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PISD acts as a switch between lipophagy and fatty 
acid transfer to mitochondria
Hanbing Xue1*�, Xingwen Hu1*�, Zhenni Yang2,3*�, Yiqing Cao1�, Qi Zhu1�, Hongyu Zhao4�, Xiaoli Ma4�, Tianxin Lei1�, Dian Zhuang1�, 
Jing Zheng5,6,7�, Siqi Guo1�, Xiaochuan Fu8�, Ka Kit Chung9�, Pingsheng Liu8�, Xiaohong Zhuang9�, Zhengyu Liang1�, Sicong He1�, 
Hui Jiang5,6,7�, and Yan G. Zhao1�

Fatty acids (FAs) are transported from lipid droplets (LDs) to mitochondria for β-oxidation during cell starvation. Starvation 
also triggers engulfment of LDs by autophagosomes and their subsequent degradation by lysosomes (lipophagy). The 
mechanisms coordinating these pathways remain unclear. Here, we demonstrate that PISD-LD, an LD-localized isoform of 
phosphatidylserine decarboxylase, facilitates FA transfer while inhibiting lipophagy. PISD-LD mediates LD–mitochondrion 
(LD-mito) contacts via interaction with mitochondrial PISD. In PISD-LD KD cells, LDs are larger, and FA trafficking and 
mitochondrial FA β-oxidation are suppressed. The lipid transfer proteins ATG2A/B are recruited by PISDs to mediate FA 
transfer from LDs to mitochondria. Disruption of PISD-LD–mediated LD-mito contacts activates lipophagy, aiding LD 
degradation. PISD-LD binds the lipophagy receptor Spartin and inhibits lipophagy by impeding Spartin-LC3 interaction. PISD-LD 
also regulates LD-mito contacts and lipid metabolism in mouse liver. Thus, PISD-LD serves as a switch between LD-to- 
mitochondrion FA transfer and lipophagy, ensuring efficient energy production.

Introduction
Lipids are a diverse group of biomolecules that play essential 
roles in cellular structure, energy storage, and signaling. Intra
cellular lipid metabolism, which affects the synthesis, storage, 
mobilization, and utilization of lipids, plays a fundamental role 
in maintaining cellular homeostasis, providing energy sub
strates, and regulating various physiological processes. Dysre
gulation of lipid metabolism is associated with a variety of 
metabolic disorders, including obesity, diabetes, and cardio
vascular diseases (Dakal et al., 2025; Yoon et al., 2021).

Lipid droplets (LDs) and mitochondria are essential organ
elles involved in the proper regulation of cellular lipid metabo
lism for maintenance of cellular energy homeostasis and health. 
LDs are evolutionarily conserved intracellular lipid storage 
compartments, consisting of a hydrophobic neutral lipid core 
surrounded by a phospholipid monolayer embedded with pro
teins (Farese and Walther, 2023; Gao et al., 2019; Olzmann and 
Carvalho, 2019; Yang et al., 2012; Zadoorian et al., 2023). Mito
chondria are the primary sites for conversion of fatty acids (FAs) 

into energy via β-oxidation (Cui and Liu, 2020). LDs and mito
chondria communicate with each other through formation of 
direct membrane contact sites (MCSs), i.e., LD–mitochondrion 
contacts (Cui and Liu, 2020). In response to a crisis such as 
starvation, cells shift their metabolism from glycolysis to FA 
oxidation. Triacylglycerol (TAG) in LDs is broken down, and FAs 
are transported to mitochondria for energy generation (Nguyen 
et al., 2017; Rambold et al., 2015; Wang et al., 2021). Although 
several proteins, including PLIN5 (Wang et al., 2011), MFN2 
(Boutant et al., 2017), MIGA2 (Freyre et al., 2019), and VPS13D 
(Wang et al., 2021), were recently reported to participate in the 
formation of LD–mitochondrion (LD-mito) contacts, many fun
damental questions remain as to how LD-mito interfaces are 
generated and how they conduct their particular functions.

Lipophagy serves as a critical mechanism for mobilizing 
stored lipids and generating energy substrates during periods of 
starvation or metabolic stress (Singh and Cuervo, 2012; Singh 
et al., 2009; Zechner et al., 2017). During lipophagy, LDs are 
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specifically engulfed by double-membraned autophagosomes, 
forming autophagic vesicles that subsequently fuse with lyso
somes, leading to the degradation of LD components by lyso
somal hydrolases. The Troyer syndrome protein Spartin was 
recently identified as a lipophagy adaptor. Spartin, which lo
calizes on the surface of LDs, interacts with the key autophagy 
proteins LC3A/C to deliver LDs to lysosomes for triglyceride 
mobilization (Chung et al., 2023). The interplay between LD-to- 
mitochondrion FA transfer and lipophagy must be tightly regu
lated to ensure the efficient utilization of stored lipids and energy 
homeostasis. However, the underlying mechanisms governing 
the coordination of these two pathways remain elusive.

Phosphatidylserine decarboxylase (PISD) is a mitochondrion- 
localized essential enzyme (termed PISD-M), which generates 
phosphatidylethanolamine (PE) through the decarboxylation of 
phosphatidylserine (PS) (Vance, 2008). In humans, PISD muta
tions cause Liberfarb syndrome, a severe multisystem disorder 
affecting the brain, eyes, ears, bones, and connective tissue 
(Peter et al., 2019; Zhao et al., 2019). Besides the mitochondrion- 
localized PISD, a second isoform of PISD, generated by alterna
tive splicing of PISD mRNA, was recently identified to target on 
the surface of LDs (termed PISD-LD); however, its function 
is unknown (Kumar et al., 2021). Here, we demonstrate the 
decarboxylase-independent function of PISD-LD in building LD 
contacts with mitochondria by forming a complex with PISD-M. 
LD-mito contacts mediated by PISDs facilitate transfer of FAs 
from LDs to mitochondria. PISDs further recruit the lipid 
transport proteins ATG2A and ATG2B to channel FAs from LDs 
to mitochondria. Meanwhile, PISD-LD suppresses lipophagy by 
competing with the key autophagy protein LC3 for interaction 
with the lipophagy receptor Spartin. In the absence of PISD-LD, 
LDs are enlarged and lipophagy is triggered to remove excessive 
lipids. PISD-LD also regulates LD-mito contacts and lipid me
tabolism in mouse liver. This study highlights a pivotal role 
of PISD-LD in regulating lipid metabolism by facilitating FA 
transfer to mitochondria and suppressing lipophagy.

Results
PISD-LD and PISD-M promote contacts between LDs and 
mitochondria
PISD-LD and PISD-M are encoded by alternative splice variants 
of PISD mRNA. They share 302 common amino acids (aa) en
coded by exons 6–10 and possess unique N-terminal fragments 
of 73 aa for PISD-LD (encoded by exons 4–5) and 107 aa for PISD- 
M (encoded by exons 1–3) (Fig. 1 A) (Kumar et al., 2021). To study 
the function of PISD-LD, we generated C-terminal GFP-tagged 
PISD-LD (PISD-LD-GFP) and PISD-M (PISD-M-GFP) as previ
ously described (Kumar et al., 2021), and transfected them into 
COS7 cells (Fig. 1 B). As reported earlier (Kumar et al., 2021), 
PISD-LD-GFP translocated from mitochondria to LDs upon ex
posure to the LD inducer oleic acid (OA), while PISD-M-GFP 
stayed on mitochondria (Fig. S1 A). We further generated Flag- 
knock-in (KI)-PISD-LD cells by KI of Flag at the 5′ end of the 
endogenous PISD-LD locus (Fig. S1, B and C). We confirmed 
the LD localization of endogenous PISD-LD in these cells using 
the LD flotation assay (Fig. S1 D). However, we failed to construct 

Flag-KI-PISD-M cells. Instead, we generated a stable cell line 
expressing low levels of PISD-LD-HA and PISD-M-Flag using 
piggyBac-mediated genomic integration at low copy numbers. 
This method has been widely used to generate reporters for 
studying membrane contact (Choi et al., 2026; Grimm et al., 
2016). The cell line is hereafter referred to as “PISD-HA/Flag 
stable cells.” The expression levels of PISD-LD and PISD-M were 
comparable with their endogenous levels, and they were tar
geted to LDs and mitochondria, respectively (Fig. S1, E–G). In
terestingly, we observed an increased association (quantified as 
contact surface area) between mitochondria and LDs in OA- 
treated cells overexpressing either PISD-LD-GFP or PISD-M- 
GFP (Fig. 1, C and D; and Fig. S1, H and I). In control cells 
expressing the GFP vector, mitochondria exhibited a typical 
tubulated morphology and the LD-mito contact surface area was 
significantly lower (Fig. 1, C and D; and Fig. S1, H and I). To 
precisely evaluate LD-mito contacts throughout our study, we 
conducted 3D imaging of cells under various conditions and 
performed comprehensive 3D organelle interaction analysis. In 
the figures, we present images from a single focal plane, along 
with 3D projections covering the entire cells and contact surfaces 
between LDs and mitochondria. To validate these findings, we 
employed transmission electron microscopy (TEM), a widely 
acknowledged method considered the “gold-standard” method 
for directly visualizing organelle contacts, as it offers high- 
resolution insights into cellular structures and membrane in
teractions (Hacker et al., 2023; Lam et al., 2021). Compared with 
GFP-expressing cells, LD-mito contacts were significantly in
creased in cells expressing PISD-LD-GFP or PISD-M-GFP (Fig. 1, 
E and F). We further used focused ion beam scanning electron 
microscope (FIB-SEM) imaging of GFP- or PISD-LD-GFP–over
expressing cells. Focusing on the distribution of LDs and mito
chondria in the FIB-SEM datasets, we found that compared with 
GFP-transfected cells, mitochondria were often in close prox
imity to LDs in PISD-LD-GFP–overexpressing cells (Fig. 1 G; and 
Videos 1 and 2). We further quantified the number and pro
portion of the LD-mito contacts in close proximity to the ER, and 
we found no significant difference between control cells and 
cells overexpressing PISD-LD or PISD-M. These observations 
suggest that PISD-LD and PISD-M do not mediate three-way ER- 
mito-LD contacts (Fig. S1 J).

Next, we employed RNA interference (RNAi) to selectively 
knock down either PISD-LD or PISD-M, and then, we examined 
the association between LDs and mitochondria. To enhance the 
visualization of LDs, we performed ferrocyanide-reduced os
mium tetroxide postfixation, thiocarbohydrazide-osmium li
ganding (OTO) staining in the subsequent TEM experiments. 
The ultrastructural images confirmed that LD-mito contacts 
were detected in control cells, while siPISD-LD or siPISD-M sig
nificantly reduced the number and extent of LD-mito interac
tions (Fig. 1, H and I). The effectiveness and selectivity of siRNAs 
targeting each transcript variant were validated through quan
titative real-time (RT)-PCR analysis (Fig. S1 K). Together, these 
observations suggest that PISD-LD and PISD-M are critical for 
mitochondrial association with LDs.

As PISD is responsible for converting PS to PE by its decar
boxylase activity (Vance, 2008), we next examined whether the 
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Figure 1. PISD-LD and PISD-M facilitate contacts between LDs and mitochondria. (A) Schematic shows the exon organization of the PISD gene (gDNA) 
and the PISD-LD and PISD-M splice variants. Both PISD-LD and PISD-M contain exons 6–10 (gray), while exons 4–5 (yellow) are specific to PISD-LD and exons 1–3 
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enzymatic activity of PISD-M and/or PISD-LD plays a role in 
regulating LD-mito contacts. The enzyme activity of PISD is 
dependent on autocatalytic cleavage at a conserved LGST motif 
(Horvath et al., 2012; Onguka et al., 2015). We generated PISD-LD 
and PISD-M with mutations at the key serine residue in the LGST 
motif (PISD-LD(S344A) and PISD-M(S378A), respectively) or 
with deletion of the entire enzyme domain (Δenz) (Fig. 1 B). After 
transfecting cells with wild-type (WT) or mutant PISD-LD or 
PISD-M, we observed that all of them induced similar levels of 
LD-mito contacts (Fig. 1, C and D; and Fig. S1, H and I). Notably, 
the enhanced contacts induced by the overexpression of PISD- 
LD or PISD-M were not attributed to increased PE production by 
PISDs, as treatment of cells with the PE precursor lyso-PE, which 
elevates cellular PE levels, did not lead to more LD-mito inter
actions (Fig. S1 L). Our data suggest that facilitation of LD-mito 
contacts by PISD-LD and PISD-M might operate independently 
of their decarboxylase activity.

Heterotypic interaction between PISD-LD and PISD-M is 
responsible for tethering LDs with mitochondria
The respective targeting of PISD-LD and PISD-M to LDs and 
mitochondria prompted us to speculate whether these two 
proteins act directly as tethers to mediate the contacts between 
the two organelles. GFP-Trap assays showed that Myc-PISD-M 
was efficiently pulled down by PISD-LD-GFP (Fig. 2 A), and Myc- 
PISD-LD was pulled down by PISD-M-GFP (Fig. S1 M). Fur
thermore, upon LD induction by OA treatment, the interaction 
between PISD-LD and PISD-M was greatly elevated (Fig. 2 A and 
Fig. S1 M), and further increased after starvation (Fig. 2 A). 
Similar results were found using PISD-HA/Flag stable cells 
(Fig. 2 B). LD-mito contacts induced by PISD-LD overexpression 
were reduced in siPISD-M cells (Fig. 2, C and D), while knock
down (KD) of PISD-LD also suppressed LD-mito interactions 
induced by overexpressed PISD-M (Fig. S1, N and O). This 

evidence suggests that heterotypic PISD-M and PISD-LD inter
action tethers LDs and mitochondria.

Using AlphaFold 2.0 prediction, we identified two potential 
binding sites between PISD-LD and PISD-M, i.e., L54 in PISD-LD 
with T146 in PISD-M and T49 in PISD-LD with L126 in PISD-M 
(Fig. 2 E). We generated single or double mutations in PISD-LD 
and PISD-M to examine the contribution of these sites to the 
interactions of the two proteins (Fig. 1 B). The results demon
strated that disrupting either interaction site reduced the 
binding of PISD-LD and PISD-M, while mutating both sites 
greatly reduced their interaction, compared with WT PISD-LD 
and PISD-M (Fig. 2 F and Fig. S1 P). We then transfected cells 
with double-mutant PISD-LD and double-mutant PISD-M and 
found that LD-mito contacts were significantly reduced com
pared to cells transfected with WT PISD-LD and PISD-M (Fig. 2, 
G and H). The mutations did not disrupt the localization of PISD- 
LD or PISD-M (Fig. 2 G).

To verify the role of PISD-LD and PISD-M as tethers, we used 
the split-Fluorescence-Activating and Absorption-Shifting Tag 
(FAST) assay, which enables observation of protein interactions 
(Tebo and Gautier, 2019). In this assay, the two halves of the 
FAST, NFAST and CFAST, are fused to proteins of interest. If 
the proteins interact in cells, the FAST is reconstituted, and it 
binds and enhances the fluorescence of 4-hydroxy-3-methyl
benzylidene rhodanine (HMBR) in a reversible manner. We 
fused NFAST and CFAST to PISD-LD and PISD-M, respectively. 
After transfection into cells, HMBR fluorescence, generated by 
interaction between PISD-LD-NFAST and PISD-M-CFAST, was 
present at LD-mito contact sites, while no signals were detected 
in control cells expressing PISD-LD-NFAST with empty CFAST 
or PISD-M-CFAST with empty NFAST (Fig. S1 Q). Next, we 
specifically investigated the role of aa 115–148 of PISD-M, which 
contain the PISD-LD–interacting residues (L126 and T146). 
We designated this region of PISD-M as the PISD-LD–binding 

(blue) are specific to PISD-M. The numbers above the exons indicate the lengths (in aa) of the specific domains and the common domains in each isoform. 
(B) Schematic illustrates the generation of PISD-LD and PISD-M plasmids with mutations at the key serine residue in the LGST motif (yellow), mutations at the 
potential binding sites (blue), and deletion of the entire enzyme domain (Δenz). (C and D) Single focal plane images of OA-treated COS7 cells overexpressing 
GFP, PISD-LD-GFP, PISD-LD(S344A)-GFP, or PISD-LD(Δenz)-GFP (green) and stained with LipidTOX (LDs; magenta) and anti-TOMM20 antibody (mito
chondria; cyan) (C). Additionally, 3D reconstructions and contact surfaces of the LipidTOX and TOMM20 channels (white) are shown (C). The left graph shows 
contact surface areas, normalized by LD surface areas. Each point represents an individual cell. Data are shown as the mean ± SEM (GFP, n = 22; PISD-LD-GFP, 
n = 21; PISD-LD(S344A)-GFP, n = 17; PISD-LD(Δenz)-GFP, n = 21). The right graph shows contact surface areas, normalized by mitochondrial surface areas. Each 
point represents an individual cell. Data are shown as the mean ± SEM (GFP, n = 22; PISD-LD-GFP, n = 21; PISD-LD(S344A)-GFP, n = 17; PISD-LD(Δenz)-GFP, n = 
18) (D). Compared with GFP-expressing cells: ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (E and F) TEM images of LD-mito contacts (red arrows) in COS7 cells 
overexpressing GFP, PISD-LD-GFP, or PISD-M-GFP under OA treatment (E). Top graphs: percentage of LDs in contact with mitochondria per cell (left) and 
percentage of LD perimeter in contact with mitochondria per LD (right). Data are shown as the mean ± SEM (GFP, n = 490 LDs from 34 cells; PISD-LD-GFP, n = 
245 LDs from 27 cells; PISD-M-GFP, n = 466 LDs from 28 cells). Bottom graphs: percentage of mitochondria in contact with LDs per cell (left) and percentage of 
mitochondrial perimeter in contact with LDs per mitochondrion (right). Data are shown as the mean ± SEM (GFP, n = 678 mitochondria from 30 cells; PISD-LD- 
GFP, n = 978 mitochondria from 30 cells; PISD-M-GFP, n = 925 mitochondria from 30 cells) (F). ***P < 0.001; ****P < 0.0001. Bars: 500 nm. (G) (i) 3D rendering 
of segmented LDs (magenta), mitochondria (green), and contact sites (blue) from a FIB-SEM volume in GFP- and PISD-LD-GFP–overexpressing COS7 cells. 
Volume size, 6 × 6 × 2.5 μm. (ii) 3D rendering of segmented LDs (magenta), mitochondria (green), and contact sites (blue) from a FIB-SEM volume in GFP- and 
PISD-LD-GFP-overexpressing COS7 cells. Volume size, 1.5 × 1.5 × 1.5 μm. (iii) FIB-SEM images and segmentation of LDs (magenta), mitochondria (green), and 
contact sites (blue) of (ii). The left panel shows the XY section, the middle panel shows the XZ section, and the right panel shows the YZ section. Scale bar: 500 
nm. (H and I) TEM images with OTO staining of LD-mito contacts (red arrows) in OA-treated COS7 cells with KD of PISD-LD or PISD-M (H). Top graphs: 
percentage of LDs in contact with mitochondria per cell (left) and percentage of LD perimeter in contact with mitochondria per LD (right). Data are shown as the 
mean ± SEM (NC, n = 347 LDs from 39 cells; siPISD-LD, n = 286 LDs from 33 cells; siPISD-M, n = 619 LDs from 36 cells). Bottom graphs: percentage of mi
tochondria in contact with LDs per cell (left) and percentage of mitochondrial perimeter in contact with LDs per mitochondrion (right). Data are shown as the 
mean ± SEM (NC, n = 894 mitochondria from 30 cells; siPISD-LD, n = 1085 mitochondria from 30 cells; siPISD-M, n = 1115 mitochondria from 30 cells) (I). NC, 
negative control siRNA. **P < 0.01; ***P < 0.001; ****P < 0.0001. Bars: 500 nm.

