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Highlights

Under nutrient stress, cancer cells exploit
lipid droplets as an alternative energy
reservoir, supporting mitochondrial func-
tions through membrane contact sites.

The light-inducible lipid droplet clustering
system reduces their accessibility for
forming membrane contact sites with mi-
tochondria.

Lipid droplet clustering reduces the en-
ergy supply to mitochondria by limiting
the formation of membrane contact
sites during cancer cell starvation.

Lipid droplet clustering suppresses
tumor progression both in vitro and
in vivo.

Optogenetic induction of lipid droplet clustering reduces fatty acid transfer during nutrient starvation, compromises energy

production, and results in cancer cell death in vitro and tumor growth suppression in vivo. Our light-activated system for

modulating lipid droplet dynamics presents a strategy to target cancer metabolism by interrupting organelle-mediated nutri-

ent exchange.
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In cancer cells, lipid droplets (LDs) establish extensive membrane contact sites
(MCSs) with mitochondria to facilitate fatty acid transfer and sustain energy produc-
tion, thus enabling cancer cell survival, in nutrient-deprived tumor microenviron-
ments. However, effective strategies to disrupt these LD-mitochondria interactions
remain unavailable. We engineered an optogenetic system to control LD intracellular
organization through clustering. Upon blue light stimulation, the system induces LDs
to undergo spatial reorganization and form clusters, thereby restricting LD accessi-
bility by reducing the available surface area for mitochondrial interaction. Conse-
quently, this clustering significantly diminishes the number of LD-mitochondria
MCSs, suppresses fatty acid transport from LDs to mitochondria during starvation,
and ultimately leads to cancer cell death in vitro and tumor growth inhibition
in vivo. Collectively, our results demonstrate that optogenetically controlled LD clus-
tering offers a novel approach to impede tumor progression by blocking nutrient
flow from LDs to mitochondria.

Introduction

The rapid growth of solid tumors mainly leads to insufficient internal blood vessels, thereby creat-
ing a nutrient-deprived tumor microenvironment (TME) [1,2]. Despite these challenges, cancer
cells continue to thrive in a nutrient-deprived TME by developing mechanisms that support robust
growth and proliferation [3,4]. One such adaptation involves the use of lipid droplets (LDs) as res-
ervoirs of energy and metabolic intermediates [5-7]. These LDs play a notable role in enabling
tumor cells to thrive in nutrient-deprived environments [8], thereby contributing to their prolifera-
tion, survival, and ultimately cancer progression.

LDs are dynamic organelles that store neutral lipids, such as triglycerides and cholesterol esters, and
regulate energy homeostasis, membrane synthesis, and lipid metabolism [9-11]. The formation of
membrane contact sites (MCSs) between LDs and organelles is critical for essential cellular pro-
cesses, such as autophagy and lipid metabolism [12—-14]. In cancer cells, mitochondria play a crucial
role in establishing these contacts with organelles such as LDs and lysosomes, which are the key to
sustaining mitochondrial energy supply and supporting rapid cancer cell proliferation [15-18]. This is
especially important for solid tumors that often grow in nutrient-deficient environments and then re-
program their metabolism away from glycolysis and toward fatty acid (FA) oxidation for ATP produc-
tion [19-21]. To support these metabolic needs of tumor cells, mitochondria form extensive contacts
with LDs to facilitate FA transport from these organelles that serve as the main cellular storage of neu-
tral lipids [17,22]. Therefore, preventing contacts between LDs and mitochondria may represent a
strategy to regulate tumor cell growth and inhibit tumor cell survival by blocking the flow of nutrients.
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Technology readiness

Our light-controlled responsive
crosslinker (LDLRC)-based lipid droplet
(LD) clustering regulation technology has
currently reached Technology Readiness
Level (TRL) 3, with proof of concept
successfully demonstrated in controlled
laboratory settings. To advance this
technology to higher TRL stages, two crit-
ical challenges must be addressed: () op-
timizing tumor-specific expression of
LDLRC and (i) enhancing the penetration
depth of blue light in biological tissues.
Addressing these challenges will require
targeted R&D efforts, including the refine-
ment of in vivo gene-editing strategies
and the development of safer, more effi-
cient photoactivatable nanomaterials. At
the policy level, the establishment of stan-
dardized frameworks for LDLRC-based
LD clustering regulation is essential to en-
sure consistency, safety, and translational
applicability in both research and clinical
contexts.
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Meanwhile, the spatial arrangement of organelles can impact the formation of MCSs. For in-
stance, the clustering of lysosomes on individual autophagosomes could form a prefusion status
for multiple rounds of fusion [23]. Furthermore, several strategies for manipulating spatial distribu-
tion of mitochondria-lysosome contacts have been developed, including optogenetics tools and
small-molecule dual-organelle targeting regulators [24-27]. Optogenetics has demonstrated re-
markable potential in regulating organelle interactions and dynamics in recent years, leveraging
its unique advantages of high spatiotemporal precision and reversibility [28,29]. Therefore, we
could alter the MCSs by optogenetic control of the spatial arrangement of organelles.

