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ABBREVIATIONS 
 
ALR  Autophagic lysosome reformation 

AMPK  AMP-activated protein kinase 

AP Adapter protein 

ATG Autophagy related gene or protein 

BSA  Bovine serum albumin 

C-Vps  Class C Vps protein complex 

CHO  Chinese hamster ovary cells 

CMA  Chaperone-mediated autophagy 

DMEM  Dulbecco's modified Eagle medium 

EBSS  Earle's balanced salt solution 

EDTA  Ethylenediaminetetraacetic acid  

ER Endoplasmic reticulum 

ERGIC  ER-Golgi intermediate compartment  

FIP200 Focal adhesion kinase-family interacting protein of 200 kDa  

GABARAP  γ-aminobutyric acid type A (GABAA)-receptor associated protein 

GAP GTP-hydrolysis activating protein 

GDI  Guanine-nucleotide-dissociation inhibitor 

GFP Green fluorescent protein 

GGTase II  Geranylgeranyltransferase 

HOPS  Homotypic fusion and protein sorting  

IMPase  Inositol monophosphatase 

LAMP1/2  Lysosomal-associated membrane protein 1 and 2  

LC3B Microtubule-associated protein 1B light chain 3 

LIR  LC3-interacting region  

mRFP Monomeric red fluorescent protein  

MTOC  Microtubule-organising centre 

mTORC1/2 Mammalian target of rapamycin complex 1 and 2 

MVA Mevalonolactone 

MVB Multivesicular body 

NIX/BNIP3L  Nip-like protein X 
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NSF  N-ethylmaleimide sensitive fusion protein 

NT2N  Post-mitotic neuronal cell line 

p62/SQSTM1 Sequestosome1 

PBS  Phosphate buffered saline 

PE  Phosphatidylethanolamine 

PI  Phosphatidylinositol  

PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate  

PIP5K  Phosphatidylinositol 4-phosphate 5-kinase 

PtdIns(3)P Phosphatidylinositol 3-phosphate 

PKB Protein kinase B 

PM  Plasma membrane 

REP  Rab escort proteins 

Rubicon  RUN domain Beclin-1-interacting cysteine-rich-containing protein 

SNAP29 Synaptosomal-associated protein 29 

SNARE Soluble NSF attachment protein receptors 

STX17 Syntaxin 17  

TFEB  Transcription factor EB 

TGN  trans—Golgi network 

TSC1/2 Tuberous sclerosis tumour suppressor complex 1 and 2 

ULK1/2 UNC-51-like kinase 1 and 2  

UVRAG  UV radiation resistance-associated gene 

Vps34 Vacuolar protein sorting 34 

WIPI WD-repeat-domain phosphoinositide-interacting protein 
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1 INTRODUCTION 

 
Macroautophagy, hereafter referred to as autophagy, is a conserved cellular process 

that is involved in the maintenance of cellular homeostasis and organelle integrity. In 

autophagy, the phagophore secludes a part of the cytoplasm, and closes to form a 

double-membrane vesicle termed the autophagosome. Then, the autophagosome 

matures by fusing with the endosomal and lysosomal compartment to form a 

degradative autolysosome, where the sequestered material is digested and the 

degradation products are recycled back into the cytoplasm.  

 

Autophagy involves a number of proteins and regulatory networks that control its 

activity as well as the formation of autophagosomes and autolysosomes. Rab GTPases 

are a subfamily of the small G-proteins, and are key regulators of vesicular membrane 

traffic. The small monomeric GTPase Rab24 localises to autophagosomal membranes 

along with LC3-II, an autophagosome marker. Albeit the molecular details remain 

elusive, Rab24 is suggested to function in the late stages of autophagy, presumably in 

the clearance of autolysosomes under nutrient rich conditions.  

  

The role of Rab24 GTPase in the terminal stages of autophagy was further studied in 

this thesis. Lysosomal membrane proteins LAMP1 and LAMP2 were 

immunofluorescently labelled in HeLa cells stably expressing mRFP-GFP-LC3. The 

mRFP-GFP-LC3 reporter protein was used to visualise autophagosomes and monitor 

their maturation. Both mRFP and GFP fluoresce in non-acidic conditions, whereas upon 

amphisome and autolysosome formation the pH of the autophagic vacuole diminishes, 

abrogating the GFP fluorescence selectively. The HeLa mRFP-GFP-LC3 cells transfected 

with control siRNA or Rab24 siRNA and labelled with LAMP1/2 antibodies were used to 

analyse the volumes of autophagic, endosomal, and lysosomal compartments in full 

culture medium as well as upon several serum and amino acid starvation times. 
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2 LITERATURE REVIEW 

2.1 Autophagy 

2.1.1 An Introduction to Autophagy 

 
Autophagy is a self-degradative pathway in which cytoplasmic material is degraded by 

the lysosomal compartment. Autophagy comprises of multiple steps that include the 

sequestration of cellular constituents to double-membrane vesicles called 

autophagosomes, and the fusion of autophagosomes with the endosomal and 

lysosomal compartment to form mature, hybrid organelles called autolysosomes, 

where the secluded material is degraded and recycled back into the cytoplasm where 

it can be used for metabolic processes (fig. 1) (Klionsky and Emr 2000, Pyo et al. 2012, 

Seglen and Bohley 1992). 

 
 

 
Fig. 1. The stages of autophagosome formation and maturation. A flat membrane sac termed the 
phagophore nucleates, elongates, sequesters cytoplasmic material, and closes to form an 
autophagosome. The autophagosome matures by fusing with late endosomes and lysosomes to form 
amphisomes and autolysosomes, respectively. The secluded contents are digested in the autolysosome 
and the degradation products are recycled back into the cytoplasm. Adapted from Eskelinen and Saftig 
2009. 

 
 

In nutrient rich conditions, basal autophagy has a key role in the maintenance of cell 

homeostasis and steady cellular energy levels. By selective autophagy of damaged 

organelles and protein aggregates as well as by non-selective, bulk autophagy that is 

responsible for the indiscriminate sequestration of cytoplasm, it also sustains the 

integrity of proteins and other cellular organelles (Glick et al. 2010, Mizushima et al. 
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2008). However, autophagy is activated by various cellular stresses. These include 

nutrient starvation, hypoxia, DNA damage, and generation of reactive oxygen species 

(ROS) in the mitochondria (Kroemer et al. 2010, Lee et al. 2012). Of these, starvation is 

the strongest inducer of autophagy. Under amino acid depletion the degradation rate 

of cellular material by autophagy is increased until the energy levels have been 

restored. Thus, autophagy is an adaptive response to nutrient exhaustion and a vital 

cytoplasmic quality-control mechanism (Glick et al. 2010, Viry et al. 2014). 

 

Autophagy is a highly conserved process, and many autophagy genes are found 

throughout phylogeny (Nakatogawa et al. 2009). In mammalian cells, autophagy was 

first described in the 1950’s (Deter et al. 1967, Clark 1957). Since then, Saccharomyces 

cerevisae has been used as the main model organism to elucidate many of the 

molecular and regulatory details of autophagy (Nakatogawa et al. 2009). Up to date, 

over 30 autophagy related genes (ATG) have been found in yeast, and most of them 

have known mammalian orthologs (Bento et al. 2013). Autophagy is a major 

degradation pathway for all kinds of cytoplasmic material, including aggregated and 

long-lived proteins as well as damaged cell organelles, and it is also involved in the 

digestion of intracellular bacteria and viruses (Klionsky and Emr 2000, Glick et al. 

2010).  

 

In mammalian cells, autophagy can be classified into three types which are 1) 

chaperone-mediated autophagy, CMA, 2) microautophagy, and 3) macroautophagy, 

referred to as autophagy in this thesis (fig. 2) (Klionsky 2005). In CMA, a chaperone 

protein, such as Hsc-70, recognises and binds a soluble cytosolic protein marked for 

degradation by a certain pentapeptide motif. The chaperone protein then binds to the 

lysosomal-associated membrane protein 2A (LAMP2A), a lysosomal membrane 

protein, leading to unfolding, transport through the lysosomal membrane, and 

degradation of the target protein (Cuervo and Dice 2000, Massey et al. 2004, Dice 

2007).  

 

Whereas CMA is solely a selective process, both microautophagy and autophagy 

(macroautophagy) exhibit mechanisms for both selective and non-selective 
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degradation of cytoplasmic material. In microautophagy, a part of the cytoplasm is 

engulfed by the lysosome itself, via invaginations of the lysosomal membrane (Pyo et 

al. 2012, Santambrogio and Cuervo 2011).  

 
 

 
Fig. 2. Autophagy consists of three major pathways called macroautophagy (autophagy), 
microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy involves the 
sequestration of random or selective cytoplasmic material into cellular organelles termed 
autophagosomes that ultimately fuse with lysosomes to degrade their contents. Microautophagy may 
also be selective or non-selective, and is characterised by the invagination and direct internalization by 
the lysosome itself. CMA is mediated by chaperone proteins and LAMP2A, which translocate the target 
protein through the lysosomal limiting membrane into the lysosome (Modified from Dong and Czaja 

2011). 

 

 

Malfunctions in the autophagic pathway are associated with multiple diseases that 

include neurodegenerative diseases such as Parkinson’s (Lynch-Day et al. 2012), 

various cancers such as breast cancer (Apel et al. 2008, Mathew and White 2011), 

cardiomyopathy, and pathogenic infection (Ao et al. 2014).  
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2.1.2 The Formation of the Autophagosome and its Maturation to an Autolysosome 

Contain Several Steps 

2.1.2.1 Nucleation of the Phagophore 

 
Autophagy is initiated by the formation of a flat membrane sac termed the 

phagophore, or the isolation membrane (IM) (Tooze and Yoshimori 2010). In the yeast 

S. cerevisiae the phagophore originates from a single pre-autophagosomal structure 

(PAS), whereas in mammalian cells its origin is still debated. In many cases, the 

phagophore has been observed to be near or in contact with the endoplasmic 

reticulum (ER) (Ylä-Anttila et al. 2009a, Hayashi-Nishino et al. 2009), which is thought 

to be the primary source of the phagophores. In addition, phagophores are suggested 

to receive membrane from several other organelles including trans-Golgi, endosomes, 

mitochondria, and plasma membrane (Rubinsztein et al. 2012, Tooze and Yoshimori 

2010, Hailey et al. 2010). However, the relative lack of transmembrane proteins in 

phagophores suggests that they may also be formed de novo (Tooze and Yoshimori 

2010). 

 

The formation of the phagophore requires the coordinated and sequential action of 

several protein complexes. The various proteins indispensable for phagophore 

nucleation in mammalian cells include the ULK complex, the Vps34 complex, 

mammalian Atg9, and the WIPI protein family (Codogno et al. 2011, Pyo et al. 2012).  

 

Vacuolar protein sorting 34 (Vps34) is a class III phosphoinositide 3-kinase that 

interacts in a complex together with Beclin-I (Atg6), Atg14L (Barkor), and Vps15 (p150) 

(Bento et al. 2013) to generate phosphatidylinositol 3-phosphate, PtdIns(3)P, from 

phosphatidylinositol (Rubinsztein et al. 2012). Beclin-I has been shown to increase the 

catalytic activity of Vps34, thus incrementing the levels of PtdIns(3)P and accelerating 

autophagy (Pyo et al. 2012). PtdIns(3)P is essential in the recruitment of the WD-

repeat-domain phosphoinositide-interacting proteins (WIPIs) to the phagophore 

(Polson et al. 2010), which is thought to mediate rearrangements of membranes, thus 

facilitating the generation of the phagophore (fig. 3.) (Mauthe et al. 2011). In addition, 
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Atg9 is thought to be crucial in recruiting membranes to the nucleation site (Bento et 

al. 2013), facilitating the formation and elongation of the phagophores.  

 

The activity of the Vps34 complex is regulated by multiple upstream proteins including 

UNC-51-like kinase 1 and 2 (ULK1 and ULK2), Atg13, and the focal adhesion kinase-

family interacting protein of 200 kDa (FIP200) (Rubinsztein et al. 2012). Atg13 binds to 

ULK1 or ULK2 and regulates their interaction with FIP200. In full medium, Atg13, ULK1, 

and ULK2 are phosphorylated and inactive. Upon starvation, they are 

dephosphorylated and activate FIP200, which then induces phagophore formation 

(Bento et al. 2013). Further, ULK1 is inhibited by the mammalian target of rapamycin 

complex 1 (mTORC1), which promotes cell growth, and is activated by the AMP-

activated protein kinase (AMPK), which senses energy loss (Meijer and Codogno 2011). 

 
 
Fig. 3. Phagophore nucleation from the ER. (1) Upon starvation conditions, ULK1 and Atg13 are activated 
by dephosphorylation. This results in the concurrent phosphorylation and activation of FIP200, and the 
initiation of phagophore generation. (2) The Vps34 complex is activated. (3) The Vps34 complex 
generates phosphatidylinositol 3-phosphate, PtdIns(3)P, to the site of phagophore nucleation. (4) 
PtdIns(3)P recruits proteins crucial for phagophore formation, such as WD-repeat-domain 
phosphoinositide-interacting proteins (WIPIs) and double FYVE-domain-containing protein 1 (DFCP1). (5) 
Atg9 is involved in recruiting membranes to the initiation site. Modified from Randall-Demllo et al. 2013. 



14 

In addition, accessory regulatory proteins associate with the Vps34 complex at the ER 

and either promote (UVRAG, BIF-1, and Ambra-I) (Liang et al. 2006, Fimia et al. 2007, 

Takahashi et al. 2007) or inhibit (Bcl-2, Rubicon, and Bcl-XL) (Zhong et al. 2009, 

Pattingre et al. 2005, Maiuri et al. 2007) phagophore formation. Signalling events that 

control which effectors associate with the Vps34 complex are not fully elucidated, but 

are often regulated by the cell’s nutrient availability (Glick et al. 2010). 

 

2.1.2.2 Phagophore Elongation and Autophagosome Formation 

 
Once the phagophore has been nucleated, it elongates and finally fuses to form an 

autophagosome. Of special importance are two ubiquitin-like conjugation systems that 

are thought to be responsible for the extension of the phagophore: the Atg12-Atg5 

and LC3-PE systems (Longatti and Tooze 2009). 

 

One of the ubiquitin-like conjugation systems ultimately leads to the conjugation of 

the ubiquitin-like protein Atg12 to Atg5. Atg7, analogous to the E1 ubiquitin activating 

enzyme, first activates Atg12 by binding to its carboxyterminal glycine. The activation 

of Atg12 by Atg7 is ATP dependent. Subsequently Atg7 transfers Atg12 to Atg10, an 

analogue of the E2 ubiquitin carrier protein, which conjugates Atg12 to Atg5. Two 

conjugated Atg12-Atg5 complexes interact non-covalently with an Atg16L dimer to 

form an Atg5-Atg12-Atg16L complex that associates to the growing phagophore, 

where it recruits processed LC3 (fig. 4) (Kuma et al. 2002, Komatsu et al. 2001, Geng 

and Klionsky 2008, Glick et al. 2010, Mizushima et al. 2003, Tanida et al. 2001). The 

Atg5-Atg12-Atg16L complex dissociates from the complete autophagosome, whereas 

part of the LC3-II remains associated (Kabeya et al. 2000, Rubinsztein et al. 2012). 

Thus, LC3-II is a relatively good marker for autophagosomes, and it is widely used to 

monitor autophagy. 

 

The other ubiquitin-like conjugation system in autophagy involves the processing of a 

cytosolic microtubule-associated protein 1 light chain 3 (LC3-I) to a lipidated, 

membrane-bound LC3-II form. LC3 is first cleaved proteolytically by Atg4 to yield an 

activated LC3-I with an exposed carboxyterminal glycine. Subsequently, the E1-like 
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enzyme Atg7 activates LC3-I. Activated LC3-I is transferred to Atg3, an E2-like enzyme 

that conjugates a phosphatidylethanolamine (PE) to the carboxyterminal glycine of 

LC3-I, yielding a processed LC3-II capable of binding to membranes (fig. 4) (Ichimura et 

al. 2000, Kabeya et al. 2000).   

