), 
Lipofectamine 3000 (L3000-015), GeneJET RNA purification kit 
(K0732), SuperScript VILO cDNA kit (11754250), HCS LipidTOX Red 
neutral lipid (H34476), HCS LipidTOX Deep Red neutral lipid (H34477), 
BODIPY 558/568 C12 (D3835), BODIPY 493/503 (D3922), SuperSignal 
West Pico PLUS (43580) and LysoTracker Deep Red (L12492). T863 
(DGAT1i, HY-32219) was procured from MedChemExpress. Electron 
Microscopy Sciences provided paraformaldehyde (PFA) (15710). 
Saponin (EA21BA005) was bought from BBI Life Sciences. Bimake 
was the source of protease inhibitors (B14001), phosphatase inhibi-
tors A and B (B15001-A and B15001-B), and anti-Flag beads (B23102). 
Products from Millipore Sigma included 2-bromohexadecanoic acid 
(21604), N-ethylmaleimide (NEM) (04260), HAM solution (467804), 
puromycin (P7255) and collagenase from Clostridium histolyticum 
(C0130). 5-Bromo-4-chloro-3′-indolyphosphate (BCIP; A610072-
0100) and nitro blue tetrazolium (NBT; A100329) were procured 
from Sangon Biotech. From Vazyme Biotech, we obtained EZLink 
BMCC-biotin (21900), 2× Phanta HS Master Mix (VP512-01) and  
ClonExpress MultiS One Step Cloning Kit (C113-02). Abcam provided 
the lipid extraction kit (chloroform-free) (ab211044) and the lipolysis 
assay kit (ab185433). The EnzyChrom triglyceride assay kit (ETGA-200) 
was from Bioassay Systems. Agilent’s supplies included Seahorse XF 
calibrant solution 500 ml (100840-000), Seahorse XF96 V3 PS culture 
microplates (101085-004), Xfe96 FluxPak Mini (Xfe96) (102601-100) 
and XF DMEM base medium, pH 7.4 (103575-100). Sigma was the source 
of 3-isobutyl-1-methylxanthine (IBMX) (I5879), insulin from bovine 
pancreas (I6634), dexamethasone (D1756), Oil Red O (O0625) and 
haematoxylin (51275). The Annexin V–FITC/PI apoptosis detection 
kit (40302ES60) and MitoTracker Deep Red FM (40743ES50) were 
from Yeasen.

Antibodies
Primary antibodies were purchased as follows: p-S6 ribosomal protein 
(Ser240/244) (D68F8) XP rabbit mAb (5364), ATGL antibody (2138), 
p-Akt (Ser473) (D9E) XP rabbit mAb (4060), Akt (pan) (C67E7) rabbit 
mAb (4691), HSL antibody (4107), p-AMPKα (Thr172) (40H9) rabbit 
mAb (2535), p-HSL (Ser565) antibody (4137), p-HSL (Ser660) antibody 
(45804), AMPKα antibody (2532), p70 S6K antibody (9202), LAMP1 
(D2D11) XP rabbit mAb (9091), p-p70 S6K (Thr389) antibody (9205) and 
ACSL1 antibody (4047) from Cell Signaling Technology; Abhd5/CGI-58 
antibody (ab183739), adipose triglyceride lipase (p-S406) (ab135093), 
LSDP5 antibody (ab222811), CPT1A antibody (ab128568), APG5L/
ATG5 antibody (ab108327), ATG16L1 antibody (ab187671), ATG4B 
antibody (ab154843) and LC3B antibody (ab192890) from Abcam; 
PEDFR/PNPLA2/ATGL antibody (NBP2-59390) and ABDH5 antibody 
(H00051099-M01) from Novus; PLIN3 antibody (GP30) from Progen; 
P62/SQSTM1 polyclonal antibody (18420-1-AP) from Proteintech; 
β-actin (M1210-2) and GAPDH (EM1101) from HuaAn Biotechnology; 
PLIN3 antibody (D194875) from BBI Life Sciences; HILPDA antibody 
(LS-C144423) from LSBio; zDHHC11 antibody (OAGA02799) from 
Aviva Systems Biology; ELMOD2 antibody (A7859) from ABclonal; and 
anti-Flag M2 mAb (F1804) from Millipore Sigma. Secondary antibod-
ies were purchased as follows: streptavidin–horseradish peroxidase 
(HRP) conjugate (A0303) from Beyotime; anti-HA-tag mAb-HRP-DirecT 
(M180-7), anti-DDDDK-tag mAb-HRP-DirecT (M185-7), anti-IgG (H + L 
chain) (rabbit) (458) and anti-IgG (H + L chain) (mouse) (330) from MBL; 
anti-rabbit IgG (Fc), alkaline phosphatase (AP) conjugate (S3731) and 
anti-mouse IgG (H + L), AP conjugate (S3721), from Promega; zDHHC11 
antibody (PA5-69643), G0S2 antibody (PA5-109748), goat anti-mouse 
IgG (H + L) highly cross-adsorbed secondary antibody (Alexa Fluor Plus 
488) (A32723), goat anti-rabbit IgG (H + L) highly cross-adsorbed sec-
ondary antibody (Alexa Fluor Plus 488) (A32731), goat anti-mouse IgG 
(H + L) cross-adsorbed ReadyProbes secondary antibody (Alexa Fluor 
594) (R37121), goat anti-rabbit IgG (H + L) cross-adsorbed ReadyProbes 
secondary antibody (Alexa Fluor 594) (R37117) and goat anti-guinea 
pig IgG (H + L) highly cross-adsorbed secondary antibody (Alexa Fluor 
594) (A-11076) from Thermo Fisher. Also see Supplementary Table 1.

Cell culture and procedures
HEK293 (from W. Liu’s laboratory), HEK293ATG5-KO (from W. Liu’s  
laboratory), HEK293T (from Q. Sun’s laboratory), HepG2 (from  
W. Liu’s laboratory), MEF (from W. Liu’s laboratory), MEFATG5-KO  
(from W. Liu’s laboratory)55, 3T3-L1 (from Z. Meng’s laboratory), 
Huh7 (from Q. Sun’s laboratory), AML12 (from X. Xu’s laboratory), 
HepG2zDHHC11-KO (from D. Neculai’s laboratory) and HepG2ATGL.C15S 
(from D. Neculai’s laboratory) cells were cultured in DMEM (Shanghai  
BasalMedia Technology, L110KJ) supplemented with 10% FBS 
(Gibco, 10270-106). The cells were maintained at 37 °C in a 5% CO2 
incubator. For starvation procedures, HBSS (Shanghai BasalMedia  
Technology, B410KJ) was used. For imaging experiments, cells 
were seeded on 18-mm round glass coverslips (Fisherbrand, 
12541005) placed in 12-well plates. HEK293T and HepG2 cells, 
intended for the ABE assay, underwent transient transfection using 
PEI (Polysciences, 23966-2) in adherence to the manufacturer’s  
guidelines. Meanwhile, transfections of HepG2, HepG2zDHHC11-KO,  
HepG2ATGL.C15S, Huh7, AML12, HEK293, HEK293ATG5-KO, MEF and MEFATG5-KO 
cells for imaging purposes were executed with Lipofectamine 3000 
(Invitrogen, L3000-015) following the provided protocols.

