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Lipid Droplets (LDs) are evolutionarily conserved cellular organelles that store

neutral lipids such as triacylglycerol and cholesterol-esters. Neutral lipids are

enclosed within the limiting membrane of the LD, which is a monolayer of

phospholipids and is therefore fundamentally different from the bilayer

membrane enclosing most other organelles. LDs have long been viewed as

a storehouse of lipids needed on demand for generating energy and

membranes inside cells. Outside this classical view, we are now realizing

that LDs have significant roles in protein sequestration, supply of signalling

lipids, viral replication, lipoprotein production and many other functions of

important physiological consequence. To execute such functions, LDs must

often exchange lipids and proteins with other organelles (e.g., the ER,

lysosomes, mitochondria) via physical contacts. But before such exchanges

can occur, how does a micron-sized LD with limited ability to diffuse around

find its cognate organelle? There is growing evidence that motor protein driven

motion of LDs along microtubules may facilitate such LD-organelle

interactions. We will summarize some aspects of LD motion leading to LD-

organelle contacts, how these change with metabolic state and pathogen

infections, and also ask how these pathways could perhaps be targeted

selectively in the context of disease and drug delivery. Such a possibility

arises because the binding of motor proteins to the monolayer membrane

on LDs could be different from motor binding to the membrane on other

cellular organelles.
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Introduction

Lipids are an integral component of living systems. In addition to their roles of storing

energy and forming cell membranes, lipids have crucial roles in cell signaling (Hannun

and Obeid, 2008). Almost all types of cells have the capability to accumulate lipids, with

the mechanism of lipid storage being fairly conserved from yeast to mammals and plants

(Zhang and Liu, 2017). Lipid Droplets (LDs) are the cellular organelles that specialize in

storing and supplying lipids. LDs have a unique structure consisting of a hydrophobic
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core, containing predominantly triacylglycerol (TG) and steryl

esters, coated by a phospholipid monolayer which emulsifies the

LD in the cytoplasm. LD-specific proteins, including motor

proteins, are recruited to this monolayer from the cytosol or

from other membranous organelles (e.g., the endoplasmic

reticulum; ER) by mechanisms that are under intense

investigation (Olarte et al., 2022). We are now beginning to

appreciate how LDs interact with other cellular compartments,

and how these interactions play a role in lipid metabolism (Renne

and Hariri, 2021). The membrane phospholipids of the LD, along

with their set of bound proteins, control storage and

consumption of the LD contents for generating energy,

membrane and signalling lipids (Walther and Farese, 2012).

Dysfunctions in the pathways that control LD biogenesis and/

or catabolism can therefore have severe physiological

consequences (Greenberg et al., 2011).

Almost all kinds of cells contain LDs, but the mechanisms

that allow the cell to access to these lipids can be different across

cell types. Adipocytes are the archetypal cells for LD storage.

Most of the cell volume in white adipocytes is occupied by a few

large LDs, leaving little space for these LDs to move around. The

major lipases that are known to catabolize LDs in adipocytes,

namely Adipose triglyceride lipase-ATGL and Hormone

sensitive lipase-HSL, are located in the cytoplasm of these

cells (Miyoshi et al., 2008). A co-activator of ATGL

(Comparative gene identification-58; CGI-58), which is also

cytosolic, is required to recruit the cytosolic lipase to LDs for

lipolysis to proceed. Therefore, the mechanisms that activate LD-

lipolysis may not be highly sensitive to the intra-cellular

localization of LDs in these cells. In contrast, hepatocytes in

the liver have much smaller LDs (1–2 micron diameter).

Interestingly, the major lipase (Carboxylesterase 3/

triacylglycerol hydrolase; Ces3/TGH) that channels LD-

contents towards producing lipoproteins in the liver is not

cytosolic. Rather, Ces3/TGH is found on the endoplasmic

reticulum (ER) of hepatocytes (Lehner et al., 2012). In

hepatocytes, therefore, active motion may be required to

localize the micron-sized LDs to the ER, so that LD-ER

contacts can form for Ces3/TGH to access the LDs (Rai et al.,

2017). Similar to hepatocytes, most cell-types have LDs that are

smaller than adipocytes. Nevertheless, diffusion of LDs is still

highly restricted in these cells. Though this aspect remains to be

explored broadly, it is conceivable that LD-organelle interactions

would require motor protein driven “delivery” of LDs to diverse

intracellular locations in these cell-types.

The motor-protein driven motion of LDs has been discussed

in excellent reviews (Welte, 2015; Welte and Gould, 2017;

Kilwein and Welte, 2019), and will be summarized briefly

here. Directed LD motion has been reported in hepatocytes,

fibroblasts, kidney epithelial cells, adrenal cortex cells etc.

(Targett-Adams et al., 2003; Nan et al., 2006; Turró et al.,

2006; Barak et al., 2013). Motion of LDs in Drosophila

embryos has been studied extensively and is known to change

across developmental stages (Welte, 2015). The microtubule

minus end-directed motor cytoplasmic dynein is present on

LDs (Gross et al., 2000). Dynein inactivation and/or

microtubule depolymerization blocks the formation of LD-

complexes in NIH3T3 cells, raising the possibility of growth/

fusion of LDs facilitated by dynein (Boström et al., 2005). The

plus-end directed microtubule motor Kif5b (Kinesin-1) is

associated with LDs in hepatocytes and Drosophila embryos

(Turró et al., 2006; Shubeita et al., 2008; Rai et al., 2017).

Another study showed that kinesin and dynein work together

to mediate LD motion in A549 cells (Sims and Xie, 2009). In

some cases, myosin family motors have also been reported to

drive LD motility. Myo2p, a class V myosin has been known to

drive LDs from mother to daughter cell in Saccharomyces

cerevisiae (Knoblach and Rachubinski, 2015). A non-muscle

myosin II can also move LDs indirectly by sliding actin

filaments with LDs attached on them in zebrafish embryos

(Dutta and Kumar Sinha, 2015).

Recent advances in imaging using label-free methods (Dou

et al., 2012) or by using low-toxicity fluorescent dyes (Collot

et al., 2018; Zheng et al., 2019) have allowed longer observation of

LD dynamics with better spatial and temporal resolution.

Multispectral imaging was used to quantify the interaction

different cellular organelles in massively parallelized manner

to conclude that LDs interact extensively with many other

organelles, with LD-ER interactions being most promiscuous

(Valm et al., 2017). The ubiquitous nature of LDmotion and LD-

organelle interactions in different cell types is clear from these

studies. Keeping these advances in mind, there is now an urgent

need to understand why LDs move in response to specific

cellular/physiological stimuli, and how such stimuli activate

the agents of LD motion (i.e., the motors). With better

understanding of these mechanisms, it may also be possible to

target LD motion selectively for therapeutic benefits (see later).

We will discuss some aspects of microtubule motor driven LD

motion relating to cellular physiology, health and disease with

these motivations in mind.

Lipid droplet–Organelle interactions:
Regulation by motor proteins and
physiological relevance

LDs can interact with other organelles through membrane

contact sites, regions where inter-organellar communication

can happen via lipid/protein exchange (Hugenroth and

Bohnert, 2020; Renne and Hariri, 2021). Microtubule

depolymerization changes the interactome of LDs drastically,

possibly because it affects the co-localization of LDs with

peroxisomes, mitochondria and lysosomes to abrogate lipid/

protein exchanges (Valm et al., 2017). LDs provide fatty acids

for β-oxidation in mitochondria to generate energy during

nutrient deprivation. For lipid transfer to occur, LD-
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mitochondria interactions could be required, with this