Here, we engineered a light-controlled responsive crosslinker (LDLRC) for clustering LDs,
which physically alters the spatial arrangement of LDs, thereby effectively reducing their acces-
sible surface area and limiting the MCSs between LDs and mitochondria. As this light-controlled
LD clustering restricts mitochondrial access to LD stores of FAs, particularly under nutrient-
deficient conditions, we observed reduced energy metabolism and tumor growth both in cells
and in vivo, which could offer a potential therapeutic opportunity across diverse cancer types.

Results

LLDs support mitochondrial functions through MCSs

To investigate the role of LD—mitochondria interactions in cellular energy supply during nutrient-
deprived conditions, we analyzed MCSs between these organelles in 786-0O clear cell renal
carcinoma cells. LDs were labeled with Lipi-Blue [30], and mitochondria were labeled with
MitoTracker Deep Red [31] (Figure 1A). Following serum starvation, we observed a marked re-
duction in both the number and size of LDs (Figure 1B,C). However, the number of physical con-
tacts between LDs and mitochondria significantly increased under these conditions (Figure 1D),
accompanied by corresponding changes in mitochondrial morphology (Figure S1 in the supple-
mental information online). This phenomenon was consistently observed in other cancer cell lines,
including HepG2 hepatocellular carcinoma cells and MCF-7 breast cancer cells (Figure S2 in the
supplemental information online). Meanwhile, Seahorse metabolic flux analysis revealed a shift
from glycolytic to mitochondrial respiration in serum-deprived cells, enabling the maintenance
of overall energy production despite limited nutrients (Figure 1E and Figure S3 in the supplemental
information online). Concurrently, measurements of mitochondrial FA 3-oxidation (FAO) demon-
strated enhanced FA metabolism-driven ATP production after nutrient deprivation (Figure 1F,G).
These findings suggest that the increased number of LD-mitochondria contacts during serum
starvation supports mitochondrial metabolic adaptation, specifically by promoting FA oxidation.

To assess the direct relationship between increased mitochondrial energy production and in-
creased number of LD-mitochondria contacts during serum starvation, FA tracing experiments
were conducted using the fluorescent FA probe C12 to monitor the fate of FAs released from
the LDs [32,33] (Figure 1H,J). Under nutrient-deprived conditions, we detected a substantial re-
lease of FAs from LDs — indicated by reduced probe colocalization with LDs (Figure 1l) —and a
concurrent increase in FA uptake by mitochondria, reflected by high colocalization with the mito-
chondrial marker (Figure 1K). These dataimply that serum starvation promotes FA trafficking from
LDs to mitochondria by increasing the LD-mitochondria contact (Figure 1L). Together, these ob-
servations support the hypothesis that LD-mitochondria contacts are critical for fueling mito-
chondrial energy metabolism under nutrient stress, and disrupting these contacts effectively
diminishes energy production in cancer cells, ultimately hindering their survival.

Engineering light-inducible LD clustering system to reduce their accessibility
To test whether reducing LD—mitochondria interactions could attenuate mitochondrial energy me-

tabolism, we reduced the accessibility of LDs by designing a system to cluster LDs, thereby
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Figure 1. Lipid droplets (LDs) support mitochondrial function through membrane contact sites (MCSs). (A-D)
Mitochondria labeled with MTDR and LDs labeled with Lipi-Blue in serum-fed and serum-starved 786-O cells. Yellow arrows
indicate close contacts between LLDs and mitochondria following serum starvation. (A) Representative images (scale bar, 2
um). (B, C) Quantitative analysis of the total area and number of LDs (n = 10 cells). (D) Ratio of LD-mitochondria contacts (n
=10 cells). (E) Quantitative analysis of mitochondrial ATP production in serum-fed and serum-starved 786-O cells was
conducted through Seahorse experiments (n = 3 measurements). (F, G) Fatty acid (3-oxidation (FAO) probe labeling of
mitochondrial FAO in serum-fed and serum-starved 786-O cells. (F) Representative super-resolution images (scale bar, 5
um). (G) Quantitative analysis of FAO fluorescence intensity (n = 10 cells). (H, I) Tracking fatty acid (FA) distribution on LDs in
786-0 cells under serum-fed and serum-starved conditions. (H) Representative super-resolution images (scale bar, 2 um).
() Quantitative analysis of FAs and LD colocalization (n = 10 cells). (J, K) Tracking FA distribution on mitochondria in 786-O
cells under serum-fed and serum-starved conditions. (J) Representative super-resolution images (scale bar, 2 pm).
(K) Quantitative analysis of FAs and mitochondrial colocalization (n = 10 cells). (L) Schematic representation of altered
metabolic pathways in 786-O cells under serum-fed and serum-starved conditions. Created with BioRender.com. Statistical
analysis was performed using a two-tailed unpaired Student’s t test, and the data were presented as mean + SEM. P < 0.05
was considered statistically significant.

