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Abstract

Autophagy is a central mechanism by which hepatocytes catabolize lipid droplets (LDs). 

Currently, the regulatory mechanisms that control this important process are poorly defined. The 

small GTPase Rab7 has been implicated in the late endocytic pathway and is known to associate 

with LDs, although its role in LD breakdown has not been tested. In this study, we demonstrate 

that Rab7 is indispensable for LD breakdown (“lipophagy”) in hepatocytes subjected to nutrient 

deprivation. Importantly, Rab7 is dramatically activated in cells placed under nutrient stress; this 

activation is required for the trafficking of both multivesicular bodies (MVBs) and lysosomes to 

the LD surface during lipophagy, resulting in the formation of a lipophagic “synapse.” Depletion 

of Rab7 leads to gross morphological changes of MVBs, lysosomes, and autophagosomes, 

consequently leading to attenuation of hepatocellular lipophagy.

Conclusion—These findings provide additional support for the role of autophagy in 

hepatocellular LD catabolism while implicating the small GTPase Rab7 as a key regulatory 

component of this essential process.
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Introduction

The liver is known as a central organ of lipid storage and is highly susceptible to steatosis 

when exposed to a high fat diet, alcohol or infection. Most hepatic lipid is stored in the 

hepatocyte as cytosolic lipid droplets (LDs), neutral lipid depots composed of triacylglycerol 

(TG) and cholesteryl esters. These dynamic organelles are a principal source of fatty acids 

for β-oxidation, membrane lipid biosynthesis, protein modification, and numerous other 

physiological processes. There is now great interest in defining the basic mechanisms of LD 

formation versus catabolism, as an imbalance in these processes can lead to non-alcoholic 
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steatohepatitis (NASH and non-alcoholic fatty liver disease (NAFL), as well as alcohol-

induced hepatic steatosis and diabetes (1, 2).

The canonical pathway for LD catabolism involves cellular lipases that dock to the LD 

surface, catalyzing the hydrolysis of TG and downstream metabolites (3). In addition to the 

action of these cytoplasmic lipases, LDs are also degraded by autophagy, a degradative 

process in which the LDs are engulfed by an autophagosome (AP) that subsequently fuses 

with lysosomes to form autolysosomes. Within the autolysosome, acid lipases break down 

TG into its glycerol and fatty acid components. Conversely, inhibition of the autophagic 

pathway in cells and mice is known to lead to hepatocellular steatosis (4, 5).

Despite the importance of the lipophagic process, our understanding of the cellular 

mechanisms that support and regulate the interactions between LDs and APs is modest. It is 

known that many components of the endosomal pathway are utilized in AP formation and 

maturation. For example, phosphatidylinositol 3-kinases (PI3Ks) initiate AP formation and 

modulate endosome maturation (6), while Rab GTPases function as key organizers of 

membrane trafficking events (7) and promote the interaction between endosomal 

compartments and the APs (8). Further evidence also links downstream effectors of Rab 

proteins to AP maturation (9, 10). It is possible, although unclear, that these endocytic 

components are used to support AP-LD targeting, docking and engulfment; however, the 

exact mechanisms underlying these processes are almost totally undefined.

It has been demonstrated that Rab7, known to regulate the transport and maturation of the 

late endocytic pathway (11-13) is a conserved component of the LD membrane (10). 

Currently, how this late endocytic Rab protein functions in the context of LD dynamics 

remains unclear but is an attractive candidate to both regulate and mediate the interaction of 

this important organelle with the autophagic pathway. In this study, we observe that Rab7 is 

markedly recruited to LDs in live hepatocellular carcinoma cells when placed under nutrient 

deprivation. Most importantly, Rab7 is highly activated under these conditions and is 

required to promote direct physical interactions between MVBs/lysosomes and LDs. This 

Rab7 mediated interaction is essential for the subsequent utilization of LDs as an energy 

source. The role of this regulatory GTPase as a key player in promoting the formation of a 

LD-AP “synapse” is discussed.

Materials and Methods

A detailed description of the materials and methods used can be found in the Supporting 

Information section.