 
 

 
Fig. 4. The two ubiquitin-like conjugation systems involved in the biogenesis of the phagophore.  
(A) Conjugation of Atg12 to Atg5. Atg12 is covalently bound to Atg5, after which a pair of Atg5-Atg12 
associate with two Atg16L to form the so-called Atg16L complex. (B) The cytosolic LC3-I is processed to a 
membrane-bound LC3-II form by addition of a phosphatidylethanolamine (PE). The Atg16L complex 
assists in the lipidation of LC3-I. The interacting amino acids are shown. Refer to text for a more detailed 
description of the conjugation process. (C) LC3-II and the Atg16L complex associating with the growing 
phagophore. Adapted from Yang and Rosenwald 2014.  

 

 

LC3-II localises on the inner and outer limiting membranes of autophagosomes, and it 

plays a role in selecting the sequestered cargo (Glick et al. 2010). However, upon 

autolysosome formation the LC3-II on the inner membrane is degraded, whereas the 

LC3-II associated with the outer membrane is recycled in a delipidation process that 

requires Atg4 (Kabeya et al. 2000, Kirisako et al. 2000).  
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LC3 is one of the six functional human orthologs of the yeast autophagy-related 8 

(ATG8) protein. ATG8 orthologs include LC3A, LC3B, LC3C, γ-aminobutyric acid type A 

(GABAA)-receptor associated protein (GABARAP), GABA(A) receptor-associated protein 

like 1 (GABARAPL1), and Golgi-associated ATPase enhancer of 16 kDa (GATE-16) 

(Shpilka et al. 2011, Muhlinen et al. 2012). They all localise to autophagosomal 

membranes and undergo lipidation equivalent to LC3 upon autophagy initiation 

(Kabeya et al. 2004, Shpilka et al. 2011). For instance, GABARAP is first cleaved by Atg4 

proteases, resulting in its cytosolic form (GABARAP-I), and is subsequently lipidated to 

GABARAP-II that colocalises with LC3-II on autophagosomes. The exact roles of the 

Atg8 proteins has not been elucidated, but they are suggested to be involved in the 

elongation of the phagophore and fusion events to form the autophagosome, and act 

in downstream signalling in the dissociation of the Atg12–Atg5–Atg16L complex 

(Nakatogawa et al. 2007, Weidberg et al. 2011, Weidberg et al. 2010).  

 

2.1.2.3 Autophagosome Fusion with the Endosomal and Lysosomal Compartment 

 
After the elongation of the phagophore the ends fuse to form a double-membrane 

autophagosome with a diameter of 0.5–1.5 μm (Mizushima et al. 2002). The 

autophagosomes move along microtubules towards the microtubule-organising centre 

(MTOC), where they further mature by fusing with the endosomal and/or lysosomal 

compartment (Jahreiss et al. 2008, Matteoni and Kreis 1987). In addition, 

autophagosomes may first undergo homotypic fusion with themselves before forming 

autolysosomes (Tooze and Yoshimori 2010).  

 

Autophagosome fusion with early and late endosomes lowers its pH and delivers 

elements of the membrane fusion machinery. An autophagosome fused with an 

endosome is called an amphisome (Eskelinen 2005). The fusion of autophagosomes 

with the endosomal compartment is not fully understood, but it has been proposed to 

require presenilins (Gutierrez et al. 2004, Lee et al. 2010).  

 

Ultimately, autophagosomes and amphisomes are delivered in the perinuclear region 

where they fuse with lysosomes to form hybrid, degradative organelles called 
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autolysosomes. The relocation of the autophagosomes from the periphery of the cell 

towards the MTOC is thought to be important for the maintenance of their low pH 

(Korolchuk et al.2011). The transport of autophagosomes to the perinuclear region is 

dynein-dependent (Kimura et al. 2008) and requires intact microtubules, as the use of 

nocadazole, a microtubule poison, impedes autolysosome formation (Matteoni and 

Kreis 1987, Webb et al. 2004). Interestingly, the pH of autolysosomes is lower than the 

pH of lysosomes, even though lysosomes are smaller in size than autolysosomes (0.1 to 

1.0 μm and 0.5–1.5 μm, respectively) (Mizushima et al. 2002). The low pH is 

indispensable for the proper functioning of the lysosomal hydrolases that digest the 

autophagosomal cargo. The products of the degradation are then carried by 

transporter proteins through the autolysosomal membrane back into the cytoplasm 

(Eskelinen 2005). 

 

Multiple proteins are involved in the fusion of autophagosomes with the endosomal 

and lysosomal compartment. These include Rab22, the class C Vps protein complex (C-

Vps), the small Rab7 GTPase, soluble NSF attachment protein receptors (SNAREs), and 

endosomal sorting complex required for transport -proteins (ESCRTs) (Jager et al. 2004, 

Pyo et al. 2012, Bento et al. 2013). Moreover, lysosomal acidification is indispensable 

for autophagosome maturation, as the inhibition of the lysosomal proton pump has 

been shown to impede lysosome fusion with autophagosomes, phagosomes, and late 

endosomes (Bento et al. 2013). 

 

The key regulators of autophagosome and lysosome fusion are the SNARE protein 

syntaxin 17 (STX17) and the homotypic fusion and protein sorting (HOPS) complex. The 

STX17 complex, which comprises of STX17, synaptosomal-associated protein 29 

(SNAP29), and vesicle-associated membrane protein 8 (VAMP8), is recruited to the 

membranes of autophagosomes along with the HOPS complex that consists of six 

members of the vacuolar protein sorting (Vps) family. HOPS interacts with the STX17 

complex and other SNARES facilitating the assembly of the trans-SNARE complex that 

mediates the fusion of autophagosomes and lysosomes (Jiang et al. 2014, Itakura et al. 

2012).  
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Upon autolysosome formation, the outer limiting membrane of the autophagosome 

fuses with the limiting membrane of the lysosome, whereas the inner autophagosomal 

membrane as well as the secluded material are degraded by the lysosomal hydrolases 

(Pyo et al. 2012). The digested products are transported back into the cytoplasm 

where they can be used for metabolic processes, after which the autolysosome may be 

used to generate new lysosomes (Yu et al. 2010).  

 

2.1.3 Autolysosomal Clearance: Autophagic Lysosome Reformation (ALR) 

2.1.3.1 An Introduction to the Lysosome 

 
The terminal organelle of the endocytic pathway and the major digestive organelle of 

the mammalian cells is the lysosome (de Duve et al. 1955). The lysosome is not only 

responsible for the degradation of the autophagosomal contents, but is also involved 

in endocytosis, renewal of the plasma membrane (PM), cell death, and signal 

transduction, among other things. The acidic environment of the lysosomes (pH 4.5-

5.0) confers the optimal pH for the dozens of hydrolases responsible for the digestion 

of the incoming contents. The pH of the lysosome is kept at low levels by the action of 

the vacuolar-type H+-ATPase (Mindell 2012, Shen and Mizushima 2014). 

 
Lysosomes are lined by a single membrane that is rich on heavily glycosylated 

membrane proteins, with their glycosylated luminal domains lining the inner surface of 

the limiting membrane. Lysosome-associated membrane proteins 1 and 2 (LAMP1 and 

LAMP2) are heavily glycosylated type 1 transmembrane proteins. They are the most 

abundant proteins found on the lysosome membrane, constituting up to 50% of all 

lysosomal membrane proteins. The presence of LAMP proteins is considered 

characteristic for the lysosomal and late endosomal compartments. The glycocalyx 

formed by the LAMPs on the luminal side of the limiting membrane protects the 

membrane and thus the cytosol from the luminal lysosomal hydrolases (Eskelinen 

2006, Eskelinen et al. 2003).  

 

The lysosome is a dynamic organelle.  De novo synthesized lysosomal hydrolases and 

membrane proteins are transported from the ER via the trans—Golgi network (TGN) to 
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the lysosomes. Most soluble lysosomal enzymes are transported in a mannose-6-

phosphate receptor (M6PR) –dependent manner, whereas the lysosomal membrane 

proteins utilize zip codes in their cytosolic tails for lysosomal targeting.  Moreover, 

damaged lysosomes are degraded by lysophagy, a form of selective autophagy 

(Settembre et al. 2013, Coutinho et al. 2012, Hung et al. 2013). 

 

In 2010, Yu et al. introduced a novel lysosomal biosynthetic pathway termed 

autophagic lysosome reformation (ALR), which takes place under prolonged glutamine 

and serum starvation. After 4 h starvation, lysosomes were observed to decrease in 

number due to fusion to fewer and larger autolysosomes. However, after 12 h 

starvation the lysosomal number and size were recovered. This led to the discovery of 

the ALR pathway, where new lysosomes are generated from autolysosomes by 

budding of tubular proto-lysosomes that finally separate and form new lysosomes (Yu 

et al. 2010). 

 

2.1.3.2 Autophagic Lysosome Reformation   

 
After the transport of the degraded products from the autolysosomes into the cytosol, 

the ultimate stages of autophagy consist of autolysosomal clearance and lysosome 

reformation. During starvation, all lysosomes may fuse to larger and fewer 

autolysosomes to promote digestion, concurrently producing an imbalance in 

lysosome homeostasis. However, after a prolonged, 12 h starvation the number and 

size of lysosomes recovers to the initial state, permitting further degradation by 

autophagy (Yu et al. 2010). The regeneration of lysosomes occurs through a process 

called the autophagic lysosome reformation, ALR, which involves the budding of 

lysosomes from autolysosomes (fig. 5). ALR is a key factor in autolysosomal clearance 

and in the recovery of lysosome homeostasis. Morphologically, accumulation of large, 

cytosol-containing structures may indicate a defect in the ALR pathway (Yu et al. 2010). 

 

In ALR, tubular LAMP1 and LAMP2-positive structures emerge from autolysosomes. 

These structures are best visible after prolonged starvation, but are also present in 

nutrient rich conditions (Yu et al. 2010, Munson et al. 2015). These extensions are 
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called reformation tubules, from which proto-lysosomes, and ultimately lysosomes, 

are formed. Reformation tubules transmit lysosomal components from the 

autolysosomes to the newly forming lysosomes. They are long and dynamic, and 

extend along microtubules. Nocodazole, a microtubule depolymerizing agent, impedes 

the formation of reformation tubules suggesting a role for the cytoskeleton in ALR (Yu 

et al. 2010).  

 
 
Fig. 5. Autophagic lysosome reformation, ALR. (A) ALR is tightly controlled. Starvation inhibits mTORC1, 
a regulator of cellular growth, thus increasing autophagic degradation, and the recycling of nutrients 
back into the cytosol. This reactivates mTOR kinase (a component in mTORC1) to hinder autophagy and 
to initiate ALR. (B) The generation of novel lysosomes from autolysosomes begins with the protrusion of 
LAMP1 and 2 positive reformation tubules that mature to fully functional lysosomes via a proto-
lysosome step. The details of the maturation process remain unknown. Adapted from Yu et al. 2010.  
 
 
 
 

Proto-lysosomes separate from the tips of the reformation tubules. Reformation 

tubules as well as proto-lysosomes are non-acidic, LAMP1 and 2 positive, and lack 

autolysosomal luminal contents such as hydrolases and autophagosomal membrane 

proteins including LC3. Proto-lysosomes mature to lysosomes in a yet unknown fashion 

(Yu et al. 2010). The maturation process depends on protein synthesis, as the use of 
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cycloheximide, a protein synthesis inhibitor, blocks it. Furthermore, the maturation of 

proto-lysosomes from non-acidic, degradation defective vesicles to acidic, functional 

lysosomes involves acquisition of lysosomal components by lysosomal cargo sorting. 

Adapter proteins (AP), namely AP4, identify and bind to lysosomal proteins via sorting 

signals in their cytosolic tails, and target them to proto-lysosomes. AP4 was found to 

interact with LAMP1 but not LC3, and its deletion caused a defect in the clearance of 

autolysosomes (Chen and Yu 2013). 

 

2.1.3.3 Autophagic Lysosome Reformation is Mediated by Multiple Factors 

 
ALR takes place after prolonged amino acid depletion and is also thought to occur in 

full medium conditions (Yu et al. 2010, Munson et al. 2015). In long term starvation 

ALR is coupled to the concurrent cessation of autophagy and reactivation of mTORC1. 

One component of the mTORC1 is the kinase mTOR that upon activation induces cell 

growth. mTORC1 may be activated by amino acids derived from the autolysosomal 

degradation products.  mTORC1 activity is essential to ALR, as blocking of mTORC1 by 

an inhibitor, rapamycin, as well as by siRNA silencing, causes accumulation large 

autolysosomes that persist after 12h of starvation (Yu et al. 2010). 

 

Lysosomal degradation capacity and transport of the degraded products back into the 

cytosol are also important for ALR. The use of pepstatin A, a protease inhibitor, blocks 

mTOR reactivation and ALR (Yu et al. 2010). In addition, in mammalian cells the 

knockdown of Spinster, a lysosomal efflux protein that transports sugars, caused 

accumulation of large lysosomes, late endosomes, and autolysosomes containing 

undigested cytosol. Moreover, mTOR activation and lysosomal degradation capacity 

were found to be impaired in Spinster depleted cells. However, reactivation of mTOR 

by addition of sugar in Spinster knockdown cells initiated ALR, indicating mTOR 

reactivation to be necessary and sufficient for ALR (Rong et al. 2011).  

 

ALR involves the highly coordinated regulation of membrane dynamics, and a few 

proteins involved in vesicular trafficking have also been implicated in ALR. Clathrin, a 

common mediator of vesicle budding, mediates several stages of ALR. Clathrin 
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depletion results in large autolysosomes and defective autolysosomal clearance. It is 

thought that locally concentrated phosphatidylinositol 4,5-bisphosphate PI(4,5)P2 on 

the autolysosomal membrane recruits the adapter protein AP2, which in turn recruits 

clathrin to initiate generation of reformation tubules via budding (Rong et al. 2012). 

PI(4,5)P2 is formed by the action of phosphatidylinositol 4-phosphate 5-kinase (PIP5K), 

and the appropriate function of PIP5K1B and PIP5K1A is essential for ALR, as their 

knockdown caused inhibition of ALR and defective lysosome reformation (Rong et al. 

2012).  

 

PI(4,5)P2 is also found at the tips of reformation tubules (Rong et al. 2012). Moreover, 

the scission of reformation tubules is thought to be regulated by a complex network 

involving mTORC1, a phosphorylated form of the UV radiation resistance-associated 

gene product (UVRAG), Vps34, as well as the generation of PtdIns(3)P on lysosomes 

(Munson et al. 2015, Yu et al. 2010). 

 

2.1.4 Regulation of Autophagy 

2.1.4.1 Autophagy is Regulated by Various Signals 

 
Autophagy is tightly regulated by a complex signalling network that includes direct and 

indirect stimuli from a variety of metabolic stresses from the macro- and 

microenvironment. The downstream signalling and coordination of the regulatory 

proteins form feedback loops that are essential in the maintenance of cellular 

homeostasis (Pyo et al. 2012, Glick et al. 2010). 

 

Autophagy is induced by many cellular stress factors including low levels of nutrients 

such as amino acids and monosaccharides, growth factor deprivation, DNA damage, 

reactive oxygen species (ROS) produced by mitochondria, hypoxia, pathogens, 

damaged cellular organelles, and protein aggregates. Under no such conditions, for 

example in full culture medium, autophagy is attenuated to a basal autophagy level, 

where its major role is to sustain cellular homeostasis (Ao et al. 2014). 
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Autophagy regulators can be roughly divided into mTOR-dependent and –independent 

stimuli. The mTOR kinase senses cues related to the nutritional and energy levels of 

the cell and accordingly activates or inhibits autophagy to correspond to the cell’s 

needs. mTOR is active under nutrient rich conditions together with basal autophagy. 