reducing their accessible surface area for organelle contacts and blocking FA transport. This thus
inhibits energy metabolism in nutrient-starved cancer cells. This system, termed LDLRC, leverages
optogenetic control to induce LD clustering and limit their functional availability. The LDLRC con-
struct comprises three components: protein Plin2 as the LD membrane anchor [34], a red
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fluorescent protein mCherry for visualization, and the light-sensitive dimerization domain CRY2
[27,35-37] (Figure 2A). In the presence of blue light, CRY2 undergoes homodimerization, driving
neighboring LDs closer and aggregation of adjacent LDs via Plin2-mediated anchoring. The
LDLRC system was introduced into 786-O cells and successfully localized to LD membranes, as
verified by costaining with Lipi-Blue for colocalization experiments (Figure 2B and Figure S4 in
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Figure 2. Engineering light-inducible stable lipid droplet (LD) clustering system to reduce accessibility. (A) Fusion
of the light-sensitive protein CRY2 with the red fluorescent protein mCherry and the LD membrane protein Plin2 generates
light-controlled responsive crosslinker (LDLRC), which leads to LD clustering upon illumination with the light. Created with
BioRender.com. (B) Super-resolution imaging of LDLRC and the LD probe Lipi-Blue colocalized on LDs in 786-O cells
(scale bar, 5 um). (C) Transmission electron microscopy images of LDs in serum-starved 786-O cells under both nonlight
and light-controlled conditions. Representative images (scale bar, 500 nm). (D) Evaluation criteria for the average area of
LDs and whether LD clustering occurs in 786-0O cells (n = 728 LDs from 20 cells). (E, F) Time-lapse imaging of LD
clustering in LDLRC-expressing 786-0 cells under light exposure. (E) Representative super-resolution images; yellow
circles indicate clustered LDs (scale bar, 5 pm). (F) Quantitative analysis of LD clustering (n = 10 cells). (G, H) Changes in
the LD-mitochondria contact ratio in LDLRC-expressing 786-0O cells under light exposure versus no light exposure.
(G) Representative images (scale bar, 1 ym). (H) Quantitative assessment of the LD-mitochondria contact ratio (n = 10
cells). Statistical analysis was performed using a two-tailed unpaired Student’s t test, and the data were presented as
mean + SEM. P < 0.05 was considered statistically significant.
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the supplemental information online). Comparable expression and localization were achieved in
HepG2 and MCF-7 cells (Figure S5 in the supplemental information online).

Upon exposure to a custom-designed light source (500 pW/cm?) [35] for durations of 0, 3, and 5
min, LDs were observed to progressively cluster (Figure S6A in the supplemental information on-
line). This effect was confirmed through both transmission electron microscopy (Figure 2C) and
live-cell imaging with alternative LD markers (Figures S6B,C in the supplemental information on-
line). These results indicated that light-induced LDLRC promoted LD clustering. To quantify LD
clustering, we analyzed 728 LDs and set an average LD area of 0.17 pm? as a baseline. LDs
with areas <0.34 um? were categorized as nonclustered, and those >0.34 um? were classified
as clustered (Figure 2D). Subsequently, quantitative analysis indicated that prolonged light expo-
sure (20-40 min) significantly increased the proportion of clustered LDs (Figure 2E), accompanied
by a reduction in nonclustered LDs (Figure 2F). Importantly, light-induced LD clustering led to a
substantial reduction in LD-mitochondria contact (Figure 2G,H), indicating effective spatial segre-
gation. These effects were CRY2-dependent because cells expressing a control version of
LDLRC lacking CRY2 (LDLRC-c) exhibited no LD clustering under light stimulation (Figure S7 in
the supplemental information online). Moreover, the LDLRC system consistently induced LD clus-
tering in HepG2 and MCF-7 cells (Figure S8 in the supplemental information online).

To assess the stability of LDLRC-tethered LD clusters, we terminated light exposure and monitored
cells over an 8-h period. LD clusters persisted in the absence of light (Figure S9 in the supplemental
information online), suggesting that CRY2-mediated tethering may trigger endogenous stabilization
mechanisms. It was found that the tethered LDs did not disperse, suggesting that LDLRC-
tethering can further initiate endogenous LD tethering factors such as Cidec (Figure S10 in the sup-
plemental information online). Collectively, our data demonstrate that LDLRC enables light-
inducible control over LD clustering in cancer cells, resulting in stable LD clusters and a reduction
in LD accessibility, ultimately reducing the formation of LD-mitochondria MCSs.