Results

Starvation activates LD-localized Rab7 to mediate lipolysis

To verify that the Rab7 GTPase resides on LDs in the hepatocyte cell models utilized in our 

study (HuH-7 and Hep3B), we first isolated LDs by subcellular fractionation, in parallel 

with microscopy of cells expressing fluorescently-tagged Rab7. As shown in Figure 1a, 

Rab7 was clearly associated with LDs isolated from HuH-7 cells cultured in regular medium 
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containing 10% FBS (“resting”) or starved for 2h in HBSS (“starved”). Interestingly, no 

difference in the amount of Rab7 associated with the purified LDs was observed between 

resting and starvation conditions. In transfected cells, modest levels of GFP-Rab7wt could 

be resolved surrounding the LD surfaces. Notably, Rab7 also localized to a cytoplasmic 

vesicular compartment that, in many instances, associated intimately with LDs (Fig. 1b, wt). 

This Rab7wt-LD association appeared to increase in cells exposed to low serum (0.1% FBS) 

starvation for 24h, but was especially pronounced upon the expression of a constitutively 

active GFP-Rab7 form (Q67L). In these mutant-expressing cells, most of the Oil Red O 

(ORO)-stained LDs were surrounded by or completely engulfed within those compartments 

containing active Rab7. In strong contrast, cells expressing GFP-Rab7-T22N, a mutant 

defective in GTP binding, exhibited virtually no interactions with the LD under all nutrient 

conditions tested (Fig.1b).

As Rab7-positive compartments displayed an increased association with LDs following 

nutrient deprivation or expression of constitutively active Rab7, we postulated that serum 

depletion could promote the activation of Rab7. To test this hypothesis, Rab7 activity was 

assessed by a RILP pulldown assay (19) in Hep3B and HuH-7 cells subjected to either short-

term (2h) starvation in HBSS or long-term (24h) starvation in medium containing 0.1% 

serum. This assay works similarly to those used for other small GTPases (20) and is based 

on the fact that downstream effectors preferentially bind to the active form of the GTPase. 

Importantly, as measured by the RILP pulldown assay, all cell types tested exhibited a 

significant increase (≥ 3 fold) in Rab7 activity when subjected to starvation (Figs. 1c-f). 

Most interestingly, LDs purified from HuH7 cells also revealed a 2-3 fold increase in active 

Rab7 upon starvation compared to resting conditions (Figs. 1g and h), consistent with the 

premise of an activated late endosomal pathway following exposure to nutrient stress.

Because Rab7 has been implicated in the dynamics of late endocytic and autophagic 

compartments, we postulated that its activation following nutrient deprivation could 

represent the initiation of autophagy-centric LD catabolism, measurable by a reduction in 

both LD size and number (14). Indeed, Hep3B cells treated with either non-targeting (NT) 

control or Rab7-directed siRNA (siRab7), and subsequently transfected to re-express GFP 

alone or distinct Rab7-GFP-tagged mutants, exhibited substantial differences in the capacity 

to mobilize stored lipid when subjected to low-serum starvation for 48h post-oleate loading. 

While Rab7 depletion significantly reduced the breakdown of LDs during starvation (Figs. 

2a, b), this impairment could be corrected by the re-expression of the wild-type and 

constitutively-active (Q67L) forms of Rab7, but not by the dominant-negative (T22N) 

mutant (Figs. 2a, b). Importantly, Rab7 depletion did not affect LD formation as 

demonstrated in Figs. 2c and d (Fig. 2f shows a representative blot of the knockdown 

efficiency). These observations are consistent with the concept that activation of Rab7 

promotes LD breakdown. As these data were obtained in hepatoma cells, it was important to 

confirm that Rab7-dependent lipohagy also occurs in primary hepatocytes. To this end, 

Hep3B hepatoma cells and primary mouse hepatocytes were treated with the Rab7-specific 

inhibitor CID1067700 (21, 22) during lipophagy induction. Indeed, cells treated with the 

Rab7 inhibitor were greatly impaired in their ability to breakdown LDs when challenged by 

nutrient deprivation (Fig. S1).
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Together, these data indicate that starvation-induced activation of Rab7 both on the LD 

surface as well as on endomembranes ultimately promotes LD breakdown.

Rab7 mediates the docking of APs, MVBs, and lysosomes to LDs during lipophagy

Based on these results, we aimed to determine the mechanism by which Rab7 regulates the 

autophagic catabolism of LDs. APs fuse either directly with lysosomes or first with late 

endosomes/MVBs, forming an intermediate compartment, the amphisome, prior to 

lysosomal association (23, 24). As Rab7 coordinates the structural organization of and 

transport between all compartments involved in this process, we focused on potential 

morphological changes in APs, MVBs and lysosomes, monitoring their interactions with 

LDs following Rab7 perturbations.