Xue et al. Journal of Cell Biology 4 of 24 
PISD isoforms modulate LD–mitochondrion contacts https://doi.org/10.1083/jcb.202605090 

D
ow

nloaded from
 rupress.​org/​jcb/​article-pdf/​225/​9/​e202605090/​2037934/​jcb_202605090.​pdf by guest on 19 Septem

ber 2026



Figure 2. Interaction between PISD-LD and PISD-M mediates LD-mito contacts. (A) In a GFP-Trap assay, Myc-PISD-M is immunoprecipitated by PISD-LD- 
GFP. The amount of the immunoprecipitated protein is increased upon OA treatment and is further enhanced under starvation conditions. (B) Co-IP analysis of 
the interaction between PISD-LD-HA and PISD-M-Flag in PISD-HA/Flag stable cells. Immunoprecipitation was performed using a specific antibody against HA 
or a control IgG. The amount of immunoprecipitated protein is increased upon OA treatment and is further enhanced under starvation conditions. Quantifi
cations of PISD-LD-HA levels (normalized by PISD-Mito-Flag levels) are shown. (C and D) Single focal plane images of OA-stimulated NC or siPISD-M COS7 cells 
overexpressing PISD-LD-GFP (green) and stained with LipidTOX (LDs; magenta) and anti-TOMM20 antibody (mitochondria; cyan) (C). Additionally, 3D re
constructions and contact surfaces of the LipidTOX and TOMM20 channels (white) are shown (C). The left graph shows contact surface areas, normalized by LD 
surface areas. Each point represents an individual cell. Data are shown as the mean ± SEM (NC & GFP, n = 24; NC & PISD-LD-GFP, n = 20; siPISD-M & PISD-LD- 
GFP, n = 20). The right graph shows contact surface areas, normalized by mitochondrial surface areas. Each point represents an individual cell. Data are shown 
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domain (PBD). To further validate the direct involvement of this 
region in mediating LD-mito contacts, we engineered a fusion 
protein in which the PBD of PISD-M was joined with the per
oxisome transmembrane (TM) protein PEX3 (PEX3-PBD-GFP), 
thus positioning it on the peroxisome surface. BFP-SKL was used 
as a marker for peroxisomes (Kim et al., 2006; Valm et al., 2017). 
Compared with PEX3-GFP, the overexpression of PEX3-PBD- 
GFP promoted peroxisome–LD interactions, and the interactions 
were disrupted by siPISD-LD (Fig. S1 R). These findings provide 
further evidence that the interaction between PISD-LD and 
PISD-M is important for mediating LD-mito contacts.

Partial localization of PISD-M on outer mitochondrial 
membranes
As mentioned above, in order to form MCSs, protein tethers 
should be located on the outer surface of the opposing organelles. 
However, previous studies demonstrated that the PS decarbox
ylase activity was detected on the biochemically isolated inner 
mitochondrial membrane (IMM) (Percy et al., 1983; Zborowski 
et al., 1983), suggesting an internal localization of PISD-M. To 
directly investigate the distribution of PISD-M on mitochondria, 
we used multimodality structured illumination microscopy 
(multi-SIM) to perform super-resolution imaging of cells 
co-expressing PISD-M-GFP and the outer mitochondrial mem
brane (OMM) marker TOMM20-mCherry, with the intermem
brane space (IMS) marker LACTB(1–68)-mCherry (Brown et al., 
2011; Polianskyte et al., 2009), the IMM marker CYC1-mCherry, 
or the matrix protein marker HSP60-mCherry. We observed 
clear separation of OMM markers from IMM, IMS, or matrix 
markers, as well as obvious colocalization of PISD-M with the 
OMM marker TOMM20 (Fig. S2 A). This suggests that a sub
population of PISD-M is localized on the OMM.

To study the topology of PISD-M on mitochondrial mem
branes, we utilized a fluorescent protease protection (FPP) as
say. Cells were subjected to plasma membrane permeabilization 

by digitonin, followed by proteinase K (pK) treatment, which 
specifically cleaves the cytoplasmic fragments of proteins on 
organelle membranes, leaving the luminal fragments/proteins 
intact (Fig. S2 B). The PISD-LD-GFP signal immediately dis
appeared when the digitonin-permeabilized cells were treated 
with pK (Fig. S2, C and D), due to the location of PISD-LD on the 
LD surface. We then performed the assay with cells simulta
neously transfected with C-terminal-tagged PISD-M-GFP and 
TOMM20-mCherry, LACTB(1–68)-mCherry, CYC1-mCherry, or 
HSP60-mCherry as markers for OMM, IMS, IMM, or matrix, 
respectively. Upon pK treatment, the fluorescence intensity of 
PISD-M and TOMM20 quickly decreased, while the signals of 
LACTB (1–68), CYC1, and HSP60 were stable (Fig. S2, E-L). In
terestingly, we did observe that residual PISD-M signal re
mained undigested while TOMM20 was fully digested (Fig. S2, E 
and F). This indicates that a portion of PISD-M is inside mito
chondria, consistent with the previously reported decarboxylase 
activity of PISD on the IMM (Percy et al., 1983; Zborowski et al., 
1983). Altogether, these data verify the cytosol-facing localiza
tion of a portion of PISD-M. When GFP was added to the N ter
minus of PISD-M, it disrupted the mitochondrial targeting of 
PISD-M (Fig. S2 M). As an alternative, we inserted GFP imme
diately ahead of the TM domain of PISD-M (GFP-TM-PISD-M). 
This protein showed mitochondrial localization and induced LD- 
mito contacts similar to PISD-M-GFP (Fig. S2, N and O). FPP 
assays demonstrated that the fluorescence of GFP-TM-PISD-M 
persisted with pK treatment (Fig. S2, P and Q).

To further investigate the submitochondrial localization of 
PISD-M, we performed pK digestion on purified mitochondria 
and detected endogenous mitochondrial proteins with anti
bodies. As OA treatment causes the translocation of PISD-LD to 
LDs, we utilized OA-treated cells for purification of mitochon
dria to eliminate mitochondrial PISD-LD (Fig. 2 I). When intact 
mitochondria are exposed to pK, only outer membrane proteins, 
such as TOMM20, are degraded. Mitochondrial swelling with a 

as the mean ± SEM (NC & GFP, n = 23; NC & PISD-LD-GFP, n = 20; siPISD-M & PISD-LD-GFP, n = 20) (D). NC, negative control siRNA. ****P < 0.0001. Bars: 5 μm; 
insets, 2 μm. (E) AlphaFold prediction on full-length PISD-LD (cyan) and PISD-M (green) shows that T49 in PISD-LD interacts with L126 in PISD-M, while L54 in 
PISD-LD interacts with T146 in PISD-M. (F) In a GFP-Trap assay, the interaction between PISD-LD and PISD-M is reduced by single mutations and is dra
matically inhibited by double mutations of the residues in E. The asterisk indicates nonspecific bands. WT, wild type. (G and H) Single focal plane images of 
OA-treated COS7 cells transfected with mCherry (green) & BFP, WT PISD-M-mCherry (green) & PISD-LD-BFP, or PISD-M(L126A/T146A)-mCherry (green) & 
PISD-LD(T49A/L54A)-BFP (blue) and stained with LipidTOX (LDs; magenta) and anti-TOMM20 antibody (mitochondria; cyan) (G). Additionally, 3D re
constructions and colocalization surfaces of the LipidTOX and TOMM20 channels (white) are shown (G). Graphs show contact surface areas, normalized by LD 
and mitochondrial surface areas. Each point represents an individual cell. Data are shown as the mean ± SEM (mCherry & BFP, n = 22; PISD-M-mCherry & PISD- 
LD-BFP, n = 20; PISD-M [L126A/T146A]-mCherry & PISD-LD [T49A/L54A]-BFP, n = 23) (H). ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (I–K) Determination of the 
submitochondrial localization of PISD-M. Purified mitochondria from COS7 cells were either left intact, treated with hypotonic swelling buffer, or lysed with 
Triton buffer. All samples were then digested with pK to analyze the localization of PISD-M. TOMM20 and MFN2 represent OMM proteins; SMAC is an IMS 
protein; Mitofilin is an IMM protein, facing the IMS side; and HSP60 is a matrix protein (I). Immunoblotting shows the levels of Mitofilin and PLIN2 in total lysates 
and isolated mitochondria. T, total lysate; M, isolated mitochondria. Blots were probed with anti-Mitofilin and anti-PLIN2 antibodies (I). Quantification of the 
ratios of protein levels with and without pK treatment is shown as the mean ± SEM (n = 3) (J). Relative PISD levels, normalized to Mitofilin levels, are shown from 
intact mitochondria with or without pK treatment (K). Compared with pK (−) samples: **P < 0.01; ***P < 0.001. (L) Determination of the submitochondrial 
localization of PISD-M in NC or siPISD-LD COS7 cells. Purified intact mitochondria were digested with pK to analyze the localization of PISD-M. TOMM20 is an 
OMM protein; Mitofilin is an IMM protein, facing the IMS side; and HSP60 is a matrix protein. Relative PISD levels, normalized to Mitofilin levels, are shown from 
intact mitochondria with or without pK treatment. **P < 0.01. (M and N) Immuno-EM images show that PISD-M-Flag signals are detected on both OMM and 
IMM. PISD-HA/Flag stable cells were subjected to HPF fixation. Sections were immunolabeled with anti-Flag and anti-Mitofilin antibodies, followed by gold 
particle labeling. Green arrows indicate Flag signals (6 nm), while red arrows indicate Mitofilin signals (15 nm) (M). The percentage of OMM-localized Flag 
signals is significantly higher than the percentage of OMM-localized Mitofilin signals (PISD-M-Flag, n = 180 gold particles; Mitofilin, n = 277 gold particles) (N). 
**P < 0.01. Bars: 200 nm; insets: 50 nm. Immuno-EM, immuno-electron microscopy; HPF, high-pressure freezing. Source data are available for this figure: 
SourceData F2.
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hypotonic buffer disrupts the outer membrane while keeping 
the inner membrane intact, allowing the protease to cleave 
TOMM20 (OMM), SMAC (IMS), and Mitofilin (IMM). Lysis of 
mitochondria with Triton buffer disrupts both the outer and 
inner membranes, enabling the protease to cleave proteins in 
all mitochondrial compartments, including the matrix protein 
HSP60 (Fig. 2 I) (Cao et al., 2023). We found that around 40% of 
endogenous PISD detected with antibody was cleaved after pK 
treatment of intact mitochondria, and most of the PISD was di
gested in pK-treated swollen mitochondria (Fig. 2, I and J; and 
Fig. S2, R and S). The level of pK-sensitive mitochondrial PISD 
was reduced in siPISD-LD cells (Fig. 2 L), suggesting that PISD-LD 
may help to sequester PISD-M on the OMM. Immuno-electron 
microscopy demonstrated that in PISD-HA/Flag stable cells, 
PISD-M-Flag signals were detected on both OMM and IMM, and 
the percentage of PISD-M-Flag signals on the OMM was signif
icantly higher than the percentage of Mitofilin signals on the 
OMM (Fig. 2, M and N; and Fig. S2 T). These data collectively 
indicate that a portion of PISD is localized on the OMM, and 
therefore, it can potentially function as a tether (Fig. S2 U).

PISD-LD regulates LD size independent of its 
enzymatic activity
LD-mito contacts were reported to have two opposing functions 
in lipid homeostasis: facilitating lipolysis through mitochondrial 
fatty acid oxidation (FAO), and promoting LD expansion by in
creasing ATP synthesis (Veliova et al., 2020). To explore the 
function of LD-mito contacts mediated by PISD-LD and PISD-M 
in lipid metabolism, we examined LD formation in cells with 
overexpression or depletion of PISD-LD or PISD-M. Compared 
with GFP-transfected cells, the overexpression of PISD-LD-GFP 
or PISD-M-GFP significantly suppressed the size and total vol
ume of LDs, without affecting the ability of cells to take up FAs 
(Fig. 3, A and B; and Fig. S3 A). We performed 3D imaging of cells 
under different conditions to evaluate all the LDs. Images with 
3D projections are presented to provide a comprehensive visu
alization of the LDs across the entire cells. Depleting PISD-LD 
resulted in significantly enlarged LDs and an increase in total LD 
volume (Fig. 3, C and D). To rule out the possibility that the 
enzyme activity of PISD-LD may play a role in regulating LD size, 
we first performed lipid profiling of LDs and mitochondria from 
NC and siPISD-LD cells. No obvious difference in lipid composi
tion was detected between them (Fig. S3, B–D), suggesting that 
PISD enzyme activity may not be activated on LDs. Furthermore, 
we reintroduced RNAi-resistant WT PISD-LD (PISD-LDr-GFP), 
enzyme-dead mutant PISD-LD (PISD-LD(S344A)r-GFP), or 
decarboxylase domain-deleted PISD-LD (PISD-LD(Δenz)r-GFP) 
into PISD-LD KD cells. All of these manipulations reversed the 
increased LD size so that the LDs were similar in size to those in 
GFP-transfected NC cells (Fig. 3, E and F; and Fig. S3, E-G). To 
confirm the function of PISD-LD–mediated LD-mito contacts in 
regulating LD size, we expressed the PISD-M binding–defective 
PISD-LD mutant (PISD-LD(T49A/L54A)r-GFP) (Fig. 1 B). It failed 
to suppress the enlarged LDs in siPISD-LD cells (Fig. 3, E and F). 
Thus, PISD-LD is important for restraining LD size, and this 
property depends on its LD-mito–tethering function but not its 
decarboxylase activity.

In contrast to siPISD-LD, smaller LDs were formed in siPISD-M 
cells (Fig. 3, C and D). This discrepancy may be caused by de
creased global PE levels as a result of PISD-M deficiency (St 
Germain et al., 2022). Cone-shaped PE molecules reduce the 
LD membrane surface tension and drive the formation of larger 
LDs (Ben M’barek et al., 2017). To avoid the global effects caused 
by the absence of PISD-M, we mainly focused on PISD-LD in the 
rest of the study.

PISD-LD is critical for FA trafficking from LDs to mitochondria 
and mitochondrial FA β-oxidation
Given that the disruption of PISD-mediated LD-mito contacts 
causes larger LDs, we inferred that the function of the contacts is 
for FA transfer from LDs to mitochondria. To test this hypoth
esis, we performed a FA tracking assay (Wang et al., 2021). Cells 
were preloaded with a fluorescence-labeled FA analog BODIPY- 
C12 (Red-C12), which initially accumulated in LDs. After 5-h 
starvation, Red-C12 signals in control cells showed colocaliza
tion with mitochondria, suggesting transfer of Red-C12 from LDs 
to mitochondria (Fig, 4, A-C; and Fig. S3 H). In PISD-LD KD cells, 
a large amount of Red-C12 remained in LDs instead of trans
ferring to mitochondria, and this defect was rescued by re- 
expressing PISD-LDr-BFP or PISD-LD(Δenz)r-BFP (Fig. 4, B 
and C). The uptake of Red-C12 was comparable between NC 
and siPISD-LD cells (Fig. S3, I and J). The defect in LD-to-mi
tochondrion FA transfer in PISD-LD–deficient cells was not 
due to enhanced FA esterification or decreased TAG hydrol
ysis (Fig. S3, K and L). Similarly, siPISD-LD also dampened 
starvation-induced transfer of preloaded BODIPY-palmitate 
(C14) from LDs to mitochondria (Fig. S3, M and N). These 
data suggest that PISD-LD plays a critical role in efficient FA 
transfer from LDs to mitochondria, independent of its enzy
matic function.

Impairment of LD-to-mitochondrion transfer of FAs may lead 
to inefficient mitochondrial FA β-oxidation (Chen et al., 2025; 
Talari et al., 2023; Wang et al., 2011). Seahorse FAO assays were 
applied to assess the role of PISD-LD in mitochondrial oxidation 
of endogenous FAs. After LD induction with OA treatment, 
PISD-LD KD cells in substrate-limited medium displayed 
obvious reductions of mitochondrial basal, ATP-linked, and 
maximal respiration, which were rescued by re-expressing 
PISD-LDr-GFP or PISD-LD(Δenz)r-GFP (Fig. 4 D). This suggests 
that PISD-LD regulates FA transfer, independent of its enzymatic 
function. Taken together, these data suggest that PISD-LD me
diates FA transportation from LDs to mitochondria to fuel 
mitochondrial FAO.

To rule out the possibility that depletion of PISD-LD directly 
damages mitochondria, we investigated the morphology and 
dynamics of mitochondria in siPISD-LD cells. Immunostaining 
with TOMM20 antibody and imaging by TEM revealed no ob
vious fragmented or swollen mitochondria in PISD-LD KD cells 
(Fig. S3, O and P). Furthermore, we used mitochondrial matrix– 
targeted photoactivatable GFP (mtPA-GFP) to detect mitochon
drial dynamics. In this assay, mitochondrial fusion is reflected 
by the rate of spread of the GFP signal following photoactivation 
of PA-GFP in a subset of mitochondria (Molina and Shirihai, 
2009). Time-lapse confocal imaging showed that the limited 
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photoactivated mitochondrial signal expanded even faster in 
PISD-LD KD cells than in control cells (Fig. S3, Q and R), sug
gesting that mitochondrial dynamics were enhanced by PISD-LD 
KD. These findings imply that the defective mitochondrial FAO 
observed in siPISD-LD cells may not be due to structural or dy
namic mitochondrial deficiencies.