LD clustering decreases the energy supply during cancer cell starvation

To investigate the functional consequences of LD clustering during metabolic stress, we subjected
the cells to serum-free starvation for 2 h to activate intracellular lipid use (Figure S11). Under these
conditions, light-induced LD clustering (Figure 3A,B; 40-min exposure) inhibited lipid catabolism,
as evidenced by a significantly enlarged area of Lipi-Blue—labeled LDs compared with nonirradiated
controls (Figure 3C). These results suggest that clustered LDs are less accessible and less meta-
bolically active than dispersed LDs. To support this, we next assessed the impact of nonclustered
and clustered LDs on mitochondrial energy metabolism (Figure 3D-G). LD clustering was associ-
ated with a marked reduction in LD-mitochondria contact sites (Figure 3E), accompanied by de-
creased mitochondrial ATP production and oxygen consumption rate (Figure 3F,G and Figure
S12in the supplemental information online). These data indicate that clustered LD limits the transfer
of metabolic substrates to mitochondria by obstructing MCSs between LD and mitochondria. To
further substantiate this, we monitored FA transfer between LDs and mitochondria under starvation
conditions. FA transfer was significantly suppressed in LDLRC-induced LD clusters (Figure 3H,J),
mirroring the effects of etomoxir, an FA transport inhibitor. In LDLRC-induced clusters, FAs re-
mained trapped in LDs (indicated by a high colocalization with LDs; Figure 3I) and were largely ab-
sent from mitochondria (demonstrated by a low colocalization with mitochondria; Figure 3K). By
contrast, in nutrient-rich conditions where glycolysis and not mitochondrial FA metabolism domi-
nates energy production, LDLRC-mediated LD clustering had no significant impact on ATP pro-
duction (Figure S13 in the supplemental information online). Collectively, these findings suggest
that LDLRC-mediated LD clustering effectively disrupts mitochondrial FA oxidation under starva-
tion, exacerbating energy deprivation in cancer cells (Figure 3L).
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Figure 3. Lipid droplet (LD) clustering decreases the energy supply during cancer cell starvation. (A-C) Changes
in LDs in LDLRC-expressing 786-0O cells under serum-fed/no light exposure, serum-starved/no light exposure, and serum-
starved/light exposure conditions. (A) Representative super-resolution images (scale bar, 5 um). (B) Quantitative analysis of
LD clustering (n = 7 cells). (C) Quantitative analysis of LD area (n = 7 measurements). (D, E) Evaluation of LD-mitochondria
contact in serum-starved 786-O cells under nonlight and light-controlled conditions. (D) Representative images (scale bar,
5 pm). (E) Quantitative assessment of the LD-mitochondria contact ratio (n = 7 cells). (F, G) Quantitative analysis of the
mitochondrial ATP production (n = 3 measurements) and oxygen consumption rate (OCR) (n = 7 measurements) in
serum-starved 786-O cells under nonlight and light-controlled conditions. (H, I) Colocalization of fatty acids (FAs) with LDs
in serum-starved 786-0 cells under nonexposure, exposure, and etomoxir-treated conditions. (H) Representative super-
resolution images (scale bar, 2 um). (I) Quantitative analysis of FAs and LD colocalization (n = 10 cells). (J, K) Colocalization
of FAs with mitochondria in serum-starved 786-O cells under nonexposure, exposure, and etomoxir-treated conditions.
(J) Representative super-resolution images (scale bar, 2 um). (K) Quantitative analysis of FAs and mitochondrial
colocalization (n = 10 cells). (L) Schematic diagram of impaired LD use in serum-starved 786-O cells following light-
induced control of LD clustering. Created with BioRender.com. Statistical analysis was performed using a two-tailed
unpaired Student’s t test, and the data were presented as mean + SEM. P < 0.05 was considered statistically significant.
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LD clustering suppresses tumor progression both in vitro and in vivo

To evaluate the therapeutic potential of LDLRC-mediated LD clustering, we conducted in vitro and
in vivo studies. Flow cytometric analysis revealed a light dose-dependent progressive increase in
late apoptosis, excluding phototoxicity in control groups (Figure S14 in the supplemental informa-
tion online). Scratch assays confirmed that LDLRC treatment significantly impaired cell migration
under starvation for over 12 h (mitomycin C—treated to suppress proliferation) (Figure 4A,B),
whereas proliferation assays demonstrated suppressed growth of 786-0 cells following light-
induced LD clustering across various durations of serum deprivation (Figure 4C,D). To mimic
nutrient-limited TMEs [38], we used tumor spheroid models. LDLRC expression and subsequent
light activation significantly impeded spheroid expansion compared with controls (Figure 4E,F),
confirming the antitumor potential of LD clustering under physiologically relevant conditions.
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Given the limited tissue penetration of blue light, we employed upconverting nanoparticles (UCNPs)
[39] to convert near-IR (NIR) light, displaying significantly greater tissue penetration, into blue light
for in vivo activation of LDLRC within the tumor (Figure 5A). NIR light applied through the skin of
tumor-bearing mice successfully triggered blue light emission from intratumoral UCNPs, subse-
quently activating the LDLRC system and promoting significant LD clustering and fusion (Figure
5B and Figure S15 in the supplemental information online). Once tumor volume (786-0 cells)
reached approximately 100 mm?, 150 pg UCNPs were uniformly injected intratumorally, as
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Figure 5. Lipid droplet (LD) clustering suppresses tumor progression in vivo. (A) Schematic diagram illustrating the
conversion of near-IR (NIR) light to blue light by nanomaterial upconverting nanoparticles (UCNPs). Created with BioRender.
com. (B) Blue light and NIR light exposure of 786-O cells expressing LDLRC through mouse skin. Representative images
(scale bar, 5 pm). Created with BioRender.com. (C) Timeline of the animal experiments. Created with BioRender.com.
(D) Images of tumors dissected from different groups of mice (n = 5). (E) Comparison of tumor weight following dissection
among different groups of mice (n = 5). (F) Trends in tumor volume growth among different groups of mice (n = 5).
(G) Images of tumor tissue sections from four groups stained with H&E. Representative images (scale bar, 200 ym). (H, 1)
Transmission electron microscopy images of tumor tissues from the four groups. (H) Representative images (scale bar, 200
nm). (I) Quantitative analysis of LD clustering (n = 10 cells). Statistical analysis was performed using a two-tailed unpaired
Student’s t test, and the data were presented as mean + SEM. P < 0.05 was considered statistically significant.
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reported in the relevant literature [39,40], followed by daily NIR light exposure (2 W/cm?) [39,41]
(Figure 5C). After 15 days of NIR treatment, LDLRC-expressing tumors exhibited significantly re-
duced growth (Figures 5D), weight (Figure 5E), and volume (Figure 5F and Figure S16 in the sup-
plemental information online), compared with controls, without affecting overall body weight
(Figure S17 in the supplemental information online). Moreover, H&E staining revealed significantly
reduced tumor cell proliferation (Figure 5G) and prominent LD clustering (Figure 5H,1). Overall,
our results validate that LDLRC, in combination with UCNPs, enables effective light-controlled
LD clustering and exerts potent antitumor effects.