interaction requiring the Synaptosomal Associated Protein

23 or SNAP23 (Jägerström et al., 2009). Recent studies have

shown that nutrient deprivation sensed by AMPK (AMP-

activated kinase) reorganizes the network of detyrosinated

microtubules in fibroblast cells. The kinesin-2 motor may

drive LD motion upon starvation to bring LDs and

mitochondria in close proximity, so that LDs can be

consumed to generate fatty acids (Herms et al., 2015). We

found that SNAP23 and a mitochondrial marker (VDAC-1) are

significantly increased on LDs in hepatocytes within rat liver

when the animal is fasted (Sadh et al., 2017). This supports the

FIGURE 1
LDs Utilize the Microtubule cytoskeleton to Interact with other Organelles. (A) Even after its biogenesis from the ER, LDs maintain contacts with
ER for protein and lipid trafficking during their life cycle (shown in 1). During nutrient deprivation and/or energy demand LDs interact with
mitochondria for β-oxidation (as shown in 2). In hepatocytes, kinesin-1 drives LDs to smooth-ER at the cell periphery where it facilitates lipid transfer
for lipidating VLDL particles which are then secreted out into blood for delivery to peripheral organs (depicted in 3). Extreme energy stress
upregulates lipophagy, where LDs are engulfed by autophagosomes to derive energy and nutrients for cell survival (shown in 4). (B) Pathogens cause
changes in LD dynamics and localization using different mechanisms. Some pathogens cause changes in microtubule (MT) organization and
modifications (shown in 1) to cause altered motor driven LD transport. Viruses such as HCV hitchhike with LDs and hijack their metabolic cycle for
their entry into the nucleus as well as for the exocytosis of viral particles (as shown in 2). LDs often show differential recruitment of motors upon
infection (shown in 3) to cause LD localization to pathogen containing vacuole and other organelles. As opposed to these, a counter defense
mechanism used by the host is accumulation of anti-microbial proteins on LDs, which then act as immune hubs and help in elimination of the
pathogen (shown in 4).
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requirement of SNAP23 for LD-mitochondria interaction,

suggesting a physiological angle to this finding.

The kinesin-1 motor drives LD transport towards the cell

periphery in hepatocytes to facilitate interaction between LDs

and the smooth-ER (sER) leading to the catabolism of LDs for

providing TG towards very low density lipoprotein (VLDL)

assembly in the sER (Rai et al., 2017; Kumar et al., 2019).

Perhaps, therefore, two separate motor-dependent pathways exist

for routing LD-contents to different organelles. First, a kinesin-2/

SNAP23 dependent pathway in starved state that transports LDs to

the mitochondria along detyrosinated microtubules, so as to derive

energy by β-oxidation of LD contents in the mitochondria. Second,

a Kif5b (kinesin-1) dependent pathway in nutrient-replete fed state

where this motor transports LDs towards the peripheral ER in

hepatocytes, where LD-TG is utilized for assembling VLDL particles

as shown in Figure 1A (Rai et al., 2017; Kumar et al., 2019). Note

that SNAP23 is also implicated in dynein mediated LD-LD fusion

(Boström et al., 2007). Contrary to the conventional school of

thought, a study on brown adipose tissue also demonstrated that

mitochondria, instead of being the acceptor, can also provide fatty

acid substrates to LDs for the synthesis of neutral lipids (Benador

et al., 2018, 2019). The context-specific role of motors in mediating

LD-mitochondria interactions is therefore open to further

exploration.

Another system where LD motion has been linked to a

specific physiological function is in mammary gland cells.

Intravital imaging of a lactating mouse mammary gland

revealed that LDs originate all over the cell and move towards

the centrioles near the apical surface (Masedunskas et al., 2017).

This motion is likely driven by dynein, a motor that was detected

in a proteomic study of LDs from mouse mammary cells (Wu

et al., 2000). LDs, in addition to being a lipid/energy reservoir,

also act as a depot for protein trafficking. Quite remarkably, LDs

sequester away histones from the nuclei of cells at early stages of

development in the Drosophila embryo, and may then possibly

deliver these histones for packaging DNA as development

proceeds and cells multiply (Cermelli et al., 2006). More

comprehensive discussions on LD-organelle interactions and

their downstream consequences can be found (Thiam and

Dugail, 2019; Herker et al., 2021), and will not be repeated

here. As more sensitive techniques are developed to track

these interactions and our understanding of LD motility

expands, stronger connections between these fields may

emerge. It is however clear at this stage that motor proteins

bind to the LD membrane and directly drive LD motion in many

situations.

Recruitment of motor proteins to lipid
droplets

How specific proteins are targeted to the LD is a topic of

intense discussion (Olarte et al., 2022). Very interestingly, no

dedicated machinery is known for this purpose. This is in

contrast to other organelles, for example, the translocon

machinery for the ER, or the phosphorylation of

phosphatidylinositols that modulates protein composition in

the endo-phagocytic pathway. It therefore appears likely that

biophysical properties of the LDmembrane (e.g., packing defects,

phospholipids with different intrinsic curvatures etc.) control

protein recruitment, and once recruited, a protein must compete

to stay on the LD in the face of protein crowding. The so-called

Class I proteins on LDs have hydrophobic segments that insert

them on the ER membrane, from where they can get partitioned

onto the LDs. This pathway is also called the ERTOLD (ER-to-

LD) pathway for protein recruitment to LDs. Some examples of

ERTOLD proteins are LD-associated hydrolase (LDAH), glycerol

3-phosphate acyltransferase 4 (GPAT4), Adipose TG lipase

(ATGL) and Caveolin. Class II proteins, on the other hand,

are cytosolic proteins with amphipathic helices that cause them

to get recruited to LDs because the LD surface presents packing

defects (CYTOLD; cytosol-to-LD pathway). Examples of

CYTOLD proteins are perilipins, CTP:phosphocholine

cytidylyltransferase (CCT) etc.

Some studies have also identified LD-resident proteins that

interact with motors. A perilipin homologue LSD2 has been

shown to coordinate directionality of LD transport in Drosophila

embryos (Cohen, 2005; Welte et al., 2005). Another perilipin

family protein PLIN3 coprecipitated with Dynein subunit

Dync1i1 (dynein cytoplasmic 1 intermediate chain 1) and

colocalized with the said subunit on the LDs (Gu et al., 2019).

In Drosophila embryos absence of Klar alters the distribution of

LDs inside the embryo and causes mis-localization of LDs to the

yolk cell (Guo et al., 2005; Yu et al., 2011). Motors may also be

recruited directly by the phospholipids present on the LD-

monolayer without any adapter. We reported that kinesin-1 is

recruited to LDs by direct binding to phosphatidic acid (PA) on

the LDmonolayer (Kumar et al., 2019). Our understanding of the

motors that populate the LD membrane, how they change in

response to cellular functions, and the pathway for their

recruitment is still in its infancy.

Motors in the liver: Systemic lipid
homeostasis

The liver is one of the most metabolically active organs of the

body in terms of lipid and fatty acid metabolism. The liver also

plays an important role in maintaining the energetic status of

other organs (Viollet et al., 2006). The parenchymal liver cells

(hepatocytes) harbour a large number of LDs, making them a

dynamic storehouse of triglycerides and steryl esters. These

triglycerides can be repackaged into VLDL and secreted out in

blood for use as an energy/lipid source in other organs. A

majority of the lipids used for VLDL lipidation in hepatocytes

are derived from cytosolic LDs (Wiggins and Gibbons, 1992). It
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was known for a long time that depolymerization of microtubules

decreases VLDL lipidation in hepatocytes (Reaven and Reaven,

1980). We found that LDs purified from rat liver are transported

robustly by kinesin-1 along microtubules when the LDs are

prepared from a fed animal, but not from a fasted animal

(Barak et al., 2013). Follow-up studies reported that this

motion is brought about by binding of kinesin-1 to

phosphatidic acid (PA) on the LD monolayer (Kumar et al.,

2019). Most importantly, PA is generated on the LD membrane

downstream of insulin signalling, thereby explaining the

dependence of LD motion on Fed/Fasted state of the animal.

Activation of phospholipase D1 (PLD1) by insulin signalling

converts phosphatidylcholine to phosphatidic acid (PA) on the

LD membrane (Kumar et al., 2019). Kinesin-1 then binds to PA

on LDs, transporting LDs to the periphery of hepatocytes, where

contacts form between LDs and the ER network. These contacts

may allow LD-to-ER transfer of lipids to assemble VLDL in the

ER lumen (Rai et al., 2017). Fasting causes TG breakdown in

adipocytes and consequently increased free fatty acid (FFA) flux

in blood circulation. The liver absorbs these potentially toxic

FFAs from circulation and stores them away as triglycerides

inside LDs in hepatocytes so as to protect other organs from

lipotoxicity (Bradbury, 2006; Takahashi et al., 2010). Lowered

insulin signaling in fasted state reduces the recruitment of

kinesin-1 to LDs, thus lowering the triglyceride supply for

VLDL lipidation in a homeostatic manner. This fine-tuning

likely safeguards other organs from lipotoxic effects of fatty

acids in fasted state (Rai et al., 2017), a possibility that was

demonstrated later by us (Kumar et al., 2019).

