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Abstract
Eukaryotic cells are distinguished by an elaborate endomembrane system that regulates
cellular and organismal homeostasis. While this system of membrane-bound organelles
coordinates the proper functioning, proliferation and survival of cells, a mechanism of
programmed self-destruction, apoptosis, emerges from the endomembrane system in
times of damage and stress or during specific developmental stages to eliminate unneeded
cells. Several details of how intracellular regulators manage either homeostasis or
apoptosis are now understood. However, the manner in which such factors communicate
with one another or share functions is unknown. In this dissertation I describe PACS-2, a
sorting protein that regulates the trafficking of factors throughout the endomembrane
system to medicate cellular homeostasis, interorganellar communication and apoptosis.
PACS-2 coordinates communication between the endoplasmic reticulum and
mitochondria to regulate calcium signaling, ER homeostasis and apoptosis. In response to
apoptotic induction by chemotherapeutic agents such as Apo2L/TRAIL, PACS-2 is
required to translocate Bid to mitochondria to initiate the activation of caspases to
mediate cell death in vitro in cancer cell lines as well as in vivo in hepatocytes. PACS-2 is
phosphorylated at Sers3; by the pro-survival kinase Akt to establish a docking site for 14-
3-3 proteins. Apoptotic induction triggers dephosphorylation of Sers37, reprogramming
PACS-2 to promote apoptosis rather than the trafficking of cargo. Together, these studies
describe the phosphorylation state of PACS-2 Sery37 as a molecular switch that regulates

interorganellar communication, cellular homeostasis and apoptosis.

xi
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Overview

The central hypothesis of this dissertation is that the phosphofurin acidic cluster sorting
protein 2 (PACS-2) controls a key step in the intracellular signaling and trafficking
pathways that carry out apoptotic cell death programs. Apoptosis is a fundamental
cellular response crucial to the development and homeostasis of eukaryotic organisms
that results in the elimination of unneeded or damaged cells. On a biochemical level,
apoptotic programmed cell death is ultimately carried out through the cleavage of specific
substrates by proteases of the caspase family, leading to the dissolution and collapse of
membranous and organellar structures and the efficient destruction of genetic material.
Apoptosis is tightly controlled at an organellar level by a number of regulatory factors,
most notably proteins of the Bcl-2 family. The biochemical mechanisms of Bcl-2 protein
and caspase action are well understood, however, the manner in which these proteins
target organellar systems to direct apoptotic programs remains enigmatic. The
experiments in this dissertation establish PACS-2 as a multifunctional sorting protein that
links communication between the endoplasmic reticulum (ER) and mitochondria with
apoptosis. These experiments identify PACS-2 as a regulator of cell death pathways
mediated by the pro-apoptotic Bcl-2 protein family member Bid. Investigation of the
regulation of the apoptotic activation of PACS-2 reveals that PACS-2 is a target of the
pro-survival kinase Akt which phosphorylates PACS-2 at Serine 437 to establish a
binding site for anti-apoptotic 14-3-3 proteins. These mechanistic studies have

implications for diseases of inflammation, proliferation and cancer and establish PACS-2



Chapter 1. Introduction

as a pro-apoptotic protein with essential functions in organellar communication and
apoptotic pathways that rely on organellar pathways that act through the mitochondria to

coordinate cell death induction.

This chapter serves as an introduction to the PACS family of proteins and their roles in
intracellular trafficking pathways and organelle dynamics. This primer of PACS function
leads into a review of intracellular trafficking pathways of apoptosis in Chapter 2, which
describes the roles of Bcl-2 proteins and other factors in modulating organelle-regulated
apoptotic pathways. Such processes include mitochondrial permeabilization and
cytochrome c release, the activation and cytosolic release of lysosomal cathepsins, and a
fragmentation of the Golgi apparatus. The review presented in Chapter 2 provides a
summary of classic and current studies of apoptosis and provides a novel viewpoint
describing how apoptotic interorganellar communication takes place through the
trafficking of cargo between organelles or through direct membranous contacts between
organelles. Such organellar contacts include ER-mitochondrial contacts at mitochondria
associated membranes, or “MAMSs” as well as lysosomal/mitochondria contacts and a
“scrambling” of Golgi and mitochondrial membranes at the induction of apoptosis. Roles
of PACS-2 as an intracellular trafficking protein that regulates Bid activation, organellar

mobility and ER-mitochondrial communication are discussed throughout the chapter.

Studies in Chapter 3 establish PACS-2 as a regulator of ER-mitochondrial
communication as well as mitochondrial apoptotic pathways mediated by the Bcl-2

family member Bid. This work was published in The EMBO Journal in 2005 and
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presented in a poster session at the 2005 Keystone Symposium on Cellular Senescence
and Cell Death in Keystone, Colorado. Together with other members of the Thomas lab, I
establish that PACS-2 is a pro-apoptotic protein that regulates the translocation of Bid to
mitochondria. Through siRNA depletion studies of PACS-2 in tumor cell lines, we
demonstrated that PACS-2 is required for the mitochondrial pathway of apoptosis. An
examination of key markers of the pathway to apoptosis shows that PACS-2 is required
to cleave and translocate the Bcl-2 family member Bid to the mitochondria, a requisite
step in mitochondrial membrane permeabilization. Accordingly, cells depleted of PACS-
2 fail to release cytochrome c in response to apoptotic induction and do not activate
executioner caspase-3. This work also describes the intracellular location of PACS-2 and
its role as a mediator of ER-mitochondrial communication as PACS-2 depletion effects
ER homeostasis, mitochondrial morphology, ER-mitochondrial communication and
apoptosis at a specific step after initiator caspase activation but before translocation of the

BH3-only domain protein Bid to the mitochondria.

Chapter 4 demonstrates that PACS-2 is required for death-receptor mediated apoptosis in
vitro and in vivo and describes a mechanism by which the apoptotic activity of PACS-2
is regulated by the pro-survival kinase Akt. This work has been submitted for publication
and was presented in part in June 2006 at the 6™ International Symposium of the
International Cell Death Society in Angra dos Reis, Brazil. Notably, we show PACS-2 is
required in vivo in mouse liver in to induce apoptosis in response to the TNFa related
apoptosis inducing ligand, or TRAIL, a promising chemotherapeutic now in clinical trials

that selectively kills diseased cells. PACS-2 is similarly required for apoptosis in tumor
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cell lines and transformed mouse embryonic fibroblasts. Using cells derived from PACS-
27" mice, we demonstrate PACS-2 is a requisite component of TRAIL signaling pathways
as PACS-2 is required for the cleavage and activation of Bid as well as caspase-9 and
caspase-3 in response to TRAIL. Through biochemical, pharmacological and cellular
methods, we demonstrate that Akt phosphorylates PACS-2 at Serine 437 in vitro and in
vivo to block cell death. Using biophysical, biochemical and cellular methods, we
demonstrate that PACS-2 phospho-Serine 437 constitutes a binding site for anti-apoptotic
14-3-3 proteins. This chapter concludes that PACS-2 is an Akt substrate that regulates

apoptotic induction at the mitochondria in response to TRAIL.

The implications of the results described in this dissertation are discussed in Chapter 5.
Given the diversity of functions described for PACS-2, these implications are wide
ranging and cover essential pathways of cell death common to cancer and neuronal cell

death.

An appendix of this dissertation includes a study of the role of Bid phosphorylation in
regulating the sensitivity of hepatocytes to apoptosis in vivo. Previous studies, including
those described in Chapter 3, suggest that mitochondrial pathways to apoptosis are
regulated by CK1 and CK2 phosphorylation of Bid. While such studies show that Bid
phosphorylation blocks apoptosis in cultured cells, this work argues that Bid
phosphorylation blocks apoptosis in vivo. Using bile-duct ligation to induce chronic
cholestasis in mice, we show that this model of chronic liver disease confers resistance to

Fas-induced apoptosis in the liver. This block in apoptotic activation, like that in PACS-2
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depleted cells, occurs downstream of Caspase-8 activation but prior to mitochondrial
cytochrome c release. Microarray analysis of gene expression in bile duct ligated mice
shows that CK1 expression is upregulated in liver upon disruption of liver homeostasis.
Using biochemical methods, I confirm that CK1 activity is upregulated in the livers of
these mice. Liver extracts from these mice more readily phosphorylate Bid in vitro
compared to liver extracts from control mice. Bile duct ligated mice also show higher in
vivo levels of phospho-Bid (Serine 61/64). Using in vitro methods I also demonstrate that
the DNA-damage sensing kinase ATM can phosphorylate Bid in vitro. Interestingly, bile
duct ligated ATM -/- mice show no difference in apoptosis sensitivity compared to control
mice, suggesting that ATM does not have a role in this process in vivo. While this study
does not include data describing a direct role for PACS-2 in this process, we discuss a
hypothesis that phosphorylation of Bid by CK1 prevents its interaction with PACS-2 to
block apoptotic programs. This work was published in Gastroenterology in 2006 and also
presented at the Keystone Symposium on Cellular Senescence and Cell Death in

Keystone, Colorado in March 2005.
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1.2 The Eukaryotic Endomembrane System

An essential and profound divergence in the evolutionary history of the biological world
occurs between prokaryotic and eukaryotic cells (Doolittle and Brown, 1994; Vellai and
Vida, 1999; Woese, 2002). Though structurally less complex, prokaryotic organisms are
marked by a great diversity in biochemical and metabolic processes, allowing for their
survival in extreme conditions, but precluding their rapid adaptation and expansion into
dynamic environments. Eukaryotes, however, have a greatly expanded complexity
resultant of the presence of intracellular structures and response networks that essentially
comprise biological information processing systems (de Bivort et al., 2007; Huang and
Ingber, 2000). These features not only allow eukaryotic cells to sense and adapt to
environmental changes in real-time, but also establish a mechanism to assemble and

homeostatically regulate multicellular tissues and organ systems.

Eukaryotic cells are defined by the presence of a membrane-bound nucleus, a
cytoskeleton, mitochondria and a system of functionally connected membrane
compartments generally referred to as the endomembrane system (Dacks and Field, 2007;
Dacks et al., 2008). This system of organelles and vesicles coordinates biosynthetic-
secretory, homeostatic and endocytic pathways to sort, modify and transport intracellular
material. The endomembrane system begins with the endoplasmic reticulum, which is
contiguous with the nuclear envelope at the point at which nascent polypeptides are

inserted into the secretory pathway (Figure 1-1).
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Figure 1-1: Intracellular transport pathways in the eukaryotic endomembrane system.

This schematic diagram shows the essential routes of cargo traversing the secretory pathway. Transport
steps are indicated by arrows. Vesicular trafficking steps from the ER to the ERGIC and Golgi mediated by
COPII are marked in blue while cargo retrieved from the Golgi by COPI coats are shown in red. Late
secretory pathway steps mediated by clathrin are shown in orange. From (Bonifacino and Glick, 2004). ©
2004 Elsivier. Used with permission.

Transport vesicles bud from the ER, fusing with other such vesicles or the ER Golgi
intermediate compartment (ERGIC). Vesicular intermediates then travel to the Cis face of
the Golgi complex to enter the parallel stacks of cisternae that make up the Golgi
complex. Material transported from the ER is modified and sorted for transport to various
organelles upon exit from the trans-Golgi network (TGN). Upon exit from the TGN,
proteins may take a variety of routes. Vesicles may traffic in a retrograde manner back to
the ER; anterograde, ultimately to the plasma membrane where vesicles fuse to release
their contents to the extracellular milieu or present their membrane bound cargo. TGN-
derived vesicles fuse with endocytic vesicles derived from the plasma membrane — so-

called “sorting endosomes” - or with pre-existing late endosomes. Late endosomes also
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fuse with lysosomes to deliver their contents to these hydrolytic organelles that mediate

the turnover, degradation and recycling of intracellular material (Luzio et al., 2007).

The membrane-bound organelles comprising the eukaryotic endomembrane system
establish the essential machinery of cellular homeostasis, controlling functions such as
the production of proteins and lipids, protein secretion, nutrient uptake, protein and
organellar degradation, energy production, the establishment of electrochemical gradients
and the induction of programmed cell death pathways (Dacks and Field, 2007). These
functions are linked through communication and transport processes amongst organelles
which take place via vesicular transport, organelle maturation or direct organelle-to-
organelle contacts (Bonifacino and Glick, 2004; Levine and Loewen, 2006). Vesicular
transport amongst organelles generally occurs through four basic steps of vesicular
budding, transport, docking and fusion (Bonifacino and Glick, 2004). Vesicular transport
processes and their ultimate control of cellular homeostasis and cell fate are controlled
and modulated by an array of factors, including GTPases, specific lipids such as
phosphoinostitides and ceramide, motor proteins, kinases and phosphatases and adaptor
complexes which allow for the formation of vesicular coats for vesicular transport
amongst organelles. The mechanisms by which these factors control vesicular trafficking
is a rich topic of investigation, however, the manner in which such factors signal cell

death remains unexplored.
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1.3 [Itinerant Membrane Proteins

The exact course traversed by proteins and lipids throughout the compartments of the
endomembrane system varies depending on the intracellular cargo in question and its
function. For example, upon delivery to the cell surface, transferrin receptors
constitutively recycle between the plasma membrane and recycling endosomes through
early endosomal intermediates (van Dam et al., 2002); growth factor receptors such as the
epidermal growth factor receptor (EGFR) segregate into early endosomal compartments
for sorting and delivery to lysosomes where they are hydrolytically degraded (Gruenberg
and Stenmark, 2004; Raiborg et al., 2003); and ion channels such as IP3 receptors
localize to the ER to maintain calcium homeostasis (Foskett et al., 2007). The trafficking
itinerary of membrane proteins is dynamic and reflects the biological functions of such
proteins in the maintenance of cellular homeostasis. Classic examples include the cation-
dependent and independent mannose-6-phosphare receptors (CD-MPR and CI-MPR)
which sort lysosomal hydrolase enzymes such as Cathepsin D to lysosomes before
returning to the TGN (Griffiths et al., 1988). Similarly, the endoprotease furin localizes to
the TGN, cycling between the TGN, cell surface, immature secretory granules and
endosomes. Furin passes through the secretory pathway, becoming autocatalytically
activated to cleave and activate precursor peptide hormones (Molloy et al., 1999). In
general, the sorting and intracellular transport of such proteins relies on canonical sorting
motifs within the cytosolic domains of the itinerant membrane protein. Such sorting
motifs act as “address labels” that are recognized by specific components of the cellular
sorting machinery that act to sort and deliver cargo proteins to specific subcellular

compartments.
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Cytosolic sorting signals such as tyrosine (YXX®, where @ is a hydrophobic
residue) and dileucine ([D/ExxxL[L/I]) motifs establish an interaction between iterant
proteins and adaptor protein (AP) complexes that direct the assembly of lattice-like
vesicular coats comprised of clathrin, hence concentrating cargo in clathrin coated
vesicles. Membrane adaptor complexes such as AP-1, AP-2, AP-3 and AP-4 are each
composed of four subunits that form a “mickey-mouse”-like structure with two “ear”
domains (Robinson and Bonifacino, 2001). APs govern the mechanics of vesicular traffic
process that carry out endocytic and biosynthetic processes as clathrin coated vesicles
mediate protein transport between the TGN and endosomes. APs connect clathrin to
itinerant proteins such as furin and the MPRs to promote their concentration into clathrin
coated pits and vesicles to mediate sorting amongst components of the late secretory
pathway (Robinson, 2004). Trafficking in the early secretory pathway between the ER
and Golgi, however, typically takes place through clathrin-independent vesicular coats
based on coatomer COPI and COPII complexes which recognize KKXX and FF motifs

(McMahon and Mills, 2004).

Canonical sorting motifs are often found near stretches of acidic amino acids which
contain serine or threonine residues that can be phosphorylated by the acidic-directed
kinase CK2 and less often CK1 (Bonifacino and Traub, 2003; Gu et al., 2001; Thomas,
2002). Such acidic motifs direct the sorting of several itinerant proteins such as furin
throughout the secretory pathway (Thomas, 2002). The phosphorylation state of a

specific serine residue within the furin acidic cluster (EECPpS773:DpSEED) controls the
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sorting of furin between the TGN, endosomes and cell surface and the removal of furin
from immature secretory granules in neuroendocrine cells. Dephosphorylation of furin,
by contrast, by protein phosphatase 2A (PP2A) directs the transport of furin from sorting
endosomes to the TGN. While it was known that furin bound APs, it was not understood

how phosphorylation of furin could direct its sorting itinerary.

1.4 The PACS Family of Proteins

An analysis of candidate sorting factors associated with the phosphorylated acid cluster
sorting motif of furin uncovered the phosphofurin acidic cluster sorting, or PACS family
of proteins (Thomas, 2002; Wan et al., 1998; Youker et al., 2008). Work in the lab of
Gary Thomas at the Vollum Institute first identified PACS-1 in a yeast-2-hybrid screen
through its interaction with the phosphorylated acidic cluster motif on the cytosolic
domain of furin (Wan et al., 1998). These studies ascribed the first known function of the
PACS proteins as “sorting connectors” as PACS-1 connects CK2-phosphorylated furin to
the cytosolic coat protein AP-1 and is a requisite component for the subcellular

localization of furin to the TGN (Crump et al., 2001).

Genomic analyses of the PACS-1 gene led to the discovery of a related gene, PACS-2,
whose protein product also binds to acidic clusters of itinerant proteins (Chapter 3;
(Kottgen et al., 2005)). Rather than connecting cargo to clathrin adaptor proteins, PACS-
2 connects acidic cluster-containing cargo proteins to COPI coatomer to mediate
vesicular, clathrin-independent, Golgi-to-ER transport in the early secretory pathway
(Kottgen et al., 2005). This was first demonstrated in studies of the subcellular trafficking

of the ER-localized TRP channel polycystin-2 (PKD2), whose intracellular itinerary and
11
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function are regulated by the phosphorylation of an acidic cluster in a cytosolic domain
that binds to both PACS-1 and PACS-2 (Kottgen et al., 2005). PKD-2 acts with IP3
receptors and ryanodine receptors at the ER to regulate intracellular calcium
concentrations (Cai et al., 1999; Fu et al., 2008). PKD-2 also localizes to the primary
cilium and acts with PKD-1 to detect fluid flow in tubules and modulate signaling
pathways to promote cell cycle arrest and tubulogenesis (Boletta et al., 2000; Low et al.,
2006; Nauli et al., 2003). Interestingly, mutations or deletions of the acidic cluster region
of PKD-2 lead to the development of autosomal dominant polycystic kidney disease
(ADPKD), a chronic disease state characterized by the formation of fluid-filled cysts in
the kidney epithelium that to leads to renal failure (Cai et al., 1999; Delmas et al., 2004;

Sutters and Germino, 2003).

PKD?2 serves as a model PACS cargo protein, localizing between the ER, Golgi and cell
surface (Figure 1-2). PACS-2 is required to localize PKD-2 to the ER in a COPI
dependent manner as disruption of PACS-2 function redistributes PKD-2 from the ER to
the Golgi/TGN. Dual disruption of PACS-1 and PACS-2 redistributes PKD-2 to the cell
surface as PACS-1 localizes PKD-2 to the Golgi/TGN. Such studies using dominant-
negative interfering mutants as well as PACS siRNAs demonstrate that PACS-1 is

required to localize such PACS cargo proteins from endosomes to the TGN while PACS-

12
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T~ PM

Endosomes

PACS-1

Figure 1-2: PACS-1 and PACS-2 direct the sorting of acidic cluster containing cargo throughout the
secretory pathway.

The phosphorylation state of acidic cluster-containing cargo is controlled by CK2 phosphorylation and
PP2A dephosphorylation of cargo to modulate interactions with the PACS proteins. PACS-1 connects
cargo such as PKD-2 to clathrin adaptors such as AP-1 to direct late secretory pathway trafficking from
endosomes to the TGN. PACS-2 connects cargo to the clathrin-independent coat adaptor COPI to mediate
TGN to ER retrieval of cargo. PACS-2 also has a role at the mitochondria, regulating ER-mitochondria
communication as well as apoptotic programs.
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2 delivers cargo from the Golgi to the ER. Together, studies of the PACS proteins have
established a paradigm of PACS sorting function whereby the CK2/PP2A-controlled
phosphorylation state of cargo control the complex intracellular trafficking itineraries of

acidic cluster containing cargo (Youker et al., 2008).

The 889 amino acid human PACS-2 protein shares 54% sequence homology to PACS-1,
a protein of 963 amino acids. Regions of homology between PACS-1 and PACS-2 divide
the PACS proteins into four regions (Figure 1-3). These include an Atrophin-1 related
region (ARR) found only in PACS-1 which displays homology to the Atrophin-1
transcriptional repressor (Wood et al., 2000). The cargo, or furin binding region (FBR) of
the PACS proteins are 81% homologous and interact with cargo as well as and AP-1 and
AP-3 and GGA adaptor complexes on PACS-1 (Crump et al., 2001; Scott et al., 2006)
and COPI coatomer on PACS-2 (Kottgen et al., 2005). The PACS-1 FBR also serves as a
scaffold for the kinase CK2 through an association with a regulatory subunit (Scott et al.,
2006). The middle region (MR) of the PACS proteins contain an acidic cluster much like
that of PACS cargo proteins that acts as an autoregulatory domain (Scott et al., 2006).

The C-terminal regions (CTR) of the PACS proteins to date remain uncharacterized.

14
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Figure 1-3: Domain structure of the PACS-1 and PACS-2 proteins.

A schematic diagram illustrating the locations of the Atrophin-1 related region (ARR); cargo, or furin
binding region (FBR); middle region (MR); and C-terminal region (CTR). Residues critical to AP-1 and
AP-3 binding on PACS-1 as well as the residues responsible for binding COPI on PACS-2 are indicated.
PACS-1 also binds to a regulatory subunit of the kinase CK2 as well as GGA adaptors (Scott et al., 2006).
The autoregulatory acidic cluster found in the PACS-1 MR resembles the acidic clusters found in PACS

cargo proteins such as furin, Nef and PKD-2 (Scott et al., 2003; Youker et al., 2008).
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Since the initial discovery of PACS-1 as a furin sorting protein, several other
itinerant proteins with acidic cluster motifs have been shown to use PACS proteins to
regulate their sorting itineraries. These include other processing enzymes such as
carboxypeptidase D (Kalinina et al., 2002) and protein convertase 6B (Xiang et al.,
2000); transporters such as the vesicular monoamine transporter 2 (VMAT2) (Waites et
al., 2001); receptors and ion channels such as the metabotropic glutamate receptor
mGlIuRS (Farr et al., 2004), TRPV4 and CLC7 (Kottgen et al., 2005); and a number of
viral pathogenic factors such as varicella-zoster virus VZV gE (Wan et al., 1998) and
human cytomegalovirus HCMV gB (Crump et al.,, 2003) as well as the human
immunodeficiency virus 1 negative factor HIV-1 Nef (Piguet et al., 2000). Indeed,
pathogenic viruses have developed ways to exploit components of their host
endomembrane machinery, including the PACS proteins, to promote replication and
counteract host anti-viral responses. The herpes virus envelope glycoprotein HCMV gB,
essential for viral envelope formation, contains a CK2 phosphorylatable acidic cluster
that direct binding of gB to PACS-1 (Crump et al., 2003). Disruption of PACS-1 function
mislocalizes gB from the TGN to endosomal compartments and reduces viral progeny
while overexpression of PACS-1 can enhance viral titer. Most notably, HIV-1 Nef usurps
both PACS-1 and PACS-2 sorting pathways to result in host MHC-I downregulation and
immunoevasion by directing the assembly of a multikinase cascade (Figure 1-4) (Atkins
et al., 2008; Blagoveshchenskaya et al., 2002; Hung et al., 2007). PACS proteins also
mediate the trafficking of the Karposi sarcoma herpes virus K5 protein, a ubiquitin ligase
that localizes to the ER to direct the turnover of host factors such as CD31 and MHC-1 to

block antigen presentation to promote immunoevasion (Mansouri et al., 2006).

16



Chapter 1. Introduction

early

@endoscme

/. sﬁ?}@

Nef

plasma
membrane

2
3

Figure 1-4: PACS-2 assembles a multikinase cascade to direct MHC-I downregulation and immunoevasion
upon HIV-1 infection.

(1) PACS-2 binds to the acidic cluster of the HIV-1 immediate early gene product Nef (EEEE¢s) and is
targeted to the TGN. (2) At the TGN, a TGN-localized Src family kinase (SFK) binds to and is activated by
Nef PXXP+s. (3) The Nef/SFK complex recruits and activates ZAP-70/Syk. Tyrosine-phosphorylated
ZAP70/Syk then binds to a class I PI3 kinase. (4) Nef-stimulated PI3K generates PIP; on the inner leaflet
of the plasma membrane to recruit and ARF6-GEF (5), which then activates ARF6 (6). (7) MHC-I is
endocytosed from the plasma membrane to endosomal compartments (Atkins et al., 2008; Hung et al.,
2007). Internalized MHC-I is then sequestered to the Golgi through an interaction with AP-1 that may be
regulated by PACS-1 (Blagoveshchenskaya et al., 2002).
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1.4.1 PACS-2 coordinates communication between the ER and mitochondria

The roles of PACS-2 at the ER are not limited to trafficking cargo in the early secretory
pathway; PACS-2 also controls an intimate relationship between the ER and
mitochondria at MAMs to control lipid metabolism, ATP production and calcium
signaling (Chapter 3; (Myhill et al., 2008)). As demonstrated in Chapter 3, these close
contacts between the ER and mitochondria are lost upon depletion of PACS-2, leading to
a mislocalization of the MAM-localized lipid biosynthetic enzymes FACL-4 and PSS-1
and a disruption of histamine-inducible calcium release from the ER. The integrity of
MAMs may be mediated by the localization of the chaperones to the ER as calnexin,
calreticulin and ERp44 interact with ER-calcium pumps IP3R and SERCA2b which are
enriched in MAMs (Higo et al., 2005; John et al., 1998; Roderick et al., 2000). Like other
PACS cargo proteins, the cytosolic tail of calnexin contains a CK2 phosphorylatable
acidic cluster that mediates an interaction with PACS-2, localizing calnexin amongst the
ER, MAMs and a small pool at the cell surface (Myhill et al., 2008). In addition to
folding intermediates, ribosomes and SERCA?2b, calnexin also associates with BAP31, a
multi-functional sorting chaperone and sensor of intracellular stress (Breckenridge et al.,
2003; Zuppini et al., 2002). Depletion of PACS-2 mislocalizes calnexin from the ER to
the cell surface, but also leads to the caspase cleavage of BAP31 and a fission of
mitochondria into punctate or donut-like structures characteristic of apoptotic cells
(Chapter 3; (Myhill et al., 2008)). Interestingly, despite this stress phenotype, PACS-2

depleted cells fail to execute apoptotic programs as described in Chapters 3 and 4.
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1.4.2 PACS-2 regulates organellar pathways to cell death induction

In Chapter 3, we show that under conditions of cellular stress, PACS-2 can redistribute
from the cytosol/ER to the mitochondria. The role of PACS proteins as acidic cluster
binding proteins and the apoptotic redistribution of PACS-2 to mitochondria suggested
that PACS-2 shuttles a pro-apoptotic factor to mitochondria upon the induction of stress.
As the pro-apoptotic Bcl-2 family member Bid contains a CK2- phosphorylatable acidic
cluster typical of PACS cargo (Degli Esposti et al., 2003a; Desagher et al., 2001), we
assayed PACS-2 for Bid sorting activity. As demonstrated in the data chapters of this
thesis, we found that PACS-2 plays a requisite role in mitochondrial cell death pathways

in part by delivering Bid to mitochondria.

Prior to our characterization of PACS-2, the PACS-2 human EST, KIAA0602, was
reported to be lost in 15-40% sporadic colon cancer cases (Anderson et al., 2001). In
Chapter 4 we confirm that the expression of the PACS-2 protein is lost in a significant
portion of human colon cancer specimens. The requisite role of PACS-2 in apoptosis and
its loss in cancer establish an argument that PACS-2 is a candidate tumor suppressor and
a possible biomarker of chemotherapeutic sensitivity to anti-tumor agents such as
TRAIL. These ideas are presented and discussed in Chapter 4 of this thesis, which
describes the regulation of PACS-2 by the pro-survival kinase Akt and the 14-3-3

proteins (Figure 1-5).
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Figure 1-5: Model of apoptotic regulation of PACS-2.

As described in Chapter 4, under basal conditions, PACS-2 is phosphorylated at Serine 437 and held in a
non-apoptotic state by 14-3-3 proteins. Upon the induction of apoptosis, Akt signals are dampened as PP2A
activity increases, resulting in dephosphorylation of PACS-2, release of 14-3-3 and the induction of
mitochondrial cell death pathways. This mechanism of apoptotic activation resembles the previously
described activation and translocation of the pro-apoptotic Bcl-2 protein Bad (Datta et al., 1997; Masters et
al., 2001).

In the next chapter, a literature review builds a hypothesis of apoptotic interorganellar
communication whereby Bid localizes to the mitochondria or to an interface between the
mitochondria and lysosomes to drive an essential step of apoptotic programs. As PACS-2
coordinates the intracellular distribution of endocytosed material in endosomes (Atkins et
al., 2008), PACS-2 may drive endo-lysosomes and mitochondria together in a step
required to cleave Bid and permeabilize mitochondria. These hypotheses and their
relation to current paradigms of protein and organellar trafficking and apoptosis are

reviewed in the following chapter.
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Summary

Apoptosis proceeds through a set of evolutionarily conserved processes that coordinate
the auto-elimination of damaged or unneeded cells. This program of cell death is carried
out by organelle-directed regulators, including the Bcl-2 proteins, and ultimately
executed by proteases of the caspase family. While the biochemical mechanisms of
apoptosis are increasingly understood, the underlying cell biology orchestrating
programmed cell death remains enigmatic. In this review we summarize the current
understanding of Bcl-2 protein regulation and caspase activation while examining cell
biological mechanisms and consequences of apoptotic induction. Organellar
contributions to apoptotic induction include death receptor endocytosis, mitochondrial
and lysosomal permeabilization, endoplasmic reticulum calcium release and
fragmentation of the Golgi apparatus. These early apoptotic events are accompanied by a
stabilization of the microtubule cytoskeleton and a translocation of organelles to the
microtubule organizing center. Together, these phenomena establish a model of apoptotic
induction whereby a cytoskeletal-dependent coalescence and “scrambling” of organelles
in the paranuclear region coordinates apoptotic communication, caspase activation and

cell death.
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2.1 Introduction

Apoptosis, the process whereby cells die through an orchestrated self-destruction, occurs
in response to environmental or developmental cues, cellular stresses, and specific cell
death signals. This self-inflicted death, named for a characteristic rounding and “falling
off” of cells, involves a number of evolutionarily conserved biochemical pathways that
have been intensively studied for over two decades (reviewed in (Degterev and Yuan,
2008)). Apoptotic cell death is generally characterized by an inward collapse of
organelles, a “blebbing” of the plasma membrane into vesicular apoptotic bodies, and the
destruction of genetic material. The molecular events that drive such apoptotic processes
were uncovered through genetic studies of the nematode C. elegans, which demonstrated
the central importance of the ced-3, ced-4 and ced-9 genes in the control of an efficient
cell death program. A search for the mammalian counterparts of ced-3, -9 and -4
identified ced-9 as a homologue of the “B-cell Lymphoma” Bcl-2 oncogene and the more
than 20 related Bcl-2 family members. Investigations of ced-3 unveiled a family of 18
cysteinyl aspartate proteases, coined “caspases,” that regulate and execute apoptosis
through the cleavage of over 400 identified substrates with essential roles in cellular,
metabolic and developmental processes, as well as inflammation, degenerative diseases

and cancer (Degterev and Yuan, 2008; Eckhart et al., 2008; Luthi and Martin, 2007).

The molecular events regulating apoptosis are dependent on cell type as well as the
context of death induction. Nonetheless, key molecular milestones are common to many
of modes of cell death (Figure 2-1). “Executioner” caspases such as caspase-3 carry out

the final, committed steps of the apoptotic program after activation of upstream, apical
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“Initiator” caspases, such as caspase-8, which activate apoptosis through two generalized
pathways. In cells that employ a type I pathway, initiator caspases directly cleave and
activate executioner caspases independent of actions at the mitochondria (Peter and
Krammer, 2003). In type II cells, however, initiator caspases trigger the activation of
executioner caspases through Bcl-2 proteins such as Bid, which promote the release of
cytochrome ¢ from mitochondria into the cytosol via mitochondria membrane
permeabilization (MMP) (Peter and Krammer, 2003). Upon release, cytosolic
cytochrome c binds to the apoptotic protease activating factor Apaf-1 to establish a
multimeric “apoptosome” complex that activates caspase-9 to amplify the activation of

executioner caspases.

The signaling cascades that ultimately activate cell death through caspases are initiated
and regulated by organelle-specific events (Ferri and Kroemer, 2001). Death pathways,
however, have only recently begun to be integrated with basic cell biological paradigms
of intracellular protein and organellar trafficking. In this review, we describe the
emerging links between the intracellular signaling events of apoptosis and trafficking at
the molecular and organellar level. On the basis of classic as well as more recent data, we
present a model of death receptor- and stress-induced apoptosis in which apoptotic events
promote a coalescence of organelles and proteins en route to the paranuclear region to
coordinate apoptotic interorganellar communication among lysosomes, mitochondria, the

endoplasmic reticulum (ER), Golgi and nucleus.
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Figure 2-1: Essential pathways to caspase activation and cell death.

Apoptosis is initiated by internal cellular stress or extracellularly through the binding of ligands to cell
surface death receptors. Type I pathways directly activate executioner caspases through initiator caspases to
result in death. In Type II pathways, death signals are routed through the Bcl-2 proteins such as Bid and the
mitochondria to control the release of cytochrome c. Cytosolic cytochrome ¢ binds Apaf-1 to activate the
apoptosome and caspase-9 to result in executioner caspase-3 activation and cell death.
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2.2 Bcl-2 proteins regulate organellar “life or death” decisions

The Bcl-2 proteins regulate pro- and anti-apoptotic signaling processes at distinct
organellar centers to modulate apoptotic communication, caspase activation and the
ultimate decision to carry out cellular suicide (Figure 2-2). While the members of this
diverse protein family are primarily noted for roles in regulating the release of
apoptogenic factors such as cytochrome ¢ from mitochondria (reviewed in (Kroemer et
al., 2007)), they also perform a number of daily regulatory functions in healthy cells. This
includes roles at the endoplasmic reticulum where Bcl-2 proteins maintain ER
homeostasis (Hetz and Glimcher, 2008), in the nucleus to control genetic integrity
(Zinkel et al., 2006), at synapses to modulate neurotransmission (Li et al., 2008) as well
as at the mitochondria where they regulate mitochondrial division and cellular

metabolism (Danial et al., 2008; Karbowski et al., 2006).

Bcl-2 protein family members are categorized on the basis of containing up to four
functional Bcl-2 homology “BH domains” (reviewed in (Youle and Strasser, 2008)).
“Multi-BH domain” proteins can participate in both pro- and anti- apoptotic functions
while to date, single “BH3-domain only” proteins are strictly pro-apoptotic. The multi-
BH domain members Bax, Bak and Bok localize in part to the mitochondrial outer
membrane and are requisite for the formation of pores in the mitochondria to permit the
release of proapoptotic factors such as cytochrome c, the second mitochondrial activator
of caspases SMAC/DIABLO, the apoptosis initiating factor AIF, which activates

caspases in the nucleus and Endonuclease G, an apoptotic DNase that degrades nuclear
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DNA (Kroemer et al., 2007) (Figure 2-2). Pro-apoptotic BH3-domain only proteins such
as Bid, Bim and PUMA, induce Bax and Bak activation upon apoptotic induction to
promote MMP. Such permeabilization is regulated by anti-apoptotic multi-BH domain
proteins such as the Bcl-2 protein itself, Bcl-x1, Bel-w, Mcl-1 and A1l that prevent Bax
and Bak activation by BH3-only pro-apoptotic relatives. While it is presumed that BH3-
only proteins such as Bid and Bim directly interact with Bax and Bak to promote their
activation and MMP, recent studies suggest that BH3-only proteins only act indirectly to
activate MMP by binding to and interfering with anti-apoptotic Bcl-2 family members

(Adams and Cory, 2007).

2.3 Activation and sequestration of Bax and Bad

Bax activation and translocation to mitochondria is regulated by Bax
dimerization/oligomerization and dephosphorylation (Kroemer et al., 2007) and amplified
by a feed-forward wave of caspase activation (Lakhani et al., 2006). Non-apoptotic Bax
is sequestered in a monomeric state in the cytosol or loosely attached to mitochondria or
the ER (Scorrano et al., 2003) (Figure 2-2). Upon apoptotic activation, Bax oligomerizes
and exposes its C-terminal segment to form a hydrophobic protrusion that inserts into the
outer mitochondrial membrane in a requisite step to induce cytochrome c release
(Kroemer et al., 2007). Bax is phosphorylated at serine 184 by pro-survival kinases such
as Akt/PKB which block Bax activation and translocation to mitochondria (Yamaguchi
and Wang, 2001). This phosphorylation of Bax is influenced through sphingolipid

signaling pathways that coordinate inter-organellar communication amongst the Golgi,
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ER and mitochondria. A key sphingolipid in apoptotic signaling is ceramide which is
synthesized de novo at the ER as well as at apoptotic mitochondria (Morales et al., 2007).
Ceramide 1is also enzymatically formed through an apoptotic upregulation of
sphingomyelinase activity at lysosomes (Bionda et al., 2004) (Figure 2). Ceramide
directly binds to and activates diverse apoptotic enzymes including protein phosphatase
PP2A (Morales et al., 2007), which dephosphorylates Bax at serine 184 to increase its
association with mitochondria in vitro and in vivo (Birbes et al., 2005; Xin and Deng,

2006).

In healthy cells, Bax is held in a non-apoptotic, soluble, monomeric state by cytosolic
retention factors. This is in contrast to some Bcl-2 family members such as Bim and Bmf
which are sequestered to distinct compartments and cytoskeletal structures through
associations with motor protein subunits (Puthalakath et al., 1999; Puthalakath et al.,
2001). Bax cytosolic retention factors include humanin, a mammalian anti-apoptotic
peptide (Guo et al., 2003); Ku70, a Bax deubiquitinylation protein and subunit of the Ku
DNA-repair complex (Amsel et al., 2008); and the 14-3-3 proteins (Nomura et al., 2003).
The 14-3-3 proteins bind more than 200 “client” phosphoproteins in vivo to mediate cell
survival as well as cell cycle and cell division events (Pozuelo Rubio et al., 2004). 14-3-3
proteins sequester Bax in an unconventional Bax-phosphorylation independent manner
(Nomura et al., 2003). More typically, 14-3-3 proteins bind and inactivate clients at
specific phosphorylation sites. This includes Bad, which is phosphorylated by Akt/PKB
at serine 136 to establish a 14-3-3 binding site (Datta et al., 2002). Upon loss of Akt

survival signals or apoptotic activation of PP2A, Bad is dephosphorylated and releases
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bound 14-3-3 proteins. Dephosphorylated Bad subsequently translocates to mitochondria
to interact with and inhibit the anti-apoptotic effect of Bcl-2, thus activating Bax and
MMP (Chiang et al., 2001; Datta et al., 2002). In addition to dephosphorylation, clients
such as Bax, Bad and c-Abl are released from 14-3-3 proteins upon apoptotic Jnk
phosphorylation of 14-3-3 itself which allows for client translocation to mitochondria or

the nucleus upon apoptotic induction (Sunayama et al., 2005; Yoshida et al., 2005).

2.4 Bid translocates to mitochondria to activate Bax and MMP

Unlike Bax and Bad, activation of the pro-apoptotic “BH3 interacting domain death
agonist” Bid occurs through its cleavage and myristoylation, which drive an association
with mitochondria where Bid is required for Bax activation and MMP (Li et al., 1998;
Luo et al., 1998). Upon death receptor ligation, Bid is cleaved at aspartate 59 by both
initiator and executioner caspases, yielding a potently apoptotic truncated “tBid” (Gross
et al., 1999b; Li et al., 1998; Luo et al., 1998). While both the full-length and truncated
forms of Bid localize to mitochondria, tBid displays higher affinity for mitochondria and
releases cytochrome ¢ from isolated mitochondria in vitro. These observations of Bid
regulation initially grounded a caspase cleavage-based model to explain Bid
mitochondrial translocation (Gross et al., 1999b). In this classic model, cytosolic, full-
length Bid is cleaved by caspase-8 and subsequently N-terminally myristoylated at the
newly exposed amino terminus of glycine 60 (Zha et al., 2000). Myristoylated tBid is
then inserted into mitochondrial membranes to activate Bax and drive apoptosis.

Proteases other than caspases, however, cleave and activate Bid, including granzyme B, a
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protease released from cytotoxic lymphocytes which cleaves Bid at aspartate 75
(Waterhouse et al., 2005). Lysosomal cathepsins also promote Bid cleavage and
apoptosis (Heinrich et al., 2004). Cathepsins cleave Bid within an unstructured loop
between two alpha helicies at tyrosine 47, glutamine 57, arginine 65 and arginine 71,
generating tBid species that localize to mitochondria and induce apoptosis despite the
lack of a myristoylatable glycine (Cirman et al., 2004). This suggests that myristoylation

is not absolutely required to target Bid to the mitochondria.

2.5 Bid cleavage follows lysosomal permeablization and cathepsin release

The activation and release of lysosomal cathepsins has a substantial role in MMP and cell
death as cathepsin inhibitors and gene knock-outs prevent apoptosis at the level of Bid
cleavage (Cirman et al., 2004; Heinrich et al., 2004). This is evident in cultured
fibroblasts from inclusion-cell disease (ICD) patients deficient in lysosomal hydrolase
activity which are unresponsive to TNFa death pathways, failing to cleave Bid and
activate caspases (Tardy et al., 2004). Likewise, mannose-6-phosphate receptor null mice
which fail to deliver cathepsins to lysosomes have an ICD phenotype and do not respond
to TNFa and CD95/FasL (Tardy et al., 2004). The mechanisms by which apoptotic
pathways target cathepsins and lysosomes are not well understood but involve initiator
caspase activation of lysosomal acidic sphingomyelinase (A-SMase) and its production of
ceramide, which directly activates lysosomal cathepsins (Rotolo et al., 2005) (Figure 2).
Active cathepsins are released to the cytosol upon an apoptotic Jnk-dependent

translocation of Bax and Bim to lysosomes, a step inhibited by the Bax sequestering
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protein Mcl-1 (Werneburg et al., 2007). As death receptor-mediated apoptosis promotes a
co-localization of cathepsins and Bid (Heinrich et al., 2004), as well as an association of
lysosomes with mitochondria (Ouasti et al., 2007), it has been suggested that cathepsin

release and Bid cleavage take place at an interface between mitochondria and lysosomes

(Terman et al., 2006).

2.6 PACS-2 translocates full-length Bid to mitochondria

The hypothesis that cleavage of Bid occurs along a mitochondria-lysosome axis suggests
that Bid localizes to an interface between these organelles prior to cleavage (Terman et
al., 2006). Consistent with such a model, FRET-based assays demonstrate that full-length
Bid interacts with Bax upon treatment of HeLa cells with TNFa and that Bid is not
cleaved until late into the apoptotic program after the activation of a caspase feedback
amplification loop (Pei et al., 2007). In addition, full-length Bid itself translocates to
mitochondria during the onset of cellular stress through a mechanism not explained by
the cleavage/myristoylation model (Esposti et al., 2001; Sarig et al., 2003; Tafani et al.,
2002). Bid is kept inactive through CKI1 and CK2 phosphorylation of serine and
threonine residues proximal to Bid’s caspase cleavage site which block protease access
and cleavage (Degli Esposti et al., 2003a; Desagher et al., 2001). Accordingly, CK1
phosphorylation of Bid is upregulated in pre-cancerous models of liver disease that block

hepatocyte apoptosis (Appendix A and (Vogel et al., 2000)).
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Figure 2-2. Bcl-2 proteins modulate apoptosis at multiple organellar sites.