3T3-L1 cell differentiation
3T3-L1 cells were differentiated as previously described56. Briefly, cells 
were seeded in a six-well plate at a density of 3 × 103 cells per cm2 and 
grown in DMEM containing 10% FBS until 70% confluence. To initiate 
differentiation, we added MDI induction medium (DMEM containing 
10% FBS, 0.5 mM IBMX, 0.25 µM dexamethasone and 5 µg ml−1 insulin) 
on day 0. On day 3, MDI induction medium was replaced with 3 ml of  
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adipocyte maintenance medium (DMEM containing 10% FBS and 
5 µg ml−1 insulin). On day 6, adipocyte maintenance medium was 
replaced with fresh DMEM containing 10% FBS. Fully differentiated 
adipocyte-like cells were obtained by days 7–10.

Cloning and plasmid construction
All PCR reactions were performed using Vazyme Biotech 2× Phanta HS 
Master Mix (VP512-01) and ClonExpress MultiS One Step Cloning Kit 
(C113-02) according to the manufacturer’s instructions. Human ATGL 
(aa 1–504) cDNA was subcloned into the pEGFP-C1 expression vector 
(Clontech). Human zDHHC1 (aa 1–485), zDHHC2 (aa 1–367), zDHHC3 
(aa 1–299), zDHHC4 (aa 1–344), zDHHC5 (aa 1–715), zDHHC6 (aa 1–413), 
zDHHC7 (aa 1–308), zDHHC8 (aa 1–765), zDHHC9 (aa 1–364), zDHHC11 
(aa 1–412), zDHHC12 (aa 1–267), zDHHC13 (aa 1–622), zDHHC14  
(aa 1–488), zDHHC15 (aa 1–337), zDHHC16 (aa 1–377), zDHHC17  
(aa 1–632), zDHHC18 (aa 1–388), zDHHC19 (aa 1–309), zDHHC20 
(aa 1–365), zDHHC21 (aa 1–265), zDHHC22 (aa 1–263), zDHHC23  
(aa 1–409) and zDHHC24 (aa 1–284) cDNAs were subcloned in pEGFP-C1 
vector (Clontech) and sequence verified. zDHHC11 (aa 1–412), ATGL 
(aa 1–504), ATGLC15S (aa 1–504), ATGLC15/61S (aa 1–504), ATGLC28S  
(aa 1–504), ATGLS47A (aa 1–504), ATGLC144S (aa 1–504), ATGLC144/152S 
(aa 1–504), ATGLF146A/V150A (aa 1–504), ATGLF147A (aa 1–504), ATGLF150A 
(aa 1–504), ATGLC152S (aa 1–504), ATGLC194S (aa 1–504), ATGLC238S  
(aa 1–504), ATGLC312S (aa 1–504), ATGLC312/412S (aa 1–504), ATGLC312/374/412S 
(aa 1–504), ATGLC374S (aa 1–504), ATGLC412S (aa 1–504), ATGLC439S  
(aa 1–504), ATGLC449S (aa 1–504) and CGI-58 (aa 1–349) were subcloned 
in pmCherry-C1 (Clontech). N-terminal HA (3×HA)-epitope-tagged 
zDHHC11, zDHHC16 and ATGL were introduced by PCR-driven overlap 
extension, which replaced the GFP from pEGFP-C1 vectors. C-terminal 
Flag-tagged ATGL was introduced into the pEnter vector by PCR-driven 
overlap extension. C-terminal Flag-tagged ATGLC15S, ATGLC61S, 
ATGLC15/61S, ATGLF147S, ATGLV150A, ATGLF147S/V150A, ATGLC144S, ATGLC152S, 
ATGLC144/152S, ATGLC238S, ATGLC312S, ATGLC374S, ATGLC412S, ATGLC312/412S 
and ATGLC312/374/412S mutations were introduced by PCR-driven over-
lap extension, which replaced the ATGL from the pEnter-ATGL-Flag 
construct. The GFP-LiveDrop plasmid was constructed by insert-
ing a DNA fragment produced by PCR. This fragment, synthesized 
using overlapping primers, is based on the LD-targeting GPAT4 
fragment (5′-CTCACGGTCCTGTGGGGGTTAGGAGTGCTGATTCGG 
TACTGCTTTCTGCTGCCGCTCAGGATAGCACTGGCTTTCACAGGGATT 
AGCCTTCTGGTGGTGGGCACAACTGTGGTGGGATACTTGCCAAATGG 
GAGGTTTAAGGAGTTCATGAGTAAACATGTTCACTTAATGTAA-3′)1. It 
was then subcloned into the pEGFP-C1 vector (Clontech) and subse-
quently sequence verified. Additionally, an N-terminal Flag-tagged 
version of LiveDrop was created by replacing the GFP tag with the 
Flag tag in the pEGFP-C1 vector. The GFP/BFP reporter vector GV248 
expressing shRNA targeting human zDHHC11 (shRNA-1: 5′-ACTCCAAT 
GTCAGACTCATGAA-3′, shRNA-2: 5′-ATTTGCACGTATGGATCTTTC-3′, 
shRNA-3: 5′-TAATGAGATACTCAAAGGTGGT-3′, shzDHHC11::GFP) and  
the nonsilencing GV248 control vector (5′-TTCTCCGAACGTGTCACGT-3′, 
shCtrl::GFP) were purchased from Genechem.

Construction of zDHHC11+(B) gene KO in the HepG2 cell line 
(HepG2zDHHC11+(B)-KO)
The HepG2zDHHC11+(B)-KO cell line was established using the CRISPR/
Cas9 system. Specific single guide RNA (sgRNA) sequences 
(5′-GATCGCGTCCTGCATCGACC-3′) targeting both zDHHC11 open 
reading frames were designed based on exon sequences proximal to the 
start codons, using the CRISPR design tool available at https://zlab.bio/
guide-design-resources. These sgRNA sequences were then annealed 
and cloned into the BbsI-digested pX330-puro vector. The resulting 
pX330-sgRNA construct was sequence verified and subsequently 
transfected into HepG2 cells. At 72 h after transfection, the cells under-
went puromycin selection (1 µg ml−1) for 48 h. Fluorescence-activated 
cell sorting was then performed using the Beckman MoFlo Astrios 

EQ system, with single cells being sorted into individual wells of 
96-well plates. These single-cell clones were expanded, and clones 
deficient in zDHHC11+(B) were identified by Sanger sequencing of the  
PCR products.

Construction of ATGLC15S knockin in the HepG2 cell line 
(HepG2ATGL.C15S)
The ATGLC15S genomic mutation was introduced into HepG2 
cells using the CRISPR/Cas9 and piggyBac-mediated genome 
editing systems. sgRNAs targeting an area near the C15S muta-
tion site were designed using the CRISPR design tool avail-
able at https://zlab.bio/guide-design-resources. Their sequence is 
5′-TGTTTCCCCGCGAGAAGACG-3′. The annealed sgRNAs were subse-
quently cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9-puro 
vector following digestion with the BbsI restriction enzyme. For donor 
construction, two genomic fragments of approximately 500 bp each, 
upstream and downstream of the TTAA sequence in ATGL’s second 
intron, were amplified. These fragments were inserted into the left 
and right inverted terminal repeats of the piggyBac transposon. This 
piggyBac system incorporated a GFP-puro fusion gene for both positive 
and negative selection. Cells were cotransfected with the sgRNA-Cas9 
plasmid and the donor plasmid to facilitate the introduction of the 
C15S mutation. At 72 h following transfection, cells were trypsinized 
to create a single-cell suspension, and GFP-positive cells were sorted 
into 96-well plates using the Beckman MoFlo Astrios EQ flow cytom-
eter. The genomic DNA of these GFP-positive cells was extracted and 
PCR amplified for regions surrounding the mutation sites. Sequenc-
ing of these PCR products identified mutation-corrected clones. To 
excise the piggyBac cassettes from these corrected clones, we initiated 
transient transposase expression. Following another round of trypsi-
nization to create single-cell suspensions, GFP-negative cells were 
sorted into 96-well plates using the same flow cytometer. Seamless 
removal of the piggyBac transposon, resulting in the restoration of the 
original second intron without any foreign sequence, was confirmed by  
DNA sequencing.