Very recently, we reported an assay to quantify LD-ER

interactions in-vitro, where an ER-mimicking proteinacous

membrane was deposited on a coverslip in the form of a

supported lipid bilayer, and LDs purified from liver were

found to physically tether to this ER-mimic (Kamerkar et al.,

2022). Quite remarkably, two molecular factors (the

Rab18 GTPase and PA) promoted LD-ER tethering across the

Fed/Fasted transition as well as when an immune response was

activated in the animal. These results provide an assay to

investigate LD-resident proteins (motors or non-motors) that

can control physiological responses. Taken together, these

findings may allow us to make headway in deciphering some

of the mechanisms behind lipid disorders, metabolic syndrome

and pathogen infections.

Lipid droplet motion and disease

Although a clear mechanistic connection is lacking,

abnormal motion of LDs correlates with genetic, metabolic

and lifestyle-related conditions, with certain infections, and

also with cancer (Figure 1B). Seipin is a conserved protein

that plays an essential role in the formation and maintenance

of LDs and also in the formation of adipose cells during

development. Loss-of-function mutations in Seipin cause a

severe form of lipodystrophy (Jin et al., 2020). At a cellular

level, loss of Seipin leads to failure of LD maturation, most likely

due to destabilized ER-LD contacts (Zoni et al., 2021). Seipin

knockout cells have clusters of tiny nascent LDs and a few super-

sized LDs, this bimodal distribution being very different from

LDs around a normally distributed mean size seen in normal

cells. LDs in Seipin knockout cells also show significantly greater

intracellular motion compared to normal cells (Salo et al., 2016;

Wang et al., 2016), but the significance of this motion remains to

be determined.

Post-translational modifications (e.g., acetylation) of tubulin

have been studied in the context of liver disease. Acetylation

increases in cultured hepatocytes after ethanol exposure

(Groebner and Tuma, 2015) and starvation (Geeraert et al.,

2010). Alcohol induced acetylation of microtubules causes

accumulation of large immobile LDs in hepatic WIF-B cells

(Groebner et al., 2019). The activity of tubulin

acetyltransferase αTAT-1 which is responsible for microtubule

acetylation is regulated by AMPK-mediated phosphorylation

(Mackeh et al., 2014). This is particularly intriguing since

AMPK is considered a master regulator of lipid homeostasis,

and alcohol-induced AMPK inactivation has been linked to

hepatic steatosis (Donohue, 2007; You and Rogers, 2009).

AMPK activation also causes an increase in detyrosination

and reorganization of the microtubule cytoskeleton, as

discussed above (Herms et al., 2015). Alcohol-induced

microtubule acetylation may therefore lead to altered LD

dynamics and alcoholic fatty liver disease. Unchecked lipid

metabolism is a prominent marker for cancers. Cancer cells

alter lipid metabolism to harness energy, membrane

components and signalling lipids needed for their increased

proliferation and invasion (Bian et al., 2021). Increased LD

accumulation has been reported in various cancer cell types

(Koizume and Miyagi, 2016). It is possible that LD motility is

modulated in cancer, and this increases lipid exchange between

LDs and other organelles to meet the enhanced energy demand.

Indeed, LD velocity in cancer cells correlates with the severity of

cancer (Nardi et al., 2019). The mechanism of this modulation of

LD motion and its molecular basis is unknown.

Lipid droplet dynamics during pathogen
infection

Several intracellular pathogens target LDs via different

mechanisms during their life cycle in the host cell. (Herker

and Ott, 2012). The net result is rearrangement of LDs and/or

pathogen-containing phagosomes to facilitate contacts between

LDs and the pathogen. For instance, during M. tuberculosis

infection, bacteria containing phagosomes migrate towards

LDs for the engulfment of lipids (Peyron et al., 2008), whereas

Chlamydia infection leads to redistribution of cellular LDs
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towards pathogen containing vacuoles (Wesolowski et al., 2017).

Similarly in M. leprae infected Schwann cells, LDs relocate to

intracellular bacterial inclusions induced by cytoskeletal

modifications and PI3K signalling (Mattos et al., 2011).

Electron microscopy in Dictyostelium amoeba infected with

M. marinum shows a tight colocalization of LDs with

pathogen-containing phagosomes, suggesting a mechanism for

LD-phagosome fusion that enables transfer of LD contents into

the phagosomal lumen (Barisch et al., 2015). Lipids are required

by pathogens as a nutrient source, for vacuolar membrane

dynamics, and for growth and replication (Fozo and Rucks,

2016). Hence, hijacking and translocation of LDs towards the

pathogen may promote pathogen growth and survival

(Figure 1B). A recent study however challenged the notion

that LDs are always exploited by pathogens, demonstrating

that LDs can also help in the immune response of the host.

LDs in human macrophages harbour antimicrobial proteins on

their surface which get upregulated when the host cell senses an

infection. Upon challenge with lipopolysaccharide or E. coli,

immune-active proteins get clustered around LDs. These

proteins also uncouple LD-mitochondria interaction to reduce

β-oxidation and increase LD-bacteria contacts (Bosch et al.,

2020), for example, see Figure 1B. Notably, the anti-viral

protein viperin that is induced in host macrophages upon

hepatitis infection is also transferred to LDs from the ER after

infection (Hinson and Cresswell, 2009).

Mechanisms by which infected cells accumulate

antimicrobial proteins and mediate change in LD localization

and inter-organelle contact formation are unclear. As mentioned

above, a change in LD distribution can be attributed to

differential recruitment of opposing (plus versus minus

directed) motors on LDs, or to gross microtubule alterations,

depending on the host and the invading pathogen. LD motion in

Zika virus-infected primary astrocytes shows increased speed

and displacement (Monson et al., 2021). Although these authors

do not comment on which motors drive motion, increased LD

motility facilitates inter-organellar communication for transfer of

lipids and proteins required to mount an immune response

against the virus. Another example where motors on LDs

promote pathogen transport is during hepatitis-C virus

(HCV) infection (Figure 1B). The HCV core proteins are

recruited on LDs, causing dynein dependent LD transport

towards the perinuclear region of infected cells (Boulant et al.,

2008). In the next stage of its life-cycle, HCV utilizes the

lipoprotein pathway to be secreted out as lipo-viral particles

that infect other hepatocytes. During this stage, inhibition of

kinesin-1 arrests the replication and secretion of HCV in the

infected cell, possibly by disrupting the transport of viral proteins

and other proteins responsible for lipoprotein lipidation (Rai

et al., 2017). Motors also function in transport of pathogen-LD

structures toward other organelles. Quantitative proteomics of

LDs from live M. tuberculosis infected cells shows an

accumulation of ADP-ribosylation factor-like protein 8B

Arl8B (Menon et al., 2019), as compared to heat-killed

bacteria or uninfected cells. Arl8B, along with SKIP protein

can recruit the kinesin motor, mediating LD-lysosome

interaction (Rosa-Ferreira and Munro, 2011).

Cytoskeletal reorganization and its effect
on LD motion in pathogen infection

Infection often leads to changes in microtubule dynamics,

with several pathogens increasing the stabilization of

microtubules. Ectromelia virus causes several cytoskeletal

changes in host cells to facilitate transport and spread of the

virus. These changes include loose and less intertwined

microtubules, disruption of the microtubule organizing center

(MTOC) and acetylation of microtubules to impart stability

(Szulc-Dąbrowska et al., 2019). Similarly, HIV-1 infection also

stabilizes microtubules by recruitment of CLIP-190 and targeting

of mTOR (Naghavi, 2021). Even non-viral pathogens such as

Chlamydia hijack Arf GTPases to cause post-translation

modifications (mostly acetylation and detyrosination) of

microtubules around the bacterial inclusion (Wesolowski

et al., 2017). These modified microtubules can lead to

differential localization, not only of LDs but also other

organelles which may be required by the pathogen for its

infectious cycle. For instance, upon Chlamydia infection,

modified microtubules form a cage-like structure that helps in

repositioning of Golgi around the pathogen inclusion body,

which is required for imparting infectivity to the pathogen

(Wesolowski et al., 2017). It will be interesting to examine

whether LD-motion switches from dynamic microtubules to

modified stable microtubules, which regulates LD interaction

with a different set of organelles upon infection as compared to a

healthy cell. Some of these cytoskeletal changes that cause LD

accumulation, as in case of Chlamydia (Wesolowski et al., 2017),

help in infection by the pathogen. It is possible that there is a

competition between the host and the pathogen to alter the

microtubule network, alter membrane contacts and recruit

specific proteins on LDs that can reprogram LD function for

increased survival. While different pathogens have different

mechanisms to hijack the host machinery, LD function might

be regulated differently in specific infections (Figure 1B).