Bcl-2 proteins converge on the mitochondria to control the release of apoptogenic factors such as
cytochrome ¢ and SMAC/DIABLO to enhance caspase activation (Kroemer et al., 2007). Factors such as
Endonuclease G, AIF and reactive oxygen species are also released from the mitochondria to the nucleus to
promote genome destruction (Ferri and Kroemer, 2001; Li et al., 2004). Mitochondrial Bax/Bak release
events are activated by Bid translocation to mitochondria and cleavage of Bid by caspases or lysosomal
cathepsins (Cirman et al., 2004; Gross et al., 1999b). Full-length Bid is trafficked to the mitochondria
though associations with PACS-2 (Simmen et al., 2005). Active cathepsins are released from lysosomes
upon the translocation of Bax and Bim to lysosomes and a caspase activation of A-SMase to produce
ceramide which activates cathepsins (Heinrich et al., 2004; Rotolo et al., 2005; Werneburg et al., 2007).
Apoptotic proteins such as Bad, Bax and PACS-2 are sequestered by 14-3-3 proteins and become active
upon dephosphorylation and 14-3-3 release (Chiang et al., 2001). Factors such as p53 and Histone H1.2
also apoptotically target the mitochondria to modulate Bax activation and apoptosis (Konishi et al., 2003;
Mihara et al., 2003). Bcl-2 proteins additionally regulate apoptosis via ER calcium release through IP3Rs to
modulate ER-mitochondria crosstalk (Bassik et al., 2004; Li et al., 2007; Mathai et al., 2005) and influence
the UPR through interactions with Irel (Hetz et al., 2006).
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CK2 phosphorylation of Bid also regulates the binding of full-length Bid to the sorting
protein PACS-2, a multi-functional acidic-cluster binding protein that integrates
membrane traffic with ER-mitochondrial communication and apoptosis (Atkins et al.,
2008; Myhill et al., 2008; Simmen et al., 2005). Upon the induction of apoptosis through
death receptors or stress, PACS-2 associates with full-length Bid and translocates from
the cytosol to the mitochondria. Loss of PACS-2 inhibits apoptotic Bid cleavage and
executioner caspase activity but does not inhibit caspase-8, suggesting that Bid cleavage
can occur after delivery to the mitochondria (Chapter 3; (Simmen et al., 2005)). The
apoptotic activity of PACS-2 is regulated by Akt phosphorylation at serine 437, which
binds 14-3-3 proteins (Chapter 4). Upon the induction of apoptosis, PACS-2 is
dephosphorylated to release 14-3-3 proteins in a step prior to caspase-3 activation and
cell death. These studies suggest a model in which apoptotic induction promotes the
binding of full-length Bid to PACS-2 which subsequently translocates to mitochondria or
a lysosome/mitochondria interface where Bid is cleaved to tBid to drive MMP,

cytochrome c release and cell death.

2.7 Drpl-mediated mitochondrial fission recruits Bax and Bid to mitochondria

In respiring cells, mitochondria continuously fuse and divide to organize into reticular
networks, exchange metabolites and facilitate mtDNA mixing (Chen et al., 2003). These
processes of mitochondrial fusion and fission are also essential to the apoptotic program
as apoptotic changes in mitochondrial size and shape regulate MMP and cytochrome c

release. Fission and fusion events are regulated by GTPase proteins which alter the
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morphology of mitochondrial membranes and cristae to fragment mitochondria and
promote the release of cytochrome ¢ and other factors from internal mitochondrial stores
(Cerveny et al., 2007). One key GTPase, the dynamin related protein Drpl (Karbowski et
al., 2002), accumulates at fission sites of the outer mitochondrial membrane with a
mitochondrial localized binding partner, hFisl, forming chain-like spirals at membrane

scission sites (Ingerman et al., 2005).

The apoptotic translocation of Drpl, Bax and Bid to mitochondria appears to be
interdependent, as Bax and Bid specifically concentrate at Drpl generated mitochondrial
scission sites (Karbowski et al., 2002) (Figure 4). Likewise, mitochondrial fission and
Drpl recruitment require a Bax/Bak dependent release of the Drpl binding protein
DDP/TIMM8a from inner mitochondrial stores which lead Drpl to the mitochondria
(Arnoult et al., 2005). Modification of Drpl by the small ubiquitin related modifier
SUMO via the SUMO conjugating enzyme Ubc9 also directs Drpl to the mitochondria
(Harder et al., 2004) while desumoylation by SENPS5 limits Drp1 recruitment (Zunino et
al., 2007). Treatment of cells with Mdivi-1, a specific chemical inhibitor of Drpl GTPase
activity, demonstrates that Drpl is required to drive both mitochondrial fission and
cytochrome c release (Cassidy-Stone et al., 2008). Interestingly, Mdivi-1 treatment of
isolated mitochondria prevents the release of cytochrome c following tBid treatment in
vitro, implicating Drpl GTPase activity as a requirement for MMP and cell death

(Cassidy-Stone et al., 2008).
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Drpl recruitment and mitochondrial fission are additionally under the control of
apoptotic ER calcium release. Calcium activates PP2B/calcineurin to dephosphorylate
Drpl at serine 656 which activates mitochondrial fission, cytochrome c release and
apoptosis (Cribbs and Strack, 2007) (Figure 4). Apoptotic ER calcium release,
mitochondrial fission and mitochondrial fragmentation are controlled by caspases which
cleave the integral resident ER 31 kD “B-cell Receptor Associated Protein” BAP31
(Breckenridge et al., 2003). In non-apoptotic cells, BAP31 associates with class I MHC
molecules at the ER to regulate their ultimate delivery the plasma membrane (Ladasky et
al., 2006). Upon apoptotic induction however, caspase-8 cleaves BAP31 to a p20gap3;
fragment that promotes release of calcium from the ER (Breckenridge et al., 2003;

Chandra et al., 2004).

2.8 Bcl-2 proteins regulate ER calcium release

The p20gap3i-evoked release of calcium from the ER and subsequent
fragmentation of mitochondria and apoptosis are under the control of ER-localized Bcl-2
proteins (Mathai et al., 2005). ER-based Bcl-2 proteins also modulate the unfolded
protein response (UPR) through interactions with Irel which control ER communication
with the nucleus (Hetz et al., 2006). The mechanisms by which Bcl-2 proteins localize to
the ER remain uncharacterized, though ER associated Bcl-2 proteins are anchored
through single transmembrane helical domains. ER calcium is released over the course of
apoptotic induction through IP3 receptors which are regulated by direct interactions with

Bcl-2 and Bcl-xl (Bassik et al., 2004; Joseph and Hajnoczky, 2007; Li et al., 2007).
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Phosphorylation of Bcl-2 likely promotes an interaction with the IP3 receptor that blocks
receptor phosphorylation (Oakes et al., 2005). Upon the induction of apoptosis, Bcl-2 is
dephosphorylated and loses interactions with IP3Rs in favor of association with ER-
localized Bax and Bak (Oakes et al., 2005). Loss of the Bcl-2 — IP3R interaction
promotes IP3R phosphorylation, calcium release, mitochondrial fragmentation and
apoptosis. The mechanism by which p20gap3; communicates with Bcl-2 proteins and
IP3Rs is not yet understood; however, the ER-localized Bcl-2 family member Bik is
required for the process (Mathai et al., 2005). Upon mitochondrial fragmentation,
released cytochrome c translocates to the ER to bind to IP3Rs to increase calcium release
through a feed-forward apoptotic mechanism requiring PACS-2 (Boehning et al., 2003;

Myhill et al., 2008; Simmen et al., 2005).

Communication between the ER and mitochondria has a role in metabolic and
apoptotic processes involving the exchange of ATP, lipids and calcium. Such
communication is facilitated not only by the proximity of these two organelles, but by
direct membranous contacts between the ER and mitochondria at mitochondria-
associated membranes (MAMs) (Levine and Loewen, 2006; Rizzuto et al., 1998). Such
contacts facilitate the direct transfer of calcium from the ER through IP3Rs to the
mitochondria (Rizzuto et al., 1998). MAMs also serve as sites for the synthesis of
sphingolipids and their transfer between the ER and mitochondria (Ardail et al., 2003;
Bionda et al., 2004). The apposition of the ER and mitochondria is maintained by the
multifunctional pro-apoptotic protein PACS-2, which mediates ER homeostasis in part by

localizing the membrane-anchored ER-lumenal calcium-dependent chaperone Calnexin
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to the ER (Myhill et al., 2008; Simmen et al., 2005). Apoptotic MAM signaling is further
enhanced by an increased co-localization of mitochondria and ER at the paranuclear

region to facilitate calcium transfer between these organelles (Darios et al., 2005).

2.9 Apoptotic communication between the mitochondria and the nucleus

An apoptotic apposition of the mitochondria to the nucleus facilitates the transfer
of AIF, Endonuclease G and reactive oxygen species (ROS) directly from the
mitochondria to the nucleus to promote genomic destruction (Ferri and Kroemer, 2001;
Li et al., 2004). Mitochondria and nuclear communication may also be mediated by the
shuttling of Bcl-2 proteins to and from these organelles to control cell cycle events
(reviewed in (Zinkel et al., 2006)). These include Bcl-x1 and Bcl-2 which promote cell
cycle arrest; Bax, which increases S-phase progression and Bad, which regulates cell
cycle transitions upon phosphorylation by Cdc2 (Zinkel et al., 2006). Bid also functions
in the nucleus to maintain genomic stability. Bid-null mice display chromosomal
abnormalities and develop a chronic myelomonocytic leukemia (CMML)-like phenotype
(Zinkel et al., 2003). Phosphorylation of Bid at serine 78 by the DNA-damage sensing
kinase ATM regulates an S-phase checkpoint, suggesting that Bid regulates genomic
integrity following DNA damage (Kamer et al., 2005; Zinkel et al., 2005), though these
results are controversial (Kaufmann et al., 2007). Nonetheless, disruption of the MRE11
complex, a key ATM activator, blocks phosphorylation of Bid serine 78 in response to
ionizing radiation (Stracker et al., 2007). Furthermore, there is growing precedence for

cytosolic apoptotic regulators participating in genomic maintenance regimens. A recently
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described example includes Apaf-1, which translocates from the cytosol to the nucleus in
response to DNA damage to promote checkpoint kinase Chkl activation and cell cycle

arrest in response to genotoxic stress (Zermati et al., 2007).

Nucleus-to-mitochondria apoptotic communication is mediated by Histone H1.2
(Konishi et al., 2003) and p53 (Mihara et al., 2003), the tumor suppressor that upregulates
apoptotic genes in response cell cycle arrest and stress induced apoptosis. At the onset of
apoptosis p53 is trafficked to the mitochondria where it binds Bcl-2 family members to
activate Bax and release cytochrome ¢ (Mihara et al., 2003). Monoubiquitinylation of p53
by cytosolic Mdm2, an E3 ligase typically considered responsible for tagging p53 for
degradation, directs p53 to the mitochondria, which is subsequently deubiquitinylated by
mitochondrial-localized HAUSP (Marchenko et al., 2007). The mechanism by which
Histone H1.2 travels from the nucleus to the mitochondria is not understood. However,
p53 is required to release Histone H1.2 from the nucleus upon damage induced by
ionizing radiation in a process requiring Chk2 phosphorylation and stabilization of p53

(Chen et al., 2005a).

2.10 Paranuclear organellar clustering mediates apoptotic communication and cell

death

Bcl-2 family members regulate caspase activation and apoptosis in an organelle-
specific manner (Ferri and Kroemer, 2001). However, it remains unknown how the

distribution of apoptotic organelles modulates the cell death program. While the
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proximity and direct contacts of the endoplasmic reticulum and mitochondria have an
essential role in apoptotic communication (Levine and Loewen, 2006; Pizzo and Pozzan,
2007) it is enigmatic how other systems such as the nucleus, lysosomes, and Golgi
apparatus come together to communicate with one another during apoptosis.
Interestingly, in a process reminiscent of mitosis (Sesso et al., 1999), fragmented
apoptotic organelles collect near the Golgi apparatus and microtubule organizing center
(MTOC) through the action of mircrotubule-associated motor proteins. This co-
localization may represent a functional coalescence of organelles at the paranuclear
region to control a number of steps at the induction of apoptosis (Ouasti et al., 2007).
This may include the direct, vesicle-independent transfer of sphingolipids such as
ceramide amongst mitochondria, lysosomes and the Golgi (Hu et al., 2005; Morales et al.,
2007) or perhaps the shuttling of apoptogenic molecules between the mitochondria and
nucleus (Li et al., 2004; Zinkel et al., 2006). An early apoptotic, microtubule-dependent
redistribution of mitochondria to the Golgi-proximal MTOC serves as the best
characterized example of this apoptotic paranuclear relocalization, and is observed upon
exposure to TNFa (De Vos et al., 1998), the TNFa Related Apotosis Inducing Ligand
TRAIL/Apo2L (Thomas et al., 2000), FasL/CD95/ApolL (Ouasti et al., 2007), ceramide
(Darios et al., 2005), oxidative stress (Dewitt et al., 2006) and viral infection (Schepis et

al., 2006).
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2.11 Molecular motors drive apoptotic paranuclear clustering

In non-apoptotic cells, microtubule associated (+)-end directed kinesin motors traffic
mitochondria away from the paranuclear region (Frederick and Shaw, 2007; Tanaka et
al., 1998). Knock-out deletions of kinesin genes such as KIF5B result in an abnormal
paranuclear clustering of mitochondria in embryonic knockout cells (Tanaka et al., 1998)
similar to clustering observed in apoptotic cells (De Vos et al., 1998). If paranuclear
trafficking of mitochondria were to serve a pro-apoptotic function, inhibition of kinesin
activity would likely enhance apoptosis. Indeed, immunoinhibition of (+)-end directed
kinesin motors blocks the basal dispersal of mitochondria in healthy cells, resulting in a
paranuclear clustering of mitochondria and a synergistic increase in the apoptotic effects
of TNFa (De Vos et al., 2000). While kinesin knock-out or siRNA knock-down cells
have not yet been explored in studies of mitochondrial clustering and apoptosis,
conditional knock-out deletions of KIF3A in photoreceptor cells and renal cells result in
apoptotic cell death (Lin et al., 2003; Marszalek et al., 2000). Apoptotic paranuclear
clustering of mitochondria appears to be a mechanistic consequence of apoptotic
induction as stress activated MAP kinases p38 and Jnk phosphorylate and inactivate the
kinesin light chain (De Vos et al., 2000) and release KIF5B from microtubules to halt

mitochondrial dispersal (Stagi et al., 2006) (Figure 3).

As the inactivation of kinesin promotes the trafficking of mitochondria to the
paranuclear region, retrograde clustering of organelles is likely driven by a net increase in

(-)-end motor activity of dynein and dynactin. Dynein and dynactin complexes associate
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with mitochondria on microtubules, and disruption of dynein function disperses
mitochondria away from the MTOC (Varadi et al., 2004b). Mitochondrial paranuclear
clustering is intimately coordinated with mitochondrial fission, as inhibition of fission
prevents mitochondrial clustering and apoptosis (Huang et al., 2007). The Drpl GTPase,
together with Bax and Bid, are recruited to dynein complexes at mitochondrial fission
sites as mitochondria travel in the (-)-end direction (Varadi et al., 2004b) (Figure 4).
Targeting of Drpl to sites of mitochondrial scission is in part mediated by sumoylation of
Drpl, as sumoylated proteins generally cluster at mitochondrial fission sites (Harder et
al., 2004). Sumoylation of Drpl may direct Drpl specifically to dynein motor complexes
as sumoylation promotes the interaction of cargo molecules with dynein to mediate their
retrograde transport (van Niekerk et al., 2007). Like other apoptotic effectors, dynein and
dynactin complex proteins such as the cytoplasmic dynein intermediate chain CD-IC and
p150glued are regulated by caspase cleavage and myristoylation (Lane et al., 2001;
Martin et al., 2008). While it remains to be determined if cleavage and lipid modification
anchors a functional, truncated CD-IC fragment to mitochondria, GFP-tagged truncated
CD-IC localizes in vesicular mitochondrial-like structures to the paranuclear region

(Martin et al., 2008).

2.12 Organelles cluster at the paranuclear region via stabilized microtubules

In proliferating cells, microtubules radiate from the MTOC as a web-like network
that acts as a scaffold for mitochondria and other organelles to disperse throughout the

cell (Frederick and Shaw, 2007). Cellular stress, as well as specific cell cycle events,
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stabilizes microtubules such that they become more rigid and rod-like and collapse
towards the MTOC, forming concentric rings around the nucleus that may act as a net to
bring mitochondria and other associated organelles to the paranuclear region. Death-
receptor induced apoptosis triggers microtubule stabilization, mitochondrial clustering
and apoptosis through p38 phosphorylation and inactivation of the microtubule
destabilizing oncoprotein family member Opl8/Stathmin (Mizumura et al., 2006;
Vancompernolle et al., 2000) (Figure 2-3). This p38-mediated stabilization of
microtubules phenocopies the stabilization seen in cells treated with chemotherapeutic
agents such as Taxol, which inhibit tumor cell growth by stabilizing microtubules to
disrupt mitosis (Jordan and Wilson, 2004). Interestingly, Taxol treatment results in the
co-localization of mitochondria with microtubule bundles at the paranuclear region
(Karbowski et al., 2001). This redistribution of mitochondria upon the addition
microtubule stabilizing agents may explain how these drugs synergize the apoptotic

effects of death receptor ligands such as TNFa and TRAIL.

Microtubule stability is regulated by microtubule associated proteins such as
MAP1S/C190RFS5, which bind to both mitochondria and stabilized microtubules in
stressed or Taxol-treated cells (Liu et al., 2005) (Figure 2-3). MAPI1S associates with
other microtubule binding proteins such as the tumor suppressor RASSF1A, (Dallol et
al., 2004; Liu et al,, 2005) and UXT (Ubiquitously Expressed Transcript), a v-
tubulin/centrosome associated protein that induces paranuclear clustering of mitochondria
(Moss et al., 2007). UXT, RASSFIA and MAPIS all interact with the leucine-rich

protein LRPPRC in microtubule-associated complexes at an interface between
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paranuclear mitochondria and the nucleus (Liu and McKeehan, 2002). As LRPPRC and
UXT both interact with several components of the RNA polymerase II complex and
CBP/p300 (Liu et al., 2002), it has been hypothesized that LRPPRC and UXT link
microtubule stabilization and mitochondrial apoptosis to transcriptional as well chromatin

remodeling events in the nucleus (Liu et al., 2002).

Microtubule-associated proteins with pathological functions such as tau, a prime
suspect in Alzheimer’s disease, also cause paranuclear mitochondrial clustering. This
occurs in part through an association of tau with motor proteins and microtubules
(Ebneth et al., 1998) (Figure 2-3). The mechanism by which tau contributes to clustering
is not straightforward, however, as apoptotic CDKS5 phosphorylation of tau conversely
promotes paranuclear co-localization of mitochondria and the ER through a tau
microtubule dissociation (Darios et al., 2005). Other pathogenic factors, such as the pro-
apoptotic Tat protein encoded by HIV-1, bind to microtubules to result in a Taxol-like
stabilization and cell death (Chen et al.,, 2002). Microtubule proteins implicated in
tumorigenesis such as the adenomatous polyposis coli (APC) protein and the Von Hippel-
Lindau VHL tumor suppressor also coordinate nuclear as well as apoptotic events
(Brocardo et al., 2008; Dikovskaya et al., 2007; Hergovich et al., 2003). As APC and
VHL both localize in part to mitochondria (Brocardo et al., 2008; Shiao et al., 2000) it is
enticing to speculate that these tumor suppressors will participate in the apoptotic
paranuclear clustering of microtubules and organelles; however, this has not yet been

addressed.
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Figure 2-3. Microtubule associated motors and stabilizing proteins regulate paranuclear
mitochondrial clustering and apoptosis.

Apoptotic p38 phosphorylation of kinesin subunits halts anterograde traffic of mitochondria to promote
dynein driven (-)-end accumulation (De Vos et al., 2000). p38 phosphorylation also releases Opl8 from
microtubules to result in microtubule stabilization and mitochondrial clustering (Mizumura et al., 2006;
Vancompernolle et al., 2000). Mitochondrial aggregation and apoptosis are also influenced through
microtubules by tau (Darios et al., 2005; Ebneth et al., 1998) and HIV-1 Tat (Chen et al., 2002). MAP1S —
LRPPRC — UXT complexes also stabilize microtubules and localize to apoptotic paranuclear mitochondria
as well as the nucleus in complex with RNAPII and p300/CBP (Dallol et al., 2004; Lin et al., 2003; Liu et
al., 2002; Liu and McKeehan, 2002; Moss et al., 2007). It has been proposed that these microtubule and
nucleus associated proteins coordinate both apoptotic mitochondrial clustering and chromatin remodeling
events (Liu et al., 2002; Liu and McKeehan, 2002).
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2.13 Apoptotic signaling proteins cluster at the paranuclear region upon death

induction

A number of apoptotic signaling proteins collect in the paranuclear region during
the course of apoptosis. Such proteins include p53, which localizes predominantly to the
cytosol in non-apoptotic cells through an association with microtubules (Giannakakou et
al., 2000). Non-apoptotic p53 is sequestered by a recently identified Parkin-like ubiquitin
ligase, Parc, which binds to but does not apparently ubiquitinylate cytosolic p53
(Nikolaev et al., 2003). The mechanism by which p53 is released from Parc and the
physiological role of Parc as a ubiquitin ligase are, however, not yet understood. Upon
DNA damage, p53 is released from Parc and driven to the paranuclear region by
microtubule-associated dynein motors (Giannakakou et al., 2000). p53 associates with
microtubules and the dynein motor complex through the dynein light chain LC8, which
binds to the p53 binding protein 53BP1, a key cytosolic mediator of the DNA damage
response (Lo et al., 2005). A p53 — 53BP1 interaction is required for the paranuclear
clustering of p53 upon DNA damage and subsequently apoptosis (Lo et al., 2005). This
LC8-driven relocalization of p53 to the paranuclear region may be part of a mechanism to
import p53 into the nucleus from the cytosol (Moseley et al., 2007), and may explain how
pS3 is recruited to mitochondria during apoptosis (Mihara et al., 2003). LC8 additionally
binds the Bcl-2 family member Bim and is also a target of the p21 activated kinase PAK1
to promote cell survival and tumorigenesis (Vadlamudi et al., 2004). Whether LC8 or

other dynein regulatory factors have roles in bringing additional proteins or organelles to
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the paranuclear region to coordinate apoptotic signaling events will be an important line

of investigation in uncovering the relation of cytoskeletal motor activity to apoptosis.

2.14 Apoptotic fragmentation and membrane scrambling of the Golgi apparatus

The Golgi apparatus neighbors the MTOC at the paranuclear region in an ideal
locale to influence microtubule-based apoptotic processes (Hicks and Machamer, 2005;
Rios and Bornens, 2003). The cisternal stacks of Golgi membranes are maintained by
microtubule and actin cytoskeletal structures (Rios and Bornens, 2003), as well as Golgi-
specific structural proteins such as the Golgins and GRASPs (Golgi Reassembly Stacking
Proteins) (Rios and Bornens, 2003). Like other membranous organellar systems, the
Golgi apparatus undergoes a characteristic fragmentation early in the induction of
apoptosis that precedes or coincides with mitochondrial cytochrome c release (Lane et al.,
2002; Mukherjee et al., 2007). Golgi fragmentation is triggered by the Golgi-localized
initiator caspase-2 cleavage of Golgin-160 followed by the executioner caspase-3
cleavage of GRASP65 (Lane et al., 2002; Mancini et al., 2000) and the Golgi vesicle
tethering protein p115 (Chiu et al., 2002). The C-terminal cleavage product of p115 alone
is capable of fragmenting the Golgi and relocates to the nucleus to serve a pro-apoptotic
role (Chiu et al., 2002). In contrast, cleaved Golgin-160 enters the nucleus to block

apoptosis (Hicks and Machamer, 2005).

Although it was originally hypothesized that Golgi fragmentation was the result

of an apoptotic breakdown of the cytoskeleton, Golgi fragmentation occurs early in
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apoptosis and precedes major apoptotic changes in cytoskeletal structures (Mukherjee et
al., 2007). This suggests that an intact cytoskeleton and MTOC are required to traffic
factors to the Golgi prior to fragmentation. As mitochondria and other organelles cluster
at the Golgi/MTOC in a microtubule-dependent fashion at the induction of apoptosis
(Ouasti et al., 2007), the Golgi may serve as a site for organelles to intermingle at the
induction of apoptosis. Such a stress-induced co-localization of organelles may promote
organellar cross-talk processes, including the transfer of apoptogenic lipids such as
ceramide between lysosomes, Golgi and mitochondria. Organellar co-localization is an
early consequence of FasL treatment of CEM cells which results in a net redistribution of
endosomes, lysosomes and mitochondria to overlapping sucrose density fractions
(Matarrese et al., 2008). This organellar convergence may represent a physical
coalescence and “scrambling” of organelles as FasL treatment also increases the levels of
Golgi, endosomal and lysosomal membrane markers that co-purify with apoptotic
paranuclear mitochondria in a step prior to caspase activation, Golgi fragmentation and
cytoskeleton breakdown (Ouasti et al., 2007). Interestingly, the global caspase inhibitor
zVAD-fimk blocks this stress-induced mixing of Golgi and mitochondrial markers but
increases the presence of endo-lysosomal markers associated with apoptotic mitochondria
(Matarrese et al., 2008; Ouasti et al., 2007). Together, these experiments suggest a multi-
step model in which mitochondria and endo-lysosomes first physically associate to
release cathepsins and cleave Bid prior to Golgi-mitochondrial scrambling, Golgi

fragmentation and mitochondrial cytochrome c release.

49



Chapter 2. Organellar communication and apoptosis

snajonN

Apoq
Je[noIsaAnnw
/awososi]

aseNs-v-oid

X

Bwosojdasay,

10)daoal

50



Chapter 2. Organellar communication and apoptosis

Figure 2-4. Death receptor ligation promotes mitochondrial fragmentation, mitochondrial clustering,
and membrane “scrambling”.

Cell surface death receptors concentrate in GD3-containing lipid rafts (in red) (Malorni et al., 2007). Upon
death ligand engagement, receptors recruit death adaptors and are internalized with rafts to specific
endosomal compartments such as “TNF receptosomes” to promote caspase-8 (C8) activation (Micheau and
Tschopp, 2003; Schneider-Brachert et al., 2004). Receptosomes fuse with precursor hydrolase-containing
Golgi-derived vesicles to form lysosomal multivesicular bodies that activate A-SMase and cathepsin D
(CTSD). Caspases and cathepsins cleave Bid to promote Bax/Bak activation, cytochrome ¢ release and
caspase activation (Cirman et al., 2004; Gross et al., 1999b; Heinrich et al., 2004). Mitochondrial-localized
caspase-8 cleaves ER localized BAP31 to a p20 fragment which promotes ER calcium release
(Breckenridge et al., 2003; Chandra et al., 2004), PP2B activation and Drpl dephosphorylation (Cribbs and
Strack, 2007) and mitochondrial fragmentation. Mitochondrial DDP/TIMMSa release (Arnoult et al., 2005)
and Drpl sumoylation (Harder et al., 2004; Zunino et al., 2007) promote the translocation of Drpl to
mitochondrial scission sites as mitochondria travel in the (-)-end direction (Varadi et al., 2004b). Bax and
Bid are also recruited to these scission sites that are rich in GD3 (in red). The accumulation of fragmented
mitochondria at the MTOC in proximity to the Golgi results in a caspase dependent fragmentation of the
Golgi (Mukherjee et al., 2007) and a “scrambling” of Golgi membranes (in blue) with mitochondria (Ouasti
et al., 2007). As GD3-contatining rafts (in red) internalize to endosomes and later localize to mitochondria,
it is hypothesized that mitochondria act as “cargo boats” to carry GD3 from the cell surface to the nucleus
and adjacent organelles (Garofalo et al., 2007).
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2.15 GD3 lipid rafts link plasma membrane-to-nucleus signaling and paranuclear

trafficking

A mixing of the Golgi apparatus, endosomes, lysosomes, mitochondria and plasma
membrane is also evident in the interorganellar apoptotic trafficking of the
glycosphingolipid GD3 (Garofalo et al., 2005; Garofalo et al., 2007; Malorni et al., 2007)
(Figure 2-4). This ganglioside is produced in the Golgi from ceramide by GD3-synthase
and is capable of permeabilizing mitochondria to promote cytochrome ¢ release in vitro
(Rippo et al., 2000). In healthy hepatocytes and T-cells, GD3 localizes predominantly to
the plasma membrane in death receptor-rich lipid rafts. TNFa treatment of hepatocytes,
however, redistributes GD3 from the plasma membrane to mitochondria via
internalization through endosomal compartments in a process requiring an intact
cytoskeleton (Garcia-Ruiz et al.,, 2002). Upon Fas/TNFRI1/DRS5 death-receptor
engagement, cell-surface-localized death induced signaling complexes (DISCs)
internalize through receptor-mediated endocytosis (Lee et al., 2006; Micheau and
Tschopp, 2003) to specific endosomal compartments such as “TNF Receptosomes,”
which subsequently associate with and activate caspase-8 (Schneider-Brachert et al.,
2004). Receptosomes may represent DISC-rich GD3 raft-containing endosomes that co-
localize with mitochondria to promote cell death (Giammarioli et al., 2001). It has been
hypothesized that this co-localization represents a mixing of endosomes with
mitochondria, as GD3-containing lipid rafts are found on mitochondria after FasL
treatment of CEM cells (Garofalo et al., 2005). These GD3 rafts contain mitochondrial

signaling complexes that include the voltage dependent anion channel VDAC-1 and
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hFisl and act as recruitment sites for Bax, Bid and presumably Drpl (Garofalo et al.,
2005). The integrity of these rafts appears to have a role in MMP, as their chemical
disruption prevents mitochondrial permeablization in response to exogenous tBid
treatment (Garofalo et al., 2005). Like ceramide, GD3 has pleiotropic effects on apoptotic
activation at the mitochondria, as well as the Golgi, ER and nucleus (Malorni et al.,
2007). As GD3 raft-containing mitochondria and other vesicular structures collect at the
paranuclear region upon the induction of apoptosis, such fissured mitochondria may act
as “cargo boats” that carry DISC-containing GD3-rafts to multiple organelles at the
paranuclear region (Garofalo et al., 2007) (Figure 4). This hypothesis may explain how
GD3 traffics to the nucleus upon apoptotic induction by CD95/FasL to modulate histone

structures and transcription (Tempera et al., 2008).

2.16 Perspectives and Conclusion

The past decade has brought immense progress in identifying key proteins and
signaling pathways that initiate and regulate cell death through organelle-specific
processes. Although many of these players first gained attention for their roles in cell
death, it is now recognized that several organelle-directed apoptotic decision-makers
have “day jobs” that relate their apoptotic functions to physiological roles. Future work
will undoubtedly aim to describe how the trafficking of such multi-functional players
occurs in apoptotic and non-apoptotic contexts. A recent and noteworthy example is
provided by the Bcl-2 protein Bad. In addition to promoting cell death, Bad also

translocates to mitochondria in a non-apoptotic role to shuttle glucokinase to respiring

53



Chapter 2. Organellar communication and apoptosis

mitochondria during high-fat feeding to metabolize glucose and stimulate the release of
insulin (Danial et al., 2008). Physiological and apoptotic cross-functionality is, of course,
not limited to Bcl-2 family members. The Drpl GTPase functions in both apoptosis and
mitosis to divide mitochondria and also modulates neurotransmission at synapses (Li et
al., 2008). Multi-functionality is also seen with the PACS-2 sorting protein which
regulates both ER-mitochondrial trafficking and communication as well as apoptosis
(Atkins et al., 2008; Myhill et al., 2008; Simmen et al., 2005). Likewise, overlapping
functionality is also seen in signaling systems that regulate DNA quality control such as
ATM/ATR as well as those that signal cell cycle transitions and cell division events such
as Cdc2 and the checkpoint kinases. These and other genetic regulatory kinases
phosphorylate apoptotic proteins such as Bad and Bid to control cell cycle and cell
division events. Such examples of cross-functionality hint that mitotic cell birth and

apoptotic cell death may share fundamental machinery and regulatory mechanisms.

Individual organellar systems such as lysosomes and mitochondria initiate and regulate
apoptosis (Ferri and Kroemer, 2001); however, the relation of organellar trafficking and
apoptotic signaling pathways is only now coming to light. An apoptosis-induced co-
localization of organelles at the MTOC / Golgi / paranuclear region potentially serves a
number of functions in cell death to help package and redistribute fragmented organelles,
to facilitate nuclear destruction and also to promote a general shrinkage of dying cells.
Organellar coalescence also takes place in autophagic organellar destruction as part of a
mechanism to traffic degrading mitochondria to lysosomes (Terman et al., 2006).

Likewise, autophagosomes as well as misfolded protein aggregates in “aggresomes” are
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targeted to paranuclear-localized lysosomes through dynein/dynactin motor activity
(Kimura et al., 2008; Rodriguez-Gonzalez et al., 2008). If paranuclear clustering and
organellar mixing is indeed a bona fide component of the highly regulated apoptotic
program, a number of questions regarding the energetics and specificity of this process
demand exploration. Interestingly, a subset of Bcl-2 family members, the BNIPs,
associate with components of membrane fusion machinery such as the SNARE protein
syntaxin 18 to modulate apoptosis in an aSNAP-dependent manner (Nakajima et al.,
2004). Future studies relating microtubule structure and motor activity to organellar
clustering and the transfer of organellar markers (Degli Esposti, 2008) will prove

insightful and clarify the role of scrambling in the induction of cell death.
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Summary

The endoplasmic reticulum (ER) and mitochondria form contacts that support
communication between these two organelles, including synthesis and transfer of lipids,
and the exchange of calcium, which regulates ER chaperones, mitochondrial ATP
production, and apoptosis. Despite the fundamental roles for ER-mitochondria contacts,
little is known about the molecules that regulate them. Here we report the identification
of a multifunctional sorting protein, PACS-2, that integrates ER-mitochondria
communication, ER homeostasis and apoptosis. PACS-2 controls the apposition of
mitochondria with the ER, as depletion of PACS-2 causes the BAP31-depedent
mitochondria fragmentation and uncoupling from the ER. PACS-2 also controls
formation of ER lipid-synthesizing centers found on MAMs and ER homeostasis.
However, in response to apoptotic inducers, PACS-2 translocates Bid to mitochondria,
which initiates a sequence of events including the formation of mitochondrial tBid, the
release of cytochrome c, and the activation of caspase-3, thereby causing cell death.
Together, our results identify PACS-2 as a novel sorting protein that links the ER-
mitochondria axis to ER homeostasis and the control of cell fate, and provide new

insights into Bid action.
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3.1 Introduction

The endoplasmic reticulum (ER) controls multiple cellular processes including
translocation of soluble and membrane proteins into the secretory pathway, detoxification
of metabolites, and biosynthesis of lipids. The ER also serves as the principal internal
store of calcium ions that mediate signaling, ATP production, and apoptosis (Voeltz et
al., 2002). Extensive biochemical and genetic studies have revealed that communication
between the ER, Golgi, and endosome/lysosomes is controlled largely by vesicular traffic
mediated by components of the COPII, COPI, and clathrin-based sorting machinery
(Bonifacino and Lippincott-Schwartz, 2003). However, high resolution 3D electron
tomography reveals that the expansive, reticulated ER forms close contacts with each of
these secretory pathway compartments, and with mitochondria (Marsh et al., 2001).
Indeed, as much as 20% of the mitochondrial surface is in direct contact with the ER,
underscoring the dynamic and highly regulated communication between the ER and
mitochondria (Marsh et al., 2001; Rizzuto et al., 1998). The close contacts formed
between the ER and mitochondria have led to the model that ER-mitochondria
communication may occur by direct transfer rather than vesicular traffic. In support of
this model, biochemical studies reveal that the ER also communicates with mitochondria
through mitochondria-associated membranes (MAMs), which are ER-contiguous
membranes that contain multiple phospholipid- and glycosphingolipid-synthesizing
enzymes, including fatty acid CoA ligase 4 (FACL4) and phosphatidylserine synthase-1
(PSS-1), and support direct trasnsfer of lipids between the ER and mitochondria (Piccini

et al., 1998; Stone and Vance, 2000).
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In addition to supporting lipid transfer, the apposed ER and mitochondria also exchange
calcium ions, which regulate processes ranging from ER chaperone-assisted folding of
newly synthesized proteins to the regulation of mitochondria-localized dehydrogenases
involved in ATP-producing Krebs cycle reactions, and the activation of calcium-
dependent enzymes that execute «cell death programs (Berridge, 2002).
Immunocytochemical studies show that regions of the ER apposed to mitochondria are
enriched with IP3 receptors, identifying these zones as “hotspots” of calcium transfer
from the ER to the mitochondria (Rizzuto et al., 1998). Interference with calcium
homeostasis or calcium communication between the ER and mitochondria, for instance
by treatment of cells with thapsigargin, which blocks uptake of calcium by the ER
(Hajnoczky et al., 2000), causes a malfunction of ER-localized protein folding, leading to
an accumulation of unfolded proteins. As a consequence, ER-localized enzymes that
catalyze oxidative protein folding malfunction and unfolded proteins accumulate. This
stress induces an unfolded protein response (UPR), which coordinates the suppression of
general protein synthesis with the increased expression of ER chaperones in order to
reestablish ER homeostasis. However, if ER homeostasis fails to be reestablished, the

UPR triggers apoptosis (Rutkowski and Kaufman, 2004).

Apoptosis is executed by caspases, which catalyze the systematic dissolution of
structural components, resulting in cell death (Boatright and Salvesen, 2003). The
induction of apoptosis is often triggered by initiator caspases, among them caspase-8.
Apoptotic signals leading to caspase-8 activation are defined as either extrinsic apoptotic

pathways, which are initiated by the binding of Fas ligand or TNF-a to death receptors on
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the cell surface, or as intrinsic apoptotic pathways, cued by intracellular signals. The
subsequent fission of mitochondria marks an early and key step in apoptotic programs.
Caspase-8 promotes mitochondria fission by cleaving the ER cargo receptor BAP31 to
form p20, which induces Drpl/Dlpl, a mitochondria-localized dynamin, to fissure
mitochondria (Breckenridge et al., 2003). Mitochondria fragmentation promotes the
recruitment and activation of proapoptotic molecules that cause mitochondria
permeabilization, thereby activating distal steps in the apoptotic program (Karbowski and

Youle, 2003).

Mitochondria permeabilization is regulated by a balance between the activities of Bcl-2
proteins, which include anti-apoptotic members such as Bcl-2 and Bcl-xL, or pro-
apoptotic members such as Bid, Bak and Bax (Sharpe et al., 2004). Bid is a requisite
component of both intrinsic and extrinsic apoptotic pathways. Apoptotic signals induce
Bid dephosphorylation, which results in Bid cleavage by caspase-8 to form the potently
apoptotic, truncated Bid (tBid) (Desagher et al., 2001; Gross et al.,, 1999b).
Mpyristoylation of tBid has been proposed to act as a “switch” to target it to mitochondria
(Zha et al., 2000), where the tBid BH3 domain interacts with Bak and Bax on the outer
mitochondria membrane to form pores that release cytochrome c into the cytosol (Wei et
al., 2001). The released cytochrome c¢ activates caspase-3, an executioner caspase that
controls the distal stages of the apoptotic program (Tewari et al., 1995). However, recent
studies show that full-length Bid can translocate to mitochondria, and subsequently lead
to membrane permeabilization and cytochrome c release (Degli Esposti et al., 2003b;

Sarig et al., 2003; Tafani et al., 2002). Together with other studies reporting activated
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caspase-8 in the cytosol (Micheau and Tschopp, 2003) as well as on mitochondria
(Chandra et al., 2004), these studies suggest that Bid cleavage is not required for
mitochondria targeting and that tBid formation may occur subsequent to the targeting of

full-length Bid to mitochondria.

Previously, we identified a sorting protein, PACS-1, which binds to cargo molecules in a
phosphorylation-state-dependent manner and directs their transport from endosomes to
the trans-Golgi network (TGN) (Crump et al., 2001; Scott et al., 2003; Wan et al., 1998).
Here we report the identification of PACS-2, a multifunctional sorting protein that
controls the ER-mitochondria axis, including the apposition of mitochondria with the ER
and ER homeostasis. In addition, we show that following induction of apoptosis, PACS-2
binds to dephosphorylated Bid and is required to traffic full-length Bid to mitochondria,
where Bid is subsequently cleaved to tBid, leading to the release of cytochrome c, the

activation of caspase-3, and cell death.
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3.2 Results

3.2.1 Identification of PACS-2

We previously identified a sorting connector, PACS-1, that localizes membrane proteins
to the trans-Golgi network (TGN) by directing their retrieval from endosomal
compartments (Crump et al., 2001; Scott et al., 2003; Wan et al., 1998). PACS-1 binds to
protein kinase CK2 phosphorylatable acidic-cluster sorting motifs on membrane cargo
and links them to the clathrin adaptors AP-1 and AP-3. EST database searches, however,
revealed the presence of a second PACS gene. Therefore, we screened a human brain
cortex library with DNA probes corresponding to the ESTs and obtained a full-length
cDNA encoding a novel PACS family member: PACS-2 (Fig. 3-1a). Sequence alignment
showed that the predicted 889aa PACS-2 protein shares 54% overall sequence identity
with the 963aa human PACS-1, and shares 81% sequence identity with PACS-1 in the

140aa cargo/adaptor binding region (FBR).

RNA hybridization and immunofluorescence studies suggested PACS-1 and PACS-2
have distinct roles. Northern blot analyses showed that the 4.4 kb PACS-1 and the major
3.8 kb PACS-2 transcripts are broadly expressed, with greatest levels in heart, brain,
pancreas, and testis (Fig. 3-l1a). PACS-1 is selectively enriched in peripheral blood
leukocytes, whereas PACS-2 is selectively enriched in skeletal muscle. Moreover, PACS-
1 and PACS-2 show distinct intracellular staining patterns: PACS-1 localized largely to
the paranuclear region, where its punctate staining pattern overlapped with that of the
AP-1 adaptor, whereas PACS-2 showed a diffuse staining pattern that co-localized
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largely with the ER chaperone protein disulfide isomerase (PDI) and COPI coatomer, but
not AP-1 (Fig. 1b). Additional analyses showed a limited overlap of PACS-2 staining

with mitochondria.

Fig. 3-1: Identification and characterization of PACS-2, a sorting protein found on the ER and
mitochondria. a) Top: Schematic and Kyte-Doolittle hydrophobicity plot of the human PACS-1 and
PACS-2 proteins. FBR, cargo/adaptor binding region; ARR, Atrophin-1 related region. Radiation hybrid
and genome database analyses mapped the PACS-1 gene to chromosome 11q13.1 (Genbank AY320283)
and the PACS-2 gene to chromosome 14q32.33 (Genbank AY320284). Bottom: Northern blot analysis of
tissue distribution for PACS-1 and PACS-2 transcripts. b) Confocal immunofluorescence of endogenous
PACS-1 and PACS-2 in A7 cells. PACS-1/-2 were visualized with Alexa488 (Nakamura et al.)(green) and
markers were visualized with Alexa546 or mitotracker (red). Scale bar, 10 um. ¢) A7 cells transfected with
PACS-1 or PACS-2 siRNAs were analyzed by western blot 48 hr post-transfection. d) A7 cells were
transfected or not with PACS-1 or PACS-2 siRNAs. After 48 hr cells were processed for
immunofluorescence microscopy using anti-CI-MPR (Nakamura et al.)(green) and anti-TGN46 (red). €) A7
cells were transfected with control (scrambled), PACS-1, or PACS-2 siRNAs for 48 hr and processed for
confocal immunofluorescence localization of mitochondria (mitotracker, red) and ER (PDI, green). f) A7
cells were transfected with the corresponding siRNAs and assayed for cell death by Annexin V/propidium
iodide staining and FACS analysis. Treatment of cells with the proapoptotic CtBP siRNA served as a
positive control (Zhang et al., 2003). Error for all graphs = SD.
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Figure 3-1. Identification and characterization of PACS-2, a sorting protein found on the

ER and mitochondria.
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3.2.2 PACS-2 controls ER-Mitochondria contacts

To identify the role of PACS-2 in vivo, we transfected cells with siRNAs that specifically
depleted PACS-1 or PACS-2 following a two-day treatment (Fig. 3-1c). In agreement
with our earlier studies, we found that depletion of PACS-1, but not PACS-2, caused the
cation-independent mannose-6-phosphate receptor (CI-MPR), a PACS-1 cargo protein, to
mislocalize from the TGN and accumulate in an endosome population (Fig. 3-1d).
Surprisingly, we found that depletion of PACS-2, but not PACS-1 caused extensive
mitochondrial fragmentation, and appeared to uncouple the fragmented mitochondria
from the ER (Fig. 3-1e). To ensure that the uncoupling of the mitochondria from the ER
was not a result of PACS-2 siRNA toxicity, we determined by annexin V/propidium
iodide staining that siRNA depletion of either PACS-1 or PACS-2 had negligible effects
on cell viability or protein synthesis (Fig. 3-1f and data not shown).

