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Septin 9 and phosphoinositides regulate
lysosome localization and their
association with lipid droplets

Pei Xuan Song,1,2 Juan Peng,1,2 Mohyeddine Omrane,1,2 Ting ting Cai,1,2 Didier Samuel,1,2,3

and Ama Gassama-Diagne1,2,4,*

SUMMARY

The accumulation of lipid droplets (LDs) in the liver is a hallmark of steatosis,
which is often associated with lysosomal dysfunction. Nevertheless, the underly-
ing mechanisms remain unclear. Here, using Huh7 cells loaded with oleate as a
model to study LD metabolism, we show that cellular content and distribution
of LDs are correlatedwith those of the lysosome and regulated by oleate and sep-
tin 9. High expression of septin 9 promotes perinuclear clustering of lysosomes
which co-localized with Golgi and not with their surrounding LDs. On the other
hand, knockdown of septin 9 disperses the two organelles which colocalize
at the cell periphery. The Rab7 is present around these peripheral LDs.
PtdIns5P which binds septin 9 and MTMR3 which converts PtdIns(3,5)P2 into
PtdIns(5) recapitulates the effects of septin 9. By contrast, PtdIns(3,5)P2 pro-
motes LD/lysosome co-localization. Overall, our data reveal a phosphoinosi-
tide/septin 9-dependent mechanism that regulates LD behavior through the con-
trol of their association with lysosomes.

INTRODUCTION

The liver plays a crucial role in the homeostasis of lipids (Bechmann et al., 2012) and thus alterations of

the processes involved in their metabolism because of stressful conditions, such as exposure to a high-fat

diet, alcohol, or infection by pathogens such as hepatitis C virus, may induce an accumulation of lipid in

the liver and the subsequent development of diseases that include steatosis, nonalcoholic steatohepa-

titis (NASH) which can progress in cirrhosis and cancer (Benedict and Zhang, 2017; Michelotti et al.,

2013). Most of the lipids within the liver are stored in the hepatocytes in the form of cytosolic lipid drop-

lets (LDs). LDs perform diverse cellular functions, which include sequestering the toxic lipids and acting

as dynamic lipid storage that enables the rapid mobilization of fatty acids for energy (Herms et al., 2015;

Rambold et al., 2015), membrane biosynthesis (Chauhan et al., 2015; Kurat et al., 2009), and lipid

signaling pathways (Haemmerle et al., 2011; Tang et al., 2013). LDs also associate with other organelles

to maintain cell homeostasis (Barbosa et al., 2015; Barbosa and Siniossoglou, 2017; Schuldiner and Boh-

nert, 2017).

LDs consist of a hydrophobic core of neutral lipids (primarily composed of triacylglycerols and choles-

terol esters) surrounded by a monolayer of phospholipid and cholesterol in which proteins are

embedded. The lipid droplet proteins are dominated by enzymes involved in lipid metabolism and

members of the perilipin family. However, proteins with other functions such as membrane trafficking,

like small Rab-GTPases, and proteins for degradation are also well represented (Bersuker and Olzmann,

2017; Krahmer et al., 2013). There are about 70 human Rab GTPases, which are mostly involved in mem-

brane trafficking and act as master regulators of organelle biogenesis and cellular homeostasis. The tar-

geting of Rab to the membrane depends on the binding of their corresponding GEF (Guanosine Ex-

change factor) to specific phospholipids/phosphoinositides (PIs) (Blümer et al., 2013). Specific

combinations of Rab GTPases and PIs in discrete membrane domains on the organelles and vesicles

facilitate endosomal functions to ensure the maintaining and coordination of membrane trafficking

(Jean and Kiger, 2012). Therefore, identifying the regulators of the mechanisms behind this complex

regulation of Rabs and PIs combination and function on organelles such as LDs and their contribution

to cellular homeostasis is a challenging issue.
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Septins belong to a family of GTP-binding proteins with 13 members and are highly conserved in eukary-

otes (Nishihama et al., 2011). Septins assemble in hetero-oligomeric complexes and form nonpolar fila-

ments or rings that bind to actin and microtubules (MTs) (Kim et al., 2011; Kinoshita et al., 2002; Sellin

et al., 2011). Septins are therefore essential for cytoskeleton-dependent cell processes and are considered

as the fourth component of the cytoskeleton (Bai et al., 2013; Joo et al., 2007; Mostowy and Cossart, 2012;

Smith et al., 2015). Septins associate with a variety of PIs at different intracellular membranes through a pol-

ybasic domain (PB1) (Akil et al., 2016; Dolat and Spiliotis, 2016; Pagliuso et al., 2016; Zhang et al., 1999).

Recently, we reported that septin 9 has a second polybasic domain (PB2) conserved in the human septin

family. This newly identified domain is critical to septin binding to PIs, filament formation, and the assembly

and functionality of the Golgi apparatus (Omrane et al., 2019). Once attached to the membranes, septins

can act as a scaffold that recruits cytosolic proteins and other cytoskeletal elements to control numerous

cellular functions such as cytokinesis, ciliogenesis, vesicle trafficking, and cell polarity (Akil et al., 2016;

Bridges et al., 2016; Fung et al., 2014; Gassama-Diagne et al., 2006; Mostowy and Cossart, 2012; Song

et al., 2016; Tanaka-Takiguchi et al., 2009). Therefore, alterations of the expression of septins are associated

with several diseases including infectious diseases and cancer (Angelis and Spiliotis, 2016; Henzi et al.,

2021; Krokowski et al., 2018).

We reported a high expression of septin 9 in hepatitis C virus (HCV)-induced cirrhosis. We also showed that

septin 9 is hijacked by HCV to induce the perinuclear accumulation of LDs by a phosphatidylinositol-5-

phosphate and microtubule-dependent mechanism (Akil et al., 2016).

Excessive intracellular accumulation of LDs in liver cells generally results from increased uptake of hepatic

free fatty acids (FFA), enhanced de novo lipogenesis, or impaired lipid catabolism (Bessone et al., 2019;

Koo, 2013; Kwanten et al., 2014). The autophagy pathway plays an important role in lipid degradation

and depends on the activities of the lysosome, whose dysfunction has been associated with steatosis in

different studies (Inami et al., 2011; Miyagawa et al., 2016; Wang et al., 2018).

Lysosomes are highly dynamic organelles that are subject to bidirectional movements along microtubules

between the center and periphery of cells and represent the main degradative compartments of eukaryotic

cells (Cabukusta and Neefjes, 2018). The movements of lysosome are also modulated by contacts with

other organelles such as the ER(Jongsma et al., 2016; Raiborg et al., 2015), Trans-Golgi network (TGN)

(Wang and Hong, 2002), and peroxisomes (Chu et al., 2015).

Thus, according to the binding capacities of septin 9 to PI and its critical role in the microtubule-dependent

assembly of Golgi and vesicle trafficking, we made a hypothesis that septin 9 could control LD perinuclear

accumulation by regulating the lysosomes.

