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Abbreviations 

CHO Chinese hamster ovary 

DMEM Dulbecco’s modified Eagle’s medium 

EBSS Earle´s balanced salt solution 

ER Endoplasmic reticulum 

Htt Huntingtin 

LC3 (Microtubule associated protein 1) Light Chain 3 

NRK Normal rat kidney 

PQ Polyglutamine 

RAB Ras related proteins in brain 

TPCK-trypsin N-tosyl-L-phenylalanyl chloromethyl ketone-treated trypsin 

WT Wild type 

 

Abstract 

RAB24 belongs to a family of small GTPases and has been implicated to function in autophagy. Here 

we confirm the intracellular localization of RAB24 to autophagic vacuoles with immuno electron 

microscopy and cell fractionation, and show that prenylation and guanine nucleotide binding are 

necessary for the targeting of RAB24 to autophagic compartments. Further, we show that RAB24 

plays a role in the maturation and/or clearance of autophagic compartments under nutrient-rich 

conditions, but not during short amino acid starvation. Quantitative electron microscopy shows an 

increase in the numbers of late autophagic compartments in cells silenced for RAB24, and mRFP-

GFP-LC3 probe and autophagy flux experiments indicate that this is due to a hindrance in their 

clearance. Formation of autophagosomes is shown to be unaffected by RAB24 silencing with siRNA. 
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A defect in aggregate clearance in the absence of RAB24 is also shown in cells forming polyglutamine 

aggregates. This study places RAB24 function in the termination of the autophagic process under 

nutrient-rich conditions.  

 

Introduction 

Membrane dynamics in eukaryotic cells work via vesicle transportation which allows a strict control 

over the preservation of the structure and function of different organelles. These processes require 

a multitude of protein machineries and regulatory factors such as coat proteins and cargo receptors, 

sorting signals, regulatory proteins and tethers as well as docking and fusion mediators.  

Membrane tethering steps generally require RAB proteins to recruit effectors to function in fission 

and fusion events. RABs are peripheral membrane proteins that are specifically targeted to the site 

of their function within cells and can thus be used as markers for organelles.1 RAB proteins are 

attached to their intracellular membrane site of function via a prenyl group.2 Autophagic 

degradation requires several membrane fusion events, and not surprisingly, many RAB proteins have 

been described to function in autophagy. Some RABs and other GTP binding proteins function in the 

early phase of autophagosome formation or regulation of autophagy (RAB4, RAB5, RAB32, RAB1b 

and SAR1) and some later in the membrane elongation or maturation process (RAB7, RAB8 and 

RAB9). Increasing research is revealing that some RABs have roles in several stages of the autophagic 

process; both in the formation and in the maturation, directly by interaction with the autophagic 

machinery (RAB33) or indirectly through endosome maturation (RAB11) as well as some other 

ways.3-8  RAB24 has been shown to localize in vesicles positive for the autophagosome marker 

protein light chain 3 (MAP1LC3/LC3) but so far RAB24 has not been reported to function in 

autophagy. The roles of small RAB GTPases and their regulators in autophagy are encompassingly 

summarized in recent reviews by Szatmári and Sass as well as Chua et al.9, 10  
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RAB24 was first characterized by Olkkonen et al. as a perinuclear protein colocalizing with Golgi 

markers as well as with some late endosome markers, the best match being an ER-Golgi 

intermediate compartment (ERGIC) marker RAB2.11 This was suggested to be an indicator of RAB24 

functioning in some sort of autophagy-related transport route between ERGIC and late endocytic 

compartments. Later the features of RAB24 were characterized to be different from a typical RAB 

protein in several aspects 12 raising questions about the mechanism of its function in the regulation 

of membrane dynamics. The second conjecture that RAB24 might be involved in autophagy came 

from a study where overexpressed RAB24 was shown to change localization upon amino acid 

starvation in Chinese hamster ovary (CHO) cells. Munafo and Colombo showed that RAB24 

colocalized with LC3 and with a marker for acidic compartments, monodansylcadaverine (MDC), in 

vesicular structures.13 Despite the effort to characterize RAB24 and resolve its function, the results 

so far have not been conclusive. Although differences between RAB24 and other RAB proteins have 

been described, such as insufficient prenylation, lower GTPase activity and predominant occurrence 

in the GTP-bound state, and tyrosine phosphorylation, the biological significance of these differences 

is still unknown.12, 14 Furthermore, although colocalization of RAB24 with autophagosome markers 

imply a function in autophagy13, an effect on the process is yet to be shown. 

 

We set out to clarify which phase of autophagy requires RAB24. Here we show that RAB24 is not 

needed for the formation of autophagosomes but is necessary for the clearance of autophagic 

compartments in full culture medium conditions. This suggests that RAB24 has a role in termination 

of the basal autophagic process. We also show that RAB24 needs to be prenylated and bound to a 

nucleotide in order to become recruited to LC3-positive autophagosomes, while tyrosine 

phosphorylation is less important for the recruitment.  

 

Results 
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RAB24 colocalizes with LC3 in full culture medium and during amino acid starvation 

To test the localization of RAB24 in LC3-positive vesicles, we used both a HeLa cell line stably 

expressing myc-RAB24 and cells transiently overexpressing myc-RAB24, concentrating on cells with 

moderate to low expression levels as judged by the intensity of the fluorescence signals. RAB24 was 

labeled with a monoclonal RAB24 antibody. LC3-positive vesicles were found at low frequency in 

these cells, reflecting a low level of basal autophagy.  

To investigate the localization of RAB24 in nutrient rich conditions as well as during serum and 

amino acid starvation, HeLa cells stably expressing myc-RAB24 were treated in amino acid free 

Earle´s Balanced Salt solution (EBSS) for different time periods. This approach was used since the 

expression levels of endogenous RAB24, in all cell lines under all conditions we tested, were too low 

for detection by immunofluorescence staining. Myc-RAB24 and untagged RAB24 showed identical 

localization in immunofluorescence analysis (not shown). In full culture medium, more than 60% of 

LC3-positive puncta were also positive for RAB24 (Fig. 1, Fig. S1A). During serum and amino acid 

starvation the proportion of LC3-positive puncta positive for RAB24 slightly increased until 2 h, and 

then decreased back to the starting level (Fig. S1A). We also estimated the average total intensity of 

RAB24 signals (Fig. S1B), and the average density of RAB24 signals (Fig. S1C), in the LC3-positive 

puncta. RAB24 total intensity increased during starvation and reached the highest value at 2 h, while 

RAB24 labeling density increased slightly during starvation, but the differences were not statistically 

significant. We also measured the colocalization of RAB24 and LC3 using Pearson’s correlation 

coefficient (Fig. S1D). The correlation increased during starvation and reached the highest value at 4 

h. This is due to the increase in the number of LC3-puncta. These findings are in agreement with the 

report of Munafo and Colombo 13 showing that induction of autophagy changes the subcellular 

distribution of RAB24. 

 

RAB24 localizes on inner and outer autophagosomal membranes 



6 
 

Immunofluorescence staining of RAB24 showed that in many cases, RAB24 formed a ring around an 