To more rigorously determine the effect of PACS-2 depletion on ER/mitochondria we
performed electron microscopic analyses. In PACS-2 depleted cells, we observed an ~2-
fold increase in the area of cytosol containing long ER tubules devoid of associated
mitochondria, as the mitochondria were found concentrated in the paranuclear region
(Figs. 3-2a and b). Despite the extensive fragmentation, and in agreement with the
toxicity analysis (Fig. 3-1f), mitochondria integrity was not disrupted in the PACS-2
depleted cells as determined by loading of tetramethyl rhodamine (TMRM), which

requires an intact membrane potential (W, Fig. 3-2¢).
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Figure 3-2. PACS-2 depletion disrupts mitochondrial structure.

a) A7 cells were transfected or not with the PACS-2 siRNA and processed for electron microscopy.
Magnification, 5,800x. b) The extent of uncoupling of mitochondria from the ER of either control cells or
PACS-2-depleted cells was quantified using morphometric analysis (see Materials and Methods). ¢) Cells
were incubated with 100 nM TMRM for 30 min before microscopic analysis. Control cells were treated
with 10 pM FCCP for 30 min, which uncouples the Wy, and blocks TMRM loading. d) MAMs were
isolated from crude homogenates (HMG) of control cells (trans) and PACS-2 and PACS-2Admut
expressing cells by Percoll gradient fractionation and identified by western blot using an anti-PSS-1 Ab,
which is specific for the MAM fraction (Stone and Vance, 2000). The effect of PACS-2 or PACS-2Admut
on the localization of MAM-associated FACL4 was determined by western blot. Right: Quantitation of
MAM-associated FACL4 (n = 3). e) Lysates from control and siRNA transfected A7 cells were analyzed
by western blot using anti-BAP31. f) A7 cells were transfected with crBAP31-flag and subsequently
transfected with the PACS-2 siRNA for 48 h. Cells were then processed for immunofluorescence with anti-
Flag mAD to detect crBAP31-expressing cells (right panel) and mitotracker (left panel). Arrows, rod-like
mitochondria. Arrowheads, fragmented mitochondria.
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Our discovery that the close apposition of mitochondria with the ER requires PACS-2
prompted us to determine whether localization of lipid biosynthetic enzymes to MAMs is
also dependent upon PACS-2. PACS-2 overexpression increased the amount of FACL4
associated with isolated MAM fractions (Fig. 3-2d). By contrast, expression of the
dominant negative PACS-2Admut (Kottgen et al., 2005) decreased the amount of FACL4
and PSS-1 present in the MAM fraction. Together, these results further support a key role

for PACS-2 in maintaining the ER-mitochondria axis.

Our results are in agreement with recent studies suggesting that proteins involved in ER
trafficking may also have essential roles in maintaining mitochondria shape and the
apposition of mitochondria against the ER, as shown by inactivating yeast COPI or by the
caspase-8 catalyzed cleavage of mammalian BAP31 to form p20, either of which induces
mitochondria fragmentation similar to that which occurs in PACS-2 depleted cells
(Breckenridge et al., 2003; Prinz et al., 2000). Therefore, we tested the possibility that
PACS-2 depletion induced the cleavage of BAP31 to p20 and found that depletion of
PACS-2 but not PACS-1 induced cleavage of BAP31 to p20, similar to the process
observed during apoptosis (Fig. 3-2e). By contrast, expression of a caspase-resistant
BAP31 molecule, crBAP31 (Nguyen et al., 2000), blocked the PACS-2 siRNA-induced
mitochondria fragmentation, demonstrating that these changes in mitochondrial shape

following PACS-2 depletion result from cleavage of BAP31 to p20 (Fig. 3-2f).
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Figure 3-3. PACS-2 depletion disrupts
ER homeostasis.

a) siRNA-treated A7 cells were lysed
48 hr post-transfection and the amount
of BiP was determined by western blot.
BiP amounts in cells treated with 1 mM
DTT or 5 mM thapsigargin (THG) for
16 hr served as positive controls. All
values are normalized to control cells
transfected with scrambled siRNA. b)
Control and HeLa(KB)-crBAP31 cells
were transfected or not with PACS-2
siRNA and analyzed for BiP expression
by western blot. ¢) A7 cells depleted of
PACS-1 or PACS-2 and control cells
(transfected with scrambled siRNA)
were loaded with Fura-2 and treated
with histamine to stimulate calcium
release from the ER through IP;R.
Inset: Relative amounts of histamine-
releasable ER calcium (n = 3).



Chapter 3. PACS-2 controls the ER-mitochondria axis

3.2.3 PACS-2 mediates ER homeostasis

In addition to promoting lipid transfer between the ER and mitochondria, the
juxtaposition of mitochondria against the ER also promotes transfer of ATP to the ER for
chaperone-mediated protein folding and allows for calcium-mediated communication
between the two organelles (Hajnoczky et al., 2000). Thus, our finding that PACS-2
depletion induced mitochondria fragmentation and uncoupled this organelle from the ER
raised the possibility that, in addition to mediating MAM formation, PACS-2 might also
influence ER folding and calcium homeostasis. To test this possibility, we first
determined whether PACS-2 depletion affected the levels of BiP, an ER chaperone
upregulated by ER stressors to maintain efficient folding and export of newly synthesized
proteins (Rutkowski and Kaufman, 2004). PACS-2 siRNA induced an ~2-fold increase
in BiP levels, similar to the increase elicited by the potent unfolded protein response
(UPR) inducers dithiothreitol (DTT) and thapsigargin (Fig. 3-3a). Second, we examined
whether the PACS-2 siRNA-mediated BiP induction was a direct response to the
BAP31/p20-mediated uncoupling of ER from mitochondria. We found that crBAP31,
which blocked the p20-mediated uncoupling of mitochondria from the ER (Fig. 3-2f),
also blocked BiP induction (Fig. 3-3b), demonstrating that the mitochondria
fragmentation and BiP induction in PACS-2-depleted cells resulted directly from the
cleavage of BAP31 to p20. Third, we measured the ability of histamine to elicit IP3
receptor-mediated release of ER calcium in control- or PACS-2-depleted cells loaded
with the calcium sensor Fura-2. We found that histamine elicited a 2-fold greater increase
in calcium released from the ER into the cytosol of PACS-2 depleted cells compared to

PACS-1 depleted or control cells (Fig. 3-3c). Together, these results suggest that the
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PACS-2 siRNA-mediated uncoupling of the ER from mitochondria was compensated for
by increased levels of the ER protein folding machinery and calcium to reestablish ER

homeostasis.

3.2.4 PACS-2 depletion blocks apoptotic programs

In addition to causing mitochondrial fragmentation, p20 also induces apoptotic cell death
(Breckenridge et al., 2003). Thus, our paradoxical finding that PACS-2 depletion induced
both ER stress (Fig. 3-3) and the p20-mediated mitochondrial fragmentation (Fig. 3-2)
but not apoptosis (Fig. 3-1), suggested that PACS-2 is somehow required for p20-
mediated apoptotic induction. To test this possibility, we treated cells depleted of PACS-
1 or PACS-2 with 1.2 uM staurosporine (STS) an additional 24 hr and quantified the
amount of apoptotic and necrotic cells after 24 hr (Fig. 3-4a). STS induced death in ~95%
of the control and PACS-1-depleted cells. By contrast, PACS-2 depletion conferred a
marked resistance to STS, increasing the percentage of viable cells by nearly 4-fold. The
anti-apoptotic effects of the PACS-2 siRNA were corroborated by analyzing the STS-
mediated caspase cleavage of poly ADP-ribose polymerase (PARP) to generate p85 (Fig.
3-4b). STS treatment of control cells showed a rapid onset of PARP cleavage beginning
at 4 hr following the STS addition, with nearly complete cleavage occurring after 6 hr
incubation, whereas PACS-2 showed no detectable processing at 6 hr incubation.
Significantly, this delay in PARP cleavage was identical to that observed in cells
pretreated with the caspase inhibitor zVAD-fmk, suggesting that PACS-2 depletion

inhibits executioner caspase-mediated proteolysis. Similar results were obtained when
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cells were treated with thapsigargin or Fas Ab, demonstrating the importance of PACS-2

for both the intrinsic and extrinsic apoptotic pathways (data not shown).

We next examined whether PACS-2 depletion blocks the STS-mediated activation of
caspase-3, an executioner caspase that cleaves PARP to p85. We found that STS elicited
caspase-3 activation in control and PACS-1 depleted cells, whereas PACS-2 depletion
blocked STS-mediated caspase-3 activation, similar to that observed in cells treated with
zVAD-fmk (Fig. 3-4c). We next determined whether PACS-2 depletion affects caspase-8
activation, an initiator caspase that is cleaved following STS treatment (Joshi and Sahni,
2003). We found that STS stimulated the zVAD-fmk-sensitive activation of caspase-8
irrespective of the presence or absence of either PACS-1 or PACS-2 (Fig. 3-4c). Together
these results suggested that the ability of STS to efficiently activate caspase-8 but not
caspase-3 following PACS-2 depletion may be due to an inability of PACS-2 depleted
cells to stimulate release of cytochrome ¢ from mitochondria in response to an apoptotic
signal. To test this possibility, membrane compartments of cells treated with STS were
fractionated and analyzed for the release of cytochrome c¢. We found a marked
translocation of cytochrome ¢ from the mitochondrial, heavy membrane fraction to the
cytosol by 4 hr following STS addition (Fig. 3-4d). Depletion of PACS-2 however,
blocked cytochrome c release under these conditions, thus explaining the failure of
caspase-3 to become activated in PACS-2-depleted cells. In addition to activating
caspase-3, released cytochrome c increases conductance through the IP3-receptor leading
to a massive release of ER calcium, to amplify the apoptotic pathway (Boehning et al.,

2003).
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Figure 3-4. STS-induced cell death depends on PACS-2.

a) A7 cells transfected with PACS-1, PACS-2 or scrambled siRNAs for 48 hr were incubated with 1.2 uM
STS for an additional 24 hr, and the percentage of viable cells was quantified by FACS analysis using anti-
annexinV/propidium iodide staining. b) A7 cells were transfected with PACS-specific or scrambled
siRNAs, or treated with oligofectamine alone (control). Apoptosis was induced with 1.2 uM STS for 0, 1,
2,4, and 6 h in the absence or presence of 10 uM zVAD-fmk and lysates were analyzed by western blot to
detect PARP cleavage to the p85 product. ¢) A7 cells were transfected with siRNAs as indicated, treated
with 1.2 uM STS for 4 h in the absence or presence of 10 uM zVAD-fmk, harvested and pro- and activated
caspases-8 and —3 or o-tubulin (loading control) were analyzed by western blot. d) Post-nuclear
supernatants from A7 cells treated with 1.2 uM STS for 4 hr were resolved by sedimentation into cytosol
and mitochondria-containing heavy membrane fractions, followed by western blot with anti-cytochrome c,
anti-cytochrome ¢ oxidase I (mitochondria marker) or anti-a-tubulin (cytosol marker). €) A7 cells depleted
of PACS-1 or PACS-2 and control cells (transfected with scrambled siRNA) were incubated with 1.2 uM
STS for 4 h and then loaded with Fura-2. Following histamine stimulation, the calcium release was
monitored as in Fig. 3c.
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Accordingly, we found that the PACS-2 depletion, which blocks cytochrome c release,
severely mitigated the ability of STS to invoke depletion of ER calcium stores compared
to either a control treatment or PACS-1 depletion (Fig. 3-4e). Together, these results
indicate that PACS-2 depletion blocks apoptosis, at least in part, by inhibiting the release
of cytochrome ¢ from mitochondria, thereby blocking both caspase-3 activation and the
apoptotic release of ER calcium. Thus, in addition to controlling the ER-mitochondria
axis, PACS-2 appears to play an essential role in connecting mitochondria to cell death

programs.

3.2.5 Apoptotic programs induce PACS-2 to target Bid to mitochondria

Despite the importance of PACS-2 for the induction of apoptosis, our results did not
explain how this ER sorting protein promotes cytochrome ¢ release from mitochondria in
response to apoptotic inducers. We thus investigated the localization of PACS-2 itself
during the onset of apoptosis. Surprisingly, we found that apoptotic inducers stimulated
the rapid redistribution of PACS-2 from the ER to the mitochondria. In control cells the
PACS-2 staining pattern showed a pronounced overlap with the ER marker PDI, and a
more limited co-localization with mitochondria, (Fig. 3-5a top, see also Fig. 3-1b).
However, treatment of the cells with 1.2 uM STS for one hour stimulated a dramatic
redistribution of PACS-2 staining, revealing a pronounced co-localization with
mitochondria. Similar results were obtained by treatment of cells with tunicamycin, or
Fas Ab (Fig. 3-6¢, bottom and data not shown). Lastly, we conducted membrane
fractionation of cells to determine biochemically whether apoptotic inducers redistributed

PACS-2 from ER to mitochondria.
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Figure 3-5. Apoptosis induction redirects PACS-2 onto mitochondria.
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a) Top; A7 cells were either untreated (control) or treated with 1.2 uM STS for 1 hr and incubated with
primary antibodies and species-specific secondary antibodies to detect PACS-2 (Nakamura et al.)(green)
and PDI (red) or stained with mitotracker (red). b) Control and tunicamycin (Tun) or STS-treated cells
were homogenized and post-nuclear supernatants were resolved by sedimentation into cytosol, light and
heavy (mitochondria fraction) membranes followed by western blot with anti-PACS-2, anti-cytochrome c
oxidase I (mitochondria) or anti-BiP (ER).
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In agreement with the morphological study, apoptotic inducers including STS and
tunicamycin stimulated transfer of PACS-2 from cytosolic and ER-enriched light

membrane fractions to mitochondria-containing heavy membrane fraction (Fig. 3-5b).

The pronounced redistribution of PACS-2 from ER/cytosol to the mitochondria by
apoptotic inducers, together with the requirement for PACS-2 to promote apoptosis (Fig.
3-4) and the established role of the PACS proteins in trafficking cargo molecules to
cellular compartments, raised the possibility that apoptotic inducers may direct PACS-2
to recruit one or more proapoptotic factors to mitochondria. One candidate proapoptotic
factor is the BH3-only Bcl-2 family member Bid, which is trafficked to mitochondria
where its caspase-8 cleavage product tBid promotes release of cytochrome ¢ (Gross et al.,
1999b). Like many PACS cargo proteins, Bid contains an acidic cluster and is
phosphorylated by protein kinases CK1 and CK2 (Desagher et al., 2001). To determine
whether PACS-2 binds to Bid, tBid, or both proteins, we conducted in vitro binding
assays. GST-PACS-2FBR, which contains the PACS-2 cargo binding region (Fig. 3-1a),
bound to Bid but not to caspase-8-generated tBid, indicating that the intact Bid acidic
region is required for PACS-2 binding (Fig. 3-6a, top). Next, we determined whether the
phosphorylation state of Bid influences the ability of Bid to bind to GST-PACS-2FBR.
We found that PACS-2 bound preferentially to non-phosphorylated Bid suggesting that
during the onset of apoptosis, dephosphorylation of Bid promotes binding to PACS-2
(Fig. 3-6a, bottom). Next, we conducted co-immunoprecipitation studies to determine
whether PACS-2 associates with Bid in vivo, and we found that treatment of cells with

STS or Fas Ab increased the association of PACS-2 with Bid (Fig. 3-6b). Consequently,
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to determine whether PACS-2 recruits Bid to mitochondria, MCF7 cells stably expressing
Bid-GFP were transfected with PACS-2 siRNA or infected with an adenovirus
expressing PACS-2 and then treated or not with cycloheximide and Fas Ab to stimulate
Bid-GFP recruitment to mitochondria (Zha et al., 2000). In control cells, Fas Ab or
thapsigargin markedly increased the recruitment of Bid-GFP and PACS-2 to
mitochondria (Fig. 3-6¢ and data not shown). However, depletion of PACS-2 blocked
Bid-GFP recruitment, supporting a role for PACS-2 in the Fas Ab- and thapsigargin-
stimulated translocation of Bid to mitochondria. In support of the siRNA studies, we
found that overexpression of PACS-2 in Fas Ab-treated cells stimulated Bid-GFP
recruitment to mitochondria by nearly 2-fold. By contrast, overexpression of PACS-2 in
control cells failed to stimulate Bid-GFP translocation to mitochondria, demonstrating

that apoptotic inducers control the PACS-2-dependent trafficking of Bid to mitochondria.

Lastly, we conducted biochemical fractionation studies to determine whether Bid
translocation to mitochondria and formation of tBid requires PACS-2. In control cells,
Fas Ab stimulated the translocation of full-length Bid and the formation of tBid on
mitochondria. However, in PACS-2 depleted cells, Fas Ab failed to induce Bid
translocation and tBid formation on mitochondria. Analysis of total cell extracts showed
that formation of tBid was markedly reduced in PACS-2 depleted cells demonstrating
that PACS-2, which binds Bid but not tBid, is required for formation of tBid in Fas Ab-
treated cells (Fig. 3-6d). Together, these data suggest that in response to apoptotic signals

PACS-2 recruits full-length Bid to mitochondria where Bid is subsequently cleaved to
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form tBid to stimulate cytochrome c release, activate executioner caspases, and commit

cells to death.

Fig. 3-6; Death signals stimulate PACS-2-mediated trafficking of Bid to mitochondria. a) Top; GST-
PACS-2FBR was incubated with His¢-Bid and tBid and bound Bid molecules were detected by western
blot using anti-Bid antibodies. Bottom; GST-PACS-2FBR was incubated with either Hiss-Bid or CK2
phosphorylated Hisg-Bid and bound Hisg-Bid was detected by western blot using anti-Bid antibodies. b)
Control HeLa cells or cells expressing PACS-2-ha were treated or not for 2 hr with 1.2 uM STS or with 0.1
png/ml Fas Ab and 5 pg/ml cycloheximide. PACS-2-ha was immunoprecipitated from cell lysates and co-
immunoprecipitating Bid was detected by western blot using an anti-Bid Ab. ¢) MCF-7:Bid-GFP cells were
either transfected with the PACS-2 siRNA for 48 h or infected with Ad:trans (trans, expressing the tet
transactivator) alone or together with Ad:PACS-2 for 24 h and then treated with Fas Ab (1 pug/ml) and
cycloheximide (20 pg/ml) for 2 hr, followed by a 30 min loading with mitotracker. Fixed cells were scored
for Fas Ab-mediated recruitment of Bid-GFP to mitochondria. Top; Bar graph normalized to the control
(Oligofectamine). Middle; Fluorescence microscopy showing Bid-GFP and mitotracker (red) staining under
the various conditions. Large fields of the coverslips containing 150 - 450 cells were scored for
translocation of GFP-Bid to mitochondria. Bottom: Fas Ab stimulates PACS-2 and Bid to translocate to
mitochondria. A7 cells treated with Fas Ab for 2 hr were processed for immunofluorescence microscopy.
d) Top: HeLa cells transfected with control (scr.) or PACS-2 siRNAs were treated or not with Fas Ab (1
pg/ml) and cycloheximide (20 pg/ml) for 2 hr. Bid and tBid in mitochondria and cytosolic fractions (top
panels) or from the total lysates (bottom panels) were detected by western blot.
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Figure 3-6. Death signals stimulate PACS-2-mediated trafficking of Bid to mitochondria.
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3.3 Discussion

We report that PACS-2 is a multifunctional sorting protein that controls the ER-
mitochondria axis and the role of this axis in cellular homeostasis and apoptosis. Our
results show that PACS-2 is required for the intimate association of mitochondria with
the ER: absence of PACS-2 induces the caspase-dependent cleavage of BAP31 to yield
the proapoptotic fragment p20, causing mitochondria to fragment and uncouple from the
ER. This structural uncoupling also disrupts MAMs and induces ER stress, which is
compensated for by increased levels of BiP and ER calcium. Moreover, when either
cellular- or ER-homeostasis is compromised, or when cell death programs are initiated,
PACS-2 is redirected to translocate the apoptosis-inducing protein Bid onto
mitochondria. This PACS-2-dependent trafficking of full-length Bid to mitochondria
promotes cell death by inducing formation of tBid and release of cytochrome c, which
subsequently results in the depletion of releasable ER calcium, the activation of caspase-

3, and the cleavage of caspase-3 substrates.

The requirement of PACS-2 for the apposition of rod-like mitochondria to the ER
suggests PACS-2 has an essential role in ER-mitochondria communication and influences
the dynamic mitochondria fusion/fission events that are coupled with mitochondria
homeostasis and inter-mitochondria communication (Szabadkai et al., 2004). We
determined that mitochondria fragmentation in PACS-2 depleted cells requires the
caspase-generated p20 fragment of BAP31, which promotes mitochondria fission by
regulating Drp1/Dlpl (Breckenridge et al., 2003), a mitochondria-localized dynamin-

related GTPase. Thus, our results indicate that PACS-2 depletion induced mitochondria
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fragmentation by promoting mitochondria fission rather than by inhibiting of fusion. Our
demonstration that PACS-2Admut, which fails to bind COPI (Kottgen et al., 2005), or
siRNA depletion of either PACS-2 or COPI (data not shown), uncouples the fragmented
mitochondria from the ER, suggests that PACS-2/COPI trafficking is essential for
maintaining the ER-mitochondria axis. Our results are consistent with studies in yeast
which show that inactivation of COPI similarly uncouples the ER from mitochondria

(Prinz et al., 2000).

We extended our morphological studies with biochemical analyses to show that PACS-2
mediates the levels of MAM-associated FACL4, which converts fatty acids to fatty acyl-
CoA esters used in the formation of complex lipids (Piccini et al., 1998), and PSS-1,
which exchanges the head group of phosphatidylcholine with serine (Fig. 3-2). MAMs
are ER-contiguous membranes that, in addition to FACL4 and PSS-1, contain multiple
phospholipid- and glycosphingolipid-synthesizing enzymes and support the direct
transfer of phospholipids from the ER to mitochondria (Vance, 2003). Our work
identifies PACS-2 as the first cellular trafficking protein that regulates MAM formation.
However, we do not know whether the reduced the levels of MAM-associated FACL4
and PSS-1 in cells expressing dominant negative PACS-2 result from mistargeting of
FACL4 and PSS-1 or whether the MAM itself is redistributed as a result of the
uncoupling of the fragmented mitochondria from the ER. Interestingly, we found that the
loss of MAM markers in PACS-2-depleted cells was coupled with a pronounced
extension of the tubulated, peripheral ER (Fig. 3-2). It is possible that interference with

PACS-2 causes the MAM to redistribute into the ER, thereby expanding the ER
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membrane fraction while reducing the amount of membrane associated with
mitochondria. Consistent with this possibility, expression of a dominant negative Drpl
promotes mitochondria fusion together with a corresponding reduction in the amount of
ER membranes (Pitts et al.,, 1999). Alternatively, the extended tubulation of the
peripheral ER observed by electron microscopy in PACS-2-depleted cells may reflect a
requirement of PACS-2 for the function of ER modeling proteins (Nakajima et al., 2004;
Uchiyama et al., 2002). In addition to contacting the mitochondria, high resolution 3D
electron tomography reveals that the ER also forms close contacts with the trans-Golgi
and endosomal compartments (Marsh et al., 2001). Whether there are additional roles for
PACS-2 in inter-organelle communication remains to be tested, but such an expanded
role may explain the high level of PACS-2 expression in skeletal muscle (Fig. 3-1), in

which the sarcoplasmic reticulum is apposed with the plasma membrane.

In addition to mediating the ER-mitochondria axis, we found that PACS-2 has a profound
role on ER homeostasis as PACS-2 depletion induces a UPR (Fig. 3-3). The UPR is an
integrated response to a variety of ER-targeted stressors, which coordinates a repression
of cellular protein synthesis by phosphorylating elF-2a, with an induction of ER
chaperone expression to facilitate folding of secreted and membrane proteins (Rutkowski
and Kaufman, 2004). We found that PACS-2 depletion leads to a transient increase in
phosphorylated elF-2a , after which ER homeostasis is re-established with a normal rate
of protein synthesis by two days following treatment (data not shown). The re-
establishment of ER homeostasis coincides with increased levels of BiP and ER calcium

(Fig. 3-3). Whereas the importance of the ER trafficking machinery on ER homeostasis is
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well established (Belden and Barlowe, 2001), the influence of mitochondrial structure on
ER homeostasis is unclear. Thus, our finding that the UPR induced by PACS-2 depletion
could be prevented by expression of a caspase-resistant crBAP31, demonstrates that this
UPR is a direct result of the p20-mediated uncoupling of the fragmented mitochondria
from the ER (Fig. 3-4). Several factors may contribute to the control of ER homeostasis
by the apposed mitochondria. For example, mitochondria provide ATP to the ER for
oxidative protein folding, which is blocked by hypoxic stress (Koumenis et al., 2002). In
addition, the increased levels of calcium-binding ER chaperones require a commensurate
increase in ER calcium (Koch, 1990), consistent with our finding that PACS-2 depletion
increases by ~2-fold the amount of histamine-releasable ER calcium compared to control

cells (Fig. 3-3¢).

To what extent the higher ER calcium release in PACS-2 depleted cells is due to
promoting ER chaperone activity versus an inability to efficiently transfer calcium to
mitochondria requires further investigation and may provide new insight into ER-
mitochondria communication. For example, in addition to transferring lipid
intermediates, MAMs may participate in calcium transfer between the ER and
mitochondria. In support of this possibility, both IP3Rs and ryanodine receptors possess
potential PACS-2 binding sites (Kottgen et al., 2005) and may be associated with MAMs
(Hajnoczky et al., 2000). Thus, disruption of PACS-2 may cause mislocalization of IP3Rs
resulting in reduced calcium transfer from the ER to mitochondria. Recent studies
showing that the mere relocalization of mitochondria is not sufficient to affect ER

calcium levels (Varadi et al., 2004a), but nonetheless disrupts calcium communication
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within the mitochondrial system (Szabadkai et al., 2004). Thus, the observed increase in
ER calcium in PACS-2-depleted cells cannot be explained by mitochondria

fragmentation alone, but rather by changes in the ER to maintain ER homeostasis.

Ectopic expression of p20 is sufficient to commit cells to apoptosis (Breckenridge et al.,
2003). The p20/Drpl-mediated mitochondrial fragmentation primes this organelle for
cytochrome c release by promoting the recruitment of Bax/Bak oligomers (Karbowski
and Youle, 2003). Thus, we were surprised to find that PACS-2-depleted cells were not
only viable, but resistant to apoptosis (Fig. 3-4), despite the p20-mediated mitochondria
fragmentation (Fig. 3-1). This block in the apoptotic pathway caused by depletion of
PACS-2 led us to determine that apoptotic inducers signal PACS-2 to recruit Bid to
mitochondria (Fig. 3-6), which is required for the induction of cell death. In addition, our
finding that apoptotic inducers failed to exhaust ER calcium in PACS-2 siRNA-treated
cells (Fig. 4), agrees with recent studies showing that cytochrome c¢ released into the
cytosol binds to the IP3 receptor to induce release of ER calcium necessary to fully
activate cell death proteases (Boehning et al., 2003). Together, our findings suggest that
in response to intrinsic and extrinsic apoptotic inducers, ER/cytosolic PACS-2

collaborates with BAP31/p20 to coordinate cell death programs.

Our demonstration that apoptotic inducers promote PACS-2 to bind and translocate full-
length Bid to mitochondria (Figs. 3-5 and 3-6), provides new insight into the integration
of the ER-mitochondria axis with cell death programs. While full-length Bid can

associate with mitochondria and induce the release of cytochrome c, the caspase-8
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generated cleavage product tBid possesses a much higher affinity for mitochondria where
it accumulates during apoptosis and can more efficiently release cytochrome ¢ (Gross et
al., 1999b). N-terminal myristoylation further increases tBid apoptotic activity,
supporting the model that this lipid addition acts as a molecular “switch” that targets tBid
to mitochondria during apoptosis (Zha et al., 2000). Our results, however, cast new
insight into the apoptosis-induced targeting of Bid to mitochondria. We found that
PACS-2 depletion blocks the apoptotic translocation of Bid-GFP to mitochondria
whereas overexpression of PACS-2 enhances this sorting step (Fig. 3-6). The PACS-2-
dependent translocation of Bid to mitochondria appears to occur prior to caspase cleavage
of Bid as PACS-2 depletion prevents both the Fas Ab-induced formation of tBid and the
accumulation of tBid on mitochondria, but has no effect on cellular caspase-8 activation
(Figs. 3-4 and 3-6). Moreover, we found that PACS-2 binds selectively to full-length Bid
but not tBid and that apoptotic inducers promote the association of full-length Bid with
PACS-2. These findings suggest that PACS-2 first targets full-length Bid to mitochondria
where Bid is subsequently cleaved to tBid by cytosolic- or mitochondria-localized
caspase-8 (Chandra et al., 2004; Micheau and Tschopp, 2003). Our determination that
phosphorylation of Bid by CK2 inhibits binding to PACS-2 suggests Bid phosphorylation
has two anti-apoptotic roles; the prevention of binding to PACS-2, which blocks
translocation to mitochondria, and the masking of the caspase-8 cleavage site to produce
tBid (Desagher et al., 2001). With our discovery of PACS-2 and the role of this novel
sorting protein in controlling the ER-mitochondria axis and apoptosis, we propose a
revised model of Bid action. In one leg, apoptotic inducers redirect PACS-2 from

maintaining the ER-mitochondria axis, which promotes the BAP31/p20-mediated
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fragmentation of mitochondria that uncouple from the ER. The fragmentation may
“prime” mitochondria by enhancing Bak/Bax recruitment. In the second leg, full-length
Bid becomes dephosphorylated, thereby enabling it to bind PACS-2. PACS-2 then targets
full-length dephosphorylated Bid to the fragmented mitochondria where Bid can be
subsequently cleaved to tBid by mitochondria-localized caspase-8. The cleaved,
myristoylated tBid may then combine with Bak/Bax to permeabilize mitochondria,
release cytochrome c¢ and commit cells to death. Whether PACS-2 specifically
translocates Bid to mitochondria or is involved in the translocation of other proapoptotic
proteins that contain potential PACS-2 binding sites (e.g. Bak, Bad, Bim, and Bik)

warrants future investigation.

In an accompanying paper, we show that PACS-2 is a COPI connector that controls the
ER localization of polycystin-2 and likely many other ER localized membrane proteins
that contain PACS-2 binding sites (Kottgen et al., 2005). We show here that the role of
PACS-2 extends beyond ER trafficking, as it controls ER homeostasis, the ER
mitochondria axis, and, in response to apoptotic inducers, we show PACS-2 is required to
translocate Bid to mitochondria to control cell death. Interestingly, genomic analyses
show that the PACS-2 gene is localized near the telomere on chromosome 14q32:33, a
locus susceptible to chromosomal translocation and loss of heterozygosity in B-cell
lymphomas and colorectal cancer. Moreover, and in accord with our discovery that
PACS-2 is a proapoptotic protein, the PACS-2 gene is mutated in up to 40% of colorectal

cancers (G. Anderson, personal communication and (Anderson et al., 2001)). Based on
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our findings, the loss of PACS-2 would likely block apoptosis and may provide an

opportunity for subsequent genomic insults that lead to cell immortalization and cancer.

3.4 Materials and methods

Antibodies and reagents

Reagents were from Sigma except where stated. PACS-1 and PACS-2 antisera (Pocono
Farms), antibodies against d-adaptin (M. Robinson), BAP31 (G. Shore), CI-MPR (S.
Pfeffer), PDI (R. Sitia), cytochrome oxidase I (Molecular Probes), a-tubulin
(Calbiochem), thioredoxin (Invitrogen), y-adaptin (Sigma), B-COP (MaD, Abcam),
TGN46 (Serotec), BiP (BD Biosciences), Myc (Santa Cruz), HA (Covance), FLAG
(Kodak), GFP (Clontech), Fas (Beckman), PARP, cytochrome c (Apotech), Hiss
(Qiagen), FACL4 (Abgent), PSS1 (O. Kuge) and Bid, pro/activated caspases-3 and -8
(Cell Signaling), Alexa (546 and 488)-conjugated secondary antibodies (Molecular
Probes) and HRP-conjugated secondary antibodies (Southern Biotech) were provided as
indicated. Cell lines and plasmids were received as indicated: HeLa KB/crBAP31 (G.
Shore), MCF-7:GFP-Bid (S. Korsmeyer), pET15b-Bid (H. Lu), and pFLAG-crBAP31

(G. Shore).

cDNA cloning, expression vectors, cell lines and virus construction

The PACS-2 cDNA was isolated by screening lambda ZAPII-hMC human cortex library
(Stratagene) with a probe to EST R50031. Thioredoxin(TRX)- PACS-2 FBR (PACS-2
residues 37-179) was expressed using pET32 (Novagen). MCF7:Bid-GFP, HelLa, and A7

melanoma were cultured as described (Crump et al., 2001; Zha et al., 2000). Adenovirus
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(Ad) recombinants (tet-off) expressing human PACS-2-ha (wild-type and Admut
(EseTDLALTF9s — Alag)) were generated as described (Blagoveshchenskaya et al.,

2002). Adenovirus infections were performed for 24 hr (m.o.i = 10).

RNA hybridization

Northern hybridization was performed using human multiple tissue blots (Clontech, Palo
Alto, CA). cDNAs for PACS-1, PACS-2 and 1B15 (loading control, not shown) were
used to generate random-primed **P-probes. Hybridization was done according to the

manufacturer’s instructions and signals detected by Phosphor-Imager.

Immunofluorescence, electron microscopy and FACS

Conventional immunofluorescence microscopy was performed as described previously
(Crump et al., 2001; Wan et al., 1998). Confocal microscopy used an Olympus Fluo-
View FV300 confocal laser scanning microscope. For the TMRM loading, A7 cells
transfected with siRNAs were incubated with 100 nM TMRM (Molecular Probes) for 30
min and then live cells were imaged. Electron microscopy was performed as described
(Arvidson et al., 2003). Mitochondrial exclusion zones in electron micrographs were
quantified using NIH Image v1.63. Exclusion zones were defined as the total cytoplasmic
area minus the area of cytoplasm containing >95% of mitochondria. Using a blind assay,
two independent sets of data were recorded for each micrograph (n=7 per condition, p <
0.0001). FACS was performed with a FACSCalibur (Becton Dickinson) and using the
Annexin V/PI apoptosis staining kit (Oncogene/EMDbiosciences) according to the

manufacturer’s instructions.
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SIRNAs

siRNAs specific for human PACS-1 (AACUCAGUGGUCAUCGCUGUG and
AAUUCUUCGCUCCAACGAGAU), PACS-2 (AACACGCCCGUGCCCAUGAAC and
AAGAGGGAAGGCAACAAGCUU), CtBP (AAGGGAGGACCUGGAGAAGUU), and
a non-specific scrambled control (Dharmacon) were transfected using Oligofectamine

(Invitrogen). Cells were analyzed 2 to 3 days post-transfection.

Bid translocation, Bid binding to PACS-2, and Bid co-immunoprecipitation

MCF-7:Bid-GFP cells expressing Bid-GFP were transfected with PACS-2 or PACS-1
siRNAs for 48 hr, or infected with Ad:PACS-2 or Ad:PACS-1 for 24 hr. Apoptosis was
induced with Fas Ab and cycloheximide as described (Zha et al., 2000). For Bid binding
assays, recombinant Bid (30 pg) was cleaved with 300 U caspase-8 (Calbiochem) for 18
hr at 30°C in cleavage buffer (50 mM HEPES, 100 mM NaCl, 10 mM DTT, ImM
EDTA, 10% glycerol, 0.1% CHAPS, pH 7.4) to generate an equal mixture of Bid and t-
Bid. This mixture was incubated at 4°C for 4 hr with 3ug GST-PACS-2FBR or GST
alone, captured with glutathione-agarose and analyzed by western blot. For the Bid co-
immunoprecipitation, cells was infected with Ad:PACS-2 and treated for 2 h with either
Fas Ab (1 pg/ml, Beckman)/cycloheximide (2 pg/ml) or 1.2 uM STS. Cells were lysed
with in m-RIPA (1% NP40, 1% Deoxycholine, 150 mM NaCl, 50 mM Tris, pH 8.0, and
protease inhibitors), immunoprecipitated with mAb HA.11 and processed for western

blot using an anti-Bid antibody.
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MAM isolation, mitochondria fractionation, cytochrome c release, and Bid translocation

MAMs were isolated as described (Stone and Vance, 2000), except that cells were broken
with a ball bearing homogenizer (18 pum clearance). Mitochondria fractionation was
performed as described (Kataoka et al., 2001). For cytochrome c¢ release and Bid
translocation, A7 or HeLa cells were washed with cold PBS, scraped into 300 nl
mitochondrial fractionation buffer (250 mM sucrose, 10 mM Tris-HCI at pH 7.5, 1| mM
EGTA, and protease inhibitors) and lysed with 12 passes through a 27G needle. The post-
nuclear supernatant was sedimented at 15000g for 15 min to separate mitochondria and
cytosol, followed by western blot with anti-cytochrome c, anti-Bid, anti-cytochrome c

oxidase I (mitochondria) or anti-tubulin (cytosol).

Fura-2 measurements

AT cells treated or not with 1.2 uM STS were incubated with 2 uM Fura-2 (Molecular
Probes) for 45 min and then in normal medium for another 30 min. Cells were then
trypsinized, washed and resuspended in 1.5 ml Tyrode’s buffer (10 mM glucose, 1| mM
MgCl,, 1 mM CaCl,, pH 7.4) and monitored for light emission at 510 nm after excitation
at 340 and 380 nm using a Cary Eclipse Fluorescence spectrophotometer. The emission

ratio between the two emissions is directly proportional to the cytosolic [Ca®'].
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Summary

Apo2L/TRAIL selectively kills diseased cells in vivo without causing harm to healthy
cells. However, little is known about the mechanism mediating Apo2L/TRAIL-induced
apoptosis. Here we identify the multifunctional sorting protein PACS-2 as an essential
Apo2L/TRAIL effector, required for killing colon cancer cells in vitro and virally
infected cells in vivo in a viral hepatitis model. PACS-2 is phosphorylated at Sers37 in
vivo and pharmacologic and genetic studies demonstrate Akt is an in vivo Sers37 kinase.
Akt combines with 14-3-3 proteins to regulate the homeostatic and apoptotic properties
of PACS-2 that mediate Apo2L/TRAIL action. Phosphorylated Serss; binds 14-3-3
proteins with high affinity, which represses PACS-2 apoptotic activity and is required for
PACS-2 to mediate trafficking of membrane cargo. Apo2L/TRAIL triggers
dephosphorylation of Serss7, reprogramming PACS-2 to promote apoptosis. Together,
these studies identify the phosphorylation state of PACS-2 Sers37 as a molecular switch

that regulates cellular homeostasis and Apo2LL/TRAIL killing.
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4.1 Introduction

The tumor necrosis factor (TNF) superfamily directs signaling pathways eliciting diverse
responses ranging from tumor surveillance and inflammation to organogenesis and
autoimmunity (Aggarwal, 2003). The prototypic superfamily ligand, TNFa, is a
principally proinflammatory cytokine that mediates NF-kB signaling. However, when
NF-kB is repressed, TNFa signals to the cytosolic death domain of the TNFR1 receptor
to trigger apoptosis (Ashkenazi and Herbst, 2008). Two additional TNFa superfamily
members, FasL and Apo2L/TRAIL, also trigger apoptosis by binding their death-domain
containing receptors. The ability of these three TNFa death ligands to eliminate tumors
in vivo has been intensively studied (Ashkenazi et al., 2008). Unfortunately, the severe
toxicity elicited by systemic administration of TNFa and FasL prevents their
development as cancer therapeutics (Rowinsky, 2005). By contrast, binding of
Apo2L/TRAIL to its apoptotic receptors DR4 and DRS selectively kills cancer cells and
virally infected cells in vivo without causing harm to healthy cells (Ashkenazi and
Herbst, 2008). This ability of Apo2L/TRAIL to selectively kill diseased cells has spurred

clinical studies testing the efficacy of Apo2LL/TRAIL as a potential therapeutic.

Apo2L/TRAIL is expressed primarily in lymphoid cells and is a multifunctional ligand
important for regulation of T-cell homeostasis, innate immunity and for tumor
surveillance (Cretney et al., 2002; Grosse-Wilde et al., 2008; Janssen et al., 2005; Takeda
et al., 2001). Virus infection induces DR4 and DRS5 expression on the cell surface, which

bind Apo2L/TRAIL to trigger the innate immune response leading to the apoptotic
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destruction of infected cells (Mundt et al., 2005). Similarly, neoplastic transformation of
lung, pancreas and colon induce high levels of DR4 and DR5 (Rowinsky, 2005), which
correlates with an improved survival rate of people suffering from metastatic colorectal
cancer (Strater et al., 2002). Approximately 50% of tested tumor cell lines are however
resistant to Apo2L/TRAIL (Kruyt, 2008), suggesting that the underlying regulation of
Apo2L/TRAIL-induced apoptosis is complex. Understanding the molecular basis of
Apo2L/TRAIL-induced apoptosis is therefore key to develop new therapeutic strategies

for this devastating disease.

Apo2L/TRAIL triggers the extrinsic pathway of apoptosis by binding to DR4 and DRS,
which directs recruitment of the adaptor FADD and the initiator caspase, procaspase-8 to
assemble a death-inducing signaling complex (DISC). Two types of signaling pathways
emanate from the DISC to execute the apoptotic program (Jin and El-Deiry, 2005). In
type I cells, the DISC/caspase-8 signal is sufficiently robust to directly activate
executioner caspases, including caspase-3. Type II cells require an amplification step to
activate executioner caspases. This signal is mediated by the proapoptotic Bel-2 family
protein Bid, which links the extrinsic apoptotic pathway to the intrinsic pathway by
triggering mitochondria membrane permeabilization (MMP) and caspase-9 activation,
thereby amplifying caspase-3 activation (for review, see Chapter 2 and (Aslan and
Thomas, 2008; Jin and El-Deiry, 2005)). The apoptotic activity of Bid is complex and
regulated by phosphorylation (Desagher et al., 2001; Vogel et al., 2006), and by
proteolysis (for review, see Chapter 2 and (Aslan and Thomas, 2008; Jin and El-Deiry,

2005)). Bid action is also regulated by PACS-2, a multi-functional sorting protein that
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integrates secretory pathway traffic with ER-mitochondrial communication and apoptosis
((Atkins et al., 2008; Kottgen et al., 2005; Simmen et al., 2005). Apoptotic inducers
switch PACS-2 from a secretory pathway trafficking protein to an apoptotic protein that
mediates Bid translocation to mitochondria and Bid cleavage in cultured cell lines
(Simmen et al., 2005). But how apoptotic cues trigger PACS-2 to become apoptotic is

unknown.