RESULTS

Kinetic study of oleate-treated cells indicates that the size and perinuclear accumulation of

LDs are related to lysosome localization and depend on oleate concentration

To understand how hepatocytes could respond to lipid overload and the mechanisms behind the cyto-

plasmic LD accumulation, we used hepatocellular carcinoma derived Huh7 cells. The cells were treated

with sodium oleate at 50,100, 200, and 400mM and analyzed after 12h, 24, 48, and 72h of treatment. First,

we used BODIPY to stain LDs and assess their total intensity and their time course distribution within cells.

Immunofluorescence data revealed non-significant time-dependent changes of the LD behavior in non-

treated (0mM) cells. However, at the different concentrations of oleate, the intensity of LDs significantly

increased up to 24h after the treatment and then continued to decrease until 72h. Although the increase

of LD intensity increased in an oleate dose-dependent manner to reach the maximum at 24h, the decrease

was inversely correlated with the dose of oleate, and almost no change was observed in the kinetic for the

dose of 400 mM of oleate (Figures 1A and 1B) (Table 1). Furthermore, we showed a correlation between the

strong increase in the total intensity of LDs and their perinuclear localization (Figure 1C) (Table 2). Indeed,

at 400mMof oleate, no significant change was observed over time for LDs distribution. In fact, nearly 83% of

LDs are consistently distributed in the perinuclear area (Figure 1C).

Lysosomes are broadly distributed throughout the cytoplasm, although a higher pool was found in the peri-

nuclear region near the microtubule-organizing center (MTOC) and a very dynamic pool was at the periph-

ery of the cells. These spatial different pools of lysosomes contribute to different biological roles
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Figure 1. The kinetic of LD and lysosome intracellular distributions are correlated and dependent of oleate

concentration

(A) Huh7 cells were grown overnight. Then culture medium was supplemented without or with 50, 100, 200, and 400 mM

sodium oleate complex for different time (12, 24, 48, and 72 h), then stained for LDs (green) and LAMP1(red). Scale bar,

20mm.

(B) LDs intensity were analyzed in 25 cells from three experiments performed as described in (A).

(C) The percentage of LD intensity in perinuclear and peripheric are present in 25 cells from three experiments performed

as described in (A).

(D) LAMP1 intensity of 25 cells from 3 independent experiments performed as described in (A).

(E) The percentage of LAMP1 intensity in perinuclear and peripheric are present in 25 cells from three experiments

performed as described in (A). Data information: Linegraphs present Mean G SEM. Student’s t-test was used. *p < 0.05,

**p < 0.001, ***p < 0.0001.
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(Cabukusta and Neefjes, 2018). Subsequently, we studied both the total intensity and the intracellular dis-

tribution of lysosomes by staining LAMP1 (Lysosomal-associated membrane protein 1). Surprisingly, no

significant changes were observed on the total intensity of LAMP1 whatever the oleate concentration

and the time after treatment (Figure 1D). Nevertheless, the increase of oleate concentration affected the

intracellular distribution of LAMP1 which was mainly compact and formed a cluster in the perinuclear re-

gion. The maximum perinuclear distribution of LAMP1 was for the dose of 400 mM of oleate (Figure 1E)

as observed for LDs (Figure 1C) (Table 3). Then we stained the cells using the red LysoTracker�probe which

is a fluorescent probe for labeling and tracking acidic organelles in live cells such as lysosomes (Figure S1A).

Data revealed a profile of LysoTracker� distribution in the cells similar to LAMP1 distribution. Thus, sug-

gesting that the lysosomal components present in the cells and mainly those accumulated in the perinu-

clear area are still acidic.

Lysosomes accomplish their catabolic function through a wide range of enzymes including proteases, li-

pases, nucleases, and other hydrolytic enzymes that break down complex macromolecules (Perera and

Zoncu, 2016; Settembre et al., 2013). Thus, to get further insights into the function of lysosomes in oleate

treated cells, we analyzed by RT-PCR the mRNA expression of several lysosomal proteins at 24 and 72 h

after the treatment of the cells with 0, 100, and 400 mM of oleate. Surprisingly, we observed an increase

of the transcripts of those genes after treatment compared to non-treated cells (Figure S2A), indicating

that the accumulation of LDs and lysosome in the perinuclear region is not associated with a decrease in

the expression of lysosomal enzymes but probably to the organelle clustering which could not be associ-

ated with LDs for their degradation. Indeed, we observed that when LAMP1 were clustered in the perinu-

clear area, which was observed in the cells treated with 100,400mM oleate for 24h or 400mM for 72h, there is

less interaction between LAMP1 and LD, compared to the control cells and 100mMoleate treated for 72h in

which LAMP1 displayed disperse distribution (Figure S2B). This strongly suggests that the accumulation of

LDs and lysosomes in the perinuclear region is not associated with a decrease in the expression of lyso-

somal enzymes but probably to the intracellular localization of the organelles.

Septin 9 regulates oleate-induced lysosome perinuclear clustering

In line with our results described previously and given our previous report on the role of septin 9 in HCV

infection or oleate treatment-induced LD perinuclear accumulation (Akil et al., 2016), we hypothesized

Table 1. Analysis of BODIPY distribution

LD Mean SEM

Position Dosage(mM) 0h 12h 24h 48h 72h 0h 12h 24h 48h 72h

Perinuclear 0 0.5134 0.5102 0.5061 0.4975 0.5124 0.0865 0.0592 0.0522 0.0509 0.0534

50 0.5242 0.5822 0.6424 0.6112 0.4545 0.0507 0.0342 0.0302 0.0294 0.0308

100 0.5234 0.7542 0.8143 0.7288 0.5215 0.0605 0.0734 0.0668 0.0402 0.0986

200 0.5454 0.7945 0.8262 0.7126 0.6124 0.0623 0.0704 0.0572 0.0462 0.0598

400 0.5545 0.8457 0.8571 0.8414 0.8349 0.0615 0.0318 0.0234 0.0254 0.0167

Peripheric 0 0.4866 0.4898 0.4939 0.5025 0.4876 0.0865 0.0592 0.0522 0.0509 0.0534

50 0.4758 0.4178 0.3576 0.3888 0.5455 0.0507 0.0342 0.0302 0.0294 0.0308

100 0.4766 0.2458 0.1857 0.2712 0.4785 0.0605 0.0734 0.0668 0.0402 0.0986

200 0.4546 0.2055 0.1738 0.2874 0.3876 0.0623 0.0704 0.0572 0.0462 0.0598

400 0.4455 0.1543 0.1429 0.1586 0.1651 0.0615 0.0318 0.0234 0.0254 0.0167

Table 2. Analysis of the correlation between LD and its perinuclear distribution

Dosage(mM) Correlation Total/perinuclear

0 �0.4629498

50 0.564126976

100 0.876392283

200 0.829894671

400 0.996684504
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that septin 9 might control the dynamic of LDs in our kinetic studies through changes in lysosome distribu-

tion. To validate that, Huh7 cells were transfected with cDNA of either the isoform 1 of septin 9 (septin 9_i1)

or with the empty vector (EV) as a control and treated with 100mM of oleate. In EV transfected cells, the LD

intensity and the perinuclear distribution increased until 24h and then decreased up to 72h after the treat-

ment (Figures 2B and 2C) as shown in Figure 1A. However, the expression of septin 9_i1 in those cells

blocked the decrease of LDs and accumulated them in the perinuclear region and sustains the perinuclear

cluster of LAMP1 (Figures 2B and 2C). Subsequently, knockdown of septin 9 with septin 9 siRNA before

treatment with 100mM oleate for 24h significantly decreased the intensity of cellular LDs and the clustering

of lysosomes in the perinuclear region and the latter was dispersed throughout the cytoplasm (Figures 2D–

2F). This effect of septin 9 knockdown was also confirmed in cells treated with 400mM oleate (Figure S3).