LC3-positive punctum (Fig. 2A i and ii), or both RAB24 and LC3 structures were ring shaped. This 

suggested that RAB24 localized to the limiting membranes of autophagic vacuoles. The localization 

of RAB24 to autophagic compartments was confirmed by immuno electron microscopy. Gold 

immunolabeling with anti-RAB24 in RAB24-transfected HeLa and NRK cells revealed that RAB24 was 

found both on the inner (arrowheads) and the outer (arrows) limiting membrane of the 

autophagosomes (Fig. 2B i and ii). To study the localization of the endogenous RAB24 protein, we 

used subcellular fractionation with Optiprep gradient centrifugation and found that RAB24 

distributed in the same fractions where LC3-II and SQSTM1 were predominant (Fig. 2C). SQSTM1 

functions as an adaptor protein in selective autophagy and it has been shown to be degraded via 

autophagy.15 When cells were starved and treated with Bafilomycin A, a selective inhibitor of 

lysosomal acidification that prevents degradation of autophagic cargo, RAB24 accumulated in the 

same Optiprep fractions as LC3-II and SQSTM1 (Fig. 2C). To confirm the localization of RAB24 to both 

the inner and outer limiting membranes of autophagic compartments, the Optiprep fractionation 

was combined with a proteinase protection assay. HeLa cells were either left untreated or incubated 

in EBSS in the presence of Bafilomycin A for 2 h to maximally accumulate autophagosomes and to 

accumulate the putative RAB24 in the inner limiting membranes. The samples were fractionated 

using Optiprep gradients, and the collected fractions were incubated with N-tosyl-L-phenylalanyl 

chloromethyl ketone (TPCK-) treated trypsin, in the absence or presence of 1% NP-40 (Fig. S2). Part 

of RAB24 was protected from degradation by TPCK-trypsin, confirming its localization in both the 

outer and inner limiting membranes of autophagic structures. LC3-II, which is known to localize to 

both the outer and inner limiting membranes of autophagosomes, was also partially proteinase 

protected. As expected, the cargo protein SQSTM1 was almost completely proteinase protected, 

while the early endosome antigen 1 (EEA1), a protein that associates on the cytosolic side of 

endosomal vesicles, was not protected. As expected, all proteins were degraded when TPCK-trypsin 

was added together with the detergent NP-40. We could also detect RAB24 in both the 
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autolysosomal and dense lysosomal membrane fractions isolated from rat liver. Both of these 

fractions have been shown to be positive for LC3-II, 16, 17 indicating they contain autophagic 

membranes, but the dense lysosome fraction is likely to represent a later maturation step in the 

autophagic pathway (Fig. 2D). Interestingly, RAB24 was more abundant in the dense lysosomal 

membranes, while more RAB7 was detected in the autolysosomal membranes.  

 

Targeting of RAB24 to autophagosomes requires guanine nucleotide binding and prenylation, but 

not tyrosine phosphorylation  

To determine the regions in the RAB24 amino acid sequence critical for its targeting to 

autophagosomes, mutations were made to sites with known or inferred importance to RAB proteins, 

particularly in sites where RAB24 is known to differ from other RABs. Mutant plasmids were 

expressed in NRK cells that were double labeled with anti-RAB24 and anti-LC3 for confocal 

microscope examination. NRK cells were used in this analysis since they are more active in 

autophagy than HeLa cells. 

RAB24 has an unusual serine (S67) in the place of glutamine in the second GTP binding motif which is 

thought to be responsible for the low GTPase activity of RAB24.12 Replacement of S67 with leucine 

(RAB24-S67L) was found to destabilize RAB24 GTP binding. This mutant has been previously 

reported to be unable to retain bound GTP.13 Further, the overexpression of this mutant in CHO cells 

caused a delay in the development of the Coxiella-replicative compartments for up to 24 h after 

infection.13, 18 We used a GTP-agarose binding assay to study the ability of RAB24-S67L to bind 

nucleotides. In agreement with the previous reports, we found that the S67L mutant had a reduced 

ability to bind GTP-agarose as compared to the wild type protein (Fig. 3A). When expressed in NRK 

cells, RAB24-S67L showed a diffuse localization both in fed and starved cells (Fig. 4G to L) similar to 

earlier studies 13 . RAB24-S67L showed no colocalization with LC3 vesicles (Fig. S3).  

RAB proteins are anchored to the membrane via a prenyl group attached to their C-terminal 

cysteines. Recombinant RAB24 has been shown to be poorly prenylated in comparison to RAB1b in a 
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cell free assay.12 In order to study whether prenylation of RAB24 is required for the recruitment to 

LC3-positive vesicles, prenylation deficient or prenylation competent RAB24 mutants were created. 

Prenylation deficient mutants either lacked the C-terminal cysteines (∆CC) or had the cysteines 

replaced with serines (CC→SS). Prenylation competent mutants lacked the unusual histidines in the 

C-terminus (∆HH) or had the histidines replaced with serine and asparagine (SN). This sequence (-

CCSN) in the C-tail of the HH→SN mutant mimics the sequence of RAB5, the closest relative of 

RAB24 by sequence comparison. Myc-tagged wild type (WT) and mutant proteins were expressed in 

HeLa cells and the prenylation of RAB24 was analyzed by western blotting using a myc (Fig. 3B) or 

RAB24 (not shown) antibody. The prenylated form of RAB24 was separated from the non prenylated 

form in a urea gradient SDS PAGE gel where proteins migrate at a different pace according to their 

prenylation state19 (Fig. 3B). Unlike in previous studies, we observed that a considerable portion of 

WT RAB24 was prenylated. Deletion of the two histidines (ΔHH) and replacement of the tail with 

that of RAB5 (HH>SN) slightly increased the proportion of the prenylated protein, while deletion of 

the two cysteines (ΔCC) and their replacement with serines (CC>SS) abolished the prenylation 

completely. Examination of mutant RAB24 expressing NRK cells with confocal microscopy revealed 

that staining of the prenylation deficient mutants was diffuse with no apparent localization to any 

membrane structures, neither in starved nor non-starved cells (Fig. 5, Fig. S3). Prenylation deficient 

mutants CC>SS and ΔCC were not targeted to LC3-positive autophagosomes even upon amino acid 

deprivation (Fig. 5D to F and J to L). Quantification of colocalization with LC3 showed Pearson’s 

coefficients significantly lower than with WT RAB24 in non-starved cells as well as during starvation 

(Fig. S3). Interestingly, the localization of the prenylation competent mutants HH>SN and ΔHH (Fig. 

6) resembled that of WT RAB24 (Fig. 4A to F) with a clear perinuclear localization pattern under 

basal conditions (Fig. 6 arrow heads). Similar to WT RAB24, the prenylation competent mutants 

HH>SN and ΔHH partially colocalized with LC3, both in non-starved cells and after starvation in 

amino acid free medium for 4 h (Fig. 6 arrows, Fig. S3). 
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As previously shown, RAB24 carries two tyrosine residues (Y17 and Y172), that are phosphorylated in 

cultured Hek293 cells.14 To clarify if this phosphorylation is needed for autophagosome targeting we 

replaced either one or both of these tyrosines with phenylalanine creating three different mutants: 

Y17F, Y172F and YY17/172FF. These mutants showed slightly reduced prenylation compared to WT 

RAB24 (Fig. 3B). As WT RAB24, all tyrosine phosphorylation deficient mutants localized to a 

perinuclear compartment (Fig. 7A, arrowhead, Fig. 4A) and colocalized with LC3, although to a lesser 

degree in starved cells (Fig. 7 arrows, Fig. S3, Fig. S4 arrows). Collectively, these results show that 

guanine nucleotide binding and prenylation are needed for the targeting of RAB24 to 

autophagosomes while tyrosine phosphorylation of Y17 and Y172 is less important for 

autophagosome targeting. 

 

RAB24 is not needed for the formation or clearance of autophagosomes upon short amino acid 

deprivation  

siRNA smart pool was used to determine the effect of RAB24 silencing on autophagy in HeLa cells. 

The silencing was verified in each experiment by Western blotting (Fig. 8A), which showed that 

typically 70 – 90 % of RAB24 protein had disappeared. Quantitative transmission electron 

microscopy revealed that silencing of RAB24 did not prevent the formation of autophagosomes 

during a 2 h serum and amino acid starvation in EBSS (Fig. 8B, Fig. S5A). Both immature and 

degradative autophagic compartments were observed in RAB24 depleted cells (Fig. 8B and C). 

However, RAB24-silenced cells had over 4 times more autophagic compartments than cells treated 

with control siRNA in full culture medium (Fig. 8B, Fig. S5A). Nevertheless, there was no significant 

difference in the amount of autophagic compartments in RAB24 silenced and control cells when the 

cells were incubated for 2 h in EBSS for induction of autophagy (Fig. 8B, Fig. S5A). Further, the 

amount of autophagosomes was the same in RAB24 silenced and control cells after treatment with 

EBSS for 2 h followed by a chase in full medium for 2 h to allow clearance of the starvation-induced 

autophagic compartments (Fig. 8B, Fig. S5A). These results indicate that RAB24 is not needed for the 
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formation or clearance of autophagosomes that form during a 2-h serum and amino acid starvation, 

but suggest that RAB24 has a function in basal autophagy. The notable 4-fold increase in the amount 

of autophagic compartments in cells kept in full culture medium when RAB24 was absent (Fig. 8B, 

Fig. S5A) could be due to induction of autophagosome formation or a blockage in the clearance of 

formed autophagosomes.  