Discussion

In this study, we engineered an LDLRC system composed of the LD membrane-associated pro-
tein Plin2 [34], a red fluorescent marker mCherry, and the light-responsive optogenetic protein

Nutrient-deprived tumor Cancer starvation

microenvironment therapy

Trends in Biotechnology

Figure 6. Schematic illustration of engineering light-inducible lipid droplet (LD) clusters for tumor suppression.
Cancer cells respond to energy stress in nutrient-deprived tumor microenvironment (TME) by enhancing the contact between
LDs and mitochondria. This study used a light-controlled responsive crosslinker (LDLRC) to induce clustering of LDs under
blue light. By expressing LDLRC on the LD surface, close bundling of LDs was achieved, significantly reducing the
interactable surface area of LDs, thereby effectively limiting their contact with mitochondria. This disruption of LD-
mitochondria contact could prevent cancer cells from using LDs to mitigate energy stress.
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CRY2 [27,35,36]. LDLRC-driven LD clustering reduces LD accessibility by decreasing the size of
the interactable surface area and thus limiting the interaction of LDs with mitochondria. This spa-
tial reorganization of LDs disrupts the transfer of FAs from LDs to mitochondria, especially under
nutrient-deprived conditions where FA oxidation becomes essential for survival. Consequently,
LD clustering impairs mitochondrial ATP production, sensitizes cancer cells to starvation, and
suppresses tumor growth in vitro and in vivo (Figure 6). Overall, these studies suggest that
blocking LD-mitochondria interactions may offer a promising therapeutic strategy for solid tu-
mors within hypoxic and nutrient-deprived TMEs.

Compared with the conventional molecular approaches for modulating LD-mitochondria con-
tacts [17,32,33,42], the engineered LDLRC system offers several advantages [43-45]. First,
LDLRC does not directly act on the LD-mitochondrial MCS but restricts this contact by reducing
the LD’s interactable surface area, effectively avoiding uncertain interference factors. Second, the
LDLRC-mediated regulation of LD-mitochondria contact was highly specific, because LD-mito-
chondria contact was restricted to only sites expressing LDLRC components and receiving light
exposure. Finally, LD-mitochondria contact restriction is remarkably rapid, which initiates the lim-
iting effect immediately after light exposure.

Despite the promising outcomes of the LDLRC system, several challenges must be addressed for
its effective in vivo application. A primary limitation is the poor tissue penetration of blue light, which
constrains its therapeutic efficacy in deep-seated tissues. To overcome this, UCNPs have been de-
veloped to convert NIR light — known for superior tissue penetration, into localized blue light at the
target site [40,46]. Another major challenge is achieving cell-specific expression of optogenetic
components (e.g., LDLRC) within living organisms. Encouragingly, recent developments in
CRISPR-Cas9 delivery systems have demonstrated the feasibility of cell subtype-specific gene
editing in vivo [47], offering new avenues for precise optogenetic modulation.

Furthermore, compared with conventional cancer starvation therapies, which primarily aim to
inhibit tumor vasculature and restrict the intake of nutrients (e.g., glucose and amino acids)
[48,49], our approach addresses the challenge of metabolic plasticity by targeting alternative
nutrient reservoirs that hinder effective treatment. Furthermore, given the crucial role of LDs
in serving as an alternative nutrient reservoir in cancer cells and being implicated in lipid
storage- and mobilization-associated disorders (e.g., obesity, diabetes, and nonalcoholic
fatty liver disease) [50-54], LDLRC-mediated LD clustering may offer broader therapeutic po-
tential beyond oncology.