Immunofluorescence and microscopy
HepG2, HepG2zDHHC11+(B)-KO and HepG2ATGL.C15S cells were grown on glass 
coverslips (Fisher, 12-545-100) and fixed using 3% PFA for 20 min at 
room temperature. For LD visualization, the fixed cells were rinsed 
three times with PBS and stained with either LipidTOX Red/Deep 
Red (1:1,000) or BODIPY 493/503 (1:1,000) for 15–30 min at room  
temperature. After staining, cells were again rinsed three times with 
PBS. In drug treatments, HepG2, HepG2zDHHC11+(B)-KO and HepG2ATGL.C15S 
cells on glass coverslips were treated with HBSS starvation medium 
containing a DGAT1i (T863, 20 µM) or FSK (10 µM) for 24 h and then 
fixed and stained as above.

For endogenous PLIN3 and ATGL staining, fixed cells were rinsed 
three times with PBS, permeabilized and blocked with a mixture of 0.1% 
saponin (BBI Life Sciences, EA21BA005), 10% goat serum (Solarbio, 
SL050) and 1% BSA (BBI Life Sciences, A600332-0100) in PBS for 1 h 
at room temperature. This was followed by incubation with primary 
antibodies—PLIN3 (Progen, GP30, 1:100) or ATGL (Novus, AT18E6, 
1:100)—overnight at 4 °C in a solution containing 0.05% saponin, 5% 
goat serum and 0.5% BSA. After this, cells were rinsed three times 
with 0.05% saponin in PBS and incubated with secondary antibodies 
(Thermo Fisher, R37121 or A-11076; 1:500) for 1 h at room temperature. 
Following incubation, cells were rinsed three times with PBS and stained 
with BODIPY 493/503 (1:1,000) for 15–30 min, followed by three more 
rinses with PBS.

To visualize fluorescent-tagged proteins of interest, such as 
GFP-LiveDrop, GFP-ATGL and GFP-zDHHC, cells were first grown in 
a 12-well dish containing coverslips. This was followed by transient 
transfection with the respective plasmids using Lipofectamine 3000 
according to the manufacturer’s protocol. Approximately 24 h after 

http://www.nature.com/natmetab
https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources


Nature Metabolism

Article https://doi.org/10.1038/s42255-024-01085-w

transfection, cells were rinsed two times with warm HBSS before being 
fixed with 4% PFA for 15 min at room temperature. After fixation, excess 
PFA was removed by rinsing the cells with PBS.

All coverslips were then carefully mounted onto glass slides using 
35 µl Fluoromount-G (SouthernBiotech, 0100-01). Imaging was per-
formed using a Zeiss LSM 880 confocal microscope in Airyscan mode, 
and the acquired images were processed using ZEN Blue software 
(Zeiss). For the quantification of LDs and subsequent analyses, images 
were processed following a previously described57 method using Fiji 
software58. To assess the localization of PLIN3 and ATGL on LDs, we 
used PixInsight software (https://pixinsight.com) for signal analysis 
around the periphery of the LDs. Initially, red (PLIN3 or ATGL) and 
green (BODIPY) channels were separated through channel extraction. 
In the green channel, LDs were identified using the range selection tool,  
followed by binarization and expansion by 3 pixels to create a mask. 
This mask was then applied to both the red channel and the original 
green channel. Pixel intensities outside the mask were set to zero using 
curve transformation. The total signal intensity within the mask was 
then measured and recorded.

LD staining and quantification
For Red C12 pulse–chase experiments, a protocol was used as previ-
ously described28. Briefly, cells were cultured in 12-well plates and 
treated with 2 µM BODIPY 558/568 C12 (Molecular Probes) in regular 
medium containing 10% serum (CM) for 16 h. After this, the cells were 
washed three times with CM. They were then incubated in either CM 
or starvation medium (HBSS) for 24–48 h. Following this incubation, 
100 nM of either MitoTracker or LysoTracker was added for 30 min, 
after which cells were washed three times with PBS and fixed using 3% 
PFA (Electron Microscopy Sciences, 15710). For LD staining, either Lipid-
TOX Red/Deep Red (1:1,000) or BODIPY 493/503 (1:1,000) was added 
directly to the PFA-fixed cells and allowed to incubate for 15–30 min. 
To quantify the LDs, we imaged the cells that were either stained with 
BODIPY 558/568 C12 or fixed and then labelled with LipidTOX Red/Deep 
Red or BODIPY 493/503, using a Zeiss LSM 880 confocal microscope. 
Image analysis was conducted using Fiji software58.

Isolation of LDs positive for LiveDrop
HepG2, HepG2zDHHC11-KO and HepG2ATGL.C15S cells were cultured in 
10-cm dishes, and LDs were isolated as described by Ding et al.59, with 
minor modifications. Cells were transfected with plasmids encoding 
Flag-LiveDrop using the PEI transfection reagent. After 48 h, cells 
expressing the Flag-tagged LiveDrop protein were collected and 
washed with ice-cold PBS. Cell pellets were resuspended in lysis buffer 
containing 20 mM tricine, 250 mM sucrose and 1 mM EDTA and sup-
plemented with 1 mM freshly prepared phenylmethylsulfonyl fluoride 
(PMSF), protease inhibitor cocktail (Bimake, B14001), and phosphatase 
inhibitors A and B (Bimake, B15001-A, B15001-B). The suspension was 
incubated on ice for 20 min, followed by mechanical disruption using 
a glass Dounce homogenizer with 80–100 strokes. The homogen-
ate was then centrifuged at 3,000g for 10 min at 4 °C to obtain the 
postnuclear supernatant fraction. A 10-ml volume of the postnuclear 
supernatant fraction was carefully layered over 2 ml of cushion buffer 
(20 mM HEPES, 100 mM KCl, 2 mM MgCl2, pH 7.4) in an SW41 Ti ultra-
centrifuge tube (Beckman, 344060). The samples were subjected to 
ultracentrifugation at 182,000g for 1 h at 4 °C. The supernatants were 
collected and incubated with anti-Flag affinity beads (Bimake, B23102) 
for 3 h at 4 °C with gentle agitation. After incubation, the beads were 
washed five times with lysis buffer supplemented with protease inhibi-
tors (Bimake, B14001). Finally, the immunoprecipitated samples were 
eluted and analysed by western blotting (WB).