 

RAB24 is needed for the final maturation and/or clearance of late autophagic compartments in full 

culture medium 

In order to study the formation rate of autophagic compartments and carry out a quantitative 

analysis of autophagic sequestration, it is essential to block the autophagic flux.20 This can be 

achieved by chemical agents that inhibit lysosomal degradation such as Bafilomycin A, an inhibitor of 

vacuolar-type H+-ATPase. This blocks autophagic clearance by hindering the maturation of 

autophagosomes, thus giving information about the autophagosome formation rate.21 To clarify if 

the increase in the number of autophagic compartments in the absence of RAB24 was due to 

increased autophagosome formation or decreased clearance, we performed an siRNA experiment 

equivalent to Figure 8 with Bafilomycin A to block lysosomal degradation and hence the clearance of 

autophagosomes. The cells were placed in fresh full culture medium in the presence or absence of 

Bafilomycin A for 2 h. To exclude the possibility that we were observing off-target effects when using 

the smart pool of siRNA duplexes (Fig. 8), RAB24 was depleted with three single siRNA oligos in 

addition to the pooled siRNA (Fig. 9A). The silencing was confirmed by western blotting which 

showed that RAB24 levels were reduced to 17-45% of the endogenous level in all samples (Fig. S5B). 

There was no significant difference in the total number of autophagosomes and autolysosomes 

between control and RAB24 depleted cells upon Bafilomycin A treatment (Fig. 9A). The difference, 

however, persisted between RAB24 silenced cells and control cells that were either non-treated, or 

changed to fresh full medium without Bafilomycin A for 2 h (Fig. 8B and 9A, Fig. S5A and B). 

Approximately 4-fold more late autophagic compartments were found in RAB24 silenced cells than 
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in control cells. While Bafilomycin A treatment causes an accumulation of immature autophagic 

compartments containing undigested material, most structures accumulating in RAB24 depleted 

cells in full culture medium without Bafilomycin A were degradative structures that contained 

electron dense internal material in an advanced phase of degradation (Fig. 8B and C, 9A and B). 

Further, the single siRNA oligos gave the same results as the smart pool, indicating that the observed 

accumulation of autophagic compartments is not likely to be an off-target effect (Fig. 9A, Fig. S5B).  

 

The tandem-tagged LC3 construct, mRFP-GFP-LC3 has been used to monitor autophagosome 

maturation to acidic autolysosomes, as the GFP fluorescence is lost while the mRFP fluorescence is 

more acid resistant.21 To clarify whether the accumulating autophagic compartments seen in RAB24 

depleted cells were acidic, we used a stably mRFP-GFP-LC3 expressing cell line with RAB24 siRNA 

transfection. We quantified the ratio of areas of yellow (neutral) and red (acidic) LC3-positive 

vesicles and found no difference between RAB24 silenced and control cells (Fig. S6A). This result 

suggests that the autophagic compartments that accumulate in RAB24 silenced cells are acidic. This 

is in agreement with their electron microscopic morphology that was similar to degradative 

autophagic compartments. Taken together, these results indicate that RAB24 is required for the final 

maturation or clearance of late autophagic compartments during basal conditions.  

 

In order to further analyze the effect of RAB24 silencing on autophagic flux the degradation of long-

lived proteins was analyzed in control and RAB24 silenced HeLa cells. Long-lived protein degradation 

mainly occurs via autophagy, and inhibition of autophagy by knockout of the autophagy protein 

ATG5 that is required for autophagosome formation, decreases total long-lived protein degradation 

by approximately 40 %.22 The effect of RAB24 silencing on long-lived protein degradation was 

studied in HeLa cells using the release of acid-soluble radioactivity from cells metabolically labeled 

with radioactive valine, as previously described in Bauvy et al 2009.23 In agreement with the electron 
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microscopy analysis, the silencing of RAB24 slightly hindered the degradation of long lived proteins 

in nutrient rich conditions with no significant differences upon amino acid starvation (Fig. S6B).  

Autophagic flux has also been monitored using the protein levels of autophagy substrates such as 

polyubiquitinated proteins, SQSTM1 and the autophagosome-associated form of LC3 (LC3-II) or the 

other homologs of Atg8 such as GABARAP-II.21 We used these assays in control and RAB24 silenced 

HeLa cells. While the level of ubiquitinated proteins was slightly higher in the RAB24 silenced cells, 

there were no significant differences in the SQSTM1 protein levels or in the ratio of LC3-I/LC3-II and 

GAPARAP-I/GAPARAP-II in RAB24 silenced and control cells (Fig. S7A). Taken together, the 

autophagy flux assays showed that RAB24 silencing had a minor effect on autophagic flux, although 

the electron microscopy analysis revealed that 4 times more late autophagic compartments 

accumulated in these cells. These results suggest that the block in the autophagic pathway is at a 

very late stage, after the autophagosomes have become degradative. These late autophagic 

compartments are likely to be positive for lysosomal markers such as the lysosomal membrane 

protein LAMP1. Thus, we monitored the expression levels of LAMP1 by western blotting and 

observed that the levels were higher in the RAB24 silenced than in the control cells, but the 

difference was not statistically significant (Fig. S7B). Using immunofluorescence labeling with anti-

LAMP1 to estimate the mean LAMP1 intensity per cell we found that in RAB24 silenced cells the 

intensity of LAMP1 labeling was significantly higher than in control cells (Fig. S7B). This is in 

agreement with the electron microscopy results, indicating that late, acidic and LAMP1-positive, 

degradative autophagic vacuoles accumulate in RAB24 silenced cells under basal conditions. Since 

autophagic flux is minimally affected in these cells, it is likely that RAB24 is not required for the 

initiation of autophagic degradation, but more likely needed for the clearance of the late autophagic 

compartments after degradation has been initiated.  

 

RAB24 facilitates the clearance of mutant Huntingtin aggregates 
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Since nutrient-deprivation-independent, i.e., quality control autophagy strives for maintaining 

homeostasis and damage control rather than producing energy, we wanted to examine if RAB24 had 

an effect on the clearance of a specific autophagy substrate, mutant Huntingtin.24 For this purpose 

we used HeLa cells with stable inducible expression of cyan fluorescent protein (CFP)-tagged 

Huntingtin (Htt) peptides with a poly glutamine (PQ) repeat of 65 residues as the Htt aggregates 

formed in these cells have been found to be degraded by autophagy.22 Expression of the mutant 

protein is prevented by tetracycline addition. We used siRNA to study the effect of RAB24 silencing 

on the clearance of formed protein aggregates after cessation of PQ Htt expression by tetracycline 

addition. A dot blot filter trap assay was used to biochemically monitor the aggregate clearance in 65 

PQ cells. Large, SDS insoluble protein aggregates have been reported to retain in cellulose acetate 

membrane while SDS soluble protein in cell extracts passes through the system.25 After prevention 

of mutant Htt synthesis there were more aggregates left in the RAB24 siRNA transfected cells than in 

control cells, particularly after 1 day tetracycline treatment when the silencing of RAB24 was most 

effectual (Fig. 10A and B). Similar effects were observed with quantitative analysis of CFP-positive 

aggregates per nucleus in fluorescence images (Fig. 10B). Representative images are presented in 

Figure S8. Surprisingly the number of Htt aggregates increased in the RAB24 siRNA samples 1 day 

after tetracycline addition compared to day 0 (Fig. 10C). This is likely due to the dispersal of large 

aggregates into smaller ones. Further, in agreement with the filter trap assay, the clearance of Htt 

aggregates was decreased in RAB24 siRNA transfected cells compared to the control siRNA 

transfected cells 1 and 3 days after tetracycline addition (Fig. 10C and Fig. S8). After 3 days of 

tetracycline treatment, aggregates were still visible in fluorescence samples (Fig. 10C) but Htt 

adhered poorly to the cellulose acetate filter (Fig. 10A). This could be due to sequestration of Htt to 

autophagic compartments where it is likely to transform into a more SDS-soluble form, which 

nevertheless is still visible under the microscope. Taken together, these results show that RAB24 was 

required for efficient clearance of Htt aggregates. 
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Discussion 

Our experiments confirmed the localization of RAB24 to LC3-positive vesicles, both in full culture 

medium where autophagy occurs at a basal level and after amino acid starvation, over 60% of LC3-

positive puncta were positive for RAB24. Further, RAB24 localization to autophagosomes was also 

confirmed by immuno electron microscopy and subcellular fractionation. RAB24 decorated the 

autophagosome outer and inner limiting membranes but was less prominent in the lumen of the 

organelle. This observation suggests that RAB24 has a function on the autophagosomal membrane 

as opposed to being a cargo protein destined for autophagic degradation. Like LC3, part of RAB24 

will be trapped inside the autophagosomes and thus degraded in autolysosomes. However, unlike 

LC3 levels, the levels of RAB24 protein did not decrease during starvation (our unpublished 

observation). This is likely due to increased protein synthesis, as we observed increased amounts of 

RAB24 messenger RNA in starved cells (our unpublished observation). 