Activated mTOR promotes cell growth by inducing ribosomal protein expression and 

incrementing protein translation, while repressing autophagy. The mTOR-dependent 

autophagy-regulating pathway is conserved from yeast to mammals, and it is one of 

the key regulators of autophagic activity (Jung et al. 2010, Glick et al. 2010). The 

regulation of autophagy mediated by mTOR is further discussed in section 2.1.4.2.  

 

There are several pathways involved in the regulation of autophagy which bypass 

mTOR. An example is the inositol monophosphatase (IMPase) pathway, where the 

inhibition of IMPase by lithium decreases free inositol and inositol (1,4,5)-

trisphosphate levels, resulting in enhanced autophagy (Sarkar et al. 2005). The IMPase 

pathway is mediated by cyclic AMP (cAMP) and intracellular levels of calcium (Bento et 

al. 2013). Furthermore, diminished calcium flux from the ER to the mitochondria leads 

to upregulated AMPK activity, inducing autophagy (Cardenas et al. 2010).    

 

2.1.4.2 Autophagy Regulation Mediated by the Mammalian Target of Rapamycin 

(mTOR) Kinase  

 
Proteins that sense nutrient and energy levels are the strongest regulators of 

autophagy. The mammalian target of rapamycin, mTOR, is a serine/threonine kinase 

that mediates cellular growth and metabolism according to nutrient availability, 

growth factors, and cellular energy level (Dennis et al. 2001). mTOR is also the chief 

regulator of autophagy, interconnecting multiple signals to control the cellular 

anabolic and catabolic pathways (fig. 6). Moreover, its activity is directly coupled to the 

cessation of autophagy, and vice versa. mTOR functions in two distinct complexes 

termed mTOR complex 1 and 2 (mTORC1 and 2). mTORC1 and 2 share common 

proteins, but also include others specific to each of the complexes. mTORC1 and 2 

function in different downstream pathways due to their specific substrate preferences 

(Jung et al. 2010, Kim and Guan 2015). 
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mTORC1 promotes cell growth and proliferation by directly inhibiting the ULK1/2 

complex (Nazio et al. 2013), which mediates the formation of phagophores as 

described in section 2.1.2.1. In addition, the interaction of mTORC1 with ULK1 impedes 

the activation of ULK1 (Kim et al. 2011). mTORC1 is directly activated by the Ras 

homolog enriched in brain (Rheb) GTPase on the lysosomal membrane. There, 

mTORC1 deactivates the transcription factor EB (TFEB) by phosphorylation, preventing 

its localization to the nucleus and leading to suppression of the transcription of 

lysosomal and autophagy genes. The activated, dephosphorylated TFEB translocates 

from the cytoplasm to the nucleus, where it upregulates the expression of lysosomal 

and autophagy related genes (Betz and Hall 2013, Kim and Guan 2015, Settembre et al. 

2013). 

 

mTORC1 is inhibited by factors such as nutrient deprivation, hypoxia, and reagents that 

directly repress its function, such as rapamycin (Bento et al. 2013, Kim and Guan 2015). 

Inhibition of mTORC1 results in the phosphorylation of ULK1/2 by AMPK. The 

phosphorylated ULK1/2 further phosphorylate Atg13 and Fip200, activating the Vps34 

complex and the induction of phagophore generation (see section 2.1.2.1) (Jung et al. 

2009). 

 

mTORC1 has many upstream regulators including the AMP-activated protein kinase 

(AMPK), growth factor/protein kinase B (PKB) signalling pathway,  and the tuberous 

sclerosis tumour suppressor complex (TSC1/2). The growth factor/PKB pathway 

involves a growth factor, like insulin, which activates the receptor tyrosine kinase (RTK) 

that further induces the protein kinase B signalling route (Kim and Guan 2015). 

Activated PKB inhibits TSC1/2 by phosphorylation, leading to the activation of mTORC1 

(Inoki et al. 2002, Inoki et al. 2003). However, low nutrient and energy levels as well as 

other cellular stress factors activate TSC1/2, subsequently repressing mTORC1 

function. AMPK is activated by a high AMP:ATP ratio. AMPK prevents mTOR through 

the TSC1/2 complex, and it is also an allosteric inhibitor of mTORC1 in its activated 

form (Inoki et al. 2003). In addition, AMPK activates the Vps34 complex, which is 

responsible for phagophore nucleation (see section 2.1.2.1) (Kim et al. 2013). 
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The mTORC2 complex mediates cell survival and cytoskeletal organization (Zinzalla et 

al. 2011) and is involved in glucose and lipid metabolism (Hagiwara et al. 2012). In 

addition, mTORC2 is thought to be involved in the maintenance of autophagosome 

precursor formation (Renna et al. 2013). The activity of mTORC2 is controlled by 

various stress factors. For example, it is inhibited by oxidative and ER stress (Chen et al. 

2011, Muders et al. 2009), and activated by hypoxia (Li et al. 2007). Rapamycin, an 

allosteric inhibitor of mTORC1, does not directly affect mTORC2 but may have long-

term indirect effects on mTORC2 function (Sarbassov et al. 2006). Furthermore, 

mTORC2 is regulated by the growth factor/protein kinase B signalling axis. PKB is 

thought to enhance the interaction of mTORC2 with ribosomes, thus activating 

mTORC2 (Zinzalla et al. 2011).  

 

 

 
Fig. 6. mTORC1 regulation of autophagy. Growth factors and nutrients activate mTORC1, leading to 
deactivation of autophagy via several pathways. First, the master regulator of autophagy related genes, 
TFEB, is downregulated.  Second, mTORC1 inhibits the ULK and Vps34 complexes to suppress 
autophagosome formation. In addition, accessory regulatory proteins BIF1, AMBRA1, and UVRAG, which 
promote autophagy, are repressed. Extrinsic stress factors such as rapamycin, hypoxia, and starvation 
block mTORC1 function, allowing autophagy induction. Modified from Kim and Guan (2015) and 
Salmond and Zamoyska (2011). 
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Arias et al. (2015) demonstrated mTORC2 to function in chaperone-mediated 

autophagy (CMA). CMA was found to be endogenously activated by Pleckstrin 

homology (PH) domain and leucine-rich repeat protein phosphatase 1 (PHLPP1) and 

inhibited by mTORC2. PHLPP1 and mTORC2 either dephosphorylate or phosphorylate 

PKB, respectively, at the membrane of the subset of lysosomes that mediate CMA.  It is 

thought that mTORC2 and the phosphorylated PKB maintain CMA at a basal level by 

inhibiting the formation of the CMA translocation complex via phosphorylation of the 

glial fibrillary acidic protein (GFAP). Upon stress conditions PHLPP1 is recruited to the 

lysosomal membrane to activate CMA (Arias et al. 2015).  

 

2.1.5 Non-canonical Autophagy 

 
In addition to the conventional autophagy described in section 2.1.2, which is 

regulated by the Vps34 and ULK complexes as well as the Atg12-Atg5 and LC3-PE 

conjugation systems, additional forms of autophagic routes exist that bypass these 

putatively fundamental protein machineries. These non-canonical autophagic 

pathways function under certain stress conditions, and vary the mechanism of 

phagophore formation and elongation by circumventing single or several proteins 

required in canonical autophagy (Codogno et al. 2011).  

 

One unconventional autophagic pathway bypasses Beclin-1, a component of the Vps34 

complex. Beclin-1 independent autophagy has been observed to occur in cells treated 

with pro-apoptotic reagents, such as 1‑methyl‑4-phenylpyridinium (MPP+), a 

neurotoxin associated with neuronal cell death, resveratrol, which is implicated in 

tumour cell death, dizocilpine or MK801, affecting neurotransmission, and etoposide, a 

DNA damaging agent (Zhu et al. 2007, Scarlatti et al. 2008, Grishchuk et al. 2011). In 

addition to pro-apoptotic stresses, Beclin-1 independent autophagy is observed upon 

differentiation as well as bacterial toxin uptake, and can be stimulated by additional 

non-apoptotic reagents such as arsenic trioxide (Arsov et al. 2011, Mestre et al. 2010, 

Smith et al. 2010). Although these pathways function without Beclin-1, they are still 

dependent on many proteins present in canonical autophagy, such as the Atg12-Atg5 

and LC3-PE systems, and WIPIs (Codogno et al. 2011).  
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Another non-canonical autophagic pathway circumvents the need for the Atg12-Atg5 

and LC3-PE conjugation systems in the phagophore biogenesis phase. Usually, Atg5 

knockout cells lack autophagic compartments. However, upon treatment of Atg5 

depleted cells with etoposide, autophagosomes emerge especially in several 

embryonic tissues. In such cells, autophagosome formation is initiated in an Atg5-

independent pathway in an ULK1-dependent manner. Elongation and fusion of the 

phagophore are dependent on the action of the monomeric Rab9 GTPase that is 

involved in vesicle trafficking from the trans-Golgi and trans-Golgi network (TGN) to 

late endosomes. Forming phagophores elongate by fusion with Rab9-positive vesicles 

that are thought to derive from the trans-Golgi and TGN. The formed autophagosomes 

are double-membraned, and fuse to lysosomes for content degradation. This Rab9-

dependent autophagy has been observed in various cell lines, but it is fundamental in 

the maturation of erythrocytes, where it is used to digest mitochondria (Nishida et al. 

2009). 

 

Various additional pathways of non-canonical autophagy exist, and many more are 

presumably to be found. The molecular mechanisms of their functions remain to be 

elucidated. However, there is no doubt that the unconventional autophagy routes are 

important in differentiation and maturation processes, and may enable the 

development of drugs for pathological conditions where canonical autophagy is 

defective (Codogno et al. 2011).  

 

2.1.6 Selective Autophagy  

 
Autophagy was originally described as a bulk degradation process as electron 

microscope images showed autophagosomes to contain various cellular constituents 

including ER, mitochondria, and Golgi (Glick et al. 2010, Eskelinen et al. 2011). 

However, it is now accepted that autophagic degradation may also be selective. 

Autophagy has been observed to specifically sequester and degrade aggregates and 

misfolded proteins, peroxisomes, mitochondria, bacteria and viruses, ER, as well as 

ribosomes, and these types of autophagy are termed aggrephagy, pexophagy, 

mitophagy, xenophagy, reticulophagy, and ribophagy, respectively (Pankiv et al. 2007, 
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Iwata et al. 2006, Okamoto et al. 2009, Thurston et al. 2009, Orvedahl et al. 2010, 

Bernales et al. 2006, Kraft et al. 2008).  

 

Selective autophagy is mediated by cargo receptors that bind to specific substrates as 

well as the inner surface of the phagophore allowing autophagosomal sequestration 

(fig. 7).  There are several cargo receptors including sequestosome1 (SQSTM1, also 

called p62), Nip-like protein X (NIX/BNIP3L), neighbour of Brca1 gene (NBR1), and 

nuclear dot protein 52 kDa (NDP52), that may function with several other molecular 

chaperones and interaction partners in substrate recognition and aggregate assembly 

(Bjorkoy et al. 2009, Ding et al. 2010, Lamark et al. 2009, Muhlinen et al. 2010). At the 

phagophore the cargo receptors associate with lipidated members of the Atg8 family 

(see section 2.1.2.2). Efficient selective autophagy is achieved by aggregation of the 

cargo receptor and/or substrate (Johansen and Lamark 2011). Apart from Nix-

dependent mitophagy, selective autophagy is often mediated by ubiquitin labelling of 

the cargo which is thought to act as a signal for the specific degradation of substrates 

(Johansen and Lamark 2011).   

 
 

SQSTM1 is a cargo receptor that has a ubiquitin-binding domain that recognises the 

substrates via their ubiquitin-labelling. SQSTM1 forms aggregates with the 

ubiquitinated cargo. Through its LC3-interacting region (LIR), SQSTM1 associates with 

LC3/GABARAP and recruits the phagophore to sequester the substrate (Pankiv et al. 

2007). Ubiquitin-SQSTM1-dependent autophagic degradation is observed for instance 

in the digestion of peroxisomes, where mono-ubiquitin is used as the signal for 

selective digestion (Kim et al. 2008). In addition, SQSTM1-dependent selective 

autophagy is fundamental in the digestion of misfolded proteins in basal autophagy 

(Johansen and Lamark 2011). Furthermore, the ubiquitinated cargo may also include 

other cellular contents such as soluble or aggregated proteins, mitochondria, and 

bacteria (Kim et al. 2008, Pankiv et al. 2007, Geisler et al. 2010, Thurston et al. 2009). 
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Fig. 7. Selective autophagy. (A) Selective autophagy is mediated by cargo receptors that bind to a 
substrate as well as to a member of the Atg8 family at the inner surface of the phagophore allowing 
sequestration by the forming autophagosome. (B) In ubiquitin-p62-dependent pexophagy the cargo 
receptor p62 recognises the mono-ubiquitinated peroxisomes and attaches them to the inner surface of 
the phagophore. (C) A mitochondrial membrane protein NIX mediates ubiquitin-independent 
mitophagy. Adapted from Johansen and Lamark 2011. 

 

  

Mitophagy, or the selective degradation of mitochondria, is important in the 

maturation of erythrocytes and in the removal of damaged mitochondria in skeletal 

muscle and the heart. Mitophagy has been observed to be mediated by several cellular 

machineries.  One pathway of mitochondrial clearance involves the Nip-like protein X 

(NIX/BNIP3L), a mitochondrial membrane protein that uses its LIR motif to recruit 

GABARAPL1 to the defective and depolarized mitochondria (Schweeners et al. 2007, 

Johansen and Lamark 2011). Another route involves the Parkin protein and is 

ubiquitin-dependent. The association of PTEN-induced kinase 1 (PINK1) with Parkin is 

required for the recruitment of Parkin to damaged mitochondrial membranes, where it 

mediates ubiquitination and autophagic degradation (Geisler et al. 2010).  
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2.2 Rab GTPases 

2.2.1 An Introduction to Rab GTPases 

 
The Ras superfamily comprises of Rab, Ras, Rho, ARF (ADP-ribosylation factor), and 

Ran subfamilies. The members of these families are typically 20-25 kDa of size, and are 

divided into their corresponding subfamilies according to function and sequence 

homology (Kelly et al. 2012). In the yeast S. cerevisiae the Rab GTPases are the largest 

subfamily (Garcia-Ranea and Valencia 1998). Rabs are ubiquitously expressed, and are 

found on all known membranes of the biosynthetic and endocytic pathway. Due to 

their essential role in membrane trafficking, various Rab GTPases are functionally 

redundant (Kelly et al. 2012). 

 

After the discovery of the first mammalian Rab GTPase (Touchot et al. 1987), Rabs 

have been identified as fundamental regulators of mammalian intracellular membrane 

trafficking, where they function in processes like vesicle docking, tethering, budding, 

and fusion. They also have roles in selecting cargo, in the assembly or shedding of coat 

components in membranes, as well as in vesicle motility (Barr and Lambright 2010, 

Kelly et al. 2012, Semerdijeva et al. 2008). 

 

Structurally Rabs are relatively conserved. There are three distinct regions that are 

typically involved in the Rab-effector protein interactions, which include the 

interswitch region, switch I, and switch II.  The latter two change their conformation 

depending on the bound guanine nucleotide (Pfeffer 2005). The Rab subfamilies also 

exhibit a high degree of sequence homology, with the exception of the C-termini, 

which are hypervariable and vary in residue length (27-43 residues) as well as in the 

design of the C-terminal cysteine motif box that exists in several forms (CXXX, CXC, CC, 

CCXX, or CCXXX, where X designates any other amino acid). The mechanism of Rabs’ 

specific targeting to membranes is still under debate, but it is thought to be influenced 

by factors such as the amino acid sequence of the C-terminus, prenylation of the C-

terminal cysteines, as well as their so-called SF/F region (Kelly et al. 2012, Erdman et al. 