As lipophagy is an autophagic process, we first analyzed whether Rab7 depletion affects AP 

function in hepatocytes, as this had not been studied. Indeed, siRNA-mediated Rab7 

depletion significantly increased the number of LC3-positive spots in Hep3B hepatoma cells 

expressing GFP-LC3 and led to increased levels of endogenous LC3 (Fig. S2, a-d). 

Interestingly, while the increase in LC3 spots upon Rab7 depletion has been reported (18, 

25), changes in total LC3 levels were not observed in other cell types (18) for unknown 

reasons. Use of the lysosomal inhibitor leupeptin in our studies revealed that the elevated 

LC3 levels observed in Rab7-depleted cells are due to an inhibition of AP degradation as 

leupeptin treatment did not result in a further increase in LC3 levels (Fig. S2c and d). This 

was confirmed through the use of a dually-fluorescent mRFP-EGFP-LC3 reporter, which 

can be used to monitor AP-to-autolysosome maturation by virtue of the pH sensitivity of 

EGFP(17). While numerous “red only” puncta were observed under starvation conditions in 

the control cells, indicative of AP maturation, their formation was impaired following Rab7 

depletion (Fig. S2e). Further, the enlargement and clustering of the APs caused by Rab7 

depletion clearly interfered with their ability to associate with LDs, rendering them unable to 

be primed for degradation (Fig. S2f).

Based on the observations described above together with the previously reported functions 

of Rab7 (26), we predicted that the Rab7-positive membranous structures that attach to and 

surround the “primed” LDs likely represent late endocytic/lysosomal compartments that 

drive the autophagic process. To test this prediction, we analyzed the interaction between 

LDs and MVBs, to determine whether amphisome formation is necessary prior to 

subsequent associations with the lysosomal compartment, all in the context of various Rab7 

perturbations.

We first mimicked the starvation-induced activated status of Rab7 by over-expressing GFP-

tagged Rab7-Q67L and observed an increase in CD63-positive MVB association with LDs, 

greater than that seen when GFP-Rab7-wt was expressed (Fig. 3a). These data support the 

concept that starvation-activated Rab7 recruits MVBs to the LD-AP interface to promote 

amphisome formation prior to lipophagic breakdown.

To confirm this hypothesis, we tested if Rab7 depletion interferes with MVB recruitment to 

the LD. Indeed, while CD63-positive MVBs interacted with LDs in the control cells and 

showed an impressive envelopment of the LDs upon nutrient deprivation, Rab7 depletion 
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almost completely abolished this process (Fig. 3b). Moreover, the CD63-positive 

compartment appeared enlarged and clustered upon Rab7 depletion (Fig. 3b, “siRab7”), 

consistent with EM data from previous reports (27). The importance of the MVB pathway in 

hepatic lipophagy was confirmed by inhibiting MVB maturation (28). Hep3B cells 

expressing GFP-SKD1-E235Q, a dominant-negative form of the mammalian ATPase 

required for ESCRT and MVB function (29), were challenged with nutrient deprivation for 

48h. Consistent with the findings that utilized Rab7 disruption (Figs.2, 3), we observed that 

the mutant cells possessed an impaired MVB compartment and, subsequently, failed to 

catabolize LDs (Fig. S3).

With the establishment of a MVB-LD interaction mediated by active Rab7 to promote 

amphisome formation, we next assessed whether active Rab7 also regulates the subsequent 

step of lysosome-LD/amphisome docking by analyzing LD-lysosome interaction using 

LAMP1 as a marker. Again, while expression of constitutively-active GFP-Rab7-Q67L 

increased the recruitment of LAMP1-positive lysosomes to the LDs compared to wt-

expressing cells (Fig. 4a), Rab7 knockdown caused an enlargement and clustering of the 

lysosomal structures (Fig. 4b, “resting”) and interfered with their ability to interact with LDs 

(Fig. 4b, “starved”). Interestingly, in contrast to the MVBs, the lysosomes did not fully wrap 

around the LDs under starvation conditions and rather appeared as a vesicular compartment 

that transiently interacts with the LDs, resembling a “kiss-and-run”-like mechanism. Indeed, 

when analyzed in living cells, the Rab7-mediated interaction between the LAMP1-positive 

lysosomes and the MDH-labeled LDs (arrow and arrowhead) seemed brief in nature, where 

the lysosome is recruited to the Rab7-positive subdomain of the LD, docks for a short period 

of time, and then eventually departs the LD (Figs. 4c and d, movies 1 and 2). In this way, 

one LD can be repeatedly bombarded by several lysosomes to facilitate LD breakdown in an 

energy-efficient way (see Fig. 4d, second arrow at the 28′ time frame).