Therefore, we concluded that septin 9 regulated oleate-induced lysosome clustering in the perinuclear

area.

Septin 9 andMTs regulate oleate-induced co-localization of perinuclear lysosomes with Golgi

Several studies have shown that the cellular localization of lysosomes is regulated by the Golgi (Tapia et al.,

2019; Wang and Hong, 2002). For example, the activation of KDELR, which has been described as the

Golgi-localized G protein-coupled receptor (GPCR) that regulates Golgi homeostasis, induces lysosome

redistribution in the perinuclear area (Tapia et al., 2019). Besides, we reported that septin 9 co-localized

with Golgi, whereas depletion of septin 9 promoted Golgi fragmentation, thus impairing Golgi-dependent

secretion (Omrane et al., 2019). Accordingly, we co-stained the cells treated with 100mM of oleate with

LAMP1 and the trans-Golgi network marker (TGN46). As expected, after oleate treatment, the perinuclear

lysosome co-localized with TGN46 at 12 and 24h, whereas the LAMP1 signal re-localized to the peripheral

area of the cells from 48 to 72h, and its co-localization with Golgi decreased (Figures 3A and 3B). Interest-

ingly, knockdown of septin 9 using siRNA markedly decreased LAMP1 perinuclear signal and its co-local-

ization with Golgi, which was also dispersed in the cytoplasm as previously reported (Omrane et al., 2019)

(Figures 3C and 3D). By contrast, overexpression of septin 9_i1 significantly increased the co-localization of

LAMP1 with Golgi at 72h of treatment with oleate at 100mM (Figure S4). Taken together, these data re-

vealed that oleate induced the septin 9-dependent perinuclear clustering of lysosomes which co-localized

with the Golgi. Because lysosome trafficking is heavily reliant on MTs, nocodazole treatment was per-

formed to assess whether lysosome to Golgi clustering at 24h posttreatment required MT dynamic. Inter-

estingly, nocodazole treatment disrupted the perinuclear clustering and the co-localization of both lyso-

somes and Golgi (Figures 3E and 3F). Thus, indicating that oleate induced LAMP1 perinuclear clustering

and its co-localization with the Golgi is also dependent on MTs.

Oleate induces septin 9-dependent MT polymerization at MTOC

We sought to determine the potential effect of oleate treatment onMTs by staining the b-tubulin. The data

indicated that oleate enhances theMT network around theMTOC (Figure 4A), suggesting that LD accumu-

lation may have a positive effect on MT polymerization. We subsequently examined the effect of LDs on

tubulin polymerization in vitro using paclitaxel and nocodazole treatments as positive and negative

Table 3. Analysis of LAMP1 distribution

LAMP1 Mean SEM

Position Dosage(mM) 0h 12h 24h 48h 72h 0h 12h 24h 48h 72h

Perinuclear 0 0.6955 0.7119 0.6935 0.7022 0.6922 0.6955 0.7119 0.6935 0.7022 0.6922

50 0.7074 0.8096 0.8148 0.7022 0.7012 0.7074 0.8096 0.8148 0.7022 0.7012

100 0.7046 0.8604 0.9201 0.8364 0.7361 0.7046 0.8604 0.9201 0.8364 0.7361

200 0.6976 0.9024 0.9128 0.8476 0.7725 0.6976 0.9024 0.9128 0.8476 0.7725

400 0.6992 0.9095 0.9117 0.9008 0.9018 0.6992 0.9095 0.9117 0.9008 0.9018

Peripheric 0 0.3045 0.2881 0.3065 0.2978 0.3078 0.6955 0.7119 0.6935 0.7022 0.6922

50 0.2926 0.1904 0.1852 0.2978 0.2988 0.7074 0.8096 0.8148 0.7022 0.7012

100 0.2954 0.1396 0.0799 0.1636 0.2639 0.7046 0.8604 0.9201 0.8364 0.7361

200 0.3024 0.0976 0.0872 0.1524 0.2275 0.6976 0.9024 0.9128 0.8476 0.7725

400 0.3008 0.0905 0.0883 0.0992 0.0982 0.6992 0.9095 0.9117 0.9008 0.9018
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Figure 2. Septin 9 regulates oleate-induced lysosome perinuclear clustering

(A) Huh7 cells were transfected with EV or septin 9_I1 for 48 h, then analyzed for the expression of septin 9_i1 by

Immunoblot for V5-tag; b-Actin was used for loading control.

(B) Huh7 cells were transfected with EV or septin 9_I1 were grown for 24h. Then culture medium was supplemented with

100 mM sodium oleate complex for different time points (0, 12, 24, 48, and 72h). After treatment, cells were stained for LDs

(green) and LAMP1(red). Scale bar, 20mm.

(C) Fluorescence intensity of LDs and the percentage of LAMP1 in perinuclear area were analyzed in 25 cells from three

experiments performed as described in (B).
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controls, respectively. Immunoblots for soluble (S) and polymerized (P) tubulin fractions showed that oleate

treatment promoted a dose-dependent polymerization ofMTs compared to control cells (Figure 4B), which

were consistent with the observation of tubulin staining (Figure 4A). Therefore, we treated the cells with

siRNA of septin 9 and then added oleate at 0, 100, and 400 mM for 24 and 72h, resulting in the decrease

of the MTOC accumulation of MTs irrespective of the concentrations of oleate (Figures 4C and 4D).

Thus, these results revealed that septin 9 regulated the MT stabilization at MTOC promoted by perinuclear

accumulation of LDs. Furthermore, we co-stained endogenous septin 9 and b-tubulin in the same experi-

mental conditions (Figure S5A). The results indicated that both the signal of MTs and septin 9 enhanced

and co-localized atMTOC in cells treated with both 100 and 400mMoleate for 24h; however, after 72 h treat-

ment, the MTs signal decreased in 100mM oleate treated cells but not in those treated with 400mM oleate

(Figures S5A and S5B), remaining the data from LAMP1 staining in Figure 1. Interestingly we showed that

the perinuclear clusters of LAMP1 were associated with the tubulin at MTOC (Figure S5C). Thus, suggesting

that MT stabilization at MTOC is a determinant of the perinuclear localization of LDs, septin 9, and

lysosomes.