 

Consistent with the concept that prenylation and GTP binding of RAB proteins are important for the 

implementation of their function, this study also revealed that the localization of RAB24 to LC3-

positive vesicles was dependent on prenylation as well as the ability to bind nucleotides. Earlier 

reports suggest that RAB24 is not as strongly prenylated as the RAB1 protein. 12 However, this does 

not necessarily infer that prenylation has less of a function as a protein lipid anchor. Indeed, our 

results showed that a considerable proportion of the overexpressed WT RAB24 was prenylated, and 

that this prenylation was needed for targeting of RAB24 to intracellular organelles including 

autophagosomes. In addition, our results suggest that nucleotide binding is important for RAB24 

targeting to autophagosomes as well as to membranes in general, since the RAB24-S67L mutant 

showed no localization to any cytoplasmic organelles.  

Ding et al. have shown that RAB24 has two phosphorylated tyrosine residues at positions 17 and 

172.14 Phosphorylation of tyrosines 17 and 172, however, was less important for autophagosome 

targeting than prenylation and nucleotide binding. The double mutant YY17/172FF showed similar 
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colocalization with LC3 than RAB24-WT in full culture medium, but less colocalization than the WT in 

serum and amino acid free medium. This indicates that phosphorylation or dephosphorylation of 

these tyrosine residues is not likely to be a signal for the translocation of RAB24 to autophagosomes 

under basal conditions when RAB24 is needed for autophagosome clearance. The possible role of 

tyrosine phosphorylation in autophagosome targeting under starvation conditions is currently 

unclear.  

 

Silencing RAB24 with siRNA revealed that RAB24 was not needed for autophagosome formation or 

for the clearance of autophagosomes formed in amino acid free conditions, at least during the first 

two hours of starvation. However there was a significant effect of RAB24 silencing on the non-

starved cells where only basal autophagy is active: approximately  4 times more late autophagic 

compartments were found in the RAB24 silenced cells than in the control cells (Fig. 8B and 9A). 

Monitoring autophagic flux by adding Bafilomycin A revealed that the accumulation was due to 

decreased clearance of the autophagic compartments. Further, the morphology of the accumulating 

autophagic compartments, the acid-sensitive mRFP-GFP-LC3 probe, and increased intensity of 

LAMP1 labeling in RAB24 silenced cells, suggested that the accumulating compartments were 

degradative, indicating that the autophagic pathway was blocked at a later stage, after 

autophagosomes acquired degradative capacity. This conclusion is in agreement with the results 

obtained with other assays of autophagic flux, including long-lived protein degradation, and levels of 

ubiquitinated proteins, SQSTM1, LC3-II and GABARAP-II. All these assays showed that autophagic 

flux is only minimally affected in RAB24 silenced cells. Taken together, our findings suggest that 

RAB24 functions at a late stage of the autophagic pathway, such as the final maturation, or most 

likely in the clearance, of late autophagic vacuoles. 

 

RAB24 is an unusual RAB protein since it has been reported to occur mainly in the GTP-bound form 

in cells 12, and thus no constitutively active mutant RAB24 has been described. No RAB24 effectors 
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are known, but some interacting proteins have been reported. Tambe et al. 26 used FLAG or EGFP-

tagged DRS (a tumor suppressor protein) as bait in coimmunoprecipitation and reported RAB24 as 

one of the coprecipitating proteins. They also showed colocalization of DRS-EGFP and RAB24 and of 

DRS-EGFP and the autophagosome marker LC3, in punctate structures that accumulated in low 

serum culture conditions. Tambe et al. proposed that both DRS and RAB24 may be involved in the 

progression of autophagy. Schlager et al. 27 performed a GST pulldown assay with GST immobilized 

RAB proteins, and  observed that, similar to several other RABs, RAB24 weakly bound Bicaudal-D-

related protein 2/BICDR2 (a putative RAB6 effector). The strongest binding partner of BICDR2 in this 

assay was RAB13. Since this paper concentrated on BICDR1 and RAB6, the putative RAB24 

interaction was not elaborated any further. Fukuda et al. reported that RAB24 interacts with 

transcriptional corepressor C-terminal-binding protein 1, CtBP1. 28 In this study yeast two hybrid 

assay and immunoprecipitation were used to show that  two mutant versions of RAB24 (RAB24-S67L 

and RAB24-T21N) interact with CtBP1.  Schardt et al. 29 performed coimmunoprecipitation of HEK293 

cells overexpressing SNAP29-EYFP and ECFP-RAB24 using anti-SNAP29 (SNAP25 family SNARE 

protein), and found that RAB24 coprecipitated with SNAP29. This interaction did not require the 

presence of GTPγS, unlike the interaction of SNAP29 with RAB3A. Since RAB24 was not expressed in 

the tissue of interest, it was not studied further in this paper. Behrends et al. 30 used HA-tagged 

RAB24 as one of the bait proteins in their proteomics study on interactions of autophagy proteins. 

Their mass spectrometry primary data showed coprecipitation of GDP dissociation inhibitors 1 and 2 

(GDI1 and 2), N-ethylmaleimide sensitive fusion protein (NSF), and plakophilin 1 (armadillo repeat 

protein implicated to function in desmosomes) with RAB24. Behrends et al. also found RAB24 among 

the proteins coimmunoprecipitating with HA-tagged SNARE protein Golgi SNAP receptor complex 

member 1/GOSR1, but no coprecipitation was detected between RAB24 and SNAP29, BICDR2, CtBP1 

or DRS. In order to identify high-confidence candidate interacting proteins, Behrends et al. 

performed a comparative analysis of the proteomic results, and a subsequent reciprocal proteomic 

analysis to validate and delineate the interaction network. This analysis placed RAB24 in the NSF 
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network together with GOSR1, SNAP29 and several other SNARE proteins, but the analysis proposed 

that RAB24 would have direct interaction only with GDI1, GDI2, NSF and plakophilin 1, while the 

interactions with the other proteins in this sub network would occur via NSF. Many of these putative 

indirect or direct RAB24 interacting proteins have been implicated in membrane fusion, including 

SNAP29, GOSR1, and NSF. Interestingly, SNAP29 has been shown to have a role in autophagosome 

fusion with endosomes or lysosomes, acting in a SNARE complex with STX17/syntaxin 17. 14, 31, 32 

However, unlike RAB24, SNAP29 seems to be required for both basal and starvation-induced 

autophagy. Another difference is that double-membrane autophagosomes accumulate in cells 

deficient in SNAP29 30 or STX17 3131, whereas we report here that single-membrane late, degradative 

autophagic vacuoles/autolysosomes accumulate in RAB24 deficient cells. Hence, the putative RAB24 

interactors are in agreement with the idea that RAB24 functions in membrane fusion events during 

late steps of macroautophagy. However, further studies are required to elucidate the detailed 

molecular mechanisms of RAB24 functions in autophagy. 

 

Our results suggest that there might be independent regulatory pathways for the maturation and/or 

clearance of autophagosomes in basal and starvation induced autophagy. This suggestion is 

supported by reports showing that the histone deacetylase HDAC6 and valosin containing protein 

VCP/p97 are needed for the clearance of basal, but not starvation-induced autophagosomes.33, 34 

Interestingly, our results showed that in the absence of RAB24, autophagosome clearance was not 

efficient in full culture medium, but on the contrary, autophagosomes were cleared in full culture 

medium if they were first induced by amino acid deprivation. This result suggests that the 

autophagosomes formed under amino acid deficiency and full culture medium conditions are 

somehow different, or that partly different molecular machineries are at work when these two 

autophagosome populations are cleared.  