To directly visualize and quantify the consequences of Rab7 perturbations on LD-lysosome 

docking/fusion both in either living or fixed cells, a fluorescent reporter incorporating the 

LD-specific structural protein perilipin-2 (PLIN2), mRFP1-EGFP-PLIN2, was engineered 

based on the mRFP1-EGFP-LC3 construct used above for analysis of AP maturation. As for 

the LC3 reporter (Fig. S2), an increase in “red only” PLIN2-positive structures can be used 

as a readout for LD-lysosome docking/fusion within the cell (Fig. S4a). We found that 

Hep3B cells grown under serum-starved conditions showed a clear labeling of ring-like 

structures around LDs in both the red and green channels (Fig. S4b). In addition, the 

formation of numerous “red-only”, punctate structures were also observed throughout the 

cell, many of which stained positive for LysoTracker Blue, denoting interactions between 

LD-resident PLIN2 and an acidic compartment (Fig. S4b). As an additional control, cells 

expressing the PLIN2 reporter were starved in the presence of chloroquine (CQ), an 

inhibitor of lysosomal acidification (30); this treatment resulted in a near complete 

abrogation of red puncta indicating that fusion with functional lysosomes was required for 

the docking of the two compartments (Figs. S4c and d).

When viewed in living cells (Fig 5a; movie 3), this reporter supported the concept of 

transient lysosome-LD interactions as displayed in the time-lapse movies (Fig. 4). Indeed, 

imaging cells expressing this probe reveals LysoTracker Blue-positive vesicles arriving at 
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PLIN2-tagged LDs, where they interact briefly, and turn red. Most importantly, the number 

of cytoplasmic red puncta produced by starved, control siRNA-treated cells was 

significantly higher compared to the Rab7 depleted cells (Fig.5 b, c, d) consistent with the 

concept that Rab7 is required for structural interactions between the “primed” LDs and 

lysosomes.

Membrane-bound Rab7 promotes LD breakdown via an interaction with its downstream 
effector RILP

The findings of this study have thus far suggested that activated Rab7 promotes the cellular 

utilization of LDs as an energy source by regulating the interaction between the LDs and 

degradative compartments. To further define the mechanisms by which Rab7 might support 

this process we manipulated the capability of Rab7 to interact with membranes or, 

alternatively, its downstream effector RILP (31). Two Rab7 mutants were therefore 

designed: a “CAAX” mutant (Rab7-C205A, Fig. 6a), that is prenylation defective and 

therefore cannot insert into membranes, rendering it inactive (32, 33); and a RILP- binding 

mutant (Rab7-V180A, Fig. 6a; (34)), that perturbs the interaction of Rab7-associated 

vesicles with microtubules, thereby interfering with transport to the lysosomes (35, 36). 

Applying a similar knockdown/re-expression approach to that described above (Fig. 2), we 

saw that neither the Rab7-C205A nor the -V180A mutants reverted the lipophagy defect in 

the Rab7 knockdown cells (Fig. 6b and c), indicating that both membrane association and 

microtubule-based transport via RILP are necessary for the regulatory function of Rab7 in 

starvation-induced LD breakdown. Interestingly, the RILP binding mutant (V180A), but not 

the CAAX mutant (C205A), remained associated with the LDs, suggesting that the sub-

cellular localization alone is not responsible for the observed defect in lipophagy (Fig. 6d). 

Both mutants exhibited decreased RILP binding (Fig. 6d and e), and a separate assay, 

measuring Rab7 protein binding to GTP-bound beads and thus activity per se (37), showed 

that only the CAAX mutant of Rab7 was impaired in activity (Fig. 6f). These data 

demonstrate that membrane association of Rab7 is required for its activation during 

lipophagy and that its ability to connect to the microtubule network via RILP is important 

for efficient regulation of starvation-induced LD breakdown.

Taken together, the data presented in this study support a working model for the role of 

Rab7 in the lipophagic breakdown of LDs as summarized in Figure 7, emphasizing the 

concept that starvation-activated Rab7 promotes LD breakdown by coordinating the 

recruitment and docking of degradative compartments to those LDs primed for autophagic 

breakdown.