Septin 9 is associated with large perinuclear LDs

Subsequently, we stained endogenous septin 9 and LDs under conditions similar to that described to

analyze MT in Figure 4 to assess their association. As shown in Figures 5A and 5B, in the cells treated

with 100 or 400mM oleate, septin 9 was found around the LDs at 24h for both conditions. Interestingly,

at 72h, the LD size decreased as well as their association with septin 9 in cells treated with 100mM oleate.

However, septin 9 was still present around the large LDs in cells treated with 400mM oleate (Figure 5B).

Therefore, we concluded that septin 9 is associated with the large clusters of LDs in the perinuclear region.

Septin 9 regulates Rab7 intracellular distribution and its association with LDs

Rab7 is an important regulator of lysosome biogenesis (Bucci et al., 2000). It has been reported that when

placed under nutrient deprivation, Rab7 is markedly recruited to LDs and is required to promote direct

physical interactions between lysosomes and LDs, which is essential for the subsequent utilization of

LDs (Schroeder et al., 2015). Therefore, to further determine how septin 9 controlled the fate of LDs and

lysosomes in oleate-treated cells, we studied Rab7. For that, Huh7 cells were transfected with the construct

of GFP-Rab7 and treated with oleate. First, we validated the association of Rab7 with lysosome staining

with LAMP1. In the control cells, both LAMP1 andGFP-Rab7 were co-distributed throughout the cytoplasm

and treatment with oleate induced the co-localization and clustering of both proteins in the perinuclear

area (Figure S6). Next, we treated the cells expressing GFP-Rab7 with 100 and 400mM oleate for 24 and

72h and we analyzed the GFP-Rab7 and LDs (Figures 6A and 6B). In control cells, the GFP-Rab7 was

dispersed within the cytoplasm, and low levels of Rab7 surrounded the LDs surfaces. When treated with

either 100mM or 400mM oleate for 24h, Rab7 was clustered in the perinuclear region and surrounded by

large LDs. However, after 72h treatment, in cells treated with 100mM oleate, Rab7 signal was dispersed

in the cytoplasm and appeared clearly around the LDs, whereas both LDs and Rab7 remained clustered

in the perinuclear region when cells are treated with 400mM oleate (Figures 6A and 6B), consistent with

data obtained with LAMP1 staining (Figure 1). Strikingly, knockdown of septin 9 in the cell treated with

400mM oleate at 72h re-localized Rab7 on LDs (Figure 6C). Those results were also validated for endoge-

nous Rab7 (Figure S7). We also showed a co-localization of the perinuclear Rab7 clusters with Golgi and

treatment with siRNA of septin 9 disrupted the colocalization (Figures S8A and S8B). This suggested

that septin 9 also regulated oleate-induced co-localization of perinuclear Rab7 with Golgi.

Together, these data strongly suggested that a high dose of oleate promoted the clustering of lysosomes,

thus impairing the association of lysosomes with LDs. These data also highlighted a difference between

Rab7 and septin 9 associations with LDs. Although septin 9 was found around the large and perinuclear

LDs (Figure 5), Rab7 was found associated with dispersed and smaller LD (Figures 6 and S7), which strongly

Figure 2. Continued

(D) Huh7 cells were transfected with or not septin 9-siRNA for 48h, and then the expression of septin 9 was analyzed by

Immunoblot; b-Actin was used for loading control.

(E) Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not

100 mM oleate for 24h, and then stained for BODIPY (green) and LAMP1 (red). Scale bar, 20mm.

(F) Fluorescence intensity of LDs and the percentage of LAMP1 in perinuclear area were analyzed in 25 cells from three

experiments performed as described in (D). Data information: Bar graphs present MeanG SEM. Student’s t test was used.

*p < 0.05, **p < 0.001, ***p < 0.0001.
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Figure 3. Septin 9-induced perinuclear cluster of lysosomes colocalizes with Golgi structure

(A) Huh7 cells were cultured overnight. Then culture medium was supplemented with or without 100 mM sodium oleate

complex for different time points (12, 24, 48, and 72 h), after treatment, cells were stained for TGN46 (green) and LAMP1

(red). Scale bar, 20mm.

(B) Bar graphs show percentage of LAMP1 in the perinuclear area and Pearson’s correlation coefficient (Rr) for co-

localization between LAMP1 and TGN46 of 30 cells from 3 independent experiments performed as described in (A).
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suggested that septin 9 inhibited Rab7-associated LD degradation by promoting Rab7 perinuclear cluster

and subsequently its by binding to LDs.

Septin 9 controls the decrease of autophagy markers induced by oleate

Autophagy is a central mechanism by which hepatocytes catabolize LDs through lysosomal degradation,

and Rab7 is a key regulatory component of this autophagy process (Schroeder et al., 2015). Thus, to rein-

force the role of septin 9 in lysosome activity and LD catabolism, we assessed its potential contribution to

autophagy. First, we knocked down septin 9 using siRNA ad cells and analyzed whether they were treated

or not with 100 nM of bafilomycin A1, which is a V-ATPase inhibitor that blocks the autophagic flux acutely

by inhibiting autolysosome acidification and autophagosome-lysosome fusion. Then we analyzed the

microtubule-associated protein light chain 3 B (LC3B) involved in the formation of autophagosomes and

autolysosomes. Knockdown of septin 9 decreased the signal of LC3B, which was particularly enhanced

by treatment of cells with bafilomycin as expected (Figures S9A and S9B). Interestingly, treatment of cells

with 100mM oleate also increased LC3B signal, which was further enhanced by bafilomycin. In these

different conditions, knockdown of septin 9 significantly decreased the LC3B signal (Figures S9A and

S9B). These results were confirmed by immunofluorescence studies (Figures S9C and S9D). Together, these

data strongly suggested that septin 9 controlled the autophagy process probably through its effect on

lysosomes.

PtdIns(3,5)P2 and PtdIns(5)P regulate Rab7 and septin 9 association with LDs, respectively

We reported that different PIs have distinct effects on the LD size and their interaction with endogenous

septin 9, and particularly PtdIns5P had the highest effects (Akil et al., 2016). To note, Rab7 is associated

with lysosomes, whose membrane is enriched in PtdIns(3,5)P2. Therefore, we hypothesized that the pres-

ence of distinct PIs might regulate Rab7 distribution and its interaction with LDs. To explore this, we treated

the cells which expressed GFP-Rab7 with PtdIns(5)P and PtdIns(3,5)P2 (Figures 7A and 7B). Consistent with

our previous results (Akil et al., 2016), we observed a strong increase of LDs and a perinuclear clustering of

Rab7 within the cells treated with PtdIns(5)P compared to non-treated (NT) cells. Interestingly, treatment of

cells with PtdIns(3,5)P2 slightly decreased LD size and Rab7 was seen around the LDs (Figures 7A and 7B).