Concluding remarks

In this study, we discovered that cancer cell mitochondria use LDs through LD-mitochondria in-
teractions to compensate for energy deficits under starvation conditions. On the basis of this find-
ing, we developed an LDLRC to precisely regulate LD-mitochondria interactions in cancer cells.
By specifically targeting LDLRC to LD membranes, we achieved spatiotemporal control over LD
clustering in cancer cells. This approach effectively inhibited starved cancer cells from accessing
their nutrient reservoir via LD-mitochondria interactions, without directly perturbing LD-mito-
chondria MCSs. The blockade of this critical nutrient reservoir significantly impaired cancer cell
survival and progression in nutrient-deprived tumor microenvironments. In summary, LDLRC
not only effectively intervenes in LD-mitochondria interactions but also represents a novel organ-
elle manipulation strategy that avoids direct interference with membrane contact sites. This strat-
egy can be potentially extended to the broader field of organelle interaction research, providing a
powerful tool for investigating interorganelle communication. Moreover, our work demonstrates a
tumor starvation therapy targeting lipid metabolism (see Outstanding questions), overcoming the
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Outstanding questions

To achieve specific expression of
LDLRC onlipid droplets in various can-
cer cell types while minimizing effects
on adjacent normal tissues, what strat-
egies can be employed to selectively
target LDLRC to lipid droplets in can-
cer cells?

Given that in vivo tumors are typically
located deep within tissues and blue
light has limited penetration depth, is
it possible to enhance blue light
penetration or develop materials that
can emit blue light specifically at the
tumor site?

Given that high-intensity or prolonged
blue light exposure can cause photo-
toxicity, is it feasible to develop an
LDLRC system that can be activated
by near-IR light, which is associated
with lower phototoxicity?
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limitations of conventional starvation therapies and significantly advancing their therapeutic effi-
cacy and clinical potential.

STARXMETHODS
Detailed methods are provided in the online version of this paper and include the following:

e KEY RESOURCES TABLE
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
o Cell culture
o Animals
e METHOD DETAILS
Engineering LDLRC expression and cell staining
Live-cell imaging
ATP quantitative analysis and OCR measurement
FA migration detection
Quantification of LD clustering
Light source construction
Cell scratch and proliferation assay
Efficacy assessment at the cellular spheroid level
Lentiviral transfection and resistance screening
e QUANTIFICATION AND STATISTICAL ANALYSIS
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KEY RESOURCES TABLE

Reagent or resource

Bacterial and virus strains
HBLV-h-PLIN2-mCherry-CRY2-Null-PURO
Chemicals, peptides, and recombinant proteins
Lipi-Blue

MTDR

MTG

FAO-Blue

BODIPY FL C12

Lipi-Red

Etomoxir

UCNPs

Puromycin Dihydrochloride

Critical commercial assays

ATP quantitative assay kit

Annexin V-FITC/PI Apoptosis Kit
Enhanced Cell Counting Kit 8
Experimental models: cell lines

Human: 786-0 cells

Human: MCF-7 cells

Human: HepG2 cells

Experimental models: organisms/strains

Mouse: Balb/c

Recombinant DNA

Plasmid: Plin2-mCherry-CRY2
Plasmid: Plin2-mCherry
Plasmid: Plin2-CRY2

Plasmid: Cidec-GFP

Other

U-shaped 96-well plate

Trends in Biotechnology

Source

Hanheng Biotechnology Co., Ltd.

Dojindo Laboratories

Thermo Fisher Scientific

Thermo Fisher Scientific

Funakoshi

Thermo Fisher Scientific

Dojindo Laboratories

Shanghai yuanye Bio-Technology Co., Ltd
Science Compass Technology Co., Ltd

Beyotime Biotechnology Co., Ltd.

Alicelligent
ElabElabscience

Elabscience

Cell Bank of the Chinese Academy of Sciences
Cell Bank of the Chinese Academy of Sciences

Cell Bank of the Chinese Academy of Sciences

Beijing Weitong Lihua Experimental Animal Technology Co.,
Ltd

Hanheng Biotechnology Co., Ltd.
Hanheng Biotechnology Co., Ltd.
Hanheng Biotechnology Co., Ltd.
Hanheng Biotechnology Co., Ltd.

Thermo Fisher Scientific

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Identifier

HH20231226GX-LV03

LDO1
#M22426
#M46750
#FDV-0033
#D3822
LDO3
S41677
FMA0826-2
ST551

ALS22032
E-CK-A211
#E-CK-A362

19375.09.3101HUMTCHu186
19375.09.3101HUMSCSP531
19375.09.3101HUMSCSP510

NO.2025051301

HH20230413GX-PCO1
HH20230413GX-PC02
HH20230413GX-PC03
HH20230413GX-PC04

#4515

786-0 and MCF-7 cells (Cell Bank of the Chinese Academy of Sciences) used in this study were cultured in RPMI-1640 medium
(11875093, Thermo Fisher Scientific) containing 10% FBS and 100 U/ml penicillin-streptomycin, and HepG2 cells (Chinese Academy
of Sciences Cell Bank) were cultured in DMEM (11965092, Thermo Fisher Scientific) supplemented with 10% FBS and 100 U/ml
penicillin-streptomycin. All cell cultures in this study were performed in a cell incubator at 5% CO, and 37°C. All cell lines used in
this study were tested and found to be free of mycoplasma contamination.
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Animals