Discussion

In this study, we provide new insights into the molecular mechanisms regulating the 

interactions between LDs and endocytic degradative compartments during starvation 

induced lipophagy in hepatocytes. Rab7 appears as a fundamental component of both LD 

and endolysosomal membranes and its activation, and subsequent recruitment, under 

conditions of nutritional stress is necessary for initiation of LD catabolism by autophagy 

(Figs. 1-2). In addition to the LD itself, this activation occurs on several relevant 
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compartments, including MVBs and late endosomes/lysosomes resulting in tight 

associations between these organelles (Figs. 3-5). Lipophagy can then proceed, provided 

that the activated Rab7 is able to associate with the membranes of all necessary 

compartments as mutations in Rab7 that prevent membrane interactions attenuate this 

process (Fig. 6). We therefore propose a model for Rab7 as a central regulator in the 

coordination of LD-autophagic interactions during nutrient-limited conditions (Fig. 7).

Rab7 as a Central Regulator of Hepatocellular Lipophagy

In hepatocytes, lipophagy is important for regulating energy homeostasis and lipid content. 

As a consequence, inhibition of lipophagy by pharmacological or genetic means leads to 

increases in cellular TG, as well as in LD number and size resulting in impaired β-oxidation 

(1). Little is known however about the regulatory elements in this important process. For 

example, under basal conditions LDs are constitutively degraded by the lysosome (5), 

though how the hepatocyte responds to nutritional changes to amplify the LD-targeted 

autophagic response is unclear, as is the process by which “primed” LDs are transported to 

the lysosome.

The data presented in this study is the first to position the small GTPase Rab7, an important 

regulator of late endocytic trafficking, as a central player in hepatic lipophagy, providing 

evidence for a regulated targeting and fusion of “primed” autophagic LDs with lysosomes. 

This is manifested as an intimate association of Rab7-positive degradative compartments 

with LDs upon starvation, conditions under which the levels of Rab7 protein on the LD 

itself do not appear to increase (Fig 1). Interestingly, LD-associated Rab7 is highly activated 

upon a nutritional challenge and appears to drive the formation of a LD-MVB platform that 

could facilitate the subsequent interaction with lysosomes. The formation of these Rab7 

platforms can become robust in starved cells and even more so in cells expressing the active 

Rab7Q67L mutant.; expression of the inactive T22N form of the protein, however, precludes 

their formation. Likewise, siRNA-mediated depletion of Rab7 or expression of a mutant 

defective in RILP binding also interferes with the recruitment/docking of the degradative 

compartments, ultimately attenuating LD breakdown (Figs. 2 to 6).

Active Rab7 promotes the formation of a “lipophagy synapse”

APs deliver their cargo for degradation either by directly fusing with the lysosomes or via 

the amphisome, a hybrid compartment emerging from the fusion between APs and MVBs/

late endosomes (38-40). The resulting autolysosome provides the enzymes required for the 

degradation of the inner membrane of the AP and its lumenal cargo. Subsequently, the 

macromolecules are released to and recycled in the cytosol (41, 42). In hepatocytes, 

autophagic LDs can directly fuse with the lysosomal compartment, or first associate with 

MVBs/late endosomes (forming amphisomes) prior to lysosomal fusion. Both pathways 

seem equally important in the lipophagic process as depletion of Rab7 results in enlarged, 

clustered MVBs (Fig.4, (27)) and lysosomes that are unable to interact with LDs to promote 

their breakdown (Fig 5.). The MVB may provide an intermediate compartment that 

possesses the appropriate docking and fusion machinery to link the LD surface with that of 

the autophagic machinery, and Rab7 appears to be essential in this process. Whether the 

formation of amphisomes is absolutely required for lipophagy is unclear.
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Dynamics of LD-Lysosome interactions are mediated by active Rab7and its effectors

A detailed analysis of the association of the MVBs and lysosomes with LDs revealed two 

interesting interactions: a) LDs surrounded by MVBs and b) LDs interacting with vesicular, 

