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p38 mitogen-activated protein kinases (MAPKs) control the endocytic trafficking
of various growth-related cell surface receptors and transporters. Herein, I demonstrate
that p38 MAPKs also regulate autophagy, or the process of self-cannibalism. In my
studies, inhibition of p38 MAPKs triggered rapid formation of autophagosomes in
prostate cancer cells, even under nutrient-rich conditions, and remarkably, the
autophagosomal membranes emanated from endoplasmic reticulum exit sites via the
concerted actions of the small GTPases, ARF1 and SAR1. Once formed, the autophagosomes fused with late endosomes and/or lysosomes, in a Rab7-dependent manner, to
form “hybrid organelles” that were co-labeled with ER, autophagic, late endosomal, and
lysosomal markers. Unlike other inducers of autophagy, however, inhibition of p38
MAPKs suppressed the fission of hybrid organelles, resulting in a profound but reversible
accumulation of large cytoplasmic vacuoles.

Thus, in addition to their previously

reported roles in endocytosis, p38 MAPKs appear to coordinately regulate autophagy and
the downstream biogenesis and fission of hybrid organelles.

vi

Table of Contents

List of Figures ………………………………………………………………………….... x
List of Abbreviations ……………………………………………………………….…...xii
Chapter 1 : Introduction …………………………………………………………………..1
1.1. p38 Mitogen Activated Protein Kinases ..…...……………………….............1
1.1.1. Induction and regulation of p38 MAPK activity ...………………….....1
1.1.2. Biological consequences of p38 MAPK activation ...……….................3
1.1.3. p38 MAPK and its potential role in autophagy ..……………………...4
1.1.4. p38 MAPK in endocytic trafficking ..…………………………………6
1.2. Autophagy ……………………………………………………………….......9
1.2.1. Induction of autophagy ...…………………………………...………..10
1.2.2. Morphology of autophagy ..………………………….……………….11
1.2.3. Genes involved in the autophagic machinery ………………………...14
1.2.4. Regulation of autophagy ………………………………………..…….20
1.2.5. Physiological roles of autophagy ..…………………………………....23
1.2.6. Autophagy and Apoptosis ..………………….……………………….25
1.3. Lysosomal Biogenesis-Fusion and Fission ...………………….....….……...26
1.3.1. Intracellular vesicular trafficking ……………………..……………….26
1.3.2. Regulation of vesicular transport ...……………………………………28
1.3.3. Lysosomal trafficking mechanisms ..…………………..….….............31
1.3.4. Physiological significance of lysosomal biogenesis ………..…..……..34
Chapter 2 : Materials and Methods ……………………………………………………...35
2.1. Plasmid constructs ...…………………………………………………..……35
2.2. Reagents ...…………..………………………………………………………38
2.3. Cell Culture and Transfection ………………………………………….......39
2.4. Cell Proliferation and Apoptotis Assays …………………………………...39
vii

2.5. Vacuolation and Autophagy Assays …………………………......…………40
2.6. ROS Quantification …………………………………………………...…….41
2.7. Lysosomal Volume measurement ...………………………………...............41
2.8. Lysosomal Exocytosis Assay ……………………………………………….42
2.9. Dextran Uptake ………………...…………………………………………..42
2.10. Immunocytochemsitry …………………………………...………………..42
2.11. Western blot analysis ……………………………………………………...43
Chapter 3 : Inhibition of p38 mitogen-activated protein kinases induces autophagosome
formation from ER exit sites …………………………………………………………… 44
3.1. Introduction and Rationale ……………………………………………….... 44
3.2. Results ……………………………………………………………………... 47
3.2.1. Selective inhibition of p38 MAPKs induces formation of large
cytoplasmic vacuoles ………….…………………………………….47
3.2.2. Inhibition of p38 does not stimulate production of ROS, nor are they
required for cytoplasmic vacuolation ………………………….…... 52
3.2.3. SB203580 induced vacuolation does not result from alterations in early
endosomal trafficking …………………..…………………...…….. 54
3.2.4. Inhibition of p38 induces autophagy, and autophagosomes contribute to
the formation of the large cytoplasmic vacuoles ……………………56
3.2.5. Membranes from ER, but not Golgi, contribute to the cytosolic
accumulation of autophagic vacuoles …………………………...…….60
3.3. Discussion …………………………………………………………………67
Chapter 4 : Inhibition of p38 mitogen-activated protein kinases disrupt fission of endolysosomal hybrid organelles……………………………………………………………. 71
4.1. Introduction and Rationale ……………………………………….………….71
4.2. Results ……………………………………………………………………….73
viii

4.2.1. SB203580-induced autophagosomes fuse with late endosomes or
lysosomes in a Rab7-dependent manner ……………………………....73
4.2.2. Lysosomal dissipation following the removal of SB203580 does not
require secretion-mediated trafficking ………………………….……..80
4.2.3. Removal of vacuoles following washout is not due to defects in
cytoskeletal trafficking ...........................................................................80
4.2.4. Inhibition of p38 MAPKs prevents fission of hybrid organelles ...……. 84
4.3. Discussion …………………………………………………………………...90
Chapter 6 : Concluding Remarks ………………………………………………………..92
References ……………………………………………………………………………….98
Vita …………………………………………………………………………………..…119

ix

List of Figures
Fig. 1.1. p38 MAPK in endocytosis ……………………………………………………..8
Fig. 1.2. Overview of macroautophagy………………………………………………....12
Fig. 1.3. Two conjugation pathways………………………….………………………....16
Fig. 1.4. Regulation of autophagosome formation and maturation by Atg proteins …....18
Fig. 1.5. Intracellular vesicle transport pathways regulated by Rab GTPases ………….30
Fig. 1.6. ERGIC formation and ER-Golgi transport …………………………………....32
Fig. 3.1. Inhibition of p38 MAPK causes a cytoplasmic accumulation of vacuoles under
nutrient-rich conditions …………………………………….…………………………....49
Fig. 3.2. Inhibition of p38 MAPK causes vacuolation in multiple cancer cells…………50
Fig. 3.3. Inhibition of p38 MAPK, but not other MAPKs, induces vacuolation …..…....51
Fig. 3.4. Vacuolation induced by SB203580 does not involve ROS generation…….…..53
Fig. 3.5. SB203580-induced vacuolation is independent of early endosomal trafficking
……………………………………………………………….…………………………...55
Fig. 3.6. Inhibition of p38 MAPKs induces autophagy……………………………….....57
Fig. 3.7. SB203580-induced autophagosomes promote the formation of cytoplasmic
vacuoles in multiple cancer cells ………………………………………………………..59
Fig. 3.8. SB203580-induced vacuolation is inhibited by the PI(3)K inhibitor, 3-MA
…………………………………………………………………………………………... 61
Fig. 3.9. Inhibition of p38 MAPK induces PI(3)K activity on vacuolar membranes
……………………………………………………………………………………….…...62
Fig. 3.10. ER, but not Golgi apparatus, contributes to the membrane of the autophagic
vacuoles ……………………………………………………………………………...…..64
Fig. 3.11. Brefeldin A suppresses the formation of autophagosomes and the vacuolation
following inhibition of p38 MAPK ……………………………………………………..65
Fig. 3.12. SB203580-induced vacuolation is Arf1 and Sar1 dependent …………..…….66

x

Fig. 4.1. Inhibition of p38 MAPKs results in an expansion of intracellular acidic
compartments …………………………………………………………..………………..74
Fig. 4.2. SB203580-induced vacuoles are labeled with ER and late endosomal markers
…………………………………………………………………………………………....76
Fig. 4.3. Formation of the cytoplasmic vacuoles requires Rab7-dependent fusion of late
endosomes ……………………………….…………………………………………..…..77
Fig. 4.4. Autophagosomes emanating from the ER eventually fuse with lysosomes. …..78
Fig. 4.5. Inhibition of p38 MAPKs results in the accumulation of endosomal-lysosomal
hybrid organelles. ………………………………………………………….…………….79
Fig. 4.6. SB203580-induced vacuolation is reversible ……………………...…………..81
Fig. 4.7. Autophagic vacuoles induced by SB203580 are not removed by secretion
mechanism ….…………………………………………………………………………...82
Fig. 4.8. Loss of vacuolation following washout of SB203580 is not due to defects in
cytoskeletal trafficking ……………………………………………………...……….…..83
Fig. 4.9. The autophagic vacuoles contract over time following washout of
SB203580………………………………………………………………………………...85
Fig. 4.10. Vacuoles induced by SB203580 undergo fission following washout ........…..86
Fig. 4.11. Removal of SB203580 causes collapse of hybrid organelles ……….………..87
Fig. 4.12. p38 MAPKs regulate multiple stages of autophagy, endocytic trafficking, and
lysosomal biogenesis and fission…………………………………………………….…..88

xi

List of Abbreviations
3-MA

3-methyladenine

ARF1

ADP ribosylation factor 1

ATF1

Activating transcription factor 1

ATG

Autophagy related genes

AVd

Degradative autophagic vacuoles

AVi

Initial autophagic vacuoles

Baf A1

Bafilomycin A1

BFA

Brefeldin A

COP

Coat protein

CQ

Chloroquine

CREB

cAMP response element binding protein

CSF1

Colony stimulating factor 1

Cyt. b5

Cytochrome b5

DTT

Dithiothreitol

ECD

Evolutionarily-conserved domain

EEA1

Early endosomal auto antigen 1

ER

Endoplasmic reticulum

ERES

ER exit sites

ERGIC

ER-golgi intermediate carrier

ERK

Extracellular signal-regulated kinase

FADD

Fas associated protein with death domain

GalT

Galactosyltransferase 1

GAP

GTPase activating protein

GDF

GDI displacement factor

GDI

GDP dissociation inhibitor
xii

GEE

Glutathione ethyl ester

GEF

Guanine nucleotide exchange factor

HSP27

Heat shock protein 27

IP3

myo-inositol-1,4,5-triphosphate

JNK

c-Jun N-terminal kinase

LAMP

Lysosome associated membrane protein

LSP1

Lymphocyte-specific protein 1

MAP1LC3

Microtubule associated protein 1 light chain 3

MAPK

Mitogen-activated protein kinase

MK-2

MAPK-activated protein kinase 2

MKK

MAPK kinase

MLIV

Mucolipidosis type IV

NAC

N-acetyl cysteine

NEM

N-ethylmaleimide

NES

Nuclear export signal

PAS

Preautophagosomal structure

PE

Phosphatidylethanolamine

PI

Propidium Iodide

PI(3)K

Phosphatidylinositol-3-kinase

PI(3)P

Phosphatidylinositol-3-phosphate

RILP

Rab interacting lysosomal protein

RIP

Receptor interacting protein

ROS

Reactive oxygen species

SAR1

Secretion associated and ras superfamily related gene 1

SNARE

NEM sensitive factor attachment receptor

SRF

Serum response factor

TAB1

TAK1-binding protein
xiii

TAK1

TGF-β-activated protein kinase 1

TBS

Tris-buffered saline

TGF-β

Transforming growth factor-β

TGN

Trans-golgi network

TNF

Tumor necrosis factor

TOR

Target of rapamycin

TRAIL

TNF related apoptosis inducing ligand

VAMP

Vesicle associated membrane protein

VCAM1

Vascular cell adhesion molecule 1

xiv

Chapter 1. Introduction

1.1.

p38 Mitogen Activated Protein Kinases
Mitogen-activated protein kinases (MAPKs) are members of discrete signaling

cascades that serve as focal points in response to a variety of extracellular stimuli. p38
MAPKs have primarily been implicated in osmoregulation. Homologs of p38 have been
identified in several organisms including yeast (Hog1 and Spc/Sty1), C.elegans (pmk-2)
and Drosophila (p38 a, b and c) (Brewster et al. 1993; Han et al. 1998; Berman et al.
2001; Kim et al. 2002). In humans, the p38 MAPK family comprises four splice variants:
p38α, p38β, p38γ and p38δ (Han et al. 1994; Jiang et al. 1996; Li et al. 1996; Jiang et al.
1997). Of these, p38α and p38β are ubiquitously expressed, whereas the others are
expressed differentially in different tissues (Jiang et al. 1996; Lechner et al. 1996; Li et
al. 1996; Kumar et al. 1997). The isoforms share ~ 60% homology, but only 40-45%
homology with the other MAPKs, including c-Jun N-terminal kinases (JNKs) and
extracellular signal-regulated kinases (ERKs) (Ono and Han 2000).

1.1.1. Induction and regulation of p38 MAPK activity – The activation of p38
MAPKs has been shown to be cell type and stimulus-dependent. Like all MAPKs, p38 is
activated by MAPK kinases (MKKs) in response to a wide variety of stimuli, such as UV
irradiation, heat, osmotic shock, inflammatory

cytokines, and even growth factors

(Freshney et al. 1994; Lee et al. 1994; Rouse et al. 1994; Raingeaud et al. 1995).
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Two main MKKs, MKK3 and MKK6, are responsible for activating p38 MAPKs (Enslen
et al. 1998).

p38 can also be activated through two alternative MKK-independent

mechanisms, in a cell type and stimulus-specific manner, in which p38 is either
phosphorylated on a novel site (Tyr 323) by the ZAP-70 tyrosine kinase (Salvador et al.
2005) or undergoes autophosphorylation via a physical interaction with transforming
growth factor-β-activated protein kinase 1 (TAK1)-binding protein (TAB1) (Ge et al.
2002). As expected, MKK3/6 double knockout MEFs do not activate p38 in response to
tumor necrosis factor (TNF), confirming the involvement of MKKs in TNF-mediated p38
activation (Brancho et al. 2003), whereas MKK-independent p38 activation has been
reported in response to other cytokines and nitric oxide (Makeeva et al. 2006). In
addition, the ZAP-70 mediated phosphorylation of p38 has been observed exclusively in
T cells (Salvador et al. 2005).
The activation and subsequent activity of the p38 isoforms are conferred by a ThrGly-Tyr (TGY) dual phosphorylation motif in the regulatory loop between the kinase
subdomains (Hanks and Hunter 1995). The glycine residue in the TGY motif and the
length of the regulatory loop influences p38 substrate specificity and controls
autophosphorylation (Jiang et al. 1997). Such activation of p38 MAPK is counteracted
by specific phosphatases of the MAPK phosphatase family (Sun et al. 1993; Muda et al.
1996).

Moreover, structural studies indicate that a p38-specific pyridinylimidazole

inhibitor, SB203580, binds to a portion of the ATP pockets in the p38α and p38β
isoforms and as a result, inhibits their enzymatic activities (Tong et al. 1997).
2

Like all MAPKs, p38 undergoes a sequence of phosphorylation and
dephosphorylation events, to act on several downstream substrates, including protein
kinases or transcription factors, resulting in a wide variety of responses. MAP kinaseactivated protein kinase 2 (MK-2) was the first substrate identified to be activated by
p38α (Rouse et al. 1994). Active MK-2 in turn activates other substrates, like the heat
shock protein 27 (HSP27), lymphocyte-specific protein (LSP1), cAMP response elementbinding protein (CREB), activating transcription factor 1 (ATF1), serum response factor
(SRF) and enzyme tyrosine hydroxylase (Stokoe et al. 1992; Tan et al. 1996; Huang et al.
1997; Thomas et al. 1997; Heidenreich et al. 1999). In addition to these proteins, p38
MAPK also phosphorylates structural proteins, like keratin and stathmin (Parker et al.
1998; Feng et al. 1999).

1.1.2. Biological consequences of p38 MAPK activation – p38 MAPK signaling
has been implicated in numerous cellular responses including inflammation, cell cycle,
cell death, development, cell differentiation, senescence and tumorigenesis. However,
the precise role of p38 MAPKs in many of these processes remains unclear. p38α is
critical for embryogenesis, as the p38α-knockout mice are embryonic lethal, unlike mice
lacking the other isoforms (Beardmore et al. 2005; Sabio et al. 2005). p38 activation
plays essential roles in the production of proinflammatory cytokines, like interleukins and
TNF, and in the induction of vascular cell adhesion molecule 1 (VCAM-1) (Raingeaud et
al. 1995; Pietersma et al. 1997). Furthermore, p38 MAPKs are also involved in the
3

proliferation and differentiation of immune cells and are shown to be activated, in a cell
type and stimulus-dependent manner, both upstream and downstream of caspase
activation in response to treatment with several cell death-inducing stimuli (Xia et al.
1995; Cahill et al. 1996; Huang et al. 1997; Juo et al. 1997; Kummer et al. 1997; Craxton
et al. 1998).
While p38 signaling promotes cell death in many cell types, it is also implicated
in cell survival and growth. For instance, constitutive activation of p38 MAPK achieved
through overexpression of its upstream activators, MKK3 and MKK6 results in
senescence and suppression of tumorigenesis in several cancer cell models (Haq et al.
2002; Wang et al. 2002; Iwasa et al. 2003). In direct contrast, inhibition of p38 activity
by SB203580 slowed proliferation rates of several cancer cells (Zarubin and Han 2005).
In addition to cell death and tumorigenesis, p38 MAPK activity is also required for
differentiation of several cell types including 3T3-L1 into adipocytes, PC12 into neurons,
and SKT6 into erythroid cells (Engelman et al. 1998; Morooka and Nishida 1998; Nagata
et al. 1998). p38 MAPK signaling is also linked to myoblast differentiation, placental
angiogenesis, erythropoiesis, etc. (Adams et al. 2000; Li et al. 2000; Mudgett et al. 2000;
Tamura et al. 2000).