Regulators of Apo2L/TRAIL action include a collection of death-inducing and decoy
receptors, and several intracellular molecules, including Bcl-2 proteins, c-myc and Akt
(for review see (Jin and El-Deiry, 2005)). The class I PI3K/Akt survival pathway is
tumorigenic (Vivanco and Sawyers, 2002) and constitutive activation of Akt promotes
resistance of tumors to apoptotic inducers, including Apo2L/TRAIL (Martelli et al.,
2003; Shankar and Srivastava, 2004). Akt also combines with 14-3-3 proteins to repress
the action of several proapoptotic proteins, including the Bcl-2 proteins Bad, Bim and the
proapoptotic FOXO transcriptional regulators (Manning and Cantley, 2007; Porter et al.,

2006).

Unlike Bad and Bim, Bid neither binds 14-3-3 proteins nor is it a known Akt substrate.
Yet, elevated expression of Akt prevents Apo2L/TRAIL-induced apoptosis at the level of
Bid cleavage (Chen et al., 2001; Kandasamy and Srivastava, 2002; Nesterov et al., 2001).
Here we report Apo2L/TRAIL-mediated apoptosis in vivo requires PACS-2 and that Akt
phosphorylation of PACS-2 at Serss7 creates a 14-3-3 binding site that regulates PACS-2

apoptotic activity. Our results point to a novel step in the regulation of Apo2L/TRAIL-
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mediated apoptosis and identify the molecular mechanism underlying the switch in

PACS-2 from a homeostatic to an apoptotic regulator.
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4.2 Results

4.2.1 Apo2L/TRAIL-mediated apoptosis requires PACS-2 in vivo

To test the possibility that PACS-2 is required for Apo2L/TRAIL-induced apoptosis, we
transfected the type II colon carcinoma cell line HCT116 (Ravi and Bedi, 2002) with a
control siRNA or with an siRNA that specifically knocked down PACS-2 (Fig. 4-1a,
inset). The cells were then treated with increasing concentrations of Apo2L/TRAIL for
16 hr and the amount of apoptosis was quantified by Annexin V/propidium iodide
staining (Fig. 4-la). We found that siRNA knockdown of PACS-2 repressed
Apo2L/TRAIL-mediated apoptosis in HCT116 cells 4-fold, resulting in a nearly

complete protection of the culture from the death ligand.

Consistent with a proapoptotic role for PACS-2 in HCT116 colon carcinoma cells, the
PACS-2 locus, located at chromosome 14q32.33, is highly susceptible to loss of
heterozygosity in colorectal cancer (Anderson et al., 2001; Bartos et al., 2007),
suggesting that PACS-2 protein expression may be altered during the colon adenoma-
carcinoma sequence. We therefore isolated matched cancerous and adjacent normal colon
tissue from eight volunteers and the expression of PACS-2 in each sample was measured
by western blot (Fig. 4-1b). We found that PACS-2 protein expression was lost in 4 out
of 8 samples. Immunohistochemical staining corroborated these studies, demonstrating
PACS-2 was detected in the normal colonic epithelium but not in the adjacent carcinoma

(Fig. 4-1c¢).
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Figure 4-1: PACS-2 is required for TRAIL-mediated tumor cell death.

(A) HCT116 colon carcinoma cells were treated with PACS-2 or control (scr.) siRNAs and then treated
with 0, 10 or 100 ng/ml Apo2L/TRAIL for 16 hr. The cells were collected and analyzed for apoptosis by
Annexin V/propidium iodide staining by flow cytometry. Data are represented as mean +/- SEM from three
independent experiments. Inset: Western blot (WB) of PACS-2 in control and PACS-2 knockdown cells.
(B) Matched colorectal tumor (T) and adjacent normal (N) colonic tissue from eight volunteers was isolated
by microdissection. The frozen samples were homogenized and 100 pg of total protein from each sample
was resolved by SDS-PAGE and PACS-2 was detected by western blot. Arrow, 110 kDa PACS-2; *, 150
kDa PACS-2 immunoreactive protein of unknown identity. (C) A paraffin-embedded block of colonic
tumor was sectioned and analyzed by immunohistochemistry using anti-PACS-2 HPA001423 (Atlas). Left,
Normal colonic epithelium (N) and adjacent tumor (T). Right, Magnification of normal (top) and tumor
(bottom) regions.
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To test the physiological role of PACS-2 as a mediator of Apo2L/TRAIL-dependent
apoptosis in vivo, we generated PACS-2-gene trapped mice (Fig. 4-2a). These mice were
viable but lacked detectable PACS-2 expression in all organs tested as determined by RT-
PCR and western blot (Fig. 4-2b and c¢). The mice were subjected to an experimental
paradigm of Apo2L/TRAIL- and DRS5-dependent hepatic apoptosis and steatosis using
recombinant adenoviruses that mimic the pathology caused by hepatitis C virus (Mundt et
al., 2005). Littermate WT and PACS-2 gene trap mice (hereafter called PACS-2"" mice)
were injected in the tail vein with a recombinant adenovirus expressing GFP for 24 hours
followed by injection with a second adenovirus expressing Apo2L/TRAIL, which
triggers hepatocyte apoptosis. In agreement with others (Mundt et al., 2005),
Apo2L/TRAIL induced significant apoptosis in the infected livers of WT mice as
determined by TUNEL staining and formation of cleaved caspase-3 (Fig. 4-2d). By
contrast, Apo2L/TRAIL failed to elicit apoptosis in livers of PACS-2"" mice, suggesting
PACS-2 is required for Apo2L/TRAIL-mediated apoptosis in vivo. Surprisingly, the
absence of PACS-2 did not prevent Apo2L/TRAIL from eliciting pronounced hepatic
steatosis, demonstrating that Apo2L/TRAIL-mediated steatosis but not apoptosis can
occur in the absence of PACS-2. To determine whether PACS-2 was required for other
death ligands to induce apoptosis in the liver, we treated WT and PACS-2"" with the anti-
Fas antibody Jo2 or with LPS/Galactosamine to trigger TNFa-induced apoptosis (Fig. 4-
2e). The extent of hepatic apoptosis in WT and PACS-2"" mice treated with these agents
was similar, suggesting that Apo2L/TRAIL-mediated hepatic apoptosis selectively

requires PACS-2.
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Figure 4-2. PACS-2 is required for TRAIL-mediated apoptosis in vivo. (A) VICTR37 retroviral gene trap
inserted into intron 1 of the murine PACS-2 gene (AceView, NCBI). The gene trap contains a promoter-
less selectable marker/B-geo fusion gene and produces a truncated protein chimera containing only the first
40 amino acids of the entire 889 amino acid PACS-2. Arrows above exons 1 and 11 depict PCR primers
used in panel B. SD, splice donor site; SA, splice acceptor. (B) RNA was isolated from PACS-2 WT
(PACS-2""), heterozygote (PACS-2"P2%, hereafter called PACS-2""), or PACS-2 gene trap (PACS-2F&F
£ hereafter called PACS-2") littermates and analyzed with specific primers to detect PACS-1, PACS-2
and ATP citrate lyase (ACYL, positive control) by RT-PCR. (C) Kidney, colon and liver from WT, +/- or -
/- mice were harvested and analyzed by western blot for PACS-2 expression. (D) WT and PACS-2"" mice
(n = 4 in each group) were injected with 2x10°pfu/g and AAGFP and 24h later with 3x10® pfu/g mouse
AdTrail. After an additional 24 hr the livers were isolated, fixed, sectioned and stained with H&E or
TUNEL or c-caspase 3 antibody (magnification, 200x). TUNEL and c-caspase-3 positive cells were
counted in liver sections from WT and PACS-2" mice and quantified as the number of TUNEL- and
cleaved caspase 3-positive cells per 20X field (graphs). Oil Red O staining was performed to demonstrate
Apo2L/TRAIL-induced liver steatosis. Data are representative of three independent experiments. (E) WT
and PACS-2"" mice (n = 4 in each group) were injected with the mAb Jo2 (0.7ug/g mouse) to stimulate
Fas-mediated apoptosis or with LPS (0.05ng/g)/GalN (700pg/g) to stimulate TNFa-mediated apoptosis and
TUNEL-positive nuclei were counted (original magnification 200x).

106



Chapter 4. PACS-2 controls TRAIL-mediated apoptosis

A B brain colon  kidney
13 14 15 24 -Pacs-2
- C LR N R 1-PACS-1
[, -ACYL
i R X R XA X
| VICTR37 genetrap - C
" sA — sp S A e
Mutant/marker o . = ) = I colon
Fusion Transcript ARA AAA — PACS-2
¥ ¥ we
EX 1 [ uB:GEQ Selecti EX2 —— | lUDUlIN
liver
stop -— . |pacs2
[ - ‘ tubulin
40
h=]
£ 304
B
3
% 201
2
2 104
=
= 0 T T T )
= ++ - +H+ /-
Apo2L/TRAIL
© 40
L)
g 3
o =
o & 30
b4 S
‘é 20
g
o @ 10
B &
B 0+—— —=
29 b Sk R ik
Apo2L/TRAIL
E LPS/Galactosamine Jo-2

WT PACS-27 WT PACS-27"

PACS-27

Tunel

Figure 4-2: PACS-2 is required for TRAIL-mediated apoptosis in vivo.
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4.2.2 Apo2L/TRAIL requires PACS-2 to trigger cleavage of Bid and caspases

To understand the molecular basis underlying how Apo2L/TRAIL induces PACS-2 to
become an apoptotic effector, we examined the ability of Apo2L/TRAIL to trigger
apoptosis in embryonic fibroblasts (MEFs) from WT and PACS-2"" mice. In agreement
with others (Finnberg et al., 2005; Wiley et al., 1995), primary WT and PACS-2"~ MEFs
were resistant to Apo2L/TRAIL (Fig. 4-3a). We therefore transformed the primary MEFs
with SV40 large T antigen (TAg), which induced expression of DRS (Fig. 4-3a, inset).
We then treated the TAg-transformed cells with increasing concentrations of
Apo2L/TRAIL and measured apoptosis. We found that the TAg-WT MEFs were
sensitive to Apo2L/TRAIL. By contrast, the TAg-PACS-2"" MEFs remained fully
resistant to Apo2L/TRAIL at all concentrations examined. To determine whether loss of
PACS-2 was causal to Apo2L/TRAIL resistance, we generated a TAg-PACS-2"" cell line
rescued for PACS-2 expression and found that re-expression of PACS-2 restored

sensitivity to Apo2LL/TRAIL.

Figure 4-3. PACS-2 is required for Apo2L/TRAIL-induced apoptosis of SV40 large T antigen-
transformed MEFs. (A) Primary WT and PACS-2"" MEFs, as well as TAg-WT, TAg-PACS-2", TAg-
PACS-2" or TAg-PACS-2" MEFs were treated with increasing concentrations of Apo2L/TRAIL for 16 hr
and then analyzed for apoptosis by Annexin V/ propidium iodide staining using flow cytometry. Inset,
western blot of PACS-2 and DRS5 expression in each cell culture. Data are represented as mean +/- SEM
from three independent experiments. (B) Replicate plates of TAg-WT and TAg-PACS-2" MEFs were
treated with 50 ng/ml Apo2L/TRAIL for the times indicated. The cells were then lysed, the extracts were
resolved by SDS-PAGE and the cleavage of each apoptotic factor was determined by western blot. Actin
was analyzed as a loading control. Shown is one of four independent experiments. (C) Replicate plates of
TAg-WT and TAg-PACS-2"" MEFs were pretreated or not with vehicle (DMSO) or 1 uM PI-103 for 1 hr
and then treated with 50 ng/ml Apo2L/TRAIL for the indicated times. The cells were harvested and
analyzed as described in panel B. The efficacy of PI-103 was determined by phospho-Akt and phospho-S6
blots. Actin was analyzed as a loading control. Shown is one experiment representative of four independent
experiments.
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Figure 4-3: PACS-2 is required for Apo2LL/TRAIL-induced apoptosis of SV40 large T antigen transformed

ME-Fs.
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To better delineate the step by which PACS-2 mediates Apo2L/TRAIL-induced
apoptosis, we treated replicate plates of TAg-WT and TAg-PACS-2'/' cells with
Apo2L/TRAIL. At increasing times the cells were harvested and the cleavage/activation
of initiator and executioner caspases was determined by western blot analysis (Fig. 4-3b).
In Apo2L/TRAIL-treated TAg-WT cells, cleaved caspase-8 was detected by 4 hr. The
formation of cleaved caspase-8 coincided with the cleavage of Bid and caspase-9 as well
cleavage of caspase-3. In TAg-PACS-Z'/ " cells, Apo2L/TRAIL induced cleavage of
caspase-8. However, formation of tBid, and thus subsequent activation of caspases-9 and
-3 was inhibited. The failure of Apo2L/TRAIL to induce tBid formation in TAg-PACS-2

" cells agreed with earlier studies suggesting PACS-2 mediates Bid cleavage.

Previously, it has been shown that Akt represses Apo2L/TRAIL action by interfering
with Bid cleavage (Chen et al., 2001; Nesterov et al., 2001; Simmen et al., 2005). We
therefore asked whether inhibition of PI3K/Akt would rescue sensitivity of the TAg-
PACS-2" cells to Apo2L/TRAIL. Parallel plates of TAg-WT and TAg-PACS-Z'/ " MEFs
were treated with Apo2L/TRAIL in the presence or absence of the class I PI3K inhibitor
PI-103, which blocked Akt activation and ribosomal protein S6 phosphorylation (Fig. 4-
3c). We found that PI-103 markedly enhanced cleavage of Bid to tBid as well as
formation of caspases-9 and -3. In TAg-PACS-2"" cells, however, PI-103 had little effect

on the ability of Apo2L/TRAIL to trigger cleavage of Bid or of procaspases-9 and -3.
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4.2.3 Akt phosphorylates PACS-2 at Serys;

Our determination that inhibition of PI3K/Akt augmented Bid cleavage in TAg-WT cells
but not TAg-PACS-2'/' cells raised the possibility that Akt may regulate Bid cleavage by
acting directly on PACS-2. Inspection of the 889-amino acid PACS-2 protein sequence
(Scansite) identified four candidate Akt phosphorylation sites at Serss, Serpas, Sersss and
Serss7 (Fig. 4-4a). We therefore tested the ability of Akt to phosphorylate in vitro GST-
fusion proteins corresponding to the four segments of PACS-2 (PACS-2n1r, PACS-2ppR,
PACS-2ymr or PACS-2c¢1R, see Fig. 4-4a), and found that Akt phosphorylated only PACS-
2Mr, Which contains Ser,ss, Sersss and Serss; (Fig. 4-4b). To identify which of these sites
were required for phosphorylation, we incubated Akt with PACS-2ygr mutants containing
Ser—Ala substitutions at Serpss, Sersss or Serys; and found that the SerrssAla and
Serss7Ala mutations reduced phosphorylation by ~50%, suggesting Akt phosphorylated
both sites in vitro. This possibility was confirmed by determining that Akt could not

phosphorylate a PACS-2\r mutant containing a Seras4437AlaAla double substitution

To determine if PACS-2 Serys4 or Sers3; were phosphorylated in vivo, we performed a
mass spectrometry analysis of human PACS-2 purified from cultured cells. Purified
PACS-2 trypsinolytic peptides were purified over a TiO, phosphopeptide enrichment
column, desalted and sequenced by tandem mass spectrometry (Fig. 4-4d). This analysis
yielded the phosphopeptide STpS437,LKER, demonstrating PACS-2 Sery37 is a bona fide
kinase target in vivo. Identification of the phosphopeptide was confirmed by comparing
the fragmentation pattern of the peptide released from PACS-2 in vivo with the synthetic

peptide ST(pS)LKER (Fig. 4-8).
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To examine the regulation of pSers3; In vivo, we identified an Akt substrate
phosphospecific antibody, mAb 81, raised against the sequence (RX)RXXpS that
recognizes PACS-2 pSerys7 (Fig. 4-9). We prepared brain cytosol from WT and PACS-2"
" mice and immunoprecipitated endogenous PACS-2 with a pan-PACS-2 antiserum. The
immunoprecipitated material was then analyzed by western blot using the pan-PACS-2
antiserum or mAb 81 (Fig. 4-5a). PACS-2 was immunoprecipitated only from WT mouse
brain cytosol and recognized by mAb 81, demonstrating PACS-2 is phosphorylated in
Vivo at Sersz7. We extended this approach and found that lysates from liver and small

intestine contained mAb 8l-positive PACS-2, demonstrating that PACS-2 is

phosphorylated at Sery37 in multiple tissues.

Our determination that Akt phosphorylated PACS-2 Serss; in vitro led us to ask whether
Akt phosphorylates this site in vivo. We immunoprecipitated endogenous PACS-2 from
parallel cultures of WT and Aktl” MEFs and then detected pSers37 by western blot (Fig.
4-5b). We found that PACS-2 was expressed in both WT and Akt1” MEFs. However,
PACS-2 pSers37 was detected in WT MEFs but not Aktl” MEFs, suggesting Akt is an in
vivo PACS-2 Serss7 kinase. To determine if PI3K/Akt-mediated survival signaling
regulates phosphorylation of PACS-2 Sers37, HCT116 cells were serum starved overnight
before re-feeding with serum in the absence or presence of the class I PI3K inhibitor PI-
103 (Fig. 4-5¢). Serum starvation decreased PACS-2 pSerss7 levels in HCT116 cells by 2-
fold. Upon addition of serum, pSerss7 returned to basal levels in control cells but not in
PI-103-treated cells. Together, these results suggest PI3K/Akt survival pathways regulate

the level of phosphorylation at PACS-2 Sers7.
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Figure 4-5: In vivo phosphorylation of PACS-2 Serys.

(A) Left panel; Brain cytosol from WT and
PACS-2-/- mice was incubated with affinity
purified  anti-PACS-2 (Ab 832) and
immunoprecipitated  proteins  were  then
analyzed by western blot using anti-PACS-2
(Ab 193) or mAb 81 to detect pSer437. Right
panel; Liver and small intestine cytosol from
WT mice were analyzed for total PACS-2 and
PACS-2 pSer437 as described above. (B)
Lysates from WT and Aktl-/- MEFs were
incubated with affinity purified anti-PACS-2
(Ab 832) and immunoprecipitated proteins
were then analyzed by western blot using anti-
PACS-2 (Ab 193) or mAD 81 to detect pSer437
as described in panel A. (C) Replicate plates of
HCT116 cells were harvested in proliferative
phase (untreated), serum-starved for 16 hr
(starved), starved and refed with 20% serum for
2 hr (+ serum), or starved and pre-treated with
1 uM PI-103 for one hr prior to refeeding with
20% serum for 2h (PI-103 + serum). Equivalent
amounts of each cell lysate were then analyzed
for by western blot using anti-PACS-2 (Ab
193) to detect total PACS-2 and mAb 81 to
detect PACS-2 pSer437. The blots were also
incubated with anti-Akt and anti-pSer473Akt to
detect total and activated Akt, respectively and
signals quantified by densitometry using Image
J software. The pSer437:total PACS-2 ratio was
calculated and normalized to the untreated
sample. Data are represented as mean +/- SEM
from three independent experiments.
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4.2.4 14-3-3 proteins bind PACS-2 pSer,s;

The regulation of Bad and FOXO proapoptotic activity by binding of 14-3-3 proteins to
Akt-phosphorylated serine residues in these two proteins (Porter et al., 2006), led us to
ask whether 14-3-3 binds PACS-2 Serss7. We first asked whether PACS-2 is a 14-3-3-
client protein in vivo. We immunoprecipitated PACS-2 from brain cytosol with two
different PACS-2 antisera and found that 14-3-3 co-precipitated with PACS-2 (Fig. 6a).
Next, GST fusion proteins encoding PACS-2yz or the PACS-2\r mutants containing
SerysqAla, SerszsAla or SeryzzAla substitutions were pre-incubated with Akt and then
mixed with Hisg-14-3-3. The proteins were captured with glutathione agarose and bound
Hise-14-3-3 was detected by western blot (Fig. 4-6b). We found that Hise-14-3-3 bound
to the Akt-phosphorylated PACS-2yr and the SerzssAla and Sery3sA mutants but not the
Akt-phosphorylated Sers3;Ala mutant, suggesting phosphorylation of PACS-2 at Serss;
was required for binding 14-3-3 proteins. We then conducted a fluorescence polarization
assay to determine quantitatively whether phosphorylated Serss; was sufficient to bind
14-3-3 proteins. Rhodamine-conjugated, 16-mer peptides corresponding to non-
phosphorylated or phosphorylated PACS-2 Ser,s4 or Sers3; were mixed with increasing
concentrations of recombinant 14-3-3y and the resultant effect on fluorescence
polarization was recorded (Fig. 6¢). We found only pSers3; peptide bound 14-3-3y and
the affinity of this binding was similar to the positive control peptide corresponding to
Raf pSeryso. We then asked whether the pSers3; phosphopeptide binds additional 14-3-3
isoforms and found that, similar to Raf pSer,s9, PACS-2 pSers37 bound all seven human

14-3-3 isoforms with Kys ranging from 1.34 to 7.84 uM (Fig. 4-6d).

116



Chapter 4. PACS-2 controls TRAIL-mediated apoptosis

Thus, PACS-2 pSeras;7 binds 14-3-3 proteins with an affinity similar to other 14-3-3 client

proteins (Du et al., 2006).

4.2.5 PACS-2 pSer37 binding to 14-3-3 regulates Apo2L/TRAIL-induced apoptosis

The binding of 14-3-3 proteins to PACS-2 pSers37 suggested that apoptotic induction
would disrupt binding of PACS-2 to 14-3-3. To test this possibility, we treated HCT116
cells co-expressing PACS-2ha and 14-3-3myc with Apo2L/TRAIL to induce apoptosis.
PACS-2ha was immunoprecipitated at increasing times after addition of the death ligand
and the status of Serss7 phosphorylation and co-precipitated 14-3-3myc were monitored
by western blot (Fig. 4-7a). We found that Apo2L/TRAIL induced dephosphorylation of
PACS-2 Sery37, which was temporally coupled with the release of bound 14-3-3myc and

increased cleaved caspase-3.

To determine if 14-3-3 regulates the apoptotic activity of PACS-2, we used a fluorescent
protein-based reporter assay of caspase-3 activation (see Materials and Methods). We co-
transfected TAg-PACS-2"" MEFs cells with plasmids expressing the caspase-3 with HA-
tagged PACS-2 or PACS-2Ser437Ala. The cells were then treated with Apo2L/TRAIL for
24 hr, fixed and the subcellular localization of the eYFP reporter was quantified as a
marker of caspase-3 activation (Fig. 4-7b). We found that PACS-2 and PACS-2Sers37Ala
increased the number of caspase-3-positive cells induced with Apo2L/TRAIL by nearly
5-fold over control cells. Next, we tested the ability of co-expressed 14-3-3 to repress the

increased caspase-3 activity and found that 14-3-3myc repressed the ability of PACS-2
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but not PACS-2Ser437Ala to increase caspase-3 activity. Consistent with these results, co-
immunoprecipitation studies showed that 14-3-3myc interacted with HA-tagged PACS-2
but not PACS-2Ser437Ala (Fig. 4-7¢). These results suggest that the binding of 14-3-3 to

PACS-2 Serss7 regulates Apo2L/TRAIL-dependent apoptosis.

Figure 4-7. PACS-2 Ser437 and 14-3-3 control a homeostatic switch to apoptosis. (A) Replicate plates of
HCT116 cells expressing HA-tagged PACS-2 and myc-tagged 14-3-3C were treated with 25 ng/ml TRAIL
for the indicated times. Cell lysates were incubated with mAb HA.11 to immunoprecipitate PACS-2ha and
immunoblotted with mAb 9E10 to detect co-precipitating 14-3-3, mAb 81 to detect pSer437 and HA.11 to
detect total immunoprecipitated PACS-2ha. Western blotting was also performed on total cell lysate to
detect c-caspase 3, total PACS-2ha and 14-3-3{-myc. (B) Replicate plates of TAg-PACS-2-/- cells were co-
transfected with an eYFP-tagged caspase-3 reporter together with pcDNA3.1 (vector) or plasmids
expressing HA-tagged PACS-2 or PACS-2S437A alone or in addition to 14-3-3(-myc. The cells were then
treated with vehicle or 10 ng/ml TRAIL for 16hr, fixed and the number of nuclear eYFP-positive cells
indicating activated caspase-3 were counted in 5 random fields. Data are represented as mean +/- SEM
from three independent experiments. (C) Replicate plates of TAg-PACS-2-/- described in panel B co-
expressing 14-3-3¢-myc and HA-tagged PACS-2 or PACS-2S5437A were lysed, PACS-2 proteins
immunoprecipitated with anti-HA (mAb HA.11) and co-precipitating 14-3-3(-myc was detected by western
blot using mAb 9E10. (D) Replicate plates of HeLa cells were nucleofected (Amaxa) with plasmids
expressing myc-polycystin-2 (PKD2, top panels) or Nef-eYFP (bottom panels), together with either empty
vector or plasmids expressing PACS-2 or PACS-2S437A. After 36 hr, the cells were fixed and processed
for confocal microscopy using anti-myc (mAb 9E10, green) plus anti-Golgin-97 (red, top panels) or anti-
Golgin-97 alone (bottom panels) and visualized using Alexa-conjugated secondary antibodies.

118



Chapter 4. PACS-2 controls TRAIL-mediated apoptosis

A B
1001
Apo2/TRAIL(N) 0 1 2 4 6 007 [ notreatment -
IP:-HA W + TRAIL
14-3-3p - "I 3 @ + TRAIL (14-3-3)
> g 001
pS437-PACS-2 — §
PACS-Z’-- [ e — _J :3 604
lysate: WwB “:i
B @
c-Caspase 3| bt = I (é il
O e ——— g
3
14-3—3@ ;; 204 i’;l;‘
0 | |
vector PACS-2 PACS-2 Serg37A
C D vector PACS-2 PACS-2 Sergz7A
-
&
tal
Il )
S & T &
pHa & <& <F g
lysate:

Nef-eYFP

Figure 4-7: PACS-2 Sery;7 and 14-3-3 control a homeostatic switch to apoptosis.
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4.2.6 PACS-2 Serysy is required for membrane and protein traffic

In non-apoptotic cells PACS-2 mediates the localization of cellular and viral membrane
cargo to secretory pathway compartments. We therefore asked whether phosphorylated
Serss7 was required for PACS-2 to mediate protein traffic. One PACS-2 cargo protein is
the calcium channel polycystin-2, which binds PACS-2 and localizes to the endoplasmic
reticulum in a PACS-2-dependent manner (Kottgen et al., 2005). We co-expressed myc-
polycystin-2 with either a control vector or with PACS-2 or PACS-2Sers3;A and
monitored the subcellular localization of myc-polycystin-2 by confocal microscopy (Fig.
4-7d). In agreement with earlier studies (Kottgen et al., 2005), we found myc-polycystin-
2 localized to the ER in control cells or cells overexpressing PACS-2. By contrast, co-
expression of PACS-2Sery37A caused myc-polycystin-2 to redistribute from the ER to the
paranuclear region where it showed partial overlap with the late Golgi marker Golgin-97.
HIV-1 Nef also binds PACS-2 to traffic from endosomal compartments to the
paranuclear region where it assembles a multi-kinase complex that triggers MHC-I
downregulation (Atkins et al., 2008). We therefore co-expressed Nef-eYFP with PACS-2
or PACS-2Ser437Ala and monitored Nef-eYFP localization by confocal microscopy. We
found that Nef-eYFP localized to the Golgi region in control cells or cells co-expressing
PACS-2. By contrast, PACS-2Ser437A disrupted the ability of Nef-eYFP to localize to the
Golgi region, causing it instead to accumulate in dispersed compartments that also
contained Golgin-97 (Fig. 4-7d). Together, these results suggest the binding of 14-3-3 to
pSerss7 is a key determinant governing the switch of PACS-2 between its roles in

membrane traffic and Apo2L/TRAIL-mediated apoptosis.
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Figure 4-8. Confirmation of pSery;; tryptic peptide.
Comparison of the tandemmass spectra from an in vivo PACS-2 phosphopeptide and a synthetic peptide of

the determined sequence. Top; PACS-2 tryptic peptide spectrum as described in Fig.4-4d. Bottom,
fragmentation spectrum of synthetic RST(pS)LKER.
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Figure 4-9. Characterization of mAb81.

(A) Western blot analysis of immunoprecipitated PACS proteins from transfected HEK293 cells with the
Akt phosphosubstrate specific antibody mAb 81. (B) mAb 81 western blot analysis of in vitro Akt
phosphorylated PACS-2 MR-GST proteins.
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4.3 Discussion

Here we identify phosphorylation state of PACS-2 Serss7 as a molecular switch that
regulates cellular homeostasis and Apo2L/TRAIL-induced apoptosis. The failure of
Apo2L/TRAIL to trigger apoptosis in livers from PACS-2"" mice using a model of viral
hepatitis identifies PACS-2 as a key apoptotic effector in vivo (Fig. 4-2). Viral infection
sensitizes cells to Apo2LL/TRAIL-mediated apoptosis by inducing DRS expression as part
of the innate immune response (Zender et al., 2005). Despite this increased apoptosis,
some pathogenic viruses such as hepatitis C virus persist, leading to steatosis and
cytokine-mediated injury and fibrosis (Mundt et al., 2005). Both hepatic apoptosis and
steatosis are a direct consequence of Apo2L/TRAIL binding to DR5 (Mundt et al., 2005).
In the absence of PACS-2 apoptosis is blocked whereas steatosis appears unabated (Fig.
2), suggesting Apo2L/TRAIL signaling pathways controlling apoptosis and steatosis
diverge between the receptor and PACS-2. Moreover, the requirement of PACS-2 for
hepatic apoptosis induced by Apo2L/TRAIL but not the TNFa or FasL (Fig. 4-2),
suggests that the signaling pathway leading from death receptor activation to Bid
cleavage is fundamentally different between the three death ligands. Further analysis of
the precise steps regulated by PACS-2 in response to Apo2L/TRAIL will provide new

insights into the underlying mechanism of death ligand-induced apoptosis.

The role of PACS-2 in mediating Apo2L/TRAIL action may not be restricted to virally
infected cells as siRNA knockdown of PACS-2 prevents Apo2L/TRAIL-mediated killing
of HCT116 colorectal cancer cells (Fig. 4-1). Interestingly, the PACS-2 gene, located at

chromosome 14q32.33 is lost in sporadic colorectal cancer (Anderson et al., 2001; Bartos
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et al., 2007). In agreement with these genomic studies, our immunohistochemical and
western blot analysis revealed that the PACS-2 protein is lost in cancer tissues of ~50%
of the patients suffering from colorectal cancer (Fig. 4-1). These findings raise the
possibility that loss of apoptotic PACS-2 expression may be a contributing factor to the
colorectal cancer sequence and suggest PACS-2 may be a biomarker for Apo2L/TRAIL-
resistant cancer. To what extent loss of PACS-2 exacerbates the tumorigenesis and
whether PACS-2 mediates Apo2L/TRAIL killing in in vivo models of autoimmune

disorders warrants further investigation.

Genetic and biochemical analyses have revealed that the PACS proteins are metazoan
membrane traffic regulators that mediate organ homeostasis and have important roles in
diverse pathologies and disease states (Youker et al., 2008). In healthy cells, cytosolic
PACS-2 binds membrane cargo proteins containing acidic cluster sorting motifs and
mediates their localization to distinct compartments. In addition, HIV-1 Nef binds PACS-
2 to traffic to the Golgi region to assemble a signaling complex that triggers MHC-I
downregulation (Atkins et al., 2008). PACS-2 binds an acidic cluster ER-localization
motif in the polycystin-2 cytosolic domain and connects this motif to COPI in vitro
(Kottgen et al., 2005). Loss of PACS-2 or disruption of the PACS-2—COPI interaction
causes polycystin-2 to mislocalize from the ER. Our determination that PACS-2Sers37A
disrupts the subcellular localization of polycystin-2 (Fig. 4-7), suggests binding of 14-3-3
to pSers37 may be required for PACS-2 to mediate the trafficking of its client proteins in
non-apoptotic cells. The mechanism for 14-3-3 binding to PACS-2 required for

trafficking cargo proteins, however, is unknown. Interestingly, 14-3-3 and COPI
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cooperate to localize other cargo to the ER by binding directly to the cargo protein
(O'Kelly et al., 2002). Binding to COPI mediates a Golgi-to-ER trafficking step whereas
binding 14-3-3 promotes anterograde movement. Our determination that PACS-2Sers37A
disrupts ER localization of polycystin-2 suggests a role for 14-3-3 binding to PACS-2
different from mediating anterograde trafficking. Moreover, our finding that PACS-
28Sers37A also disrupts trafficking of HIV-1 Nef to the Golgi region, a step required for
MHC-I downregulation (Atkins et al., 2008), suggests roles or an interaction between

PACS-2 and 14-3-3 in mediating endosomal trafficking and HIV-1 immunoevasion.

The combined results of pharmacologic and genetic experiments suggest Akt is an in
vivo PACS-2 Sers37 kinase (Figs. 4-4 and 4-5). Although more than 100 putative in vitro
Akt substrates have been described in the literature, only about 20 substrates have been
rigorously confirmed as bona fide targets in vivo (Manning and Cantley, 2007). Similar
to PACS-2, Akt phosphorylation of FOXO3A and Bad generates a binding site for 14-3-3
proteins (Manning and Cantley, 2007; Porter et al., 2006). PACS-2 Sers37 is embedded
within an evolutionally conserved consensus Akt phosphorylation site, and kinase studies
in vitro and with Akt” MEFs and PI-103 demonstrated Akt is a PACS-2 Sers37 kinase
(and Fig. 4-5). These studies, however, do not exclude the possibility that other kinases
may also phosphorylate PACS-2 Serss7. Indeed, p70S6K, which is activated by mTOR,
phosphorylates Akt consensus sites and phosphorylates Bad Ser;36 in vivo (Harada et al.,
2001). To what extent p70S6K or other kinases may phosphorylate PACS-2 Serss;

remains to be determined.
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Similar to PACS-2, Bad is a multifunctional protein that integrates metabolic homeostasis
with apoptosis that is controlled in part by Akt and 14-3-3 proteins. In healthy
hepatocytes and beta cells, Bad directs the assembly of glucokinase-containing
complexes at mitochondria to regulate insulin release whereas in apoptotic cells Bad
becomes apoptotic and binds anti-apoptotic Bcl-2 proteins to promote MMP (Danial et
al., 2003). The switch between these metabolic and apoptotic functions of Bad are
regulated by the sequential phosphorylation state multiple serine residues, including Bad
Ser;s6, which is phosphorylated by Akt and p70S6K and binds 14-3-3 proteins, and
Serss, which is phosphorylated by PKA. Similar multi-modal regulation may occur on
PACS-2. In addition to Sers37, we found that Akt phosphorylates PACS-2 Sers4 in Vvitro.
While Ser,44 does not directly engage 14-3-3 proteins, pSer,ss and pSersz; may combine

to regulate whether PACS-2 mediates protein traffic or apoptosis.

The PI3K/Akt survival pathway promotes resistance to chemotherapy, ionizing radiation
and Apo2L/TRAIL in solid tumors (Martelli et al., 2003; Shankar and Srivastava, 2004).
Conversely, inhibition of PI3K/Akt enhances Apo2L/TRAIL-induced apoptosis in tumor
cells with weak response to Apo2L/TRAIL (Kandasamy and Srivastava, 2002; Vaculova
et al., 2006). However, the majority of these reports use pan-selective inhibitors such as
wortmannin and LY294002, which display similar ICsos against all PI3Ks. The
concentrations of PI3K inhibitors needed to block PI3Ks are similar to the concentrations
that induce cell death—hence preventing their use as chemotherapeutics. The
pyridinylfuranopyrimidine PI-103 represents a selective inhibitor of Class I PI3Ks that

lacks toxicity of pan-selective inhibitors (Knight et al., 2006). We found that PI-103
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enhances Apo2L/TRAIL-mediated cell death in a PACS-2 dependent manner (Fig. 4-3),
suggesting that PI-103 may mediate effects in part through inhibition of PACS-2 Serys;
phosphorylation. As PACS-2 is required for the enhancement of Bid cleavage and
caspase activation in response to PI-103 (Fig. 4-3), PACS-2 Sers3; may represent a
necessary point of regulation in the apoptotic response. Our finding that 14-3-3 can
repress the Apo2LL/TRAIL-induced apoptotic activity of PACS-2 but not PACS-2Sers37A

(Fig. 4-7), supports this model.

While PI3K/Akt regulates Apo2L/TRAIL at the level of Bid cleavage, the underlying
mechanism has been elusive. The regulation of Bid cleavage to truncated Bid (tBid)
molecules is complex and controlled by multiple proteases. In healthy cells and mouse
liver, apoptotic Bid is silenced by CK1 and CK2 phosphorylation of serine and threonine
residues proximal to Bid’s caspase cleavage site (Desagher et al., 2001; Vogel et al.,
2006). Caspase-8 cleaves Bid at Aspsg to form myristoylated tBid, which can bind
mitochondria membranes and stimulate MMP (see Chapter 2 and (Aslan and Thomas,
2008) for review). However, in Apo2L/TRAIL-treated cells, activation of caspase-8 is
necessary but not sufficient for Bid action ((Rokhlin et al., 2002) and see Fig. 4-3).
Rather Apo2L/TRAIL triggers lysosome permeabilization to release cathepsins B and D,
which cleave Bid at sites other than Aspsg, and which are required for Apo2L./TRAIL-
induced cell death (Werneburg et al., 2007). Thus, the canonical caspase-8/myrisotylation
model may not represent the sole mechanism of Bid regulation. The failure of
Apo2L/TRAIL to stimulate Bid cleavage in PACS-2"" MEFs, despite activation of

caspase-8, is consistent with this model. PACS-2 binds full-length Bid mediates
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translocation of Bid to mitochondria and cleavage (Simmen et al., 2005). The recent
determination that PACS-2 mediates ER-mitochondria communication and endosomal
traffic (Atkins et al., 2008; Kottgen et al., 2005; Simmen et al., 2005), raises the
possibility that Apo2L/TRAIL triggers PACS-2 to alter organellar dynamics to assemble
a platform that regulates Bid translocation and cleavage (see Chapter 2 and (Aslan and

Thomas, 2008) for review). This possibility is currently under investigation.

4.4 Materials and Methods

Mice, cancer tissue and Reagents.

Mice: A murine ES cell line (129 Sv/Ev strain) containing the VICTR37 retroviral
gene trap in intron 1 of the PACS-2 gene (Lexicon Genetics) was injected into 3.5d
blastocysts isolated from superovulated C57BL/6 mice and implanted into
pseudopregnant ICR mice. Pups were outmated to NIH Black Swiss mice. PACS-2
expression was determined by western blot and RT-PCR of RNA isolated from tissue
using Qiagen RNeasy and amplified with Omniscript RT, then Taq polymerase with
primers directed to exons 1 and 11 of mouse PACS-2. Exons 4/5 and 15/16 of PACS-1
and exons 5 and 13 of ATP citrate lyase served as controls. Animal care and experiments
were in accordance with the Guidelines of the Department of Comparative Medicine,

OHSU.

Cell lines: WT and PACS-2" primary MEFs were isolated from 13d embryos and

were either propagated as primary cultures or immortalized by infection with a retrovirus
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expressing SV40 large T antigen (provided by R. Cone, OHSU). TAg-PACS-2"" cells
rescued for PACS-2 expression (TAg-PACS-2%) were generated by stable transfection
with pcDNA3.1-PACS-2-HA or empty vector (TAg-PACS-2") and pCEP4 to confer
hygromycin resistance. MEFs were grown in DMEM supplemented with 10% fetal
bovine serum. WT and Aktl”™ MEFs (from N. Hay, UIC), HCT-116 (from B.
Vogelstein), A7, BSC-40, HEK293 and HeLa cells were cultured in DMEM

supplemented with 10% fetal bovine serum.

Human Tissues: 200 mg portions of resected, staged colorectal cancer specimens

with adjacent normal colonic tissue controls were isolated from consented patients under
approval from the OHSU and KP IRB. Tissue samples were quick-frozen in liquid
nitrogen and homogenized in mRIPA buffer supplemented with complete protease and
phosphatase inhibitors. Extracts were centrifuged at 15,000g (30 min, 4°C) and 100 ug of

total protein from each supernatant was analyzed for PACS-2 protein by western blot.

Plasmids and siRNA: 14-3-3C-pcDNA3.1 was obtained from A. Aitken (U.

Edinburgh, UK). 14-3-30-pcDNA3 was from H. Piwnica-Worms (Wash. U.). Bad-
pGEX-4T1 was from T. Soderling (OHSU). pCaspase-3 Sensor was from BD
Biosciences. Plasmids encoding PACS-2 GST and HA-tagged proteins were previously
described (Kottgen et al., 2005; Simmen et al., 2005). pTM4-FL encoding myc-
polycystin-2 was from S. Somlo (Yale) and pNef-eYFP was described (Hung et al.,

2007). Alanine substitution mutations were generated by standard methods. Control (scr)
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and PACS-2 siRNAs (Dharmacon) were nucleofected into cells (Amaxa) as described

(Atkins et al., 2008).

Antisera: Antibodies used were anti-mouse caspase-8 1G12 (ALX-804-447,
Alexis), anti-mouse Bid/tBid (MAB860, R&D Systems), anti-caspase-9 (#9508, Cell
Signaling), anti-cleaved caspase-3 (#5AI1E, Cell Signaling), anti-DRS (#28065,
Anaspec), anti-Hisg (#2365, Cell Signaling), anti-actin (MAB1501, Chemicon/Millipore),
anti-tubulin (#2148, Cell Signaling), anti-14-3-3C (AB9746, Upstate/Millipore), anti-myc
mAb 9E10 (06-340, Upstate/Millipore), goat anti-PACS-2 (HPA001423, Atlas), rabbit
anti-PACS-2 604, 832 and 834 (Simmen et al., 2005), rabbit monoclonal antibody
#81E12B5X (Cell Signaling) that detects phosphorylated PACS-2 Serss7, anti-HA mAb
HA.11 (MMS-101R, Covance), anti-Akt (Cell Signaling #9272), anti-pAkt (Cell
Signaling #9271), anti-Golgin 97 (#A21270 Molecular Probes), Alexa488 goat anti-
rabbit IgG (# A11008 Molecular Probes), Alexa546 goat anti-mouse IgG; (#A21123
Molecular Probes) and HRP-conjugated secondary antibodies (Southern Biotech and

A1949, Sigma). Anti-S6 and anti-pS6 were from G. Thomas (GRI, U. Cincinnati).

Apoptosis assays.

In vivo induction of apoptosis in mouse liver: To analyze the role of PACS-2 for

TRAIL mediated apoptosis, recombinant adenoviruses expressing GFP (Ad-GFP) and
Apo2L/TRAIL (Ad-TRAIL) were prepared as described (Mundt et al., 2005). Prior to
infection the virus was dialyzed twice against a solution containing 10 mM Tris-HCI, pH

8.0, 1 mM MgCl,, 140 mM NaCl at 4°C. Infection of mice was carried out by
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administration of 0.25 ml of Ad-GFP virus and of Ad-TRAIL virus solution 24 hours
after the first injection into the tail vein with 2x10° pfu/g. 24 hours later mice were
sacrificed. To analyze the role of PACS-2 for Fas and TNFa-mediated apoptosis, mice
were challenged with intraperitoneal administration of the monoclonal Fas antibody (Jo-
2) (BD Pharmingen, San Diego, CA) (0.7 ng/g) and of LPS (0.5 pg/g) + D-galactosamine
(700 ng/g, Sigma), respectively. Mice were sacrificed when they became moribund or
after 6 hours. At the time of sacrifice, a small fragment of each liver was fixed in buffered
formalin. The remaining liver tissues were quick-frozen in liquid nitrogen and stored at -

80 °C until analysis.