2000). 
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2.2.2 The Rab GTPase Cycle 

 
Rab GTPases activate or inhibit cellular processes according to their own state in the 

so-called Rab cycle, where they alternate between the active GTP-bound and the 

inactive GDP-bound forms (fig. 8). The Rab cycle is operated by several accessory 

proteins that allow the adequate modification of Rabs, which is crucial for their proper 

functioning (Kelly et al. 2012). 

 

One group of these accessory proteins are Rab escort proteins (REPs), which associate 

with the newly synthesized GDP-bound Rabs in the cytoplasm (Alexandrov et al. 1994). 

In addition, REPs present Rabs to a geranylgeranyltransferase (GGTase II), an enzyme 

that post-translationally prenylates the C-terminal cysteine residues of Rabs.  GGTase II 

can only prenylate Rabs when they are associated with a REP. The complex formed by 

these three proteins is called a Rab•GGTase complex (Hutagalung and Novick 2011).  

 

 
Fig. 8. The Rab GTPase cycle. Rab escort proteins (REPs) bind to newly synthesized Rab proteins, and 
introduce them to geranylgeranyl transferases (GGTase II) that conjugate a lipid to the Rabs. On its 
target membrane Rab GTPases are activated by GDP-GTP exchange factors (GEFs), after which they 
associate with certain effector proteins to mediate downstream effects. Rab signalling is abolished upon 
the action of GTP-hydrolysis activating proteins (GAPs). The inactive Rabs bind to guanine-nucleotide-
dissociation inhibitors (GDIs) to form a stable complex in the cytosol until they are extracted by GDI 
dissociation factors (GDFs) and enter into a new cycle of Rab activation. Adapted from Hutagalung and 
Novick 2011. 
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The prenylation is crucial for the specific insertion of the Rab GTPases to intracellular 

membranes (Alexandrov et al. 1994). When Rabs have associated to their target 

membrane, they are activated by GDP-GTP exchange factors (GEFs) that interact with 

the switch region of Rabs facilitating GDP release and binding of cytosolic GTP. 

Subsequently, the active GTP-bound Rabs interact with additional effector proteins at 

the membrane to mediate their distinct effects (Barr and Lambright 2010). 

 

Rab GTPases are inhibited upon the action of GTP-hydrolysis activating proteins (GAPs) 

that induce Rabs to hydrolyse GTP to GDP, thus terminating the downstream effects. 

Further, the inactivated GDP-bound Rab is extracted from the membrane by a 

guanine-nucleotide-dissociation inhibitor (GDI), which forms a stabilising complex with 

the Rab GTPase in the cytosol. Rabs remain bound to the GDI-complex until GDI 

dissociation factor (GDF) dissociates the Rab from the GDI to allow new rounds of Rab 

activation to occur (Kelly et al. 2012, Hutagalung and Novick 2011). 

 

Rabs mediate distinct downstream effects according to the proteins with which they 

interact at the membrane. Interestingly, Rab5 has been shown to interact with over 20 

accessory proteins. Moreover, a single effector protein may interact with several Rabs 

at different or overlapping sites. The redundant functions of Rabs and their associating 

proteins might be important for the overall co-ordination and regulation of the cellular 

processes initiated by Rab activation (Kelly et al. 2012). 

 

2.2.3 Rab24 is Involved in Autophagy 

2.2.3.1 Rab24 GTPase 

 
Rab24 GTPase was first described by Olkkonen et al. in 1993. A PCR-based method was 

used to clone a full length cDNA of three previously unknown members of the Rab 

subfamily, one being Rab24. Among the Rab subfamily, mouse Rab24 is most closely 

related to Rab5, having a sequence identity of 48.8%, 48.4%, and 48.1% to canine 

Rab5a, human Rab5b, and human Rab5a, respectively (Olkkonen et al. 1993).  
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In cultured cells ectopically expressed myc-tagged Rab24 is predominantly found in the 

cytosol, whereas 10-20% reside in the perinuclear membranes (Erdman et al. 2000). In 

mouse tissues Rab24 is expressed ubiquitously, although its expression level was the 

highest in the brain, suggesting it may have important functions in neuronal cells 

(Olkkonen et al. 1993).  

 

Rab24 is a peculiar member of the Rab GTPase family as it possesses unique 

characteristics not found among other Rab GTPases. These are low intrinsic GTPase 

activity, unusual tyrosines located in the C-terminus, an unusual amino acid sequence 

in the nucleotide-binding domain, and a unique C-terminal cysteine motif box (Erdman 

et al. 2000, Ding et al. 2003). A study by Erdman et al. (2000) suggested Rab24 to bind 

poorly to the GDIs and be inefficiently prenylated. However, Behrends et al. (2010) 

found Rab24 to interact with both GDI1 and GDI2, and Ylä-Anttila et al. (2015) 

observed nearly 40% of overexpressed Rab24 to be prenylated.   

 

The low intrinsic GTPase activity of Rab24 could be conferred by a unique amino acid 

in its GTP binding motif at residue 67. In this position, Rab24 possesses a serine 

(Rab24-67S), whereas all the other known Rab GTPases contain a glutamine (67Q) 

(Erdman et al. 2000). The role of the unusual serine is further discussed in section 

2.2.3.4.  

 

There are three unusual tyrosines (Y172, Y196, and Y198) in the C-terminus of Rab24 

that are not found among other Rabs, and a tyrosine (Y17) in the nucleotide-binding 

domain, which is present only in Rab24 and Rab36. Y172 and Y17 have been shown to 

be phosphorylated in HEK293 cells. The phosphorylation of Y172 was suggested to be 

involved in the subcellular distribution of Rab24, whereas Y17 phosphorylation may be 

implicated in GTP hydrolysis (Ding et al. 2003). Furthermore, overexpressed Rab24, 

unlike other Rab GTPases tested, may be phosphorylated by Src-related tyrosine 

kinases in mammalian cells (Ding et al. 2003). 

 

The C-terminal cysteine motif box (see section 2.2.1) of Rab24 differs compared to all 

the other Rab GTPases. In Rab24, the two cysteines subjected to prenylation for 
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membrane association are followed by two consecutive histidines (H), forming an 

unusual CCHH cysteine motif not observed in other proteins of the Ras family (Erdman 

et al. 2000). There are contradictory results regarding the role of the unique cysteine 

motif box in the prenylation of Rab24, which are further discussed in section 2.2.3.5. 

 

In addition to the above mentioned peculiarities, Rab24 also contains five sequential 

arginine (R) residues in a region termed the Rho insert region in Rho, Rac and Cdc42 

subfamilies (Erdman et al. 2000). In human immunodeficiency virus (HIV) tet and rev 

proteins, a similar arginine-rich sequence mediates their nuclear translocation (Palmeri 

and Malim 1999). The exact role of these atypical arginines in Rab24 is still unclear. Of 

note, the group of Eeva-Liisa Eskelinen has shown that Rab24 cycles between the 

cytoplasm and the nucleus (Susanna Salmi, Master’s thesis 2010).  

 

2.2.3.2 Rab24 and Autophagy  

 
Rab24 has been suggested to function in autophagy ever since its discovery in 1993 by 

Olkkonen et al., although its function then was unknown. Later, Rab24 was observed 

to localise throughout the cytoplasm with more intensive staining found on reticular 

structures in the perinuclear area, especially on one side of the nucleus (Erdman et al. 

2000, Munafo and Colombo 2002). Munafo and Colombo (2002) showed Rab24 to 

rearrange into larger ring-shaped vesicular structures upon serum and amino acid 

starvation, in a similar manner to LC3 (Mizushima et al. 2001), further suggesting a 

possible role for Rab24 in autophagy. Moreover, Rab24-S67L, a mutant deficient in 

nucleotide binding, did not show such a cellular relocalization upon amino acid 

depletion, indicating the nucleotide binding of Rab24 to be essential in its 

rearrangements upon starvation (fig. 9) (Munafo and Colombo 2002). In addition, 

Rab24 was observed to colocalise with LC3 as well as with markers of the ER, cis-Golgi, 

and ER-Golgi intermediate compartment (ERGIC). ERGIC markers included Rab2 and 

Rab1 (Olkkonen et al. 1993, Munafo and Colombo 2002). 

 

An extensive study by Ylä-Anttila et al. (2015) confirmed Rab24 GTPase to function in 

autophagy. Electron microscope images showed Rab24 to reside on the inner and 
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outer limiting membranes of autophagosomes, and fluorescence microscopy 

demonstrated 60% of the LC3-positive vesicles to be positive for Rab24 in both non-

starved and starved cells (Ylä-Anttila et al. 2015). 

 

 
Fig. 9. GFP-Rab24 wild type (WT) and S67L mutant overexpressed in CHO cells. WT Rab24 is dispersed 
throughout the cytoplasm in minimal essential medium, whereas after a 3 h starvation it forms larger, 
circular structures. A Rab24-S67L mutant does not rearrange upon starvation like WT Rab24. The scale 
bar represents 6 µm. Reprinted from Munafo and Colombo 2002. 
 

 

 

In addition, Ylä-Anttila et al. (2015) showed Rab24 to be dispensable for 

autophagosome formation, as immature and degradative autophagic vacuoles were 

observed in Rab24 silenced cells (fig. 10). Furthermore, quantitative analysis showed 

that the number of autophagic compartments was equal in Rab24 siRNA and control 

siRNA transfected cells after a 2 h starvation with or without a 2 h chase in full 

medium. However, in complete medium the amount of autophagic compartments in 

Rab24 depleted cells was four times higher compared to control siRNA cells (fig. 10). 

Moreover, the amount of Huntingtin (Htt) aggregates, which are known to be 

degraded predominantly by autophagy, was higher in Rab24 silenced cells than in 

control cells. Thus, Rab24 was indicated to have a role in basal autophagy, and was 

shown not to be essential in the formation or clearance of autophagic vacuoles that 

form upon short term serum and amino acid depletion (Ylä-Anttila et al. 2015).   

 

Ylä-Anttila et al. (2015) suggested Rab24 to have a role in the late stages of autophagy. 

Control siRNA and Rab24 siRNA transfected HeLa cells were incubated with and 
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without Bafilomycin A, an inhibitor of the lysosomal vacuolar-type H+-ATPase that 

prevents the acidification of the lysosomes and thus autophagic degradation. Analysis 

with transmission electron microscopy revealed that without Bafilomycin A treatment, 

Rab24 siRNA transfected cells contained fourfold more degradative autophagic 

compartments than control cells in full culture medium. After treatment of these cells 

with Bafilomycin A the difference between control and Rab24 silenced cells 

disappeared, showing that the difference observed in samples not treated with 

Bafilomycin A was due to reduced clearance and not increased formation of 

autophagic vacuoles (Ylä-Anttila et al. 2015).  

 

 

 
Fig. 10. A quantitative electron microscopy analysis of autophagic compartments in Rab24 siRNA and 
control siRNA transfected HeLa cells showing a fourfold increase in the number of autophagic vacuoles 
in Rab24 silenced cells in full medium. The cells were incubated in different media prior to fixation: FCS 
– full medium; EBSS – serum and amino acid free medium for 2 h; EBSS-FCS – serum and amino acid free 
medium for 2 h, then chase in full medium for 2 h. AC – autophagic compartment; ACd – degradative 
autophagic compartment; ACi – immature autophagic compartment. Modified from Ylä-Anttila et al. 
2015. 

 

 

Further, the accumulating autophagic vacuoles in Rab24 silenced cells were confirmed 

to be acidic with the use of the tandem fluorescent-tagged mRFP-GFP-LC3 (Ylä-Anttila 

et al. 2015), which is a reporter protein established for monitoring autophagosome 

maturation and acidity (Kimura et al. 2007). Both GFP and mRFP fluoresce at non-

acidic conditions, when the autophagosome is immature. However, upon 

autophagosome fusion with the endosomal and lysosomal compartment, the pH 

decreases leading to quenching of the GFP but not mRFP (fig. 11). Moreover, the 
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labelling intensity of the late endosomal, lysosomal, and autolysosomal protein LAMP1 

was higher in Rab24 silenced cells compared to control cells, which is in agreement 

with the accumulation of autolysosomes (Ylä-Anttila et al. 2015).  

 

Taken together, the results of Ylä-Anttila et al. (2015) indicated that the increase of 

autophagic compartments in full culture medium was due to defects in late stages of 

autophagy. However, as the effect of Rab24 depletion on autophagic flux was minimal, 

Rab24 was suggested to function under basal conditions in the clearance of 

degradative, LAMP1 positive autophagic compartments, in which the degradation had 

already been initiated (Ylä-Anttila et al. 2015). 

 

 

 
Fig. 11. The tandem fluorescent-tagged mRFP-GFP-LC3 reporter protein. (A) A schematic structure of the 
mRFP-GFP-LC3 construct. (B) Lipidated mRFP-GFP-LC3 associates with the inner and outer membranes 
of the growing phagophore and autophagosome. In non-acidic conditions both proteins fluoresce. 
However, upon autophagosome fusion with the lysosome the pH of the autolysosome drops, which 
quenches the GFP fluorescence. In addition, upon autolysosome formation the mRFP-GFP-LC3 residing 
on the outer limiting membrane of the autolysosome is delipidated in an Atg4-dependent manner. Thus, 
neutral autophagosomes show both GFP and mRFP fluorescence, while acidic autolysosomes show only 
mRFP fluorescence. Modified from Kimura et al. 2007. 

 

 

2.2.3.3 The Recruitment of Rab24 to Membranes Depends on Prenylation and GTP 

Binding but Less on Tyrosine Phosphorylation 

 

Ylä-Anttila et al. (2015) showed the recruitment of Rab24 to autophagosomes to 

depend on guanine nucleotide binding and prenylation, but less on tyrosine 
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phosphorylation. Rab24-S67L, a mutant deficient in GTP binding, did not colocalise 

with LC3-positive vesicles (Munafo and Colombo 2002, Ylä-Anttila et al. 2015). 

 

Experiments using prenylation competent and deficient Rab24 mutants showed that 

prenylation is essential for the targeting of Rab24 to autophagosomal membranes. 

Mutants favourably or adversely affecting prenylation were created by modifying the 

C-terminal cysteines and their adjacent residues. Prenylation competent Rab24 

mutants colocalised with LC3 both in full medium and starvation conditions, and they 

localised in the perinuclear region similarly to the WT Rab24 in full medium. However, 

prenylation deficient Rab24 mutants were dispersed throughout the cytoplasm and did 

not localise to membranous structures in either condition (Ylä-Anttila et al. 2015). 

 

The effect of the two phosphorylated tyrosine residues (Y17, Y172) on the localisation 

of Rab24 on autophagosomal membranes was investigated using mutants with either 

one or both of the tyrosine residues mutated to phenylalanine (F). Mutants deficient in 

tyrosine phosphorylation showed only a slight decrease in perinuclear localisation, 

colocalization with LC3, and prenylation compared to WT Rab24, suggesting 

phosphorylation to be dispensable for Rab24 targeting to autophagosomes (Ylä-Anttila 

et al. 2015).  

 

2.2.3.4 The Low Intrinsic GTPase Activity of Rab24 

 
Rab24 has been suggested to have a low intrinsic GTPase activity compared to other 

Rabs. This characteristic was proposed to be conferred by two unique amino acids in 

its sequence. The first of these unusual amino acids is a serine (S) at position 67, where 

all the other members of the Rab family possess a glutamine (Q) (Erdman et al. 2000). 

Interestingly, the corresponding Q is known to be essential in GTP hydrolysis in H-Ras, 

a regulator of cell division (Der et al. 1986). The second atypical residue is at position 

120, where a consensus asparagine (N) is replaced by a threonine (T) (Erdman et al. 