LAMP1-positive lysosomal structures. These interactions may reflect different stages of the 

lipophagic process that are regulated by Rab7 on either compartment. While the fully 

engulfed LDs likely represent amphisomes, the interaction between lysosomes and LDs also 

occur via a “kiss-and-run” process. Kiss-and-run type interactions between lysosomes and 

vesicle-bound substrates have been previously reported (43, 44) and are predicted to 

represent cargo “sampling” that may require less of an energy cost as compared to the fully 

committed engulfment of large structures such as LDs. Rab7 may regulate this process by 

transporting the primed autophagic LDs to the perinuclear region in close proximity to the 

lysosomes by its interaction with RILP. Such transport would link Rab7-positive structures 

to microtubules via the dynein motor, an interaction that is required for efficient LD 

turnover (Fig. 6). This observation is consistent with other studies in mammalian cells 

demonstrating that a) the recruitment and activation of Rab7 alone is insufficient to induce 

fusion of phagosomes with late endosomes and lysosomes (45), and b) that Rab7 binding to 

RILP is required for this process, as it drives the phagosomes into a centripetal direction, 

inducing the extension of phagosomal tubules that contact late endocytic compartments (46). 

Further recruitment and activation of Rab7 on the resulting AP as well as the degradative 

compartments could then regulate their interaction and ultimately promote the fusion of the 

LDs with lysosomes for breakdown (Fig. 7).

Interestingly, Rab7 has recently been shown to participate in the maturation and motility of 

APs via its interaction with yet another motor adaptor, FYCO1 (FYVE and coiled-coil 

domain-containing 1). This effector supports the formation of a complex between Atg8 

(LC3), phosphoinositol-3-phosphate, and kinesin (47). Additionally, the HOPS (homotypic 

fusion and protein sorting) complex (48), another Rab7 effector, has been implicated in AP-

lysosome fusion through its interaction with the SNARE Syntaxin 17 (49). Perhaps most 

relevant is a recent study by Lizaso and coworkers, suggesting that agonist-induced 

activation of lipolysis in adipocytes results in a release of perilipin 1 from the LD surface to 

allow the subsequent recruitment of Rab7 and autophagic components for lysosomal 

degradation (50). In summary, these data emphasize the role of Rab7 as a central player at 

the confluence between the autophagosomal and degradative pathways, directing the proper 

fusion and docking of multiple compartments to facilitate lipophagy.

Future studies focusing on the spatiotemporal activation of Rab7 as well as a more detailed 

assessment of other Rab7 effector proteins involved in hepatic lipophagy will be required. In 

this context, it will be important to identify the signaling pathways that activate Rab7 under 

conditions of nutrient stress and determine whether fatty acid oxidation or ethanol 

metabolism might compromise the regulated process of lipophagy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LD lipid droplet

TG triacylglycerol

MVB multivesicular body

Lys lysosome

AP autophagosome

PLIN2 perilipin 2

RILP Rab7 interacting lysosomal protein
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Figure 1. Rab7 localizes to lipid droplets (LDs) and is activated upon starvation
(a) LDs were purified from HuH7 cells under resting and starved conditions and the purity 

of the isolated fractions was tested using specific antibodies to various compartments. Note 

that Rab7 associates with the purified LDs under both conditions. (b) Hep3B cells 

expressing GFP-Rab7-wt, or the GTPase active (-Q67L) or inactive (-T22N) forms were 

loaded with 150 μM oleate overnight (“resting”, upper rows) and then starved for 24h in 

medium containing 0.1% FBS (“starved”, lower rows). LDs were visualized using Oil Red 

O (ORO). While no obvious changes in the Rab7 localization to LDs are observed upon 

starvation, cells expressing wt or active forms exhibit a marked association with LDs while 

the Rab7-T22N mutant does not. Scale bars represent 1 μm. (c) Rab7 activity increases 3 to 

4 fold in Hep3B hepatoma cells, as assessed by a RILP pulldown assay. Cells were exposed 

to overnight loading with oleate followed by a 24h low serum starvation. (d) Quantitation of 

at least three independent experiments as described in (c). Data are presented as mean ± 

S.E., p value (**) = 0.001. (e) Activation of Rab7 in HuH7 cells exposed to 2h HBSS or 24h 

low serum starvation, as assessed by a RILP pulldown assay. (f) Quantitation of at least 

three independent experiments as described for (e). Data are presented as mean ± S.E., p 

values (*) ≤ 0.03. (g) A subpopulation of LD-associated Rab7 is activated upon 2h HBSS 

starvation in HuH7 cells. Cells were starved and the isolated LDs were subjected to a RILP 

pulldown assay. (h) Quantitation of three independent experiments as described in (g) 

reveals a 3-fold activation of Rab7 on LDs. Data are presented as mean ± S.E., p value (*) = 