We show here that silencing of RAB24 also slows down the clearance of Htt protein aggregates that 

have been shown by earlier reports to be substrates of autophagy. 24 Recent results from Agler et al. 
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revealed a mutation in RAB24 to be associated with a canine ataxia, a hereditary neurodegenerative 

disease. 35 This mutation results in one amino acid change in the putative switch I region in RAB24 

suggestive of an effect on nucleotide binding. Affected dogs exhibited Purkinje neuron loss and 

axonal spheroids throughout the granular layer cells, containing late autophagic vacuoles. 35 This 

study is in agreement with our findings that nucleotide binding is important for the recruitment of 

RAB24 to autophagic compartments and that RAB24 is needed for autolysosome clearance.  

 

Taken together our results indicate that RAB24 functions in nutrient independent basal autophagy. 

Late, acidic and LAMP1-positive autophagic structures accumulate in RAB24 silenced cells under 

basal condition. The ultrastructural morphology of the autophagic compartments accumulating in 

RAB24 silenced cells resembled the morphology of autolysosomes. Further, Bafilomycin A 

experiments showed that the accumulation was due to decreased clearance of autolysosomes, while 

silencing of RAB24 had minor or no effects on autophagic flux. Thus we suggest that RAB24 

facilitates autophagy at a late stage, after the autophagosomes have become degradative. This later 

stage could be the final maturation point or more likely the clearance of degradative autophagic 

compartments or autolysosomes. We propose that RAB24 is involved in the disassembly of 

autolysosomes, either in the release of digested material or in lysosomal reformation. 36 

 

Materials and methods 

Construction of mutant plasmids 

The original myc-RAB24 pCMV5 plasmid containing the cDNA of mouse Rab24 was a gift from 

William A. Maltese (University of Toledo, USA). Mouse and human RAB24 have 99% amino acid 

sequence homology, 94% nucleotide sequence homology and 87% coding region sequence 

homology. Point mutations were created with specific oligonucleotide primers (from Sigma Aldrich 

or TAG Copenhagen), PCR amplification with Pfu DNA polymerase and cloning back to the pCMV5 
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plasmid. Primers were based on the published sequence of mouse Rab24. The final construct 

sequences were verified by sequencing (GATC Biotech). The used oligonucleotide primer sequences 

for each mutant were as follows: 

S67L forward 5’gggcatttgggacacagcaggtctcgagcgctacgaagccatgagc3’ 

 reverse 5’gctcatggcttcgtagcgctcgagacctgctgtgtcccaaatgccc3’  

∆HH reverse 5’cccgggatcctcaacaacagctgtagaagtaagggtttgcc3’ 

HH→SN reverse 5’cccgggatcctcagttactacaacagctgtagaagtaagggtttgc3’  

∆CC reverse 5’acccgggatcctcagtgatggctgtagaagtaagggtttgccttctggct3’ 

CC→SS reverse 5’acccgggatcctcagtgatggctgctgctgtagaagtaagggtttgccttc3’ 

Y17F forward 5’ggtggttatgctgggcaaggaatttgtgggcaagacgagcctggtg3’ 

 reverse 5’caccaggctcgtcttgcccacaaattccttgcccagcataaccacc3’ 

Y172F forward 5’ctcttccagaaagtggctgaggatttcgtcagtgtggctgctttccagg3’ 

 reverse 5’cctggaaagcagccacactgacgaaatcctcagccactttctggaagag3’ 

YY17/172FF (created with Y17F and Y172F oligonucleotide primers) 

Cell culture and stable cell lines 

Normal rat kidney (NRK) and HeLa cells were cultured in Dulbecco’s Modified Eagle’s medium 

(DMEM Sigma D6546), containing 10% fetal calf serum (Sigma F7524), penicillin streptomycin 

solution (Sigma P0781) and L-glutamin (Sigma 67513). HeLa cells with stable expression of myc-

RAB24 were created using geneticin selection and cultured in the medium described above, with 

additional 200 µg/ml geneticin (Sigma G8168). HeLa cells expressing mutant Huntingtin fragments 

(exon1htt- 65QmCFP) were a gift from Ai Yamamoto (Columbia University, USA). These cells were 
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cultured in the medium described above, with 50 µg/ml geneticin and 5.4 µg/ml hygromycin 

(Calbiochem 400053) to maintain the stable protein expression. The exon1htt- 65QmCFP protein 

expression was inhibited with an addition of 10 µg/ml tetracycline (Amresco E709). HeLa cells 

expressing mRFP-GFP-LC3 were a gift from Tamotsu Yoshimori via David Rubisztein (Osaka 

University, Japan and Cambridge Institute for Medical Research, UK). These cells were cultured in 

the medium described above, with 600 µg/ml geneticin. 

Transient transfection 

Myc-RAB24 plasmids were transfected with Lipofectamine 2000 (Invitrogen 11668-019) or TransIT-

LTI (Mirus MIR 2300) reagent according to the manufacturer’s instructions one day after seeding the 

cells. For urea polyacrylamide gel electrophoresis, RAB24 constructs were transfected with Jet Prime 

reagent (Polyplus Transfection 114-15) according to manufacturer’s instructions.  

 

Immunofluorescence 

Cells were grown on glass coverslips or 24 well plates to semi confluency.  One day after seeding or 

transfection the cells were treated with EBSS (Gibco 24010-043) or full culture medium, after which 

the cells were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 20-30 min 

at room temperature. The cells were labeled with antibodies against RAB24 (BD Biosciences mouse 

anti-RAB24 612174) and LC3 (a gift from Takashi Ueno, Juntendo University, Japan), or LAMP1 

(Developmental Studies Hybridoma Bank H4A3), followed by secondary antibodies conjugated to 

Alexa Fluor 488, 594 or 647 (Invitrogen A11029, A11037, A21236). After antibody labeling the 

coverslips were mounted on object glasses with Mowiol (Calbiochem 475904) containing 1,4-

Diazabicyclo[2.2.2]octane (Dabco, Sigma D-2522) as antifading agent and 4',6-diamidine-2-phenyl 

indole (DAPI, Pierce 62247) to stain the nuclei. On 24 well plates the cells were stained with DAPI 

and stored in PBS. Images of coverslips were obtained with a wide field fluorescence microscope 

(Olympus AX70, PlanAPO 60x/1,40 and UPlanFI 20x/0,50 Ph1 objectives) or a confocal microscope 
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(Leica DM5000, HCX APO 63x/1,30 Corr CS 21 objective). 24 well plates were imaged with Cellomics 

CellInsight imaging unit (Thermo Scientific, Olympus LUCPlanFL N 20x/0.45 objective).  

 

Analysis of immunofluorescence images 

ImageJ software was used to assess colocalization (Colocalization finder Plugin) 37 and CellProfiler 

software to assess RAB24 labeling of individual LC3 puncta and the intensity of LAMP1 

immunolabeling per cell. 38 

RAB24 labeling in LC3 positive structures was analyzed with CellProfiler software. Confocal images of 

0.25 μm thick optical sections from the middle of the cell were used for the analyses. Data was 

collected from a minimum of 20 cells per sample. In the CellProfiler 38 pipeline, DAPI (nuclei) and 

Alexa Fluor 488 (RAB24) images were first smoothed with a Gaussian filter. Nuclei were identified 

with IdentifyPrimaryObjects module using default automatic threshold settings, and cell borders 

were identified with IdentifySecondaryObjects module with manual thresholding. To detect spots in 

the Alexa Fluor 594 (LC3) images, a Laplacian of Gaussian filter was first applied 39 with the 

RunImageJ 37 module, followed by Otsu thresholding with a manually set correction factor. The spots 

were then filtered by size filtering and mean intensity (using manually set values), and possible false 

spots outside cell regions were discarded. LC3 puncta in RAB24 expressing cells were analyzed. 