Western blotting
For sample preparation of whole-cell lysates, HepG2 cells from one 
well of a six-well plate (WT, HepG2zDHHC11+(B)-KO and HepG2ATGL.C15S) were 

rinsed with PBS and lysed in 200 µl RIPA buffer (50 mM Tris, 150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA) 
supplemented with freshly prepared 1 mM PMSF, protease inhibi-
tors (Bimake, B14001), and phosphatase inhibitors A and B (Bimake, 
B15001-A, B15001-B) for 1 h. For the preparation of liver lysate samples, 
livers were excised from mice and then cut into small pieces. These 
pieces were washed three times with HBSS. A 1 mg ml−1 collagenase 
solution (Sigma, C0130) in HBSS was prepared, and the liver pieces 
were digested at 37 °C for 4–18 h to ensure complete digestion. Subse-
quently, the samples were centrifuged at 1,600g at 4 °C for 5 min. The 
resultant liver cell pellets were again washed three times with HBSS, 
followed by lysis using a buffer comprising 50 mM Tris–HCl (pH 7.4), 
1% Triton X-100, 0.2% sodium deoxycholate, 0.2% SDS and 1 mM EDTA. 
This lysis buffer was supplemented with 1 mM freshly prepared PMSF, 
protease inhibitors (Bimake, B14001), and phosphatase inhibitors 
A and B (Bimake, B15001-A, B15001-B) for 1 h. The lysates were then 
centrifuged at 10,000g at 4 °C for 10 min. The supernatants were col-
lected, and protein content was determined using the BCA protein 
quantification kit (Yeasen, 2020IES86). Subsequently, 5× sample buffer 
containing β-mercaptoethanol was added, and samples were boiled for 
5–7 min. Proteins (40 µg) from each sample were loaded onto either 8% 
or 10% gels and separated by SDS–PAGE at 100 V for 2 h. Proteins were 
transferred onto polyvinylidene difluoride membranes at 120 V for 1 h. 
The membranes were blocked using 1% BSA and incubated overnight 
at 4 °C with the primary antibodies, all at a dilution of 1:1,000 in 1% 
BSA–TBST. Following primary antibody incubation, membranes were 
washed four times with 0.1% BSA–TBST. They were then incubated with 
secondary antibodies (diluted 1:5,000)—mouse HRP (MBL, 330), rabbit 
HRP (MBL, 458), mouse AP (Promega, S3721) or rabbit AP (Promega, 
S3731)—in 1% BSA. Following incubation, four additional washes were 
performed using 0.1% TBST. For protein detection, membranes incu-
bated with HRP were treated with SuperSignal West Pico PLUS (Thermo 
Fisher, 43580). Those incubated with AP were treated with AP staining 
buffer (100 mM Tris–HCl, 5 mM MgCl2, 50 mM NaCl, 20 mg ml−1 BCIP, 
40 mg ml−1 NBT at pH 9.5).

TAG detection
Cells were cultured in 10-cm dishes until they reached 90% conflu-
ence. They were then collected by scraping and washed once with PBS. 
Cellular lipids were extracted by lysing the cells in a lipid extraction 
solution composed of a hexane and isopropanol mixture (volume ratio 
3:2). The lysate was centrifuged at 1,000g for 5 min. For lipid extraction 
from tissues, 30-mg tissue fragments were added to 1.5 ml of an extrac-
tion solution (isopropanol, double-distilled water (ddH2O) and Triton 
X-100 at a volume ratio of 5:2:2). The tissues were then minced using 
a tissue grinder (Tocan, LC000948). After grinding, the mixture was 
centrifuged at 19,400g for 5 min. The upper organic phase was carefully 
transferred to new Eppendorf tubes. The collected lipids were dried 
using a pressure blowing concentrator with N2 gas. Once dried, the 
lipids were resuspended in CHCl3 containing 1% Triton X-100 and then 
dried again using the pressure blowing concentrator. For the final step, 
the lipids were resuspended in ddH2O containing 1% Triton X-100. The 
extracted lipids were then analysed using the EnzyChrom triglyceride 
assay kit (Bioassay Systems, ETGA-200) to detect TAG contents.

Glycerol release assay
Glycerol release was measured in HepG2 (WT, HepG2zDHHC11+(B)-KO and 
HepG2ATGL C15S) cells using a lipolysis assay kit (Abcam, ab185433) accord-
ing to the manufacturer’s protocol.

RT–qPCR analysis assay
From mice infected with AAV, liver tissues were procured to extract  
total RNAs. The extraction was done using the GeneJET RNA purification  
kit (Thermo Fisher, K0732). Separately, HepG2 cells underwent  
transfection with three distinct ATGL shRNAs (shRNA-1: 5′-CCCT 
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TTACTCCTGAGAACTTT-3′, shRNA-2: 5′-GCACCTGTGCCTTAATC 
TTCC-3′, shRNA-3: 5′-GGACCAAGATTCTTGGTAAAT-3′) through 
PEI, in adherence to the manufacturer’s guidelines. Total RNAs 
from 16 collected HCC clinical liver tissues were also extracted in 
the same manner. Subsequently, cDNAs were synthesized using 
the SuperScript VILO cDNA kit (Thermo Fisher, 11754250) follow-
ing the manufacturer’s instructions. These cDNAs were used for 
RT–qPCR using the Taqman Fast Advanced Master Mix (Applied 
Biosystems, 4444557) and a predesigned Taqman probe specific 
to hATGL (human ATGL gene), hzDHHC11 (human ZDHHC11 gene), 
mATGL (mouse Atgl gene) and mzDHHC11 (mouse Zdhhc11 gene), 
with normalization to hGAPDH or mGAPDH. hATGL expression was 
detected with the forward primer qPCR-hATGL-Fw (GACAGCTC 
CACCAACATCCA) and the reverse primer qPCR-hATGL-Rv (GAGGCG 
GTAGAGGTTGCGCA); hzDHHC11 expression was detected with the 
forward primer qPCR-hzDHHC11-Fw (CGCCCTGGGCTCATCTGCAC) 
and the reverse primer qPCR-hzDHHC11-Rv (TCATCCCCTTCCCGT 
GCCGT); endogenous mATGL expression was detected with the for-
ward primer qPCR-mATGL-Fw (TGCACCAATGTGGCCTTCCC) and 
the reverse primer qPCR-mATGL-endo-Rv (GGGGCAGACAGGATCTT 
GTT); exogenous mATGL expression was detected with the forward 
primer qPCR-mATGL-Fw (TGCACCAATGTGGCCTTCCC) and the reverse 
primer qPCR-mATGL-oe-Rv (CTTCCAGGGTCAAGGAAGGC); exog-
enous mzDHHC11 expression was detected with the forward primer 
qPCR-mzDHHC11-Fw (CATCCAGCAGAGGAGAAAGAGC) and the reverse 
primer qPCR-mzDHHC11-Rv (TCGGCGAAAGAGTAGACACTGG). The 
qPCR procedure was executed in the StepOne real-time PCR system 
(Applied Biosystems), spanning 40 cycles at 95 °C for 1 s and 60 °C for 
20 s. The relative mRNA quantities were calculated using the compara-
tive 2−ΔΔCt method.