2000). This N120T exchange falls into the highly conserved NKXD motif, which is known 

to be part of the guanine nucleotide-binding pocket in the majority of Ras-related 

GTPases, including Ha-Ras (Zhong et al. 1995). 
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The effect of the S67 on the GTPase activity of Rab24 was investigated by Erdman et al. 

(2000) by using radiolabelled [32P]orthophosphate. Rab1B was used as a control, as it is 

found principally in the GDP state (Overmeyer et al. 1998), whereas Rab24 is 

predominantly bound to GTP. The study confirmed the majority of Rab1B to be 

associated with GDP, whereas GTP was the principal guanine nucleotide attached to 

Rab24. Further, a Rab24-S67Q mutant was used to determine whether the intrinsic 

GTPase activity was recovered. The Rab24-S67Q mutant’s [32P]GDP to [32P]GTP ratio 

was high compared to WT Rab24, suggesting that the S67 confers Rab24 its intrinsically 

low GTPase activity (Erdman et al. 2000). In addition, reports of Q67S mutations of 

other Ras-like proteins have reaffirmed the key role of this amino acid in the hydrolysis 

of GTP. These mutations were shown to disturb the proteins’ association with the Rho-

GTPase-activating protein and to reduce their intrinsic GTPase activity (Brondyk et al. 

1993). In addition, Q67L mutants are widely used as constitutively active Rabs in cell 

biology research, confirming the role of amino acid 67 in GTP hydrolysis of Rab 

proteins (Ao et al. 2014, Langemeyer et al. 2014). 

 

2.2.3.5 Prenylation of Rab24  

 
Erdman et al. (2000) performed various experiments to examine the prenylation of 

Rab24. They compared the prenylation of Rab24 and Rab1B by monitoring the 

incorporation of [3H]geranylgeranyl moiety and an isoprenoid precursor [3H]MVA 

(mevalonolactone) to transiently expressed Myc-tagged proteins in HEK293 cells. As a 

larger proportion of Rab1B was observed to be prenylated compared to Rab24, they 

concluded Rab24 to be inefficiently prenylated (Erdman et al. 2000).  

 

As mentioned above, Rab24 possesses a unique C-terminal CCHH cysteine motif not 

found in other Rabs. The influence of this unusual cysteine box on the prenylation of 

Rab24 was further investigated using mutant Rab24 and Rab1B, where the cysteine 

motif boxes had been mutated to CC and CCHH, respectively. Mutant Rab1B (+HH) 

showed substantial decrease in the incorporation of [3H]MVA compared with the WT 

Rab1B. However, deletion of the terminal histidines of Rab24 (∆HH) did not restore 

prenylation levels equivalent to that of WT Rab1B (Erdman et al. 2000).  
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A similar experiment was done by Ylä-Anttila et al. (2015), where they analysed the 

proportion of prenylated WT Rab24 by separating the lipidated and non-lipidated 

forms in a urea gradient SDS-PAGE and immunoblotting against Rab24. The study 

showed 40% of Myc-tagged transiently expressed WT Rab24 to be prenylated.  

 

In addition, the role of the C-terminal cysteine motif box on prenylation was 

investigated by engineering mutants favourable or unfavourable for lipidation. The 

two mutants favourable for prenylation had the two histidines (HH) of the cysteine 

motif box either mutated to serine and asparagine (HH  SN), mimicking the C-

terminus of Rab5, or completely deleted (∆HH). Mutants deficient in prenylation had 

the two cysteines (CC) mutated to serines (CC  SS) or deleted (∆CC). The proportion 

of prenylated protein was only slightly higher in prenylation favourable Rab24 mutants 

compared to WT Rab24. Mutation or deletion of the cysteines completely eliminated 

lipidation (Ylä-Anttila et al. 2015). 

 

Furthermore, Erdman et al. (2000) investigated the effect of the low GTPase activity of 

Rab24 to its’ prenylation by using variations of the GTPase active mutant, Rab24-S67Q 

(see section 2.2.3.4). Equivalent prenylation levels of the WT Rab24 and Rab24-S67Q 

mutant suggested Rab24 prenylation not to depend on its low GTPase activity.  In 

addition, a Rab24 mutant with a high GTPase activity and favourable for lipidation, 

Rab24-S67Q (∆HH), did not show a higher level of prenylation compared to WT Rab24 

(Erdman et al. 2000). 

 

Although the proportion of prenylated Rab24 was low compared to Rab1B, it does not 

necessarily imply prenylation to be of less importance to Rab24 function or localization 

than to other Rab GTPases. In fact, Ylä-Anttila et al. (2015) observed that a large 

proportion of WT Rab24 was prenylated, and that the prenylation was indispensable 

for Rab24 membrane and autophagosome targeting (see section 2.2.3.3).  
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2.2.3.6 The Association of Rab24 with GDI  

 
Guanine-nucleotide-dissociation inhibitor, GDI, mediates Rabs’ cycling between the 

cytosol and intracellular membranes (fig. 8) (Barr and Lambright 2010). It is known to 

complex preferably with GDP-bound, prenylated Rabs (Araki et al. 1990). As Rab24 

hydrolysed GTP more inefficiently than Rab1B, Erdman et al. (2000) examined its 

association with GDI. 

 

Myc-tagged Rab1B and Rab24 were independently co-expressed with FLAG-GDIα, and 

collected using anti-FLAG affinity beads. Western blotting showed that the precipitates 

contained only GDIα complexed to Rab1B, but not Rab24. Similar results were 

obtained when co-expressing Rab1B and Rab24 with FLAG-GDI2, a mammalian isoform 

of GDIβ (Erdman et al. 2000).  Erdman et al. (2000) also investigated endogenous 

Rab24 complexes by using gel filtration followed by Western blotting of the fractions. 

Rabs complexed with GDI are known to elute at approximately 70-80 kDa when 

purified by gel filtration chromatography. A small fraction of Rab24 was found eluted 

at 70 kDa, while the majority of the protein eluted at approximately 100-120 kDa. This 

suggested a small proportion of Rab24 to associate with GDIβ while the majority of the 

protein was complexed with other proteins (Erdman et al. 2000). However, analysis by 

Behrends et al. (2010) indicated Rab24 to coprecipitate with both GDI1 and GDI2. In 

this case, the coprecipitating proteins were identified using mass spectrometry 

(Behrends et al. 2010).  

  

2.2.3.7 Additional Functions of Rab24 and Rab24 Interacting Proteins  

 
In addition to autophagy, Rab24 has been implicated in the induction of neuronal 

differentiation, as suggested by the increased expression of Rab24 in post-mitotic 

neuronal cells (NT2N), induced to differentiate by extended retinoic acid treatment, 

compared to the undifferentiated human teratocarcinomaI cell line (Ntera2), that was 

used to generate the NT2N (Erdman et al. 2000). The overexpression of Rab24 and of 

other autophagic proteins advanced the prevalence of Coxiella-containing vacuoles 

after infection (Gutierrez et al. 2005), suggesting that Rab24 and autophagy are 
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needed for the formation of these vacuoles. Rab24 has also been suggested to be 

involved in nuclear trafficking (Maltese et al. 2002), although it’s detailed function is 

unknown. 

 

In rat cardiac myocytes, Rab24 may play a role in the degradation of aggregated 

proteins (Marambio et al. 2010). This is supported by the findings of Ylä-Anttila et al. 

(2015), showing that Rab24 silencing reduced the clearance of Huntingtin aggregates 

in HeLa cells. Moreover, a point mutation in the GTP binding area of Rab24 was 

recently shown to cause canine ataxia. The mutation may influence nucleotide binding. 

Further, late autophagic vacuoles were found to accumulate in axonal swellings in the 

cerebellar Purkinje neurons of the affected dogs (Agler et al. 2014). These results are in 

agreement with the observations of Ylä-Anttila et al. (2015), which indicated 

autolysosome clearance to be Rab24-dependent and its’ nucleotide binding to be 

important for membrane association. 

 

Interaction studies from different laboratories have reported several Rab24 interacting 

proteins. These include the Bicaudal-D-related protein 2 (BICDR2), a putative effector 

of Rab6 (Schlager et al. 2010), C-terminal-binding protein 1 (CtBP1), a transcriptional 

repressor implicated in cellular proliferation (Fukuda et al. 2008), and SNAP29, a 

SNARE protein functioning in synaptic transmission and in autophagosome-lysosome 

fusion together with SNX17 (Schardt et al. 2009). In addition, Behrends et al. (2010) 

found Rab24 to interact with N-ethylmaleimide sensitive fusion protein (NSF), an 

ATPase required for membrane fusion (Whiteheart et al. 1994), Golgi SNAP receptor 

complex member 1 (GOSR1), a SNARE protein, and plakophilin 1, a protein functioning 

in desmosomes. Furthermore, Rab24 was shown to bind to the tumour-suppressor Drs 

on the membrane of autophagosomes. In addition, Drs colocalised with Rab24 and LC3 

(Tambe et al. 2009). The interaction of Rab24 with some of the above mentioned 

proteins, for example SNAP29 and NSF, supports the presumption of Rab24 function in 

membrane fusion.  
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2.2.4 Other Rab GTPases in Autophagy 

 
As the main orchestrators of intracellular vesicle transport processes, it is no surprise 

that Rabs mediate various steps of the autophagic pathway. Rab1, Rab4, Rab5, Rab7, 

Rab9A, Rab11, Rab23, Rab32, and Rab33B have been proposed to have a role in 

autophagosome formation, whereas Rab7, Rab8B, and Rab22 may be needed for 

autophagosome maturation (Pyo et al. 2012, Ao et al. 2014). Rab9 was suggested to be 

involved in non-canonical autophagy (Nishida et al. 2009), and Rab24 was shown to be 

needed for the clearance of autolysosomes (Ylä-Anttila et al. 2015). Rab8A and Rab25 

have also been implicated in autophagy, but their roles remain undefined (Ao et al. 

2014). Selected Rab GTPases are introduced and their roles in autophagy are discussed 

below. The functions of other Rabs in autophagy are reviewed by Ao et al. (2014), 

Szatmari and Sass (2014), and Amaya et al. (2015). An encompassing summary of the 

different Rab GTPases and their proposed functions in autophagy is presented in table 

1. 

 

Rab7 GTPase is involved in multiple stages of autophagy. It participates in lysosome 

biogenesis, vesicle trafficking from early endosomes to late endosomes and lysosomes, 

and in the fusion of autophagosomes and lysosomes (Meresse et al. 1995, Gutierrez et 

al. 2004, Jager et al. 2004). The interaction of the UV radiation resistance-associated 

gene product (UVRAG) and C-Vps complex activates Rab7 and recruits 

autophagosomal components accelerating autophagosome maturation, whereas the 

RUN domain Beclin-1-interacting cysteine-rich-containing (Rubicon) protein directly 

suppresses autophagosome maturation by binding to Rab7 (Sun et al. 2010). The 

importance of Rab7 in the maturation of autophagosomes is supported by results 

showing that it is essential for autophagic flux (Hirota et al. 2013). 

 

Furthermore, Rab7 has been shown to be recruited to autophagosomal membranes in 

starvation induced autophagy (Gutierrez et al. 2004, Jager et al. 2004), and its 

dissociation from autophagosomes is a perquisite for ALR, the formation of lysosomes 

from autolysosomes (Yu et al. 2010). Moreover, Rab7 has been implicated to function 

in the formation of Coxiella and Group A streptococcus-containing autophagosome-like 
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vesicles, which mediate the transport of these intracellular pathogens to lysosomes for 

degradation (Beron et al. 2002, Yamaguchi et al. 2009). 

 

Rab9 localises to the membranes of late endosomes with Rab7. Rab9 functions in the 

transport of vesicles from late endosomes to the TGN, and plays a role in maintaining 

the integrity of lysosomes and late endosomes. Rab9 is indispensable in Atg5 and Atg7-

independent non-canonical autophagy, where it mediates the formation of 

autophagosomes from the TGN and late endosomal vesicles (Barbero et al. 2002, 

Nishida et al. 2009). 

 

The localisation and function of Rab11 varies between different cell lines. In Chinese 

hamster ovary (CHO) and baby hamster kidney (BHK) cells, Rab11 associates on the 

membranes of recycling endosomes localised in the perinuclear region, and is involved 

in transferrin recycling (Ullrich et al. 1996). However, in the K562 cell line, Rab11 

associates with multivesicular bodies (MVBs) that are exocytosed, and regulates the 

fusion of autophagosomes with MVBs (Savina et al. 2002).  Together with TBC1D14, a 

Rab GTPase GAP, Rab11 was shown to be involved in recycling endosome traffic and 

the transport of membranes from recycling endosomes to newly formed 

autophagosomes under amino acid deprived conditions (Longatti et al. 2012). 

 

The functions of Rab32 have mostly been investigated in melanocytes, and its roles in 

other tissues remain elusive. Rab32 has been indicated to be involved in constitutive 

autophagy. The presence of Rab32 on ER is essential for autophagosome formation. It 

also plays a key role in the degradation of ubiquitinated protein aggregates (Hirota and 

Tanaka 2009, Hirota et al. 2013). Rab32, as well as Rab7, are involved in the formation 

of autophagosomes in autophagy induced by intracellular pathogens (Seto et al. 2011). 

In mice, the functions of Rab32 are redundant with Rab38. Together they control the 

degree of melanocyte pigmentation, and manage the trafficking of tyrosinase related 

protein 1 and tyrosinase at the post-Golgi (Wasmeier et al. 2006). In Drosophila, Rab32 

regulates the degradation of fat body cells through autophagy (Wang et al. 2012).  
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Table 1. Rab GTPases in autophagy. Modified from Szatmari and Sass (2014) and Ao et 

al. (2014).   

Rab GTPase Role in Autophagy Reference 

 Rab1 

Phagophore assembly by                                         
regulating ATG9 localization,                                           
Regulation of TORC1 activity, 
Endoplasmic reticulum export 

Wang et al. (2013),  
Li et al. (2010),  

Zoppino et al. (2010) 

Rab4 Autophagosome formation Talaber et al. (2014) 

Rab5 
Regulation of PIK3C3-BECN1 complex,                     

Regulation of TORC1 activity 
Dou et al. (2013), 

Bridges et al. (2012) 

Rab7 

Transport of autophagosomes along 
microtubules,  

Autophagosome formation and maturation,                             
Autophagic lysosome reformation, 

Regulation of TORC1 activity 

Pankiv et al. (2010), 
Yamaguchi et al. (2009), 

Jager et al. (2004),  
Yu et al. (2010),  

Flinn et al. (2010)  

Rab8 
Autophagy-based secretion,                                    
Autophagosome maturation                                          

during antimicrobial autophagy 

Dupont et al. (2011),  
Pilli et al. (2012) 

Rab9 

Autophagosome maturation                                         
during antimicrobial autophagy,                                           

Autophagosome formation during ATG5- 
and ATG7-independent non-canonical 

autophagy 

Nozawa et al. (2012), 
Nishida et al. (2009) 

Rab11 

Providing recycling endosome-derived 
membrane source for autophagy,                                                   
Maturation of autophagosomes,                                

Regulation of TORC1 activity 

Puri et al. (2013), 
Szatmari et al. (2014),  

Li et al. (2010) 

Rab23 
Autophagosome formation,                                    

Transport to plasma membrane 
Hutagalung et al. (2011), 

Nozawa et al. (2012) 

Rab24 Clearance of autolysosomes Ylä-Anttila et al. (2015) 

Rab25 Unknown Liu et al. (2012) 

Rab32 Autophagosome formation Hirota et al. (2009) 

Rab33 Autophagosome formation and maturation 
Itoh et al. (2008),  
Itoh et al. (2011) 
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3 AIM OF THE STUDY 

 

Rab24 GTPase has been implicated in autolysosomal clearance, neuronal 

differentiation, and ataxia (Ylä-Anttila et al. 2015, Erdman et al. 2000, Agler et al. 