Flow cytometry assays: HCT116 cells or MEFs were treated with recombinant

mouse or human Apo2L/TRAIL (R&D Systems). For biochemical studies, cells were
pretreated or not for 1 hour with 1 uM PI-103 (Calbiochem) and harvested directly into
heated SDS sample buffer. Apoptosis assays conducted by flow cytometry using Annexin
V-APC (Pharmingen) and propidium iodide (Calbiochem) using a FACSCalibur (BD)
cytometer and CellQuest acquisition/analysis software (BD) as previously described

(Simmen et al., 2005).

pSensor reporter assay: TAg-PACS-2"" MEFs cells were Lipofectamine 2000

transfected with pSensor and pcDNA3 or pcDNA3.1-PACS-2 constructs with or without
14-3-3C-myc-pcDNA3. Cells were treated with 10 ng/ml mouse TRAIL for 16 hours

before paraformaldehyde fixation. Five 20x fields of each sample were visualized Zeiss
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microscope using Openlab software (Improvision) and scored for eYFP localization in

triplicate.

Phosphorylation and binding assays.

GST-tagged PACS-2 proteins were prepared as previously described (Simmen et
al., 2005; Tureckova et al., 2001). HA-tagged active and kinase-dead (KD) Akt were
expressed using recombinant adenoviruses as described (Tureckova et al., 2001) and Akt
phosphorylation was conducted as described (Tureckova et al., 2001). [y-""P]JATP was
from Perkin Elmer. Akt phosphorylated GST proteins (1 pg) were captured on
Glutathione Sepharose, washed in 14-3-3 binding buffer (20 mM Tris pH 7.4, 1% NP40,
1 mM EDTA), and incubated with 10 pug 14-3-3c-Hise for one hr at RT, washed and then
separated by SDS-PAGE and visualized by autoradiography. Endogenous PACS-2 was
immunoprecipitated from the indicated tissue- or cell-cytosol by incubating 10 pg affinity

purified anti-PACS-2 overnight and then captured with 50 ul Protein G agarose (Zymed).

Fluorescence polarization.

FP assays for 14-3-3 interactions were performed as previously described (Du et
al., 2006). TM-Rhodamine-conjugated peptides for Sers-PACS-2 (TMR-
RRSIVRTTSMTRQQN), pSeryus-PACS-2 (TMR-RRSIVRTTpSMTRQQN), Serass-
PACS-2 (TMR-GRRGRSTSLKERQA) and pSers37-PACS-2 (TMR-
GRRGRSTpSLKERQA) were from Anaspec. The fluorescence polarization (FP) signals
were recorded after 1 hr of incubation using the Analyst HT. The assay window was

defined by subtracting free peptide polarization values from values of bound peptide
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recorded in the presence of specified protein concentrations of GST-14-3-3. The data
were fit to the model FP = ([14-3-3] « Bmax)/([14-3-3] + K4) using nonlinear regression

analysis, where By is the maximal binding (Prism 4.0; Graphpad).

Mass Spectrometry.

PACS-2-HA immunoisolated from BSC40 cells was subject to partial in-gel
trypsin digestion as described (Shevchenko et al., 2006). Phosphopeptides were enriched
as described (Larsen et al., 2005), dissolved in formic acid, desalted on a POROS Oligo
R3 reversed-phase column (ABI), and eluted into a nanoelectrospray needle with either
ammonium hydroxide/acetonitrile for precursor ion scanning in negative ion mode or
acetic acid/acetonitrile for tandem mass spectrometry (MS/MS) in positive ion mode.
Precursor ion mass spectrometry analysis was performed on a QSTAR XL quadrupole
time-of-flight mass spectrometer equipped with a nanoelectrospray ion source (MDS
Proteomics). After identification of candidate phosphopeptides, the remaining sample
was used to identify sites of phosphorylation by nanoscale LC-MS/MS sequencing on an
LC-Packings (Dionex) nanoLC system coupled to a Thermo LCQ Deca XP MAX

quadruple ion trap mass spectrometry system.

IHC and Confocal Microscopy.

Immunohistochemistry: formalin-fixed, paraffin embedded tissue samples from

consented patients were cut in 3 micron sections, placed on poly-lysine-coated slides,
then deparaffinized and antigen was retrieved with heated citric acid (Ventana CC10).

The samples were stained with Ab HPA001423 and visualized with diaminobenzamidine
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(Ventana). The slides were counterstained with hematoxylin and images were captured

with a Nikon Eclipse 801 microscope equipped with a Nikon Digital Sight DS-L1 camera.

Confocal microscopy: HelLa cells were nucleofected (Amaxa) with pTM4-FL

encoding myc-polycystin-2 or pNef-eYFP. After 36 hr, cells were fixed with
paraformaldehyde and processed for confocal microscopy as described and cells were
visualized with a 60x oil immersion objective on an Olympus Fluo-View FV300 laser
scanning confocal microscope as described (Atkins et al., 2008). As indicated in the
figure legends, following incubation with anti-Myc and anti-Golgin 97 antibodies,
staining was visualized using species and subtype-specific Alexafluor secondary

antibodies (Invitrogen).
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Chapter 5. Discussion

5.1 Summary

The results presented in this dissertation demonstrate that PACS-2 directs intracellular
trafficking and interorganellar processes that mediate cellular homeostasis and apoptotic
cell death. Under basal conditions, PACS-2 localizes primarily to the ER and cytosol to
mediate the sorting of cargo such as PKD2 to mediate their sorting itineraries. PACS-2
also controls communication processes between the ER and mitochondria, likely through
a sorting function that localizes the folding chaperone calnexin to the ER and MAMs. In
response to stress, PACS-2 localizes to the mitochondria to drive Bid-dependent cell
death. PACS-2 binds to the full-length form of Bid and siRNA depletion studies in
Chapter 3 show that PACS-2 is required to cleave and deliver Bid to the mitochondria to
promote mitochondrial cytochrome c release, caspase activation and death in response to
staurosporine and Fas-Ab/CD95. Studies of tumor cells as well cells from knockout mice
in Chapter 4 further confirm that PACS-2 is required for Bid action in response to the
chemotherapeutic agent TRAIL. Furthermore, PACS-2 is required for TRAIL-mediated
cell death in vivo as PACS-2"" mice show no detectable apoptosis in a hepatitis model of
TRAIL sensitivity. PACS-2 is phosphorylated by the pro-survival kinase Akt in vitro and
in vivo at Sers37 to establish a binding site for 14-3-3 proteins which inhibit apoptosis in a
PACS-2 Sersz;-dependent manner. Apoptotic induction leads to PACS-2 Serss;
dephosphorylation, which may act as a switch to change the function of PACS-2 from a
homeostatic sorting protein to an inducer of apoptosis. These results have many

implications for future research directions concerning the function of PACS-2 as well as
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PACS-1 and bring up a number of novel insights in the future pursuits of studies of cell

biology, apoptosis, cancer and disease.

5.2 Implications for Bcl-2 protein function

In Chapter 3 we show that that PACS-2 controls the apoptotic trafficking of Bid to the
mitochondria in response to the potent kinase inhibitor staurosporine and Fas-Ab/CD95.
While initial studies of Bid action argue that Bid is first cleaved to a tBid species with
affinity for mitochondria (Gross et al., 1999b), our studies allude to a mechanism in
which PACS-2 first binds to Bid in an apoptotic manner to traffic full length Bid to the
mitochondria which is subsequently cleaved to tBid. Interestingly Bid translocation is
under the control of both Akt and Jnk (Chen et al., 2001; Deng et al., 2003), yet no direct
phosphorylation of Bid by these kinases has been reported. Likewise, we have been
unable to demonstrate that PACS-2 is a Jnk substrate in vitro (J. Aslan and G. Thomas,
unpublished results). Our studies allude to a mechanism in which Akt prevents Bid
translocation while Jnk promotes translocation of full length Bid to the mitochondria
through phosphorylation of PACS-2 and 14-3-3 proteins. While 14-3-3 release from
apoptotic clients such as bad and PACS-2 is hypothesized to take place by client
dephosphorylation, 14-3-3 proteins themselves are targets of apoptotically active Jnk
kinases that phosphorylate 14-3-3 proteins, leading to their release from such as Bad, Bax
and c-Abl (Sunayama et al., 2005; Tsuruta et al., 2004; Yoshida et al., 2005). Future
studies will aim to describe how these apoptotic signaling systems coordinate both Bid
and PACS-2 activation. Additionally, future studies will examine whether or not the

PACS proteins can direct the apoptotic function of additional Bcl-2 family members such
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as Mcl-1, Bax, Bad, Bim, Bcl-2 and Bik. Protein-protein interaction studies examining
potential interactions between the PACS proteins and such Bcl-2 proteins are currently in

progress in the Thomas lab.

5.3 A lysosomal pathway to Bid activation

Apoptotic pathways mediated by death ligands such as FasL, TNFa and TRAIL
classically route from cell surface receptors to the mitochondria (Peter and Krammer,
2003). As discussed in Chapter 2, a number of studies now report that lysosomes may act
as intermediates in this apoptotic signal transduction pathway (Cirman et al., 2004;
Heinrich et al., 2004; Werneburg et al., 2007). Interestingly, these studies argue that Bcl-
2 proteins such as Bid, Bax and Bim have roles in permeabilizing lysosomes to release
cathepsin proteases that may act on Bid in a requisite step to drive caspase activation and
apoptosis. As described in Chapter 2, cell death signals initiated at the cell surface
through death receptors are transduced from the cell surface into an endosomal
“receptosome” compartment that triggers downstream caspase activation (Micheau and
Tschopp, 2003), perhaps through an activation of cathepsins in lysosomes, or possibly
late endosomes or multivesicular bodies (Schneider-Brachert et al., 2004; Schutze et al.,
2008). Interestingly, in addition to working in the early secretory pathway, PACS-2 also
regulates CD8 internalization from the cell surface and is required to recycle CDS8
positive endosomes (Atkins et al., 2008). Current projects in the Thomas lab are working
to determine if lysosomal trafficking, morphology and signaling pathways are altered in
PACS-2 deficient systems in a manner that would explain the phenomena described in

Chapters 3 and 4.
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5.4 PACS-2 as a 14-3-3 client protein

14-3-3 proteins act as tumor suppressors in part for their role in blocking apoptotic
programs through the sequestration of apoptotic client proteins to the cytosol to block
apoptotic activities (Hermeking, 2003). From a structural perspective, 14-3-3 proteins
function as homodimers or heterodimers to regulate client activity (Fu et al., 2000). This
was first demonstrated in the case of Raf, as 14-3-3 dimerization is requisite for Raf
kinase activity (Tzivion et al., 1998). This dimeric nature of 14-3-3 protein function led
to initial hypotheses that 14-3-3 dimers may regulate apoptosis through binding to
multiple phosphorylated sites on pro-apoptotic proteins such as Bad which contains
multiple phosphorylation sites including Serine;;; and Serinejss. Bad Serine;;; has,
however, recently been shown to be dispensable for apoptotic regulation by 14-3-3
proteins while Serine;ss is now known to be an Akt target that binds to 14-3-3 upon
phosphorylation (Masters et al., 2001). Similar to apoptotic 14-3-3 client proteins such as
Bad, PACS-2 contains a number of potential sites of phosphorylation which may regulate
PACS-2 function and apoptotic activity through simultaneous binding to multiple binding
sites. In Chapter 4, I show that Akt phosphorylates PACS-2 Serineyss and Seriness; in
vitro and provide evidence that Seriness; is phosphorylated in vivo to control a threshold
to TRAIL-mediated apoptosis. While fluorescence polarization analysis shows that
phosphorylation of PACS-2 Seryss alone is not sufficient to establish 14-3-3 binding
(Figure 4-6), mutation of Ser,44 does have a small but consistent inhibitory effect on 14-3-
3 binding to phosphorylated PACS-2 in vitro (Figure 4-6). This SerssA mutation,

however has no effect on the modulation of caspase-3 activity in response to TNFa upon
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PACS-2 overexpression in HEK293 cells (Figure A-6). Nonetheless, Serss may be a
kinase target in vivo controlling an as of yet identified function of PACS-2 in trafficking

or apoptotic regulation.

Interestingly, the 14-3-3 binding site identified on PACS-2 at Sers37; (RGRSTS437,LKER)
does not conform to classic mode 1 or mode 2 (RSXpSXP and RXXXpSXP) motifs

that use a proline to bind 14-3-3. This site is, however, nearly identical to the Akt
phosphorylation and 14-3-3 binding site of the tuberous sclerosis protein TSC-2
(RARSTSy30LNER) (Li et al., 2002). TSC-2 also has a role in maintaining genomic
stability and is a target of the mTOR pathway that regulates cellular growth and tumor
development (Huang and Manning, 2008). Future studies may reveal a connection
between mTOR/TSC2 signaling and PACS-2 function. Such a connection may be found
through p70S6K, an mTOR kinase that shares substrate specificity with Akt. Indeed,
p70S6K phosphorylates Bad at Ser;ss to block apoptotic programs (Harada et al., 2001).
Whether p70S6K or other arginine-directed serine/threonine kinases target PACS-2

Ser437 will be an important and interesting future line of investigation.

14-3-3 proteins represent one of the most abundant proteins in mammalian cells,
comprising about 1% total protein from human brain (Fu et al., 2000). Despite the great
quantity of 14-3-3 proteins present in mamallian tissues and their relative simple
structure, little is known of how the seven human isoforms of 14-3-3 regulate cellular
function. Future studies will determine which isoforms bind to PACS-2. No study to date

has demonstrated the stoiciometry of binding of 14-3-3 clients. Whether 14-3-3 proteins
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bind to sequester clients in a non-active form or if the on-off rate of binding is rapid,

serving as a simple switch also remains to be determined.

5.5 PACS-2 and disease

The PACS proteins function to maintain the proper intracellular location of cargo such as
the ion channel PKD2 and nephrocystin (Kottgen et al., 2005; Schermer et al., 2005).
PACS mediated sorting of such factors is likely relevant to pathological states such as
polycystic kidney disease as mutation or deletion of the acidic cluster of PKD2 leads to
this devastating disease (Cai et al., 1999; Delmas et al., 2004; Sutters and Germino,
2003). In Chapter 4 we show that PACS-2 Serss7 in part mediates the homeostatic sorting
of the PKD2 channel in addition to having a role in apoptosis. This dual functionality is
not unique to PACS-2; other pro-apoptotic proteins such as Bad are emerging as
important intracellular regulators as Bad directs glucokinase to mitochondria in response
to high fat feeding to stimulate insulin secretion (Danial et al., 2003; Danial et al., 2008).
As discussed in Chapter 2, a number of apoptotic players such as other Bcl-2 proteins and
Drpl have homeostatic as well as apoptotic roles. The manner in which these proteins
“switch” from homeostatic regulators to inducers of death is not understood. Likewise the
manner in which the intracellular location of these factors influences their apoptotic
functions is not known. Our results, like those for Bad hint that Akt may not only mediate
cell proliferation and survival, but may act to maintain cellular homeostasis by setting the

function of targets such as Bad and PACS-2.
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Our results in Chapter 4 suggest that pro-inflammatory pathways mediated by TRAIL
may not involve PACS-2 as PACS-2 deficient mice, like wt controls, also display
steatosis of the liver in response to TRAIL. This result suggests that DR5-mediated
steatosis and apoptosis signaling pathways diverge at some point before PACS-2. These
results, however, do show that PACS-2 could have a role in mediating apoptotic response
to TRAIL in response to hepatitis virus infection. As discussed in the introduction to this
dissertation, the PACS proteins are commonly usurped by viral signaling pathways to
counter host immune responses. Whether or not hepatitis virus has a mechanism to
prevent host cell apoptosis that specifically targets PACS-2 remains to be determined.
PACS-2 may however have a role in cytomegalovirus (CMV) infection as the UL37x1
gene product vMIA, like gB and Nef, contains an acidic cluster. vMIA binds PACS-2
but not PACS-1 (G. Thomas et al., preliminary results). vVMIA targets mitochondria to
block apoptotic programs (Goldmacher, 2002). vMIA specifically localizes to MAMs
(Bozidis et al., 2008). Interestingly, it has recently been proposed that PACS-2 may
mediate the localization of vMIA to the MAMs or mitochondria where it exerts anti-
apoptotic effects to halt Bax activation (Bozidis et al., 2008). Other notable examples of
viral inhibition of host cell apoptotic pathways include HIV-1 Nef. In addition to taking
advantage of a host PACS-2 sorting mechanism to direct downregulation of MHC-I to
block host immune response (Atkins et al., 2008), Nef also upregulates the activity of the
p21 activated kinase PAK2 which, like Akt, blocks apoptotic programs (Wolf et al.,
2001). This occurs in part through PAK2 phosphorylation Bad Ser;3s. As PAK2 and Akt
have overlapping substrate specificity, PAK2 as well as other PAK family members may

phosphorylate the Akt/14-3-3 motif of PACS-2 to block apoptosis. Future studies will
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determine if PAKs can phosphorylate PACS-2 in vitro and determine if Nef expression

leads to PACS-2 Sers37 phosphorylation and a block of host apoptotic programs.

5.6 PACS proteins and cancer

The multifunctional nature of the PACS proteins has implications for several pathological
states, perhaps most notably tumorigenesis and cancer. Previous reports demonstrate that
the PACS-2 locus, located at human chromosome 14q32.33, is deleted through a loss of
heterozygosity mechanism in colon cancer (Anderson et al., 2001; Bartos et al., 2007). In
Chapter 4 we confirm that PACS-2 protein expression is completely downregulated in
approximately half of human colon cancer tissues. The previously described examples of
PACS-2 gene is lost on cases of colon cancer driven by genomic instability (Anderson et
al., 2001). Interestingly, recent studies of Bid function demonstrate that Bid also localizes
to the nucleus where it controls S-phase transition to promote proper maintenance of the
genome (Kamer et al., 2005; Zinkel et al., 2006; Zinkel et al., 2005). Similarly, p53, the
paradigmatic tumor suppressor, “guardian of the genome” and transcriptional activator
now plays a role in permeabilizing mitochondria (Mihara et al., 2003). This noteworthy
relationship between mitochondrial permeabilization, genomic stability and may extend
to include a role for the PACS proteins as PACS-2 may mediate not only Bid signaling,
but pathways used by p53 as well as NF-xB (H. You, D. Williamson and G. Thomas,
unpublished results). Whether or not PACS proteins localize to and have a role in the

nucleus remains to be determined.
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The roles of PACS-2 in cancer extend beyond colorectal cancer as many models of
TRAIL-resistant cancers are from tumors of the prostate. These TRAIL-resistant cancers
show upregulated Akt which leads to a block in apoptosis at the level of the cleavage of
Bid (Nesterov et al., 2001). As discussed in Chapter 4, PACS-2 may serve as a “missing
link” between Akt and Bid function in apoptosis in such TRAIL-resistant cancers
specifically. Future studies will undoubtedly attempt to identify PACS-2 not only as a
tumor suppressor gene, but also specifically as a biomarker for TRAIL sensitivity. This is
of clinical relevance as PACS-2 immunostaining of tumor biopsies could be a valuable
diagnostic tool to determine if TRAIL is a viable therapy in cancer patients as loss of

PACS-2 expression would indicate TRAIL resistance.

Many of the results in this dissertation also have implications for PACS-1, which may
compliment PACS-2 by serving an anti-apoptotic function (T. Simmen, H. You and G.
Thomas, unpublished results). Interestingly, as PACS-2 is deleted in cancer, PACS-1 has
been detected to be upregulated in cervical cancer (Srivatsan et al., 2002; Zainabadi et al.,
2005). The potential role of PACS-1 as an oncogene is further supported by studies that
have recently identified PACS-1 as a target gene of the [-catenin transcriptional
coactivatior (Yochum et al., 2007), a key transducer of Wnt signaling that is misregulated
in 90% of human colon cancers (McElhinny et al., 2008). Future studies will determine if
PACS-1 is an oncogene and if the pathological states of PACS-1 and PACS-2 overlap in
various cancers. While the PACS proteins share over 50% homology, there is no
homologous Akt phosphorylation or 14-3-3 binding motif on PACS-1, raising a number

of questions as to how PACS-1 apoptotic function could be regulated.
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5.7 Implications for neuronal function and disease

In Chapter 4 we show that phosphorylation of PACS-2 Sers37, presumably in cooperation
with 14-3-3 proteins, mediates the retrieval of PKD2 from the Golgi to the ER. This
result implicates Akt and 14-3-3 as not only having roles in the pathophysiology of
polycystic kidney disease, but also as directing the proper trafficking of ion channels in
general. PACS-2 likely routes other channels through the secretory pathway to ciliary
compartments as several other cilia-targeted ion channels contain CK2-phosphorylatable
acidic clusters that may mediate their sorting. These include the rod and olfactory cyclic
nucleotide gated (CNG) channels CNGAl (EDDDSASs TSEES) and CNGBI1
(NEEAET4ESESMP). Given the similarity of the acidic cluster on CNG to the olfactory
and rod channel to other PACS cargos, it is possible that PACS-2 will mediate the
localization of CNG to olfactory cilia or cilia-like rod outer segments. Whether or not
PACS proteins play a part in localizing cargo to other ciliary compartments such as hair
cell stereocilia is likewise an intriguing possibility. Interestingly, putative hair cell
transduction channels localized to stereocilia (Corey, 2006), including a number of TRP
and chloride channels contain CK2-phosphorylatable acidic clusters and have been

shown to bind to the PACS-2 ((Kottgen et al., 2005) and Table 5-1).
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Figure 5-1. PACS interacts with acidic clusters of other ion channels.

(A) Database search for ion channels with acidic clusters. (B) Flag-tagged TRPV41-486 and TRPV4 WT
(C) interact with HA-tagged PACS-1. (D) CLC-71-123 fused to an immunoglobulin tag (sIg7.CLC-7) co-
precipitates HA-tagged PACS-1. From (Kottgen et al., 2005). © 2005 Nature Publishing Group. Used with
permission.
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The homeostatic role of PACS proteins are therefore likely to extend beyond roles
for only PKD2. As mentioned in Chapter 4, 14-3-3 proteins regulate ion channel traffic,
specifically by blocking ER-retrieval via an association TASK1/KCNK3 with COPI to
favor forward transport to Golgi (O'Kelly et al., 2002). In Chapter 4 we provide evidence
that 14-3-3 proteins may also have a role in mediating retrieval as mutation of the 14-3-3
binding site on PACS-2 blocks retrieval, leading to a concentration of PKD2 as well as

Nef in the Golgi.

As shown in Figure 3-A, the PACS proteins are abundant in neural tissues.
PACS-2 is highly expressed in GAD65 positive interneurons from rat hippocampus (J.
Aslan and G. Thomas, unpublished results). Whether or not PACS-2 specifically plays a
role in trafficking in interneurons or whether this increased expression sensitizes
interneurons to cell death remains to be addressed. Interestingly, interneurons are
sensitive to cell death in response to ischemia and contribute neuronal cell death in a
feedback mechanism as loss of their inhibitory activity drives excitatory cell death of
target neurons (Wang, 2003). While the role of PACS proteins in ischemic cell death
remains to be characterized, preliminary studies in artery occlusion models of stroke and
ischemia in mice show a reduction in overall death in response to ischemic stress similar
to those in Bid”™ mice (C. Farr, J. Saugestead, G. Thomas, preliminary results and Figure

5-1).
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PACS-2+/* PACS-2--

Figure 5-2. PACS-2""mice show reduced cerebral damage in response to ischemic stress.

Coronal sections from littermate matched wt and PACS-2"" mice subject to cerebral artery
occlusion as a model of stroke to induce ischemic cell death. Contralateral hemispheres serve as a
negative control. Triphenyltetrazolium chloride (TTC) stains normal tissues in red while areas of
infarcted brain tissue stain white. (C. Farr, J. Saugstad and G. Thomas, unpublished results).
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Fluorescence polarization analysis of 14-3-3 isoforms with a PACS-2 Serss;
phosphopeptide reveals that like the phosphorylated Raf, 14-3-3y shows the highest
affinity of all human isoforms for PACS-2 in vitro (Du et al., 2006). 14-3-3y is primarily
expressed in brain where it plays a role in controlling neuronal apoptosis through Bad in
response to ischemia (Chen et al., 2005b). Interestingly, neuronal apoptosis in response to
ischemia requires Bid and takes place through the translocation of full length Bid to the
mitochondria (Konig et al., 2007; Sarig et al., 2003). Our study of the role of PACS-2 in
apoptosis in Chapter 3 demonstrates that PACS-2 binds to full-length Bid upon the
induction of apoptosis and is required to bring full length Bid to the mitochondria in
response to Fas-Ab/CD95 or staurosporine. As discussed above, PACS-2 is primarily
expressed in the brain, PACS-2 may play a specific role in controlling neuronal apoptosis
in response to ischemic stress. As cell death in response to ischemia requires Bid, this
pathway of Bid-mediated cell death may specifically involve the translocation of full
length Bid to the mitochondria, alluding a mechanism in which PACS-2 delivers full

length Bid to the mitochondria to drive ischemic cell death.

In addition to ischemic stress, neurons also undergo apoptosis in response to
inflammatory processes involving TRAIL, specifically in cases of HIV-1/AIDS
encephalitis and dementia (Ryan et al., 2004). As ER homeostasis is also heavily
involved in other neurodegenerative states, including Alzheimer’s and Huntington’s
diseases (Xu et al., 2005) the possibility that PACS-2 has a role in maintaining ER and

mitochondria homeostasis in these disease states warrant investigation.
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5.8 Conclusion

This dissertation utilized biophysical, biochemical, cellular and in vivo methods to
characterize PACS-2 as a sorting protein with homeostatic functions that also has an
essential role in mediating cell death programs. The results described herein are of wide
and applicable interest to studies of the cell biology of disease as PACS-2 not only
functions in times of both health and stress, but mediates pathogenic processes in
response to viral infection, polycystic kidney disease and cancer. While the data in this
dissertation make a strong case demonstrating a role for PACS-2 in apoptotic and
homeostatic processes, an understanding of PACS-2 function is anything but complete.
Future studies must determine how exactly PACS-2 carries out apoptotic programs
through interactions with key apoptotic mediators and provide an explanation of how
PACS-2 coordinates specific organellar events to drive apoptosis and how misregulation

of these processes ultimately results in disease.
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Appendix A. Preliminary and Supplementary Results

This appendix contains preliminary and supplementary results demonstrating a
role for phosphorylation of furin in binding to PACS-1 (Fig. A-1); the potential role of
the stress activated protein kinase Jnk in mediating the translocation of PACS-2 to the
mitochondria in response to TNFo/ActD (Fig A-2); the amount of death observed in
PACS-2-/- MEFs upon treatment with TRAIL (Fig. A-3); the phosphorylation of PACS-2
peptides by Akt (Fig. A-4); the apoptotic response of PACS-2-/- MEFs to TNFa/CHX
(Fig. A-5); and the ability of 14-3-3 proteins to prevent apoptosis in response to PACS-2
Ser437A overexpression (Fig. A-6).
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Figure A- 1. Yeast-2-hybrid analysis of the furin acidic cluster binding to the PACS-1 FBR domain.

Phospho-mimic (MP), wildtype dephosphorylated (DP), and point mutants of the acidic
cluster region of the furin tail were cloned into LexA DNA-binding domain-containing
vector pLexA and co-transformed into a [L40 yeast strain with the activation domain-
containing vector VP16 encoding the FBR domain of PACS-1. Upon the removal of a
histidine source, MP-furin promotes the transcription of genes needed for histidine
synthesis though transactivation mediated by binding to the PACS-1 FBR. Furin tail
mutants E770A and D773A (S773A in non-phosphomimic) fail to interact with PACS-1
to drive genes needed for histidine biosynthesis.
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Figure A- 2. The Jnk inhibitor SP600125 blocks the apoptotic translocation of PACS-2 to the mitochondria

in response to TNF/ActD in HeLa cells.

HeLa cells were pre-treated with the Jnk kinase inhibitor SP600125 (from Calbiochem)
prior to apoptosis induction by TNFa (50 ng/ml) and Actinomycin D (1 uM). Cells were
stained with anti-PACS-2 antisera #604 and Mitotracker-CMXRos (Invigtrogen) and
analyzed by immunofluorescence microscopy for PACS-2 and mitochondrial
localization. As shown on the graph on the right, pre-treatment with SP600125 blocks the
apoptotic overlap and perinuclear translocation of PACS-2 and mitochondria
characteristic of apoptosis in HeLa cells.
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+TRAIL (24 h) +P1-103 +TRAIL, PI-103 (24 h)

Figure A- 3. PACS-2 -/- MEFs (KO) are resistant to TRAIL-mediated apoptosis.

Prior to FACS analysis in Fig. 4-3A, MEF cells were photographed to demonstrate live
vs. dead/floating morphologies.
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Figure A- 4. In vitro Akt phosphorylation of PACS-2 peptides.

To test whether the Serss or Sersz; sites are sufficient for Akt phosphorylation, I
phosphorylated an array of 15mer peptides corresponding to the two sites and containing
a SeryqsAla or Sersz7Ala substitution. The Akt phosphorylation site of Bad serves as a
positive control. I found that Akt phosphorylated both native Ser,s4 and Serss; peptides
but not peptides containing the Ser,ssAla or Serss7Ala. Phosphorylation of a peptide
lacking a requisite docking arginine, Argasss, i1s also reduced upon phosphorylation by
Akt. A homologous region of PACS-1 does not contain a consensus Akt site and is not
phosphorylated by Akt. Immobilized peptide arrays were synthesized in triplicate on
cellulose paper by D. Beene/ J. Scott (Vollum) as previously described (Carlson JBC
2006). Peptide arrays were cut into 15 cm x 0.5 cm strips, activated in EtOH, washed in
MilliQ H,O and washed with kinase buffer. The peptide array strip was then transferred
to a drinking straw sealed with dialysis membrane clips and filled with kinase buffer, 250
il HA-Akt beads, 100 pM ATP and 10 pCi [y-°P]-ATP and incubated with rocking at
room temperature for four hours. After incubation the strip was washed three times in
PBS, two times in 1% phosphoric acid, two times in MilliQ H,O, two times in EtOH and
then air dried. Strip was exposed to XAR film to visualize [*°P] incorporation by
autoradiography.
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Figure A- 5. PACS-2 -/- MEFs are resistant to apoptosis induced by TNFa/CHX.

SV40 transformed wt and PACS-2 -/- MEFs were seeded into 35mm? plates one day
prior to experiment. Cells were treated with 100 ng/ml recombinant mouse TNFa (R&D
Systems) and 1 pg/ml CHX. Cells were harvested directly into heated 1x SDS sample
buffer at 0, 6 and 12 hour time points. Cell lysates were sonicated and western blotted for
apoptotic markers as described above.

As seen in Fig. A-5 above, PACS-2 -/- MEFs show a marked reduction in apoptotic
response to TNFo/CHX as determined by immunoblot for the active pl7 form of
Caspase-3, Caspase-9 cleavage and Bid cleavage. These results demonstrate that PACS-2
plays an essential role in the apoptotic response of MEF cells to TNFa/CHX to activate
Caspase-3 to drive apoptotic cell death.
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Figure A- 6. 14-3-3 does not reduce apoptosis in HEK293 cells expressing PACS-2HA-Ser437A.

% cells Caspase 3 activation
1

HEK?293 cells were seeded into 12-well cell culture plates on glass coverslips (Fisher)
one day prior to Lipofectamine 2000 transfection with pSensor and pcDNA3 or pcDNA3-
PACS-2 constructs with or without 14-3-3C- pcDNA3 and Akt- pcDNA3. 24 hours
transfection, cells were treated with 5 ng/ml human TNFo / 0.5 pg/ml ActD for 16 hours,
washed in PBS, fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100
and mounted onto glass microscope slides (Fisher). 10 fields of each sample were
visualized with the 20x objective on a Zeiss microscope using Openlab software
(Improvision) and scored for eYFP localization in triplicate.

I found that TNFa/ActD increased the eYFP nucleus-positive cells from less than 10.5%
to 38%. Co-expression of PACS-2 or the PACS-2 mutants all increased caspase-3
activity in response to TNFo/ActD. I also found that 14-3-3/Akt markedly repressed the
ability of PACS-2, and the S,;44A, and S43sA mutants to increase caspase-3 activity. By
contrast, 14-3-3/Akt failed to repress the Ss37A-mediated increase in caspase-3 activity.
These results suggest that the binding of 14-3-3 proteins to phosphorylated Serss;
regulates the apoptotic activity of PACS-2.
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Summary

Increased rates of apoptosis have been reported to play a role in the pathophysiology of
many disorders, including liver diseases. Conversely, genetic mutations which result in
impairment of programmed cell death have been associated with cancer development.
However, apoptosis resistance can also be the result of non-genetic stress adaptation as
seen in the cancer-prone metabolic liver disease hereditary tyrosinemia (HT1). To clarify
whether stress induced apoptosis resistance is a general feature of cancer-prone chronic
liver diseases, an animal model of chronic cholestasis was examined. Studies were
performed with mice before and two weeks following bile duct ligation and with Fah”
and Fah/p21”" mice before and after NTBC withdrawal. Here we show that bile-duct
ligation induced a profound resistance against Fas mAb-mediated hepatocyte death. The
apoptosis-signaling pathway was blocked downstream of caspase 8 activation and
proximal to mitochondrial cytochrome C release. In controls, activation of the Fas
receptor resulted in rapid dephosphorylation of Bid and its subsequent cleavage, whereas
Bid remained phosphorylated and uncleaved in chronic cholestasis and other models of
hepatic apoptosis resistance. We propose a model in which the phosphorylation status of
Bid determines the apoptotic threshold of hepatocytes in vivo. In addition, resistance to
apoptosis in chronic cholestasis may contribute to the long-term risk of cancer in this

setting.
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B.1 INTRODUCTION

Fas (CD95/Apo-1) belongs to the subfamily of death receptors and plays an
important role in liver homeostasis. Hepatocytes are exquisitely sensitive to apoptosis
mediated by the Fas receptor. Hence cell death induced by this mechanism has been
implicated in acute liver injury and liver failure (Galle and Krammer, 1998). However,
chronic liver disease is in some cases associated with apoptosis resistance. For example,
we have recently shown that the chronic injury found in the metabolic liver disease
hereditary tyrosinemia (HT-1) is associated with profound cell death resistance (Vogel et
al., 2004). This observation raised the question whether death resistance is a specific
adaptation seen only in the rare genetic disease HT-1 or whether it represents a more
general response in chronic liver disorders. Here, an animal model of chronic cholestasis
was used to address this question. Cholestasis is defined as an impairment of bile flow
and is seen frequently in human liver disease, manifesting itself as jaundice. Many
conditions associated with chronic cholestasis have not only an elevated risk of
cholangiocellular carcinoma but also of hepatocellular carcinoma (Caballeria et al., 2001;
Findor et al., 2002; Gores, 2003; Keeffe et al., 1993). During cholestasis toxic bile acids
accumulate within hepatocytes, leading to structural changes, inflammatory responses
and, ultimately, to hepatotoxicity. The mechanisms leading to hepatocyte death in
cholestasis are not well defined and two distinct mechanisms have been reported. Several
studies have proposed that Fas-receptor and Bid dependent apoptosis is an important
mechanism for cholestatic liver injury (Higuchi et al., 2001; Schoemaker et al., 2003;
Yerushalmi et al., 2001). In contrast, more recent studies carefully re-evaluated the mode

of cell death in vivo and showed that the mechanism of hepatocyte death is almost
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exclusively oncotic and not apoptotic following bile duct ligation (Fickert et al., 2005;
Gujral et al., 2004). Despite these reports demonstrating liver cell death acutely after
accumulation of bile acids, it is increasingly recognized that hepatocytes develop
protective adaptations against bile acid induced cell death during chronic cholestatic liver
diseases. In HT-1, the cell death resistant state is characterized by protection against
multiple triggers including the toxic tyrosine metabolite homogentisic acid, the drug
acetaminophen and the monoclonal anti-mouse Fas-activating antibody Jo, (Fas mAb)
(Vogel et al., 2004). In this study, we therefore determined whether hepatocytes in
chronic cholestasis also display resistance against classical apoptosis induced by Fas
mAb and analyzed the mechanism underlying this adaptive response. We found that
resistance to Fas mAb-induced apoptosis is indeed a feature of chronic cholestasis.
Furthermore, we show that phosphorylation/dephosphorylation of Bid correlates with this
adaptive response in different apoptosis resistance models. Our data suggest a central role

for Bid in the regulation of apoptosis sensitivity in the liver.

B.2 MATERIALS AND METHODS

Mice: We used the Fah” strain mice previously described (Grompe et al., 1993).
All Fah™ animals were treated with NTBC containing drinking water at a concentration
of 7.5 mg/L unless otherwise indicated. 129S1 mice were purchased from the Jackson
Laboratory (Bar Harbor, Maine, USA). Common bile duct ligation (BDL) was performed

as previously described (Faubion et al., 1999). In brief, mice were anesthetized and the
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peritoneal cavity was opened. The common bile duct was double ligated and cut between
the ligatures. At the end of each pretreatment, the animals were injected intraperitoneally
with Fas antibody (Jo,) (BD Pharmingen, San Diego, CA) and sacrificed at indicated
time points. Animal care and experiments were all in accordance with the Guidelines of
the Department of Animal Care at Oregon Health Sciences University. At the time of
sacrifice, a small fragment of each liver was fixed in buffered formalin. The remaining
liver tissues were flash-frozen in liquid nitrogen and stored at -80 °C until analysis.

Histology and TUNEL assay: Liver issues were fixed in 10% phosphate-buftfered
formalin, pH 7.4, dehydrated in 100% ethanol, and embedded in paraffin wax at 58°C.
Five-micron sections were rehydrated and stained with hematoxylin/eosin (H&E). The
terminal deoxynucleotidyl transferase-mediated dUDP nick-end labeling (TUNEL) assay
(ApopTag, Serological Corporation, Norcross, GA) was performed according to the
manufacturer's recommendations.

DNA Fragmentation Analysis: Genomic DNA was isolated and purified from
mouse livers using a genomic DNA isolation kit (Qiagen, Valencia, CA). DNA samples
(1pg each) were electrophoretically separated on 2% agarose gel containing ethidium
bromide (0.5 g/L).

Aminotransferase Determinations: For aminotransferase analysis, animal blood
was drawn. After spinning at 200g, plasma was recovered and stored at 80°C until used
for determination of aminotransferase activities.

Mitochondria Isolation: Liver homogenates were prepared and sub-fractionated
as described previously. Liver samples were homogenized in 2 ml of Buffer A (225mM

mannitol, 75SmM sucrose, 0.1 mM EGTA, 10 mM HEPES, pH 7.2) with a dounce glass
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homogenizer (type B pestle) and centrifuged at 4 °C for 10 min at 600 x g. The
supernatants were further centrifuged at 12,000 x g for 10 min. The supernatants were
collected as the cytosol fraction. The pellet (heavy membranes or mitochondria) was
washed once again in Buffer A by centrifugation at 600 x g for 10 min and recovered by
centrifugation at 12,000 x g for 10 min. The isolated mitochondria were resuspended in
Buffer B (395mM sucrose, 10 mM HEPES-NaOH, pH 7.5).

Caspase Activity: Liver lysates were prepared by homogenization in hypotonic
buffer (25 mM HEPES, pH 7.5, 5 mM MgCl2, 1 mM EGTA, 1 mM
phenylmethylsulfonyl fluoride (PMSF). Homogenates were centrifuged at 15,000 r.p.m.
for 15 min, and extracted proteins (50 pg) were tested in triplicate experiments by
measuring the proteolytic cleavage of specific fluorogenic substrate for caspase-3 and
caspase-8 (CaspACE Assay System; Promega, Madison, WI).

Antibodies: Antibodies against Fas-receptor, caspase-9, Flip, and Bid were
obtained from Cell Signaling Technology (Beverly, MA). Antibodies against Bak, Bax,
and cytochrome ¢ were purchased from Santa Cruz, and antibodies against caspase-8, c-
lap-2, Bcl-2, Bel-x, phospho-Bad from BD Biosciences. The antibody, which recognizes
S61 phosphorylated Bid, was generously provided by JC Martinou.

Western Blot Analysis: Protein extracts were resolved by SDS-PAGE and
transferred onto polyvinylidene difluoride membrane (Millipore, Bedford, MA).
Coomassie staining was used to demonstrate equal protein loading. Western Blotting was
performed as recently described . Detection of immunolabeled proteins was done using
the chemiluminescence kit (BioRad, Hercules, CA) and Hyperfilm enhanced

chemiluminescence film (Amersham Biosciences, Piscataway, NJ).
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Hepatocyte Preparation and Flow Cytometry. Livers were perfused as previously
described. For cell surface Fas, cell suspensions were incubated with Fas-specific
fluorescein isothiocyanate-conjugated antibody (PharMingen, San Diego, California).
Data were acquired using an Elite Epics flow cytometer (Coulter, Hialeah, Florida) and
analyzed with CellQuest software (Becton Dickinson, San Jose, California). Analysis
gates were set to exclude contaminating immune cells (lymphocytes and macrophages).

NFgB p65 Immune-fluorescence: Cryosections of livers were performed.
Sections were fixed in methanol/acetone, dried and rinsed in TBST. After incubation with
a specific antibody directed against the mouse NF-xB p65 subunit (Santa Cruz
Biotechnology, USA), positive cells were detected by incubation with Alexa Fluorsganm)
donkey anti-rabbit secondary antibody (Molecular Probes, USA). Staining of liver nuclei
was performed by incubation with DAPI containing mounting Medium (Vector

Laboratories, USA).

In Vitro Cleavage of Hepatic Caspase-3 and -9 by Recombinant Caspase-8.
Liver cytosols (2 pg/ul) of BDL and control mice were incubated with activated
recombinant caspase-8 (1 ng/ul, BD PharMingen) at 30 °C for 120 min. Extracts were
then separated on a 10% SDS-PAGE followed by Western blotting with anti-caspase-3
and -9 antibodies.

In Vitro Induction of Mitochondrial Cytochrome ¢ Release. Recombinant tBid
at various concentrations (1, 5, 10 and 25 nM) were mixed with 100 pg of hepatocyte
mitochondria (2 mg/ml) in 75 pl buffer B. Mitochondria of 4 mice in each group were

analyzed. After incubation at 30 °C for 30 min, the supernatants were separated from the
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mitochondria by centrifugation at 16,000 x g at 4 °C for 10 min (Biofuge Fresco, Heraeus
Instruments, Inc.). An aliquot of 50 pl was removed from the supernatant, transferred to a
new tube and 5 pl if 5% Triton-X was added. Two control samples containing only
mitochondria and no tBid were run for each assay to determine the total amount of
cytochrome c that can be released from mitochondria and the amount of spontaneously
released cytochrome c from untreated mitochondria. The cytosolic fractions were then
subjected to a 12% SDS-PAGE followed by Western blotting with the anti-cytochrome ¢
antibody.

In Vitro Phosphorylation of Bid: Recombinant murine Bid-Hiss (5 pg) was in
vitro phosphorylated by 3 ng hepatocyte lysate. Control phosphorylation reactions were
carried out using 100ng recombinant CK1. Reactions were incubated for 30 minutes at
30°C in a total volume of 25 pL. CK1 reaction buffer (20 mM MOPS pH 7.2, 25 mM -
glycerophosphate, 5 mM EGTA, 1 mM sodium orthovanadate, | mM DTT) containing
200 pM cold ATP and 2.5 uCi [y-"P]-ATP (3000 Ci / mmol; ICN). CK1 activity was
inhibited by 100 uM CKI-7 (US Biological). Phosphorylation reactions were terminated
by the addition of SDS-PAGE loading buffer. Bid protein was separated by 15% SDS-
PAGE, transferred to nitrocellulose and analyzed by autoradiography. Additionally
membranes were probed with the phospho-specific Bid antibody.

CK1 Substrate Peptide Assay: 3 ug hepatocyte lysate was used to phosphorylate
the CK1 Substrate Peptide RRKDLHDDEEDEAMSITA (Upstate). A reaction containing
250 uM substrate peptide in a total volume of 25 pL CK1 assay buffer using ATP
concentrations mentioned above was incubated for 10 minutes at 30°C. 100 uM CKI-7

was used to inhibit CK1 activity. CK1 substrate reactions were stopped by the addition of
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trichloroacetic acid and spotted onto P81 grade Whatman filter paper. Filters were
washed 3 times in 0.75% phosphoric acid and one time in acetone. Filters were counted
with a Packard 1900 TR Liquid Scintillation Analyzer to measure **P incorporation into
peptide bound to filter.