1.1.3. p38 MAPK and its potential role in autophagy – Numerous studies have
shed light on the intracellular kinases, especially the phosphatidylinositol 3-kinase
[PI(3)K] signaling cascade, that regulate the autophagic/ lysosomal pathway in
4

mammalian cells (Blommaart et al. 1997; Petiot et al. 2000). Several classes of PI(3)Ks
are involved in autophagy (Petiot et al. 2000) and as expected, the pharmacological
inhibition of these kinases, with compounds like wortmannin, LY294002 and 3methyladenine (3-MA), inhibits autophagic sequestration (Seglen and Gordon 1982;
Caro et al. 1988). The regulation of autophagy is not restricted to PI(3)Ks. In fact,
sustained activation of several MAPKs including ERKs (Corcelle et al. 2006), JNKs (Yu
et al. 2004; Jia et al. 2006; Ogata et al. 2006) and p38 MAPKs (vom Dahl et al. 2001;
vom Dahl et al. 2003; Schliess et al. 2004; Prick et al. 2006) induces autophagic
proteolysis in several model systems.
Although the roles of JNKs and other kinases in autophagy have been studied
extensively, few reports have addressed the regulatory effect of p38 MAPKs in
autophagy. The involvement of p38 activity in the regulation of autophagy was first
observed in yeast models where Hog1 (the yeast orthologue of p38 MAPK) was shown to
play a role in autophagy induced by nitrogen deprivation (Prick et al. 2006). Moreover,
the induction of autophagic proteolysis in rat liver via insulin-mediated phosphorylation
of p38 MAPK was reversed by inhibitors that block p38 activation (Schliess et al. 2004).
Contrary to these observations, recent findings reveal the induction of autophagy in
certain types of cancer cells that are depleted of p38 MAPK activity (Comes et al. 2007;
Simone 2007).

5

1.1.4. p38 MAPK in endocytic trafficking – p38 MAPKs control the endocytic
trafficking of various growth-related cell surface receptors and transporters, by their
ability to phosphorylate and activate several regulators of the Rab cycle (Huang et al.
2004; Mace et al. 2005; Vergarajauregui et al. 2006; Zwang and Yarden 2006). The Rab
cycle involves a family of small proteins called Rab GTPases that oscillate between the
GTP-bound (active) and GDP- bound (inactive) conformations that drive their membrane
recruitment and activation respectively. Rab GTPases are responsible for the formation,
fusion and movement of vesicular traffic intermediaries between different membrane
compartments of the cell (Stenmark et al. 1994). Rab proteins are initially synthesized
and geranylgeranylated in the cytosol as GDP-bound forms and are delivered to the target
membranes, where they undergo activation by specific guanine nucleotide exchange
factors (GEFs) (Ullrich et al. 1994). Thus activated GTP-bound Rab proteins function in
the tethering/docking of vesicles to their target compartment via interactions with
cytoskeletal elements, which eventually results in membrane fusion and vesicular
trafficking (Waters and Pfeffer 1999). All these functions are brought about not just by
activation of Rab proteins, but by their association with specific cytosolic soluble factors
that acts as ‘effectors’ to transduce the signal of Rab proteins in the transport mechanism.
Upon completion of the desired response, GTP-bound Rabs undergo GTP hydrolysis,
catalyzed by a GTPase-activating protein (GAP), which reverts them back to the inactive
conformation. The inactive Rabs are then extracted from the membrane by cytosolic Rab
GDP dissociation inhibitor (GDI), which masks the prenylated membrane anchoring tails
6

of the Rab proteins, thus forming Rab-GDI complexes that serve as cytoplasmic
reservoirs of Rab proteins (Ullrich et al. 1993). The subsequent membrane delivery of
these Rab GTPases, in order to reinitiate the cycle of events, is achieved following the
release of GDI by a GDI displacement factor (GDF) (Dirac-Svejstrup et al. 1997).
During receptor internalization, Rab5 GTPases regulate the formation and fusion
of early endosomes through recruitment of its coiled-coil effector protein, Early
Endosomal Auto Antigen 1 (EEA1) (Simonsen et al. 1998; Christoforidis et al. 1999).
Recently, p38 MAPKs have been shown to increase the rates of internalization of several
cell surface receptors, at least in part through phosphorylation and activation of GDIα (at
Ser121) and the Rab5 effectors, EEA1 (at Thr1392) and Rabenoysn-5 (at Ser215) (Huang
et al. 2004; Mace et al. 2005; Vergarajauregui et al. 2006; Zwang and Yarden 2006).
This could be made possible by the endosomal localization of p38 MAPK, along with
other Rab proteins (Pelkmans et al. 2005). Effector proteins, such as EEA1, have been
implicated in tethering/docking and fusion of early endosomes, owing to their ability to
interact with several soluble N-ethylmaleimide-sensitive factor attachment receptors
(SNAREs) that mediate fusion (Mills et al. 1998; Simonsen et al. 1998; Christoforidis et
al. 1999; Simonsen et al. 1999). Phosphorylation of EEA1 prevents the homotypic fusion
of early endosomal compartments. As a result, the early endosomes mature into late
endosomes, an event marked by the replacement of Rab5 in the early endosomal
membranes with Rab7 (Rink et al. 2005), which in turn catalyzes the fusion of late
endosomes with lysosomes to complete the sequence of endocytosis (Bright et al. 2005).
7
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Figure 1.1. p38 MAPK in endocytosis. p38 MAPKs enhance the rate of clathrin
dependent endocytosis by phosphorylating and activating several substrates in the
endocytic pathway. Rab5 cycles between the active and inactive states on endosomal
membranes. p38 helps in the removal of inactive Rab5 from early endosomal membranes
by phosphorylating and activating GDI that masks the membrane anchoring tail of Rab5.
Furthermore, p38 facilitates endocytosis by phosphorylating EEA1, a Rab5 effector
protein in the endosomal membranes, thus blocking EEA1-mediated homotypic fusion
and subsequent accumulation of early endosomes.
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1.2.

Autophagy
Autophagy is a cell survival mechanism which often activated following stress

stimulus, such as starvation. During autophagy, cells undergo self-cannibalism, digesting
intracellular organelles and cytoplasm in order to sustain starvation. Autophagy is an
evolutionarily-conserved mechanism, observed in a variety of organisms ranging from
yeast and plants to animals, including humans.

Several genes that are critical for

autophagy, called autophagy related genes (Atg), have been best characterized in yeast
(Klionsky et al. 2003). In worms, autophagy-inducing stimuli, like prolonged periods of
starvation cause C.elegans larvae to enter its dauber or latent developmental state
(Swanson and Riddle 1981). Inactivation of specific Tag genes disrupts normal dauber
formation and shortens the lifespan of the adult offspring (Melendez et al. 2003).
Autophagy has also been observed in Drosophila fat bodies during late larval stages
(Rusten et al. 2004). Similarly, mutations in the autophagy genes enhance senescence
and choruses in plants (Hanaoka et al. 2002) and cause defective fruiting bodies in
Dictyostelium (Otto et al. 2004). Autophagy is also critical to maintain the survival of
neonatal mice during the period between birth and the establishment of their ability to be
nursed effectively by their mothers (Kuma et al. 2004). In humans, autophagy has been
primarily implicated in clearance of cytoplasmic inclusion bodies that accumulate in the
neurons in several neurodegenerative diseases, including Parkinson’s disease and
polyglutamine expansion diseases, such as Huntington’s disease and spinocerebellar
ataxia type 3 (Hara et al. 2006; Komatsu et al. 2006; Menzies et al. 2006).
9

1.2.1. Induction of autophagy – A balance between protein synthesis and
degradation is critical for the normal growth and development of cells. Cells often rely
on external factors to provide enough nutrients to maintain normal metabolism, and when
such factors are lost, both growth and development are ceased and programmed cell death
or apoptosis is initiated. Stress stimuli, such as nutrient deprivation often result in the
activation of a cell survival response called macroautophagy, before apoptosis takes over
and engulf the cell completely (Klionsky and Ohsumi 1999; Kim and Klionsky 2000;
Klionsky and Emr 2000).

During macroautophagy, regions of the cytosol become

sequestered in double membrane vesicles known as autophagosomes, which eventually
fuse with late endosomes and lysosomes to degrade its contents. The resulting
degradation products are then reutilized to maintain basal macromolecular synthesis and
to maintain bioenergetics (Takeshige et al. 1992; Baba et al. 1994). Autophagy is often
observed as a cell-survival response elicited by nutrient deprived organisms to support
survival for several weeks, during which time nutrient readdition supports recovery and
normal growth. However, mammalian cells normally have ample nutrient resources in
their extracellular environment and as a result, autophagy occurs at a low basal level until
the cells are exposed to some stress stimuli that may result in a dramatic induction.
These cells eventually undergo atrophy and cell death, if the autophagy is not curtailed by
the readdition of nutrients (Lum et al. 2005).

10

1.2.2. Morphology of autophagy – Upon induction of autophagy, a flat membrane
cistern known as the isolation membrane or phagophore, appears and wraps around a
portion of cytosol and/or organelles (Mizushima et al. 2002). These membranes are
formed at either the peri-vacuolar, pre-autophagosomal structure (PAS) in yeast, or
throughout the cytoplasm in higher organisms (Suzuki et al. 2001; Noda et al. 2002).
Sealing of the edges of the phagophore results in a unique double membrane vesicle
called the autophagosome that is devoid of any lysosomal enzymes. Once formed,
autophagosomes undergo a series of maturation processes, during which the
autophagosomes are delivered to the endosomal lumen, forming unique structures called
the amphisomes (Berg et al. 1998).

The amphisomes eventually form autophago-

lysosomes, upon fusion with lysosomes that are loaded with various acidic hydrolases,
specialized for rapid and effective degradation of the delivered cargo. The pH of the
autophagosomes is similar to that of the surrounding cytoplasm, but upon fusion with the
endosomes and/or lysosomes, the lumenal pH drops due to the presence of membrane
spanning proton pumps, which in turn results in increased lysosomal enzyme (cathepsin)
activity (Dunn 1990; Punnonen et al. 1992). Unlike in mammalian cells, however, yeast
autophagosomes do not seem to fuse with late endosomes. Instead, both autophagosomes
and endosomes fuse with the vacuole, the yeast equivalent of the lysosome, where their
contents are degraded and recycled (Scott and Klionsky 1998; Huang et al. 2000).
Despite the availability of some biochemical and molecular methods to monitor

11

Figure 1.2. Overview of macroautophagy. Upon induction of autophagy, a membrane
of unknown origin forms the initial phagophore or isolation membrane. The phagophore
expands, sequestering cytoplasm and other organelles, and upon completion, forms the
double membrane autophagosome. The autophagosome later fuses with endosomes and
lysosomes to have its internal contents degraded. This fused compartment is called an
autophagolysosome. Following breakdown of the entrapped organelles, the resulting
molecules are released back into the cytosol for reuse in metabolic processes.
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the formation of autophagosomes, electron microscopy remains indispensable for the
characterization of autophagic organelles (Klionsky et al. 2007).

Morphologically,

autophagic vacuoles can be categorized as early or initial autophagic vacuoles (AVi), and
late or degradative autophagic vacuoles (AVd) (Dunn 1990a; Dunn 1990b; Dunn 1994).
By definition, AVis are characterized as membrane-bound structures that contain
ribosomes, endoplasmic reticulum (ER) membranes, mitochondria, or occasionally
peroxisomes. The morphology of cytoplasmic constituents is generally not clear in
AVds, as they primarily house only the partially degraded rough ER remnants or
mitochondria (Eskelinen 2005). Thus, while AVi represents bona fide autophagosomes,
AVds are always either amphisomes or autolysosomes (Eskelinen 2005).
Although the autophagosomes have been morphologically characterized, the
precise mechanisms that mediate their formation remain unclear. How the isolation
membranes originate and how these structures are transported are heavily debated.
Though controversial, several theories for the genesis of isolation membranes exist,
including the possibility that they assemble de novo or originate from a pre-existing
cytoplasmic organelle, such as the ER or Golgi (Locke and Sykes 1975; Yang and
Chiang 1997; Reggiori et al. 2004; Munro 2005; Juhasz and Neufeld 2006). Support for
the latter argument arises merely from the lack of evidence for the nucleation theory.
Although several autophagy gene products have been identified at the ER-trans-Golgi
network (TGN), there is no proof for the formation and transport of isolation membranes
from the ER-Golgi compartments. Moreover, it is possible that different membrane pools
might contribute to the formation of autophagosomal membranes.
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1.2.3. Genes involved in the autophagic machinery – Autophagy has been known
for at least 40 years as an adaptation response to starvation and as a major factor in the
turnover of long-lived proteins and other cellular organelles. These analyses were limited
to morphological observations because none of the components of the autophagic
machinery were known. However, in the last decade, genetic screens in yeast have lead
to the identification of around 27 Atg genes (Klionsky et al. 2003). Most of these genes
have been characterized in yeast, and their site and mode of action are currently under
investigation. Despite numerous studies in the yeast model systems, the relevance of
many of these findings in higher organisms remains debatable. For instance, some of the
Atg genes, like Atg 13, 17, 20, 21, 24 and 27 have no mammalian homologs, and it is
unclear how higher organisms perform autophagy despite the absence of several Atg
genes that are critical for autophagy in yeast. Moreover, most of these Atg genes localize
on the surface of the isolation membrane, suggesting a nucleation event involving
multiple gene products, which eventually results in the expansion of the phagophore to
form the autophagosome.
Two unique ubiquitin-like conjugation systems, Atg12-Atg5 and Atg8-PE
decorate the phagophore surface resulting in the formation of autophagosomes
(Mizushima et al. 2003).

In the Atg12-Atg5 conjugation system, an irreversible

isopeptide bond is formed between Atg12 and Atg5 (Mizushima et al. 1998). Two other
proteins, Atg7 and Atg10 function like E1 ubiquitin-activating enzymes and E2 ubiquitinconjugating enzymes respectively, and help in the Atg12-Atg5 interaction (Kim et al.
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1999; Shintani et al. 1999; Nemoto et al. 2003). This conjugate binds another protein,
Atg16, noncovalently, which homo-oligomerizes to form a higher multimeric structure of
Atg12-Atg5-Atg16 that exists as a 350 kDa tetramer in yeast and an 800 kDa octamer in
mouse (Kuma et al. 2002; Mizushima et al. 2003). Disruption of the interaction between
these components prevents phagophore elongation further confirming the importance of
this conjugate in autophagosome formation (Mizushima et al. 2001).
In the second conjugation system, a molecule of Atg8, the yeast homolog of microtubuleassociated protein 1 light chain 3 (MAP1LC3/LC3) is linked to the lipid
phosphatidylethanolamine (PE) on autophagosomal membranes (Ichimura et al. 2000;
Kirisako et al. 2000). Similar to Atg7 and Atg10 in the previous conjugation system,
Atg4, Atg7 and Atg3 are involved in generating Atg8-PE. Following an autophagic
stimulus, Atg4, a cysteine protease, activates cytosolic Atg8 by cleaving at a C-terminal
arginine and thereby exposing a glycine that is accessible to the E1-like Atg7. The
system then goes through a similar sequence of events, in which Atg7 is exchanged for
Atg3 (E2-like enzyme), and Atg8 is eventually conjugated to PE (Kirisako et al. 2000).
In the absence of an autophagic stimulus, Atg8/LC3 exists in a cytosolic form (LC3-I),
but upon induction, is conjugated to PE (LC3-II) on autophagosome membranes (Kabeya
et al. 2000; Tanida et al. 2002; Kabeya et al. 2004).
Although the two conjugation systems appear to be independent events, there is
significant cross-talk between the two pathways, as depletion of Atg12-Atg5 conjugates
destabilizes the Atg8-PE complex, causing its altered localization away from the surface
15
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Figure 1.3. Two conjugation pathways. Atg5 and Atg12 interact with one another
through a series of activation and conjugation reactions resulting in the formation of a
multimeric Atg12-Atg5-Atg16 complex that clusters on the surface of the isolation
membrane, enabling it to expand and grow into an autophagosome. Similarly, the other
conjugation pathway involves Atg8, which links with phosphatidylethanolamine to form
Atg8-PE, and plays an equally important role in autophagic vesicle formation (adapted
from Yorimitsu and Klionsky 2005).
16

of autophagosomal membranes (Suzuki et al. 2001). In yeast, both the conjugation
systems are distributed on the phagophore surface at a specific location called the PAS
(Suzuki et al. 2001; Kim et al. 2002). While Atg8-PE conjugates have been detected both
in the phagophore surface and also on the completed autophagosome, the Atg12-Atg5Atg16 complex has been observed only on the isolation membrane and not on the surface
of the completed autophagosome (Kirisako et al. 1999; Mizushima et al. 2001;
Mizushima et al. 2003). These observations led to the finding that the Atg12-Atg5-Atg16
complex, along with Atg8, localized to the outer leaflet of the autophagosomes and
dissociated from the surface, once the structure was complete (Kirisako et al. 2000).
What triggers disassembly, following completion of the double-membrane vesicle is
unknown. One possible candidate is Atg1, which releases Atg9 and Atg11 from other
conjugates and is thought to control the size of autophagosomes (Reggiori et al. 2004;
Yorimitsu and Klionsky 2005). Although all of the Atg gene products on the outer leaflet
of the autophagosome are retrieved by some factor, most Atg8 is still localized within the
completed autophagosome and is degraded only following lysosomal fusion, along with
the entrapped cargo.