The effects of PtdIns(5)P and PtdIns(3,5)P2 on Rab7/LDs interaction were also validated in the cells pre-

treated with oleate (Figures 7A and 7B). In addition, the effects of PtdIns(5)P and PtdIns(3,5)P2 on both

endogenous septin 9 and septin 9_i1 and their association with LDs were also investigated (Figure S10).

Here again, addition of PtdIns(5)P to the cells promoted LD clustering in the perinuclear area and promotes

septin 9 filament formation surrounding LDs and particularly visible in septin 9_i1 overexpressing cells.

However, addition of PtdIns(3,5)P2 dispersed LDs and decreased the septin 9 on their surfaces (Figure S10).

To validate the effects of PtdIns(5)P and PtdIns(3,5)P2, we performed experiments using MTMR3 (Myotu-

bularin Related Protein 3), which is a phosphatase that converts the PtdIns(3,5)P2 into PtdIns(5)P. As ex-

pected, overexpression of MTMR3 increased PtdIns(5), which was visualized in the cytoplasm using the

2XPHD probe (Figure 8A). Furthermore, overexpression of MTMR3 increased LD size and also promoted

LAMP1 and endogenous Rab7 perinuclear clustering (Figures 8A–8D). The effects PtdIns(3,5)P2 and

PtdIns(5)P on MTs and septin 9 co-localization were also evaluated (Figure S11A). Data showed that MTs

and septin 9 are enriched and colocalized at MTOC in cells treated with PtdIns(5)P, and not in those treated

with PtdIns(3,5)P2 (Figure S11A). Consistent with these data, MTMR3 overexpression enhanced both septin

9 and MTs at MTOC (Figures S11B and S11C).

Figure 3. Continued

(C) Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not

100 mM oleate for 24 h and stained for TGN46 (green) and LAMP1 (red). The dot squares indicate the zoomed area shown

right, TGN46 and LAMP1 are shown below. Scale bar, 5mm.

(D) Bar graphs show percentage of LAMP1 in perinuclear area and Pearson’s correlation coefficient (Rr) for co-localization

between LAMP1 and TGN46 of 28 cells from 3 independent experiments performed as described in (C).

(E) Huh7 cells were culture medium supplemented with or without 100 mMoleate for 24h. 4 h before fixing, added 33 nM of

nocodazole. After incubation cells were stained for LAMP1 (red) and TGN46 (green). The dot squares indicate the zoomed

area shown right, TGN46 and LAMP1 were shown below. Scale bar, 5mm.

(F) Bar graphs show Pearson’s correlation coefficient (Rr) for co-localization between LAMP1 and TGN46 of 30 cells from 3

independent experiments performed as described in (C). Data information: Bar graphs present MeanG SEM. Student’s t

test was used. *p < 0.05, **p < 0.001, ***p < 0.0001.
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Figure 4. LD accumulation regulates microtubule polymerization

(A) Huh7 cells were cultured with medium supplemented with 0, 50, 100, or 200 mMoleate complex for 24h then stained for

b tubulin (green) and LDs (red). White dot squares are presented in higher magnification. Scale bar, 5mm.

(B) Immunoblot analysis of soluble b-tubulin and polymerized b-tubulin in Huh7 cells treated with oleate. Taxol and

nocodazole were used as polymerized positive and negative controls. Bar graph presents the densitometry analysis of the

percentage of polymerized b-tubulin in total b-tubulin (P/(S + P)) from three independent experiments.
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We reported that septin 9 binds PIs via two polybasic domains (PB1 and PB2s) and deletion of these do-

mains impaired septin 9 filaments formation and their interaction with MTs (Omrane et al., 2019). Thus,

we wondered if those PI-binding domains are important for septin 9 induced-lysosome clustering. There-

fore, we transfected cells with septin 9_i1 and the septin 9_I1 mutant deleted from its two polybasic do-

mains (septin 9_del1, 2). Expression of septin 9_i1 promoted Rab7 and LAMP1 clustering in the perinuclear

area compared to cells transfected with the empty vector (Figures 8E and 8F). By contrast, septin 9_del1,2

expression blocked the clustering of both Rab7 and LAMP1, which are dispersed throughout the cytoplasm

(Figures 8E and 8F). Together, these results indicated that the presence of specific PIs and their interaction

with septin 9 through its PI-binding domains are crucial for the intracellular distribution of LDs and lyso-

somes which association is required for LD degradation.

DISCUSSION

The lipids stored in LDs within cells are controlled by two major metabolic pathways that involved the syn-

thesis of lipids to increase the lipid content of LDs and the catabolism pathway that results in a reduction in

the lipid content through b-oxidation, lipolysis by lipases and lipophagy. The latter is dependent on lyso-

somes and the export of lipids via secretory pathways (Ballabio and Bonifacino, 2019; Olzmann and Car-

valho, 2019). We had already provided evidence regarding the role of septin 9 in the growth and perinu-

clear accumulation of LDs (Akil et al., 2016). In the present study, we showed that septin 9 impaired LD

catabolism, and particularly we demonstrated that septin 9 regulated the intracellular localization of lyso-

somes and the interaction of lysosomal protein Rab7 with LDs. We also showed that there is a shift between

septin 9 or Rab7 localization with LDs. Their specific localization on LDs is controlled by PIs and influences

the LD behaviors (Figure 8). Indeed septin 9 was associated with large LDs in cells with clustered lysosomes,

whereas rab7 is found with small LDs that co-localized with dispersed lysosomes.

The perinuclear clustering and growth of LDs often occur simultaneously. For example, in adipocytes, LDs arise

from the peripheral lamellipodia and grow as they move toward the cell center (Nagayama et al., 2007).

Conversely, when lipolysis is chronically stimulated in adipocytes, their large perinuclear LDs fragment into small

droplets dispersed throughout the cell (Marcinkiewicz et al., 2006). The dispersed to clustered redistribution of

LDs may also result from infection by diverse intracellular pathogens (Cocchiaro et al., 2008; Toledo et al., 2016)

such as hepatitis C virus (HCV) (Akil et al., 2016). Furthermore, it has been reported that these changes in the

cellular distribution of LDs also contributed to their interactions with other organelles including the endoplasmic

reticulum, mitochondria, peroxisomes, and autophagic lysosomes (Herms et al., 2015; Jin et al., 2021). A recent

study demonstrated that interfering with the perinuclear accumulation of lysosomes could impair LD turnover

(Tapia et al., 2019).Whenwe increased oleate concentration or overexpressed septin 9, both LDs and lysosomes

were clustered in the perinuclear region, where they appeared to occupy distinct regions. The clustered lyso-

somes were co-localized with the Golgi apparatus, which occupied the core region, whereas the LDs seem to

be tightly packed around this core region (Figures 1 and 4). The Rab7 protein, which is a lysosomal component

also found in LDsplays an important role in initiating lysosome-dependent lipophagy. Under the conditions such

as 72h after treatment of cells with oleate 100mM and knockdown of septin 9, the LDs and lysosomes behaved

more dispersed in the cytoplasm; besides, we observed more co-localization between Rab7 and LDs (Figure 6),

which could further permit LD degradation. Conversely, we observed that increased oleate concentration or

overexpression of septin 9 promotedRab7 clustered in the core regionwithGolgi and then the contact between