IP and WB analysis
HEK293T cells were cotransfected with either zDHHC11 and ATGL or 
zDHHC16 and ATGL plasmids. At 48 h after transfection, cells were 
collected, rinsed with cold PBS and lysed using lysis buffer containing 
50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 1% NP-40, pro-
tease inhibitors (Bimake, B14001), and phosphatase inhibitors A and 
B (Bimake, B15001-A, B15001-B). Afterwards, the supernatants were 
isolated and incubated with anti-Flag beads (Bimake, B23102) at 4 °C 
for 3 h. These beads were then thoroughly washed seven times with a 
washing buffer composed of 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 
1 mM MgCl2 and protease inhibitors (Bimake, B14001) maintained 
at 4 °C. The immunoprecipitated samples were then subjected to 
WB analysis using anti-DDDDK-tag mAb-HRP-DirecT (MBL, M185-7;  
dilution 1:5,000) and anti-HA-tag mAb-HRP-DirecT (MBL, M180-7; 
dilution 1:5,000) antibodies.

ABE assay
The ABE assay was conducted as previously described60, with slight 
modifications. HEK293T cells transiently expressing 3×HA-tagged 
ATGL or differentiated 3T3-L1 cells were treated with 2-BP (50 µM) 
or dimethylsulfoxide (DMSO) as a negative control for 18 h and col-
lected 48 h after transfection. HepG2 cells, both WT and zDHHC11-KO 
(HepG2zDHHC11-KO), were transiently transfected with Flag-tagged ATGL 
plasmids and collected after 48 h. Moreover, HEK293T cells transiently 
expressing various Flag-tagged ATGL mutants were collected 48 h after 
transfection. HepG2 and HepG2ATGL.C15S cells were collected once they 
reached a confluence between 90% and 100%. Before lysis, NEM was dis-
solved in 100% ethanol and added to the lysis buffer containing 50 mM 
Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 1% NP-40, 10% glycerol, 
protease inhibitors (Bimake, B14001), and phosphatase inhibitors A 
and B (Bimake, B15001-A, B15001-B) to achieve a final concentration of 
50 mM. Cells were subsequently suspended in this NEM-supplemented 
lysis buffer for 1.5 h at 4 °C. The supernatants were incubated with 
anti-Flag beads (Bimake, B23102) or ATGL antibody-coated beads at 

4 °C for 3 h. Following this, the beads underwent multiple washing 
stages (five times with lysis buffer pH 7.5, three times with lysis buffer 
pH 7.2), followed by incubation in freshly prepared HAM-containing 
lysis buffer (50 mM Tris–HCl, pH 7.2, 150 mM NaCl, 1 mM MgCl2, 1% 
NP-40, 10% glycerol, 1 mM HAM and protease inhibitor) at room tem-
perature for 1 h. This was succeeded by four washes with lysis buffer 
pH 7.2 and three washes with lysis buffer pH 6.2. Thereafter, beads were 
treated with biotin-BMCC (5 µM) in lysis buffer (pH 6.2) at 4 °C for 1 h. 
WB analysis of the immunoprecipitated samples was performed using 
anti-Flag M2 antibody (Millipore Sigma, F1804; dilution 1:4,000), ATGL 
antibody (Cell Signaling Technology, 2138) and streptavidin–HRP 
(A0303, Beyotime; dilution 1:5,000).

OCR detection
Seahorse XFp Cell Mito Stress Tests (Agilent Technologies) were con-
ducted according to the manufacturer’s instructions. HepG2 cells (WT, 
HepG2zDHHC11+(B)-KO and HepG2ATGL.C15S) were seeded in a Seahorse XF96 
plate (Seahorse Bioscience) at a density of 10,000 cells per well 24 h 
before the assay. Subsequently, the XF96 medium was augmented 
with 2 µM rotenone, 1 µM fluoro-carbonyl cyanide phenylhydrazone 
(FCCP) and 1 µg ml−1 oligomycin. The compounds were introduced into 
the medium at predetermined time points. The OCR was subsequently 
assessed using the Seahorse Bioscience XF96 extracellular flux ana-
lyser. Basal respiration was determined before the addition of oligomy-
cin, and proton leak was evaluated following oligomycin treatment. ATP 
production was calculated by determining the difference between the 
basal respiration and proton leak. Following the FCCP treatment, the 
spare respiratory capacity was ascertained by calculating the difference 
between the maximal respiration and ATP production.

Expression of WT and mutant ATGL in HEK293T cells
HEK293T cells, cultivated in six-well plates, were grown in DMEM sup-
plemented with 5% FBS. The cells were transiently transfected with 
plasmid DNA encoding either WT ATGL or its variants, using JetOptimus 
(Sartorius) as the transfection agent. To enhance the accumulation of 
palmitoylated ATGL protein variants, we treated the cells with 100 µM 
palmostatin B (Sigma) for 4 h before cell lysis. For lysis, cells were sub-
jected to ultrasonication in an ice-cold lysis buffer containing 250 mM 
sucrose, 1 mM EDTA (pH 7.0), 1 mM dithiothreitol (DTT), EDTA-free pro-
tease inhibitor cocktail (Roche) and 1 mM PMSF. After lysis, cell lysates 
were centrifuged at 12,000g for 10 min. The supernatant containing 
the solubilized proteins was then analysed for ATGL expression. The 
presence of ATGL variants was detected by WB using an anti-GFP anti-
body (Proteintech) in accordance with the manufacturer’s protocol.

TAG hydrolase activity assays
Glyceryl trioleate (triolein) (cat. no. T7140) was obtained from Sigma. 
[9,10(N)-3H]Glycerol trioleate (cat. no. NET431001MC SBF3, lot no. 
3125402) along with egg phosphatidylcholine (#840051) and brain 
phosphatidylserine (#840032) were obtained from Avanti Polar Lipids.

Briefly, HEK293T cells, grown attached in six-well plates in DMEM 
with 5% FBS, were transiently transfected with a cocktail containing 
plasmid DNA and JetOptimus (Sartorius) as the transfection agent. 
The cells were treated with 100 µM palmostatin B (Sigma) for 4 h to 
enrich the samples with S-acylated ATGL before lysis. Cells were lysed 
in an ultrasonic ice bath in a buffer containing 250 mM sucrose, 1 mM 
EDTA (pH 7.0), 1 mM DTT, EDTA-free protease inhibitor (Roche) and 
1 mM PMSF. The lysates were centrifuged at 12,000g for 10 min, and 
the protein concentration was determined by the BCA assay using the 
Pierce BCA protein assay kit. The expression of ATGL and its mutants in 
the solubilized fraction was assessed by WB using an anti-GFP antibody 
(Proteintech) following the manufacturer’s instructions.

TAG hydrolase activity assays were performed essentially as 
described by Schweiger et al.38, with minor modifications. The TAG sub-
strate consisted of 1 mM triolein containing 11.25 µCi ml−1 [9,10(N)-3H]
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glycerol trioleate as a tracer and 109 µM of a 3:1 phosphatidylcholine/
phosphatidylserine mixture in 0.1 M potassium phosphate buffer (pH 
7.0). Emulsions were prepared on ice by first sonicating the sample for 
30 s to disperse the lipids in the phosphate buffer and then agitated 
using a benchtop vortex for 30 s. The emulsion-containing solution 
was allowed to sit for 30 min before being aliquoted into 1.5-ml micro-
centrifuge tubes. Each aliquot was supplemented with fatty acid-free 
BSA (Sigma-Aldrich) to reach a final concentration of 5% (w/v). To 
determine the TAG hydrolase activity, we incubated 50 µg of the total 
protein lysate in a total volume of 25 µl sucrose solution (250 mM 
sucrose, 1 mM EDTA, pH 7.0, 1 mM DTT) for 60 min at 37 °C after adding 
the same volume of emulsified 1 mM triolein substrate to obtain 50 µl 
of the final reaction mixture. As a negative control, 25 µl sucrose solu-
tion was mixed with 25 µl substrate solution (50 µl reaction mixture). 
The enzymatic reactions were terminated by adding 650 µl of CH3OH/
CHCl3/n-heptane (10:9:7) and 200 µl of 0.1 M K2CO3 (pH 10.5). Fatty acid 
extraction was performed by mixing the samples vigorously for 5 s, 
followed by centrifugation at 500g at room temperature for 10 min. 
An aliquot of 200 µl of the upper aqueous phase was transferred into 
scintillation vials containing 4 ml EcoLite scintillation cocktail (MP 
Biomedicals). Radioactivity was determined by liquid scintillation 
counting using a Tri-Carb 2910 TR liquid scintillation analyser (Perki-
nElmer). Counts generated from blank measurements were subtracted, 
and the rates of TAG hydrolase activity, presented as micromoles of 
released fatty acids per hour per milligram of protein, were calculated 
according to Schweiger et al.38.