Thus, Atg8 proves to be the best candidate for a structural

component of the completed autophagosomes and can be used to track AVis prior to
lysosomal fusion. All of these findings have been invaluable in characterizing autophagy
in yeast, but given that humans lack many of these Atg genes, the precise mechanisms
regulating autophagy in humans remain unclear.
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Figure 1.4. Regulation of autophagosome formation and maturation by Atg
proteins. The two ubiquitin-like conjugation systems, Atg12-Atg5-Atg16 multimers
and Atg8-PE conjugates, localize to the isolation membrane to cause its expansion
around the entrapped organelle. Following completion of the autophagosome, the
protein complexes decorating the outer surface are removed by unknown factors, and
Atg8-PE on the inner leaflet of the membrane becomes the only known Atg protein
remaining in the mature autophagosome. Following fusion with the lysosome, the
remaining Atg8-PE is also degraded along with the cargo resulting in the final autophagolysosome.
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Many Atg genes are recruited to the PAS or phagophore surface due to their
affinity for a specific phospholipid called phosphatidylinositol-3-phosphate [PI(3)P],
which is normally found associated with endomembranes such as endosomes and the ERTGN (Hickinson et al. 1997; Jones and Howell 1997). PI(3)P is exclusively recognized
by proteins with specific PI(3)P-binding motifs such as the PX, ENTH and FYVE
domains (Fruman et al. 1999; Ford et al. 2001; Itoh et al. 2001; Kanai et al. 2001; Mao et
al. 2001). Indeed, some Atgs, like Atg20 and Atg24 have PX domains to mediate their
localization on endomembranes, but most Atgs that are recruited to the PAS/isolation
membrane lack any known binding domains (Nice et al. 2002; Wurmser and Emr 2002;
Stromhaug et al. 2004). In these cases, it is unclear what controls the recruitment of Atgs
to specific locations within the cell in order to generate autophagosomes.
Nevertheless, the yeast PI(3)K Vps34 regulates macroautophagy by forming two
distinct PI(3)K complexes: Complex I, which comprises Vps34, Vps15, Atg14 and
Vps30/ Atg6 and Complex II, which contains the same proteins as complex I, except that
Atg14 is replaced with Vps38 (Schu et al. 1993; Kihara et al. 2001). The primary role of
Vps34 in these complexes is to generate sufficient PI(3)P, in order to recruit several
autophagy gene products like the Atg20-Atg24 complex, as well as Atgs 18, 21, and 27 to
the PAS (Suzuki et al. 2001). In contrast to yeast, mammalian cells regulate autophagy
via two functionally different PI(3)K complexes (Petiot et al. 2000; Vieira et al. 2001;
Petiot et al. 2002).

While the class I enzyme complex has an inhibitory role in

autophagy, the class III enzyme complex is similar to yeast Vps34 and stimulates the
autophagic machinery and other intracellular trafficking events (Petiot et al. 2000; Stein
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et al. 2003). In mammals, human Vps34 exerts its activity by associating with Beclin 1
(human homolog of Atg6) via an evolutionarily-conserved domain (ECD) in Beclin 1
(Kihara et al. 2001). This interaction is important for Beclin 1-mediated autophagy, as
mutations in ECD not only blocks Beclin 1-Vps34 interaction, but also the autophagic
and tumor suppressor functions of Beclin 1 (Furuya et al. 2005). In contrast, Beclin 1
does not seem to be important for Vps34 activity (Furuya et al. 2005; Zeng et al. 2006).

1.2.4. Regulation of autophagy – Cells are able to modulate autophagy in response
to their needs, and under certain circumstances, autophagy can be selective in mammalian
cells, as evidenced by the specific recognition and elimination of invading bacteria, like
group A Streptococcus, Shigella flexneri, Mycobacterium tuberculosis and other viruses,
by the autophagic machinery. Interestingly, some bacteria and viruses have also evolved
to subvert their clearance by autophagy (Kirkegaard et al. 2004; Belanger et al. 2006;
Talloczy et al. 2006; Yoshimori 2006). For instance, only specific mutant strains of S.
flexneri are prone to autophagic degradation. These mutants express an altered version of
the surface protein VirG that binds to Atg5, causing the bacteria to undergo autophagy.
The wild type bacterium escapes this degradative pathway, by secreting another protein
IscB, that disrupts the association of VirG with Atg5 (Ogawa et al. 2005). Likewise, the
phagosome-residing M. tuberculosis escapes autophagic degradation by interfering with
PI(3)P generation and the subsequent maturation of phagosomes to phagolysosomes
(Gutierrez et al. 2004).
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Autophagy can be chemically regulated by targeting different stages of the
autophagic pathway. In yeast, autophagy acts through TOR (Target of Rapamycin), a
protein kinase that is central to nutrient sensing, signal transduction, regulation of
translation and cell cycle progression (Blommaart et al. 1995; Noda and Ohsumi 1998).
TOR and mTOR (the mammalian homolog) negatively regulate autophagy and are
blocked by rapamycin, a macrolide antibiotic that complexes with other proteins that
physically interact with TOR (Raught et al. 2001). Unlike rapamycin, other autophagy
inducers, like lithium, carbamazepine and valproate affect inositol metabolism that results
in an autophagy phenotype due to decreased myo-inositol-1,4,5-triphosphate (IP3) levels
(Sarkar and Rubinsztein 2006).

Autophagy can be inhibited using pharmacological

agents, including several lysomotropic agents [such as chloroquine (CQ), hydroxychloroquine, bafilomycin A1 (Baf A1) or monoensin] that reduce the lysosomal pH and/or
destabilize lysosomal membranes (Yamamoto et al. 1998; Boya et al. 2003; Hay and
Sonenberg 2004).
Furthermore, Atg gene products can also undergo structural modifications that
modulate the intensity of the autophagic response. For instance, in yeast, Atg13 remains
highly phosphorylated by TOR under nutrient-rich conditions, and as a result, exhibits a
reduced affinity for Atg1 kinase (Funakoshi et al. 1997). Induction of autophagy alters
the hyperphosphorylated state of Atg13, which in turn enhances the binding affinity of
Atg13 with Atg1, increasing the kinase activity of Atg1 and the rate of autophagosome
biogenesis (Kamada et al. 2000).

Although Atg1 is conserved in mammals, it is unclear

if it plays a similar role in higher organisms, primarily because Atg13 homologs are not
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found in mammals (Reggiori and Klionsky 2002). Other Atgs like Beclin 1 contain
structural motifs, like a leucine-rich nuclear export signal (NES), that are required for
their autophagic and tumor suppressor functions. Disruption of the NES localizes Beclin
1 to the nucleus, thus preventing it from performing its autophagic function (Liang et al.
2001).
Among the regulators of autophagy, PI(3)Ks play a very important role in
controlling the synthesis of autophagosomes (Petiot et al. 2000; Eskelinen et al. 2002).
Synthesis is suppressed by PI(3)K inhibitors including 3-MA, wortmannin and
LY294002, as well as microinjection of inhibitory antibodies to Vps34 (Seglen and
Gordon 1982; Blommaart et al. 1997; Eskelinen et al. 2002). Vps34 forms a complex
with Beclin 1 and plays a critical role in autophagy (Petiot et al. 2000; Kihara et al. 2001;
Furuya et al. 2005; Zeng et al. 2006). Despite numerous studies, however, it is still
unclear how Beclin 1-Vps34 conjugates regulate autophagy. Nevertheless, the complex
has yielded useful insights into the autophagic machinery in mammals, by revealing other
interacting partners that were later identified as positive and negative regulators of
autophagy. One such candidate is UVRAG (human equivalent of yeast Vps38), which
positively modulates autophagy by associating with the Beclin 1 - Vps34 complex (Liang
et al. 2006; Liang et al. 2007). While UVRAG positively regulates autophagy, the antiapoptotic protein Bcl-2 physically interacts with, and disrupts the Beclin 1 – Vps34
association, thus inhibiting Beclin 1-dependent autophagy (Pattingre et al. 2005; Pattingre
and Levine 2006). Surprisingly, inhibition of Beclin 1-dependent autophagy by Bcl-2
varies among cell types and as a result may or may not alter the association of Beclin 1
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with Vps34 (Kihara et al. 2001; Pattingre et al. 2005). In fact, reports have claimed that
Bcl-2 binding to Beclin 1 is minimal under amino acid deprived conditions, and the
binding is enhanced when the starvation is relieved (Pattingre et al. 2005).

1.2.5. Physiological roles of autophagy – Animal cells exhibit low levels of basal
autophagy under normal dietary conditions. Conditional knockouts of specific Atgs in
brain tissue, block basal autophagy and as a result, cytoplasmic inclusion bodies
accumulate in the neurons causing neurodegenerative diseases, including Parkinson’s
disease and polyglutamine expansion diseases, such as Huntington’s disease and
spinocerebellar ataxia type 3 (Hara et al. 2006; Komatsu et al. 2006; Menzies et al. 2006).
These diseases are caused by the conversion of normal proteins into toxic aggregates that
are highly dependent on autophagy for their clearance (Ravikumar et al. 2002; Qin et al.
2003; Webb et al. 2003; Shibata et al. 2006). Likewise, accumulation of α1-antitrypsin Z
mutant protein in the endoplasmic reticulum in Atg5-deficient liver cells confirms the
requirement of basal autophagy for clearance of misfolded proteins and other aggregates
in cells (Kamimoto et al. 2006).
Upregulation of autophagy is also useful in eliminating pathogens following
bacterial and viral infections. The pathogens infecting the host cell can be engulfed by
the autophagosomes and targeted to lysosomes for degradation (Kirkegaard et al. 2004;
Belanger et al. 2006; Talloczy et al. 2006; Yoshimori 2006).

Another important

physiological role of autophagy is in tumorigenesis. Recently, a number of studies have
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shown important but seemingly paradoxical roles for autophagy in cancer. On the one
hand, autophagy clearly mediates tumor cell survival and growth during times of nutrient
starvation or metabolic stress, particularly prior to angiogenesis, and autophagy facilitates
tumor recurrence following chemotherapy (Lum et al. 2005; Degenhardt et al. 2006;
Amaravadi et al. 2007; Karantza-Wadsworth et al. 2007). However, autophagy also
appears to suppress tumorigenesis, as beclin 1 is monoallelically-deleted in some human
cancers, beclin 1 +/- mice are tumor-prone, and allelic loss of beclin 1 renders cells
susceptible to metabolic stress and genomic instability (Liang et al. 1999; Qu et al. 2003;
Yue et al. 2003; Karantza-Wadsworth et al. 2007). In addition to Beclin 1, other positive
regulators of autophagy, such as UVRAG also function as tumor suppressors (Liang et al.
1999; Liang et al. 2007) and certain negative regulators of autophagy, such as Bcl-2
promote tumorigenesis and prevent apoptosis (Kirkin et al. 2004).
Stress induced by nutrient deprivation or starvation is a major stimulus for
inducing autophagy. In mammals, autophagy is observed during the neonatal period,
when the trans-placental nutrient supply is suddenly interrupted and the neonate has yet
to replenish the nutrients through ingestion of maternal milk (Levine 2005). A sudden
increase in energy requirements, as the neonate makes the transition from amniotic fluid
to air, causes autophagosomes to form in specific tissues like the lung alveolar cells.
Expectedly, neonatal mice that lack Atg5 do not form autophagosomes in these tissues,
and die within the first day of life (Kuma et al. 2004). In addition to these functions,
autophagy has also been shown to play important roles in the development and
differentiation of several organisms (Yorimitsu and Klionsky 2005).
24

1.2.6. Autophagy and Apoptosis – Although the prosurvival function of autophagy
is evolutionarily-conserved from yeast to mammals, excessive autophagy is also thought
to cause cell death that is unrelated to apoptosis and necrosis (Lum et al. 2005).
Although autophagic cell death is considered as a ‘fail-safe’ mechanism in cells where
the apoptotic machinery is compromised, there is extensive cross-talk between autophagy
and apoptosis. Treatments with several pro-apoptotic agents, including TNF and TNF
related apoptosis inducing ligand (TRAIL), and overexpression of specific components in
the death receptor pathway, including receptor interacting protein (RIP), and Fas
associated protein with death domain (FADD) have been shown to induce autophagy in
mammalian cells (Jia et al. 1997; Mills et al. 2004; Yu et al. 2004; Pyo et al. 2005).
Conversely, anti-apoptotic proteins like Akt, mTOR, Bcl-2, and PI(3)Ks suppress
autophagy (Arico et al. 2001; Meley et al. 2006; Pattingre and Levine 2006; Reiling and
Sabatini 2006).

In direct contrast to such observations, anti-apoptotic Bcl2-family

members have also been shown to enhance etoposide-induced autophagy (Shimizu et al.
2004). Similarly, in addition to autophagy, Atgs also play an important role in cell death.
While knock-downs of Atg7/Atg5 and Beclin 1 suppress cell death in fibroblasts,
overexpression of Atg5 induces cell death by different mechanisms (Shimizu et al. 2004;
Pyo et al. 2005; Yousefi et al. 2006). In these cases, it is unclear whether autophagy
directly contributes to the cell death or is a failed effort to preserve cell viability.
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1.3.

Lysosomal Biogenesis - Fusion and Fission
Lysosomes are dynamic, membrane-bound organelles found in animal cells.

They contain acid hydrolases that degrade invading pathogens, macromolecules, and
worn-out intracellular organelles, upon fusion with the endocytic, phagocytic or
autophagic vesicles. The acid hydrolases are kept active with the help of several protonpumping vacuolar ATPases, found on the lysosomal and late endosomal membranes,
which maintain the luminal pH at 4.6-5.0 (Mellman et al. 1986). Lysosomes undergo a
series of fission and fusion events, which results in the extraction of nutrients from
degraded cargo in order to sustain cells during nutrient deprivation.

1.3.1. Intracellular vesicular trafficking – Trafficking of endosomes and secretory
vesicles is critical for a variety of cellular functions, ranging from growth factor signaling
to defense against intracellular pathogens.

Endosomes arise due to the endocytic

pathway, primarily during receptor internalization events, as a result of the “pinching-in”
of invaginated plasma membrane.

Early endosomes comprising the ligand-receptor

complex move from the cell surface into the cytoplasm as part of the endocytic response.
They have an internal pH of 6.0-6.3 that is sufficiently acidic to cause dissociation of
ligands from receptors, and in some cases, they can then rapidly recycle to the cell
surface, enclosed within the recycling endosomes (Schmid et al. 1988). In other cases,
early endosomes gradually mature into larger late endosomes that eventually feed into the
lysosomes in order to degrade the endosomal contents (Bright et al. 2005). Bacteria and
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other invading pathogens, as well as autophagosomes, can similarly fuse with late
endosomes, in order for their contents to be delivered to the lysosomes. Thus the late
endosome may contain cargo from different sources that are destined for degradation
within lysosomes. As a result of late endosome-lysosome fusion, a hybrid organelle is
formed that contains a full complement of lysosomal enzymes along with late endosomal
markers (Luzio et al. 2007). Once the cargo is digested, the lysosomes are recovered
from the hybrid organelle, by lysosomal fission, without which both organelles would be
markers (Luzio et al. 2007). Once the cargo is digested, the lysosomes are recovered
from the hybrid organelle, by lysosomal fission, without which both organelles would be
completely consumed, eventually leading to cell death.
Similar to endocytosis, proteins that are destined for secretion follow an exocytic
pathway involving vesicles that travel from the ER through the Golgi to the cell surface.
Proteins translated in the ER lumen are exported at specific locations called ER exit sites
(ERES) that are scattered along the surface of ER membranes. The encapsulated proteins
in the form of vesicles or tubules, termed ER-Golgi intermediate carriers (ERGICs), bud
off from the ER, bind to the cytoskeleton, and are directed to the center of the cell, where
they fuse with Golgi (Aridor et al. 1995; Appenzeller-Herzog and Hauri 2006). Upon
fusion, the enclosed proteins undergo a series of post-translational modifications and are
subsequently transported via secretory vesicles to the cell surface. Several studies also
suggested that crosstalk exists between the ER-Golgi transport and endocytic pathways.
For instance, lysosomal enzymes like acid hydrolases are originally transported from the
ER-TGN to the late endosomes (Seaman 2004). Moreover, the Golgi apparatus generally
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sorts the proteins destined for the cell surface from those targeted for the lysosomes
(Gary et al. 1998).