2014). The role of Rab24 in autophagy was further studied in this thesis by analysing 

HeLa cells stably expressing mRFP-GFP-LC3, which were transfected with Rab24 siRNA 

and control siRNA. The cells were immunolabelled with antibodies against LAMP1 and 

LAMP2 and analysed by fluorescence and confocal microscopy. An imaging software 

was utilized to measure the volumes of acidic and non-acidic autophagic 

compartments as well as LAMP1 and LAMP2-positive compartments. The objectives of 

the thesis were to  

 

1. Study the usability of the mRFP-GFP-LC3 construct in experiments aiming to clarify 

autolysosome clearance. 

2. Examine the effect of Rab24 depletion on autophagy in HeLa cells in full culture 

medium and upon different starvation periods. 
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4 MATERIALS AND METHODS 

4.1 Cell Culture 

 
HeLa cells stably expressing mRFP-GFP-LC3 (Kimura et al. 2007), provided by Tamotsu 

Yoshimori via David Rubinsztein (Osaka University, Japan and Cambridge Institute for 

Medical Research, UK), were cultured in 25 cm2 flasks (Cellstar, GBO, 690-170) in full 

medium comprising of Dulbecco's Modified Eagle Medium, (DMEM, Sigma D6546), 

10% Fetal Bovine Serum (FBS, Sigma F7524), 1% penicillin-streptomycin solution 

(Sigma P0781), and 1% L-glutamine (Sigma 67513). Geneticin (Sigma G8168) was 

added to 600 μg/ml to maintain selection for the tandem-fluorescent tagged LC3 

expression.  

 

mRFP-GFP-LC3 cells were subcultured every 2-3 days. The cells were washed with 

phosphate buffered saline, pH 7.1-7.5 (PBS, Sigma D8537) and detached from the 

culture flask using trypsin- ethylenediaminetetraacetic acid (trypsin-EDTA, SIGMA, 

T3924) and diluted 1:10 in the fresh full medium described above. The cells were 

grown at 37°C in 5% CO2.  

 

For siRNA transfection and immunoblotting, HeLa cells were grown in 3.5 cm cell 

culture dishes (Cellstar 627-160) with or without glass coverslips (thickness 1.5, 

Thermo Scientific D-38116) and grown to semi-confluency. A scheme of this thesis’ 

workflow is presented in figure 12.  

 

4.2 siRNA Transfection 

 
HeLa mRFP-GFP-LC3 cells were grown to semi-confluency as described above. One day 

after seeding the cells were silenced with Rab24 siRNA smart pool (Dharmacon, M-

008828-01-0005) or RISC-free siGENOME control siRNA (Thermo Scientific, D-001220-

01-05) using Dharmafect Transfection Reagent (Dharmacon T-2001-2402). For 

transfection, 10 µl of 20 µM Rab24 siRNA smart pool or control siRNA were mixed in an 

Eppendorf tube with 90 µl 1xsiRNA buffer (diluted to Milli-Q water, Dharmacon B-

002000-UB-100) and 100 µl of serum free DMEM (Sigma D6546). In another Eppendorf 
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tube, 6 µl of Dharmafect transfection reagent and 194 µl of serum free DMEM were 

mixed. Both tubes were first allowed to incubate for 5 min, before they were 

combined and incubated for 20 min at room temperature (RT). Medium was aspirated 

from cultured HeLa cells and replaced with fresh DMEM, to which the Rab24 siRNA or 

control siRNA-containing transfection solutions were added. For mock transfected cells 

the fresh DMEM was supplemented with a transfection reagent solution without 

siRNA. Transfection was allowed to commence for 72 h. Subsequently, silencing was 

confirmed with immunoblotting, and the cells were starved for different time periods 

prior to immunolabelling (see below).  

 

Fig. 12. A concise workflow chart of the experiments conducted. 

 

4.3 Detection of Rab24 and Tubulin by Immunoblotting 

4.3.1 Sample Preparation for Protein Measurement and SDS-PAGE  

 
Three days after siRNA transfection, the cells were scraped off the dishes and 

extracted for protein measurement and subsequent run on the SDS-PAGE gel. The cells 

of one 3.5 cm dish were first washed with cold PBS, pH 7.2 (136 mM NaCl, Riedel 

31434, 3 mM KCl, Riedel 31248, 5 mM Na2HPO4 x 2 H2O, J. T. Baker 0326, 1,5 mM 

KH2PO4, Merck4871, in milli-Q water, Media Kitchen, Institute of Biotechnology, 

University of Helsinki) and then scraped to an Eppendorf tube, and centrifuged at 500 

g for 5 min. The pellet was washed once with cold PBS, pH 7.2 (Media Kitchen) and 
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centrifuged as above. The cells were lysed with 50 µl of extraction buffer (2% nonyl 

phenoxypolyethoxylethanol (NP-40, Sigma I8896), 0.2% sodium dodecyl sulphate (SDS, 

BDH 442444H), 1 mM EDTA (Sigma E6758), 1x protease inhibitor cocktail (Roche 04-

693-132-001) in PBS, pH 7.2 (Media Kitchen) by letting the cells incubate on ice for 30 

min with the extraction buffer, and pipetting the cells up and down in the buffer prior 

to and after the incubation. Subsequently, the cells were centrifuged at 21 000 g for 5 

min, and the supernatant was saved for a protein concentration measurement. All 

steps were done on ice or at 4°C. 

 

4.3.2 Measuring Protein Concentration 

 
The supernatant obtained above was used to measure the total amount of proteins in 

each sample using the PierceTM BCA Protein Assay Kit (Thermo Scientific 23225). 

Dilutions for the standard curve were made from 2 mg/ml of bovine serum albumin 

stock (BSA, Bovogen Biologicals BSAS 0.1). Dilutions of 1:5-1:20 of each sample were 

made. BSA and samples were diluted to extraction buffer. For protein concentration 

measurement, 200 µl of BCA reagent was mixed with 10 µl of each sample, incubated 

for 30 min at 37°C and the absorbance was measured at 560 nm. The protein 

concentration of the samples was counted using the equation obtained from the 

standard curve.  

 

4.3.3 SDS-PAGE  

 

The samples were prepared for SDS-PAGE by addition of reducing Laemmli buffer and 

boiling at 95°C for 5 min. Triplicates of each sample containing equal amounts of total 

protein (15 µg/well) were loaded onto a 12,5% SDS-PAGE gel and run with Bio-Rad 

PowerPac Basic device  at 100 V for 15 min, then at 150 V for 60 min. PageRuler 

Protein Prestained Ladder (Life Technologies 26619, 5 µl) was used as a standard. 

Rab24 and tubulin band intensities were subsequently quantified with 

immunoblotting. 
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4.3.4 Immunoblotting 

 

The proteins from the SDS-PAGE were transferred to a nitrocellulose membrane 

(WhatmanProtran BA 83, 10-402-495) for detection with immunoblotting. The blot 

was run with Bio-Rad Mini-Protean Tetra Cell device at 250 mA for 90 min. 

Subsequently, the blot was blocked with blocking buffer (5% milk powder (Valio), 

0.05% Tween-20 (Sigma P1739) in 1x Tris-buffered saline, pH 7.4 (TBS, 25 mM Tris, ICN 

819638, 137 mM NaCl, Riedel 31434, 3 mM KCl, Riedel 31248, in Milli-Q water, Media 

Kitchen, Institute of Biotechnology, University of Helsinki) overnight at 4°C, after which 

3x5 min washes in 1x TBST, pH 7.4 (0.05% Tween-20 in TBS, pH 7.4, Media Kitchen) 

were done at room temperature with shaking. Rab24 and tubulin were detected with 

mouse anti-Rab24 (BD Biosciences 612174) and anti-tubulin (anti-β-tubulin E7, 

Developmental Studies Hybridoma Bank Iowa, IO, USA) primary antibodies with 

dilutions of 1:1000 and 1:1200 in blocking buffer, respectively. The amount of tubulin 

was detected for the normalization of Rab24 silencing efficiency in each condition. The 

primary antibodies were incubated for 1 h, after which the membrane was washed as 

above for 5x10 min. Goat anti-mouse IgG horseradish peroxidase (Jackson Immuno 

Research Laboratories, 115-035-003) was used as the secondary antibody with a 1:20 

000 dilution in blocking buffer. Incubation and washing were done as above. 

Immobilon Western chemiluminescent HRP Substrate Kit (Merck Millipore, 

WBKLS0500) was used to detect the secondary antibody. Equal volumes of the two 

HRP reagents were mixed and incubated on the blot for 3 min. The blot was imaged 

with UVP BioSpectrum 610 MultiSpectral Imaging System using enhanced 

chemiluminescence with ECL HighSens settings.  

 

4.3.5 Determining Silencing Efficiency 

 

The imaged blot was analyzed with ImageJ software (Schneider et al. 2012). 

Background intensity was subtracted from the Rab24 and tubulin band intensities, 

after which the intensities of the triplicate samples were averaged. The amount of 

Rab24 was normalized by dividing the band intensity of Rab24 with that of tubulin. 
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Silencing efficiency of Rab24 siRNA was obtained by dividing the normalized Rab24 

siRNA intensity by the normalized control siRNA intensity.  

 

4.4 Immunofluorescence Labelling 

 
After siRNA transfection and incubation for three days (see section 4.2), the cells were 

starved for 0, 2, 4, or 6 h using serum and amino acid free Earle's Balanced Salt 

Solution (EBSS, Gibco 24010-043). The medium of the non-starved cells (0 h EBSS) was 

changed to new full medium 6 h before fixation. After starvation the cells were fixed 

with 4% paraformaldehyde (PFA, Fluka 76240) in PBS, pH 7.2 (Media Kitchen) for 20 

min. Next, the cells were washed twice and permeabilised using 100% methanol at -

20°C for 2 min. Subsequent steps were done at room temperature. The cells were 

washed and the free aldehyde groups were blocked with 0.12% glycine (AppliChem 

P0B0A18) in PBS, pH 7.2 (Media Kitchen) for 10 min, after which the cells were again 

washed. Non-specific binding of antibodies was reduced by blocking the cells with 3% 

BSA in PBS, pH 7.2 (Media Kitchen) for 15 min. Late endosomal and lysosomal 

compartments were labelled with a mixture of LAMP1 (Developmental Studies 

Hybridoma Bank H4A3 mouse anti-human LAMP1) and LAMP2 (DSHB H4B4 mouse 

anti-human LAMP2) primary antibodies, with dilutions of 1:200 and 1:100 in 3% BSA, 

respectively. The primary antibodies were allowed to incubate for 1 h after which the 

cells were washed four times in PBS, pH 7.2 (Media Kitchen). AlexaFluor 647 

conjugated anti-mouse IgG (Invitrogen A21236, goat anti-mouse IgG H+L) was used as 

the secondary antibody for the detection of the LAMP1/2 stained organelles with a 

dilution of 1:100 in 3% BSA. The antibody was allowed to incubate for 1 h in the dark 

before washing the cells three times with PBS, pH 7.2 (Media Kitchen) and then twice 

with Milli-Q water. The coverslips were mounted to object glass slides using Mowiol 

(Calbiochem 475904), with 50 mg/ml 1,4-diazabicyclo[2.2.2]octane (DABCO, Sigma D-

2522) and 2 µg/ml 4',6-diamidino-2-phenylindole (DAPI, Pierce 62247) as antifading 

and DNA staining reagents, respectively. After mounting, the coverslips were allowed 

to set overnight in the dark and later transferred to +4°C.  
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4.5 Microscopy and Image Analysis 

4.5.1 Fluorescence Microscopy 

 
A wide-field Olympus Provis AX-70 fluorescent microscope equipped with a Retiga 

4000R digital camera (QImaging, British Columbia) was used to visualize the cellular 

localization of mRFP-GFP-LC3 as well as LAMP1/2 labelled compartments. The images 

taken with the fluorescent microscope (figs. 14-15 and 17-18) were edited with 

Photoshop C56 (Adobe).   

 

4.5.2 Confocal Microscopy 

 
LAMP1/2 labelled HeLa mRFP-GFP-LC3 cells were imaged with a Leica DM5000 

confocal microscope using the HCX APO 63x/1.30 Corr (glycerol) CS 21 objective. 12-bit 

images of 10-11 whole cells from each sample were taken using a z-stack of 0.25 µm 

thick optical sections with a line average of 4. Coverslip correction was done to each 

sample. Cellular organelles with mRFP-GFP-LC3 were visualised with DPSS 561 nm and 

OPSL 488 nm lasers for mRFP and GFP signal, respectively. HeNe 633 nm laser was 

used to detect LAMP1/2 stained organelles (with AlexaFluor647 as secondary 

antibody), and the UV diode 405 nm laser was used to visualize nuclei. Cells were 

imaged using sequential scanning with a QD 405/488/561/635 beam splitter.  

 

4.5.3 Analysis of the Confocal Microscope Images with Imaris 7.7.1 (Bitplane) 

 
The whole cell volume of 10-11 imaged cells from each condition were analyzed with 

Imaris 7.7.1 (Bitplane) in three dimensions. Single cells were masked using the Surfaces 

function by covering the volume and boarders of the cell. Unwanted cell volumes were 

manually discarded. The masked cell was remasked for red (LC3-containing organelles 

in non-acidic and acidic conditions), green (LC3-containing organelles in non-acidic 

conditions), and blue (LAMP1/2 labelled compartments) channels. Each of the masked 

red, green, and blue channels were used to detect the volume of the respective 

fluorescent signal with the Surfaces function, where local background subtraction-

setting was used. Included volumes from each fluorescent colour were manually 
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thresholded according to eye. The detected volumes of each channel were then 

masked with the voxels outside and inside of the surface set to 0.00 and 500, 

respectively. These masked masked channels of red, green and blue were colocalised 

with each other using the Coloc tool. Furthermore, the total volumes of each 

fluorescent signal as well as the volumes of colocalised green-red or red-blue channels 

were calculated.  

 

4.5.4 Statistical Testing 

 
The column graphs (figs. 16 and 19-22) represent mean cellular volumes of different 

fluorescence signals measured in two independent experiments with five to six cells 

from each condition per experiment (altogether 10-11 cells for each condition). Error 

bars represent standard error of mean (SEM). Statistical significances were tested with 

the two-tailed Student’s t-test assuming unequal variances. p>0.6663 for NS, 

0.07≤p<0.06 for ??, 0.06≤p<0.05 for ?, 0.05≤p<0.01 for *, 0.01≤p<0.005 for **, 

0.005≤p<0.001 for ***. 
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5 RESULTS 

5.1 Silencing of Rab24  

 
HeLa mRFP-GFP-LC3 cells were transfected with control siRNA or Rab24 siRNA to 

assess the influence of the small Rab24 GTPase on autophagosome maturation as well 

as autolysosomal clearance. Rab24 silencing was verified by quantifying the amount of 

Rab24 and tubulin bands (fig. 13) from immunoblots as described in Materials and 

Methods. The silencing of Rab24 was successful as indicated by the faint Rab24 bands 

in Rab24 siRNA cells compared to the strong Rab24 bands in control samples. The 

silencing efficiency was calculated to be 90–95% in both independent experiments. 

Mock cells were transfected with the Dharmafect reagent without siRNA, and they 

were used as reference to assess the effect of siRNA on Rab24 expression levels. As 

seen in fig. 13, the stronger Rab24 bands of the control siRNA cells compared to mock 

transfected cells suggest that siRNA transfection causes an increase in Rab24 protein 

levels.  

 

 
Fig. 13. An immunoblot showing triplicates of Rab24 and tubulin bands from mock, control siRNA, and 
Rab24 siRNA transfected HeLa cells.  
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5.2 LC3 Rearranges upon Starvation in Rab24 Depleted Cells 

 
LC3, a marker protein of the autophagic compartment, is dispersed throughout the 

cytoplasm if cells are kept in full culture medium, whereas when cells are incubated in 

serum and amino acid deprived medium LC3 forms larger, more coherent vesicular 

structures (Mizushima et al. 2001). The cellular rearrangement of LC3 upon amino acid 

depletion is considered to indicate starvation induced autophagy (Kabeya et al. 2000). 