ATGL activity assay using EnzChek substrate
HepG2 cells were cultured to 80% confluence in a 10-cm dish in EMEM 
supplemented with 10% FBS. Cells were transiently transfected with 
a plasmid expressing pEGFP-C1, GFP-ATGL or GFP-ATGLC15S using the 
Viafect transfection reagent according to the manufacturer’s proto-
col. At 16 h after transfection, cells were collected into cold PBS and 
lysed in 20 mM Tris–HCl and 0.0125% Zwittergent 3-18 by serial pas-
sage through a 30-gauge syringe. Protein concentration was normal-
ized to 2.0 mg ml−1. The concentration of recombinant protein lysate 
was determined using a BCA assay. The SpectraMax M5e plate reader 
and SoftMax Pro 5.4.1 software from Molecular Devices were used 
for fluorescence measurements. To calibrate the instrument for the 
ATGL activity assay, we performed both the excitation and emission 
sweeps on the fluorescent standard 4,4-difluoro-5-methyl-4-bora-3a,4
a-diaza-s-indacene-3-dodecanoic acid (BODIPY 500/510 C1, C12, abbre-
viation BODIPY-C12). The maximum excitation/emission wavelengths 
were 482 nm/515 nm with a 495-nm filter cutoff. The ATGL activity assay 
was adapted from the lipoprotein lipase assay of Basu et al.61. Briefly, 
the assay was carried out at 37 °C in a black 96-well plate. Recombinant 
protein lysate (50 µg) was incubated with 0.62 µM EnzChek lipase sub-
strate in the presence of 0.15 M NaCl, 20 mM Tris–HCl, pH 8.0, 0.0125% 
Zwittergent and 1.5% fatty acid-free BSA in a total volume of 100 µl. A 4× 
working solution was freshly prepared with 0.6 M NaCl, 80 mM Tris–
HCl, pH 8.0, and 6% fatty acid-free BSA. The EnzChek lipase substrate 
was stored in DMSO at −20 °C. The EnzChek lipase substrate solution 
was freshly prepared in 0.05% Zwittergent for each use. Reactions were 
carried out in triplicate, and experiments were repeated three times.

Mouse AAV infection and feeding protocols
All animal experiments were approved by the Institutional Animal Care 
and Use Committee at the Zhejiang University School of Medicine 
(AIRB-2021-1037). C57BL/6J mice (6–8 weeks old) of both sexes were 
used. Mice were group housed (two to five per cage) under standard 
conditions (40% humidity, 22 ± 2 °C, 12-h reversed light/dark cycle, 
chow diet (Xietong Shengwu, SZS9126-1010082) and water ad libitum). 
To investigate the effects of zDHHC11 overexpression and ATGL palmi-
toylation deficiency on liver metabolism under diet-induced obesity, 
we fed the mice with an HFD (Research Diets, D12492) for 3 months. At 

12 weeks after AAV infections, mice were fasted for 6 h, and their livers 
were collected for protein and RNA extraction or triglyceride quanti-
fication. AAVs (AAV9-TBG-GFP control (AAV-control virus), 
AAV9-TBG-GFP with mzDHHC11 gene overexpression (AAV-mzDHHC11), 
AAV9-TBG-GFP with both endogenous mATGL knockdown and exog-
enous mATGL gene overexpression (AAV-shATGLendo::mATGLexo) and 
AAV9-TBG-GFP with endogenous mATGL knockdown and exogenous 
mATGLC15Sexo  gene overexpression (AAV-shATGLendo::mATGLC15Sexo )) were 
acquired from Vigene Biosciences. The mATGL shRNA (shATGLendo) 
(GGAGAGAACGTCATCATATTTCAAGAGAATATGATGACGTTCTCTC 
CTTTTTT) was targeted to endogenous mATGL but not to exogenous 
mATGL because the shATGLendo-targeted fragments on the mATGLexo 
gene had been modified according to codon preference.

C57BL/6J mice (aged 6–8 weeks) were intraperitoneally injected 
with 4 × 1011 vector genomes (vg) of virus per mouse, diluted in 200 µl 
PBS. After infection:

•	 A group of 14 male mice (7 infected with AAV-control virus and  
7 with AAV-mzDHHC11) were maintained on a regular diet.

•	 Another group of 14 female mice (7 infected with AAV-control 
virus and 7 with AAV-mzDHHC11) were maintained on a  
regular diet.

•	 Another group of 14 male mice (7 infected with AAV-control  
and 7 with AAV-mzDHHC11) were subjected to HFD feeding for  
3 months.

•	 A set of 12 male mice (7 with AAV-shmATGLendo::mATGLexo and  
5 with AAV-shmATGLendo::mATGLC15Sexo ) followed a regular diet.

•	 Another set of 17 male mice (8 with AAV-shmATGLendo::mATGLexo 
and 9 with AAV-shmATGLendo::mATGLC15Sexo ) were given HFD feeding 
for 3 months.

Oil Red O staining
Mice infected with AAV were killed, and fresh liver tissues were collected 
for Oil Red O staining. Cryosections of these tissues, ranging from 8 
to 18 µm in thickness, were prepared and mounted on slides. These 
slides were then immersed in absolute propylene glycol for 5 min. 
Subsequently, they were stained with an Oil Red O solution heated to 
60 °C. This staining solution was prepared by dissolving 0.5 g Oil Red O  
(Sigma, O0625) in 10 ml isopropanol (>98% purity) and then diluting 
it to a 60% concentration using ddH2O. After the staining process, the 
slides were differentiated in 85% propylene glycol solution for 1 min, 
followed by two rinses with ddH2O. For enhanced contrast, the slides 
were counterstained with haematoxylin (Sigma, 51275) for 1–2 min, 
rinsed thoroughly with tap water and then rinsed two more times with 
distilled water. The final step involved mounting the slides using an 
aqueous mounting medium, after which they were ready for observa-
tion and imaging under an Olympus BX61 microscope.