LDs as drug reservoirs–An opportunity for
motor biologists?

Another interesting observation is the sequestration of

drugs within LDs, usually with adverse, but sometimes

desirable consequences. The lipophilic nature of some

drugs enhances their uptake across the plasma membrane

to increase the perceived bioavailability of such drugs

(Figure 2A). But once inside the cell, the lipophilic drug
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may also get sequestered away into LDs to become unavailable

for its intended purpose (Englinger et al., 2020). If motors

could be activated on these LDs, one could possibly engineer

targeted interaction of the LD with a pathogen, or with

another relevant sub-cellular compartment, as the drug is

being released. As an example, consider the known

interaction between LDs and mitochondria driven by

kinesin-2 in response to starvation (Herms et al., 2015). In

this study the authors used siRNA against KAP3 to

downregulate kinesin-2 function. Perhaps a hydrophobic

drug that can reverse mitochondrial degeneration in

Parkinson’s disease (Prasuhn et al., 2021) can be packaged

into neuronal LDs, and then delivered efficiently to

mitochondria when the patient is subjected to a fasting

routine (Figure 2A). In another scenario a drug could get

concentrated within LDs and possibly become more effective

if such LDs are then made to interact, e.g., by regulating the

motors on LDs, with another organelle such as a pathogen.

The proliferation of Mycobacterium within LD-laden foamy

macrophages of the host is well documented (Menon et al.,

2019). Bedaquiline, a hydrophobic anti-tubercular antibiotic,

is taken up by LDs inside host cells (Figure 2B). Interestingly,

these LDs do not act as a sequestrator, but rather as a

transferable reservoir that delivers bedaquiline to kill

Mycobacterium in foamy macrophages (Greenwood et al.,

2019). Another interesting example is Lasonolide A (LasA),

a promising anti-cancer drug that is effective at low

nanomolar concentrations. LasA accumulates into LDs after

delivery, but there an enzyme cleaves and removes the

hydrophobic part of the drug to now make LasA

FIGURE 2
Lipid droplets can Sequester, Transfer or Modify Drugs–perhaps one could achieve targetedDrug Delivery bymanipulatingMotors on LDs. (A) A
cartoon view of a Cell. Bilayer lipid membranes are shown with double-lines (e.g., plasma membrane, vesicle membrane) to distinguish from the
monolayer lipid membrane on Lipid droplets (LDs). Entry into cells through the plasma membrane is often easier for lipophilic drugs (√ sign) as
compared to hydrophilic drugs (× sign). Once inside, the lipophilic drug is sequestered away into LDs fromwhere it cannot escape into cytosol,
and therefore becomes ineffective as a drug. Such drug sequestration can lead to some of the undesirable consequences listed (sad face). Fasting/
Starvation is known to increase LD-mitochondria interaction and consumption of LD-contents by mitochondrial β-oxidation. Perhaps hydrophobic
drugs that can reverse mitochondrial degeneration can be packaged into LDs, and then delivered to mitochondria with a desirable outcome (happy
face). (B)Mycobacterium tuberculosis infection causes LD accumulation (foam cell formation) inmacrophages, with lipid-rich granulomas serving as
a nutrient source for the bacteria. Bedaqulinine, a hydrophobic anti-tubercular drug, is sequestered away into LDs. The LDs act as a transferable
reservoir of bedaquiline to killMycobacterium (skull sign). This function of LDs is in contrast to the sequestration of drugs by LDs described in panel-A.
Perhaps LD-bacteria interactions (and therefore bedaquiline delivery) can be enhanced by targeted manipulation of motor proteins on the
monolayer LD membrane. (C) Lasonolide-A (LasA) has both lipophilic and hydrophobic domains. LasA therefore enters through the cell membrane
and accumulates into LDs, but there an enzyme (scissor) removes the hydrophobic part. Cleaved LasA is released into cytosol as a potent anti-cancer
agent. This opens the possibility of designer drugs paired with cognate enzymes on LDs that can possibly be much more effective. (D) Targeted
removal of kinesin-1 from LDs by using a kinesin tail domain peptide has been demonstrated (see main text). This intervention specifically blocks the
transport of LDs to peripheral regions of hepatocytes inside the liver, so that the LDs can no more interact with the smooth-ER (sER). This treatment
reduces serum triglycerides in the animal by reducing the triglyceride content of VLDL particles secreted from the liver. LD-targeting peptides (e.g.,
HPos) are known. HPos fusion constructs with motors can be targeted to the liver by adenoviral delivery, so that the motors accumulate specifically
to LDs inside liver cells. A kinesin fusion construct could deliver LDs to the peripheral sER for increased clearance of LDs (via VLDL secretion) to
ameliorate fatty liver conditions. A dynein construct could deliver LDs to lysosomes for LD-clearance via autophagic pathways.
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incompatible with LDs (Dubey et al., 2020). Cleaved LasA is

released into cytosol as a potent anti-cancer agent (Figure 2C).

These findings suggest the possibility of designer-drugs that

can enter efficiently into cells because of their hydrophobicity,

get sequestered away into LDs, but are then modified inside

LDs for release into cytosol for a desired effect. The above

discussed possibilities of drug delivery remain speculative at

this stage, and would require the LD-specific regulation of

motor protein activity, an aspect that appears possible for LDs

as discussed next.

Conclusion and outlook

Despite extensive research, tools to modulate the motion of a

specific organelle in targeted manner are rare. However, this

might become possible for LDs because protein attachment (and

therefore motor-protein attachment) to the LD monolayer

membrane could employ mechanisms different from bilayer

membranes (Kory et al., 2016). Indeed, we demonstrated

selective targeting of kinesin-1 on LDs. As shown in Figures

2A,D, a small peptide (the kinesin tail domain) was able to

remove kinesin-1 from LDs in cultured hepatic cells (Kumar

et al., 2019). This intervention caused a re-localization of LDs

inside cells, but remarkably, had no effect on other bilayer

vesicles that are also transported by kinesin-1 (e.g., lysosomes,

mitochondria). How was such selectivity possible? Kinesin-1 can

bind directly to phosphatidic acid (PA) on LDs (Kumar et al.,

2019) and also to PA on bilayer vesicles (Wang et al., 2017).

Perhaps kinesin-1 binding to the LD monolayer is weaker than

bilayer membranes, causing removal of all LD-bound kinesins at

a given peptide concentration, whereas some kinesins are still

retained on the bilayer. Alternatively, kinesin-1 may have

additional attachments to the bilayer membrane other than

the kinesin tail domain. Regardless of the precise reason

behind the LD-specific effect of kinesin tail domain peptide,

the resultant re-localization of LDs correlated with reduced

triglyceride secretion from cells, suggesting an intervention

that can potentially lower serum triglycerides in blood.

Mechanisms of protein recruitment to LDs are being revealed,

and artificial peptides (e.g., HPos) that specifically target LDs

have also been demonstrated (Kassan et al., 2013). If conjugated

to such peptides, a motor could be targeted to LDs and then

driven to cellular locations where specific LD-organelle

interactions could be engineered (Figure 2D). In this context,

an exciting study shows LD-lysosome interactions in hepatocytes

wherein the LD contents are directly extruded into lysosomes for

breakdown (Schulze et al., 2020). LDs and lysosomes are well

known to localize to specific cellular locations in response to

metabolic changes. Better understanding of motor protein

function in these pathways, and targeted manipulation of the

same could provide potential therapeutic benefits against liver

steatosis, metabolic syndrome and infectious diseases.