 

The effect of Rab24 on the rearrangement of LC3 upon starvation was studied in HeLa 

mRFP-GFP-LC3 cells transfected with Rab24 siRNA or control siRNA.  In these cells, LC3 

is tandem-fluorescent tagged with green and red monomeric fluorescent proteins (GFP 

and mRFP), which can be used to visualise the acidification of autophagic 

compartments (see fig. 11).  

 

In full culture medium LC3 was mostly found dispersed in the cytosol in both control 

and Rab24 siRNA cells (fig. 14 panels A and B). Upon incubation in serum and amino 

acid deprived medium, EBSS, for 2-6 h (fig. 14 panels E and F, fig. 15), LC3 began to 

form bigger, circular structures. In addition, figures 14 and 15 demonstrate that upon 

amino acid deprivation LC3 fluorescent structures localised primarily in the perinuclear 

area, mostly on one side of the nucleus. These results suggest that Rab24 is 

dispensable for the starvation induced rearrangement of LC3 in HeLa cells. 
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Fig. 14. Wide field fluorescence microscope images of Rab24 siRNA and control siRNA transfected HeLa 
mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid depleted medium (EBSS) for 0 h 
(panels A-D) or 2 h (panels E and F). Panels C and D show higher magnifications of indicated boxed areas 
of non-silenced and silenced cells, respectively.   
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Fig. 15. Wide field fluorescence microscope images of control siRNA and Rab24 siRNA transfected HeLa 
mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid deprived medium (EBSS) for 4 h 
(panels A-D) or 6 h (panels E and F). Panels C and D show higher magnifications of indicated boxed areas 
of control and Rab24 depleted cells, respectively.  
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5.3 Rab24 is Not Involved in the Formation or Maturation of Autophagosomes 

 
The acidification of autophagosomes was followed by using the mRFP-GFP-LC3 

reporter protein established for monitoring autophagosome maturation (see section 

2.2.3.2) (Kimura et al. 2007). In fluorescence microscope images the immature 

autophagic compartments appear yellow due to overlap of green and red 

fluorescence, whereas acidic amphisomes and autolysosomes are red due to 

quenching of the green fluorescence.  

  

The fluorescence microscope images (figs. 14 and 15) were utilized to assess the 

maturation of autophagic compartments by eye according to colour changes. In full 

culture medium control siRNA and Rab24 siRNA transfected HeLa mRFP-GFP-LC3 cells 

contained a few yellow (fig. 14 panels C and D), but mostly red vesicular structures 

dispersed throughout the cytoplasm (fig. 14 panels A and B). The sporadic yellow and 

red structures imply the presence of autophagosomes and autolysosomes in basal 

autophagy. However, upon starvation (fig. 14 panels E and F, fig. 15), the size of the 

fluorescent vesicles in both control siRNA and Rab24 siRNA transfected cells increased, 

and these vesicles showed a more intense red colour compared to the vesicles in cells 

in complete medium. The higher magnification inserts of the red autophagic 

compartments depict acidic amphisomes and autolysosomes (fig. 15 panels C and D). 

These findings show that the pattern of LC3 labelling changes in starved cells. 

Moreover, the presence of yellow and red autophagic vacuoles in both control siRNA 

and Rab24 siRNA cells indicate Rab24 to be dispensable for autophagosome formation 

and acidification.  

 

In addition to the wide field fluorescence microscope images, Rab24 siRNA and control 

siRNA transfected HeLa mRFP-GFP-LC3 cells were imaged with a confocal microscope 

and the whole cell volumes were analyzed with Imaris software as described in 

Materials and Methods. The bar graphs (figs. 16, 19-22) represent the mean cellular 

volumes of GFP, mRFP, and LAMP1/2-positive organelles from two independent 

experiments, from a total of 10-11 cells per each time point.  
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Fig. 16. The mean cellular volumes of the colocalised GFP and mRFP (A) as well as total mRFP signal (B) 
of control siRNA and Rab24 siRNA transfected HeLa mRFP-GFP-LC3 cells. The cells were incubated in 
serum and amino acid free medium (EBSS) for 0–6 h as indicated. Colocalised GFP and mRFP (A) 
represent autophagosomes, whereas total mRFP (B) indicates autophagosomes, amphisomes, and 
autolysosomes. The columns and error bars show the mean and standard error of the mean (SEM), 
respectively, from two independent experiments with a total of 10-11 cells from each condition. 
Statistical significances were calculated with the Student’s two-tailed t-test. 0.07≤p<0.06 for ??, 
0.06≤p<0.05 for ?, and 0.05≤p<0.01 for *. 
 
 

 

The volumes of colocalised GFP and mRFP were similar in Rab24 siRNA and control 

siRNA cells in full medium and after 2 h of starvation, which implicates the presence of 

similar volumes of autophagosomes in non-starvation conditions and during short 

term starvation (fig. 16 panel A). In addition, the higher volumes of the total mRFP 

compared to the volume of colocalised GFP and mRFP at each starvation point 

indicates the quenching of the GFP fluorescence, suggesting that the autophagic 

compartments have become acidic (fig. 16, compare the scale in panels A and  B). This 
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is also evident in the fluorescence microscope images, which show most of the 

autophagic vacuoles to be red (figs. 14 and 15). Further, the similar volumes of the 

total mRFP as well as colocalised GFP and mRFP between Rab24 siRNA and control 

siRNA cells at 0-4 h of amino acid depletion implicate the volume of the autophagic 

compartment to be unaffected by Rab24 silencing in these samples.  

 

Taken together, these results indicate that Rab24 is dispensable for autophagosome 

formation and acidification, and that in complete medium and up to 4 h of serum and 

amino acid depletion Rab24 has a minimal effect on the volume of the autophagic 

compartment.   

 

However, at 6 h of serum and amino acid deprivation there was a detectable 

difference in the volumes of both colocalised GFP and mRFP as well as total mRFP 

between Rab24 depleted cells and control siRNA transfected cells: Rab24 silenced cells 

accumulated more vesicles in both categories. This finding was further studied by 

indirect immunofluorescence staining of LAMP1 and LAMP2 to detect the late 

endosomal and lysosomal compartments. 

 

5.4 Autolysosome Clearance is Aberrant upon Rab24 Silencing 

 
In addition to the mRFP-GFP-LC3 construct, the maturation of autophagosomes was 

followed by indirect immunofluorescence staining of LAMP1 and LAMP2 (hereafter 

depicted as LAMP1/2) positive organelles as described in Materials and Methods. 

LAMP1 and LAMP2 are marker proteins of the late endosomal and lysosomal 

compartments (Eskelinen 2005). Fluorescence microscope images were taken of the 

LAMP1/2 labelled HeLa mRFP-GFP-LC3 cells transfected with control siRNA or Rab24 

siRNA to assess the colocalization of late endosomes and lysosomes with the 

autophagic compartment first by eye. The LAMP1/2 compartments were depicted in 

blue, and thus their colocalization with mRFP results in a purple colour. In addition, a 

3D-analysis of these cells was done with Imaris software where the total volume of the 

LAMP1/2 labelled structures as well as the volume of colocalised LAMP1/2 with the 

autophagic compartment was measured as described in Materials and Methods. 
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Fig. 17. Wide field fluorescence microscope images of control siRNA and Rab24 siRNA transfected HeLa 
mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid free medium (EBSS) for 0 h 
(panels A-D) or 2 h (panels E and F) and labelled with a mixture of antibodies against LAMP1 and LAMP2. 
Panels C and D show higher magnifications of indicated boxed areas of control and Rab24 depleted cells, 
respectively. 
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Fig. 18. Wide field fluorescence microscope images of LAMP1/2 labelled Rab24 siRNA and control siRNA 
transfected HeLa mRFP-GFP-LC3 cells. The cells were incubated in serum and amino acid free medium 
(EBSS) for 4 h (panels A-D) or 6 h (panels E and F). Panels C and D show higher magnifications of 
indicated boxed areas of control siRNA and Rab24 depleted cells, respectively. 
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Figures 17 and 18 show wide field fluorescence microscope images of Rab24 siRNA and 

control siRNA transfected cells labelled with LAMP1/2 antibodies. As seen from figures 

17 and 18, the majority of the red autophagic structures colocalised with LAMP1/2 

labelled organelles, which is in agreement with the results of Kimura et al. (2007). 

Analysis of the percentage of the total mRFP colocalising with LAMP1/2 labelled 

structures varied between 60-80% in non-silenced and silenced cells both in full culture 

medium and upon starvation (fig. 19). The presence of purple vacuoles in full culture 

medium (fig. 17 panels C and D) and upon starvation (fig. 18 panels C and D) suggests 

that Rab24 is not needed in autolysosome formation. 

 

Fig. 19. Analysis of the percentage of the mean total cellular volume of mRFP colocalising with LAMP1/2-
positive organelles in Rab24 siRNA and control siRNA transfected HeLa mRFP-GFP-LC3 cells. The cells 
were incubated in serum and amino acid free medium (EBSS) for 0–6 h. The columns and error bars 
show mean and standard error of mean (SEM), respectively, from two independent experiments with a 
total of 10-11 cells from each condition.  

 

 

LAMP1/2 staining was similar between both transfected cells in full culture medium 

and after 2 h of amino acid depletion. However, the intensity and prevalence of the 

LAMP1/2 staining remained similar in Rab24 depleted cells upon prolonged starvation, 

whereas in control siRNA transfected cells it decreased. A similar trend in the size and 

occurrence of mRFP and LAMP1/2-positive autolysosomes was seen, as the amount of 

purple colour remained constant in cells lacking Rab24, while in control siRNA cells it 

diminished (figs. 17 and 18). This suggests the accumulation of autolysosomes in 



64 

Rab24 depleted cells, and implicates Rab24 to function in the late stages of autophagy 

upon prolonged starvation.  

 

Volume analysis of the LAMP1/2-positive compartments, i.e. late endosomes, 

lysosomes, and late autophagic compartments, by Imaris also indicated the late 

autophagic pathway to be impaired in Rab24 depleted cells. First, in control cells the 

volume of LAMP1/2 labelled structures decreased prominently as amino acid 

deprivation was continued, whereas in cells lacking Rab24 the total volume of the 

LAMP1/2-positive vesicles remained rather constant in all the starvation points (fig. 20 

panel A). The divergence culminated to a statistically significant difference after the 

cells had been incubated in EBSS for 6 h. This indicates that Rab24 silencing leads to 

the accumulation of the LAMP1/2-positive compartments upon prolonged starvation.    

 

Further, the volume of colocalised mRFP and LAMP1/2 labelled organelles, 

representing autolysosomes, was also markedly higher in Rab24 depleted cells after 6 

h of amino acid deprivation; Rab24 siRNA transfected cells contained approximately 

2.5 times the volume of autolysosomes compared to control cells (fig. 20 panel B). The 

accumulation of autolysosomes in cells lacking Rab24 began after 2 h of serum and 

amino acid deprivation. These findings further imply to a defect in the terminal stages 

of the autophagic pathway, and to the accumulation of autolysosomes in Rab24 

depleted cells.  

 

In addition to the total volume of the LAMP1/2 labelled structures, the volume of the 

LAMP1/2-positive compartment not colocalising with mRFP was also estimated (fig. 20 

panel C). This was obtained by subtracting the volume of colocalised mRFP and 

LAMP1/2-labelled structures from the total volume of LAMP1/2-positive organelles. 

The volume of LAMP1/2 labelled structures not colocalising with the autophagic 

compartment steadily diminished in control cells as starvation continued, and the 

reduction was statistically significant after 6 h of starvation compared to full medium 

conditions. The volume of LAMP1/2 organelles not colocalising with mRFP decreased 

in Rab24 depleted cells as well, but the reduction was less prominent. Interestingly, at 

4 h and 6 h of serum and amino acid deprivation the volume of late endosomes and 
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lysosomes without mRFP was notably higher in Rab24 siRNA cells than in control siRNA 

cells (fig. 20 panel C). 

 

The total volume of LAMP1/2-positive structures (fig. 20 panel A) includes the volume 

of all LAMP1/2 labelled organelles, irrespective of their colocalization with mRFP (fig. 

20 panels B and C). In Rab24 depleted cells, the total volume of all LAMP1/2 labelled 

organelles (fig. 20 panel A) did not change during starvation, while the volume of 

LAMP1/2 only organelles decreased (fig. 20 panel C), suggesting that late endosomes 

and lysosomes were consumed by formation of autolysosomes. Indeed, the reduction 

in the volume of LAMP1/2 only organelles was concomitant with an increase in the 

volume of colocalised mRFP and LAMP1/2 (fig. 20 panel B). Further, the presence of 

purple colour in the wide field fluorescence microscope images in all starvation time 

points implicates the fusion of the late endosomal and lysosomal compartment with 

autophagosomes to be Rab24 independent (figs. 17 and 18). Together, these results 

suggest that Rab24 is dispensable for the formation of autolysosomes both in full 

culture medium and upon starvation. 

 

In control cells the volumes of all LAMP1/2 labelled compartments (fig. 20 panel A) and 

LAMP1/2 only organelles (fig. 20 panel C) diminished simultaneously upon prolonged 

starvation. This suggests a decrease in the late endosomal and lysosomal 

compartments, which could implicate autolysosomal clearance. Unlike in Rab24 

depleted cells, there was no accumulation of autolysosomes upon long term starvation 

in control cells (fig. 20 panel B); instead the volume of the acidic autophagic 

compartment was similar in all starvation time points. This indicates the clearance of 

autolysosomes to be functional in control cells.  
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Fig. 20. Analysis of the whole cellular volumes of LAMP1/2-positive organelles in control siRNA and 
Rab24 siRNA transfected HeLa mRFP-GFP-LC3 cells. (A) The mean total cellular volume of LAMP1/2 
labelled organelles representing late endosomes, lysosomes, and autolysosomes. (B) The mean cellular 
volume of colocalised mRFP and LAMP1/2 depicting autolysosomes. (C) The mean cellular volume of 
LAMP1/2 positive structures without mRFP denoting late endosomes and lysosomes. The cells were 
incubated in serum and amino acid free medium (EBSS) for 0–6 h. The columns and error bars show 
mean and standard error of mean (SEM), respectively, from two independent experiments with a total 
of 10-11 cells from each condition. Statistical significances were calculated with the Student’s two-tailed 
t-test. 0.05≤p<0.01 for *, 0.01≤p<0.005 for **, and 0.005≤p<0.001 for ***. 
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Figure 21 depicts the combined volume of autophagosomes and autolysosomes, i.e. all 

structures positive for GFP+mRFP or mRFP+LAMP1/2, in control siRNA and Rab24 

siRNA transfected HeLa cells at different starvation points. The combined volume of 

autophagosomes and autolysosomes was notably higher in Rab24 depleted cells than 

in control siRNA cells after 6 h of amino acid starvation, further suggesting Rab24 

silencing to cause accumulation of autophagic compartments in prolonged starvation. 

The voluminous accumulation of autophagosomes and autolysosomes in Rab24 siRNA 

transfected cells began after 2 h of starvation. In control cells, the volume of the 

autophagic compartment remained similar in all starvation time points. 

 

Fig. 21. The combined mean cellular volume of autophagosomes (colocalised GFP+mRFP) and 
autolysosomes (mRFP+LAMP1/2) in HeLa mRFP-GFP-LC3 cells transfected with control siRNA or Rab24 
siRNA and labelled against LAMP1/2. The cells were incubated in serum and amino acid deprived 
medium (EBSS) for 0–6 h. The columns and error bars show mean and standard error of mean (SEM), 
respectively, from two independent experiments with a total of 10-11 cells from each condition. 
Statistical significances were calculated with the Student’s two-tailed t-test. 0.07≤p<0.06 for ??, 
0.06≤p<0.05 for ?, and 0.05≤p<0.01 for *. 
 