1.3.2. Regulation of vesicular transport – Vesicular trafficking within cells is
mediated by a number of monomeric small GTPases, such as Rab proteins that are
primarily found on endosomes and other vesicles, but they may also be present on
ER/Golgi membranes and within the cytosol (Bock et al. 2001; Pereira-Leal and Seabra
2001). Rab GTPase family members, in their GTP-bound state, recruit several effector
proteins to membranes, and as a result, regulate endocytosis and other trafficking events
at multiple steps (Grosshans et al. 2006). For instance, Rab5 regulates the transport of
clathrin-coated vesicles from the plasma membrane to early endosomes by means of its
effector protein EEA1, which bridges the Rab5-bearing membranes, to promote early
endosomal fusion (Gorvel et al. 1991; Bucci et al. 1992; Simonsen et al. 1998;
Christoforidis et al. 1999). These early endosomes gradually mature into larger late
endosomes, an event often marked by the replacement of Rab5 and EEA1 with Rab7
(Rink et al. 2005). The late endosomes, coated with Rab7 GTPases, eventually feed into
the lysosomal compartment to complete the sequence of events (Bright et al. 2005).
Although Rab7 is found decorating the late endosomal and autophagosomal surfaces, the
exact mechanism by which Rab7 mediates lysosomal fusion is unknown (Gutierrez et al.
2004). Nevertheless, in Rab7-coated endosomes, a SNARE complex is formed that
bridges late endosomes with lysosomes (Weber et al. 1998). Many components of the
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SNARE complex, including several syntaxins and vesicle-associated membrane proteins
(VAMPs) are involved in heterotypic endosome-lysosome fusion (Antonin et al. 2002;
Pryor et al. 2004). Fusion is also dependent on several additional factors, including
calcium and calmodulin (Pryor et al. 2000).
The components that constitute the endocytic pathway also regulate
autophagocytosis, confirming the overlap between the two processes in mammalian cells.
Endocytosed materials have been detected in autophagic vacuoles and vice-versa,
suggesting a convergence between the endocytic and autophagic pathway (Liou et al.
1997; Berg et al. 1998). Similar to late endosomes, Rab7 GTPases also accumulate on
autophagosomal membranes in order to facilitate their fusion with lysosomes. Moreover,
dominant negative mutants of Rab7 enhance the size of autophagosomes by blocking
lysosomal fusion (Gutierrez et al. 2004). While Rab7 ensures the delivery of endosomal
contents to lysosomes, another late endosome-localized GTPase, Rab9, is involved in the
trafficking of late endosomal contents to the Golgi complex (Lombardi et al. 1993;
Barbero et al. 2002). The contents delivered to Golgi, either from the late endosomes via
Rab9 or from the ER via Rab1, are trafficked back to the cell surface through additional
Rab proteins such as Rab3, Rab4, Rab8, and Rab11.
Similar to Rab proteins, other GTPase family members, secretion-associated and
ras superfamily-related gene 1 (SAR1) and ADP ribosylation factor 1 (ARF1), regulate
the anterograde and retrograde transport of protein-containing vesicles between the ER
and Golgi compartments. ER proteins are exported from ERES following the recruitment
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Figure 1.5. Intracellular vesicle transport pathways regulated by Rab GTPases. The
biosynthetic pathway transports proteins from ER to the Golgi complex through Rab1.
From the Golgi, the proteins are transported to the cell surface via other proteins like
Rab8, Rab11 and Rab3. Material internalized from the cell surface reaches the early
endosome via Rab5, which is displaced with Rab7 as the endosomes mature and fuse
with lysosomes. Some early endosomes are recycled back to the cell surface via Rab4
and Rab11, whereas some late endosomes are trafficked to the Golgi complex via Rab9.
Proteins that reach the Golgi can be shuttled back to the ER through Rab2.
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of coat protein II (COPII) complex, which acts to deform the membrane and generate
ERGICs (Barlowe et al. 1994).

COPII assembly is initiated by the activation and

membrane anchoring of SAR1 (Goldberg 1998), which along with other proteins, interact
with specific moieties in the ER cargo and enable their export from ERES as ERGICs
(Aridor et al. 1995; Kuehn et al. 1998; Appenzeller-Herzog and Hauri 2006). Once
released, ERGICs move towards the center of the cell and fuse to form Golgi (Ward et al.
2001). By contrast, the Golgi-localized ARF1/COPI complex typically mediates the
retrograde transport of Golgi proteins back to the ER.

Thus both ER and Golgi

membranes serve as a dynamic network for the trafficking of intracellular vesicles.
Following ER export and fusion with Golgi, the enclosed proteins in the ERGICs,
undergo a series of post-translational modifications and are then transported via secretory
vesicles to the cell surface. Inhibitors of SAR1 or ARF1, including the fungal metabolite
Brefeldin A (BFA), induce a collapse in the Golgi apparatus, resulting in the disruption of
ERES and ER-Golgi transport (Klausner et al. 1992).

1.3.3. Lysosomal trafficking mechanisms – Although delivery of the endocytosed
cargo to the lysosomes has been widely accepted, the mechanisms by which endosomal
contents are transferred to lysosomes remain controversial. Numerous theories exist
wherein the endosomes are thought to either mature into lysosomes, the contents are
transferred through numerous transient “kiss and run” contacts, or a direct fusion
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Figure 1.6. ERGIC formation and ER-Golgi transport. Following the recruitment of
the SAR1/COP II complex to ERES, ER proteins are exported from ER membranes via
specific structures called ERGICs. Once released, ERGICs fuse with the Golgi
apparatus, before moving their contents to the cell surface. In contrast to SAR1, ARF1
primarily mediates retrograde transport, aiding in the movement of proteins from the
Golgi back to the ER.
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IM

mechanism is employed to form a endo-lysosomal compartment, or hybrid organelle
(Luzio et al. 2007). Recent reports suggest that the “kiss and run” and direct fusion
mechanism both contribute to the mixing of endocytosed cargo and lysosomal enzymes
in living cells (Bright et al. 2005).

Upon fusion with phagosomes, endosomes, or

autophagosomes, conventional lysosomes may traffic to the plasma membrane to secrete
the digested contents out of the cell.

Lysosomal exocytosis has been observed in

response to increases in cytosolic calcium (Rodriguez et al. 1997), and is controlled by
proteins, including SNAREs and calcium sensors (Rao et al. 2004).

Alternatively,

following complete fusion of late endosomes and lysosomes, hybrid organelles may be
formed. Hybrid organelles, with a full complement of lysosomal enzymes and late
endosomal markers, possess all the hydrolytic enzymes necessary for cargo degradation.
Upon digestion, the hybrid organelles undergo fission to regulate cell volume and reform
lysosomes and late endosomes (Bright et al. 1997; Mullock et al. 1998). Several proteins
play important roles in the fission of hybrid organelles, including the retromer complex, a
complex composed of Vps5, Vps17, Vps26, Vps29 and Vps35 in yeast. Depletion of the
Vps26 orthologue in mammalian cells leads to a phenotype characterized by swollen
lysosomal compartments (Arighi et al. 2004; Seaman 2004). Similarly, depletion of
Vps34, the sole PI(3)K in yeast, results in enlarged lysosomes, consistent with previous
reports that PI(3)K activity was required for the reformation of dense lysosomes from
hybrid organelles (Mousavi et al. 2003; Johnson et al. 2006).
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1.3.4. Physiological significance of lysosomal biogenesis – Failure to reform
lysosomes from hybrid organelles has been observed in cells from patients with the
autosomal recessive disease, mucolipidosis type IV (MLIV), a lysosomal storage disorder
characterized by severe neurological and ophthalmologic abnormalities. The absence of
a cation transporter in lysosomes, mucolipin-1 (CUP-5 in C.elegans) has also been
attributed to defects in the retrieval of components from the endo-lysosomal hybrids
(Treusch et al. 2004; Vergarajauregui and Puertollano 2006).

Consistent with this

hypothesis, defective trafficking of late endosomes to the Golgi complex is rescued by
expression of mucolipin-1 (Pryor et al. 2006). In patients with MLIV, phopshatidylcholine and other phospholipids accumulate in lysosomes due to a defect in the endocytic
process of membranous components, which differs from receptor-mediated endocytosis
that remains unaffected in this disorder (Bargal and Bach 1997; Chen et al. 1998). Rather
than recycling to the plasma membrane, there is excessive transportation of these
macromolecules into lysosomes, explaining the heterogeneity of the stored materials
identified in the accumulated lysosomes.
In this study, we discuss the role of p38 MAPKs in regulating autophagy and
lysosomal trafficking. In order to study this, we will modulate the levels of p38 MAPKs
in multiple cancer cell lines and demonstrate the induction of autophagy following
changes in p38 levels. Furthermore, we will attempt to characterize the membrane source
of the autophagosomes and the downstream events following the fusion of
autophagosomes with lysosomes.
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Chapter 2. Materials and Methods

2.1. Plasmid constructs – A cDNA encoding p38α (kindly provided by Dr. K. Dalby,
UT-Austin) was subcloned into pcDNA6-Myc (Invitrogen), and the kinase dead mutant
D168A were generated by site-directed mutagenesis. Dominant-negative mutants of
MKK3 and MKK6 were generously provided by Prof. J. Han (Scripps Research Institute,
La Jolla, CA) (Ge et al. 2002). In order to deplete cells of p38α, sense and antisense
oligonucleotides to p38α (5’-397-CAAATTCTCCGAGGTCTAA-416-3’) or a scrambled
control (5’-ACCGTCGATTTCACCCGGG-3’) were cloned into the BglII/ XhoI sites of
the pSuper.retro.puro vector (Oligoengine, Seattle, WA), separated by a 9-nt noncomplimentary spacer (TTCAAGAGA).

shRNAs to human beclin 1 (5’-1206-GAT

TGAAGACACAGGAGGC-1225-3’) and atg5 (5’-453-GCAACTCTGGATGGGATTG472-3’) were similarly cloned into the BglII/XhoI sites of pSuper.retro.puro. A plasmid
encoding EGFP-LC3 (provided by Prof. A. Thorburn, University of Colorado Health
Sciences Center, Denver, CO) was utilized to quantitate the number of autophagosomes
per cell (Kabeya et al. 2000), and in order to monitor autophagosomes pre- and postlysosomal fusion, monomeric RFP was generated by PCR (fwd: 5’- ACCGGTCGCC
ACCATGGACAACACCGAGGACGTC-3’; rev: 5’- ACCGGTCCCTGGGAGCCGGA
GTGGCGG-3’) and cloned into the AgeI site upstream of GFP-LC3. To visualize the
generation of PI(3)P, the PX domain of p40Phox (aa 1-144) was generated by RT-PCR
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(fwd: 5’-GGTACCGAATGGCTGTGGCCCAGCAGC-3’; rev: 5’-CTCGAGGCGGAG
TGCCTGGGGCACC-3’) and cloned into the KpnI/XhoI sites of pcDNA3, in frame with
a C-terminal EGFP tag (XhoI/XbaI) (Kanai et al. 2001). The PX mutant R57Q, which
does not bind to PI(3)P, was subsequently generated by site-directed mutagenesis.
For labeling the Golgi network, a cDNA encoding the N-terminus (aa 1-81) of
human β-1,4-galactosyltransferase-1 (IMAGE: 4837872; ATCC, Manassas, VA) was
generated by PCR (fwd: 5’-GGATCCATGAGGCTTCGGGAGCCGCT-3’; rev: 5’-GC
GGCGGCCGCCAGGCCCCTCCGGTCCGG-3’) and cloned into the BamHI-NotI sites
of pcDNA3-EGFP. Similarly, for labeling ER membranes, a cDNA encoding the Cterminus (aa 100-134) of human cytochrome-b5, was obtained by RT-PCR (fwd: 5’CTCGAGGAATGATCACTACTATTGATTCTAG-3’; rev: 5’-GGATCCTCAGTC CTC
TGCCATGTATAGG-3’) and cloned into the XhoI-BamHI sites of both pEGFP-C1 and
pmCherry-C1 (Clontech, Mountain View, CA). In order to pharmacologically disrupt
ERES, cells were treated with BFA (10 µg/ml), an inhibitor of ARF1 (Klausner et al.
1992).

The cDNA of human ARF1 was obtained by RT-PCR (fwd: 5’-

CTCGAGATGGGGAACATCTTCGCCAACC-3’; rev: 5’-GGATCCGGCTTCTGGTT
CCGGAGCTGA-3’) and cloned into the XhoI-BamHI sites of pEGFP-N1 (Clontech),
whereas human SAR1 was cloned (fwd: 5’-CTCGAGCTATGTCTTTCATCTTTGA
GTGGA-3’; rev: 5’-GGATCC TCAGTCAA TATACTGGGAGAGCC-3’) into the XhoIBamHI sites of pmCherry-C1. Dominant-negative ARF1 (T31N) and constitutivelyactive SAR1 (H79G) mutants were then generated by site-directed mutagenesis.
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Labeling of early endosomes was performed by transfecting cells with EGFPRab5 or EGFP-EEA1 constructs (kindly provided by Prof. M. Seabra, Imperial College,
UK, and Dr. S. Corvera, University of Massachusetts Medical School, Worcester, MA)
(Gomes et al. 2003; Lawe et al. 2003). Dominant-negative Rab5 (N133I) and the p38αspecific phosphomimetic EEA1 mutant (T1392E) were subsequently generated by sitedirected mutagenesis. Human GDIα was obtained by RT-PCR (fwd: 5’-CTCGAGC
TATGGACGAGGAATACGACGTGA-3’; rev: 5’-GGATCCTCACTGGTCAGCTTCC
CCAAA-3’) and cloned into pmCherry-C1, and its phosphomimetic mutant (S121E) was
later cloned by site-directed mutagenesis.

In order to inhibit clathrin-dependent

internalization, cells were transfected with a C-terminal peptide of AP180 (obtained from
Dr. H. McMahon, MRC-LMB, Cambridge, UK) (Ford et al. 2001). Labeling of late
endosomes was performed by transfecting cells with EGFP-Rab7 or EGFP-Rab9
(provided by Dr. B. V. Deurs, University of Copenhagen, Denmark, and Prof. S. Pfeffer,
Stanford University, Palo Alto, CA) (Bucci et al. 2000; Barbero et al. 2002). Dominantnegative Rab7 (T22N) and Rab9 (S21N) mutants were then generated by site-directed
mutagenesis. For certain co-labeling experiments, the Rab7 and Rab9 markers were also
subcloned into pmCherry-C1 in order to generate mCherry fusion proteins. Recycling
endosomes were labeled with EGFP-Rab4 and EGFP-Rab11 (generously provided by Dr.
B. Wizel, The University of Texas Health Science Center at Tyler, TX, and Dr. M.
Scidmore, Cornell University, Ithaca, NY) (Rzomp et al. 2003; Cortes et al. 2007).
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Finally, lysosomes were labeled using LAMP1-mEGFP or CD63-mEGFP constructs
(provided by Dr. E. Dell’Angelica, UCLA, CA, and Dr. P. Luzio, University of
Cambridge, UK) (Falcon-Perez et al. 2005).

2.2. Reagents – SB203580, SP600125, PD98059, LY294002, and rapamycin were
obtained from Alexis Corp. (San Diego, CA).

Antibodies to b-actin (#4970),

hemagglutinin (#2367), myc (#2276), p38α (#9217), phospho-p38α (pThr-180/pThr-182;
#9216), phospho-MK-2 (pThr-222; #3316) and phospho-hsp27 (pSer-82; #2406) were
purchased from Cell Signaling Technology (Danvers, MA).