Adipose triglyceride lipase (ATGL) was shown to liberate FA 
from LDs and facilitate the transfer of FA from LDs to mito
chondria (Ouyang et al., 2023). We examined the physical and 

functional interactions between ATGL and PISDs. In GFP-Trap 
assays, we observed an interaction between ATGL and PISD- 
LD, but not PISD-M (Fig. S3, S and T). This aligns with the 
known LD localization of ATGL (Ouyang et al., 2023). We also 
treated cells with the ATGL inhibitor Atglistatin (ATGLi). 
ATGLi suppressed the smaller LDs induced by overexpression 
of PISD-LD (Fig. S3, U and V), which implies that ATGL may 
be recruited by PISD-LD to facilitate the release of FAs 
from LDs.

Figure 3. Tether, but not enzyme, function of PISD-LD controls LD size. (A and B) 3D projection images of OA-treated COS7 cells overexpressing GFP, 
PISD-LD-GFP, or PISD-M-GFP (green). LDs were stained with LipidTOX (magenta) (A). LD sizes, numbers, and total volumes per cell are shown as the mean ± 
SEM (GFP, n = 18; PISD-LD-GFP, n = 19; PISD-M-GFP, n = 15) (B). *P < 0.05; **P < 0.01; ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (C and D) 3D projection images 
of NC, siPISD-LD, or siPISD-M COS7 cells stimulated with OA. LDs were stained with LipidTOX (magenta) (C). LD sizes, numbers, and total volumes per cell are 
shown as the mean ± SEM (NC, n = 21; siPISD-LD, n = 22; siPISD-M, n = 20) (D). NC, negative control siRNA. *P < 0.05; **P < 0.01; ***P < 0.001; N.S., not 
significant. Bars: 5 μm; insets, 2 μm. (E and F) 3D projection images of NC or siPISD-LD COS7 cells overexpressing GFP, RNAi-resistant PISD-LD-GFP, PISD- 
LD(S344A)-GFP, PISD-LD(Δenz)-GFP, or PISD-LD(T49A/L54A)-GFP (green) under OA treatment. LDs were stained with LipidTOX (magenta) (E). LD sizes, 
number, and total volumes are shown as the mean ± SEM (NC & GFP, n = 20 cells; siPISD-LD & GFP, n = 15; siPISD-LD & PISD-LDr-GFP, n = 18; siPISD-LD & PISD- 
LD(S344A)r-GFP, n = 15; siPISD-LD & PISD-LD(Δenz)r-GFP, n = 19; siPISD-LD & PISD-LD(T49A/L54A)r-GFP, n = 18) (F). NC, negative control siRNA. *P < 0.05; 
****P < 0.0001; N.S., not significant. Bars: 5 μm; insets, 2 μm.
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Figure 4. PISD-LD is required for transfer of FA from LDs to mitochondria for FAO. (A) Schematic illustration of the FA transfer assay. N, nucleus; LD, lipid 
droplet; Mito, mitochondrion. (B and C) Confocal images of NC and siPISD-LD COS7 cells overexpressing BFP, RNAi-resistant PISD-LD-BFP, or PISD-LD(Δenz)- 
BFP (blue) loaded with Red-C12 (magenta) and stained with LipidTOX (LDs; green) and anti-TOMM20 antibody (mitochondria; cyan) under fed (CM) or 
starvation (EBSS) conditions (B). Overlap coefficients of Red-C12 with LDs or mitochondria are shown as violin plots with the black line indicating the median 
and the red lines indicating the interquartile range (NC & BFP in CM, n = 32; NC & BFP in EBSS, n = 27; siPISD-LD & BFP in CM, n = 31; siPISD-LD & BFP in EBSS, n = 
32; siPISD-LD & PISD-LDr-BFP in CM, n = 31; siPISD-LD & PISD-LDr-BFP in EBSS, n = 31; siPISD-LD & PISD-LD(Δenz)r-BFP in CM, n = 32; siPISD-LD & PISD- 
LD(Δenz)r-BFP in EBSS, n = 33) (C). NC, negative control siRNA; CM, complete medium. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (D) Seahorse FAO assays show 
oxidation of endogenous FAs in NC cells (orange), siPISD-LD cells (magenta), siPISD-LD cells with PISD-LDr-GFP (green), and siPISD-LD cells with PISD- 
LD(Δenz)r-GFP (blue). Quantitative data of basal OCR, ATP-linked OCR, and maximal OCR in mitochondria are shown as means ± SEM (n = 3). NC, negative 
control siRNA; Oligo, oligomycin; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Rtn, rotenone; AA, antimycin A. **P < 0.01; ***P < 0.001; ****P 
< 0.0001.
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PISDs recruit ATG2A/B to facilitate FA transport
Since PISDs contain no lipid transfer domain (LTD), lipid 
transfer proteins (LTPs) would be required for PISD-mediated 
delivery of lipids from LDs to mitochondria. ATG2A and ATG2B 
contain an LTD and have been reported to transport lipids be
tween membranes (Maeda et al., 2019; Osawa et al., 2019; Osawa 
et al., 2020; Valverde et al., 2019). ATG2A and ATG2B show re
dundant functions with each other, and depletion of both pro
teins causes enlarged LDs (Velikkakath et al., 2012), which is 
similar to the phenotype of PISD-LD KD cells. To investigate 
whether ATG2s are involved in PISD-mediated LD-mito con
tacts, we first examined the interactions between these proteins. 
In GFP-Trap assays, endogenous ATG2A and ATG2B were pulled 
down by PISD-LD-GFP and PISD-M-GFP (Fig. 5, A and B). 
Moreover, their interaction was enhanced with OA treatment 
(Fig. 5, A and B). Similarly, in PISD-HA/Flag stable cells, en
dogenous ATG2A was immunoprecipitated by PISD-LD-HA 
or PISD-M-Flag, and this interaction was enhanced by the ad
dition of OA (Fig. 5, C and D). Endogenous PISD was also im
munoprecipitated by GFP-ATG2A and ATG2B-GFP (Fig. S4 A). 
Other LD proteins, including PLIN2 and PLIN3, failed to pull 
down ATG2A and ATG2B (Fig. S4 B), indicating the specificity of 
the interaction between PISD-LD and ATG2s.

We then examined whether ATG2s are required for LD-to- 
mitochondrion FA trafficking. In cells with simultaneous KD of 
ATG2A and ATG2B (ATG2A/B KD), FA transfer assays showed that 
Red-C12 signals were trapped in LDs (Fig. 5, E and F; and Fig. S4 
C), while LD-mito contacts were not affected (Fig. S4, D and E). 
These observations suggest that deficiency of ATG2s prevents FA 
transport from LDs to mitochondria. Accordingly, in Seahorse 
FAO assays, the basal, ATP-linked, and maximum respiration 
levels were dramatically reduced in ATG2A/B KD cells (Fig. 5 G). 
Furthermore, overexpressing ATG2A, but not the LTD-deficient 
ATG2A (ATG2A(ΔLTD)) (Valverde et al., 2019), led to smaller 
LDs, which suggests a role of ATG2 in controlling LD size 
through its LTD domain (Fig. S4, F and G). To further explore the 
role of ATG2s in PISD-mediated LD-mito contacts, we knocked 
down ATG2A/B in PISD-LD–overexpressing cells. The results 
demonstrated that PISD-LD overexpression failed to induce 
smaller LDs in ATG2A/B-deficient cells (Fig. 5, H and I). These 
results indicate that ATG2s are engaged to mediate FA transfer 
from LDs to mitochondria at PISD-induced LD-mito contact sites.

Blocking FA transfer through LD-mito contacts 
promotes lipophagy
While LD-mito contact–mediated FA transfer was blocked in 
siPISD-LD cells, the size of LDs was only modestly increased, 
which prompted us to consider that an alternative pathway was 
triggered to remove excess LDs. Lipophagy is an important 
pathway for LD degradation: LDs are selectively swallowed by 
autophagosomes for lysosomal degradation to maintain LD ho
meostasis (Zechner et al., 2017). We found that compared with 
control cells, levels of the LD surface proteins PLIN2 and PLIN3, 
but not the mitochondrial protein TOMM20, were significantly 
decreased in PISD-LD KD cells with OA treatment, and LC3-II/I 
ratios were elevated (Fig. 6, A and B). Meanwhile, proteomics 
analysis of LDs from NC and siPISD-LD cells revealed no obvious 

difference in protein composition (Fig. S4 H). These changes 
suggest that LD degradation by selective autophagy is promoted 
when PISD-LD is depleted. Moreover, the reduction of LD pro
tein levels in PISD-LD KD cells was suppressed by chloroquine 
(CQ) treatment (Fig. 6, A and B), which blocks lysosomal deg
radation (Mauthe et al., 2018). Reintroduction of WT PISD- 
LDr-GFP or PISD-LD(Δenz)r-GFP suppressed the reduction of LD 
proteins in PISD-LD KD cells (Fig. 6, C and D). LD size in siPISD- 
LD cells was further increased when the key autophagy gene 
ATG5 was knocked down (Fig. S4, I–K). These results suggest that 
PISD-LD negatively regulates lipophagy, in a manner indepen
dent of its enzyme domain.

To examine lipophagy flux, we constructed a dual-color re
porter with mCherry and GFP fused in tandem to the LD protein 
PLIN2. The incidence of lipophagy is indicated by formation of 
red-only puncta as a result of quenching of the GFP signal in 
acidic lysosomes (Schulze et al., 2020). The results showed that 
more mCherry-only puncta were present in PISD-LD KD cells 
than in control cells (Fig. 6, E and F). Ultrastructural images also 
demonstrated that LDs were enclosed by double-membrane 
autophagosomes in siPISD-LD cells, but rarely in control cells 
(Fig. S4, L and M). After inhibition of lysosomal function by 
bafilomycin A1 (BafA1) treatment, more LDs were detected in 
autolysosomes/lysosomes in PISD-LD KD cells than in control 
cells (Fig. 6, G and H). These data suggest that depleting PISD-LD 
may promote LD degradation through the autophagy pathway.

To examine whether promoting lipophagy is a general com
pensatory mechanism when mitochondrial function is abnor
mal, we knocked down CPT1A, the rate-limiting enzyme in FAO, 
using siRNA. siCPT1A caused suppression of FA transfer from LDs 
to mitochondria, judged by FA transfer assays, and FAO was 
defective (Fig. S4, N–Q). Compared with control cells, reduced 
PLIN3 levels were detected in cells treated with siCPT1A in the 
presence of OA (Fig. S4, R and S). mCherry-GFP-PLIN2 assays 
also revealed that siCPT1A induced more mCherry-only puncta 
than control conditions (Fig. S4, T and U). These data suggest 
that blocking the FA β-oxidation pathway may activate auto
phagy to consume excess LDs.

PISD-LD negatively regulates lipophagy by inhibiting binding 
of LC3 to the lipophagy receptor Spartin
Spartin has recently been identified as a lipophagy receptor, 
which is localized on LD membranes and simultaneously binds 
to LC3A/C (Chung et al., 2023). In co-immunoprecipitation (co- 
IP) assays, both PISD-LD-mCherry and endogenous PISD were 
immunoprecipitated by GFP-Spartin (Fig. 6 I and Fig. S5 A). 
Furthermore, endogenous Spartin was pulled down by Flag- 
PISD-LD in Flag-KI-PISD-LD cells and by PISD-LD-HA in 
PISD-HA/Flag stable cells (Fig. 6 J and Fig. S5 B). Levels of PISD- 
LD-mCherry immunoprecipitated by GFP-Spartin were increased 
upon starvation (Fig. S5 C). Similar levels of Spartin were im
munoprecipitated by WT PISD-LD-GFP and PISD-LD(Δenz)-GFP 
(Fig. S5 D), which suggests that the enzyme domain of PISD-LD is 
dispensable for its binding to Spartin. The overexpression of 
PISD-LD, but not PLIN2 or PLIN3, suppressed the binding be
tween Spartin and LC3A/C (Fig. 6, K and L; and Fig. S5 E). When 
PISD-LD was knocked down, the binding of Spartin to LC3A/C 
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Figure 5. LTPs ATG2A/B are recruited by PISDs to channel FAs. (A) In a GFP-Trap assay, endogenous ATG2A is immunoprecipitated by PISD-M-GFP and 
PISD-LD-GFP. The level of immunoprecipitated ATG2A is dramatically increased upon OA treatment. (B) In a GFP-Trap assay, endogenous ATG2B is im
munoprecipitated by PISD-M-GFP and PISD-LD-GFP. The level of immunoprecipitated ATG2B is dramatically increased upon OA treatment. (C and D) Co-IP 
analysis of the interaction between endogenous ATG2A and PISD-LD-HA (C) or PISD-M-Flag (D) in PISD-HA/Flag stable cells. Immunoprecipitation was 
performed using an HA-specific antibody (C), a Flag-specific antibody (D), or a control IgG. Quantifications of ATG2A levels (normalized by PISD-LD-HA levels in 
C or PISD-M-Flag levels in D) are shown. (E and F) Confocal images of NC and siATG2A/B COS7 cells loaded with Red-C12 and stained with LipidTOX (LDs; green) 
and anti-TOMM20 antibody (mitochondria; cyan) under fed (CM) or starved (EBSS) conditions (E). Overlap coefficients of Red-C12 with LDs or mitochondria are 
shown as violin plots with the solid black line indicating the median and the dotted red lines indicating the interquartile range (NC in CM, n = 36; NC in EBSS, 
n = 26; siATG2A/B in CM, n = 54; siATG2A/B in EBSS, n = 51) (F). NC, negative control siRNA; CM, complete medium. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. 
(G) Seahorse FAO assays show oxidation of endogenous FAs in NC cells (orange), siATG2A/B cells (magenta), and siATG2A/B cells with GFP-ATG2Ar (green). 
Quantitative data of basal OCR, ATP-linked OCR, and maximal OCR in mitochondria are shown as means ± SD (n = 3). NC, negative control siRNA; Oligo, 
oligomycin; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Rtn, rotenone; AA, antimycin A. *P < 0.05; **P < 0.01; ****P < 0.0001. (H and I) 

Xue et al. Journal of Cell Biology 11 of 24 
PISD isoforms modulate LD–mitochondrion contacts https://doi.org/10.1083/jcb.202605090 

D
ow

nloaded from
 rupress.​org/​jcb/​article-pdf/​225/​9/​e202605090/​2037934/​jcb_202605090.​pdf by guest on 19 Septem

ber 2026



was greatly enhanced (Fig. 6, M and N). Spartin interacts with 
LC3 via its LC3-interacting region (LIR) motif (Chung et al., 
2023). Compared with full-length Spartin, Spartin without the 
LIR motif (ΔLIR, deletion of residues 193–200) showed obviously 
reduced binding to PISD-LD (Fig. 6 I). Consistent with the in
creased LC3-II/I ratios in siPISD-LD cells (Fig. 6, A–D), more 
LC3A/C puncta were formed in these cells, with a notable in
crease in the colocalization between Spartin and LC3A/C puncta 
compared with control cells (Fig. 6, O and P; and Fig. S5, F and G). 
As previously reported (Lee et al., 2019; Pu et al., 2023; Singh 
et al., 2009), prolonged EBSS starvation (24 h) induced lipoph
agy, indicated by increased formation of mCherry-only puncta 
of mCherry-GFP-PLIN2, and this was suppressed by the over
expression of PISD-LD (Fig. S5, H and I). The enhanced expres
sion of PISD-LD also suppressed the association of LC3A/C 
puncta with Spartin (Fig. S5, J–M). Taken together, these find
ings suggest that PISD-LD competes with LC3 for binding to 
Spartin at the same site.

We then examined the role of Spartin in lipophagy induced 
by disruption of LD-mito contacts. KD of Spartin suppressed the 
number of mCherry-only mCherry-GFP-PLIN2 puncta and the 
association of LC3A/C with LDs in siPISD-LD cells (Fig. 6, Q and R; 
and Fig. S5, N–R). Accordingly, the enlarged LDs in siPISD-LD 
cells were aggravated when Spartin was simultaneously knocked 
down (Fig. 6, S and T). A previous study reported that Spartin 
possesses lipid transfer activity and that depletion of its LTD 
impairs LD turnover through lipophagy (Wan et al., 2024). To 
investigate the potential involvement of Spartin in transport
ing FAs from LDs to mitochondria, we conducted Red-C12 FA 
tracking and Seahorse FAO assays in siSpartin cells. The results 
demonstrated that unlike ATG2s, depletion of Spartin did not 
influence trafficking of Red-C12 to mitochondria upon starva
tion or mitochondrial FAO (Fig. S5, S–U). These findings suggest 
that Spartin probably does not participate in FA transfer or 
mitochondrial FAO. Consistent with enhanced lipophagy, the 
LDs in siCPT1A cells were enlarged, and this enlargement was 
further enhanced by siSpartin (Fig. S5, V and W). The binding 
between PISD-LD and Spartin was not suppressed by siCPT1A 
(Fig. S5 X), which indicates that the PISD-LD–Spartin interaction 
may not be the primary regulatory target when FAO is blocked. 
Interestingly, we observed a reduction in endogenous Flag- 
PISD-LD levels in Flag-KI-PISD-LD cells following siCPT1A. This 
decrease was reversed by treatment with the proteasome in
hibitor MG132 (Fig. S5, Y and Z). Similarly, when Flag-KI-PISD- 
LD cells were subjected to prolonged starvation to induce 
lipophagy, PISD-LD levels were reduced, and the reduction was 
reversed by MG132 treatment (Fig. S5, A′ and B′). These findings 
suggest that blocking LD-to-mitochondrion FA transfer or long- 
term starvation may lead to the degradation of PISD-LD via the 
proteasome pathway, releasing Spartin to induce lipophagy. 
All the above data suggest that PISD-LD suppresses Spartin- 
mediated lipophagy.