0.02. In all cases, total Rab7 was normalized to the actin loading control and active Rab7 

was then normalized to the corrected total Rab7.
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Figure 2. Rab7 depletion impairs starvation-induced LD breakdown but not LD formation
(a) IF of Hep3B cells treated with control (siNT) or Rab7 siRNA (siRab7), then transfected 

with either GFP control vector, GFP-Rab7-wt, -Q67L or T22N, loaded overnight with oleate 

and then starved for 48 h in medium containing 0.1% FBS. LDs were visualized by ORO 

and the area of LDs per cell was assessed. While control cells metabolize significant 

numbers of LDs, Rab7-depleted cells do not. This phenotype was rescued by Rab7-wt and 

the active –Q67L form, but not by the dominant negative –T22N form of Rab7. Encircled 

cells express GFP alone or GFP-Rab7 as indicated. (b) Quantitation of the average LD area 

per cell from at least three independent experiments as described in (a). Data are presented 

as mean ± S.E., p values (**) ≤ 0.004 and (*) = 0.048, respectively. (c) Representative 

images from a loading experiment in control (siNT) and Rab7 depleted cells (siRab7). 48h 

post-transfection, cells were loaded with oleate overnight and LDs were stained using ORO. 

Cell borders are outlined. (d and e) Average LD number (d) and average LD area (e) per cell 

in Hep3B control cells (siNT) or cells depleted of Rab7 (siRab7). Data are presented as 

mean ±S.E. and no significant difference in the ability to form LDs was observed between 

control and Rab7 knockdown cells. (f) Representative blot showing Rab7 knockdown 

efficiency in Hep3B cells. Scale bars = 10 μm.
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Figure 3. The interaction between MVBs and LDs is regulated by active Rab7
(a) IF images of Hep3B cells expressing GFP-Rab7-wt or the active – Q67L mutant loaded 

with oleate overnight. LDs were stained with MDH (blue) while MVBs were identified 

using an antibody specific to CD63 (red). In cells expressing wt Rab7, few LD-MVB 

interactions were observed whereas a substantial increase in the association between these 

compartments was observed in cells expressing the active Rab7-Q67L mutant. (b) MVB–LD 

association increases upon starvation and is inhibited by Rab7 depletion. Hep3B cells treated 

with siNT or siRab7 were loaded with oleate 24 h post transfection and then starved for 24 h 

in low serum medium. LDs were visualized using ORO. In control cells, punctate CD63-

positive MVBs exhibit physical interactions with LDs that are markedly increased upon 

starvation (arrows). In contrast, CD63-labeled MVBs appear enlarged and aggregated with 

only limited LD interactions in Rab7 depleted cells under either resting or starved 

conditions. Scale bars = 5 μm.
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Figure 4. Rab7 mediates the recruitment of lysosomes to the LD surface
(a) IF images of Hep3B cells expressing GFP-Rab7-wt or the active – Q67L mutant loaded 

with oleate overnight. LDs are stained with MDH (blue) while lysosomes are visualized by 

LAMP1 staining (red). In cells expressing wt Rab7, few lysosome-associated LDs were 

observed while a substantial increase in LD-lysosome interactions (yellow) occurred in cells 

expressing the starvation-mimicking active Rab7-Q67L mutant. (b) As a reciprocal approach 

to expressing active Rab7, Hep3B cells were treated with either a non-targeting siRNA 

(siNT) or a Rab7 targeting siRNA (siRab7), stained for LAMP-1 (green) and labeled with 

MDH for visualizing lipid droplets (pseudolabeled red). Cells were fixed directly following 

oleate loading (resting) or following a 24h starvation period in low serum media. Few 

LAMP-1 positives vesicles associate with LDs compared to control cells, instead appearing 

to cluster throughout the cell. (c and d) Still images taken from a confocal time-lapse series 

of an oleate-loaded Hep3B cell co-expressing Rab7-GFP and LAMP1-mCherry proteins 

(MDH-labeled lipid droplets are shown in the blue channel). Putative Rab7-GFP positive 

MVBs associate with the surface of an LD to form a docking platform (arrows) for a 