Author contributions

JS, PS, and RM researched and wrote the manuscript.

Acknowledgments

PS acknowledges funding from a Department of

Biotechnology–Wellcome Trust India Alliance Early Career

Fellowship (Grant IA/E/15/1/502298). RM acknowledges

funding from a Department of Biotechnology–Wellcome Trust

India Alliance Senior Fellowship (Grant IA/S/19/2/504634).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Barak, P., Rai, A., Rai, P., and Mallik, R. (2013). Quantitative optical trapping
on single organelles in cell extract. Nat. Methods 10, 68–70. doi:10.1038/nmeth.
2287

Barisch, C., Paschke, P., Hagedorn, M., Maniak, M., and Soldati, T. (2015). Lipid
droplet dynamics at early stages of Mycobacterium marinum infection in
Dictyostelium. Cell. Microbiol. 17, 1332–1349. doi:10.1111/CMI.12437

Benador, I. Y., Veliova, M., Liesa, M., and Shirihai, O. S. (2019).
Mitochondria bound to lipid droplets: Where mitochondrial dynamics
regulate lipid storage and utilization. Cell Metab. 29, 827–835. doi:10.1016/
J.CMET.2019.02.011

Benador, I. Y., Veliova, M., Mahdaviani, K., Petcherski, A., Wikstrom, J. D.,
Assali, E. A., et al. (2018). Mitochondria bound to lipid droplets have unique
bioenergetics, composition, and dynamics that support lipid droplet expansion. Cell
Metab. 27, 869–885. e6. doi:10.1016/J.CMET.2018.03.003

Bian, X., Liu, R., Meng, Y., Xing, D., Xu, D., and Lu, Z. (2021). Lipid metabolism
and cancer. J. Exp. Med. 218, e20201606. doi:10.1084/jem.20201606

Bosch, M., Sánchez-Álvarez, M., Fajardo, A., Kapetanovic, R., Steiner, B., Dutra,
F., et al. (2020). Mammalian lipid droplets are innate immune hubs integrating cell
metabolism and host defense. Science 80, eaay8085. doi:10.1126/SCIENCE.
AAY8085

Frontiers in Cell and Developmental Biology frontiersin.org08

Singh et al. 10.3389/fcell.2022.893375

https://doi.org/10.1038/nmeth.2287
https://doi.org/10.1038/nmeth.2287
https://doi.org/10.1111/CMI.12437
https://doi.org/10.1016/J.CMET.2019.02.011
https://doi.org/10.1016/J.CMET.2019.02.011
https://doi.org/10.1016/J.CMET.2018.03.003
https://doi.org/10.1084/jem.20201606
https://doi.org/10.1126/SCIENCE.AAY8085
https://doi.org/10.1126/SCIENCE.AAY8085
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.893375


Boström, P., Andersson, L., Rutberg, M., Perman, J., Lidberg, U., Johansson, B. R.,
et al. (2007). SNARE proteins mediate fusion between cytosolic lipid droplets and
are implicated in insulin sensitivity. Nat. Cell Biol. 9, 1286–1293. doi:10.1038/
NCB1648

Boström, P., Rutberg, M., Ericsson, J., Holmdahl, P., Andersson, L., Frohman, M.
A., et al. (2005). Cytosolic lipid droplets increase in size by microtubule-dependent
complex formation. Arterioscler. Thromb. Vasc. Biol. 25, 1945–1951. doi:10.1161/
01.ATV.0000179676.41064.d4

Boulant, S., Douglas, M. W., Moody, L., Budkowska, A., Targett-Adams, P., and
McLauchlan, J. (2008). Hepatitis C virus core protein induces lipid droplet
redistribution in a microtubule- and dynein-dependent manner. Traffic 9,
1268–1282. doi:10.1111/J.1600-0854.2008.00767.X

Bradbury, M. W. (2006). Lipid metabolism and liver inflammation. I. Hepatic
fatty acid uptake: Possible role in steatosis. Am. J. Physiol. Gastrointest. Liver
Physiol. 290, G194–G198. doi:10.1152/AJPGI.00413.2005

Cermelli, S., Guo, Y., Gross, S. P., and Welte, M. A. (2006). The lipid-droplet
proteome reveals that droplets are a protein-storage depot. Curr. Biol. 16,
1783–1795. doi:10.1016/J.CUB.2006.07.062

Cohen, R. S. (2005). Microtubule motors: LSD2 trips the toggle. Curr. Biol. 15,
651–653. doi:10.1016/j.cub.2005.08.027

Collot, M., Fam, T. K., Ashokkumar, P., Faklaris, O., Galli, T., Danglot, L., et al.
(2018). Ultrabright and fluorogenic probes for multicolor imaging and tracking of
lipid droplets in cells and tissues. J. Am. Chem. Soc. 140, 5401–5411. doi:10.1021/
JACS.7B12817

Donohue, T. M. (2007). Alcohol-induced steatosis in liver cells. World
J. Gastroenterol. 13, 4974–4978. doi:10.3748/WJG.V13.I37.4974

Dou, W., Zhang, D., Jung, Y., Cheng, J. X., and Umulis, D. M. (2012). Label-free
imaging of lipid-droplet intracellular motion in early Drosophila embryos using
femtosecond-stimulated Raman loss microscopy. Biophys. J. 102, 1666–1675.
doi:10.1016/J.BPJ.2012.01.057

Dubey, R., Stivala, C. E., Nguyen, H. Q., Goo, Y. H., Paul, A., Carette, J. E., et al.
(2020). Lipid droplets can promote drug accumulation and activation. Nat. Chem.
Biol. 162 (16), 206–213. doi:10.1038/s41589-019-0447-7

Dutta, A., and Kumar Sinha, D. (2015). Turnover of the actomyosin complex in
zebrafish embryos directs geometric remodelling and the recruitment of lipid
droplets. Sci. Rep. 51 (5), 13915–14014. doi:10.1038/srep13915

Englinger, B., Laemmerer, A., Moser, P., Kallus, S., Röhrl, C., Pirker, C., et al.
(2020). Lipid droplet-mediated scavenging as novel intrinsic and adaptive resistance
factor against the multikinase inhibitor ponatinib. Int. J. Cancer 147, 1680–1693.
doi:10.1002/IJC.32924

Fozo, E. M., and Rucks, E. A. (2016). The making and taking of lipids: The role of
bacterial lipid synthesis and the harnessing of host lipids in bacterial pathogenesis.
Adv. Microb. Physiol. 69, 51–155. doi:10.1016/BS.AMPBS.2016.07.001

Geeraert, C., Ratier, A., Pfisterer, S. G., Perdiz, D., Cantaloube, I., Rouault, A., et al.
(2010). Starvation-induced hyperacetylation of tubulin is required for the
stimulation of autophagy by nutrient deprivation. J. Biol. Chem. 285,
24184–24194. doi:10.1074/jbc.M109.091553

Greenberg, A. S., Coleman, R. A., Kraemer, F. B., McManaman, J. L., Obin, M. S.,
Puri, V., et al. (2011). The role of lipid droplets in metabolic disease in rodents and
humans. J. Clin. Invest. 121, 2102–2110. doi:10.1172/JCI46069

Greenwood, D. J., Dos Santos, M. S., Huang, S., Russell, M. R. G., Collinson, L. M.,
MacRae, J. I., et al. (2019). Subcellular antibiotic visualization reveals a dynamic
drug reservoir in infected macrophages. Science 364, 1279–1282. Available at:
https://pubmed.ncbi.nlm.nih.gov/31249058/ (Accessed March 7, 2022). doi:10.
1126/science.aat9689

Groebner, J. L., Girón-Bravo, M. T., Rothberg, M. L., Adhikari, R., Tuma, D. J.,
and Tuma, P. L. (2019). Alcohol-induced microtubule acetylation leads to the
accumulation of large, immobile lipid droplets. Am. J. Physiol. Gastrointest. Liver
Physiol. 317, G373–G386. Available at: https://pubmed.ncbi.nlm.nih.gov/
31373507/ (Accessed February 4, 2022). doi:10.1152/ajpgi.00026.2019