Mice with liver-specific knockout of Pisd-ld are more 
vulnerable to the effects of high-fat-diet feeding
To investigate the physiological function of PISD-LD, we gen
erated mice with liver-specific knockout (KO) of Pisd-ld. A pre
vious study showed that VPS4A, not Spartin, mediates lipophagy 
in mouse liver (Das et al., 2024). Therefore, liver-specific KO of 
Pisd-ld allows us to specifically study the role of PISD-LD in 
mediating LD-mito contacts and FA transfer while avoiding any 
confounding impact on lipophagy. To obtain the liver-specific 
KO mice, we first inserted LoxP sites on either side of exon 4 of 
Pisd (Fig. 7 A). Homozygous LoxP-modified mice (Pisd-ldfl/fl) 
were then crossed with mice expressing Cre recombinase under 
the control of the liver-specific Alb promoter to delete exon 4 of 
the Pisd gene. The Pisd-ld KO efficiency in livers of KO mice was 
confirmed through sequencing and real-time PCR analysis (Fig. 7 
B and Fig. S5 C′). There was no significant difference in Pisd-m 
transcription levels between control mice and Pisd-ld KO mice 
(Fig. S5 D′).

In order to examine the LD-mito contacts in vivo, we fed both 
control and KO mice with a high-fat diet to induce LDs in hep
atocytes. The KO mice exhibited a greater weight gain compared 
with the control littermates (Fig. 7, C and D). Additionally, the 
liver weight of KO mice was significantly higher than that of the 
control mice (Fig. 7, E and F). Accordingly, we detected elevated 
serum and liver TAG levels and indications of increased liver 
damage, as shown by higher serum AST and ALT levels in the KO 
mice (Fig. 7, G and H). Hematoxylin and eosin (H&E) and Oil Red 
O staining of liver sections revealed more accumulation of LDs in 
the livers of KO mice compared with the controls (Fig. 7, I–K). 
TEM analysis revealed that LDs in KO livers were larger and had 
reduced contacts with mitochondria compared with controls 
(Fig. 7, L and M). Thus, these findings indicate an important role 
of PISD-LD in regulating LD-mito contacts and lipid metabolism 
in liver.

Discussion
Lipid metabolism is a precisely regulated process crucial for 
cellular energy balance and viability. Upon nutrient deprivation, 
neutral lipids stored within LDs are broken down into FAs and 
mobilized into mitochondria, where they undergo β-oxidation 
to produce ATP. Meanwhile, starvation triggers autophagic 
breakdown of LDs through lipophagy. These pathways do not 
function independently, but coordinate with each other to help 
cells survive in crisis situations. However, the underlying 
mechanism remains unelucidated. In this study, we identify that 
an LD-localized PISD isoform, PISD-LD, acts as a switch to con
trol how cells adapt cellular FA flow in response to altered 
pathway availability and metabolic need. We propose the fol
lowing model: (1) during starvation, contacts between LDs and 
mitochondria are established by formation of a tethering com
plex consisting of two PISD splice variants, PISD-LD and PISD- 

Confocal images of OA-stimulated NC or siATG2A/B COS7 cells overexpressing GFP or PISD-LD-GFP (green). LDs were stained with LipidTOX (magenta) (H). LD 
sizes are shown as the mean ± SEM (NC & GFP, n = 30; NC & PISD-LD-GFP, n = 26; siATG2A/B & GFP, n = 30; siATG2A/B & PISD-LD-GFP, n = 30) (I). NC, negative 
control siRNA. **P < 0.01; ***P < 0.001; ****P < 0.0001. Bars: 5 μm; insets, 2 μm. Source data are available for this figure: SourceData F5.
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Figure 6. PISD-LD binds to Spartin and suppresses lipophagy. (A and B) Immunoblotting of NC and siPISD-LD cells with or without CQ under OA stim
ulation. Blots were probed with anti-PLIN2, anti-PLIN3, anti-TOMM20, anti-LC3B, and anti-GAPDH antibodies (A). Quantifications of PLIN2 levels, PLIN3 levels 
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M, localized on LDs and mitochondria, respectively; (2) PISDs 
further recruit the LTP ATG2A/B to channel FAs from LDs to 
mitochondria for β-oxidation; (3) meanwhile, lipophagy is in
hibited by PISD-LD, which sequesters the lipophagy receptor 
Spartin; and (4) when LD-mito contacts or mitochondrial func
tions are impaired, lipophagy occurs to avoid excess accumula
tion of FAs in LDs (Fig. 7 N).

The molecular mechanism and function of the interaction 
between mitochondria and LDs are not well understood (Murley 
and Nunnari, 2016; Veliova et al., 2020). In this study, we un
cover that two different isoforms of PISD, one on LDs and the 
other on mitochondria, act as novel tethers to mediate LD-mito 
interactions. PISD is well known as the PISD in mitochondria 
(Calzada et al., 2016; Vance, 2008). Using both overexpression 
and KD experiments, we reveal the critical role of PISD-LD and 
PISD-M in tethering LDs and mitochondria. MCSs are generally 
established by the interaction of proteins localized on the 
opposing organelles (Elbaz and Schuldiner, 2011; Guillen- 
Samander and De Camilli, 2023; Helle et al., 2013; Sun et al., 
2024; Voeltz et al., 2024). PISD-LD and PISD-M bring LDs and 
mitochondria together through their interaction with each 
other. This contradicts previous reports that PISD-M is localized 
on the IMM (Percy et al., 1983; Zborowski et al., 1983). However, 
the previous studies used purified OMM and IMM to perform 
enzymatic activity detection (Percy et al., 1983; Zborowski et al., 
1983) and their results could not rule out two possibilities: (1) the 
biochemical separation of the two membranes might not be 
clean enough and the IMMs may be contaminated with the outer 
ones; and (2) PISD localized on the OMMs may not have decar
boxylase activity. Using FPP, super-resolution imaging assays, 
and submitochondrial localization analysis, our results demon
strate that a proportion of PISD localizes to the OMMs, making it 
a potential candidate as a membrane tether. This is consistent 
with the previous report that PISD is transported from the OMM 
to the IMS by the TOM22-TOM70 complex (Horvath et al., 2012). 
Our submitochondrial localization assays demonstrated 60% 

protection of endogenous PISD-M in intact mitochondria, which 
suggests that 40% of PISD-M is localized on the OMM. In con
trast, the FPP and super-resolution imaging assays using over
expressed PISD-M-GFP showed more obvious OMM localization 
of PISD-M. This discrepancy may be due to saturation of the 
TOM22-TOM70 complex by overexpressed PISD-M, causing 
inefficient translocation of the protein to the IMM. Similar 
findings were reported for NADH-cytochrome b5 reductase, one 
third of which locates on the OMM, while the other two thirds of 
the molecules pass through the OMM and are transported to the 
IMM (Hahne et al., 1994). Thus, our data suggest that PISD-M 
could be a potential candidate as a mitochondrial membrane 
tether. Based on AlphaFold 2.0 prediction, we identified key aa 
residues, T49/L54 and L126/T146 on PISD-LD and PISD-M, re
spectively, which mediate their interaction. Mutation of these 
sites, but not the enzymatic activity sites, blocks PISD-induced 
LD-mito contacts, which further supports the importance of 
physical interaction of PISDs in tethering LDs and mitochondria.

Two roles are proposed for LD-mito contacts: (1) mitochon
dria provide energy for LD expansion; and (2) LDs provide fuel 
for mitochondria to maintain cellular homeostasis under con
ditions such as starvation, which induce energy deficiency. Our 
data indicate that PISD-mediated LD-mito contacts facilitate the 
latter, as siPISD-LD causes enlarged LDs and impaired FA 
transfer from LDs to mitochondria. Again, the changed LD size is 
restored by reintroducing either WT PISD-LD, enzyme-defective 
PISD-LD, or decarboxylase domain–deleted (Δenz) mutant PISD- 
LD, but not mutant PISD-LD, which cannot bind PISD-M. 
Moreover, PISD-LD deficiency does not affect the lipid compo
sition of LDs and mitochondria. Decarboxylase domain–deleted 
PISD-LD also rescued the FA transfer, FAO, and lipophagy de
fects in PISD-LD KD cells. These results further support the no
tion that the tethering function rather than the decarboxylase 
activity of PISD-LD is essential for regulating lipid metabolism. 
On the other hand, the reduced LD size caused by PISD-M KD 
may be confounded by the role of PISD in generating PE in 

(normalized by GAPDH levels), and LC3-II/I ratio are shown as the mean ± SEM (n = 3) (B). NC, negative control siRNA; CQ, chloroquine. ***P < 0.001; ****P < 
0.0001; N.S., not significant. (C and D) Immunoblotting of NC or siPISD-LD COS7 cells overexpressing GFP, RNAi-resistant PISD-LDr-GFP, or PISD- 
LD(Δenz)r-GFP under OA treatment. Blots were probed with anti-PLIN3, anti-TOMM20, anti-LC3B, anti-GFP, and anti-GAPDH antibodies (C). Quantifications of 
PLIN3 levels (normalized by GAPDH levels) and LC3-II/I ratio are shown as the mean ± SEM (n = 3) (D). NC, negative control siRNA. **P < 0.01; ****P < 0.0001; 
N.S., not significant. (E and F) Confocal images of NC or siPISD-LD COS7 cells transfected with mCherry-GFP-PLIN2 under OA stimulation (E). The numbers of 
mCherry-only puncta per cell are shown as the mean ± SEM (NC, n = 23; siPISD-LD, n = 23) (F). NC, negative control siRNA. ****P < 0.0001. Bars: 5 μm; insets, 
2 μm. (G and H) TEM images show that LDs in autophagosomes/lysosomes are detected in OA-treated PISD-LD–deficient cells, but rarely in NC cells, under 
BafA1 conditions (G). Percentage of LD-containing autophagosomes/lysosomes is shown as the mean ± SEM (NC, n = 22; siPISD-LD, n = 30) (H). NC, negative 
control siRNA. Red arrows indicate LDs in autophagosomes/lysosomes. Green arrowheads indicate autophagosomes/lysosomes. *P < 0.05. Bars, 500 nm. (I) In 
a GFP-Trap assay, PISD-LD-mCherry is immunoprecipitated by FL GFP-Spartin but not GFP-Spartin(ΔLIR). (J) Co-IP analysis of the interaction between en
dogenous Spartin and Flag-PISD-LD in Flag-KI-PISD-LD COS7 cells. Immunoprecipitation was performed using a specific antibody against Flag or a control IgG. 
(K and L) In GFP-Trap assays, levels of mCherry-Spartin immunoprecipitated by GFP-LC3A (K) or GFP-LC3C (L) are reduced by overexpression of PISD-LD- 
mCherry. Quantifications of Spartin levels (normalized by LC3A or LC3C levels) are shown. (M and N) In GFP-Trap assays, levels of mCherry-Spartin im
munoprecipitated by GFP-LC3A (M) or GFP-LC3C (N) are increased in PISD-LD KD cells. Quantifications of Spartin levels (normalized by LC3A or LC3C levels) are 
shown. (O and P) Confocal images of OA-stimulated NC or siPISD-LD COS7 cells expressing Flag-LC3A (magenta) and GFP-Spartin (green). Cells were stained 
with LipidTOX (LDs; cyan) (O). The numbers of LC3A puncta in contact with Spartin are shown as the mean ± SEM (NC, n = 35; siPISD-LD, n = 35) (P). NC, negative 
control siRNA. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (Q and R) Confocal images of NC, siPISD-LD, or siPISD-LD/Spartin COS7 cells transfected with mCherry- 
GFP-PLIN2 under OA treatment (Q). The numbers of mCherry-only puncta per cell are shown as the mean ± SEM (NC, n = 29; siPISD-LD, n = 27; siPISD-LD/ 
Spartin, n = 30) (R). NC, negative control siRNA. ****P < 0.0001; N.S., not significant. Bars: 5 μm; insets, 2 μm. (S and T) 3D projection images of OA-stimulated 
NC, siPISD-LD, siSpartin, or siPISD-LD/Spartin COS7 cells stained with LipidTOX (LDs; magenta) (S). LD sizes, numbers, and total volumes are shown as the 
mean ± SEM (NC, n = 22; siSpartin, n = 18; siPISD-LD, n = 21; siPISD-LD/Spartin, n = 20) (T). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; N.S., not 
significant. Bars: 5 μm; insets, 2 μm. FL, full length. Source data are available for this figure: SourceData F6.
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Figure 7. Liver-specific Pisd-ld KO mice exhibit severe fatty liver. (A) Strategy for targeting Pisd-ld. LoxP sites were inserted on either side of the Pisd-ld– 
specific exon 4 to create Pisd-ldfl/+ mice. Homozygous LoxP-modified mice (Pisd-ldfl/fl) were then crossed with Alb-Cre mice, which express Cre recombinase 
under control of the liver-specific Alb promoter. This facilitates liver-specific KO of Pisd-ld. (B) Relative Pisd-ld mRNA levels from livers of Alb-Pisd-ldfl/+ and Alb- 
Pisd-ldfl/fl mice. Pisd-ld mRNA levels were normalized with Actb levels (n = 3) and are shown as the mean ± SD. (C) Alb-Pisd-ldfl/fl mice exhibit increased weight 
gain compared with Alb-Pisd-ldfl/+ mice following 10 wk of feeding on a HFD starting at 8 wk of age. Body weights are shown as the mean ± SEM (Alb-Pisd-ldfl/+ 

mice, n = 22; Alb-Pisd-ldfl/fl mice, n = 21). *P < 0.05; **P < 0.01. (D) Representative image showing body sizes of HFD-fed Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl mice. 
(E) Representative image showing livers of HFD-fed Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl mice. (F) Liver weights of HFD-fed Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl mice 
shown as the mean ± SD (Alb-Pisd-ldfl/+, n = 13; Alb-Pisd-ldfl/fl, n = 15). **P < 0.01. (G) TAG levels in liver and serum from HFD-fed Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl 

mice. Each point represents an individual mouse. The levels of liver TAG are shown as the mean ± SD (Alb-Pisd-ldfl/+, n = 9; Alb-Pisd-ldfl/fl, n = 8). **P < 0.01. The 
levels of serum TAG are shown as the mean ± SD (Alb-Pisd-ldfl/+, n = 10; Alb-Pisd-ldfl/fl, n = 14). *P < 0.05. (H) Serum ALT and AST levels from HFD-fed Alb-Pisd- 
ldfl/+ and Alb-Pisd-ldfl/fl mice. Each point represents an individual mouse. The levels of ALT and AST are shown as the mean ± SD (Alb-Pisd-ldfl/+, n = 10; Alb-Pisd- 
ldfl/fl, n = 14). *P < 0.05; **P < 0.01. (I) H&E staining of liver sections from HFD-fed Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl mice. Bars: 100 μm. (J and K) Oil Red O 
staining of liver sections from HFD-fed Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl mice (J). Oil Red O–positive areas are quantified. Data are shown as the mean ± SD 
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mitochondria and even all over the cell. Accordingly, reintro
duction of enzyme-dead PISD-M failed to increase the size 
of the smaller LDs in siPISD-M cells, while expressing tether- 
defective PISD-M caused bigger LDs, similar to those in siPISD- 
LD cells. Taken together, our data suggest that PISD plays a 
critical role in reprogramming the cell’s energy source by es
tablishing LD-mito contacts.

ATG2s were initially identified as essential autophagy pro
teins with an unknown mechanism of action (Velikkakath et al., 
2012). Multiple studies have recently revealed that ATG2s con
tain hydrophobic channels that serve as a conduit for the 
movement of lipid molecules between two vesicles or organelles 
(Maeda et al., 2019; Osawa et al., 2019; Osawa et al., 2020; 
Valverde et al., 2019). In addition to mediating expansion of 
autophagic membranes, ATG2s are also involved in lysosome 
damage repair through direct lipid transfer (Tan and Finkel, 
2022). ATG2A/B are located on LDs, and ATG2A/B deficiency 
causes enlarged LDs (Bersuker et al., 2018; Mailler et al., 2021; 
Velikkakath et al., 2012). Here, we demonstrate that ATG2A/B 
are recruited by PISDs to LD-mito contact sites to transport FAs 
from LDs to mitochondria, and they are required for efficient 
mitochondrial FAO, consistent with the previous findings 
(Mailler et al., 2021). The overexpression of ATG2A, but not its 
LTD-deficient mutant, partially rescued the enlarged LDs in 
PISD-LD KD cells. Meanwhile, in cells depleted of ATG2s, the 
overexpression of PISD-LD did not cause a reduction in LD size. 
These results support the involvement of ATG2s in PISD- 
mediated lipid transfer.

Another interesting finding of our study is that under starva
tion conditions, cells facilitate FA transfer from LDs to mito
chondria, while inhibiting lipophagy. A previous study 
demonstrated that starvation induces formation of LDs, which 
accept FAs from the autophagosome–lysosome pathway and 
transfer them to mitochondria (Rambold et al., 2015). Blocking 
lipophagy could ensure efficient FA delivery for mitochondrial 
FAO and avoid FA recycling back to LDs via autophagy. Here, our 
data indicate that LD-localized PISD-LD acts as a switch to facili
tate FA transfer as we discussed above and simultaneously pre
vent lipophagy. Recently, the LD surface protein Spartin was 
uncovered as a lipophagy receptor. It contains an LIR motif for 
LC3A/C binding (Chung et al., 2023). PISD-LD competes with LC3s 
to bind Spartin through its LIR motif. Impediment of FA transfer 
from LDs to mitochondria or disruption of mitochondrial function 
triggers lipophagy to degrade excess LDs, characterized by re
duced levels of LD surface proteins and increased lipophagy flux.

In conclusion, our findings demonstrate the pivotal role of 
PISD isoforms in linking LDs and mitochondria, and thus 

elucidate a critical mechanism by which cells coordinate lipid 
metabolism and energy homeostasis. The interplay between 
PISD-LD and Spartin balances lipid catabolism through lipoph
agy with lipid transfer processes. This dual role of PISD-LD not 
only advances our understanding of intracellular lipid dynam
ics, but also suggests potential therapeutic targets for metabolic 
disorders characterized by dysregulated lipid storage and 
mobilization.