Microarray analysis: Total RNA was extracted with the RNeasy kit (Qiagen). Microarray
assays were performed in the Affymetrix Microarray Core of the Oregon Health and
Science University Gene Microarray Shared Resource, which uses Affymetrix Expression
Analysis software (www.ohsu.edu/gmsr/amc/). The screen was performed in duplicate on

GeneChip® Mouse Genome 430 2.0 Arrays.

B.3 RESULTS

Cholestasis was induced in a cohort of experimental mice by surgical bile duct
ligation, which was well tolerated. Two weeks after the procedure, no signs of hepatic
apoptosis were present despite Tunel positive bile infarcts (data not shown) as reported
by others (Fickert et al., 2005; Gujral et al., 2004; Schoemaker et al., 2003). Apoptosis
was determined by DNA laddering (Fig. 1b), caspase activity assays (data not shown)
and analysis of the mitochondrial apoptosis pathway (Fig. B-2b). At this time point, BDL
mice still maintained the same weight and overall health as controls, despite clearly
abnormal liver functions including marked hyperbilirubinemia, mild elevation of
transaminases (Fig. B-2a) caused by oncotic liver cell injury. Because of the absence of
spontaneous apoptosis, it was determined next whether BDL mice were protected against

Fas-induced apoptosis. Remarkably, all BDL mice survived an otherwise 100% lethal
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dose of the Fas mAb (Fig B-1a). Histology, DNA laddering (Fig. B-1b) and TUNEL
staining (Fig. B-1c¢) showed massive apoptosis in control mice, whereas BDL mice were
completely protected. Additionally, transaminase and bilirubin levels did not increase
further (Fig. B-2a). Together these data show that hepatocytes in chronic cholestasis

acquired resistance to Fas-induced apoptosis.

In our previous work, heat shock protein (70, 32 and 27) up-regulation and stress
kinase down-regulation were implicated in the resistance to Fas mAb induced apoptosis
in the Fah™ model. In bile duct ligated and in comparisons of Fah” and Fah/p21™ mice,
however, none of these changes was consistently seen. Hsps were also up-regulated in
Fah/p21'/ " mice, which are no longer resistant against apoptosis (Willenbring et al
manuscript submitted), and the stress kinase pathways, which were blocked in apoptosis

resistant Fah” mice, were activated in BDL mice (data not shown).
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Figure B- 1. Bile duct-ligated mice develop a resistance against Fas-induced apoptosis.

(a) WT mice underwent bile duct ligation and were challenged with the Fas mAb Jo2 (0.35 nug/g) 14 days
later. Survival of control (squares) and BDL (triangles) mice are shown. All control mice (n=10) died from
acute liver failure within 12 hours following injection of Jo2, whereas all BDL mice survived (n=10). (b)
DNA laddering following challenge with Jo2 was only seen in control mice. Results are shown for dupli-
cate animals under each condition. A standard DNA ladder marker (M) is shown. (c-f) TUNEL staining
(brown color/ black arrows) of liver sections is shown (original magnification x200) in control and BDL
mice before and after Jo2 injection. Panels c, d: control mice before (c), and 4 hrs (d) after Jo2 challenge.
Panels e, f: mice 2 weeks after bile duct ligation, before (e) and 4 hr (f) after Jo2 challenge. Tunel positive
cells were only visible in control mice following Jo2 injection.
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The transcription factor NFkB has been implicated in both hepatocyte proliferation and
apoptosis and recent studies have suggested that NFkB can be activated in some models
of cholestasis (Bird et al., 2003; Pikarsky et al., 2004; Schoemaker et al., 2003). We
therefore considered whether NF«B signaling could account for the resistance against
Fas-induced apoptosis in BDL mice. p65 translocation into the nucleus was used as
marker of NFkB activation. A mild, transient activation of NFkB occurred only within
the first 48h following BDL, there was no nuclear staining of p65 at later time points.
Interestingly, no consistent activation of NFkB was evident within the liver even at the
earlier time points, only scattered hepatocytes showed nuclear accumulation of p65 (data
not shown). In agreement with these observations, we were unable to observe a
significant decrease of IkBa and B two weeks following BDL. Additionally, we
performed a microarray analysis to ascertain the levels of known NF«kB target genes such
as Fas receptor (Kuhnel et al., 2000), A20 (Arvelo et al., 2002), inos (Hatano et al.,
2001), ciapl (Pikarsky et al., 2004), ciap2 (Hatano et al., 2001), xiap (Cavin et al., 2004),
bfll (Pikarsky et al., 2004), belxl, Gadd45p (Pikarsky et al., 2004), Afp (Cavin et al.,
2004), IP;sR-1 (Camandola et al., 2005) or mSOD (Table B-1), which have been
implicated in the regulation of apoptosis. There was no overlap of genes differentially
regulated in the two apoptosis resistant models and there was no consistent up-regulation
in apoptosis resistant mice (BDL and Fah™ off NTBC) in comparison to apoptosis

sensitive mice (Fah”/p21™ off NTBC).
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Table 1. Comparison of Gene Expression in Apoptosis Resistant Versus Sensitive Livers

Fah™/~ off/ Fah/p21-/~ off/ Fah~/~ off/
BDL/wild-type Fah™/~ on Fah/p21-/~ on Fah/p21~/ off

Fas receptor® 1.09 0.89 1.46 0.61
Fadd 1.27 0.69 0.87 0.79
TnfR 1.30 1.13 0.88 1.28
Caspase-9 1.05 0.77 0.79 0.97
Caspase-8 1.10 1.68 1.60 1.05
Caspase-7 0.90 0.69 0.64 1.08
Caspase-6 0.87 0.64 0.69 0.93
Caspase-3 1.22 1.14 0.75 1.52
Smac,/Diablo 1.02 1.04 0.89 1.17
Cytochrome ¢ 0.66 1.53 1.90 0.81
Apaf-1 1.67 1.45 1.74 0.83
Bak 1.59 0.85 0.70 1.21
Bax 1.37 2.53 2.35 1.08
Bok 1.13 0.90 0.56 1.61
Bad 1.01 0.57 0.74 0.77
Bid 1.77 3.06 1.82 1.68
Bim 1.16 2.12 2.56 0.83
Bag-1 1.16 1.39 1.02 1.36
Bel-2 1.49 0.72 2.39 0.0

Bel-xi 1.01 1.67 1.38 1.21
Belw 2.04 0.90 1.14 0.79
Bfi1,/A17 3.16 1.91 1.77 1.08
Mcl-1 1.43 0.82 0.75 1.09
Bis 1.03 1.79 1.26 1.42
clap-17 1.64 0.99 1.22 0.81
clap-2¢ 1.31 0.57 0.82 0.70
xlap® 1.03 1.00 1.30 0.72
Flip 0.68 0.69 0.96 0.72
Survivin ND ND 37.41 —_

Nos-29 ND ND ND —_

Afp? 1.66 50.09 52.48 0.95
A207 ND ND ND —

Cox-29 1.16 0.85 1.37 0.62
Sod-27 0.93 0.75 0.71 1.0
IP3R-17 1.13 0.79 0.65 1.21

NOTE. Values are expressed as fold change. Transcriptional regulation of several pro-and anti-apoptotic genes were analyzed for (column 1)
apoptosis-resistant BDL mice in comparison to apoptosis-sensitive WT mice, (column 2) apoptosis-sensitive Fah~/~ on NTBC in comparison to
apoptosis-resistant Fah~/~ off NTBC, (column 3) apoptosis-sensitive Fah~'~/p21~/~ on NTBC in comparison to apoptosis-sensitive Fah~/~/
p21-/ off NTBC withdrawal and (column 4) apoptosis-resistant Fah~/~ off NTBC in comparison to apoptosis-sensitive Fah~/~ /p21-/~ off NTBC.
ND, not detectable.
INFkB target genes.

Table B- 1. Comparison of Gene Expression in Apoptosis Resistant Versus Sensitive Livers.

Comparison of gene expression in apoptosis resistant vs. sensitive livers.

Transcriptional regulation of several pro-and anti-apoptotic genes were analyzed for (row 1) apoptosis-
resistant BDL mice in comparison to apoptosis-sensitive WT mice, (row 2) apoptosis-sensitive Fah-/- on
NTBC in comparison to apoptosis-resistant Fah-/- off NTBC, (row 3) apoptosis-sensitive Fah-/-/p21-/- on
NTBC in comparison to apoptosis-sensitive Fah-/-/p21-/- off NTBC withdrawal and (row 4) apoptosis-
resistant Fah-/- off NTBC in comparison to apoptosis-sensitive Fah-/-/p21-/- off NTBC. n.d. not
detectable; * NFkB target genes.
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Finally, several publications have shown that activation or inactivation of NFxB does not
significantly modulate Fas-induced apoptosis in the liver in contrast to the established
anti-apoptotic activity of NFkB in TNF- and Trail-induced liver injury (DeAngelis et al.,
2001; Finotto et al., 2004; Nagaki et al., 2000; Van Antwerp et al., 1996; Zender et al.,
2005).We therefore sought to determine specifically at which step the Fas-induced
apoptosis pathway is blocked and which other factors could contribute to observed

resistance against apoptosis.

5.9 The apoptosis-signaling pathway is blocked above and/or at the mitochondria

Upon ligand binding, activated death receptors engage the Fas Associated Death
Domain adaptor protein (FADD) (Siegel et al., 2000). FADD in turn recruits caspase-8
via a homophilic death effector domain (DED) interaction forming the death-inducing
signaling complex (DISC). Disc formation activates caspase-8 through a proximity
induced dimerization mechanism requiring no autoproteolysis (Boatright et al., 2003;
Salvesen and Dixit, 1999). Here, a clear increase of caspase-8 activity was detectable in
both control and BDL mice two hours following Fas mAb injection, indicating that the
early steps of the pathway were unaltered following BDL (Fig. B-2a). There was no
difference in baseline activation of caspase-8 and -3 two weeks following bile duct

ligation. All values were therefore normalized to the same WT controls.
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Figure B- 2. The mitochondrial pathway is blocked in bile duct-ligated mice.

(a) Liver injury after Jo2 challenge in control (WT; open columns) (n=4) and BDL mice (filled columns)
(n=4). ALT and bilirubin levels were measured in plasma before (F.0) and after (F.4) challenge with Jo2.
ALT levels increased only in control mice following Jo2 injection. Bilirubin was significantly elevated in
BDL mice. Caspase-8 and —3 activities were determined in liver homogenates 2 hours (F.2; caspase 8) or 4
hours (F.4; caspase 3) following Jo2 injection (n=4 each). In both groups activation of caspase-8 was ob-
served, whereas caspase-3 activity was only detectable in control mice (b) Western blots of Bid, Bax,
cytochrome C and caspase-9 before (Basal) and 4h after (Fas) induction of apoptosis with Jo2 in control
and BDL mice (n=4 each; 2/4 samples shown here) to determine activation of the mitochondrial pathway of
apoptosis. Cleavage of Bid (decrease of full length Bid), translocation of Bax, release of cytochrome C and
cleavage of caspase-9 following Jo2 occurred only in control mice. F.0: before Fas mAb injection, F.2/F.4
: 2/4 hours following Fas mAb injection.
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In type-II cells such as hepatocytes, activation of caspase-8 at the DISC alone is
insufficient to efficiently trigger cell death and an amplification loop via the mitochondria
is required. Previous studies have shown that this link between the Fas receptor and the
mitochondria is dependent on cleavage and translocation to the mitochondria of the
proapoptotic Bcl-2 family member Bid by caspase 8 (Li et al., 1998; Luo et al., 1998).
Caspase-8 cleaved tBid was not detectable in Vivo experiments with various
commercially available antibodies, possibly because of the small pool of Bid molecules
involved, or because of its rapid turnover (Werner et al., 2002).Therefore, to examine this
step of the apoptotic machinery, protein levels of full length (uncleaved) Bid were
therefore compared after Fas mAb injection in BDL mice and controls. A marked
reduction of full-length Bid was visible in the Fas mAb -treated control group (Fig. B-2b)

but full length Bid remained unchanged in BDL mice.

During the apoptotic process in normal type-II cells, tBid activates Bax or Bak to
initiate mitochondrial dysfunction and cell death and therefore the role of these proteins
was also examined (Desagher et al., 1999; Eskes et al., 2000). As expected, analysis of
the intracellular distribution revealed translocation of Bax from the cytosol to the
mitochondrial fraction in Fas mAb injected control mice (Fig. B-2b). Surprisingly, Bax
was constitutively localized to the mitochondrial fraction even before Fas mAb injection
in BDL mice and these high levels of Bax remained unchanged after Fas mAb
administration (Fig. B-2b). Normally, activation and oligomerization of Bax and Bak
induce structural changes at the mitochondrial membrane resulting cytochrome C release

(Shimizu et al., 1999; Wei et al., 2000). Here, cytochrome C was found only in the
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cytosol of control animals following Fas mAb injection, but not in BDL mice despite the
translocation of Bax to the mitochondria (Fig. B-2b). Following release of cytochrome c
from mitochondria, APAF-1 is known to recruit caspase-9 and the resulting assemblage
of proteins activates effector caspases such as caspase-3 (Acehan et al., 2002). As
expected from the observed release of cytochrome C, the cleaved, activated fragment of
caspase-9 and activity of caspase-3 were only detectable in controls, and no caspase

activation was found in BDL mice (Fig. B-2a and Fig. B-2b).

B.3.1 Resistance against apoptosis is not mediated by direct inhibition of caspases

Apoptosis is a tightly regulated process, which involves many pro- and anti-apoptotic
proteins capable of altering the balance between life and death. We first wondered
whether direct inhibition of caspases contributed to the observed failure of mitochondrial
cytochrome C release in BDL mice. Specifically, the expression of death receptor, Flice-
like inhibitory proteins (c-Flip) and inhibitors of apoptosis proteins (Iap) were analyzed.
In agreement with the activation of caspase-8 seen in BDL mice (Fig. B-2a), mRNA
levels for components of the DISC complex such as the Fas receptor, Fadd, and caspase-8
were unaltered (Table B-1). This was confirmed at the protein level for the Fas receptor
and caspase-8 (Fig. B-2b and B-3a). Furthermore, Fas receptor at the cell surface was not
downregulated assessed by flow cytometric cell cycle analysis, indicating that the
adaptive response did not result from lack of available Fas receptors (data not shown).
Additionally, levels of c-Flipy, inhibitors of caspase-8 (Krueger et al., 2001), remained
unchanged in BDL mice (Tablel and Fig. 3a). Another group of proteins that function as
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intrinsic regulators of caspase activation are the Iaps. Iaps are known to regulate the
activity of both initiator (caspase-9) and effector caspases (caspase-3 and -7). However,
there were no significant changes for several laps including clap-1 (Fig. 3a), clap-2 and
xlap (Table B-1). These findings indicated that the expressions of proteins known to have
direct effects on caspase activities were not changed in BDL. This was further verified by
showing that purified active recombinant caspase-8 was able to normally induce cleavage

of caspase-9 and —3 in cytosolic extracts of BDL mice in vitro (Fig. B-3b).

B.3.2 Detailed analysis of Bcl-2 like family members

During apoptosis mitochondria suffer specific damage, which ultimately results in loss of
their function. Mitochondrial changes include the release of several pro-apoptotic factors
which trigger and amplify the cell death signal leading to activation of caspases and DNA
fragmentation (Wang, 2001). The family of Bcl-2 like proteins plays a pivotal role in
protection against such irreversible mitochondrial damage and the interactions between
the pro- and anti-apoptotic family members determine the overall susceptibility to a cell
death signal (Cory et al., 2003). Anti-apoptotic members include Bcl-2, Bcl-x, Bel-w, Al,
and Mcl-1. Pro-apoptotic members can be subdivided into more fully conserved members
possessing Bcl-2 homology domains 1-3 such as Bax, Bak and Bok and the BH3-only
members such as Bid, Bad, Bim, Noxa, Puma, and Bik. Activation of Bcl-2 like family
members is regulated in multiple ways including transcriptional up-regulation, proteolytic

cleavage, dimerization, phosphorylation and translocation (Gross et al., 1999a).
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Figure B- 3. Analysis of the mitochondrial pathway in wild-type and bile duct-ligated mice.

Analysis of the mitochondrial pathway in WT and bile duct ligated mice.

(a) Western blot analysis of liver tissues in control and BDL mice in the basal state ithout Fas mAb injec-
tion. Shown are data from 2 out of 4 mice in each group. Liver tissues were analyzed for total cellular lev-
els of Fas-R, Flips/l, clap-2, Bax, Bid, Bak, Bcl-2, Bel-x and A1/Bfl-1. Of all the proteins analyzed, only
A1/Bfl-1 was significantly induced 2 weeks following bile duct ligation. (b) Liver extracts of control and
BDL mice were incubated with in vitro activated recombinant caspase-8. Western blots for in vitro cleav-
age of caspase-3 and -9 revealed no difference in both groups. (c) The mitochondrial fraction of control
and BDL mice was analyzed for BH-3 like proteins. Levels of Bak, Bcl-2 and Bcl-x were not significantly
changed before and after challenge with Jo2, whereas Bid is significantly increased in this fraction 2 weeks
following bile duct ligation even before Jo2 injection. (d) Alkaline extraction of mitochondria from BDL
mice and controls. Bid and Bax were only loosely attached and not inserted into the mitochondrial
membrane of BDL mice in contrast to BCL-x. (e) Isolated liver mitochondria (n=4 each; 2/4 samples
shown here) were incubated with different concentration of in vitro cleaved tBid and translocation of cyto-
chrome ¢ from the mitochondrial (mito) fraction to the cytosol (released) was monitored by immunoblot-
ting with a cytochrome c antibody. cytochrome C release following incubation with 5 nM tBid is shown.
First row (-): spontaneous cytochrome C release without tBid incubation. 2nd-9th row: The overall mito-
chondrial cytochrome C content of the respective sample (n=2 per group) is shown followed by the re-
leased cytosolic cytochrome C fraction following incubation with tBid. There was no difference in cyto-
chrome C release between BDL mice and controls.
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First, it was determined whether any of the Bcl-2 like genes were up-regulated in
response to bile duct ligation. Interestingly, only Bfl-1/A1 was more than twofold induced
at the RNA leve. mMRNA levels of all other members of the bcl-2 like family were only
slightly modulated following bile duct ligation (Table B-1). In agreement with these
microarray data, protein levels of Bfl-1/A1 were mildly increased in the cytosol of BDL

mice (Fig. B-3a), whereas Bak, Bcl-2 and Bcl-x remained unchanged.

Figure B-4. Bid is not dephosphorylated following Fas injection in BDL and in Fah-/-/p21-/- mice. (a)
Phosphorylation of Bid at S 61 was measured in cytosolic liver extracts from control and BDL mice by
Western blot. Increased phosphorylation of Bid in BDL mice (n=4 each; 2/4 samples shown here) before
challenge with Jo2 and more importantly, no dephosphorylation following Jo2 injection were seen. In con-
trast, Bid was almost completely dephosphorylated following induction of apoptosis in control mice (b)
Western blot analysis of CK1 epsilon and PP2A levels in cell extracts from control and BDL mice. The
cytosolic CK1 epsilon levels were higher in BDL mice. Levels of PP2A were not changed in cytosolic ex-
tracts (data not shown). (c) CKI1 activity was measured in cell extracts of control and BDL mice with a
CK1 specific peptide (n=4). Note: Activity assay is not specific for CK1 epsilon, but measures overall CK1
activity. CK1 activity was higher in BDL mice at all time points. Interestingly, CK1 activity was reduced in
control mice following challenge with Jo2, but this reduction was not seen in BDL mice. (d) Cellular ex-
tracts of control and BDL mice following Jo2 injection were analyzed for in vitro phosphorylation activity
of His6-Bid (representative blot, n=4 each); negative control (-) contains no cell extract, positive control
(CK1) contains recombinant CK1. Shown is a Western blot of the membranes probed with the phosphor-
specific Bid (S61) antibody. Phosphorylation of Bid was only detectable in BDL mice and was almost ab-
sent in controls. CK1 inhibitor (CKI-7) significantly inhibited phosphorylation of His6-Bid in BDL mice.
To-tal His6-Bid levels of non-CKI-7 treated reactions are shown (e) Fah-/- and Fah-/-/p21-/- mice were
chal-lenged with Jo2 two weeks following NTBC withdrawal. Dephosphorylation and subsequent cleavage
of Bid and cytochrome C release occurred only in the double-knockout mice. Total CK1 epsilon levels
were unchanged, whereas cytosolic levels were lower in Fah-/-/p21-/- mice following Jo2 injection. (f) WT
mice were injected with Jo2 alone or concomitantly with suramin. Suramin prevents dephosphorylation of
Bid and subsequent Bid cleavage and cytochrome C release. Cytosolic CK1 epsilon levels are higher in
Suramin treated mice. (g) In suramin treated mice only a few scattered Tunel positive hepatocytes were
visible following Jo2 injection.
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Figure B- 4. Bid is not dephosphorylated following Fas injection in bile-duct ligated Fah™/p21” mice
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Next, the subcellular location of Bcl-2 like proteins was studied. Bcl-x is found both in
the cytosol and attached to mitochondrial membranes of most healthy cells, whereas Bcl-
2 and Bak are constitutively associated with mitochondrial membranes (Hsu et al., 1997).
The proapoptotic Bel-2 like proteins Bax and Bid have been reported to be predominantly
cytosolic in non-apoptotic cells. In the mitochondrial fraction of BDL mice, an increase
of not only Bax but also of full length Bid was seen (Fig. B-2b and Fig. B-3c). On the
other hand, levels of Bak, Bcl-x and Bcl-2 in the mitochondrial fraction of BDL mice
were not significantly changed before injection of Fas mAb (Fig. B-3c). It has previously
been shown that Bax and Bid need to be integrated into the mitochondrial membrane to
be active (Wei et al., 2001). Alkaline extraction of mitochondria was therefore used to
assess membrane insertion. In contrast to Bcl-x, both Bax and Bid were only loosely
attached but not integrated into the mitochondrial membrane. This suggested that these
proteins were not activated in BDL mice prior to Fas mAb injection (Fig. B-3d).
Mitochondrial integrity was further tested by using different amounts (1, 5, 10 and 25
nM) of caspase-8-cleaved recombinant mouse tBid to induce cytochrome C release from
isolated liver mitochondria of apoptosis resistant BDL mice and controls in vitro.
Importantly, both groups discharged cytochrome ¢ equally well at all tested tBid
concentrations (Fig. B-3e). This demonstrates that alterations of the mitochondria

themselves did not contribute to the observed resistance against apoptosis in BDL.
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B.3.3 Bid is not dephosphorylated during apoptosis in BDL mice.

The results described above show that the apoptotic block in BDL primarily occurred
distal to caspase-8 activation and proximal to mitochondrial damage. In addition, failure
of Bid-cleavage despite caspase 8 activation was observed and we therefore sought to
understand the mechanism underlying this finding. Phosphorylation of Bid has been
shown to prevent its cleavage by caspase-8 (Degli Esposti et al., 2003a; Desagher et al.,
2001). In BDL mice slightly elevated levels of Bid mRNA and protein were detectable
indicating a transcriptional upregulation of this BH3-only protein (Table B-1, Fig. B-3a).
Accordingly, an increase of phosphorylated Bid (S61) was detectable in these mice two
weeks following bile duct ligation (Fig. B-4a). During Fas-induced apoptosis, Bid needs
to be dephosphorylated before it can be cleaved by caspase-8 (Degli Esposti et al., 2003a;
Desagher et al., 2001). The required net dephosphorylation of Bid could be mediated
either by the inactivation of a Bid kinase or by activation of a Bid phosphatase. As
expected from this model, Bid was almost completely dephosphorylated following
induction of apoptosis in control mice (Fig. B-4a). Importantly, dephosphorylation of Bid
did not occur at all in apoptosis resistant BDL mice (Fig. B-4a). To date, no phosphatase
which dephosphorylates Bid during apoptosis has been identified, but PP2A is a
candidate because it is cleaved and activated during apoptosis (Cory et al., 2003).
However, here PP2A protein levels were not significantly changed before or following
Jo, injection in control and BDL mice (Fig. B-4b). In the case of murine Bid, CK1
epsilon is known to phosphorylate Bid on Ser 61 in vitro (Degli Esposti et al., 2003a).
Several CK1 isoforms with different functions have been identified and are found in the

cytosol, associated with membranes, and in the nucleus (Ha et al., 2004; Knippschild et
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al., 1997; Sakaguchi et al., 2000). Interestingly, CK1 epsilon was increased in the cytosol
of BDL mice (Fig. B-4b) and CK1 activity was slightly increased in cell extracts of BDL
mice (Fig. B-4c). More importantly, CK1 activity remained significantly higher in
apoptosis-resistant BDL mice compared to control mice following Jo, injection (Fig. B-
4c). To further confirm this finding, Bid phosphorylation activity was measured in vitro
with extracts form BDL and control mice following Fas mAb injection. In agreement
with the in vivo data, recombinant Bid was only phosphorylated in the cytosol of BDL
mice (Fig. B-4d). The phosphorylation on S61 was almost completely blocked by the

CK1 inhibitor CKI-7.

B.3.4 Bid is not dephosphorylated in cell death resistant Fah™ mice during

apoptosis in contrast to apoptosis-sensitive Fah™/p217" mice.

To determine the significance of the alterations of Bid phosphorylation seen here in BDL
mice, we wondered whether a similar pattern was present in other apoptosis-resistant liver
models. Chronic injury found in the cancer-prone metabolic liver disease hereditary
tyrosinemia (HT1) induces profound resistance against hepatocyte death (Vogel et al.,
2004). However, this adaptation does not occur in mice which are doubly mutant in the
gene responsible for HT1, Fah, and the cell cycle regulatory protein p21/Cip/Waf, which

develop a similar liver damage as WT mice following Jo, injection.
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Figure B- 5. Atm phosphorylates Bid in vitro, but is not necessary to prevent Fas-induced apoptosis during
chronic liver diseases.

(a) The ATM-p53 DNA-damage pathway is activated in BDL mice measured by increased phosphorylation
of p53 and increased overall levels of p53 and it effector proteins p21 and Bax. (b) Recombinant Atm
phosphorylated Bid-GST in vitro. (C) BDL Atm™ mice are protected against Fas mAb induced apoptosis
similar to WT mice. Dephosphorylation of Bid and subsequent cleavage of Bid, release of cytochrome C
and cleavage of Caspase-9 and —3 occurs only in WT mice. (d,¢) TUNEL staining (brown color) of liver
sections is shown (original magnification x200). Tunel positive cells are only visible in control mice 6
hours after Jo, injection (d) but not in Atm™ mice (e). Cytosolic CK1 epsilon levels are again higher in
BDL mice, whereas PP2A levels remain unchanged.
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Interestingly, Fah” /p21" mice were highly sensitive against Fas-induced
apoptosis despite a marked increase of proliferating hepatocytes two weeks following
NTBC withdrawal indicating that proliferation alone does not prevent Fas-induced
apoptosis in the liver (Willenbring et al., manuscript submitted) (Desbarats and Newell,
2000). Our observation provides the opportunity to directly compare Bid phosphorylation
in apoptosis resistant and apoptosis sensitive livers. First, we compared the
transcriptional changes of apoptosis-related genes including pro- and anti-apoptotic BH3-
like proteins and inhibitors of caspases between Fah” ’ p21'/ " and Fah” mice on NTBC
and two weeks following NTBC withdrawal (Table B-1). We did not observe significant
changes of theses genes similar to our results in the BDL mice. Particular Bfl1/A1 was
less than two-fold induced in apoptosis-resistant Fah”™ mice and there was no significant
difference to apoptosis-sensitive Fah’/p21”. Next, we wondered whether the
phosphorylation pattern of Bid would correlate the observed apoptosis sensitivity. Fah™
/p21'/ " and Fah” mice were taken off the liver protective drug NTBC for 14 days and
then injected with Jo,. Phosphorylation levels of Bid were determined in mice of both
groups, which at this time point still had the same weight and overall fitness, despite their
hepatic dysfunction (Grompe et al., 1995). Phosphorylation of Bid was not different in
Fah”/p21”" and Fah” mice before Fas mAb injection. Importantly however, Bid was not
dephosphorylated in the apoptosis resistant Fah”™ mutants but almost completely
dephosphorylated in the apoptosis competent Fah”/p21”" double mutant mice following
Jo, injection (Fig. B-4e). Similarly, cleavage of Bid measured by decreasing levels of full
length Bid and release of cytochrome C occurred only in Fah”/p21”" mice (Fig. B-4e).

Dephosphorylation of Bid was associated with decreased cytosolic CK1 epsilon levels in

186



Appendix B. Sustained phosphorylation of Bid

the apoptosis sensitive mice following Jo, injection, PP2A levels remained unchanged in

both groups (Fig. B-4e).

B.3.5 Suramin inhibits Fas-induced hepatocellular apoptosis and prevents

dephosphorylation of Bid.

Recently, it has been shown that suramin inhibits death receptor-induced apoptosis in
vitro and fulminant apoptotic liver damage in mice. Suramin is a polysulfonated
napthylurea compound that has been widely used for the treatment of trypanosomiasis
and onchocerciasis (Hawking, 1978). Initial observation suggested that suramin acts
primarily by interfering with the binding of growth factors, such as platelet-derived
growth factor, transforming growth factor and tumor necrosis factor alpha to their
corresponding receptors. Subsequent investigation however revealed a marked increase in
phosphorylation of several cellular proteins in suramin treated cancer cell lines and
identified surmamin as a reversible modulator of protein phosphatases and kinases
(Sartor et al., 1992). Previous studies have shown that Surmain does have proapoptotic
effects in specific tumors such as prostate carcinoma, whereas it has antiapoptotic affects
in lymphoid and hepatic cell lines. Remarkably, Suramin does not prevent apoptosis in
type I cells such as SKW6.4 cells whereas it inhibited apoptosis in type II cells such as
hepatocytes. Subsequent analysis revealed that the block of apoptosis occurred upstream
of the mitochondria and involves inhibition of the Disc. Interestingly however, the
general composition of the Disc was not changed by suramin treatment, CD95, FADD,
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pro-caspase-8 (p55/53) and their initial cleavage products (p43/44) were present in
almost equal amounts. The observations that suramin was only effective in type II cells
and acts upstream of the mitochondria suggest that modulation of Bid could also
contribute to the observed phenotype. We therefore wondered whether resistance against
cell death induced by suramin was also associated with inhibition of Bid
dephosphorylation and injected 5 mg of Suramin per mouse concomitantly with Jo, in
WT mice. Co-administration of suramin significantly protected mice from Jo, induced
death. In agreement with our hypothesis, Bid was not dephosphorylated and subsequently
not cleaved in suramin treated cells. Cytosolic CK1 epsilon levels were again higher in

the apoptosis resistant cells, whereas PP2alpha levels remained unchanged (Fig. B-4f).

B.3.6 ATM phosphorylates Bid in vitro, but is not necessary for BDL induced

resistance against apoptosis.

Our data indicate that phosphorylation/dephosphorylation of Bid strictly correlates with
the apoptosis sensitivity in different apoptosis resistance models. Furthermore, apoptosis
resistant mice revealed higher cytosolic CK1 epsilon levels in contrast to apoptosis
sensitive mice either before or following Jo, injection implying CK1 epsilon in this
adaptive response. To test whether other kinases also phosphorylate Bid, the Scansite of
the Massachusetts Institute of Technology was used (Obenauer et al., 2003). The current
release of Scansite, version 2.0, includes 63 motifs characterizing the binding and/or
substrate specificities of many families of Ser/Thr- or Tyr-kinases, SH2, SH3, PDZ, 14-3-
3 and PTB domains, together with signature motifs for PtdIns(3,4,5)P(3)-specific PH
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domains. Out of these 63 kinases only Atm (ataxia telangiectasia-mutated) was identified
to phosphorylate Bid in silico. Loss of Atm function causes Ataxia telangiectasia (A-T) a
rare autosomal recessive disorder characterized by clinical manifestations that include
progressive cerebellar ataxia, neuronal degeneration, hypersensitivity to ionizing
radiation (IR), and an increased risk for cancer (Savitsky et al., 1995). Atm encodes a
370-kD protein that is a member of a family of proteins related to phosphatidylinositol 3-
kinase (PI-3-K), which transduce signals through the phosphorylation of proteins on
serine or threonine residues (Abraham, 2001). Interestingly, the ATM-p53-p21 DNA-
damage pathway is activated in both, Fah” mice off NTBC (Willenbring et al.
Manuscript submitted) and in BDL mice (Fig. B-5a). Furthermore, recombinant Atm
phosphorylates Bid in vitro (Fig. B-5b). To test whether Atm significantly contributes to
the observed resistance against apoptosis, Atm” mice were bile duct ligated. Two weeks
following this procedure, Atm™™ and control mice were injected with a lethal dose of Jo,.
However, BDL Atm”" mice showed the same resistance against apoptosis as the control
BDL mice and Bid was not dephosphorylated following Jo, injection (Fig. B-5c-e).
Subsequently, cleavage of Bid and release of cytochrome C occurred only in the non-
BDL controls (Fig. B-5c). Cytosolic CK1 epsilon levels were slightly higher in the BDL
Atm™ than in the BDL control mice (Fig. B-5f). PP2alpha levels were similar to the

previous experiments unchanged (Fig. B-5f).
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B.4 DISCUSSION

We have recently shown, that mice modeling the genetic disease hereditary
tyrosinemia develop resistance against cell death during chronic liver injury (Vogel et al.,
2004), an adaptation, which does not occur in mice which are doubly mutant in the gene
responsible for HT'1, Fah, and the cell cycle regulatory protein p21/Cip/Waf (Willenbring
et al, manuscript submitted). In the current study, we therefore asked whether apoptosis
resistance could also be a feature of other, more common liver disorders. Jaundice and
obstruction of bile flow are found in many hepatic diseases; therefore an animal model of
chronic cholestasis was used to address this question. Here, we show that BDL mice
exhibit a profound resistance against apoptosis. Our observations are not contradictory to
previous reports showing that bile acids acutely induced hepatocyte cell death. In HT1,
several studies have similarly shown that HGA acutely induces apoptosis in hepatocytes
of mice which are doubly mutant in Hpd and Fah™ (Jorquera and Tanguay, 1999; Kubo
et al., 1998). In both Fah deficiency and chronic cholestasis, already injured hepatocytes
developed resistance to additional cell death triggers. We found in both models that the
apoptotic block was primarily related to an inhibition of the mitochondrial amplification
loop of Fas-induced apoptosis. We therefore wondered which factors contribute to the

observed resistance against Fas-induced apoptosis.

Analysis of pro- and antiapoptotic proteins identified several changes to Bcl-2
like proteins. These alterations included not only quantitative changes, but also
posttranslational modifications such as phosphorylation and subcellular localization.

First, the anti-apoptotic protein Bfl-1/A1 was transcriptionally unregulated in BDL mice
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in comparison to controls. However, we did not observe a significant difference between
apoptosis-sensitive Fah”/p21” and apoptosis-resistant Fah”™ mice. Additionally,
previous studies have shown that Bfl-1/A1 did not prevent processing of Bid or tBid
translocation to the mitochondria, but prevented subsequent collaboration between tBid
and Bax/ Bak in the mitochondrial membrane (Werner et al., 2002). It is therefore
unlikely that the mild elevation of Bfl-1/A1 can completely explain the lack of Bid
cleavage seen in all apoptosis resistant models. Furthermore, we did not observe any
additional consistent changes of pro- and antiapoptotic Bcl-2 like proteins in BDL, Fah™
and Fah” '/p21'/ " mice indicating that the resistance against Fas-induced apoptosis is not
mediated by transcriptional regulation of these proteins. Another change was the increase
of Bax and Bid in the mitochondrial fraction of BDL mice even before injection of Fas.
Translocation of Bax to the mitochondria is generally associated with cytochrome C
release and/ or mitochondrial dysfunction and apoptosis. For its pro-apoptotic functions,
Bax needs to be activated and inserted into the mitochondrial membrane similar to Bid to
induce release of cytochrome C. In BDL mice, however, both proteins were only loosely
attached to the membrane. To clarify the potential role of the high levels of
mitochrondrially located Bax, in vitro cytochrome C release assays were performed.
Mitochondrial cytochrome C release was completely normal in BDL mice and therefore

these changes are also unlikely to be the main cause of hepatocyte survival.

Instead, failure of Bid cleavage 8 was observed consistently in both models of hepatic
cell death resistance, BDL and Fah deficiency. Previously, it has been shown that

phosphorylation of Bid regulates its cleavage by caspase-8 (Degli Esposti et al., 2003a;
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Desagher et al., 2001). In type II cells, the mitochondrial amplification loop necessary for
Fas induced apoptosis is triggered through cleavage of Bid at Asp 59 by caspase-8. In the
case of murine Bid, CK1 epsilon phosphorylates Bid in vitro on Ser 61 located exactly
next to the cleavage site of caspase-8. Phosphorylation of Bid by CKI1 renders Bid
resistant to cleavage by caspase-8. Moreover, inhibition of CK1 accelerated Fas induced
apoptosis, whereas hyperactivity of the kinase inhibited apoptosis *°. More recent data
additionally indicate that phosphorylation of Bid does not only prevent cleavage by
caspase-8, but also the translocation of Bid to the mitochondria (Simmen et al., 2005).
The mechanisms underlying the trafficking of Bid to the mitochondria are poorly defined
at this time; the current model suggests that cleavage and myristoylation of Bid induces a
molecular switch targeting tBid to the mitochondria (Gross et al., 1999b; Zha et al.,
2000). However, a recent study suggests that the sorting protein PACS-2 is required for
the apoptosis-induced targeting of Bid. The PACS-2 dependent translocation of Bid to
the mitochondria appears to occur prior to caspase cleavage and requires the
dephosphorylation of Bid (Simmen et al., 2005). Phosphorylated Bid (S61) was readily
detectable in WT, BDL, Fah” and Fah”/p21” mice. The constitutive phosphorylation of
Bid in hepatocytes implies that it must be dephosphorylated during Fas induced apoptosis
to transduce and amplify the death signal. Here however, Bid was not dephosphorylated
following Fas mAb injection and CK1 activity remained higher in apoptosis resistant
BDL mice. This phosphorylation/dephosphorylation pattern of Bid was not only specific
for bile duct ligation, but was also seen in the adaptive response in the cancer prone
metabolic liver disease HT1. Bid was only dephosphorylated in the apoptosis sensitive

Fah”/p21” double knockout mice following induction of apoptosis, but not in the
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resistant Fah”™ mice. Finally, the effect of suramin was analyzed, which has been shown
to inhibit Fas-induced hepatocellular apoptosis >*. Interestingly, Suramin does not alter
the composition of the DISC in the liver following challenge with APO-1 antibody but
prevents release of cytochrome C. Additionally, the anti-apoptotic effect of suramin are
specific for type II cell suggesting that a role for the mitochondrial pathway. Here, we
show that Bid is not dephosphorylated and subsequently not cleaved in suramin treated

mice following Jo, injection.

Interestingly, lack of dephosphorylation of Bid following Fas mAb injection correlates
with increased cytosolic levels of CK1 epsilon in all models analyzed in this study.
However, at this point we cannot exclude that additional kinases and/or phosphatases also
contribute to the increased Bid phosphorylation level in vivo. Atm phosphorylates Bid in
vitro, but was not necessary to sustain phosphorylation levels of Bid in BDL mice
following induction of apoptosis with Fas mAb implicating CK 1 epsilon as the candidate
kinase. Accumulating data suggest that CK1 is involved in negative regulation of
apoptosis. Phosphorylation of different proteins by CKI1 prevents their cleavage by
caspase (Choi et al., 2003; Desagher et al., 2001). Additionally, CK1 acts as a molecular
switch for certain proteins such as Galectin-3 (Takenaka et al., 2004). Phosphorylation of
Galectin-3 regulates its cellular translocation from the nucleus to the cytoplasm and, as a
result, its anti-apoptotic function. Finally, CKI1 phosphorylates several membrane
receptors and it has been shown that the p75 TNF receptor is phosphorylated and
associated with CK-1, which negatively regulates p75-mediated TNF signaling to

apoptosis (Beyaert et al., 1995). The data shown here establish a strong correlation
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between the status of Bid-phosphorylation and hepatic apoptosis resistance and suggest a
coherent model explaining this phenomenon in distinct models. However, future
experiments using phosphorylation resistant Bid-mutants and mutant mimicking
constitutive phosphorylation will be needed to determine conclusively whether this is the

central mechanism.

In summary, our data show that resistance against apoptosis is a common feature of
chronic liver diseases such as HT-1 and chronic cholestasis. In terms of evolution, this
can be viewed as an adaptive response, allowing survival during chronic liver injury.
However, survival might come at a price, because hepatocytes can retain DNA damage
and become malignantly transformed. Our data show that the Fas apoptosis-signaling
pathway is blocked at the level of Bid cleavage. We did not observe consistent
transcriptional changes to pro- and anti-apoptotic genes including BH3-like genes and
inhibitors  of  apoptosis and propose therefore a model in  which
phosphorylation/dephosphorylation of Bid determines the apoptotic threshold of
hepatocytes during chronic liver diseases. Importantly, Bid” mice are not only resistant
against Fas mAb-induced hepatocellular apoptosis, but also spontaneously develop a
myeloproliferative disorder proving that loss function of a single BH3-only molecule can
predispose to cancer (Zinkel et al., 2003). Therefore, understanding the changes in
apoptosis sensitivity during chronic diseases might help to reduce the long-term risk of

cancer development.

194



Appendix B. Sustained phosphorylation of Bid

B5 ACKNOWLEDGMENT

We thank Mike Forte for helpful discussions. This work was supported by the Deutsche
Forschungsge-meinschaft (Vo 959/1-1 to A.V.), and the National Institute of Health

(DK18252 to M.G and DK37274, A149793 and AI48585 to G.T.).