RAB24 intensity (integrated intensity) in LC3 positive puncta was normalized with the RAB24 

intensity (integrated intensity) in the parent cell and RAB24 average pixel intensity (mean intensity) 

in LC3 positive puncta was normalized with the RAB24 average pixel intensity (mean intensity) in the 

parent cell. For analysis of the proportion of LC3 puncta positive for RAB24, an individual LC3 

positive punctum was considered RAB24 positive if its average RAB24 pixel intensity was higher than 

the average pixel intensity in the parent cell, including the LC3 positive puncta. Colocalization 

between RAB24 and LC3 fluorescence labels was measured with ImageJ 37 software colocalization 

finder Plugin with selection restrained to pixel ratio of 25-100 %. Confocal images of 0.25 μm thick 
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optical sections from the middle of the cell were used for the analyses. 9 to 21 images , containing a 

minimum of 20 cells, were analyzed from each sample.  

 

Subcellular fractionation and TPCK-trypsin protection assay 

Autolysosomal and dense lysosomal membrane fractions were isolated from rat liver as described in 

Kabeya et al. 2000 and Ueno et al. 1999. 16, 17 Both fractions have been shown to be positive for LC3-

II. 16, 17 For subcellular fractionation and TPCK-trypsin protection assay HeLa cells were grown to near 

confluency in 15-cm plates. Part of the plates were starved with EBSS containing 100 nM Bafilomycin 

A (AH Diagnostics BML-CM110-0100) and part was changed to fresh complete medium. After 2 

hours, cells were washed in PBS, trypsinized and counted to normalize the amount of cells in each 

condition. Cells from each condition were suspended in 4 ml HES buffer (15 mM HEPES (Sigma 

H3375)-KOH, 1 mM EDTA (Sigma E6758), 166 mM sucrose (Sigma S0389) with protease inhibitors 

(cOmplete, EDTA-free from Roche 04 693 132 001). Cells were lysed by repeated passage through 

the tight fit pestle of a Dounce homogenizer or by passages through a ball-bearing device (Isobiotec) 

with a 10 μm opening. Nuclei, intact cells and cell debris were then pelleted by centrifugation at 

1000 g, 4°C, for 10 min. The supernatant was further centrifuged at 70,000 g, 4°C, for 30 min to 

pellet all major remaining subcellular compartments. The pellet was resuspended in 200 μl HES 

buffer and layered on top of a continuous 4 ml 10-40% Optiprep (Sigma D1556) gradient and 

centrifuged at 70,000 g, 4°C, for 16 h. Alternatively, five concentrations of Optiprep were prepared 

in HES buffer: 10%, 14.375%, 18.75%, 23.125% and 27.5%. The membrane pellet was suspended in 

300 μl HES buffer containing 18.75% Optiprep and the Optiprep solutions were layered to form a 

discontinuous gradient that was centrifuged at 70,000 g, 4°C, for 16 h. Eight fractions were collected 

from the top of the gradients. For the proteinase protection assay, the fractions were divided into 

three portions. One set was added 3x SDS-PAGE sample buffer directly, one was incubated with 1 

mg/ml TPCK-treated trypsin (Sigma T1426) at 37°C for 20 min, and the final set of samples was 
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incubated with 1% NP-40 (Sigma I8896) together with 1 mg/ml trypsin at 37°C for 20 min. To 

inactivate proteases, 1 mM PMSF (Sigma P7626) was added to all samples before the addition of 3x 

SDS-PAGE sample buffer. 

GTP-agarose binding 

RAB24-WT and S67L mutant protein was expressed from pET16b-vector in E. Coli protein expression 

strain BL21 at +37 ᵒC under antibiotic selection. Protein production was induced with 40 μg/ml IPTG 

at OD600 0.6-0.8 and carried on for 3-4 h. Bacterial cells were harvested by centrifugation at 3000 g, 

at +4 ᵒC, for 30 min  Protein production was confirmed with SDS-PAGE and Coomassie staining. 

Bacterial pellets were suspended in binding buffer (20 mM Hepes 150 mM NaCl 10 mM MgCl2, pH 

8.0, and Complete protease inhibitor cocktail (Roche) and sonicated on ice with Sonifier Cell 

Disruptor B-30 (Branson Sonic Power Co.). Lysates were centrifuged 21100 g, +4 ᵒC, for 15 min.   

Aliquots of the lysates were stored for immunoblot analysis as input samples. Then, 100-1000 μg of 

each lysate was mixed with 200 μl (approximately 50 μl bed volume) of pre-equilibrated GTP-

agarose gel (Sigma G9768) and incubated in a rotator at +4 ᵒC for 1 h. The agarose beads were 

pelleted by centrifugation, washed in binding buffer, resuspended in 50 μl of the same buffer 

containing 10 mM GTP (Sigma G5884) and incubated on ice for about 1 h with occasional vortexing. 

The agarose beads were pelleted by centrifugation, and the supernatant containing the eluted 

protein was transferred into a new tube and used for SDS-PAGE and western blotting. Bands of 

eluted protein were quantified and normalized to bands of input samples. 

siRNA 

Cells were grown on 12 well plates or 3.5 cm plates with coverslips to semi confluency. One day after 

seeding, the cells were transfected with RAB24 siRNA smart pool, single oligos of the smart pool, 

RISC-free control siRNA, or non-targeted siRNA (Dharmacon, Thermo scientific M-008828-01, D-

008828-01, D-008828-02, D-008828-04 and controls D-001220-01-05 or D-001206-13-05 

respectively) according to manufacturer’s instructions with Dharmafect reagent (Dharmacon T-2001-
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02) and grown for 48 or 72 h. Before fixation or preparation of cell extracts, the cells were treated 

depending on the experiment. Silencing was verified by immunoblotting, and a minimum of 55% 

silencing was considered acceptable for further analysis of the samples. Silencing was on average 

80% for the smart pool and 55-69% for single oligos. 

Western blotting 

After experimental treatments, cells were collected by scraping and pelleted by centrifugation. 

Pelleted cells were lysed with lysis buffer, PBS containing 2% NP-40, 0.2% sodium dodecyl sulphate 

(SDS), 1 mM ethylenediaminetetraacetic acid (EDTA) and Complete protease inhibitor cocktail 

(Roche). Cells were lysed on ice for 30 min and centrifuged at 16 060- 21 100 g, 4 ᵒC, for 4-5 min. 

Protein concentration was measured with BCA Protein Assay kit (Thermo Scientific 23228) according 

to manufacturer’s instructions. Gel samples were prepared with addition of either Laemmli sample 

buffer or urea sample buffer (0,2M Tris HCl, pH 6.8, containing 8% SDS, 2% mercaptoethanol, 0.004% 

bromidephenolblue and 8 M urea). Cells were either boiled for 5 min at +95 ᵒC, or incubated for 10 

min at +37 ᵒC degrees (for urea gels). Samples were run on SDS-PAGE gels or 4-8 M urea 10-20% 

acrylamide gradient gels (urea gels). Protein gels were blotted on Roti-PVDF membranes (Roth 

T830.1) which were blocked in 5% milk powder in Tris-buffered saline containing 0.05% Tween 20 

(TBST) and labeled with anti-RAB24 (BD Biosciences 612174), anti-myc (Abcam ab9106), anti-tubulin 

(anti-β-tubulin E7 from Developmental Studies Hybridoma Bank Iowa, IO, USA), , anti-RAB7 (Suzanne 

Pfeffer, Stanford University School of Medicine, Stanford, CA, USA; Cell Signaling D95F2), anti-

Ubiquitin (Dako Z0458), anti-SQSTM1 (BD Biosciences 610832), anti-LC3B (Sigma L7543, Cell 

Signaling 2775S), anti-LAMP1 (Yoshitaka Tanaka,  Kyushu Universit, Japan; hLAMP-1 clone H4A3 

from Developmental Studies Hybridoma Bank Iowa, IO, USA) or anti-GABARAP (Abgent  AP1821a) 

antibodies and goat anti-mouse/rabbit-HRP secondary antibodies (Jackson Immuno Research 

Laboratories 115-035-003/111-035-003). Detection was done using Immobilon Western HRP 

substrate kit (Millipore WBKLS0500). 
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Sample preparation for electron microscopy 

HeLa cells were treated with normal full culture medium without or with Bafilomycin A (Enzo Life 

Sciences BML-CM110) or EBSS for starvation. Cells were fixed with 1% glutaraldehyde in 0.2 M 

Hepes, pH 7.4, for 2 h at room temperature. After 30 min of fixation the cells were scraped from the 

culture wells in fixative and pelleted at 16 060 g for 5 min. Cell pellets remained in the fixative for 

another 90 min. The supernatant was changed to 0.2 M Hepes without disturbing the fixed pellet. 