Groebner, J. L., and Tuma, P. L. (2015). The altered hepatic tubulin code in
alcoholic liver disease. Biomolecules 5, 2140–2159. doi:10.3390/biom5032140

Gross, S. P., Welte, M. A., Block, S. M., and Wieschaus, E. F. (2000). Dynein-
mediated cargo transport in vivo: A switch controls travel distance. J. Cell Biol. 148,
945–956. doi:10.1083/jcb.148.5.945

Gu, Y., Yang, Y., Cao, X., Zhao, Y., Gao, X., Sun, C., et al. (2019). Plin3 protects
against alcoholic liver injury by facilitating lipid export from the endoplasmic
reticulum. J. Cell. Biochem. 120, 16075–16087. doi:10.1002/JCB.28889

Guo, Y., Jangi, S., and Welte, M. A. (2005). Organelle-specific control of
intracellular transport: Distinctly targeted isoforms of the regulator klar. Mol.
Biol. Cell 16, 1406–1416. doi:10.1091/MBC.E04-10-0920

Hannun, Y. A., and Obeid, L. M. (2008). Principles of bioactive lipid signalling:
Lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 92 (9), 139–150. doi:10.1038/
nrm2329

Herker, E., and Ott, M. (2012). Emerging role of lipid droplets in host/pathogen
interactions. J. Biol. Chem. 287, 2280–2287. doi:10.1074/jbc.R111.300202

Herker, E., Vieyres, G., Beller, M., Krahmer, N., and Bohnert, M. (2021). Lipid
droplet contact sites in health and disease. Elsevier. doi:10.1016/j.tcb.2021.01.004

Herms, A., Bosch, M., Reddy, B. J. N. N., Schieber, N. L., Fajardo, A., Rupérez, C.,
et al. (2015). AMPK activation promotes lipid droplet dispersion on detyrosinated
microtubules to increase mitochondrial fatty acid oxidation.Nat. Commun. 6, 7176.
doi:10.1038/ncomms8176

Hinson, E. R., and Cresswell, P. (2009). The antiviral protein, viperin, localizes to
lipid droplets via its N-terminal amphipathic α-helix. Proc. Natl. Acad. Sci. U. S. A.
106, 20452–20457. doi:10.1073/PNAS.0911679106

Hugenroth, M., and Bohnert, M. (2020). Come a little bit closer! Lipid droplet-ER
contact sites are getting crowded. Available at: https://pubmed.ncbi.nlm.nih.gov/
31733263/ (Accessed April 12, 2020).

Jägerström, S., Polesie, S., Wickström, Y., Johansson, B. R., Schröder, H. D.,
Højlund, K., et al. (2009). Lipid droplets interact with mitochondria using SNAP23.
Cell Biol. Int. 33, 934–940. doi:10.1016/J.CELLBI.2009.06.011

Jin, Y., Tan, Y., Zhao, P., and Ren, Z. (2020). Seipin: A key factor for nuclear lipid
droplet generation and lipid homeostasis. Int. J. Mol. Sci. 21, E8208–E8214. doi:10.
3390/IJMS21218208

Kamerkar, S., Singh, J., Tripathy, S., Bhonsle, H., Kumar, M., and Mallik, R.
(2022). Metabolic and immune-sensitive contacts between lipid droplets and
endoplasmic reticulum reconstituted in vitro. Cell Biol. 119 (24), e2200513119.
doi:10.1073/PNAS.2200513119

Kassan, A., Herms, A., Fernández-Vidal, A., Bosch, M., Schieber, N. L.,
Reddy, B. J. N., et al. (2013). Acyl-CoA synthetase 3 promotes lipid droplet
biogenesis in ER microdomains. J. Cell Biol. 203, 985–1001. doi:10.1083/JCB.
201305142

Kilwein, M. D., and Welte, M. A. (2019). Lipid droplet motility and organelle
contacts. Contact (Thousand. Oaks). 2, 251525641989568. doi:10.1177/
2515256419895688

Knoblach, B., and Rachubinski, R. A. (2015). Transport and retention
mechanisms govern lipid droplet inheritance in Saccharomyces cerevisiae. Traffic
16, 298–309. doi:10.1111/TRA.12247

Koizume, S., and Miyagi, Y. (2016). Lipid droplets: A key cellular organelle
associated with cancer cell survival under normoxia and hypoxia. Int. J. Mol. Sci. 17,
1430. doi:10.3390/IJMS17091430

Kory, N., Farese, R. V., and Walther, T. C. (2016). Targeting fat: Mechanisms of
protein localization to lipid droplets. Trends Cell Biol. 26, 535–546. doi:10.1016/J.
TCB.2016.02.007

Kumar, M., Ojha, S., Rai, P., Joshi, A., Kamat, S. S., and Mallik, R. (2019).
Insulin activates intracellular transport of lipid droplets to release triglycerides
from the liver. J. Cell Biol. 218, 3697–3713. doi:10.1083/jcb.201903102

Lehner, R., Lian, J., and Quiroga, A. D. (2012). Lumenal lipid metabolism:
Implications for lipoprotein assembly. Arterioscler. Thromb. Vasc. Biol. 32,
1087–1093. doi:10.1161/ATVBAHA.111.241497

Mackeh, R., Lorin, S., Ratier, A., Mejdoubi-Charef, N., Baillet, A., Bruneel, A.,
et al. (2014). Reactive oxygen species, AMP-activated protein kinase, and the
transcription cofactor p300 regulate α-tubulin acetyltransferase-1 (αTAT-1/
MEC-17)-dependent microtubule hyperacetylation during cell stress. J. Biol.
Chem. 289, 11816–11828. doi:10.1074/JBC.M113.507400

Masedunskas, A., Chena, Y., Stussman, R., Weigert, R., and Mather, I. H. (2017).
Kinetics of milk lipid droplet transport, growth, and secretion revealed by intravital
imaging: Lipid droplet release is intermittently stimulated by oxytocin. Mol. Biol.
Cell 28, 935–946. doi:10.1091/MBC.E16-11-0776

Mattos, K. A., Lara, F. A., Oliveira, V. G. C., Rodrigues, L. S., D’Avila, H., Melo, R.
C. N., et al. (2011). Modulation of lipid droplets by Mycobacterium leprae in
Schwann cells: A putative mechanism for host lipid acquisition and bacterial
survival in phagosomes. Cell. Microbiol. 13, 259–273. doi:10.1111/J.1462-5822.
2010.01533.X

Menon, D., Singh, K., Pinto, S. M., Nandy, A., Jaisinghani, N., Kutum, R., et al.
(2019). Quantitative lipid droplet proteomics reveals mycobacterium tuberculosis
induced alterations in macrophage response to infection. ACS Infect. Dis. 5,
559–569. Available at: https://pubs.acs.org/doi/full/10.1021/acsinfecdis.8b00301
(Accessed March 7, 2022).

Miyoshi, H., Perfield, J. W., Obin, M. S., and Greenberg, A. S. (2008). Adipose
triglyceride lipase regulates basal lipolysis and lipid droplet size in adipocytes. J. Cell.
Biochem. 105, 1430–1436. doi:10.1002/jcb.21964