195



Appendix B. Sustained phosphorylation of Bid

196



References

Bibliography

Abraham, R.T. (2001) Cell cycle checkpoint signaling through the ATM and ATR
kinases. Genes Dev, 15, 2177-2196

Acehan, D., Jiang, X., Morgan, D.G., Heuser, J.E., Wang, X. and Akey, C.W. (2002)
Three-dimensional structure of the apoptosome: implications for assembly,
procaspase-9 binding, and activation. Mol Cell, 9, 423-432

Adams, J.M. and Cory, S. (2007) Bcl-2-regulated apoptosis: mechanism and therapeutic
potential. Curr Opin Immunol, 19, 488-496

Aggarwal, B.B. (2003) Signalling pathways of the TNF superfamily: a double-edged
sword. Nat Rev Immunol, 3, 745-756

Amsel, A.D., Rathaus, M., Kronman, N. and Cohen, H.Y. (2008) Regulation of the
proapoptotic factor Bax by Ku70-dependent deubiquitylation. Proc Natl Acad Sci
USA, 105, 5117-5122

Anderson, G.R., Brenner, B.M., Swede, H., Chen, N., Henry, W.M., Conroy, J.M.,
Karpenko, M.J., Issa, J.P., Bartos, J.D., Brunelle, J.K., Jahreis, G.P., Kahlenberg,
M.S., Basik, M., Sait, S., Rodriguez-Bigas, M.A., Nowak, N.J., Petrelli, N.J.,
Shows, T.B. and Stoler, D.L. (2001) Intrachromosomal genomic instability in
human sporadic colorectal cancer measured by genome-wide allelotyping and
inter-(simple sequence repeat) PCR. Cancer Res, 61, 8274-8283

Ardail, D., Popa, I., Bodennec, J., Louisot, P., Schmitt, D. and Portoukalian, J. (2003)
The mitochondria-associated endoplasmic-reticulum subcompartment (MAM
fraction) of rat liver contains highly active sphingolipid-specific
glycosyltransferases. Biochem J, 371, 1013-1019

Arnoult, D., Rismanchi, N., Grodet, A., Roberts, R.G., Seeburg, D.P., Estaquier, J.,
Sheng, M. and Blackstone, C. (2005) Bax/Bak-dependent release of
DDP/TIMM&8a promotes Drpl-mediated mitochondrial fission and mitoptosis
during programmed cell death. Curr Biol, 15, 2112-2118

Arvelo, M.B., Cooper, J.T., Longo, C., Daniel, S., Grey, S.T., Mahiou, J., Czismadia, E.,
Abu-Jawdeh, G. and Ferran, C. (2002) A20 protects mice from D-
galactosamine/lipopolysaccharide acute toxic lethal hepatitis. Hepatology, 35,
535-543

Arvidson, B., Seeds, J., Webb, M., Finlay, L. and Barklis, E. (2003) Analysis of the
retrovirus capsid interdomain linker region. Virology, 308, 166-177

Ashkenazi, A. and Herbst, R.S. (2008) To kill a tumor cell: the potential of proapoptotic
receptor agonists. J Clin Invest, 118, 1979-1990

Ashkenazi, A., Holland, P. and Eckhardt, S.G. (2008) Ligand-based targeting of
apoptosis in cancer: the potential of recombinant human apoptosis ligand 2/Tumor
necrosis factor-related apoptosis-inducing ligand (rhApo2L/TRAIL). J Clin
Oncol, 26, 3621-3630

Aslan, J.E. and Thomas, G. (2008) Death by committee: Organellar Trafficking and
Communication in Apoptosis. Traffic, in press

197



References

Atkins, K.M., Thomas, L., Youker, R.T., Harriff, M.J., Pissani, F., You, H. and Thomas,
G. (2008) HIV-1 Nef Binds PACS-2 to Assemble a Multikinase Cascade That
Triggers Major Histocompatibility Complex Class I (MHC-I) Down-regulation:
ANALYSIS USING SHORT INTERFERING RNA AND KNOCK-OUT MICE.
J Biol Chem, 283, 11772-11784

Bartos, J.D., Gaile, D.P., McQuaid, D.E., Conroy, J.M., Darbary, H., Nowak, N.J., Block,
A., Petrelli, N.J., Mittelman, A., Stoler, D.L. and Anderson, G.R. (2007) aCGH
local copy number aberrations associated with overall copy number genomic
instability in colorectal cancer: coordinate involvement of the regions including
BCR and ABL. Mutat Res, 615, 1-11

Bassik, M.C., Scorrano, L., Oakes, S.A., Pozzan, T. and Korsmeyer, S.J. (2004)
Phosphorylation of BCL-2 regulates ER Ca2+ homeostasis and apoptosis. Embo
J, 23, 1207-1216

Belden, W.J. and Barlowe, C. (2001) Deletion of yeast p24 genes activates the unfolded
protein response. Mol Biol Cell, 12, 957-969

Berridge, M.J. (2002) The endoplasmic reticulum: a multifunctional signaling organelle.
Cell Calcium, 32, 235-249

Beyaert, R., Vanhaesebroeck, B., Declercq, W., Van Lint, J., Vandenabele, P., Agostinis,
P., Vandenheede, J.R. and Fiers, W. (1995) Casein kinase-1 phosphorylates the
p75 tumor necrosis factor receptor and negatively regulates tumor necrosis factor
signaling for apoptosis. J Biol Chem, 270, 23293-23299

Bionda, C., Portoukalian, J., Schmitt, D., Rodriguez-Lafrasse, C. and Ardail, D. (2004)
Subcellular compartmentalization of ceramide metabolism: MAM (mitochondria-
associated membrane) and/or mitochondria? Biochem J, 382, 527-533

Birbes, H., Luberto, C., Hsu, Y.T., El Bawab, S., Hannun, Y.A. and Obeid, L.M. (2005)
A mitochondrial pool of sphingomyelin is involved in TNFalpha-induced Bax
translocation to mitochondria. Biochem J, 386, 445-451

Bird, M.A., Black, D., Lange, P.A., Samson, C.M., Hayden, M. and Behrns, K.E. (2003)
NFkappaB inhibition decreases hepatocyte proliferation but does not alter
apoptosis in obstructive jaundice. J Surg Res, 114, 110-117

Blagoveshchenskaya, A.D., Thomas, L., Feliciangeli, S.F., Hung, C.H. and Thomas, G.
(2002) HIV-1 Nef Downregulates MHC-I by a PACS-1- and PI3K-Regulated
ARF6 Endocytic Pathway. Cell, 111, 853-866

Boatright, K.M., Renatus, M., Scott, F.L., Sperandio, S., Shin, H., Pedersen, I.M., Ricci,
J.E., Edris, W.A., Sutherlin, D.P., Green, D.R. and Salvesen, G.S. (2003) A
unified model for apical caspase activation. Mol Cell, 11, 529-541

Boatright, K.M. and Salvesen, G.S. (2003) Mechanisms of caspase activation. Curr Opin
Cell Biol, 15, 725-731

Boehning, D., Patterson, R.L., Sedaghat, L., Glebova, N.O., Kurosaki, T. and Snyder,
S.H. (2003) Cytochrome ¢ binds to inositol (1,4,5) trisphosphate receptors,
amplifying calcium-dependent apoptosis. Nat Cell Biol, 5, 1051-1061

Boletta, A., Qian, F., Onuchic, L.F., Bhunia, A.K., Phakdeekitcharoen, B., Hanaoka, K.,
Guggino, W., Monaco, L. and Germino, G.G. (2000) Polycystin-1, the gene
product of PKD1, induces resistance to apoptosis and spontaneous tubulogenesis
in MDCK cells. Mol Cell, 6, 1267-1273

198



References

Bonifacino, J.S. and Glick, B.S. (2004) The mechanisms of vesicle budding and fusion.
Cell, 116, 153-166

Bonifacino, J.S. and Lippincott-Schwartz, J. (2003) Coat proteins: shaping membrane
transport. Nat Rev Mol Cell Biol, 4, 409-414

Bonifacino, J.S. and Traub, L.M. (2003) Signals for sorting of transmembrane proteins to
endosomes and lysosomes. Annu Rev Biochem, 72, 395-447

Bozidis, P., Williamson, C.D. and Colberg-Poley, A.M. (2008) Mitochondrial and
secretory human cytomegalovirus UL37 proteins traffic into mitochondrion-
associated membranes of human cells. J Virol, 82, 2715-2726

Breckenridge, D.G., Stojanovic, M., Marcellus, R.C. and Shore, G.C. (2003) Caspase
cleavage product of BAP31 induces mitochondrial fission through endoplasmic
reticulum calcium signals, enhancing cytochrome c release to the cytosol. J Cell
Biol, 160, 1115-1127

Brocardo, M., Lei, Y., Tighe, A., Taylor, S.S., Mok, M.T. and Henderson, B.R. (2008)
Mitochondrial Targeting of Adenomatous Polyposis Coli Protein Is Stimulated by
Truncating Cancer Mutations: REGULATION OF Bcl-2 AND IMPLICATIONS
FOR CELL SURVIVAL. J Biol Chem, 283, 5950-5959

Caballeria, L., Pares, A., Castells, A., Gines, A., Bru, C. and Rodes, J. (2001)
Hepatocellular carcinoma in primary biliary cirrhosis: similar incidence to that in
hepatitis C virus-related cirrhosis. Am J Gastroenterol, 96, 1160-1163

Cai, Y., Maeda, Y., Cedzich, A., Torres, V.E., Wu, G., Hayashi, T., Mochizuki, T., Park,
J.H., Witzgall, R. and Somlo, S. (1999) Identification and characterization of
polycystin-2, the PKD2 gene product. J Biol Chem, 274, 28557-28565

Camandola, S., Cutler, R.G., Gary, D.S., Milhavet, O. and Mattson, M.P. (2005)
Suppression of Calcium Release from Inositol 1,4,5-Trisphosphate-sensitive
Stores Mediates the Anti-apoptotic Function of Nuclear Factor-{kappa}B. J Biol
Chem, 280, 22287-22296

Cassidy-Stone, A., Chipuk, J.E., Ingerman, E., Song, C., Yoo, C., Kuwana, T., Kurth,
M.J., Shaw, J.T., Hinshaw, J.E., Green, D.R. and Nunnari, J. (2008) Chemical
inhibition of the mitochondrial division dynamin reveals its role in Bax/Bak-
dependent mitochondrial outer membrane permeabilization. Dev Cell, 14, 193-
204

Cavin, L.G., Venkatraman, M., Factor, V.M., Kaur, S., Schroeder, 1., Mercurio, F., Beg,
A.A., Thorgeirsson, S.S. and Arsura, M. (2004) Regulation of alpha-fetoprotein
by nuclear factor-kappaB protects hepatocytes from tumor necrosis factor-alpha
cytotoxicity during fetal liver development and hepatic oncogenesis. Cancer Res,
64, 7030-7038

Cerveny, K.L., Tamura, Y., Zhang, Z., Jensen, R.E. and Sesaki, H. (2007) Regulation of
mitochondrial fusion and division. Trends Cell Biol, 17, 563-569

Chandra, D., Choy, G., Deng, X., Bhatia, B., Daniel, P. and Tang, D.G. (2004)
Association of active caspase 8 with the mitochondrial membrane during
apoptosis: potential roles in cleaving BAP31 and caspase 3 and mediating
mitochondrion-endoplasmic reticulum cross talk in etoposide-induced cell death.
Mol Cell Biol, 24, 6592-6607

199



References

Chen, C., Shimizu, S., Tsujimoto, Y. and Motoyama, N. (2005a) Chk2 regulates
transcription-independent p53-mediated apoptosis in response to DNA damage.
Biochem Biophys Res Commun, 333, 427-431

Chen, D., Wang, M., Zhou, S. and Zhou, Q. (2002) HIV-1 Tat targets microtubules to
induce apoptosis, a process promoted by the pro-apoptotic Bcl-2 relative Bim.
Embo J, 21, 6801-6810

Chen, H., Detmer, S.A., Ewald, A.J., Griffin, E.E., Fraser, S.E. and Chan, D.C. (2003)
Mitofusins Mfnl and Mfn2 coordinately regulate mitochondrial fusion and are
essential for embryonic development. J Cell Biol, 160, 189-200

Chen, X., Thakkar, H., Tyan, F., Gim, S., Robinson, H., Lee, C., Pandey, S.K.,
Nwokorie, C., Onwudiwe, N. and Srivastava, R.K. (2001) Constitutively active
Akt is an important regulator of TRAIL sensitivity in prostate cancer. Oncogene,
20, 6073-6083

Chen, X.Q., Fung, Y.W. and Yu, A.C. (2005b) Association of 14-3-3gamma and
phosphorylated bad attenuates injury in ischemic astrocytes. J Cereb Blood Flow
Metab, 25, 338-347

Chiang, C.W., Harris, G., Ellig, C., Masters, S.C., Subramanian, R., Shenolikar, S.,
Wadzinski, B.E. and Yang, E. (2001) Protein phosphatase 2A activates the
proapoptotic function of BAD in interleukin- 3-dependent lymphoid cells by a
mechanism requiring 14-3-3 dissociation. Blood, 97, 1289-1297

Chiu, R., Novikov, L., Mukherjee, S. and Shields, D. (2002) A caspase cleavage
fragment of p115 induces fragmentation of the Golgi apparatus and apoptosis. J
Cell Biol, 159, 637-648

Choti, E.K., Miller, J.S., Zaidi, N.F., Salih, E., Buxbaum, J.D. and Wasco, W. (2003)
Phosphorylation of calsenilin at Ser63 regulates its cleavage by caspase-3. Mol
Cell Neurosci, 23, 495-506

Cirman, T., Oresic, K., Mazovec, G.D., Turk, V., Reed, J.C., Myers, R.M., Salvesen,
G.S. and Turk, B. (2004) Selective disruption of lysosomes in HeLa cells triggers
apoptosis mediated by cleavage of Bid by multiple papain-like lysosomal
cathepsins. J Biol Chem, 279, 3578-3587

Corey, D.P. (2006) What is the hair cell transduction channel? J Physiol, 576, 23-28

Cory, S., Huang, D.C. and Adams, J.M. (2003) The Bcl-2 family: roles in cell survival
and oncogenesis. Oncogene, 22, 8590-8607

Cretney, E., Takeda, K., Yagita, H., Glaccum, M., Peschon, J.J. and Smyth, M.J. (2002)
Increased susceptibility to tumor initiation and metastasis in TNF-related
apoptosis-inducing ligand-deficient mice. J Immunol, 168, 1356-1361

Cribbs, J.T. and Strack, S. (2007) Reversible phosphorylation of Drpl by cyclic AMP-
dependent protein kinase and calcineurin regulates mitochondrial fission and cell
death. EMBO Rep, 8, 939-944

Crump, C.M., Hung, C.H., Thomas, L., Wan, L. and Thomas, G. (2003) Role of PACS-1
in trafficking of human cytomegalovirus glycoprotein B and virus production. J
Virol, 77, 11105-11113

Crump, C.M., Xiang, Y., Thomas, L., Gu, F., Austin, C., Tooze, S.A. and Thomas, G.
(2001) PACS-1 binding to adaptors is required for acidic cluster motif-mediated
protein traffic. Embo J, 20, 2191-2201

200



References

Dacks, J.B. and Field, M.C. (2007) Evolution of the eukaryotic membrane-trafficking
system: origin, tempo and mode. J Cell Sci, 120, 2977-2985

Dacks, J.B., Peden, A.A. and Field, M.C. (2008) Evolution of specificity in the
eukaryotic endomembrane system. Int J Biochem Cell Biol

Dallol, A., Agathanggelou, A., Fenton, S.L., Ahmed-Choudhury, J., Hesson, L., Vos,
M.D., Clark, G.J., Downward, J., Maher, E.R. and Latif, F. (2004) RASSF1A
interacts with microtubule-associated proteins and modulates microtubule
dynamics. Cancer Res, 64, 4112-4116

Danial, N.N., Gramm, C.F., Scorrano, L., Zhang, C.Y., Krauss, S., Ranger, A.M., Datta,
S.R., Greenberg, M.E., Licklider, L.J., Lowell, B.B., Gygi, S.P. and Korsmeyer,
S.J. (2003) BAD and glucokinase reside in a mitochondrial complex that
integrates glycolysis and apoptosis. Nature, 424, 952-956

Danial, N.N., Walensky, L.D., Zhang, C.Y., Choi, C.S., Fisher, J.K., Molina, A.J., Datta,
S.R., Pitter, K.L., Bird, G.H., Wikstrom, J.D., Deeney, J.T., Robertson, K.,
Morash, J., Kulkarni, A., Neschen, S., Kim, S., Greenberg, M.E., Corkey, B.E.,
Shirihai, O.S., Shulman, G.I., Lowell, B.B. and Korsmeyer, S.J. (2008) Dual role
of proapoptotic BAD in insulin secretion and beta cell survival. Nat Med, 14, 144-
153

Darios, F., Muriel, M.P., Khondiker, M.E., Brice, A. and Ruberg, M. (2005) Neurotoxic
calcium transfer from endoplasmic reticulum to mitochondria is regulated by
cyclin-dependent kinase 5-dependent phosphorylation of tau. J Neurosci, 25,
4159-4168

Datta, S.R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y. and Greenberg, M.E.
(1997) Akt phosphorylation of BAD couples survival signals to the cell-intrinsic
death machinery. Cell, 91, 231-241

Datta, S.R., Ranger, A.M., Lin, M.Z., Sturgill, J.F., Ma, Y.C., Cowan, C.W., Dikkes, P.,
Korsmeyer, S.J. and Greenberg, M.E. (2002) Survival factor-mediated BAD
phosphorylation raises the mitochondrial threshold for apoptosis. Dev Cell, 3,
631-643

de Bivort, B., Huang, S. and Bar-Yam, Y. (2007) Empirical multiscale networks of
cellular regulation. PLoS Comput Biol, 3, 1968-1978

De Vos, K., Goossens, V., Boone, E., Vercammen, D., Vancompernolle, K.,
Vandenabeele, P., Haegeman, G., Fiers, W. and Grooten, J. (1998) The 55-kDa
tumor necrosis factor receptor induces clustering of mitochondria through its
membrane-proximal region. J Biol Chem, 273, 9673-9680

De Vos, K., Severin, F., Van Herreweghe, F., Vancompernolle, K., Goossens, V.,
Hyman, A. and Grooten, J. (2000) Tumor necrosis factor induces
hyperphosphorylation of kinesin light chain and inhibits kinesin-mediated
transport of mitochondria. J Cell Biol, 149, 1207-1214

DeAngelis, R.A., Kovalovich, K., Cressman, D.E. and Taub, R. (2001) Normal liver
regeneration in p50/nuclear factor kappaB1 knockout mice. Hepatology, 33, 915-
924

Degli Esposti, M. (2008) Organelle intermixing and membrane scrambling in cell death.
Methods Enzymol

201



References

Degli Esposti, M., Ferry, G., Masdehors, P., Boutin, J.A., Hickman, J.A. and Dive, C.
(2003a) Post-translational modification of Bid has differential effects on its
susceptibility to cleavage by caspase 8 or caspase 3. J Biol Chem, 278, 15749-
15757

Degli Esposti, M.D., Cristea, .M., Gaskell, S.J., Nakao, Y. and Dive, C. (2003b)
Proapoptotic Bid binds to monolysocardiolipin, a new molecular connection
between mitochondrial membranes and cell death. Cell Death Differ, 10, 1300-
1309

Degterev, A. and Yuan, J. (2008) Expansion and evolution of cell death programmes. Nat
Rev Mol Cell Biol

Delmas, P., Padilla, F., Osorio, N., Coste, B., Raoux, M. and Crest, M. (2004)
Polycystins, calcium signaling, and human diseases. Biochem Biophys Res
Commun, 322, 1374-1383

Deng, Y., Ren, X., Yang, L., Lin, Y. and Wu, X. (2003) A JNK-dependent pathway is
required for TNFalpha-induced apoptosis. Cell, 115, 61-70

Desagher, S., Osen-Sand, A., Montessuit, S., Magnenat, E., Vilbois, F., Hochmann, A.,
Journot, L., Antonsson, B. and Martinou, J.C. (2001) Phosphorylation of bid by
casein kinases I and II regulates its cleavage by caspase 8. Mol Cell, 8, 601-611

Desagher, S., Osen-Sand, A., Nichols, A., Eskes, R., Montessuit, S., Lauper, S.,
Maundrell, K., Antonsson, B. and Martinou, J.C. (1999) Bid-induced
conformational change of Bax is responsible for mitochondrial cytochrome c
release during apoptosis. J Cell Biol, 144, 891-901

Desbarats, J. and Newell, M.K. (2000) Fas engagement accelerates liver regeneration
after partial hepatectomy. Nat Med, 6, 920-923

Dewitt, D.A., Hurd, J.A., Fox, N., Townsend, B.E., Griffioen, K.J., Ghribi, O. and
Savory, J. (2006) Peri-nuclear clustering of mitochondria is triggered during
aluminum maltolate induced apoptosis. J Alzheimers Dis, 9, 195-205

Dikovskaya, D., Schiffmann, D., Newton, I.P., Oakley, A., Kroboth, K., Sansom, O.,
Jamieson, T.J., Meniel, V., Clarke, A. and Nathke, 1.S. (2007) Loss of APC
induces polyploidy as a result of a combination of defects in mitosis and
apoptosis. J Cell Biol, 176, 183-195

Doolittle, W.F. and Brown, J.R. (1994) Tempo, mode, the progenote, and the universal
root. Proc Natl Acad Sci U S A, 91, 6721-6728

Du, Y., Masters, S.C., Khuri, F.R. and Fu, H. (2006) Monitoring 14-3-3 protein
interactions with a homogeneous fluorescence polarization assay. J Biomol
Screen, 11, 269-276

Ebneth, A., Godemann, R., Stamer, K., Illenberger, S., Trinczek, B. and Mandelkow, E.
(1998) Overexpression of tau protein inhibits kinesin-dependent trafficking of
vesicles, mitochondria, and endoplasmic reticulum: implications for Alzheimer's
disease. J Cell Biol, 143, 777-794

Eckhart, L., Ballaun, C., Hermann, M., Vandeberg, J.L., Sipos, W., Uthman, A., Fischer,
H. and Tschachler, E. (2008) Identification of novel mammalian caspases reveals
an important role of gene loss in shaping the human caspase repertoire. Mol Biol
Evol

202



References

Eskes, R., Desagher, S., Antonsson, B. and Martinou, J.C. (2000) Bid induces the
oligomerization and insertion of Bax into the outer mitochondrial membrane. Mol
Cell Biol, 20, 929-935

Esposti, M.D., Erler, J.T., Hickman, J.A. and Dive, C. (2001) Bid, a widely expressed
proapoptotic protein of the Bcl-2 family, displays lipid transfer activity. Mol Cell
Biol, 21, 7268-7276

Farr, C.D., Gatken, P.R., Norbeck, A.D., Doneanu, C.E., Stapels, M.D., Barofsky, D.F.,
Minami, M. and Saugstad, J.A. (2004) Proteomic analysis of native metabotropic
glutamate receptor 5 protein complexes reveals novel molecular constituents. J
Neurochem, 91, 438-450

Faubion, W.A., Guicciardi, M.E., Miyoshi, H., Bronk, S.F., Roberts, P.J., Svingen, P.A.,
Kaufmann, S.H. and Gores, G.J. (1999) Toxic bile salts induce rodent hepatocyte
apoptosis via direct activation of Fas. J Clin Invest, 103, 137-145

Ferri, K.F. and Kroemer, G. (2001) Organelle-specific initiation of cell death pathways.
Nat Cell Biol, 3, E255-263

Fickert, P., Trauner, M., Fuchsbichler, A., Zollner, G., Wagner, M., Marschall, H.U.,
Zatloukal, K. and Denk, H. (2005) Oncosis represents the main type of cell death
in mouse models of cholestasis. J Hepatol, 42, 378-385

Findor, J., He, X.S., Sord, J., Terg, R. and Gershwin, M.E. (2002) Primary biliary
cirrhosis and hepatocellular carcinoma. Autoimmun Rev, 1, 220-225

Finnberg, N., Gruber, J.J., Fei, P., Rudolph, D., Bric, A., Kim, S.H., Burns, T.F., Ajuha,
H., Page, R., Wu, G.S., Chen, Y., McKenna, W.G., Bernhard, E., Lowe, S., Mak,
T. and El-Deiry, W.S. (2005) DRS5 knockout mice are compromised in radiation-
induced apoptosis. Mol Cell Biol, 25, 2000-2013

Finotto, S., Siebler, J., Hausding, M., Schipp, M., Wirtz, S., Klein, S., Protschka, M.,
Doganci, A., Lehr, H.A., Trautwein, C., Khosravi-Far, R., Strand, D., Lohse, A.,
Galle, P.R., Blessing, M. and Neurath, M.F. (2004) Severe hepatic injury in
interleukin 18 (IL-18) transgenic mice: a key role for IL-18 in regulating
hepatocyte apoptosis in vivo. Gut, 53, 392-400

Foskett, J.K., White, C., Cheung, K.H. and Mak, D.O. (2007) Inositol trisphosphate
receptor Ca2+ release channels. Physiol Rev, 87, 593-658

Frederick, R.L. and Shaw, J.M. (2007) Moving mitochondria: establishing distribution of
an essential organelle. Traffic, 8, 1668-1675

Fu, H., Subramanian, R.R. and Masters, S.C. (2000) 14-3-3 proteins: structure, function,
and regulation. Annu Rev Pharmacol Toxicol, 40, 617-647

Fu, X., Wang, Y., Schetle, N., Gao, H., Putz, M., von Gersdorff, G., Walz, G. and
Kramer-Zucker, A.G. (2008) The subcellular localization of TRPP2 modulates its
function. J Am Soc Nephrol, 19, 1342-1351

Galle, P.R. and Krammer, P.H. (1998) CD95-induced apoptosis in human liver disease.
Semin Liver Dis, 18, 141-151

Garcia-Ruiz, C., Colell, A., Morales, A., Calvo, M., Enrich, C. and Fernandez-Checa,
J.C. (2002) Trafficking of ganglioside GD3 to mitochondria by tumor necrosis
factor-alpha. J Biol Chem, 277, 36443-36448

Garofalo, T., Giammarioli, A.M., Misasi, R., Tinari, A., Manganelli, V., Gambardella, L.,
Pavan, A., Malorni, W. and Sorice, M. (2005) Lipid microdomains contribute to

203



References

apoptosis-associated modifications of mitochondria in T cells. Cell Death Differ,
12, 1378-1389

Garofalo, T., Tinari, A., Matarrese, P., Giammarioli, A.M., Manganelli, V., Ciarlo, L.,
Misasi, R., Sorice, M. and Malorni, W. (2007) Do mitochondria act as "cargo
boats" in the journey of GD3 to the nucleus during apoptosis? FEBS Lett, 581,
3899-3903

Giammarioli, A.M., Garofalo, T., Sorice, M., Misasi, R., Gambardella, L., Gradini, R.,
Fais, S., Pavan, A. and Malorni, W. (2001) GD3 glycosphingolipid contributes to
Fas-mediated apoptosis via association with ezrin cytoskeletal protein. FEBS Lett,
506, 45-50

Giannakakou, P., Sackett, D.L., Ward, Y., Webster, K.R., Blagosklonny, M.V. and Fojo,
T. (2000) p53 is associated with cellular microtubules and is transported to the
nucleus by dynein. Nat Cell Biol, 2, 709-717

Goldmacher, V.S. (2002) vMIA, a viral inhibitor of apoptosis targeting mitochondria.
Biochimie, 84, 177-185

Gores, G.J. (2003) Cholangiocarcinoma: current concepts and insights. Hepatology, 37,
961-969

Griffiths, G., Hoflack, B., Simons, K., Mellman, I. and Kornfeld, S. (1988) The mannose
6-phosphate receptor and the biogenesis of lysosomes. Cell, 52, 329-341

Grompe, M., Al-Dhalimy, M., Finegold, M., Ou, C.N., Burlingame, T., Kennaway, N.G.
and Soriano, P. (1993) Loss of fumarylacetoacetate hydrolase is responsible for
the neonatal hepatic dysfunction phenotype of lethal albino mice. Genes Dev, 7,
2298-2307

Grompe, M., Lindstedt, S., al-Dhalimy, M., Kennaway, N.G., Papaconstantinou, J.,
Torres-Ramos, C.A., Ou, C.N. and Finegold, M. (1995) Pharmacological
correction of neonatal lethal hepatic dysfunction in a murine model of hereditary
tyrosinaemia type I. Nat Genet, 10, 453-460

Gross, A., McDonnell, J.M. and Korsmeyer, S.J. (1999a) BCL-2 family members and the
mitochondria in apoptosis. Genes Dev, 13, 1899-1911

Gross, A., Yin, X.M., Wang, K., Wei, M.C., Jockel, J., Milliman, C., Erdjument-
Bromage, H., Tempst, P. and Korsmeyer, S.J. (1999b) Caspase cleaved BID
targets mitochondria and is required for cytochrome c release, while BCL-XL
prevents this release but not tumor necrosis factor-R1/Fas death. J Biol Chem,
274, 1156-1163

Grosse-Wilde, A., Voloshanenko, O., Bailey, S.L., Longton, G.M., Schaefer, U.,
Csernok, A.I., Schutz, G., Greiner, E.F., Kemp, C.J. and Walczak, H. (2008)
TRAIL-R deficiency in mice enhances lymph node metastasis without affecting
primary tumor development. J Clin Invest, 118, 100-110

Gruenberg, J. and Stenmark, H. (2004) The biogenesis of multivesicular endosomes. Nat
Rev Mol Cell Biol, 5, 317-323

Gu, F., Crump, C.M. and Thomas, G. (2001) Trans-Golgi network sorting. Cell Mol Life
Sci, 58, 1067-1084

Gujral, J.S., Liu, J., Farhood, A. and Jaeschke, H. (2004) Reduced oncotic necrosis in Fas
receptor-deficient C57BL/6J-1pr mice after bile duct ligation. Hepatology, 40,
998-1007

204



References

Guo, B., Zhai, D., Cabezas, E., Welsh, K., Nouraini, S., Satterthwait, A.C. and Reed, J.C.
(2003) Humanin peptide suppresses apoptosis by interfering with Bax activation.
Nature, 423, 456-461

Ha, N.C., Tonozuka, T., Stamos, J.L., Choi, H.J. and Weis, W.I. (2004) Mechanism of
phosphorylation-dependent binding of APC to beta-catenin and its role in beta-
catenin degradation. Mol Cell, 15, 511-521

Hajnoczky, G., Csordas, G., Madesh, M. and Pacher, P. (2000) The machinery of local
Ca2+ signalling between sarco-endoplasmic reticulum and mitochondria. J
Physiol, 529 Pt 1, 69-81

Harada, H., Andersen, J.S., Mann, M., Terada, N. and Korsmeyer, S.J. (2001) p70S6
kinase signals cell survival as well as growth, inactivating the pro-apoptotic
molecule BAD. Proc Natl Acad Sci U S A, 98, 9666-9670

Harder, Z., Zunino, R. and McBride, H. (2004) Sumol conjugates mitochondrial
substrates and participates in mitochondrial fission. Curr Biol, 14, 340-345

Hatano, E., Bennett, B.L., Manning, A.M., Qian, T., Lemasters, J.J. and Brenner, D.A.
(2001) NF-kappaB stimulates inducible nitric oxide synthase to protect mouse
hepatocytes from TNF-alpha- and Fas-mediated apoptosis. Gastroenterology,
120, 1251-1262

Hawking, F. (1978) Suramin: with special reference to onchocerciasis. Adv Pharmacol
Chemother, 15, 289-322

Heinrich, M., Neumeyer, J., Jakob, M., Hallas, C., Tchikov, V., Winoto-Morbach, S.,
Wickel, M., Schneider-Brachert, W., Trauzold, A., Hethke, A. and Schutze, S.
(2004) Cathepsin D links TNF-induced acid sphingomyelinase to Bid-mediated
caspase-9 and -3 activation. Cell Death Differ, 11, 550-563

Hergovich, A., Lisztwan, J., Barry, R., Ballschmieter, P. and Krek, W. (2003) Regulation
of microtubule stability by the von Hippel-Lindau tumour suppressor protein
pVHL. Nat Cell Biol, 5, 64-70

Hermeking, H. (2003) The 14-3-3 cancer connection. Nat Rev Cancer, 3, 931-943

Hetz, C., Bernasconi, P., Fisher, J., Lee, A.H., Bassik, M.C., Antonsson, B., Brandt, G.S.,
Iwakoshi, N.N., Schinzel, A., Glimcher, L.H. and Korsmeyer, S.J. (2006)
Proapoptotic BAX and BAK modulate the unfolded protein response by a direct
interaction with IRElalpha. Science, 312, 572-576

Hetz, C. and Glimcher, L. (2008) The daily job of night killers: alternative roles of the
BCL-2 family in organelle physiology. Trends Cell Biol, 18, 38-44

Hicks, S.W. and Machamer, C.E. (2005) Golgi structure in stress sensing and apoptosis.
Biochim Biophys Acta, 1744, 406-414

Higo, T., Hattori, M., Nakamura, T., Natsume, T., Michikawa, T. and Mikoshiba, K.
(2005) Subtype-specific and ER lumenal environment-dependent regulation of
inositol 1,4,5-trisphosphate receptor type 1 by ERp44. Cell, 120, 85-98

Higuchi, H., Miyoshi, H., Bronk, S.F., Zhang, H., Dean, N. and Gores, G.J. (2001) Bid
antisense attenuates bile acid-induced apoptosis and cholestatic liver injury. J
Pharmacol Exp Ther, 299, 866-873

Hsu, Y.T., Wolter, K.G. and Youle, R.J. (1997) Cytosol-to-membrane redistribution of
Bax and Bcl-X(L) during apoptosis. Proc Natl Acad Sci U S A, 94, 3668-3672

205



References

Hu, W., Xu, R., Zhang, G., Jin, J., Szulc, Z.M., Bielawski, J., Hannun, Y.A., Obeid, L.M.
and Mao, C. (2005) Golgi fragmentation is associated with ceramide-induced
cellular effects. Mol Biol Cell, 16, 1555-1567

Huang, J. and Manning, B.D. (2008) The TSC1-TSC2 complex: a molecular switchboard
controlling cell growth. Biochem J, 412, 179-190

Huang, P., Yu, T. and Yoon, Y. (2007) Mitochondrial clustering induced by
overexpression of the mitochondrial fusion protein Mfn2 causes mitochondrial
dysfunction and cell death. Eur J Cell Biol, 86, 289-302

Huang, S. and Ingber, D.E. (2000) Shape-dependent control of cell growth,
differentiation, and apoptosis: switching between attractors in cell regulatory
networks. Exp Cell Res, 261, 91-103

Hung, C.H., Thomas, L., Ruby, C.E., Atkins, K.M., Morris, N.P., Knight, Z.A., Scholz,
I., Barklis, E., Weinberg, A.D., Shokat, K.M. and Thomas, G. (2007) HIV-1 Nef
assembles a Src family kinase-ZAP-70/Syk-PI3K cascade to downregulate cell-
surface MHC-I. Cell Host Microbe, 1, 121-133

Ingerman, E., Perkins, E.M., Marino, M., Mears, J.A., McCaffery, J.M., Hinshaw, J.E.
and Nunnari, J. (2005) Dnm1 forms spirals that are structurally tailored to fit
mitochondria. J Cell Biol, 170, 1021-1027

Janssen, E.M., Droin, N.M., Lemmens, E.E., Pinkoski, M.J., Bensinger, S.J., Ehst, B.D.,
Griffith, T.S., Green, D.R. and Schoenberger, S.P. (2005) CD4+ T-cell help
controls CD8+ T-cell memory via TRAIL-mediated activation-induced cell death.
Nature, 434, 88-93

Jin, Z. and El-Deiry, W.S. (2005) Overview of cell death signaling pathways. Cancer
Biol Ther, 4, 139-163

John, L.M., Lechleiter, J.D. and Camacho, P. (1998) Differential modulation of SERCA?2
isoforms by calreticulin. J Cell Biol, 142, 963-973

Jordan, M.A. and Wilson, L. (2004) Microtubules as a target for anticancer drugs. Nat
Rev Cancer, 4, 253-265

Jorquera, R. and Tanguay, R.M. (1999) Cyclin B-dependent kinase and caspase-1
activation precedes mitochondrial dysfunction in fumarylacetoacetate-induced
apoptosis. Faseb J, 13, 2284-2298

Joseph, S.K. and Hajnoczky, G. (2007) IP3 receptors in cell survival and apoptosis: Ca2+
release and beyond. Apoptosis, 12, 951-968

Joshi, S.G. and Sahni, S.K. (2003) Immunofluorescent detection of activation of initiator
caspases-8 and -9 during pharmacologically induced apoptosis of cultured HeLa
and endothelial cells. Histochem Cell Biol, 119, 463-468

Kalinina, E., Varlamov, O. and Fricker, L.D. (2002) Analysis of the carboxypeptidase D
cytoplasmic domain: Implications in intracellular trafficking. J Cell Biochem, 85,
101-111

Kamer, 1., Sarig, R., Zaltsman, Y., Niv, H., Oberkovitz, G., Regev, L., Haimovich, G.,
Lerenthal, Y., Marcellus, R.C. and Gross, A. (2005) Proapoptotic BID is an ATM
effector in the DNA-damage response. Cell, 122, 593-603

Kandasamy, K. and Srivastava, R.K. (2002) Role of the phosphatidylinositol 3'-
kinase/PTEN/Akt kinase pathway in tumor necrosis factor-related apoptosis-

inducing ligand-induced apoptosis in non-small cell lung cancer cells. Cancer
Res, 62, 4929-4937

206



References

Karbowski, M., Lee, Y.J., Gaume, B., Jeong, S.Y., Frank, S., Nechushtan, A., Santel, A.,
Fuller, M., Smith, C.L. and Youle, R.J. (2002) Spatial and temporal association of
Bax with mitochondrial fission sites, Drp1, and Mfn2 during apoptosis. J Cell
Biol, 159, 931-938

Karbowski, M., Norris, K.L., Cleland, M.M., Jeong, S.Y. and Youle, R.J. (2006) Role of
Bax and Bak in mitochondrial morphogenesis. Nature, 443, 658-662

Karbowski, M., Spodnik, J.H., Teranishi, M., Wozniak, M., Nishizawa, Y., Usukura, J.
and Wakabayashi, T. (2001) Opposite effects of microtubule-stabilizing and
microtubule-destabilizing drugs on biogenesis of mitochondria in mammalian
cells. J Cell Sci, 114, 281-291

Karbowski, M. and Youle, R.J. (2003) Dynamics of mitochondrial morphology in healthy
cells and during apoptosis. Cell Death Differ, 10, 870-880

Kataoka, T., Holler, N., Micheau, O., Martinon, F., Tinel, A., Hofmann, K. and Tschopp,
J. (2001) Bcl-rambo, a novel Bcl-2 homologue that induces apoptosis via its
unique C-terminal extension. J Biol Chem, 276, 19548-19554

Kaufmann, T., Tai, L., Ekert, P.G., Huang, D.C., Norris, F., Lindemann, R.K., Johnstone,
R.W., Dixit, V.M. and Strasser, A. (2007) The BH3-only protein bid is
dispensable for DNA damage- and replicative stress-induced apoptosis or cell-
cycle arrest. Cell, 129, 423-433

Keeffe, E.B., Pinson, C.W., Ragsdale, J. and Zonana, J. (1993) Hepatocellular carcinoma
in arteriohepatic dysplasia. Am J Gastroenterol, 88, 1446-1449

Kimura, S., Noda, T. and Yoshimori, T. (2008) Dynein-dependent Movement of
Autophagosomes Mediates Efficient Encounters with Lysosomes. Cell Struct
Funct

Knight, Z.A., Gonzalez, B., Feldman, M.E., Zunder, E.R., Goldenberg, D.D., Williams,
0., Loewith, R., Stokoe, D., Balla, A., Toth, B., Balla, T., Weiss, W.A., Williams,
R.L. and Shokat, K.M. (2006) A pharmacological map of the PI3-K family
defines a role for p110alpha in insulin signaling. Cell, 125, 733-747

Knippschild, U., Milne, D.M., Campbell, L.E., DeMaggio, A.J., Christenson, E.,
Hoekstra, M.F. and Meek, D.W. (1997) p53 is phosphorylated in vitro and in vivo
by the delta and epsilon isoforms of casein kinase 1 and enhances the level of
casein kinase 1 delta in response to topoisomerase-directed drugs. Oncogene, 15,
1727-1736

Koch, G.L. (1990) The endoplasmic reticulum and calcium storage. Bioessays, 12, 527-
531

Konig, H.G., Rehm, M., Gudorf, D., Krajewski, S., Gross, A., Ward, M.W. and Prehn,
J.H. (2007) Full length Bid is sufficient to induce apoptosis of cultured rat
hippocampal neurons. BMC Cell Biol, 8, 7

Konishi, A., Shimizu, S., Hirota, J., Takao, T., Fan, Y., Matsuoka, Y., Zhang, L., Yoneda,
Y., Fujii, Y., Skoultchi, A.I. and Tsujimoto, Y. (2003) Involvement of histone
H1.2 in apoptosis induced by DNA double-strand breaks. Cell, 114, 673-688

Kottgen, M., Benzing, T., Simmen, T., Tauber, R., Buchholz, B., Feliciangeli, S., Huber,
T.B., Schermer, B., Kramer-Zucker, A., Hopker, K., Simmen, K.C., Tschucke,
C.C., Sandford, R., Kim, E., Thomas, G. and Walz, G. (2005) Trafficking of

207



References

TRPP2 by PACS proteins represents a novel mechanism of ion channel
regulation. Embo J, 24, 705-716

Koumenis, C., Naczki, C., Koritzinsky, M., Rastani, S., Diehl, A., Sonenberg, N.,
Koromilas, A. and Wouters, B.G. (2002) Regulation of protein synthesis by
hypoxia via activation of the endoplasmic reticulum kinase PERK and
phosphorylation of the translation initiation factor eIF2alpha. Mol Cell Biol, 22,
7405-7416

Kroemer, G., Galluzzi, L. and Brenner, C. (2007) Mitochondrial membrane
permeabilization in cell death. Physiol Rev, 87, 99-163

Krueger, A., Schmitz, I., Baumann, S., Krammer, P.H. and Kirchhoff, S. (2001) Cellular
FLICE-inhibitory protein splice variants inhibit different steps of caspase-8
activation at the CD95 death-inducing signaling complex. J Biol Chem, 276,
20633-20640

Kruyt, F.A. (2008) TRAIL and cancer therapy. Cancer Lett, 263, 14-25

Kubo, S., Sun, M., Miyahara, M., Umeyama, K., Urakami, K., Yamamoto, T., Jakobs, C.,
Matsuda, I. and Endo, F. (1998) Hepatocyte injury in tyrosinemia type 1 is
induced by fumarylacetoacetate and is inhibited by caspase inhibitors. Proc Natl
Acad Sci U S A, 95, 9552-9557

Kuhnel, F., Zender, L., Paul, Y., Tietze, M.K., Trautwein, C., Manns, M. and Kubicka, S.
(2000) NFkappaB mediates apoptosis through transcriptional activation of Fas
(CD95) in adenoviral hepatitis. J Biol Chem, 275, 6421-6427

Ladasky, J.J., Boyle, S., Seth, M., Li, H., Pentcheva, T., Abe, F., Steinberg, S.J. and
Edidin, M. (2006) Bap31 enhances the endoplasmic reticulum export and quality
control of human class I MHC molecules. J Immunol, 177, 6172-6181

Lakhani, S.A., Masud, A., Kuida, K., Porter, G.A., Jr., Booth, C.J., Mehal, W.Z., Inayat,
I. and Flavell, R.A. (2006) Caspases 3 and 7: key mediators of mitochondrial
events of apoptosis. Science, 311, 847-851

Lane, J.D., Lucocq, J., Pryde, J., Barr, F.A., Woodman, P.G., Allan, V.J. and Lowe, M.
(2002) Caspase-mediated cleavage of the stacking protein GRASP65 is required
for Golgi fragmentation during apoptosis. J Cell Biol, 156, 495-509

Lane, J.D., Vergnolle, M.A., Woodman, P.G. and Allan, V.J. (2001) Apoptotic cleavage
of cytoplasmic dynein intermediate chain and p150(Glued) stops dynein-
dependent membrane motility. J Cell Biol, 153, 1415-1426

Larsen, M.R., Thingholm, T.E., Jensen, O.N., Roepstorff, P. and Jorgensen, T.J. (2005)
Highly selective enrichment of phosphorylated peptides from peptide mixtures
using titanium dioxide microcolumns. Mol Cell Proteomics, 4, 873-886

Lee, K.H., Feig, C., Tchikov, V., Schickel, R., Hallas, C., Schutze, S., Peter, M.E. and
Chan, A.C. (2006) The role of receptor internalization in CD95 signaling. Embo
J, 25,1009-1023

Levine, T. and Loewen, C. (2006) Inter-organelle membrane contact sites: through a
glass, darkly. Curr Opin Cell Biol, 18, 371-378

Li, C., Wang, X., Vais, H., Thompson, C.B., Foskett, J.K. and White, C. (2007)
Apoptosis regulation by Bcl-x(L) modulation of mammalian inositol 1,4,5-
trisphosphate receptor channel isoform gating. Proc Natl Acad Sci U S A, 104,
12565-12570

208



References

Li, H., Chen, Y., Jones, A.F., Sanger, R.H., Collis, L.P., Flannery, R., McNay, E.C., Yu,
T., Schwarzenbacher, R., Bossy, B., Bossy-Wetzel, E., Bennett, M.V., Pypaert,
M., Hickman, J.A., Smith, P.J., Hardwick, J.M. and Jonas, E.A. (2008) Bcl-xL
induces Drpl-dependent synapse formation in cultured hippocampal neurons.
Proc Natl Acad Sci U S A, 105, 2169-2174