The experimental animals used were 6-week-old healthy female Balb/c nude mice, weighing approximately 18-20 g (Beijing
Weitong Lihua Experimental Animal Technology Co., Ltd), with an animal license number of SYXK(LU) 2024 0019. The animal ex-
periment was approved by the Animal Ethics Committee of Shandong First Medical University (2023S 6028). The animal exper-
iment was conducted in accordance with the statutory requirements of the People’s Republic of China (GB14925-2010). First,
150 pl of suspension containing cancer cells stably expressing LDLRC (7 x 10° 786-0 cells per mouse) was subcutaneously
injected into the backs of the nude mice. When tumors had formed and grown to approximately 100 mm?, 150 ug of UCNPs
were injected into the tumors, followed by daily 2-h exposure to a 2 W/cm? 980-nm wavelength NIR LED light (with 20 s of
light exposure every 2 min). During the treatment period, the body weight and tumor volume changes of the mice were measured
every other day (volume = length x width? x 0.52). After 15 days of optogenetic therapy, the tumors were dissected, weighed, and
photographed. Subsequently, the tumor tissues were embedded, sliced, stained with H&E, imaged (LEICA DM750), and imaged
with transmission electron microscopy.

METHOD DETAILS

Engineering LDLRC expression and cell staining

Engineering LDLRC was expressed using the RFect plasmid transfection reagent (21013, Baidai). First, we mixed 3.2 pg of Plin2-
mCherry-CRY2, Plin2-mCherry, Plin2-CRY2, or Cidec-GFP (all from Hanbio) with 200 pl of transfection buffer and incubated at
room temperature for 5 min to obtain a DNA-transfection buffer mixture. Meanwhile, we mixed 10 pl of RFect with 200 pl of trans-
fection buffer and incubated at room temperature for 5 min to obtain the RFect-Trans buffer mixture. Subsequently, we mixed the
DNA-transfection buffer mixture with the RFect-Trans buffer mixture and incubated at room temperature for 15 min to achieve the
DNA-RFect-Trans buffer mixture. Finally, we added the DNA-RFect-Trans buffer mixture dropwise into the cell culture medium
and cultured it in an incubator for 36 h.

The cells were seeded at a density of 1 x 10° in a 3.5-cm glass-bottomed culture dish containing complete growth medium and in-
cubated in a cell culture incubator for 24 h. Subsequently, the old culture medium was removed, and fresh medium containing 100
nM MTDR (M22426, Thermo Fisher Scientific) or 0.1 uM Lipi-Blue (LDO1, Dojindo Laboratories) or 200 nM MTG (M46750, Thermo
Fisher Scientific) or 10 uM FAO-Blue (FDV-0033, Funakoshi) was added. The cells were then incubated in the cell culture incubator
for 30 min. After staining, the cells were washed three times with preheated PBS at 37°C. Finally, phenol-free medium was added to
the cell culture dish, and imaging was performed using confocal (LSM980, Zeiss) or super-resolution microscopy (Lattice SIM, Zeiss).

Live-cell imaging

The live-cell images in this study were acquired using distinct microscopy systems: a 63x/1.4 oil immersion objective on a two-
photon confocal microscope (LSM980, Zeiss) and a 63x/1.4 oil immersion objective lens with an ultrahigh-resolution microscope
(Elyra 7, Zeiss). The acquired images were analyzed and processed using ZEN software (version 1.1.2.0, Zeiss) and Imaged software
(version 1.52r, National Institutes of Health). The excitation wavelengths and emission detection ranges selected for the fluorescent
dyes used in this study were as follows: Lipi-Blue channel: Ex = 405 nm, Em = 417-476 nm; MTDR channel: Ex = 640 nm, Em = 660-
700 nm; MTG channel: Ex = 488 nm, Em = 500-550 nm; FAO-Blue channel: Ex = 405 nm, Em =417-476 nm; C12 channel: Ex = 488
nm, Em = 500-550 nm; LDLRC channel: Ex =561 nm, Em = 600-640 nm; Lipi-Red channel: Ex = 561 nm, Em = 600-640 nm; Cidec-
GFP channel: Ex = 488nm, Em = 500-550 nm.

ATP gquantitative analysis and OCR measurement

According to the ATP quantitative assay kit (ALS22032, Alicelligent) manual, the 786-0O cells or 786-0 expressing LDLRC were
seeded at a density of 6000 cells per well in an XFe96 cell culture plate containing complete growth medium overnight. Afterward,
200 pl of XF calibration solution was added to each well of the hydration plate. The probe plate was placed on the hydration plate
and incubated for 12 h in a CO,-free cell culture incubator. Prior to the formal experiment, the cells were subjected to serum starva-
tion or light exposure according to the relevant experiments. Next, the medium in the cell culture plate was replaced with Seahorse
detection solution containing 1 mmol/L pyruvate, 2 mmol/L glutamine, and 10 mmol/L glucose, and the cells were incubated in a cell
culture incubator without carbon dioxide for 60 min. Following this, 20 pl of 15 umol/L oligomycin and 22 ul of 10 umol/L Rot/AA were
added to the probe plate. Finally, the probe plate and cell culture plate were transferred to the Seahorse XFe96 instrument
(Alicelligent) for ATP quantification analysis and OCR measurement.
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FA migration detection

Cells were first incubated in complete medium containing 1.0 uM BODIPY FL C12 (D3822, Thermo Fisher Scientific) for 12 h at 37°C,
followed by three washes with prewarmed PBS to remove excess dye. Mitochondria and LDs were then labeled with MTDR and Lipi-
Blue, respectively. After serum starvation treatment for the indicated durations, subcellular localization of FAs was determined using
super-resolution microscopy (Elyra 7, Zeiss).