Frontiers in Cell and Developmental Biology frontiersin.org09

Singh et al. 10.3389/fcell.2022.893375

https://doi.org/10.1038/NCB1648
https://doi.org/10.1038/NCB1648
https://doi.org/10.1161/01.ATV.0000179676.41064.d4
https://doi.org/10.1161/01.ATV.0000179676.41064.d4
https://doi.org/10.1111/J.1600-0854.2008.00767.X
https://doi.org/10.1152/AJPGI.00413.2005
https://doi.org/10.1016/J.CUB.2006.07.062
https://doi.org/10.1016/j.cub.2005.08.027
https://doi.org/10.1021/JACS.7B12817
https://doi.org/10.1021/JACS.7B12817
https://doi.org/10.3748/WJG.V13.I37.4974
https://doi.org/10.1016/J.BPJ.2012.01.057
https://doi.org/10.1038/s41589-019-0447-7
https://doi.org/10.1038/srep13915
https://doi.org/10.1002/IJC.32924
https://doi.org/10.1016/BS.AMPBS.2016.07.001
https://doi.org/10.1074/jbc.M109.091553
https://doi.org/10.1172/JCI46069
https://pubmed.ncbi.nlm.nih.gov/31249058/
https://doi.org/10.1126/science.aat9689
https://doi.org/10.1126/science.aat9689
https://pubmed.ncbi.nlm.nih.gov/31373507/
https://pubmed.ncbi.nlm.nih.gov/31373507/
https://doi.org/10.1152/ajpgi.00026.2019
https://doi.org/10.3390/biom5032140
https://doi.org/10.1083/jcb.148.5.945
https://doi.org/10.1002/JCB.28889
https://doi.org/10.1091/MBC.E04-10-0920
https://doi.org/10.1038/nrm2329
https://doi.org/10.1038/nrm2329
https://doi.org/10.1074/jbc.R111.300202
https://doi.org/10.1016/j.tcb.2021.01.004
https://doi.org/10.1038/ncomms8176
https://doi.org/10.1073/PNAS.0911679106
https://pubmed.ncbi.nlm.nih.gov/31733263/
https://pubmed.ncbi.nlm.nih.gov/31733263/
https://doi.org/10.1016/J.CELLBI.2009.06.011
https://doi.org/10.3390/IJMS21218208
https://doi.org/10.3390/IJMS21218208
https://doi.org/10.1073/PNAS.2200513119
https://doi.org/10.1083/JCB.201305142
https://doi.org/10.1083/JCB.201305142
https://doi.org/10.1177/2515256419895688
https://doi.org/10.1177/2515256419895688
https://doi.org/10.1111/TRA.12247
https://doi.org/10.3390/IJMS17091430
https://doi.org/10.1016/J.TCB.2016.02.007
https://doi.org/10.1016/J.TCB.2016.02.007
https://doi.org/10.1083/jcb.201903102
https://doi.org/10.1161/ATVBAHA.111.241497
https://doi.org/10.1074/JBC.M113.507400
https://doi.org/10.1091/MBC.E16-11-0776
https://doi.org/10.1111/J.1462-5822.2010.01533.X
https://doi.org/10.1111/J.1462-5822.2010.01533.X
https://pubs.acs.org/doi/full/10.1021/acsinfecdis.8b00301
https://doi.org/10.1002/jcb.21964
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.893375


Monson, E. A., Crosse, K. M., Duan, M., Chen, W., O’Shea, R. D., Wakim, L. M.,
et al. (2021). Intracellular lipid droplet accumulation occurs early following viral
infection and is required for an efficient interferon response. Nat. Commun. 121,
4303. doi:10.1038/s41467-021-24632-5

Naghavi, M. H. (2021). HIV-1 capsid exploitation of the host microtubule
cytoskeleton during early infection. Retrovirology 181 18, 19–11. doi:10.1186/
S12977-021-00563-3

Nan, X., Potma, E. O., and Xie, X. S. (2006). Nonperturbative chemical imaging of
organelle transport in living cells with coherent anti-Stokes Raman scattering
microscopy. Biophys. J. 91, 728–735. doi:10.1529/biophysj.105.074534

Nardi, F., Fitchev, P., Brooks, K. M., Franco, O. E., Cheng, K., Hayward, S. W.,
et al. (2019). Lipid droplet velocity is a microenvironmental sensor of aggressive
tumors regulated by V-ATPase and PEDF. Lab. Invest. 99, 1822–1834. doi:10.1038/
s41374-019-0296-8

Olarte, M. J., Swanson, J. M. J., Walther, T. C., and Farese, R. V. (2022). The
CYTOLD and ERTOLD pathways for lipid droplet–protein targeting. Trends
biochem. Sci. 47, 39–51. doi:10.1016/J.TIBS.2021.08.007

Peyron, P., Vaubourgeix, J., Poquet, Y., Levillain, F., Botanch, C., Bardou, F., et al.
(2008). Foamy macrophages from tuberculous patients’ granulomas constitute a
nutrient-rich reservoir for M. tuberculosis persistence. PLoS Pathog. 4, e1000204.
doi:10.1371/JOURNAL.PPAT.1000204

Prasuhn, J., Davis, R. L., and Kumar, K. R. (2021). Targeting mitochondrial
impairment in Parkinson’s disease: Challenges and opportunities. Front. Cell Dev.
Biol. 8, 615461. Available at: https://pubmed.ncbi.nlm.nih.gov/33469539/
(Accessed March 7, 2022). doi:10.3389/fcell.2020.615461

Rai, P., Kumar, M., Sharma, G., Barak, P., Das, S., Kamat, S. S., et al. (2017).
Kinesin-dependent mechanism for controlling triglyceride secretion from the liver.
Proc. Natl. Acad. Sci. U. S. A. 114, 12958–12963. doi:10.1073/pnas.1713292114

Reaven, E. P., and Reaven, G. M. (1980). Evidence that microtubules play a
permissive role in hepatocyte very low density lipoprotein secretion. J. Cell Biol. 84,
28–39. doi:10.1083/JCB.84.1.28

Renne, M. F., and Hariri, H. (2021). Lipid droplet-organelle contact sites as hubs
for fatty acid metabolism, trafficking, and metabolic channeling. Front. Cell Dev.
Biol. 9, 726261. doi:10.3389/fcell.2021.726261

Rosa-Ferreira, C., andMunro, S. (2011). Arl8 and SKIP act together to link lysosomes to
kinesin-1. Dev. Cell 21, 1171–1178. doi:10.1016/J.DEVCEL.2011.10.007

Sadh, K., Rai, P., and Mallik, R. (2017). Feeding-fasting dependent recruitment of
membranemicrodomain proteins to lipid droplets purified from the liver. PLoS One
12, e0183022. doi:10.1371/JOURNAL.PONE.0183022

Salo, V. T., Belevich, I., Li, S., Karhinen, L., Vihinen, H., Vigouroux, C., et al.
(2016). Seipin regulates ER-lipid droplet contacts and cargo delivery. EMBO J. 35,
2699–2716. doi:10.15252/embj.201695170

Shubeita, G. T., Tran, S. L., Xu, J., Vershinin, M., Cermelli, S., Cotton, S. L., et al.
(2008). Consequences of motor copy number on the intracellular transport of
kinesin-1-driven lipid droplets. Cell 135, 1098–1107. doi:10.1016/j.cell.2008.10.021

Sims, P. A., and Xie, X. S. (2009). Probing dynein and kinesin stepping with
mechanical manipulation in a living cell. ChemPhysChem 10, 1511–1516. doi:10.
1002/cphc.200900113

Szulc-Dąbrowska, L., Palusiński, M., Struzik, J., Gregorczyk-Zboroch, K. P., Toka,
F. N., Schollenberger, A., et al. (2019). Ectromelia virus induces tubulin cytoskeletal
rearrangement in immune cells accompanied by a loss of the microtubule
organizing center and increased α-tubulin acetylation. Arch. Virol. 164,
559–565. doi:10.1007/S00705-018-4030-4

Takahashi, K., Sasabe, N., Ohshima, K., Kitazato, K., Kato, R., Masuda, Y., et al.
(2010). Glucagon regulates intracellular distribution of adipose differentiation-
related protein during triacylglycerol accumulation in the liver. J. Lipid Res. 51,
2571–2580. doi:10.1194/JLR.M004648

Targett-Adams, P., Chambers, D., Gledhill, S., Hope, R. G., Coy, J. F., Girod, A.,
et al. (2003). Live cell analysis and targeting of the lipid droplet-binding adipocyte
differentiation-related protein. J. Biol. Chem. 278, 15998–16007. doi:10.1074/jbc.
M211289200

Thiam, A. R., and Dugail, I. (2019). Lipid droplet-membrane contact sites -
from protein binding to function. J. Cell Sci. 132, jcs230169. doi:10.1242/JCS.
230169

Turró, S., Ingelmo-Torres, M., Estanyol, J. M., Tebar, F., Fernández, M. A.,
Albor, C. V., et al. (2006). Identification and characterization of associated with
lipid droplet protein 1: A novel membrane-associated protein that resides
on hepatic lipid droplets. Traffic 7, 1254–1269. doi:10.1111/j.1600-0854.2006.
00465.x