Materials and methods
Plasmids
PISD-LD-GFP and PISD-M-GFP were generated by inserting 
human PISD-LD and PISD-M, respectively, into pEGFP-N1, as 
previously described (Kumar et al., 2021). Myc-PISD-LD and 
Myc-PISD-M were generated by inserting human PISD-LD 
and PISD-M, respectively, into the pCMV-Myc vector. PISD- 
LD(Δenz)-GFP was constructed by deleting aa 115–375 from 
PISD-LD-GFP. PISD-M(Δenz)-GFP was constructed by deleting 
aa 149–409 from PISD-M-GFP. PISD-LD-BFP and PISD- 
LD(Δenz)-BFP were generated by replacing the GFP fragment 
of PISD-LD-GFP and PISD-LD(Δenz)-GFP with BFP. PISD-LD- 
mCherry and PISD-M-mCherry were generated by replacing the 
GFP fragment of PISD-LD-GFP and PISD-M-GFP, respectively, 
with mCherry. GFP-TM-PISD-M was constructed by inserting 
GFP immediately ahead of the TM domain (aa 64–82). PISD- 
LD(S344A)-GFP, PISD-LD(T49A/L54A)-GFP, PISD-LD(T49A/ 
L54A)-BFP, PISD-M(S378A)-GFP, PISD-M(L126A/T146A)- 
mCherry, and Myc-PISD-M(L126A/T146A) were constructed by 
PCR-based mutagenesis. RNAi-resistant PISD-LD-GFP, PISD-LD 
(S344A)-GFP, PISD-LD (T49A/L54A)-GFP, PISD-LD-BFP, and 
PISD-LD(Δenz)-BFP were generated by PCR-based mutagenesis. 
GFP-ATG2A was constructed by inserting human ATG2A into 
the pEGFP-C1 vector. GFP-ATG2A(ΔLTD) was generated by de
leting aa 1–345 from GFP-ATG2A (Valverde et al., 2019). RNAi- 
resistant GFP-ATG2A was generated by PCR-based mutagenesis. 
ATG2B-GFP was constructed by inserting human ATG2B into the 
pEGFP-N1 vector. PEX3-GFP was generated by inserting human 
PEX3 into the pEGFP-N1 vector. PEX3-PBD-GFP was generated 
by inserting the aa 115–148 from human PISD-M into PEX-GFP. 
BFP-SKL was generated by inserting the peroxisome-targeting 
sequence SKL into pEGFP-C1, followed by replacing the GFP 
fragment with BFP. GFP-ATGL was generated by inserting hu
man ATGL into the pEGFP-C1 vector. GFP-Spartin was generated 
by inserting human Spartin into the pEGFP-C1 vector, and GFP- 
Spartin(ΔLIR) was generated by deleting aa 193–200 from GFP- 
Spartin. mCherry-Spartin was generated by replacing the GFP 

(Alb-Pisd-ldfl/+, n = 29 sections from three mice; Alb-Pisd-ldfl/fl, n = 30 sections from three mice) (K). ****P < 0.0001. Bars: 100 μm. (L and M) TEM images of liver 
tissues from HFD-fed Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl mice (L). Red arrows indicate LD-mito contacts. Graphs show LD size, percentage of LD perimeter in 
contact with mitochondria per LD, and percentage of LDs in contact with mitochondria per cell. Left graph: LD sizes are shown as the mean ± SEM (Alb-Pisd- 
ldfl/+, n = 259 from 26 cells; Alb-Pisd-ldfl/fl, n = 285 from 27 cells). Right graphs: percentage of LD perimeter in contact with mitochondria per LD (top) and 
percentage of LDs in contact with mitochondria per cell (bottom). Data are shown as the mean ± SEM (Alb-Pisd-ldfl/+, n = 259 from 26 cells; Alb-Pisd-ldfl/fl, n = 285 
from 27 cells) (M). *P < 0.05; **P < 0.01; ***P < 0.001. Bars: 5 μm. (N) Schematic model. Left: in starved WT cells, PISD-LD interacts with PISD-M to tether LDs 
and mitochondria. PISD-LD and PISD-M further facilitate FA transfer from LDs to mitochondria for FAO. Meanwhile, PISD-LD blocks lipophagy by competing 
with LC3 for Spartin binding. Right: in starved cells with lowered PISD-LD activity, LD-mito contacts are reduced and Spartin engages with LC3 on auto
phagosomal membranes, thus promoting lipophagy. LD, lipid droplet; FA, fatty acid; HFD, high-fat diet.

Xue et al. Journal of Cell Biology 16 of 24 
PISD isoforms modulate LD–mitochondrion contacts https://doi.org/10.1083/jcb.202605090 

D
ow

nloaded from
 rupress.​org/​jcb/​article-pdf/​225/​9/​e202605090/​2037934/​jcb_202605090.​pdf by guest on 19 Septem

ber 2026



fragment of GFP-Spartin with mCherry. Flag-LC3A and Flag- 
LC3C were kind gifts from Dr Yueguang Rong at University of 
Macau, Macau, P.R. China. GFP-LC3A and GFP-LC3C were con
structed by inserting human LC3A and LC3C, respectively, into 
the pEGFP-C1 vector. mtPA-GFP was a kind gift from Dr Quan 
Chen at Nankai University, Tianjin, P.R. China. TOMM20-GFP 
was generated by inserting human TOMM20 into the pEGFP-N1 
vector. mCherry-GFP-PLIN2 was constructed by inserting 
mouse PLIN2 and mCherry into the pEGFP-C1 vector (Schulze 
et al., 2020). NFAST and CFAST were generated by amplifying 
the region encoding aa 1–114 or 115–125 from synthesized full- 
length FAST and then insertion into the pCMV-Flag vector (Tebo 
and Gautier, 2019). PISD-LD-NFAST and PISD-M-CFAST were 
generated by inserting full-length PISD-LD and PISD-M, respec
tively, into the N terminus of the NFAST and CFAST plasmids. 
CYC1-mCherry, LACTB(1–68)-mCherry, and HSP60-mCherry 
were constructed by inserting human CYC1, LACTB(1–68), 
and HSP60, respectively, into mCherry-N1. mCherry-PLIN2 and 
mCherry-PLIN3 were constructed by inserting mouse PLIN2 and 
PLIN3, respectively, into mCherry-C1. SNAP-MAVS(510–540) 
was kindly provided by Dr Hong Zhang, Institute of Biophysics, 
Chinese Academy of Sciences.

Antibodies
The following primary antibodies were used in this study: rabbit 
anti-ATG2A (15011; Cell Signaling Technology), rabbit anti- 
ATG2B (HPA019665; Sigma-Aldrich), rabbit anti-PISD (16401-1-AP; 
Proteintech), mouse anti-LC3B (M152-3; MBL), rabbit anti-MFN1 
(13798-1-AP; Proteintech), rabbit anti-MFN2 (12186-1-AP; Pro
teintech), rabbit anti-Mitofilin (10179-1-AP; Proteintech), 
rabbit anti-HSP60 (66041-1-Ig; Proteintech), rabbit anti-SMAC 
(10434-1-AP; Proteintech), rabbit anti-PLIN3 (10694-1-AP; 
Proteintech), rabbit anti-PLIN2 (ab108323; Abcam), rabbit anti- 
TOMM20 (11802-1-AP; Proteintech), rabbit anti-GM130 (11308-1- 
AP; Proteintech), rabbit anti-EMC1 (A305-604A-M; Thermo Fisher 
Scientific), rabbit anti-ATG5 (T55766F; Abmart), mouse anti- 
LAMP1 (555798; BD Biosciences), mouse anti-GFP (11814460001; 
Roche), rabbit anti-mCherry (GTX59788; GeneTex), mouse anti- 
Flag (F1804; Sigma-Aldrich), rabbit anti-HA (H6908; Sigma-Al
drich), rabbit anti-Myc (HX1821; Huaxingbio), mouse anti-GAPDH 
(60004-1-Ig; Proteintech), and mouse anti-ACTB (60008-1-Ig; 
Proteintech).

The following secondary antibodies were used in this study: 
goat anti-rabbit IgG(H + L)-HRP (BE0101; EASYBIO), goat anti- 
mouse IgG(H + L)-HRP (BE0102; EASYBIO), goat anti-mouse 
rhodamine (TRITC) (115-025-003; Jackson), goat anti-rabbit 
TRITC (111-025-003; Jackson), goat anti-rabbit fluorescein 
isothiocyanate (FITC) (111-095-003; Jackson), goat anti-mouse 
FITC (115-095-003; Jackson), goat anti-rabbit Alexa Fluor 647 
(A-21245; Invitrogen), goat anti-mouse Alexa Fluor 647 (A-21236; 
Invitrogen), goat anti-mouse 6-nm gold particles (806.022; AU
RION), and goat anti-rabbit 15-nm gold particles (815.011; 
AURION).

Cell lines
COS7 cells used in this study were obtained from the ATCC. Cells 
were grown at 37°C with 5% CO2 in DMEM (C11995500BT; 

Thermo Fisher Scientific) supplemented with 10% fetal bovine 
serum (FBS, 10099-141; Thermo Fisher Scientific) and 1% peni
cillin/streptomycin. For OA treatment, cells were cultured with 
150 μM OA (O7501; Sigma-Aldrich) for 6 h. For starvation, cells 
were incubated in EBSS (24010043; Gibco). To inhibit autoph
agy, cells were treated with 50 μM CQ (C6628; Sigma-Aldrich) 
for 6 h. To visualize SNAP-MAVS(510–540), cells were incubated 
with 60 nM SNAP-Cell 647-SiR (S9102S; New England Biolabs) 
for 1 h at 37°C. To inhibit lysosomal degradation, cells were 
treated with 20 nM BafA1 (54645; Cell Signaling Technology) 
for 24 h.

Generation and analysis of mice with liver-specific KO 
of Pisd-ld
Pisd-ldfl/+ transgenic mice (in which the Pisd-ld-specific exon 4 is 
flanked by LoxP sites) on a C57BL/6J background were generated 
by Shanghai Model Organisms. Liver-specific Pisd-ld KO mice 
were generated by crossing Pisd-ldfl/fl mice with Alb-Cre 
mice (#003574; Jackson Laboratory) to ultimately achieve 
hepatocyte-specific deletion (Alb-Pisd-ldfl/fl). The Alb-Pisd-ldfl/+ 

littermates were accordingly assigned as the control group. The 
following primers were used for genotyping:

Pisd-ld-Fw: 5′-GCCCTGCTTCTAGGACACTG-3′

Pisd-ld-Rv: 5′-CAAGTGTCCCTAGGCTACGC-3′

Alb-cre-Wild type-Fw: 5′-TGCAAACATCACATGCACAC-3′

Alb-cre-Mutant-Fw: 5′-GAAGCAGAAGCTTAGGAAGATGG-3′

Alb-cre-Common: 5′-TTGGCCCCTTACCATAACTG-3′.
The Pisd-ld KO efficiency in livers of KO mice was confirmed 

through sequencing and RT-PCR analysis. The following primers 
were used:

Genomic Pisd-ld-Fw: 5′-GGGCTGCTGCTGTACTTAGA-3′

Genomic Pisd-ld-Rv: 5′-AGTTTCAACAGTCCTTCCACACT-3′

Actb-RT-Fw: 5′-GGTGGGAATGGGTCAGAAGG-3′

Actb-RT-Rv: 5′-TGAGCAGCACAGGGTGCTC-3′

Pisd-ld-RT-Fw: 5′-ATGGAGGCCCATGAGCAGG-3′

Pisd-ld-RT-Rv: 5′-AGTGCAAGCCACATACGGG-3′

Pisd-m-RT-Fw: 5′-CTTCGTGGAGGTGTGCTGT-3′

Pisd-m-RT-Rv: 5′-ACCTGTTGCCAACAGGATGG-3′.
Mice were maintained under standard housing conditions, 

with ambient temperature stabilized at 24°C and a 12-h light/ 
dark cycle, to ensure welfare and experimental consistency. 
Body weight was monitored weekly. The role of PISD-LD in fatty 
liver was investigated by feeding the mice on a high-fat diet. 
Male mice were fed with a 60 kcal% high-fat diet (D12492; Re
search Diets) for 10 wk from 8 wk of age to induce lipid accu
mulation in the livers. Following 10 wk on a high-fat diet, tissues 
and blood were harvested to assess liver weight, liver TAG, and 
other serum biomarkers.

Liver histology
Following fixation in 4% paraformaldehyde, liver tissues were 
embedded, sectioned, and stained with H&E and Oil Red O by 
Wuhan Servicebio Technology.

TAG and liver function tests
For serum collection, blood samples were clotted at room tem
perature for 30 min and centrifuged at 3,000 rpm for 10 min. 
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The supernatant serum was stored at −80°C. Serum TAG and 
liver function markers (AST and ALT) were measured by the 
Laboratory Animal Center, Southern University of Science and 
Technology. Liver TAG was assessed using a commercial kit 
(S0219S; Beyotime) according to the manufacturer’s protocol.

Generation of the PISD-HA/Flag stable cell line using the 
piggyBac transposon system
To generate stable cell lines using the piggyBac transposon sys
tem, human PISD-M cDNA with a C-terminal 3 × Flag tag and 
PISD-LD cDNA with a C-terminal 3 × HA tag were cloned into the 
piggyBac dual promoter vector. COS7 cells were transfected with 
the piggyBac dual promoter plasmid (carrying the two tagged 
genes) and the piggyBac transposase expression plasmid in a ratio 
of 3:1. After 48 h of transfection, cells were selected in DMEM 
containing 10% FBS and 3 μg/ml puromycin for an additional 
48 h. Following selection, positively transfected cells were sub
jected to single-cell cloning by limiting dilution in 96-well plates. 
After 4 wk, the monoclonal cell lines were screened by sequencing 
and RT-PCR to confirm the correct insertion and appropriate 
expression level. Successfully constructed cells were verified by 
immunoblotting using anti-Flag and anti-HA antibodies.

FA esterification and TAG lipolysis assay
COS7 cells were transfected with siRNAs as indicated. To assess 
FA esterification, at 72 h after transfection, cells were incubated 
with medium containing 150 µM OA supplemented with 0.5 µCi/ 
ml 3H-labeled OA (NET289005MC; PerkinElmer). Cells were 
harvested at 0 and 6 h.

To evaluate TAG lipolysis, cells were treated for 16 h with 
150 µM OA supplemented with 0.5 µCi/ml 3H-labeled OA. The 
medium was then replaced with OA-free medium, and cells were 
collected at 0 and 6 h.

For lipid analysis, cells were lysed and then subjected to lipid 
extraction. TAG was separated by thin-layer chromatography. 
Then, the TAG spots were collected and mixed with scintillation 
fluid (OptiPhase HiSafe 3; 1200.437; Revvity) to measure radio
active TAG using a liquid scintillation counter (300SL; Hidex).

Quantitative RT-PCR
COS7 cells were transfected with siRNAs as indicated. 72 h after 
transfection, RNA was isolated with TRIzol (15596026; In
vitrogen) according to the manufacturer’s instructions. cDNA 
was reverse-transcribed using SuperRT cDNA Synthesis Kit 
(CW0741M; CWBIO). The cDNA was analyzed using quantitative 
PCR with 2*TSINGKE Master qPCR Mix (TSE201; TSINGKE) on 
an Applied Biosystems QuantStudio 1 (Thermo Fisher Scientific). 
The primers for quantitative PCR assays in this study were as 
follows:

F-Chlorocebus sabaeus PISD-LD, 5′-TGTCAGTCAGAGGCGCGG- 
3′;

R-Chlorocebus sabaeus PISD-LD, 5′-TTACGGGCCTCCATCCCA- 
3′;

F-Chlorocebus sabaeus PISD-M, 5′-TACAGCCCTTGTGGAAGC 
TG-3′;

R-Chlorocebus sabaeus PISD-M, 5′-AGTGACCAGCAAGTTTGG 
GT-3′;

F-Chlorocebus sabaeus Spartin, 5′-TACGCACCAGGCTGGAAA 
TT-3′;

R-Chlorocebus sabaeus Spartin, 5′-CCTGCACTTGGAGTTGAG 
GT-3′;

F-Chlorocebus sabaeus CPT1A, 5′-GCCTATTTTGGACGGGGG 
AA-3′;

R-Chlorocebus sabaeus CPT1A, 5′-CTCCGCGTTGATGCCTAT 
CT-3′;

F-Chlorocebus sabaeus ACTB, 5′-AGACCTGTACGCCAACAC 
AG-3′;

R-Chlorocebus sabaeus ACTB, 5′-ACTCCTGCTTGCTGATCCAC- 
3′;

F-PISD-HA/Flag stable cell-PISD-LD-HA, 5′-GGCCCCCAAGGA 
CTTCAATT-3′;

R-PISD-HA/Flag stable cell-PISD-LD-HA, 5′-GGATAGCCC 
GCATAGTCAGG-3′;

F-PISD-HA/Flag stable cell-PISD-M-Flag, 5′-GGCCCCCAA 
GGACTTCAATT-3′;

R-PISD-HA/Flag stable cell-PISD-M-Flag, 5′-AGTCTCCGTCGT 
GGTCCTTA-3′.

Transfection and RNAi
Plasmid transfections were performed in Opti-MEM (31985070; 
Thermo Fisher Scientific) with the Neofect DNA transfection 
reagent (TF20121201; Neofect). For siRNA transfections, cells 
were transfected with Lipofectamine RNAiMAX (13778150; In
vitrogen) in Opti-MEM. 72 h later, cells were collected later for 
further analysis. Oligonucleotides for siRNAs used in this study 
were as follows:

NC, 5′-UUCUCCGAACGUGUCACGUTT-3′;
Chlorocebus sabaeus PISD-LD, 5′-CCUUGACCGUCCUCUACU 

ATT-3′;
Chlorocebus sabaeus PISD-M, 5′-GAUUGGAGAUUCCACCCA 

ATT-3′;
Chlorocebus sabaeus ATG5, 5′-GAAAGAAGCUGAUGCUUU 

ATT-3′;
Chlorocebus sabaeus Spartin, 5′-GGCAAAGAAGAAAGAUAA 

ATT-3′;
Chlorocebus sabaeus PISD, 5′-GCUUCGUGACGCACACCAATT-3′;
Chlorocebus sabaeus CPT1A, 5′-GCGUGAUGACAACAAUGU 

ATT-3′;
Chlorocebus sabaeus ATG2A, 5′-GCAUUCCCAGUUGUUGGA 

GUUCCUATT-3′;
Chlorocebus sabaeus ATG2B, 5′-AGGUCUCUCUUGUCUGGC 

AUCUUUATT-3′.