Anti-a-tubulin

(RE11250C100) was obtained from BioVendor (Candler, NC). For immunofluorescence
experiments, rhodamine-phalloidin (PHDR1) was acquired from Cytoskeleton Inc.
(Denver, CO), and mouse mAbs to vimentin (M0725), tubulin (E7) and LAMP1 (H4A3)
were purchased from DakoCytomation (Carpinteria, CA) and Developmental Studies
Hybridoma Bank at the University of Iowa (Iowa City, IA). Alexa Fluor 488- and HRPconjugated secondary antibodies to rabbit and mouse IgG were obtained from Molecular
Probes® Invitrogen (Carlsbad, CA), DakoCytomation, and Sigma-Aldrich (St. Louis,
MO). Baf A1 and BFA were purchased from Tocris Cookson (Ellisville, MO) and
Biomol International (Plymouth Meeting, PA), respectively.

All other chemicals,

including 3-MA and CQ, were of analytical grade and purchased from Sigma-Aldrich or
EMD Biosciences (Gibbstown, NJ).
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2.3. Cell Culture and Transfection – Prostate cancer cell lines (DU145, PPC-1 and
PC-3; kindly provided by Dr. D. G. Tang, The University of Texas M.D. AndersonSPRD, Smithville, TX) were grown in RPMI-1640, Breast cancer cell line (MDA-MB231; kindly provided by Dr. C. Vandenberg, UT-Austin), Lung cancer cell line (A549;
kindly provided by Dr. G. M. Cohen, MRC, Leicester, UK ), Colon cancer cell line
(HCT116; Genetics Resources Core Facility, Johns Hopkins University, Baltimore, MD),
Kidney cancer cell line (HEK293; ATCC, Manassas, VA), Cervical cancer cell line
(HELA; ATCC, Manassas, VA) and Mouse embryonic fibroblasts (kindly provided by
Dr. A. R. Nebreda, EMBL, Hamburg, Germany) were grown in DMEM, supplemented
with 5% fetal bovine serum (Atlanta Biologicals, Norcross, GA), 5% Fetalplex (Gemini
Bio-products, West Sacramento, CA), 1% penicillin-streptomycin (100 units/mL) and 2
mM Glutamine. Cells were maintained at 37°C in humidified air containing 5% CO2 and
were routinely passaged every 3 days. For all transient transfections, with the exception
of EGFP-LC3, cells were transfected with 1 µg/mL plasmid DNA using Fugene HD
transfection reagent (Roche Diagnostics, Indianapolis, IN), and for stable transfections,
cells were subsequently selected for 10 d in 1 µg/mL of puromycin. Individual clones
were then isolated using cloning rings.

2.4. Cell Proliferation and Apoptosis Assays – To measure cell proliferation, cells
were labeled with CFDA-SE (10μM; Molecular probes) for 15 min. Excess CFDA-SE
was removed by washing the cells 3X with culture media at room temperature. Labeled
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cells were then plated in 12-well dishes, treated with SB203580 for several days, and
analyzed by flow cytometry (Cytomics FC 500, Beckman-Coulter) for the residual
fluorescence in the dividing cells. Apoptosis was assessed by Annexin V/propidium
iodide (PI) staining, as previously described (Milleron and Bratton 2006).

2.5. Vacuolation and autophagy Assays – To determine the effects of various
kinase inhibitors (Alexis Corp.) on cytoplasmic vacuolation, DU145 cells were treated
with 50 μM of SB203580 (p38), SP600125 (JNKs), PD98059 (ERKs), LY294002
(PI(3)Ks), or Rapamycin (mTOR). The cells were then examined by phase-contrast light
microscopy, and the percentage of vacuolated cells was determined after counting at least
200 cells. For assessing autophagy, cells were treated with SB203580 for 24 h in
complete medium in the presence and absence of 3-MA (5mM; Sigma), CQ (10 μM;
Sigma) or Baf A1 (125 nM; Tocris). Autophagy was assessed by LC3 processing,
microscopy (TEM, SEM, Phase-contrast and epifluorescence), and lysosomal acid
phosphatase activity. For LC3 redistribution, cells transfected with GFP-LC3 plasmid,
were replaced with fresh complete medium 16-18 h post-transfection, in the presence and
absence of SB203580 and other autophagy-inducing stimuli, like Rapamycin. 24 h posttreatment, GFP-LC3 redistribution was detected using an inverted fluorescence
microscope. For transmission electron microscopy, cells were cultured in 12-well dishes,
and treated with SB203580 for 24 h. Cells were fixed with 1.5% buffered glutaraldehyde
and 1% formaldehyde, post-fixed in 2% CaCo-buffered osmium tetroxide-0.8%
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potassium ferri cyanide, embedded in Epon resin, sectioned, and analyzed using a Philips
EM 208 transmission electron microscope. For scanning electron microscopy, cells were
processed similar to TEM till the fixation step, which was followed by dehydration in
HMDS and Ethanol mixture and air-dried overnight. Cells were then sputter-coated with
gold/palladium and observed using Zeiss SUPRA 40 VP scanning electron microscope.
For each treatment and control group, 20-50 randomly chosen cells were analyzed for
autophagic morphology.

To further quantitate SB203580-induced autophagosomes,

phase-contrast images of three random fields representing 200-500 cells were counted.

2.6. ROS Quantification – To measure reactive oxygen species (ROS) generation,
cells treated with DMSO or SB203580 for 24 h in 12-well dishes were washed with PBS
and incubated with DCFDA (10μM; Molecular probes) for 30 minutes. Excess unbound
DCFDA was removed by washing the cells twice with PBS at room temperature. Thus
labeled cells were trypsinized, rinsed and resuspended in PBS and the fluorescence
intensity corresponding to the ROS generated was analyzed by flow cytometry. For
positive control, 100µM H2O2 was added to the labeled cells 10 minutes prior to the
analysis.

2.7. Lysosomal Volume measurement – To measure the lysosomal volume, cells
treated for 24 h with DMSO (negative control) or SB203580 were trypsinized and labeled
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with LysoTracker Green DND-26 (LTR; 100nM; Molecular Probes) for 60min 37°C,
followed by flow cytometry analysis.

2.8. Lysosomal Exocytosis Assay – Lysosomal Exocytosis was assessed by
measuring the amount of β-hexosaminidase released in the cell culture media (Kima et al.
2000). Briefly, supernatant (350 μL) from cells treated with DMSO or SB203580 for 24
h was collected and incubated for 15 min at 37°C with 50μL of 4-methyl-umbelliferyl-Nacetyl- β-D-hexosaminide (6mM; Sigma) in 40mM sodium citrate, 88 mM sodium
phosphate pH 4.5. The reaction was stopped by the addition of 100 μL of 2M Na2CO3,
1.1M glycine, and the fluorescence was measured using Victor3V 1420 Multilabel
Counter (PerkinElmer) at excitation 355nm/ emission 460nm.

2.9. Dextran Uptake – To monitor if the vacuoles are formed as a result of
internalization from cell surface, cells were treated for 24 h with DMSO (negative
control) or SB203580, in the presence of Lysosensor-Yellow/ Blue Dextran (0.5mg/ml;
Molecular Probes). The cells were then washed three times with normal cell culture
media and images were captured using an inverted fluorescence microscope.

2.10. Immunocytochemistry – Cells grown on coverslips were fixed in 4%
paraformaldehyde for 15 min, followed by 5 min fixation in ice-cold methanol, or 20 min
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permeabilization with 0.1% Saponin at RT and blocked with PBS containing 10% goat
serum overnight. Staining with primary antibodies was carried out for 1h at RT. After
rinsing with PBS for three times, cells were incubated with 0.5 μg/ml of the
corresponding labeled secondary antibody for 1h. Cells were counterstained with 2
μg/ml Hoechst 33342, rinsed a further three times and mounted in Vectashield (Vector
Laboratories Inc).

2.11. Western blot Analysis – After SDS-PAGE, proteins were transferred to
“Hybond N” Nitrocellulose membrane (Amersham Biosciences).

Membranes were

blocked in Tris-buffered saline (TBS) containing 5% non-fat dry milk and 0.1% Tween
20 (TBS-T) prior to incubation with the primary antibody for 1 h. Membranes were then
washed with TBS-T, milk-blocked followed by the appropriate horseradish peroxidaseconjugated secondary antibody for 1 h. Immunostained proteins were visualized on
Kodak x-ray film using the enhanced chemiluminiscence detection system (Amersham
Biosciences).
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Chapter 3. Inhibition of p38 mitogen-activated protein kinases induces
autophagosome formation from ER exit sites
3.1. Introduction and Rationale
While the ubiquitin-proteosomal system serves as the major cellular mechanism
for degrading short-lived proteins, autophagy is the primary pathway for the accelerated
degradation of long-lived proteins and organelle turnover in response to nutrient
deprivation and survival signaling (Klionsky and Emr 2000; Levine and Klionsky 2004).
During autophagy, cytoplasmic material and damaged organelles are sequestered into
double-membraned vesicles called autophagosomes, which eventually fuse with
lysosomes to yield autophagolysosomes (Blommaart et al. 1997; Yoshimori 2004). The
entrapped components are degraded within the autophagolysosomes to generate
intracellular nutrients that maintain the basal machinery in cells (Levine 2005). This
catabolic process is regulated by Atg genes that are conserved from yeast to humans
(Yorimitsu and Klionsky 2005). These genes are primarily involved in autophagy, but
have also been implicated in cell death (Yu et al. 2004; Pyo et al. 2005; Yousefi et al.
2006). Despite the prodeath effects of Atg genes, autophagy is generally considered a
cell-survival response (Kundu and Thompson 2005; Levine and Yuan 2005), as inhibition
of autophagy normally triggers apoptosis (Boya et al. 2005).

However, cells that

preferentially die by apoptosis will die by autophagy, if the apoptotic pathway is crippled
(Shimizu et al. 2004; Lum et al. 2005).
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Growth factor deprivation and nutrient starvation are the major physiological
inducers of autophagy, and numerous studies have shed light on the intracellular kinases
that regulate the autophagic pathway in mammalian cells (Blommaart et al. 1997; Petiot
et al. 2000).

Several classes of PI(3)Ks are involved in autophagy, and the

pharmacological inhibition of these kinases inhibits autophagic sequestration (Seglen and
Gordon 1982; Caro et al. 1988; Petiot et al. 2000). Since stress can induce autophagy,
several stress-activated kinases, including JNKs and p38 MAPKs have been implicated in
autophagy (Corcelle et al. 2006; Jia et al. 2006). Nevertheless, it has been difficult to
characterize the roles of these kinases in modulating autophagy, as there are paradoxical
reports identifying these kinases as both inducers and inhibitors of autophagy. For
instance, in yeast, deletion of Hog1 (the yeast orthologue of p38 MAPK) has been shown
to decrease autophagy (Prick et al. 2006), and sustained activation of p38 MAPK induces
autophagic proteolysis in rat liver (vom Dahl et al. 2001; vom Dahl et al. 2003; Schliess
et al. 2004). By contrast, recent findings in cancer cells suggest that inhibition of p38
MAPKs induces autophagy (Comes et al. 2007; Simone 2007).
Autophagy is characterized by the formation of autophagosomes that arise as a
result of isolation membranes expanding around the cargo. Although several theories
exist for the genesis of these membranes, the origin and of these structures remains
unknown. It has been suggested that the isolation membrane (IM) is assembled de novo
from some unknown site or derived from a pre-existing cytoplasmic organelle such as ER
(Juhasz and Neufeld 2006).

In the former model, the material for IM might
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be supplied by local synthesis of lipids. This has been confirmed in yeast model systems,
where such nucleation events have been shown to occur at a single, well-defined spot in
the cytoplasm known as the pre-autophagosomal structure (PAS). Many Atgs transiently
localize to this site and upon induction of autophagy, gradually nucleate to form IMs. In
mammalian cells, there is no definitive PAS, and IMs are formed throughout the
cytoplasm. In such cases, de novo synthesis of IMs seems unlikely and support for this
model comes mostly in the form of negative results, i.e no convincing microscopic data
exists suggesting a intracellular membrane source for the IMs.
Thus, the ER may be a more likely source of lipids for constructing the isolation
membrane, in part because all cellular membranes are generally thought to be derived
from the ER.

ER membranes are transported through the secretory pathway by a

continuous cycle of vesicular budding and fusion, and it is likely that rough ER may be
cleared of ribosomes and fold onto itself to form the IM or that vesicles may bud off from
the ER and fuse together to form the IM (Dunn 1994). Moreover, several ER proteins
have been identified in the autophagosomal membranes in mammalian cells (Dunn 1994),
and several genetic studies have shown that genes required for ER trafficking are also
required for autophagy (Ishihara et al. 2001; Pattingre et al. 2005). However, the site of
IM synthesis may not be restricted to ER. Numerous reports in other model systems
suggest the involvement of other organelles in the formation of autophagic membranes,
such as the Golgi complex (Locke and Sykes 1975; Yang and Chiang 1997; Reggiori et
al. 2004; Munro 2005). Moreover, considering the membrane thickness of IMs and
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autophagosomes (6-7 nm), it is likely that membranes from ER, cis-Golgi, nuclear
envelope, and inner and outer mitochondrial membranes form the IMs. By contrast,
plasma membranes and lysosomal membranes and most of the Golgi membranes are
thicker (9-10 nm) due to their different lipid compositions (more cholesterol) and higher
protein content (Juhasz and Neufeld 2006).
In the present study, we have investigated the role of p38 in regulating basal
autophagy in multiple cancer cells. Furthermore, we have convincingly characterized the
origin of autophagosomes from ERES following the inhibition of p38 MAPKs.

3.2. Results
3.2.1. Selective inhibition of p38 MAPKs induces formation of large
cytoplasmic vacuoles — In preliminary studies, we observed that SB203580, a wellestablished and selective inhibitor of p38 MAPKs (Davies et al. 2000), induced profound
cytoplasmic vacuolation in DU145 prostate cancer cells (Fig. 3.1 C). SB203580 induced
vacuolation in ~40% of cells at the commonly utilized concentration of 10 µM (Davies et
al. 2000), and by 50 µM, virtually all of the cells were highly vacuolated (Fig. 3.1 A).
The basal activity of the p38 pathway was near fully inhibited at 50 µM, as indicated by a
loss in the phosphorylation of MK-2 at Thr-222 by p38 and a corresponding loss in the
phosphorylation of hsp27 at Ser-82 by MK-2 (Fig. 3.1 A, inset). Though less extensive,
SB203580 also induced vacuolation in other prostate cancer cell lines, including PC3 and
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PPC-1 cells (Fig. 3.1 B). Moreover, SB203580-induced vacuolation was not restricted
to prostate cancer cells, as vacuolation was also observed in breast, colon, ovarian, lung,
kidney, and cervical cancer cell lines (Fig. 3.2). In DU145 cells, vacuoles were apparent
in most cells (>75%) within ~4 h of treatment and continued to increase dramatically in
size over time (Fig. 3.1 C, D). However, inhibition of p38 MAPKs did not induce
significant cell death (as determined by annexin-PI staining) and had only a modest effect
on the overall rate of cell proliferation (as determined by CFDA staining) during several
days in culture (Fig. 3.1 D, E). By contrast, exposure of DU145 cells to pharmacological
inhibitors of other stress and growth-related kinases (noted in parentheses), including
JNKs (SP600125), ERKs (PD98059), mTOR (Rapamycin), and PI(3)Ks (LY294002),
failed to induce significant vacuolation (Fig. 3.3 A).
To further confirm that inhibition of p38 MAPKs was responsible for cytoplasmic
vacuolation, we also utilized several genetic approaches to inhibit the p38 pathway.
Firstly, we knocked down the expression of p38α in DU145 cells by RNA interference
(RNAi) using a short hairpin RNA (shRNA) construct (Fig. 3.3 B).