Fixed pellets were washed with PBS and post fixed with 1% osmium tetroxide for 1 h at room 

temperature. Pellets were washed with water, incubated in 2% uranyl acetate for 1 h at room 

temperature in the dark and dehydrated with increasing concentrations of ethanol followed by 

propyleneoxide. The pellets were then incubated in propyleneoxide-Durcupan mixture (Fluka 44612) 

for 2 h at room temperature and infiltrated with 100% Durcupan overnight. The pellets were placed 

in beam capsules, infiltrated with Durcupan for a further 5 h, and polymerized at +60 ˚C for 2 days. 

Thin sections (80 nm) were cut using an ultramicrotome, collected onto electron microscopy grids 

and stained with uranyl acetate and lead citrate. Quantitative counting of autophagic compartments 

was performed using a transmission electron microscope (JEOL 1200 EX II or JEOL 1400 EX) as 

described previously. 40 For immuno electron microscopy NRK or HeLa cells were grown on 3.5 cm 

plates to semi confluency. Myc-RAB24 plasmid was transfected with Lipofectamine 2000 or TransIT-

LTI (Mirus MIR 2300) reagent according to the manufacturer’s instructions one day after seeding the 

cells. One day after transfection the cells were treated with EBSS or normal culture medium, after 

which the cells were fixed in 4% PFA in 0.2 M Hepes, pH 7.4, for 1 h at room temperature. Cells were 

washed with 2% PFA in 0.2 M Hepes and scraped from the plates, collected by centrifugation and 

left at +4 ˚C overnight. The pellets were embedded in 10% gelatin, infiltrated with 20% Polyvinyl-

pyrrolidone (PVP), 2.3 M sucrose at +4 ˚C overnight, placed on ultramicrotome sample holders and 

frozen in liquid nitrogen. Samples were cut into thin (80 nm) sections at -100 ˚C using a cryo 

ultramicrotome (Leica) and picked up on electron microscopy grids. Immunolabeling was performed 
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with a monoclonal antibody against RAB24 (anti RAB24, BD Biosciences 612174) and a 5 nm or 10 

nm gold conjugated secondary antibody (British BioCell 15735-1 or 15846). 

Dot Blot 

HeLa cells expressing CFP-tagged Htt were grown on 3.5 cm plates to semi confluency. Cells were 

transfected with siRNA as described above and 48 h after transfection tetracycline was added to 

stop mutant Htt expression. Alternatively, 72 h after transfection cells were seeded onto new plates 

and tetracycline was added simultaneously. Cells were collected 0, 1 or 3 days after tetracycline 

addition (48, 72 and 120 h or 72, 96 and 144 h incubation after siRNA transfection) and the pelleted 

cells were snap-frozen in liquid nitrogen. Pellets were then treated for filter trap assay to analyze the 

amount of insoluble CFP-tagged Htt, as described before in Wanker et al. 1999. 25 Breafly, 25 or 50 

µg of each sample was filtered through cellulose acetate membrane (Whatman 10404180) using a 

dot blot filtering unit (Bio-Rad Bio-Dot apparatus). After filtering the membrane was blocked in 5% 

milk powder in TBST for 1 h at room temperature and labeled with GFP antibody (Fitzgerald 

Industries International RDI-GRNFP4abr) that cross reacts with CFP, and goat anti-rabbit-HRP 

(Jackson Immuno Research Laboratories 111-035-003). Detection was carried out as previously 

described for Western blotting. The signals were quantitated using Image-Pro Plus 7.0 software.  

Protein measurement for Dot Blot 

HeLa cells expressing CFP-tagged Htt aggregates were grown and harvested as described above. 

Protein concentrations in the samples for filter trap assay were assayed using a filter paper dye-

binding method. Samples and BSA standards (bovine serum albumin, Bovogen Biologicals BSAS 0.1) 

were pipetted on Whatman 3MM CHR chromatography paper (3030-931) in 1x1 cm squares and air 

dried. Samples were fixed on the paper with 10 % Trichloroacetic acid for 15 min at room 

temperature. Whatman paper was washed twice with water and colored with Page Blue (Fermentas, 

R0571) solution for 1 h at room temperature. Excess color was removed by three 15 min washes in 

water and the paper was air dried. Squares containing samples and standards were cut from the 
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paper and placed in eppendorf tubes. Color from the squares was extracted in 1 M CH3COOK in 70% 

ethanol. The absorbances of samples and standards were measured in a 96 well plate at 595 nm. 

Long-lived protein degradation 

Long-lived protein degradation was studied in HeLa cells as previously described in Bauvy et al. 2009. 

23 HeLa cells were simultaneously transfected with RAB24 or control siRNA and metabolically labeled 

with 0.125 μCi/ml 14C-valine (Perkin Elmer NEC291EU050UC) in full culture medium (DMEM). One 

day later short lived proteins were chased out in full culture medium with excess cold valine 

overnight. Cells were treated with nutrient rich (DMEM) or amino acid free (EBSS) medium for 

approximately 4 hours and long lived protein degradation was measured by assessing the acid-

soluble radioactivity released into the culture medium. The degradation was expressed as a ratio of 

acid-soluble radioactivity in culture medium divided by total radioactivity in the cells and medium. 

Htt protein aggregate quantitation 

HeLa cells expressing CFP-tagged Htt were grown on cover slips in 3.5 cm plates to semi confluency. 

Cells were transfected with siRNA as described above, and 48 h after transfection tetracycline was 

added to cells to stop mutant Htt expression. Alternatively, 72 h after transfection cells were seeded 

onto new plates and tetracycline was added simultaneously. Cells were fixed 0, 1 and 3 days after 

the addition of tetracycline and embedded in Mowiol containing DAPI to stain the nuclei. Cells were 

imaged using a 20X objective (Zeiss Imager M2, Zeiss PlanAPO CHROMAT 20x/0,8 Ph2 objective) and 

bright aggregates and nuclei were counted using Image-Pro Plus 7.0 software. The number of 

aggregates was divided by the number of nuclei. Silencing of RAB24 was verified by immunoblotting 

at time points 0 and 3 days after addition of tetracycline (48 or 72 h and 120 or 144 h incubation 

after siRNA transfection). 

Statistical testing 
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Unless otherwise stated, Student’s T-test was used to test statistical significance. Further details are 

given in the Figure Legends. 
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 Figure legends 

Figure 1. RAB24 localizes in LC3-positive vesicles. HeLa cells stably expressing myc-RAB24 were 

treated with a serum and amino acid free medium (EBSS) for (A to C) 0, (D to F) 1, (G to I) 2 or (J to L) 

4 hours. Cells were labeled with RAB24 and LC3 antibodies and imaged with a confocal microscope. 
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Inserts and arrows indicate vesicles positive for both proteins.  See Figure S1 for quantitative 

analysis of the colocalization. Bar: 10 μm. 

Figure 2. RAB24 localizes in the limiting membranes of autophagic compartments. HeLa (A i, B i, C) 

or NRK (A ii, B ii) cells were transfected with myc-RAB24 and (A, C) left untreated in full culture 

medium (DMEM), or (B) incubated in serum and amino acid free EBSS for 90 min, or (C) incubated in 

EBSS with 100 nM Bafilomycin A for 2 h. Cells were labeled with anti-RAB24 and anti-LC3 (A i and ii), 

or anti-RAB24 (B i and ii). (A i and ii) RAB24 label was in several cases observed to be ring-shaped, 

indicating it localized to the limiting membranes of the LC3-positive structures. (B i and ii) Immuno 

electron microscopy confirmed the localization of RAB24 in the limiting membranes of autophagic 

compartments. Arrows indicate the outer limiting membrane and arrowheads the inner limiting 

membrane. (C) Subcellular fractionation of HeLa cells in a continuous Optiprep gradient.  The 

numbers above the western blot images indicate the 8 fractions collected from the top of the 

gradient. Highest Optiprep concentration is in fraction 8 on the right. The fractions were detected 

for RAB24, LC3, SQSTM1 and transferrin receptor (TFRC). (D) Autolysosomal (AL) and dense 

lysosomal (L) membranes were isolated from rat liver and western blotting was used to detect 

RAB24, LC3, LAMP1 and RAB7 in these fractions.  Bar in A i and ii: 10 μm. Gold particles in B i are 5 

nm and ii 10 nm in diameter. 

