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ABSTRACT

Imaging of fatty acid (FA) trafficking revealed that FAs stored in lipid droplets were delivered to
mitochondria when the cells were starved. This delivery required cytoplasmic lipases and mitochondrial
fusion activity, whereas lipid droplets were replenished with FAs supplied by autophagy. These findings

have important implications for cancer.

In order to survive and thrive, cells must continually adapt to
the changing availability of nutrients. Cells store energy in the
form of neutral lipids within lipid droplets (LDs). In response
to nutrient deprivation, cells switch from reliance on glucose
metabolism to oxidation of fatty acids (FAs), which occurs in
mitochondria. How FAs are mobilized from LDs for transfer to
mitochondria under these conditions remains unclear. To
address this question, we developed a fluorescence pulse-chase
assay that allowed us to visualize FA trafficking in live cells.!
Cells were pulsed with a fluorescent FA analog, which accumu-
lated in neutral lipids within LDs under well-fed conditions.
Upon subsequent nutrient deprivation, the fluorescent FA was
released from LDs and trafficked to mitochondria. Analysis of
this process allowed us to address several outstanding questions
regarding FA mobilization in starved cells.

One question relates to how FAs are released from LDs. Two
possible mechanisms have been described. Cytoplasmic neutral
lipases can localize to LDs and directly hydrolyze triacylgly-
cerol.” Alternatively, autophagy of LDs (called lipophagy) can
digest whole LDs or large portions of LDs, including proteins
on the LD surface.” Use of the FA pulse-chase assay allowed us
to distinguish between these mechanisms. We found that in
starved mouse embryonic fibroblast cells the ubiquitously
expressed cytoplasmic lipase adipose triglyceride lipase was
necessary for transfer of FAs from LDs to mitochondria,
whereas autophagy was dispensable.’ Interestingly, depletion of
serum, amino acids, and glucose did not cause upregulation of
lipophagy, whereas depletion of serum alone induced lipoph-
agy.' Thus, the type of nutrient stress seems to affect the mech-
anism of FA release. Different tissues are also likely to differ in
their response to nutrient stress. Although autophagy was dis-
pensable for releasing FAs from LDs, we identified an
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alternative role for autophagy in the response to starvation:
replenishing LDs with FAs recycled from cellular membranes.
When cellular membranes were labeled with a fluorescent
phospholipid followed by starvation of the labeled cells, fluores-
cence accumulated within LDs in an autophagy-dependent
manner.' Therefore, autophagy of cellular membranes releases
FAs, which accumulate in LDs for continued transfer to mito-
chondria. The use of LDs as a central conduit for FA trafficking
likely minimizes lipotoxicity caused by free FAs in the cyto-
plasm, which can generate damaging bioactive lipids and per-
meabilize cellular membranes.*

A second question that we addressed is how FAs released
from LDs are trafficked to mitochondria. We observed that
LDs in starved cells were closely apposed to mitochondria,
implying that FA transfer may occur at interorganellar contact
sites. Interestingly, in wild type (WT) cells the mitochondria
were highly tubulated in response to starvation, as previously
described.” In addition, FAs were homogeneously distributed
throughout the mitochondrial network." In contrast, in cells
deficient for mitofusin 1 (Mfnl) or optic atrophy 1 (Opal),
which have fragmented mitochondria due to inhibition of
mitochondrial membrane fusion, FAs did not become homoge-
nously distributed across the mitochondrial population, result-
ing in either very low or exceedingly high FA concentrations
within individual mitochondrial elements.! Together, these
data suggest that in response to starvation, FAs are transferred
from LDs to mitochondria at sites of close contact, and that
mitochondrial fusion is required to equilibrate FAs throughout
the network and maximize FA availability for B-oxidation
reactions. Indeed, cells with impaired mitochondrial fusion
were unable to sustain increased B-oxidation in response to
starvation, resulting in decreased mitochondrial oxygen
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Figure 1. Intra- and intercellular fatty acid trafficking in starved cells and in the tumor microenvironment. (A) We showed that in starved cells with impaired mitochon-
drial fusion (mitofusin 1 knockout [Mfn1 KO] and optic atrophy 1 knockout [OpaT KO]), fragmented mitochondria received highly variable amounts of fatty acids (FAs).
These FAs were not efficiently metabolized, resulting in increased FA storage within lipid droplets (LDs) and transfer of FAs to neighboring wild-type (WT) cells. (B) This is
analogous to a 2-compartment model of tumor metabolism, in which upregulated autophagy, fragmentation of mitochondria, or increased lipolysis in supporting host
cells promotes tumor growth, presumably through intercellular transfer of FAs. Numbers in parentheses refer to references. Oxphos., oxidative phosphorylation; DRAM,

damage-regulated autophagy modulator; Mff, mitochondrial fission factor.

consumption.' This inability to efficiently metabolize FAs had
drastic consequences: Mfnl- and Opal-knockout (KO) cells
both stored more FAs within LDs and effluxed FAs from the
cell' A co-culture assay in which “donor” cells pulsed with
fluorescent FA were incubated with labeled “acceptor” cells
revealed that acceptor cells cultured with Mfnl KO or Opal
KO donor cells were exposed to higher levels of FAs than
acceptor cells cultured with WT donor cells." Thus, dysregula-
tion of mitochondrial morphology has metabolic consequences
not only for the cell, but also for its neighbors (Fig. 1A).

FA trafficking is likely to be important in a variety of
disease contexts, including cancer. The system we have
described bears striking similarities to a recently proposed
2-compartment model of tumor metabolism (Fig. 1B). In
this model, catabolism in supporting host cells results in
transfer of metabolites (including FAs) to cancer cells,
supporting the anabolic growth of tumors.® Many of the
features that we observed in starved Mfnl KO and Opal
KO cells—autophagy, fragmented mitochondria, and

intercellular transfer of FAs—are likely to be important in
the context of the tumor microenvironment. For example,
one study showed that tumor growth was enhanced when
cancer-associated fibroblasts (CAFs) with upregulated
autophagy were co-injected with breast cancer cells,
whereas another showed similar results when mitochondrial
fission factor (Mff) was overexpressed in CAFs.® In a differ-
ent system, when ovarian cancer cells were co-cultured with
supporting adipocytes, lipolysis was induced in the adipo-
cytes, FAs were transferred from adipocytes to cancer cells,
and B—oxidation was upregulated in the cancer cells, sup-
porting cancer cell proliferation.” Our results predict a
build-up of LDs in catabolic supporting host cells, but this
remains to be determined. In addition, in situations where
cancer cells rely heavily on B—oxidation’, we expect mito-
chondria to be tubulated. However, this is likely to be con-
text-specific; for example, it has recently been shown that
metastatic breast cancer cells have more fragmented mito-
chondria than non-metastatic breast cancer cells.'” Clearly,



in the future it will be important to investigate the co-ordi-
nation of multiple metabolic processes, including FA traf-
ficking, autophagy, and mitochondrial fission/fusion dynamics,
in both cancer cells and the tumor micro-environment.
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