Immunostaining
Cells plated on coverslips (C015001; Matsunami) were fixed with 
4% paraformaldehyde (E672002; Sangon Biotech) for 30 min and 
then permeabilized with 0.1% Triton in PBS for 20 min at room 
temperature. Following this, cells were blocked using 1% BSA in 
PBS for 1 h at room temperature and subsequently incubated 
overnight at 4°C with primary antibodies specific to the target 
proteins. Cells were then washed three times with PBS (140 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and then 
incubated with fluorescently labeled secondary antibodies for 1 h 
at room temperature. LDs were stained with LipidTOX Green 
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(H34475; Thermo Fisher Scientific) or LipidTOX Red (H34476; 
Thermo Fisher Scientific). Finally, coverslips were mounted 
using an antifade solution (without DAPI, ZLI-9556; with DAPI, 
ZLI-9557; OriGene) and the cells were imaged at room temper
ature using a confocal microscope (LSM 980 Meta plus Zeiss 
Axiovert zoom, Zeiss) equipped with a 63×/1.40 oil-immersion 
objective lens (Plan-Apochromat, Zeiss) and a point detector 
(GaAsP PMT, Zeiss). The imaging was performed using Zeiss 
ZEN software (blue edition).

Co-IP and immunoblotting
For co-IP assays, cells were transfected with the indicated 
plasmids for 24–48 h or siRNAs for 72 h. Subsequently, cells were 
lysed with a lysis buffer containing 20 mM HEPES (pH 7.5), 
150 mM NaCl, 1 mM EDTA, and 0.1% Triton X-100 supplemented 
with a protease inhibitor cocktail (11836170001; Roche). Cell 
homogenates were incubated on ice for 30 min and then 
centrifuged at 13,000 rpm for 10 min at 4°C. The supernatants 
were transferred to new tubes and incubated with GFP-Trap 
(KTSM1334; Shenzhen KT Life Technology) or mCherry-Trap 
(KTSM1334; Shenzhen KT Life Technology) agarose beads at 
4°C for 1 h. The bound proteins were eluted with SDS sample 
buffer and further analyzed by immunoblotting.

For immunoblotting, cells were lysed using a lysis buffer 
composed of 20 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 
0.1% Triton X-100, and a protease inhibitor cocktail. The lysates 
were incubated on ice for 30 min. Following incubation, the 
homogenates were centrifuged at 13,000 rpm for 10 min at 4°C. 
The supernatants were collected and mixed with SDS sample 
buffer, then subjected to SDS-PAGE. Proteins were transferred 
onto hydrophobic PVDF membranes with a 0.45-µm pore size 
(IPVH00010, Millipore). Specific primary and secondary anti
bodies were used to detect the protein signals, which were vi
sualized using the 5200SF imaging system (5200SF; Tanon).

Transmission electron microscopy
COS7 cells with the indicated treatments were fixed with 2.5% 
glutaraldehyde in PBS at 4°C overnight. After washing with PBS 
twice and with distilled water once, cells were postfixed with 1% 
OsO4 and 1.5% K3Fe(CN)6 for 90 min at room temperature. After 
washing with water, samples were stained with ice-cold 2% 
aqueous uranyl acetate for 1 h at room temperature. Then, 
samples were gradually dehydrated with increasing concen
trations of ethanol and embedded in epoxy EMBED-812 resin. 
Ultrathin sections were stained with uranyl acetate and lead 
citrate. In Fig. 1 H; Fig. S3 P; Fig. S4, D and L; Fig. 6 G; and Fig. 7 L, 
to increase the signal of LDs, OTO staining was applied. Briefly, 
cells were first fixed in 1% OsO4 and 1.5% K3Fe(CN)6 for 1 h at 
room temperature. After fixation, the cells were washed with 
distilled water and then placed in a 1% thiocarbohydrazide so
lution for 30 min at room temperature. Following this, the cells 
were washed again with distilled water and incubated with 1% 
OsO4 for an additional 30 min at room temperature. After 
washing with water, samples were stained with ice-cold 2% 
aqueous uranyl acetate for 1 h at room temperature. Finally, the 
cells underwent graded dehydration and embedding. Images 
were captured under a 120 kV electron microscope (Tecnai 

Spirit, FEI) at 100 kV at room temperature with a CCD camera 
(MoradaG3, EMSIS) using RADIUS (EMSIS) software.

Focused ion beam scanning electron microscopy
For FIB-SEM imaging, OA-treated COS7 cells were transfected 
with GFP or PISD-LD-GFP. GFP-positive cells were sorted using a 
BD FACSAria SORP flow cytometer (BD Biosciences) and then 
immediately fixed with 2.5% glutaraldehyde in PBS at 4°C 
overnight. The samples were postfixed with 1% osmium te
troxide and 1.5% potassium hexacyanoferrate(III), followed by 
1% thiocarbohydrazide and 1% osmium tetroxide. The samples 
were then stained with 2% aqueous uranyl acetate and 0.66% 
lead aspartate, dehydrated through a graded ethanol series (30%, 
50%, 70%, 80%, 90%, 95%, and 100%) and 100% acetone, then 
embedded in SPI-Pon 812 resin (SPI Supplies). The cell samples 
were imaged volumetrically in 3D using FIB-SEM (Helios G4 UC; 
Thermo Fisher Scientific). The milling and imaging processes 
were sequentially repeated, and a long series of images (250) was 
acquired through a fully automated procedure. The image reso
lution on the xy plane was ∼5 nm per pixel. The resolution on the z 
axis was 10 nm, which corresponded to the thickness of the ma
terial layer removed by FIB. The final image was captured at a 
pixel size of 4,069 × 3,536, providing a field of view of ∼20 × 18 μm, 
equivalent to a magnification of 5,000 ×. Amira software (Amira 
2020.3; Thermo Fisher Scientific) was used for automatic align
ment, image denoising, and signal normalization across slices.

Immuno-electron microscopy
COS7 cells were seeded into a high-pressure freezer carrier 
(W131310; Science Services) and frozen with a high-pressure 
freezer (EM ICE High Pressure Freezer, Leica). After high- 
pressure freezing, samples were freeze-substituted in acetone 
containing 0.25% glutaraldehyde and 0.1% uranyl acetate at 
−80°C for 24–48 h in a freeze-substitution device (EM AFS2; 
Leica) and warmed to −45°C. After freeze substitution, the 
samples were washed three times with 100% acetone for 30 min 
at −45°C. The samples were infiltrated sequentially in 33%, 66%, 
and 100% Lowicryl HM20 resin diluted with acetone at −45°C, 
each for 12 h. After that, the samples were embedded in 100% 
Lowicryl HM20 at −45°C overnight. Finally, the HM20 poly
merization was completed under ultraviolet illumination at −45°C 
for 48 h. After polymerization, the sample blocks were cut into 
70-nm ultrathin sections and preincubated in 2% BSA for 30 min 
at room temperature, followed by incubation with the primary 
antibodies for 3 h at room temperature. After three washes with 
1% BSA, secondary antibodies conjugated with gold particles 
were applied for 1 h at room temperature. Then, the sections 
were washed three times with 1% BSA. The grids were treated 
with 3% uranyl acetate for 2 min and washed three times with 
ddH2O, once with 0.25% lead citrate for 2 min, then three times 
with ddH2O. Images were collected with an electron microscope 
(Talos 120C; Thermo Fisher Scientific) operating at 120 kV.

Fluorescent FA pulse-chase assay of BODIPY-C12 (Red-C12)/ 
BODIPY-palmitate
COS7 cells transfected with the indicated siRNAs were incubated 
in EBSS containing 1 μM BODIPY 558/568-C12 (D3835; Thermo 
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Fisher Scientific) or BODIPY-palmitate (HY-168375; MCE) for 
2 h for uptake. Cells were washed three times with PBS, then 
chased in complete medium or EBSS for 5 h. Subsequent im
munostaining with anti-TOMM20 was performed, and LDs were 
stained with LipidTOX.

FAO assay
The FAO assay was performed using the Seahorse XF Cell Mito 
Stress Test kit (103015-100; Agilent). Firstly, OA-treated COS7 
cells transfected with the indicated siRNAs and plasmids were 
plated in an XFe96 Cell Culture Microplate (101085-004; Agi
lent) in culture medium. The subsequent steps were performed 
as previously described (Wang et al., 2021). Briefly, 24 h prior to 
the assay, the culture medium was replaced with substrate- 
limited medium (DMEM containing 0.5 mM glucose, 1 mM 
GlutaMAX, 0.5 mM carnitine, and 1% FBS). Then, cells were 
washed twice with FAO assay medium (containing 5 mM HEPES, 
pH 7.4, 111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 2 mM MgSO4, 
1.2 mM NaH2PO4, 2.5 mM glucose, and 0.5 mM carnitine) and 
incubated with 180 μl/well FAO assay medium in a non-CO2 

incubator for 30 min at 37°C. After preloading with test com
pounds (2.5 μM oligomycin, 2 μM FCCP, 0.5 μM rotenone, and 
antimycin A), the Cell Mito Stress Test was run with XFe96 
Analyzer (Agilent) according to the analyzer’s instructions. The 
total protein content in each well was quantified using BCA 
Protein Assay Kit (23225; Pierce) according to the manu
facturer’s instructions. The oxygen consumption rate (OCR) of 
each sample was normalized with protein content in each well.

The data analysis was conducted as follows:
Basal OCR in mitochondria = basal OCR - nonmitochondrial OCR; 

ATP-linked OCR = basal OCR - proton leak-linked OCR; maximal 
OCR in mitochondria = maximal OCR - nonmitochondrial OCR.

Flow cytometry
For the analysis of FA uptake, COS7 cells were transfected with 
the indicated plasmids for 24–48 h or siRNAs for 72 h. Then, the 
cells were incubated in EBSS containing 1 μM BODIPY 558/568 
C12 for 2 h to facilitate uptake. After multiple washes with PBS, 
the cells were collected and analyzed using a BD FACSCanto 
SORP flow cytometer (BD Biosciences). Cells were analyzed for 
Red-C12 signal intensity and distribution using FlowJo 10.8.1.

split-Fluorescence-Activating and Absorption-Shifting Tag
To visualize the location of the interaction between PISD-LD and 
PISD-M, COS7 cells were plated on 35-mm glass-bottom cell 
culture dishes, and cotransfected with PISD-M-CFAST and PISD- 
LD-NFAST for 24 h. Control experiments included transfections 
with NFAST paired with PISD-M-CFAST and CFAST paired with 
PISD-LD-NFAST. SNAP-MAVS(510–540) was also transfected 
with the FAST plasmids to serve as a mitochondrial marker. 
Following transfection, the cells were treated with 150 μM OA 
for 6 h. Subsequently, the cells were stained with LipidTOX Red 
to label LDs and SNAP-Cell 647-SiR to label the SNAP-tagged 
mitochondrial marker for 1 h. Before imaging, 2 μM HMBR 
(S34223, Shanghai Yuanye Biotechnology), which fluoresces 
instantly upon noncovalent binding to FAST (Bottone et al., 
2023), was added to the prepared cells. Images were captured 

at room temperature using ZEN Blue software on a confocal 
microscope (LSM 980; Zeiss) with a 63 × /1.40 oil-immersion 
objective lens.

mtPA-GFP–based mitochondrial dynamic assay
COS7 cells were plated on 35-mm glass-bottom cell culture 
dishes. Cells were transfected with NC or siPISD-LD for 72 h and a 
mtPA-GFP plasmid for 24 h. After prestaining with 500 nM 
MitoTracker (M22426; Invitrogen) for 30 min, cells were loaded 
to a laser scanning confocal microscope (LSM 980; Zeiss). Live- 
cell imaging was performed with the 63 × /1.40 oil-immersion 
objective lens using the 405-nm laser for mtPA-GFP photo
activation, 488 nm for GFP, and 639 nm for MitoTracker 
Deep Red.

FPP assay
COS7 cells were plated on 35-mm glass-bottom cell culture 
dishes (706001; NEST) and transfected with the indicated plas
mids. After washing three times with KHM buffer (125 mM 
potassium acetate, 25 mM HEPES, pH 7.2, 2.5 mM magnesium 
acetate), cells were treated with 160 μM digitonin for 5 min at 
room temperature. Then, 50 μg/ml pK (P2308; Sigma-Aldrich) 
was added, and live-cell images were captured at room tem
perature using ZEN Blue software on a confocal microscope 
(LSM 980; Zeiss) with a 63 × /1.40 oil-immersion objective lens.

Super-resolution imaging
COS7 cells were plated on 35-mm dishes with 20-mm glass- 
bottom dishes (D35-20-1-N; Cellvis) and transfected with the 
indicated plasmids. Images were captured using a multi-SIM 
imaging system (NanoInsights-Tech Co., Ltd.) equipped with a 
100 × 1.49NA oil objective (Nikon CFI SR HP Apo) and a Photo
metrics Kinetix camera. The SIM images were taken using 
single-slice mode with 50-mW laser power and 30-ms exposure 
time. Images were reconstructed using SIM Imaging Analyser 
software (NanoInsights-Tech), and then analyzed with ImageJ 
(v.2.1.4.7, NIH). During image acquisition, cells were placed in a 
humidified chamber maintained at 37°C in the presence of 
5% CO2.

Isolation of LDs
COS7 cells were grown in 15-cm dishes in the presence of 150 μM 
OA for 24 h. LDs were isolated using an LD isolation kit 
(MET5001; Cell Biolabs) following the manufacturer’s in
structions. The purified LDs were subsequently used for lip
idomics, proteomics, and immunoblotting analyses.

Isolation of mitochondria
OA-treated COS7 cells grown in 15-cm dishes were harvested to 
collect cell pellets. Mitochondria were purified as previously 
described (Cao et al., 2023). Briefly, cell pellets were resus
pended in homogenization buffer (20 mM HEPES/KOH pH 7.4, 
220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.5% BSA) 
containing 1 mM PMSF and a protease inhibitor cocktail, and 
incubated on ice for 20 min. Using a Dounce homogenizer with a 
tight pestle, cells were then homogenized by performing 20–30 
strokes on ice. The homogenates were centrifuged at 3,200 g for 
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5 min at 4°C, and this step was repeated at least three times. The 
supernatants were then centrifuged at 18,000 g for 10 min at 4°C 
to pellet the mitochondria. The mitochondrial pellets were 
washed twice with homogenization buffer without 0.5% BSA 
and protease inhibitors. The isolated mitochondria were used for 
further lipidomics and immunoblotting analyses.

Submitochondrial localization analysis
Submitochondrial localization was performed as previously 
described (Cao et al., 2023). Briefly, six equal mitochondrial 
pellets were prepared from 10–15 15-cm dishes. The samples 
were divided into three groups: Intact, Swollen, and Triton. Two 
samples in each group were resuspended in basic homogeniza
tion buffer (20 mM HEPES/KOH, pH 7.4, 220 mM mannitol, 
70 mM sucrose, 1 mM EDTA), hypotonic swelling buffer (10 mM 
HEPES/KOH, pH 7.4, 1 mM EDTA), and basic homogenization 
buffer containing 0.5% Triton X-100, and incubated on ice for 
20 min. One sample from each group was treated with pK (50 
μg/ml) for 20 min on ice, while the other one served as an un
treated control. Mitochondrial proteins were precipitated by 
30% trichloroacetic acid on ice for 10 min, followed by centrif
ugation at 18,000g for 10 min at 4°C. The pellets were washed 
with 100% ethanol, dissolved in SDS loading buffer, and dena
tured at 98°C for 5–10 min. The protein samples were then used 
for immunoblotting analysis.

Lipidomics
Lipids were extracted from approximately one million cells us
ing a modified version of Bligh and Dyer’s method as described 
previously (Miao et al., 2022). Briefly, cells were homogenized in 
750 μl of chloroform: methanol: Milli-Q H2O (3:6:1) (vol/vol/vol). 
The homogenate was then incubated at 1500 rpm for 1 h at 4°C. 
At the end of the incubation, 350 μl of deionized water and 250 μl 
of chloroform were added to induce phase separation. The 
samples were then centrifuged, and the lower organic phase 
containing lipids was extracted into a clean tube. Lipid extrac
tion was repeated once by adding 450 μl of chloroform to the 
remaining cells in the aqueous phase, and the lipid extracts were 
pooled into a single tube and dried in the SpeedVac under OH 
mode. Samples were stored at −80°C until further analysis. 
Upper aqueous phases and cell pellets were dried in a SpeedVac 
under H2O mode. The total protein content was determined from 
the dried pellet using Pierce BCA Protein Assay Kit according to 
the manufacturer’s protocol.

Lipidomics analyses were conducted at LipidALL Technolo
gies using a Shimadzu Nexera 20AD-HPLC coupled with Sciex 
QTRAP 6500 PLUS as reported previously (Lam et al., 2021). 
Separation of individual classes of polar lipids by normal-phase 
HPLC was carried out using a TUP-HB silica column (i.d., 150 × 
2.1 mm, 3 µm) with the following conditions: mobile phase A 
(chloroform:methanol:ammonium hydroxide, 89.5:10:0.5) and 
mobile phase B (chloroform:methanol:ammonium hydroxide: 
water, 55:39:0.5:5.5). MRM transitions were set up for com
parative analysis of various polar lipids. Individual lipid species 
were quantified by referencing to spiked internal standards. d9- 
PC32:0(16:0/16:0), d9-PC36:1p(18:0p/18:1), d7-PE33:1(15:0/18:1), 
d9-PE36:1p(18:0p/18:1), d31-PS(d31-16:0/18:1), d7-PA33:1(15:0/ 

18:1), d7-PG33:1(15:0/18:1), d7-PI33:1(15:0/18:1), C17-SL, d5-CL72: 
8(18:2)4, C14-BMP, d7-LPE18:1, C17-LPI, C17-LPA, and C17-LPS 
were obtained from Avanti Polar Lipids. GM3-d18:1/18:0-d3 was 
purchased from Matreya LLC. Free FAs were quantitated using 
d31-16:0 (Sigma-Aldrich) and d8-20:4 (Cayman Chemicals).

Glycerol lipids including diacylglycerols (DAGs) and TAGs 
were quantified using a modified version of reverse-phase 
HPLC/MRM (Shui et al., 2010). Separation of neutral lipids 
was achieved on a Phenomenex Kinetex C18 column (i.d. 4.6 × 
100 mm, 2.6 µm) using an isocratic mobile phase containing 
chloroform:methanol:0.1 M ammonium acetate 100:100:4 (vol/ 
vol/vol) at a flow rate of 300 μl for 10 min. Levels of short-, 
medium-, and long-chain TAGs were calculated by referencing 
to respective spiked internal standards of TAG(14:0)3-d5, 
TAG(16:0)3-d5, and TAG(18:0)3-d5 obtained from CDN isotopes. 
DAGs were quantified using d5-DAG17:0/17:0 and d5-DAG18:1/ 
18:1 as internal standards (Avanti Polar Lipids).