Secondly, we

overexpressed dominant-negative versions of p38α (p38α-DN) or MKK3 and MKK6
(MKK3/MKK6-DN), the two upstream MAPK kinases primarily responsible for the
activation of p38α (Fig. 3.3 C). In each instance, depletion or inhibition of p38α was
sufficient to induce cytosolic vacuolation (Fig. 3.3 B, C). Compared with the RNAi and
dominant-negative treatments, SB203580 induced somewhat larger vacuoles and more
extensive vacuolation (Fig. 3.1 C; Fig. 3.3 B, C), but this was not surprising given that
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Figure 3.1. Inhibition of p38 MAPK causes a cytoplasmic accumulation of vacuoles
under nutrient-rich conditions. A. DU145 cells were treated with increasing
concentrations of SB203580 (0 - 100 μM) for 24h and assessed for vacuolation. B.
Phase-contrast images of DU145 cells treated with DMSO (control) or SB203580 for
specified timepoints. C. Cells were treated with SB203580 (50 μM) for various time
points and assessed for vacuolation and cell death (annexin V-PI staining). D.
Proliferation rates in DMSO control (shaded peaks) and SB203580 (empty peaks)-treated
cells were found to be similar over a 6 day time course.
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Figure 3.2. Inhibition of p38 MAPK causes vacuolation in multiple cancer cells.
Cancer cells were treated with DMSO (vehicle) or SB203580 (50 μM) for 24 h, and
examined for vacuolation.
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Figure 3.3. Inhibition of p38 MAPK, but not other MAPKs, induces vacuolation.
A. DU145 prostate cancer cells were treated with DMSO (control) or 50 μM various
kinase inhibitors – SB203580 (p38), SP600125 (JNK), PD98059 (ERK), Rapamycin
(mTOR), LY294002 (PI(3)K) and assessed for vacuolation and cell death. B. DU145
cells stably transfected with shRNA plasmids to p38 alpha were assessed for vacuolation.
The insets show the extent of knockdown of p38 alpha but not the beta isoform. C.
DU145 cells were co-transfected with pEGFP and pCDNA6 (vector control) or p38
D168A (dominant negative mutant) or MKK3/6 DN constructs, and observed for
vacuolation. The white arrows show the presence of vacuoles in the cells.
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SB203580 inhibits the activity of both p38α and p38β MAPKs and does so more
efficiently over time (Davies et al. 2000). But efforts to obtain stable clones deficient in
both p38α and p38β by RNAi were unsuccessful due to pronounced cell death during
selection. Thus, for the sake of convenience and effectiveness, SB203580 was utilized in
the remainder of the studies to inhibit p38 MAPKs and induce vacuolation.

3.2.2. Inhibition of p38 does not stimulate production of ROS, nor are they
required for cytoplasmic vacuolation — p38 is known to be activated in response to
oxidative stress, and generation of ROS has been shown to induce vacuolation during
necrotic cell death (Huot et al. 1997; Clerk et al. 1998; Liu and Lenardo 2007; ScherzShouval et al. 2007). Therefore, we questioned whether pharmacological inhibition of
p38 might indirectly elevate the cellular levels of ROS and in turn promote vacuolation.
SB203580 however did not induce the formation of ROS, as determined by DCFDA
staining (Fig. 3.4 A), and direct scavengers of superoxide, superoxide dismutase (SOD)
and hydrogen peroxide (catalase) failed to inhibit vacuolation (Fig. 3.4 B). Moreover,
glutathione-ethyl ester (GEE), N-acetylcysteine (NAC), and dithiothreitol (DTT), which
elevate intracellular glutathione levels or directly reduce oxidized protein thiols, likewise
failed to inhibit vacuolation (Fig. 3.4 B).
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Figure 3.4. Vacuolation induced by SB203580 does not involve ROS generation. A.
DU145 cells treated with DMSO or SB203580 (50 µM) for 24 h were incubated with
DCFDA (10 μM) for 30 min, and the fluorescence intensity was analyzed by flow
cytometry. As a positive control, 100 µM H2O2 was added to the labeled cells 10 min
prior to analysis. B. DU145 cells were treated with SB203580 ± various ROS inhibitors,
including NAC (10 mM), SOD (500 U), Catalase (500 U), GEE (5 mM) and DTT (500
μM), and assessed for vacuolation and cell death.
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3.2.3. SB203580-induced vacuolation does not result from alterations in early
endosomal trafficking—The GTPase Rab5 regulates various aspects of early
endosomal trafficking, including formation of clathrin-coated vesicles, endocytosis, and
homotypic fusion of early endosomes (Stenmark et al. 1994; McLauchlan et al. 1998;
Waters and Pfeffer 1999). Importantly, Rab5 cycles between its GDP and GTP-bound
states via the action of guanyl-nucleotide dissociation inhibitor (GDI) (Ullrich et al.
1994), and p38α has been shown to regulate Rab5 function through phosphorylation of
GDI at Ser-121 (Cavalli et al. 2001). Given the aforementioned studies, we considered
that inhibition of p38 MAPKs might produce large cytoplasmic vacuoles through
increased endocytosis and uncontrolled Rab5-dependent fusion of early endosomes. The
cytoplasmic vacuoles induced by SB203580, however, were not labeled with wild-type
EGFP-tagged Rab5 (Fig. 3.5 A). Furthermore, in contrast to overexpression of other
dominant-negative (GDP-locked) Rabs (discussed later), EGFP-Rab5 (N133I) failed to
inhibit vacuolation, as did overexpression of EGFP-GDI (S121E), a mutant that mimics
the phosphorylation of GDI by p38a (Figs. 3.5 A). Similarly, overexpression of AP180C,
an inhibitor of clathrin-mediated endocytosis, likewise failed to inhibit vacuolation, and
when added to the culture medium, internalized dextran-FITC conjugates did not
accumulate within the expanding vacuoles (data not shown).

In addition, scanning

electron microscopic images of the control and SB203580-treated cells revealed similar
cell surface morphology, further confirming that the vacuoles may not have originated
from the cell surface (Fig 3.5 B).
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Figure 3.5. SB203580-induced vacuolation is independent of early endosomal
trafficking. A. DU145 cells were transfected with EGFP-Rab5 (wild type and N133I
mutant), mCherry-GDI (wild type and S121E mutant), or a combination of mCherry-C1
(vector) and EGFP-EEA1 (wild type and T1392E mutant) and then treated for 24 h with
DMSO (control) or SB203580 (50 µM) and assessed for vacuolation. B. DU145 cells
treated with DMSO or SB203580 (50 µM) were fixed, dehydrated, sputter-coated with
gold/palladium, and observed using a scanning electron microscope. The white arrows
show the presence of vacuoles in the SB203580-treated cells.
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Finally, Nebreda and colleagues recently proposed that p38α may regulate early
endosomal

trafficking

downstream

of

the

GDI•Rab5

nexus

through

direct

phosphorylation of the Rab5 effector, EEA1, at Thr-1392 (Mace et al. 2005). Indeed,
they found that the EEA1 phosphomimetic mutant, T1392E, could bypass the
requirement of p38α for endocytosis of certain receptors (Mace et al. 2005).
Nevertheless, in our studies, wild-type EGFP-EEA1 failed to co-localize with the
SB203580-induced vacuoles, and overexpression of either EGFP-GDI (S121E), a mutant
that mimics the phosphorylation of GDI by p38α, or EGFP-EEA1 (T1392E) did not
inhibit vacuolation (Fig. 3.5 A). Thus, it was clear that inhibition of p38 MAPKs did not
induce cytoplasmic vacuolation through an increase in endocytosis or homotypic fusion
of early endosomes.

3.2.4. Inhibition of p38 induces autophagy, and autophagosomes contribute to
the formation of the large cytoplasmic vacuoles — Many of the vacuoles induced
by SB203580 were subsequently identified by transmission electron microscopy (Guan et
al.) as putative autophagolysosomes (Fig. 3.6 A, b-f). To confirm the formation of
autophagosomes and determine if the large vacuoles arose out of an increase in
autophagy, we transfected DU145 cells with EGFP-LC3 and examined cells for evidence
of EGFP-LC3 redistribution (Fig. 3.6 B).

EGFP-LC3 normally exhibits a strong

cytosolic pattern, but undergoes lipidation during autophagy and associates with the
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Figure 3.6. Inhibition of p38 MAPKs induces autophagy. A. DU145 cells were
treated with (a) DMSO or (b-f) SB203580 for 24 h and analyzed by transmission electron
microscopy. (c-f) The accumulated vesicles are characteristic of autophagosomes that
have been fused with lysosomes and late endosomes, as marked by the remnants of the
degraded organelles. B. DU145 cells were transfected with an EGFP-LC3 expression
plasmid. The cells were subsequently treated with DMSO (vehicle), SB203580 (50 μM),
Rapamycin (200 nM), or a combination of SB203580 and Rapamycin for 24 h, and
examined for LC3 redistribution by fluorescence microscopy. The white arrows show
the presence of vacuoles in the SB203580-treated cells.
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autophagosomal membranes (Kabeya et al. 2000). As expected, compared to control
cells, rapamycin (positive control) induced significant redistribution of EGFP-LC3 into
numerous distinct punctae (Fig. 3.6 B). Similarly, inhibition of p38 MAPKs induced a
marked increase in EGFP-LC3-labeled autophagosomes, but in contrast to rapamycin,
also induced formation of numerous cytoplasmic vacuoles per cell (Fig. 3.6 B).
None of the vacuoles induced by SB203580 in DU145 cells appeared to be
labeled with EGFP-LC3 (Figs. 3.6 B & 3.7). In contrast, clear labeling of the vacuoles
was observed in other cells, including HELA, HEK293, A549, HCT116, and MEFs (Fig.
3.7). This discrepancy may be due to altered proteolytic activity in different cell types
that is responsible for the degradation of LC3 following lysosomal fusion. To further
assess the potential contribution of autophagosomes to the formation of the large cytoplasmic vacuoles, we incubated DU145 cells with 3-MA, an inhibitor of class III PI(3)Ks
and autophagy (Petiot et al. 2000), prior to treatment with SB203580. As shown in Fig.
3.8 A, 3-MA suppressed by ~ 80 % the total number of vacuolated cells induced by p38
inhibition.

To verify that 3-MA effectively inhibited class III PI(3)K activity on

autophagosomal and/or vacuolar membranes, we generated an EGFP construct fused to
the PX domain of p40Phox (PX-EGFP), as well as a PI(3)P-binding mutant of the PX
domain (PX-R57Q- EGFP) (Kanai et al. 2001). Following treatment with SB203580,
many of the small to medium-sized vacuoles were clearly labeled with PX-EGFP but not
with PX-R57Q-EGFP (Fig. 3.10, b and d). Cotreatment of cells with 3-MA, on the other
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Figure 3.7. SB203580-induced autophagosomes promote the formation of
cytoplasmic vacuoles in multiple cancer cells. Cancer cells were transfected with an
EGFP-LC3 expression plasmid, treated with DMSO (vehicle) or SB203580 (50 μM) for
24 h, and examined for LC3 redistribution by fluorescence microscopy.
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hand, inhibited the formation of PI(3)P and produced a diffuse cytoplasmic staining
pattern, similar to that observed in control cells (Fig. 3.9, a and c). Thus, based on in vivo
imaging, 3-MA appeared to inhibit the activity of class III PI(3)Ks and consequently, the
production of PI(3)P. Next, we generated DU145 stable cell lines expressing shRNAs to
two autophagy-related genes, beclin 1 and atg5, and once again observed an ~75% and an
~40% reduction in the number of vacuolated cells, respectively (Fig. 3.8 B). Importantly,
Beclin 1 forms a complex with the class III PI(3)K, hVps34—an interaction that is
required for autophagy (Furuya et al. 2005)—and knockdown of Beclin 1 expression by
RNAi significantly inhibited the formation of PI(3)P following treatment with SB203580
(Fig. 3.9, e-h). Thus, collectively, the data strongly indicated that inhibition of p38
MAPKs induced formation of autophagosomes, which in turn promoted the formation of
large cytoplasmic vacuoles.

3.2.5. Membranes from ER, but not Golgi, contribute to the cytosolic
accumulation of autophagic vacuoles — At this point, it was clear that inhibition of
p38 MAPKs did not induce cytoplasmic vacuolation from the plasma membrane,
indicating the membrane source for the autophagosomes possibly came from another
subcellular compartment. Since Beclin 1 played an important role in SB203580-induced
vacuolation (Fig. 3.8 B), and endogenous Beclin 1 has been shown to localize to ER
membranes (Liang et al. 1998), we questioned whether the isolation membranes, required
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Figure 3.8. SB203580 induced vacuolation is inhibited by the PI(3)K inhibitor, 3MA. A. DU145 cells were treated with SB203580 (50 μM), in the presence or absence of
the PI(3)K inhibitor, 3-MA (10 mM), and examined for vacuolation and cell death. B.
DU145 cells stably transfected with shRNA plasmids against beclin 1 or atg5 were
treated with DMSO or SB203580 (50 μM) for 24 h and assessed for vacuolation and cell
death. The insets show the extent of knockdown of the individual genes.
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Figure 3.9. Inhibition of p38 MAPK induces PI(3)K activity on vacuolar
membranes. A. DU145 prostate cancer cells were transfected with the PI(3)P probe,
p40Phox PX-EGFP. B. Treatment with SB203580 induced the formation of cytoplasmic
vacuoles, many of which were labeled with PX-EGFP. C. Both vacuolation and PX
staining was inhibited by the PI(3)K inhibitor, 3-MA. D. Specificity of the probe was
confirmed using a single point mutant (R57A), which prevented the redistribution of PXEGFP to the vacuolar membranes. E-I. Downregulation of p38 MAPK by RNA
interference induced the formation of cytoplasmic vacuoles, many of which were labeled
with PX-EGFP, analogous to SB203580 treatment. As expected, downregulation of
Beclin 1 inhibits PI(3)K activity induced by SB203580.
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for the formation of autophagosomes, might originate from the ER. In an attempt to
visualize the trafficking of ER membranes, we cloned and transfected DU145 cells with
constructs that targeted fluorescent fusion proteins selectively to the ER (EGFPCytochrome [Cyt.] b5) or the Golgi apparatus (galactosytransferase 1 [GalT]-EGFP;
negative control) (Mitoma and Ito 1992; Rabouille et al. 1995). Remarkably, following
treatment with SB203580, most cytoplasmic vacuoles were labeled with EGFP-Cyt. b5,
but not with GalT-EGFP (Fig. 3.10). Thus, formation of the large vacuoles appeared to
result, at least in part, from an increase in the trafficking of membranes from the ER to
the vacuolar compartment.
The small GTPases, Arf1 and Sar1, mediate the budding and transport of
vesicular membranes to and from the Golgi apparatus and ER through regulation of coat
protein complexes I and II. The fungal metabolite, BFA directly inhibits the interaction
between the guanine nucleotide exchange factor and Arf1-GDP, thus preventing Arf1
activation (Szul et al. 2007). This forces Arf1 to be in the GDP-locked state which
results in collapse of the Golgi apparatus and disruption of ERES (Klausner et al. 1992).
Amazingly, pretreatment of cells with BFA inhibited the formation of autophagosomes
(EGFP-LC3 punctae) and consequently prevented SB203580-induced vacuolation (Fig.
3.11 A, B). Since overexpression of dominant-negative (GDP-locked) Arf1 (T31N) or
constitutively-active (GTP-locked) Sar1 (H79G) also disrupt ERES (Ward et al. 2001),
we cloned and overexpressed EGFP or mCherry fusion proteins of wild-type or mutant
Arf1 and Sar1 (Fig. 3.12 A, B). As with BFA, overexpression of EGFP-Arf1 (T31N) or
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Figure 3.10. ER, but not Golgi apparatus, contributes to the membrane of the
autophagic vacuoles. DU145 cells were transfected with constructs that selectively label
the membranes of ER (EGFP-[Cyt.] b5) or the Golgi apparatus ([GalT]-EGFP; negative
control). Cells were then treated with DMSO or SB203580 (50 µM) in the presence or
absence of BFA (10 µg/ml) for 24 h and examined for vacuolation.
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Figure 3.11. Brefeldin A suppresses the formation of autophagosomes and the
vacuolation following inhibition of p38 MAPK. A. DU145 cells were treated with
DMSO or SB203580 (50 µM) in the presence or absence of BFA (10 µg/ml) for 24 h and
assessed for vacuolation and cell death. B. DU145 cells were transfected with an EGFPLC3 construct, treated with DMSO or SB203580 (50 µM) in the presence or absence of
BFA (10 µg/ml) for 24 h, and examined for LC-3 redistribution, vacuolation, and cell
death.
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Figure 3.12. SB203580 induced vacuolation is Arf1 and Sar1 dependent. A. DU145
cells were transfected with Arf1-EGFP and mCherry-Sar1 constructs and treated with
DMSO or SB203580 (50 µM) for 24h and assessed for vacuolation. B. DU145 cells,
cotransfected with EGFP-LC3 and either Arf1-T31N-EGFP or mCherry-Sar1-H79G,
were treated with DMSO or SB203580 (50 µM) for 24h and assessed for vacuolation and
LC3 redistribution. The white arrows show the presence of vacuoles in the SB203580treated cells.
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mCherry-Sar1 (H79G) significantly reduced the number of EGFP-LC3 or DsRed-LC3
punctae, respectively, and suppressed the formation of cytoplasmic vacuoles (Fig. 3.12
B). By contrast, wild-type EGFP-Arf1 and mCherry-Sarl provided no such effect (Fig.
3.12 A). Thus, our data strongly supported a model wherein vesicles leaving the ER
membrane (at ERES) served as the isolation membranes for the formation of
autophagosomes, at least following inhibition of p38 MAPKs, and that these membranes
eventually became part of the expanding vacuole.