Figure 3. Analysis of RAB24 mutants. (A) GTP binding of RAB24-S67L mutant was tested using GTP-

agarose beads. Recombinant proteins were produced in E. Coli production strain BL21 and lysates 

were incubated with GTP-agarose gel. After washing, the bound protein was eluted from the gel 

with excess GTP, and western blotting was used to compare the eluted amounts of RAB24-WT and 

S67L. Eluted protein bands were normalized with their input bands. The columns and error bars 

show the mean and SEM from 4 independent experiments. (B)  HeLa cells were transiently 

transfected with myc-tagged wild type or mutant myc-RAB24 plasmids. Cell extracts were 

electrophoresed on urea (4-8 M) acrylamide (10-20%) SDS gradient gels and blotted on PVDF 
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membranes. Myc antibody was used for detection. Prenylation deficient mutants, ∆CC and CC→SS, 

lack the lower band which represents the prenylated form of the protein. Nearly 40% of wild type 

RAB24, and 45% of prenylation competent mutants, are in the prenylated form. Tyrosine 

phosphorylation deficiency had a slight but non-significant effect on prenylation. The columns and 

error bars show the mean and SEM from 4-5 independent experiments. GFP-RAB7 is shown as a 

reference.  

Figure 4. Guanine nucleotide binding is needed for the targeting of RAB24 to LC3 vesicles. WT or 

guanine nucleotide binding deficient mutant RAB24-S67L was expressed in NRK cells. (A to C and G 

to I) Cells were kept in full medium, DMEM, or (D to F and J to L) treated with a serum and amino 

acid free medium, EBSS, for 4 h and after fixation labeled with antibodies against RAB24 and LC3. 

RAB24-WT localized to a perinuclear structure (arrowhead) and partially in LC3 positive puncta 

(arrows). RAB24-S67L had a diffuse appearance and did not form the perinuclear staining pattern. 

See Figure S3 for quantification of the colocalization. Bar: 10 μm.  

Figure 5. Prenylation deficient mutants of RAB24 are not targeted to LC3 vesicles. Mutant RAB24 

plasmids were expressed in NRK cells. Cells were kept in full culture medium (DMEM) or treated with 

serum and amino acid free medium (EBSS) for 4 h and after fixation labeled with antibodies against 

RAB24 and LC3. Prenylation deficient mutants, ∆CC (A to F) and CCSS (G to L), had a diffuse 

appearance and did not form the perinuclear staining pattern observed for wild type RAB24 (see Fig. 

4A). Further, the RAB24 mutants did not localize in LC3 vesicles neither in normal medium nor in 

amino acid free medium. For quantitative analysis of colocalization, see Figure S3. Bar: 10 μm. 

Figure 6. Prenylation competent mutants of RAB24 are targeted to LC3 vesicles. Mutant RAB24 

plasmids were expressed in NRK cells. Cells were kept in full culture medium (DMEM) or treated with 

serum and amino acid free medium (EBSS) for 4 h and after fixation labeled with antibodies against 

RAB24 and LC3. Prenylated mutants, ∆HH (A to F) and HHSN (G to L), resembled wild type RAB24 

with a perinuclear localization (arrowheads, compare with Fig. 4A). Further, both mutants partially 
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colocalized with LC3 both in full culture medium and after a 4 h EBSS treatment (arrows). Inserts 

highlight the colocalization in panels G to I. For quantitative analysis of colocalization, see Figure S3. 

Bar: 10 μm. 

Figure 7. Tyrosine phosphorylation is less important for the targeting of RAB24 to LC3 vesicles. 

Mutant RAB24 plasmids were expressed in NRK cells. Cells were kept in full culture medium (DMEM) 

or treated with a serum and amino acid free medium (EBSS) and after fixation labeled with 

antibodies against RAB24 and LC3. Tyrosine phosphorylation deficient mutant YY17/172FF 

resembled wild type RAB24 with perinuclear localization (arrowhead) (compare to Fig. 4A). RAB24 

mutant partially colocalized with LC3 in full culture medium (A to C, arrows) and after EBSS 

treatment (D to F, arrows). For quantitative analysis of colocalization, see Figure S3. Bar: 10 μm. 

Figure 8. RAB24 is not needed for the formation or clearance of autophagosomes formed during 2-

h serum and amino acid deprivation. (A) siRNA was used to silence RAB24 in HeLa cells and western 

blotting was used to monitor the protein levels. Tubulin is shown as a loading control. RAB24 

silencing was approximately 95% as compared to two different siRNA controls, CTR, non-targeted 

siRNA and CTRRF, RISC-free control. (B) Quantitative electron microscopy was used to monitor the 

amount of autophagic compartments. The cells were either fixed without treatment (FCS), or 

incubated in serum and amino acid free medium for 2 h (EBSS), or first incubated in EBSS for 2 h and 

then chased in full culture medium for 2 h (EBSS-FCS), before fixation. (B and C) Immature (ACi) and 

degradative (ACd) autophagic compartments were quantified. Note that there was an increase in the 

amount of autophagic compartments in RAB24 silenced cells compared to control cells in full 

medium (FCS). For representative microscopy images, see Figure S5 A. The columns and error bars 

show the mean and SEM, respectively, from three to four counted grid squares, each containing a 

minimum of 50-60 cell profiles.  Statistical significance was tested with Mann-Whitney U-test 

(p=0.05). AC: autophagic compartment, ACd: degradative autophagic compartment, ACi: immature 

autophagic compartment. 



35 
 

Figure 9. RAB24 is needed for the clearance of late autophagic compartments in full culture 

medium conditions. Smart pool siRNA or single siRNA oligos (1, 2, or 4) from the pool were used to 

silence RAB24 in HeLa cells. The cells were either fixed without treatment, or incubated in fresh full 

culture medium for 2 h, or in fresh full culture medium containing Bafilomycin A (100 nM) for 2 h, 

before fixation. (A) Autophagic compartments were quantified by electron microscopy. Equal 

amounts of autophagic compartments were observed in the Bafilomycin A treated RAB24 silenced 

and control cells. However, the RAB24 siRNA transfected cells contained 4 times more autophagic 

compartments than the control cells in full culture medium conditions. For representative image, 

see Figure S5 B. (A and B) The accumulating autophagic compartments in the RAB24 silenced cells 

were mostly degradative ACds. RAB24 silencing was 83% for the RAB24 smart pool and 55 to 69% for 

the single oligos. The columns and error bars show the mean and SEM, respectively, from a 

minimum of 40 images taken at 1500X primary magnification from two to four grid squares. The 

data is from one representative experiment out of three with similar results (p≤3.341*10-6 for *** 

and p≥ 0.618 for NS). AC: autophagic compartment, ACd: degradative autophagic compartment, ACi: 

immature autophagic compartment. 

Figure 10. RAB24 facilitates the clearance of mutant Htt. siRNA was used to silence RAB24 in HeLa 

cells expressing Htt 65PQ. Two or three days after transfection with RAB24 or control siRNA, Htt 

mutant protein expression was inhibited by the addition of tetracycline (10 µg/ml) to the culture 

medium. The cells were given either 0, 1 or 3 days for aggregate clearance after which they were 

either treated for dot blot filter trap assay (A and B) or fixed and imaged by fluorescence microscopy 

(C). (B) Quantitation of the intensity of 1-day Tet Off dots on cellulose acetate membrane showed a 

slower aggregate clearance in RAB24 silenced cells compared to the control. The signals were 

negligible after 3 days in tetracycline and therefore were not quantitated. The columns and error 

bars show the mean and SEM from four independent experiments where the RAB24 silencing was 

86% on average. (C) Quantitation of the Htt aggregates in fluorescence images revealed that there 

were more aggregates per cell in RAB24 silenced cells than in the control cells. The columns show 
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the mean and SEM from 21-22 analyzed pictures, each containing several hundreds of cells (a total 

of 3637 to 18003 cells per sample). Representative images are presented in Figure S8. The 

experiment was repeated two times with similar results. The mean RAB24 silencing in the two 

experiments was 66% in 0d samples and 67% in 3d samples. Statistical significance was estimated 

using Wilcoxon’s test for paired populations (p=0.005). 
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