LAMP-1 positive vesicle (red, arrowheads in c and arrows in d). Evidence of membrane 

exchange between the two compartments is observed by the increased yellow signal within 

the fusing vesicle.
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Figure 5. Rab7 depletion inhibits LD-lysosome docking
(a) Still images taken from a confocal time-lapse series of an oleate loaded Hep3B cell 

expressing mRFP1-EGFP-PLIN2. The yellow PLIN2 structure gives rise to a “red only” 

spot by the transient docking of and acidic lysosome (LysoTracker Blue, arrow) that 

quenches the GFP-portion of the tag. Note the blue to red spectral shift exhibited by the 

lysosome post docking (16”) that occurs in a “kiss-and-run”-like fashion. (b) Fluorescence 

images of fixed Hep3B cells, treated with siNT or siRab7 that were transfected to express 

mRFP1-EGFP-PLIN2, loaded overnight with oleate and then starved for 24h in medium 

containing 0.1% FBS (LS). In both examples, starvation induces an increase of red PLIN2 

puncta, indicative of a lysosomal “sampling” of the PLIN2- reporter protein. This shift is 

abrogated in the Rab7 knockdown cells which displayed mainly yellow PLIN2 rings 

reminiscent of the PLIN2 localization in resting cells and indicative of little to no interaction 

between LDs and lysosomes. Scale bar = 10 μm. (c) Quantitation of three independent 

experiments as described in (b). Data are presented as mean ± S.E., p values = 0.005 (**) 

and 0.015 (*), respectively. At least 25 cells per condition were counted.
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Figure 6. Rab7 membrane association and RILP interaction are required for LD breakdown
(a) Schematic representation of the Rab7 domain structure showing the GTPase domain 

(black insets), the effector region (gray inset) and the two point mutations that were 

generated (V180A= RILP binding defective, C205A= CAAX mutant). (b) Hep3B cells, 

treated with either control (siNT) or Rab7-targeting siRNA (siRab7) were transfected to re-

express either Rab7wt or the two mutants as indicated above. Cells were loaded overnight 

with oleate and then starved for 48h in low serum media. LDs were visualized by ORO post-

starvation. Cells re-expressing the indicated constructs are outlined. Note that only the 

Rab7-wt, but neither mutant, rescues the defect in lipophagy in Rab7-depleted cells. Scale 

bar = 2.5 μm. (c) Quantitation of three independent experiments as described in (b). Data are 

presented as mean ± S.E., p values ≤ 0.05 (*). (d) The Rab7-RILP binding mutant (GFP-

Rab7V180A) localizes to ORO-stained LDs (red) while the Rab7-CAAX mutant (GFP-

Rab7C205A) appears cytosolic. The boxed areas are enlarged on the right side of each 

image. Scale bars = 2.5 μm. (e) RILP pulldown assay from Hep3B cells expressing either 

Rab7-wt the Rab7-C205A, or -V180A mutant, respectively. The numbers underneath the 

blot represent the average (fold difference) of precipitated Rab7 protein compared to the wt 

from three independent experiments. The differences in Rab7 activity/RILP binding are 

significant compared to the wt (p values ≤ 0.0001, not shown). Note that the RILP pulldown 
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assay does not distinguish between the binding mutant per se and the activity-defective 

mutant. (f) GTP pulldown assay to assess Rab7 activity only in Hep3B cells expressing 

Rab7wt, Rab7-V180A or- C205A, respectively. The numbers underneath the blot represent 

the average of precipitated Rab7 protein, compared to the wt from three independent 

experiments. Note that the RILP binding mutant (V180A) exhibits only a slight decrease in 

activity (p=0.3), while the activity of the membrane binding mutant (C205A) is reduced 

significantly (p=0.01).
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Figure 7. Rab7 mediates LD breakdown by recruiting degradative compartments: a working 
model
Under control conditions, LD-associated Rab7 (red) is activated upon starvation (green) to 

recruit LC3-positve APs that are also enriched in the active GTPase. This process is the first 

step in the lipophagic breakdown of the LDs. In a second step, the APs fuse with Rab7-

positive degradative compartments to form an autolysosome for lipid degradation. This 

process may occur either via the formation of an amphisome (AP-MVB intermediate) that in 

turn fuses with the lysosome or via direct fusion of the AP with the lysosome (similar to 

classic macroautophagy). The direct interaction between lysosomes and APs can also occur 

in a “kiss-and-run”-like fashion allowing constant sampling of the autophagic LDs that will 

eventually result in LD degradation as observed by a reduction in LD number and area. 

Thus, functional Rab7 is indispensable for proper lipophagy as it controls both the integrity 

of the degradative compartments and their fusion with the LDs.
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