Quantification of LD clustering

Using two-photon confocal microscopy to image Lipi-Blue labeled 786-O cell LDs, a total of 728 particles of LDs from 20 cells were
obtained from three imaging sessions. The ImageJ software was then used to calculate the average area of the LDs. Based on the
average area of the LDs, the degree of LD clustering was classified as either nonclustered or clustered.

Light source construction

Blue light source used in cell experiments consisted of six blue LEDs emitting a wavelength of 450 nm (1 W) connected in parallel
on acircuit board, with a diffuser placed on top and connected to an adjustable constant voltage power supply. The power supply
was adjusted to maintain a constant blue light optical power of 500 uW/cm? on the outer surface of the diffuser. The applied blue
light power has been demonstrated in relevant studies to exhibit low phototoxicity to cells [37]. During blue light exposure, the cell
culture dishes were placed on the light diffuser plate inside the incubator for exposure according to the experimentally designated
durations.

NIR light source used in animal experiments employed LED lights emitting NIR light at a wavelength of 980 nm (50 W) with an expo-
sure angle of 90°. The constant voltage power supply was adjusted to ensure that the optical power of NIR light on the outer surface
of the light source remained constant at 2 W/cm?. The NIR light optical power used in this study has been confirmed as effective in
relevant research [39)].

Cell scratch and proliferation assay

786-0 cells expressing LDLRC (Plin2-mCherry-CRY?2) or LDLRC-c (Plin2-mCherry) were cultured in 6-cm cell culture dishes until
100% confluence was reached. They were then serum-starved for 2 h while being illuminated for 0, 1, and 2 h. Next, a blank line
was drawn across the cell layer using a 200-pl pipette tip. After that, the healing of the scratch was observed at 0 and 12 h postculture
using a confocal microscope (EVOS M7000, Thermo Fisher Scientific) with a 20x objective lens.

786-0 cells expressing LDLRC (Plin2-mCherry-CRY?2) or LDLRC-c (Plin2-mCherry) were exposed to serum starvation for 2 h
while simultaneously being exposed to light for 0, 1, or 2 h. Subsequently, 8000 cells were seeded into each well of a 96-well
plate and cultured overnight. The detection was then carried out following the experimental instructions of CCK8 (E-CK-A362,
Elabscience).

Efficacy assessment at the cellular spheroid level

786-0 cells expressing LDLRC (Plin2-mCherry-CRY2) or LDLRC-c (Plin2-mCherry) were seeded in a U-shaped 96-well plate (4515,
Thermo Fisher Scientific) at a density of 1 x 10% cells per well and incubated until tumor spheroids formed. The tumor spheroids were
then exposed to light for 0, 1, and 2 h, and after 12 h, the spheroids were observed and imaged using a confocal microscope (EVOS
M7000, Thermo Fisher Scientific) with a 20x objective lens.

Lentiviral transfection and resistance screening

786-0 cells were seeded at a density of 2 x 10° cells per well in a 6-well plate. When the cell confluence reached 50%, the old
culture medium was removed and replaced with 1 ml of fresh culture medium containing 20 pl of lentiviral solution (all from
Hanbio) (stable expression of Plin2-mCherry-CRY2 lentivirus, and the infective multiplicity of infection value has been deter-
mined through preliminary experiments). After 4 h, an additional 1 ml of culture medium was added, and the medium was re-
placed 24 h later. The infection efficiency was observed using confocal microscopy 48 h postinfection. After infection, the
culture medium was changed to fresh medium containing 1 ug/ml puromycin. After 24 h, the fresh culture medium was re-
placed, and the cells were cultured for an additional 24 h. Then, confocal microscopy was used to observe and record the fluo-
rescence signal of Plin2-mCherry-CRY2.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The data calculation and analysis were performed using Origin (Origin, 2021) and Excel (Microsoft, 2013). A two-tailed unpaired Stu-
dent’s t test was used for statistical analysis, and the data were expressed as mean + SEM. Statistical significance was considered
when P < 0.05. Colocalization analysis, LD number/area quantification, LD-mitochondria contact quantification, and fluorescence
intensity measurements were conducted using ImagedJ software. All figures were created using PowerPoint (Microsoft, 2013) and
BioRender.com. Statistical significance and sample sizes for all graphs were indicated in the respective figures and figure legends.

Document S1, containing supplemental Figures S1-S17.
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