Rab7 and LDs was reduced. Although our study showed that Rab7 accumulated on the surface of LDs, the data

did not allow us to determine whether this is because of a redistribution of Rab7 from lysosomes to LDs or if this

rather indicates closeness, proximity of LDs and lysosomes. Nevertheless, we speculated that the interaction of

Rab7 with LDs for their degradation was impaired by septin 9 expression. In addition, a high level of septin 9 was

found associated with the large clusters of LDs surrounding the core region formed with lysosomal proteins and

Golgi. Interestingly, a recent study showed that in the liver, the process involved in LDdegradation is dependent

on LD size, and indeed, large LDswere not preferentially degraded through lysosomes and remained the targets

of cytoplasmic lipases (Schott et al., 2019). Thus, in line with our data, we could speculate that large perinuclear

Figure 4. Continued

(C) Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with 0.100 or

400 mM oleate complex for 24h or 72h then stained for b tubulin (green) and BODIPY (red). Scale bar, 20mm. White dot

squares are presented in higher magnification. Scale bar, 5mm.

(D) Bar graphs show the mean intensity of b-tubulin in the MTOC area of 24 cells from 3 independent experiments

performed as described in (C). Data information: Bar graphs present Mean G SEM. Student’s t test was used. *p < 0.05,

**p < 0.001, ***p < 0.0001.

ll
OPEN ACCESS

iScience 25, 104288, May 20, 2022 11

iScience
Article



clustered LDs, which have more association with septin 9, have less chance to contact lysosomes and therefore

could not be degraded via the lipophagy pathway. In addition, we also observed more LC3B accumulated in

oleate treated cells than septin 9 knockdown cells (Figure S9). Those results, at least, confirmed that high septin

9 inhibits autophagy.

Figure 5. Septin 9 is associated with large LDs in the perinuclear area

(A) Huh7 cells were grown overnight. Then culture medium was supplemented without or with 100 and 400 mM sodium

oleate complex for different time (24 h, 72 h), then stained for LDs(red) and septin 9 (green). Scale bar, 20mm.

(B) Dot rectangles in (A) are presented in higher magnification. Scale bar, 5mm. Bar graphs show total intensity of LD and

Mean intensity of Rab7 on LDs. Data information: Bar graphs present Mean G SEM. Student’s t test was used. *p < 0.05,

**p < 0.001, ***p < 0.0001.
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Figure 6. Septin 9 regulates the intracellular distribution of Rab7 and its interaction with LDs

(A) Huh7 cells transfected with GFP-Rab7 were grown for 24 h. Then culture medium was supplemented without or with

100 and 400 mM sodium oleate complex for different time (24 h, 72 h), then stained for LDs (red). Scale bar, 20mm.

(B) Dot rectangles in A are presented in higher magnification. Scale bar, 5mm. Bar graphs show total intensity of LD and

Mean intensity of Rab7 on LDs of 24 cells from three independent experiments performed as described in (A).

(C) Huh7 cells were transfected with or not septin 9-siRNA for 24h then culture with medium supplemented with or not

400 mMoleate for 72h then stained for LD (red). The dot squares indicate the zoomed area shown right. Scale bar, 5mm. Bar

graphs show total intensity of LD and Mean intensity of Rab7 on LDs of 15 cells from 3 independent experiments per-

formed as described. Data information: Bar graphs presentMeanG SEM. Student’s t test was used. *p < 0.05, **p < 0.001,

***p < 0.0001.

ll
OPEN ACCESS

iScience 25, 104288, May 20, 2022 13

iScience
Article



Figure 7. PIs regulate LD behavior and intracellular distribution of lysosomal proteins

(A) Huh7 cells transfected with GFP-Rab7 were pretreated with or without 100mM oleate for 24h, then treated with cell-

permeant PtdIns5P or PtdIns (3,5) P2 at 30 mM for 15 min before fixing and staining for LDs (red). The dot squares indicate

the zoom area. Scale bar, 5mm.

(B) Bar graphs show the percentage of Rab7 in perinuclear area and Mean intensity of Rab7 on LDs of 24 cells from three

independent experiments performed as described in (A).
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We also demonstrated that MTs played a crucial role in lysosome perinuclear clustering and its association

with Golgi (Figure 4). Furthermore, we showed that perinuclear LDs are surrounded by organized MT fila-

ments andMT polymerization is enhanced particularly in theMTOCwhere LAMP is clustered (Figure 5). The

strong MT network might form a barrier to block contacts between LDs and lysosomes and thus impair LD

degradation and promote their perinuclear growth. Septin 9 controls MTs and therefore an increase of sep-

tin 9 could also contribute to lysosome clustering by affecting the MTs dynamics as reported recently (Ke-

sisova et al., 2020). Furthermore, the composition of the monolayer of phospholipids surrounding the core

of LDs plays an important role in the regulation of the interaction of LDs with proteins or other organelles

(Thiam and Dugail, 2019). Indeed, we have shown that PtdIns5P was able to promote the interaction be-

tween LD and septin 9 (Akil et al., 2016). Here, our results revealed that the addition of PtdIns5P on

Huh7 cells promoted the perinuclear clustering of Rab7 and reduced the Rab7/LD interactions. On the con-

trary, PtdIns(3,5)P2 which is enriched in lysosomes promoted the dispersion of LDs through the cytoplasm

and increased their interaction with Rab7. In addition, MTMR3 which converts PtdIns(3,5)P2 to PtdIns5P re-

capitulates the effects of PtdIns5P on the perinuclear distribution of both LDs and lysosomes. These data

strongly highlighted the critical role of PI metabolism in the regulation of LD behavior and septin 9

functions.

LDs are dynamic organelles that are essential for cell homeostasis and participate in the processes that maintain

cell structure and energy homeostasis. To perform their functions, the interactions of LDs with multiple organ-

elles such as the ER Golgi, mitochondria, peroxisomes, and lysosomes are required. Therefore, to fully under-

stand the biological function of LDs and their alterations during the pathogenesis of LD-associated diseases,

their impacts on other organelles needed detailed analysis. Our results have uncovered the role of septin 9

and PIs in LDs behavior and their interaction with lysosomes. To conclude, we have identifiedmolecular machin-

ery that links lipidmetabolism to organelle homeostasis. Indeed, understanding how LDs and lysosomes are co-

ordinated both spatially and temporally might help in gaining a clearer understanding of the pathogenesis of

LD-associated diseases such as steatosis, cirrhosis, or even cancer.

Limitations of the study

Although our study reveals that septin 9 and phosphoinositides regulate lysosome localization and their

association with lipid droplets, there are still questions which need to be addressed. For example, septin

9 activities are often associated with its oligomerization with other septins. Therefore, we could ask about

the potential contribution of other members of the septin family in the regulation of lysosome localization.