3.3. Discussion
The present study investigates the role of p38 MAPKs in regulating basal
autophagy in proliferating prostate cells. Indeed, in contrast to other MAPKs, inhibition
of p38 MAPK activity with SB203580 (or downregulation of p38 MAPK by RNA
interference) resulted in the rapid formation of autophagosomes, even under nutrient-rich
conditions. Despite its striking morphological effects with large vacuoles accumulating
within the cytoplasm, SB203580 did not lead to significant changes in cell proliferation
or death for several days. The vacuoles that were observed with RNAi knock down of
p38α, or with overexpression of dominant negative mutants of p38α and MKK3/6, were
smaller in size, compared to those observed with SB203580 treatment. However, this
was not surprising since SB203580 is known to block the activity of both p38α and p38β
isoforms and does so more efficiently over time (Davies et al. 2000).

Expectedly,

transient transfections with shRNA constructs against p38β also gave rise to a vacuolated
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phenotype (data not shown), but stable expression of the shRNA constructs against both
isoforms led to enhanced cell death during selection. Moreover, efforts to transiently
knock down these isoforms proved difficult, owing to poor transfection efficiencies.
Thus, for the sake of convenience and effectiveness, SB203580 was utilized in the
remainder of the studies to inhibit p38 MAPKs and to induce vacuolation.
The accumulated vacuoles were not due to a defect in p38-mediated
internalization events, nor were they formed in response to glucose, aminoacid, or serum
deprivation (Fig. 3.5; data not shown).

The vacuoles resembled large autophago-

lysosomes, measuring up to 2 µm in diameter (compared to the normal 300-500 nm
autophagosomes) when analyzed by electron microscopy.

Inhibition of p38 also

enhanced LC3 redistribution, further confirming the induction of autophagy. Although
there was an increase in LC3 lipidation, the vacuoles did not label with EGFP-LC3 in
DU145 cells (Fig. 3.6). This may be due to the relatively high pKa of EGFP (6.0) which
may result in quenching of the fluorescent signal from EGFP-LC3 at low pH conditions
(Shaner et al. 2005). Nevertheless, this pattern of staining was not uniform among
multiple cell types, as clear labeling of the vacuoles with EGFP-LC3 was observed in
some cancer cells including HELA, HEK293, HCT116, A549 and immortalized MEFs
(Fig. 3.7). This discrepancy could also be due to the differences in the level of cathepsins
and other lysosomal proteases, which may further control degradation and the subsequent
labeling of EGFP-LC3 around autophagolysosomes. Moreover, the staining pattern of
EGFP-LC3 around the vacuoles was more profound in cells with higher levels of basal
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autophagy (characterized by the EGFP-LC3 punctae).

In DU145 cells, SB203580-

induced autophagosomes were 2-3 fold less in number, when compared with the basal
levels in cells like HELA, A549 and MEFs. Thus higher levels of autophagosomes may
be required to observe EGFP-LC3 labeling of the vacuoles.

In addition, both

pharmacological inhibition of autophagy (3-MA) and downregulation of Atgs, such as
Beclin 1 and Atg5, reduced the extent of vacuolation significantly. Downregulation of
Beclin 1 decreased vacuolation to a greater extent compared to the Atg5 knockdowns,
which may not be surprising as Atg5 -/- MEFs are not completely resistant to autophagy
upon starvation (Mizushima et al. 2001).
The origination of autophagosomes from ER has been suggested by several
groups in the past (Dunn 1990; Ishihara et al. 2001). Yet, this remains a speculation
primarily due to the miniscule size of the autophagosomes.

Our findings that

autophagosomes, induced as result of p38 inhibition, contribute to the large vacuoles
enabled us to characterize the origin of these autophagic vacuoles. Vacuolation was
inhibited by BFA, which causes ER stress by disrupting the ER-golgi network.
Furthermore, the vacuoles clearly labeled with the ER membrane marker and disruption
of ERES with mutant ARF1 and SAR1 significantly reduced the release of both the
autophagosomes and vacuoles from ERES. Thus, in keeping with previous suggestions
(Dunn 1990; Ishihara et al. 2001), our data clearly demonstrated that ERES, and in
particular, the GTPases ARF1 and SAR1, are essential for the genesis of autophagosomes
in mammalian cells. Since ERGICs normally traverse between the dynamic ER and
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Golgi networks, it is plausible that a fraction of these ERGICs may be rerouted, in the
absence of p38 MAPK activity, to serve as isolation membranes. Alternatively, p38
MAPKs may control the amount of ERGICs released from the ER, so that inhibition of
these kinases results in excess production of ERGICs (or similar membrane bodies) for
autophagosome formation.

Indeed, the antimitotic agent nocodazole reportedly

suppresses the recruitment of COPII complexes to ERES through the activation of p38
MAPKs (Wang and Lucocq 2007). Efforts to identify the specific p38 MAPK targets
responsible for SAR1/COPII loading are underway; however, we can rule out GDIs as
relevant targets, since ARF family members do not require GDIs for membrane
dissociation (Gillingham and Munro 2007).

p38 MAPKs are known to regulate

homotypic fusion of early endosomes via their direct and indirect effects on GDI, Rab5,
and EEA1 (Cavalli et al. 2001; Mace et al. 2005), but none of these effects were
responsible for SB203580-induced vacuolation. Thus, p38 MAPKs likely regulate the
formation of ERGICs and early endosomes through distinct mechanisms.

Our data

strongly support a model wherein vesicles leaving the ER membrane serve as the
isolation membranes for the formation of autophagosomes, at least following inhibition
of p38 MAPKs, and that these membranes eventually become part of the expanding
vacuole.
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Chapter 4. Inhibition of p38 mitogen-activated protein kinases disrupts
fission of endo-lysosomal hybrid organelles
4.1.

Introduction and Rationale
Lysosomal fusion and the subsequent degradation of the autophagosomal contents

mark the end of a successfully completed autophagic pathway.

Autophagosomes

containing the materials to be digested can fuse with late endosomes and/or lysosomes to
breakdown the entrapped cargo.

The mechanisms that mediate the transfer of

autophagosomal/late endosomal contents to lysosomes, however, remain controversial. It
has been proposed that late endosomes may either (i) mature into lysosomes, (ii) form
transient “kiss and run” contacts through which their contents are gradually transferred to
lysosomes, or (iii) directly fuse with lysosomes to produce endo-lysosomal hybrid
organelles, which contain not only lysosomal proteases, but also retain late endosomal
markers (Luzio et al. 2007).
Similar to ARF1 and SAR1 GTPases, which regulate the anterograde and
retrograde trafficking between ER and Golgi, other GTPases like Rab7 localize on the
surfaces of autophagosomes and late endosomes to regulate the fusion events between
autophagosomes/late endosomes and lysosomes (Gutierrez et al. 2004; Bright et al.
2005). Overexpression of Rab7 causes organelle tethering, wherein Rab7-coated late
endosomes are clustered and primed for fusion, resulting in their homotypic fusion (Feng
et al. 1995; van Deurs et al. 1995). Likewise, expression of dominant-negative mutants
of Rab7 in cells has been shown to disperse the clustered endosomes (Bucci et al. 2000).
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Rab7, like most GTPases, have soluble effector proteins that mediate such fusion events.
For instance, proteins that bind to active Rab7 GTPases, such as Rab interacting
lysosomal protein (RILP) and Rab7 RING have been shown to induce lysosomal
clustering (Marsman et al. 2006).
Following lysosomal fusion, the entrapped cargo undergoes complete digestion
in the lysosomal compartment, owing to its acidic pH and hydrolytic enzymes. In starved
cells, extraction of nutrients from the cargo can be used to replenish the cells. The
autophagy pathway has been well-characterized at least in yeast, but what happens postlysosomal fusion remains unclear. It is reasonable to assume that, upon digestion, late
endosomes and lysosomes are recovered and that freshly synthesized hydrolytic enzymes
are once again trafficked from ER-TGN to the existing lysosomes. One possibility is that
lysosomes and late endosomes may be recovered from hybrid organelles as a result of
fission. Alternatively, lysosomes might traffic to the cell surface and fuse with the
plasma membrane in order to expel the unwanted digested remnants from the cell.
Indeed, lysosomal exocytosis occurs in response to an increase in the concentration of
cytosolic calcium ions, and in addition to serving as a stimulus for the regeneration of
new lysosomes, it also provides membranes for repairing wounded plasma membranes
(Rodriguez et al. 1997; McNeil and Kirchhausen 2005). In some cell types, secretory
lysosomes are contained in specialized organelles and are utilized exclusively for the
purpose of secreting extracellular proteins (Blott and Griffiths 2002). This retrograde
trafficking of endosomes and lysosomes to the plasma membrane is mediated by
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specialized Rab proteins such as Rab4 and Rab11, which interact with cytoskeletal fibers
for transporting the vesicles from the interior to the cell surface (Mohrmann and van der
Sluijs 1999; van der Sluijs et al. 2001). In the present study, we have attempted to trace
the ER-originating autophagic vacuoles to determine if the cytosolic accumulation of
these vacuoles is due to a defect in trafficking events.

4.2.

Results

4.2.1. SB203580-induced autophagosomes fuse with late endosomes or
lysosomes in a Rab7-dependent manner—Given that autophagy played a major role
in SB203580-induced cytoplasmic vacuolation, we speculated that the large vacuoles
might result from the fusion of autophagosomes with either late endosomes and/or
lysosomes.

As a result, we performed a flow cytometric evaluation of naïve and

SB203580-treated cells using LysoTracker Green DND-26 and found that inhibition of
p38 MAPKs resulted in a significant increase in endo-lysosomal staining (Fig. 4.1 A).
Previous reports suggest that Baf A1 (an inhibitor of the V-ATPase) inhibits the fusion of
autophagosomes with late endosomes and/or lysosomes, and CQ (a lysomotropic agent)
disrupts enzyme activity by alkalinizing lysosomes (Yamamoto et al. 1998; Maclean et
al. 2008). In our experiments, we found that both pharmacological agents inhibited
LysoTracker staining and vacuolation induced by SB203580 (Fig. 4.1 A, B). Baf A1 was
more effective at reducing the overall number of vacuolated cells, but even in the CQ-
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Figure 4.1. Inhibition of p38 MAPKs results in an expansion of intracellular acidic
compartments. A. DU145 cells were treated for 24 h with DMSO or SB203580 (50
µM) were labeled with LysoTracker Green DND-26 (50 nM) for 60min, and analyzed by
flow cytometry. B. DU145 prostate cancer cells were treated with DMSO or SB203580
(50 μM) in the presence or absence of CQ (10 µM) or Baf A1 (125 nM) and later
examined for vacuolation and cell death.
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treated cells the remaining vacuoles were dramatically reduced in size (Fig. 4.1 B). In
order to further characterize the acidified vacuoles, we transiently transfected cells with
selective markers of either late endosomes (mCherry-Rab9), lysosomes (LAMP1mEGFP; CD63-mEGFP), or both (mCherry-Rab7) (Figs. 4.2 - 4.5; data not shown). In
stark contrast to previous results with the early endosomal markers, Rab5 and EEA1 (Fig.
3.5), essentially all of the SB203580-induced vacuoles were decorated with Rab7, with a
significant subpopulation of vacuoles being co-labeled with LAMP1 and/or Rab9 (Figs.
4.3 & 4.4). Though not quantitative, the intensity of Rab7 labeling was particularly
robust, and given that Rab7 has been implicated in autophagosomal-late endosomal
fusion, we next examined the effects of dominant-negative Rab7 (T22N) on vacuolation.
As anticipated, Rab7 (T22N) suppressed formation of the large vacuoles following
inhibition of p38 MAPKs, whereas dominant-negative Rab9 (S21N) had only a minor
effect (Fig. 4.3 B).
Finally, consistent with the notion that membranes flow from the ER through the
autophagosome and eventually fuse with late endosomes and/or lysosomes, mCherryCyt. b5 colocalized with EGFP-Rab7, EGFP-Rab9, and LAMP1-mEGFP following
treatment of cells with SB203580 (Figs. 4.2 & 4.4). It is important to reiterate, however,
that other inducers of autophagy, including rapamycin, did not induce large cytoplasmic
vacuolation (Figs. 3.3 & 3.6). Thus, SB203580 promoted the formation large vacuoles,
first by enhancing autophagosomal-lysosomal fusion, and second by apparently inhibiting
post-lysosomal membrane trafficking.
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Figure 4.2. SB203580-induced vacuoles are labeled with ER and late endosomal
markers – A. DU145 cells were cotransfected with the ER marker mCherry-Cyt.b5 and
the endo-lysosomal marker mCherry-Rab7, or B. the late endosome marker mCherryRab9. The cells were then treated with DMSO (control) or SB203580 (50 µM) for 24 h
and examined by fluorescence microscopy for colocalization.
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Figure 4.3. Formation of the cytoplasmic vacuoles requires Rab7-dependent fusion
of late endosomes. A. DU145 cells were cotransfected with EGFP-Rab7 and mCherryRab9, treated with DMSO (control) or SB203580 (50 µM) for 24 h and examined for
colocalization of late endosomal markers. B. DU145 cells were transfected with either
dominant-negative EGFP-Rab7 (T22N) or EGFP-Rab9 (S21N) mutants, treated with
SB203580, and examined by fluorescence microscopy for their effects on SB203580induced vacuolation. The white arrows show the presence of vacuoles in the SB203580treated cells.
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Figure 4.4. Autophagosomes emanating from the ER eventually fuse with
lysosomes. DU145 cells, cotransfected with ER marker, mCherry-Cyt.b5 and lysosomal
marker, LAMP1-mEGFP, were treated with DMSO (control) or SB203580 (50 µM) for
24 h and examined by fluorescence microscopy.
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Figure 4.5. Inhibition of p38 MAPKs results in the accumulation of endosomallysosomal hybrid organelles. DU145 cells were cotransfected with the lysosomal
marker, LAMP1-mEGFP, the late endosomal marker, mCherry-Rab9, or the endolysosomal marker mCherry-Rab7. The cells were then treated with DMSO (control) or
SB203580 (50 µM) for 24 h and examined by fluorescence microscopy for colocalization.
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4.2.2. Lysosomal dissipation following the removal of SB203580 does not
require secretion-mediated trafficking — One clear advantage of using SB203580
in our experiments was that the large cytoplasmic vacuoles rapidly disappeared following
washout of the drug (Fig. 4.6). Indeed, washout resulted in a time-dependent loss in
vacuolation, as seen by electron microscopy and as well as immunofluorescence staining
with a LAMP1 antibody (Fig. 4.6). The vacuoles however were not removed from the
cell via the secretory pathway, as there was no significant increase in the release of βhexosaminidase (lysosomal enzyme) into the culture medium following washout (Fig.
4.7B). Moreover, none of the vacuoles labeled with the secretion-related GTPases, Rab4
or Rab11 (Fig. 4.7 A), thus ruling out secretion as a possible mechanism for the
disappearance of the acidic hybrid organelles, following washout of SB203580.

4.2.3. Removal of vacuoles following washout is not due to defects in
cytoskeletal trafficking — As already noted, the large cytoplasmic vacuoles rapidly
disappeared following the washout of SB203580 and the resumption of normal p38
signaling.

Nevertheless, the fate of these lysosomes or their membranes remained

unclear. In some cells, particularly those of hematopoietic origin, secretory lysosomes
are known to be transported along actin filaments by kinesin motor complexes until they
reach the plasma membrane where they undergo exocytic release into the extracellular
space (Blott and Griffiths 2002). However, following the washout of SB203580, the
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Figure 4.6. SB203580-induced vacuolation is reversible. DU145 cells were treated
with SB203580 (50 µM) for 24 h and were then washed and replaced with fresh media
with and without SB203580. A. Cell death and vacuolation were monitored for the
specified time points following washout. B. (a and b) Phase contrast, (c and d) LAMP1
immunofluorescence, and (e and f) TEM microscopy were performed prior to and
following washout.
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Figure 4.7. Autophagic vacuoles induced by SB203580 are not removed by secretion
mechanism. A. DU145 cells were transfected with EGFP-Rab4 and EGFP-Rab11 in
order to label the secretory endosomes following SB203580 treatment and the subsequent
washout. B. The supernatant from DU145 cells, treated with DMSO or SB203580 (50
µM), was incubated with 4-methyl-umbelliferyl-N-acetyl-β-D-hexosaminide (6mM) in
order to assess the amount of lysosomal β-hexosaminidase secreted into the cell culture
media. The white arrows show the presence of vacuoles in the SB203580-treated cells.
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Figure 4.8. Loss of vacuolation following washout of SB203580 is not due to defects
in cytoskeletal trafficking. A. DU145 cells, treated with SB203580 (50 µM) for 24 h,
were rinsed with fresh media to washout SB203580. Following washout, cells were then
treated for 3 h with cytoskeletal disrupters like Nocodazole (5 µM), Cytochalasin D (0.01
µg/ml) or Acrylamide (10 mM), and were assessed for changes in vacuolation. B.
Immunofluorescence with tubulin, actin and vimentin antibody was performed for all
treatments. The white arrows show the presence of vacuoles in the SB203580-treated
cells.
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breakdown of F-actin filaments with cytochalasin D and disruption of other cytoskeletal
components, including tubulin and vimentin (intermediate) filaments with nocodazole
and acrylamide, respectively, did not prevent the loss in lysosomal vacuoles (Fig. 4.8).
Thus, cytoplasmic vacuolation, induced by p38 inhibition, did not appear to result from a
defect in lysosomal trafficking per se.