 
 

The volumes of GFP, mRFP, and LAMP1/2 labelled structures in control siRNA and 

Rab24 siRNA transfected HeLa cells are shown in a summarizing figure (fig. 22 panel A 

and B, respectively). These bar graphs recapitulate the divergences in the volumes of 

the different autophagic compartments between Rab24 depleted cells and control 

cells. First, the volume of GFP and mRFP increased in Rab24 siRNA cells upon 
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prolonged starvation, whereas in control cells their volume slightly diminished. 

Second, the volume of LAMP1/2 labelled organelles remained steady in cells 

transfected with Rab24 siRNA, while in control cells the volume decreased 

substantially. These divergences suggest that upon long term starvation Rab24 

silencing leads to accumulation of autophagic, late endosomal, and lysosomal 

compartments. 

 

 

Fig. 22. The total mean cellular volume of GFP, mRFP, and LAMP1/2 labelled structures in HeLa mRFP-
GFP-LC3 cells transfected with control siRNA (A) and Rab24 siRNA (B). The cells were incubated in serum 
and amino acid free medium (EBSS) for 0–6 h. The columns and error bars show mean and standard 
error of mean (SEM), respectively, from two independent experiments with a total of 10-11 cells from 
each condition. Statistical significances were calculated with the Student’s two-tailed t-test. p>0.6663 
for NS, 0.05≤p<0.01 for *, 0.01≤p<0.005 for **, and 0.005≤p<0.001 for ***. 
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Taken together, the results suggest that Rab24 is not involved in the fusion of 

autophagosomes with late endosomes or lysosomes neither in full culture medium nor 

upon starvation. Furthermore, the accumulating volume of autolysosomes and the 

constant volumes of the late endosomal and lysosomal compartments in Rab24 

depleted cells implicate Rab24 to be involved in the terminal stages of autophagy, 

where it could function in the clearance of autolysosomes upon prolonged starvation. 
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6 DISCUSSION  

 

6.1 The Function of Rab24 in Autophagosome Formation and Maturation 

 
Previously, Munafo and Colombo (2002) observed that WT Rab24 rearranged upon 

starvation induced autophagy from a dispersed pattern into punctate structures that 

putatively represented autophagosomes. Later, Ylä-Anttila et al. (2015) showed Rab24 

to function in the clearance of autolysosomes during basal conditions. In this study, 

autophagy was quantified using electron microscopy. Prolonged serum and amino acid 

starvation was not investigated. In this thesis, the role of Rab24 in the late stages of 

autophagy was further studied using LAMP1 and LAMP2 labelled HeLa mRFP-GFP-LC3 

cells transfected with control siRNA and Rab24 siRNA, and autophagy was quantified 

using confocal fluorescence microscopy and Imaris software.  

 

The fluorescence microscope images of HeLa mRFP-GFP-LC3 cells showed that amino 

acid deprivation caused LC3 to rearrange from a dispersed pattern of small vesicles 

into larger, punctate structures that localized mainly in the perinuclear area in both 

control siRNA and Rab24 siRNA transfected cells. The rearrangement pattern was 

similar to that of LC3 in CHO cells upon starvation (Mizushima et al. 2001), suggesting 

that the cellular relocalization of LC3 in HeLa cells was caused by starvation induced 

autophagy, and that the vesicles observed were not aggregates of LC3. Moreover, part 

of the LC3-vesicles were positive for red fluorescence but negative for green 

fluorescence, indicating acidification, in both control and Rab24 silenced cells. 

Together, these results indicate that Rab24 does not affect the starvation induced 

rearrangement of LC3 into vesicle-like structures, and that a subset of these putative 

autophagosomes became acidic.   

 

In addition, colocalization of mRFP and GFP was analyzed in three dimensions in z-

stacks covering whole cells. A similar volume of GFP colocalised with mRFP in Rab24 

siRNA and control cells in complete medium and after 2 h of amino acid depletion (fig. 

16 panel A), indicating that upon full culture medium and short term starvation Rab24 
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silencing does not influence the volume of immature autophagosomes. These findings 

suggest that the formation of autophagosomes does not require Rab24. 

 

Identical volumes of mRFP-positive compartments in Rab24 depleted cells and control 

cells incubated in EBSS for 0-4 h imply that the total volume of the autophagic 

compartment was not significantly affected by Rab24 silencing. Further, in Rab24 

siRNA transfected cells the volume of total mRFP was constantly higher compared to 

the volume of colocalised GFP and mRFP. This indicates that the acidification of the 

autophagic compartments is Rab24 independent. 

 

Taken together, the results suggest that the formation of autophagic compartments 

does not require Rab24, and that the acidification of autophagosomes is Rab24 

independent. These findings are in agreement with the results published by Ylä-Anttila 

et al. (2015), which indicated Rab24 to be unnecessary in autophagosome formation 

and maturation.  

 

6.2 The Role of Rab24 in Autolysosome Formation and Clearance 

 

HeLa mRFP-GFP-LC3 cells transfected with Rab24 siRNA or control siRNA and labelled 

with LAMP1 and LAMP2 antibodies were used to study the effect of Rab24 silencing on 

the formation and clearance of autolysosomes. LAMP1 and LAMP2 are marker proteins 

of the late endosomal and lysosomal compartment.  

 

The observation of vesicular structures positive for both mRFP and LAMP1/2 in Rab24 

depleted cells (figs. 17 and 18) indicates the presence of autolysosomes in these cells. 

Further, analysis with Imaris software revealed control siRNA and Rab24 siRNA 

transfected cells to contain similar volumes of colocalised mRFP and LAMP1/2 both in 

full culture medium and upon short term starvation (fig. 20 panel B). Together, these 

results suggest Rab24 to be dispensable for autolysosome formation in basal 

autophagy and in a short amino acid deprivation in HeLa cells.  
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Identical volumes of mRFP and LAMP1/2-positive autolysosomes between the control 

and Rab24 silenced cells persisted in full culture medium as well as after 2-4 h of 

starvation. However, after a 6 h starvation, the volume of autolysosomes in Rab24 

depleted cells was approximately 2.5 times the volume of autolysosomes in control 

cells (fig. 20 panel B). Moreover, the volume of the late endosomal and lysosomal 

compartment (fig. 20 panel A) was substantially greater in cells lacking Rab24 than in 

control cells after 6 h of starvation. These results indicate Rab24 silencing to cause an 

increase in the volume of the late endosomal and lysosomal compartments as well as 

autolysosomes during long term starvation.  

 

As described in section 2.1.4.2, starvation-induced autophagy is ceased upon the 

reactivation of mTOR. mTOR may be reactivated as a consequence of replenished 

nutrient levels due to autophagic degradation (Kim and Guan 2015, Yu et al. 2010). 

 

In light of these events, if Rab24 functions in the clearance of autolysosomes as 

proposed by Ylä-Anttila et al. (2015), it is possible that the recycling of the digested 

material is defective in cells lacking Rab24, which could prevent the reactivation of 

mTOR. This could lead to the observed increased volume of the autophagic 

compartments (fig. 21) and the constant volume of the LAMP1/2-positive organelles 

(fig. 20 panel A) in Rab24 siRNA transfected cells. Further, in control cells the reduction 

in the volume of LAMP1/2 labelled organelles (fig. 20 panel A) may be the result of 

autolysosomal clearance. 

 

Taken together, the results implicate that autolysosome formation in both full culture 

medium and amino acid deprived medium is Rab24 independent, and that Rab24 is 

involved in the clearance of autolysosomes in prolonged starvation. These findings are 

partly in agreement with the results of Ylä-Anttila et al. (2015), which indicated Rab24 

to be unnecessary in autolysosome formation and suggested Rab24 to function in 

autolysosomal clearance under nutrient rich conditions. Ylä-Anttila et al. (2015) did not 

investigate the role of Rab24 upon long term amino starvation. Further, quantitative 

electron microscopy was used to show the accumulation of late autophagic 

compartments in Rab24 silenced cells (Ylä-Anttila et al. 2015). However, the mRFP-
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GFP-LC3 construct and immunofluorescence did not reveal any differences between 

the control and Rab24 silenced cells in full culture medium in this thesis. This 

discrepancy is further discussed below. 

 

6.3 The Reliability of the Methods Used in This Thesis 

 

Using quantitative electron microscopy, Ylä-Anttila et al. (2015) observed Rab24 siRNA 

transfected cells to contain four times more degradative autophagic vacuoles 

compared to control cells in full culture medium (fig. 10). However, in this thesis the 

differences in the volumes of the LC3-positive compartments between control cells 

and Rab24 depleted cells were detectable only after a prolonged, 6 h starvation, and 

no differences were observed in nutrient rich medium. 

 

The number of LC3 or GFP-LC3-positive vesicles is by convention used to measure 

induction of autophagy for example during starvation (Mizushima et al. 2010). When 

autophagy is activated, the number of LC3-positive autophagic vacuoles increases. This 

was also observed in the electron microscope quantitation of Ylä-Anttila et al. (2015). 

However, the results obtained in this thesis show that the total volume of GFP-positive 

LC3 did not change in control cells during starvation (fig. 22). Likewise, mRFP did not 

increase in control cells after starvation induced autophagy (fig. 22). The reason for 

this discrepancy may be the use of total volume instead the widely used number of 

vesicles per cell. The volume of the autophagic vesicles was measured as it is thought 

to represent the autophagic degradative capacity of the cell. The presumption is that 

the increase in the number of autophagic vesicles would also increment the total 

volume of mRFP. 

 

The divergences in the accumulation of autophagic compartments in this thesis and in 

Ylä-Anttila et al. (2015) could be caused by several factors. First, the deviation may be 

at least partly caused by the distinct analysis methods used. The mRFP-GFP-LC3 

construct and fluorescence microscopy was the only method utilized in this thesis, and 

thus other assays are needed to confirm the results. Ylä-Anttila et al. (2015) used 
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electron microscopy images to count the number of degradative vacuoles in non-

silenced and silenced cells, and the autophagic structures were identified according to 

morphology. It is thus feasible that these methods quantify partly different organelles. 

Indeed, it has been suggested that quantitative electron microscopy is more sensitive 

in detecting autophagic compartments than LC3 labelling (Ylä-Anttila et al. 2009b). 

 

Second, in this thesis the volumes of the different autophagic compartments are based 

on vacuoles that contain mRFP-GFP-LC3. However, the used HeLa cell line expresses 

not only mRFP-GFP-LC3, but also endogenous LC3. It is thus possible that the mRFP-

GFP-LC3-containing vacuoles form only a part of the entire autophagic compartment. 

The changes in the autophagic compartment in HeLa mRFP-GFP-LC3 cells could be 

monitored by quantifying the amount of endogenous LC3-II from Western blots. 

However, the LC3-II levels should be normalised to a loading control, such as α-tubulin, 

to eliminate artefacts that cause false interpretation of LC3-II levels (Kimura et al. 

2009). Moreover, LC3-II levels are even less sensitive than the number of LC3 dots in 

estimating the level of autophagy (Eeva-Liisa Eskelinen, personal communication).  

 

Third, the mRFP-GFP-LC3 reporter protein was originally used under short term 

starvation (Kimura et al. 2007), and the stability of mRFP upon prolonged exposure to 

low pH is unknown. Protein degradation rates were measured in Ylä-Anttila et al. 

(2015) and the degradation was slightly decreased in Rab24 silenced cells. This 

decreased degradation may have an effect in the stability and detected volume of the 

mRFP signal.  

 

Furthermore, the mRFP-GFP-LC3 protein has other characteristics that should be taken 

into account when analysing the results of this thesis. First, quenching of the GFP is not 

dependent on the fusion of autophagosomes with lysosomes per se, but on the pH of 

the surrounding environment. Therefore, the quenching of GFP is dependent on the 

lysosomal proton pump and the activity of lysosomal enzymes (Mizushima et al. 2010). 

Thus, both GFP and mRFP fluorescing autolysosomes may exist and be misinterpreted 

as autophagosomes. Second, GFP has been reported to fluoresce weakly at acidic 

environments (pH 4-5), further increasing the possibility of autolysosomes positive for 
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both mRFP and GFP (Bampton et al. 2005). Zhou et al. (2012) engineered an improved 

reporter protein, mTagRFP-mWasabi-LC3, that contains mWasabi that is more acid 

sensitive than GFP. Third, some of the detected fluorescent structures in this thesis 

could be aggregates of mRFP-GFP-LC3 and not genuine autophagic vacuoles, as GFP-

LC3 has been observed to be aggregate prone, especially in transiently transfected 

cells that express higher levels of GFP-LC3 (Kuma et al. 2007). However, since stable 

expression of mRFP-GFP-LC3 was used in this thesis, the possibility of detecting 

aggregates is relatively small.  

 

Moreover, the setting used with Imaris software may cause bias in the results. The 

detected fluorescence volumes were manually thresholded according to eye for each 

sample, which could result in inaccuracies in the obtained data. In addition, 

thresholding proved particularly challenging in cells with scarce signal. Thus, another 

program could be used to verify the results.  

 

Another major factor causing inaccuracies to the results is the low number of analyzed 

cells (10-11 cells from each condition). Further, the volumes of the autophagic 

compartments may be influenced by the different overall volumes of the z-stacked 

HeLa cells. A more accurate quantification of the mRFP-GFP-LC3-positive vesicles could 

be thus obtained by dividing the volume of mRFP-GFP-LC3-positive vacuoles by the 

total volume of the cell. Finally, the results ought to be verified by supporting 

experiments, such as quantitative electron microscopy and autophagic flux assays.   

 

 

6.4 Conclusions and Future Prospectives 

  

Although the characteristics of Rab24 have been studied and it has been implicated a 

role in the late stages of autophagy, the detailed molecular mechanisms through which 

it functions remain unknown. The objectives of this thesis were to study the effect of 

Rab24 depletion on autophagy in HeLa cells in different media, and to examine the 

usability of the mRFP-GFP-LC3 construct in experiments aiming to clarify autolysosome 

clearance.  
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Ylä-Anttila et al. (2015) observed the number of autophagic compartments to be 

fourfold in Rab24 siRNA transfected cells compared to control cells in full culture 

medium. However, the results of this thesis show that prominent deviations in the 

volumes of autophagosomes and autolysosomes between Rab24 depleted and control 

cells were observed after a prolonged, 6 h incubation in serum and amino acid free 

medium, indicating Rab24 to function in the clearance of autolysosomes upon long 

term starvation. Nevertheless, neither of these two studies implicated Rab24 to have a 

role in autophagy during short term amino acid starvation. 

 

Due to the characteristics of the tandem fluorescent-tagged mRFP-GFP-LC3, it may not 

be the most sensitive reporter protein to monitor the accumulation of autolysosomes 

in this experimental setup. For instance, mRFP-GFP-LC3 may not be involved in all of 

the forming autophagic compartments, as the HeLa mRFP-GFP-LC3 cells also contain 

endogenous LC3. In addition, some of the detected autophagosomes could be false-

positives due to the somewhat uncertain quenching of the GFP at low pH. Therefore, 

the results are indicatory. However, the findings in this thesis do support the role of 

Rab24 in autolysosome clearance. An intriguing alternative is that Rab24 functioned in 

the clearance of autolysosomes both in full culture medium and after long term 

starvation; both are  conditions upon which mTOR is active (Yu et al. 2010). This 

intriguing possibility warrants further studies.   

 

In conclusion, Rab24 may play a role in the clearance of autolysosomes in basal 

autophagy (Ylä-Anttila et al. 2015) as well as upon prolonged starvation (this thesis), 

but not in short term amino acid deprivation. The prospect of different cellular 

machineries working on autolysosome clearance upon active or inactive mTOR is 

intriguing, and opens challenging, yet interesting questions of research for the future.  
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