Statistics
For in vivo studies, littermates were randomly assigned to treatment 
groups. No randomization was performed for in vitro experiments. 
Sample sizes were based on previous experiments in the field62 and are 
indicated in the respective figure legends. No animals or data points 
were excluded from analyses, and investigators were not blinded to 
treatment allocation during experiments or outcome assessments. 
Unless stated otherwise, all biological replicates had a minimum of 
three samples, denoted as n in the figure legends. For cell culture 
experiments, RNA and protein analyses were performed with two to 
three technical replicates. Data are presented as mean ± s.e.m. unless 
specified differently. Normal distribution of data was assumed but 
not formally tested. For comparisons between two groups, two-tailed 
unpaired or paired Student’s t tests were applied assuming a normal 
distribution. One-way analysis of variance (ANOVA) and Tukey’s post 
hoc tests were used for comparisons across multiple groups with 
normally distributed data. GraphPad Prism 8 software executed all 
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statistical analyses, reporting exact P values for significant differences 
and ‘NS’ for nonsignificant results. Densitometric quantification was 
performed using Fiji software58. Unless noted otherwise, immunoblots 
are representative of three independent experiments.

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

Data availability
 All DNA constructs in this study are available on request. All other data 
needed to evaluate the conclusions in the paper are presented herein or 
in the supplementary materials. All other data supporting the findings 
of this study are available from the corresponding authors on reason-
able request. Source data are provided with this paper.
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Extended Data Fig. 1 | See next page for caption.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-024-01085-w

Extended Data Fig. 1 | Overexpression of zDHHC11 eliminates LDs in liver 
cells. (a) Fluorescence microscopy images depicting HepG2 cells either 
expressing GFP alone or GFP-tagged zDHHC family proteins. Lipid droplets (LDs) 
are highlighted using LipidTOX Red staining. (b) Confocal images displaying 
the subcellular localization of GFP-tagged zDHHC11 in HepG2 cells. These cells 
were co-transfected with an ER marker, mCherry-Sec61β. (c–d) Fluorescence 
microscopy images of AML12 (C) and Huh7 (D) cells expressing mCherry-tagged 
zDHHC11. In these images, LDs are stained using BODIPY 493/503. (e) Graph 
depicting the quantification of the total LD area per cell derived from data in 
(D). This includes data from three independent experiments, with n = 43 for 
control cells and n = 39 for Huh7 cells transiently expressing zDHHC11. (f) RT-
qPCR analysis to determine zDHHC11 expression levels in female mouse livers. 
These mice were injected with either AAV-control virus or AAV-mzDHHC11 

virus and maintained on a normal diet, with sample sizes of (n = 7 per group). 
(g) Representative liver sections from C57BL/6 J mice described in (F) stained 
with Oil Red O. (h) Quantification of total triglyceride content in liver samples 
from the mice described in (F) (n = 7 per group). (i) Densitometric analysis of the 
immunoblots shown in Fig. 1m, depicting the relative protein levels of CGI-58, 
HSL, PLIN3, zDHHC11, and ATGL in individual mouse liver samples. The protein 
levels were quantified by densitometry, normalized to the loading control 
β-actin, and each lane represents a separate biological replicate (individual 
mouse). Data in E, F, H, and I are presented as the mean ± SEM. Student’s t-test was 
used to determine the significance of data in panels E, F, and H, while a one-way 
ANOVA and Tukey’s post hoc test were applied to data in panel I. Scale bars for A-D 
are 10 µm and for G is 100 µm (with 100 µm insets).
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Extended Data Fig. 2 | Role of zDHHC11 in LD Metabolism. (a) RT-qPCR analysis 
showing zDHHC11 expression in MEFs. Reference is based on data from (C), 
(n = 2 independent repeats). (b) WB assessment of 3×HA-zDHHC11 in HEK293T 
cells transfected with control or three different zDHHC11-specific shRNA 
(n = 2 independent repeats). (c) Densitometric quantification of knockdown 
of the blots presented in (B). (d) Confocal images of MEF cells transduced with 
lentivirus expressing shRNA targeting zDHHC11 or control. LDs are stained 
using BODIPY 493/503. (e) Total triglycerides in MEFs are quantified in (C) (n = 2 
independent repeats). (f) Confocal images of HepG2 cells transfected with 
either control or zDHHC11-specific shRNA. LDs are highlighted using BODIPY 
493/503. (g–i) Quantification pertaining to HepG2 cells in (f): number of LDs 
(g), cross-sectional area of individual LDs (h), and total LD area (i). (j) Analysis of 
the percentage distribution of LD diameters from data in (E). Data was sourced 
from three independent experiments with sample sizes of n = 44 for shCtrl cells 
and n = 116 for shzDHHC11 + (B) cells. (k) Glycerol release measured in cells from 

(F) (n = 2 independent repeats). (l) Sequencing of zDHHC11 + (B)-KO clones 
compared to the wild-type. (m) Representative immunoblot analysis showcasing 
zDHHC11 and β-actin levels in HepG2 and HepG2zDHHC11+(B)-KO cells (n = 3 
independent repeats). (n) Densitometric quantification of the blots presented 
in (M) illustrating knockout of zDHHC11. (o) Confocal images of HepG2 and 
HepG2zDHHC11+(B)-KO cells after a 1-hour treatment with BSA or OA (100 µM). LDs 
stained with BODIPY. (p) Quantitative assessment of total LD area per cell from 
data in (O). Data sourced from three independent experiments with the following 
sample distributions: n = 16(HepG2+BSA), n = 20(HepG2zDHHC11 + (B)-KO + BSA), 
n = 18(HepG2+OA), and n = 18(HepG2zDHHC11 + (B)-KO + OA). (q) Confocal images of 
MEF-shCtrl and MEF-shzDHHC11 cells post a 24-hour incubation in HBSS with 
DGAT1i present. LDs stained with BODIPY, nuclei (DAPI). Data in (A, E, G, H, I, K, N, 
and P) are presented as mean ± SEM. Unpaired two-tailed Student’s t-test applied 
to data in A, D, F, G, H and J. One-way ANOVA and Tukey’s post hoc test were 
applied to data in N. All scale bars represent 10 µm.
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Extended Data Fig. 3 | See next page for caption.

http://www.nature.com/natmetab


Nature Metabolism

Article https://doi.org/10.1038/s42255-024-01085-w

Extended Data Fig. 3 | ATG5-mediated lipophagy is dispensable for zDHHC11 
enhanced lipolysis. (a) Representative immunoblot analysis of the indicated 
proteins in HepG2 and HepG2zDHHC11+(B)-KO cells (n = 3 independent repeats).  
(b) Densitometric quantification of immunoblots similar to (A). The analysis was 
based on independent experiments, with n = 9 for p62 and LC3B, and n = 4 for 
PLIN3. (c) Confocal images displaying endogenous PLIN3 proteins in HepG2 and 
HepG2zDHHC11+(B)-KO cells treated with CM medium and HBSS. LDs were visualized 
using BODIPY. (d) Quantification of peripheral PLIN3 fluorescence intensity on 
LDs, normalized by the total LD area of the same cell. Data sourced from cells 
in (C) incubated in CM (n = 24 for HepG2; n = 16 for HepG2zDHHC11+(B)-KO) or after 
24-hour incubation in HBSS (n = 18 for HepG2; n = 18 for HepG2zDHHC11+(B)-KO) across 
three independent experiments. (e) Images of HEK293 and HEK293ATG5-KO cells 
expressing mCherry-C1 or mCherry-zDHHC11. Cells were incubated in either  
CM or HBSS for 24 hours. LDs are indicated with BODIPY 493/503 staining.  
(f) Quantification of (E). Data sourced from three independent experiments  
with the following sample sizes: HEK293-mCherry-C1 in CM: n = 18;  