4.2.4. Inhibition of p38 MAPKs prevents fission of hybrid organelles — Since
neither secretion nor cytoskeletal trafficking were involved in the disappearance of
vacuoles following washout, we expected to observe a reduction in lysosomal volume as
a result. In order to assess lysosomal volume, we stained cells with LysoTracker and
examined them over time, following washout of the inhibitor (Fig. 4.9). Interestingly,
there was a gradual reduction in lysosomal volume, suggesting two main possibilities: (i)
the lysosomes expel their contents and undergo compaction upon washout, or (ii) that
endo-lysosomal hybrids collapse and undergo fission to regenerate smaller late
endosomes and lysosomes. Consistent with the latter observation, washout of SB203580
resulted in a significant increase in the number of smaller and more normal-looking
lysosomes, as determined by LAMP1 immunofluorescence (Fig. 4.6).

Moreover,

examination of the vacuoles by TEM, 3 h post-washout, revealed that many of the
vacuoles had also begun to collapse and undergo apparent fission (Fig. 4.10). Using
time-lapse fluorescence microscopy, vacuoles co-labeled with LAMP1-mEGFP and
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Figure 4.9. The autophagic vacuoles contract over time following washout of
SB203580. DU145 cells were treated with SB203580 (50 µM) for the specified
timepoints. The inhibitor was then washed out and samples were collected at various
timepoints and were labeled with LysoTracker Green DND-26 (50 nM) for 60 min,
followed by flow cytometry analysis.
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Figure 4.10. Vacuoles induced by SB203580 undergo fission following washout.
TEM images of DU145 cells following washout of SB203580 (panel a: 5,600X, bar = 2
µm; panels b and c: 14,000X, bar = 500 nm; panel d: 8,900X, bar = 500 nm). The black
arrows show the vacuoles undergoing fission following washout.
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Figure 4.11. Removal of SB203580 causes collapse of hybrid organelles. Following
washout of SB203580, vacuoles labeled with LAMP1-mEGFP and mCherry-Rab7 or
mCherry-Rab9 (i.e. hybrid organelles) were monitored at the indicated time points for
signs of collapse and fission. The white arrows show the presence of vacuoles in the
SB203580-treated cells, and t denotes time in minutes.
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Figure 4.12. p38 MAPKs regulate multiple stages of autophagy, endocytic
trafficking, and lysosomal biogenesis and fission. In addition to its role in facilitating clathrin-mediated endocytosis, p38 MAPKs also regulate the formation of
autophagosomes from ERES, which in turn undergo Rab7-dependent fusion with late
endosomes and lysosomes to form hybrid organelles. p38 MAPKs subsequently
control the collapse and fission of hybrid organelles in order to regenerate late endosomes and lysosomes.
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mCherry-Rab9 (or mCherry-Rab7) also progressively deteriorated into distinct LAMP1
and Rab9 (or Rab7) punctae (Figs. 4.11 & 4.12). Thus, altogether, the results strongly
suggested that inhibition of p38 MAPKs resulted in the accumulation of hybrid
organelles, brought on by an increase in autophagy and a block in the fission of hybrid
organelles (Fig. 4.13).

4.3.

Discussion

There are several proposed models advanced to explain the transfer of material from late
endosomes to lysosomes: (i) the “maturation” model wherein late endosomes simply
mature into lysosomes, (ii) the “kiss and run” model wherein late endosomes and
lysosomes briefly make contact to transfer lumenal contents, and (iii) the “hybrid
organelle” model wherein late endosomes and lysosomes completely fuse with one
another and are later separated by fission. Many of the ER-originating large cytoplasmic
vacuoles were co-labeled with Rab7 and LAMP1, and to a lesser extent with Rab9,
indicating the presence of putative endo-lysosomal hybrid organelles.

Inhibitors of

lysosomal fusion (CQ/Baf A1) blocked vacuolation, as did the dominant-negative mutants
of Rab7, further confirming the role of Rab7 in the fusion of autophagosomes with
lysosomes. Interestingly, none of the other Rab proteins influenced vacuolation, despite
several reports emphasizing the roles of different Rab proteins on vesicular trafficking
events. For instance, while Rabs 5 and 7 are involved in early endosome trafficking and
maturation into late endosomes respectively, Rab9 directs the movement of some of the
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late endosomes to the Golgi for further sorting (Bucci et al. 1992; Bucci et al. 2000;
Barbero et al. 2002). None of other Rabs, besides Rab7, have been shown to be involved
in vesicular fusion. The reversible accumulation of the cytoplasmic vacuoles labeled
with Rab7, and particularly, Rab9 and LAMP1 suggested that inhibition of p38 MAPKs
arrests these hybrid organelles from further trafficking.
Trafficking of vesicles within the cells is brought about by the interaction of the
vesicles with the cytoskeletal network. Surprisingly, disruption of all the cytoskeletal
components had little effect on the removal of vacuoles, thus questioning the
involvement of trafficking in this process. In addition, vacuoles did not label with any
markers of secretory vesicles, and when the culture supernatant was quantified for
lysosomal enzyme activity following the washout and subsequent reversal of vacuolation,
there was no increase in enzyme activity compared with untreated control cells.
How p38 MAPK reversed the vacuolated phenotype without the involvement of
cytoskeletal or secretion machinery is unclear. A closer look at the TEM images and
lysotracker staining pattern following washout revealed that the vacuoles collapsed and
disintegrated over time. Since the vacuoles were identified as hybrid organelles of
autophagosomes, late endosomes, and lysosomes, we speculated that the extensive
vacuolation arose due to a defect in p38-mediated fission of the hybrid organelles. As
expected, time-lapse images of the hybrid organelles, following washout, revealed a
collapse of hybrid organelles and recovery of smaller late endosomes and lysosomes,
further confirming fission as the controlling step in the disappearance of vacuoles.
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In contrast to endo-lysosomal fusion, the mechanisms that mediate the retrieval of
autophagosomal and late endosomal membranes from hybrid organelles remain largely
unknown. The retromer complex, composed of Vps5, Vsp17, Vps26, Vps29, and Vps35,
mediates the retrieval of membrane proteins from late endosomes, but knockdown of
Vps29 does not result in significant cytoplasmic vacuolation (Arighi et al. 2004; Seaman
2004).

Baf A1 and EGTA-AM inhibit the reformation of lysosomes from hybrid

organelles in vitro, indicating an important role for intralumenal acidification and calcium
in this process (Pryor et al. 2000). Moreover, PI(3)Ks have been implicated in the
breakdown of hybrid organelles, and downregulation of hVps34 by RNA interference
induces profound cytoplasmic vacuolation (Mousavi et al. 2003; Johnson et al. 2006).
However, in our experiments, PI(3)K activity was clearly localized to SB203580-induced
vacuoles (Fig. 3.10), and Baf A1 failed to inhibit the dissolution of hybrid organelles
following the removal of SB203580, perhaps because the organelles were already
hyperacidified (data not shown). Therefore, p38 MAPKs appear to regulate fission of
hybrid organelles downstream of PI(3)K activity and lumenal acidification, although we
cannot formally exclude the possibility that autophagosomal and late endosomal
membranes might be retrieved from hybrid organelles via different mechanisms.
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Chapter 6. Concluding Remarks
It is well-established that p38 MAPKs play critical roles in clathrin-dependent
internalization and early endosomal trafficking (Cavalli et al. 2001; Mace et al. 2005). In
this study, we have demonstrated that inhibition of basal p38 MAPK activity stimulates
the formation of autophagosomes, supporting an additional role for p38 MAPKs in the
regulation of autophagy. Recently, Comes et al. (2007) reported that inhibition of p38
MAPKs induced autophagy, selectively in colorectal cancer cells. However, we found
that prostate cancer cells were susceptible to p38 MAPK inhibitors, as were other cancer
cell types (Figs. 3.1 & 3.2). More importantly, consistent with previous suggestions, our
data clearly demonstrated that autophagosomes and the subsequent vacuoles arose from
ERES via the concerted actions of ARF1 and SAR1 GTPases (Figs. 3.10-3.12).
Moreover, vacuolation resulted from an increase in Rab7-dependent fusion of autophagosomes with late endosomes and/or lysosomes, combined with a failure of the resulting
hybrid organelles to undergo normal fission (Figs. 4.3 & 4.11). Indeed, upon removal of
SB203580 from the culture medium, the hybrid organelles—co-labeled with the ER and
autophagic markers, cytochrome b5 and LC3, as well as the late endosomal and
lysosomal markers, Rab7, Rab9, LAMP1, and CD63—underwent time-dependent
collapse and fission, giving rise to progressively smaller and more compact late
endosomes and lysosomes (Figs. 4.2 & 4.4; data not shown). There was no evidence for
increased trafficking of the organelles to the plasma membrane (i.e. they did not behave
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as secretory vesicles), and disruption of cytoskeletal networks did not prevent the
disappearance of vacuoles (Figs. 4.7 & 4.8). Thus, we conclude that p38 MAPKs play an
important, but heretofore unreported role in the biogenesis and fission of hybrid
organelles.
Recently, a number of studies have shown important but seemingly paradoxical
roles for autophagy in cancer. On the one hand, autophagy clearly mediates tumor cell
survival and growth during times of nutrient starvation or metabolic stress, particularly
prior to angiogenesis, and autophagy facilitates tumor recurrence following
chemotherapy (Lum et al. 2005; Degenhardt et al. 2006; Amaravadi et al. 2007;
Karantza-Wadsworth et al. 2007).

However, autophagy also appears to suppress

tumorigenesis, as the autophagy-related gene beclin 1 is monoallelically-deleted in some
human cancers, beclin 1+/- mice are tumor prone, and allelic loss of beclin 1 renders cells
susceptible to metabolic stress and genomic instability (Liang et al. 1999; Qu et al. 2003;
Yue et al. 2003; Karantza-Wadsworth et al. 2007).
In this study, we have demonstrated that inhibition of p38 MAPKs can induce
autophagy in prostate cancer cells. However, it is worth noting that primary embryonic
fibroblasts, isolated from mice doubly-deficient in MKK3 and MKK6 (activators of p38
MAPKs), are resistant to serum starvation (Brancho et al. 2003), implying that these cells
may also have an increased capacity to undergo autophagy. If so, one might predict that
activation of p38 MAPKs could suppress autophagy and consequently tumorigenesis.
Consistent with this prediction, deletion of p38α enhances H-ras-dependent
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transformation of immortalized mouse embryonic fibroblasts in vitro, whereas
overexpression of constitutively-active MKK6 suppresses transformation (Dolado et al.
2007). Deletion or overexpression of the p38 phosphatase Wip1, which is frequently
amplified in human breast cancer, correspondingly promotes or inhibits tumor formation
in nude mice, using cells previously transformed with E1A and ras (Bulavin et al. 2002;
Bulavin et al. 2004). Moreover, in tissue-restricted knockout mice, the absence of p38α
promotes K-ras-induced lung cancer and chemical-induced liver cancer (Hui et al. 2007;
Ventura et al. 2007). Thus, given that p38 MAPKs are activated by carcinogens and
oncogenic stress, it is likely that the activation of p38 MAPKs may serve to inhibit
survival of the early tumor by suppressing autophagy. If the tumor survives this initial
stress, continued expression and activation of p38 MAPKs may suppress autophagy and
promote progression of the tumor, at least in part, through increased metabolic stress and
genomic instability.
We have successfully characterized the formation of autophagosomes originating
from ERES, followed by their fusion with late endosomes and lysosomes. This induction
in autophagy accompanied by a disruption in the endo-lysosomal fission resulted in the
cytoplasmic accumulation of large vacuoles in multiple cancer cell lines. Despite this
characterization, the precise mechanism by which SB203580 treatment caused
vacuolation remains unknown. A major challenge in unraveling this process arises from
the fact that p38 MAPKs, just like other MAPKs, form an integral part of numerous
signaling pathways, phosphorylating a series of substrates with diverse functions.
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Nevertheless, there are a few p38 targets that might be responsible for vacuolation. It has
been suggested that isolation membranes that form the autophagosomes might arise from
ER (Dunn 1990; Ishihara et al. 2001) and that autophagy can be effectively inhibited in
multiple cell types by overexpressing ER-targeted Bcl-2 (Pattingre et al. 2005). Bcl-2
has been shown to directly bind with Beclin 1 and interfere with Beclin 1-Vps34
interaction, thus inhibiting autophagy (Pattingre et al. 2005). Recent data indicate that
Bcl-2 phosphorylation may disrupt its interaction with Beclin 1 thereby promoting
autophagy, and p38 reportedly phosphorylates Bcl-2 at multiple sites (De Chiara et al.
2006; Wei et al. 2008). Our data demonstrated that ER provided the membranes for
SB203580-induced autophagic vacuoles (Figs. 3.10–3.12), and consistent with the
reported role of Bcl-2 in inhibiting autophagy, cells with normal levels of Bcl-2 and little
or no Bax, exhibit very less vacuolation, following inhibition of p38 MAPKs.

By

contrast, in both DU145 and HCT116 cell lines, the presence of Bax resulted in a drastic
increase in SB203580-induced vacuolation (data not shown), suggesting the involvement
of p38 MAPKs in regulating Bcl-2-Beclin 1 complex.
Alternatively, p38 MAPKs may activate other proteins that modulate the
formation and release of autophagosomes from ERES. The ER-TGN network is rich in
PI(4)Ks and high PI(4)P levels facilitate membrane transport from the ER-TGN to other
destinations in the cell. PI(4)P levels are held in check by several lipid phosphatases (De
Matteis et al. 2005), and one such phosphatase, Sac1, is localized on either ER or golgi
and appears to be regulated indirectly by p38 MAPKs (Faulhammer et al. 2007).
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Inhibition of p38 MAPKs reportedly shuttles Sac1 from ER to the Golgi network, in
order to deplete PI(4)P levels in TGN, thereby disrupting the trafficking of proteins from
the TGN to the plasma membrane (Blagoveshchenskaya et al. 2008), while also
accumulating PI(4)P at ERES. Importantly, PI(4)P has been shown to be essential for
ERES activity (Blumental-Perry et al. 2006). However, no evidence demonstrating a
direct interaction of p38 MAPKs with Sac1 exists. Thus, p38 MAPKs may activate a
Sac1-interacting protein that results in the translocation of Sac1.
Although both Bcl-2 and Sac1 are likely targets of p38 MAPKs in generating
autophagosomes from ERES, it should be noted that, unlike other autophagy treatments
such as rapamycin or starvation, inhibition of p38 MAPKs also results in the formation of
very large cytoplasmic vacuoles.

In this study, we have attributed the vacuolated

phenotype to SB203580-mediated disruption in endo-lysosomal fission.

Notably,

inhibition of other lipid kinases, like PI(3)Ks, also results in defective formation of
intralumenal vesicles and enlarged vacuoles (Fernandez-Borja et al. 1999). Moreover,
downregulation of the class III PI(3)K hVps34, either by targeted shRNAs or by microinjecting cells with inhibitory antibodies, also causes a vacuolated phenotype (Eskelinen
et al. 2002; Johnson et al. 2006), and similarly, downregulation of another lipid kinase
PIKfyve (yeast homolog: Fab1p) induces extensive vacuolation, which was completely
reversed upon microinjection of PI(3,5)P2, the lipid product of PIKfyve (Yamamoto et al.
1995; Ikonomov et al. 2001; Nicot et al. 2006; Rutherford et al. 2006). Given that
depletion of PIKfyve resulted in vacuolation identical to the inhibition of p38 MAPKs,
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we suspected that p38 MAPKs may play a role in modulating PI(3,5)P2 levels. PI(3,5)P2
is found enriched on the early and late endosomes and is considered critical for the
retrograde transport of endosomes to TGN. In the absence of such transport, both early
and late endosomes grow in size due to a decrease in membrane flux (Rutherford et al.
2006). Rab9p40, a Rab9 effector protein, interacts with PIKfyve and is involved in
transporting endosomes to the golgi (Ikonomov et al. 2003). However, in our hands,
disrupting the late endosome to TGN trafficking by overexpression of a Rab9 dominantnegative mutant did not cause vacuolation in DU145 cells (Fig. 4.3). Nevertheless,
further studies are needed to rule in/out the involvement of lipid kinases and
phosphatases in SB203580-mediated vacuolation.
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