Li, H., Zhu, H., Xu, C.J. and Yuan, J. (1998) Cleavage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apoptosis. Cell, 94, 491-501

Li, J., Li, Q., Xie, C., Zhou, H., Wang, Y., Zhang, N., Shao, H., Chan, S.C., Peng, X.,
Lin, S.C. and Han, J. (2004) Beta-actin is required for mitochondria clustering
and ROS generation in TNF-induced, caspase-independent cell death. J Cell Sci,
117, 4673-4680

Li, Y., Inoki, K., Yeung, R. and Guan, K.L. (2002) Regulation of TSC2 by 14-3-3
binding. J Biol Chem, 277, 44593-44596

Lin, F., Hiesberger, T., Cordes, K., Sinclair, A.M., Goldstein, L.S., Somlo, S. and
Igarashi, P. (2003) Kidney-specific inactivation of the KIF3A subunit of kinesin-
I inhibits renal ciliogenesis and produces polycystic kidney disease. Proc Natl
Acad Sci U S A, 100, 5286-5291

Liu, L., Amy, V., Liu, G. and McKeehan, W.L. (2002) Novel complex integrating
mitochondria and the microtubular cytoskeleton with chromosome remodeling
and tumor suppressor RASSF1 deduced by in silico homology analysis,
interaction cloning in yeast, and colocalization in cultured cells. In Vitro Cell Dev
Biol Anim, 38, 582-594

Liu, L. and McKeehan, W.L. (2002) Sequence analysis of LRPPRC and its SEC1 domain
interaction partners suggests roles in cytoskeletal organization, vesicular
trafficking, nucleocytosolic shuttling, and chromosome activity. Genomics, 79,
124-136

Liu, L., Vo, A., Liu, G. and McKeehan, W.L. (2005) Distinct structural domains within
C190RFS5 support association with stabilized microtubules and mitochondrial
aggregation and genome destruction. Cancer Res, 65, 4191-4201

Lo, K.W., Kan, H.M., Chan, L.N., Xu, W.G., Wang, K.P., Wu, Z., Sheng, M. and Zhang,
M. (2005) The 8-kDa dynein light chain binds to p53-binding protein 1 and
mediates DNA damage-induced p53 nuclear accumulation. J Biol Chem, 280,
8172-8179

Low, S.H., Vasanth, S., Larson, C.H., Mukherjee, S., Sharma, N., Kinter, M.T., Kane,
M.E., Obara, T. and Weimbs, T. (2006) Polycystin-1, STAT6, and P100 function
in a pathway that transduces ciliary mechanosensation and is activated in
polycystic kidney disease. Dev Cell, 10, 57-69

Luo, X., Budihardjo, I., Zou, H., Slaughter, C. and Wang, X. (1998) Bid, a Bcl2
interacting protein, mediates cytochrome c release from mitochondria in response
to activation of cell surface death receptors. Cell, 94, 481-490

Luthi, A.U. and Martin, S.J. (2007) The CASBAH: a searchable database of caspase
substrates. Cell Death Differ, 14, 641-650

Luzio, J.P., Pryor, P.R. and Bright, N.A. (2007) Lysosomes: fusion and function. Nat Rev
Mol Cell Biol, 8, 622-632

209



References

Malorni, W., Giammarioli, A.M., Garofalo, T. and Sorice, M. (2007) Dynamics of lipid
raft components during lymphocyte apoptosis: the paradigmatic role of GD3.
Apoptosis, 12, 941-949

Mancini, M., Machamer, C.E., Roy, S., Nicholson, D.W., Thornberry, N.A., Casciola-
Rosen, L.A. and Rosen, A. (2000) Caspase-2 is localized at the Golgi complex
and cleaves golgin-160 during apoptosis. J Cell Biol, 149, 603-612

Manning, B.D. and Cantley, L.C. (2007) AKT/PKB signaling: navigating downstream.
Cell, 129, 1261-1274

Mansouri, M., Douglas, J., Rose, P.P., Gouveia, K., Thomas, G., Means, R.E., Moses,
A.V. and Fruh, K. (2006) Kaposi sarcoma herpesvirus K5 removes
CD31/PECAM from endothelial cells. Blood, 108, 1932-1940

Marchenko, N.D., Wolff, S., Erster, S., Becker, K. and Moll, U.M. (2007)
Monoubiquitylation promotes mitochondrial p53 translocation. Embo J, 26, 923-
934

Marsh, B.J., Mastronarde, D.N., Buttle, K.F., Howell, K.E. and McIntosh, J.R. (2001)
Organellar relationships in the Golgi region of the pancreatic beta cell line, HIT-
T15, visualized by high resolution electron tomography. Proc Natl Acad Sci U S
A, 98, 2399-2406

Marszalek, J.R., Liu, X., Roberts, E.A., Chui, D., Marth, J.D., Williams, D.S. and
Goldstein, L.S. (2000) Genetic evidence for selective transport of opsin and
arrestin by kinesin-II in mammalian photoreceptors. Cell, 102, 175-187

Martelli, A.M., Tazzari, P.L., Tabellini, G., Bortul, R., Billi, A.M., Manzoli, L., Ruggeri,
A., Conte, R. and Cocco, L. (2003) A new selective AKT pharmacological
inhibitor reduces resistance to chemotherapeutic drugs, TRAIL, all-trans-retinoic
acid, and ionizing radiation of human leukemia cells. Leukemia, 17, 1794-1805

Martin, D.D., Vilas, G.L., Prescher, J.A., Rajaiah, G., Falck, J.R., Bertozzi, C.R. and
Berthiaume, L.G. (2008) Rapid detection, discovery, and identification of post-
translationally myristoylated proteins during apoptosis using a bio-orthogonal
azidomyristate analog. Faseb J, 22, 797-806

Masters, S.C., Yang, H., Datta, S.R., Greenberg, M.E. and Fu, H. (2001) 14-3-3 inhibits
Bad-induced cell death through interaction with serine-136. Mol Pharmacol, 60,
1325-1331

Matarrese, P., Manganelli, V., Garofalo, T., Tinari, A., Gambardella, L., Ndebele, K.,
Khosravi-Far, R., Sorice, M., Degli Esposti, M. and Malorni, W. (2008)
Endosomal compartment contributes to the propagation of CD95/Fas-mediated
signals in type II cells. Biochem J

Mathai, J.P., Germain, M. and Shore, G.C. (2005) BH3-only BIK regulates BAX,BAK-
dependent release of Ca2+ from endoplasmic reticulum stores and mitochondrial
apoptosis during stress-induced cell death. J Biol Chem, 280, 23829-23836

McElhinny, A.S., Li, J.L. and Wu, L. (2008) Mastermind-like transcriptional co-
activators: emerging roles in regulating cross talk among multiple signaling
pathways. Oncogene, 27, 5138-5147

McMahon, H.T. and Mills, I.G. (2004) COP and clathrin-coated vesicle budding:
different pathways, common approaches. Curr Opin Cell Biol, 16, 379-391

Micheau, O. and Tschopp, J. (2003) Induction of TNF receptor I-mediated apoptosis via
two sequential signaling complexes. Cell, 114, 181-190

210



References

Mihara, M., Erster, S., Zaika, A., Petrenko, O., Chittenden, T., Pancoska, P. and Moll,
U.M. (2003) p53 has a direct apoptogenic role at the mitochondria. Mol Cell, 11,
577-590

Mizumura, K., Takeda, K., Hashimoto, S., Horie, T. and Ichijo, H. (2006) Identification
of Op18/stathmin as a potential target of ASK1-p38 MAP kinase cascade. J Cell
Physiol, 206, 363-370

Molloy, S.S., Anderson, E.D., Jean, F. and Thomas, G. (1999) Bi-cycling the furin
pathway: from TGN localization to pathogen activation and embryogenesis.
Trends Cell Biol, 9, 28-35

Morales, A., Lee, H., Goni, F.M., Kolesnick, R. and Fernandez-Checa, J.C. (2007)
Sphingolipids and cell death. Apoptosis, 12, 923-939

Moseley, G.W., Roth, D.M., DelJesus, M.A., Leyton, D.L., Filmer, R.P., Pouton, C.W.
and Jans, D.A. (2007) Dynein light chain association sequences can facilitate
nuclear protein import. Mol Biol Cell, 18, 3204-3213

Moss, T.N., Vo, A., McKeehan, W.L. and Liu, L. (2007) UXT (Ubiquitously Expressed
Transcript) causes mitochondrial aggregation. In Vitro Cell Dev Biol Anim, 43,
139-146

Mukherjee, S., Chiu, R., Leung, S.M. and Shields, D. (2007) Fragmentation of the Golgi
apparatus: an early apoptotic event independent of the cytoskeleton. Traffic, 8,
369-378

Mundt, B., Wirth, T., Zender, L., Waltemathe, M., Trautwein, C., Manns, M.P., Kuhnel,
F. and Kubicka, S. (2005) Tumour necrosis factor related apoptosis inducing
ligand (TRAIL) induces hepatic steatosis in viral hepatitis and after alcohol
intake. Gut, 54, 1590-1596

Myhill, N., Lynes, E.M., Nanji, J.A., Blagoveshchenskaya, A.D., Fei, H., Carmine
Simmen, K., Cooper, T.J., Thomas, G. and Simmen, T. (2008) The subcellular
distribution of calnexin is mediated by PACS-2. Mol Biol Cell, 19, 2777-2788

Nagaki, M., Naiki, T., Brenner, D.A., Osawa, Y., Imose, M., Hayashi, H., Banno, Y.,
Nakashima, S. and Moriwaki, H. (2000) Tumor necrosis factor alpha prevents
tumor necrosis factor receptor-mediated mouse hepatocyte apoptosis, but not fas-
mediated apoptosis: role of nuclear factor-kappaB. Hepatology, 32, 1272-1279

Nakajima, K., Hirose, H., Taniguchi, M., Kurashina, H., Arasaki, K., Nagahama, M.,
Tani, K., Yamamoto, A. and Tagaya, M. (2004) Involvement of BNIP1 in
apoptosis and endoplasmic reticulum membrane fusion. Embo J, 23, 3216-3226

Nakamura, K., Bossy-Wetzel, E., Burns, K., Fadel, M.P., Lozyk, M., Goping, L.S., Opas,
M., Bleackley, R.C., Green, D.R. and Michalak, M. (2000) Changes in
endoplasmic reticulum luminal environment affect cell sensitivity to apoptosis. J
Cell Biol, 150, 731-740

Nauli, S.M., Alenghat, F.J., Luo, Y., Williams, E., Vassilev, P., Li, X., Elia, A.E., Lu, W.,
Brown, E.M., Quinn, S.J., Ingber, D.E. and Zhou, J. (2003) Polycystins 1 and 2
mediate mechanosensation in the primary cilium of kidney cells. Nat Genet, 33,
129-137

Nesterov, A., Lu, X., Johnson, M., Miller, G.J., Ivashchenko, Y. and Kraft, A.S. (2001)
Elevated AKT activity protects the prostate cancer cell line LNCaP from TRAIL-
induced apoptosis. J Biol Chem, 276, 10767-10774

211



References

Nguyen, M., Breckenridge, D.G., Ducret, A. and Shore, G.C. (2000) Caspase-resistant
BAP31 inhibits fas-mediated apoptotic membrane fragmentation and release of
cytochrome ¢ from mitochondria. Mol Cell Biol, 20, 6731-6740

Nikolaev, A.Y., Li, M., Puskas, N., Qin, J. and Gu, W. (2003) Parc: a cytoplasmic anchor
for p53. Cell, 112, 29-40

Nomura, M., Shimizu, S., Sugiyama, T., Narita, M., Ito, T., Matsuda, H. and Tsujimoto,
Y. (2003) 14-3-3 Interacts directly with and negatively regulates pro-apoptotic
Bax. J Biol Chem, 278, 2058-2065

O'Kelly, I., Butler, M.H., Zilberberg, N. and Goldstein, S.A. (2002) Forward transport.
14-3-3 binding overcomes retention in endoplasmic reticulum by dibasic signals.
Cell, 111, 577-588

Oakes, S.A., Scorrano, L., Opferman, J.T., Bassik, M.C., Nishino, M., Pozzan, T. and
Korsmeyer, S.J. (2005) Proapoptotic BAX and BAK regulate the type 1 inositol
trisphosphate receptor and calcium leak from the endoplasmic reticulum. Proc
Natl Acad Sci U S A, 102, 105-110

Obenauer, J.C., Cantley, L.C. and Yaffe, M.B. (2003) Scansite 2.0: Proteome-wide
prediction of cell signaling interactions using short sequence motifs. Nucleic
Acids Res, 31, 3635-3641

Ouasti, S., Matarrese, P., Paddon, R., Khosravi-Far, R., Sorice, M., Tinari, A., Malorni,
W. and Degli Esposti, M. (2007) Death receptor ligation triggers membrane
scrambling between Golgi and mitochondria. Cell Death Differ, 14, 453-461

Pei, Y., Xing, D., Gao, X., Liu, L. and Chen, T. (2007) Real-time monitoring full length
bid interacting with Bax during TNF-alpha-induced apoptosis. Apoptosis, 12,
1681-1690

Peter, M.E. and Krammer, P.H. (2003) The CD95(APO-1/Fas) DISC and beyond. Cell
Death Differ, 10, 26-35

Piccini, M., Vitelli, F., Bruttini, M., Pober, B.R., Jonsson, J.J., Villanova, M., Zollo, M.,
Borsani, G., Ballabio, A. and Renieri, A. (1998) FACL4, a new gene encoding
long-chain acyl-CoA synthetase 4, is deleted in a family with Alport syndrome,
elliptocytosis, and mental retardation. Genomics, 47, 350-358

Piguet, V., Wan, L., Borel, C., Mangasarian, A., Demaurex, N., Thomas, G. and Trono,
D. (2000) HIV-1 Nef protein binds to the cellular protein PACS-1 to
downregulate class I major histocompatibility complexes. Nat Cell Biol, 2, 163-
167

Pikarsky, E., Porat, R.M., Stein, 1., Abramovitch, R., Amit, S., Kasem, S., Gutkovich-
Pyest, E., Urieli-Shoval, S., Galun, E. and Ben-Neriah, Y. (2004) NF-kappaB
functions as a tumour promoter in inflammation-associated cancer. Nature, 431,
461-466

Pitts, K.R., Yoon, Y., Krueger, E.-W. and McNiven, M.A. (1999) The dynamin-like
protein DLP1 is essential for normal distribution and morphology of the
endoplasmic reticulum and mitochondria in mammalian cells. Mol Biol Cell, 10,
4403-4417

Pizzo, P. and Pozzan, T. (2007) Mitochondria-endoplasmic reticulum choreography:
structure and signaling dynamics. Trends Cell Biol, 17, 511-517

Porter, G.W., Khuri, F.R. and Fu, H. (2006) Dynamic 14-3-3/client protein interactions
integrate survival and apoptotic pathways. Semin Cancer Biol, 16, 193-202

212



References

Pozuelo Rubio, M., Geraghty, K.M., Wong, B.H., Wood, N.T., Campbell, D.G., Morrice,
N. and Mackintosh, C. (2004) 14-3-3-affinity purification of over 200 human
phosphoproteins reveals new links to regulation of cellular metabolism,
proliferation and trafficking. Biochem J, 379, 395-408

Prinz, W.A., Grzyb, L., Veenhuis, M., Kahana, J.A., Silver, P.A. and Rapoport, T.A.
(2000) Mutants affecting the structure of the cortical endoplasmic reticulum in
Saccharomyces cerevisiae. J Cell Biol, 150, 461-474

Puthalakath, H., Huang, D.C., O'Reilly, L.A., King, S.M. and Strasser, A. (1999) The
proapoptotic activity of the Bcl-2 family member Bim is regulated by interaction
with the dynein motor complex. Mol Cell, 3, 287-296

Puthalakath, H., Villunger, A., O'Reilly, L.A., Beaumont, J.G., Coultas, L., Cheney, R.E.,
Huang, D.C. and Strasser, A. (2001) Bmf: a proapoptotic BH3-only protein
regulated by interaction with the myosin V actin motor complex, activated by
anoikis. Science, 293, 1829-1832

Raiborg, C., Rusten, T.E. and Stenmark, H. (2003) Protein sorting into multivesicular
endosomes. Curr Opin Cell Biol, 15, 446-455

Ravi, R. and Bedi, A. (2002) Requirement of BAX for TRAIL/Apo2L-induced apoptosis
of colorectal cancers: synergism with sulindac-mediated inhibition of Bel-x(L).
Cancer Res, 62, 1583-1587

Rios, R.M. and Bornens, M. (2003) The Golgi apparatus at the cell centre. Curr Opin
Cell Biol, 15, 60-66

Rippo, M.R., Malisan, F., Ravagnan, L., Tomassini, B., Condo, I., Costantini, P., Susin,
S.A., Rufini, A., Todaro, M., Kroemer, G. and Testi, R. (2000) GD3 ganglioside
directly targets mitochondria in a bcl-2-controlled fashion. Faseb J, 14, 2047-
2054

Rizzuto, R., Pinton, P., Carrington, W., Fay, F.S., Fogarty, K.E., Lifshitz, L.M., Tulft,
R.A. and Pozzan, T. (1998) Close contacts with the endoplasmic reticulum as
determinants of mitochondrial Ca2+ responses. Science, 280, 1763-1766

Robinson, M.S. (2004) Adaptable adaptors for coated vesicles. Trends Cell Biol, 14, 167-
174

Robinson, M.S. and Bonifacino, J.S. (2001) Adaptor-related proteins. Curr Opin Cell
Biol, 13, 444-453

Roderick, H.L., Lechleiter, J.D. and Camacho, P. (2000) Cytosolic phosphorylation of
calnexin controls intracellular Ca(2+) oscillations via an interaction with
SERCAZ2b. J Cell Biol, 149, 1235-1248

Rodriguez-Gonzalez, A., Lin, T., Ikeda, A.K., Simms-Waldrip, T., Fu, C. and Sakamoto,
K.M. (2008) Role of the aggresome pathway in cancer: targeting histone
deacetylase 6-dependent protein degradation. Cancer Res, 68, 2557-2560

Rokhlin, O.W., Guseva, N.V., Tagiyev, A.F., Glover, R.A. and Cohen, M.B. (2002)
Caspase-8 activation is necessary but not sufficient for tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-mediated apoptosis in the prostatic
carcinoma cell line LNCaP. Prostate, 52, 1-11

Rotolo, J.A., Zhang, J., Donepudi, M., Lee, H., Fuks, Z. and Kolesnick, R. (2005)
Caspase-dependent and -independent activation of acid sphingomyelinase
signaling. J Biol Chem, 280, 26425-26434

213



References

Rowinsky, E.K. (2005) Targeted induction of apoptosis in cancer management: the
emerging role of tumor necrosis factor-related apoptosis-inducing ligand receptor
activating agents. J Clin Oncol, 23, 9394-9407

Rutkowski, D.T. and Kaufman, R.J. (2004) A trip to the ER: coping with stress. Trends
Cell Biol, 14, 20-28

Ryan, L.A., Peng, H., Erichsen, D.A., Huang, Y., Persidsky, Y., Zhou, Y., Gendelman,
H.E. and Zheng, J. (2004) TNF-related apoptosis-inducing ligand mediates human
neuronal apoptosis: links to HIV-1-associated dementia. J Neuroimmunol, 148,
127-139

Sakaguchi, K., Saito, S., Higashimoto, Y., Roy, S., Anderson, C.W. and Appella, E.
(2000) Damage-mediated phosphorylation of human p53 threonine 18 through a
cascade mediated by a casein 1-like kinase. Effect on Mdm2 binding. J Biol
Chem, 275, 9278-9283

Salvesen, G.S. and Dixit, V.M. (1999) Caspase activation: the induced-proximity model.
Proc Natl Acad Sci U S A, 96, 10964-10967

Sarig, R., Zaltsman, Y., Marcellus, R.C., Flavell, R., Mak, T.W. and Gross, A. (2003)
BID-D59A is a potent inducer of apoptosis in primary embryonic fibroblasts. J
Biol Chem, 278, 10707-10715

Sartor, O., McLellan, C.A., Myers, C.E. and Borner, M.M. (1992) Suramin rapidly alters
cellular tyrosine phosphorylation in prostate cancer cell lines. J Clin Invest, 90,
2166-2174

Savitsky, K., Bar-Shira, A., Gilad, S., Rotman, G., Ziv, Y., Vanagaite, L., Tagle, D.A.,
Smith, S., Uziel, T., Sfez, S., Ashkenazi, M., Pecker, 1., Frydman, M., Harnik, R.,
Patanjali, S.R., Simmons, A., Clines, G.A., Sartiel, A., Gatti, R.A., Chessa, L.,
Sanal, O., Lavin, M.F., Jaspers, N.G., Taylor, A.M., Arlett, C.F., Miki, T.,
Weissman, S.M., Lovett, M., Collins, F.S. and Shiloh, Y. (1995) A single ataxia
telangiectasia gene with a product similar to PI-3 kinase. Science, 268, 1749-1753

Schepis, A., Schramm, B., de Haan, C.A. and Locker, J.K. (2006) Vaccinia virus-induced
microtubule-dependent cellular rearrangements. Traffic, 7, 308-323

Schermer, B., Hopker, K., Omran, H., Ghenoiu, C., Fliegauf, M., Fekete, A., Horvath, J.,
Kottgen, M., Hackl, M., Zschiedrich, S., Huber, T.B., Kramer-Zucker, A.,
Zentgraf, H., Blaukat, A., Walz, G. and Benzing, T. (2005) Phosphorylation by
casein kinase 2 induces PACS-1 binding of nephrocystin and targeting to cilia.
Embo J, 24, 4415-4424

Schneider-Brachert, W., Tchikov, V., Neumeyer, J., Jakob, M., Winoto-Morbach, S.,
Held-Feindt, J., Heinrich, M., Merkel, O., Ehrenschwender, M., Adam, D.,
Mentlein, R., Kabelitz, D. and Schutze, S. (2004) Compartmentalization of TNF
receptor 1 signaling: internalized TNF receptosomes as death signaling vesicles.
Immunity, 21, 415-428

Schoemaker, M.H., Gommans, W.M., Conde de la Rosa, L., Homan, M., Klok, P.,
Trautwein, C., van Goor, H., Poelstra, K., Haisma, H.J., Jansen, P.L. and
Moshage, H. (2003) Resistance of rat hepatocytes against bile acid-induced
apoptosis in cholestatic liver injury is due to nuclear factor-kappa B activation. J
Hepatol, 39, 153-161

214



References

Schutze, S., Tchikov, V. and Schneider-Brachert, W. (2008) Regulation of TNFR1 and
CD95 signalling by receptor compartmentalization. Nat Rev Mol Cell Biol, 9,
655-662

Scorrano, L., Oakes, S.A., Opferman, J.T., Cheng, E.H., Sorcinelli, M.D., Pozzan, T. and
Korsmeyer, S.J. (2003) BAX and BAK regulation of endoplasmic reticulum
Ca2+: a control point for apoptosis. Science, 300, 135-139

Scott, G.K., Fei, H., Thomas, L., Medigeshi, G.R. and Thomas, G. (2006) A PACS-1,
GGA3 and CK2 complex regulates CI-MPR trafficking. Embo J, 25, 4423-4435

Scott, G.K., Gu, F., Crump, C.M., Thomas, L., Wan, L., Xiang, Y. and Thomas, G.
(2003) The phosphorylation state of an autoregulatory domain controls PACS-1-
directed protein traffic. Embo J, 22, 6234-6244

Sesso, A., Fujiwara, D.T., Jaeger, M., Jaeger, R., Li, T.C., Monteiro, M.M., Correa, H.,
Ferreira, M.A., Schumacher, R.I., Belisario, J., Kachar, B. and Chen, E.J. (1999)
Structural elements common to mitosis and apoptosis. Tissue Cell, 31, 357-371

Shankar, S. and Srivastava, R.K. (2004) Enhancement of therapeutic potential of TRAIL
by cancer chemotherapy and irradiation: mechanisms and clinical implications.
Drug Resist Updat, 7, 139-156

Sharpe, J.C., Arnoult, D. and Youle, R.J. (2004) Control of mitochondrial permeability
by Bcl-2 family members. Biochim Biophys Acta, 1644, 107-113

Shevchenko, A., Tomas, H., Havlis, J., Olsen, J.V. and Mann, M. (2006) In-gel digestion
for mass spectrometric characterization of proteins and proteomes. Nat Protoc, 1,
2856-2860

Shiao, Y.H., Resau, J.H., Nagashima, K., Anderson, L.M. and Ramakrishna, G. (2000)
The von Hippel-Lindau tumor suppressor targets to mitochondria. Cancer Res,
60, 2816-2819

Shimizu, S., Narita, M. and Tsujimoto, Y. (1999) Bcl-2 family proteins regulate the
release of apoptogenic cytochrome ¢ by the mitochondrial channel VDAC.
Nature, 399, 483-487

Siegel, R.M., Frederiksen, J.K., Zacharias, D.A., Chan, F.K., Johnson, M., Lynch, D.,
Tsien, R.Y. and Lenardo, M.J. (2000) Fas preassociation required for apoptosis
signaling and dominant inhibition by pathogenic mutations. Science, 288, 2354-
2357

Simmen, T., Aslan, J.E., Blagoveshchenskaya, A.D., Thomas, L., Wan, L., Xiang, Y.,
Feliciangeli, S.F., Hung, C.H., Crump, C.M. and Thomas, G. (2005) PACS-2
controls endoplasmic reticulum-mitochondria communication and Bid-mediated
apoptosis. Embo J, 24, 717-729

Srivatsan, E.S., Chakrabarti, R., Zainabadi, K., Pack, S.D., Benyamini, P., Mendonca,
M.S., Yang, P.K., Kang, K., Motamedi, D., Sawicki, M.P., Zhuang, Z., Jesudasan,
R.A., Bengtsson, U., Sun, C., Roe, B.A., Stanbridge, E.J., Wilczynski, S.P. and
Redpath, J.L. (2002) Localization of deletion to a 300 Kb interval of chromosome
11q13 in cervical cancer. Oncogene, 21, 5631-5642

Stagi, M., Gorlovoy, P., Larionov, S., Takahashi, K. and Neumann, H. (2006) Unloading
kinesin transported cargoes from the tubulin track via the inflammatory c-Jun N-
terminal kinase pathway. Faseb J, 20, 2573-2575

215



References

Stone, S.J. and Vance, J.E. (2000) Phosphatidylserine synthase-1 and -2 are localized to
mitochondria-associated membranes. J Biol Chem, 275, 34534-34540

Stracker, T.H., Morales, M., Couto, S.S., Hussein, H. and Petrini, J.H. (2007) The
carboxy terminus of NBS1 is required for induction of apoptosis by the MRE11
complex. Nature, 447, 218-221

Strater, J., Hinz, U., Walczak, H., Mechtersheimer, G., Koretz, K., Herfarth, C., Moller,
P. and Lehnert, T. (2002) Expression of TRAIL and TRAIL receptors in colon
carcinoma: TRAIL-R1 is an independent prognostic parameter. Clin Cancer Res,
8, 3734-3740

Sunayama, J., Tsuruta, F., Masuyama, N. and Gotoh, Y. (2005) JNK antagonizes Akt-
mediated survival signals by phosphorylating 14-3-3. J Cell Biol, 170, 295-304

Sutters, M. and Germino, G.G. (2003) Autosomal dominant polycystic kidney disease:
molecular genetics and pathophysiology. J Lab Clin Med, 141, 91-101

Szabadkai, G., Simoni, A.M., Chami, M., Wieckowski, M.R., Youle, R.J. and Rizzuto, R.
(2004) Drp-1-dependent division of the mitochondrial network blocks
intraorganellar Ca2+ waves and protects against Ca2+-mediated apoptosis. Mol
Cell, 16, 59-68

Tafani, M., Karpinich, N.O., Hurster, K.A., Pastorino, J.G., Schneider, T., Russo, M.A.
and Farber, J.L. (2002) Cytochrome c release upon Fas receptor activation
depends on translocation of full-length bid and the induction of the mitochondrial
permeability transition. J Biol Chem, 277, 10073-10082

Takeda, K., Hayakawa, Y., Smyth, M.J., Kayagaki, N., Yamaguchi, N., Kakuta, S.,
Iwakura, Y., Yagita, H. and Okumura, K. (2001) Involvement of tumor necrosis
factor-related apoptosis-inducing ligand in surveillance of tumor metastasis by
liver natural killer cells. Nat Med, 7, 94-100

Takenaka, Y., Fukumori, T., Yoshii, T., Oka, N., Inohara, H., Kim, H.R., Bresalier, R.S.
and Raz, A. (2004) Nuclear export of phosphorylated galectin-3 regulates its
antiapoptotic activity in response to chemotherapeutic drugs. Mol Cell Biol, 24,
4395-4406

Tanaka, Y., Kanai, Y., Okada, Y., Nonaka, S., Takeda, S., Harada, A. and Hirokawa, N.
(1998) Targeted disruption of mouse conventional kinesin heavy chain, kif5B,
results in abnormal perinuclear clustering of mitochondria. Cell, 93, 1147-1158

Tardy, C., Autefage, H., Garcia, V., Levade, T. and Andrieu-Abadie, N. (2004) Mannose
6-phosphorylated proteins are required for tumor necrosis factor-induced
apoptosis: defective response in I-cell disease fibroblasts. J Biol Chem, 279,
52914-52923

Tempera, 1., Buchetti, B., Lococo, E., Gradini, R., Mastronardi, A., Mascellino, M.T.,
Sale, P., Mosca, L., d'Erme, M. and Lenti, L. (2008) GD3 nuclear localization
after apoptosis induction in HUT-78 cells. Biochem Biophys Res Commun, 368,
495-500

Terman, A., Gustafsson, B. and Brunk, U.T. (2006) The lysosomal-mitochondrial axis
theory of postmitotic aging and cell death. Chem Biol Interact, 163, 29-37

Tewari, M., Quan, L.T., O'Rourke, K., Desnoyers, S., Zeng, Z., Beidler, D.R., Poirier,
G.G., Salvesen, G.S. and Dixit, V.M. (1995) Yama/CPP32 beta, a mammalian
homolog of CED-3, is a CrmA-inhibitable protease that cleaves the death
substrate poly(ADP-ribose) polymerase. Cell, 81, 801-809

216



References

Thomas, G. (2002) Furin at the cutting edge: from protein traffic to embryogenesis and
disease. Nat Rev Mol Cell Biol, 3, 753-766

Thomas, W.D., Zhang, X.D., Franco, A.V., Nguyen, T. and Hersey, P. (2000) TNF-
related apoptosis-inducing ligand-induced apoptosis of melanoma is associated
with changes in mitochondrial membrane potential and perinuclear clustering of
mitochondria. J Immunol, 165, 5612-5620

Tsuruta, F., Sunayama, J., Mori, Y., Hattori, S., Shimizu, S., Tsujimoto, Y., Yoshioka,
K., Masuyama, N. and Gotoh, Y. (2004) JNK promotes Bax translocation to
mitochondria through phosphorylation of 14-3-3 proteins. Embo J, 23, 1889-1899

Tureckova, J., Wilson, E.M., Cappalonga, J.L. and Rotwein, P. (2001) Insulin-like
growth factor-mediated muscle differentiation: collaboration between
phosphatidylinositol 3-kinase-Akt-signaling pathways and myogenin. J Biol
Chem, 276, 39264-39270

Tzivion, G., Luo, Z. and Avruch, J. (1998) A dimeric 14-3-3 protein is an essential
cofactor for Raf kinase activity. Nature, 394, 8§8-92

Uchiyama, K., Jokitalo, E., Kano, F., Murata, M., Zhang, X., Canas, B., Newman, R.,
Rabouille, C., Pappin, D., Freemont, P. and Kondo, H. (2002) VCIP135, a novel
essential factor for p97/p47-mediated membrane fusion, is required for Golgi and
ER assembly in vivo. J Cell Biol, 159, 855-866

Vaculova, A., Hofmanova, J., Soucek, K. and Kozubik, A. (2006) Different modulation
of TRAIL-induced apoptosis by inhibition of pro-survival pathways in TRAIL-
sensitive and TRAIL-resistant colon cancer cells. FEBS Lett, 580, 6565-6569

Vadlamudi, R.K., Bagheri-Yarmand, R., Yang, Z., Balasenthil, S., Nguyen, D., Sahin,
A.A., den Hollander, P. and Kumar, R. (2004) Dynein light chain 1, a p21-
activated kinase 1-interacting substrate, promotes cancerous phenotypes. Cancer
Cell, 5, 575-585

Van Antwerp, D.J., Martin, S.J., Kafri, T., Green, D.R. and Verma, [.M. (1996)
Suppression of TNF-alpha-induced apoptosis by NF-kappaB. Science, 274, 787-
789

van Dam, E.M., Ten Broeke, T., Jansen, K., Spijkers, P. and Stoorvogel, W. (2002)
Endocytosed transferrin receptors recycle via distinct dynamin and
phosphatidylinositol 3-kinase-dependent pathways. J Biol Chem, 277, 48876-
48883

van Niekerk, E.A., Willis, D.E., Chang, J.H., Reumann, K., Heise, T. and Twiss, J.L.
(2007) Sumoylation in axons triggers retrograde transport of the RNA-binding
protein La. Proc Natl Acad Sci U S A, 104, 12913-12918

Vance, J.E. (2003) Molecular and cell biology of phosphatidylserine and
phosphatidylethanolamine metabolism. Prog Nucleic Acid Res Mol Biol, 75, 69-
111

Vancompernolle, K., Boonefaes, T., Mann, M., Fiers, W. and Grooten, J. (2000) Tumor
necrosis factor-induced microtubule stabilization mediated by
hyperphosphorylated oncoprotein 18 promotes cell death. J Biol Chem, 275,
33876-33882

Varadi, A., Cirulli, V. and Rutter, G.A. (2004a) Mitochondrial localization as a
determinant of capacitative Ca(2+) entry in HeLa cells. Cell Calcium, 36, 499-508

217



References

Varadi, A., Johnson-Cadwell, L.I., Cirulli, V., Yoon, Y., Allan, V.J. and Rutter, G.A.
(2004b) Cytoplasmic dynein regulates the subcellular distribution of mitochondria
by controlling the recruitment of the fission factor dynamin-related protein-1. J
Cell Sci, 117, 4389-4400

Vellai, T. and Vida, G. (1999) The origin of eukaryotes: the difference between
prokaryotic and eukaryotic cells. Proc Biol Sci, 266, 1571-1577

Vivanco, I. and Sawyers, C.L. (2002) The phosphatidylinositol 3-Kinase AKT pathway
in human cancer. Nat Rev Cancer, 2, 489-501

Voeltz, G.K., Rolls, M.M. and Rapoport, T.A. (2002) Structural organization of the
endoplasmic reticulum. EMBO Rep, 3, 944-950

Vogel, A., Aslan, J.E., Willenbring, H., Klein, C., Finegold, M., Mount, H., Thomas, G.
and Grompe, M. (2006) Sustained phosphorylation of Bid is a marker for
resistance to Fas-induced apoptosis during chronic liver diseases.
Gastroenterology, 130, 104-119

Vogel, A., van Den Berg, I.LE., Al-Dhalimy, M., Groopman, J., Ou, C.N., Ryabinina, O.,
Iordanov, M.S., Finegold, M. and Grompe, M. (2004) Chronic liver disease in
murine hereditary tyrosinemia type 1 induces resistance to cell death. Hepatology,
39, 433-443

Waites, C.L., Mehta, A., Tan, P.K., Thomas, G., Edwards, R.H. and Krantz, D.E. (2001)
An acidic motif retains vesicular monoamine transporter 2 on large dense core
vesicles. J Cell Biol, 152, 1159-1168

Wan, L., Molloy, S.S., Thomas, L., Liu, G., Xiang, Y., Rybak, S.L. and Thomas, G.
(1998) PACS-1 defines a novel gene family of cytosolic sorting proteins required
for trans-Golgi network localization. Cell, 94, 205-216

Wang, J.H. (2003) Short-term cerebral ischemia causes the dysfunction of interneurons
and more excitation of pyramidal neurons in rats. Brain Res Bull, 60, 53-58

Wang, X. (2001) The expanding role of mitochondria in apoptosis. Genes Dev, 15, 2922-
2933

Waterhouse, N.J., Sedelies, K.A., Browne, K.A., Wowk, M.E., Newbold, A., Sutton,
V.R., Clarke, C.J., Oliaro, J., Lindemann, R K., Bird, P.I., Johnstone, R.W. and
Trapani, J.A. (2005) A central role for Bid in granzyme B-induced apoptosis. J
Biol Chem, 280, 4476-4482

Wei, M.C., Lindsten, T., Mootha, V.K., Weiler, S., Gross, A., Ashiya, M., Thompson,
C.B. and Korsmeyer, S.J. (2000) tBID, a membrane-targeted death ligand,
oligomerizes BAK to release cytochrome c. Genes Dev, 14, 2060-2071

Wei, M.C., Zong, W.X., Cheng, E.H., Lindsten, T., Panoutsakopoulou, V., Ross, A.J.,
Roth, K.A., MacGregor, G.R., Thompson, C.B. and Korsmeyer, S.J. (2001)
Proapoptotic BAX and BAK: a requisite gateway to mitochondrial dysfunction
and death. Science, 292, 727-730

Werneburg, N.W., Guicciardi, M.E., Bronk, S.F., Kaufmann, S.H. and Gores, G.J. (2007)
Tumor necrosis factor-related apoptosis-inducing ligand activates a lysosomal
pathway of apoptosis that is regulated by Bcl-2 proteins. J Biol Chem, 282,
28960-28970

Werner, A.B., de Vries, E., Tait, S.W., Bontjer, 1. and Borst, J. (2002) Bcl-2 family
member Bfl-1/A1 sequesters truncated bid to inhibit is collaboration with pro-
apoptotic Bak or Bax. J Biol Chem, 277, 22781-22788

218



References

Wiley, S.R., Schooley, K., Smolak, P.J., Din, W.S., Huang, C.P., Nicholl, J.K.,
Sutherland, G.R., Smith, T.D., Rauch, C., Smith, C.A. and et al. (1995)
Identification and characterization of a new member of the TNF family that
induces apoptosis. Immunity, 3, 673-682

Woese, C.R. (2002) On the evolution of cells. Proc Natl Acad Sci U S A, 99, 8742-8747

Wolf, D., Witte, V., Laffert, B., Blume, K., Stromer, E., Trapp, S., d'Aloja, P.,
Schurmann, A. and Baur, A.S. (2001) HIV-1 Nef associated PAK and PI3-kinases
stimulate Akt-independent Bad-phosphorylation to induce anti-apoptotic signals.
Nat Med, 7, 1217-1224

Wood, J.D., Nucifora, F.C., Jr., Duan, K., Zhang, C., Wang, J., Kim, Y., Schilling, G.,
Sacchi, N., Liu, J.M. and Ross, C.A. (2000) Atrophin-1, the dentato-rubral and
pallido-luysian atrophy gene product, interacts with ETO/MTGS in the nuclear
matrix and represses transcription. J Cell Biol, 150, 939-948

Xiang, Y., Molloy, S.S., Thomas, L. and Thomas, G. (2000) The PC6B cytoplasmic
domain contains two acidic clusters that direct sorting to distinct trans-Golgi
network/endosomal compartments. Mol Biol Cell, 11, 1257-1273

Xin, M. and Deng, X. (2006) Protein phosphatase 2A enhances the proapoptotic function
of Bax through dephosphorylation. J Biol Chem, 281, 18859-18867

Xu, C., Bailly-Maitre, B. and Reed, J.C. (2005) Endoplasmic reticulum stress: cell life
and death decisions. J Clin Invest, 115, 2656-2664

Yamaguchi, H. and Wang, H.G. (2001) The protein kinase PKB/Akt regulates cell
survival and apoptosis by inhibiting Bax conformational change. Oncogene, 20,
7779-7786

Yerushalmi, B., Dahl, R., Devereaux, M.W., Gumpricht, E. and Sokol, R.J. (2001) Bile
acid-induced rat hepatocyte apoptosis is inhibited by antioxidants and blockers of
the mitochondrial permeability transition. Hepatology, 33, 616-626

Yochum, G.S., McWeeney, S., Rajaraman, V., Cleland, R., Peters, S. and Goodman, R.H.
(2007) Serial analysis of chromatin occupancy identifies beta-catenin target genes
in colorectal carcinoma cells. Proc Natl Acad Sci U S A, 104, 3324-3329

Yoshida, K., Yamaguchi, T., Natsume, T., Kufe, D. and Miki, Y. (2005) JNK
phosphorylation of 14-3-3 proteins regulates nuclear targeting of c-Abl in the
apoptotic response to DNA damage. Nat Cell Biol, 7, 278-285

Youker, R.T., Shinde, U., Day, R. and Thomas, G. (2008) At the Crossroads of
Homeostasis and Disease: Roles of the PACS proteins in Membrane Traffic and
Apoptosis. Biochem J, In press

Youle, R.J. and Strasser, A. (2008) The BCL-2 protein family: opposing activities that
mediate cell death. Nat Rev Mol Cell Biol, 9, 47-59

Zainabadi, K., Benyamini, P., Chakrabarti, R., Veena, M.S., Chandrasekharappa, S.C.,
Gatti, R.A. and Srivatsan, E.S. (2005) A 700-kb physical and transcription map of
the cervical cancer tumor suppressor gene locus on chromosome 11q13.
Genomics, 85, 704-714

Zender, L., Hutker, S., Mundt, B., Waltemathe, M., Klein, C., Trautwein, C., Malek,
N.P., Manns, M.P., Kuhnel, F. and Kubicka, S. (2005) NFkappaB-mediated
upregulation of bel-xl restrains TRAIL-mediated apoptosis in murine viral
hepatitis. Hepatology, 41, 280-288

219



References

Zermati, Y., Mouhamad, S., Stergiou, L., Besse, B., Galluzzi, L., Boehrer, S., Pauleau,
A.L., Rosselli, F., D'Amelio, M., Amendola, R., Castedo, M., Hengartner, M.,
Soria, J.C., Cecconi, F. and Kroemer, G. (2007) Nonapoptotic role for Apaf-1 in
the DNA damage checkpoint. Mol Cell, 28, 624-637

Zha, J., Weiler, S., Oh, K.J., Wei, M.C. and Korsmeyer, S.J. (2000) Posttranslational N-
myristoylation of BID as a molecular switch for targeting mitochondria and
apoptosis. Science, 290, 1761-1765

Zhang, Q., Yoshimatsu, Y., Hildebrand, J., Frisch, S.M. and Goodman, R.H. (2003)
Homeodomain interacting protein kinase 2 promotes apoptosis by downregulating
the transcriptional corepressor CtBP. Cell, 115, 177-186

Zinkel, S., Gross, A. and Yang, E. (2006) BCL2 family in DNA damage and cell cycle
control. Cell Death Differ, 13, 1351-1359

Zinkel, S.S., Hurov, K.E., Ong, C., Abtahi, F.M., Gross, A. and Korsmeyer, S.J. (2005) A
role for proapoptotic BID in the DNA-damage response. Cell, 122, 579-591

Zinkel, S.S., Ong, C.C., Ferguson, D.O., Iwasaki, H., Akashi, K., Bronson, R.T., Kutok,
J.L., Alt, F.W. and Korsmeyer, S.J. (2003) Proapoptotic BID is required for
myeloid homeostasis and tumor suppression. Genes Dev, 17, 229-239

Zunino, R., Schauss, A., Rippstein, P., Andrade-Navarro, M. and McBride, H.M. (2007)
The SUMO protease SENPS5 is required to maintain mitochondrial morphology
and function. J Cell Sci, 120, 1178-1188

Zuppini, A., Groenendyk, J., Cormack, L.A., Shore, G., Opas, M., Bleackley, R.C. and
Michalak, M. (2002) Calnexin deficiency and endoplasmic reticulum stress-
induced apoptosis. Biochemistry, 41, 2850-2858

220