HEK293-mCherry-zDHHC11 in CM: n = 19; HEK293ATG5-KO-mCherry-C1 in CM: n = 19;  
HEK293ATG5-KO-mCherry-zDHHC11 in CM: n = 15; HEK293-mCherry-C1 in HBSS: 
n = 17; HEK293-mCherry-zDHHC11 in HBSS: n = 18; HEK293ATG5-KO-mCherry-C1  
in HBSS: n = 15; HEK293ATG5-KO-mCherry-zDHHC11 in HBSS: n = 22). (g) Images  
of MEF and MEFATG5-KO cells expressing mCherry-C1 or mCherry-zDHHC11  
after 24-hour in CM or HBSS. LDs were visualized using BODIPY. (h) Quantifica-
tion of total LDs area per cell in MEF and MEFATG5-KO cells under different 
conditions and transfections as in (G). Data sourced from three independent 
experiments with the following sample sizes: MEF-mCherry-C1 in CM: n = 17; 
MEF-mCherry-zDHHC11 in CM: n = 16; MEFATG5-KO-mCherry-C1 in CM: n = 29; 
MEFATG5-KO-mCherry-zDHHC11 in CM: n = 20; MEF-mCherry-C1 in HBSS: n = 18; 
MEF-mCherry-zDHHC11 in HBSS: n = 18; MEFATG5-KO-mCherry-C1 in HBSS: n = 17; 
MEFATG5-KO-mCherry-zDHHC11 in HBSS: n = 180). Data in (B, D, F and H) represent 
mean ± SEM. Unpaired two-tailed Student’s t-test applied to data in B. One-way 
ANOVA and Tukey’s post hoc test was applied to data in D, F, and H. All scale bars 
represent 10 µm.
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Extended Data Fig. 4 | Microscopy and immunoblot analysis of LD-associated 
proteins in wt and zDHHC11 + (B) ko HepG2 cells. (a) Confocal images of 
HepG2 cells expressing GFP-tagged ATGL. LDs were visualized using LipidTOX 
Red staining. (b) Densitometric quantification of the blots presented in Fig. 4a. 
(c) Fluorescence microscopy of HepG2 and HepG2zDHHC11+(B)-KO cells expressing 
mCherry-tagged CGI-58. LDs were highlighted using BODIPY 493/503. (d) 
Representative immunoblot analysis of LD fractions and total lysates from 
HepG2 and HepG2zDHHC1+(B)-KO cells expressing Flag-Livedrop. The blots were 
probed with antibodies against ELMOD2, G0S2, ACSL1, HILPDA, CGI-58, ATGL, 

PLIN3, and β-actin (n = 2 independent repeats). (e) Densitometric quantification 
of the blots presented in (C), upper one corresponding to LD fraction(normalized 
to ATGL), nether one corresponding to total lysate(normalized to β-actin). (f) 
Co-immunoprecipitation of 3×HA-zDHHC16 and Flag-ATGL from HEK293T 
cells. Captured with anti-HA beads and immunoblotted. (g, h, i) Densitometric 
quantification of the blots presented in Fig. 4e–g, respectively. Data in (B, G, H, I) 
represent mean ± SEM. Unpaired two-tailed Student’s t-test applied to data in  
(B, G, H, I). All scale bars represent 10 µm.
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Extended Data Fig. 5 | Imaging and palmitoylation profiling of mutant ATGL 
proteins. (a) Confocal imaging of HepG2 cells expressing GFP-tagged ATGL 
mutants, as indicated. LDs were stained with LipidTOX Red. (b, d, f, h, j) Analysis 
of S-palmitoylation levels for Flag-tagged ATGL and mutants (as indicated) 

when expressed in HEK293T cells (n = 2 independent repeats). (c, e, g, i, k) 
Densitometric quantification of the blots presented in (b, d, f, h, j) respectively. 
All scale bars represent 10 µm.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Palmitoylation-dependent regulation of ATGL 
targeting and LD-association. (a) Confocal images displaying mCherry-ATGL, 
mCherry-ATGLC15S, and mCherry-ATGLS47A in HepG2 cells following transduction 
with lentivirus expressing shRNA targeting ATGL’s 3’UTR. LDs were visualized 
using LipidTOX Deep Red. (b) RT-qPCR assessment of ATGL expression in  
HepG2 cells after transduction with lentivirus either expressing shRNA targeting 
ATGL’s 3’UTR or control lentivirus. (c) Sequencing of individual HepG2ATGL.C15S  
cell clones, aligned with the wild-type sequence. (d) Confocal imaging of 
endogenous ATGL in HepG2 and HepG2ATGL.C15S cells. LDs visualized using BODIPY 
493/503. (e and f) Densitometric quantification of the blots presented in Fig. 5a, b,  
respectively. (g) Immunoblot analysis comparing zDHHC11 and β-actin 
expression between HepG2 and HepG2ATGL.C15S cells (n = 2 independent repeats). 
(h) Densitometric quantification of the blots presented in (E). (i) Representative 

immunoblot analysis of LD fractions and total lysates from HepG2 and  
HepG2ATGL.C15S cells expressing Flag-Livedrop. The blots were probed with 
antibodies against ELMOD2, G0S2, ACSL1, HILPDA, CGI-58, ATGL, PLIN3, and 
β-actin (n = 2 independent repeats). (j) Densitometric quantification of the 
blots presented in panel (G). The upper panel corresponds to the LD fraction, 
normalized to PLIN3, and the lower panel corresponds to the total lysate, 
normalized to β-actin (k–l) Confocal imaging of HepG2 and HepG2ATGL.C15S cells 
treated with Red C12, lysosomes labeled with LysoTracker. (m–n) Confocal 
images of HepG2 and HepG2ATGL.C15S cells treated with Red C12 as described in 
Fig. 3a, with mitochondria labeled using MitoTracker. (o) Fluorescence imaging 
displaying HepG2 and HepG2ATGL.C15S cells expressing mCherry-tagged CGI-58, 
with LDs stained with BODIPY 493/503. Data in E represent mean ± SEM. Unpaired 
two-tailed Student’s t-test applied to data in E. All scale bars represent 10 µm.
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Extended Data Fig. 7 | Examining ATGL activity and hepatic expression  
in ATGL knockdown/rescue mouse model. (a) Fluorescence-based in vitro 
lipase activity assay of ATGL and ATGLC15S proteins using EnzChek substrate.  
(b–c) RT-qPCR analysis assessing endogenous ATGL expression in C57BL/6 J  
mice from Fig. 5l–o, administered with AAV-shATGLendo::mATGLexo or  
AAV-shATGLendo::mATGLC15Sexo  viruses and subsequently fed a normal diet  
(Fig. 5l,m)) or a HFD (Fig. 5n,o). (d–e) RT-qPCR analysis showing exogenous  

ATGL expression in livers from mice in (Fig 5l,m) and (Fig 5n,o). (f) Densitometric 
quantification of the blots presented in Fig. 5p, illustrating the relative 
expression levels of CGI-58, HSL, PLIN3, zDHHC11, and ATGL. These levels are 
normalized to β-actin in liver samples from mice, with each lane representing one 
sample. Data in (a–f) represent mean ± SEM. Unpaired two-tailed Student’s t-test 
applied to data in f. One-way ANOVA and Tukey’s post hoc test was applied to  
data in a–e.
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