In this study, we showed the contribution of septin 9 in the regulation of microtubules is involved in both

LDs and lysosomes localizations. However, further studies are needed to determine whether septin 9 could

also directly bind to lysosome or if other adaptor proteins are required.

The roles of septin 9 and phosphoinositides in the regulation of lysosome and LDs were demonstrated by

in vitro studies. Future research based on in vivo studies will help to understand the relevance of our study

in pathological conditions such as NAFLD, NASH, and tumorigenesis.

STAR+METHODS

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

Figure 8. Overexpression of MTMR3 recapitulates the cellular effects of PtdIns5P

(A) Huh7 cells were transfected with EV or MTMR3 and were grown for 48 h. Then, cells were stained for 2XPHD (green)/Flag (red). Bar graphs show the mean

intensity of 2XPHD from two independent experiments performed as described. Scale bar, 20mm.

(B) Huh7 cells were transfected with EV or MTMR3 and were grown for 48 h. Then, cells were stained for BODIPY (red)/Flag (green). Bar graphs show the

average size of LDs from two independent experiments performed as described. Scale bar, 20mm. The dot squares indicate the zoom area. Scale bar, 5mm.

(C) Huh7 cells were transfected with EV or MTMR3 and were grown for 48h. Then, cells were stained for LAMP1 (red)/Flag (green). Bar graphs show the

percentage of LAMP1 in perinuclear area from two independent experiments performed as described. Scale bar, 20mm.

(D) Huh7 cells were transfected with EV or MTMR3 and were grown for 48 h. Then, cells were stained for Rab7 (green)/MTMR3 (red). Bar graphs show the

percentage of Rab7 in perinuclear area from 2 independent experiments performed as described. Scale bar, 20mm.

(E) Huh7 cells were transfected with EV, septin 9_i1 or Septin 9_del1,2 for 48 h and then stained for Rab7 (green) and V5-tag (red). Bar graphs show the

percentage of Rab7 in the perinuclear area from three independent experiments performed as described.

(F) Huh7 cells were transfected with EV, septin 9_i1 or Septin 9_ del1,2 for 48 h and then stained for LAMP1 (red) and V5-tag (green). Bar graphs show the

percentage of LAMP1 in the perinuclear area from three independent experiments performed as described. Data information: Bar graphs present Mean G

SEM. Student’s t test was used. *p < 0.05, **p < 0.001, ***p < 0.0001.
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Pendziwiat, M., Kuhlenbäumer, G., Sindelar, C.V.,
and Spiliotis, E.T. (2013). Novel septin 9 repeat
motifs altered in neuralgic amyotrophy bind and
bundle microtubules. J. Cell Biol. 203, 895–905.
https://doi.org/10.1083/jcb.201308068.

Ballabio, A., and Bonifacino, J.S. (2019). Lysosomes
as dynamic regulators of cell and organismal
homeostasis. Nat. Rev.Mol. Cell Biol. 1–18. https://
doi.org/10.1038/s41580-019-0185-4.

Barbosa, A.D., Savage, D.B., and Siniossoglou, S.
(2015). Lipid droplet-organelle interactions:
emerging roles in lipid metabolism. Curr. Opin.
Cell Biol. 35, 91–97. https://doi.org/10.1016/j.
ceb.2015.04.017.

Barbosa, A.D., and Siniossoglou, S. (2017).
Function of lipid droplet-organelle interactions in
lipid homeostasis. Biochim. Biophys. Acta Mol.
Cell Res. 1864, 1459–1468. https://doi.org/10.
1016/j.bbamcr.2017.04.001.

Bechmann, L.P., Hannivoort, R.A., Gerken, G.,
Hotamisligil, G.S., Trauner, M., and Canbay, A.

(2012). The interaction of hepatic lipid and
glucose metabolism in liver diseases. J. Hepatol.
56, 952–964. https://doi.org/10.1016/j.jhep.2011.
08.025.

Benedict, M., and Zhang, X. (2017). Non-alcoholic
fatty liver disease: an expanded review. World J.
Hepatol. 9, 715–732. https://doi.org/10.4254/wjh.
v9.i16.715.

Bersuker, K., and Olzmann, J.A. (2017).
Establishing the lipid droplet proteome:
mechanisms of lipid droplet protein targeting
and degradation. Biochim. Biophys. Acta 1862,
1166–1177. https://doi.org/10.1016/j.bbalip.
2017.06.006.

Bessone, F., Razori, M.V., and Roma, M.G. (2019).
Molecular pathways of nonalcoholic fatty liver

ll
OPEN ACCESS

iScience 25, 104288, May 20, 2022 17

iScience
Article

https://doi.org/10.1038/ncomms12203
https://doi.org/10.1038/ncomms12203
https://doi.org/10.3389/fcell.2016.00122
https://doi.org/10.1083/jcb.201308068
https://doi.org/10.1038/s41580-019-0185-4
https://doi.org/10.1038/s41580-019-0185-4
https://doi.org/10.1016/j.ceb.2015.04.017
https://doi.org/10.1016/j.ceb.2015.04.017
https://doi.org/10.1016/j.bbamcr.2017.04.001
https://doi.org/10.1016/j.bbamcr.2017.04.001
https://doi.org/10.1016/j.jhep.2011.08.025
https://doi.org/10.1016/j.jhep.2011.08.025
https://doi.org/10.4254/wjh.v9.i16.715
https://doi.org/10.4254/wjh.v9.i16.715
https://doi.org/10.1016/j.bbalip.2017.06.006
https://doi.org/10.1016/j.bbalip.2017.06.006


disease development and progression. Cell. Mol.
Life Sci. 76, 99–128. https://doi.org/10.1007/
s00018-018-2947-0.
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the lead contact, Ama Gassama-Diagne (ama.gassama@inserm.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data are included in the published article and the supplemental information files or are available from

the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line and culture conditions

Human hepatocarcinoma cells Huh7 was used. Cells were maintained in Dulbecco’s modified Eagle’s me-

dium (DMEM; Invitrogen) containing 1 g/L glucose and supplemented with 10% heat-inactivated fetal

bovine serum, 1% nonessential amino acids (GibcoBRL) and 1% penicillin/streptomycin (GibcoBRL). Cells

were tested for mycoplasma contamination weekly.

METHOD DETAILS

Cell treatments

Cell treatment with oleate: complexes of sodium oleate with BSA were prepared as previously reported.

Briefly, the solution containing 20 mM sodium oleate and 2.4 mM bovine serum albumin-fatty acid free

(BSA FFA) was heated to 55�C. The obtained complex was diluted in a pre-warmed culture medium at indi-

cated concentration before addition to the cells. The treated cells were maintained in culture and collected

either for immunoblot or immunofluorescence experiments depends on the treated time.