Proteomics
200 μl of protein lysis buffer (8 M urea, protease inhibitor) was 
added to each sample. After full lysis, the samples were physi
cally crushed and sonicated for 3 min, then centrifuged at 
15,000 g for 10 min. The protein concentration of each sample 
was determined using BCA Protein Assay Kit.

DTT was added to the lysate to achieve a final concentration 
of 10 mM, and the mixture was incubated at 56°C for 1 h. The 
lysate was cooled to room temperature, then IAA was added to 
achieve a final concentration of 55 mM, and the mixture was 
incubated in the dark for 45 min. Next, an appropriate amount of 
protein was taken from each sample and digested using the 
published filter-aided sample preparation protocol (Wiśniewski 
et al., 2009). The following day, the samples were applied to 
ultrafiltration devices, which were centrifuged at 13,000 g and 
room temperature for 10 min. The liquid was collected in a new 
Eppendorf tube, and the samples were vacuum-dried.

Solvent A for liquid chromatography was composed of 0.1% 
formic acid in water, while solvent B contained 80% acetonitrile 
and 0.1% formic acid in water. Lyophilized peptides were dis
solved in 0.1% formic acid in water and then centrifuged for 
15 min at 17,000 g. The resulting supernatant was injected into a 
C18 analytical column (75 μm × 20 cm) using an EASY-nLC 1200 
HPLC (Thermo Fisher Scientific) at a max pressure of 500 bar 
with 12 μl solvent A. Peptides were eluted from the analytical 
column at a flow rate of 300 nl/min with a gradient to 6% B at 
0 min, 30% B at 42 min, 42% B at 51 min, and finally 95% B at 56– 
60 min. The eluted peptide was sprayed at a voltage of 2.3 kV and 
analyzed by a Thermo Fisher Scientific Orbitrap Q Exactive HF 
mass spectrometer coupled with a Nanospray Flex ion source. 
The ion transfer tube was set at 320°C (Wang et al., 2020). The 
mass spectrometry (MS) scan resolution was 120,000, the 
scanning range was 398–900 m/z, and the maximum injection 
time was set to 80 ms. The MS/MS scan resolution was 30,000, 
with 32 scanning windows, and with first mass for MS at 200 m/ 
z. The collision energy was 28%, and the maximum injection 
time was set to auto.

Raw DIA data were searched against a preferred database 
(Chlorocebus sabaeus, green monkey) using Spectronaut 19 
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(Biognosys). The digestion enzyme was Trypsin/P, and the max 
missed cleavage was set at 2. Methionine oxidation and acety
lation of the protein N terminus were set as variable mod
ifications. FDR was controlled to 1% at both protein and peptide 
levels. A minimum of one peptide per protein was allowed for 
protein identification. The other parameters were set as default 
(Wang et al., 2020). The Chlorocebus sabaeus database used was 
downloaded from UniProt.

Statistical analysis
Co-IP and immunoblotting results were obtained from a mini
mum of three independent experiments. Protein band signal 
intensities from immunoblotting were analyzed with ImageJ. 
For FPP data analysis, the intensity at the pre-pK point was 
normalized to 100%, and the intensity immediately after blea
ching was set to 0% using ImageJ software. For analysis of FA 
transfer in fluorescent FA pulse-chase assays, colocalization of 
BODIPY 558/568 C12 with LDs or mitochondria was analyzed 
using the Just Another Colocalization Plugin in ImageJ. Colo
calization data are shown as overlap coefficient.

The contact areas between LDs and mitochondria in z-stack 
fluorescence images of cells under various treatments were 
quantified using Imaris (v8.3, Bitplane). The intensity-based 
colocalization (coloc) function in Imaris was used to build the 
colocalization channel for analysis. By adjusting the intensity 
threshold, the rendered surfaces optimally represented the mi
tochondria, LDs, and colocalization channels. The ratio of the 
contact surface area to the total surface area of mitochondria or 
LDs was calculated to quantify the degree of interaction.

The contacts between LDs and mitochondria in TEM images 
of cells under various treatments were measured and quantified 
using ImageJ. The percentage of LDs in contact with mitochon
dria was calculated as (number of LDs in contact with mito
chondria/total number of LDs) × 100. The percentage of LD 
perimeter in contact with mitochondria was calculated as 
(contact length of individual LD/perimeter of the LD) × 100. The 
percentage of mitochondria in contact with LDs was calculated 
as (number of mitochondria in contact with LDs/total number of 
mitochondria) × 100. The percentage of mitochondrial perimeter 
in contact with LDs was calculated as (contact length of indi
vidual mitochondrion/perimeter of the mitochondrion) × 100.

LD masses were quantified by importing z-stack fluorescence 
images into Imaris software. Utilizing the spot rendering func
tion in Imaris, a three-dimensional reconstruction of the LDs 
was performed. Fine adjustments were made to the parameters 
for spot diameter, quality, and intensity to ensure that nearly all 
LDs were included in the rendering outcomes. The quantity and 
volume of the LDs were analyzed automatically by Imaris, with 
the data subsequently exported for statistical assessment.

For proteomics and lipidomics analysis, MS intensities were 
first converted to relative densities by normalizing each pro
tein’s abundance to the total intensity within its row. Log2 
transformation and Z-score normalization were subsequently 
applied to enhance comparability by centering each protein’s 
distribution around zero and scaling it to unit variance. Hie
rarchical clustering was then performed, and a heat map was 
generated to visualize protein or lipid abundance similarity.

Sample sizes were determined based on preliminary ex
periments using Cohen’s d. Cell samples were allocated ran
domly into experimental groups. Cells with signs of senescence 
(e.g., enlarged or flattened morphology) or apoptosis (e.g., 
fragmented nuclei) were excluded from further analysis. Sta
tistical parameters, including the number of samples (n), stan
dard deviation, or standard error of the mean, are provided in 
the figure legends. Data were presumed to follow a normal dis
tribution without formal testing. A two-tailed t test was used for 
comparisons between two groups. One-way ANOVA was used to 
assess statistical significance. For comparison of percentages 
between control and treated cells, the chi-square test was used to 
test significance. A P value < 0.05 was considered significant.

Online supplemental material
Fig. S1 demonstrates that distinct PISD isoforms mediate phys
ical contact sites between LDs and mitochondria. Fig. S2 shows 
that a portion of PISD-M specifically targets the mitochondrial 
outer membrane. Fig. S3 confirms that the silencing of PISD-LD 
does not alter the lipid composition of either LDs or mitochon
dria. Fig. S4 reveals that PISDs bind the LTPs ATG2A/B to fa
cilitate FA transport. Fig. S5 reveals that the activation of 
lipophagy triggered by a deficiency in PISD-LD is mediated 
by the lipophagy receptor Spartin. Video 1 provides a three- 
dimensional FIB-SEM reconstruction of MCSs between mito
chondria and LDs in control cells expressing GFP. Video 2 utilizes 
FIB-SEM to illustrate the significant expansion of contact sites 
at the LD–mitochondria interface upon the overexpression of 
PISD-LD-GFP.