Valm, A. M., Cohen, S., Legant, W. R., Melunis, J., Hershberg, U., Wait, E., et al.
(2017). Applying systems-level spectral imaging and analysis to reveal the organelle
interactome. Nature 546, 162–167. doi:10.1038/nature22369

Viollet, B., Foretz, M., Guigas, B., Horman, S., Dentin, R., Bertrand, L., et al.
(2006). Activation of AMP-activated protein kinase in the liver: A new strategy for
the management of metabolic hepatic disorders. J. Physiol. 574, 41–53. doi:10.1113/
JPHYSIOL.2006.108506

Walther, T. C., and Farese, R. V. (2012). Lipid droplets and cellular lipid
metabolism. Annu. Rev. Biochem. 81, 687–714. doi:10.1146/ANNUREV-
BIOCHEM-061009-102430

Wang, H., Becuwe, M., Housden, B. E., Chitraju, C., Porras, A. J., Graham, M. M.,
et al. (2016). Seipin is required for converting nascent to mature lipid droplets. Elife
5, e16582. doi:10.7554/eLife.16582

Wang, Z., Zhang, F., He, J., Wu, P., Tay, L. W. R., Cai, M., et al. (2017). Binding of
PLD2-generated phosphatidic acid to KIF5B promotes MT1-MMP surface
trafficking and lung metastasis of mouse breast cancer cells. Dev. Cell 43,
186–197. doi:10.1016/j.devcel.2017.09.012

Welte, M. A. (2015). As the fat flies: The dynamic lipid droplets of Drosophila
embryos. Biochim. Biophys. Acta 1851, 1156–1185. doi:10.1016/J.BBALIP.2015.
04.002

Welte, M. A., Cermelli, S., Griner, J., Viera, A., Guo, Y., Kim, D. H., et al. (2005).
Regulation of lipid-droplet transport by the perilipin homolog LSD2. Curr. Biol. 15,
1266–1275. doi:10.1016/J.CUB.2005.06.062

Welte, M. A., and Gould, A. P. (2017). Lipid droplet functions beyond energy
storage. Biochim. Biophys. acta. Mol. Cell Biol. lipids 1862, 1260–1272. doi:10.1016/
J.BBALIP.2017.07.006

Wesolowski, J., Weber, M. M., Nawrotek, A., Dooley, C. A., Calderon, M., St.
Croix, C. M., et al. (2017). Chlamydia hijacks ARF GTPases to coordinate
microtubule posttranslational modifications and golgi complex positioning.
MBio 8, e02280-16. doi:10.1128/MBIO.02280-16

Wiggins, D., and Gibbons, G. F. (1992). The lipolysis/esterification cycle of
hepatic triacylglycerol. Its role in the secretion of very-low-density lipoprotein and
its response to hormones and sulphonylureas. Biochem. J. 284 (2), 457–462. doi:10.
1042/BJ2840457

Wu, C. C., Howell, K. E., Neville, M. C., Yates, J. R., Iii, and Mcmanaman, J. L.
(2000). Proteomics reveal a link between the endoplasmic reticulum and lipid
secretory mechanisms in mammary epithelial cells. Available at: https://pubmed.
ncbi.nlm.nih.gov/11079566/ (Accessed February 3, 2022).

You, M., and Rogers, C. Q. (2009). Adiponectin: A key adipokine in alcoholic fatty
liver. Exp. Biol. Med. (Maywood) 234 (8), 850–859. doi:10.3181/0902-MR-61

Yu, Y. V., Li, Z., Rizzo, N. P., Einstein, J., and Welte, M. A. (2011). Targeting the
motor regulator Klar to lipid droplets. BMC Cell Biol. 12, 9. doi:10.1186/1471-2121-
12-9

Zhang, C., and Liu, P. (2017). The lipid droplet: A conserved cellular organelle.
Protein Cell 8, 796–800. doi:10.1007/S13238-017-0467-6

Zheng, X., Zhu, W., Ni, F., Ai, H., Gong, S., Zhou, X., et al. (2019).
Simultaneous dual-colour tracking lipid droplets and lysosomes
dynamics using a fluorescent probe. Chem. Sci. 10, 2342–2348. doi:10.1039/
C8SC04462G

Zoni, V., Khaddaj, R., Lukmantara, I., Shinoda, W., Yang, H., Schneiter, R., et al.
(2021). Seipin accumulates and traps diacylglycerols and triglycerides in its ring-like
structure. Proc. Natl. Acad. Sci. U. S. A. 118, e2017205118. doi:10.1073/PNAS.
2017205118

Frontiers in Cell and Developmental Biology frontiersin.org10

Singh et al. 10.3389/fcell.2022.893375

https://doi.org/10.1038/s41467-021-24632-5
https://doi.org/10.1186/S12977-021-00563-3
https://doi.org/10.1186/S12977-021-00563-3
https://doi.org/10.1529/biophysj.105.074534
https://doi.org/10.1038/s41374-019-0296-8
https://doi.org/10.1038/s41374-019-0296-8
https://doi.org/10.1016/J.TIBS.2021.08.007
https://doi.org/10.1371/JOURNAL.PPAT.1000204
https://pubmed.ncbi.nlm.nih.gov/33469539/
https://doi.org/10.3389/fcell.2020.615461
https://doi.org/10.1073/pnas.1713292114
https://doi.org/10.1083/JCB.84.1.28
https://doi.org/10.3389/fcell.2021.726261
https://doi.org/10.1016/J.DEVCEL.2011.10.007
https://doi.org/10.1371/JOURNAL.PONE.0183022
https://doi.org/10.15252/embj.201695170
https://doi.org/10.1016/j.cell.2008.10.021
https://doi.org/10.1002/cphc.200900113
https://doi.org/10.1002/cphc.200900113
https://doi.org/10.1007/S00705-018-4030-4
https://doi.org/10.1194/JLR.M004648
https://doi.org/10.1074/jbc.M211289200
https://doi.org/10.1074/jbc.M211289200
https://doi.org/10.1242/JCS.230169
https://doi.org/10.1242/JCS.230169
https://doi.org/10.1111/j.1600-0854.2006.00465.x
https://doi.org/10.1111/j.1600-0854.2006.00465.x
https://doi.org/10.1038/nature22369
https://doi.org/10.1113/JPHYSIOL.2006.108506
https://doi.org/10.1113/JPHYSIOL.2006.108506
https://doi.org/10.1146/ANNUREV-BIOCHEM-061009-102430
https://doi.org/10.1146/ANNUREV-BIOCHEM-061009-102430
https://doi.org/10.7554/eLife.16582
https://doi.org/10.1016/j.devcel.2017.09.012
https://doi.org/10.1016/J.BBALIP.2015.04.002
https://doi.org/10.1016/J.BBALIP.2015.04.002
https://doi.org/10.1016/J.CUB.2005.06.062
https://doi.org/10.1016/J.BBALIP.2017.07.006
https://doi.org/10.1016/J.BBALIP.2017.07.006
https://doi.org/10.1128/MBIO.02280-16
https://doi.org/10.1042/BJ2840457
https://doi.org/10.1042/BJ2840457
https://pubmed.ncbi.nlm.nih.gov/11079566/
https://pubmed.ncbi.nlm.nih.gov/11079566/
https://doi.org/10.3181/0902-MR-61
https://doi.org/10.1186/1471-2121-12-9
https://doi.org/10.1186/1471-2121-12-9
https://doi.org/10.1007/S13238-017-0467-6
https://doi.org/10.1039/C8SC04462G
https://doi.org/10.1039/C8SC04462G
https://doi.org/10.1073/PNAS.2017205118
https://doi.org/10.1073/PNAS.2017205118
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.893375

	Microtubule motor driven interactions of lipid droplets: Specificities and opportunities
	Introduction
	Lipid droplet–Organelle interactions: Regulation by motor proteins and physiological relevance
	Recruitment of motor proteins to lipid droplets
	Motors in the liver: Systemic lipid homeostasis
	Lipid droplet motion and disease
	Lipid droplet dynamics during pathogen infection
	Cytoskeletal reorganization and its effect on LD motion in pathogen infection
	LDs as drug reservoirs–An opportunity for motor biologists?

	Conclusion and outlook
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