Cells treatment with PIs: PIs as a lyophilized powder were solubilized at 500 mM in water by vortex. The

solution was then diluted in Dulbecco’s phosphate-buffered saline (DPBS) to the concentration indicated

in the legends of the experiment. Cells were washed with DPBS and the PIs solution was added to the cell

for indicated time.

Cell treatment with Bafilomycin A1: The Bafilomycin A1 solution was diluted in cell culture medium to the

concentration indicated in the legends of the experiment. Cells were washed with fresh medium twice and

the Bafilomycin A1 containing medium was added to the cell then cells were cultured for indicated time.

After treatment, the cells were collected either for immunoblot or fixed for immunofluorescence experi-

ments following the methods below.

Reverse transcription and real-time PCR analysis

Total RNA was isolated using RNeasy Mini Kit 50 (Cat# 74104 QIAGEN) and applied to reverse transcription

using RevertAid First Strand cDNA Synthesis Kit (Cat#K1612 Thermo Scientific). The cDNA was analyzed by

qPCR using QuantiTect SYBR Green PCR Kit (Cat#204143 QIAGEN) and a Light Cycler 480 Real-Time PCR

System (Roche). Reaction parameters were Preincubation 10 min at 95�C, followed by 45 cycles of 15 s at

95�C, 30 s at 55�C and 15 s at 72�C. The triplicate mean values were calculated using GAPDH gene tran-

scription as reference for normalization. Used RT–PCR primers sequences are presented in the Table 4.

Cell transfection

The transfection of cDNA and siRNA were performed using X-tremeGENE 9 DNA Transfection Reagent

(Roche Diagnostics) following the manufacturer’s protocol. The transfection was performed for 24 h unless

indicated otherwise in the text.
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Immunofluorescence

Cells were grown on coverslips, fixed with paraformaldehyde 4% for 20 min and permeabilized for 30 min at

37�C using the permeabilizing buffer (PFS): DPBS containing saponin (Cat#10294440 Fisher scientific)

0.025% m.v-1, gelatin from cold water fish skin (Cat#G7041 Sigma 0.7% m.v-1). Then cells were incubated

with primary antibody for 2 h washed three times for 5min with PFS and incubated with the appropriate sec-

ondary antibodies or with the dye for 90 min. The coverslips were mounted using Prolong Gold

(Cat#P36934 Invitrogen). For Lysotracker staining, the cells on coverslips were treated, then, cells were

cultured in the same medium contains 75 nM Lysotracker for 1h, after incubation, cells were fixed and per-

formed as described above.

Immunoblot

Cells were washed with ice-cold DPBS and lysed on ice using the following buffer: 20mM Tris, HCl, 100mM

NaCl, 1% Triton X-100 at PH 7.4 containing protease inhibitors (cOmplete ULTRACat#05892970001 Roche).

The proteins were separated on SDS–PAGE and electro-transferred onto nitrocellulose membrane. After

transfer, the membrane was saturated in DPBS containing 0.1% Tween 20 and 5% milk. Primary antibodies

were added overnight at 4C or for 2 h at room temperature depending on the antibody. The membranes

were washed with DPBS and incubated for 1 h at room temperature with appropriate secondary antibody

coupled with peroxidase. ECL plus kit (Cat#32132 Thermo Scientific) was used for protein detection.

Chemiluminescent signal was detected by G:BOX Chemi Fluorescent & Chemiluminescent Imaging Sys-

tem from SYNGENE. Blot quantification was done using ImageJ software. The uncropped scans are sup-

plied in Figure S12.

Tubulin polymerization assay

Fraction of soluble and polymerized tubulin were performed as described before. Briefly, soluble tubulin

extraction buffer A (1mMMgCl2, 2 mMEGTA, 0.5%NP40, 2 mM PMSF, 20 mM Tris-HCl [pH = 6.8], protease

inhibitor cocktail) was added to cells at 4�C for 5 min, plates were gently swirled two to three times, and

buffer was removed and saved as soluble fraction. Immediately after, polymerized tubulin extraction buffer

B (A + 1% SDS) was added for 2 min, cells were scraped, and the polymerized fraction was sonicated briefly

and incubated on ice for 30 min. Soluble and polymerized fractions were loaded on a gel and transferred to

nitrocellulose membranes to probe with specific antibody as indicated. Cells treated with nocodazole or

Taxol alone served as control for efficient extraction of soluble and polymerized tubulin. ImageJ was

used to quantify the intensity of beta-tubulin bands from each blot. Further, the percentage of polymerized

tubulin was determined by dividing the densitometry value of polymerized tubulin by the total tubulin con-

tent (the sum of the densitometry values of soluble and polymerized tubulin).

Images acquisition and analysis

Images were acquired with a Leica TCS SP5 AOBS tandem confocal microscope. For co-localization anal-

ysis, images were treated by ImageJ software, the plugin ‘Intensity Correlation Analysis’ was used to

generate the Pearson’s correlation coefficient (Rr) which range from �1 (perfect exclusion) to +1 (perfect

correlation).

To calculate the total intensity of LAMP1 and LDs, images obtained by confocal microscopy were pro-

cessed cell ROI by free hand selection tool according to thresholding image, then total intensity of

LAMP1 and LDs were measured by ImageJ analyses. The line plot for LAMP1 and BODIPY was generated

by Fiji software function ‘Plot profile’.

To determine LAMP1, LDs and Rab7 distribution in cells, the plugin ‘Radial profile Angle’ was used. For

analysis, the individual cell total area was generated by free hand selection tool according the thresholding

image, then a circle which center is located in the center of the cell nucleus was defined at the periphery of

each cell. Then, the plugin produces a profile plot of normalized integrated intensities around concentric

circles as a function of distance from a point in the image, where considered as the center of the cell. The

concentric circles were assembled in three circle bands, the first corresponding to the area of the nuclei and

the rest corresponding to the cytoplasmwas divided in two equal bands (the band near the nuclei is consid-

ered as the ‘perinuclear’ and the other the ‘periphery’. The intensity in each band was calculated from the

total integrated intensities around concentric circles present in the band. A diagram of this analysis was

present in Figure S13A.
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To determine the number of p62 or LC3B positive puncta in cells, the Fiji function ‘Analyze Particles’ was

used. For analysis, the individual cell was generated by free hand selection tool according the thresholding

image. After, the ‘Threshold’ function with Default mask was applied on the target channel, then the func-

tion ‘Analyze Particles’ was used with ‘Size (micro^2)’ parameter setting as 0.50-Infinity. Then, the mean

count of P62 or LC3B positive puncta in cells was analyzed.

To measure the mean intensity of Rab7 or septin 9 associated with LD, the Fiji function ‘Analyze particles’

were performed on the LDs image to obtain the areas occupied by LDs and marked as area1, then enlarge

those areas by 0.5mm, andmarked this new area as area 2. Apply those two areas on the target signal image

and analyze the total area value and intensity of the target signal. Then calculate. A diagram of this analysis

was present in Figure S13B.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unpaired Student’s t-tests were used, and statistical significance was determined at *p < 0.05; **p < 0.001,

***p < 0.0001.
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