Data availability
All data are available in the main text or the supplemental ma
terials. Further reasonable requests should be directed to and 
will be fulfilled by the lead contact, Yan G. Zhao (zhaoyan@ 
sustech.edu.cn).
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Figure S1. PISD isoforms mediate LD-mito contacts, related to Figs. 1 and 2. (A) Confocal images of COS7 cells expressing PISD-M-GFP or PISD-LD-GFP 
(green), with or without OA treatment. Cells were stained with anti-TOMM20 antibody (mitochondria; magenta) or LipidTOX (LDs; magenta). Bars: 5 μm; insets, 
2 μm. (B) Strategy for generating Flag-KI-PISD-LD cells and validation by sequencing. (C) Immunoblotting of WT cells and NC or siPISD-LD Flag-KI-PISD-LD 
cells. Blots were probed with anti-Flag and anti-ACTB antibodies. The specific signal detected by the anti-Flag antibody in Flag-KI-PISD-LD cells is diminished 
following siPISD-LD treatment. WT, wild type. NC, negative control siRNA; si, siPISD-LD. (D) Immunoblotting of the LD fraction, isolated by flotation from Flag- 
KI-PISD-LD cells, shows the localization of Flag-PISD-LD to LDs. Blots were probed with anti-Flag, anti-PLIN3 (LDs), anti-MFN1 (mitochondria), anti-EMC1 (ER), 
and anti-GM130 (Golgi) antibodies. (E) Immunoblotting of WT cells (no siRNA treatment) and PISD-HA/Flag stable cells treated with NC siRNA or siPISD-LD 
(siLD, top) and NC siRNA or siPISD-M (siM, bottom). Blots were probed with anti-HA or anti-Flag and anti-GAPDH antibodies. The specific signal detected by the 
anti-HA or anti-Flag antibody in PISD-HA/Flag stable cells is diminished following siPISD-LD or siPISD-M treatment, respectively. WT, wild type. NC, negative 
control siRNA. (F) Relative PISD-LD-HA and PISD-M-Flag mRNA levels and endogenous PISD-LD and PISD-M mRNA levels in PISD-HA/Flag stable cells. 
Quantitative data normalized by ACTB levels are presented as the mean ± SD (n = 4). (G) Confocal images of PISD-LD-HA (green) or PISD-M-Flag (green) in 
PISD-HA/Flag stable cells that were transfected with TOMM20-BFP (cyan) following OA treatment. Cells were immunostained with anti-HA antibody or anti- 
Flag antibody and stained with LipidTOX (LDs; magenta). Bars: 5 μm; insets: 2 μm. (H and I) Single focal plane images of OA-treated COS7 cells overexpressing 
GFP, PISD-M-GFP, PISD-M(S378A)-GFP, or PISD-M(Δenz)-GFP (green) and stained with LipidTOX (LDs; magenta) and anti-TOMM20 antibody (mitochondria; 
cyan) (H). Additionally, 3D reconstructions and contact surfaces of the LipidTOX and TOMM20 channels (white) are shown (H). Graphs show contact surface 
areas, normalized by LD and mitochondrial surface areas. Each point represents an individual cell. Data are shown as the mean ± SEM (GFP, n = 22; PISD-M-GFP, 
n = 20; PISD-M(S378A)-GFP, n = 22; PISD-M(Δenz)-GFP, n = 23) (I). Compared with GFP-expressing cells: ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (J) Statistical 
analysis of ER-LD-mito contacts from TEM images of COS7 cells overexpressing GFP, PISD-LD-GFP, or PISD-M-GFP under OA treatment. Left graph: percentage 
of mitochondrion-associated LDs in contact with the ER per cell. Each point represents an individual cell. Data are shown as the mean ± SEM (GFP, n = 24; PISD- 
LD-GFP, n = 28; PISD-M-GFP, n = 26). Right graph: percentage of mitochondrion-associated LD perimeter in contact with the ER. Each point represents a 
mitochondrion-associated LD. Data are shown as the mean ± SEM (GFP, n = 37; PISD-LD-GFP, n = 23; PISD-M-GFP, n = 29). N.S., not significant. (K) Relative 
PISD-M and PISD-LD transcription levels in NC, siPISD-M, and siPISD-LD cells. Quantitative data normalized by ACTB levels are presented as the mean ± SD (n = 
3). (L) Confocal images of OA-treated COS7 cells with or without addition of Lyso-PE. Cells were stained with LipidTOX (LDs; magenta) and anti-TOMM20 
antibody (mitochondria; green). Ctrl, control. Bars: 5 μm; insets, 2 μm. (M) In a GFP-Trap assay, Myc-PISD-LD is immunoprecipitated by PISD-M-GFP. The 
amount of immunoprecipitated protein increases with OA treatment. (N and O) Single focal plane images of OA-stimulated NC or siPISD-LD COS7 cells 
overexpressing PISD-M-GFP (green) and stained with LipidTOX (LDs; magenta) and anti-TOMM20 antibody (mitochondria; cyan) (N). Additionally, 3D 
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reconstructions and contact surfaces of the LipidTOX and TOMM20 channels (white) are shown (N). Graphs show contact surface areas, normalized by LD and 
mitochondrial surface areas. Each point represents an individual cell. Data are shown as the mean ± SEM (NC & GFP, n = 22; NC & PISD-M-GFP, n = 20; siPISD-LD 
& PISD-M-GFP, n = 21) (O). NC, negative control siRNA. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (P) In a GFP-Trap assay, the levels of Myc-PISD-M 
immunoprecipitated by PISD-LD (T49A/L54A)-GFP are dramatically reduced compared with those precipitated by WT PISD-LD-GFP. The asterisk indicates 
nonspecific bands. WT, wild type. (Q) Confocal images of OA-treated COS7 cells expressing NFAST and PISD-M-CFAST (top), CFAST and PISD-LD-NFAST 
(middle), and PISD-LD-NFAST and PISD-M-CFAST (bottom, green) alongside SNAP-MAVS(510–540). Cells were stained with LipidTOX (LDs; magenta) and 
SNAP-Cell 647-SiR (mitochondria; cyan). Arrows indicate the HMBR signal at LD-mito contact sites. The boxed area is enlarged in the inset. Bars: 5 μm; insets, 
2 μm. (R) Confocal images of OA-stimulated NC and siPISD-LD COS7 cells transfected with PEX3-GFP or PEX3-PBD-GFP (green) and BFP-SKL (cyan) under OA 
stimulation. Cells were stained with LipidTOX (LDs; magenta). NC, negative control siRNA. PBD, PISD-LD–binding domain. Bars: 5 μm; insets, 1 μm. Source data 
are available for this figure: SourceData FS1.
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Figure S2. Portion of PISD-M localizes to the outer membrane of mitochondria, related to Fig. 2. (A) Super-resolution images of COS7 cells expressing 
PISD-M-GFP (magenta), TOMM20-BFP (OMM; cyan), and either CYC1-mCherry (IMM; green), LACTB(1–68)-mCherry (IMS; green), or HSP60-mCherry (mi
tochondrial matrix; green). Bars: 5 μm; insets, 2 μm. (B) Schematic illustration of the FPP assay. N, nucleus; LD, lipid droplet; Mito, mitochondrion; pK, pro
teinase K. (C and D) In FPP assays, time-lapse images show that PISD-LD-GFP signals immediately disappear upon pK addition in digitonin-permeabilized COS7 
cells with OA treatment (C). Quantitative data are shown as the mean ± SEM (n = 3) (D). Bar: 5 μm. (E and F) In FPP assays, time-lapse images show that PISD- 
M-GFP signals immediately decrease, with some signals persisting, while TOMM20-mCherry signals completely disappear upon pK addition in digitonin- 
permeabilized COS7 cells treated with OA (E). Quantitative data are shown as the mean ± SEM (n = 3) (F). Bars: 5 μm. (G and H) In FPP assays, time-lapse images 
show that PISD-M-GFP signals immediately decrease, with some signals persisting, upon pK addition in digitonin-permeabilized COS7 cells treated with OA, 
while LACTB(1–68)-mCherry signals remain stable (G). Quantitative data are shown as the mean ± SEM (n = 3) (H). Bars: 5 μm. (I and J) In FPP assays, time-lapse 
images show that PISD-M-GFP signals immediately decrease, with some signals persisting, upon pK addition in digitonin-permeabilized COS7 cells treated with 
OA, while CYC1-mCherry signals remain stable (I). Quantitative data are shown as the mean ± SEM (n = 3) (J). Bars: 5 μm. (K and L) In FPP assays, time-lapse 
images show that PISD-M-GFP signals immediately decrease, with some signals persisting, upon pK addition in digitonin-permeabilized COS7 cells treated with 
OA, while HSP60-mCherry signals remain stable (K). Quantitative data are shown as the mean ± SEM (n = 3) (L). Bars: 5 μm. (M) Confocal images of COS7 cells 
expressing GFP-PISD-M (green). Bars: 5 μm. (N) Confocal images of COS7 cells expressing GFP-TM-PISD-M (green). Cells were stained with anti-TOMM20 
antibody (mitochondria; magenta). Bars: 5 μm; insets, 2 μm. (O) Confocal images of COS7 cells expressing GFP-TM-PISD-M (green) with OA treatment. Cells 
were stained with anti-TOMM20 antibody (mitochondria; cyan) and LipidTOX (LDs; magenta). Bars: 5 μm; insets, 2 μm. (P and Q) In FPP assays, time-lapse 
images show that GFP-TM-PISD-M signals persist after pK addition in digitonin-permeabilized COS7 cells (P). Quantitative data are shown as the mean ± SEM 
(n = 3) (Q). Bars: 5 μm. (R) Immunoblotting shows that PISD antibody detects both Myc-PISD-M and Myc-PISD-LD. The asterisk indicates the endogenous PISD 
band. (S) Immunoblotting shows that the signal detected by PISD antibody is diminished in siPISD-treated cells. (T) Immuno-EM images show that PISD-M-Flag 
signals are detected on both OMM and IMM. PISD-HA/Flag stable cells were subjected to HPF fixation. Sections were immunolabeled with anti-Flag and anti- 
Mitofilin antibodies, followed by gold particle labeling. Green arrows indicate Flag signals (6 nm), while red arrows indicate Mitofilin signals (15 nm). Bars: 200 
nm; insets: 50 nm. (U) Schematic showing the topology of PISD-M fusion proteins at the OMM and IMM. Immuno-EM, immuno-electron microscopy; HPF, high- 
pressure freezing. Source data are available for this figure: SourceData FS2.
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Figure S3. siPISD-LD does not affect lipid composition of LDs and mitochondria, related to Figs. 3 and 4. (A) Representative flow cytometry histograms 
for Red-C12 in COS7 cells overexpressing GFP (red), PISD-LD-GFP (blue), or PISD-M-GFP (orange). (B) Lipidomics analysis was conducted to identify changes in 
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lipid levels in LDs isolated from NC and siPISD-LD COS7 cells. The experiment was performed with three biological replicates (n = 3). Replicates 1–3 are indicated 
on the x axis. The heat map illustrates the levels of the 15 identified lipids. (C) Immunoblotting of the LD fraction isolated by flotation from COS7 cells. Blots 
were probed with anti-PLIN3 (LDs), anti-MFN1 (mitochondria), anti-EMC1 (ER), and anti-GM130 (Golgi) antibodies. (D) Lipidomics analysis was conducted to 
identify changes in lipid levels in mitochondria isolated from NC and siPISD-LD COS7 cells. The experiment was performed with three biological replicates (n = 
3). Replicates 1–3 are indicated on the x axis. The heat map illustrates the levels of the 16 identified lipids. (E) Immunoblotting shows that the level of RNAi- 
resistant PISD-LD-GFP remains unaffected in siPISD-LD–treated Flag-KI-PISD-LD cells, while the level of endogenous Flag-PISD-LD is diminished upon siPISD-LD. 
Blots were probed with anti-Flag, anti-GFP, and anti-GAPDH antibodies. (F and G) Confocal images of NC and siPISD-LD COS7 cells overexpressing PISD-LD- 
GFP or RNAi-resistant PISD-LD-GFP (green) (F). The GFP fluorescence intensity is shown as the mean ± SEM (NC & PISD-LD-GFP, n = 30; siPISD-LD & PISD-LD- 
GFP, n = 30; siPISD-LD & PISD-LDr-GFP, n = 30) (G). NC, negative control siRNA. ****P < 0.0001. Bars: 20 μm. (H) Fluorescence intensity of Red-C12 in COS7 
cells under fed (CM) or starvation (EBSS 5 h) conditions (CM, n = 30; EBSS, n = 37). ****P < 0.0001. (I) Representative flow cytometry histograms for Red-C12 in 
NC (red) or siPISD-LD (blue) COS7 cells (after uptake for 2 h). (J) Fluorescence intensity of Red-C12 in NC and siPISD-LD COS7 cells overexpressing BFP, RNAi- 
resistant PISD-LD-BFP, or PISD-LD(Δenz)-BFP (after uptake for 2 h). Quantitative data are shown as the mean ± SEM (NC & BFP, n = 30; siPISD-LD & BFP, n = 31; 
siPISD-LD & PISD-LDr-BFP; n = 26; siPISD-LD & PISD-LD(Δenz)r-BFP, n = 27). (K) FA esterification in NC and siPISD-LD COS7 cells. Cells were incubated with 
medium containing 150 µM OA supplemented with 0.5 µCi/ml 3H-labeled OA and then harvested at 0 and 6 h. Synthesized TAG was separated using thin-layer 
chromatography and collected from the membrane. The radioactivity of TAG, indicative of esterified FA, was quantified using a scintillation counter. Data are 
shown as the mean ± SEM (NC, n = 4; siPISD-LD, n = 4). N.S., not significant. (L) TAG hydrolysis in NC and siPISD-LD COS7 cells. Cells were treated for 16 h with 
150 µM OA supplemented with 0.5 µCi/ml 3H-labeled OA. The medium was then replaced with OA-free medium, and cells were collected at 0 and 6 h. The 
lipolysis rate was determined by measuring the decrease in radioactivity within the TAG fraction. Data are shown as the mean ± SEM (NC, n = 4; siPISD-LD, n = 4). 
****P < 0.0001. (M and N) Confocal images of NC and siPISD-LD COS7 cells loaded with BODIPY-palmitate (magenta) and stained with LipidTOX (LDs; green) 
and anti-TOMM20 antibody (mitochondria; cyan) under fed (CM) or starvation (EBSS) conditions (M). Overlap coefficients of BODIPY-palmitate with LDs or 
mitochondria are shown as violin plots with the black line indicating the median and the red lines indicating the interquartile range (NC in CM, n = 29; NC in 
EBSS, n = 30; siPISD-LD in CM, n = 30; siPISD-LD in EBSS, n = 30) (N). NC, negative control siRNA. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (O) Confocal images 
of OA-stimulated NC or siPISD-LD COS7 cells stained with anti-TOMM20 antibody (green). NC, negative control siRNA. Bars: 5 μm; insets, 2 μm. (P) TEM images 
of NC or siPISD-LD COS7 cells with OA stimulation. NC, negative control siRNA. Bars: 500 nm. (Q and R) Time-lapse images of NC or siPISD-LD COS7 cells 
transfected with mtPA-GFP (green) and stained with MitoTracker (mitochondria; magenta). Cells were stimulated with a 405-nm laser. NC, negative control 
siRNA; PA, photoactivatable. Arrows indicate photoactivated mtPA-GFP on mitochondria (Q). Quantification of the area of mtPA-GFP signal is shown as the 
mean ± SEM (n = 3) (R). *P < 0.05. Bars, 5 μm. (S and T) In GFP-Trap assays, Myc-PISD-LD (S), but not Myc-PISD-M (T), is immunoprecipitated by GFP-ATGL. 
(U and V) 3D projection images of OA-stimulated COS7 cells overexpressing GFP, PISD-LD-GFP (green) with or without ATGLi treatment. Cells were stained 
with LipidTOX (LDs; magenta) (U). LD sizes, numbers, and total volumes are shown as the mean ± SEM (GFP, n = 22; PISD-LD-GFP, n = 22; PISD-LD-GFP + ATGLi, 
n = 24) (V). ATGLi, Atglistatin. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Bars: 5 μm; insets, 2 μm. CM, complete medium. Source data are available for 
this figure: SourceData FS3.
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Figure S4. PISDs recruit ATG2A/B to facilitate FA transport, related to Fig. 5. (A) In a GFP-Trap assay, endogenous PISD is immunoprecipitated by GFP- 
ATG2A and ATG2B-GFP. (B) In a mCherry-Trap assay, endogenous ATG2A and ATG2B are immunoprecipitated by PISD-LD-mCherry but not mCherry-PLIN2 or 
mCherry-PLIN3. (C) Immunoblotting with anti-ATG2A, anti-ATG2B, and anti-ACTB antibodies shows the KD efficiency of siATG2A/B. NC, negative control siRNA. 
(D and E) TEM images of LD-mito contacts in OA-treated COS7 cells with KD of ATG2A and ATG2B (siATG2A/B) (D). Top graph: percentage of LDs in contact with 
mitochondria per cell, shown as the mean ± SEM (NC, n = 259 LDs from 15 cells; siATG2A/B, n = 297 LDs from 15 cells). Bottom graph: percentage of LD perimeter 
in contact with mitochondria per LD, shown as the mean ± SEM (NC, n = 259 LDs from 15 cells; siATG2A/B, n = 297 LDs from 15 cells) (E). NC, negative control 
siRNA. Red arrows indicate LD-mito contacts. N.S., not significant. Bars: 500 nm. (F and G) Confocal images of COS7 cells overexpressing GFP, GFP-ATG2A, or 
GFP-ATG2A(ΔLTD) (green) under OA stimulation. LDs were stained with LipidTOX (magenta) (F). LD sizes are shown as the mean ± SEM (GFP, n = 25; GFP- 
ATG2A, n = 25; GFP-ATG2A(ΔLTD), n = 25) (G). **P < 0.01; N.S., not significant. Bars: 5 μm; insets, 2 μm. (H) Levels of LD-localized proteins in NC or siPISD-LD 
COS7 cells were assessed using proteomics analysis. Replicates 1–3 are indicated on the x axis. The heat map illustrates the levels of the 36 identified proteins. 
(I and J) 3D projection images of NC, siPISD-LD, siATG5, or siPISD-LD/ATG5 COS7 cells under OA stimulation. LDs were stained with LipidTOX (magenta) (I). LD 
sizes, numbers, and total volumes are shown as the mean ± SEM (NC, n = 22; siATG5, n = 23; siPISD-LD, n = 22; siPISD-LD/ATG5, n = 22) (J). NC, negative control 
siRNA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; N.S., not significant. Bars: 5 μm; insets, 2 μm. (K) Immunoblotting with anti-ATG5 and anti-GAPDH 
antibodies shows the KD efficiency of siATG5. NC, negative control siRNA. (L and M) TEM images show that LDs in autophagosomes/lysosomes are detected in 
OA-treated PISD-LD–deficient cells (L). Percentage of LD-containing autophagosomes/lysosomes, shown as the mean ± SEM (NC, n = 49; siPISD-LD, n = 49) 
(M). NC, negative control siRNA. Red arrows indicate LDs. The yellow arrowhead indicates an autolysosome/lysosome. *P < 0.05. Bars: 500 nm. (N) Relative 
CPT1A transcription levels in NC and siCPT1A cells. Quantitative data normalized by ACTB levels are presented as the mean ± SD (n = 3). NC, negative control 
siRNA. (O and P) Confocal images of NC and siCPT1A COS7 cells loaded with Red-C12 and stained with LipidTOX (LDs; green) and anti-TOMM20 antibody 
(mitochondria; cyan) under fed (CM) or starved (EBSS) conditions (O). Overlap coefficients of Red-C12 with LDs or mitochondria are shown as violin plots with 
the solid black line indicating the median and the red dotted lines indicating the interquartile range (NC in CM, n = 30; NC in EBSS, n = 32; siCPT1A in CM, n = 30; 
siCPT1A in EBSS, n = 31) (P). ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (Q) Seahorse FAO assays show oxidation of endogenous FAs in NC cells (blue) and siCPT1A 
cells (orange). Quantitative data of basal OCR, ATP-linked OCR, and maximal OCR in mitochondria are shown as means ± SD (n = 3). NC, negative control siRNA; 
Oligo, oligomycin; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Rtn, rotenone; AA, antimycin A. **P < 0.01; ***P < 0.001. (R and S) Immu
noblotting of NC and siCPT1A cells. Blots were probed with anti-PLIN3, anti-LC3B, and anti-GAPDH antibodies (R). Quantifications of PLIN3 levels (normalized 
by GAPDH levels) and LC3-II/I ratio are shown as the mean ± SEM (n = 3) (S). NC, negative control siRNA. ***P < 0.001. (T and U) Confocal images of OA- 
stimulated NC and siCPT1A cells transfected with mCherry-GFP-PLIN2 (T). Numbers of mCherry-only puncta per cell are shown as the mean ± SEM (NC, n = 29; 
siCPT1A, n = 28) (U). NC, negative control siRNA. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. Source data are available for this figure: SourceData FS4.
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Figure S5. Lipophagy induced by PISD-LD deficiency is mediated by Spartin, related to Figs. 6 and 7. (A) In a GFP-Trap assay, endogenous PISD is 
immunoprecipitated by GFP-Spartin. (B) Co-IP analysis of the interaction between PISD-LD-HA and endogenous Spartin in PISD-HA/Flag stable cells. Im
munoprecipitation was performed using a specific antibody against HA or a control IgG. (C) In a GFP-Trap assay, PISD-LD-mCherry is immunoprecipitated by 
GFP-Spartin. The amount of immunoprecipitated protein increases under starvation (Strv) conditions. Quantifications of PISD-LD-mCherry levels (normalized 
by GFP-Spartin levels) are shown. (D) In a GFP-Trap assay, the levels of endogenous Spartin immunoprecipitated by PISD-LD(Δenz)-GFP are comparable to 
those of WT PISD-LD-GFP. (E) In GFP-Trap assays, levels of mCherry-Spartin immunoprecipitated by GFP-LC3A are reduced by overexpression of PISD-LD- 
mCherry but not mCherry-PLIN2 and mCherry-PLIN3. Quantifications of mCherry-Spartin levels (normalized by GFP-LC3A levels) are shown. (F and G) 
Confocal images of NC or siPISD-LD COS7 cells transfected with Flag-LC3C (magenta) and GFP-Spartin (green) under OA stimulation. LDs were stained with 
LipidTOX (LDs; cyan) (F). Numbers of LC3C puncta in contact with Spartin are shown as the mean ± SEM (NC, n = 35; siPISD-LD, n = 35) (G). NC, negative control 
siRNA. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (H and I) Confocal images of COS7 cells overexpressing BFP or PISD-LD-BFP (blue) and transfected with 
mCherry-GFP-PLIN2. Cells were exposed to OA stimulation without or with starvation (Strv) treatment (H). The numbers of mCherry-only puncta per cell are 
shown as the mean ± SEM (OA & BFP, n = 49; OA + Strv & BFP, n = 48; OA + Strv & PISD-LD-BFP, n = 51) (I). NC, negative control siRNA. ****P < 0.0001; N.S., 
not significant. Bars: 5 μm; insets, 2 μm. (J and K) Confocal images of COS7 cells overexpressing BFP or PISD-LD-BFP (blue) and transfected with Flag-LC3A 
(magenta) and GFP-Spartin (green). Cells were exposed to OA stimulation without or with starvation (Strv) treatment. LDs were stained with LipidTOX (LDs; 
cyan) (J). Numbers of LC3A puncta in contact with Spartin are shown as the mean ± SEM (OA & BFP, n = 37; OA + Strv & BFP, n = 47; OA + Strv & PISD-LD-BFP, 
n = 39) (K). NC, negative control siRNA. N.S., not significant. ****P < 0.0001. Bars: 5 μm; insets, 2 μm. (L and M) Confocal images of COS7 cells overexpressing 
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BFP or PISD-LD-BFP (blue) and transfected with Flag-LC3C (magenta) and GFP-Spartin (green). Cells were exposed to OA stimulation without or with 
starvation (Strv) treatment. LDs were stained with LipidTOX (LDs; cyan) (L). Numbers of LC3C puncta in contact with Spartin are shown as the mean ± 
SEM (OA & BFP, n = 38; OA + Strv & BFP, n = 34; OA + Strv & PISD-LD-BFP, n = 32) (M). NC, negative control siRNA. N.S., not significant. ****P < 
0.0001. Bars: 5 μm; insets, 2 μm. (N and O) Confocal images of NC, siPISD-LD, or siPISD-LD/Spartin COS7 cells transfected with Flag-LC3A (magenta) under 
OA stimulation. Cells were stained with LipidTOX (LDs; green) (N). Numbers of LC3A puncta in contact with LDs are shown as the mean ± SEM (NC, n = 31; 
siPISD-LD, n = 28; siPISD-LD/Spartin, n = 27) (O). NC, negative control siRNA. ****P < 0.0001; N.S., not significant. Bars: 5 μm; insets, 2 μm. (P) Relative Spartin 
transcription levels show the KD efficiency of siSpartin. Quantitative data normalized by ACTB levels are presented as the mean ± SEM (n = 3). (Q and R) 
Confocal images of NC, siPISD-LD, or siPISD-LD/Spartin COS7 cells transfected with Flag-LC3C (magenta) under OA stimulation. Cells were stained with 
LipidTOX (LDs; green) (Q). Numbers of LC3C puncta in contact with LDs are shown as the mean ± SEM (NC, n = 22; siPISD-LD, n = 23; siPISD-LD/Spartin, n = 21) 
(R). NC, negative control siRNA. ****P < 0.0001; N.S., not significant. Bars: 5 μm; insets, 2 μm. (S and T) Confocal images of NC and siSpartin COS7 cells loaded 
with Red-C12 (magenta) and stained with LipidTOX (LDs; green) and anti-TOMM20 antibody (mitochondria; cyan) under fed (CM) or starvation (EBSS) 
conditions (S). Overlap coefficients of Red-C12 with LDs or mitochondria are shown as violin plots with the black line indicating the median and red lines 
indicating the interquartile range (NC in CM, n = 30; NC in EBSS, n = 33; siSpartin in CM, n = 35; siSpartin in EBSS, n = 34) (T). NC, negative control siRNA. N.S., not 
significant. Bars: 5 μm; insets, 2 μm. (U) Seahorse FAO assays show oxidation of endogenous FAs in NC cells (blue) and siSpartin cells (orange). Quantitative data 
of basal OCR, ATP-linked OCR, and maximal OCR in mitochondria are shown as means ± SD (n = 5). NC, negative control siRNA; Oligo, oligomycin; FCCP, 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; Rtn, rotenone; AA, antimycin A. N.S., not significant. (V and W) 3D projection images of NC, siSpartin, 
siCPT1A, or siSpartin/CPT1A COS7 cells under OA stimulation. LDs were stained with LipidTOX (green) (V). LD sizes, numbers, and total volumes are shown as the 
mean ± SEM (NC, n = 21; siSpartin, n = 21; siCPT1A, n = 17; siSpartin/CPT1A, n = 18) (W). NC, negative control siRNA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001; N.S., not significant. Bars: 5 μm; insets, 2 μm. (X) In GFP-Trap assays, levels of endogenous Spartin immunoprecipitated by PISD-LD-GFP are increased 
in siCPT1A cells compared with NC cells. NC, negative control siRNA. The asterisk indicates nonspecific bands. (Y and Z) Immunoblotting of NC- and siCPT1A- 
treated Flag-KI-PISD-LD cells with or without MG132 treatment under OA stimulation. Blots were probed with anti-Flag and anti-GAPDH antibodies. NC, 
negative control siRNA (Y). Quantifications of Flag levels (normalized by GAPDH levels) are shown as the mean ± SEM (n = 4) (Z). **P < 0.01; ****P < 0.0001. 
(A΄ and B΄) Immunoblotting of Flag-KI-PISD-LD cells with OA, OA plus starvation for 24 h (prolonged Strv), and OA plus starvation for 24 h with MG132 
treatment. Blots were probed with anti-Flag and anti-GAPDH antibodies (A′). Quantifications of Flag levels (normalized by GAPDH levels) are shown as the 
mean ± SEM (n = 3) (B′). *P <0.05; **P < 0.001. (C΄) Sequencing of genomic DNA extracted from livers of Alb-Pisd-ldfl/fl mice. (D΄) Relative Pisd-m mRNA levels 
from livers of Alb-Pisd-ldfl/+ and Alb-Pisd-ldfl/fl mice. Pisd-m mRNA levels were normalized with Actb levels (n = 3) and are shown as the mean ± SD. N.S., not 
significant. CM, complete medium. Source data are available for this figure: SourceData FS5.
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Video 1. Reconstruction, using FIB-SEM, of MCSs between LDs and mitochondria in GFP-overexpressing cells. Segmentation and reconstruction from 
raw serial section electron microscopy volumes are shown. Mitochondrial membranes are colored green, LD membranes are colored magenta, and contact sites 
are colored blue. 

Video 2. Reconstruction, using FIB-SEM, of MCSs between LDs and mitochondria in PISD-LD-GFP–overexpressing cells. Segmentation and recon
struction from raw serial section electron microscopy volumes are shown. Mitochondrial membranes are colored green, LD membranes are colored magenta, 
and contact sites are colored blue. 
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